BENZENE
VOLUME 120

This publication represents the views and expert
opinions of an IARC Working Group on the
Evaluation of Carcinogenic Risks to Humans,
which met in Lyon, 10–17 October 2017
LYON, FRANCE - 2018

IARC MONOGRAPHS
ON THE EVALUATION
OF CARCINOGENIC RISKS
TO HUMANS

4. MECHANISTIC AND
OTHER RELEVANT DATA
4.1 Toxicokinetic data
Benzene is extensively metabolized, and the
fate of benzene in the body is informed by measurements of various metabolites and of benzene
itself. The section on metabolism, metabolic
activation, and electrophilicity (Section 4.1.1)
therefore precedes the discussion of absorption,
distribution, and elimination (Section 4.1.2).

4.1.1 Metabolism, metabolic activation, and
electrophilicity
The metabolism of benzene is complex (Ross,
1996; Snyder & Hedli, 1996), as summarized in
Fig. 4.1. Qualitatively, the same metabolites are
excreted by humans after occupational or environmental exposures and in animals exposed to
benzene (Inoue et al., 1988, 1989; Sabourin et al.,
1988, 1992; Henderson et al., 1989; Boogaard &
van Sittert, 1996). Accordingly, the discussion
below integrates findings from humans and from
experimental systems in providing a synthetic
overview of the metabolism and activation of
benzene.
Metabolism of benzene is required for
benzene toxicity. Studies in experimental systems
using both pharmacological tools and genetically modified animals indicate that benzene
requires metabolism to generate reactive electrophilic intermediates and subsequent toxicity
(Snyder & Hedli, 1996; Ross, 2000). The first step

of benzene metabolism is primarily mediated
by cytochrome P4502E1 to form benzene oxide
(Johansson & Ingelman-Sundberg, 1988; Koop et
al., 1989; Snyder & Hedli, 1996), although other
forms of cytochrome P450 may also play a role
(Gut et al., 1996a; Powley & Carlson, 2001; Sheets
et al., 2004). In CYP2E1-knockout mice, urinary
benzene metabolites were reduced by approximately 90% with a concomitant complete lack of
benzene-induced genotoxicity and cytotoxicity
in bone marrow, blood, and lymphoid tissues
(Valentine et al., 1996). Inhibition of CYP2E1mediated metabolism reduced benzene-induced genotoxicity in mice (Tuo et al., 1996).
Co-administration of toluene, a competitive
inhibitor of benzene metabolism, reduced both
benzene metabolism and benzene toxicity
(Andrews et al., 1977). In agreement with rodent
data that indicated a critical role for metabolism
in toxicity, occupationally exposed individuals
were more susceptible to benzene toxicity if they
had a phenotype corresponding to rapid CYP2E1
metabolism (Rothman et al., 1997).
The sites of benzene metabolism have also
been investigated. Benzene is metabolized in
both liver and lung by CYP450 (Chaney &
Carlson, 1995; Powley & Carlson, 2000). Partial
hepatectomy reduced both benzene metabolism and benzene toxicity in rats (Sammett et
al., 1979), indicating that the liver may play a
primary role in benzene metabolism. Some
metabolites distribute to bone marrow from
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hepatic or other sites of generation, and metabolism to electrophiles can also occur in situ in
bone marrow (Ross et al., 1996a). In particular,
secondary metabolism of phenolic metabolites of
benzene via myeloperoxidase (MPO) occurs in
bone marrow to generate semiquinone radicals
and quinones, providing one potential metabolic
mechanism of benzene toxicity (Ross et al., 1996a;
Smith, 1999). Metabolism of benzene in situ in
rat bone marrow may also occur, and CYP450
has been detected at low levels in bone marrow
(Gollmer et al., 1984; Schnier et al., 1989).
The main urinary metabolites of benzene in
humans are phenol, hydroquinone, and catechol
(the sum of free plus conjugated), trans,transmuconic acid (t,t-MA), and S-phenylmercapturic
acid (SPMA) (Inoue et al., 1988, 1989; Boogaard
& van Sittert, 1996). t,t-MA and SPMA have been
commonly used as biomarkers of benzene exposure in occupational and environmental studies
in humans (Inoue et al., 1989; Boogaard & van
Sittert, 1996). However, several metabolites have
only been observed in experimental animals
and/or in vitro. Benzene oxide formed by initial
metabolic oxidation exists in equilibrium with
its tautomer, oxepin. It can rearrange to generate
phenol or undergo ring opening mediated by
microsomal epoxide hydrolase to form benzene
dihydrodiol; benzene dihydrodiol can spontaneously aromatize, releasing a water molecule
to give phenol, and can be further oxidized to
catechol and/or to a diol epoxide. Phenol can be
further oxidized to catechol, hydroquinone, and
benzene-1,2,4-triol. Oxidation of these phenols
by MPO in bone marrow and bone marrow
progenitor cells (Schattenberg et al., 1994) leads
to the formation of semiquinone radicals and
electrophilic benzoquinones (Gut et al., 1996b;
Smith, 1996). Conjugation with glutathione
(GSH) also plays an important role in the metabolism of benzene. Reaction of benzene oxide with
GSH leads to SPMA.
In parallel, benzene oxide or oxepin and/or
benzene dihydrodiol can undergo ring opening
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reactions to form trans,trans-muconaldehyde,
which is further oxidized to t,t-MA. In studies
using both animal and human cells in vitro,
quinones generated from polyphenolic metabolites of benzene could be detoxified by NAD(P)H
quinone oxidoreductase 1 (NQO1), maintaining
them in their hydroquinone forms (Moran et al.,
1999). Extensive glucuronidation and sulfation
of phenols have been reported in animals and
humans (Parke & Williams, 1953a, b; Seaton et al.,
1995). GSH is also conjugated with electrophilic
quinones (1,2-, 1,4-benzoquinone) leading to the
corresponding S-(dihydroxyphenyl)glutathione
(only one isomer, S-(2,5-dihydroxyphenyl)
glutathione, is depicted in Fig. 4.1). The multiplicity of electrophilic metabolites formed during
benzene metabolism, discussed in the sections
that follow, are capable of reaction with GSH,
which may occur chemically or be catalysed
by glutathione-S-transferases (GSTs) (Snyder &
Hedli, 1996). Benzene metabolism generates a
variety of different reactive electrophiles. Several
products of benzene metabolism are electrophilic
and can interfere with cellular function.
(a)

Epoxides

Benzene oxide is an electrophilic metabolite, identified in vitro when benzene is oxidized
by human and mouse microsomes (Lovern et
al., 1997) that can spontaneously rearrange
to phenol by NIH shift (Jerina & Daly, 1974).
It can also form adducts with GSH, cysteine
residues in proteins, and DNA (Bechtold et al.,
1992a; McDonald et al., 1994; Henderson et al.,
2005a; Míčová & Linhart, 2012). The reaction of
benzene oxide with soluble thiols such as GSH
and N-acetylcysteine, followed by dehydration,
leads to the formation of S-phenylglutathione
and SPMA, respectively, although this reaction
is relatively inefficient relative to ring opening
in the generation of phenol (Henderson et al.,
2005a; Míčová & Linhart, 2012). Benzene oxide
is a substrate for GSTs (Zarth et al., 2015) and
has sufficient stability in blood (a half-life of

Benzene
Fig. 4.1 Simplified metabolic scheme of benzene
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~8 minutes) to reach extrahepatic target sites,
as indicated by the production of benzene
oxide-protein adducts as biomarkers in animals
(McDonald et al., 1994). Benzene oxide-protein
adducts have been found in the blood and bone
marrow of mice and rats exposed to benzene
(McDonald et al., 1994; Rappaport et al., 1996),
and benzene oxide-haemoglobin and albumin
adducts have been detected in the blood of
workers exposed to benzene (Yeowell-O’Connell
et al., 1998, 2001; Rappaport et al., 2002; Lin et
al., 2007). Benzene oxide can form 7-phenylguanine and other DNA adducts, although its reactivity has been reported to be low relative to its
reactions with thiols (Míčová & Linhart, 2012).
Recent work failed to detect 7-phenylguanine in
DNA from liver, lung, or bone marrow in mice
exposed to benzene (Zarth et al., 2014). Benzene
dihydrodiol epoxide is another putative electrophilic metabolite. Its half-life at nearly physiological conditions (pH, 7.6) was greater than 5 hours
(Waidyanatha & Rappaport, 2005), suggesting it
can be distributed to target tissues distal from
the initial site of generation.
(b)

Muconaldehyde and other ring-opened
products

Ring opening of benzene resulting in t,t-MA
as a metabolic end-product (Parke & Williams,
1952), commonly used as a biomarker of benzene
exposure (Carbonari et al., 2016; Section 1.3.1,
occurs in vivo. In vitro or animal studies have
identified potential metabolic intermediates in
the production of t,t-MA. Latriano et al. (1986)
identified muconaldehyde (t,t-MA dialdehyde)
in mouse liver microsomes after incubation with
benzene. Potential mechanisms of formation
include ring opening of benzene oxide or oxepin
by cytochrome P450 (CYP) or reactions mediated
by oxygen radicals (Zhang et al., 1995; Golding
et al., 2010). Muconaldehyde is a bifunctional
aldehyde and a reactive electrophilic compound
(Latriano et al., 1986; Witz et al., 1996) that
reacts with thiols and nucleic acids (Latriano et
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al., 1989; Bleasdale et al., 1993; Henderson et al.,
2005b; Monks et al., 2010; Harris et al., 2011). In
studies in vitro, each aldehyde functionality in
muconaldehyde can be reduced or oxidized to
generate alcohol and/or aldehyde (6-hydroxyhexa-2,4-dienoic acid) or acid and/or aldehyde
(6-oxohexa-2,4-dienoic acid, muconic acid semialdehyde) derivatives that retain some of the
electrophilicity of the parent dialdehyde but have
greater diffusibility (Goon et al., 1992; Witz et
al., 1996).
(c)

Quinones and semiquinones derived from
phenolic metabolites of benzene

The phenolic metabolites, major metabolites
of benzene, have been shown to reach the bone
marrow of mice and rats in free or conjugated
forms (Rickert et al., 1979; Sabourin et al., 1988).
In isolated mouse and human bone marrow cells,
bi- or triphenolic metabolites could be oxidized
to quinones via MPO-mediated reactions to
form benzoquinones (Smith et al., 1989; Ross,
1996). Phenol can be metabolized by purified
human MPO and horseradish peroxidase to
generate 4–4′-diphenoquinone (Eastmond et al.,
1986). Quinones are electrophilic compounds
that can interact with thiols, proteins, and
nucleic acids (Sadler et al., 1988; McDonald et
al., 1994; Bodell et al., 1996; Monks et al., 2010).
Both 1,2- and 1,4-benzoquinone protein adducts
have been found in the blood and bone marrow
of mice and rats exposed to benzene (McDonald
et al., 1994), and 1,4-benzoquinone protein
adducts have been detected in workers exposed
to benzene (Rappaport et al., 2002; Lin et al.,
2007). The importance of quinones in humans
exposed to benzene was suggested by the observation that individuals carrying a homozygous
null polymorphism for the quinone-metabolizing enzyme NQO1, and therefore lacking the
ability to detoxify electrophilic quinones, were
more susceptible to benzene toxicity (Rothman
et al., 1997). MPO-catalysed oxidation of bi- or
triphenolic metabolites of benzene occurs via
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semiquinone radical intermediates, which may
disproportionate to generate starting compounds
together with their respective benzoquinones,
or may react with oxygen to generate reactive oxygen species (ROS) (Sawada et al., 1975;
Kalyanaraman et al., 1985, 1988; Sadler et al.,
1988; Smith et al., 1989; Smith, 1996; Bolton
et al., 2000). Hydroquinone induces chromosomal damage in human lymphocytes in vitro
(Eastmond et al., 1994; Stillman et al., 1997).
Oxidative damage to DNA in human leukaemia
HL-60 cells was induced by hydroquinone,
phenol, and benzene triol (Kolachana et al., 1993).
Benzene triol was the only phenolic metabolite
which resulted in oxidative DNA damage in mice
when administered alone; however, combinations of phenol and hydroquinone, phenol and
catechol, and hydroquinone and catechol were
also effective (Kolachana et al., 1993). In vitro
treatment of mouse bone marrow with hydroquinone produced the same DNA adducts as found
after treatment of mice with benzene (Bodell et
al., 1996).
GSH conjugation of quinones is considered
a detoxification reaction, and multiple studies
of null polymorphisms in GST-T1 and GST-M1
genes resulting in increased benzene toxicity in
exposed human populations suggest that GSTs
play an important role in the detoxification of
reactive benzene metabolites (Wan et al., 2002).
However, GST adducts of 1,4-benzoquinone are
haematotoxic and have been demonstrated in
the bone marrow of mice after administration
of benzene (Bratton et al., 1997). GST conjugation of 1,4-benzoquinone primarily generates 2-(S-glutathionyl)hydroquinone, which can
undergo sequential oxidation and GST conjugation to produce 2,3,5,6-tetra(S-glutathionyl)
hydroquinone as the final diphenolic metabolite.
This process occurs via the production of both
semiquinone and electrophilic quinone derivatives, which can generate oxidative stress and
adducts, respectively (Lau et al., 1988, 2010).

Combined exposure to phenol and hydroquinone reproduced the myelotoxicity of benzene in
mice (Eastmond et al., 1987; Legathe et al., 1994)
and rats (Lau et al., 1988, 2010). Experiments in
vitro showed that phenol increased the oxidation of hydroquinone, catalysed by horseradish
peroxidase, as well as the binding of radiolabelled
hydroquinone to rat liver protein (Eastmond et
al., 1987).
In summary, benzene metabolism can
generate a multiplicity of metabolites, many of
which are electrophilic.

4.1.2 Absorption, distribution, and
elimination
(a)

Humans

Benzene is well absorbed in humans by inhalation, or by the oral or dermal routes. Inhalation
is the major route of human exposure, and is the
only route for which extensive human data are
available. In experiments on human subjects,
values of respiratory uptake (lung retention) of
47–52% were found at exposure levels ranging
from 1.6 to 62.0 ppm (Nomiyama & Nomiyama,
1974; Pekari et al., 1992). For absorption of
benzene at 32–69 ppm from smoking cigarettes,
a higher uptake of 64% was reported (Yu &
Weisel, 1996).
Skin absorption of benzene has also been
studied experimentally on human subjects. The
absorption rate of liquid benzene by the skin
(under conditions of complete saturation) was
calculated to be approximately 0.4 mg/cm2 per
hour. The absorption rate was determined by the
amount of urinary phenol excreted, which was
not corrected for urinary phenol not derived
from benzene (Hanke et al., 1961). In a series
of showering experiments using water contaminated with benzene (367 μg/m3) it was estimated that the total benzene dose resulting from
a 20-minute shower was approximately 281 μg,
about 40% of which was a result of inhalation
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and the remaining 60% via skin absorption
(Lindstrom et al., 1994).
Although experimental studies on oral
absorption of benzene in humans are not available, case studies of accidental or intentional
poisoning indicate that benzene is also absorbed
by the oral route (Thienes & Haley, 1972).
After absorption, benzene is rapidly distributed throughout the human body (Winek et al.,
1967; Winek & Collom, 1971; Pekari et al., 1992).
Concentrations of benzene at 3.8 mg/L in blood,
13.8 mg/kg in the brain, and 2.6 mg/kg in the
liver were reported in a young male worker who
died suddenly from a short exposure to very high
air concentrations of the chemical (Tauber, 1970).
Unmetabolized benzene is primarily excreted
in exhaled air, but small amounts were found
also in urine (Nomiyama & Nomiyama, 1974). In
contrast, the main portion of the absorbed dose
is excreted in the form of water-soluble metabolites in the urine. Human exposure to benzene
in air at concentrations of 0.1–10.0 ppm results
in urinary metabolite profiles of 70–85% phenol
(free + conjugated), 5–10% each of hydroquinone
(free + conjugated), catechol (free + conjugated),
and t,t-MA, and less than 1% of SPMA (Kim et
al., 2006a).
The profile of urinary metabolites may
change depending on the level of exposure.
When comparing workers occupationally
exposed to benzene at more than 25 ppm with
those exposed to benzene at less than 25 ppm,
Rothman et al. (1998) observed that the ratios
of phenol and catechol to total metabolites were
significantly higher and the ratios of hydroquinone and t,t-MA to total metabolites were
significantly lower in workers exposed to higher
concentrations. Workers with less than 50 ng/g
creatinine phenol in urine, corresponding to a
concentration of benzene in air of approximately
10 ppm, were excluded from this analysis because
phenol is not specific to exposure to benzene at
lower concentrations. The differences in the ratio
of each metabolite to total metabolites between
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the groups of higher and lower exposure were
0.65 versus 0.61 for phenol, 0.11 versus 0.09 for
catechol, 0.13 versus 0.16 for hydroquinone, and
0.11 versus 0.15 for muconic acid. A controlled
study of 4 cases exposed to isotopically labelled
benzene at 40 ppb resulted in a urinary muconic
acid concentration of 3.2–45.0% (Weisel et al.,
2003).
Multiple studies have analysed and reanalysed data first reported in Kim et al. (2006a)
to determine if, at lower levels of benzene exposure, a nonlinear relationship exists between
exposure to benzene and urinary excretion of
unmetabolized benzene, phenol, hydroquinone,
catechol, muconic acid, and phenylmercapturic
acid. The original data were from 389 workers in
Tianjin, China, 250 of whom were from factories
using benzene and 139 from factories not using
benzene (Kim et al., 2006a, b, 2007). In their
original analysis, Kim et al. (2006a, b) reported
nonlinear relationships between benzene exposure and urinary metabolite concentrations,
adjusted for background levels based on controls
who had been exposed to benzene at less than
3 ppb. Specifically, the ratio of excreted metabolites to benzene exposure increased markedly
at exposures to benzene at less than 1 ppm. The
presence or absence of nonlinearity for exposures at less than 1 ppm in these data has been
the subject of multiple commentaries and reana
lyses (Price et al., 2012; Rappaport et al., 2013a, b;
Cox et al., 2017; McNally et al., 2017).
[The Working Group noted that, overall, there
are some data suggesting increased metabolism
at low exposures, but the data are not definitive.]
(b)

Experimental systems

Animal data confirm that benzene is efficiently absorbed by inhalation and by oral and
dermal routes. Studies in rats and mice showed
that gastrointestinal absorption was greater
than 97% in both species when the animals
were given benzene by gavage (in corn oil) at
doses of 0.5–150 mg/kg body weight (bw) per
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day (Sabourin et al., 1987). Low-temperature
whole-body autoradiography of 14C-benzene
showed that benzene is rapidly distributed in
the blood and in well-perfused organs such
as the heart muscle, liver, and kidney. A very
high level of radioactivity was also observed
in the bone marrow, body fat, spinal cord, and
white matter of the brain. The radioactivity was
rapidly cleared from the central nervous system
(Bergman & Appelgren, 1983). The bioavailability of benzene through the oral route was
influenced by adsorption on soil. When radiolabelled benzene in soil (clay soil or sandy soil
from New Jersey) was administered to rats by
gavage, the area under the curve of plasma radioactivity versus time increased compared with
that for benzene suspension in water, a difference
that was significant with clay soil. The half-life in
plasma was not affected by the type of soil used
(Turkall et al., 1988). After exposing mice repeatedly to benzene, DNA adducts were detected
by 32P-postlabelling in peripheral blood, bone
marrow, and liver. The adducts were still detectable in leukocytes 21 days after the last exposure
(Li et al., 1996).

4.2 Mechanisms of carcinogenesis
This section summarizes the evidence for
the key characteristics of carcinogens (Smith et
al., 2016), discussing whether: benzene induces
oxidative stress; is genotoxic; alters DNA repair
or causes genomic instability; is immunosuppressive; alters cell proliferation, cell death, or
nutrient supply; modulates receptor-mediated
effects; induces chronic inflammation; and
induces epigenetic effects.
In the consideration of mechanistic studies in
exposed humans, the Working Group focused on
studies in which the following issues were reasonably addressed in their design and/or analysis:
definition and comparability of control groups,
statistical power, and confounding by relevant
covariates or co-exposures. An additional issue

was whether bias due to disease (i.e. a diagnosis
of benzene poisoning) was avoided.

4.2.1 Oxidative stress
Several potential mechanisms may contribute
to benzene-induced oxidative stress. Benzene
can produce a multiplicity of electrophilic and
pro-oxidant metabolites capable of depleting
cellular-reduced GSH (see Section 4.1), a critical defence system against oxygen radicals.
Hydroquinones can generally autoxidize in
pH-dependent reactions to produce hydrogen
peroxide (Song & Buettner, 2010). Polyphenolic
metabolites of benzene can generate semiquinone radicals during peroxidase-mediated
oxidation (Yamazaki et al., 1960; Yamazaki &
Piette, 1963; Kalyanaraman et al., 1991). The
primary fate of 1,2- and 1,4-benzosemiquinone
radicals is disproportionation to quinone and
hydroquinone, although reaction with oxygen
can occur in the presence of superoxide dismutase (Sawada et al., 1975; Sadler et al., 1988;
Subrahmanyam et al., 1991). The semiquinone
derived from 1,2,4-benzenetriol has been shown
to react with oxygen (Kalyanaraman et al.,
1988), and phenoxy radicals generated during
peroxidase-mediated oxidation of phenol can
react with GST leading to the generation of
thiyl radicals and subsequent production of
oxidized GST (Subrahmanyam & O’Brien, 1985;
Sadler et al., 1988). Multiglutathione adducts of
1,4-benzoquinone generated by successive cycles
of hydroquinone oxidation and glutathione
addition retain the capability to generate active
oxygen species and oxidative stress (Lau et al.,
1988, 2010). Metals such as copper (II) and iron
(III) may facilitate the production of reactive and
oxidizing species, capable of damaging DNA and
inducing lipid peroxidation, from hydroquinone
and catechol (Kasai & Nishimura, 1984; Rao &
Pandya, 1989; Li et al., 1995).
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(a)

Humans

Oxidative damage to DNA as indicated by
8-hydroxy-2′-deoxyguanosine (8-OHdG) levels
has been commonly used as an indicator of oxidative stress. Examples of studies indicating oxidative damage to DNA in occupationally exposed
workers or in environmentally exposed urban
populations, where DNA damage was correlated
with benzene exposure levels and/or metabolic
biomarkers of benzene exposure, are listed in
Table 4.1. Four studies are further discussed in
Section 4.2.3.
Decreases in GST levels, decreased superoxide dismutase, increased lipid peroxidation,
and increased ROS in the blood were detected
in 428 gasoline filling station workers compared
with 78 unexposed controls (Uzma et al., 2010).
The mean benzene exposure over the 12-hour
study period in gasoline station attendants was
0.35 ppm (0.12–0.53 ppm). Individual exposure
via air sampling was not monitored in controls,
but the concentration of benzene in both preand post-shift urine and blood in gasoline station
attendants was significantly higher than in
controls. Both blood and urine benzene concentrations were increased in post-shift samples
compared with pre-shift values. Significant
correlations were observed between concentrations of benzene in the blood and changes in
GST, superoxide dismutase, lipid peroxidation,
and ROS (Uzma et al., 2010).
Exposure to benzene in 43 gasoline station
attendants significantly increased DNA damage
compared with 28 non-exposed individuals,
as indicated by comet assay and micronuclei
(MN) induction, increased oxidative protein
damage, and decreased antioxidant capacity,
including decreased GST levels (Moro et al.,
2013; see also Table 4.2). Gasoline station
attendants were exposed to median benzene
values of 76.2 µg/m3 compared with 42.0 µg/m3
in controls, and median levels of t,t-MA were
increased 4.4-fold in gasoline station attendants
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compared with the control group (Moro et al.,
2013). Personal benzene exposure and urinary
muconic acid levels were directly correlated
with increases in oxidative protein damage and
decreases in antioxidant capacity (Moro et al.,
2013).
Two cross-sectional studies evaluated the
relationship between benzene exposure and
mitochondrial DNA (mtDNA) copy number.
Compared with controls without occupational
exposure to benzene, one study reported higher
mtDNA levels in leukocyte DNA from highly
exposed (arithmetic mean, 14 ppm) workers in
China (Shen et al., 2008). A second study reported
that benzene was associated with increased
mtDNA among workers exposed to relatively
low levels of benzene in Italy (geometric mean,
21.5 ppb among a group exposed to the highest
concentrations) (Carugno et al., 2012).
(b)

Human cells in vitro

Benzene metabolites hydroquinone, benzenetriol, and benzoquinone produced ROS in
HL-60 cells and enhanced myeloid cell growth
(Wiemels & Smith, 1999). A global proteomic
analysis in cells after the addition of benzene
revealed an enrichment of proteins involved
in oxidative stress response (Murugesan et al.,
2013). Oxidative DNA damage, indicated by the
presence of 8-OHdG, has been detected in several
studies of human cells in vitro after treatment
with benzene metabolites; these are summarized
in Section 4.2.2. Both GST and NQO1, which
maintain reactive quinones in their reduced form
and can also function as a superoxide reductase
(Siegel et al., 2004), are important determinants of
hydroquinone-induced toxicity in bone marrow
cells (Ross et al., 1996a, b; Trush et al., 1996). The
addition of benzene to human myeloid cells led
to the production of ROS, an effect suggested to
be due to benzene alone (Nishikawa et al., 2011).

