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Abstract
Introduction and objective. The tendency towards postponement of maternity implies a greater exposure of female germ 
cells to damaging environmental effects, including ionizing radiation (IR). Progress in paediatric oncology, based on the use 
of radiotherapy, also implies the occurrence of gonadal dysfunctions and subsequent female fertility disorders. Therefore, 
it seems justifiable to systematize the state of knowledge concerning the effect of IR on the female reproductive system.�  
Brief description of the state of knowledge. A considerable part of studies concerning the effect of IR on female germ 
cells have been conducted on animals. Their extrapolation to humans is hindered because in animal studies high acute 
exposures are applied, which do not reflect human environmental exposures characterized by chronic low dose exposure. 
Studies on animals provide a heterogenous image, which hinders the formulation of unequivocal conclusions and indicates 
that radiosensitivity depends, i.a. on IR dose, stage of development of oocytes, the applied marker of the effects of IR, or on 
the species. LD50 of human oocytes is estimated to be below 2 Gy. The effect of IR depends, i.a. on the dose fractionation 
and the age (older women are more radiosensitive). In females, the effective sterilizing dose is: at birth 20.3 Gy, at 10 years 
18.4 Gy, at 20 years 16.5 Gy, whereas at 30 years 14.3 Gy, which is associated with the available pool of ovarian follicles.�  
Conclusions. Within the range of low doses received as a result of environmental exposure to IR, there is no evidence for 
the occurrence of either adverse pregnancy outcomes, nor fertility disorders in females. These effects may be related to 
the cancer radiotherapy, or exposure to high IR doses during nuclear accidents.
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INTRODUCTION AND OBJECTIVE

Explanations of the etiopathogenesis of reproductive 
functions disorders, both in males and females, preferentially 
attract attention to the phenomenon of oxidative stress, 
consisting in the occurrence of the state of imbalance 
between the effect of reactive oxygen species, and biological 
capability for quick detoxication of reactive indirect products, 
or repair of the damage caused [1, 2, 3]. Oxidative stress 
leads to the impairment of cell membranes and disorders 
in the integrity of DNA, and by these mechanisms exerts a 
negative effect on all stages of reproduction, starting from 
gametogenesis and ending with the course of pregnancy [3]. 
The occurrence of oxidative stress may be the consequence 
of the effect on the body of various chemical and physical 
environmental factors.

Among the best recognized chemical agents which are 
attributable to the generation of oxidative stress, are indicated 
heavy metals, air pollution, plant protection products and 
tobacco smoke [4, 5, 6, 7]. The physical factors responsible 
for inducing this phenomenon are electromagnetic fields 
[8] and ionizing radiation (IR) [9]. Health behaviours, 

including nutritional [10], play an important role in the 
generation of oxidative stress and combatting its effects [3]. 
An intensification of oxidative stress and reduced efficiency of 
the cell-repairing mechanisms are associated with the process 
of ageing of the body [7]. Considering the simultaneous 
effect of the above-mentioned factors on the human body, it 
is difficult to isolate and determine the strength of the effect 
of individual factors on human reproductive health.

The undertaking of analyses concerning the conditioning 
of female fertility is justified by the current demographic 
situation in Poland, which is characterized by a low fertility 
rate. In 2017, it was 1.45, which means that per 100 women at 
reproductive age (15–49) there were 145 babies born, whereas 
in order to secure a stable demographic development of 
the country this rate should be at least 210–215 [11]. The 
low fertility rate in Poland is the result, among others, of 
postponing the decision to start a family and maternity. 
This tendency has been observed in Poland since the 1990s, 
and as a consequence, a transition is observed towards the 
highest fertility of females in the age group 30–34. Over 
the last 10–15 yea, in Poland, the average age of a woman 
giving birth for the first time has increased by 4 years [11]. 
The discussed tendency is associated, among others, with 
an increase in the number of divorces in Poland: in 2017, 
65,000 marital couples were divorced [11], while in 2018 – 
63,000 [12], as well as making new relationships, in which 
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persons from broken marriages are trying to have a baby at 
an older age [13].

A novelty in the tendency towards late maternity observed 
in Poland, i.e. bearing children by women aged over 35, 
consists in that this tendency is currently associated with a 
small number of children in a family, and not, as previously, 
with having several children [14]. From the demographic 
perspective, considering the low fertility rate, the ranks of late 
maternity are increasing, as is the mechanism maintaining 
the level of fertility rate in society [14]. At the same time, 
the discussed trends result in accentuation of the scope of 
problems concerning female infertility, because male fertility 
is maintained until the end of the life of a man, but female 
fertility, to a great extent, depends on age. This is related with 
the irreversible reduction in the ovarian pool of oocytes; 
in the course of development and subsequently ageing of a 
woman, this pool decreases from the number 2,000,000 at 
birth down to 100,000 at puberty, of which 400 ovulate, and 
subsequently, to approximately 8,000 at the age of 40 [15], 
with the peak size of the pool of ovarian follicles estimated at 
6–7 million during foetal life [16]. Exposure to IR, associated 
with the treatment by radiotherapy or occupational exposure, 
is one of the factors conducive to premature exhaustion of 
the follicle pool, which may lead to fertility disorders and 
premature menopause. Therefore, it is important to establish 
within what scope of IR doses there may occur unfavourable 
effects of irradiation on fertility and state of health of females. 
Analysis of the effect of IR on female fertility is also important 
in the context of progress in paediatric oncology. Annually, 
130,500 cases of cancer are diagnosed in children at pre-
pubertal age and in adolescents [16]. In the treatment of 
cancer, radiotherapy may be applied as the first therapy, 
which can also precede or supplement surgery [16].

OBJECTIVE

In the presented study, which is the second module of a 
cycle regarding the effect of IR on the human reproductive 
system, the aim for analysis will be the state of knowledge 
pertaining to the effect of IR on female fertility. The study 
aims to describe the state of knowledge concerning the 
effect of IR on the functioning of the female reproductive 
system. The presented state of knowledge, in compilation 
with the  findings contained in the previously published 
article [9], would allow the development of an integral 
conceptualization of the role of IR in the etiopathogenesis 
of fertility disorders.

