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ABSTRACT

Benzene is an established human leukemogen. Workers occupational!)
exposed to benzene exhibit increased frequencies of both structural and
numerical chromosomal aberrations in their peripheral blood lympho
cytes. The metabolite(s) responsible for these chromosomal aberrations
has not yet been identified. Using a modified micronucleus assay, we
have examined the ability of the metabolites of benzene to induce chro
mosomal damage in human lymphocytes. An antikinetochore antibody
was used to distinguish micronuclei that have a high probability of
containing a whole chromosome (kinetochore positive) from those con
taining acentric fragments (kinetochore negative). In vitro treatments
with the benzene metabolites hydroquinone, 1,4-benzoquinone, phenol,
and catechol resulted in significant increases in micronuclei formation.
Phenol, catechol, and 1,4-benzoquinone treatments resulted in moderate
(2- to 5-fold) increases in micronuclei, whereas hydroquinone treatments
resulted in a larger (11-fold) increase in micronuclei. Significant dose-
related increases in kinetochore-positive micronucleated cells were not
observed following 1,4-benzoquinone treatment but were observed follow
ing treatment with phenol, catechol, and hydroquinone. The higher effi
cacy of hydroquinone in inducing both total micronuclei and kinetochore-
positive micronucleated cells when compared with catechol, phenol, and
1,4-benzoquinone suggests that hydroquinone is a major contributor to
the clastogenicity and aneuploidy observed in the lymphocytes of benzene-
exposed workers. Other metabolites may also contribute, however, to the
genotoxic effects of benzene. Since consistent chromosomal aberrations
are often observed in human leukemias, the ability of the phenolic
metabolites of benzene to induce chromosomal damage in human cells
also implicates them in benzene-induced leukemia.

INTRODUCTION

Occupational exposure to benzene has been associated with
aplastic anemia, leukemia, and other related blood disorders (1,
2). Benzene itself is unlikely to be the actual toxicant but rather
is converted to bioactive metabolites which cause toxicity to the
bone marrow (3, 4). Recent studies from our laboratory (5, 6)
have shown that myelotoxicity similar to that observed follow
ing exposure to benzene can be produced by the coadministra-
tion of PH3 and HQ and have implicated BQ as the actual

toxicant. These results have added considerable support to the
research of previous investigators which has implicated the
phenolic and quinonoid metabolites of benzene as the metabo
lites that are most likely responsible for toxicity (7-10).

Due to the close association between myelotoxicity and the
subsequent development of leukemia (11-13), it is possible that
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the same metabolites that are responsible for myelotoxicity are
also responsible for leukemogenesis. The fundamental mecha
nisms underlying benzene-induced leukemia are still unknown.
However, extensive in vitro genotoxicity testing has indicated
that benzene is weakly mutagenic or nonmutagenic in standard
mutation assays but does cause chromosomal aberrations (2,
14, 15). In addition, benzene has been reported to interfere with
normal mitosis and to result in aneuploid daughter cells. In
vivo genotoxicity studies have also demonstrated that benzene
causes chromosomal damage that results in dramatic increases
in structural chromosomal aberrations and micronucleated
erythrocytes (2, 14, 15).

Cytogenetic studies in benzene-exposed workers have re

ported a similar profile of genotoxicity. Increased frequencies
of structural chromosomal aberrations in the lymphocytes of
benzene-exposed workers have been reported by numerous in
vestigators (16, 17). Elevated frequencies of aneuploid cells
have also been observed in the lymphocytes of workers with
occupational exposure to benzene (18-20). Based on these
observations, we decided to investigate the ability of the prin
cipal phenolic and quinonoid metabolites of benzene to induce
structural and numerical chromosomal aberrations by utilizing
a cytokinesis-block micronucleus assay in treated human pe
ripheral lymphocytes (21). This method utilizes addition of
cytochalasin B to cultures in order to block cells in cytokinesis.
Such treatment results in multinucleate cell formation. Only
binucleated interphase cells (or those that have undergone one
mitosis) are identified and scored for the presence of micronu
clei. This method has been shown to increase the ability to
detect significant increases in the induction of micronuclei (22).
Since micronuclei can be formed from entire chromosomes
and/or chromosome fragments, the induction of micronuclei in
lymphocytes by the metabolites of benzene provides a measure
of genotoxicity which may be similar to that seen in vivo. In
addition, we have used an antikinetochore antibody technique
(23) to distinguish micronuclei that have a high probability of
containing entire chromosomes from micronuclei containing
only chromosome fragments in order to identify the relative
potential for induction of aneuploidy and clastogenicity of the
various metabolites.