Table 4.1 Oxidative damage to DNA in humans exposed to benzene
Oxidized
DNA base
measured,
response,
significance

Description of
exposed and
controls

Monitoring
method

Measure
of
internal
dose

Average annual
concentration used as
a measure of exposure:
0.06–5.85 mg/m 3
(AM ± SD,
0.45 ± 0.96 mg/m 3)

Estimated on
the basis of
seven repeated
personal air
samples taken
at worksite
over 1 yr and
questionnaire
on personal
habits

Mean ± SD:
low (n = 35),
2.5 ± 2.4 mg/m3;
medium (n = 24),
103.3 ± 50.3 mg/m3;
high (n = 28),
424.4 ± 181.7 mg/m3

Mean 8-h TWA in
workers, 0.13 ppm
(range, 0.003–0.6 ppm)
Mean exposure
of controls
0.002 ppm (range,
0.001–0.003 ppm)

Tissue or
cells

Other
exposures or
biomarkers
measured

Comments

Reference

Not used Urine

Methylbenzenes

Increased 8-OHdG
with increasing
benzene exposure; not
related to toluene or
xylenes

Lagorio et al.
(1994)

Personal air
sampler

Urinary
t,t-MA

Toluene

8-OHdG significantly
correlated with both
external and internal
measures of benzene;
dose–response; higher
in women than men
exposed to same
benzene level; negative
correlation of 8-OHdG
with toluene levels

Liu et al.
(1996)

Personal air
sampling

Not used Urine

NR

Late evening/next
morning 8-OHdG
significant (P < 0.002
and P < 0.02) relative
to pre-shift; no control
samples analysed late
evening/next morning

Nilsson et al.
(1996)

Blood
lymphocytes

Benzene
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(a) Occupational studies
8-OHdG
65 filling station
Positive
attendants
Significant
correlation
P < 0.01
between
benzene
exposure
and
8-OHdG
(r, 0.34)
8-OHdG
Three exposed
Positive
groups and
P < 0.05 in
controls: low
mediumexposure (35 shoe
and
factory workers);
high-dose
medium exposure
groups vs
(24 paint workers
controls; not in car factory);
significant
high exposure
in low-dose (28 shoe factory
group
workers)
Controls: 30
university staff
8-OHdG
Total of 33 men
Positive
occupationally
P < 0.015 for exposed to
coefficient
gasoline (16 auto
different
mechanics, 14
from 0;
refinery workers,
adjusted for and 3 gasoline
smoking
pump repairmen)
and 33 male nonoccupationally
exposed controls

Benzene exposure
levels

Oxidized
DNA base
measured,
response,
significance

Description of
exposed and
controls

Urinary
markers of
nucleic acid
oxidation
Positive
P < 0.0001
8-OHdG
Positive
P < 0.001

239 traffic
policemen, taxi
drivers, and
gasoline pump
attendants in
Parma, Italy
31 gasoline service
station attendants,
31 petrochemical
laboratory
workers, and 40
temple workers
exposed to
incense; controls
from an office
site with no
incense burning
in Bangkok,
Thailand

8-OHdG
Positive
P < 0.05

43 gas station
attendants, 34
taxi drivers, and
22 controls with
no occupational
exposure, Rio
Grande do Sul,
Brazil

Benzene exposure
levels

Monitoring
method

Measure
of
internal
dose

Tissue or
cells

Other
exposures or
biomarkers
measured

Comments

Reference

Urine

Urinary
t,t-MA,
SPMA

Urine

Cotinine

Significant correlation
between urinary
metabolites of benzene
(t,t-MA and SPMA)
and DNA and RNA
oxidation products
For occupational
exposures, gasoline
service station
attendants had
significantly higher
8-OHdG (P < 0.001)
than controls;
8-OHdG responding
to increasing
concentrations of
benzene exposure;
low to non-detectable
1,3-butadiene and
PAHs in gasoline
service station
attendants and
petrochemical
laboratory workers
Increased 8-OHdG
(P < 0.05) in gas
station attendants and
taxi drivers relative
to controls; t,t-MA
not measured in taxi
drivers

Manini et al.
(2010)

Individual benzene
Area and
exposure (mean ± SE): personal air
gasoline service
sampling
station attendants,
360.9 ± 44.7 µg/m3;
petrochemical
laboratory workers,
78.3 ± 18.7 µg/m3;
controls, 4.5 ± 0.5 µg/m3

Not used Leukocytes

1,3-butadiene,
PAHs

NR

Urinary
t,t-MA

Carboxyhaemoglobin

NR

Urine

Ruchirawat et
al. (2010)

Göethel et al.
(2014)
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Table 4.1 (continued)

Table 4.1 (continued)
Oxidized
DNA base
measured,
response,
significance

Description of
exposed and
controls

Monitoring
method

Measure
of
internal
dose

Tissue or
cells

Other
exposures or
biomarkers
measured

Comments

18 fuel tanker
drivers, 13 filling
station attendants,
and 20 nonoccupationally
exposed controls
in Bari, Italy
(b) Exposed urban populations
40 individuals
8-OHdG
Positive (see living and
comments)
working in
Copenhagen

Benzene exposure,
Personal air
mean ± SD: drivers,
sampling
279.9 ± 248.6 µg/m3;
attendants,
19.9 ± 15.5 µg/m3;
controls, 4.7 ± 3.0 µg/m3

Urinary
t,t-MA,
SPMA,
benzene

Lymphocytes

NR

No increase in 8-OHdG Lovreglio et
in benzene-exposed
al. (2016)
groups relative to
controls

Median (range)
benzene exposure, 2.5
(1.9–3.6) µg/m3

Personal air
sampling

Urinary
t,t-MA,
SPMA

Lymphocytes
and urine

Toluene,
MTBE

8-OHdG
Positive (see
comments)

Personal benzene
exposure, mean ± SD:
taxi-moto drivers,
76.0 ± 26.8 µg/m3;
village residents,
3.4 ± 3.0 µg/m3

Personal air
sampling

Urinary
SPMA,
benzene

Lymphocytes

Toluene,
xylenes

Significant correlation
between 8-OHdG
in lymphocytes (but
not urine) and SPMA
excretion (P < 0.04); no
correlation of 8-OHdG
with external benzene,
toluene or MTBE
levels; external benzene
was a 5-d cumulative
measure while internal
markers were measured
for only 1 of those days
Significantly higher
8-OHdG in taxi-moto
drivers than village
residents (P < 0.05)

8-OHdG
Negative

Taxi-moto drivers,
city residents, and
village residents in
Cotonou, Benin

Benzene exposure
levels

Reference

Sørensen et al.
(2003)

Ayi-Fanou et
al. (2006)

Benzene
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Oxidized
DNA base
measured,
response,
significance

Description of
exposed and
controls

Benzene exposure
levels

Monitoring
method

Measure
of
internal
dose

Tissue or
cells

Other
exposures or
biomarkers
measured

Comments

Reference

8-OHdG
Positive (see
comments)

109 urban and 62
rural schoolboys
in Bangkok,
Thailand

Average benzene
exposure:
5.50 ± 0.40 ppb
in urban vs
2.54 ± 0.23 ppb in
rural group

Area and
personal air
sampling

Urinary
t,t-MA,
SPMA,
benzene

Leukocytes
and urine

NR

Buthbumrung
et al. (2008)

8-OHdG
PAHs were
the major
contributor
to 8-OHdG
levels (see
comments)

165 city centre
and 111 rural
schoolchildren
in Bangkok,
Thailand

Mean ± SE benzene
Area and
exposure: city,
personal air
19.38 ± 1.11 µg/m3 vs
sampling
rural, 8.40 ± 0.61 µg/m3

Level of 8-OHdG
in leukocytes was
threefold higher
in urban vs rural
schoolchildren
(P < 0.001) and was
significantly associated
with benzene exposure
level (P < 0.05); urinary
8-OHdG significantly
higher in urban vs
rural schoolchildren
(P < 0.05) but no
correlation with
benzene exposure levels
Levels of 8-OHdG
were higher in city vs
rural schoolchildren
(P < 0.001); 8-OHdG
levels correlated
significantly with
benzene (P < 0.001)
and PAH (P < 0.001)
levels; multivariate
analysis identified PAH
concentrations as the
only factor significantly
affecting 8-OHdG
levels (r, 0.895; P < 0.05)

Not used Leukocytes

1,3-butadiene,
PAHs

Ruchirawat et
al. (2010)
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Table 4.1 (continued)

Table 4.1 (continued)
Oxidized
DNA base
measured,
response,
significance

Description of
exposed and
controls

8-OHdG,
8-oxoGuo
Positive (see
comments)

8-OHdG,
8-oxoGuo,
8-oxoGua
Positive (see
comments)

Benzene exposure
levels

Monitoring
method

Measure
of
internal
dose

Tissue or
cells

Other
exposures or
biomarkers
measured

Comments

Reference

396 children
from central Italy
districts with
different levels of
urbanization and
air pollution

Urinary
t,t-MA,
SPMA,
benzene

Urinary
t,t-MA,
SPMA,
benzene

Urine

Cotinine

Andreoli et al.
(2012)

155 children living
close (< 15 km)
to an oil refinery,
58 children living
70 km from the
refinery and
not close to an
industrial hub

Urinary
t,t-MA,
SPMA,
benzene

Urinary
t,t-MA,
SPMA,
benzene

Urine

Cotinine,
MTBE

Multiple linear
regression (P < 0.0001)
indicated that benzene
exposure (assessed
by urinary SPMA
and TTMA) was
significantly associated
with 8-OHdG and
8-oxoGuo
8-OHdG and 8-oxoGuo
significantly correlated
with markers of
benzene exposure
(P < 0.01)

Andreoli et al.
(2015)

8-OHdG, 8-hydroxy-2′-deoxyguanosine; 8-oxoGua, 8-oxo-guanine; 8-oxoGuo, 8-oxo-7,8-dihydroguanosine; AM, arithmetic mean; d, day(s); h, hour(s); MTBE, methyl tertiary-butyl
ether; NR, not reported; PAHs, polycyclic aromatic hydrocarbons; ppm, parts per million; ppb, parts per billion; SD, standard deviation; SE, standard error; SPMA, S-phenylmercapturic
acid; t,t-MA, trans,trans-muconic acid; TWA, time-weighted average; vs, versus; yr, year(s)

Benzene
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End-point
Test system

Tissue, cell type

Description of exposed and
controls

DNA damage/strand
breaks
DNA elution rate
through filters
DNA damage/strand
breaks

Blood,
peripheral
lymphocytes

Mutation/other
NN GPA variant cell
frequency
DNA damage/strand
breaks
Comet assay, tail
moment, heavily
damaged cell number
DNA damage/strand
breaks
Comet assay,
percentage of
damaged cells
Mutation/oncogene
K-ras mutation

DNA damage/strand
breaks
Alkaline comet assay,
comet tail
DNA damage/strand
breaks

Agent
Concentration (LEC or
HIC)

Comments

Reference

20 female shoemakers, 12 of
+
which had an additional dermal P < 0.001
exposure, 20 matched controls

Benzene and toluene
4.16 ± 4.15 μg/m3

No evidence for
contribution of skin
absorption to the effect

Popp et al.
(1992)

Blood, the pellet 33 men occupationally exposed
from centrifuged to gasoline, 3 unexposed
blood
controls (smokers and nonsmokers)
Blood,
44 benzene-exposed workers
erythrocytes
(23 men and 21 women),
44 matched controls
Blood,
12 gasoline station attendants,
peripheral
unspecified matched controls
lymphocytes

± P = 0.2

Benzene, VOC from
gasoline
HIC, 0.6 ppm

No increase overall, but in
some benzene exposure
subgroups

Nilsson et
al. (1996)

+ P < 0.05
(trend)

Benzene
100 ppm-yr

Rothman et
al. (1996)

+
P = 0.028

Benzene, gasoline vapours
0.3 ppm (8h TWA)

Andreoli et
al. (1997)

Blood,
peripheral
lymphocytes

83 exposed workers (29 low
exposure, 29 high exposure,
25 benzene poisonings),
29 controls

+

Benzene
HIC < 300 mg/m3

Wu et al.
(1998)

Tumour tissue,
exocrine cancer
of the pancreas,
null

107 patients with exocrine
cancer of the pancreas, 83 K-ras
mutated and 24 K-ras wildtype;
among these, 16 cases were
previously exposed to benzene
133 traffic control policemen
exposed to traffic emissions,
59 office policemen

+ P < 0.05

Benzene, possibly other
solvents, exposure
estimated retrospectively
(high, low, none)

–

Benzene, VOC from
traffic
HIC 9.5 μg/m3, 7-h TWA

158 petrochemical workers,
50 matched controls

+
P NR

Benzene
1.75 ± 3.6 ppm
(inhalation)

Blood,
peripheral
lymphocytes
Blood,
peripheral
lymphocytes

Resultsa

Significant for men after
the only women exposed
to benzene were excluded
(OR, 7.07; P < 0.05)

Alguacil et
al. (2002)

Carere et al.
(2002)
NQO1 deficiency correlated
with twofold higher SSBs

Garte et al.
(2005)
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Table 4.2 DNA strand breaks, adducts and mutations in humans exposed to benzene

Table 4.2 (continued)
End-point
Test system

Tissue, cell type

Description of exposed and
controls

Resultsa

Agent
Concentration (LEC or
HIC)

Comments

Reference

DNA damage/strand
breaks
Comet tail moment

Blood,
peripheral
lymphocytes

+ P < 0.05

Benzene, VOCs
5.5 ± 0.4 ppb

DNA repair capacity was
also altered in exposed
subjects

Navasumrit
et al. (2005)

DNA damage/adducts
Comet assay, olive tail
moment

Blood,
peripheral
lymphocytes

+
P = 0.001

Benzene, different
solvents
ND

DNA damage/adducts
32P-postlabelling,
bulky adducts
DNA damage/adducts
Comet assay, olive tail
moment
DNA damage/strand
breaks
SSB by alkaline elution
method
DNA damage/strand
breaks
Comet assay, tail
intensity
DNA damage/strand
breaks
Comet tail length, tail
moment

Blood,
peripheral
lymphocytes
Blood,
peripheral
lymphocytes
Blood,
peripheral
lymphocytes

22 clothes vendors, 21 grilled
meat vendors, 29 gasoline
station attendants, 23 factory
workers, 27 controls
Schoolchildren: 41 from
Bangkok and 30 provincial
41 workers from six plants:
printing, shoemaking,
production of nitrobenzene,
benzene, methylene dianiline
and carbomer
34 taxi-moto drivers from
Cotonou, 6 controls from a
nearby village
115 schoolchildren from heavy
traffic area in Bangkok,
69 controls from a rural area
158 petrochemical workers,
50 matched controls

+ P < 0.05

8-oxo-dG and m5dC levels
were also elevated in the
exposed group

+
P < 0.001

Complex mixture
containing benzene
76.0 ± 26.8 μg/m3
Benzene, PAHs
17.55 ± 1.29 μg/m3

+
P NR

Benzene
1.75 ± 3.6 ppm, long-term

Blood,
peripheral
lymphocytes

20 petrol station attendants
(11 smokers), 20 matched
controls (11 smokers)

+ P < 0.05

NQO1 deficiency correlated
with a twofold higher and
GSTT1 gene deletion in a
35–40% higher SSBs

Benzene and other petrol
VOCs
0.65 ± 0.47 mg/m3

Keretetse et
al. (2008)

Blood,
peripheral
lymphocytes

+
P < 0.008

Benzene, VOCs
40 μg/m3

Fracasso et
al. (2010)

DNA damage/adducts
Total DNA adducts

Blood,
peripheral
lymphocytes

33 petrochemical industry
operators, 28 service station
attendants, 21 gasoline pump
maintenance workers, 51 nonexposed controls
57 healthy inhabitants of
Cotonou (high exposure),
20 suburbans (low exposure),
17 villagers (control)

+
P < 0.001

Benzene, PAHs
76 ± 26.8 μg/m3

Sul et al.
(2005)

Ayi Fanou et
al. (2006)
Ruchirawat
et al. (2007)

Adducts mainly from
exposure to PAHs rather
than benzene

Garte et al.
(2008)

Ayi-Fanou
et al. (2011)

Benzene

233

End-point
Test system

Tissue, cell type

Description of exposed and
controls

Resultsa

Agent
Concentration (LEC or
HIC)

Comments

Reference

DNA damage/strand
breaks
Comet assay, mean
tail DNA (%) and tail
moment
DNA damage/strand
breaks
Comet assay, DNA
damage index
DNA damage/other
Comet assay, tail
intensity

Blood,
peripheral
lymphocytes

324 USA Air Force personnel
maintenance workers (high),
service workers (moderate),
others (low exposure)

±

Jet fuel JP-8
ND

Positive correlation between
both pre-shift benzene
concentrations in breath
and the mean tail DNA (%)
and tail moment (P < 0.05)

Krieg et al.
(2012)

Blood peripheral
lymphocytes

43 gasoline station attendants
with 9.1 ± 1.1 yr of exposure,
28 controls matched by age, all
non-smoking
18 fuel tanker drivers, 13 filling
station attendants, 20 controls
with no occupational exposure
to benzene

+
P < 0.001

Benzene, VOC
76.20 (54.34–1285.48)
μg/m3

–

Benzene, VOCs, fuel
HIC, 280 ± 249 μg/m3

Blood,
peripheral
lymphocytes

Moro et al.
(2013)
Smokers and non-smokers
in all groups

Lovreglio et
al. (2014)

+, positive; –, negative; +/–, equivocal (variable response in several experiments within an adequate study)
8-oxo-dG, 8-oxo-2′-deoxyguanosine; HIC, highest ineffective concentration; LEC, lowest effective concentration; m5 dC, methylated deoxycytosine; ND, not determined; NQO1,
NAD(P)H:quinone oxidoreductase 1; NR, not reported; OR, odds ratio; PAH, polycyclic aromatic hydrocarbons; ppb, parts per billion; ppm, parts per million; SSB, single-strand break;
TWA, time-weighted average; VOC, volatile organic compounds; yr, year(s)
a
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Table 4.2 (continued)

Benzene
(c)

Experimental systems

In rodents, benzene increased oxygen radical
generation and lipid peroxidation (Verma &
Rana, 2004). The exposure of mice to benzene
via inhalation increased lipid peroxidation and
DNA damage in bone marrow (Yu et al., 2014).
The activation of bone marrow phagocytes after
the administration of benzene to mice led to
increased oxidative stress, nitric oxide generation, and protein-bound 3-nitrotyrosine in bone
marrow (Laskin et al., 1989; Chen et al., 2005;
Melikian et al., 2008). Oxidative stress has also
been implicated in several effects induced by
benzene metabolites in animal cells, including
homologous recombination (Winn, 2003), DNA
damage and recombination (Tung et al., 2012),
and altered c-Myb transcriptional activity (Wan
& Winn, 2007). Attenuation of oxidative stress
in mice by transgenic overexpression of thioredoxin reductase decreased clastogenic effects
and completely suppressed lymphoma of the
thymus gland induced by benzene inhalation
(Li et al., 2006).

4.2.2 Genetic and related effects
(a)
(i)

Oxidative damage to DNA

Humans
Representative studies examining oxidative
damage to DNA in either occupationally exposed
workers or in environmentally exposed urban
populations, as measured by the production of
oxidized DNA bases, are described in Table 4.1.
Oxidative damage to DNA was detected
primarily using the oxidation of guanine residues, and correlated with benzene exposure
levels and/or metabolic biomarkers of benzene
exposure.
In several occupational studies in Table 4.1
that were the focus of the Working Group’s review,
discussed in more detail below, significant effects
of benzene exposure on oxidative damage to
DNA, as indicated by increased 8-OHdG levels

or other oxidized DNA bases, were observed.
Dose–response relationships between exposure
to benzene and 8-OHdG levels were suggested
by Lagorio et al. (1994), Liu et al. (1996), and
Ruchirawat et al. (2010).
Lagorio et al. (1994) examined urinary
8-OHdG in a random sample of 65 filling station
attendants, and both benzene and methylbenzene exposure levels were calculated from seven
personal air samples taken over 1 year. No control
group was used in this study. A significant correlation was found between urinary 8-OHdG levels
and exposure to benzene (r = 0.34; P < 0.01).
Liu et al. (1996) demonstrated a dose–response
increase in oxidative damage to DNA associated with both external and internal measures
of benzene exposure. Lymphocyte 8-OHdG was
assessed in blood samples of 87 benzene-exposed
workers from shoemaking and car-painting
factories and 30 controls from a university staff.
Workers from different factories were exposed
to different concentrations of benzene; median
levels in environments considered to have low,
medium, and high concentrations of benzene in
air were measured as 2.5, 103.3, and 424.4 mg/m3,
respectively.
Manini et al. (2010) measured urinary
nucleic acid oxidation in 239 traffic policemen,
taxi drivers, and gasoline pump attendants in
Parma, Italy. A separate control group was not
used. Urinary t,t-MA and SPMA were used as
internal markers of benzene exposure. Multiple
linear regression analyses showed that benzene
exposure was associated with oxidative damage
to DNA, particularly RNA as indicated by
the production of 8-oxo,7,8-dihydroguanosine
(8-oxoGuo). The modulating effects of NQO1
and GST polymorphisms on DNA damage and
SPMA excretion, respectively, were reported.
Ruchirawat et al. (2010) performed a study
of oxidative damage to DNA in multiple populations in Thailand, either primarily exposed to
benzene (31 petrochemical laboratory workers
and 31 gasoline service station attendants) or
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other pollutants (165 city centre and 111 rural
schoolchildren, and 40 temple workers exposed
to incense). Individuals from an office building
with no incense burning were used as a control
population. The group exposed to the highest
concentrations of benzene (gas station attendants; mean benzene exposure, 360.9 µg/m3) had
higher leukocyte 8-OHdG than control subjects,
and both petrochemical laboratory workers
(benzene exposure levels, 78.3 µg/m3) and gas
station attendants had significantly higher singlestrand break levels and DNA repair capacity.
(ii)

Human cells in vitro
Several studies have demonstrated that
phenolic metabolites of benzene can induce
oxidative damage to DNA, as indicated by
8-OHdG formation in cellular systems in
vitro. Zhang et al. (1993) demonstrated that
1,2,4-benzenetriol induced 8-OHdG and MN
formation in the human leukaemia HL-60 cell
line. This and other benzene metabolites (phenol,
hydroquinone, catechol) were shown to induce
8-OHdG formation in HL-60 cells (Kolachana
et al., 1993). Catechol was shown to induce
8-OHdG in HL-60 cells (Oikawa et al., 2001).
Hydroquinone induced DNA strand breaks,
DNA–protein cross-links, and 8-OHdG formation in human hepatoma HepG2 cells (Luo et al.,
2008), and single-strand breaks, chromosomal
aberrations (CAs), and 8-OHdG formation in
A549 human lung cancer cells (Peng et al., 2013).
(iii)

Experimental systems
Increased 8-OHdG formation was also
observed in mouse bone marrow 1 hour after
administration of benzene or 1,2,4-benzenetriol (Kolachana et al., 1993). Although phenol,
catechol, and hydroquinone were without effect
when administered separately, binary combinations of phenol, catechol, and hydroquinone
induced 8-OHdG formation in mouse bone
marrow when administered together (Kolachana
et al., 1993).
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(b)

