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THE EXPERIMENTAL STUDY OF THE MUTAGENIC ACTION OF
N-NITROSODIMETHYLAMINE IN MICE

The mutagenic activity of N-nitrosodimethylamine (NDMA) in the laboratory mice was studied using
the chromosome aberration test. It was established that NDMA with intraperitoneal single administration
(acute experience) in doses of 2.0; 4,0 and 8,0 mg/kg induced chromosomal aberrations in the mouse bone
marrow cells with a frequency statistically significantly exceeding the control level. With an increase in the
dose of xenobiotics, the frequency of aberrant cells increased by 2.23 (p <0.05); 3.00 (p <0.05) and 3.89
(p <0.001) times, respectively. The dose dependence of the level of induced mutagenesis was revealed
(r = 0.97, p = 0.03). A statistically significant increase in the level of aneuploid and polyploid cells was
established, however, no dose dependence was found (r = 0.85, p = 0.29). Prolonged intoxication of
NDMA (subacute experience, intoxication within 10 days) of experimental animals resulted in a statisti-
cally significant increase in the frequency of aberrant bone marrow cells and the number of chromosomal
aberrations per 100 metaphase compared to intact animals and animals of acute experience. The dose of
NDMA 8 mg/kg, equal to 1/5 LD_,, with repeated administration was lethal for all individuals. With re-
peated administration of NDMA at doses of 2.0 and 4.0 mg/kg, the frequency of aberrant cells increased
statistically significantly in comparison with a single injection of 1.70 (p <0.001) and 1.60 (p <0.01), re-
spectively, and the number of chromosomal aberrations per 100 metaphase is 1.73 (p <0.001) and 1.51 (p
<0.01) times. With prolonged exposure to xenobiotic, the frequency of cells with genomic mutations also
increased statistically. The increase in the overall frequency of chromosomal aberrations occurred mainly
due to chromatin-type disorders. The mutagenic effect of N-nitrosodimethylamine on mice, established in
our studies, may be due to an increase in the level of active forms of oxygen and the accumulation of lipid
peroxidation products in the tissues of the body. Possible mechanisms of mutagenic and genotoxic action
of NDMA can be the enhancement of free radical processes and DNA methylation.

Key words: N-nitrosodimethylamine, mutagenic effect, acute and subacute effects, chromosomal
aberrations, genomic mutations.
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ThlLIKaHAAPFa HUTPO3OAMMETHAAMUHHIH, MyTareHAIK acepi Taxipubeaik 3eprrey

HAMA-HbI 2,0; 4,0 xeHe 8,0 mr/kr MmeawepiHae 6ip perTik ilacTapiwiaik  eHrisreHae
THILWKAHAAPABIH CYIEK KEMIriHIH KAeTKaAapbiHAA XPOMOCOMAALIK, aBeppaumsAapAbIH KUIAiri Bakbiaay

