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Abstract

:

The aim of this study was to assess the genotoxic and cytotoxic effects that occur in miners working underground in rare metal ore mines at ionizing radiation levels within the maximum permissible concentration (MPC) standards using the buccal micronucleus cytome (BMCyt) assay. At the same time, we attempted to identify possible relationships between cytogenetic abnormalities in the buccal epithelium and such physiological indicators as cardiodynamics and the body mass index. The study involved a total of 269 individuals, 236 miners working underground in production related to the mining and enrichment of loparite ores and 33 non-exposed individuals (Russia, Murmansk region). Buccal micronucleus cytome assay and heart rate variability parameters were used. Micronucleus frequency was revealed to be a higher in the exposed group (8.3 ± 1.08‰) than in the non-exposed group (3.3 ± 0.49‰). The repair index showed a statistically significant increase in the non-exposed group (14.9 ± 2.90) compared with the exposed group (6.1 ± 0.74). The frequency of nuclear protrusions correlates significantly with the body mass index in the young miners (≤30 years (r = 0.45)). There is a negative relationship between the micronucleus frequency and the level of organism adaptation (r = −0.24), the vegetative regulation rate (r = −0.20) and the psycho-emotional state (r = −0.30) for miners older than 30 years. The results testify to the possible induction of clastogenic effects and a decrease in the level of reparation in the buccal epithelium cells due to the exposure of a various of production factors in the extraction of loparite ore.
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1. Introduction


Underground miners are exposed to harmful factors such as dust, the underground environment, industrial noise, light environment, vibration, low temperature, physical overload. The health of miners is especially endangered when the underground mining of ore contains such natural radionuclides as uranium, thorium, and radium. This is due to inhalation and ingestion of dust particles containing radium, the inhalation of radon and its decay products and the external irradiation of the body and inhalation of dust of mixed particles of radioisotopes [1,2].



The pathophysiological effect of radiation loads exceeding the maximum permissible concentration (MPC) has been well studied and described both theoretically and clinically in many works [3,4,5,6,7]. Of particular interest is the response of the human body to the loads generated by radiation much higher than the average background values exceeding them by 3–4 times, but within the MPC standards. These values are comparable to the loads of pilots, flight attendants, cosmonauts and the workers of some enterprises and mines [8,9,10,11,12,13,14,15,16]. The study of data “Effects–Response” will allow us to consider questions related to revisions and clarifications of the norms of the MPC. These questions include changes in working conditions, evaluation of the effects associated with the accumulation of these changes over a long period of time and the modelling of the resulting effects.



The homeostasis of the body may be maintained depending on the balance between DNA damage and the repair response. Violation of this balance can cause a wide range of human pathologies. Genetic instability and oxidative stress are risk factors for cancer and cardiovascular diseases (CVD) [17,18]. Oxidative stress causes DNA damages, apoptosis and inflammation. Therefore, it can lead to the emergence of heart fibrosis and plays an important role in the occurrence of heart failure and left ventricular remodeling in diabetic cardiomyopathy [19,20].



To identify the genotoxic effects of radiation exposure, the micronucleus test is most widely used whenever cultured cells of peripheral blood lymphocytes are under cytokinetic block conditions. It allows the analysis of the entire spectrum of changes characterizing genome instability [5,21,22]. However, in certain cases, it is preferable to study genotoxic effects on the buccal epithelium, since it is the first barrier [23], that occurs on the path of carcinogens during breathing, drinking and eating food. The buccal micronucleus cytome assay (BMCyt assay) is characterized by minimal invasive intervention and provides information on genotoxic loads during three weeks of exposure [23]. This method is fast and simple for biomonitoring human population exposed to environmental genotoxic agents [24,25].



The main purpose of this study was to assess the genotoxic and cytotoxic effects that occur in miners working underground in rare metal ore mines at ionizing radiation levels within the MPC standards using the BMCyt assay. At the same time, we attempted to identify possible relationships between cytogenetic abnormalities in the buccal epithelium and such physiological indicators as cardiodynamics and the body mass index.