DNA binding, DNA strand breaks, and gene
mutations

In several occupational studies of DNA
binding, strand breaks, and mutations that
were the focus of the Working Group’s review,
discussed in more detail below, the observed
effects could be reasonably attributed to benzene
(Popp et al., 1992; Rothman et al., 1995, 1996; Wu
et al., 1998; Table 4.2). The study of Rothman et al.
(1995, 1996) showed an apparent dose–response
relationship. In this study, glycophorin A gene
(GPA) loss and subsequent duplication of its NN
allele in MN-heterozygous was demonstrated in
subjects with long-term occupational exposure
to benzene; cumulative exposures ranged from
8 to 3488 ppm-years. The NN GPA variant cell
frequency was 13.9 ± 1.7 per million cells in
workers exposed to benzene versus 7.4 ± 1.1 per
million cells in control individuals. In contrast,
no significant difference existed between the two
groups for the null allele frequency. In this study,
benzene produced gene-duplicating mutations,
but did not produce gene-inactivating mutations
at the GPA locus in bone marrow cells of humans.
There are no reports on benzene-specific DNA
adducts in exposed humans or in human cells
treated with benzene in vitro. However, DNA
adducts were detected in human promyelocytic
HL-60 cells treated with a mixture of benzene
metabolites, hydroquinone and 1,4-benzoquinone, by 32P-postlabelling (Levay et al., 1991).
The adduct formed after treatment of the HL-60
cells with either benzoquinone or hydroquinone
was later identified as N2-(4-hydroxyphenyl)2′-deoxyguanosine-3′-phosphate (Pongracz &
Bodell, 1996). Furthermore, two depurinating
adducts, namely 7-(3,4-dihydroxyphenyl)-2′deoxyguanosine and 3-(3,4-dihydroxyphenyl)
adenine, were identified in cultured human blood
mononuclear cells (Chakravarti et al., 2006).
In human lymphocytes treated in vitro,
benzene and its metabolites hydroquinone,
catechol, 1,2,4-benzotriol, and 1,4-benzoquinone

Benzene
(but not t,t-MA) significantly increased DNA
damage (single-strand breaks) in the comet assay
(Anderson et al., 1995). In HeLa cells treated
with hydroquinone, the alkaline comet assay
also showed significant DNA damage compared
with untreated cells (Galván et al., 2008). In vitro
studies on human cells are also listed in Table 4.3.
(c)

Chromosomal damage and cytogenetic
effects

(i)

Humans

Chromosomal damage
Chromosomal end-points, including sisterchromatid exchanges (SCEs), MN, and CAs,
have typically been examined in peripheral
blood lymphocytes (PBLs), although some of the
benzene studies examined buccal cells, sperm, or
other blood cells, such as granulocytes. Two of
these end-points, CAs and MN, have been found
to be associated with increased cancer risk in
humans in large, prospective studies (Liou et al.,
1999; Hagmar et al., 2004; Boffetta et al., 2007;
Bonassi et al., 2007). The third end-point, SCEs,
is an indicator of effects on DNA; however, the
relevance of SCEs to cancer risk is uncertain
(Norppa et al., 2006), and the data for benzene in
exposed humans are inconclusive (see Table 4.4).
Studies that examined structural CAs in
humans occupationally exposed to benzene
are summarized in Table 4.4. Of this range of
occupations, most show increases in CAs associated with jobs involving exposure to benzene,
including some large studies (> 100 exposed
workers) with significant positive exposure–
response relationships (e.g. Kim et al., 2004a;
Rekhadevi et al., 2011).
Similarly, although fewer in number, the
majority of studies of MN in humans exposed to
benzene show increases in MN frequencies associated with jobs involving benzene exposure (see
Table 4.4). In addition, several large studies have
reported significant positive exposure–response

relationships (e.g. Kim et al., 2008; Rekhadevi et
al., 2011 in buccal cells; Zhang et al., 2014).
Aneuploidy was reported in other studies
of humans occupationally exposed to benzene
that examined specific chromosomes, generally
in lymphocytes or sperm (e.g. Kim et al., 2004b;
Xing et al., 2010 and in studies of human cells
in vitro; see Table 4.4, Table 4.5 and Table 4.6).
Ji et al. (2012) compared aneuploidy results
between lymphocytes and sperm in their study
population and across other studies, reporting
the induction of aneuploidy in different chromosomes in different cell types.
Over 20 studies of human cells in vitro are
available, primarily using PBLs although some
have used other lymphohaematopoietic cells or
cell lines (see Table 4.5). In vitro studies using
benzene without metabolic activation have
been inconsistent for chromosomal end-points;
however, the few that used S-9 to activate benzene
metabolism were uniformly positive. In vitro
studies directly assessing the benzene metabolites phenol, hydroquinone, benzoquinone,
catechol, and benzenetriol have been consistently
positive for the various chromosomal end-points
examined, including SCEs (e.g. Morimoto &
Wolff, 1980; Yager et al., 1990). In the study of
Erexson et al. (1985), catechol exhibited greater
potency in inducing SCEs than benzoquinone,
hydroquinone, and benzenetriol, which were in
turn more potent than phenol, which was in turn
more potent than benzene.
Specific cytogenetic effects
Some studies have examined specific cytogenetic changes in humans exposed to benzene to
investigate the mechanisms of benzene carcinogenesis (see Table 4.6). The cytogenetic changes
include alteration of the number of specific
chromosomes, loss of particular regions of
certain chromosomes, and acquisition of specific
translocations.
Among the variety of cytogenetic changes,
significant exposure-related trends for −5, −7,
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End-point
Test system

Tissue, cell line

DNA adducts
32P-postlabelling
DNA strand breaks
Comet assay
DNA strand breaks
Comet assay
DNA strand breaks
Comet assay
DNA strand breaks
Comet assay
DNA strand breaks
Comet assay
DNA strand breaks
Comet assay, tail
moment
DNA adducts
Tandem mass
spectrometry
DNA strand breaks
Comet assay, tail
moment

Resultsa

Agent

Concentration (LEC or
HIC)

HQ, 50 μM per 8 h; 1,4BQ, 25 μM per 2 h

Levay et al. (1991)

12 mM/h
100 μM per 30 min,
P < 0.05
200 μM/h
1 mM per 2 h
200 μM/h
0.5 mM per 4 h
800 μM/h

Anderson et al.
(1995)
Anderson et al.
(1995)
Anderson et al.
(1995)
Anderson et al.
(1995)
Anderson et al.
(1995)
Andreoli et al.
(1997)

Without
metabolic
activation

With
metabolic
activation

Myeloid leukaemia
(HL-60)

+

NT

Lymphocytes

+

–

Benzene
metabolites
(HQ, 1,4-BQ)
Benzene

Lymphocytes

+

+

1,2,4-BT

Lymphocytes

+
NT
–
NT
–

–
+
–
+
–

HQ
CAT
1,4-BQ
1,4-BQ
t,t-MA

NT

Benzene
metabolites
(HQ, BQ, BT)
Benzene
metabolite
(1,2-BQ)
HQ

Lymphocytes
Lymphocytes
Non-proliferating
peripheral
lymphocytes
Blood mononuclear
cells

+

HeLa cells

+

+

Comments

LEC: HQ, 0.5 µg/mL;
BQ, 0.3 µg/mL; BT,
5.0 µg/mL
75 μM
150 μM per 12 h

Reference

Chakravarti et al.
(2006)
WRN depletion
increased DNA damage
(SSBs by comet assay)

Galván et al.
(2008)

+, positive; –, negative
BQ, benzoquinone; BT, benzenetriol; h, hour(s); HIC, highest ineffective concentration; HL, human leukaemia; HQ, hydroquinone; LEC, lowest effective concentration; NT, not tested;
SSB, single-strand break; t,t-MA, trans,trans-muconic acid
a
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Table 4.3 DNA damage in human cells in vitro

Table 4.4 Chromosomal damage in humans exposed to benzene
Exposure duration
(years)

Exposure in air (ppm)a

20 (of 38) workers using benzene
as solvent, 5 industrial controls
from other areas of plant
Factory workers (solvent) and
onsite controls
G1: 20 exposed, 5 controls (from
Tough & Brown, 1965)
G2: 12 exposed, 6 controls
G3: 20 exposed, 5 controls
Controls listed above from
other areas of plant; 8 generalpopulation controls
52 workers exposed to benzene,
44 pre-employment control
group

1–20

22 benzene production workers,
22 controls from metallurgical
factory
16 non-smoking female
benzene-exposed worker,
7 controls
66 ethylbenzene production
workers, 20 general-population
controls of same social position,
etc. as exposed
66 refinery workers, 33 controls
SCE: 28 refinery workers,
23 controls
33 workers exposed to benzene,
15 general-population controls
36 non-smoking female
shoemakers, 11 factory worker
controls
66 refinery workers, 33 controls
CAs: 48 refinery workers,
29 controls

Cytogenetic effectsb

Comments

Reference

CA

SCE

MN

NR (mean, ~25–150 in
high-exposure area;
Tough et al., 1970)
G1: ~25–150 in highexposure area
G2: similar to G1
G3: ~12

+

NT

NT

Blood samples 2–3 yr after benzene
substituted with toluene

Tough & Brown
(1965)

G1: see
above
G2: +/–
G3: –

NT

NT

G2: blood samples almost 4 yr after
benzene;
G3: exposure up to time of study
G2: + vs general population; − vs
onsite controls; onsite controls also
had some exposure, although earlier
in time

Tough et al.
(1970)

0.1–26

2.1 (TWA)

+

NT

NT

Picciano (1979)

11.4 (mean)

0.2–12.4 (8-h TWA)

+

−

NT

+ for chromosome breaks (deletions)
and other CAs (rings, dicentrics,
translocations, exchanges); − for
chromatid breaks
+ for chromosome-type CAs; (+) for
total CAs; − for chromatid-type

NR

3–50

NT

−

NT

Watanabe &
Endo (1984)

3–18

0.47–11.7
(8-h TWA)

(+)

+

NT

Jablonická et al.
(1987)

NR

< 1–10 (TWA)

NT

(+)

NT

Yardley-Jones et
al. (1988)

10–23

< 31.3

+

NT

NT

5.5 (mean)

3–210 (GM, 54)
(one 8-h shift)

NT

−

NT

>5

1–10 (TWA)

+

NT

NT

G2: 6–25
G3: 2–26

+ for CAs

Sarto et al.
(1984)

Sasiadek et al.
(1989)
Seiji et al. (1990)
Yardley-Jones et
al. (1990)

Benzene
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Description of exposed and
controls

Description of exposed and
controls

Exposure duration
(years)

Exposure in air (ppm)a

20 female shoemakers,
20 general-population controls
56 workers in plants with other
exposures, 20 controls

3–NR (mean, 18)

42 benzene distillers at oil
refinery, 42 controls
49 oil refinery workers,
91 historical controls,
122 industrial controls

38 high-exposure and 45 lowexposure female shoemakers,
35 worker controls

Cytogenetic effectsb

Comments

Reference

CA

SCE

MN

0.25–5.0 (mean, 1.3)
(one 8-h shift)
< 10

NT

+

NT

+

NT

NT

0.3–15 (mean, 2.3)

+

+

NT

0–2 (n = 10)
2–10 (n = 22)
> 10 (n = 17)

0.9–21.5 in 1990 (start
of study)
0.3–5.8 by 1992

+

+

NT

High exposure,
2–31 (mean, 13.4)
Low exposure, 1–33
(mean, 17.7)
NR

High exposure,
2–15 (mean, 8)
Low exposure,
2–13 (mean, 5)
Low, 0.77 (mean)
Medium, 32 (mean)
High, 133 (mean)
(8-h TWA)

+

+

NT

Karacić et al.
(1995)

NT

NT

+

Liu et al. (1996)

NR

+

NT

NT

0.02–9.2 (mean, 1.4)
1.9–14.8 (median, 5.9)
(at time of study)

NT
(+)

NT
(+)

+
NT

Tunca & Egeli
(1996)
Zhang (1996)
Bogadi-Sare et
al. (1997)

10–20 (not clearly
reported) (average,
6 h/d as solvent)
2–NR

35 low-benzene (high-toluene)
shoeworkers, 24 mediumbenzene car painters,
28 high-benzene (low-toluene)
shoeworkers, 30 university staff
controls
58 shoemakers, 20 general5–50
population controls
437 factory workers, 150 controls
49 exposed female shoemakers,
1–33 (mean, 17)
27 controls employed in
confectionary industry

Popp et al.
(1992)
Sasiadek (1992)

+ in both chromatid- and
chromosome-type CAs and
achromatic lesions (gaps); followed
from 1990 to 1992, during which
exposures decreased along with CAs
(excluding gaps) and gaps only, but
not SCEs

Major et al.
(1994)
Tompa et al.
(1994)

IARC MONOGRAPHS – 120

240

Table 4.4 (continued)

Table 4.4 (continued)
Description of exposed and
controls

Exposure duration
(years)

Exposure in air (ppm)a

Lymphocytes: 38 petrochemical
workers, benzene plant or
coke oven workers, 13 controls
(included office workers)
Buccal: 18 petrochemical
workers, benzene plant or
coke oven workers, 15 controls
(included office workers)
23 painters, 22 factory controls
12 benzene factory workers,
5 coke oven workers, 8 rural
village population controls

NR

44 Chinese workers exposed to
benzene, 44 controls
12 Estonian benzene production,
5 coke oven workers, and
8 controls
178 petroleum refinery workers,
36 office worker controls
82 coke oven workers,
76 controls
39 ethylbenzene production
workers, 55 controls

Comments

Reference
Surrallés et al.
(1997)
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CA

SCE

MN

Benzene, 0.8–1.1
Coke, 0.04–0.30
(8-h TWA)

NT

NT

−

Chromosome 9; buccal cells and
lymphocytes

NR
Benzene, 0.7–19
(GM, 4.1)
Coke, 0.5–30.6
(GM, 4.8)

0.17–3.06 (TWA, 0.71)
Benzene, 0.03–9.0
(GM, 0.41)
Coke, 0. 16–0.53
(GM, 0.31)

NT
+

−
NT

NT
NT

Estonian benzene
production, 6.6
(mean)
Estonian coke
workers, 11.4
(mean)
10.6 (mean)

Chinese, 31 (median)
Estonian benzene
production, 4.1 (mean)
Estonian coke workers,
1.1 (mean)

−

NT

NT

Xu et al. (1998)
Chromosomes 1 and 9; blood smear Marcon et al.
granulocytes and lymphocytes, and
(1999)
stimulated (cultured) lymphocytes; +
for breakages in both chromosomes
in benzene factory workers in
cultured lymphocytes; (+) for
chromosome 1 (9 not reported) in
benzene factory worker smear cells
Eastmond et al.
(2001)

0.004–4.52

+

NT

NT

0.75–19.67 (mean,
8)
NR

0.014–0.743 (GM, 0.557)
(8-h TWA)
0.13–4.7

+

NT

NT

+

NT

NT

12–28 (mean, 22.8)

13.7 (mean) in 1994,
reduced to 0.56 (mean)
in 1995
31 (median)
8-h TWA, based on
geometric mean of five
8-h measures

+

+

NT

+

NT

NT

0.7–16 (mean, 6.3)
(Smith et al., 1998)

Chromosomes 8, 21 were evaluated;
+ for t(8,21) translocations
CAs in high-CA subset decreased
10 mo after improved work
conditions
Followed annually from 1990
to 2003; decreased over time as
exposures decreased
Chromosomes 2, 4, 6, 11, 12, 14, 18;
same study as Smith et al. (1998)
and other Zhang et al. studies with
different chromosomes evaluated

Kim et al.
(2004a)
Kim et al.
(2004b)
Sram et al.
(2004)
Tompa et al.
(2005)
Zhang et al.
(2007)

Benzene

10 oil refinery workers,
87 industrial controls,
26 matched controls
44 factory workers, 44 factory
controls

Cytogenetic effectsb

Description of exposed and
controls

Exposure duration
(years)

Exposure in air (ppm)a

108 petroleum refinery workers,
33 controls
30 petroleum refinery workers,
10 office worker controls
200 filling station workers,
200 general-population controls
30 workers in China who used
benzene-containing glues,
11 factory controls

10.5 (mean)

459 unspecified benzeneexposed workers, 88 controls
385 shoemakers, 197 controls
(102 indoor local controls,
95 teachers from Shanghai as
external controls)
317 shoemakers, 102 office
worker controls

Cytogenetic effectsb
CA

SCE

MN

0.004–4.52 (shift TWA,
0.51)
0.51 (mean)

+

NT

+

NT

NT

+

10.7 (mean)

0.34–0.47

+

NT

+

> 1–NR

< LOD–23.6 (GM, 2.8)

+

NT

NT

NT

NT

+

>1

0.8–17.8 (median, 2.0)

NT

NT

+

>1

0.80–12.09
(median, 1.60)

NT

NT

+

Comments

Chromosome 1 in sperm; + for
“structural aberrations”, including
duplications, deletions, and breaks;
(+) for “numerical aberrations”
(disomy, nullisomy)

Reference
Kim et al.
(2008)
Kim et al.
(2010)
Rekhadevi et al.
(2011)
Marchetti et al.
(2012)

Zhang et al.
(2012b)
Zhang et al.
(2014)
Zhang et al.
(2016)

Benzene exposure level conversion: 1 ppm = 3.19 mg/m3 = 3190 μg/m3
+, positive; (+), positive result in a study of limited quality; −, negative
CA, chromosomal aberrations; d, day(s); G1, group 1; G2, group 2; GM, geometric mean; h, hour(s); LOD, limit of detection; MN, micronuclei; mo, month(s); NR, not reported; NT, not
tested; ppm, parts per million; SCE, sister-chromatid exchanges; TWA, time-weighted average; vs, versus; yr, year(s)
a

b
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Table 4.4 (continued)

Table 4.5 Chromosomal end-points in human cells in vitro
Cells

End-point

Benzene and
metabolite(s)

Resultsa

Reference

Leukocytes

Benzene

+ for CAs

Morimoto (1976)

Lymphocytes

Combined effects of benzene and
radiation on CAs
QM staining

Benzene

− for SCE, structural CAs

Lymphocytes

SCEs

Lymphocytes

SCEs

Lymphocytes

SCEs

− for SCE
+ for SCE
+ for SCE with S-9
+ for SCE
+ for SCE with S-9

Gerner-Smidt &
Friedrich (1978)
Morimoto & Wolff
(1980)

T-lymphocytes

Stained using a modified
fluorescence-plus-Giemsa technique
for SCE

+ for MN and K+
+ for MN
+ for MN and K+

Yager et al. (1990)

Eastmond et al.
(1994)
Stillman et al. (1997)

Lymphocytes

Modified MN assay with antikinetochore antibody

Lymphocytes and
HL-60 cells
Lymphocytes

MN with anti-kinetochore antibody

Benzene
Phenol, CAT, HQ
Benzene
CAT, HQ
Benzene, CAT, HQ,
phenol
Benzene, phenol, CAT,
BT, HQ, BQ
t,t-MA, 4,4′-biphenol,
4,4′-dipheno-quinone,
2,2′-biphenol
HQ, phenol, CAT
BQ
BT

FISH (chromosomes 1, 7, and 9)

HQ

+ for hyperploidy

Human lymphoblast
cell line (GM09948)
Lymphocytes

FISH with specific probes for
chromosomes 5, 7, and 8
FISH with centromeric probes for
chromosomes 1, 5, 7 and specific
probes for 5q31 and 7q36-qter
FISH with specific probes for
chromosomes 5, 7, and 8

HQ

+ for loss of one hybridization signal for
chromosomes 5, 7, and 8
+ for HQ and BT for monosomy 5 and 7 and −5q
and −7q

Human lymphoblast
cell line (GM09948)

HQ, BT
CAT
HQ

Lymphocytes
CD34+ and CD34–
cells from cord blood

MN
FISH with probes for chromosomes
7 and 8

Benzene
HQ

+ for SCE

Morimoto (1983)
Morimoto et al.
(1983)
Erexson et al. (1985)

(+)/−

Zhang et al. (1998b)
Stillman et al. (1999)

Zarani et al. (1999)
Smith et al. (2000)
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Benzene

− for CAT for loss of one hybridization signal for
chromosomes 5, 7, and 8
+ CAT/HQ synergy; − for CAT/HQ hyperploidy
[(+) for 8]
− for MN
+ for monosomy and trisomy 7 and 8 in CD34+;
+ for monosomy 7 only in CD34–; – for tetrasomy
7 and 8 in both cell types

Zhang et al. (1993)

Cells

End-point

Human
CD34+CD19− bone
marrow cells
Lymphocytes
Lymphocytes

FISH with 5q31, 5p15.2, and
centromeric probes specific for
human chromosomes 7 and 8
FISH (chromosomes 5, 7, 8, and 21)
CBMN, FISH (chromosomes 7 and
8)
Metabolites incubated Measuring DNA cleavage
with human
topoisomerase IIα
and then DNA

Whole blood

FISH with probes for chromosomes
1, 5, 6, 7, 8, 9, 11, 12, and 21; six
chromosomes (1, 5, 7, 8, 9, and 21)
analysed for BT and high-dose HQ

Benzene and
metabolite(s)

Resultsa

Reference

HQ

+ for monosomy 7; + for −5q31; − for monosomy
5; no loss or gain of 8

Stillman et al. (2000)

BT, HQ, t,t-MA
BT

+ for aneuploidy
+ for MN, aneuploidy

Chung & Kim (2002)
Chung et al. (2002)

BT
HQ
BQ

−
(+)
+ for targeting topoisomerase IIα

Lindsey et al. (2005)

CAT, 4,4’-biphenol,
2,2’-biphenol
HQ

−

BT

Lymphocytes
(interphase and
metaphase)
HL-60 cells
TK-6 cells (lymphoblastoid cell line)

FISH with probes for chromosome 1

Benzene

Gamma-H2AX
Stained with DAPI, chromosomes
11 and 21

HQ, BQ
HQ

Peripheral blood
mononuclear cells
Lymphocytes
Lymphocytes

CBMN

BQ

umuC test, CBMN assay
MN

Benzene
Benzene with S-9, HQ

(+) for HQ for monosomy for all chromosomes
except 21; ++ for 5, 7, 9, and 11; highest IRRs for
5, 6, and 12
+ for trisomy for 7, 8, 9, and 21; highest IRRs for
7, 8, 12, and 21; + for BT for monosomy for 5, 7,
8, and 9 but not 1 and 21; highest IRRs for 5 and
7; (+) for BT for trisomy for all chromosomes; no
selection for trisomy 8
(+) for MN in interphase cells, aneuploidy in
metaphase

Zhang et al. (2005)

+
+ for structural CAs; + for translocations
of chromosome 21; − for translocations of
chromosome 11
+ for MN with PMA act of MPO; − for MN
without PMA
− for umuC; (+)/− for MN
+ for MN

Ishihama et al. (2008)
Ji et al. (2009)

Holeckova et al.
(2008)

Westphal et al. (2009)
Bonnefoy et al. (2012)
Peng et al. (2012)

+, positive; (+), positive result but in a study of limited quality; −, negative
BQ, benzoquinone; BT, benzenetriol; CA, chromosomal aberration; CAT, catechol; CBMN, cytokinesis-blocked micronucleus; DAPI, 4’,6-diamidino-2-phenylindole; FISH, fluorescence
in situ hybridization; H2AX, histone H2AX; HL, human leukaemia; HQ, hydroquinone; IRR, incidence rate ratio; K+, kinetochore positive; MN, micronuclei; MPO, myeloperoxidase;
PMA, phenylmercapturic acid; QM, QM protein (transcription cofactor inhibiting the activity of AP-1 transcription factors and is also a ribosomal protein participating in protein
synthesis); SCE, sister-chromatid exchanges; t,t-MA, trans,trans-muconic acid
a
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Table 4.5 (continued)

Table 4.6 Cytogenetic changes in humans exposed to benzene
Description of exposed and
controls
Woman (age, 38 yr) with
benzene-induced leukaemia
(case study)
Woman (age, 37 yr) with
benzene-induced acute
erythroleukaemia (case
study)
5 women with benzene
haemopathy, diagnosed 5 yr
previously, 1 control
4 women with benzene
myelopathy diagnosed 10 yr
previously, 1 control
4 women with benzene
myelopathy diagnosed 12 yr
previously, 1 control
33 workers exposed to
benzene, 15 generalpopulation controls; all
smokers

Exposure
duration
(years)

Exposure in air
(ppm)a

Cytogenetic changesb

Comments

Reference

+ for extra chromosomes, mostly in C group
(group C trisomy)

All chromosomes

Forni & Moreo
(1967)

+ for cytogenetic changes

All chromosomes

Forni & Moreo
(1969)

% aneuploid lymphocytes
(40%) decreased from time of
diagnosis (70%)
All had lower % aneuploid cells
than control

Pollini et al.
(1969)

All had lower % aneuploid cells
than at previous follow-ups, but
closer to control
All chromosomes

Pollini &
Biscaldi (1977)

All chromosomes

Sasiadek (1992)

All chromosomes

Tunca & Egeli
(1996)
Surrallés et al.
(1997)

