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The cytogenetic effects of in vitro exposure to benzene were investigated in cultured bovine peripheral lymphocytes.
Stable and unstable chromosome aberrations (CA) and sister chromatid exchanges (SCE) were examined. Cultures of
lymphocytes from two healthy donors were treated with benzene at concentrations of 5, 10, 50, 100, 500 and 1000 zmol.1"!
for the last 24 hours and for 2 hours of cultivation, both without and with metabolic activation (S9). In the CA assays with
conventional Giemsa staining for 24 hours without metabolic activation, no dose-dependence in the induced chromosome
aberration was achieved. A significant elevation in the induction of CA was found only after the application of benzene at
adose of 100 umol.I"! (p<0.01). Similar results were observed using fluorescence in situ hybridization (FISH) method for the
detection both of non-stable and persistent chromatid-type aberrations and in the SCE assay for 24 hours without S9. All
the lower and higher concentrations tested have no positive influence on CA and SCE induction. In experiments with S9
asignificant increase in CAs, and a dose-dependence was achieved after exposure to benzene for 2 hours at concentrations
ranging from 50 to 500 umolL.I"" (p<0.05 and p<0.01, respectively).
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Benzene is commonly used as a solvent in industry and is
a ubiquitous contaminant of the environment as it has been
detected in water, unleaded petrol and in cigarette smoke
[19]. Exposure to benzene and its derivatives in the envir-
onment is associated with various adverse consequences on
human or animal health; e.g. irritation of the stomach, vo-
miting, convulsions, rapid heart rate, tremors, headaches,
coma, and death eventually were observed after exposure
of people even to low dose of benzene.

Human epidemiology studies have indicated that a high
level of benzene exposure may cause hematotoxicity and
even acute myelogenic leukemia [11, 34]. It is suggested that
a key step in expressing the hematotoxic, carcinogenic and/
or genotoxic properties of benzene is dependent on the
formation of active metabolites [12, 13, 14]. The main me-
tabolites, e.g. phenol, hydroquinone, catechol, and 1, 2, 4-
benzentriol have been found to be more effective in the
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expression of their carcinogenic properties than benzene
itself [1, 8, 10].

Recently more sensitive methods for the evaluation of
benzene carcinogenity have been established. LAGORIO
et al [15] conducted a biomonitoring study with the aim of
evaluating the association between the excretion of the
modified base of guanin (8-hydroxydeoxyguanosine, 8-
OHAG), which is a sensitive marker of DNA damage, and
exposure to benzene among people occupationally at risk.
The authors showed a dose-related response effect between
personal exposure to benzene and urinary 8-OhdG concen-
trations.

Taking the leukemogenic properties into consideration,
the genotoxic effect of benzene has been the object of nu-
merous investigations. Endpoints as chromosome aberra-
tions (CAs), sister chromatid exchanges (SCEs) and
micronuclei (MNi) have been the most frequently exam-
ined. Primary attention has been focused on chromosome
aberration related to cancer induction [2, 34]. In epidemio-
logical studies BONASSI et al [6] showed that people with
elevated frequencies of CA in their peripheral blood lym-
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phocytes have a significantly elevated risk of developing
cancer. After occupational exposure of workers to low-level
dose of benzene inconsistent results have been achieved;
a slight increase in CAs and SCEs in human peripheral
lymphocytes have been found by SASIADEK and JAGIELSKI
[26], YARDLEY-JONES et al [31] and TOMPA et al [29] while
no significant differences between exposed and control
groups have been reported by other authors [7, 32, 35].
Further reports, e.g. SASIADEK [27] and MAJOR et al [16],
have described significantly positive elevations in the CA
and SCE frequency in workers chronically exposed to ben-
zene for about 10-20 years.

In the present study the results on CAs and SCEs in
bovine blood lymphocytes exposed to benzene in vitro are
reported. Conventional chromosome analysis was com-
pleted with the data on stable and unstable chromosome
aberrations using fluorescent in situ hybridization (FISH)
technique. There is no information about the possible effect
of benzene exposure to domestic animals although adverse
consequences of various environmental pollutants on ani-
mal health are widely described [25, 4, 22]; data of the spon-
taneous level of stable chromosome aberrations in cattle
have been documented [23].

Material and methods

Benzene (>99% purity, Lachema, Brno, Czech Repub-
lic) was dissolved in dimethyl sulfoxide (DMSO, Sigma, St.
Louis, MO, USA) and applied to all experimental cultures
at concentrations of 5, 10, 50, 100, 500 and 1000 ,umol.l'] .The
highest dose of benzene was determined on the basis of
a preliminary study in which a sufficient number of meta-
phases could be analysed. The final DMSO concentration in
both treated and control cultures was 0.1%.

