
Chemico-Biological Interactions 153–154 (2005) 159–164

Use of genetically modified mouse models to assess pathways of
benzene-induced bone marrow cytotoxicity and genotoxicity

Leslie Recioa,∗, Alison Bauerb, Brenda Faiolac

a Integrated Laboratory Systems Inc., Genetic Toxicology Program, P.O. Box 13501, Research Triangle Park, NC 27709, USA
b National Institute of Environmental Health Sciences, 111 T.W. Alexander Dr., Research Triangle Park, NC 27709, USA

c GlaxoSmithKline Research& Development, 5 Moore Drive, P.O. Box 13398, Research Triangle Park, NC 27709-3398, USA

Available online 7 April 2005

Abstract

Benzene induces bone marrow cytotoxicity and chromosomal breaks as a primary mode of action for the induction of bone
marrow toxicity. Our research group has used genetically modified mouse models to examine metabolic and genomic response
pathways involved in benzene induced cytotoxicity and genotoxicity in bone marrow and in hematopoietic stem cells (HSC).
We review our studies usingNQO1−/− mice andmEH−/− mice to examine the roles of these enzymes, NAD(P)H:quinone
oxidoreductase-1 (NQO1) and microsomal epoxide hydrolase (mEH) in mediating benzene-induced toxicity.NQO1catalyzes
the detoxication of benzene quinone metabolites andmEHcatalyzes the hydrolysis of benzene oxide. Our studies using gene
expression profiling of bone marrow and enriched HSC populations isolated from the bone marrow of benzene-exposed mice
demonstrate differential gene expression responses of key genes induced by inhaled benzene. These studies show that benzene
t response
p
©

K

1

t
p
c
a
b

ed
e
l or

e to
to

ow,
by

1,2-
tion

0

oxicity is regulated by a number of genetic pathways that affect the production of reactive metabolites and DNA damage
athways in a target tissue.
2005 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

Benzene is a prototypical hematotoxic and geno-
oxic carcinogen and a ubiquitous environmental
ollutant [1,2]. Oxidation of benzene in the liver by
ytochromeP450 2E1(CYP2E1) to benzene oxide
nd other reactive intermediates is an initial step in the
ioactivation of benzene and is a prerequisite for cel-

∗ Corresponding author. Tel.: +1 919 544 4589x227
E-mail address:lrecio@ils-inc.com (L. Recio).

lular toxicity [3,4]. Benzene oxide can be hydrolyz
by microsomal epoxide hydrolase (mEH) to benzen
dihydrodiol that is then converted to a catecho
can undergo ring opening to producetrans–trans-
muconaldehyde or can spontaneously rearrang
form phenol, which is then hydroxylated in the liver
form hydroquinone (HQ). Once in the bone marr
it is believed that HQ and catechol are converted
myeloperoxidase to 1,4-benzoquinone (BQ) and
BQ, respectively, which can be detoxified by reduc
via NAD(P)H:quinone oxidoreductase-1 (NQO1) [4].
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Benzene biotransformation produces numerous
metabolites that can induce cytotoxicity and genotox-
icity through diverse mechanisms[1,2,4]. These re-
active metabolites include quinones that can bind to
cellular macromolecules, including DNA, tubulin, his-
tones and topoisomerase II. Benzoquinones and other
benzene metabolites can cause oxidative DNA dam-
age, lipid peroxidation in vivo, formation of hydrox-
ylated deoxyguanosine residues and strand breaks in
the DNA of bone marrow cells, implicating a role for
reactive oxygen species (ROS) and covalent binding in
benzene-induced toxicity. Formation of DNA double-
strand breaks (DSB) by ROS and other mechanisms
can lead to increased mitotic recombination, chromo-
somal translocations and aneuploidy[2]. Such genetic
consequences may result in protooncogene activation,
tumor suppressor gene inactivation, gene fusions and
other deleterious changes in stem cells that can ulti-
mately result in leukemic responses.

