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Abstract: Adverse effects associated with occupational exposure to benzene have often
been reported in humans. It has been shown, that benzene causes chromosomal
aberrations, sister chromatid exchanges and micronuclei in lymphocytes of exposed
workers. In addition to evidence by conventional cytogenetic methods, the genotoxic
effect of benzene has also been proved by a more specific approach based on
fluorescencen situ hybridization with DNA probes. In the present paper, the nature of
benzene-induced chromosomal aberrations and supposed consequence on human health
is reviewed. The new possibilities in chromosomal alterations identification by
molecular cytogenetic methods are also presented.
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INTRODUCTION exposure intensities that were considerably lower than
reported in previous studies.

Benzene is an important pollutant compound, present inBenzene has been also implicated as an environmental
both occupational and general environment. Chronitsk factor in leukaemia and other haematological diseases.
exposure to high concentrations of benzene in humansTise main sources of environmental exposure to benzene
associated with an increased incidence of myelodysplastie road traffic exhaust [7] and volatile organic compounds
syndrome (MDS) and acute myelogenous leukemia (AMLL]; this means urban air pollution in general [6, 44, 45,
[48, 43, 39]. 12]. Lifestyle factors, such as cigarette smoking, can

It is well known that individuals occupationally contribute to exposure [32, 29]. The soil obtained from oil
exposed to benzene are at a much higher risk of devefwoduction facilities and coastal refineries is also highly
ping leukaemia than the normal population. Thereforepntaminated by benzene [33, 16].
many studies have been focused on occupationallyBenzene exposure in humans and animals has been
benzene-exposed workers [53, 67, 58, 3, 26, 35, 56, Ehown to result in structural and numerical chromosomal
2]. Potential for workers exposure to benzene can laberrations in lymphocytes and bone marrow cells,
higher in certain industries, such as the plants for thedicating that benzene is genotoxic [52]. According to
production of organic chemicals, shoe factories anBinyderet al. [42], benzene and its metabolites do not
leather manufacturing [20, 55, 57], printing companiefinction well as mutagens but are highly clastogenic,
[51], elevator manufacturing [22], petrol stations [4] angiroducing chromosomal aberrations, sister chromatid
the petrochemical industry [46]. In a recent study, Glagxchanges and micronuclei. In several studies, increased
et al. [11] found in occupationally exposed persons fronevels of chromosomal aberrations in peripheral blood
the petroleum industry cohort an excess risk of leukaemnlimphocytes were correlated with a heightened risk of
associated with cumulative benzene exposures, and benzegiecer, especially haematological malignancies. Thus,
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chromosomal aberrations may be a predictor of futute addition, leukaemia-specific changes such as the loss
leukaemia risk [66]. and long (g) arm deletion of chromosomes 5 and 7 have
In the present review, the nature of benzene-induckgen found in the peripheral blood of otherwise healthy
chromosomal aberrations in humans is reported and née&nzene-exposed workers [64]. Snethal. [40] observed
trends in chromosomal alterations identification aréncreased translocations t(8;21) and hyperdiploidy in

briefly described. chromosomes 8 and 21. In the same year, Catak[5]
detected hyperploidy X and 18 in peripheral lymphocytes
THE NATURE OF BENZENE-INDUCED of gasoline station attendants. Zhaetgal. [65] detected
CHROMOSOMAL ABERRATIONS IN HUMANS trisomy of chromosomes 7 and 8 among workers exposed

