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OBJECTIVES: This study aimed at verifying the damage index acquired from the environment
and from an inherited condition in the leukocytes of workers occupationally exposed to X-
radiation and antineoplastic drugs, patients with Down syndrome, Fanconi anemia, and controls.
MATERIAL AND METHODS: Cytokinesis-block micronucleus assay (CB-MN) and single-cell-gel
electrophoresis (SCGE) were employed in 22 workers potentially exposed to X-radiation and 22
controls matched for age, sex, and smoking habits from a hospital in southern Brazil. The same
evaluation was employed in 12 individuals who had been occupationally exposed to antineoplastic
drugs and in 14 patients with Fanconi anemia (FA), 30 with Down syndrome (DS), and 30 controls,
in order to examine the sensitivity of the techniques to detect specific genome instability.
RESULTS: Both CB-MN and SCGE showed increased genetic damage in the cells of
exposed individuals. In individuals handling antineoplastic drugs, no statistically difference
was found when using CB-MN; however, the mean value of SCGE was significantly higher in
exposed individuals when compared to controls. Down syndrome presented an increase
just in the SCGE technique; the frequency of micronuclei and dicentric bridges was similar
to that found in controls. Both CB-MN and SCGE showed increased genetic damage in the
cells of individuals with Fanconi anemia. The high frequency of micronuclei seems to be
due to clastogenic events, since the frequency of dicentric bridges was also elevated.
DISCUSSION: Both methods are efficient for monitoring mutagenic events in exposed
populations or individuals presenting genetic instability. CB-MN represents a longer time
of exposure, while SCGE detects momentary DNA damage and/or repair activity. The
combination of both techniques is recommended to monitor chronically exposed
populations. Changes in lifestyle may constitute an important way of preventing
carcinogenesis, either in individuals presenting increased risk and in the general population.

Key-words: Antineoplastic agents; Down syndrome; Fanconi anemia; cytokinesis-block
micronucleus assay; single-cell-gel electrophoresis.

Avaliacao da instabilidade gendmica e prevencao de cancer

OBJETIVOS: Este estudo teve como obijetivo avaliar o nivel de mutagénese em individuos
normais ndo expostos, em trabalhadores expostos a radiagdo ionizante e drogas
antineoplasicas e em individuos portadores de doencas genéticas, comparando os niveis
de mutagénese herdada com aqueles adquiridos por exposicdo a mutagenos.
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METODOS: A técnica de micronticleo em linfocitos do sangue periférico e a técnica do
cometa ou eletroforese em célula Unica foram empregados em 22 trabalhadores potencialmente
expostos a radiacdo X, 12 potencialmente expostos a drogas antineoplasicas, 34 controles
adultos, 14 pacientes com anemia de Fanconi (AF), 30 com sindrome de Down (SD) e 30
controles infantis, do Hospital de Clinicas de Porto Alegre.

RESULTADOS: As duas técnicas mostraram um aumento no dano genético em células de
individuos expostos a radiagdo-X. Nos individuos que manuseiam drogas antineoplasicas,
nao foi encontrada diferenca significativa com a técnica de micronucleo; no entanto, o indice
de dano avaliado pela técnica do cometa foi significativamente maior em individuos expostos
em relacé@o a controles. Pacientes com sindrome de Down apresentaram um aumento no
indice medido pela técnica do cometa; a freqiiéncia de micronucleos e pontes dicéntricas foi
semelhante ao valor encontrado em controles. Tanto a técnica de microndcleo como a técnica
do cometa mostraram aumento de dano genético nas células de individuos com anemia
Fanconi. A alta freqliéncia de micronlcleos parece ser devida a eventos clastogénicos, uma
vez que a freqliéncia de pontes dicéntricas também se encontrava elevada.

DISCUSSAO: As duas técnicas s&o eficientes na monitoracéo de eventos mutagénicos em
populacdes expostas ou em individuos que apresentam instabilidade genética. A técnica de
micronucleo representa um tempo maior de exposicéo, enquanto que a técnica do cometa
detecta dano momentaneo ao DNA e/ou atividade de reparo. A combinagdo das duas técnicas
€ recomendada para monitorar popula¢des cronicamente expostas. Mudancgas no estilo de
vida podem constituir uma forma importante de prevenir carcinogénese, tanto em individuos
gue apresentam risco aumentado como na populagdo em geral.

Unitermos: Agentes antineoplasicos; sindrome de Down; anemia Fanconi; técnica de

Maluf et al.

microntcleo; técnica do cometa.
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Introduction

The mutagenic effect of ionizing radiation
has been extensively studied (1-4), and an
increase in chromosomal aberrations has been
observed in occupationally exposed workers
when the permissible levels of radiation are
exceeded (5).