NR

+

NR

NR

Same subjects as Pollini et al. (1969)

NR

NR

Same subjects as Pollini et al. (1969)

10–23

< 31.3

56 workers in plants,
20 controls

10–20 (not
clearly
defined)

< 10

58 shoemakers, 20 generalpopulation controls
18 petrochemical workers
(benzene plant or coke
oven workers), 15 controls
(including some office
workers)

5–50

NR

+ for structural CAs
In exposed workers, chromosomes 2, 4, and
9 almost twice as susceptible to breaks;
1 and 2 almost twice as susceptible to gaps;
chromosome 18 underrepresented for CAs
In unexposed controls, more random
distribution of the breakpoints
+ for structural CAs (mainly breaks and
gaps) and non-random distribution of
breakpoints, which accumulated mainly on
chromosomes 2, 4, and 7
(+) for polyploidy

NR

Benzene plant,
1.1 (mean)
Coke oven, 0.04
(mean)
(8-h TWA)

− for chromosome 9 numerical
abnormalities

Chromosome 9; buccal cells

Pollini et al.
(1976)

Sasiadek et al.
(1989)
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Benzene

NR

Description of exposed and
controls

Exposure
duration
(years)

Exposure in air
(ppm)a

Cytogenetic changesb

Comments

Reference

43 Chinese factory workers,
44 other factory controls

0.7–16
(mean, 6.3)

+ dr for hypo- and hyperdiploidy
of chromosome 8; hyperdiploidy of
chromosome 21; t(8,21), t(8;?), t(21,?), and
chromosome 8 breaks but not deletions

Chromosomes 8 and 21; same
study population as some
Zhang et al. studies (2007 and
others), different chromosomes
evaluated

Smith et al.
(1998)

43 Chinese factory workers,
44 factory controls

0.7–16.0
(mean, 6.3)

+ dr for monosomy 5 and 7 but not 1;
trisomy 1, 5, and 7; tetrasomy 1, 5, and 7;
−5q; −7q; total structural CAs in 5 and 7
(+) for chromosome 1 breaks at the
centromere

Chromosomes 1, 5, and 7; same
study population as for some
Zhang et al. studies (2007 and
others), different chromosomes
evaluated

Zhang et al.
(1998a)

12 benzene factory workers,
and 5 cokery workers; 17/8
rural village population
controls

0.7–19 (GM,
4.1)

1–328 (median,
31) (8-h TWA,
based on
geometric
mean of five
8-h measures)
1–328 (median,
31) (8-h TWA,
based on
geometric
mean of five 8-h
measures)
0.0–9.0 (GM,
0.41)

Chromosomes 1 and 9; blood
smear granulocytes and
lymphocytes, and stimulated
(cultured) lymphocytes

Marcon et al.
(1999)

5 cokery workers, 8 rural
village population controls
43 Chinese factory workers,
44 factory controls

0.5–30.6
(GM, 4.8)
0.7–16
(mean, 6.3)

0.16–0.53 (GM,
0.31)
1–328 (median,
31) (8-h TWA,
based on
geometric
mean of five 8-h
measures)

(+) for hyperploidy in both chromosomes
1 and 9 in cultured lymphocytes; (+) for
chromosome 1 hyperploidy and breakages
(9 not reported) in smear cells; + for
breakages in chromosomes 1 and 9 in
cultured lymphocytes
(+) for hyperploidy in both chromosomes
1 and 9 in cultured lymphocytes
+ dr for monosomy (one hybridization
signal) 7 and 8 in metaphase but not
interphase
+ dr for trisomy (3 hybridization signals)
7 and 8 in metaphase and interphase, but
more pronounced in metaphase

Zhang et al.
(1999)

44 Chinese workers,
44 controls
12 Estonian benzene
production workers, 5 coke
oven workers, 8 controls

NR

1.6–328.5
(median, 31)
Benzene
workers, 4.1
(mean)
Coke workers,
1.1 (mean)

Chromosomes 7 and 8; same
study population as for other
Zhang et al. studies (e.g.
2007), different chromosomes
evaluated; compared sensitivity
of metaphase and interphase
FISH, metaphase more sensitive
Chromosomes 1 and 9

Benzene
workers, 6.6
(mean)
Coke
workers, 11.4
(mean)

(+) dr for hyperploidy in Ch chromosome 1

Eastmond et al.
(2001)
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Table 4.6 (continued)

Table 4.6 (continued)
Exposure
duration
(years)

Exposure in air
(ppm)a

Cytogenetic changesb

Comments

Reference

82 coke oven workers,
76 controls

0.75–19.67
(mean, 8)

+ for both monosomy and trisomy of both
8 and 21; + for t(8,21) translocations

Chromosomes 8 and 21

Kim et al.
(2004b)

43 factory workers,
44 factory controls

0.7–16
(mean, 6.3)
(from Smith
et al., 1998)

0.014–0.743
(GM, 0.557)
(8-h TWA)
1–328 (median,
31) (8-h TWA,
based on
geometric
mean of five 8-h
measures)

Chromosomes 2, 4, 6, 11,
12, 14, and 18; same study
population as for Smith et al.
(1998) and other Zhang et al.
studies, different chromosomes
evaluated

Zhang et al.
(2007)

57 Chinese factory workers
exposed to benzene (20 lowdose and 37 high-dose),
31 unexposed factory
workers (not clearly
reported)
Subset: 37 benzene-exposed
workers, 20 unexposed
factory workers (not clearly
reported)
649 MDS cases, 80 with
benzene exposure (13.2%),
29 highly exposed > 21 ppm

NR

Low, 1.8 (mean)
High, 21.9
(mean)
Subset, 22.6
(mean)

+ dr for monosomy and trisomy of all
7 chromosomes; + for exposed vs nonexposed for tetrasomy of all 7 chromosomes;
some selectivity at lower exposures: only
monosomy 6 and trisomy 4, 6, and 11 were
+ in the < 31 ppm group; + for −6q and
t(14;18); − for t(4,11) and t(6,11)
t(14,18) signif ↓d
no t(8,21) observed
2 t(15,17), but 1 in unexposed, 1 in exposed

t(15;17) and t(8,21)
t(14,18) in subset

McHale et al.
(2008)

High, > 0.5
(mean, 12)

> 21

−*

0.51 (mean)

+ for chromosomes 7, 9 for aneuploidy

−5/5q−, −7/7q−, +8, del(20q)
Irons et al.
and 11q23/MLL
(2010)
* − for benzene-exposed vs nonexposed MDS cases
Chromosomes 7 and 9
Kim et al.
(2010)

>1

< 0.2–23.6
(median, 2.9)
(8-h TWA)

+ for disomy X and disomy Y; – for disomy
21

Chromosomes 21, X, and Y in
sperm; same population as
Ji et al. (2012) (PBL results)

Xing et al.
(2010)

NR

Low, 4.95 (mean)
High, 28.33
(mean)
(Based on
multiple samples
over 3 mo)

+ selectivity; + dr for monosomy 5, 6, 7, 10,
16, and 19; + dr for trisomy 5, 6, 7, 8, 10, 14,
16, 21, and 22

All chromosomes; OctoChrome
FISH: chromosome-wide
aneuploidy study (CWAS)

Zhang et al.
(2011)

30 petroleum refinery
workers, 10 office worker
controls
33 Chinese male factory
workers using benzenecontaining glues, 33 factory
worker controls
47 shoemakers (22 exposed
to benzene at < 10 ppm,
25 at ≥ 10 ppm), 27 clothing
factory controls
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Benzene

Description of exposed and
controls

Description of exposed and
controls

Exposure
duration
(years)

Exposure in air
(ppm)a

Cytogenetic changesb

Comments

Reference

33 Chinese male factory
workers, 33 control factory
workers
30 workers in China who
used benzene-containing
glues, 11 factory worker
controls
Man (age, 43 yr) with MDS
and AML (case study)
28 shoemakers (18 exposed
to benzene at < 10 ppm,
10 at ≥ 10 ppm), 14 clothing
factory controls

>1

< 0.2–23.6
(median, 2.9)
(8-h TWA)
< LOD–23.6
(GM, 2.8)

(+) for trisomy 21; − for gain X and gain Y

Chromosomes 21, X, and Y;
same population as Xing et al.
(2010) (sperm results)
Chromosome 1 in sperm

Ji et al. (2012)

722 AML cases, 78 with
benzene exposure (10.8%),
38 > 0.31 ppm

> 1–NR

16 (HQ)
NR

(+) for disomy 1

+ CAs in chromosomes 5 and 7
Low, 2.64 (mean) + dr for monosomy 7 and 8; no trisomy
High, 24.19
effects
(mean)
(Based on
multiple samples
over 3 mo)
−*

Chromosomes 7 and 8; in
interphase CFU-GM cells

Marchetti et al.
(2012)
Regev et al.
(2012)
Zhang et al.
(2012a)

−5/5q−, −7/7q−, +8, del(20q)
Irons et al.
and 11q23/MLL; t(8,21), t(15,17) (2013)
* − for benzene-exposed vs nonexposed AML cases

Benzene exposure level conversion: 1 ppm = 3.19 mg/m3 = 3190 ug/m3
+, positive; (+), positive but in a study of limited quality; −, negative
AML, acute myeloid leukaemia; CA, chromosomal aberration; CFU-GM, colony-forming-unit granulocyte-macrophage; CWAS, chromosome-wide aneuploidy study; dr, dose–response
relationship; FISH, fluorescence in situ hybridization; GM, geometric mean; h, hour(s); HQ, hydroquinone; LOD, limit of detection; MDS, myelodysplastic syndrome; MLL, mixed
lineage leukaemia gene; mo, month(s); NR, not reported; PBL, peripheral blood lymphocyte; ppm, parts per million; TWA, time-weighted average; vs, versus
a

b
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Table 4.6 (continued)

Benzene
−5q, and −7q, as well as for +8 in PBLs, have
been observed (Zhang et al., 1998a, 1999, 2011).
Zhang et al. (2012a) also observed a significant
exposure-related trend for −7, but not +7 or +8,
in circulating interphase colony-forming-unit
(CFU) granulocyte-macrophage (GM) cells,
myeloid progenitor cells that are probable targets
for the induction of myeloid leukaemia. In independent studies with PBLs, the benzene-associated aneuploidy of chromosome 7 (Kim et al.,
2010) and +8 (Kim et al., 2004b) were confirmed.
Zhang et al. (2007) also observed a significant
exposure-related trend for trisomy 12.
In studies on several translocations implicated
in some cancers of the lymphoid and haematopoietic tissues, Smith et al. (1998) observed a
significant exposure-related trend using fluorescence in situ hybridization testing for t(8,21).
This association was independently confirmed
by Kim et al. (2004b), but not replicated using
polymerase chain reaction analysis (McHale et
al., 2008; IARC, 2012). Similarly, using fluorescence in situ hybridization Zhang et al. (2007)
observed a significant exposure-related increase
in t(14,18) in the group exposed to the highest
concentration of benzene, but this was not replicated in the polymerase chain reaction analyses
of McHale et al. (2008). In addition, Zhang et
al. (2007) did not observe significant trends for
some common translocations involving the MLL
(mixed lineage leukaemia) gene on chromosome
11q23; however, a significant exposure-related
trend was observed for −6q. McHale et al. (2008)
did not observe an exposure-related effect on
t(15,17).
In vitro studies similarly report certain
cytogenetic changes with exposure to benzene
or its metabolites. For example, Chung & Kim
(2002) reported significant concentrationrelated trends for −5 and −7, as well as inductions of +8 without significant trends, in human
lymphocytes treated with the benzene metabolites hydroquinone, benzenetriol, or t,t-MA,
although no t(8,21) translocations were observed.

Similarly, Zhang et al. (1998b) reported significant increases in −5 and −7, as well as in −5q and
−7q, in human lymphocytes treated with hydroquinone or benzenetriol. Smith et al. (2000)
reported that hydroquinone also induced significant positive dose–response relationships in +8
in CD34+ cells and in −7 in both CD34+ and
CD34– cells from human cord blood, CD34+
cells being haematopoietic progenitor cells.
Stillman et al. (1997, 1999) observed increased −5
and −7 in a human lymphoblastoid cell line from
exposure to hydroquinone, but not to catechol.
Stillman et al. (1999) further found that catechol
acted synergistically with hydroquinone to
induce significant positive dose–response relationships in −5 and −7, as well as −5q, which was
not observed for hydroquinone alone. A concentration-related trend for +8 was also observed,
although it was reportedly not statistically significant. In addition, Stillman et al. (2000) treated
human CD34+CD19– bone marrow cells with
hydroquinone and reported significant concentration-related trends for −7 and −5q but not −5
or +8; further, a greater susceptibility to hydroquinone- induced −5q and −7 was seen in the
bone marrow cells than in the lymphoblastoid
cell line. Zhang et al. (2005) exposed lymphocytes in whole blood to hydroquinone or benzenetriol, and reported that chromosomes 5 and 7
were selectively more susceptible to loss induced
by those benzene metabolites than several other
chromosomes that were examined; further,
chromosome 8 was one of a few chromosomes
that were more susceptible to gain. Also of note,
similar to the findings of Zhang et al. (2007)
in workers exposed to benzene, no increases in
translocations involving 11q23 were observed
in a lymphoblastoid cell line (TK6) treated with
hydroquinone (Ji et al., 2009).
In addition to the investigation of chromosomal end-points in healthy people exposed
to benzene, some studies have examined
cytogenetic changes in cases of acute myeloid
leukaemia (AML) or myelodysplastic syndromes
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(MDS) in people who have likely been exposed to
benzene. Zhang et al. (2002) reviewed 18 cases of
AML attributed to benzene exposure from case
reports with cytogenetic analyses. Only 1 of the
18 cases had a normal karyotype (Zhang et al.,
2002), in contrast to some cytogenetic studies
which reported over 40% of de novo cases of
AML with a normal karyotype (Schoch et al.,
2004; Sanderson et al., 2006). Zhang et al. (2002)
also reviewed over 30 abnormal karyotypes from
leukaemia patients with likely prior benzene
exposure from several large-scale leukaemia
studies, and noted that several cases exhibited
the same translocation (e.g. t(8,21) for AML and
t(9,22) for chronic myeloid leukaemia). Overall,
Zhang et al. (2002) found that there were insufficient data from which to discern a specific pattern
of clonal chromosomal changes in patients with
leukaemia associated with benzene, indicating
that benzene produces a variety of cytogenetic changes that may induce or contribute to
leukaemogenesis.
Irons et al. (2013) investigated 722 AML cases
identified in Shanghai, China and determined
that 78 cases had likely benzene exposure. Irons
et al. (2013) compared the cytogenetic findings
in the 78 cases exposed to benzene first with
those from the 644 unexposed cases and then
with those from several studies of therapyrelated AML. In a subsequent study of 710 of
these AML cases, 75 of which were determined
to have likely been exposed to benzene, Kerzic &
Irons (2017) assessed chromosome breakpoints
across 441 identifiable regions. Likewise, Irons
et al. (2010) studied 649 MDS cases in Shanghai,
China, and determined that 80 cases had likely
been exposed to benzene, 29 of which had likely
been exposed to high concentrations (> 21 ppm)
of benzene. Irons et al. (2010) first compared
the cytogenetic findings in the cases exposed to
benzene with those from all of the MDS cases. A
case–case analysis was then conducted, in which
each of the 29 highly exposed cases was matched
by age and sex to two cases with no suspected
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benzene exposure, and levels of various abnormalities characteristic of t-MDS in the highly
exposed cases were compared with levels in the
unexposed cases. [The Working Group noted
that the implications of the reported comparisons between cases exposed to benzene and
unexposed cases are uncertain, given that only
a portion of the MDS cases in those exposed to
benzene were actually attributable to benzene,
which can have a diluting effect.]
(ii)

Experimental systems
Benzene induced CAs, MN, and SCEs in
bone marrow cells of mice, CAs in bone marrow
cells of rats, rabbits, and Chinese hamsters, and
sperm-head anomalies in mice treated in vivo.
Most of the induced aberrations were breaks or
deletions. Chromosome-type aberrations also
occurred however, particularly after prolonged
exposure when toxicity, manifested by a drop in
the peripheral blood leukocyte count, appeared.
Benzene did not induce SCE in rodent cells in
vitro, but it did induce aneuploidy and CAs in
cultured Syrian hamster embryo cells. Benzene
induced mutation and DNA damage in some
studies in rodent cells in vitro. In Drosophila,
benzene was reported to be weakly positive in
assays for somatic mutation and for crossing-over
in spermatogonia; in single studies, it did not
induce sex-linked recessive lethal mutations or
translocations. It induced aneuploidy, mutation,
and gene conversion in fungi. Benzene was not
mutagenic to bacteria (IARC, 1982, 1987, 2012).
In agreement with a possible role of combinations of multiple metabolites of benzene in genotoxicity, Barale et al. (1990) demonstrated that
combinations of phenol and hydroquinone were
highly genotoxic to mouse bone marrow as indicated by the formation of MN.
In utero exposure to benzene increased the
frequency of MN and SCEs in haematopoietic
tissue of fetal and postnatal mice (Ning et al., 1991;
Xing et al., 1992). French et al. (2015) observed
a dose-dependent increase in benzene-induced

Benzene
chromosomal damage and estimated a benchmark concentration limit of 0.205 ppm benzene
using Diversity Outbred mice. This estimate is
an order of magnitude below the value estimated
using B6C3F1 mice.
After exposure of mice to benzene, DNA
adducts were detected by 32P-postlabelling in
both the bone marrow and leukocytes (Bodell et
al., 1996; Lévay et al., 1996). Mild but statistically
significant mutagenic responses were found in
transgenic mice carrying the lacI reporter gene
exposed to benzene (Mullin et al., 1995; Provost
et al., 1996). The clastogenic potential of benzene
is partly due to its metabolites. Specifically,
benzene oxide, benzoquinones, muconaldehydes,
and benzene dihydrodiol epoxides are electrophiles that readily react with peptides, proteins,
and DNA (Bechtold et al., 1992b; McDonald
et al., 1993; Bodell et al., 1996; Gaskell et al.,
2005; Henderson et al., 2005a; Waidyanatha &
Rappaport, 2005), and can thereby interfere with
cellular function (Smith, 1996).
The importance of CYP2E1 (see Section 4.1) in
inducing benzene toxicity was shown in studies
of Cyp2e1−/− mice, in which no benzene-induced
cytotoxicity or genotoxicity were observed
(Valentine et al., 1996). Similar studies showed
the importance of NQO1, which detoxifies benzoquinones, proposed toxic metabolites of benzene.
Compared with NQO1+/+ mice, NQO1−/− mice
exhibited more severe benzene-induced haematotoxicity and were more sensitive to benzeneinduced MN formation in peripheral blood cells.
These results indicate that NQO1 deficiency
results in substantially greater benzene-induced toxicity. However, the specific patterns of
toxicity differed between the male and female
mice (Bauer et al., 2003). In fact, male mice were
more sensitive than females to the induction of
MN by benzene administered either orally or
intraperitoneally (Meyne & Legator, 1980; Siou
et al., 1981). This may be due, at least in part, to a
function of greater oxidative metabolism in male
mice (Kenyon et al., 1996). Castration of males

reduces their sensitivity to that of females (Siou
et al., 1981).

4.2.3 Altered DNA repair or genomic
instability
Several DNA reactive metabolites are formed
during benzene metabolism, and the type and the
frequency of lesions, the respective DNA repair
systems involved in their removal, and the repair
capacity of the target organ are influenced by the
different metabolites (Winn, 2003; Pandey et al.,
2009; Au et al., 2010; Hartwig, 2010). Table 4.7
reports examples of in vivo and in vitro studies
indicating altered DNA repair or epigenetic
alterations related to benzene exposure or its
metabolites.
Benzene exposure at occupational and environmental concentrations influences DNA repair
systems in human studies in vivo, as reviewed by
Ravegnini et al. (2015). In subjects who worked at
a spray-painting plant, the exposure to benzene
had significantly altered mRNA expression of
some critical cell regulatory and DNA repair
genes such as Xpc, Xpa, and Apel (Wang et al.,
2012). Exposure to a time-weighted average
concentration of benzene in a workplace of up to
1.8 mg/m3 may cause chromosomal damage in
workers; in particular, the XRCC1 rs25487 and
rs1799782 polymorphisms may be associated
with an increase in MN frequency (Huang et al.,
2016). Frequencies of MN and CAs in 108 petroleum refinery workers exposed to 0.51 ppm of
benzene (full-shift time-weighted average) were
higher than in 33 office workers, and the frequencies were influenced by the polymorphism of the
XRCC1 gene (Kim et al., 2008).
In human cell systems and in exposed
mice, chemically reactive benzene metabolites,
particularly 1,4-benzoquinone and hydroquinone, directly inhibited isolated topoisomerase II
(Frantz et al., 1996; Hutt & Kalf, 1996; Eastmond
et al., 2001, 2005; Ji et al., 2009). Possible mechanisms of this inhibition include covalent binding
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Description of exposed and controls
Study type
Tissue
DNA repair or genomic instability
In vitro
Isolated topoisomerase IIα
In vitro
Isolated topoisomerase IIα; human
CEM leukaemia
108 exposed petroleum refinery
workers, 33 controls
Occupational exposure
Spray painters: A, 46 direct exposed;
B, 26 indirect exposed; C, 29 controls
Occupational exposure
Haematopoietic stem and progenitor
cells, human CD34+ cells
In vitro
CD-1 mouse fetal liver cells
In vitro
Epigenetic alterations
DNA methylation
78 gas station attendants, 77 urban
traffic officers, and 57 controls
Occupational exposure
In vitro
Human lymphoblastoid TK6 cells
In vitro
Human hepatic L02 cells
Histone modifications
In vitro
Human myeloid leukaemia HL-60
cells

Benzene exposure (range or median) or
its metabolites

Comments

Reference

BQ, 10 µM; HQ 10 mM

Metabolites catalytically inhibited topoisomerase II

BQ, 0–100 µM
BQ, 10 µM

BQ strongly inhibited topoisomerase II
BQ underwent covalent binding with topoisomerase IIα

Baker et al.
(2001)
Lindsey et al.
(2004)

0.004–4.52 ppm

Both the CA and MN frequencies were significantly
higher in exposed compared with unexposed workers and
influenced by polymorphism of XCCR1 gene
The mRNA expression levels of Rad51, Bcl-2, Bax, Apel,
Xpa, and Xpc in groups A and B were downregulated
significantly compared with group C
DNA breakage

Kim et al.
(2008)

BQ, 5, 15, and 25 µM

Benzoquinone exposure significantly decreased the
transcript levels of 8-oxo-guanine glycosylase

Philbrook &
Winn (2016)

0.040–0.132, 0.09–0.031, and
< 0.006–0.014 mg/m3

Airborne benzene was associated with hypomethylation of
Line-1 and AluI

Bollati et al.
(2007)

Benzene: 1, 10, and 100 µM; HQ, 0.005,
0.05, and 0.5 µM
Benzene, HQ, and BQ: 5, 10, 25, and
50 µM

Benzene and its metabolite HQ exposure induced global
DNA hypomethylation in TK6 cells
HQ and 1,4-BQ, but not benzene, induced global DNA
hypomethylation

Tabish et al.
(2012)
Hu et al. (2014)

HQ
Single treatment: 1, 5, 15, and 25 µM
Repeated treatment: 1, 5, and 15 µM four
times every 48 h
Long-term treatment with 1µM: five
times a week for 5 wk

Epigenetic modifications (instauration in LINE-1
sequences) after in vitro treatment with HQ were transitory
and reversible

Mancini et al.
(2017)

A, 0.21 ± 0.19 mg/m3; B,
0.06 ± 0.12 mg/m3; C, ND
0.5–1 mg/mL

Wang et al.
(2012)
Thys et al.
(2015)

BQ, benzoquinone; CA, chromosomal aberration; CEM, human acute lymphoblastic leukaemia cells; h, hour(s); HQ, hydroquinone; LINE-1, long interspersed nuclear element-1; MN,
micronuclei; ND, not detectable; ppm, parts per million; wk, week(s)
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Table 4.7 Studies of benzene or metabolites indicating altered DNA repair, genomic instability, or epigenetic alterations

Benzene
or catalytic action (Baker et al., 2001; Lindsey et
al., 2004, 2005; Chen et al., 2016a).
Benzoquinone exposure significantly de
creased the transcript levels of the critical base
excision repair gene, 8-oxo-guanine glycosylase,
in CD-1 mouse fetal liver cells in vitro (Philbrook
& Winn, 2016); it was also able to rapidly increase
ROS production, followed by a statistically
significant increase in both c-H2A.X foci and
DNA recombination in fetal haematopoietic cells
(Tung et al., 2012).