© 2018 Al-Farabi Kazakh National University



The Experimental Study of the Mutagenic Action of N-Nitrosodimethylamine In Mice

ACHIEAIHeH CTATUCTUKAABIK, MAHbI3ABIABIFbi XKOFapbl EKEHAITT aHBIKTaAAbl. KCeHOBMOTUKTIH MOALLIEPI
apTKaH Cavbit a6epPaHTTH KAETKAAAPABIH, KMIAIri 2,23 (p<0,05); 3,00 (p < 0,05) xoHe 3,89 (p<0,001)
€Ce COUKEC XOoFapulraabl. MHAyKuMsAaHFaH MyTareHe3 AEHIeRiHIH MOALLIEPAIK TOYEAAIAIT AHBIKTAAAbI,
Koppeasums koappmumenti r=0,97, p=0,03 6oaranaa. AHEYNAOUATBI XKBHE NOAUNAOUATbI KAETKaAap
AEHFeMiHiH, CTaTUCTUKAABIK, MAHBISABIABIFb) KOFapb! 6OAFaHbI AHBIKTAAADL, 6ipak, MOALUEPAIK ToyeAAi-
AiTi aHbIKYaAMaAB! (KOppeAsums K0a(hpuumenTi r=0,85, p=0,29 6oaraHAd). KaabinTbl xoHe 6ip pet-
TiK YAGHABIPBIAFAH XXaHyapAAPMEH CaAbICTBLIPLIAFAHAA TOXipUbeAik xaHyapaapabl HAMA-meH Y3aK,
YAaHABIPY (10 KyH 60#bI) CyHEK KeMiriHiH KAETKAAApbIHAG a6epPaHTThi KAETKAAAP XKHIAIriHIH xaHe 100
MeTahasarapAaFbl XPOMOCOMAABIK, abeppaumsaAap XUIAIFiHIH CTATUCTUKAABIK, MaHBI3ABIABIFbI XOFapbi
6OAFaHbl aHBIKTAAAB. HAMA-HbIH 8 mr/kr meawepi, 1/5 AA,, TeH, ke peTrik eHrisreHae 6apAbik,
Aapabacrapra AeTaAbAbi GOAABI. HAMA-Hb1 2,0 xoHe 4,0 mr/kr MOAWLEPIHAE KON PEeTTIK eHrisreH-
Ae 6ip perTiknen CaALICTBIpbIAFaHAA abeppaHTTbl KAeTKaAap XKUIAITIHIH CTAaTUCTMKAABIK, MaHbI3AbI-
AbiFbl 1,70 (p<0,001) xaHe 1,60 (p<0,01) ece cakkec, an 100 meTtadha3anapAaarbl XPOMOCOMAAbIK,
abeppaumanap XuiAiriHin CTaTUCTUKAABIK, MaHbI3AbIABIFEL 1,73 (p<0,001) xaHe 1,51 (p<0,01) ece
COWKEC XKOFapbi GOAFaHbt aHbIKTaAAbl. KCeHoBMoTUKTin Y3aK 8CepIHAE TEHOMABIK, MyTaumaAapbl Gap
KAETKaAap >KMIAITIHIH CTaTUCTUKAABIK, MaHbI3ABIAbIFb apTThi. XpOMOCOMaAbIK, abeppaumsaapAbii
XKAATbI KMIAIFIHIH apTybl XPOMaTHATI TURTEPAIH 6Y3bIAbICTapbIHA BAMAAHBICTbI. ThiwkaHaapra Hutpo-
30AMMETUAGMUHHIH MyTareHAl acepi OpraHM3mHin YANaAapblHAQ OTTEriHIH 6eAceHAl dopMarapbiHbin
ACHTEMIHIH KOFaPbIAAYbIHA XOHE MANAAPABIH ACKLIHTOTHIFY OHIMAEPIHIH XUHAKTaAybIHa 6alAaHBICTbI
60AYbI MyMKiH. HAMA-HbBIH MYTareHAIK X8He reHOTOKCUHAIK acepiHix MYMKIHAIK MexaHu3maepi 6oc
PaAvKaaAbl yaepicTepAin xoHe AHK-HbIH, METUAAEHYIHIH KYLIeiHe 6aiAaHBICTbI BOAYbI MYMKIH,

Ty#tin ce3aep: HUTPO30AMMETHAGMMH, MYTareHAiK HaTuxke, 6ip xaHe ken perTik acep, Xpomo-
CoManbIK, abeppaumsaap, reHOMABIK, MyTauusAap.
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3Kcnepumeura/\buoe UCCACAOBAHHUE MYTAreHHOro AeUCTBUS HUTPO30OAUMETUAAMHMHA HA MbitllaxX