Antineoplastic drugs comprise chemicals that
block the cellular growth, resulting in the death of
dividing cells; as neoplastic cells are in active
growing state, they preferentially die. Antineoplastic
drugs include alkilants (e.g. cyclophosphamide),
antimetabolic agents (e.g. fluorouracyl), spindle
poisons (e.g. vincristine), antibiotics (e.g.
doxorubicin), and hormones (e.g. diethylstilbestrol).
These drugs are in general teratogenic and are also
frequently mutagenic. The mutagenic effects are
mainly confirmed by chromosome mutation studies
in patients submitted to acute or chronic treatment
with antineoplastic drugs.
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Among the individuals occupationally
exposed to mutagenic and carcinogenic agents,
the group handling antineoplastic drugs deserves
special attention. Waksvik et al. (6) and Nikula et
al. (7) reported a significant increase in structural
chromosome aberrations in the lymphocytes of
nurses handling antineoplastic drugs. An
increased frequency of sister-chromatid
exchange was also observed (8,9). Machado-
Santelli et al. (10) observed an increased number
of micronucleated exfoliated cells in the buccal
cavity of nurses handling antineoplastic drugs. In
other studies, no differences were observed
between controls and workers exposed to
antineoplastic drugs regarding the frequency of
sister-chromatid exchanges and chromosome
aberrations (11-14).

Individuals with Down syndrome (DS) or
trisomy 21 are known to be at high risk for
malignant diseases (15,16), and their cells are
reported to exhibit increased sensitivity to various
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mutagens, e.g. radiation (17-20), chemicals
(21,22), and viruses (23).

Fanconi anemia (FA) is inherited as an
autosomal recessive trait, and its outstanding
clinical manifestations are generalized failure of
the bone marrow leading to pancytopenia, major
anatomical defects, especially of the radius,
thumb, and kidney, mild mental and growth
retardation, and patchy brown pigmentation of the
skin (24,25). Elevated spontaneous chromosome
breaks and rearrangements (26-28), in addition
to mitotic disturbances, such as anaphase
bridges, aberrant fragments, and micronuclei (29)
are seen in almost all FA patients. The diagnosis
can be made unequivocally by combining clinical
data with cytogenetic evaluation of the frequency
of aberrations induced by DNA cross-linking agents
such as diepoxybutane or mitomycin C (27,30).

Micronuclei (MN) are expressed mutations
and need cell division to appear. The concomitant
analysis of dicentric bridges when determining
micronucleus frequency does not involve much
extra work, and may serve as a reference to the
type of mechanism of mutagenesis (clastogenic
or aneugenic). The damage detected by single-
cell-gel electrophoresis (SCGE) assay (or comet
assay) is repairable and does not need cell
division; under alkaline conditions, it assesses
double and single-strand breaks and alkali-labile
sites. Although, in general, the comet assay may
be considered as a more sensitive method to
assess DNA damage, different mechanisms are
involved when positive results appear in the MN
test or the comet assay. Combination of the
alkaline SCGE and the cytokinesis-block
micronucleus assay (CB-MN) seems to be
recommendable to assess genetic instability.

Materials and methods

The study was carried out at Hospital de
Clinicas de Porto Alegre, a university hospital in
the city of Porto Alegre, Brazil. The total sample
consisted of 22 individuals who had been
occupationally exposed to low levels of X-ray, 12
individuals who had been occupationally exposed
to antineoplastic drugs, 34 nonexposed control
individuals matched for age, sex, and smoking
habits, 14 FA patients, 30 DS patients, and 30
infant control individuals. In X-ray-exposed
individuals, exposure was measured by personal
CaSO, thermoluminescent dosimeters. All
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individuals answered the personal health
guestionnaire published by the International
Commission for Protection against Environmental
Mutagens and Carcinogens (ICPEMC) (31).

Peripheral blood samples were collected and
directly used in the CB-MN and comet assays. For
CB-MN, cytochalasin B (Cyt B, Sigma) was added
to the lymphocyte culture at 44 h (4.5 mg/ml)
(32,33). Cells were fixed in 3:1 methanol:acetic acid
without hypotonic treatment, and the suspension
was dropped onto clean slides and stained with
Giemsa. Two thousand binucleated cells per
individual were assessed for the presence of
micronuclei and dicentric bridges (nucleoplasmic
bridges between daughter nuclei) (34).

A standard protocol for the comet assay
was applied according to Speit and Hartmann (35).
The slides were prepared by mixing 5 ml of whole
blood with 90 ml low melting point agarose (0.5%).
Immediately after the addition of low melting point
agarose to a microscope slide precoated with
agarose, a coverslip was placed onto the slide,
and the tray was kept in the refrigerator for 5 min
until the agarose layer hardened. After that, the
coverslip was gently removed, and the slide was
lowered into cold, freshly made lysing solution (2.5
M NaCl, 100 mM EDTA, 10 mM Tris, 1% Na
Sarcosinate, to which 1% Triton X-100 and 10%
DMSO had been added). After at least 1 hour at 4
°C, the slides were gently removed from the lysing
solution, and the excess liquid was blotted away
on the back and edges. The slides were then
placed at 4 °C on an horizontal gel box filled with
fresh electrophoresis buffer (300 mM NaOH, 1
mM EDTA, pH 13) until the liquid completely
covered the slides, which were then left in the
tray for 30 min before the power was turned on.
Electrophoresis was carried out for 20 min at 25
V (0.9 V/icm), 300 mA. All the steps described
above were carried out under red light to avoid
the induction of DNA damage.