DESCRIPTION OF THE STATE OF KNOWLEDGE

Specificity of female gametogenesis and studies of 
radiosensitivity of germ cells. Gametes are formed during 
gametogenesis during the meiotic programme, which 
consists of 2 consecutive cycles of cell division (first meiotic 
division – MI and second meiotic division – MII), and 
one phase of DNA replication. In mammals, oogenesis is 
a complicated physiological process which differs from 
spermatogenesis in several respects, including morphology 
and differentiation of gametes, duration and location [17]. 
During spermatogenesis, relatively small, mobile gametes, 
are produced, whereas the oocyte is a large cell containing 

all the materials needed for the initiation and maintenance 
of metabolism and development of the embryo, as well as for 
sperm DNA repair. Spermatogenesis takes place throughout 
the whole active life of an adult individual, due to which males 
can constantly produce spermatocytes. In turn, oogenesis 
starts at early development, stops at birth, and restarts during 
the period of puberty.

In humans, at approximately week 5 of embryo 
development, the primordial germ cells (PGCs) migrate 
to the gonadal ridges [18]. After reaching the first gonad 
they are subject to mitotic divisions and are transformed 
to the oogonia [18]. Before the end of the first trimester of 
pregnancy, they enter prophase I of meiotic development 
and become first order oocytes. The maturation of their 
nucleus arrests at the diplotene stage of the first meiotic 
division [19]. At birth, the ovaries of female infants contain 
approximately 2,000,000 immature primary (indigenous) 
ovarian follicles, each of them containing immature oocytes 
[15, 20]. Primary follicles are recruited to grow, and are 
subject to transformations in the course of folliculogenesis 
into the first order oocytes, and subsequently into secondary 
(antral) oocytes [19]. During this process, oocytes and 
granulosa cells mature synchronically, establishing cellular 
communication and creating the functional syncytium. After 
the period of puberty, together with the first menstruation, 
ovarian follicles enter the period of development which ends 
with cell death or ovulation (the process in which the follicle 
releases the oocyte).

An important element of the process of maturation of 
the oocytes is the resumption of meiosis, arrested at the 
stage of prophase of the first meiotic division [19]. In 
humans, folliculogenesis lasts for approximately 375 days 
and is a regular process, which means that at any time of 
the reproductive life of a woman, there are follicles in the 
ovary at each stage of development. Folliculogenesis ends 
when a mature oocyte leaves the ovulatory follicle during 
ovulation. A competent oocyte is then released, i.e. ready 
for fertilization. Directly after fertilization, the zygote passes 
through a series of rapid mitotic divisions (segmentation), 
which ends with the formation of the blastocyst ready for 
implantation. In mice, the implantation takes place 4 days 
after mating, in humans at day 9, on average (between day 8 
and day 12), whereas in swine and cattle not earlier than 30 
days after fertilization [17]. At birth, in each mammal born, 
female immature oocytes are arrested at the diktiotene stage, 
i.e. diplotene stage of the first meiotic prophase. In humans, 
some oocytes will be maintained at this stage for many 
years. In this context, the preservation of the oocyte in an 
intact state is a challenge. During such an extended length 
of time, oocytes are exposed to undesirable environmental 
effects, which may induce permanent aberrations, which are 
potentially subject to transmission to the offspring (so-called 
transgeneration effects) [21].

Estimation of the level of genetic risk in females induced 
by IR based on animal studies, is hindered due to the above-
outlined specificity of the biology of the development of 
the female germ cells. As long as the male germ cells are 
produced during the whole life of a male individual, and all 
the developmental stages of the male germ cells may be easily 
obtained for examinations, the pool of the female germ cells 
is limited, and additionally, meiosis takes place during the 
period of embryogenesis, and subsequently development of 
the oocytes is arrested until the moment when a specified 
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pool of them enters the maturation process in mature females 
[18, 19, 21].

Obtaining a sufficient number of offspring of exposed 
females to reveal mutation of low frequency is considerably 
hindered and manifested by the small amount of female 
mutation data, and results in the prevalence of data 
concerning the male germ cells [21]. It should be remembered 
that the object of inter-gender comparisons concerning 
radiosensitivity may be various stages of gemetogenesis, 
and the indicated differences may also result from variations 
in DNA repair competences in the male and female germ 
cells [21].

Mechanisms and markers of IR gonadotoxicity. The 
sensitivity of the living matter to IR depends of the type 
of radiation, irradiation dose, time when the dose was 
administered, type of irradiated cell and phase of cell division 
[9]. IR causes the radiolysis of water in cell structures, and 
reactive oxygen species (ROS) produced as a result, may 
damage DNA. Impairment of the lysosomal membranes by 
IR causes the release of iron ions into the cytoplasm, which 
increases the number of DNA damages [22]. The direct and 
indirect effects of IR on living matter are distinguished, 
where the direct effects result from energy deposition in the 
macroparticle (contribution of this effect to the overall result 
of radiation is estimated at 30–40%), while the indirect effects 
are the result of absorption of radiation by the surrounding 
medium and formation of intermediate products (ROS), 
which attack the macroparticle (the contribution of this 
effect to overall result of radiation is estimated at 60–70%) 
[22]. Damage of DNA by IR takes place in both the above-
mentioned mechanisms. They exert an effect on both the 
sugar-phosphate backbone of DNA, and nitrogen bases, 
causing a number of types of damage, including oxidative 
base damage (which is the result of ROS attack), loss of 
bases, damage to the single (single-strand breaks; SSBs) and 
or double strands of DNA (double-strand breaks; DSBs), 
and DNA-DNA and DNA-protein cross links [2, 22]. The 
effectiveness of the repair processes and proliferative cell 
activity decide on the biological effects of exposure to IR [22]. 
Unrepaired or incorrectly repaired DSBs lead to cell-killing, 
mutations and chromosomal aberrations [2].

DNA damage caused by IR is repaired by means of 
mechanisms included in DNA damage response (DDR): non-
homologous end joining (NHEJ), homologous recombination 
repair (HRR), single strand annealing (SSA) – which is a 
variant of HRR, as well as by means of NAHR (non-allelic 
homologous recombination) [2, 23]. It should be emphasized 
that SSBs are also formed in the course of normal metabolic 
processes generating ROS [2].