to benzene. The study of Stillmaet al. [48] described
Several studies have suggested that induction fufr the first time that benzene metabolites catechol and
chromosomal aberrations may play a role in benzenelQ act in synergy to induce specific chromosome
induced carcinogenesis, and the aberrations detection nu}(5)(g31) found in secondary MDS/AML.
serve as a marker of benzene's early effects. ThereforeModest but significantly increased frequencies of
the nature of benzene-induced chromosomal aberratidmeakage affecting both chromosomes 1 and 9 were obser-
was predominantly investigated in workers occupationallyed by Marcoret al. [27] in the cultured lymphocytes of
exposed to benzene. Moreover, it has been wideenzene exposed workers. The incidence of dicentric
documented that benzene requires metabolic activatiohromosomes in the exposed group employed in the shoe
for its genotoxic effect. The requirement for metaboliindustry was significantly higher than in the control group
activation and the complexity of benzene’s metabolif20].
pathways must be taken into account, particularly in As far as sex chromosomes are concerned, the higher
relation toin vitro experiments. benzene concentration may induce an increase in
In general, the genetic alterations induced by benzemeeuploidy frequency of sperm sex chromosome in
mostly include aneuploidy, deletions and translocations. exposed workers [25]. In sperm of exposed employees,
Benzene and its metabolite 1, 2, 4-benzenetriol (BT) the increase in aneuploidy frequency of 9 and 18
known to cause cytogenetic changes in specific chromohromosomes have been proved, also [24]. The
somes, especially in the C-group chromosomes and theeXperiments of Liuet al. [26] revealed increases in
chromosome in humans [30, 31, 8]. According tdrequencies not only of numerical aberrations for
Sasiadek [36] the distribution of breakpoints in thehromosome 1 and 18, but also of structural aberrations
karyotypes of examined workers exposed to benzene was chromosome 1 of sperms in exposed workers.
significantly non-random and the breakpoints accumulatedChung and Kim [15] indicated that treatment with
mainly on chromosomes 2, 4 and 7. benzene metabolites resulted in the induction of
Aneuploidy induction by benzene and its metabolitesionosomy 5, 7, 8 and 21 in human lymphocytes in a
has been experimentally demonstrated hiothvivo in  concentration-dependent manner.
benzene-exposed workers and in experimémtitro. Chung et al. [14] found that the proportion of
The data of Cheret al. [13] demonstrated that both micronuclei (MN) exhibiting centromeric signals for
aneuploidy and chromosomal breakage are early genotoglwromosome 8 was higher than that for chromosome 7
events induced by benzene or its metabolitegivo and among the total induced micronuclei (MN) in BT-treated
that the nature of chromosomal alternations might vatymphocytes, suggesting that chromosome 8 is more
depending on the target organ or cell type. Trisomiyequently involved in the formation of MN. This result is
accounted for the majority of the hyperdiploidy inducedonsistent with observation that benzene cause non-
by BT in vitro in the C-group chromosomes 7 and 9 [61]random chromosome aberrations in C-group chromosomes.
Trisomy 9 was also the major form of benzene-inducedeveral investigators reported in previous works aneuploidy
hyperdiploidy in blood cells of nondiseased workersf some C-group chromosomes induced by benzene and
exposed to benzene [62]. As described Eastraindl. its metabolites [8, 62, 63, 64, 65]. Among C-group
[9], the benzene metabolite hydroquinone (HQ) maghromosomes, numerical changes in chromosomes 7, 8, 9
contribute significantly to the numerical and structuralvere commonly studied due their possible association
aberrations observed in benzene exposed workers. Latgth haematological disorders including leukaemia.
in vitro studies of Stillmaret al. [47] documented that Recently, the use of fluorescentsitu hybridization has
HQ induces specific chromosome loss (monosomy 5, also revealed that industrial benzene exposure can induce
and 8) in the human lymphoblast cell line. The sama&neuploidy of specific chromosomes (7, 8, 9) in the cells
author also concluded that CD34+ bone marrow cells aoé exposed subjects [12]. Trisomy 7 and 9 were induced
more susceptible to HQ and show different pattern afi the human promyelocytic cell line, HL-60, when
cytogenetic aberrations compared to lymphocytes [49]. exposedin vitro to BT, but relative sensitivity of these
Monosomy of chromosomes 5 and 7 and long archromosomes to aneuploidy induction was not compared
deletions del5(q) and del7(q) was found in humaf6l]. The reason for the selective sensitivity of specific
lymphocytes treated with benzene metabolites 1, 2, dhromosomes to benzene is still unclear. One possible
benzenetriol (BT) and hydroquinone (H®) vitro [63].  explanation for the preferential effect of benzene metabolite
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on specific chromosomes may be suggested by the fégiemsa staining, banding techniques and fluorescence
that only cells with non-lethal chromosome aberratiositu hybridisation (FISH) with chromosome painting [37].
could survive to be detected. The elimination of telomere The analysis of Giemsa-stained chromosomes is limited
on particular chromosome has been reported to lead ttothe quantification of chromosome aberrations (breaks,
selective chromosome gain and loss [65]. If aberration gaps). The technique of G-banded chromosomes is more
C-group chromosomes, especially chromosome 8, iaformative and allows finding the preferential breakage
telomere locus may not be lethal enough, then cells witfites in the chromosomes. Fluoresdarsitu hybridization
aberration in these chromosomes will be detected madfelSH) is the molecular cytogenetic method, using
selectively. typically 3 different kinds of DNA probes which recognize