M3syueHa MyTareHHas akTMBHOCTb HUTPO3OAMMETUAAMMHA (HAMA) B opranuame AabopaTopHbIx
Mbilllel C UCMOAb30BaHMEM TECTa N0 YYETY XPOMOCOMHbIX abeppaumit. Ycranosaero, yto HAMA
NPy BHYTPUOPIOWIMHHOM OAHOKPATHOM BBEAEHMM (ocTpbiit onbiT) B A03ax 2,0; 4,0 v 8,0 mr/kr VHAY-
UMPOBAA B KAETKAaxX KOCTHOrO MO3ra mbiWweilt XPOMOCOMHbIE afeppalii ¢ YaCTOTON, CTaTUCTUYEeCKM
3HAa4YMMO NPEBbILLIAIOLLEN KOHTPOAbHbIA ypoBeHb. C yBEAUUEHMEM AO3bl KCEHOBMOTUKA BO3pacTasa u
YacTtora abeppaHTHbIX KAETOK B 2,23 (p<0,05); 3,00 (p<0,05) 1 3,89 (p<0,001) pa3a, COOTBETCTBEH-
HO. BbisiBAEHA AO30Bas 3aBUCUMOCTbL YPOBHS UHAYUMPOBAHHOMO MyTareHesa, Ko3huumeHT Koppeas-
umn r=0,97 npu p=0,03). YCTaHOBAGHO CTAaTUCTULECKM 3HAUUMOE YBEAUUEHME YPOBHSR aHEYNAOUAHbIX
M MOAUTIAOUAHBIX KABTOK, OAHAKO, AO30BOM 3aBMCHMMOCTM HE BbISIBAEHO (KoathchuLimeHT Koppeasumum
r=0,85 npu p=0,29). AAuteabHas uHTokcukaums HAMA (MOAOCTPLINA ONBIT, UHTOKCUKAUUS B TEUEHME
10 AHE) 3KCMEPUMEHTAABHBIX XMBOTHBIX MPUBEAA K CTATUCTUUECKN 3HAYMMOMY YBEAMYEHUIO YaCTOThl
abeppaHTHbIX KAETOK KOCTHOrO MO3ra M UmMcAa XPOMOCOMHbIX abeppatmii Ha 100 meTachas no CcpaBHe-
HUIO C UHTAKTHBIMW XXMUBOTHBIMM 1 XXMBOTHBIMI OCTPOTo onbiTa. Aoza HAMA 8 mr/kr, pasHas 1/5 AA,,,
NPpM MHOTOKPATHOM BBEAGHMW OKA3aAACh ACTAALHOM AAS BCex ocobert. Mpu MHOTOKPAaTHOM BBEAEHUM
HAMA B a03ax 2,0 1 4,0 mr/kr yacrota abeppaHTHbLIX KAETOK CTAaTUCTUUECKU 3HAUMMO BO3pOCAQ O
CPaBHEHUIO C OAHOKPATHLIM BBEAEHWMEM COOTBETCTBEHHO B 1,70 (p<0,001) 1 1,60 (p<0,01) pa3sa, a
YMCAO XPOMOCOMHbIX abeppaunii Ha 100 metadas — 8 1,73 (p<0,001) u 1,51 (p<0,01) pasa. Mpu
AAUTEABHOM BO3AEMCTBUM KCEHOOBMOTUKA CTAaTUCTUYECKU 3HAYUMO BO3POCAA M 4aCTOTa KAETOK C re-
HOMHBIMU MyTauMsiMu. YBeAuueHne o6LLEA HaCTOTbI XPOMOCOMHbIX abeppaumit NPOUCXOAMAO TAABHBIM
06pa3om 3a CYET HapyleHUi XPOMATUAHOFO TUNA. MyTareHHoe AefCTBUe HUTPO3DAMMETUAAMUHA Ha
MbILIEI, YCTAHOBAEHHOE B HALWIMX UCCAEAOBAHMAX, MOXET GbiTh 06YCAOBAEHO yBEAMHEHMEM YPOBHS
AKTUBHbBIX (DOPM KUCAOPOAA M HAKOMAEGHUEM NPOAYKTOB NEPEKUCHOTO OKUCAECHUS AUIMUAOB B TKaHIX
OpraHn3ma. BO3MOXHbBIMU MEXaHU3MaMU MyTareHHOr0 U reHOTOKCUYECKOro Aenctena HAMA moxer
6biTb yCuaeHne €8060AHOPAAMKAALHBIX MPOLLECCOB U meTuarmpoBaHme AHK.