4.2.4 Immunosuppression
This section focuses on the studies that
directly or indirectly inform immune response
outcomes, and is divided into haematotoxicity
(inclusive of all such data in Section 4), genes related
to immune function, and immunoproteins.
(a)
(i)

Humans

Haematotoxicity
Acute exposure to benzene has been associated with diseases and symptoms in the
blood-forming system such as aplastic anaemia,
specific cytopenias, and pancytopenia (Aksoy
et al., 1971; Yin et al., 1987; IARC, 2012). These
diseases are associated with a functional reduction in immune competence by virtue of the
reduced number of immunocompetent cells
resulting from impaired haematopoiesis (IARC,
2012; McHale et al., 2012). In addition, several
studies have found that various levels of severity
of benzene-associated haematotoxicity have
been associated with a future risk of developing
a haematological malignancy or related disorder
(Aksoy & Erdem, 1978; Yin et al., 1987; Rothman
et al., 1997).
Many studies investigating the association
between benzene exposure and altered blood
cell counts reported haematological changes in
exposed humans, especially at relatively high
levels of exposure (e.g. > 10 ppm) (Rothman et
al., 1996; Ward et al., 1996; Qu et al., 2002; Lan

et al., 2004); some studies have demonstrated
that haematological alterations can also occur
at lower levels of exposure (< 10 ppm) ( Ward et
al., 1996; Zhang, 1996; Qu et al., 2002; Lan et al.,
2004; Miao & Fu, 2004; Uzma et al., 2008; Robert
Schnatter et al., 2010; Chen et al., 2012; Wang
et al., 2012; Zhang et al., 2016). In particular,
leukocyte counts were consistently reduced in
an exposure-related manner (Rothman et al.,
1996; Ward et al., 1996; Qu et al., 2002; Lan et al.,
2004; Robert Schnatter et al., 2010). Reductions
in leukocyte counts were observed with median
benzene air concentrations of 1.2 ppm in Lan et
al. (2004) and 3.8 ppm (4-week average) in Qu et
al. (2002), with lowered counts in subgroups of
workers exposed to less than 1 ppm. Decreased
neutrophil counts were associated with benzene
exposure down to a level of about 7.8–8.2 ppm
(Robert Schnatter et al., 2010). However, numbers
of band neutrophils, which are precursors and
later mature into granulocytes, were increased as
well as mean corpuscular volume (Bogadi-Sare
et al., 2003).
A few studies reported no statistically significant differences in blood cell counts (Hancock
et al., 1984; Kipen et al., 1989; Biró et al., 2002).
Additionally, several studies reported no or
minimal changes in haematological parameters in workers with occupational exposures of
less than 5 ppm, in particular, less than 1 ppm.
Several of these studies used historical haematological data collected as part of routine surveillance (Collins et al., 1991, 1997; Tsai et al., 2004;
Swaen et al., 2010). [The Working Group noted
that the timing of collection of blood samples
relative to the most recent benzene exposure was
not reported.]
Total lymphocyte counts were reduced
in humans exposed to benzene (Rothman
et al., 1996). Numbers of circulating CD19+
B-lymphocytes were consistently reduced in
several studies (Rothman et al., 1996; BogadiSare et al., 2000, 2003; Lan et al., 2004). CD4+
T-lymphocytes were consistently decreased in
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multiple studies (Luan, 1992; Lan et al., 2004;
Kirkeleit et al., 2006; Uzma et al., 2008; Chen et
al., 2007, 2012; Wang et al., 2012); however, CD8+
T-lymphocyte populations were increased (Chen
et al., 2012). In a study of paint factory workers
exposed to benzene, a continual increase in the
percentage of CD8+ T-cells measured every
4 months for a year was observed (Chen et al.,
2012). No significant change in absolute number
of CD8+ cells was observed in other studies (e.g.,
Chen et al., 2007). The decreased CD4+ and
increased CD8+ T-cells resulted in a lowering
of the CD4+/CD8+ ratio (Luan, 1992; Lan et al.,
2004; Chen et al., 2007, 2012; Wang et al., 2012).
Increased CD3+ lymphocytes were additionally
noted (Chen et al., 2012).
Benzene exposure also reduced T-cell
receptor excision circles (TRECs), a marker
of T-cell maturity. Decreased TRECs in peripheral blood mononuclear cells (PBMCs) of patients
with benzene poisoning were found in two separate studies, suggesting impaired T-cell immune
function (Li et al., 2005, 2009a). Decreased TRECs
were also found in the peripheral blood mononuclear cells in 62 workers exposed to benzene
at a concentration in air of 1.72–37.8 mg/m3
compared with 11 healthy controls (Han et al.,
2004). However, Lan et al. (2005a) reported no
significant difference in TREC levels in shoe
factory workers exposed to benzene at a mean
concentration in air of 15.8 ppm.
Relatively low levels of benzene (i.e. < 5 ppm)
could result in haematological suppression after
continuous exposure with no observed threshold
for a response (Ward et al., 1996). Most types of
blood cells, with the exception of leukocytes,
from complete blood count levels were decreased
in workers exposed to benzene, correlated with
length of employment (Khuder et al., 1999).
Overall, decreased red blood cell counts
(Rothman et al., 1996; Khuder et al., 1999; Qu
et al., 2002; Miao & Fu, 2004; Koh et al., 2015),
platelets (Rothman et al., 1996; Qu et al., 2002;
Uzma et al., 2008; Ye et al., 2008; Chen et al.,
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2012; Wang et al., 2012), and haemoglobin
content (Bogadi-Sare et al., 2003; Wang et al.,
2012; D’Andrea & Reddy, 2016) were consistently
reported. Benzene exposure increased haemoglobulin content and platelets. Haemoglobin
content and red blood cell counts in workers
who had been exposed to benzene for longer
periods were significantly increased compared
with controls (Uzma et al., 2008). Chemical and
rubber factory workers who had been exposed
to benzene at 0.07–872.0 mg/m3 (median level,
7.4 mg/m3) had reduced red blood cell count and
mean platelet volume, the most affected haematological peripheral blood parameters (Robert
Schnatter et al., 2010).
Finally, several studies examined circulating haematopoietic stem and/or progenitor
cells, which may also be affected in individuals
exposed to benzene. In a cross-sectional study of
17 petroleum refinery workers exposed to very
low levels of benzene (0.28–0.41 ppm), increased
burst-forming-unit erythroid and CFU-GM
colonies without any growth stimulation were
observed compared with 20 unexposed controls;
this effect was not observed after the addition of
growth factors, either erythropoietin (EPO) or
granulocyte colony-stimulating factor (Quitt et
al., 2004). However, another study of 10 subjects
with occupational exposure to more than
10 ppm benzene (mean, 24.2 ppm), 19 subjects
with exposure to less than 10 ppm benzene
(mean, 2.6 ppm), and 24 controls with no occupational exposure to benzene reported an inverse
monotonic exposure–response relationship with
haematopoietic progenitor cell colony formation
in cultured peripheral blood, including: CFU
granulocyte, erythroid, macrophage, and megakaryocyte (with EPO stimulation); CFU-GM
(with and without EPO stimulation); and burstforming-unit erythroid cells (with EPO stimulation) (Lan et al., 2004).

Benzene
(ii)

Genes related to immune function
Several studies have investigated human
susceptibility to benzene exposure and its relationship with single-nucleotide polymorphisms
in genes that encode immune-related proteins.
For instance, the tumor necrosis factor alpha
(TNF-α) single-nucleotide polymorphism was
associated specifically with an increased risk of
persistent benzene-induced dysplasia in workers
(Lv et al., 2007), and a significantly higher
frequency of TNF-α was observed in benzenepoisoned patients (Lv et al., 2005).
Corresponding to altered leukocyte counts in
benzene-exposed shoe factory workers, changes
were reported in the expression of various genes,
including the vascular cell adhesion molecule
VCAM1, interleukin (IL)-1A, IL-4, IL-10, IL-12A,
CSF3, MPO, and CRP (Lan et al., 2005b; Shen
et al., 2011). Gene expression related to T-cells
was also altered. The distributions of the T-cell
receptor variable (TCRV) family TCRVα,
TCRVβ, and TCRVγ gene repertoires in individuals exposed to benzene were significantly
lower compared with the reference group (Chen
et al., 2006; Li et al., 2007, 2008, 2009b). PBMC
gene expression levels of CD3δ, CD3ε, and CD3ζ
were increased in workers exposed to benzene
versus controls; in workers diagnosed with
benzene poisoning, however, some regions were
decreased in severe cases and other regions were
unchanged (i.e. CD3γ and CD3ε) in mild cases
(Li et al., 2012). CXCL16, a gene responsible for
encoding a chemokine that activates T-cells and
natural killer cells, was found to be consistently
upregulated in workers exposed to benzene
(Forrest et al., 2005; McHale et al., 2009).
(iii)

Immunoproteins
Regarding B-cell effects, immunoglobulin
(Ig) G production was positively correlated
with air benzene levels (Bogadi-Sare et al.,
2000). Increased IgG was also reportedly correlated with benzene urinary metabolite t,t-MA
measured in petrochemical workers exposed to

benzene (Dimitrova et al., 2005). IgM and IgA
were reduced in cargo tank workers exposed to
benzene (Kirkeleit et al., 2006). Furthermore,
one study reported that plasma concentrations
of soluble CD27 and CD30, two immune markers
indicative of B-cell activation, were decreased by
17% for sCD27 but non-significantly reduced
for sCD30 in the group exposed to the highest
concentration of benzene (≥ 10 ppm) compared
with control workers, after adjusting for age and
sex (Bassig et al., 2016). [The Working Group
noted that several prospective cohorts, although
not specifically related to benzene, found that
higher levels of sCD27 were associated with
increased risk of non-Hodgkin lymphoma
(Purdue et al., 2011; De Roos et al., 2012; Bassig
et al., 2015a; Hosnijeh et al., 2016; Späth et al.,
2017).]
Similar to effects in cytokine gene expression,
cytokine serum concentrations were also modified. TNF production was significantly reduced
in paint factory workers exposed to benzene
vapours (Haro-García et al., 2012). IL-10 serum
concentrations were positively correlated with
the number of working years in those exposed to
benzene (Spatari et al., 2015).
(b)

Human cells in vitro

Alterations in cytokine production were also
observed in studies of human cells in vitro. Both
IL-1α and IL-1β were decreased in human blood
monocytes after exposure to hydroquinone
(Carbonnelle et al., 1995). Catechol, hydroquinone, 1,2,4-benzenetriol, and p-benzoquinone
were also found to stimulate the production
of T-helper cell (Th2) cytokines IL-4 and IL-5
(Gillis et al., 2007).
Supporting the haematotoxicity observed
in humans, phenol, hydroquinone, and
1,2,4-benzenetriol decreased haemoglobin synthesis in K562 cells in a concentration-dependent
manner (Wu et al., 2011). CD34+ haematopoietic progenitor cells treated with hydroquinone inhibited erythroid differentiation in an
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exposure-related response, and miRNA-451a
and miRNA-486–5p were upregulated during
erythroid differentiation (Liang et al., 2017).
(c)
(i)

Experimental systems

Mouse
Several murine studies demonstrated con
sistent immunosuppressive effects on assays for
humoral and cell-mediated immune function
after oral and inhalation exposure. The only
animal study to evaluate the effect of benzene
exposure on the ability of T-cells to respond to a
tumour challenge was conducted by Rosenthal &
Snyder (1987), who exposed C57Bl/6 male mice
to three concentrations (10, 30, and 100 ppm) of
benzene for 100 days before tumour challenge.
Inhalational exposure to 100 ppm increased
lethal tumour incidence, which suggests reduced
tumour surveillance (Rosenthal & Snyder, 1987).
Further examination demonstrated that the same
benzene concentration reduced T-cell cytolytic
activity after 20 days of exposure, and reduced
proliferative responses in the spleen in the mixed
lymphocyte reaction (Rosenthal & Snyder, 1987).
These reductions in cytotoxic and proliferative
activity all occurred without any corresponding
changes in the total number of T-cell or lymphocyte subpopulations in the spleen (Rosenthal &
Snyder, 1987). In addition, Rosenthal & Snyder
(1985) also demonstrated that 9 days of continuous inhalation exposure to benzene reduced
cell-mediated immunity to bacterial infection.
Exposure to benzene at several concentrations
(30–300 ppm) increased bacterial load after a
4-day infection by the intracellular pathogen
Listeria monocytogenes. Accompanying this
effect, total lymphocytes and T- and B-cell populations were all reduced in the spleen for up to
7 days post-infection under the same benzene
exposure concentrations (Rosenthal & Snyder,
1985).
Changes in assays for humoral immune function were first observed in BALB/c male mice
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after inhalation exposure to benzene at concentrations of 50 or 200 ppm for 14 days (Aoyama,
1986). Seven days after immunization with sheep
red blood cells (SRBC), both benzene concentrations reduced IgM SRBC-specific plaqueforming cells (PFC) by up to 87% relative to
controls, and IgG PFCs were reduced by approximately 94% (Aoyama, 1986). IgG PFCs remained
suppressed 10 days after immunization, and
IgM PFCs were not significantly different from
controls. Reductions in total lymphocytes and
B- and T-cells in the blood were also observed at
the same concentration.
The oral exposure database of assays for
immune function is less robust than that for
inhalation; only one study has reported reduced
humoral immunity. Male CD-1 mice were
exposed to benzene in drinking-water at a
concentration of 166 mg/L (the only tested dose)
for 28 days, resulting in reduced IgM SRBCspecific PFCs as well as anti-SRBC antibody
titres (Hsieh et al., 1990). Reductions were also
observed in the mixed lymphocyte response and
T-cell proliferation in response to concanavalin
A and phytohaemagglutinin stimulation, and in
the B-cell proliferative responses to pokeweed
mitogen and lipopolysaccharide stimulation.
In addition, benzene exposure increased serum
corticosterone, which is known to suppress
immune function (Hsieh et al., 1991). Different
results were observed in a study of BALB/c male
mice exposed to benzene by oral gavage at a
concentration of 150 mg/kg bw per day (8 hours
per day/5 days a week, for 2 weeks); no changes
in total serum antibody titres were reported, but
reduced counts of leukocytes, total lymphocytes,
monocytes, and neutrophils in the blood were
observed (Wen et al., 2016). In C57BL/6 mice
exposed orally to benzene at 27 mg/kg bw per
day for 28 days, briefly increased splenic natural
killer cell activity was observed by day 21 and
splenic production of IL-2 was reduced by day 28
(Fan, 1992).
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The haematotoxic effects of benzene exposure are well established in experimental animals
(Cronkite et al., 1985; Farris et al., 1997a). Rats
and mice of both sexes exhibited leukocytopenia
and anaemia after subchronic inhalation exposure, but only mice demonstrated evidence of
severe femoral hypoplasia (Ward et al., 1985).
Nucleated bone marrow cells were significantly
reduced in B6C3F1 mice after inhalation exposure at a concentration of 100 ppm benzene for
8 weeks (Farris et al., 1997a). From analysis of
the differentiation and maturation of haematopoietic precursor cells, exposure to benzene
at 200 ppm for 8 weeks resulted in a sustained
reduction of the primitive precursor CFU high
proliferative progenitor cells, downstream
progenitor CFU-GM cells, bone marrow granulocytes, and leukocytes in the blood (Farris et al.,
1997a). In C57BL/6 mice exposed intraperitoneally to hydroquinone at 50 mg/kg bw per day or
to benzene at 600 mg/kg bw per day for 2 days,
or in DBA/2J mice exposed to benzene at 10 ppm
via inhalation for 5 days, CFU-GM proliferation
was not significantly affected but differentiation
was significantly increased (Dempster & Snyder,
1991; Hazel et al., 1996). When Swiss Webster
mice of both sexes were exposed to benzene
in utero at 10 ppm and re-exposed to benzene
at 10 ppm at age 10 weeks, greater reductions
in splenic CFU-GM were observed compared
with mice that were not exposed to benzene in
utero (Keller & Snyder, 1986). Intraperitoneal
exposure to benzene increased the production
of nitric oxide in bone marrow cells, which may
contribute to the reduced proliferation (Punjabi
et al., 1994). Benzene exposure was also found
to suppress the progenitor cell cycle of CFU-GM
in the bone marrow of C57BL/6 mice by overexpressing the cyclin-dependent kinase inhibitor
p21 (Yoon et al., 2001).

(ii)

Rat
Two rat studies examined the effect of
benzene exposure on assays for immune function: one oral and one inhalation. In male Wistar
rats exposed to a single dose of benzene in drinking-water at 0.6 mL/kg of drinking water per
day for 90 days, reductions in the total number
of SRBC-specific antibody-forming cells in the
spleen by 40%, and in the total anti-SRBC serum
titres by 64% after immunization with SRBC
(immunization protocol not specified), were
observed (Karaulov et al., 2017). Cell-mediated
immunity, assessed by the delayed-type hypersensitivity response, was also reduced by 52%
compared with controls. Karaulov et al. (2017)
additionally examined the effect of benzene
exposure after 45, 90, and 135 days by stimulating splenocytes ex vivo with the concanavalin
A; increased cytokine production of IL-4 and
IL-6 and a reduced number of CD4+ T-cells were
reported for all time periods.
In male Sprague-Dawley rats exposed to
benzene via inhalation at a range of concentrations (30–400 ppm) for 2 or 4 weeks, no changes
in anti-SRBC serum antibodies were induced
(Robinson et al., 1997). However, the highest
tested concentration reduced the numbers of
splenic B-cells after 2 and 4 weeks of exposure
and of CD4+/CD5+ T-helper cells after 4 weeks
of exposure.

4.2.5 Altered cell proliferation, cell death, and
nutrient supply
(a)

Humans

Representative studies were included if the
biological end-point was considered relevant
for this key characteristic (studies of peripheral
blood cell counts, benzene poisoning, cultured
haematological progenitor cells, and genetic
susceptibility to these events are presented in
Section 4.2.4(a)). The Working Group focused
on studies in which presence of benzene in the
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study population was documented, the presence
of co-exposures was evaluated and addressed,
the control group was comparable to the exposed
study population, and the study had adequate
statistical power.
A case series report in China of 23 subjects
with a history of benzene poisoning, with quantitative data for 17 subjects indicating very
high exposure to benzene before diagnosis (i.e.
concentration in air at 50–300 ppm), described
a distinct pattern of bone marrow dysplasia
including marked dyserythropoiesis, eosinophilic dysplasia, and abnormal cytoplasmic
granulation of neutrophilic precursors. In addition, clonal and oligoclonal proliferation in bone
marrow T-lymphocytes, including clonal rearrangements in T-cell receptor gene segments, was
present in 14 out of 23 cases (Irons et al., 2005).
Several cross-sectional studies of workers
with occupational exposure to benzene and
unexposed controls measured miRNA in
peripheral leukocytes or plasma and mRNA
in leukocytes, and found altered levels of these
end-points for genes that play a role in apoptosis;
these studies provided indirect evidence of the
possible influence of benzene on apoptosis in
healthy subjects (Forrest et al., 2005; Sun et al.,
2009; McHale et al., 2011; Wang et al., 2012; Li et
al., 2014; Chen et al., 2016b, 2017; Hu et al., 2016;
Liu et al., 2016).
In studies in vitro, benzene or its metabolites induced apoptosis in CD34+ human bone
marrow progenitor cells, PBLs, PBMCs, bone
marrow mesenchymal stem cells, and HL-60
human promyelocytic leukaemia cells (Moran
et al., 1996; Ross et al., 1996a; Wiemels &
Smith, 1999; Bratton et al., 2000; Nishikawa et
al., 2011; Hu et al., 2012; Lee et al., 2012; Peng
et al., 2012; Zolghadr et al., 2012). Inhibition
of nuclear-factor kappa-light-chain-enhancer
of activated B-cells (NF-κB) by hydroquinone
sensitizes human bone marrow progenitor cells
to TNF-α-induced apoptosis (Kerzic et al., 2003).
Inhibition of DNA-dependent protein kinase,
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catalytic subunit, potentiated the apoptotic and
growth inhibitory effects of hydroquinone in
proerythroid leukaemia K562 cells (You et al.,
2013). Apoptosis was prevented when NQO1
was induced by hydroquinone in KG-1a human
promyeloblastic leukaemia cells. Induction of
NQO1 by hydroquinone in human bone marrow
cells depends on its genotype (Moran et al., 1999);
in cells with a T/T genotype, NQO1 activity and
protein were not detected (Ross et al., 1996b;
Traver et al., 1997). This finding is consistent
with the observation that the NQO1 null genotype increases the risk of benzene poisoning (i.e.
haematotoxicity) (Rothman et al., 1997).
The benzene metabolite orthoquinone stimulated hyperproliferation of human mononuclear cells cultured with T- and B-cell mitogens
(Chakravarti et al., 2006).
(b)

Experimental systems

Benzene is reported as a bone marrow
depressant as it decreases cell counts in circulating blood, bone marrow, and haematopoietic
progenitor cells of animals treated with benzene
(IARC, 1982). The cycling fraction of bone
marrow or progenitor cells is also suppressed
during exposure to benzene, although this
suppression is rapidly reversed when exposure
to benzene ceases (Moeschlin & Speck, 1967;
Irons et al., 1979; Cronkite et al., 1982; Lee &
Garner, 1991; Farris et al., 1997a). Suppression
of the number of progenitor cells as well as of
their cycling fraction is induced by a p53-mediated checkpoint for damaged cells (Kastan et al.,
1991; el-Deiry et al., 1994), as evidenced by the
lack of suppression of either parameter in the
Trp53 knockout mouse (Yoon et al., 2001). On
and off regulation of Trp53 therefore results not
only in the direct suppression of haemopoiesis
but also in a dynamic recovery proliferation
after suppression of haemopoiesis during and
after benzene exposure in wildtype mice. These
dynamic changes may be responsible for the
oscillatory proliferation of bone marrow cells to
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counter any additional epigenetic haematopoietic
neoplastic impacts (Yoon et al., 2001). Indeed, the
studies of Snyder and co-workers (Snyder et al.,
1981; Dempster & Snyder, 1990) demonstrated
that exposing mice to benzene by inhalation
for varying periods of time resulted in a growth
advantage for granulopoietic cells and proliferation of myeloblasts and/or promyelocytes.
Benzene has been shown to induce apoptosis
in murine haematopoietic cells in vitro (MartínezVelázquez et al., 2006; Gao et al., 2011), as well as
spleen cells, femoral B-lymphocytes, and thymic
T-lymphocytes in vivo (Farris et al., 1997b; Wen
et al., 2016). In mice exposed to benzene by
inhalation at 100 ppm for 6 hours per day, 5 days
per week for 2 weeks, no change in the level of
apoptosis in bone marrow as measured by flow
cytometric analysis using Annexin V staining
(Faiola et al., 2004) was observed. However, genes
involved in apoptosis (Trp53-mediated caspase
11, bax, and ccng) were upregulated in the bone
marrow cells of mice exposed to benzene by
inhalation at 300 ppm for 6 hours per day, 5 days
per week for 2 weeks (Yoon et al., 2003). In mice
exposed to benzene by inhalation at 300 ppm for
6 hours per day, 5 days per week, a higher ratio
of apoptosis (i.e. Annexin V staining) in bone
marrow cells was observed on day 60 after the
start of the experiment when compared with
control mice (Das et al., 2012). Trp53-mediated
gene expression alterations were also observed
in the bone marrow cells of mice exposed to
benzene by inhalation at 100 ppm for 6 hours
per day, 5 days per week for 15 weeks (Boley et
al., 2002). Simultaneously, in mice exposed to
benzene a reduction of immune function (phagocytic capacity and cytotoxic efficacy) of cells
derived from bone marrow, a reduced generation of adherent stromal cells, and a decreased
expression of the adhesion molecule (CXCR4) in
bone marrow cells were observed, which might
be responsible for inducing myelodysplasia (Das
et al., 2012).

Inhalation of benzene at 300 ppm for 23 hours
per day for 7 consecutive days induced apoptotic changes in the parenchymal components
of the lung of Sprague-Dawley rats. An assay
for terminal deoxynucleotidyl transferase dUTP
nick end-labelling (TUNEL) and electrophoretic
analysis of internucleosomal DNA fragmentation of benzene-exposed lung tissue exhibited
180–200 base pairs of laddering subunits, indicative of genomic DNA degradation (Weaver et
al., 2007).