MATERIALS AND METHODS

Culture and Treatment Conditions. Heparinized whole blood (35-70
ml) samples were drawn by venipuncture from the same healthy adult
male for all experiments to eliminate donor-to-donor variability. Lym
phocytes were isolated on Ficoll-Paque (Pharmacia, Piscataway, NJ)
density gradients and were cultured at 37Â°Cfor 72 h in a 5% CO2
atmosphere at an initial density of 0.5 x IO6cells/ml. Culture medium
consisted of RPMI 1640 supplemented with 2 HIML-glutamine, 100
units/ml penicillin, 100 Mg/ml streptomycin (all from Gibco, Grand
Island, NY), 10% fetal bovine serum (HyClone, Logan, UT), and 1.5%
phytohemagglutinin (HA 15, Burroughs-Wellcome, Greenville, NC).
Cytochalasin B (Sigma, St. Louis, MO) (3 Mg/ml final concentration)
was added at 44 h incubation and cells were harvested onto slides at 72
h as previously described (22).

For treatments, chemicals were solubilized in phosphate-buffered
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saline and added in a total volume of IS Â¿/Imiof culture at 24 h after
culture initiation; cells were harvested at 72 h. In experiments utilizing
BQ, cells were washed at 41-43 h (late G2, early M,) and pulse treated
for 10-30 min with appropriate concentrations of BQ in phosphate-
buffered saline. This was necessary to prevent the reaction of BQ with
proteins and sulfhydryl-containing compounds in the media. Cells were

then resuspended in complete medium and cultured until harvest at 72
h. BQ stock solutions were prepared in DMSO (final concentration of
DMSO in culture was 0.25%). Treatment with colchicine, a positive
control, was performed from 24-44 h. Cells were then washed to release
from block and were resuspended in complete medium for the remain
der of the culture period.

Chemicals. Phenol (99+%), catechol (99+%), hydroquinone (99+%),
and 1,4-benzoquinone (98+%), were purchased from Aldrich, Milwau
kee, Wl. Colchicine (96%) was purchased from Sigma. DMSO (reagent
grade) was purchased from J. T. Baker, Phillipsburg, NJ.

Standard Micronucleus Assay. For micronucleus analysis, slides were
fixed immediately in absolute methanol, dried, and stained with May-
Grunewald Giemsa according to the method of Fenech and Morley
(21). Slides were randomized and coded; a minimum of 1000 binu-
cleated cells per point were scored when possible (500/duplicate culture)
for micronuclei; 400 cells/point were scored (200/duplicate) for repli
cative indices according to established criteria (22). Cell viability was
determined at harvest on all cultures by trypan blue dye exclusion.

Antikinetochore Assay. Detailed procedures for performing the an-
tikinetochore assay have been described previously (23). Briefly, follow
ing fixation of cells in methanol, an antikinetochore antibody is applied
in 0.1% Tween 20. A fluoresceinated rabbit anti-human antibody is
then applied, and the nucleus is stained with DAPI. Slides are scored
for micronuclei by using simultaneous phase contrast and DAPI fluo
rescence. After a micronucleated cell is located, the presence of a
kinetochore in the micronucleus is determined by using fluorescein
filter settings. This analysis was performed in parallel with the standard
micronucleus assay described above; the number of micronucleated
cells and those containing kinetochores were scored in 1000 binucleated
cells/point.

Statistical Analyses. In order to examine the dose-response relation
ships, a trend test based on binomial data utilizing a 2 x K contingency
table (24), was performed on the total number of micronucleated cells
and on the kinetochore-positive micronucleated cells for each of the
tested metabolites. Further statistical analyses to compare each of the
treatments with the controls were performed, using a 1-tailed Fisher
exact test. Due to the large number of comparisons performed, Bonfer-
roni's correction for multiple comparisons was used to confine the

overall probability of Type I error for each chemical to 0.05. Statistical
analyses for kinetochore-positive micronucleated cells were performed
only for treatments in which a statistically significant increase in
micronucleated cells was observed. Analysis of variance showed that
control values did not differ significantly from experiment to experi
ment, therefore data for the various experiments were pooled for
statistical analysis. The distribution of micronuclei per binucleated cell
was compared with expected values based on a Poisson distribution
using a x2 goodness of fit analysis.