KAlouesbie cA0Ba: HUTPO30AUMETUAIMMUH, MyTareHHbii apekT, 0CTpoe M NOAOCTPOe BO3AESHCT-
B1E, XPOMOCOMHbIE abeppaiyn, reHOMHbIE MyTaLMMK.
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Introduction

Pollution of the biosphere by different
mutagenic factors attracts more and more attention
of researchers. Every year, thousands of new
artificially ~ synthesized chemical compounds
appear that are widely used by man in everyday
life. According to the register Chemical Abstracts
Service (CAS) of February, 2018, more than 140
million chemical compounds were registered. The
daily CAS register replenishes about 15,000 new
substances (CAS, 2018). However, not all of them
are evaluated for toxic, mutagenic and carcinogenic
activity (Abilev, 2015: 169-182). Increase in
environmental pollution of xenobiotics can lead
to an increase in the mutational background of
populations, including humans. Unfortunately, to
date unambiguous qualitative criteria for estimating
the incidence of mutations in populations have not
been developed (Abilev, 2015: 169-182; Geras’kin,
2010: 66-68).

As a result of the activities of the Baikonur
Cosmodrome, significant areas of Kazakhstan
are under the negative influence of rocket fuel
components and its transformation products, which
affectthe environmental and public health status. The
main component of rocket fuel used at the Baikonur
Cosmodrome is unsymmetrical dimethylhydrazine
(UDMH, heptyl) due to its high energy intensity.
According to the monitoring complex studies, the
content of the unsymmetrical dimethylhydrazine
and its transformation products, in particular
N-nitrosodimethylamine (NDMA), in places of
carrier-rocket part fall, exceeds the maximum
permissible concentration (MPC) in environmental
objects (Adushkin, 2000: 10-15; Aidosova, 2005:
131-134; Bakaikina, 2018: 1-20: Batyrbekova,
2007: 12-17; Kalaev, 2004: 1-80; Kasimov, 2006:
668-670; Kenessov, 2012: 78-85; Musa, 2015: 26-
29; Panin, 2006: 124-131; Shoikhet, 2005: 1-188). In
the scientific literature, there are quite contradictory
data on the genotoxicity of UDMH and its oxidation
products, but their toxic effects are well known.
Therefore, the study of genotoxicity of rocket fuel
components and its transformation products does
not lose its relevance.

NDMA is one of the oxidation products of
unsymmetrical dimethylhydrazine. NDMA is more
stable in soil and water, more toxic and mutagenic
than UDMH (Bradley, 2005: 115-120). The natural
synthesis of N-NDMA in the environment occurs
with a high concentration of amines, nitrites and
nitrates, which, upon entering into the nitrosation
reaction, turn into NDMA (Liteplo, 2002: 1-45;
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Osipenko, 2005a: 5-9; Rodin, 2008: 1039-1044).
NDMA is a carcinogenic nitrosamine and has a
high toxic, mutagenic. teratogenic and embryotoxic
effect. NDMA is widely used in the foundry industry,
in the production of rubber, rocket fuel, pesticides,
dyes, in tanning leather, in the food industry. NDMA
can be formed in sewage as a result of biological and
chemical transformations of alkylamines. Tobacco
smoke is also a source of NDMA. Synthesis of
NDMA occurs in the human stomach acids after
eating a food rich in nitrites, secondary or tertiary
amines, as well as certain medications (Guidelines
for..., 2011: 1-39; N-nitrosodimethylamene...,
2008: 1-37; Osipenko, 2005a: 5-9).