4.2.6 Receptor-mediated effects
Although no data on aryl hydrocarbon receptor (AhR) were available in exposed humans or
in human cells, several experimental studies in
vitro and in vivo have examined the potential
role of AhR in benzene carcinogenicity. This
transcription factor appears to be involved in
the regulation of immature haematopoietic
stem or progenitor cell populations, and AhR
dysregulation may result in changes to the bone
marrow microenvironment that can lead to
excessive or unnecessary proliferation (Singh
et al., 2009, 2014). Yoon et al. (2002) reported
that AhR-knockout (AhR−/−) mice do not show
any haematotoxicity after exposure to benzene
(Yoon et al., 2002). Follow-up studies reported
that mice in which the bone was ablated by irradiation and repopulated with marrow cells from
AhR-knockout mice did not display any sign of
benzene-induced haematotoxicity (Hirabayashi
et al., 2008; Hirabayashi & Inoue, 2010). Benzene
and its metabolites hydroquinone and benzoquinone did not activate AhR in mouse hepatoma
cells in vitro, suggesting that direct interaction
with AhR is not involved in these haematotoxic
effects (Badham & Winn, 2007).
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4.2.7 Chronic inflammation

(b)

(a)

(i)

Humans

TNF-α (an important mediator of inflammation), IL-6 (a pro-inflammatory cytokine),
and IL-8 (a chemokine) were studied in 196
rural Indian women who used benzene-contaminated biomass to cook, and compared with
149 age-matched women who cooked with the
cleaner fuel of liquefied petroleum gas (Dutta et
al., 2013). This study analysed sputum samples
and revealed markedly elevated levels of TNF-α
(6.9-fold) as well as significantly higher IL-6 and
IL-8 levels in the exposed women, suggesting
airway inflammation and trafficking of inflammatory cells from circulation to the airways,
compared with control women who cooked with
the cleaner fuel (Dutta et al., 2013). [The Working
Group noted that the women using biomass were
not only exposed to benzene, but also to particulate matter of diameter less than 10 μm (PM10)
and other toxic chemicals such as formaldehyde,
which may also induce inflammation.]
Several studies in human cells in vitro indicate that several benzene metabolites (t,t-MA,
hydroquinone, catechol, benzoquinone, and
1,2,4-benzenetriol) may play important roles
in the mechanisms of benzene toxicity and
inflammation. Hydroquinone (1–10 M) inhibited TNF-α-induced activation of NF-κB in
primary human CD4+ T-lymphocytes and in
primary human CD19+ B-lymphocytes (Pyatt et
al., 1998, 2000). Gillis et al. (2007) showed that
benzene metabolites (catechol, hydroquinone,
1,2,4-benzenetriol, and benzoquinone) increased
production of pro-inflammatory cytokines
(TNF-α and IL-6) in PBMCs. TNF-α produc
tion was increased in a dose-dependent manner.
Concurrently, suppression of anti-inflammatory
cytokine IL-10 expression was also observed in
the activated PBMCs treated with higher concentrations of hydroquinone and catechol (Gillis et
al., 2007).
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Experimental systems

Mouse
Exposure to benzene for 14 days has been
demonstrated to affect inflammation in mouse
models in two studies. Aoyama (1986) reported
that exposure to benzene by inhalation at
200 ppm for 14 days increased ear swelling in
BALB/c mice immunized with the contact sensitizer picryl chloride. In mice given benzene by
oral gavage at 150 mg/kg bw per day (8 hours
per day/5 days a week, for 2 weeks), slight, but
not significant, paw swelling was observed in the
delayed-type hypersensitivity test (Wen et al.,
2016).
Benzene metabolites were also shown to
directly induce inflammatory responses in mice.
In C57BL/6 female mice given a single subcutaneous injection (100 nmol/mouse), benzoquinone and (to a lesser extent) hydroquinone,
but not benzene itself, was observed to increase
popliteal lymph node cell count indices 6 days
later as determined by popliteal lymph-node
assay (Ewens et al., 1999). Bando et al. (2017)
also demonstrated the direct inflammatory
capacity of hydroquinone. The ears of BALB/c
and C57BL/6 mice were observed to swell within
24 hours of dermal application of hydroquinone
at concentrations of as low as 1% and 8%, respec
tively. Further examination revealed accumulation of Th2 cytokines such as IL-4, decreased Th1
cytokines, and increased accumulation of T-, B-,
and natural killer cells, total serum IgE, hydroquinone-specific IgE, macrophages, neutrophils,
and eosinophils (Bando et al., 2017). In female
BALB/c mice, hydroquinone induced IL-4 and
IgE and increased total and keyhole limpet
haemocyanin-specific IgE (Lee et al., 2002).
(ii)

Rat
In a single study in rats that examined the
effect of 1 hour of dermal exposure to benzene
of hairless male rats, occlusive and unocclusive
dermal exposure increased erythema at the site
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of application. Blood IL-1 and skin concentrations of TNF-α increased by 2.4-fold and 3.7-fold,
respectively (Chatterjee et al., 2005).

4.2.8 Epigenetic alterations
Epigenetic alterations related to benzene
exposure were observed in studies in vivo and in
vitro, as reviewed by Zhang et al. (2010), Chappell
et al. (2016), and Salemi et al. (2017).
Epigenetic alterations, including DNA methylation and non-coding RNA, were correlated
with benzene exposure (Fenga et al., 2016).
Occupational or environmental exposure to
benzene can produce epigenomic changes.
More recently, the effect of benzene exposure on miRNA expression has been reported
in occupationally exposed workers (Liu et
al., 2016). Downregulation of miR-133a was
observed in 50 workers exposed to benzene at
3.50 ± 1.6 mg/m3 compared with 50 controls
exposed to benzene at 0.06 ± 0.01 mg/m3 (Chen
et al., 2016b). Overexpression of miR-221 was
observed in PBLs of 97 petrol station attendants exposed to benzene at 0.073 ± 0.02 mg/m3
compared with 103 controls exposed to benzene
at 0.008 ± 0.001 mg/m3 (Hu et al., 2016).
The results of in vitro studies of benzene-induced changes in DNA methylation are influenced by cell line type and substance used for
the specific experiment, that is, benzene or its
metabolite. A global DNA hypomethylation was
observed in human lymphoblastoid TK6 cells
after exposure to benzene at concentrations of 1,
10, and 100 μM (Tabish et al., 2012), and after
exposure to hydroquinone at concentrations of
2.5, 5, 10, 15, and 20 μM in a dose-dependent
manner (Ji et al., 2010). In human normal hepatic
L02 cells a global DNA methylation change was
observed only after exposure to hydroquinone
and 1,4-benzoquinone, but not to benzene itself
or other metabolites (Hu et al., 2014). A reversible poised state of chromatin, identified by the
simultaneous presence of histone modifications

associated with both gene activation and repression in long interspersed nuclear element-1
(LINE-1) sequences, was observed after an in
vitro long-term treatment of human myeloid
leukaemia HL-60 cell line with a low-concentration dose (1μM (correspond to 110 ng/mL)) of
hydroquinone (Mancini et al., 2017). In human
leukaemia U937 cells exposed to 1,4-benzoquinone, Chen et al. (2016b) observed dose-dependent alterations in miR-133a expression.

4.2.9 Other mechanisms
Other effects of benzene primarily concern
telomere length and transformation. Bassig et
al. (2014) reported that workers who had been
exposed to high concentrations of benzene
(> 31 ppm) had a mean telomere length that was
increased by about 10% compared with matched
unexposed workers. A study of human lung cells
in vitro reported that exposure to benzene (0.01
and 1 µM) increased telomerase activity in the
fibroblast-like human lung LL24 cell line, but
not in the human adenocarcinoma A549 cell
line at higher concentrations (10 and 1000 µM)
(Giuliano et al., 2009).
Two studies in vitro examined indicators of
transformation. Tsutsui et al. (1997) reported
increases in transformed colonies of Syrian
hamster embryo cells after treatment with
benzene and its metabolites phenol, catechol, or
hydroquinone (1–100 µM), and Ibuki & Goto
(2004) described anchorage-independent growth
in soft agar after treatment of NIH3T3 cells with
benzoquinone and hydroquinone.

4.3 Data relevant to comparisons
across agents and end-points
This section analyses the responses and/or
activity of benzene, its metabolites (Fig. 4.1), and
its agents, as evaluated by IARC in a diverse set
of in vitro assays performed as part of the United
States Environmental Protection Agency Toxicity
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Forecaster (ToxCast) (Kavlock et al., 2012) and
Toxicology in the 21st Century (Tox21) (Tice et
al., 2013) initiatives. The inclusion of analyses
from high-throughput in vitro assays in the
evaluation of the carcinogenicity of agents has
been identified as a priority by IARC (Straif et
al., 2014). Consequently, analyses involving these
assays have been part of recent Monographs that
have evaluated the carcinogenicity of 2,4-dichlorophenoxyacetic acid (2,4-D) and 4,4′-dichlorodiphenyltrichloroethane (DDT) (Loomis et
al., 2015).
Benzene has not been tested as part of ToxCast
and Tox21. The benzene metabolites that have
been evaluated are phenol (IARC Group 3),
hydroquinone (IARC Group 3), catechol (IARC
Group 2B), and 1,4-benzoquinone (IARC
Group 3).
Exposure to agents could potentially lead to
human cancer through a diverse set of mechanisms. Each individual agent has a specific
pathway or a set of pathways leading to a
particular kind of cancer. Despite this heterogeneity in the possible mechanisms, Smith et
al. (2016) have identified 10 common characteristics of carcinogens by examining all agents
classified as Group 1 carcinogens by IARC. The
IARC Monographs Volume 113 Working Group
(Loomis et al., 2015; IARC, 2017) systemically
evaluated the assays performed as part of ToxCast
and Tox21 and assigned an estimation of activity
in each assay for an agent as an indication of 1 of
the 10 key characteristics of the carcinogens. In
this Monograph, we use these same assignments
of activities (i.e. mapping of assays) to the key
characteristics. Assays were assigned to 6 out of
the 10 key characteristics of carcinogens, namely:
is electrophilic or can undergo metabolic activation (31 end-points); induces epigenetic alterations (11 end-points); induces oxidative stress
(18 end-points); induces chronic inflammation
(45 end-points); modulates receptor-mediated
effects (92 end-points); and alters cell proliferation, cell death, or nutrient supply (68 end-points).
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The 10 key characteristics are listed in full as
follows.
(1) Is electrophilic or can be metabolically activated: 31 assay end-points consisting of CYP
biochemical activity assays and aromatase,
which regulates conversion of androgens to
estrogens. [The Working Group noted that
these assays largely indicate inhibition of
CYP activity, and do not directly measure
metabolic activation or electrophilicity.]
(2) Is genotoxic: 0 assay end-points.
(3) Alters DNA repair or causes genomic
instability: 0 assay end-points.
(4) Induces epigenetic alterations: 11 assay
end-points including 4 DNA-binding assays
in HepG2 liver cell lines, biochemical assays
targeting histone deacetylases, and other
enzymes modifying chromatin, as well as
cellular transcription factor assays involved
in epigenetic regulation. [The Working Group
noted these end-points have not been extensively validated with reference compounds
for epigenetic alterations.]
(5) Induces oxidative stress: 18 assay
end-points, all cellular assays, targeting
nuclear erythroid-related factor-2, antioxidant response element, and other stress-related transcription factors, as well as protein
upregulation in response to ROS.
(6) Induces chronic inflammation: 45 assay
end-points, mostly using primary human
cells, measuring protein expression levels
indicative of inflammatory responses,
including cytokines, cell adhesion molecules,
and NF-κB. [The Working Group noted these
in vitro end-points are short-term assays and
therefore not directly indicative of chronic
inflammation.]
(7) Is immunosuppressive: 0 assay end-points.
(8) Modulates receptor-mediated effects:
92 assay end-points targeting nuclear receptors (e.g. AhR, androgen receptor (AR),
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estrogen receptor (ER), farnesoid X receptor,
peroxisome proliferator-activated receptor
(PPAR), pregnane X receptor (PXR), and retinoic acid receptor, among others) in cellular
assays for transactivation, receptor dimerization, and nuclear translocation, as well as
biochemical radioligand binding assays and
coregulatory recruitment assays.
(9) Causes immortalization: 0 assay endpoints.
(10) Alters cell proliferation, cell death, or
nutrient supply: 68 assay end-points measuring cell cycle markers, proliferation, cytotoxicity, and mitochondrial toxicity by a wide
variety of assay formats in cell lines, primary
human cells, and developing zebrafish larvae.
The activity of an agent on a given assay is
determined by the statistical significance of the
association between all tested concentrations of
the agent with assay response (Sipes et al., 2013).
The activity of each agent in each assay and
across groups of assays was summarized using
the Toxicological Prioritization Index (ToxPi)
approach (Reif et al., 2010). In the Working
Group’s analysis, each agent–assay pair was
summarized as “active” (1) or “inactive” (0).
Within each key characteristic slice for a given
agent, the distance from the origin represents
the relative agent-elicited activity of the component assays (i.e. slices extending further from
the origin were associated with “active” calls
on more assays). The overall score of an agent is
the aggregation of all slice-wise scores (Fig. 4.2,
inset) and provides an activity ranking relative
to the 189 agents screened in ToxCast/Tox21 that
have been evaluated in the IARC Monographs
(Fig. 4.3, rank chart).
A tabular and graphical summary of the
results is given in the supplementary material
(Annex 1), and a summary for each relevant
compound follows. Note that the activity calls
across these assays represent exposure to each
of the four individual metabolites, and may not

necessarily be indicative of exposure to benzene
or its other metabolites.
1,4-Benzoquinone (Chemical Abstracts Service,
CAS, Registration No. 106-51-4) has the highest
ToxPi value among the benzene metabolites
evaluated, and has the 16th highest value among
the 189 agents (16/189) evaluated by IARC (see
Fig. 4.2). The largest contribution to this ToxPi
value is from active hits to assays mapped to
the “Induces chronic inflammation” category
(Fig. 4.2). This represents the maximum number
of hits to this category among the 189 evaluated
IARC agents. Exposure results in upregulation
of cell adhesion proteins E-selectin, P-selectin,
and vascular cell adhesion molecule 1 (VCAM1),
and in the upregulation of chemokines and
cytokines such as CXCL9, CXC10, CCL2, IL-1a,
IL-8, TNFα, CD38, CD40, and CD69 in multiple
human cell cultures and co-cell cultures. NF-κb
is also upregulated in the HepG2 cell line. The
second-largest contributor to the ToxPi value
derives from active hits mapped to the “Induces
epigenetic alterations” category, with two hits
out of four assays mapping to DNA binding (the
seven assays associated with measuring chromatin alterations were not performed). Assays
indicating upregulation of matrix metalloproteinase 1 in two cells cultures are linked to the
“Induces oxidative stress” category, and the tissue
inhibitor of metalloproteinases 2 is also upregulated in a co-culture involving one of the former
lines. Assays suggesting upregulation of hypoxiainducible factor-a and metal regulatory transcription factor-1 in HepG2 liver cell lines are
also linked to 1,4-benzoquinone exposure.
Hits associated with upregulation of six genes,
including TGFβ1, MYC, and vascular endothelial
growth factor VEGFRII, which are markers of
cell-cycle across multiple platforms, downregulation of cellular proliferation across multiple cellcultures as assayed by the sulforhodamine B
colorimetric assay, and upregulation of two
markers of cell proliferation were mapped to the
“Alters cell proliferation, cell death, or nutrient
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Fig. 4.2 ToxPi ranking for benzene metabolites phenol, catechol, hydroquinone, and
1,4-benzoquinone and all agents evaluated by IARC with available data using ToxCast and Tox21
assay end-points mapped to six key characteristics of carcinogens
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Benzene
Fig. 4.3 Stacked bar plots of ToxPi values by assay category for benzene metabolites phenol,
catechol, hydroquinone, and 1,4-benzoquinone using ToxCast and Tox21 assay end-points
mapped to six key characteristics of carcinogens
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supply” category. Upregulation of the gene expression of six receptors, including AhR, AR, glucocorticoid receptor, and retinoid X receptor, all on
the Attagene platform performed on HepG2 liver
cell line, were linked to the “Modulates receptor-mediated effects” component of the ToxPi
value.
Hydroquinone (CAS 123-31-9) has the
second-highest ToxPi value of the benzene
metabolites and the 39th highest ToxPi value
among the 189 agents (39/189) evaluated by IARC
(see Fig. 4.2). The largest contributor to this value
came from active hits linked to the “Induces
oxidative stress” category. This represents the
ninth-highest number of hits to this category
among the 189 evaluated IARC agents. This
category contains assays mapped to regulation

of matrix metalloproteinase 1 in one of the three
cell cultures, regulation of oxidative stress and
stress kinase after 72 hours of exposure, and four
(hypoxia-inducible factor-a, metal regulatory
transcription factor-1, nuclear erythroid-related
factor-2, and antioxidant response element) out of
six markers of oxidative stress measured in three
separate assay platforms (Apredica, Attagene,
and Tox21). The second-largest contributor came
from hits linked to the “Alters cell proliferation,
cell death, or nutrient supply” category, with
indications of upregulation of cell cycle, downregulation of proliferation, and upregulation of
mitochondrial toxicity. For assays assigned to
“Modulates receptor-mediated effects” there are
active hits for AhR, AR, glucocorticoid receptor,
PPAR-response element, PXR-vitamin D
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response element, ER, and PPARγ. One out of the
four assays associated with DNA binding (from
the “Induces epigenetic alterations” category) is
active for hydroquinone exposure.
Catechol (CAS 120-80-9) has the thirdhighest ToxPi value of the benzene metabolites
and the 45th highest ToxPi value among the 189
agents (45/189) evaluated by IARC (see Fig. 4.2).
The largest contributor to this value came from
the exact same active hits as for hydroquinone
in assays linked to the “Induces oxidative stress”
category. For assays assigned to “Modulates
receptor-mediated effects” there are active hits
for AhR, AR, ER, and PPAR. The assays linked
to “Alters cell proliferation, cell death, or nutrient
supply” category suggested upregulation of cell
cycle and downregulation of proliferation across
multiple cell cultures.
Phenol (CAS 108-95-2) was only active on a
biochemical assay for ER, with no activity hits on
any other assays assigned to the six categories of
carcinogenicity.
In conclusion, 1,4-benzoquinone is the
benzene metabolite most strongly associated
with assays mapped to the six key characteristics of carcinogens, and with the “Induces
chronic inflammation” category in particular.
Hydroquinone and catechol showed a moderate
number of hits. Phenol showed activity on only
one assay. These four benzene metabolites were
tested in different phases of the ToxCast or Tox21
programmes, resulting in different percentages
of missing data (i.e. “not-tested” in a given assay).
Relative to the full assay set, 1,4-benzoquinone
was tested in 46% of all assays and catechol,
hydroquinone, and phenol were tested in 88%
of all assays. [The Working Group noted that
a reanalysis of data, in which only assays with
data for most of the full list of IARC chemicals
tested were considered, resulted in similar ToxPi
scores.]
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4.4 Observed exposure–response
relationships in mechanistic
studies
Based on the Report of the IARC Advisory
Group to Recommend on Quantitative Risk
Characterization (IARC, 2014), a more detailed
review of the availability of exposure–response
information for mechanistic and other data
from studies in exposed humans was performed.
The purpose of this review was to explore the
observed exposure–response relationships by
summarizing information across studies on the
magnitudes of response (e.g. relative percentage
change) and the corresponding levels of exposure.
First, the representative studies of human
benzene exposure that were the focus of
Sections 4.1 and Section 4.2 relating to the
key characteristics of carcinogens were
further reviewed for availability of information relating level of exposure to degree of
response. Only studies relating to key characteristics of carcinogens for which there was strong
evidence in exposed humans were considered
(see Section 5.4). Additional considerations
for selecting studies included the availability
of multiple exposure categories with associated measurements of benzene concentrations
in air, adequate sample size, consideration of
potentially confounding co-exposures, and/or
completeness of reporting. Candidate studies
were evaluated for their adequacy in terms of
exposure assessment.
Based on these considerations, it was determined that exposure–response information was
available for the key characteristics of carcinogens of “is genotoxic” and “is immunosuppressive”, the second of which includes measures of
haematotoxicity. Specifically, exposure–response
information was available for the end-points for
which there was strong evidence in exposed
humans (see Section 5.4): (i) genotoxicity (oxidative DNA damage, indicated by 8-OHdG, and
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chromosomal effects, indicated by MN and
CAs); and (ii) immunosuppression and haematotoxicity (peripheral pluripotent stem cell and
leukocyte counts).
Representative studies, independent of the
presence or direction of a statistically significant
effect, were then selected (see Section 4.2), and
numbers in the exposed and reference groups,
duration of exposure, and level of exposure among
those exposed were examined. Further, for each
end-point the measure of response, the evidence
of an exposure–response gradient, the central
tendency and measure of variance of end-point
in the reference group, and the measure of exposure were all considered. Finally, considerations
of each exposure category included: the central
tendency and measure of variance of exposure;
the central tendency of difference in response
from the reference group as a percentage change
(i.e. (mean of category – mean of the reference
group)/mean of the reference group); and a test
for significance of difference from the reference
group (e.g. t-test) and P value.
[The Working Group noted that, because
representative studies were selected, the existence
of additional mechanistic studies with exposure–
response information cannot be excluded. The
possibility of publication bias on mechanistic
end-points also cannot be excluded.]

4.4.1 Genotoxicity
Two studies with exposure–response information for oxidative DNA damage (8-OHdG)
were selected (Lagorio et al., 1994; Liu et al.,
1996). Both had statistically significant exposure–response trends, but the population in
Lagorio et al. (1994) were exposed to benzene at
much lower concentrations (mean, 0.45 mg/m3
or 0.14 ppm) compared with those in Liu et al.
(1996) (mean, 166.1 mg/m3 or 51 ppm). Of the
two studies, only the study conducted by Liu et
al. (1996) divided exposed populations into categories; the group exposed to low concentrations

(mean, 2.46 mg/m3 or 0.76 ppm) was not statistically different, with an effect size of 25%, and the
group exposed to medium concentrations (mean,
103.3 mg/m3 or 31 ppm) was statistically significantly increased, with an effect size of 600%.
Four studies with exposure–response information for MN were selected (Liu et al., 1996;
Rekhadevi et al., 2011; Zhang et al., 2014, 2016).
[The Working Group noted that the study by
Rekhadevi et al. (2011) was not informative for
exposure–response because it had a narrow
range of benzene exposures (1.1–1.5 mg/m3 or
0.34–0.46 ppm) that was further divided into
three categories.] All studies except for that of
Rekhadevi et al. (2011) tested for exposure–
response trends, all of which were statistically
significant. Exposures in the Rekhadevi et al.
(2011) (mean, 1.32 mg/m3 or 0.41 ppm), Zhang
et al. (2016) (median, 1.6 ppm), and Zhang et
al. (2014) (median, 6.4 mg/m3 or 2 ppm) studies
were lower than those of the Liu et al. (1996)
study (mean, 166.1 mg/m3 or 51 ppm). Three of
these studies divided exposed populations into
categories that were compared with the reference
group and, in each case, the group exposed to
the lowest concentrations demonstrated a statistically significant increase in MN compared with
the reference group, with effect sizes of 45–55%
(Liu et al., 1996; Zhang et al., 2014, 2016).
Numerous publications with exposure–
response information for CAs were selected
(Bogadi-Sare et al., 1997; Zhang et al., 1998b, 2007,
2011, 2012b; Kim et al., 2004b; Xing et al., 2010;
Rekhadevi et al., 2011; Marchetti et al., 2012),
although many were of the same study population. All had statistically significant exposure–
response trends with the exception of Rekhadevi
et al. (2011) (see Working Group comment, above)
and Bogadi-Sare et al. (1997). Exposure concentrations considered by Rekhadevi et al. (2011)
(mean, 1.322 mg/m3 or 0.41 ppm), Kim et al.
(2004b) (geometric mean, 0.56 ppm), Marchetti
et al. (2012) (mean, 2.8 ppm), Xing et al. (2010)
(median, 2.9 ppm), and Bogadi-Sare et al. (1997)
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(median, 5.9 ppm) were lower than those in
the Zhang et al. studies (median, 10–31 ppm).
Among the studies of exposure to lower concentrations, two divided exposed populations into
categories that were compared with the reference group: Xing et al. (2010) and Marchetti et
al. (2012). The response of the group exposed to
the lowest concentration (median, 1.2 ppm) in
the study by Marchetti et al. (2012) was statistically significantly different from the reference
group, with an effect size of 33%. In the case
of Xing et al. (2010), the group exposed to the
lowest concentration (median, 1.0 ppm) was not
statistically different with an effect size of 50%;
the group exposed to the higher concentration
(median, 7.7 ppm) was statistically significantly
increased, with an effect size of 70%.
[The Working Group noted that, in the
majority of studies examined, an exposure–
response gradient between benzene exposure
and both MN and CAs was reported.]