NHEJ consists in non-homologous DNA end joining, after 
excision of the section of DNA at the site of damage. The 
aim of this process is to get homologous DNA ends. This 
can bring about the loss of a part of genetic information, 
and consequently a mutation. NHEJ is regarded as a basic 
mechanism of DSBs repair, and errors occurring as a result 
of repair in this mechanism in differentiated tissues do not 
generate any significant risk for the body, but only in those 
which are formed in the dividing cells [2, 22, 23, 24]. Some 
pathological syndromes with the lack of NHEJ proteins are 
characterized by an elevated morbidity due to cancerous 
diseases, and the absence of activity of these proteins results 
in high radiosensitivity [22]. The repair of DNA damage in 

the mechanism of NHEJ takes place with the participation 
of the Ku protein [2, 9, 23, 25, 26]. In turn, the pathway of 
repair through HRR does not pose the risk of genetic errors; 
however, the second identical DNA strand (sister chromatid) 
is necessary for this kind of DNA repair process. In addition, 
although NHEJ repair can be applied at all stages of the cell 
cycle (this is especially important in the G1 phase [2]), due 
to the precondition of the presence of the sister chromatid 
HRR, it is most effective only at the late phase S of the G2 cell 
cycle [2]. The mechanism of SSA repair is also susceptible 
to errors, and its role is similar to that of HRR [2]. In turn, 
NAHR is an error-prone form of homologous recombination. 
HRR is the basic process of DNA at early stages of embryonic 
development [22]. In oocytes at the diplotene stage of meiosis 
I, the basic DSBs repair mechanisms are also SSA. NHEJ 
plays a relatively smaller role, especially with regard to the 
effects of low IR doses [2]. Within the range of low IR doses 
the cause of cell death may be the accumulation of many 
sublethal damages, accompanied by the ineffectiveness of the 
repair processes [22]. The efficiency of DNA repair processes 
is conditioned by the maintenance of integrity of the genome, 
and their inefficiency results in DNA destabilization and the 
risk of carcinogenesis [22].

A number of indicators are used for evaluation of the 
genetic effects of exposure to IR. The indicator ‘dominant 
lethal’ characteristic (DL) [27, 28] concerns the genetic effects 
caused by any physical or chemical factor which causes the 
death of an embryo or foetus. Studies conducted on golden 
hamsters, mice and guinea pigs showed that radiosensitivity 
investigated based on the DL criterion, depends on both the 
species and the stage of development of the oocytes [27, 29, 
30, 31, 32, 33, 34, 35, 36, 37, 38].

The subsequent marker of genotoxicity of IR is the 
occurrence of so-called non-targeted effects (NTE). At 
present, the paradigm is currently being questioned 
according to which the basic, biologically important effect 
of exposure to IR is DNA damage. It has been observed that 
radiation-induced biological effects cannot be explained 
exclusively by the exposure of cells or DNA to IR, but also 
concerns the cells which have not been directly exposed to 
IR (NTE) [39]. At present, it is considered that IR induces a 
complex systemic cellular response, including the following 
types of NTE: radiation-induced bystander effect (RIBE), 
radioadaptive response, and radiation-induced genomic 
instability (RIGI) [39]. The common feature of NTE is that 
direct nuclear exposure is not required for its occurrence, 
and it occurs within the range of low doses (below 1 Gy) [39]; 
thus, such doses which are equivalent to the environmental, 
chronic human exposure to IR. NTE is related with a 
systemic response of the body to IR. Its components require 
further studies, and are important considering the fact that 
knowledge of such a profile may be of great importance in 
the area of radiation protection, as well as for increasing the 
effectiveness of oncologic radiotherapy [39].

The concept of genetic instability was initially used for 
the description of the phenomenon, the result of which is 
accumulation of many changes required for the transformation 
of a stable gene of a normal cell into an unstable gene, 
characteristic of cancer, which may be induced by irradiation 
[40]. Trans-generational RIGI may also be a biomarker of 
the genotoxic effects induced by IR. This refers to genetic 
disorders which may be transmitted to the offspring [41]. 
The concept of RIGI refers to the results of irradiation which 
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appear in daughter cells of the irradiated cells, frequently 
many cell divisions after the initial irradiation. These effects 
include genetic changes (i.e. chromosomal rearrangements, 
micronuclei, gene amplifications, gene mutations, including 
lethal mutations or delayed reproductive cell death) occurring 
in the daughter cells of the initially irradiated cell [42].

The so-called radiation induced bystander effect (RIBE), 
first confirmed in 1992 by Nagasawa et al. [43], also evokes the 
interest of researchers. This effect is typically observed in cells 
which are in contact with irradiated cells or receive certain 
signals from cells exposed to IR [44]. RIBE is treated as an 
element of the systemic response of an irradiated body to IR.

Proteins have been identified participating in the process 
of DNA recombination, the presence of which may modify 
radiosensitivity of the reproductive cells to IR at various stages 
of their development, e.g. replication protein A (RPA) – which 
is a component of transient meiotic nodules [45], or MLH1 
– which are the marker of the crossing-over (COs) process 
[46]. Moreover, the embryonic cells may contain detectable 
levels of various proteins participating in the recognition and 
repair of DSBs in the HR mechanism (including ATR, ATM, 
RAD51, BRCA1, BRCA2, MSH2 and MSH3). The presence 
of these proteins may result in a lower sensitivity of cells to 
the effects of DSBs induced by the exposure to IR, compared 
to other cells [47].

Knowledge concerning the problem of the effect of IR 
on the female reproductive system is associated with the 
development of radiotherapy as a treatment method in 
oncology. Radiotherapy causes side-effects among which 
are such important problem as gonadal dysfunctions in 
women [48, 49]. Based on mathematic models, it is possible to 
determine the dose of IR, after which there occurs premature 
ovarian failure related with the use of IR; however, current 
knowledge pertaining to the gonadotoxic effects of IR still 
remains incomplete. A relationship is indicated between 
resistance to radiotherapy and an altered DDR activity in 
the matrix cancer cells and the initiating cancer cells, which 
may delineate new directions in therapy in the future [50].