RESULTS

All of the tested benzene metabolites induced significant
dose-related increases in micronuclei in cultured human lym
phocytes. A summary of the micronuclei data pooled from both
the standard and the antikinetochore-modified micronucleus
assays for the various benzene metabolites is shown in Table 1.
The spindle disrupting agent colchicine was used as a positive
control.

BQ treatment resulted in a weak (approximately 2-fold), but
statistically significant, increase in micronuclei at 2.5 and 5 P.M
(Table 1). A weak dose response was also observed over this
concentration range. Increased frequencies of micronuclei were
not observed at higher concentrations of BQ (10 to 80 pM),
although high toxicity did not permit the analysis of a large

number of cells. Acutely toxic effects were observed at concen
trations as low as 1.25 /Â¿M(Table 2), and these did not seem to
correlate with the increase in micronuclei. Interestingly, cells
that survived BQ exposure for 72 h showed essentially no
decrease in replicative index (Table 2), indicating that cell death
occurred early in the culture period.

The treatment of lymphocytes with PH resulted in a signifi
cant dose-related increase in micronuclei at concentrations
ranging from 250 to 750 pM (Table 1). An approximately 3- to
4-fold increase in micronuclei was observed at 750 /Â¿Mor greater
concentrations. Cell proliferation, as estimated by the replica
tive index, and cell killing, as estimated by percentage of cells
viable at harvest, were not greatly affected over the concentra
tion range tested (Table 2).

All tested concentrations of CT showed an increase in mi
cronuclei (Table 1). Although minor 2- to 3-fold increases in
micronuclei were observed at CT concentrations up to 100 MM,
a large increase (4- to 5-fold) in micronuclei was observed at
200 /Â¿M.This increase in micronuclei formation was accom
panied by decreases in cell viability and in the replicative index
(Table 2).

Overall, HQ was the most effective inducer of micronuclei
with an 11-fold increase at 125 UM and a clear dose response
from 25 to 125 /Â¿M(Table 1). The dose-related increase in
micronuclei formation was paralleled by a striking reduction in
the replicative index and cell viability (Table 2; Fig. 1).

The distribution of micronuclei per binucleated cell for each
agent and dose is shown in Table 1. Twenty-nine of the 36
distributions differed significantly from the Poisson due to an
excess of cells with multiple micronuclei. This excess indicates
that the number of micronuclei per cell is not random; i.e., a
cell with one micronucleus is more likely to contain additional
micronuclei.

A modified micronucleus assay using an antikinetochore
antibody was used to distinguish micronucleated cells in which
the micronucleus contains a kinetochore, and therefore prob
ably an entire chromosome (kinetochore positive), from those
in which the micronucleus contains a chromosomal fragment
(kinetochore negative). A photograph of a micronucleated cy
tokinesis-blocked lymphocyte is shown in Fig. 2. Fig. 2A shows
an HQ-treated binucleated lymphocyte containing a micronu
cleus by using the phase/DAPI filter setting. The same cell is
shown in Fig. 2B, using a fluorescein filter setting. Numerous
kinetochores are visible in the main nuclei and 3 kinetochores
are visible in the micronucleus. This kinetochore-positive mi
cronucleated cell represents a cell with a high potential for
aneuploidy if cytokinesis had been allowed to occur. The induc
tion of kinetochore-positive and -negative micronucleated cells
following treatment with the benzene metabolites is shown in
Table 3. The assay assesses the number of micronucleated cells
rather than total number of micronuclei per cell, since the
induction of only one kinetochore-positive micronucleus results
in a cell with an increased potential for aneuploidy (23).

Statistically significant increases in micronucleated cells were
observed for the three phenolic metabolites, PH, CT, and HQ
(Table 3). A significant increase was not observed for BQ,
however, probably due to toxicity and the resulting reduction
in sample size. Significant dose-related increases in kineto
chore-positive micronucleated cells were also observed for HQ,
PH, and CT, suggesting that each of these chemicals are likely
aneuploidy-inducing agents in human lymphocytes.