After electrophoresis, the slides were gently
removed from the tank, and neutralizing buffer
(0.4 M Tris, pH 7.5) was added drop-wise to the
slides three times at 5-min intervals. The slides
were drained, and 70 ml ethidium bromide (40
mg/ml) was added. A coverslip was then placed
onto the slide. The analysis was performed
immediately after the staining. For evaluation of
DNA damage, 50 cells per subject were analyzed
at a magnification of 200 X under a fluorescent
microscope (Zeiss), equipped with a 560 nm
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excitation filter and a 590 nm barrier filter. The
cells were visually classified into five categories,
according to tail intensity, from undamaged (=0)
to maximally damaged (=4) (36). Therefore, the
total score for each subject (50 cells) could range
from O (all undamaged) to 200 (all maximally
damaged).

Statistical differences between controls and
treated samples were determined with the non-
parametric Mann-Whitney U-test. The Spearman
test was used to analyze correlations.

Results

For the group exposed to X-radiation, both
CB-MN (P=0.008) and alkaline SCGE (P =0.001)
showed increased genetic damages in cells of
exposed individuals. The frequency of dicentric
bridges was analyzed and also showed a
significant increase (P = 0.016). A statistically
significant correlation was detected between age
and genetic damage in both micronucleus
frequency and comet values.

For the group of workers handling
antineoplastic drugs, no statistical difference was
found for micronucleus and dicentric bridge
frequency between exposed individuals and
controls (P =0.129 and P = 0.373, respectively).
However, the mean value of SCGE was
significantly higher in the exposed group than in
controls (P = 0.0006).

Finally, when CB-MN and SCGE were
employed in leukocytes from 14 FA, 30 DS, and
30 control individuals, DS presented an increase
just in the SCGE technique (P < 0.001);
micronucleus and dicentric bridge frequencies
were similar to those found in controls. Both
CB-MN and SCGE techniques showed
increased genetic damage in the cells of
individuals with FA: all results were statistically
significant, with P < 0.001.

The high frequency of micronuclei seems
to be due to clastogenic events, since the
frequency of dicentric bridges was also elevated.
The micronucleus frequency was significantly
correlated with dicentric bridges (P < 0.001) and
with the damage index from comet assay (P =
0.011) (Spearman Correlation Test). The results
of the comet and CB-MN assays in subjects
occupationally exposed to X-radiation and
antineoplastic drugs and in DS and FA patients
are summarized in table 1.
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Discussion

Increased frequencies of chromosome
aberrations and micronuclei are well known
among individuals occupationally exposed to
ionizing radiation (5,37-39). Qualities of the
radiation to which populations were exposed
differed in most of the studies, and there was
frequently more than one kind of radiation
involved. Chromosome abnormalities have been
described in populations exposed to low doses
of radiation, and doses ranged from zero to 500
millisieverts (mSv) (37,40-42). In the present
study, we investigated workers exposed only to
X-radiation, and the accumulated dose range was
from 0.2 to 121.8 mSv. We did not find any
correlation between genetic effects and the doses
recorded by the dosimeters. This result is in
agreement with a previous study (42), in which
26 workers were studied and the accumulated
dose ranged between 2.3 and 131.7 mSv.

The CB-MN assay has the advantage of
detecting both acentric chromosome fragments
due to DNA breakage during interphase and
chromosome loss resulting from chromosome
lagging during anaphase. Micronucleus formation
can indicate damage caused by an exposure
occurred long before blood was withdrawn for
analysis. The concomitant analysis of dicentric
bridges in the micronucleus test does not cause
much extra work, and may serve as a reference
to the type of mutagen (clastogenic or aneugenic).
As expected, the significantly increased
frequency of dicentric bridges in the present study
suggests a clastogenic action in individuals
exposed to X-radiation.

Under the alkaline conditions used here, the
comet assay detected double and single-strand
breaks, as well as alkali-labile sites. The increased
comet values in the peripheral blood of
radiological workers exposed to X-ray found in the
present study indicate a higher level of radiation-
induced primary DNA damage. Although the
comet assay may be considered more sensitive
for the assessment of induced DNA damage, the
micronucleus test has the advantage of detecting
the manifestation of damages, such as
chromosomal aberrations. Some previous
studies already comparatively investigated these
two endpoints (43-45), but none of them was
carried out in vivo. The high values of standard
deviation found in the comet assay in the present

279



Maluf et al.

study elucidate the high interindividual variation
of this technique (46,47). While the evaluation of
micronuclei is limited to lymphocytes, the comet
assay detects damage in all leukocytes that
constitute a heterogeneous mixture of cells.
Lifespan of subpopulations may vary from weeks
to decades (lymphocytes), while other cells have
a short half-life ranging from 7 to 24 hours
(granulocytes) (47).

In the case of chronic exposure, comparing
the levels of damage revealed in a cytogenetic
technigue with those found in the comet assay
may provide information about concurrentversus
past exposure levels. The micronucleus frequency
represents a longer time of exposure with a
cumulative effect, while the comet assay detects
momentary DNA damage and/or repair activity.
In the present study, blood samples were
collected during the work interval, and the comet
assay effects on exposed individuals might reflect
concurrent exposure.

