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Abstract

In the review, our own studies of increased ionizing radiation effects on agricultural ani-
mals (nutria, rabbits, pigs, cattle) and small rodents of bio-indicator species after Chernobyl NPP
accident are compared with published data of human populations’ survey after the accidents at
Chernobyl and Fukushima nuclear power plants. Similarity is noted of main targets for ionizing ra-
diation (the cardiovascular system and kidneys) identified in humans and agricultural animals. Effects
of ionizing radiation and post-traumatic syndromes are also comparable. Biomarkers of damages
caused by ionizing radiation are considered. Differences in the estimates of the thyroid gland papil-
lary carcinoma frequency after nuclear accidents at Chernobyl and Fukushima NPPs are discussed.
Apparently, this inconsistency is mainly due to genogeographic factors, iodine deficit in geochemical
province, and natural selection affecting number of generations in the populations from naturally ra-
dioactive provinces or under enhanced radionuclide pollution after technological accidents (T.I.
Bogdanova et al., 2015; V.M. Drozd et al., 2015; M.B. Zimmermann, V. Galetti, 2015). A non-
linear dependency of biological effects of irradiation in the low dose range was analyzed with its
possible mechanisms discussed (i.e. damage accumulation until the level necessary to induce
DNA reparation, changes in young to old cell proportion in the populations, mitochondrial
dysfunction) (E. Markievicz et al., 2015). A concept of «horizontal» and «vertical» effects of
ionizing radiation on biological objects is introduced. It was shown that in different species of
rodents (Microtus arvalis, Clethrionomys glareolus), and in the laboratory mice of C57BL/6,
CC57W/Mv, and BALB/c lines the irradiation of bone marrow cells induced an increase of only
those cytogenetic anomalies, in comparison of control groups, the increased variability of which was
typical for the studied objects in a relatively clean areas. The main and, apparently, underestimated
vertical consequence of raised ionizing radiation is the decrease in reproductive success of irradiated
animals. Importantly, a transgenerational transmission of post-traumatic syndrome and its mecha-
nisms, including transmission of microRNAs, the mediators of the stress response, through the sper-
matozoa (K. Gapp et al., 2014), changes in microbiota of parents and their children, as well as cul-
tural inheritance are involved to explain a complexity of observed radiobiological effects and their
inheritance revealed in recent years.

Keywords: NPP accident, ionizing radiation, «horizontal» and «vertical» effects, reproduc-
tive success, transgeneration transmission.

Though the Chernobyl Nuclear Rower Plant accident happened 30 years
ago in May 1986, it still remains the source of radionuclides affecting people on
the polluted areas with the consequences poorly prognosticated and the defense
measures not studied and substantiated enough to protect people and environ-
ments [1]. Since that time, there is a great number of reports on population
genetic consequences of such large-scale man-made disaster, the first to cover
the entire globe. Importantly, these studies have been performed on different



animal and plant species, and on human populations. The latter has expectedly
attracted special attention of experts and the public concern. However, only the
research of biological and biosocial effects of ionizing radiation and a aggregate
data accumulated allows us to analyze the observed effects comprehensively and
to identify the mechanisms underlying them, on the one hand, and also
contributes to understanding the fundamental processes in living things under
external stresses, on the other hand. Nevertheless, there still are numerous incon-
sistencies between the findings [2-5]. Uniform biomarkers of ionizing radiation
damage seem to help in finding consensus [6]. European Network of Biological
and Retrospective Dosimetry (RENEB, Germany; http://www.reneb.eu/), in par-
ticular, is expected to develop the uniform protocol for the reliable radiation dose
estimation, the high-risk group identification and prognostication of diseases [7].

In particular, new ionizing radiation biomarkers are developed due to the
methods for assessing mutation patterns. However, even for such seemingly
reliable statements as a link between the absorbed dose of radioactive iodine and
thyroid cancer, details vary. For example, according to the Ukrainian-American
Registry of patients with papillary thyroid carcinoma who have received up to 18
doses of radioactive iodine from the Chernobyl accident (UkrAm), a significant
increase is found in the incidence of copy number variability (CNV) of genomic
DNA short fragments [8]. Based on the same register, the dependence is found
between the development of carcinomas of the thyroid gland and the dose of
ionizing radiation received at a young age [9]. Regardless of the dose received,
the more pronounced invasive phenotype of papillary thyroid carcinomas was
observed in the patients with elevated chromosomal instability [10]. In other
studies, a direct relationship was not found, and, according to authors, the
number of environmental factors can affect it significantly [11].

