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Summary

A mixture of two benzene metabolites, hydroquinone and catechol, produces a striking synergistic
genotoxic response in cultured human lymphocytes. This was demonstrated using an anti-kinetochore
antibody modification of the micronucleus assay. Treatment with hydroquinone alone or in combination
with phenol produced a 3-fold increase in micronucleated cells over background. Treatment with catechol
or phenol alone and in combination produced only minor increases in the number of micronucleated cells.
In contrast, simultaneous treatment with equimolar (75 uM) concentrations of hydroquinone and catechol
resulted in a greater than 16-fold induction of micronucleated cells. Given an additivity model, 20
additional micronucleated cells would be expected (after correcting for background frequencies), yet 140
were observed. Further analysis revealed that over 90% of the micronucleated cells stained positively for
kinetochores, indicating a high probability that these micronuclei contain entire chromosomes. This
synergistic response appears to occur only at equimolar levels of hydroquinone and catechol. These results
suggest that these metabolites are acting together to disrupt the mitotic spindle and interfere with
chromosome segregation. These data provide further support for the hypothesis that multiple nietabolites
acting in concert are involved in the benzene-induced genotoxicity and leukemia in humans.

Nonrandom chroninsomal aberrations, princi- variety of human cancers, including leukemia
pally deletions, translocations and the gain or loss (Yunis, 1983; Rowley, 1984). Many of these
of entire chromosomes, are associated with a changes are thought to be primary events critical

to the onset of neoplasia (Klein, 1981; Cavanee et

al., 1983; Tsutsui et al., 1983). The common in-
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leukemia (IARC, 1988). Benzene, itself, is unlikely
to be the actual toxic species, but is converted
within the liver to species which exert myelotoxic
effects. The primary metabolites are phenol (PH).
hydroquinone (HQ), catechol (CAT) and rrans,
trans-muconic acid (Gad-El-Karinl et al., 1985;
Cooper and Snyder, 1988). Both HQ and CAT
have been shown to accumulate in rodent bone
marrow (Rickert et al., 1979). These phenolic
metabolites may then be oxidized to highly toxic
quinones by peroxidase enzymes such as myelo-
peroxidase, present in the bone marrow (Smith et
al., 1989). However, the metabolite(s) ultimately
responsible for the myelotoxicity and leukemia
produced by benzene remains unknown.

In order to study the ability of different ben-
zene metabolites to induce certain types of struct-
ural and numerical chromosomal changes, namely
chiromosome breakage or malsegregation, in hu-
man blood cells, we have used a modified niicro-
nucleus assay 1n isolated peripheral human
lymphocytes. This technique employs cytochalasin
B to inhibit cytokinesis resulting in the formation
of multi-nucleated cells which can easily be scored
for the presence or absence of micronuclei (Fenech
and Morley, 1985). Chromosome breakage and
malsegregatiori events can be differentiated utiliz-
ing an anti-kinetochore antibody whereby Kine-
tochore-positive micronuclei have a high probabil-
ity of containing an entire chromosome. and
kinetochore-negative micronuclei contain only
chromosomal fragments (Eastmond and Tucker,
1989). Using this technique, we recently demon-
strated that several of the phenolic metabolites of
benzene and the HQ oxidation product, 1.4-ben-
zoquinone (BQ), induce micronuclei in human
lymphocytes (Yager et al., 1990). Based on the
slope of the dose-response curves, the relative
potencies for micronuclei induction were as fol-
lows: BQ > HQ > CAT> PH (Smith et al., 1990).
Previous studies in our laboratory have shown
that both PH and CAT will stimulate the per-
oxidase-dependent oxidation of HQ to BQ (Smith
et al., 1989) and that the simultaneous administra-
tion of PH and HQ produces myelotoxicity simi-
lar to that produced by benzene (Eastmond et al.,
1987). This work, and that of others (Snyder et al.,
1989; Barale et al., 1990), suggests that a combina-
tion of metabolites, rather than a single metabo-

lite, is responsible for the myelo- and genotoxic
effects of benzene. We have therefore investigated
the ability of different combinations of benzene
metabolites to induce micronuclei in human
lymphocytes. A striking synergistic induction of
micronuclei following treatment with HQ and
CAT is reported here.