For conventional CA assays, experiments were per-
formed in both the presence and absence of an S9 fraction.
A freshly prepared S9 fraction (10% of the v/v culture) from
Aroclor 1254 (Supelco, Bellefonte, PA, USA) induced rats
was prepared according to the MARON and AMES method
[17] and applied to the control and experimental cultures.
Glucose-6-phosphate (Aldrich, Milwaukee, WI, USA) and
NADP (Sigma, St. Louis, MO, USA) were used as cofac-
tors.

Ethylmethanesulphonate (EMS, Sigma, St. Louis, MO,
USA, 250 ug.ml™"), mitomycin C (MMC, Sigma, St. Louis,
MO, USA, 0.4 umol.I'") and cyclophosphamide (CP, Jena-
pharm, Ankerwerk, Rudolstadt, Germany, 0.1 mmol.l'1)
were used as positive control agents in the assays in the
absence and presence of the metabolic activation (S9 mix).

Experiments were carried out on two healthy cow donors
(Slovak spotted cattle, one year old).

Whole blood specimens (0.5 ml) were cultivated for 72
hours at 38 °C in 5 ml of RPMI 1640 medium supplemented

with L-glutamine, 15 umol.I”" HEPES (Sigma, St. Louis,
MO, USA), 15% foetal calf serum (Sigma, Chemical Co.,
St. Louis, MO, USA), antibiotics (penicillin 250 U/ml - Bio-
tika, Slovenskd Pupca, Slovak Republic, and streptomycin
250 pg.ml™ — Antibiotic Co., Bulgaria), and phytohaemag-
glutinin (PHA, 180 ug.ml”, Welcome, Dartford, England).

Lymphocyte cultures were exposed to benzene for the
last 24 hours and for 2 hours, without and with S9, respec-
tively. After metabolic activation of S9 in a serum-free med-
ium, the cells were removed twice with PBS and replaced by
acompletely fresh culture medium. Slides were prepared by
the standard cytogenetic method.

FISH technique using the whole chromosome-painting
probes was performed for the detection of chromatid- or
chromosome-type aberrations. On the basis of previous
CA results, two benzene concentrations (50 and 100
pumol.I™") were selected. Spectrum green labelled whole
chromosome painting probe, specific for the bovine chro-
mosome 1 (Veterinary Research Institute, Brno, Czech Re-
public) was used for hybridization. The painting probe in
hybridization mixture (50% formamide, 2xSSC, 10% dex-
tran sulphate, salmon sperm DNA, competitor DNA) was
denatured at 72 °C for 10 min and reannealed at 37 °C for 80
min. The denaturation of slides was performed in 70% for-
mamide, 2xSSC (pH 7.0) at 72 °C for 2 min and followed by
dehydration procedure (70, 80, 96% ethanol, -20 °C). After
overnight hybridization at 37 °C, the slides were washed in
50% formamide, 2xSSC (pH 7.0) at 42 °C, in 0.1 SSC (pH
7.0) at 42 °C and in TNT (Tris-NaCl-Tween 20 buffer, pH
7.0) at 42 °C. The slides were counterstained in DAPI/Anti-
fade (4’,6’-diamino-2-fenolindol, Q-BIOgene, Middlesex,
UK).

For the SCE determination bromodeoxyuridine (8 ug.
ml!, BUdR, Sigma, St. Louis, MO, USA) was applied to
all cultures 24 hours after the initiation of division; then the
slides were stained using the FPG technique to differentiate
cell cycles [21]. Cell proliferation was stopped in meta-
phases by colchicine (Merck, Darmstadt, Germany) at
a concentration of 5 ug.ml™ two hours before harvesting.

One hundred well-spread metaphases were analyzed for
the conventional detection of CAs for each concentration
and donor; chromatid, isochromatid breaks and also gaps;
and chromatid and isochromatid exchanges (CB, CE, IB
and IE) were determined. Five hundred metaphases were
scored for chromatid fragments and chromatid-type aberra-
tions using FISH technique according to TUCKER et al [30].
Fluorescent microscope Nikon-Labophot 2A/2, equipped
with dual band pass filter DAPI/FITC was used for visuali-
zation.

Fifty differentially stained metaphases for SCE were ana-
lyzed per donor and concentration.

The statistical analysis of results was performed using the
chi-square tests to estimate the induction of stable and un-
stable CAs. Gaps were reported but excluded from the total
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number of CAs and considered separately. A simple analy-
sis of variance (ANOVA), and subsequently the Student’s t
test were used for the evaluation of SCE occurrence be-
tween treated and untreated groups.

Results

In Tables 1 and 2, the results of benzene induced chro-
mosomal aberration frequencies in bovine peripheral lym-
phocyte in vitro in both samples with and without metabolic
activation are shown. Multiple micromolar concentrations
of benzene were tested; the mean values + SD in each group
and concentration are given.

