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a b s t r a c t

Benzene exposure is associated with acute myeloid leukemia (AML), myelodysplastic syndromes (MDS),
and probably lymphoma and childhood leukemia. Biological plausibility for a causal role of benzene
in these diseases comes from its toxicity to hematopoietic stem cells (HSC) or progenitor cells, from
which all leukemias and related disorders arise. The effect of this toxicity is manifest as lowered blood
counts (hematotoxicity), even in individuals occupationally exposed to low levels of benzene. Benzene
can induce AML/MDS via several well-characterized pathways associated with these diseases. Through
its metabolites, benzene induces multiple alterations that likely contribute to the leukemogenic process,
and appears to operate via multiple modes of action. To improve mechanistic understanding and for
risk assessment purposes, it may be possible to measure several of the key events in these modes of
action in an in vitro model of the bone marrow stem cell niche. Even though benzene is leukemogenic
at relatively low occupational levels of exposure, it seems unlikely that it is a major cause of leukemia
etabolism
ydroquinone
tem cell niche

in the general population exposed to benzene in the ppb range. Other established non-genetic causes
of AML, e.g. smoking, ionizing radiation and cancer chemotherapy, also only explain about 20% of AML
incidence, leaving ∼80% unexplained. The question arises as to how to find the causes of the majority of de
novo AMLs that remain unexplained. We propose that we should attempt to characterize the ‘exposome’
of human leukemia by using unbiased laboratory-based methods to find the unknown ‘environmental’
factors that contribute to leukemia etiology.
. Introduction

Benzene is a ubiquitous environmental chemical that causes
cute myeloid leukemia (AML), myelodysplastic syndromes (MDS),
nd probably other hematological cancers, such as non-Hodgkin
ymphoma, which includes chronic lymphocytic leukemia (CLL)
1,2]. Epidemiological studies have also provided evidence for
n association with childhood leukemia [3,4]. The mechanism
y which benzene produces leukemia has not been fully eluci-
ated, but comprehensive research over many years has revealed
hat benzene acts through multiple mechanisms. Recently, Meek
nd Klaunig presented a relatively simple, hypothesized mode of
ction with proposed key events for benzene-induced leukemia [5].
elow, we describe a more comprehensive “mode of action” based
n our current understanding of benzene-induced leukemia that
nvolves multiple key events and modifying factors. We discuss the
mplications of this mechanism for risk assessment and describe

n unbiased approach to finding the causes of leukemia other than
enzene.

∗ Corresponding author. Tel.: +1 510 642 8770; fax: +1 510 642 0427.
E-mail address: martynts@berkeley.edu (M.T. Smith).

009-2797/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2011.02.010
© 2011 Elsevier Ireland Ltd. All rights reserved.

2. Role of metabolism in benzene-induced leukemia

In order to become carcinogenic and cause leukemia, it is under-
stood that benzene must be metabolized to toxic metabolites [6,7],
the general scheme of which is summarized in Fig. 1. The initial
metabolic step involves cytochrome P450 (CYP)-dependent oxida-
tion of benzene to benzene oxide, which exists in equilibrium with
its tautomer oxepin. Most benzene oxide spontaneously rearranges
to phenol (PH), which is either excreted or further metabolized to
hydroquinone (HQ), 1,4-benzoquinone (BQ) and 1,2,4-benzetriol
(BT). The remaining benzene oxide is either hydrolyzed to produce
catechol (CAT) and 1,2-benzoquinone or reacts with glutathione
to produce S-phenylmercapturic acid (S-PMA). Metabolism of
oxepin is thought to open the aromatic ring, yielding the reactive
muconaldehydes and E,E-muconic acid (MA). Human exposures to
benzene at air concentrations between 0.1 and 10 ppm, result in
urinary metabolite profiles with 70–85% PH, 5–10% each of HQ, MA
and CAT, and less than 1% of S-PMA [8]. Benzene oxide, the ben-
zoquinones, muconaldehydes, and benzene diol epoxides (formed
from CYP oxidation of benzene dihydrodiol) are electrophiles that

readily react with peptides and proteins [9–12] and can thereby
interfere with cellular function [13].

The identification of metabolic susceptibility factors has con-
firmed the importance of metabolism in benzene toxicity. CYP2E1,

dx.doi.org/10.1016/j.cbi.2011.02.010
http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
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hich catalyzes the first step in benzene metabolism, represents a
ey metabolic susceptibility factor [14]. Other cytochrome P450s,
uch as CYP2F1 and CYP2A13 in the lung may also be involved in
enzene metabolism [15–17]. Other metabolic susceptibility fac-
ors include epoxide hydrolase, glutathione-S-transferases (GSTT1,
STM1), myeloperoxidase (MPO) and NAD(P)H:Quinone Oxidore-
uctase (NQO1) [18,19]. In cellular studies, the levels of MPO and
QO1 have been suggested to modulate the toxicity of phenolic
etabolites of benzene particularly in stromal cells where multiple

ell types exist with varying enzyme activities [20,21].
It remains unclear what role these different metabolites play in

enzene carcinogenicity, but BQ formation from HQ via MPO in the
one marrow has been suggested as being key in benzene carcino-
enicity as shown in Fig. 1 [13]. Further, the BQ-detoxifying enzyme
QO1 protects mice against benzene-induced myelodysplasia

22,23] and humans against benzene hematotoxicity [18,19,24].
owever, this does not rule out adverse effects from other metabo-

ites, such as the muconaldehydes [25,26].