Antineoplastic drugs include unrelated
chemical agents that can inhibit tumor growth;
the most commonly used include clastogenic and
aneugenic drugs. The group exposed to
antineoplasic drugs presented a frequency of
micronuclei and dicentric bridges similar to the
control group. However, when SCGE was applied
to the same blood samples, increased values
were detected in exposed individuals. SCGE does
not require cell division. This damage may have
originated minutes or hours before the blood was
withdrawn for analysis. Repair of this damage is
cell-type dependent.

Workers handling antineoplastic drugs can
be exposed through inhalation of aerosolized
drugs, transdermal absorption, and accidental
ingestion. Increased genetic damage in workers
occupationally exposed to antineoplastic drugs
has been related with careless handling of these
substances (10,48-51). In the present study,
pharmacists and nurses have used safety covers
and have followed strict guidelines to work with
antineoplastic drugs.

Smoking was not a frequent habit in our
subjects. This fact could explain that there was
no correlation between smoking habit and
detection of genetic effects. The increase in
micronucleus frequency in relation to age in the
present study is in agreement with other studies
(33,52,53). A significant increase in the comet
values in relation to age was also found. This result
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is in disagreement with some studies using comet
assays to monitor human populations (54,55).
However, Singh et al. (56) reported an age-related
increase in the levels of DNA damage in
lymphocytes of the blood of non-smoking
subjects, using a procedure with increased
sensitivity of the pH>13 assay by increasing the
duration of electrophoresis from 20 to 40 minutes.
When the exposed and control groups were tested
separately, the unexposed individuals did not
show a correlation with age. When the cytogenetic
endpoints were compared with years of
employment, no correlation was found. These
results may indicate a greater sensitivity to X-
radiation in older individuals.

DS is considered a premature aging
syndrome, and it has been compared with other
disorders like Werner syndrome, Cockaine
syndrome, and ataxia-telangiectasia. Children
with DS are generally known to present a higher
risk for developing leukemia. It could be shown
that by triplication of a special fragment of
chromosome 21, the dosage of Cu/Zn superoxide
dismutase is elevated, resulting in a disturbance
of the very sensitive balance of enzymes
responsible for oxygen radical metabolism
(20,57). Radicals damage the DNA and gradually
exhaust the repair capacity of cells, with
consequent chromosome breaks and
micronucleus accumulation; this causes mitosis
impairment and delay in the cell cycle. Thus,
similarly to other diseases with completely
different genetic backgrounds, via the impairment
of DNA repair, DS leads to the common
symptoms of premature senescence. At the
chromosomal level, sensitivity of cells of DS
patients to X-ray exposure is elevated in relation
to cells of normal controls, although the ratio of
sensitivity found in each study varies (17-20).

The results of the analysis of micronuclei and
dicentric bridges in individuals with DS was similar
to controls. Weirich-Schwaiger et al. (58), in a study
of senescence and DNA repair, demonstrated that
in young individuals with DS, the spontaneous
micronucleus frequency was similar to young
controls, but they observed a striking increase of
micronucleus frequency at the final stages of cells
growing in vitro. In contrast, the number of
chromosome breaks did not follow this increase,
which shows a possible age-related susceptibility
to aneugenesis in these cells. The sensitivity ratio,
measured by chromosome aberrations, has been
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Table 1. Mean frequencies of micronuclei (MN), dicentric bridges (DB), and comet assay damage scores (SCGE)
in groups exposed to X-ray and antineoplastic drugs, Down sindrome and Fanconi anemia patients, and controls

Group n Mean age MN2 DB? SCGE!
Exposed to X-radiation 22 37.18 17.68+4.69 5.95+3.14 17.73£10.51
Controls 22 325 14.36+5.18  3.91+2.07 8.54+7.11
Exposed to antineoplastic drugs 12 34.75 13.5046.05 2.83+1.85 20.83£10.19
Controls 12 34.42 11.08+5.96 2.75+2.67  8.0815.16
Down syndrome 30 0.72+1.80 10.17+3.64 2.77£1.65 13.4+8.21
Fanconi anemia 14 9.74+6.10 21.71+3.38 757+¥1.70  26.50+22.38
Controls 30 3.54+4.86 9.30+4.47 2.73t1.31  8.67+11.65

1 DS was calculated by adding the score (0 to 4) of each of the 50 cells analyzed (maximum per individual: O; minimum: 200).

2In 2000 binucleated cells.

suggested to decrease with age (59). Such behavior
is important to consider, because in the present
study, the sample was formed by very young
individuals (mean age = 0.72+1.80), and the DNA
damage index found in the comet assay was higher
when compared to controls.

FA is characterized as a DNA repair
disorder, since cells derived from patients are
hypersensitive to DNA cross-linking agents.
Although the primary defects in FA patients are
not known, biochemical evidence supports
either a direct defect in the removal of DNA
cross-links or a defect in the ability of cells to
respond to oxidative stress, as a result from
the interaction with cross-linking agents. The
localization of chromosome aberrations in FA
shows a non-random pattern in the breakpoints
correlated with the chromosomal location of
fragile sites, oncogenes, and points involved
in cancer-rearrangements, suggesting a
possible relationship with the high
predisposition to cancer observed in this
disease (60,61).