Table 1. The frequency of CAs in cultured bovine lymphocytes exposed to
benzene for 24 h without S9

Dose Types of chromosomal % breaks
aberrations (+£SD)

G CB 1B CE 1IE
Control (DMSO) 8 4 1 - - 2.54+0.15
Benzene (umol.l™)
5 9 5 - - - 2.5+0.15%
10 10 6 - - 3.0+0.17°
50 11 6 - - - 3.0+0.17°
100 31 17 1 - - 9.0+0.28"
500 15 7 3 - - 5.0+0.22°
1000 17 5 2 - - 3.5+0.18"
250 ug.ml™, EMS 23 13 4 7 - 15.5+0.36™"
200 well-spread metaphases of each group were determined. ™, ™", statistical

significance (p<0.01 and p<0.001, respectively) — #° test; ® — no statistical
significant data; CB, IB — chromatid, isochromatid breaks; CE, IE — chroma-
tid, isochromatid exchange; G — gaps not included in statistical data.

Table 2. The frequency of CAs in cultured bovine lymphocytes exposed to
benzene for 2 h with S9

Dose Types of chromosomal % breaks
aberrations (+£SD)

G CB 1B CE 1IE
Control 4 2 - - - 1.0+0.10
Control (DMSO) 8 3 - - - 1.5+0.12
Benzene (umol.I™)
5 9 8 - - - 4.0+0.19*
10 10 8 - - - 4.0+0.19*
50 21 10 - - - 504022"
100 21 11 1 - - 6.0+0.24"
500 12 13 2 - - 7.54026™
1000 13 9 - - - 4.5+0.21*

0.1 mmolI' CP 23 19 2 - - 1554029

wk

200 well-spread metaphases of each group were determined. *,”",""", statis-
tical significance (p<0.05, p<0.01 and p<0.001, respectively) — 4 test; ® — no
statistically significant data; CB, IB — chromatid, isochromatid breaks; CE,
IE - chromatid, isochromatid exchange; G — gaps not included in statistical
data.

Table 3. The frequency of chromatide-type aberrations detected by whole
chromosome painting probe for 24h

Dose Number of  Chromatid-type Acentric Chromatid
cells scored of aberrations  fragments exchanges
(%) (%)
Control (DMSO) 500 0.2+0.04 0.240.04 0.040.00
Benzene (umol.1™)
50 500 0.8+0.09* 0.8+0.09* 0.040.00
100 500 2240157 184013 0.6+0.08

500 well-spread metaphases of each concentration were determined. *,” —
statistical significance (p<0.05 and p<0.01, respectively) according to 7 test;
# — no statistically significant data (p>0.05).

Table 4. The frequency of SCEs in cultured bovine lymphocytes exposed to
benzene for 24 h without S9

Dose SCE/cell (+SD)
Treatment for 24 h
Control (DMSO) 6.61+1.57
Benzene (umol.I™)
5 6.56+1.35"
10 6.66+1.74"
50 6.96+2.18"
100 8264278
500 7.0442.32°
1000 6.87+1.97*
Positive control, 0.4 umol.I”" MMC 9.64+2.30™"

100 second-division metaphases of each group were analyzed for SCE, if it
was possible. " —statistically significant data (p<0.001, ANOVA, Student’s t
test); ® — no statistical significance.

In the CA assay with conventional Giemsa staining for 24
hours without S9 no dose-related effect was found. Chro-
matid breaks were the most frequent types of structural
aberration; no chromosomal rearrangements and dicentric
chromosomes were found. Although chromosomal aberra-
tions were slightly elevated in all the concentrations tested,
there was a significant difference in CA induction obtained
only after exposure to a dose of 100 umol.I™" (p<0.01, y* test)
in comparison with its concomitant control.

The clastogenic effect of benzene was achieved in the
cultures for 2 hours with S9. A significant increase of in-
duced chromosome damage was seen when exposure to
concentrations ranged from 50 to 500 pmoll' (p<0.03,
and 0.01, respectively, > test). Treatment with the later
dose caused elevation in the frequency of induced chroma-
tid breaks four-fold greater than those seen in the corre-
sponding controls. With respect to this dose, the highest
concentration (1000 yumol.I™") showed a decrease in the fre-
quency of chromosome breaks.
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The results of FISH technique using whole chromosome
painting probes are shown in Table 3. Only chromatide-type
aberrations, such as acentric fragments and chromatid ex-
changes were detected. No chromosome-type aberrations
were obtained. A significant increase in the frequency of
chromatide-type aberrations was observed after the expo-
sure to benzene at a concentration of 100 yumol.I™ in agree-
ment with findings described for conventional CA
technique (p<0.01, 7> test). Only weak clastogenic effect
(p<0.05) was determined for acentric fragments.