2. Materials and Methods


2.1. Study Area


The participants in this study were miners working underground in production related to the mining and enrichment of loparite ores (Lovozero district, Murmansk region, Russia, 67.9372°N 34.5594°E) and the control group of healthy subjects living in the city of Apatity (Murmansk region, Russia, 67°34′N 33°24′E). The study was conducted during December 2013 to eliminate the effects of air pollution characteristic of the summer months.



Lovozero district. The main sources of pollution are: (a) An enterprise for the extraction and processing of rare-earth ores; (b) Thermal power plants; (c) Motor vehicles. Radio-ecological researches in this region of rare metal ore production with high content of natural radionuclides showed that the gamma-phone recordings for this mine are at a level 0.1–1.5 μSv/h and do not exceed normative value in these conditions of underground mining. The radon concentration in the underground waters near the settlement exceeded intervention level around 1.3 times [26].



Apatity. The main sources of pollution: (a) Enterprises for the extraction and processing of apatite-nepheline ores; (b) Thermal power plants; (c) Vehicles; (d) Railway transportation. During the summer months the atmosphere of Apatity displayed increased concentrations of suspended substances. Moreover, when summer north-westerly winds were observed, one-time concentrations of suspended solids and small suspended particles of PM10 were up to 2 MAC. However, the average summer monthly concentrations of suspended substances only reached up to 1.0 MAC [27].



According to the 2013 data, both towns were characterized as settlements with a low level of atmospheric pollution [27].




2.2. Ethical Consideration


This study was approved by the Committee on Ethics at Hospital KSC RAS (163/2013) and informed consent was obtained from each participant.




2.3. Participants


The study involved a total of 269 individuals, 236 miners and 33 non-exposed individuals.



The inspection of miners who gave consent was conducted at the medical assistant’s station before the start of the morning shift. The control group was formed from volunteers who responded to an advertisement in the local newspaper. We had to establish very tight deadlines for the work since the study took place during the polar night in the Murmansk region. Because of this time limit, we were forced to limit ourselves to a small sample of the non-exposed group.



All individuals were adult male because there are effects of sex due to biological differences that include a sex-related aneuploidy phenomenon and the implication of sexual hormones [28].



A questionnaire was applied by researchers to collect information, including determination of standard demographic data and questions concerning personal data, medical issues, weight and height, vaccination, vitamin, medication, exposure to X-rays, family history of cancer and brief medical information regarding about chronic chronicle diseases, life style (smoking, alcohol consumption, etc.), length of service (only for exposed groups), diet, and other socioeconomic factors (Russian validated version of the Medical Outcomes Study Short Form-36 [29], SAN Tests [30], personal anxiety—Spielberg questionnaire [31]. Current smokers were defined as those who had been smoking at last six months before buccal sample collections. All of the participants had a mixed diet.



Exclusion criteria for both groups: a history of a participant’s cancer and his parents, chronic lung disease, diabetes. Exclusion criteria for the non-exposed group: Consumption of vitamins in the last month, exposure to medical radiation in the last six months, occupational exposure, age over 30 years.



The selection of a group up to 30 years is determined by the following reasons. Firstly, in this age group, functional changes in the cardiovascular system have not yet begun. Secondly, in people under the age of 30, moderate chronic pathology is assumed [32]. Thirdly, the greater consistency of the workplace and place of residence. In the older group it is more difficult to take into account the facts of changing the place of work and place of residence.



Buccal cells were obtained from all individual that met the specified criteria. Heart rate variability (HRV) data received for 130 individuals from the exposed group because some of the subjects refused to complete this part of the study.