After the accident at the Fukushima-1 nuclear power plant the thyroid
cancer incidence rate among 0-18 year old children of the same age and a
variety of observed mutations have been analyzed. These data indicate a
significant distribution of papillary thyroid cancer in the surveyed population
with the pattern of identified mutations significantly different from the papillary
carcinomas resulted from the Chernobyl accident [12]. According to the authors,
an increased incidence of thyroid papillary carcinoma in the region is spontaneous
rather then induced by ionizing radiation.

Convincing evidences are accumulated that an increased incidence of
papillary thyroid carcinoma after the Chernobyl accident are more often
detected in iodine-deficient areas [13]. Currently, it seems clear that in the
population the effects of ionizing radiation will be directly related to the
absorbed dose (i.e. less than or greater than 100 mSv per year), ecological and
geographical conditions, age, sex and genotype, and also it will differ in the
generation got directly under the irradiation (horizontal effects), and in the
descendants (vertical effects) [2, 14].

A special need for classification of consequences has arisen after the
Fukushima-1 accident, as it became clear that, despite an increased frequency of
nuclear accidents the uniform methods for diagnosis and prediction of the
radioactive contamination have not yet been developed. One can only hope that
an accident at the Fukushima-1 will allow us to collect and summarizes relevant
observations and experimental results more successfully.

In this regard, in the present review the available data about the peculiar
effect of different doses of ionizing radiation on human population, farming
animals, bioindicator animal species of small rodents, some age-based and
species-specific responses, as well as transfer of induced disorders from parents
to offspring are summarized.



Nonlinear responses to low ionizing radiation. The lack
of a linear relationship between the actual genetic damage and low doses of
ionizing radiation is known for long time though its mechanisms remained
unclear. In recent years, in several studies it have been shown that this
nonlinearity may be due to the DNA repairing induction only after mammalian
cell exposure to a dose exceeding 100 mSv [15-17]. A DNA doublestrand breaks
(DSBs) is reported which occurs within 30 days after the animals were inoculated
once with 137CsCl intraperitoneally, or with a conditionally high (1.55+0.1 MBq)
and low (200£0.3 kBq) doses of 8/90SrCl, intravenously [18]. Based on
biokinetics the authors calculated that after !37CsCl removal the total 30-day
dose amounted to 10 Gy, while the total absorbed dose after 85/90SrCl, removal,
as estimated by the isotope incorporation in skeleton, was from 0 to 5 Gy at low
irradiation reaching 49 Gy at the high one. In this, two picks of accumulation of
Ilymphocytes with DSBs, during first week and in 3 weeks after the radionuclide
inoculation, were observed. So far as a daily absorbed radiation dose was con-
sidered small, long term damage in lymphocytes was surprising. As to authors,
the firs pick is primary due to damage of mature, almost completely differentiated
lymphocytes while the second one is related to prolyferation of young progeny of
these damaged cells.

An increased sensitivity to genotoxic agents and decreased DNA repa-
ration in aging cells are documented [19, 20]. It is a constant rejuvenation of
bone marrow cell population to which it seems to be due an active cell divi-
sions and decline in cytogenctic abnormality rate found by us in 16-18-
month old CC57W/Mv mice exposed to 0.5-0.6 Gy per year in the experimen-
tal vivarium in the Chernobyl exclusion zone as compared to control animals
of the same age [2]. Note, in 2-3-month old mice CC57W/Mv from the
vivarium the rate of cytogenetic abnormalities was considerably higher while the
cell division rate was lower compared to the control. But if an activated cell di-
vision and decreased number of damaged cells in old mice may be due to more
rapid renewing bone marrow cell population induced by ionizing radiation, a pe-
riodic rise and decline in the percent of cytogenetically abnormal cells in
CC57W/Mv mice of different generations which were exposed to the same doses
and kept under the same conditions in the experimental vivarium in the
Chernobyl exclusion zone, still remain unclear.