Enzymes involved in benzene bioactivation and
detoxication are key genetic determinants of benzene-
induced cytotoxicity and genotoxicity. We and others
have used transgenic mouse models with inactivated
alleles of genes that code for enzymes involved in the
bioactivation and detoxication of benzene to identify
critical pathways of biotransformation that lead to bone
marrow cytotoxicity and genotoxicity[3,5,6]. These
animal models have demonstrated thatCYP2E1is a
key enzyme involved in the initial steps of bioactiva-
tion to cytotoxic and genotoxic metabolites[3]. Our
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rays and RT-PCR in enriched HSC cell populations iso-
lated from the bone marrow of benzene-exposed mice
[10].

In this manuscript, we review our studies using
transgenic mouse models with inactivated alleles of
genes that code for enzymes involved in the bioacti-
vation and detoxication of benzene to identify critical
pathways of biotransformation that lead to bone mar-
row cytotoxicity and genotoxicity[5,6]. We also review
our studies using gene expression profiling to examine
mRNA levels of several key genes involved in apopto-
sis, cell cycle control and DNA repair[7,10]. Detailed
methods and results from these studies are presented in
published literature[5–7,10].

2. NQO1−/− mice and benzene-induced
genotoxicity and cytotoxicity

In these studies, we examined the frequency of mi-
cronucleated reticulocytes (MN-RET) in blood as a
measure of genotoxicity and assessed white blood cell
(WBC) count and bone marrow cellularity as measures
of bone marrow cytotoxicity in male and female mice
(wild-type andNQO1−/− mice) exposed to 0, 10, 50 or
100 ppm benzene 6 h/day, 5 days/week for 2 weeks[5].
Using these experimental conditions, benzene induced
a concentration-dependent increase in the frequency
of MN-RET in male wild-type mice andNQO1−/−
mice; there were no significant differences between
t
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roup examined the impact of deficiency in two ot
nzymes involved in key steps of benzene bioactiva
nd detoxication,NQO1andmEH, by using the inhala

ion route of exposure to benzene and genetically m
fied mouse models deficient in these enzymes[5,6].

Thep53DNA damage response is activated in
one marrow in response to inhaled benzene[7–9]. Rel-
tive to wild-type (p53+/+) mice,p53+/− mice and
53−/− mice show a greatly attenuated expressio
53 transcriptional target genes involved in cell cy
ontrol and apoptosis in the bone marrow, two imp
ant biological processes that regulate the respon
his target tissue to benzene. In wild-type mice, ben
xposure induces the expression in mouse bone m
f p21, gadd45, cyclinsandbax, all hallmark genes o

hep53DNA damage response that is greatly redu
n p53 deficient mice[7–9]. We have extended the
tudies by using gene expression profiling by micr
he two genotypes at any exposure level (Table 1).
n female wild-type mice, there was no concentrat
ependent increase in the frequency of MN-RET. H
ver, in femaleNQO1−/− mice benzene induced
lear exposure-dependent increase in the frequen
N-RET. These results indicate thatNQO1is critical

n detoxifying benzene metabolites leading to ge
oxic activity in female mice.

Benzene-induced hematotoxicity results in a
rease in WBC counts and bone marrow cellularity[1].
n this same study, differences in hematotoxicity am
he male mice were concentration dependent. M
QO1−/− mice exhibited significant hematotoxic
t a benzene concentration of 50 and 100 ppm wh
ignificant effect in male wild-type mice only occurr
t a benzene concentration of 100 ppm. This differe

ndicates that maleNQO1−/− mice are more sen
itive than male wild-type mice to benzene-indu
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Table 1
Summary of genotoxic and cytotoxic effects of inhaled benzene in genetically modified mouse models that are deficient in enzymes involved in
benzene bioactivation and detoxication

Transgenic/mutant
mouse model

Effects on genotoxicity in bone marrow Effects on cytotoxicity in bone marrow Reference

CYP2E1−/− Reduced (males) Reduced (males) [3]
NQO1−/− No effects (males), increased sensitivity

(females)
Increased sensitivity (males and females) [5]

mEH−/− Reduced (males), no effects (females) Reduced (males), no effects (females) [6]

hematotoxicity. In female mice, theNQO1−/− mice
were also more sensitive to benzene-induced hemato-
toxicity at the 50 and 100 ppm exposure concentrations
compared to the wild-type mice.

The difference in responses between the male
NQO1−/− and wild-type mice with respect to geno-
toxicity and hematotoxicity suggests that different
metabolites are responsible for DNA damage and
hematotoxicity.