2.4. Buccal Micronucleus Cytome Assay


Buccal cells were collected from each individual using sterile wooden spatulas. The individuals were asked to rinse their mouths with water before sampling. The biological samples were stored in tubes containing 10 mL of saline solution. Then the samples were washed, fixed on slides and stained with acetoorseine. A total of 2000 cells per sample were analyzed under 1000× magnification an oil immersion using with a light microscope (AXIOSTAR PLUS, Karl Zeiss, Oberkochen, Germany) to estimate micronuclei (MN) and nuclear abnormalities frequencies following the protocol described by Thomas et al. [33]. The following was considered: (a) Cells with DNA damages (micronuclei (MN), nuclear bud, broken egg); (b) Cells with cytokinetic failure (binucliated cells, doublenucliated cells); (c) Cell death features (condensed chromatin, karyorhexis, picnosis, karyolisis and cells with apoptotic bodies).




2.5. Physiological Indicators


Physiological indicators were evaluated by the parameters of cardiohemodynamics: heart rate variability (HRV) and blood pressure, in accordance with the standards adopted by the European Society of Cardiology and the North American Society of Electrostimulation and Electrophysiology in 1996 [34]. Systolic (ADS) and diastolic (ADD) blood pressure, heart rate (HR) and heart rate variability (HRV) were measured in the supine position for 5 min, after 3 min of pre-adaptation at rest. The registration of HRV (sampling rate of 1000 Hz) and the analysis of HRV were performed using an Omega-M instrument (NPF Dynamika, St. Petersburg, Russia). The analysis of the integral indicators of HRV was carried out according to the results of the frequency and time analysis of HRV. From these recordings they calculated: the level of adaptation of the cardiovascular system, the indicator of vegetative regulation, the psycho-emotional state, and the stress index of regulatory mechanisms [35].



A limitation of this study: (a) The sample size of the non-exposed control group; (b) The use of only non-invasive methods was a prerequisite for this study. Therefore, we could not obtain additional biological samples and were limited to using only the BMCyt assay; (c) HRV data received only for 130 individuals from the exposed group, no date for non-exposed group.




2.6. Statistical Analysis


All the resulting data was recorded in the spatial database [36]. The number of micronuclei and other nuclear anomalies per 1000 buccal cells were expressed as means + mean-square error. The repair index was calculated as RI = (KL + KR)/(MN + BE), where KL—Kariolisis, KR—K aryorhexis, MN—Micronucleus, BE—Broken eggs [37]. The differences in the composition of groups were assessed by a two-sided criterion of the χ2 correspondence statistical analysis, the differences in the results of the BMCyt assay were assessed according to the U-criterion of Mann–Whitney Test. Correlation analysis was carried out using the Spearman rank test. The critical level for rejection of the null hypothesis was considered to be 5% (p < 0.05). The statistical analysis was performed with the Statistica 10.0 statistical software package.





3. Results


The characteristics of the study population including lifestyle, individual health problems and sociodemographic indicators are presented in Table 1. As can be seen, the miners and non-exposed groups differed in age. Therefore, the young miners group (≤30 years) was selected from all miners group and shown separately.



Comparisons of the sociodemographic characteristics between the groups show significant differences between all miners and young miners groups for catching cold (χ2 = 10.2, р < 0.05) and consumption of antibiotic in the last month (χ2 = 3.9, р < 0.05). The non-exposed group demonstrates significant differences from all the miners and young miners groups for the consumption of vitamins during the last month (χ2 = 11.6 and χ2 = 15.1, р < 0.05).



The analysis of the psychophysiological states from the SAN tests (well-being, activity and mood), Spielberger—Khanin (situational and personal anxiety) and SF-36 did not show significant differences between the groups.



The results of the BMCyt assay are presented in Table 2. The comparison of sociodemographic characteristics within the exposed group showed only a significant difference for the consumption of vitamins and exposure to medical radiation in the last six months (р < 0.05, Mann–Whitney test).



The average frequencies of cells with micronuclei (MN) in the non-exposed group do not exceed the baseline frequencies for micronucleated cells- 2–5‰ [28]. The evaluation of buccal cells revealed a higher frequency of cells with MN in exposed groups than in the non-exposed group (р < 0.01, Mann–Whitney test). However, the exposed groups had a significantly lower frequency of cells with a nuclear bud than the non-exposed group (р < 0.05, Mann–Whitney test).



