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Bcryn. Mikposgpa (M) — ue HeBenuki nosasaepHi OHK-Bmic-
Hi CTPYKTYpW, SIKi YTBOPIOIOTbCA BHACMIAOK CTPYKTYPHUX i YMUCNO-
BMX XPOMOCOMHUX abepauiit. EkcnepmumeHTn 3 MA y NOpiBHSAHHI 3i
3BMYaMHNUMM XPOMOCOMHUMW aHanizamMu B MeTadasHUX KIiTUHaxX €
LWBWALIMMM Y BUKOHAHHI Ta MEHLL peCcypCOEMHMMK. Ha CbOroAHiLLHIR

[leHb, AOCNIMKEHHS MS LMPOKO BUKOPUCTOBYHOTLCS A1 PYTUHHOIO

CKPUHIHIY XiMiYHMX pPeYOBWH in Vitro Ta in vivo, a TakoX AN KOHTp-
OJ110 HABKOJINLLHBOIO CcepeaoBumLLa Ta 6IOMOHITOPUHIY JTOAMHM.

MeTa. 3ibpaTn HaykoBy iHMOpPMaLIilO WOAO BUKOPUCTAHHS

JOCNigXeHHA MS ana BUABNEHHS MiABULLEHONO PU3UKY paKy

BHACMiAOK BMJIMBY YMHHMKIB HaBKOJIMLIHBLOIO cepeaoBulla,
Crnocoby XnTTa Ta NpodeCiMHNX WKIANMBOCTEN, a TaKoX ANs
BUSIBNEHHS/AiarHOCTUKM pi3HUX DOPM paky.

MeToaun. AHani3 niTepaTtypu WOAO0 METOAIB AoChifXeHHs MSA B niogei; a TakoX BUKOPUCTAHHS
L€l METOAMKM CYMIDKHUX HAYKOBMU ranyssx.
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Pe3ynbTtaTn. Ha CbOrogHiLlWHIM AeHb po3p06/1eHO LMPOKNIA CNEKTP NPOTOKO/1iB 6iOMOHITOPUHIOBUX
AOCNiAXEeHb AN OLiHKN/BUMiIpIOBaHHS YTBOPEHHA MS y NIOBCbKUX K/TiITUHAX, 30KpeMa nepndepunyHoi
KPOBi Ta eniTenianbHMUX KJITUHAX pPi3HMX OpraHiB (LWi4yHa Ta HOCOBA MOPOXHMHMU, LUMNKA MATKK Ta
ceyoBuU Mixyp). Ha mogatok oo MSA MOXHa OUIHWUTWU W iHWI aaepHi aHoManii, ki Bigobpa)xatoTb
reHeTUYHy HecTabiNbHICTb, @ TaKOX FOCTPY TOKCUYHICTb i MoAin KNiTUH-MilleHeln.

BUCHOBKMW. 3pOCTa€ KibKiCTb HayKoOBUX A0KasiB TOro, wo MS MakTb AiarHOCTUYHY UiHHICTb §K
6iomapkep NigBMLLEHOrO PM3MKY HOBOYTBOPIB, 30KpeEMa ANs PaHHbOI AiarHOCTUKKW paKy LUMNKK

MaTKW Ta Ce4YoBOro Mixypa.

KnrouoBi cnoBa: Mikposiapa, ntoanHa, cnocib )uTTsa, XxapuyyBaHHS, npodeciHi xBopobu, pak.
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Introduction. Micronuclei (MN) are small extranuclear DNA-
containing structures that are formed as a consequence of structural
and numerical chromosomal aberrations. The advantage of MN
experiments compared to conventional chromosomal analyses in
metaphase cells is that the scoring is by far less time consuming
and laborious. MN experiments are currently widely used for the
routine screening of chemicals in vitro and in vivo but also for
environmental control and human biomonitoring
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Objectives. The purpose of this review was to collect data on the
use of MN experiments for the detection of increased cancer risks
as a consequence of environmental, lifestyle and occupational
exposures and the detection/diagnosis of different forms of cancer.