Fenech et al. (1) have evaluated the
performance of the CB-MN assay as an in vivo
dosimeter in a study with cancer patients
undergoing fractionated partial body radiotherapy
obtaining a dose-related increase in MN in all the
patients studied. The high frequency of
micronuclei seems to be due to clastogenic
events, since the frequency of dicentric bridges
was also elevated in the same order of the
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micronuclei (>2x). FA patients also presented a
proportionally higher DNA damage index in SCGE
than in the CB-MN assay.

In short, our study demonstrates the
presence of genotoxic effects in workers
exposed to X-irradiation with two independent
genetic endpoints and indicates that the
combination of the comet assay with the
micronucleus test may be useful for the
monitoring of populations chronically exposed to
genotoxic agents. Avoidance of environmental
stress on genetically predisposed patients may
finally result in an increase in individual life
expectancy.

Genetic damage, inheritance and
environment

The different characteristics between the
micronucleus test and the comet assay show the
importance of this concomitant analysis both for
quantitative studies and for understanding the
mechanisms that form the alterations and action of
DNA repair. Workers exposed to mutagenic agents
have an inherited capacity to repair DNA damage;
this capacity is polymorphic and makes individuals
more or less sensitive to exposure to mutagenic
agents. Individuals carrying unfavorable genetic
heritage concerning the maintenance of genomic
stability may have a high frequency of genetic
alterations even if they are apparently not exposed
to mutagenic agents or if they are exposed only to
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agents commonly present in the environment. The
two assays used in this study provided information
regarding the number and type of alterations found
in these two groups of individuals.

Daily use of antimutagens and
anticarcinogens will probably be the most effective
procedure to prevent cancer. There are several ways
of preventing or reducing mutagenesis. Chemical
agents that act in the repair of DNA damage or in
the metabolism of mutagenic agents may be
effective. Several examples illustrate that
antimutagenic effects are often specific for certain
types of mutagens and/or tests. This way, if
antimutagens have an impact on human diseases,
itis essential that they be specifically directed against
the most common mutagens found in the
environment, according to the habits and activities
of each one of them (62).

Carcinogenesis is related to genetic changes
in somatic cells produced by mutagens and
carcinogens. The molecular mechanisms of
human carcinogenesis are very complex, involving
multiple genetic changes in established cell
lineages; these alterations are usually more
numerous in cells of more malignant tumors. The
carcinogenic process requires a long time to be
completed, and precancerous changes may persist
for many years. Recent findings on the complex
alterations observed in human cancer, the presence
of new genotoxic substances in our daily life, new
promoters of cancer, and new precancerous
changes are important advances that serve as basic
information to consider ways of preventing cancer
and developing recommendations for the
improvement of life quality (63).

A lot of attention has been given to studies
that suggest the involvement of active oxygen and
free radicals in an array of pathological events,
cancer, and some aging processes. Oxygen is
indispensable for aerobic organisms; however, it is
also believed to be responsible for undesirable
effects. Species of oxygen such as hydrogen
peroxide, superoxide radical, simple oxygen, and
other radicals are considered agents that attack
polyunsaturated fatty acids in the cellular membrane,
leading to a lipid peroxidation. Several studies have
suggested that lipid peroxidation may result in
destabilization and disintegration of the cellular
membrane, leading to problems in the liver, some
diseases, aging, and susceptibility to cancer (64).

Lipid peroxidation is a problem related not only
to the food-processing industry, but also to the
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human body itself. However, in living systems,
certain enzymes and endogenous antioxidants are
used to inhibit peroxidation processes by removing
active oxygen, reducing peroxides, and capturing
radicals. There are also several compounds in
nature that act as antioxidants, and are believed to
inhibit carcinogenesis and delay aging (65).

A great number of metabolites extracted from
vegetables and used in our diet were tested in terms
of their antimutagenic capacity. In microbial tests,
several of them showed to inhibit the mutagenic
effect of toxic elements (66).

Vitamin C, at a given concentration,
diminishes the frequency of sister-chromatid
exchange in lymphocytes of the human peripheral
blood. The effect of vitamin C as an inhibitor of
mutagenicity for various carcinogens is attributed
to its antioxidant action. Some studies have also
emphasized the anticarcinogenic effect of vitamin
C, which is an effective protector against the
carcinogenic activity of ionizing radiation and
chemical agents. Vitamin C is the most effective
agent in the inhibition of mutations induced by
ethylmethanesulfonate (EMS). In the presence of
vitamin C at a concentration of 100 mg/ml, EMS-
induced mutations were reduced to almost one-
fourth of the frequency found in control cultures
treated only with EMS (67).

Fiber-rich diets may protect the organism
against some types of carcinogenic agents through
the their absorption; this way, these agents are
expelled from the digestive tract. A group of
mutagens identified in roast beef, fish, chicken, and
grain products (68,69) may have their effects
neutralized in the presence of a fiber-rich diet (62).

The levels of most environmental
carcinogens, including heterocyclic amines
formed in the preparation of some food items, are
much below the minimum level necessary to
induce cancer in laboratory animals. However,
cancer development is the final result of multiple
sequential genetic transformations. There is still
much to be understood about cancer prevention,
but interesting results have been observed as a
result of changes in lifestyle. It should be noted
that some types of cancer have disappeared.
Cases of cancer in X-ray workers caused by
exposure to ionizing radiation are also extremely
rare (63). Some changes in the lifestyle of people
daily exposed to mutagens should be adopted.
The following measures should be observed in
order to prevent cancer:
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1. Follow a balanced diet, avoiding excess of
calories and fat.