. Mechanisms of benzene-induced leukemia

In order to produce leukemia, the reactive metabolites of ben-
ene probably mutate a critical gene or set of genes related
o proliferation and differentiation in human stem cells (HSC)
y causing chromosome aberrations (aneuploidy, translocations,

nversions, and deletions), aberrant mitotic recombination, gene
utations, and/or epigenetic alterations [4]. Ensuing genomic

nstability, or continued exposure to benzene, may result in the
cquisition of additional alterations (Fig. 2). Initiated HSC express
hese mutations as they enter the cycling state from quiescence,
process triggered by benzene exposure through the aryl hydro-
arbon receptor (AhR) [27], generating leukemic stem cells (LSC in
ig. 2). Concomitantly, adverse effects of benzene on the marrow
tromal cells that regulate hematopoiesis can promote inappro-
riate survival/proliferation of the initiated HSC (Fig. 2). Further,

critical gene(s) targeted  
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Fig. 2. Probable mechanism of b
Fig. 1. Metabolism of benzene to toxic metabolites.

benzene metabolites and NQO1 deficiency can potentially dis-
rupt the vascular stem cell niche by interfering with endothelial
cell adhesion molecules [28,29]. Oxidative stress resulting from
benzene metabolism can cause both DNA damage and altered
hematopoietic cell signaling. Reduced immunosurveillance could
allow pre-leukemic clones to escape detection and elimination
(Fig. 2). Hence, there are multiple key events and modifying fac-
tors involved in benzene-induced leukemia suggesting that it has
multiple modes of action.

4. Implications for the risk assessment of benzene

Quantification of the key events and modifying factors described

above will be challenging and the generation of a biologically based
risk model for risk assessment purposes will require additional
mechanistic research. Key events in benzene-induced leukemia
include the induction of genetic and epigenetic changes in HSC,
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Table 1
Established non-genetic causes of leukemia.

Known causes Percentage range (%) Probable (%)

Benzene <1–5 1
Ionizing radiation (+ cosmic) <1–20 2
Cancer chemotherapy <10 4
Smoking 5–25 10
Formaldehyde <1–20 1
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Subtotal (<8–80) 18

Unknown causes 82

ltered proliferation and differentiation of HSC, and apoptosis, with
educed immunosurveillance being a key modifying factor (Fig. 2).
t may be possible to measure several of these key events if a suit-
ble in vitro model of the bone marrow and stem cell niche could
e generated. Such a model, in which the HSC interact with stro-
al and endothelial cells, could perhaps be generated from induced

luripotent stem cells or fresh CD34-positive umbilical cord blood
ells. In such a model it may be possible to measure genetic and
pigenetic changes in the HSC using microfluidic technologies [30],
long with determination of the rates of apoptosis, differentiation
nd proliferation. Several groups are developing in vitro models of
he bone marrow niche [31–33].

Another approach to identifying key events in benzene-induced
eukemogenesis would be to model dose–response relationships
f particular biomarkers at different levels of benzene exposure in
oth humans and experimental animals. In cancer immunosurveil-

ance, lymphocytes act as sentinels in recognizing and eliminating
ransformed cells [34], which in the case of leukemia, are the
eukemic stem cells (LSC) (Fig. 2). Suitable biomarkers for use in
he dose–response modeling of benzene-induced leukemia would,
herefore, include lymphocyte counts, genetic and epigenetic dam-
ge of relevance to leukemia, proliferation rates of blood stem
nd progenitor cells, and levels of HSC and LSC apoptosis. Several
f these biomarkers have been measured in human populations
xposed to a broad range of benzene concentrations.

Studies in Chinese workers have shown that benzene affects
hite blood cell and lymphocyte counts at low levels of occupa-

ional exposure and that there is no evidence of a threshold [18,35].
ndeed, Lan and co-workers have reported that a supra-linear, or
t least linear, dose-dependent effect is observed on lymphocyte
ounts at low occupational/high environmental levels of exposure
36]. Further, linear dose-dependent effects have been observed
n colony formation from myeloid stem and progenitor cells [18].
ore research is needed on the dose-dependent effects of benzene

n genetic damage at lower levels of exposure. However, Bollati
t al. have shown that epigenetic changes in the global DNA methy-
ation and methylation of the p15 gene (CDKN2B) promoter are
inearly related to low levels of exposure to benzene [37]. Thus, for
he biomarkers of mechanistic relevance to the leukemic process

easured to date, the effects of benzene are present at low lev-
ls of exposure and increase monotonically with increasing doses,
uggesting that a “no threshold” model is most appropriate for risk
xtrapolation.