DISCUSSION

The observation of chromosomal aberrations in benzene-
exposed workers, combined with the apparent lack of mutagen-
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Table 1 Induction and distribution of micronuclei in cytokinesis-blocked human lymphocytes following treatment with benzene metabolites

ChemicalControlsPBSDMSO

(0.25%)Colchicine"l,4-BenzoquinonecPhenol'CatecholcHydroquinonefConcentration

(MM)0.0250.050''0.075rfOJOO'0.250.631.252.50'3.755"1050250''500'750"1,000''2.000''5.000''0.5"5.0"50"100''200J2502.06.01215255075"100''125*150*TotalMM"4564106110617756221472879715251624182216141415162843115211142118123108Total
M N

cells375053950SI46188312603142315191620161212141625431141710378810075Total

BN
cells

scored7.8008,0001.0001,0001,0001,2411,0002,0004,00010,7352.0006.000591'2.0002.000.000,000.000.000.000.000,000,000,000.000290^1.0001.0001.0001.0002.0001.0002.0002,2442,0001,778Standardized

per
1000BNMN6810611061435361414131281316241822161414151628143115111121536261MN

cells565395065435861057121519162016121214162514311491019395042No.1334332528413616679481132114161518161010131623431131493371SX57of

cells with indicated no. of
micronuclei2141991610160911212020221010000121310613321032110001010000010000001000001014334110165001210100010000000000000000220>5011158000722000000000000000000000112

* MN, total number of micronuclei observed in binucleated cells; MN cells, total number of micronucleated cells observed; BN, number of binucleated cells; PBS,
phosphate-buffered saline.

* Positive control.
c Slope of the dose response for the number of micronucleated cells induced by treatment was significantly different from expected using a trend test based on

binomial data. \* P values were all Â«0.001.
a Significantly different from control using a 1-tailed Fisher exact test. Critical P values for each chemical were determined by using Bonferroni's correction for

multiple comparisons and were as follows: colchicine, 0.013; 1,4-benzoquinonc, 0.0071 ; phenol. 0.0071 ; catechol, 0.0083; hydroquinone. 0.0046.
' Only 591 cells scored due to toxicity.
^Only 290 cells scored due to toxicity.

icity of benzene, indicates that these aberrations may be impor
tant in benzene-induced leukemia. The micronucleus assay is a
simple and rapid technique which permits the identification of
agents which cause both structural and numerical aberrations.
We have, therefore, used this approach in order to study the
potential role of various benzene metabolites in benzene-in
duced leukemia.

The use of the cytokinesis-blocked micronucleus assay and
the antikinetochore modification of this assay indicated that all
of the tested phenolic and quinonoid metabolites of benzene
were genotoxic. BQ, PH, and CT treatments resulted in minor
to moderate (approximately 2- to 5-fold) increases in micro-
nuclei, whereas HQ treatments resulted in a larger (11-fold)
increase in micronuclei. Significant dose-related increases in
kinetochore-positive micronucleated cells were not observed for
BQ. The dose-related increases observed with PH and CT were
relatively minor and were largely due to the increases observed
at the 5000 ÃŸMconcentration of PH and the 200 Â¿IMconcentra
tion of CT, respectively. The treatment of cells with HQ re
sulted in significant increases in kinetochore-positive cells at
75 ÃŸMor greater concentrations.

The higher potency of HQ in inducing both total micronuclei

and kinetochore-positive micronucleated cells when compared
with CT and PH suggests that HQ may be the most genotoxic
of these phenolic metabolites in vitro. It is, therefore, likely to
be a major contributor to the clastogenicity and aneuploidy
observed in the lymphocytes of benzene-exposed workers. CT
and PH, however, could also conceivably contribute to the
structural and numerical aberrations seen in those workers.

The nature of the actual chemical species involved in the
induction of micronuclei by HQ is uncertain. It seems likely
that these effects are mediated by its oxidation products, the
1,4-benzosemiquinone radical and/or 1,4-BQ. Extensive efforts
on our part, however, failed to demonstrate qualitatively large
(greater than 2-fold) increases in micronuclei in human lym
phocytes following BQ exposure. Experiments utilizing dose
fractionation treatment protocols aimed at delivering this
highly reactive and toxic compound to the cells over a longer
period of time were also unsuccessful. Attempts to treat the
cells with BQ at different stages of the cell cycle also failed to
yield a higher induction of micronuclei formation. Although
these experiments appear to indicate that either HQ itself or
the semiquinone radical rather than BQ was actually responsi
ble for the genotoxicity of HQ, the intracellular conversion of
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Table 2 Effect of in vitro treatment with phenolic and quinonoid metabolites of benzene on cell cycle kinetics and cell viability

ConcentrationChemical
U/M! %mononuclear"ControlsPBSDMSO

(0.25%)Colchicine*

0.0250.0500.0750.1001,4-Benzoquinone

0.631.252.53.7551020406080Phenol

50250500750100020005000Catechol

0.5550100200250Hydroquinone

261215255075100125150"