Methods. Analysis of the literature on methods for MN
experiments with humans; as well as the use of this technique
in different areas of research.

rameters to identify simple, robust and
relevant biomarkers for therapeutic in-

tervontions for PTSD patienten. Results. To date, a wide range of protocols for human

biomonitoring studies has been developed for the measurement
of MN formation in peripheral blood cells and in epithelial from
different organs (buccal and nasal cavity, cervix and bladder). In addition to MN, other nuclear
anomalies can be scored which reflect genetic instability as well as acute toxicity and the division of
target cells.

Conclusions. The evidence is accumulating that MN can be used as a diagnostic tool for the
detection of increased cancer risks as well as for the early diagnosis of cervical and bladder cancer.

Keywords: micronucleus, human, lifestyle, nutrition, occupation, cancer.

Introduction

Micronuclei (MN) are extranuclear DNA-contain-

ing bodies that are formed as a consequence of

structural and numerical chromosomal aberra-

tions (clastogenic and aneugenic effects). They

were first described in the 1970s by the Ameri-

can cytogeneticist Heddle [1] and the Swiss cy- /
togeneticists Matter and Schmid [2] and can be )2
used to detect DNA-damaging effects in a vari- m —>
ety of cell types and intact organisms, including

Lifestyle

) L Y
plants, mollusks, fishes, amphibians mammals g%ig
and humans (for review see [3, 4]). The advan-

Cancer diagnosis

tage of MN experiments compared to conven- P
tional chromosomal analyses in metaphase cells ff@%)éf;ﬂ//
0‘;)\/;_/\,

is that the scoring is by far less time consuming
and laborious. MN experiments are currently
widely used for the routine screening of chem-
icals in vitro and in vivo but also for environ-
mental control and human biomonitoring [5].
This article gives a brief overview on the use of
MN experiments for the detection of increased
cancer risks as a consequence of environmental
lifestyle and occupational exposures and for the
detection/diagnosis of different forms of cancer.
fig. 1 schematically shows the causes of MN for-
mation.

Occupational/environmental

Foods, beverages exposures

Figure 1. Micronuclei are formed as a consequence of
numerical and structural chromosomal aberrations (left
part: aneuploidy; right part: clastogenic effect). They
can detect adverse health effects due to different expo-
sures and, furthermore, they can be also used for the
detection of several forms of cancer

from blood samples or with exfoliated cells
from different organs. Figure 2 gives a
schematic overview of different tests which
can be performed with humans. MN were
scored initially in mononucleated peripheral

Protocols for experiments with different
cell types

MN studies with human cells can be either per-
formed with lymphocytes which are collected
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blood cells. A substantial improvement was
achieved by M. Fenech who developed the
MN assay in the early 1980s [6]. This pro-
cedure is based on the use of cytochalasin
B which allows the scoring of MN in binu-
cleated cells. MN formation requires nuclear
division and the use of cytochalasin B has
the advantage that it can be used to iden-
tify cells in which the nuclei are divided.

Wﬁ P Cervix
/ Bladder
<:\>

Figure 2. A schematic overview of different tests, which
can be performed with human cells (lymphocytes and
different types of epithelial cells)

Apart from MN, a number of other anomalies
can be scored in lymphocytes which reflect
genetic damage (nuclear bridges reflecting
the formation of dicentric chromosomes and
nuclear buds reflecting gene amplification)
as well as cytotoxicity (apoptosis, necrosis).
Furthermore, it is possible to determine the
mitotic activity of cells which reflect the in-
tegrity of the immune system [7]. A com-
prehensive description of the procedure can
be found in a publication of Fenech [8], pic-
ture galleries showing the morphology of
different anomalies have been published by
Fenech et al. [9].

Exfoliated cells can be collected from vari-
ous tissues. The most widely used approach
is MN experiments with cells from the oral
mucosa. Apart from MN, other anomalies
can be scored, for example, nuclear buds
and so-called “broken eggs”, an anomaly
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that possibly reflects gene amplification, as
well as binucleates that reflect the failure
of cytokinesis [10]. Acute cytotoxic effects
lead to karyorrhectic, karyolitic and pyknot-
ic cells and cells with condensed chromatin
[11]. The standard protocol is described in
a paper by Thomas et al. [12]. Pictures of
different anomalies can be found in articles
by Bolonesi et al. [13].