Materials and methods

Cell culture arid treatment conditions. Periph-
eral human lymphocytes were isolated from the
same healthy adult male using Ficoll-Paque
(Pharmacia, Piscataway. NJ) density gradients and

cultured as described previously (Yager et al,

1990). Briefly, lymphocytes at a density of 5 x 10°
cells /ml were cultured for 72 h at 37°C in a 5%
CO, atmosphere. The total culture volume before
addition of the chemicals was 2 nil. Culture
medium consisted of RPMI 1640 supplemented
with 10% fetal bovine serum (Hyclone, Logan.
UT), 2 mM r-glutamine, 100 units/ml penicillin.
100 pg/ml streptomycin (all from Gibco, Grand
Island, NY), and 1.5% phytohemagglutinin (PMA)
(HA 15, Burroughs-Wellcome, Greenville, NC).

PH (CAS No. 108-95-2), CAT No. 120-
80-9) and HQ (CAS No. 123-31-9), all purchased
from Aldrich (Milwaukee, WI), were diluted in
phosphate-burrered saline (PBS) (Ca®' and Mg?"
free) imtnediately prior to treatment at 24 h in
complete medium. Total volumes added did not
exceed 90 pl. For experiments with mixtures, the
order of addition was as follows: PH, CAT then
HQ. Viability was determined at 72 h using the
trypan blue dye exclusion technique.

Micronucleus assay. PHA stimulated lympho-
cytes were cultured for 44 h before the addition of
cytochalasin B (Sigma, St. Louis, MO) (3 pg/ml
final concentration). Cells were harvested at 72 h
onto glass slides using a cytocentrifuge (Shandon.
Sewickley, PA). After allowing the slides to air
dry, they were fixed in methanol for 15 min. dried
and stored desiccated, under a N, atmosphere at
—20°C until use.

Immunofluorescence.  Slides were stained with
an anti-kinetochore antibody (Antibodies Itic.,
Davis, CA) essentially as described (Eastmond
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and Tucker, 1989). Briefly, slides were incubated
at 37°C in a humidified atmosphere with the
anti-kinetochore antibody for 1 h, washed in PBS
containing the detergent Tween 20, and incubated
for another hour using a fluoresceinated goat
anti-human IgG (Antibodies Inc., Davis, CA).
After washing, the slides were then stained with
4’ 6-diamidino-2-phenylindole (DAPI) (Sigma, St.
Louis, MO) in an antifade solution (Johnson and
Nogueira Araujo, 1981) and coverslipped. Slides
were stored refrigerated until use.

Scoring. Randomized and coded slides were
scored using a Nikon microscope equipped with
epifluorescent illumination using filters for fluo-
rescein (excitation at 470 nm, dichroic at 510 nm,
barrier at 520-560 nm) and quinacrine (excitation
at 400-440 nm, dichroic at 455 nm, barrier at 470
nm). At least 1000 binucleate lymphocytes (those
that have undergone one mitotic division) were
scored, 500 from each duplicate culture, for the
number of micronuclei. When a micronucleus was
located using the quinacrine filter, the presence or
absence of a kinetochore spot was noted using the
fluorescein filter. Replicative index (R.1.), a mea-
sure of cell division Kinetics, was calculated by
scoring 400 cells per dose (200 per duplicate) (see
Table 1 legend).

Statistical analysis.  The statistical significance
of the results was assessed by analysis of variance
(ANOVA), using the Super Anova®™ program for a
Maclntosh.