NDMA led to the methylation of nucleic acids
with the formation of mainly N’-methylguanine,
partially O°-methylguanine and N3-methyladenine.
In a small volume, methylated derivatives of proteins
and nucleic acids were found in the kidneys, spleen,
pancreas, brain and other organs (Osipenko, 2005b:
20-23).

Tumor formation was observed in different
animals with intoxicated NDMA (Madden, 2003:
672-676; Osipenko, 2005a: 5-9). NDMA increased
the incidence of tumors of hepatocytes and Leydig
cells in rats. An increase in malignant neoplasms
was observed at a concentration of NDMA in
drinking water from 0.01 to 5 mg/L (Guidelines
for..., 2011: 1-39). With intraperitoneal and
intragastric administration of NDMA to pregnant
female of rats and mice, the incidence of liver and
urinary tract tumors in offspring increased (Madden,
2003: 672-676; Osipenko, 2005a: 5-9). According to
Agency for Research on Cancer (IARC), NDMA is
classified in Group 2A (probable human carcinogen)
(N-nitrosodimethylamene..., 2008: 1-37).

NDMA has high mutagenic activity under in
vifro and in vivo conditions. It has been established
that NDMA induces mutations detected in the
Ames test, gene and chromosomal aberration
assays, sister chromatid exchanges, unplanned
DNA synthesis, mutations of transgenic rodents,
on mammalian in vitro micronucleus test. In vitro
Comet assay has shown the genotoxic effects of
N-nitrosodimethylamine only at high concentrations
in human hepatoma cell lines, primary hepatocyte
culture, and TK6 lymphoblastoid cell line (Hobbs,
2015, 172-181; Liviac, 2011: 613-618; National
Toxicology..., 2018; Ooka, 2016: 1901-1907;
Wagner, 2012: 109-115; Watanabe, 2001: 57-63). In
vivo Comet assay has shown the genotoxic effects
of NDMA in different tissues, including liver of rats,
as well as liver and stomach of mice (Hobbs, 2015,
172-181).
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In connection with the biological effect of
NDMA, low MPCs in the air of industrial premises
(0.01 mg/m’®) and water in reservoirs (0.001 mg/L)
were established. The biological essence of the
influence of even these concentrations in humans
and animals is still not entirely clear (Osipenko,
2005¢c: 5-12). Therefore, a comprehensive study of
the toxic, genotoxic and mutagenic effects of NDMA
on the somatic and sex cells of mammals, as well
as the mechanisms of meiosis, leading to sterility
and infertility, is extremely urgent. The obtained
information will allow to conduct a purposeful
search for means of protection of the organism.

Materials and methods

The objects were laboratory mice of the BALB/
cYwal line. widely used in cytogenetic studies.
N-Nitrozodimethylamine (NDMA, (CH,),N.O)
was used as the test chemical compounds. In total,
35 laboratory male mice 2-3 months old with body
weight of 25-30 g were used in the experiments.
Intact and experimental animals were kept in a
vivarium on a standard diet. Care for laboratory
animals was carried out in accordance with
international principles (Guide for the Care...,2011:
1-246).

For the intoxication of animals, aqueous
solutions of NDMA were used. The introduction
of xenobiotic was performed intraperitoneally.
Dosages were selected based on the available
information on LD, for mice with intraperitoneal
administration of NDMA (40.0 mg/kg) (Lijinsky,
2011: 1-482). All animals were divided into 7
groups (I-VII) of 5 individuals in each: group T -
intact animals; groups II-IV - animals that received
NDMA in a single dose of 2.0; 4,0 and 8,0 mg/
kg, respectively (acute effect); groups V-VII are
animals that received NDMA doses of 2.0; 4.0 and
8.0 mg / kg, respectively, daily for 10 days (subacute
effect). The animals were sacrificed under isoflurane
anesthesia.