Cells from the oral cavity can be collected eas-
ily using spatulas and toothbrushes. For indi-
viduals who are exposed to chemicals via in-
halation, it is also possible to collect cells from
the nasal mucosa using cytobrushes. Nuclear
anomalies which can be evaluated in these
cells are identical to those which are scored in
buccal cells. A comprehensive review on the
use of nasal cells was recently published by
Knasmueller et al. [14]

Cells from the bladder are sampled from the
urine (by centrifugation). They were mainly
used for MN screening but also other anoma-
lies can be evaluated [15]. About 75 individ-
ual studies have been published so far; they
concern the detection of effects caused by
chemical exposures but also the diagnosis of
bladder cancer [16].

Cervical cells were mainly scored in the
course of routine Pap tests. The morpholo-
gy of nuclear anomalies is similar to that of
oral mucosa cells; a comprehensive review
on the use of this test system and the meth-
odology has been published by Setayesh et
al. [16, 17].

Use of different techniques

The most frequently used models are ex-
periments with blood cells, followed by MN
studies with buccal cells. Figure 3 gives an
overview of the number of studies that have
been published in the scientific literature so
far.

Prediction of human cancer risks

Bonassi et al. [18, 19] analyzed associations
between MN formation in lymphocytes and
human cancer in a number of studies. They
found that MN, as well as chromosomal aber-
rations, are reliable biomarkers for the detec-
tion of increased cancer risks [20, 21].
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Figure 3. A number of MN studies have been published
with peripheral blood cells and cells from different
organs. The numbers were calculated based on compre-
hensive computer-aided literature searches in scientific
databases (Google Scholar, PubMed, Scopus)

Ceppi et al. [22] compared MN formation in
buccal cells and lymphocytes and found a
high correlation indicating that MN rates in
oral cells can be also used for the detection
of increased cancer rates. Furthermore, it is
notable that it was reported in some studies
that individuals with pre-cancerous lesions in
the mouth (e.g. leukoplakia and dysplasia)
have increased MN rates [23]. It was also
found that exposure to carcinogenic chem-
icals at workplaces led to MN formation in
nasal and oral cells [14, 24]. Only a few in-
vestigations concerned the impact of chemi-
cal carcinogens on MN formation in urotheli-
al and cervical cells, diseases and infections
which are associated with increased cancer

Review

risk (e.g., schistosomiasis, human papillo-
mavirus, HPV), lead to elevated MN rates
(for review, see [16, 17]).

Examples for effects of occupational ex-
posures

Numerous MN studies have been realized
with lymphocytes and buccal cells of exposed
workers. Recent studies with blood cells are
described in a special issue in the review
section of Mutation Research [25]. Examples
of such studies are listed in Table 1.

Lifestyle-related effects

A number of studies have been developed,
which concern the induction of MN as a con-
sequence of smoking and chewing different
types of plant material (khat, coca, betel,
and tobacco; for review, see [50]). Positive
results were obtained in some studies with
blood cells and also with oral mucosal cells.
However, the effects of tobacco smoking in
lymphocytes are only moderate [51]. In buc-
cal cells, we found that MN ratios increased
in heavy smokers with the tar content of cig-
arettes, while a reverse association was ob-
served with the nicotine concentration [52].

Smoking also leads to MN formation in the
bladder [53] and cervix cells [54].

Investigations concerning the impact of the use
of mobile phones led to conflicting findings in
lymphocytes [55, 56] and buccal cells [57, 58].

Table 1

Examples of occupational exposure, which causes micronucleus formation in
lymphocytes or epithelial cells (buccal, nasal, urothelial)