Results

The induction of micronuclei and micro-
nucleated cells by primary metabolites of benzene
alone and in combination is shown in Table 1. PH
and CAT alone did not produce significant in-
creases over the PBS control at 1 mM and 75 uM,
respectively. While lymphocyte viability was not

decreased, CAT treatment lowered the R.I. to 1.4.

HQ (75 uM} treatment produced 30 micronuclei
and 28 micronucleated cells, a 3-fold increase over
background. This treatment also produced slight
decreases in both viability and R.I. Simultaneous
treatment with PH and CAT did not produce
appreciable increases in micronuclei or micro-
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TABLE 1

INDUCTION OF MICRONUCLEI IN CYTOKINESIS-
BLOCKED HUMAN LYMPHOCYTES FOLLOWING
TREATMENT WITH BENZENE METABOLITES ALONE
AND IN COMBINATION

Dose Number per R.l.Y Via-
1000 BN @b bility
Micro- Micro-
nuclei  nucleated
cells
Control 10 9 2.0 94
(PBS) (2) 1)
Phenol 13 12 1.9 96
(1 mM) ) 4)
Catechol 11 10 1.4 94
(75 uM) %) 4)
Hydroquinone 30 28 1.7 83
(75 #M) 4) 4)
Catechol * phenol 13 13 1.5 88
(75 uM t | mM) 4) )
Hydroguinone +
phenol 35 28 1.6 SO
(75 uM 1 M) (2) )
Catechol T
hydroquinone 200 149 1.3 62
(75 uM +75 pM) (3) (20)
Catechol +
hydroquinone + 221 149 . 13 62
phenol (80) (45)

(75uM*+75 uM +1 mM)

“

Data represent the mean from duplicate experiments. Num-
bers in parentheses are the standard deviation.

® BN is the number of binucleate cells.

€ R.L, the replicative index, is defined as: [(1 X % mono-
nucleated cells) T(2x % binucleated cells) T(3X % tri and
> trinucleated cells)],/100.

nucleated cells over background or their respective
controls. However, the addition of PH with HQ
produced a borderline significant (described be-
low) increase in the number of micronuclei over
that observed from HQ treatment alone. Neither
of these mixtures (PH with CAT or PH with HQ)
significantly altered the R.I. or viability of the
lymphocytes from their respective CAT or HQ
controls.

Treatment with equimolar (75 uM) levels of
CAT and HQ, however, produced a synergistic
increase in both micronuclei and micronucleated
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CONTROL (PBS)
PH (1mM)
HQ (75 uM)

CAT (75 uM)

PH + HQ

HQ + CAT

HQ + CAT + PH

o 100 200

MICRONUCLEATED CELLS PER 1000

Fig. | Induction of kinctochote positive and  nepative micronacleated cells in cytokinesis blocked man lymphocytes following
treatment With benzene metabolites alone and in combination. These data are a subset of the data presented in Table 1. NN
represents the nuinher of micronucleated cells containing at least one kinetochore-positive micronucleus. &8 represents the
nuinher of micronucleated cells containing at least one kinetochore-negative micronucleus. EE==3 represents the nuinher of

micronuclet unscorable for kinctochores.

CONTROL (PBS)
CAT (5 uM)
CAT (25 uM)
CAT (75 uM)

HQ (75 uM)

HQ + CAT (5uM)

HQ + CAT (25uM)

a
HQ + CAT (75uM)