The exposed groups presented significantly higher frequency of cells with condensed chromatin, karyorrhexis, piknosis (р < 0.001, Mann–Whitney test) and apoptotic bodies (р < 0.01, Mann-Whitney test). The exposed groups had a significantly lower frequency of cells with karyolisis (р < 0.001, Mann–Whitney test). The repair index showed a statistically significant increase in buccal cells of the non-exposed group compared with the exposed group (р < 0.01, Mann–Whitney test). Analysis of the parameters of cardiohemodynamics showed that, on average, the blood pressure (arterial pressure) and heart rate (heart rate, beat/min) parameters are within the age group (Table 3). Only in a group over 30 years old is systolic blood pressure (systolic blood pressure, SYS) slightly higher than normal.



With age, there is a marked increase in the voltage index of regulatory mechanisms (stress index SI), a decrease in the level of adaptation of the cardiovascular system, vegetative regulation and psycho-emotional state. The assessment of vegetative tonus based on heart rate variability analysis showed that in the group of up to 30 years the normotonic 46.8% and vagotonic 43.7% dominate the type of vegetative regulation, sympathotonic type is observed only in 9.5%. In the group older than 30, the influence of the sympathetic nervous system increases: normotonics—50.0%, vagotonics—22.5%, sympathotonics—26.5%.



Analysis of the body mass index (body mass index, kg/m2) showed that in the group of up to 30 years old, 62.5% had normal body weight, 7% were overweight, 6.3% had obesity grade I, and 9.3 % were underweight. In the group older than 30 years, the percentage of people with normal weight decreased to 46.9%, the number of overweight people increased to 29.6, obesity grade I—19.4% and obesity grade II—4.1%.



A correlation analysis was performed regarding the dependence of the frequency of nuclear anomalies upon the physiological state of the organism in miners under the age of 30 years (n = 32) and over 30 years (n = 98). It was shown that in miners under the age of 30 years, the frequency of nuclear protrusions correlates significantly with the body mass index (r = 0.45, p ≤ 0.05) (Figure 1).



For miners older than 30 years, there is a negative relationship between the frequency of cells with MN and the level of body adaptation (r = −0.24, p ≤ 0.05), the rate of vegetative regulation (r = −0.20, p ≤ 0.05) and the psycho-emotional state (r = −0.30, p ≤ 0.05). The frequency of cells with MN is reliably associated with the stress index (r = 0.21, p ≤ 0.05) (Figure 2).




4. Discussion


The main objective of the study was to evaluate the genotoxic and cytotoxic effects of natural sources of ionizing radiation in mines upon the miners’ buccal epithelium and their psychophysiological state. We assumed that the main method of exposure of miners could be the inhalation of radon in mines. Therefore, to identify possible genotoxic effects, a micronucleus test was chosen on the cells of the tissue in direct contact with airborne contaminants. In addition, the buccal epithelium is characterized by a high rate of renewal, and therefore a more pronounced sensitivity to mutagens of endogenous and exogenous nature. The BMCyt assay allows you to identify a wide range of events—these are not only effects associated with genome damage (the formation of micronuclei and nuclear protrusions), but also effects with various manifestations of cell death variants—apoptosis and necrosis (condensed chromatin in the nucleus, pycnosis of the nucleus, karyorrhexis, etc.) [33,38,39]. Most of the studies were focused on assessing only the frequency of occurrence of cells with MN, although a number of studies also take into account the various stages of nuclear destruction. In this present study, the BMCyt assay with HRV data was used to investigate biomarkers for maladaptation due to genotoxic exposure. We tried to choose settlements with a similar level of industrial pollution. The study itself was carried out in the winter period, when in both settlements the main source of pollution was preserved by snow cover.



The frequency of cells with chromatin condensation in the nucleus is the most sensitive indicator of the BMCyt assay, which provides earlier detection of exposure to toxic effects [40]. Various authors have noted an increase in the frequency of cells with chromatin condensation in consumers of tobacco gum [28], in road workers [41], in those exposed to paints [42], artificial sources of ionizing radiation [43], and also when aging [33]. We found three-fold excess in the frequency of occurrence of cells with chromatin condensation in the exposed group relative to the unexposed (Table 2).