The ability of benzene to induce sister chromatid ex-
change frequencies is summarized in Table 4. In conformity
to the CA assay, a 24 hour exposure to benzene in the ab-
sence of S9 showed a statistically significant elevation in the
mean of SCEs at a concentration of 100 umol.I"! (p<0.001,
ANOVA and Student’s t test), but no dose relation effect
has been found.

Discussion

Benzene has been documented as inducing chromosome
damage in both human and animal somatic cells. Many cy-
togenetic investigations have dealt with the occupational
exposure of workers to low-level doses of benzene. Either
a significant increase in the frequency of chromosome aber-
rations or sister chromatid exchanges [27, 16, 5, 13, 35] or
slight or no differences between occupationally exposed
workers or control groups have been described [7, 32, 34].

Numerous in vivo cytogenetic studies have documented
that benzene exposure induces a dose and time-dependent
elevation of chromosome aberrations and SCEs in the bone
marrow of experimental animals [14, 12]. CHUNG et al [8]
and RESS et al [24] have reported a marked increase in MNi
induced by benzene metabolites in mice and human lym-
phocytes in vitro. FARRIS et al [11] have confirmed these in
vivo findings concerning the hematological consequences of
benzene inhalation in B6C3F1 mice exposed to 1, 5, 10, 100
and 200 ppm benzene for 6 hours a day, 5 days a week
(followed by two days without dosing) for 1, 2, 4 or 8 weeks
and the recovery group. The exposure of mice to 100 and
200 ppm benzene reduced the total bone marrow cells, pro-
genitor cells and most blood parameters. No significant ef-
fects on hematopoetic parameters were seen from an
exposure to 10 ppm or less.

It is assumed that the mechanisms by which benzene ex-
presses its genotoxic effects in the bone marrow has been
complicated by involving multiple metabolites. This is sup-
ported by evidence that benzene metabolites, such as phe-
nol, hydrochinone, catechol, results in cytotoxicity and
genotoxicity potential in the bone marrow of treated mice.
EASTMOND et al [9] supposed that increased chromosomal
breakage, occurring in euchromatin regions, might be due
to an inhibitory effect of benzene metabolites on enzymes

involved in DNA replication and repair. In human bone
marrow there was a derived leukemia cell line and in vivo
in the bone marrow of treated mice, it was shown that ben-
zene inhibits topoisomerase Il enzyme activity. Topoisome-
rase II enzymes are thought to play an important role during
replication, recombination, and DNA repair [3]. Interfer-
ence with normal topoisomerase II activity at critical stages
of the cell cycle can lead to chromosome breaks, induction
of aneuploidy or the death of cells [9].

The aim of the present study was to demonstrate the
cytogenetic effects of benzene in cultured bovine lympho-
cytes in vitro. Based upon our data chromosome aberrations
and sister chromatid exchanges for 24 hours, a significant
increase in induced chromosome damage (FISH and con-
ventional Giemsa staning) was found at 100 ymol.1"" of ben-
zene (p<0.01 and p<0.001, respectively). Both higher doses
tested (500 umol.1"" and 1000 umol.I'") have been shown to
cause a decrease in the frequency of the CA and SCE.

Our results correspond to those of MORIMOTO and
WOLFF [20] in human lymphocytes cultures. The authors
have reported that benzene does not induce either sister
chromatid exchanges or affect the cell cycle kinetics over
arange of doses. On the other hand, positive results in SCE
induction were obtained with benzene metabolites, e.g. ca-
techol and hydroquinone, indicating the need for metabolic
activation of benzene.

The lack of genotoxic activity has been indicated by ZAR-
ANI et al [33] in whole blood cultures that were treated with
several organic solvents, e.g. toluene, benzene and acetone
in vitro for 48 hours at the concentrations ranging from 0.1
to 5 mmol.I".

A dose-related response in CA induction was observed in
the bovine cultures after benzene administration for 2 hours
with metabolic activation. A positive clastogenic effect of
benzene was seen at concentrations ranging from 50 to 500
pmol.I". The highest dose (1000 umolL.I'') showed a decrease
in the CA frequency in comparison to the later active dose.

In contrast to conventional cytogenetic methods, FISH is
considered as a rapid and more sensitive technique to detect
the large spectra of chromosome aberrations. It allows re-
cognizing stable chromosome aberrations that could be
transmitted from one to the next cell generation [28].

The evaluation cytogenetic effects of benzene under used
experimental conditions in our study has a limitation. Con-
sidering that no dose dependence in the assays for 24 hours
without S9 was obtained, the statistically significant ele-
vations in the CA and SCE frequencies at a dose of 100
pmol.I" have no biological significance. A positive dose-
related effect seen in the CA assay for 2 hours confirmed
the effectiveness of modification in the benzene metabolic
activation. A decrease in CAs at the highest concentration
with S9 could be assumed to be the effect of the inhibition of
further metabolism of phenol [18].
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