Mismatch in estimation of low dose effects could also be due to dysfunc-
tion of mitochondria. Thus, a decrease in activity of mitochondrial superoxide
dismutase 2 (Sod2) can lead to appearance of classical biomarkers of ionizing
radiation, e.g. dicentric and ring chromosomes [21]. A decrease in its activity is
reported to be involved directly in cell aging and increase of cell sensitivity to
ionizing damages [22]. So a designation of DAN as the main target molecules of
ionizing radiation seems not to reflect real events, and the observed effect may
be due to a functional heterogeneity of mitochondria.

Besides, stresses cause genome instability in dividing cells of a multinu-
clear organism, affect significantly the crossing-over rates in meiosis, and trans-
position of mobile elements. On laboratory mice and rats, since Hans Selye’s
works, a deep suppression of immune function, a durable increase in blood cor-
tical steroids level, and disorders of cell division (a triad of Hans Selye) are
known as the consequences of stresses. In rats, changes in photoperiodicity,
temperature and noisiness resulted in rise of peripheral blood erythrocytes with
micronuclei [23]. It was shown that methylation influenced by the environment
may cause genome instability and mutagenesis due to copy number variation
(CNV) in short DNA fragments [24]. In living things there is a clear genetic
component in variability on stress reactivity and genome instability. Particularly, a



comparison of the micronuclei-containing cell frequency in human identical twins
showed that its variability is significantly determined genetically, the same as a re-
sponse to ionizing radiation detected with a micronuclei test [25].

In our study, in different small rodent (voles), and laboratory mice ex-
posed to a total of < 1 Gy per year in Chernobyl exclusion zone it was shown
the increase in the cytogenetic abnormalities in bone marrow cells the same as
are characteristic of these species and reordered in control animals which were
not exposed to irradiation [26]. That is, our experiments have shown that more
than 100-fold increase in the dose of ionizing radiation did not induce new
variants of mutational spectra in bone marrow cells in voles and laboratory
strains of mice, but only strengthens those specific to a species or lines
manifestations of genomic instability that in the control conditions occur in the
studied animals spontaneously. For example, there was an increased frequency of
aneuploid cells in the C57BL/6 mice, metaphases with chromosomal aberrations
in SS57W/Mv line, the proportion of binuclear lymphocytes in BALB/c line, the
percentage of aneuploid cells in common vole (Microtus arvalis), and the
proportion of metaphases with interchromosomal Robertsonian-like translocations
in the bank vole (Clethrionomys glareolus).

Obviously, very special responses to ionizing irradiation will be observed
in human populations, reproducing in the natural radioactive provinces [27, 28],
or in many generations of animals in areas with high radionuclide contamination,
particularly after the Chernobyl accident [26].

The horizontal effects of ionizing radiation. To date, the
most comprehensive long-term survey of the impact of ionizing radiation on
human health is summarized by Japanese researchers studying the effects of the
atomic bombings of Hiroshima and Nagasaki and accidents at nuclear power
plants, including Fukushima [29, 30].

Effects of ionizing radiation on the human body has been studied in more
detail in long-term and large-scale epidemiological survey targeted to formation
of a database (registry) of the Japan residents, who are he survivors of the atomic
bombings of Hiroshima and Nagasaki. Due to a large amount of information,
the representation of both sexes and all ages, and a wide variety of doses
evaluated individually, the results on the life expectancy, oncological and non-
oncological diseases (Life Span Study — LSS) in the Japanese from the register
is considered the most reliable information about the effect of ionizing radiation
on human populations. For this reason, LSS research was fundamental to risk
assessments in radiological protection system, developed by the International
Commission on Radiological Protection (International Commission on
Radiological Protection — ICRP, GB). Overall, the data suggest that survivors
of radiation exposure have a clear excess relative risk (ERR) of cancer compared
to the control groups. For all leukemias in all age groups, this figure is 3-5 times
higher when the absorbed doses are about 1 Gy per bone marrow cells [31, 32].
A statistically reliable rise in the incidence of solid tumors was observed in 6-10
years at the absorbed doses of 0.1-0.2 Gy. At that, there was an increase in tumors
in the bladder, breast, lung, brain, thyroid, colon, ovaries, stomach, liver, but not
in pancreas, rectum, uterus, prostate, and kidney parenchyma. Multiple non-
cancerous diseases, mainly cardiovascular, respiratory and immune pathologies,
and kidney damage, were found in the atomic bombing survivors.

