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MHUKpPOSAPONBIK TecT. KopuiaraH OpTaHbIH XUMHSUIBIK oHE (QHU3UKANBIK (akTopiapsl
YKACYIIAHBIH OMIpIiK IHUKIIHIH OPTYPIi Ke3eHJAEpiHIe MHUKPOSIPOHBIH Maiina OoybIHA
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TC€HOTOKCUYHOCTHU SIBJISIETCSI MUKPOSJICPHBIA TecT. XuMHuUYeckne U (uzmueckue (akTopsl
OKpy’Karollel cpelibl CIOCOOHBI MHIYLUPOBATh MOSBICHUE MUKPOsIpa Ha Pa3HbIX 3Tamax
KU3HEHHOI0 LUKJIA KIETKH. OOBIYHO MHKpPOSIAPO TMPEACTaBIsAET COOOW CTPYKTypy
OKpyTJI0il (pOpMBI, pacroyiararollyrocs Ha nepudepuu KIeTKH, U OKpAaIIMBAaeTCs B LBET
xpomatuHa. M3BecTHO, 4TO Hamboyiee YacTo MHKpoOspa OOpa3yloTcs U3 XPOMOCOM
(aueHTpuyeckas WIM JULEHTPUYECKas) WINM K€ MPeACTaBIAIOT CcOO0O0H (parMeHTs!
XpOMOCOM, BO3HMKIIME H3-3a JEJIELHH, CBOEBPEMEHHO HE PA30LICAIIMXCS K IOJHCaM
kinetku. IlpuunHamMum He pacxoxIeHus MOryT ObITh JAe(eKT BepeTeHa JAeJeHHUs,
MOBPEXJCHHE CaMHX XPOMOCOM MpPHU BO3JACHCTBUM HAa HUX XUMHUYECKHUX M (PU3HMUECKUX
(bakTopoB OKpyxaruei cpenpl. [losBieHne MUKpOsIIpa B KJIETKE MOXKET OKa3bIBaTh Kak
KJIACTOT€HHBIH, TaK M aHEYreHHbIH »(¢eKT Ha opraHu3M. [ €HOTOKCHYHBIE (HAKTOPHI
XUMHUYECKOM HpUpOJbl, oOsafas HYKI€O(UWIbHBIMU CBOHCTBAMH, CBS3BIBAIOTCS C
monekynoi JTIHK 1 criocoOCTBYIOT MOBPEXKACHUIO €€ HATUBHOW CTPYKTYPBI, YTO MPHUBOUT
K MyTalMsM I€HOB, B YAaCTHOCTH, OTBEUAIOIIMX 3a 0Opa3oBaHHWE HUTEH TyOyluHaA WK
LIEHTPOMEpPHBIX OenkoB. Takum 00pa3omM (U3HMYECKHE U XUMHUYECKHE T'€HOTOKCHKAHTHI
CIOCOOCTBYIOT MOSIBJICHMIO OJIHO- U JIBYHMTEBBIX pa3peiBoB B Mousekysne JIHK,
HapyLIEHUIO IpoleccoB penapauuu. CienoBaTenbHO, JEHCTBUE pa3HbIX I'€HOTOKCHUYHBIX
(bakTOpOB OKpY’Kalolleld Cpeabl IMOBBIIIAET BEPOSITHOCTb IOSABICHUA B KIETKE TAaKOH
CTPYKTYpPbI KaK MUKPOSLIIPO.