3. mEH−/− mice and benzene-induced
genotoxicity and cytotoxicity

These studies used the same experimental design
as described above and we again examined the fre-
quency of MN-RET in blood as a measure of genotox-
icity and assessed bone marrow cytotoxicity in male
and female mice (wild-type andmEH−/− mice) [6]
(Table 1). In male wild-type mice, benzene induced a
concentration dependent increase in the frequency of
MN-RET with up to a 14-fold increase at 100 ppm com-
pared to 0 ppm. This genotoxic response was greatly re-
duced at all exposure levels in the malemEH−/− mice.
There was a significant increase in MN-RET only at the
100 ppm exposure level in the female wild-type and
mEH−/− mice. The magnitude of the increase was not
different between the female wild-type andmEH−/−
mice.

Benzene caused dose-dependent hematotoxicity in
m
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hibited very little response to benzene with no signif-
icant differences in hematotoxicity and genotoxicity
between the female wild-type andmEH−/− mice.

4. Toxicogenomic responses in bone marrow
and hematopoietic stem cells

We extended our previous studies examining gene
expression changes induced by benzene in the bone
marrow by examining cell populations enriched for
HSC[7,10]. HSC enriched cell populations were pre-
pared from bone marrow of benzene-exposed or un-
exposed mice by magnetic and flow cytometry based
cell sorting forLin-,Sca-1+, CD117 (c-kit)+ cells. Total
RNA from total bone marrow and enriched HSC were
converted to cDNA for use in gene expression analy-
sis by microarray and quantitative RT-PCR. The mi-
croarray data are published elsewhere and will only be
briefly mentioned[10]. Transcription ofp21and sev-
eral other genes involved in G1/S and G2/M cell cycle
control is upregulated in response top53activation by
DNA damage in association with cell cycle arrest[11].
Our laboratory and others have demonstrated thatp21,
a cyclin-dependent kinase inhibitor, is elevated in bone
marrow in response to benzene[7–10]. We therefore
quantified the mRNA levels ofp21, p53 andMdm-2
in bone marrow and HSC samples of benzene-exposed
mice compared to unexposed controls (100 ppm ben-
zene for 6 h, 5 days/week for 2 weeks) to assess the
p
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b C.
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ale wild-type mice. In contrast, malemEH−/− mice
ad no apparent hematotoxicity. FemalemEH−/−
ice did not differ in response to benzene compare

he wild-type female mice; no significant hematoto
ty occurred in female wild-type ormEH−/− mice.

These studies show that benzene did not ind
enotoxicity and hematotoxicity in male mice defici

n mEH enzyme activity. Female wild-type mice e
53-dependent DNA damage response (Table 2). The
evel ofp53mRNA was not altered in benzene-expo
otal bone marrow or HSC by RT-PCR. Thep21mRNA
evel was increased significantly in total bone mar
y RT-PCR but was not significantly altered in HS
ikewise, theMdm-2 mRNA level was significantl

nduced in total bone marrow by RT-PCR but was
ignificantly altered in HSC.
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Table 2
Fold increase of mRNA levels measured by RT-PCR for specific genes in total bone marrow and in hematopoietic stem cell (HSC)-enriched cell
populations in benzene exposed mice (100 ppm) compared to unexposed mice[10]

Function Gene Total bone marrow mRNA HSC-enriched population mRNA

Apoptosis Bcl2 NCa NC
Bax ↑ 2.3 ↑ 2.3

Cell cycle control/cell proliferation p21 ↑ 15.4 NC
Gadd45a ↓ 1.3 ↓ 2.0
Cyclin G ↑ 6.4 ↑ 3.4
MDM2 ↑ 1.5 NC
Wig1 ↑ 5.4 ↑ 12.7
p53 NC NC

↑, increase↓, decrease.
a NC, no change compared to unexposed mice.

Compared to unexposed mice,gadd45amRNA
level was down-regulated in benzene-exposed HSC and
in total bone marrow (Table 2). Thep53inducible gene
wig1was significantly induced in both HSC and total
bone marrow from benzene-exposed mice but was in-
duced to a greater extent in HSC. The level ofBcl-2
mRNA was investigated since the ratio ofBax:Bcl-
2 protein is an important regulator of apoptosis.Bax
was induced to similar levels in both HSC and total
bone marrow andBcl-2 expression was shown to be
unchanged in bone marrow and HSC samples.