The concept of a lethal dose of 50% (LD50) means the dose 
of a chemical substance or a physical factor which causes 
death of half of the examined population within a specified 
time [22]. Initial studies aimed at identification of genotoxic 
effects induced by IR which used this measure have been 
conducted on mice [20, 51], rats [20, 52, 53, 54], Chinese 
hamsters [55, 56, 57] and guinea pigs [58, 59]. The results 
were heterogenous according to the examined species and 
duration of irradiation.

Changes concerning the direct parameters of fertility, e.g. 
reduction in the number of oocytes, ovarian failure, and loss 
of the reproductive potential, were used as indicators of the 
genotoxic effects of IR only in several studies, including on 
mice [20, 51, 60], guinea pigs [58, 59], and rats [61, 62, 63]. 
The results of these studies are inconsistent; however, they 
allow formulation of the conclusion that fertility disorders 
are not related with the irradiated species, but rather with 
the duration of exposure and the dose.

A marker/indicator of exposure to IR is also the occurrence 
of developmental defects, i.e. anatomical and structural, 
or foetal structural abnormalities. They may be caused by 
genetic factors or environmental effects (or a combination 
of both factors), exerting an effect at the stage of foetal 
life. Considering the complexity of the etiopathogenesis 
of developmental defects, few researchers connected their 

occurrence with exposure to IR [27, 64, 65, 66, 67, 68]. A 
synthesis of research in this area is also hindered by a great 
variety of changes which may be considered as ‘defects’, 
and various stages of development when the observations 
were carried out, e.g. before and after implantation of the 
embryo, etc.

Genetic material mutations caused by IR may also be 
measured by analyzing DNA-binding proteins. In the case 
of the embryonic line, the synaptonemal complex (SC) was 
used for this purpose as a biomarker of genotoxic effects 
[34, 54, 63]. SC is a protein structure characteristic of 
meiosis I, which promotes synapsis (binding homologous 
chromosomes), and recombination events during the first 
meiotic prophase. This structure occurs in the majority of 
sexually reproducing organisms, including mammals [69]. 
SC consists of 2 lateral elements (LEs), one central element 
(CE) and many transverse filaments (TF) [69, 70]. Studies 
confirmed that SC is indispensable for the fusion of the 
homologous chromosomes (synapsis) and a normal course 
of crossover recombination [71]. It was proved that the repair 
of meiotic DSBs is disturbed in the absence of SC in mice, 
which indicates the importance of this structure for the 
normal course of meiosis in mammals [71]. In cytogenetic 
research, SC was used as a biomarker of the genotoxic effects 
of exposure to IR [34, 54, 63], as well as to cyclophosphamide 
[72]. It was suggested that the detection of SC anomalies 
is a valuable strategy for the detection of the germ-line 
chromosomal damage [73].

An early study by Allen et al. [73] revealed 3 main types 
of SC abnormalities induced by chemical mutagens in male 
mice: SC fragmentation, and synapsis, and heterosynapsis 
disorders (i.e. non-homologoous conjugation). Later 
research allowed an additional identification of other types 
of abnormalities, in the majority of cases dependent on 
the stage of development, among which chromosomal 
reorganizations occurred most often, visible as single or 
double circles, multivalents and rings [54, 72]. Changes were 
also observed in the process of synapsis, e.g. a partial and/
or total lack of chromosomal conjugation (reflected by the 
presence of univalents or bivalents with uncoupled regions), 
or non-homologous coupling [53]. A few studies concerned 
genotoxic effects of exposure to IR at the early stages of 
meiosis (oogonia and oocytes prophase I) and were conducted 
on rats [53, 54, 62, 63], mice [34], Chinese hamsters [55, 56] 
and guinea pigs [59]. Among the above-mentioned studies, 
those conducted on rats and mice [34, 53, 54, 62, 63] used 
SC as an indicator of genotoxic effects.

Genotoxicity of IR for female embryonic cells in mammals. 
In literature, many experiments in vivo have been described in 
which females of mammals were exposed to IR, and the object 
of analyses were genetic changes in the embryonic line and in 
the offspring [20, 51, 58, 59]. Studies of the effects of exposure 
to IR carried out on embryonic cells of female mammals 
confirmed that their sensitivity to radiation depends, among 
others, on the radiation dose (any relationship between the 
dose and effect has not been precisely investigated), meiotic 
stage of oocytes, the applied marker of IR effects or the 
examined species. Considering difficulties in the study of 
meiosis in humans, 4 experimental model species were 
used for analysis of the sensitivity to radiation (mice, rats, 
guinea pigs and Chinese hamsters). The results obtained 
provided a heterogenous image, hindering the formulation 
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of unequivocal conclusions. For example, when the analyzed 
parameters are chromosomal aberrations, DL (lethal dose) 
and/or congenital deformities, the sensitivity to radiation is 
twice as high in Chinese hamster than in a mouse [35, 55, 56]. 
However, in the case of chromosomal aberrations detected in 
MI/MII, mature oocytes of a guinea pig are more sensitive 
to radiation than mature oocytes of a mouse [74].

Knowledge concerning radiosensitivity of female 
embryonic cells comes primarily from research on mice, and 
to a lesser degree on rats, guinea pigs and Chinese hamsters. 
Genotoxic effects induced by IR were investigated at all stages 
of meiosis, taking into account oogonia, first order oocytes 
(in leptoten, zygoten, pachyten and diploten), immature 
oocytes (oocytes I at the stage of primary and primordial 
ovarian follicles), maturating oocytes (first order oocytes at 
the pre-antral and antral stage), and mature oocytes (oocytes 
of the first and the second order at the stage of preovulatory 
and ovulatory ovarian follicles) [27, 29, 67, 68]. In addition, 
studies are available concerning the stages of development 
after fertilization, mainly at the stage of the zygote and pre-
implantation (to the stage of the blastocyst), and the stage 
after implantation [51, 58, 59]. These studies indicate that 
the sensitivity of oocytes to irradiation strongly depends on 
their phase of development.