. Causes of leukemia in the general population

Even though benzene is probably leukemogenic at relatively
ow occupational levels of exposure, it seems unlikely to be a

ajor cause of leukemia in the general population which is usu-
lly exposed in the few ppb range. Other known causes of AML, i.e.

moking, ionizing radiation, cancer chemotherapy and formalde-
yde, also only explain perhaps ∼20% of the non-genetic factors
hat influence AML incidence, leaving ∼80% unexplained (Table 1).
enetic factors and family history also contribute to AML risk, but
teractions 192 (2011) 155–159 157

probably account for less than 10% of overall risk. The question,
therefore, arises as to how to find the ‘environmental’ causes of the
large proportion of AMLs that remains unexplained.

Recent studies suggest that excess body weight and dietary
factors are associated with increased risk of AML [38–40]. Obe-
sity promotes chronic low-grade inflammation, altered immune
responses through production of pro-inflammatory adipokines
[41] and hormonal modulation, particularly in insulin. These pro-
inflammatory and hormonal mediators can activate anti-apoptotic
and proliferative signaling pathways in B- and T-cells that may pro-
mote tumor development. Recent studies also suggest a role for
cholesterol and high-density lipoprotein (HDL) in regulating the
proliferation of bone marrow myeloid progenitors [42] which may
influence AML risk. However, few studies have been conducted to
determine the influence of diet on the risk of adult AML.

A large U.S. cohort study found that meat intake was positively
associated with risk of AML [43]. There was no evidence of an
increased risk associated with preference for well-done meat [43].
These findings were consistent with those of a U.S. case–control
study, particularly for beef consumption [40]. High meat intake
may influence cancer risk through its effects on hormonal and
metabolic responses to cell growth and survival, through exposure
to dietary carcinogens such as polycyclic aromatic hydrocarbons, or
by alteration of the gut microbiome, which may cause the elevated
formation of the benzene metabolites, phenol and hydroquinone
[44]. In support of the latter idea is the finding of high background
levels of BQ-protein adducts in the blood of human control pop-
ulations that may arise from the dietary ingestion of benzene’s
phenolic metabolites and their formation as a side-product of
tyrosine metabolism by the gut microflora [44,45]. Thus, further
investigation of the roles of diet and natural internal processes, such
as inflammation, is warranted in studying the etiology of leukemia.
However, such investigations would be highly challenging using
traditional epidemiological approaches in which exposures are
gleaned from self-reported questionnaires.

6. A hypothesis-free “exposomic” approach to studying the
causes of leukemia

In exploring possible unknown environmental determinants
of leukemia etiology, we favor development and use of unbi-
ased methods to determine these exposures using quantitative
laboratory-based analyses. This approach aims to characterize the
‘exposome’, representing the totality of all exposures, first con-
ceived by Wild in 2005 [46]. Under this view, the assessment of
exposures should not be restricted to chemicals entering the body
from air, water, food, smoking, etc., but should also include inter-
nally generated toxicants produced by the gut flora, inflammation,
oxidative stress, lipid peroxidation, infections, and other natural
biological processes. In other words, we must focus upon the ‘inter-
nal chemical environment’ arising from all exposures to bioactive
chemicals inside the body [47,48].

Although it will be challenging to fully characterize the inter-
nal chemical environment throughout life, it should be possible
to generate snapshots of exposomes during important stages of
life by measuring a combination of omic endpoints and legacy
biomarkers in repeated blood samples [47,48]. We refer to this
strategy as ‘top-down exposomics’ and stress its unbiased approach
to discovering the causes of disease. In top-down exposomics, the
exposome would comprise a profile of the most prominent classes
of toxicants that are known to cause disease, namely, reactive elec-

trophiles, endocrine (hormone) disruptors, modulators of immune
responses, agents that bind to cellular receptors, and metals [47].
Exposures to these agents can be monitored in the blood either
by direct measurement or by looking for their effects on physio-
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ogical processes (such as receptor-based signaling). Some “omics”
ethods also offer unbiased means of characterizing exposures

o drugs [49], metals (metallomics) [50], small metabolic prod-
cts (metabolomics) [51] and reactive electrophiles (adductomics)
52]. These omic technologies could help generate signatures of
xposures in the blood. By comparing exposomic patterns between
e novo leukemia cases and controls, preferably from longitudinal
tudies, it should be possible to identify key exposures associated
ith the leukemia and then to develop appropriate interventions

or reducing those exposures.
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