According to the analysis of Marcoet al. [28], a repetitive DNA sequencies (satellite, telomeric), single
significant association between cytogenetic findings armbpy DNA sequences as well as unique sequences
intensity of benzene exposure suggests that sigrsgdanning the length of a particular chromosome.
displacement in 1cen-1g12 regions of human chromosomeDNA probes complementary to the whole sequences of
1 may be a marker of chemical exposure. The recent waakspecific chromosome are called whole chromosome
of Kim et al. [21] has shown that low-level benzenepaints (WCP) or chromosome specific probes. Aberration
exposure was associated with significant increases in batetection is based upon visualising colour changes in
monosomy and trisomy of chromosomes 8 and 2ietaphase chromosomes, in comparison to classical
Translocations between chromosomes 8 and 21- t(8;21nethods, which involve detection of aberrations by
were 8 fold more frequent in the high-level exposurbanding or alterations in chromosome length [54]. At
group compared to the control group. metaphase, both chromosome homologues are “painted”

Zhang et al. [66] declared that in leukaemia case®r brightly fluorescent. Chromosome painting offers a
associated with benzene exposure, there is no evidenceeW suitable method to study radiation and chemically
a unique pattern of benzene-induced chromosomiaduced chromosomal aberrations. It is particularly useful
aberrations in humans. On the contrary, Séeal. [38] for detecting stable aberrations (especially translocations
concluded that exposure to benzene may be the causedod inzertions), which are difficult to quantify with
Chinese myelodysplastic syndrome and acute myeloddhssical methods. Stable aberrations are a subset of
leukaemia patients with t(1;7) translocation. chromosome aberrations, which, by their nature, are

The findings of Lebaillyet al. [23] suggest that AML compatible with cell division and, as such, can be
cases with defined chromosomal abnormalities could hWeansmitted from one cell generation to the next and
related to specific carcinogen exposures. Smoking aegentually become the hallmark of a clone with its own
genetic polymorphism in microsomal epoxide hydrolasspecific karyotype [50].
gene could be risk factors for AML with del(7q) or FISH with probes targeting centromeric or pericentro-
t(8;21). Polymorphisms in the genes for benzenmeric satellite sequences is being increasingly used to
metabolising enzymes influence the susceptibility ofletect numerical chromosome aberrations induced by
individuals to chromosomal aberrations in relation tehemical and physical agerits vitro andin vivo. It has
benzene exposure [21]. The specific chromosombaken recently shown that centromeric heterochromatin of
changes found in acute myeloid leukaemia might serve lasman chromosome 1 (1 cen-1g12 region) is one of the
useful biomarkers of early effect in chemoteraphy anidhportant regions prone to breakage. Two different
benzene induced causal models [41]. chromosome 1- specific DNA probes were used in the

DNA-reactive benzene metabolites forming adducts atudy of Rupaet al. [34]: a classical-satellite probe
cross-links oxidative DNA damage clastogenesis due specific for the pericentric heterochromatin of chromosome
topoisomerase |l inhibition and aneugenesis due tband alpha-satellite probe, specific for a small centromeric
damage to components of the mitotic apparatus areregion adjacent to the pericentric heterochromatin region.
specific mechanisms most frequently used to explaldsing these different labelled probes, hyperdiploidy of
benzene genotoxicity [59]. Studies of the chromosomahromosome 1 could be successfully distinguished from
translocations found in BZ-exposed persons angreakage within the heterochromatic region, or between
secondary human leukaemia produced by topoisomeradbe two-labelled regions. Small increases in hyperdiploidy
Il inhibitors provide some additional support for thisand in chromosomal breakage in 1lcen-1ql12 and 9cen-
mechanism being potentially operative in BZ-induce®ql2 regions were detected in Estonian benzene factory
leukaemia [60]. workers compared with control; the frequency of breakage

in the 9cen-9g12n region was higher then that observed in

CHROMOSOMAL ABERRATION ANALYSIS BY the 1cen-1g12 region [10]. Centromeric DNA probes have

MOLECULAR CYTOGENETIC METHODS been also shown to be a valuable tool for the identification
of aneuploidy occurring in interphase nuclei.