Some studies concerned analysis of the effect of IR on 
oogonia and prophase I oocytes [34, 53, 54, 62, 63]. Pujol et al., 
[53, 54] analyzed the effect of 3 different doses of radiation 
(1 Gy, 2 Gy, 5 Gy) applied on 3 different days of gestation in 
rats: on day 14 (oogonia), day 16 (leptoten phase) and day 18 
(zygoten phase). The degree of SC fragmentation was used as 
an indicator of genotoxicity. It was confirmed that irradiation 
considerably decreases the number of embryonic cells and 
increases the frequency of occurrence of SC fragmentation, 
and additionally, at the highest doses may induce oocyte 
atresia. The study demonstrated that sensitivity to IR depends 
on the stage of meiosis at the moment of irradiation, as well 
as on the IR dose. The dose of 5 Gy proved to be lethal for 
germ cells on day 14 (oogonia) and 18 (zygoten), whereas on 
day 16, the dose was of a sublethal character [53].

It was additionally shown that irradiation at various 
moments of development of the female germ cells induces 
different changes with respect to SC which, in the opinion 
of researchers, reflects differences in radiosensitivity at 
various stages of meiosis [54]. Similar results were obtained 
by Johannisson et al. [34], when they exposed female mouse 
foetuses to IR at a single dose of 2 Gy on days 14, 16 and 17 of 
gestation. The compilation of these two studies suggests that 
at early stages of meiosis, the genotoxic effects induced by IR 
do not depend on species. Considering also other data from 
literature reporting studies on immature and mature oocytes, 
a conclusion may be formulated that mature human oocytes 
are more sensitive to radiation than immature oocytes. 
Similar observations were described in the first studies of 
such a profile conducted on mice [20, 64, 65, 68, 75, 76]. This 
was also confirmed in later research on other model species, 
e.g. rats and guinea pigs. Studies on rats [62, 63] demonstrated 
that IR significantly decreases fertility of the irradiated 
individual animals, pre-pubertal oocytes being less sensitive 
to IR than post-pubertal oocytes [62]. Also, the study by 
Jacquet et al. conducted on guinea pigs [33, 58], demonstrated 
that chromosomal damage induced by IR depends on the 
stage of development of oocytes. A study by these researchers 
in 2005 showed that the oocytes at 2 weeks prior to ovulation 

and those a few hours before ovulation, are characterized 
by a relatively high radiosensitivity [74]. In turn, an earlier 
study by these researchers [33] indicated that radiosensitivity 
of oocytes consists in rapid changes at relatively short time 
intervals: oocytes irradiated at the beginning (day 3) of the 17-
day oestrous cycle, showed a small number of chromosomal 
aberrations, whereas when irradiated at the middle phase of 
the oestrous cycle (day 10), they responded by the occurrence 
of severe chromosome damage. Moreover, it was proven that 
oocytes irradiated at the middle phase of the oestrous cycle 
were eliminated from the ovaries within several days after 
entering the MII phase [33]. Investigations by Kamiguchi 
et al. also showed differences in radiosensitivity according 
to the stage of maturation of oocytes in Chinese hamster, in 
which early diakinesis was the most radiosensitive phase, 
characterized by a 15 times more frequent occurrence of 
structural chromosome aberrations than during dictyotene 
stages of diestrum [77]. In turn, Reichert et al. [68] in their 
study on mice, found that oocytes at a transitional stage 
from late dictyotene to diakinesis are characterized by high 
radiosensitivity. In a study by Kirk and Lyon [30], female 
mice were exposed to various doses of IR and fertilized at 
different intervals after irradiation, subsequently seeking 
the lethal effects (dead foetuses), or malformations in live 
foetuses. It was confirmed that the incidence of abnormalities 
tended to rise with increase in dose. For each dose, the 
frequency of adverse effects of irradiation increased with 
the prolongation of the time interval from exposure to IR. 
In turn, Tateno et al. in their study on Chinese hamsters, 
observed that oocytes are very radioresistant at pachytene, 
while they become remarkably radiosensitive during the 
phases between diplotene and early dictyate; however, they 
recovered radioresistance after the onset of the resting stage 
[57]. Changes in sensitivity to IR observed in this species 
were more obvious than in mice and rats.

It was also demonstrated that preovulatory oocytes are 
characterized by a relatively high radiosensitivity. Low doses 
of X radiation (up to 100 cGy) caused dose-related effects 
concerning the induction of chromosomal aberrations [38]. 
In a study by Hansmann et al. [66], doses of X radiation within 
the range 0.05 – 0.8 Gy were applied on preovulatory mouse 
oocytes. It was found that significantly more hyperploid 
oocytes were ovulated following irradiation with 0.8 Gy, 
whereas low doses did not increase the risk of nondisjunction. 
In turn, structural chromosome anomalies occurred also 
after exposure to low doses (0.05 Gy). While applying DL as 
the criterion of radiosensitivity, other researchers determined 
that preovulatory oocytes are sensitive to IR in mice [75, 
78] and rats [79]. Therefore, sensitivity to the induction 
of genetic disorders under the effect of IR depends on the 
stage of folliculogenesis, as well as the time interval between 
irradiation and ovulation. Considering the available data 
concerning female mammals (including humans), it may be 
presumed that the genetic sensitivity to radiation observed in 
women is related with the size of ovarian follicles, i.e. small 
ovarian follicles are more resistant to the effect of IR than 
large ovarian follicles. With respect to mouse embryonic 
cells, the sensitivity to IR is associated with the stage of 
folliculogenesis, where the maximum sensitivity occurs at an 
early stage of diakinesis (as in the case of Chinese hamster), 
while the lowest – at the full antral phase. A scant number of 
reports concerning women [20, 48, 49] are dissimilar from 
the research data generated in guinea pigs, where the peak 
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of sensitivity is observed at the full antral phase. Early-antral 
and antral ovarian follicles are characterized by a greater 
granular layer (from the aspect of both amount and volume) 
than the primary ovarian follicles, which probably protects 
against the genotoxic effects of IR. It seems justifiable to pose 
the question: Why, in some species, the immature oocytes are 
more resistant than the mature ones to the genotixic effect of 
IR? While considering this problem, it should be remembered 
that an ovarian follicle functions as a functional syncytium; 
therefore, the cause of the above-mentioned differences might 
be the changes in the capability of oocytes for DNA repair 
during their development [16]. The capability of oocytes 
for the repair of DNA damage and its changeability during 
the process of their maturation has been documented in 
many studies [36, 80, 81, 82, 83, 84]. In a study by Wang 
et al. [85], the proteome of mouse oocytes at various stages 
of development was described, with consideration of the 
diktiotene stage of the embryonic follicle, metaphase II stage 
(MII), and zygote stage (fertilized oocyte). The research shows 
that more proteins engaged in DNA repair are detected in the 
MII oocytes than in the germinal vesicle (GV) oocytes or in 
the zygote. Differences regarding sensitivity to radiation at 
various stages of maturation of oocytes may be interpreted 
in a way that relatively mature oocytes repair genetic damage 
by error-prone mechanisms. This is a possible explanation 
why chromosomal aberrations commonly occur at the MII 
phase [31, 37, 38, 68]. However, on the other hand, immature 
oocytes would not repair genetic damage, which would result 
in cell death and lack of offspring. Differences between species 
regarding genotoxic IR effects may also be ascribed to the 
dissimilarities in the DDR implementation; therefore, further 
studies are necessary to resolve discrepancies in the results 
obtained. Moreover, the parameters for the measurement 
of genotoxicity of IR used in studies are very different (i.e. 
chromosomal changes, cell death and congenital deformities 
are employed), which considerably hinders the synthesis of 
data and formulation of conclusions.