Percentage of cells containing 1. 2, and 3 or morenuclei*
Rl, replicative index:(%

of mononucleated191928557682263434242526161715222323282338308223233668908911272920456040616891%

binuclear"%58566140221559515448555262626656496163685466185355613210116566666153395434318>binuclear"2325115231515122820222221192228169984024233000247519216511RlÂ»2.042.06.83.50.26.21.90.81.782.05.96.962.062.042.032.002.051.931.811.861.701.741.182.022.001.681.321.101.112.14.79.76.45.57.431.661.431.331.10%
ofviablecells'918880687464865648463036343227219897959889877495969185666189948894763568595442;

400 cells were scored for eachconcentration.cells)

+ (2 x %of binucleated cells) + (3 x %of > binucleatedcells)

100

c Viability was determined at harvest (72 h) by scoring 200 cells/poinl for trypan blue dye exclusion.
* Positive control.

HQ to BQ may be critical. Due to its high reactivity, the
extracellular addition of BQ may deplete reduced glutathione
and critical membrane thiols, resulting in toxicity without
reaching the DNA and exerting a genotoxic effect. HQ, on the
other hand, could enter cells and generate BQ or the semiqui-
none radical close to target sites within the cells. Recent studies
in our laboratory with ascorbic acid support this notion, since
inclusion of this reducing agent in the incubation medium
inhibits both the genotoxic and toxic effects of hydroquinone.
This indicates that an oxidation product of HQ is most likely
responsible for both toxicity and genotoxicity.4

The cytotoxic effects of BQ were observed at considerably
lower concentrations (1.25 /Â¿M)than that seen with PH, CT, or
HQ. Further, the measures of toxicity and replication reported
in this paper are likely to underestimate the actual toxicity
occurring in culture since only cells with relatively intact cell
membranes or nuclei at 72 h can be detected by the trypan blue
exclusion assay. At high concentrations of the tested agents,

100

* M. Robertson and M. T. Smith, unpublished results.

25 SO 75 100 125

HQ Concentration (p.M)

150

Fig. 1. Total number of micronuclei per 1000 binucleated cells (â€¢).percentage
of cells viable at 72 h harvest (D), and percentage of cells that are binucleated (A)
after treatment with 25 to 150 pM HQ.
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Fig. 2. !. a hydroquinone-treated binucleated lymphocyte containing a micronucleus. using the phase/DAPI filter setting so that the cell membrane and nuclei can
be seen. B, the same cell, using the fluorescein filter setting. Numerous kinetochores are visible in the main nuclei and 3 kinetochores are visible in the micronucleus.

cells which had apparently died early in cell culture were ob
served in the micronucleus slide preparations, but were probably
lost to assay by the trypan blue exclusion technique at 72 h.
Interestingly with BQ and HQ treatments, these cells with small
condensed nuclei exhibited a bright yellow fluorescence when
excited with blue light (Fig. 2B). This suggests that a DNA or
protein adduci with BQ may act as a fluorochrome. Previous
cytogenetic studies with human lymphocytes (25) have reported
significant toxicity only after relatively high concentrations
(300 fi\t) of BQ were reached. The difference in effective
concentration between their study and our own is probably
related to the composition of the media in which the cells were
treated. Erexson et al. (25) treated their cells with BQ in
complete medium, whereas in our experiments the lymphocytes
were washed and resuspended in phosphate-buffered saline
prior to BQ exposure. Since BQ is likely to bind to proteins or
to be reduced or conjugated by thiols (26), considerably more
BQ would need to be added in complete medium in order to
reach an effective concentration. During preliminary experi
ments with BQ in our laboratory, the treatment of lymphocytes
in complete medium produced variable results and much higher
concentrations of BQ were required.

Recently, a number of genotoxicity studies demonstrating
the induction of aberrations or micronuclei by the various
metabolites of benzene have been reported (27-30). Generally,
the results of these studies are in agreement with our findings
that HQ is a potent inducer of micronuclei formation. Using a
single p.o. dose of PH, CT, and HQ, Gad-El Karim et al. (27)
reported that only HQ administration induced a significant
increase in micronuclei in the polychromatic erythrocytes of
treated mice. Similar results were reproted by Cirrani et al.
(29), in that, of a variety of benzene metabolites tested for
inducing micronuclei in the bone marrow of pregnant mice and
in the liver of the fetuses, HQ was the most potent inducer of
micronuclei in the fetal liver. HQ also showed modest increases
in micronuclei in the bone marrow. All other metabolites
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showed modest or negative genotoxic effects. Shimada et al.
(28) reported that, in addition to HQ, PH was able to induce
micronuclei in mouse bone marrow polychromatic erythrocytes
in vivo. They also reported that HQ, PH, and CT were positive
for inducing structural chromosomal aberrations in Chinese
hamster ovary cells. BQ was inactive in both assays.