KiarueBble  cjoBa:  MHKpPOSIpO,  T€HOTOKCHUYHOCTh,  MHMKPOHYKJIEOTEHE3,
XPOMOCOMBI, MUTO3, MJIEKOIIUTAIOIINE
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Abstract

Genotoxicity is usually called the ability of a factor to cause damage to the genetic
material of a cell, providing a mutagenic or carcinogenic effect. One of the most common
methods for diagnosing genotoxicity is the micronucleus test. Chemical and physical
factors of the environment can induce the appearance of a micronucleus at different stages
of the cell's life cycle. Usually, a micronucleus is a rounded structure located at the
periphery of the cell, and is stained in the color of chromatin. It is known that most often
micronuclei are formed from chromosomes that do not disperse in time to the poles of the
cell (acentric or dicentric). Nondisjunction can be caused by a defect in the division
spindle, damage to the chromosomes themselves, extrusion of chromatin, or cell death. The
appearance of a micronucleus in a cell can have both clastogenic and aneugene effects.
Genotoxic factors of a chemical nature, possessing nucleophilic properties, bind to a DNA
molecule and contribute to the damage to its native structure, which leads to mutations of
genes, in particular, those responsible for the formation of tubulin filaments or centromeric
proteins. Physical genotoxicants contribute to the appearance of single- and double-
stranded breaks in the DNA molecule, disruption of repair processes. Thus, the action of
various genotoxic environmental factors increases the likelihood of the appearance of such
a structure as a micronucleus in the cell.

Key words: micronucleus, genotoxicity, micronucleogenesis, chromosomes, mitosis,
mammals
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About 130 years ago, the first mention of the micronucleus as a cellular structure
appeared in the scientific literature. For the first time this was stated in 1890 by Howell [1],
who discovered them in the cells of cats in which anemia was induced. According to his
observations, such formations were nuclear fragments that were not eliminated from the
mature erythrocyte during erythropoiesis, since the process took place in an accelerated
mode in order to regenerate cells damaged by anemia. A little later (1899) Schmauch
found similar formations in blood cells of both healthy cats and those exposed to toxic
substances, but their frequency was very different, prevailing in damaged erythrocytes. In
1902-1908 Schmidt, Morris, and Jolly showed that such bodies can be found in the
erythrocytes of embryos, newborns, people suffering from pernicious anemia, as well as
cells of the peripheral blood of animals. Papenheim (1907, 1909) succeeded in proving the
nature of Howell-Jolly bodies, experimentally showing that they are always stained in the
color of chromatin, which allows them to be distinguished from the granularity of
erythrocytes. All of the above authors postulated the peripheral location of micronuclei and
indicated that such formations do not occur in the center of the cell, in the immediate
vicinity of the nucleus, as the cell tries to push them out.

Currently, the micronucleus test is one of the most widespread and widely used
methods for analyzing the genotoxic influence of environmental factors. The first steps
towards its development as a marker of genotoxicity can be found in 1959, when Evans et
al. [2] recorded the presence of micronuclei in bean root cells exposed to gamma radiation.
The authors determined that 60% of the chromosomal fragments contributed to the
formation of micronuclei.

In animals the method was first used in the 1970s by Boller and Schmid. They
studied the effect of trelimone on the red blood cells and bone marrow cells of a Chinese
hamster. They are considered to be the founders of using the micronucleus counting
method as an indicator of genotoxicity. Then the method underwent changes, over the
years, scientists have used it on various objects. Among the genotoxic environmental
factors, chemical agents have always occupied a special place, as one of the most common
in the habitat of animals. Thus, in 1979, Cole et al. [3] and King and Wild studied the
induction of micronuclei in liver and peripheral blood cells of embryos of mice whose
mothers were exposed to chemical genotoxicants. And in 1980, MacGregor et al. [4]
proposed to count micronuclei in erythrocytes of mice, suggesting that the use of
erythrocytes, in contrast to bone marrow cells, makes it possible to diagnose chronic
exposure to a chemical agent. They determined that in the erythrocytes of mice
micronuclei are able to exist for a long time, while in human cells these structures are
quickly eliminated due to the active work of the spleen. In 1981-1983, Lahdetie et al. and
Tates et al. [5-6] used male germ cells as an object of study to study the degree of
genotoxic effect of chemical influences of the environment. In 1983, the United States
Environmental Protection Agency (US-EPA), as part of a program to study the
genotoxicity of chemicals, published the results of a large number of works, including
studies using the micronucleus test. In the same year, the International Chemical Safety
Program initiated a program to evaluate substances for carcinogenicity. The micronucleus
test has shown the ability to most accurately assess these properties of chemical
compounds. Gradually, other countries began to develop their own protocols for assessing
the safety of chemicals and the micronucleus test was included in a battery of tests to
assess their genotoxic effects.