Occupation Exposure Reference
Carpenters Wood dust, formaldehyde [26]
Electroplaters, welders Heavy metals, acids, fumes and gases [27, 28]
Silica particles, paints, number of organic chemicals (butyl- and ethyl-
Road markers acetate, butyl acrylate, heptane, methylcyclohexane, methyl hexane, methyl [29]
methacrylate and benzoyl peroxide
Painters Paints, lead, acetone, toluene, dichloromethane [30, 31]
Tannery workers Chromium, aniline, formaldehyde, a.cids (formic and s_ulfuric), solvents (32, 33]
(benzene, ethanol, tetrachloride, trichloroethylene, dichloromethane) !
Medical staff Cytostatics, ionizing radiation, anesthetic gases, ethylene oxide [34, 35]
Textile workers Dyes, formaldehyde, arsenic, cadmium, cotton dust [36, 37]
Miners Radon, dust, methane, coal dust [38, 39]
Fuel station attendants Fuel, organic solvents, gasoline vapors [40-42]
Construction workers Asbestos, dust, silica [43, 44]
Agricultural workers Pesticides, herbicides, fertilizers, plant growth hormones [45, 46]
Asphalt workers Polycyclic aromatic hydrocarbons, solvents, fumes, aerosols [47-49]
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Impact of nutritional factors on MN
frequencies

It was postulated in a number of studies that
micronutrients, for example, calcium, folate,
nicotinic acid, vitamin E, retinol, beta-carotene,
pantothenic acid, biotin and riboflavin have an
impact on the stability of genetic material [59].

Most studies concerned the effects of folate and
it was shown that deficiency leads to increased
formation of MN in peripheral blood cells,
while supplementation reduced MN rates in
individuals with low blood levels. Furthermore,
it was found that vitamins B6 and B12 play a
crucial role [60] These vitamins are required for
the synthesis of DNA bases and it is known that
deficiency leads to misincorporation of uracil
instead of thymidine and as a consequence to
DNA instability, chromosomal aberrations and
MN formation [60].

Another relevant factor is hypercaloric nutrition.
It was shown in a number of human studies that
overweight leads to increased MN rates, while
reduction of body weight in obese persons led
to stabilization of the genetic material [61]. Mo-
lecular mechanisms for the impact of increased
body fat on genetic stability are inflammatory
responses and the release of reactive oxygen
radicals. A detailed overview can be found in the
article by Setayesh et al. [61].

Micronucleus formation and diseases

As mentioned above, it is known that MN
in lymphocytes is a reliable biomarker for
increased cancer risk in humans. In a more
recent study, it was shown that MN rates in
blood cells can also predict the risk of lung
cancer in smokers [62].

MN in urothelial cells is indicative of bladder
cancer and may be useful as a diagnostic tool
and for the surveillance of this frequent form of
cancer [63]. Arecent meta-analysis by Setayesh
et al. [17] showed that MN rates in cervical
cells increase with the degree of malignancy of
neoplastic lesions. Based on these findings it
was postulated that MN scoring could improve
the diagnosis of cervical cancer [64].

It is also notable that a number of studies
indicated that NM rates may be predictive for
the success of radiation therapy. Individuals
which are responsive to the therapy are more
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sensitive in regard to induction of chromosomal
damage, which leads to the elimination of
cancer cells [65, 66].

A recent special issue of Mutation Research
concerns associations between MN frequencies
and various diseases. It is notable that it was
found in a number of studies that neurological
diseases (Parkinson, Alzheimer), as well as
autoimmune disorders, chronic inflammation
and diabetes, are characterized by elevated
rates of MN (for details see [67]).

Conclusions and outlook

Micronucleus experiments with lymphocytes and
buccal cells are now the most widely used ap-
proaches in occupational monitoring [68]. They
were also successfully used to assess the im-
pact of nutritional and lifestyle factors on human
health. Experiments with urothelial and cervical
cells can be used to detect groups of individuals
that have increased risks for bladder and cervi-
cal cancer and possibly for the surveillance of
patients. Many studies show that MN, which are
formed as a consequence of structural and chro-
mosomal aberrations are a reliable biomarker
for the assessment of human cancer risks.

The additional evaluation of nuclear anomalies
other than MN provides further valuable
information about genotoxic effects and acute
cytotoxicity caused by chemical exposures.

At present, occupational/environmental
monitoring is primarily based on the
measurement of exposure to individual

hazardous chemicals. Biomonitoring studies
have the advantage that they also reflect
combined (synergistic and antagonistic)
effects and provide information about the
impact of demographic factors (e.g., age, body
weight, gender) that may affect the sensitivity
toward toxins. The development of automated
scoring devices (which is described in several
recent articles [69, 70]) will contribute to the
reduction of the costs for routine screening of
humans and should be combined in the future
with chemical analytical measurements.
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