4.4.2 Immunosuppression and
haematotoxicity
Numerous studies with exposure–response
information for leukocyte counts were selected
(Liu et al., 1996; Rothman et al., 1996; Ward et
al., 1996; Qu et al., 2002; Lan et al., 2004; Robert
Schnatter et al., 2010; Swaen et al., 2010; Zhang
et al., 2016). All had statistically significant
exposure–response trends with the exception
of the study by Swaen et al. (2010), which was
not statistically significant, and by Liu et al.
(1996), in which no trend test was performed.
Exposures in the studies by Swaen et al. (2010)
(mean, 0.22 ppm), Zhang et al. (2016) (median,
1.6 ppm), Robert Schnatter et al. (2010) (median,
2.3 ppm), Qu et al. (2002) (mean, 3.8 ppm), and
Lan et al. (2004) (mean, 5.1 ppm) were lower than
in the studies by Rothman et al. (1996) (median,
31 ppm) and Liu et al. (1996) (mean, 166.1 mg/m3
or 51 ppm). Ward et al. (1996) only reported the
maximum exposure level (34 ppm).
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Six studies divided exposed populations into
categories (Liu et al., 1996; Rothman et al., 1996;
Qu et al., 2002; Lan et al., 2004; Swaen et al., 2010;
Zhang et al., 2016). The groups exposed to the
lowest concentrations in these studies had effect
sizes ranging from a 0.8% increase to a 14.5%
decrease in leukocytes, with the effects observed
in Lan et al. (2004) (14.5% decrease at a mean
exposure of 0.57 ppm) and Qu et al. (2002) (4.3%
decrease at a mean exposure of 3.07 ppm) being
statistically significant. In the case of Swaen
et al. (2010), none of the groups (< 0.5 ppm,
0.5–1.0 ppm, > 1.0 ppm) demonstrated statistically significant changes (effects ranging from
1% increase to 1% decrease). In Zhang et al.
(2016), the groups exposed to the two lowest
concentrations (3.55 ppm-yr and 6.51 ppm-yr)
had non-significant decreases of 5.3%, whereas
the third exposure group (10.72 ppm-yr) had a
significant decrease of 11.2%. In Liu et al. (1996),
the lowest exposure category (mean, 2.46 mg/m3
or 0.76 ppm) demonstrated a 0% change, but the
middle exposure category (mean, 103.3 mg/m3
or 31 ppm) showed a 17% decrease (no statistical
tests were performed). In Rothman et al. (1996),
the group exposed to the lower concentration
(median, 13.6 ppm) demonstrated a non-significant decrease of 5.8%, whereas the group exposed
to the higher concentration (median, 91.9 ppm)
had a significant decrease of 17.6%.
[The Working Group noted that, in the
majority of studies examined, an exposure–
response gradient between exposure to benzene
and leukocyte count was reported. Some other
studies discussed in Section 4.2.4(a), which evaluated populations exposed to relatively low levels
of benzene, reported no effects on leukocytes;
these studies are not included here, however,
because they were not informative for exposure–
response analyses (e.g. they only compared all
levels of exposure with the reference group).]

Benzene

References
Aksoy M, Dinçol K, Akgün T, Erdem S, Dinçol G
(1971). Haematological effects of chronic benzene
poisoning in 217 workers. Br J Ind Med, 28(3):296–302.
PMID:5557851
Aksoy M, Erdem S (1978). Followup study on the mortality
and the development of leukemia in 44 pancytopenic
patients with chronic exposure to benzene. Blood,
52(2):285–92. PMID:667356
Alguacil J, Porta M, Malats N, Kauppinen T, Kogevinas
M, Benavides FG, et al.; PANKRAS II Study Group
(2002). Occupational exposure to organic solvents
and K-ras mutations in exocrine pancreatic cancer.
Carcinogenesis, 23(1):101–6. doi:10.1093/carcin/23.1.101
PMID:11756230
Anderson D, Yu T-W, Schmezer P (1995). An investigation of the DNA-damaging ability of benzene and its
metabolites in human lymphocytes, using the comet
assay. Environ Mol Mutagen, 26(4):305–14. doi:10.1002/
em.2850260406 PMID:8575419
Andreoli C, Leopardi P, Crebelli R (1997). Detection of
DNA damage in human lymphocytes by alkaline
single cell gel electrophoresis after exposure to benzene
or benzene metabolites. Mutat Res, 377(1):95–104.
doi:10.1016/S0027-5107(97)00065-1 PMID:9219584
Andreoli R, Protano C, Manini P, De Palma G, Goldoni
M, Petyx M, et al. (2012). Association between environmental exposure to benzene and oxidative damage
to nucleic acids in children. Med Lav, 103(5):324–37.
PMID:23077793
Andreoli R, Spatari G, Pigini D, Poli D, Banda I, Goldoni
M, et al. (2015). Urinary biomarkers of exposure and of
oxidative damage in children exposed to low airborne
concentrations of benzene. Environ Res, 142:264–72.
doi:10.1016/j.envres.2015.07.003 PMID:26186134
Andrews LS, Lee EW, Witmer CM, Kocsis JJ, Snyder R
(1977). Effects of toluene on the metabolism, disposition and hemopoietic toxicity of [3H]benzene.
Biochem Pharmacol, 26(4):293–300. doi:10.1016/00062952(77)90180-0 PMID:849319
Aoyama K (1986). Effects of benzene inhalation on
lymphocyte subpopulations and immune response
in mice. Toxicol Appl Pharmacol, 85(1):92–101.
doi:10.1016/0041-008X(86)90390-X PMID:2941900
Au WW, Giri AK, Ruchirawat M (2010). Challenge assay:
A functional biomarker for exposure-induced DNA
repair deficiency and for risk of cancer. Int J Hyg Environ
Health, 213(1):32–9. doi:10.1016/j.ijheh.2009.09.002
PMID:19818682
Ayi-Fanou L, Avogbe PH, Fayomi B, Keith G, Hountondji
C, Creppy EE, et al. (2011). DNA-adducts in subjects
exposed to urban air pollution by benzene and polycyclic aromatic hydrocarbons (PAHs) in Cotonou, Benin.

Environ Toxicol, 26(1):93–102. doi:10.1002/tox.20533
PMID:20014405
Ayi Fanou L, Mobio TA, Creppy EE, Fayomi B, Fustoni
S, Møller P, et al. (2006). Survey of air pollution in
Cotonou, Benin–air monitoring and biomarkers.
Sci Total Environ, 358(1-3):85–96. doi:10.1016/j.
scitotenv.2005.03.025 PMID:15916795
Badham HJ, Winn LM (2007). Investigating the role of the
aryl hydrocarbon receptor in benzene-initiated toxicity
in vitro. Toxicology, 229(3):177–85. doi:10.1016/j.
tox.2006.10.021 PMID:17161514
Baker RK, Kurz EU, Pyatt DW, Irons RD, Kroll DJ (2001).
Benzene metabolites antagonize etoposide-stabilized
cleavable complexes of DNA topoisomerase IIalpha.
Blood,
98(3):830–3.
doi:10.1182/blood.V98.3.830
PMID:11468185
Bando K, Tanaka Y, Kuroishi T, Sasaki K, TakanoYamamoto T, Sugawara S, et al. (2017). Mouse model of
hydroquinone hypersensitivity via innate and acquired
immunity and its promotion by combined reagents.
J Invest Dermatol, 137(5):1082–93. doi:10.1016/j.
jid.2016.12.018 PMID:28108299
Barale R, Marrazzini A, Betti C, Vangelisti V, Loprieno
N, Barrai I (1990). Genotoxicity of two metabolites
of benzene: phenol and hydroquinone show strong
synergistic effects in vivo. Mutat Res, 244(1):15–20.
doi:10.1016/0165-7992(90)90101-O PMID:2336068
Bassig BA, Shu XO, Koh WP, Gao YT, Purdue MP, Butler
LM, et al. (2015a). Soluble levels of CD27 and CD30
are associated with risk of non-Hodgkin lymphoma
in three Chinese prospective cohorts. Int J Cancer,
137(11):2688–95. doi:10.1002/ijc.29637 PMID:26095604
Bassig BA, Zhang L, Cawthon RM, Smith MT, Yin S, Li
G, et al. (2014). Alterations in leukocyte telomere length
in workers occupationally exposed to benzene. Environ
Mol Mutagen, 55(8):673–8. doi:10.1002/em.21880
PMID:24945723
Bassig BA, Zhang L, Vermeulen R, Tang X, Li G, Hu W,
et al. (2016). Comparison of hematological alterations
and markers of B-cell activation in workers exposed
to benzene, formaldehyde and trichloroethylene.
Carcinogenesis, 37(7):692–700. doi:10.1093/carcin/
bgw053 PMID:27207665
Bauer AK, Faiola B, Abernethy DJ, Marchan R, Pluta
LJ, Wong VA, et al. (2003). Genetic susceptibility
to benzene-induced toxicity: role of NADPH:
quinone oxidoreductase-1. Cancer Res, 63(5):929–35.
PMID:12615705
Bechtold WE, Sun JD, Birnbaum LS, Yin SN, Li GL,
Kasicki S, et al. (1992a). S-phenylcysteine formation in
hemoglobin as a biological exposure index to benzene.
Arch Toxicol, 66(5):303–9. doi:10.1007/BF01973623
PMID:1610291

269

IARC MONOGRAPHS – 120
Bechtold WE, Willis JK, Sun JD, Griffith WC, Reddy
TV (1992b). Biological markers of exposure to
benzene: S-phenylcysteine in albumin. Carcinogenesis,
13(7):1217–20. doi:10.1093/carcin/13.7.1217 PMID:1638689
Bergman K, Appelgren L-E (1983). Application and results
of whole-body autoradiography in distribution studies
of organic solvents. Crit Rev Toxicol, 12(1):59–118.
doi:10.3109/10408448309029318 PMID:6360537
Biró A, Pállinger E, Major J, Jakab MG, Klupp T, Falus
A, et al. (2002). Lymphocyte phenotype analysis and
chromosome aberration frequency of workers occupationally exposed to styrene, benzene, polycyclic
aromatic hydrocarbons or mixed solvents. Immunol
Lett, 81(2):133–40. doi:10.1016/S0165-2478(01)00342-X
PMID:11852118
Bleasdale C, Golding BT, Kennedy G, MacGregor JO,
Watson WP (1993). Reactions of muconaldehyde
isomers with nucleophiles including tri-O-acetylguanosine: formation of 1,2-disubstituted pyrroles
from reactions of the (Z,Z)-isomer with primary
amines. Chem Res Toxicol, 6(4):407–12. doi:10.1021/
tx00034a002 PMID:8374034
Bodell WJ, Pathak DN, Lévay G, Ye Q, Pongracz K (1996).
Investigation of the DNA adducts formed in B6C3F1
mice treated with benzene: implications for molecular
dosimetry. Environ Health Perspect, 104(Suppl 6):1189–
93. doi:10.1289/ehp.961041189 PMID:9118892
Boffetta P, van der Hel O, Norppa H, Fabianova E, Fucic
A, Gundy S, et al. (2007). Chromosomal aberrations
and cancer risk: results of a cohort study from Central
Europe. Am J Epidemiol, 165(1):36–43. doi:10.1093/aje/
kwj367 PMID:17071846
Bogadi-Sare A, Brumen V, Turk R, Karacić V, Zavalić
M (1997). Genotoxic effects in workers exposed to
benzene: with special reference to exposure biomarkers
and confounding factors. Ind Health, 35(3):367–73.
doi:10.2486/indhealth.35.367 PMID:9248220
Bogadi-Sare A, Zavalic M, Trosić I, Turk R, Kontosić I,
Jelcić I (2000). Study of some immunological parameters in workers occupationally exposed to benzene. Int
Arch Occup Environ Health, 73(6):397–400. doi:10.1007/
s004200000126 PMID:11007343
Bogadi-Sare A, Zavalić M, Turk R (2003). Utility of a
routine medical surveillance program with benzene
exposed workers. Am J Ind Med, 44(5):467–73.
doi:10.1002/ajim.10296 PMID:14571510
Boley SE, Wong VA, French JE, Recio L (2002). p53 heterozygosity alters the mRNA expression of p53 target
genes in the bone marrow in response to inhaled
benzene. Toxicol Sci, 66(2):209–15. doi:10.1093/
toxsci/66.2.209 PMID:11896287
Bollati V, Baccarelli A, Hou L, Bonzini M, Fustinoni S,
Cavallo D, et al. (2007). Changes in DNA methylation
patterns in subjects exposed to low-dose benzene.
Cancer Res, 67(3):876–80. doi:10.1158/0008-5472.
CAN-06-2995 PMID:17283117

270

Bolton JL, Trush MA, Penning TM, Dryhurst G, Monks
TJ (2000). Role of quinones in toxicology. Chem
Res Toxicol, 13(3):135–60. doi:10.1021/tx9902082
PMID:10725110
Bonassi S, Znaor A, Ceppi M, Lando C, Chang WP,
Holland N, et al. (2007). An increased micronucleus
frequency in peripheral blood lymphocytes predicts the
risk of cancer in humans. Carcinogenesis, 28(3):625–31.
doi:10.1093/carcin/bgl177 PMID:16973674
Bonnefoy A, Chiron S, Botta A (2012). Environmental
nitration processes enhance the mutagenic potency of
aromatic compounds. Environ Toxicol, 27(6):321–31.
doi:10.1002/tox.20644 PMID:20737582
Boogaard PJ, van Sittert NJ (1996). Suitability of S-phenyl
mercapturic acid and trans-trans-muconic acid as
biomarkers for exposure to low concentrations of
benzene. Environ Health Perspect, 104(Suppl 6):1151–7.
doi:10.1289/ehp.961041151 PMID:9118886
Bratton SB, Lau SS, Monks TJ (1997). Identification of
quinol thioethers in bone marrow of hydroquinone/
phenol-treated rats and mice and their potential role in
benzene-mediated hematotoxicity. Chem Res Toxicol,
10(8):859–65. doi:10.1021/tx960208r PMID:9282834
Bratton SB, Lau SS, Monks TJ (2000). The putative
benzene metabolite 2,3, 5-tris(glutathion-S-yl)hydroquinone depletes glutathione, stimulates sphingomyelin turnover, and induces apoptosis in HL-60 cells.
Chem Res Toxicol, 13(7):550–6. doi:10.1021/tx0000015
PMID:10898586
Buthbumrung N, Mahidol C, Navasumrit P, Promvijit J,
Hunsonti P, Autrup H, et al. (2008). Oxidative DNA
damage and influence of genetic polymorphisms among
urban and rural schoolchildren exposed to benzene.
Chem Biol Interact, 172(3):185–94. doi:10.1016/j.
cbi.2008.01.005 PMID:18282563
Carbonari D, Chiarella P, Mansi A, Pigini D, Iavicoli
S, Tranfo G (2016). Biomarkers of susceptibility
following benzene exposure: influence of genetic
polymorphisms on benzene metabolism and health
effects. Biomarkers Med, 10(2):145–63. doi:10.2217/
bmm.15.106 PMID:26764284
Carbonnelle P, Lison D, Leroy JY, Lauwerys R (1995).
Effect of the benzene metabolite, hydroquinone, on
interleukin-1 secretion by human monocytes in vitro.
Toxicol Appl Pharmacol, 132(2):220–6. doi:10.1006/
taap.1995.1102 PMID:7540334
Carere A, Andreoli C, Galati R, Leopardi P, Marcon F,
Rosati MV, et al. (2002). Biomonitoring of exposure
to urban air pollutants: analysis of sister chromatid
exchanges and DNA lesions in peripheral lymphocytes of traffic policemen. Mutat Res, 518(2):215–24.
doi:10.1016/S1383-5718(02)00108-0 PMID:12113772
Carugno M, Pesatori AC, Dioni L, Hoxha M, Bollati
V, Albetti B, et al. (2012). Increased mitochondrial
DNA copy number in occupations associated with

Benzene
low-dose benzene exposure. Environ Health Perspect,
120(2):210–5. doi:10.1289/ehp.1103979 PMID:22005026
Chakravarti D, Zahid M, Backora M, Myers EM,
Gaikwad N, Weisenburger DD, et al. (2006).
Ortho-quinones of benzene and estrogens induce
hyperproliferation of human peripheral blood mononuclear cells. Leuk Lymphoma, 47(12):2635–44.
doi:10.1080/10428190600931937 PMID:17169809
Chaney AM, Carlson GP (1995). Comparison of rat
hepatic and pulmonary microsomal metabolism of
benzene and the lack of benzene-induced pneumotoxicity and hepatotoxicity. Toxicology, 104(1–3):53–62.
doi:10.1016/0300-483X(95)03129-4 PMID:8560502
Chappell G, Pogribny IP, Guyton KZ, Rusyn I (2016).
Epigenetic alterations induced by genotoxic occupational and environmental human chemical carcinogens: a systematic literature review. Mutat Res Rev
Mutat Res, 768:27–45. doi:10.1016/j.mrrev.2016.03.004
PMID:27234561
Chatterjee A, Babu RJ, Ahaghotu E, Singh M (2005).
The effect of occlusive and unocclusive exposure to
xylene and benzene on skin irritation and molecular
responses in hairless rats. Arch Toxicol, 79(5):294–301.
doi:10.1007/s00204-004-0629-1 PMID:15902427
Chen J, Zheng Z, Chen Y, Li J, Qian S, Shi Y, et al. (2016a).
Histone deacetylase inhibitors trichostatin A and
MCP30 relieve benzene-induced hematotoxicity via
restoring topoisomerase IIα. PLoS One, 11(4):e0153330.
doi:10.1371/journal.pone.0153330 PMID:27058040
Chen JY, Liu WW, Chen LZ, Zhan Y, Chen SH, Yang
LJ, et al. (2006). [Expression of T cell receptor Vbeta
subfamily gene in patients with benzene-induced
aplastic anemia.] Zhonghua Lao Dong Wei Sheng Zhi
Ye Bing Za Zhi, 24(1):59–60. [Chinese] PMID:16600102
Chen JY, Yu W, Liu WW, Chen LZ, Wu JM, Yang LJ,
et al. (2007). [Changes of T lymphocyte subsets in
workers with long-term benzene exposure.] Zhonghua
Lao Dong Wei Sheng Zhi Ye Bing Za Zhi, 25(4):224–6.
[Chinese] PMID:17535656
Chen JY, Yu W, Liu WW, Li B, Li YQ, Yang LJ, et al. (2012).
[One-year continuous observation of change in peripheral T cell subsets in workers exposed to low levels of
benzene.] Zhonghua Lao Dong Wei Sheng Zhi Ye Bing
Za Zhi, 30(10):739–41. [Chinese] PMID:23256997
Chen KM, El-Bayoumy K, Hosey J, Cunningham J, Aliaga
C, Melikian AA (2005). Benzene increases proteinbound 3-nitrotyrosine in bone marrow of B6C3F1
mice. Chem Biol Interact, 156(2–3):81–91. doi:10.1016/j.
cbi.2005.07.005 PMID:16139254
Chen Y, Sun P, Bai W, Gao A (2016b). MiR-133a regarded
as a potential biomarker for benzene toxicity through
targeting Caspase-9 to inhibit apoptosis induced by
benzene metabolite (1,4-Benzoquinone). Sci Total
Environ, 571:883–91. doi:10.1016/j.scitotenv.2016.07.071
PMID:27425441

Chen Y, Sun P, Guo X, Gao A (2017). MiR-34a, a promising novel biomarker for benzene toxicity, is involved
in cell apoptosis triggered by 1,4-benzoquinone
through targeting Bcl-2. Environ Pollut, 221:256–65.
doi:10.1016/j.envpol.2016.11.072 PMID:27939626
Chung HW, Kang SJ, Kim SY (2002). A combination of the
micronucleus assay and a FISH technique for evaluation
of the genotoxicity of 1,2,4-benzenetriol. Mutat Res,
516(1–2):49–56. doi:10.1016/S1383-5718(02)00018-9
PMID:11943610
Chung HW, Kim SY (2002). Detection of chromosome-specific aneusomy and translocation by benzene metabolites in human lymphocytes using fluorescence in situ
hybridization with DNA probes for chromosomes 5, 7,
8, and 21. J Toxicol Environ Health A, 65(5–6):365–72.
doi:10.1080/15287390252808037 PMID:11936217
Collins JJ, Conner P, Friedlander BR, Easterday PA, Nair
RS, Braun J (1991). A study of the hematologic effects
of chronic low-level exposure to benzene. J Occup Med,
33(5):619–26. PMID:1870014
Collins JJ, Ireland BK, Easterday PA, Nair RS, Braun J
(1997). Evaluation of lymphopenia among workers
with low-level benzene exposure and the utility
of routine data collection. J Occup Environ Med,
39(3):232–7. doi:10.1097/00043764-199703000-00013
PMID:9093975
Cox LA, Schnatter AR, Boogaard PJ, Banton M,
Ketelslegers HB (2017). Non-parametric estimation
of low-concentration benzene metabolism. Chem Biol
Interact, 278:242–55. doi:10.1016/j.cbi.2017.08.007
PMID:28882553
Cronkite EP, Drew RT, Inoue T, Bullis JE (1985).
Benzene hematotoxicity and leukemogenesis. Am J
Ind Med, 7(5–6):447–56. doi:10.1002/ajim.4700070509
PMID:4003404
Cronkite EP, Inoue T, Carsten AL, Miller ME, Bullis
JE, Drew RT (1982). Effects of benzene inhalation
on murine pluripotent stem cells. J Toxicol Environ
Health, 9(3):411–21. doi:10.1080/15287398209530174
PMID:7097795
D’Andrea MA, Reddy GK (2016). Adverse health effects
of benzene exposure among children following a
flaring incident at the British Petroleum refinery
in Texas City. Clin Pediatr (Phila), 55(3):219–27.
doi:10.1177/0009922815594358 PMID:26269465
Das M, Chaudhuri S, Law S (2012). Benzene exposure–
an experimental machinery for induction of myelodysplastic syndrome: stem cell and stem cell niche
analysis in the bone marrow. J Stem Cells, 7(1):43–59.
PMID:23550343
De Roos AJ, Mirick DK, Edlefsen KL, LaCroix AZ, Kopecky
KJ, Madeleine MM, et al. (2012). Markers of B-cell activation in relation to risk of non-Hodgkin lymphoma.
Cancer Res, 72(18):4733–43. doi:10.1158/0008-5472.
CAN-12-1639 PMID:22846913

271

IARC MONOGRAPHS – 120
Dempster AM, Snyder CA (1990). Short term benzene
exposure provides a growth advantage for granulopoietic progenitor cells over erythroid progenitor cells.
Arch Toxicol, 64(7):539–44. doi:10.1007/BF01971832
PMID:2073127
Dempster AM, Snyder CA (1991). Kinetics of granulocytic
and erythroid progenitor cells are affected differently by
short-term, low-level benzene exposure. Arch Toxicol,
65(7):556–61. doi:10.1007/BF01973716 PMID:1781737
Dimitrova ND, Kostadinova RY, Marinova SN, Popov
TA, Panev TI (2005). Specific immune responses in
workers exposed to benzene. Int Immunopharmacol,
5(10):1554–9. doi:10.1016/j.i nt i mp.20 05.04.012
PMID:16023607
Dutta A, Roychoudhury S, Chowdhury S, Ray MR (2013).
Changes in sputum cytology, airway inflammation and
oxidative stress due to chronic inhalation of biomass
smoke during cooking in premenopausal rural Indian
women. Int J Hyg Environ Health, 216(3):301–8.
doi:10.1016/j.ijheh.2012.05.005 PMID:22771078
Eastmond DA, Mondrala ST, Hasegawa L (2005).
Topoisomerase II inhibition by myeloperoxidase-activated hydroquinone: a potential mechanism underlying the genotoxic and carcinogenic effects of benzene.
Chem Biol Interact, 153-154:207–16. doi:10.1016/j.
cbi.2005.03.024 PMID:15935818
Eastmond DA, Rupa DS, Hasegawa LS (1994). Detection
of hyperdiploidy and chromosome breakage in interphase human lymphocytes following exposure to
the benzene metabolite hydroquinone using multicolor fluorescence in situ hybridization with DNA
probes. Mutat Res, 322(1):9–20. doi:10.1016/01651218(94)90028-0 PMID:7517507
Eastmond DA, Schuler M, Frantz C, Chen H, Parks R, Wang
L, et al. (2001). Characterization and mechanisms of
chromosomal alterations induced by benzene in mice
and humans. Res Rep Health Eff Inst, 103(103):1–68,
discussion 69–80. PMID:11504146
Eastmond DA, Smith MT, Irons RD (1987). An interaction of benzene metabolites reproduces the myelotoxicity observed with benzene exposure. Toxicol
Appl Pharmacol, 91(1):85–95. doi:10.1016/0041008X(87)90196-7 PMID:2823417
Eastmond DA, Smith MT, Ruzo LO, Ross D (1986).
Metabolic activation of phenol by human myeloperoxidase and horseradish peroxidase. Mol Pharmacol,
30(6):674–9. PMID:3023815
el-Deiry WS, Harper JW, O’Connor PM, Velculescu VE,
Canman CE, Jackman J, et al. (1994). WAF1/CIP1 is
induced in p53-mediated G1 arrest and apoptosis.
Cancer Res, 54(5):1169–74. PMID:8118801
Erexson GL, Wilmer JL, Kligerman AD (1985). Sister
chromatid exchange induction in human lymphocytes
exposed to benzene and its metabolites in vitro. Cancer
Res, 45(6):2471–7. PMID:3986787