- - na M

0 20 40 60 80 100

MICRONUCLEATED CELLS PER 1000

Fig. 2. Induction of kinetochore-positive and -negative micronucleated cells in cytokinesis-blocked human lymphocytes following

treatment with 75 pM hydroquinone and varying concentration of catechol. NS represents the number of micronucleated cells

containing at least one kinetochore-positive micronucleus. B=2=3 represents the number of micronucleated cells containing at least

one kinetochore-negative micronucleus. represents the number of micronuclei unscorable for kinetochores. * Only 964 BN
cells scored, results normalized to 1000 BN cells.
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of

cells. Simultaneous administration of HQ and
CAT produced 149 micronucleated cells per 1000
binucleate cells, a greater than 16-fold increase
over background. Given .a model of simple ad-
ditivity, simultaneous exposure to HQ and CAT
would be expected to produce 20 micronucleated
cells above background, yet an additional 140
micronucleated cells were observed over back-
ground. This yields a 7-fold increase over that
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expected given an additivity model. While viabil-
ity was decreased to 62% with this treatment, a
similar decrease was not observed in the R.I.
Addition of PH to the mixture of HQ and CAT
produced a small increase of total micronuclei, but
did not increase the number of micronucleated
cells. The addition of PH to the mixture also did
not affect viability or the R.I.

An anti-kinetochore antibody modification of

TABLE 2
DISTRIBUTION OF MICRONUCLEI AND FREQUENCY OF KINETOCHORES CONTAINED WITHIN EACH MICRO-
NUCLEUS "
Nuniber Number Number Number Number of Number
of BN ®cells of KIN ¢ of BN cells of KIN BN cells with of KIN
with 1 MN * per MN with 2 MN per MN >/ =3 MN per MN
PBS control 4 0
1 3
CAT (75 uM) 13 0
2 1
1 2
HQ (75 uM) 10 0 1 0, |
6 1 1 1,1
2 2
1 5
2 7
2 8
[ 9
| 10
2 11
[ 13
1 u®
HQ+ CAT 10 0 1 0.0 1 2,21
(752 M+ 75 uM) 26 1 1 0.3 ] U,uU,u
13 2 3 1.1 1 1,1,1,3
2 3 3 1.2 ] 0,1.2,2,3
| 4 3 1,3
3 5 I 1,5
3 6 1 1.7
2 7 1 1.9
3 8 2 1,13
1 10 1 2,4
2 11 [ 2.5
I 14 [ 4.4
2 U i 5.7
1 2, U
1 U, U

* Data represent a subset of the data presented in Fig. 2.
b BN, binucleate.

¢ MN, micronuclei.

¢ KIN, kinetochores.

¢ U. unscorable for kinetochores.
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the micronucleus test (Eastniond and Tucker,
1989) was used to distinguish between micronuclei
containing chromosome fragments (kinetochore-
negative) and micronuclei containing entire cliro-
mosomes (kinetochore-positive). Fig. I shows that
for treatment of lymphocytes with the metabolites
alone, the proportion of kinetochore-positive vs.
-negative did not differ significantly from the con-
trol, except for HQ (see below). Treatment of
lymphocytes with PH and HQ or PH and CAT
also did not alter the proportion of kinetochore-
positive and -negative micronucleated cells rela-
tive to the controls. Treatment with the equimolar
mixture of HQ and CAT, however, produced
mostly kinetochore-positive rnicronucleated cells,
with > 90% of the total MN containing kineto-
chores. This treatment has no effect on the num-
ber of kinetochore-negative micronucleated cells.
The synergistic genotoxic effect of this combina-
tion on Iymphacvtes can he explained almost en-
tirely in terms of an increase in kinetochore-posi-
tive micronuclei.

The dose-dependency of micronucleus forma-
tion on CAT concentration was investigated by
varying the CAT concentrations from 5 to 75 uM
while maintaining HQ constant at 75 ¢ M (Fig. 2).
The synergistic increase in micronucleated cells
was not observed until equimolar concentrations
of HQ and CAT were reached. This non-linear
effect indicates that a protective mechanism, oper-
ational at the lower doses of CAT, may be over-
whelmed with equimolar concentrations of CAT
and HQ.

Utilizing a subset of the data shown in Fig. 2,
the number of kinetochores contained within each
micronucleus is shown in Table 2. These data
illustrate that the equimolar dose of HQ and CAT
result in many cells containing multiple micro-
nucelet and that each micronucleus frequentlv con-
tains niftple Ninctochores.