Tests for chromosomal aberrations (CA) are usually A novel chromosome banding technique - spectral
included in cytogenetic assays to determine the clastogen@our banding (SCAN) - has been developed recently
properties of xenobiotics. There are 3 main methods [8]. This technique is based on spectral karyotyping
chromosome visualisation applied in CA analysis(SKY) combined with simultaneous hybridisation of
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labelled chromosome band-specific painting probes. SCAN8. Crane MM, Keating MJ, Trujillo JM, Labarthe DR, Frankowski

e o ; s : : Environmental exposures in cytogenetically defined subsets of acute
analysis simultaneously identifies the origin of chromosonf&d nlymphocytic leukaemial Am Med ASsoE989 262, 634-639.

bands_ by a Unique speqtrum for_ each band. SCAT\?Q. Eastmond DA, Rupa DS, Hasegawa LS: Detection of hyperdiploidy
analysis can identify a particular region of a chromosomsd chromosome breakage in interphase human lymphocytes following

such as a translocated or deleted region, so that it caneieosure to the benzene metabolite hydroquinone using multicolour

directly assigned to the Corresponding band number in ?{orescencdn situ hybridization with DNA probesMutat Res1994,

. . . . 22, 9-20.
banding. SCAN is Use_fUI for full CharaCte_”Zat!O_n Ol 10. Eastmond DA, Schuler M, Franz Ch, Chen H, Parks R, Wang L,
chromosomal abnormality that could not be identified byasegawa L: Characterization and mechanisms of chromosomal
G-banding or SKY analysis. This technique can therefogéerations induced by benzene in mice and hunies.Rep Health Eff

t2001,103, 1-68; discussion 69-80.
be EXpeCted to become a powerful tool - for Can(:ér}sll. Glass DC, Gray CN, Jolley DJ, Gibbons C, Sim MR, Frotschi L,

cytogenetic research [19]. Adams GG, Bisby JA, Manuell R: Leukemia risk associated with low-
level benzene exposurepidemiology2003,14, 569-577.
CONCLUSIONS 12.Hrelia P, Maffei F, Angelini S, Forti GC: A molecular

epidemiological approach to health risk assessment of urban air
. . . . g?llution.ToxicoI Lett2004,149, 261-267.
Since benzene is a relatively common environmental';3 chen H, Rupa DS, Tomar R, Eastmond DA: Chromosomal loss
and occupational contaminant, genotoxic effect on humand breakage in mouse bone marrow and spleen cells exposed to
health status is still a matter of interest. The frequenciésnzenen vivo. J Cancer Re4994,54, 3533-3539.

of chromosomal aberrations as well as micronuclei can pet# Chung HW, Kang SJ, Kim SY: A combination of the
icronucleus assay and a FISH technique for evaluation of the

used as biomarkers of effects. It seems almost certain thatoroxicity of 1,2,4-benzenetridflutat Re2002,516, 49-56.
chromosome-specific aneuploidy and translocation play 15.Chung HW, Kim SY: Detection of chromosome specific aneusomy

key roles in the development and progression of leukaengizd translocation lr)]ybbednzene metﬁbolites in k?umfan I)émphocytes using
; 1nf#]_orescencein situ hybridization with DNA probes for chromosome 5,

as ”.1. many Ot.her c.ance.rs. Theref_o_rg, chromoso , 8 and 21J Toxicol Environ Healtt2002, Part AB5, 365-372.

specific aneuploidy with h|gher sensitivity to ben_zer.]e 16. Iturbe R, Flores RM, Flores CR, Torres LG: TPH-contaminated

exposure would be a useful biomarker for leukaemia riskexican refinery soil: health risk assessment and the first year of

of benzene. changesEnviron Monit Asses8004,91, 237-255.

; : e ; 17.Ji Z, Li G, Li L, Gao Y: Chromosome aberration analysis of
More precise identification of the metabolites anderiloheral lymphocytes in workers exposed to benzéfe Sheng Yan

metabolic pathways contributing to benzene’s genotoxlf, 2004 33 269-272.
effects, as well as the specific chromosomes andi8.Kakazu N, Ashihara E, Hada S, Ueda T, Sasaki H, Terada M, See
chromosome regions involved in the observed alternatiorig): Development of spectral colour banding in cytogenetic analysis.

; : _4Lgncet2001,357, 529-530.
should be continuously important areas for present dé?lQ.Kakazu N. BarAm I, Hada S, Ago H, Abe T: A new

and future research. chromosome banding technique, spectral colour banding (SCAN) for
full characterization of chromosomal abnormalit€gnes Chromosomes
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