MNs are recognized biomarkers of the genotoxic effects of various factors. They represent a separate part of the genetic material outside the main nucleus, which is either a fragment of a chromosome formed as a result of DNA damage, or one or more whole chromosomes lagging behind in anaphase and not included in the main nucleus [44]. An increase in the frequency of cells with micronuclei in the oral cavity is the earliest manifestation of the risk of oral cancer [13]. This study shows a significant almost threefold increase in the frequency of occurrence of cells with micronuclei in a group of miners of both age groups relative to the unexposed group (Table 2).



The frequency of protrusion such as nuclear buds and broken eggs is also an important indicator of micronucleus tissue. The mechanism of their appearance until the end is not fully understood and is a controversial issue. It has been suggested that protrusions are the result of degenerative cellular changes [45]. However, a number of authors explain such nuclear anomalies as a result of genotoxic effects [46,47,48], epigenetic processes [49], or as a result of the budding of the nucleus during the S-phase [50]. At the same time, a number of researchers propose to consider their formation as a result of cytogenetic disorders since a significant increase in the frequency of nuclear protrusions was shown during exposure to mutagens [51,52,53,54]. At the same time, the authors suggest that the onset of nuclear buds may be associated with the elimination of amplified DNA and DNA repair processes [45,49,50,55]. In our study, the analysis of protrusions revealed a significant excess of four times the frequency of occurrence of broken eggs in the unexposed group (Table 2). We assume that in the exposed group, potential broken eggs are transferred into MN due to clastogenic effects. However, since in this study we did not determine centromeres in MNs, we cannot confidently assert the presence of clastogenic effects. It is known that clastogen-induced MNs differ from spontaneously MNs in that they contain acentric fragments rather than whole chromosomes with centromeres [56,57,58,59,60,61,62,63]. Unfortunately, standardized assessment methods are not described for buccal epithelium cells [33]. We also do not exclude the possibility that the formation of the non-exposed control group could have included effects that were due to other factors.



It is believed that the process of clastogenesis can proceed to the stage of mutagenesis, which in turn can pass to the stage of carcinogenesis. However, the human body has a homeostasis, which is implemented within the cells of the buccal epithelium by means of karyorrhexis and karyolysis due to the elimination of damaged cells. The dynamics of carcinogenesis in the buccal epithelium is reflected in the repair index (RI) [37,64]. In our study, RI was significantly lower in the miners than in the unexposed group. This indicates a violation of the processes of elimination of damaged buccal epithelial cells and a higher risk of carcinogenesis in miners. It should be noted that in this study we limited ourselves to calculating the RI for buccal cells. However, comet assay on various tissues is also used to assess DNA repair [65,66]. Thus, Brazilian researchers successfully combine the BMCyt assay and comet assay in human lymphocytes to assess genotoxicity and reparation when exposed to xenobiotics [67,68,69].



To assess the degree of disruption of the proliferation of buccal epithelial cells, cells with two and more nucleus and double nucleus were taken into account. There is evidence that binuclear and multinucleated cells are formed mainly as a result of polyploidizing acitokinetic mitosis [70] and their frequency may increase in response to irradiation [71]. A double nucleus is formed in the process of incomplete mitosis as a result of damage to the spindle of division, and not only cytotomy, but also karyotomy is disturbed [72]. The origin of the binuclear cell is not related to the direct exposure of the genotoxicant to DNA. It is assumed that this effect occurs at the final stages of cell division [72]. We did not reveal significant differences in these indicators between the exposed and unexposed groups (Table 2). Consequently, production factors at this mine do not affect the processes of cytotomy and karyotomy in the buccal epithelium.