The Mammalian Bone Marrow Chromosome
Aberration test was carried out according to the
standard technique (Rukovodstvo..., 1989: 108-
124). Before slaughtering, the weight of each
mouse was determined and injected in mouse
0.04% colchicine solution intraperitoneally at a
dose of 1 ml/100 mg body weight. 1.5-2 hours after
the colchicine injection, the mice were sacrificed
and the bone marrow was flushed out of the bone
- with a hypotonic solution of potassium chloride
(0.56%) heated to 37 ° C. The washed bone marrow
was carefully resuspended to homogenize the cell

suspension. After hypotonic treatment, the cell
suspension was centrifuged for 5 minutes at 1000
rpm. The precipitate was fixed in a mixture of
methanol and glacial acetic acid (3: 1). The fixed
cells were resuspended in a fixator and the suspension
was applied to cooled wet slide glasses. To color the
chromosome preparations, the Azure-Eosin dye was
used according to Romanovsky-Giemsa. Cytological
preparations were analysed and captured using light
microscopes Axioskop-40 (CarlZeiss, Germany)
and OlympusBX 43 (Olympus, Japan). Genomic and
structural disorders of chromosomes were analysed
using the metaphase method (Rukovodstvo. .. , 1989:
108-124; Nemtseva, 1970: 1-126).

Statistical data processing was performed using
the Microsoft Excel add-in program “Analysis
ToolPak™. In all variants, the mean value and
standard errors of the mean were determined. The
significance of the mean differences was evaluated
using the Student’s parametric test. Differences
were considered reliable with a confidence level
of 95% or higher (p <0.05-0.01). To determine the
correlation dependence, the Pearson correlation
coefficient (r) was calculated.

Results and discussion

The results of a cytogenetic study of
experimental animals subjected to acute (single)
and subacute (daily for 10 days) exposure to
N-nitrosodimethylamine (NDMA) are presented in
the table.

NDMA under the acute influence at all used doses
induced chromosome aberrations in the mouse bone
marrow cells with a frequency exceeding the control
level. The level of structural rearrangements of
chromosomes in animals of II-IV groups, intoxicated
with NDMA in doses of 2.0; 4,0 and 8,0 mg/kg of
body weight, statistically significantly increased in
2.23 (p <0,05); 3.00 (p <0.05) and 3.89 (p <0.001)
times as compared with the control. Along with the
overall frequency of aberrant cells, the number of
chromosomal aberrations per 100 metaphase. due
to the lesion of more than one chromosome in one
cell, also increased significantly. The number of
chromosomal aberrations per 100 metaphase seen in
animals of [I-IV groups was statistically significantly
higher than the control level of 2.27 (p <0.01), 3.03
(p <0.001) and 3.95 (p <0.001) respectively.

Qualitative  composition  of  structural
mutations in control and experimental animals
was represented by disorders of both chromosomal
and chromatid types. The main disorders of the
chromosome type were represented by paired
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8, and the chromatid type by single
b %'a result of acute exposure in animals

“#4V groups, which received respectively
NMidosesonO 4.0 and 8.0 mg/kg, the
-mumber of chromosomal aberrations per 100

metaphase increased by 2.45; 2.00 and 2.95 (p
<0.001) times, and the number of chromatid type
aberrations per 100 metaphase grown in 4.06 (p
<0.001); 6.65 (p <0.001) and 8.94 (p <0.001)
times, respectively.

Table — Frequency and spectrum of structural chromosomal aberrations induced in the bone marrow cells of laboratory mice at