Crebelli et al. (30) reported that HQ was a potent inducer of
mitotic segregants in Aspergillus nidulans. Positive effects were
also observed at higher concentrations for CT and PH. The
authors concluded that structural chromosomal aberrations
were the primary effects caused by these phenolic metabolites
and that the numerical abnormalities were secondary effects
which appeared as a consequence of structural chromosomal
damages. In contrast, our data in human cells indicate that HQ-
induced numerical aberrations are a primary effect occurring
concurrently with structural aberrations at relatively low con
centrations of HQ.

The mechanism by which benzene and its metabolites cause
aneuploidy is likely to be through interference with normal
spindle formation and function. The potent inhibition of micro-
tubule assembly and lymphocyte function by BQ and HQ me
tabolites has previously been demonstrated (9, 31). The mech
anism by which HQ induces structural chromosomal aberra
tions is not as apparent, however, but may be related to its
ability to produce oxygen radicals (8, 32) or through covalent
binding to DNA and adduci formation. Clastogenicity could
also result, however, from inhibilion of DNA and RNA poly-
merases (33, 34) or other enzymes involved in DNA replication
or transcription such as ligases or topoisomerases.

The observation thai the metabolites of benzene are able to
induce both structural and numerical aberrations provides in
sights into potential mechanisms underlying benzene-induced
leukemia. A growing body of molecular and cytogenetic evi
dence indicates thai chromosomal aberrations play an impor-
lanl role in the neoplastic development of certain tumors (35-
37). The recent chromosomal localizalion of various oncogenes.
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Table 3 Induction of kinetochore-positive and -negative micronucleated
lymphocytes following in vitro treatment with benzene metabolites

Micronucleated
cells Micronucleicens

Concentration Total cells .
ChemicalControlsPBSDMSO

(0.25%)1.4-BenzoquinonePhenolCatecho/Hydroquinone'(UM)2.55.0502505007501000200050000.55.05010020025075100125150scored3000200025002000100010001000100010001000100010001000100010001000290*100010001000776'Total'16152625101415Â»19Â«16Â»20Â»16Â»121214Â»16Â»25Â»421*43Â»61*39*,

+Â»8911983677S14*548711Â«315*22*21*17'-cr*Total'+ -?76101329799142786914151739910430223010000000141131921313310151624182216141415162842354765610111198361197146587143162687122121089914289791416182748182310730224010000000110115

" Number of micronucleated cells. These data are a subset of the data presented

in Table 1.
* t, number of micronucleated cells or micronuclei containing at least one

kinetochore-positive micronucleus.
c -, number of micronucleated cells or micronuclei lacking a kinetochore-

positive micronucleus.
* ?, number of micronucleated cells or micronuclei that were unscorable for

kinetochores.
' Number of micronuclei in binucleated cells. These data are a subset of the

data presented in Table 1.
^Slope of the dose response for the number of kinetochore-positive micronu

cleated cells induced by treatment was significantly different from expected, usinga trend test based on binomial data. \:</' values were as follows: phenol, 0.0065;

catechol, 0.0419; hydroquinone. Â«0.001.
' Significantly different from control, using a 1-tailed Fisher exact test. Critical

P values for each chemical were determined by using Bonferroni's correction for
multiple comparisons and were as follows: 1,4-benzoquinone, 0.025: phenol,
0.007; catechol, 0.0083; hydroquinone, 0.013.

* Only 290 cells scored due to toxicity.
1Only 776 cells scored due to toxicity.

tumor suppressor genes, and growth factor genes indicates
potential molecular mechanisms by which the loss, gain, or
translocation of chromosomes or chromosomal segments may
be involved in carcinogenic processes (38-41). In particular,
consistent chromosomal aberrations are often observed in hu
man leukemias and lymphomas (36, 42, 43) and have yielded
considerable information regarding the mechanisms involved
in these neoplasms (44). Similar studies are currently under
way within our laboratory to identify specific patterns of chro
mosomal aberrations induced by the metabolites of benzene, to
quantify subsequent changes in gene expression, and to relate
these changes to the karyotypic abnormalities observed in leu
kemia patients with prior benzene exposure.
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