Due to the potentially broad nature of DNA lesions
induced by benzene that may be repaired by diverse
pathways, we analysed expression of key genes in-
volved in the primary DNA repair pathways. We exam-
ined the mRNA levels of 11 DNA repair genes:rad51,
rad54, Rpa, Xpa, Xpc, Xpg, Apx, Pcna, DNApolβ,
pkrdc, Ku80. Although certain of these genes showed
increased levels of mRNA in HSC only (rad51= 1.47-
fold increase,Ku80= 1.33-fold) none of these genes
was significantly altered (> 1.50-fold) in total bone
marrow or in HSC following in vivo benzene exposure.
It is of importance to note that by microarray analysis
of mRNA isolated from HSC, two genes known to be
involved in DNA double strand break repair,Nbn(nib-
rin) andH2ax, were significantly elevated (> 1.50-fold)
suggesting the induction of double strand breaks in this
target cell population[10].

5

in-
d but

several aspects of benzene toxicity are known. Benzene
must undergo biotransformation to exert its toxic effect.
While the exact metabolites responsible for the car-
cinogenic, hematotoxic and genotoxic effects of ben-
zene are uncertain, several reports discussing benzene
toxicity have demonstrated interactions between com-
binations of phenol and HQ, phenol and catechol, and
HQ and muconaldehyde leading to a brad spectrum of
DNA damage[1,2,4]. Key determinants of genetic sus-
ceptibility and risk in response to the toxic effects of
benzene may likely be the enzyme systems involved in
the bioactivation and detoxication reactions of benzene
metabolism and the DNA repair enzymes required to
restore genomic integrity following DNA damage.

In mice, gender and enzymes involved in the bioac-
tivation and detoxication of benzene are significant fac-
tors affecting benzene-induced bone marrow cytotox-
icity and genotoxicity.NQO1deficiency results in in-
creased benzene-induced genotoxicity, hematotoxicity
and DNA damage response in female mice whereas
maleNQO1−/− mice showed an increase in sensitiv-
ity for hematotoxicity but not genotoxicity relative to
wild-type mice[5]. mEH deficiency results in elimi-
nation of benzene-induced bone marrow genotoxicity
and cytotoxicity[6]. Since humans vary in their ex-
pression of these enzymes, these enzymes are likely
determinants of benzene genetic susceptibility.

In an effort to further identify genes involved in
benzene toxicity and carcinogenesis, we have utilized
a toxicogenomic approach to identify gene expres-
s ant
t x-
p SC
. Conclusion

The mechanism that leads to leukemia in some
ividuals following benzene exposure is unclear
ion profiles in the bone marrow and in the relev
arget cell population, HSC, following in vivo e
osure to benzene. Toxicogenomic analysis of H
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Fig. 1. Genetic network examined in bone marrow and in hematopoi-
etic stem cells for alterations in gene expression due to inhaled ben-
zene (modified from[7]).

revealed numerous genes with altered mRNA levels
following in vivo exposure to benzene (Fig. 1). The pat-
tern of gene expression suggests that benzene-exposed
HSC undergo genomic responses involved in regulat-
ing critical steps in the cellular genotoxic stress re-
sponse. The HSC and bone marrow genotoxic stress
response to inhaled benzene included genes involved
in apoptosis, growth control of damaged HSC and HSC
growth arrest. These data are consistent with cellu-
lar studies showing suppression of hematopoietic cell
growth [12,13]. The pattern of gene expression sug-
gests that HSC isolated immediately following a 2-
week exposure to 100 ppm benzene are not actively
proliferating. This study also highlights the use of en-
riched target cell populations for gene expression pro-
filing. Determination of mRNA levels by RT-PCR re-
vealed several key differences between HSC and to-
tal bone marrow in response to benzene. Understand-
ing the pathways affected by benzene exposure in the
appropriate target cell population may better define
the mechanism of benzene-induced toxicity and leuke-
mogenesis.
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