2. Avoid excessive consumption of alcohol.

3. If you are a smoker, smoke as little as possible,
or try to stop smoking.

4. Avoid excessive exposure to sunlight.

5. Do moderate physical exercises regularly.

References

10.

11.

Fenech M, Denham J, Francis W, Morley AA.
Micronuclei in cytokinesis blocked lymphocytes of
cancer patients following fractionated partial-body
radiotherapy. Int J Radiat Biol 1990;57:373-83.
Balasem AN, Ali ASK. Establishment of dose-
response relationships between doses of Cs137
gamma-rays and frequencies of micronuclei in human
peripheral blood Ilymphocytes. Mutat Res
1991;259:133-8.

Erexon GL, Kligerman AD, Bryant MF, Sontag MR,
Halperin EC. Induction of micronuclei by X-radiation
in human, mouse and rat peripheral blood
lymphocytes. Mutat Res 1991;253:193-8.

He JL, Chen WL, Jin LF, Jin HY. Comparative
evaluation of the in vitro micronucleus testand comet
assay for the detection of genotoxic effects of X-ray
radiation. Mutat Res 2000;469:223-31.

Jha AN, Sharma T. Enhanced frequency of
chromosome aberrations in workers occupationally
exposed to diagnostic X-rays. Mutat Res
1991;260:343-8.

Waksvik H, Klepp O, Brogger A. Chromosome
analyses of nurses handling cytostatic agents. Cancer
Treat Rep 1981;65:607-10.

Nikula EK, Kiviniitty J, Leisti J, Taskinen PJ.
Chromosome aberrations in lymphocytes of nurses
handling cytostatic drugs. Scand J Work Environ
Health 1984;10:71-4.

Norppa H, Sorsa M, Vainio H, Grohn P, Heinonem E,
Holsti L, et al. Increased sister-chromatid exchange
frequencies in lymphocytes of nurses handling
cytostatic drugs. Scand J Work Environ Health
1980;67:229-301.

Goloni-Bertollo EM, Tajara E, Manzato AJ, Varella-
Garcia M. Sister-chromatid exchange and
chromosome aberration in lymphocytes of nurses
handling antineoplastic drugs. Int J Cancer
1992;50:341-4.

Machado-Santelli GM, Cerqueira EM, Oliveira CT,
Pereira CAAB. Biomonitoring of nurses handling
antineoplastic drugs. Mutat Res 1994,;322:203-8.
Kolmodin-Hedman B, Hartvig P, Sorsa M, Falk K.

Revista HCPA 2001(3)

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Maluf et al.

Occupational handling of cytostatic drugs. Arch Toxicol
1983;54:25-33.

Stiller A, Obe G, Boll |, Pribilla W. No elevation of the
frequencies of chromosome alterations as a
consequence of handling cytostatic drugs. Analysis
with peripheral blood and urine of hospital personnel.
Mutat Res 1983;121:253-9.

Barale R, Sozzi G, Toniolo P, Borghi O, Reali D, Loprieno
N, etal. Sister-chromatid exchange in lymphocytes and
mutagenicity in urine of nurses handling cytostatic
drugs. Mutat Res 1985;157:235-40.

Benhamou S, Pot-Deprun J, Sancho-Garnier H,
Chouroun-Liskov |. Sister-chromatid exchanges and
chromosome aberrations in lymphocytes of nurses
handling cytostatic agents. IntJ Cancer 1988;41:350-3.
Robinson LL, Nesbit ME, Sather HN, Level C, Shahidi
N, Kennedy A, et al. Down syndrome and acute
leukemia in children: a 10-year retrospective survey
from Children’s Cancer Study Group. J Pediat
1984,;105:235-42.

Heidemann A, Schmalenberger B, Zankl H. Sister-
chromatid exchange frequency and lymphocyte
proliferation in a Down’s syndrome mosaic
developing an acute lymphoblastic leukemia. Cancer
Genet Cytogenet 1985;15:109-12.

Higurashi M, Conen PE. In vivo chromosomal
radiosensitivity in ‘chromosomal breakage
syndromes’. Cancer 1973;32:380-3.

Karlinsky H. Alzheimer’s disease in Down’s syndrome:
areview. J Am Geriat Soc 1986;34:728-34.

Oliver C, Holland A. Down’s syndrome and
Alzheimer’s disease: a review. Psychol Med
1986;16:307-22.

Schweiger H, Weirich HG, Brunner P, Rass C, Hirsch-
Kauffmann M, Groner Y, et al. Radiation sensitivity of
Down’s syndrome fibroblasts might be due to
overexpressed Cu/Zn-superoxide dismutase (EC
1.15.11.1). Eur J Cell Biol 1989;48:79-87.

lijnima K, Morimoto K, Koizumi A, Higurashi M,
Hirayama M. Bleomycin-induced chromosomal
aberrations and sister chromatid exchanges in Down
syndrome lymphocyte cultures. Hum Genet
1984:66:57-61.

Shubber EK, Hamami HA, Allak BMA, Khaleel AH.
Sister-chromatid exchanges in lymphocytes from
infants with Down’s syndrome. Mutat Res
1991;248:61-72.