It is worth mentioning that the sensitivity of oocytes to IR 
breaks the general rule in the light of which mitotically-active 
cells with an active DNA replication are characterized by 
greater radiosensitivity, while oocytes are characterized by 
high radiosensitivity, despite the fact that they were arrested 
in development at the diplotene stage of the first meiotic 
division [16].

The sensitivity of human oocytes to IR differs considerably 
from that of other species, e.g. mouse oocytes are 
approximately 350-times more sensitive to IR (LD50=0.15 
Gy) than monkey oocytes (LD50=50 Gy) [48]. In turn, 
radiosensitivity of human oocytes, based on analysis of the 
effect of total body irradiation (TBI) on the ovarian function 
in women subjected to TBI in the course of treatment of 
cancerous disease in childhood, taking into account the 
parameter LD50, is estimated at a level below 2 Gy [48]. 
Dutreix and Wambersie [15] reported that castration in a 
woman, manifested by the arrest of secretion of the hormones 
by the ovaries, takes place several weeks after disappearance 
of ovarian follicles, after application of the dose of 12–15 
Gy in women aged 20, while in women aged 45 – after 
application of the dose of 5–7 Gy. Exposure to the dose of 
several Gy causes temporary sterilization and menstruation 
disorders; however, women who experience amenorrhea 
after exposure to the dose of 3–4 Gy could become pregnant 
after the return of menstrual cycles [15]. Radiosensitivity of 

oocytes surpasses the radiosensitivity of all mammalian cells, 
with early oocytes being relatively radioresistant, whereas 
maturating and mature oocytes are radiosensitive to an 
equal degree [15].

The effects of IR go beyond the gonadotoxic effect and also 
include (in the case of irradiation of the abdominal cavity in 
childhood) altered uterine vascularization, decreased uterine 
volume and elasticity, myometrial fibrosis and necrosis, as 
well as endometrial atrophy and insufficiency [16]. These 
changes may cause complications during the course of 
pregnancy, including placental disorder, foetal malposition, 
preterm delivery, low birth weight, as well as a high risk of 
uterine rupture [16].

Irradiation of the scalp also exerts an effect on fertility 
which – according to the dose, method of dose fractioning, 
and duration of exposure/treatment scheme – may result 
in H-P-G axis (hypothalamic-pituitary-gonadal axis) 
dysfunction and anterior pituitary hormone deficiency, which 
is the most frequent adverse effect of radiotherapy on the head 
in patients at developmental age, affecting sexual maturation 
and fertility. The mechanism of high radiosensitivity of the 
H-P-G axis has not been precisely recognized and is probably 
related with hypothalamic and pituitary cell damage caused 
by IR. An intensification of H-P-G axis dysfunction grows 
with an increase in the biological effective dose of IR [16].

Radiosensitivity of the ovaries also depends to a great 
degree on the age of the woman exposed to IR: the younger 
the patient exposed to irradiation, the greater the damage, 
and in the case of oncologic radiotherapy this effect may 
be enhanced by the use of alkylating chemotherapy, e.g. by 
means of cyclophosphamide. In a female at prepubertal age, 
exposure to a dose lower or equal 2 Gy will result in damaging 
a half of the oocytes, while in approximately 30% of young 
women and in nearly all women aged over 40, doses within 
the range 25 – 50 Gy will cause infertility [16].

Generally speaking, the male germ cells are more 
radiosensitive than the female germ cells [21]. Radiosensitivity 
of the oocytes depends on age, species, inbred or outbred 
strain, stage of development of the follicle surrounding the 
oocyte, and chromosomal configuration [20]. Oocytes in 
primordial follicles are highly radiosensitive in mice, rats 
and rabbits; moderately radiosensitive in dogs, cows and pigs; 
and highly resistant in the guinea pig, monkey and human, 
whereas smaller differences in radiosensitivity are observed 
with respect to oocytes in multi-layered follicles [20].