In our research, using standard electrophoresis of proteins in the starch
gel and histochemical staining, we compared the isozyme patters of lactate
dehydrogenase (LDH), malat dehydrogenase (MDH), malic enzyme (ME) and
esterases (ES) in liver, kidney, spleen, heart muscle, lymph nodes in pigs,
rabbits, nutria and cattle from 30-km Chernobyl zone of high radionuclide



contamination, and in the control farm animals from Kiev province [25]. In the
animals from the Chernobyl exclusion zone the !37Cs accumulation was 7-25-
fold when compared to the control and reached 160 Bq/kg.

No differences in organ-specific isozyme patterns were found between
nutria from experimental and control groups.

In irradiated and control pigs the LDH spectra were the same in patterns
but clearly differed in the relative activity of bands. For example, the staining of
the LDH bands 1-2 with the highest electrophoretic mobility was similar in both
groups whereas it was much higher in band 3 in irradiated pigs compared to
control pigs. No differences were found between the groups on MDH and ME
patterns. However, the ES patterns of liver and kidneys in irradiated animals dif-
fered significantly. Particularly, two fast migrating bands characteristic of liver in
control animals were absent in irradiated ones, while in their kidneys there was the
most electrophoretically mobile ES form which was not found in the kidney of
control pigs and in any other organs of both control and irradiated animals.

In irradiated rabbits, when compared to the control animals, the ES patters
were not the same in different organs. Like in pigs, in rabbits exposed to ionizing
radiation some minor ES bands specific to the kidneys of intact animals were absent
while new ones appeared. Interestingly, the ES pattern has changed significantly in
cardiac muscle. In intact rabbits, there was a characteristic isozyme pattern with a
specific band of intermediated electrophoretic mobility not found in other organs.
In the cardiac muscle of irradiated rabbits this band was not observed while two
new bands, fast and slow migrating, appeared which were also characteristic of ES
spectra in some other organs and tissues, particularly in striated muscle. Besides,
in rabbits the spleen ES isozyme spectrum has also been changed, and, as in kid-
neys, some bands disappeared while new ones appeared.

In cattle exposed to ionizing radiation the ESs in kidneys and cardiac
muscle also differed markedly from those of intact animals.

The organ specific ES patterns of irradiated cattle and pigs were repro-
ducible in all animals in experimental groups.

Thus, these data indicate that ES spectra are most informative to study
the impact of radionuclide pollution on fundamental organ-specific biochemical
processes in different animal species. In all three species studied, we observed a
marked change of ES isozyme spectra in kidneys of irradiated animals.
Moreover, the modified ES spectrum was also observed in the liver of pigs; in
the kidneys and in the cardiac muscle of cattle and rabbits, and in spleen of
rabbits. These data allows to suggest that in all three species the excretory system
such as kidneys (and also the liver in swine), cardiovascular system (in cattle and
rabbits), and also lymphoid tissue (in rabbits) are the main target organs
damaged under irradiation.

Interestingly, our results are consistent with data on organ specificity of
non-cancerous human diseases for which damage was mainly found in the
cardiovascular, immune system and in the kidney [33].

Noteworthy is the fact that in the study of the effects of the earthquake
and increasing exposure to ionizing radiation in human populations after the
Fukushima accident, the marked deviations in carbohydrate and lipid
metabolism were observed in the first few days and persist for months after
exposure [34]. The same character of changes after the earthquake and at higher
levels of ionizing radiation is emphasized. Thus, for 3 years in Fukushima
Prefecture after the earthquake and exposure to ionizing radiation the number of
patients with neuro otolaringological disease complicated by depression and
other mental defects has increased significantly [34, 35].

Polycythemia is found in people who were evacuated from the zone is



elevated ionizing radiation for 2 years after the accident at the Fukushima-1,
indicating significant changes in hematopoiesis [35]. The frequency of various
somatic diseases was higher in liquidators in comparison with the residents of
Latvia. Diseases of the nervous, digestive, cardiovascular, endocrine, respiratory
and immune systems were mostly recorded at a 1.3-fold morbidity among
liquidators compared to the rest of population in 1986 which reached a 10.9-fold
level in 2007 [36].