Throughout life, the human body is exposed to various external and internal factors with the development of short-term and long-term processes of corresponding adaptation. This is especially true for individual professional groups associated with the impact of stress factors, in specifically within the employees of mining enterprises [73,74,75]. Heart rate variability analysis of HRV is an adequate method to assess the level of stress in their daily activities. HRV is the result of the rhythmic activity of the autonomous cells of the sinus node, the modulating effects of the autonomic and central nervous systems, humoral and reflex effects [76,77]. In cases where the current activity of the sympathetic and parasympathetic divisions is the result of the multi-loop and multi-level blood circulation regulation, then over time the parameters will achieve an optimal adaptive response that reflects the adaptation of the whole organism [78]. Therefore, the analysis of the structure of HRV provides important information on the state of the vegetative regulation of the cardiovascular system and the organism as a whole. A comprehensive assessment of heart rate variability provides an assessment of functional states, rather than specific nosological forms. One of the indicators for evaluating such reactions is the adaptative potential and the assessment of the psycho-emotional state. They are calculated in data points by a special algorithm [35].



In this paper, we compared the BMCyt assay data with body mass index and HRV values of miners in order to identify additional biomarkers. An interesting reliable pattern has been revealed in miners under the age of 30 years that the frequency of nucleus protrusions correlates significantly with the body mass index. According to Mullner et al. [79,80] the frequency of buccal epithelium cells with MN increases with obesity and type 2 diabetes. A similar pattern has been shown on lymphocyte cells to increase the frequency of cells with micronuclei in obesity, diabetes and cardiovascular disease [80]. Recent studies have shown that factors involved in DNA repair also regulate cellular metabolism in response to DNA damage to avoid further genomic instability [81,82,83]. In mice, it was shown that obesity is associated with an increase in DNA damage. It is assumed that there is a relationship between aberant leptin signaling and age-associated DNA-damage [17,84].



In miners older than 30 years, the frequency of cells with MN is associated with the stress index of regulatory mechanisms. The higher the stress index, the more pronounced the tone of the sympathetic nervous system, the more rigid the rhythm and the more cardiointervals of the same type. An increase in the stress index leads to a decrease in the adaptation potential, vegetative regulation, and the psycho-emotional state. At the same time, as the stress index decreases and the psycho-emotional state increases, the frequency of cells with chromatin condensation increases. It can be assumed that the frequency of cells with chromatin condensation may be influenced by the psycho-emotional state of a person.



It should be noted that most of the works devoted to the study of genotoxic effects using the BMCyt assay in miners are related to coal mining [54,68,69,85,86]. In these works, the authors showed a significant increase in the frequency of MN in buccal epithelium cells in coal miners. Unfortunately, we have not found any works devoted to the study of genotoxic effects using BMCyt assay in mines with an emphasis on natural radioactivity. In studies, such effects are mainly evaluated on peripheral blood lymphocytes for uranium miners from Hungary, Czech Republic and Germany using micronucleus-centromere assay and chromosome aberration analyzes [60,87,88]. Marsh and co-authors [89] created dosimetric calculations for a typical German miner exposed to radon gas, radon progeny and long-lived radionuclides (LLR) present in the uranium ore dust and to external gamma radiation. They showed that the absorbed dose to the central regions of the lung is dominated by the dose arising from exposure to radon progeny, whereas the absorbed dose to the red bone marrow is dominated by the external gamma dose. The results obtained by us testify to the induction of possible clastogenic effects and a decrease in the level of reparation in the buccal epithelium cells due to the exposure various production factors in the extraction of loparite ore.
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Figure 1. Positive association between the frequency of nuclear protrusions (‰) and the body mass index in miners under the age of 30 years (kg/m2). 
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Figure 2. Relationships between the frequency of cells with micronuclei (MN) and the physiological state of the organism in miners older than 30 years: (a) level of body adaptation; (b) rate of vegetative regulation; (c) stress index; (d) psycho-emotional state. 
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Table 1. Prevalence of sociodemographic characteristics of the exposed and non-exposed groups.
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	Parameters
	All Miners
	Young Miners
	Non-Exposed Group





	n
	236
	48
	33



	age
	43.7 ± 0.81
	26.3 ± 0.35
	25.9 ± 0.27



	Time of mining service, ages
	15.7 ± 0.82
	4.0 ± 0.34
	-



	Consumption of cigarettes
	
	
	



	yes

not anymore

no
	67.4% (159)