Higurashi M, Tada A, Mirayama S, Hirayama M,
Hoshina H, Tamura T. Chromosome damage in Down
syndrome induced by chicken pox infection. Pediat
Res 1976;10:189-92.

Sandberg AA. Chromosome breakage syndromes.

283



Maluf et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

284

In: The chromosomes in human cancer and
leukemia. New York: Elsevier; 1980. p.152-70.
Strathdee CA, Buchwald M. Molecular and cellular
biology of Fanconi anemia. Am J Pediatr Hematol
Oncol 1992;14:177-85.

Schroeder TM. Genetically determined chromosome
instability syndromes. Cytogenet Cell Genet
1982;33:119-32.

Auerbach AD, Rogatko A, Schroeder-Kurth TM.
International Fanconi Anemia Registry: relation of
clinical symptoms to diepoxybutane sensitivity. Blood
1989;73:391-6.

Sakamoto Hojo ET, van Diemen PCM, Darroudi F,
Natarajan AT. Spontaneous chromosomal
aberrations in Fanconi anaemia, ataxia telangiectasia
fibroblasts and Bloom’s syndrome lymphoblastoid
cell lines as detected by conventional cytogenetic
analysis and fluorescence in situ hybridisation (FISH)
technique. Mutat Res 1995;334:59-69.

Schroeder TM. Cytogenetische und cytologische
Befunde bei enzymopenischen Panmyelophatien
und Pancytopenien. Humangenetik 1966;1:194-6.
Auerbach AD, Wolman SR. Susceptibility of Fanconi's
anemia fibroblasts to chromosome damage by
carcinogens. Nature 1976;261:494-6.

Carrano AV, Natarajan AT. Considerations for
population monitoring using cytogenetic techniques.
ICPEMC publication 14. Mutat Res 1988;204:379-406.
Fenech M, Morley AA. Measurement of micronucleiin
lymphocytes. Mutat Res 1985;147:29-36.

Fenech M. The cytokinesis-block micronucleus
technique: a detailed description of the method and
its application to genotoxicity studies in human
populations. Mutat Res 1993;285:35-44.

Fenech M. The advantages and disadvantages of the
cytokinesis-block micronucleus method. Mutat Res
1997;392:11-8.

Speit G, Hartmann A. The comet assay (single cell
geltest). A sensitive genotoxicity test for the detection
of DNA damage and repair. Methods Mol Biol
1999;113:203-12.

Maluf SW, Erdtmann B. Follow-up study of the genetic
damage in lymphocytes of pharmacists and nurses
handling antineoplastic drugs evaluated by
cytokinesis-block micronucleus analysis and single
cell gel electrophoresis assay. Mutat Res
2000;471:21-7.

Evans HJ, Buckton KE, Hamilton GE, Carothers A.
Radiation-induced chromosome aberrations in
nuclear-dockyard workers. Nature 1979;277:531-4.
Thierens H, Vral A, De Ridder L. A cytogenetic study of
radiological workers: effect of age, smoking and

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Genomic instability and cancer prevention

radiation burden on the micronucleus frequency.
Mutat Res 1996;360:75-82.

Vera GV, Aleksandra F, Dragan K, Andrija H.
Assessment of genome damage in occupational
exposure to ionizing radiation and ultrasound. Mutat
Res 1997;395:101-5.

Lloyd DC, Purrot RJ, Reeder EJ. The incidence of
unstable chromosome aberrations in peripheral
blood lymphocytes from unirradiated and
occupationally exposed people. Mutat Res
1980;72:523-32.

Bauchinger M, Eckerl H, Drexler G, Streng S, Schmid
E. Chromosome dosimetry and occupational
radiation exposure. Radiation Protection Dosimetry
1984;2:93-7.

Barquinero JF, Barrios L, Caballin MR, Mir6 R, Ribas
M, Subias A, et al. Cytogenetic analysis of lymphocytes
from hospital workers occupationally exposed to low
levels of ionizing radiation. Mutat Res 1993;286:275-9.
Belpaeme K, Delbeke K, Zhu L, Kirsh-Volders M.
Cytogenetic studies of PCB77 on brown trout (Salmo
trutta fario) using the micronucleus test and the
alkaline comet assay. Mutagenesis 1996;11:485-92.
Fuscoe JC, Afshari AJ, George MH, DeAngelo AB,
Tice RR, Salman T, et al. In vivo genotoxicity of
dichloroacetic acid: evaluation with the mouse
peripheral blood micronucleus assay and the single
cell gel assay. Environ Mol Mutagen 1996;27:1-9.
Goethem FV, Lison D, Kirsh-Volders M. Comparative
evaluation of the in vitro micronucleus test and the
alkaline single cell gel electrophoresis assay for the
detection of DNA damaging agents: genotoxic effects
of cobalt powder, tungsten carbide and cobalt-tungsten
carbide. Mutat Res 1997;392:31-43.

DeMéo M, Laget M, Castegnaro M, Dumenil G.
Genotoxic activity of potassium permanganate in
acidic solutions. Mutat Res 1991;260:295-306.

Tice RT. The single cell gel/comet assay: a microgel
electrophoretic technique for the detection of DNA
damage and repair in individual cells. In: Phillips DH,
Venitt S, editors. Environmental mutagenesis. Oxford:
Bios Scientific Publishers; 1995.