An analvsis of variance was performed after
pooling all the data presented in Table | and Figs.
I and 2. PH or CAT by themselves, or thewr
combinations, have no significant effect on any of
the results. HQ alone increases significantly the
number of micronucleated cells (p =0.022) and of
kinetootiore-negative micronucleated cells (p <
0.0001). Although borderline significant (p =
0.053), an interaction between PH and HQ is the

second most important effect at explaining the
number of micronuclei formed. The most im-
portant effect is a non-linear interaction between
CAT and HQ (p < 0.0001). “This interaction ex-
plains most of the results for the number of niicro-
nuclei, micronucleated cells and kinetochore-posi-
tive micronucleated cells. It has no effect on the
number of Kkinetochore-negative micronucleated
cells.

Discussion

Here we report that simultaneous exposure of
human lymphocytes to two benzene metabolites.
CAT and HQ, results in a striking synergistic
induction of micronuclei in human lymphocytes.
Greater than 90% of the micronuclei stained posi
tively for kinetochores, indicating that they arose
as a result of chromosome lag events. These data
provide considerable support to the growing
acceptance that benzene-induced myelotoxicity
and genotoxicity is not the effect of a single
metabolite acting at a single target site (Ticeet al.,
1982; Goldstein, 1989; Snyder et al., 1989; Barale
et al., 1990), but rather multiple metabolites acting
at several target sites, all of which may be critical
to the onset of neoplasia. A considerable amount
of evidence exists demonstrating that the metabo-
lites of benzene can produce biochemical lesions
both individually and in combination. Individu-
ally, each of the primary metabolites have been
shown to be capable of producing genotoxic activ-
ity in vitro (Erexson et al., 1985; Glatt et al., 1989;
Yager et al., 1990). Additional evidence supportsa
role for mixtures of metabolites. Irons and associ-
ates (Eastmond et al., 1987) demonstrated that

co-administration of PH and HQ resulted in sig-

nificant reductions of bone marrow  cellularity.
Smvder ot all (1989) then showed that combina-
tions of PH and HQ or HQ and trans.trans-
muconaldehvde were svnergistic in decreasing iron
meorporation mte red blood cells. Most recently.
Barale et al. (1990) reported that the in vivo
coadministration of a mixture of PH and HQ
produced  a  svaerpistic induction of niicro-
nucleated erythrocytes in mice. We also observed
an interaction between PH and HQ, but of
borderline significarice. Additional experiments are
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These data implicate that PH and HQ acting
together in the bone marrow may be responsible
for benzene-induced carcinogenicity. However,
administration of PH, a metabolic precursor to
HQ, fails to reproduce the pancarcinogenicity
characteristic of benzene exposure (National
Cancer Institute, 1980; Huff et al., 1989). One
possible explanation is that administered PH may
be metabolized and distributed within the body
differently than PH which is generated endoge-

nously from benzene (Subrahmanyamet al., 1990).

Another likely explanation for this difference may
be that substantially more CAT is formed follow-
ing benzene administration than following PH ad-
ministration, as recently demonstrated by Inoue
and coworkers using rabbits (Inoue et al., 1989).
Since CAT is formed primarily (> 95%) from the
oxidation of dihydrodiol precursors following hen-
zene administration (Billings, 1985), and PH is
mainly converted to HQ (Sawahata and Neal,
1983}, it is likely that more CAT will be formed
following benzene than Pl administration, Thus,
the critical levels of relative to HQ which are
observed in the bone marrow of rats exposed to
benzene (Rickert et al., 1979), are unlikely to be
achieved by the administration of PH alone. Given
the marked synergistic genotoxicity of HQ and
CAT described here, the numerical chromosome
changes observed in the lymphocytes of workers
exposed to benzene (Forni et al., 1971; Ding et al.,
1983) may therefore be due, at least in part, to the
Formation of both HQ and CAT following ex-
posure to benzene.