different doses and times of N-nitrosodimethylamine exposure

. . Number of chromosomal aberrations Frequency of genomic
Experi- Typesof Numbser | Frequency of per 100 metaphases mutations. (M + m),%
ment s of cells [aberrant cells
type o analyzed| (M +m), % | number of |chromoso-| chromatide point aneuploid polyploidy
aberrations | mal type type fragments cells cells
Control 995 0.91£0.19 L1019 [0.20£0.12] 0.31+0.13 0.60+0.09 0.40+0.18 0.30+0.12
NDMA | oftecr | 1030 |2.03:0.23%% |2.5260.20% | 0494022 |1.2650.12%%%| 0.7760.18 | 1.0820.19%% |1 8320 345+
2.0 mg/
ke S‘Lbf;:;‘e 1010 [3.46+0.10%%*14.35:0.14%%*(0.504£0.01%|2.57£0.17+%* | 1.28+0.11%* |2.00£0.21%%*|2 87+0.16***
NDMA g;f;"f‘ 1020 [ 2.7320.21%* 3.34+0.24%%*| 0.40+0.18 |2.06:0.18%**| 0.88+0.18 | 1.0040.24 |1.76£0.17%%*
4.0 mg/
kg S“:;;:é‘t“" 1025 [4.38+0.26%**|5.06:0.52%*#| 0.77+0.28 |2.63£0.18%#* | 16540, | 8*** |3 5120.25¢** | 4.48+0 35%+*
WD acute
8.0 mg/ shent 1015 |3.54+0. [1%**|4.3440.19*%%*{0.59+0.08*|2.77+0.26***|  0.98+0.15 1.70£0.29%% |2 37+0.20%**
kg
* - p<0.03, *¥* - p<0.01; *** - p<0.001 as compared with control

A comparative analysis of the level of aberrant
cells and the number of chromosomal aberrations
per 100 metaphases in animals exposed to acute
exposure revealed a dose dependence of the level
of induced mutagenesis. An increase in the dose
of xenobiotic to 8 mE/l\g resulted in a statistically
significant increase in all the studied indicators (r =
0.97, p=0.03).

The level of polyploid cells under the influence
of xenobiotic at all 3 doses used also increased sta-
tistically. However, an increase in metaphase with
aneuploid sets of chromosomes was statistically sig-
nificant only at exposure to doses of 2.0 and 8.0 mg/
kg. Under the influence of NDMA, the level of poly-
ploid cells increased in animals of TI-IV groups, re-
spectively, 6.10 (p <0.01); 5.87 (p <0.001) and 7.90
(p <0.001) times in comparison with the animals of
group I. There was no dose response in the induction
of polyploid cells (r = 0.85, p = 0.29).

As a result of prolonged exposure to NDMA
(subacute experience, intoxication within 10 days)
in the experimental mice showed an increase in all
the studied quantitative indicators compared with
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control and acute experience (table). However, a
dose of 8 mg/kg of NDMA, equal to 1/5 LD50, was
lethal to all animals.

The frequency of aberrant cells was statistically
significantly increased in comparison with acute ex-
perience in animals of the V and VI groups in 1.70
(p <0.001) and 1.60 (p <0.01) times, and the number
of chromosomal aberrations per 100 metaphase in-
creased by 1, 73 (p<0.001)and 1.51 (p<0.01) times.
respectively. Also, with prolonged exposure, the fre-
quency of cells with genomic mutations increased
significantly. The level of aneuploid and polyploid
metaphases in animals of group V in comparison
with animals of group II, respectively, increased
in 1.94 (p <0.01) and 1.57 (p <0.05) times, and in
group VI in comparison with animals of group III
grown in 3.51 (p <0.001) and 2.55 (p <0.001) times,
respectively.

The spectrum of structural chromosomal abnor-
malities in animals exposed to prolonged exposure
to NDMA was represented by chromosome and
chromatid rearrangements, dotted fragments. Disor-
ders of the chromosome type were represented by
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paired end fragments and centric rings, and the chro-
matid type by single fragments and acentric rings.
In multi-aberrant cells, point fragments and single
discontinuities of chromatids were simultaneously
observed. The increase in the overall frequency of
chromosomal aberrations occurred mainly due to
chromatin-type disorders.