Over the next 40 years, the method underwent changes that increased its information
content, reliability and contributed to a larger and faster analysis of large amounts of data.
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New approaches to the analysis of test results have emerged using fluorescent dyes and
flow cytometry. In the modern era of computer technology, there are electronic programs
(MetaSystem) that allow automating the entire process of analyzing the data obtained,
using both different cells and different versions of the method.

According to the PubMed portal, the number of publications describing the use of the
micronucleus test for various purposes is increasing annually, and since 1975 there have
been more than 9700 such publications, of which about 3500 concern the effect of
chemical agents on a living organism. However, there are very few works devoted to the
problem of micronucleogenesis. To date, several possible reasons for the appearance of
micronuclei in cells are discussed in the literature; we have summarized these data in Table
1.

The reasons for the formation of micronucleus can be classified according to several
criteria. These include, for example, the place of origin in the life cycle (in interphase or
during mitosis), the nature of biochemical abnormalities (disorders in the structure of
cellular proteins or DNA), the physiological state of the cell (healthy or tumor). However,
all authors agree that chemical agents of the environment can equally provoke all of the
listed reasons for the occurrence of micronucleus.

The life cycle of a cell is also called mitotic, however, it consists not only of the
process of cell division itself, but also of preparatory stages, such as G1, S, G2 - periods.
The processes occurring during these periods are of no less importance in the vital activity
of cells than the divergence of chromosomes in mitosis. The overwhelming number of
deviations leading to the formation of micronuclei occur at the stage of mitotic anaphase.
However, there are a number of works that indicate the possibility of separating genetic
material from the nucleus and at the interphase stage. This phenomenon was named in
Russian-language works "chromatin extrusion”, in English-language - "nuclear buds"
(caudate nucleus). A similar mechanism is found in healthy cells as a way to get rid of
excess genetic material that arose in the course of excessive replication of
extrachromosomal elements or amplification of oncogenes; there is evidence that the cell is
thus rid of homogeneous disomy. When exposed to chemical mutagens, the number of
such micronuclei increases significantly.

In the literature, biochemical disorders leading to abnormalities at different stages of
the cell cycle are most extensively described. Chemical mutagens that cause disturbances
in centromeric regions of DNA block the possibility of attachment of kinetochores and, as
a consequence, there is a mismatch of the chromosome segregation apparatus [7].

In the event of mutations in the genes responsible for the synthesis of centromeric
proteins, such as CENP-A, CENP-H, CENP-E, a decrease in the amount of these
substances is observed in the cell, and their other arrangement. This situation leads to the
impossibility of connecting the chromosomes with the filaments of the spindle of division,
which entails a lag of the damaged chromosome when it diverges to the cell poles.

It has long been known that substances such as colchicine, colcemide, vinblastine,
wikristine, and alkylating agents are capable of inhibiting the assembly of microtubules
into the fission spindle by preventing the polymerization of tubulin monomers. The
absence of a full-fledged spindle of division or its inferiority, contribute to the emergence
of residual chromosomal elements that have not shifted towards the poles.

A similar outcome can occur in the case of the opposite situation, that is, in the
presence of an excessive number of centrosomes. In a healthy cell, such disorders are
promptly detected by proteins, which provide a check of the usefulness of the genetic
material during checkpoints (checkpoints). These proteins include the products of the
genes CHK1, CHK2, ATM, ATR, PLK, etc. Chemical mutagens can damage the listed
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genes, which is reflected in the formation of a multipolar spindle, and deviations in the
uniformity of chromosome separation.

Thus, the consequences of the action of chemical mutagens described above lead to a
violation of chromosome segregation. As a result of this phenomenon, small fragments of
genetic material are left out of work. Subsequently, they can be surrounded by a nuclear
membrane and then turn into micronuclei, providing aneugenic effect.