6.4% (15)

26.3% (62)
	79.2% (38)

4.2% (2)

16.7% (8)
	78.8% (26)

0

21.2% (7)



	Consumption of alcoholic beverage
	
	
	



	every day

weekly

seldom

no
	0.4% (1)

21.6% (51)

73.3% (173)

4.7% (11)
	2.1% (1)

22.9% (11)

72.9% (35)

2.1% (1)
	0

12.1% (4)

81.8% (27)

6.1% (2)



	Catch cold in the last month
	
	
	



	yes

no
	25% (59)

75% (177)
	47.9% (23)

52.1% (25)
	39.4% (13)

60.6% (20)



	Consumption of antibiotic in the last month
	
	
	



	yes

no
	7.6% (18)

92.4% (218)
	16.7% (8)

83.3% (40)
	3.0% (1)

97% (32)



	Consumption of vitamins in the last month
	
	
	



	yes

no
	32.6% (77)

67.4% (159)
	29.2% (14)

70.8% (34)
	0

100% (33)



	Exposure to medical radiation in the last 6 months
	
	
	



	yes

no
	7.2% (17)

92.8% (219)
	2.1% (1)

97.9% (47)
	0

100% (33)
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Table 2. Frequencies of micronucleus and other nuclear anomalies in exfoliated buccal epithelial cells.
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	Parameters
	All Miners
	Young Miners
	Non-Exposed Group





	n, all

n, no vitamins and medical X-ray
	236

147
	48

33
	33

 



	Micronuclei, ‰
	7.9 ± 0.54 **

8.1 ± 0.66 ***
	8.3 ± 1.08 **

9.3 ± 1.28 ***
	3.3 ± 0.49



	Nuclear bud, ‰
	0.9 ± 0.26 ***

1.0 ± 0.38 **
	0.8 ± 0.30 *

0.6 ± 0.26 *
	4.0 ± 1.15



	Broken egg, ‰
	0.1 ± 0.05

0
	0.2 ± 0.14

0.2 ± 0.06
	0.4 ± 0.16



	Two nuclei, ‰
	4.9 ± 0.49

2.3 ± 0.58
	3.4 ± 0.67

3.8 ± 0.87
	3.5 ± 0.57



	Double nuclei, ‰
	1.2 ± 0.22

1.2 ± 0.30
	1.2 ± 0.60

0.8 ± 0.71
	0.7 ± 0.19



	Condensed chromatin, %
	11.8 ± 0.54 ***

12.2 ± 0.67 ***
	12.0 ± 1.11 ***

12.5 ± 1.31 ***
	3.9 ± 0.64



	Karyorrhexis, %
	0.8 ± 0.07 ***

0.7 ± 0.09 ***
	0.7 ± 0.10 ***

0.7 ± 0.12 ***
	0.2 ± 0.05



	Piknosis, %
	1.5 ± 0.06 ***

1.4 ± 0.08 ***
	1.6 ± 0.13 ***

1.6 ± 0.20 ***
	0.5 ± 0.10



	Kariolisis, %
	52.1 ± 1.16 ***

51.7 ± 1.49 ***
	49.5 ± 2.59 ***

50.3 ± 3.02 ***
	76.1 ± 3.21



	Apoptotic bodies, %
	5.1 ± 0.59 **

5.1 ± 0.64 **
	6.7 ± 2.03 **

4.4 ± 0.97 *
	2.3 ± 0.59



	Repair index, RI
	6.2 ± 0.36 **

6.4 ± 0.44 **
	6.1 ± 0.74 **

5.8 ± 0.81 **
	14.9 ± 2.90







* р < 0.05; ** р < 0.01; *** р < 0.001 compared with non-exposed group (the Mann–Whitney test).
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