A lot of evidences of non-specific health problems in people resettled
from areas with elevated levels of radiation after the Chernobyl and Fukushima
accidents are also accumulated. After the Chernobyl accident the mothers
relocated together with children rated their health 2 times less than in the
control group [37]. After the Fukushima accident almost 30 % of mothers were
diagnosed clinically depressed [38]. It was shown that among people who were
evacuated after the nuclear disaster at the Fukushima-1, the concern about
radiation risk was associated with psychological disorders [39].

The survey of liquidators even 24 years after the Chernobyl accident
showed a decrease in all three indicators (physical, mental health and social
well-being) used by the World Health Organization for health monitoring in
human populations [40, 41]. The survey carried out in 1999-2002 evidenced of a
significant increase in the incidence of thyroid tumors, as well as depression,
suicidal ideation and attempts among people living in the most contaminated
regions of Ukraine [42].

The damaging effects of ionizing radiation on the brain and cognitive
functions are known for a long time. Thus, A.I. Nyagu and K.N. Loganovskii
[43] historically summarize the observations of the neurophysiological effects of
ionizing radiation in humans which were first described in 1896. In the post-
Chernobyl period they also reported about multiple abnormalities in the central
nervous system associated with radionuclide contamination after the Chernobyl
accident [44, 45]. Evidences are being accumulated on a significant contribution
of an oxidative stress, including a decrease in superoxide dismutase activity in
the mitochondria, to the neurophysiological disorders induced by ionizing
radiation [46, 47].

Additionally, a detailed study of public health after the earthquake of 2011
in Japan in different regions shows that a decrease in the objectively and
subjectively assessed health indicators closely depends on the strength of the
earthquake and the remoteness from its epicenter [48]. Note, the fact of
resettlement from the territory with elevated levels of ionizing radiation around the
Fukushima-1 nuclear power plant could itself lead to an increase in mortality
among the evacuated population, and this was clearly detected during the first 4
years after the accident [49]. Moreover, an increased mortality was not directly
related to the dose of external and internal exposure. It is assumed that this effect is
due to post-traumatic syndrome which provokes non-specific, especially chronic,
diseases rather than to actual damaging effect of ionizing radiation.

Vertical damage induced by ionizing radiation. From our
point of view, the main and underestimated «vertical» consequence of exposure
to ionizing radiation for living things is a reduced reproductive function with
elimination of individuals possessing alleles and gene systems associated with
relatively increased radiosensitivity. It is this limitation of reproduction that
explains an increase in the number of radioresistant individuals among the
trapped voles and the shift of the genetic structure in progeny of irradiated
specialized dairy cattle toward more primitive forms described in Chernobyl
exclusion zone [26], and also an increased radioresistance of blood cells in the
inhabitants of the radioactive provinces. The observed changes correspond to the



statement of I.I. Schmalhausen that under any environmental changes the most
stable but the least specialized forms possess a privilege in reproduction [50].

The negative impact of post-traumatic syndrome on health is widely
studied in recent years. There is evidence suggesting that increased sensitivity to
stressors is observed in children born from parents with this syndrome. In
Denmark in 4-9 year old children which were not subjected to injury, but born
in refugee families where the post-traumatic symptom was diagnosed in one or
both parents, the transmission of this syndrome has been found [51]. The
manifestations of post-traumatic stress syndrome in children born from parents
who survived the Holocaust were being studied for more than 50 years [52]. It
was found that among the people resettled after the Fukushima accident, and
among the grandchildren of Japanese survivors of the Hiroshima and Nagasaki
atomic bombings the frequency of the post-traumatic stress syndrome manifestations
increased relative to the control group [53]. Detailed studies are being conducted
on transmission mechanisms of hypersensitivity to the expression and the induction
of post-traumatic syndrome symptoms in generations, and the dependence of this
phenomenon on the cultural characteristics and closeness of contacts between
parents and children has been revealed [54].