The revealed genotoxic effects of N-nitrosodi-
methylamine in mice are consistent with the results
of a number of studies conducted in vitro and in vivo.
It was found that NDMA induces mutations detected
in the Ames test, tests on the inclusion of gene and
chromosomal mutations, sister chromatid exchanges,
unplanned DNA synthesis, mutations of transgenic
rodents, micronucleus test on bone marrow cells and
peripheral reticulocytes of mammals line Hobbs,
2015, 172-181; Liviac, 2011: 613-618; National Tox-
icology..., 2018; Ooka, 2016: 1901-1907; Wagner,
2012: 109-115; Watanabe, 2001: 57-63).

A number of studies have shown that NDMA is
a promutagen and a pro-carcinogen, so it requires
metabolic activation. Metabolism of NDMA suggests
either o-hydroxylation or denitrogenation from ni-
trosamines. In both ways, as a result of cytochrome
CYP2EL, the same intermediate [CH,(CH,)NBN=0]
is formed. Subsequently, when the metabolism passes
through a-hydroxylation, hydroxymethylnitrosamine
[CH,(CH,OH)N-N=0] is formed, which decompos-
es into formaldehyde and monomethylnitrosamine
(CH,NHN=0). Monomethy! nitrosamine, due to its
instability, undergoes transformation into a strong-
ly methylated methyl diazonium ion (CH H+=N),
which can alkylate biological macromolecules such
as DNA, RNA and proteins. It is believed that by the
a-hydroxylation the active metabolites responsible
for the genotoxicity and carcinogenicity of NDMA
are formed. Metabolic transformations of the inter-
mediate radical through denitrolylation lead to the
formation of methylamine (CH.NH,) and formalde-
hyde (Guidelines for..., 2011: 1-39).

N-Nitrosodimethylamine is a simple methylat-
ing agent of the SN, type, which requires the activa-
tion of the metabolism in order to generate its DNA-
active intermediate (probably the methyldiazonium
ion). The main enzyme for this biotransformation
is PASOIIEL, which finds at the greatest activity in

the liver. The main adduct of DNA formed after the
action of N-nitrosodimethylamine is N’-methylgua-
nine (N-MEG), accounting for approximately 70%
of the total amount of DNA methylation (Souliotis,
2002: 75-87). Given the high level of formation and
relatively slow repair, N’-MEG can accumulate in
DNA upon repeated exposure to methylating car-
cinogens, including NDMA.

Another DNA adduct generated by NDMA is
O°-methylguanine, which is formed about 10 times
less frequently than N-MEG (Ooka, 2016: 1901-
1907; Souliotis, 2002: 75-87). This adduct plays
an important role in mutagenesis, carcinogenesis
and cytotoxicity of methylating agents of SN, type.
Apparently, the cytotoxicity of the methylating
agents is the result of the induction of disturbances
in the repair of replication errors, which leads
to multiple DNA ruptures and apoptosis. Other
DNA-induced adducts induced by NDMA are N°-
methyladenine (3% of all induced adducts), O*-
methyltimine (<0.1%), and a number of other minor
adducts (Souliotis, 2002: 75-87). N7-methylguanine
as aresult of depurination can lead to the replacement
of guanine by thymine, O°-methylguanine to replace
G: C by A: T pairs, O*-methyltimine to replace A: T
by G: C pairs (Abilev, 2015: 40-41).

Thus, N-nitrosodimethylamine at all doses and
exposure periods to mice produced a pronounced
mutagenic effect, manifested in a statistically
significant increase in the frequency of structural
and genomic mutations. With an increase in the
duration of exposure to xenobiotics in laboratory
mice, the level of induced mutagenesis increased.
The mutagenic effect of N-nitrosodimethylamine
on mice, established in our studies, may be due to
an increase in the level of active forms of oxygen
and the accumulation of lipid peroxidation products
in the tissues of the body. This leads, ultimately, to
methylation and/or oxidative degradation of DNA
and nitrogenous bases. Metabolic activation of
NDMA by CYP2EI, and hence further enhancement
of lipid peroxidation, also leads to methylation
and alkylation of DNA. Therefore, the possible
mechanisms of mutagenic and genotoxic action
of NDMA can be the enhancement of free-radical
processes and DNA methylation.
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