Another reason for the appearance of such fragments of chromosomes may be the
appearance of double-strand breaks in DNA. In this case, either dicentric or acentric
chromosomes are formed. In the first case, breaks occur in two chromosomes, which then
join. In metaphase, the spindle filaments attach to both centromeres of the resulting
structure, and then, at the anaphase stage, the dicentric chromosome either loses the ability
to divide into chromatids and remains entirely in the center of the cell, or forms a
chromatid bridge. The fragment remaining after the rupture of both chromosomes does not
have a centromeric region, therefore it is called the acentric chromosome.

From the formed structures, micronuclei are then formed, which can include both
whole chromosomes, in the case of non-divergence of dicentrics, and individual fragments
of chromosomes, in the case of chromatid bridges and acentrics. Such micronuclei have a
clastogenic effect.

Despite the fact that the vast majority of double-strand breaks are induced by
physical factors such as radiation, according to the literature, chemical factors are also
capable of introducing breaks in DNA. Thus, for example, in mouse cells, using the DNA
comet method, data were obtained indicating the ability of some pesticides (chlorpyrifos,
penconazole, dimethoate, lambda-cyhalothrin, fluopyram, ephion, pendimethalin,
mancozeb) to provoke DNA damage, manifested in its rupture.

To be fair, it should be said that DNA breaks that form dicentrics and acrocentrics,
with normal formation of the fission spindle, can lead to an imbalance in chromosome
segregation, to the formation of aneuploidy, but without the formation of a micronucleus.
If such anomalies are combined with the damage to the fission spindle described above, the
likelihood of micronucleus formation increases significantly. For example, the formation
of a dicentric chromosome, in combination with impaired tubulin polymerization or
abnormalities in the development of kinetochores, leads to the fact that fission spindle
filaments either do not form or do not attach to centromeres.
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All this contributes to the formation of micronuclei containing a fragment of genetic
material surrounded by a nuclear membrane.

When a cell is faced with the influence of environmental factors that it is unable to
cope with, it enters a cascade of processes leading to its death. It is known that during
apoptosis, it is the nucleus that undergoes the greatest changes, during which several
fragments of genetic material may appear, which are separated from the main nucleus.
Such structures can also be called micronuclei, although their nature is fundamentally
different from the above-described micronuclei, which are formed in healthy and
undamaged cells. Apoptotic micronuclei are usually multiple, unequal in size, have a
different chromatin structure, so it is not difficult to distinguish them even externally,
moreover, in a cell undergoing apoptosis, there are other characteristic features that are
absent in classical micronucleogenesis. However, research on this kind of micronuclei has
led to the discovery of some similarities. For example, some of the participants in
apoptosis, such as caspase 3, protein kinase, endonuclease, are also important in the
formation of micronuclei by the mechanisms described above [40].

When choosing a micronucleus test as a method for determining the genotoxic effect
of an environmental factor, it is necessary to take into account its advantages and
disadvantages. The indisputable advantages of this method include:

- A wide range of cell types used as research objects. Red blood cells and bone
marrow cells are traditionally used. In modern modifications, there are works on the use of
lymphocytes, fibroblasts, buccal epithelium cells, urinary stem cells.

- Availability, ease of implementation. For the basic version of the method from the
equipment, glass slides, Giemsa stain and May-Grunwald fixative are sufficient.

- Mobility. The method can be carried out in the field, which significantly increases
its efficiency.

- Fast receipt of research results. Conclusions about the genotoxicity of the factor can
be made within 24 hours after collecting the biological material.

Among the disadvantages are the following:

- Collection of biological material for this method is invasive (blood, bone marrow,
etc.)

- The possibility of fixing only the presence of damage to the genetic material,
without specifying its nature and mechanism of occurrence.

However, the second drawback is compensated by the use of additional methods,
selected by the researcher depending on the goals.

The analysis of the possible causes of micronucleation and the indicated advantages
of the method led us to the conviction of the need to use this method to determine the
genotoxic effect of prohibited and unused pesticides on farm animals kept in the territory
of Almaty region.
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