Maluf SW, Erdtmann B. Evaluation of the occupational
genotoxic risk in a Brazilian hospital. Genet Mol Biol
2000;23:485-488.

Grummt T, Grummt HJ, Schott M. Chromosomal
aberrations in peripheral lymphocytes of nurses and
physicians handling antineoplastic drugs. Mutat Res
1993;302:19-24.

Sorsa M, Anderson D. Monitoring of occupational
exposure to cytostatic anticancer agents. Mutat Res
1996;355:253-61.

Revista HCPA 2001(3)



Genomic instability and cancer prevention

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kassie F, Parzefall W, Knasmiller S. Single cell gel
electrophoresis assay: a new technique for human
biomonitoring studies. Mutat Res 2000;463:13-31.
Migliore L, Parrini M, Sbrana |, Biagini C, Battaglia A,
Loprieno N. Micronucleated lymphocytes in people
occupationally exposed to potential environmental
contaminants: the age effect. Mutat Res 1991;256:13-9.
Kételes GJ, Bojtor |, Szirmani S, Bérces J, Otos M.
Micronucleous frequency in cultured lymphocytes of
an urban population. Mutat Res 1993;319:267-71.
Betti C, Davini T, Gianessi L, Loprieno N, Barale R.
Microgel electrophoresis assay (comet assay) and
SCE analysis in human lymphocytes from 100 normal
subjects. Mutat Res 1994;307:323-33.

Frenzili G, Betti C, Davini T, Desideri M, Fornai E,
Gianessi L, et al. Evaluation of DNA damage in
leukocytes of ex-smokers by single cell gel
electrophoresis. Mutat Res 1997;375:117-23.

Singh NP, Danner DB, Tice RR, Pearson JD, Brant
LJ, Morrel CH, et al. Basal DNA damage in individual
human Ilymphocytes with age. Mutat Res
1991;248:285-9.

Ceballos |, Nicole A, Briant P, Grimber G, Delacourt A,
Flament S, et al. Expression of human CuZn
superoxide dismutase gene in transgenic mice:
model for gene dosage effect in Down’s syndrome.
Free Radic Res Commun 1991;12-13:581-9.
Weirich-Schwaiger H, Weirich HG, Gruber B,
Schwaiger M, Hirsch-Kauffmann M. Correlation
between senescence and DNA repair in cells from
young and old individuals and in premature aging
syndromes. Mutat Res 1994;316:37-48.

Takeshita T, Shibusawa AC, Shimizu K, Hoshino H,
Yamagata Z, lijima S, et al. The effect of aging on cell-
cycle kinetics and X-ray-induced chromosome
aberrations in cultured lymphocytes from patients with
Down syndrome. Mutat Res 1992;275:21-9.
Porfirio B, Smeets D, Beckers L, Caporossi D,
Tedeschi B, Vernole P, et al. Fragile sites and
chromosome instability: the distribution of breaks

Revista HCPA 2001(3)

61.

62.

63.

64.

65.

66.

67.

68

69.

Maluf et al.

induced by cis-diamine-dichloro-platinum (lI) in
Fanconi anemialymphocytes cultures. Hum Genet
1991,;86:256-60.

Fundia A, Gorla N, Larripa |. Spontaneous
chromosome aberrations in Fanconi’'s anemia
patients are located at fragile sites and acute myeloid
leukemia breakpoints. Hereditas 1994;120:47-50.
Ferguson LR. Antimutagens as cancer
chemopreventive agents in the diet. Mutat Res
1994;307:395-410.

Sugimura T. Cancer prevention: underlying principles
and practical proposals. In: Kuroda Y, Shankel DM,
Waters MD, editors. Antimutagenesis and
anticarcinogenesis mechanisms Il. New York and
London: Plenum Press; 1990. p.23-34.

Osawa T, Namiki M, Kawakishi S. Role of dietary
antioxidants in protection against oxidative damage.
In: Kuroda Y, Shankel DM, Waters MD, editors.
Antimutagenesis and anticarcinogenesis
mechanisms Il. New York and London: Plenum
Press; 1990. p.139-53.

Ames BN. Dietary carcinogens and anticarcinogens.
Oxygenradicals and degenerative diseases. Science
1983;221:1256-64.

Wall ME, Wani MC, Hughes TJ, Taylor H. Plant
antimutagens. In: Kuroda Y, Shankel DM, Waters MD,
editors. Antimutagenesis and anticarcinogenesis
mechanisms Il. New York and London: Plenum
Press; 1990. p.61-78.

Kuroda Y. Antimutagenic activity of vitamins in cultured
mammalian cells. In: Kuroda Y, Shankel DM, Waters
MD, editors. Antimutagenesis and anticarcinogenesis
mechanisms Il. New York and London: Plenum
Press; 1990. p.233-56.

. Wakabayashi K, Nagao M, Esumi H, Sugimura T.
Food-derived mutagens and carcinogens. Cancer
Res 1992;52:2092s-8s.

Overik E, Gustafsson J. Cooked-food mutagens:
current knowledge of formation and biological
significance. Mutagenesis 1990;5:437-46.

285