Transgenerational transmission of genomic instability. 
Transgenerational radiation-induced genomic instability 
(RIGI) is a phenomenon which consists in the occurrence 
of an increased indicator of mutations or an increase in the 
frequency of the developmental deformities in the offspring 
of irradiated parents not exposed to the direct effect of IR [31, 
37, 38, 68, 86]. Knowledge concerning RIGI undermines the 
to-date functioning paradigm which assumes that the major 
component of the genetic risk related with IR in humans is 
mutation induction in the cells directly exposed to IR [86, 87]. 
Preliminary evidence for the presence of transgenerational 
effects was provided by Lűning et  al. [88], who observed 
RIGI in the germline cells of the offspring of parents directly 
exposed to IR. The researchers analyzed the frequency of 
occurrence of lethal mutations leading to the death of mouse 
embryos under the effect of 239Pu citrate solution, and found 
that the induction of mutation takes place not only in the 
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germ line cells in radiation-exposed individual animals, 
but also that the mutation rate increases considerably in 
non-irradiated offspring [88]. Studies in vitro indicate the 
long-lasting effect of an increased frequency of mutations 
in the offspring of irradiated parents: this effect persists for 
at least 20 – 40 cell divisions taking place after the primary 
irradiation [44, 89, 90].

Data concerning transgenerational genomic RIGI as a 
result of irradiation IR are, to a great extent, limited to males 
[86, 91, 92, 93], although studies on females have also been 
undertaken recently [62, 63, 74, 94, 95]. In early studies 
pertaining to this phenomenon, the genotoxic effects were 
evaluated at the prophase I stage (oocytes at the stage of 
pachyten, diploten and diktioten) in Chinese hamster [55, 
56, 57]. After irradiation of the animals with a single dose 
of 1 Gy, the researchers did not observe any considerable 
increase in chromosomal aberrations in one-cell embryos, 
nor developmental changes in the offspring of the irradiated 
females; also, no transgenerational effects were found with 
the use of measures applied in this study [55, 56, 57]. In a 
later study on mice, genotoxic effects were analyzed in the 
subsequent generations after irradiation of females at the 
zygote stage with a dose of 1 Gy, which confirmed that in 
the subsequent generation of mice obtained after fertilization 
of these females by non-irradiated males, there occurred an 
approximately twice as high risk of prenatal mortality, but 
without a statistically significant increase in the frequency 
of occurrence of the malformed foetuses [60]. In turn, in a 
study by Jaquet et al. [32], an exposure of female mice at the 
zygote stage to low doses of radiation (0.2 and 0.4 Gy) was 
not associated with the occurrence of genomic instability 
in the next generation of embryos; however, it was related 
with higher rates of pregnancy, less resorptions and more 
living foetuses, and additionally with a higher birth weight 
of foetuses [32].

The object of the study was also the relationship between 
transgenerational RIGI and gender of the irradiated animals. 
In a study by Abouzeid et al. [94], female mice were irradiated 
with a dose of 1 Gy, and subsequently fertilized by non-
irradiated males. In the first generation of offspring, the 
frequency of mutations was evaluated at expanded simple 
tandem repeat (ESTR) loci, both in the germline and somatic 
tissues. It was found that maternal irradiation had no effect 
on the stability of the genome in F1 offspring. Also, an earlier 
study by Barber et  al. [95] showed that maternal in utero 
exposure to IR had no effect on the genetic stability in F1 
offspring; however, genomic instability was observed while 
performing evaluation by the ESTR method in the case of 
F1 offspring of prenatally irradiated male mice. Justification 
of the results concerning females, which consist in the lack 
of occurrence of genomic instability in F1 offspring, requires 
further studies.

The phenomenon of chromosome instability in fibroblasts 
collected from foetuses irradiated at the zygote stage was 
confirmed as early as 1989 by Pampfer and Streffer [24]. The 
researchers found that the spontaneous structural aberrations 
observed in fibroblasts were mainly of the character of 
chromatid and chromosome fragments, and a significantly 
higher proportion of cells with micronuclei, were not directly 
induced by the exposure to IR, but were the result of genomic 
instability caused by irradiation of the zygote. The occurrence 
of transgenerational chromosomal instability in mice induced 
by irradiation during the preimplantation period, especially 

during the zygote stage, was confirmed by Streffer in 2006 
[96]. However, the problem remains regarding the possibility 
of extrapolation of the result of studies concerning RIGI, to 
a great extent generated in the model in vitro to humans, 
the verification of the results obtained in vitro in studies in 
vivo, as well as the explanation of the mechanisms of this 
phenomenon [87]. Studies on humans are contradictory with 
respect to the occurrence of RIGI [87]. While discussing the 
results in this area, it is emphasized that the induction of 
RIGI in laboratory conditions takes place with the use of high 
doses of IR, which rarely concern humans, who are rather 
subjected to chronic exposure to low-dose radiation [87].

Studies concerning the occurrence of the transgenerational 
effects of irradiation in humans were conducted in the 
population exposed to atomic bombs (A-bombs) explosions 
in Hiroshima and Nagasaki. The results of follow-up studies 
including 120,000 survivors of these attacks, and 77,000 
offspring which, according to the state in 2016, showed that 
the offspring of persons irradiated with the dose of an average 
of 200 mGy (except for the immediate region of the epicentre 
of the explosions), were burdened neither with an elevated 
risk of occurrence of developmental abnormalities, nor a 
higher mutation rate, which means that no transgenerational 
effects of irradiation occurred [97; see also: 2]. The Radiation 
Effects Research Foundation (RERF) investigating the effects 
of the use of A-bombs in Hiroshima and Nagasaki states 
that among children of irradiated persons during the 6-year 
period of observation in the years 1948–1954 of 76,626 
infants, no statistically significant increase was observed 
in the frequency of foetal damage, nor any other negative 
phenomena during pregnancy. The RERF indicates that 
the frequency of serious damage to newborns was 0.91%, 
which did not differ from the values registered at this time 
among the Japanese population not exposed to A-bombs 
explosions [98].