People are subjected to many stress factors adversely affecting health,
depressing the immune system, increasing susceptibility to infection and the risk
of many other diseases. Stress can cause genetic, epigenetic and genotoxic
changes in humans and animals. Ionizing radiation, as is known, may also
induce the whole range of such changes. But so far the combined effect of stress
factors and ionizing radiation remain poor studied. In rare works, there were the
attempts to separate the effects of stress and ionizing radiation. In one of these
studies the authors showed that in linear mice it was possible to separate the
effects of stress from the damaging effects of ionizing radiation (55).

Note that the actual accidents at the nuclear power plants are always
accompanied by the combined effect of a stress factors, and ionizing radiation.
The Chernobyl disaster demonstrated that its psychosocial consequences are
quite long-term.

Possible mechanisms for transgenerational effects of
ionizing radiation. Transmission of changes caused by environmental factors,
from a parent to further generation is described in several studies [56, 57].

In human and model species such as laboratory linear mice and rats, the
various mechanisms of epigenetic variability affecting genomic reprogramming in
gametes have bee described. These are a hormonal control of DNA methylation
profile, changes in chromatin packaging and the histone code, an accumulation of
regulatory microRNAs in the gametes that may be involved in transgenerational
inheritance [58]. Induction of epigenetic changes in spermatogenesis by external
factors is described in several studies [59, 60]. Thus, in male mice the traumatic
stress during spermatogenesis induced an expression of certain miRNAs, which
also persisted in the zygote that led to changes in behavior and metabolism in
the offspring [61, 62]. This miRNA, being isolated and then introduced into
normal zygote, caused the same changes in born offspring [63, 64]. In the
primordial stem cells populating gonads of the embryos prenatally exposed to
vinclozolin, the endocrine disregulator, there were changes in synthesis of a
number of miRNAs that regulate cell differentiation [65]. To date, a large number
of miRNAs are found, in which the changes in metabolism can directly contribute
to epigenetic variability of offspring via the influence of the environment on the
parents [66].

Another pathway of epigenetic inheritance may be associated with the
intergenomic relationship between multicellular organisms and its microbiome



(metagenomics) [67]. Multicellular organisms, such as plants and animals, are
not an autonomous units, but a biomolecular networks of the host cells and
associated microbiome. In opinion of some researchers, such a set of organisms
may be defined as a holobionts, and their genomes are considered as hologenomes
[68]. Multiple molecular mechanisms of microbiome action on the various
functions of multicellular organism are revealed, including raising its epigenetic
variability, and the evidence experimentally obtained on the model objects
indicates that the changes in the microbiome can result in modifications of
behavior [69, 70].

Thus, the evidence obtained to date, suggests that the transgenerational
transmission of responses to environmental stress from parents to their progeny
may be due to cultural inheritance (54), or result from induced epigenetic changes
in the parental gametes (or in the gametes of descendants during embryogenesis),
in embryos during early development, as well as in the microbiome of parents and
the offspring.

So, an increase of ionizing radiation leads to multiple changes in living
things, which can be divided into <«horizontal» in those ones subjected to the
irradiation directly, and the «vertical» detected in their offspring. In mammals,
not only actively proliferating immune system, but also cardiovascular and
excretory systems, as well as brain are among the main targets. Changes depend
on the species, the genotypic features of exposed organisms, the region of their
reproduction, the feeding, as well as on the absorbed doses, the lowest of which
do not induce the intracellular reparative mechanisms thus «preserve» occurred
damage for a long time. Expression of «vertical» genetic effects in population is
determined by selection of radioresistant forms whereas the inheritance of post-
traumatic syndrome in model organisms (linear mice) is due to the transspermal
transmission of miRNAs involved in the regulation of many changes in gene
systems during ontogenesis. Biosocial consequences for human populations result
not only from the radiation-induced changes in central nervous system and the
transmission of microRNAs involved in stress syndrome formation, but are also
related to the cultural inheritance and modification of microbiome. Eexpectedly,
the registers (database) of parents and their descendants of different generations,
which takes into account not only the doses of ionizing radiation, but also the
eco-geo-biochemical factors of habitats, and the ethnic features, will help to
understand peculiarities of radiobiological response. In turn, this will speed up
developing methods for diagnostics and radioprotection, and also allow to suggest
techniques for targeted compensation of radiation damage in cells, organs or
systems of multicellular organisms.
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