Notable toxicity (38%), as assessed by trypan
blue dye exclusion, was only apparent after treat-
ment with equimolar levels of HQ and
However, this measure of toxicity is likely to un-
derestimate the true overall toxicity since cells
dying as a result of treatment at 24 h may be lost
to analysis at 72 h. A further indication of toxicity
is the marked decrease in replicative index, a
measure of cell cycle kinetics. Studies are cur-
rently underway in our laboratory focusing on the
nature of the interaction between 1HQ and CA'T
doses below 75 M. These studies will include not
only micronucleus formation, but also investiga-
tion of the time course of toxicity.
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Several mechanisms can be proposed for the
observed synergism between HQ and CAT. The
most likely explanation is interference with micro-
tubule integrity. Microtubules, composed prim-
arily of tubulin polymers, are essential for the
proper segregation of chromosomes into the
daughter nuclei during cell division. In vitro treat-
ment with HQ or its oxidation product BQ to
isolated tubulin inhibits polymerization by bind-
ing at or near the GTP binding site (Irons and
Neptun, 1980). This disruption could not be shown
with CAT or PH. HQ, BQ and CAT also inhibit
lymphocyte mitogenesis and agglutination, proces-
ses dependent on microtubule and sulfhydryl in-
tegrity (Sherline and Mundy, 1977; Chaplin and
Wedner, 1978; Pfeifer and Irons, 1981; Epe et al.,
1989). Microtubule disruption can result from
chemical blockage of at least 2 of the multiple
(4-11) titratable sulfhydryl moieties (Kuriyama
and Sakai, 1974; Mellon and Rebhun, 1976; Ikeda
and Steiner, 1978). Such sulfhydryl groups provide
highly reactive nucleophilic centers for conjugate
addition reactions with electrophilic compounds
such as HQ or BQ (Pfeifer and lIrons, 1983). Thus,
these findings suggest that the synergistic induc-
tion of kinetochore-positive micronuclei may be
occurring from mechanisms whereby one metabo-
lite facilitates the binding of the other to tubulin
sulfhydryl moieties. Studies exploring this hy-
pothesis are currently underway in our laboratory.
Alternative molecular mechanisms which may be
responsible for the observed synergistic effect in-
clude the formation of a multi-polar spindle (Sel-
litto and Kuriyama, 1988), disruption of micro-
tubule-associated proteins and chromosome-to-
pole movement (Paschal and Valee, 1987; Kosh-
land et al., 1988) or interference with kinetochore
capture of microtubules (Mitchison and Kirschner,
1985). Cleavage of kinetochores, as is seen with
caffeine (Brinkley et al., 1988), would result in
poleward movement of Kinetochores detached
from the chromosomes yielding predominately
kinetochore-negative micronuclei. Since Kkineto-
chores were not observed in the cytoplasm and
because the majority of micronuclei observed in
this study  were  kinetochore-positive and  con-
tained multiple kinetochores (’Fable2), kinetochore
cleavage is unlikely to be a plausible mechanism.

C'onsistent, non-random structural and numeri-



208

cal chromosomal changes have been observed in
various forms of leukemia (Yunis. 1983, Rowley,
1984). The potential role for numerical chro-
mosomal changes In carcinogenesis is becoming
niore apparent as the importance of changes in
gene dosage and balance, expression of recessive
mutations and changes in genetic stability become
realized (Oshimura and Barrett, 1986: Epstein,
1988). The role for aneuploidy as a primary event
leading to carcinogenesis is also being clarified.
especially with the recent evidence for the involve-
ment of chromosomal loss in the cascade of events
leading to colon carcinogenesis in humans (Vogel-
stein ¢t al., 1989). The synergistic ancuploidy-in-
ducing effect of 11Q and CA'l' described here may
therefore play a key role in the development of
benzene-induced leukemia.
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