Limitations and perspectives of studies of the effect of IR 
on female fertility. The data resources concerning health 
risk due to exposure of female germ cells to IR in humans 
are limited, and the majority of them are based on the results 
obtained from the analysis of exposure to IR originating 
from medical sources (radiotherapy), or related with nuclear 
accidents or explosions of A-bombs [97, 98, 99]. Data obtained 
in studies on animals indicate that radiosensitivity of the 
female germ cells varies according to species and follicle/
oocyte stage, with the highest susceptibility to the occurrence 
of mutational events being generally shown by the oocytes 
near ovulation [99]. Adriaens et  al. suggested that the 
differences in the mutagenic sensitivity of the oocytes, to 
some extent are dependent on changes in the effectiveness 
of the mechanisms of DNA repair [99]. An important factor 
is also the size of oocytes: it is known that small oocytes are 
less susceptible to IR. Taking into account physiological 
similarities, it is suggested that the radiosensitivity of human 
follicles from the aspect of the stage of development, is similar 
to the radiosensitivity of follicles in guinea pigs, in which 
from the moment of 3 weeks before ovulation (late pre-antral 
stage) radiosensitivity begins to increase and reaches its peak 
2 days before ovulation [99].

With respect to the data from studies in vivo, in the first 
place, let us consider the knowledge generated as a result 
of analyses of the effects of treatment with radiotherapy 
on female fertility. Sensitivity to the effects of radiotherapy 
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(thus, also other types of irradiation) depends on the 
pool of available germ cells at a specified age. Exposure 
to environmental factors accelerates the reduction of the 
pool of available oocytes, which results in the acceleration 
of the occurrence of ovarian failure, loss of reproductive 
potential, and preterm occurrence of menopause [99]. As 
stated, the dose needed to destroy a half of the primordial 
follicles (LD50) is estimated at below 2 Gy [48]. The effective 
sterilizing dose (ESD) according to age is: at birth – 20.3 Gy, 
at the age of 10 – 18.4 Gy, at the age of 20 – 16.5 Gy, and at 
the age of 30 – 14.3 Gy [99]. Metanalysis by Gao et al. [100] 
indicated a high frequency of infertility among women who 
had undergone radiotherapy during childhood (RR=1.28, 
95% CI=1.16–1.42), the occurrence of acute ovarian failure 
(RR=9.51, 95% CI=5.03–17.96), low levels of anti-mullerian 
hormone (AMH) (RR=14.79, 95% CI= 3.36–66.04), still birth 
(RR=1.19, 95% CI=1.02–1.39), and low birth weight (RR=2.22, 
95% CI= 1.55–3.17), which evidences that radiotherapy 
during childhood exerts a negative effect on reproductive 
health in adulthood. The importance of the time elapsed, 
as well as individual differences for the effects of radiation 
observed, requires further studies [100].

Analyses of the effects of exposure to IR associated with 
explosions of A-bombs in the cities of Hiroshima and 
Nagasaki in a group of 2,345 women, indicated that ‘no large 
long-range alterations in average fertility can be attributable 
to exposure to atomic radiation in 1945’ [101]. In turn, 
studies of the effects of the explosion in Chernobyl in 1986 
demonstrated that neither in Byelorus nor in the Ukraine 
were significant changes observed in the prevalence at birth 
of anomalies, nor was there a prevalence of unfavourable 
outcomes of pregnancy which might be associated with 
the accident; however, indirect effects did occur, consisting 
in the performance of abortions in relation with fear of 
the occurrence of effects of irradiation [102]. Frequent 
occurrence of minisatelite mutations within the non-protein 
coding genes in children of persons exposed to IR in the 
contaminated areas after the accident in Chernobyl (Mogilev 
district of Belarus) were reported, and the intensity of this 
phenomenon was correlated with the level of caesium-137 
surface contamination [103]. Nevertheless, these studies 
were subject to criticism [see: 99]. In turn, the results of 
a population-based descriptive epidemiology study by 
Wertelecki et al. [104], showed that in the Rivne province, 
located at a distance of 200 km from the site of explosion in 
Chernobyl, the rates of conjoined twins, teratomas, neural 
tube defects, microcephaly, and microphthalmia were among 
the highest in Europe. The Polissia region, a part of the Rivne 
province, is characterized by a significantly higher frequency 
of the occurrence of neural tube defects, microcephaly and 
microphthalmia; moreover, in this region, lower values of at-
birth head size are observed, compared to the capital of the 
province [104]. Drawing conclusions concerning cause-effect 
relationships between the accident in Chernobyl and the 
epidemiology of congenital defects described in this research 
is hindered by the descriptive character of the quoted studies.

Within the range of low doses received by the majority 
of the population there is no unequivocal evidence for the 
occurrence of adverse pregnancy outcomes [99]. Within 
this range, a different effect of IR is suggested on adverse 
reproductive outcomes according to gender. In a study of 
an occupational cohort of the nuclear industry in the UK 
exposed to low-level IR, it was found that there was no 

relationship between the exposure to IR before conception 
and increased risk of adverse reproductive outcome in men 
working in the nuclear industry, whereas such a relationship 
was observed in women: the risk of early (<13 weeks of 
gestation) miscarriage was higher in mothers exposed to low 
doses of IR (OR 1.3, 95% CI 1.0–1.6); the risk of stillbirth was 
also higher (OR 2.2, 95% CI 1.0–4.6) [105].

A limitation of the existing data concerning the effects 
of IR on reproductive health, projecting on the possibility 
to formulate generalizations, is that the object of the study 
pertaining to the effects of exposure to IR were mostly males 
[99]. In turn, the extrapolation of results dominant in this 
area considering the effect of IR on animal germ cells, on 
humans is hindered by the fact that in animal lethal studies 
high acute exposures are applied, which do not reflect human 
environmental exposures, characteristic of chronic low dose 
exposure [21].

CONCLUSIONS

1.	The effect of IR on female fertility concerns, according to 
the irradiated localization: in the case of irradiation of the 
abdominal cavity – function of the ovaries and uterus, and 
in the case of irradiation of the skull – H-P-G axis function.

2.	Irradiation of the ovaries causes a reduction in the ovarian 
pool of follicles within the scope depending on the dose 
received, which may effect the premature ovarian failure, 
early menopause, or infertility.

3.	Radiosensitivity of the oocytes depends on the IR dose, as 
well as on the stage of oogenesis/folliculogenesis.

4.	Radiosensitivity of the female reproductive system is a 
species-specific characteristic.

5.	Considering progress in the diagnostics and curability 
of childhood cancers, fertility counselling should be an 
integral element of paediatric oncology, as well as follow-
up medical care of persons cured of childhood cancer.
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