272

Ewens S, Wulferink M, Goebel C, Gleichmann E (1999). T
cell-dependent immune reactions to reactive benzene
metabolites in mice. Arch Toxicol, 73(3):159–67.
doi:10.1007/s002040050601 PMID:10401682
Faiola B, Fuller ES, Wong VA, Recio L (2004). Gene expression profile in bone marrow and hematopoietic stem
cells in mice exposed to inhaled benzene. Mutat Res,
549(1–2):195–212. doi:10.1016/j.mrfmmm.2003.12.022
PMID:15120971
Fan XH (1992). Effect of exposure to benzene on natural
killer (NK) cell activity and interleukin-2 (IL-2)
production of C57BL/6 mice. Nippon Ika Daigaku
Zasshi, 59(5):393–9. doi:10.1272/jnms1923.59.393
PMID:1430111
Farris GM, Robinson SN, Gaido KW, Wong BA, Wong
VA, Hahn WP, et al. (1997a). Benzene-induced hematotoxicity and bone marrow compensation in B6C3F1
mice. Fundam Appl Toxicol, 36(2):119–29. doi:10.1006/
faat.1997.2293 PMID:9143481
Farris GM, Robinson SN, Wong BA, Wong VA, Hahn
WP, Shah R (1997b). Effects of benzene on splenic,
thymic, and femoral lymphocytes in mice. Toxicology,
118(2–3):137–48. doi:10.1016/S0300-483X(96)03606-2
PMID:9129168
Fenga C, Gangemi S, Costa C (2016). Benzene exposure is
associated with epigenetic changes (Review). [Review]
Mol Med Rep, 13(4):3401–5. doi:10.3892/mmr.2016.4955
PMID:26936331
Forni A, Moreo L (1967). Cytogenetic studies in a case
of benzene leukaemia. Eur J Cancer, 3(4):251–5.
doi:10.1016/0014-2964(67)90005-9 PMID:5235893
Forni A, Moreo L (1969). Chromosome studies in a case
of benzene-induced erythroleukaemia. Eur J Cancer,
5(5):459–63. doi:10.1016/0014-2964(69)90099-1
PMID:5262923
Forrest MS, Lan Q, Hubbard AE, Zhang L, Vermeulen R,
Zhao X, et al. (2005). Discovery of novel biomarkers
by microarray analysis of peripheral blood mononuclear cell gene expression in benzene-exposed workers.
Environ Health Perspect, 113(6):801–7. doi:10.1289/
ehp.7635 PMID:15929907
Fracasso ME, Doria D, Bartolucci GB, Carrieri M,
Lovreglio P, Ballini A, et al. (2010). Low air levels of
benzene: correlation between biomarkers of exposure and genotoxic effects. Toxicol Lett, 192(1):22–8.
doi:10.1016/j.toxlet.2009.04.028 PMID:19427373
Frantz CE, Chen H, Eastmond DA (1996). Inhibition of
human topoisomerase II in vitro by bioactive benzene
metabolites. Environ Health Perspect, 104(Suppl
6):1319–23. doi:10.1289/ehp.961041319 PMID:9118913
French JE, Gatti DM, Morgan DL, Kissling GE, Shockley
KR, Knudsen GA, et al. (2015). Diversity outbred
mice identify population-based exposure thresholds
and genetic factors that influence benzene-induced
genotoxicity. Environ Health Perspect, 123(3):237–45.
doi:10.1289/ehp.1408202 PMID:25376053

Benzene
Galván N, Lim S, Zmugg S, Smith MT, Zhang L (2008).
Depletion of WRN enhances DNA damage in HeLa
cells exposed to the benzene metabolite, hydroquinone. Mutat Res, 649(1–2):54–61. doi:10.1016/j.
mrgentox.2007.07.011 PMID:17875398
Gao A, Zuo X, Song S, Guo W, Tian L (2011). Epigenetic
modification involved in benzene-induced apoptosis
through regulating apoptosis-related genes expression.
Cell Biol Int, 35(4):391–6. doi:10.1042/CBI20100256
PMID:21143203
Garte S, Popov T, Georgieva T, Bolognesi C, Taioli E,
Bertazzi P, et al. (2005). Biomarkers of exposure and
effect in Bulgarian petrochemical workers exposed
to benzene. Chem Biol Interact, 153–154:247–51.
doi:10.1016/j.cbi.2005.03.030 PMID:15935822
Garte S, Taioli E, Popov T, Bolognesi C, Farmer P, Merlo
F (2008). Genetic susceptibility to benzene toxicity in
humans. J Toxicol Environ Health A, 71(22):1482–9.
doi:10.1080/15287390802349974 PMID:18836923
Gaskell M, McLuckie KI, Farmer PB (2005). Genotoxicity
of the benzene metabolites para-benzoquinone and
hydroquinone. Chem Biol Interact, 153–154:267–70.
doi:10.1016/j.cbi.2005.03.034 PMID:15935826
Gerner-Smidt P, Friedrich U (1978). The mutagenic effect
of benzene, toluene and xylene studied by the SCE
technique. Mutat Res, 58(2–3):313–6. doi:10.1016/01651218(78)90024-1 PMID:370577
Gillis B, Gavin IM, Arbieva Z, King ST, Jayaraman
S, Prabhakar BS (2007). Identification of human
cell responses to benzene and benzene metabolites.
Genomics,
90(3):324–33.
doi:10.1016/j.
ygeno.2007.05.003 PMID:17572062
Giuliano M, Stellavato A, Cammarota M, Lamberti
M, Miraglia N, Sannolo N, et al. (2009). Effects of
low concentrations of benzene on human lung cells
in vitro. Toxicol Lett, 188(2):130–6. doi:10.1016/j.
toxlet.2009.03.018 PMID:19446245
Glatt H, Padykula R, Berchtold GA, Ludewig G, Platt KL,
Klein J, et al. (1989). Multiple activation pathways of
benzene leading to products with varying genotoxic
characteristics. Environ Health Perspect, 82:81–9.
doi:10.1289/ehp.898281 PMID:2676505
Göethel G, Brucker N, Moro AM, Charão MF, Fracasso
R, Barth A, et al. (2014). Evaluation of genotoxicity in
workers exposed to benzene and atmospheric pollutants.
Mutat Res Genet Toxicol Environ Mutagen, 770:61–5.
doi:10.1016/j.mrgentox.2014.05.008 PMID:25344165
Golding BT, Barnes ML, Bleasdale C, Henderson AP,
Jiang D, Li X, et al. (2010). Modeling the formation and
reactions of benzene metabolites. Chem Biol Interact,
184(1–2):196–200. doi:10.1016/j.cbi.2010.01.0 01
PMID:20064493
Gollmer L, Graf H, Ullrich V (1984). Characterization
of the benzene monooxygenase system in rabbit
bone marrow. Biochem Pharmacol, 33(22):3597–602.
doi:10.1016/0006-2952(84)90143-6 PMID:6508820

Goon D, Cheng X, Ruth JA, Petersen DR, Ross D (1992).
Metabolism of trans,trans-muconaldehyde by aldehyde
and alcohol dehydrogenases: identification of a novel
metabolite. Toxicol Appl Pharmacol, 114(1):147–55.
doi:10.1016/0041-008X(92)90107-4 PMID:1585367
Gut I, Nedelcheva V, Soucek P, Stopka P, Tichavská B
(1996b). Cytochromes P450 in benzene metabolism and
involvement of their metabolites and reactive oxygen
species in toxicity. Environ Health Perspect, 104(Suppl
6):1211–8. doi:10.1289/ehp.961041211 PMID:9118895
Gut I, Nedelcheva V, Soucek P, Stopka P, Vodicka P,
Gelboin HV, et al. (1996a). The role of CYP2E1 and 2B1
in metabolic activation of benzene derivatives. Arch
Toxicol, 71(1–2):45–56. doi:10.1007/s002040050357
PMID:9010585
Hagmar L, Strömberg U, Bonassi S, Hansteen IL,
Knudsen LE, Lindholm C, et al. (2004). Impact of types
of lymphocyte chromosomal aberrations on human
cancer risk: results from Nordic and Italian cohorts.
Cancer Res, 64(6):2258–63. doi:10.1158/0008-5472.
CAN-03-3360 PMID:15026371
Han SF, Li YQ, Yang LJ, Chen SH, Liu WW, Huang ZQ,
et al. (2004). [Evaluation of recent thymic output function in benzene-exposed workers.] Zhonghua Lao Dong
Wei Sheng Zhi Ye Bing Za Zhi, 22(3):181–3. [Chinese]
PMID:15256150
Hancock DG, Moffitt AE Jr, Hay EB (1984). Hematological
findings among workers exposed to benzene at a coke
oven by-product recovery facility. Arch Environ Health,
39(6):414–8. doi:10.1080/00039896.1984.10545874
PMID:6524961
Hanke J, Dutkiewicz T, Piotrowski J (1961). [The absorption of benzene through the skin in men.] Med Pr,
12:413–26. [Polish]
Haro-García LC, Juárez-Pérez CA, Aguilar-Madrid G,
Vélez-Zamora NM, Muñoz-Navarro S, Chacón-Salinas
R, et al. (2012). Production of IL-10, TNF and IL-12 by
peripheral blood mononuclear cells in Mexican workers
exposed to a mixture of benzene-toluene-xylene. Arch
Med Res, 43(1):51–7. doi:10.1016/j.arcmed.2012.01.008
PMID:22300681
Harris CM, Stec DF, Christov PP, Kozekov ID, Rizzo
CJ, Harris TM (2011). Deoxyguanosine forms a
bis-adduct with E,E-muconaldehyde, an oxidative
metabolite of benzene: implications for the carcinogenicity of benzene. Chem Res Toxicol, 24(11):1944–56.
doi:10.1021/tx2002838 PMID:21972945
Hartwig A (2010). The role of DNA repair in benzeneinduced carcinogenesis. Chem Biol Interact,
184(1–2):269–72. doi:10.1016/j.cbi. 2 0 0 9.12 .029
PMID:20056111
Hazel BA, O’Connor A, Niculescu R, Kalf GF (1996).
Induction of granulocytic differentiation in a mouse
model by benzene and hydroquinone. Environ Health
Perspect, 104(Suppl 6):1257–64. PMID:9118902

273

IARC MONOGRAPHS – 120
Henderson AP, Barnes ML, Bleasdale C, Cameron R, Clegg
W, Heath SL, et al. (2005a). Reactions of benzene oxide
with thiols including glutathione. Chem Res Toxicol,
18(2):265–70. doi:10.1021/tx049781y PMID:15720131
Henderson AP, Bleasdale C, Delaney K, Lindstrom AB,
Rappaport SM, Waidyanatha S, et al. (2005b). Evidence
for the formation of Michael adducts from reactions
of (E,E)-muconaldehyde with glutathione and other
thiols. Bioorg Chem, 33(5):363–73. doi:10.1016/j.
bioorg.2005.05.004 PMID:16005934
Henderson RF, Sabourin PJ, Bechtold WE, Griffith WC,
Medinsky MA, Birnbaum LS, et al. (1989). The effect of
dose, dose rate, route of administration, and species on
tissue and blood levels of benzene metabolites. Environ
Health Perspect, 82:9–17. doi:10.1289/ehp.89829
PMID:2792053
Hirabayashi Y, Inoue T (2010). Benzene-induced bonemarrow toxicity: a hematopoietic stem-cell-specific,
aryl hydrocarbon receptor-mediated adverse effect.
Chem Biol Interact, 184(1–2):252–8. doi:10.1016/j.
cbi.2009.12.022 PMID:20035730
Hirabayashi Y, Yoon BI, Li GX, Fujii-Kuriyama Y, Kaneko
T, Kanno J, et al. (2008). Benzene-induced hematopoietic toxicity transmitted by AhR in wild-type mouse
and nullified by repopulation with AhR-deficient
bone marrow cells: time after benzene treatment
and recovery. Chemosphere, 73(1) Suppl:S290–4.
doi:10.1016/j.chemosphere.2007.12.033 PMID:18514254
Holeckova B, Piesova E, Sivikova K, Dianovsky J (2008).
FISH detection of chromosome 1 aberration in human
interphase and metaphase lymphocytes after exposure
to benzene. Ann Agric Environ Med, 15(1):99–103.
PMID:18581986
Hosnijeh FS, Portengen L, Späth F, Bergdahl IA, Melin
B, Mattiello A, et al. (2016). Soluble B-cell activation
marker of sCD27 and sCD30 and future risk of B-cell
lymphomas: A nested case-control study and meta-analyses. Int J Cancer, 138(10):2357–67. doi:10.1002/
ijc.29969 PMID:26684261
Hsieh GC, Parker RD, Sharma RP, Hughes BJ (1990).
Subclinical effects of groundwater contaminants. III.
Effects of repeated oral exposure to combinations
of benzene and toluene on immunologic responses
in mice. Arch Toxicol, 64(4):320–8. doi:10.1007/
BF01972993 PMID:2143647
Hsieh GC, Sharma RP, Parker RD (1991). Hypothalamicpituitary-adrenocortical axis activity and immune
function after oral exposure to benzene and toluene.
Immunopharmacology, 21(1):23–31. doi:10.1016/01623109(91)90004-I PMID:1650334
Hu D, Peng X, Liu Y, Zhang W, Peng X, Tang H, et al. (2016).
Overexpression of miR-221 in peripheral blood lymphocytes in petrol station attendants: A population based
cross-sectional study in southern China. Chemosphere,
149:8–13. doi:10.1016/j.chemosphere.2016.01.083
PMID:26841344

274

Hu J, Ma H, Zhang W, Yu Z, Sheng G, Fu J (2014). Effects of
benzene and its metabolites on global DNA methylation
in human normal hepatic L02 cells. Environ Toxicol,
29(1):108–16. doi:10.1002/tox.20777 PMID:21953684
Hu XX, Chen J, Yang YP, Li NN, Yang B, Yang R, et al.
(2012). [Effects of benzene on S+G2/M cell cycle arrest,
apoptosis and oxidative DNA damage in human peripheral blood mononuclear cells.] Xi Bao Yu Fen Zi Mian
Yi Xue Za Zhi, 28(9):940–3. [Chinese] PMID:22980658
Huang LJ, Peng ZM, Zhang XZ, Yin JB, Chi HC (2016).
[Association between XRCC1 polymorphisms and
chromosome damage in workers exposed to benzene
in jewelcrafting industry.] Zhonghua Lao Dong Wei
Sheng Zhi Ye Bing Za Zhi, 34(6):416–20. [Chinese]
PMID:27514548
Hutt AM, Kalf GF (1996). Inhibition of human DNA
topoisomerase II by hydroquinone and p-benzoquinone, reactive metabolites of benzene. Environ
Health Perspect, 104(Suppl 6):1265–9. doi:10.1289/
ehp.961041265 PMID:9118903
IARC (1982). Some industrial chemicals and dyestuffs.
IARC Monogr Eval Carcinog Risk Chem Hum, 29:1–
398. Available from: http://publications.iarc.fr/47
PMID:6957379
IARC (1987). Overall evaluations of carcinogenicity:
an updating of IARC Monographs volumes 1 to
42. IARC Monogr Eval Carcinog Risks Hum Suppl,
7:1–40. Available from: http://publications.iarc.fr/139
PMID:3482203
IARC (2012). Chemical agents and related occupations.
IARC Monogr Eval Carcinog Risks Hum, 100F:1–
599. Available from: http://publications.iarc.fr/123
PMID:23189753
IARC (2014). Report of the IARC Advisory Group to
Recommend on Quantitative Risk Characterization
(IARC Internal Report 14/001). Available from: https://
monographs.iarc.fr/wp-content/uploads/2018/06/14001.pdf.
IARC (2017). DDT, lindane, and 2,4-D. IARC Monogr Eval
Carcinog Risks Hum, 113:1–501. Available from: http://
publications.iarc.fr/550.
Ibuki Y, Goto R (2004). Dysregulation of apoptosis by
benzene metabolites and their relationships with
carcinogenesis. Biochim Biophys Acta, 1690(1):11–21.
doi:10.1016/j.bbadis.2004.04.005 PMID:15337166
Inoue O, Seiji K, Kasahara M, Nakatsuka H, Watanabe T,
Yin S-G, et al. (1988). Determination of catechol and
quinol in the urine of workers exposed to benzene. Br J
Ind Med, 45(7):487–92. PMID:3395585
Inoue O, Seiji K, Nakatsuka H, Watanabe T, Yin SN, Li
GL, et al. (1989). Urinary t,t-muconic acid as an indicator of exposure to benzene. Br J Ind Med, 46(2):122–7.
PMID:2923822
Irons RD, Chen Y, Wang X, Ryder J, Kerzic PJ (2013).
Acute myeloid leukemia following exposure to
benzene more closely resembles de novo than

Benzene
therapy related-disease. Genes Chromosomes Cancer,
52(10):887–94. doi:10.1002/gcc.22084 PMID:23840003
Irons RD, Gross SA, Le A, Wang XQ, Chen Y, Ryder J,
et al. (2010). Integrating WHO 2001-2008 criteria for
the diagnosis of Myelodysplastic Syndrome (MDS):
a case-case analysis of benzene exposure. Chem Biol
Interact, 184(1–2):30–8. doi:10.1016/j.cbi.2009.11.016
PMID:19941839
Irons RD, Heck H, Moore BJ, Muirhead KA (1979). Effects
of short-term benzene administration on bone marrow
cell cycle kinetics in the rat. Toxicol Appl Pharmacol,
51(3):399–409. doi:10.1016/0041-008X(79)90364-8
PMID:538752
Irons RD, Lv L, Gross SA, Ye X, Bao L, Wang XQ, et al.
(2005). Chronic exposure to benzene results in a
unique form of dysplasia. Leuk Res, 29(12):1371–80.
doi:10.1016/j.leukres.2005.08.019 PMID:16183116
Ishihama M, Toyooka T, Ibuki Y (2008). Generation of
phosphorylated histone H2AX by benzene metabolites. Toxicol In Vitro, 22(8):1861–8. doi:10.1016/j.
tiv.2008.09.005 PMID:18835433
Jablonická A, Vargová M, Karelová J (1987). Cytogenetic
analysis of peripheral blood lymphocytes in workers
exposed to benzene. J Hyg Epidemiol Microbiol
Immunol, 31(2):127–32. PMID:3611757
Jerina DM, Daly JW (1974). Arene oxides: a new aspect
of drug metabolism. Science, 185(4151):573–82.
doi:10.1126/science.185.4151.573 PMID:4841570
Ji Z, Weldon RH, Marchetti F, Chen H, Li G, Xing C, et al.
(2012). Comparison of aneuploidies of chromosomes
21, X, and Y in the blood lymphocytes and sperm of
workers exposed to benzene. Environ Mol Mutagen,
53(3):218–26. doi:10.1002/em.21683 PMID:22351378
Ji Z, Zhang L, Guo W, McHale CM, Smith MT (2009).
The benzene metabolite, hydroquinone and etoposide
both induce endoreduplication in human lymphoblastoid TK6 cells. Mutagenesis, 24(4):367–72. doi:10.1093/
mutage/gep018 PMID:19491217
Ji Z, Zhang L, Peng V, Ren X, McHale CM, Smith MT
(2010). A comparison of the cytogenetic alterations and
global DNA hypomethylation induced by the benzene
metabolite, hydroquinone, with those induced by
melphalan and etoposide. Leukemia, 24(5):986–91.
doi:10.1038/leu.2010.43 PMID:20339439
Johansson I, Ingelman-Sundberg M (1988). Benzene
metabolism by ethanol-, acetone-, and benzene-inducible cytochrome P-450 (IIE1) in rat and rabbit
liver microsomes. Cancer Res, 48(19):5387–90.
PMID:3416296
Kalyanaraman B, Felix CC, Sealy RC (1985). Semiquinone
anion radicals of catechol(amine)s, catechol estrogens,
and their metal ion complexes. Environ Health Perspect,
64:185–98. doi:10.1289/ehp.8564185 PMID:3007089
Kalyanaraman B, Korytowski W, Pilas B, Sarna T, Land
EJ, Truscott TG (1988). Reaction between ortho-semiquinones and oxygen: pulse radiolysis, electron

spin resonance, and oxygen uptake studies. Arch
Biochem Biophys, 266(1):277–84. doi:10.1016/00039861(88)90259-7 PMID:2845864
Kalyanaraman B, Morehouse KM, Mason RP (1991). An
electron paramagnetic resonance study of the interactions between the adriamycin semiquinone, hydrogen
peroxide, iron-chelators, and radical scavengers. Arch
Biochem Biophys, 286(1):164–70. doi:10.1016/00039861(91)90023-C PMID:1654778
Karacić V, Skender L, Bosner-Cucancić B, Bogadi-Sare
A (1995). Possible genotoxicity in low level benzene
exposure. Am J Ind Med, 27(3):379–88. doi:10.1002/
ajim.4700270307 PMID:7747744
Karaulov AV, Mikhaylova IV, Smolyagin AI, Boev VM,
Kalogeraki A, Tsatsakis AM, et al. (2017). The immunotoxicological pattern of subchronic and chronic
benzene exposure in rats. Toxicol Lett, 275:1–5.
doi:10.1016/j.toxlet.2017.04.006 PMID:28428135
Kasai H, Nishimura S (1984). Hydroxylation of deoxy
guanosine at the C-8 position by polyphenols and
aminophenols in the presence of hydrogen peroxide
and ferric ion. Gan, 75(7):565–6. PMID:6468841
Kastan MB, Onyekwere O, Sidransky D, Vogelstein B,
Craig RW (1991). Participation of p53 protein in the
cellular response to DNA damage. Cancer Res, 51(23 Pt
1):6304–11. PMID:1933891
Kavlock R, Chandler K, Houck K, Hunter S, Judson
R, Kleinstreuer N, et al. (2012). Update on EPA’s
ToxCast program: providing high throughput decision
support tools for chemical risk management. Chem
Res Toxicol, 25(7):1287–302. doi:10.1021/tx3000939
PMID:22519603
Keller KA, Snyder CA (1986). Mice exposed in utero to low
concentrations of benzene exhibit enduring changes in
their colony forming hematopoietic cells. Toxicology,
42(2–3):171–81. doi:10.1016/0300-483X(86)90007-7
PMID:3798466
Kenyon EM, Kraichely RE, Hudson KT, Medinsky MA
(1996). Differences in rates of benzene metabolism
correlate with observed genotoxicity. Toxicol Appl
Pharmacol, 136(1):49–56. doi:10.1006/taap.1996.0005
PMID:8560479
Keretetse GS, Laubscher PJ, Du Plessis JL, Pretorius PJ,
Van Der Westhuizen FH, Van Deventer E, et al. (2008).
DNA damage and repair detected by the comet assay in
lymphocytes of african petrol attendants: a pilot study.
Ann Occup Hyg, 52(7):653–62. PMID:18664513
Kerzic PJ, Irons RD (2017). Distribution of chromosome
breakpoints in benzene-exposed and unexposed
AML patients. Environ Toxicol Pharmacol, 55:212–6.
doi:10.1016/j.etap.2017.08.033 PMID:28926803
Kerzic PJ, Pyatt DW, Zheng JH, Gross SA, Le A, Irons
RD (2003). Inhibition of NF-kappaB by hydroquinone sensitizes human bone marrow progenitor
cells to TNF-alpha-induced apoptosis. Toxicology,

275

IARC MONOGRAPHS – 120
187(2–3):127–37. doi:10.1016/S0300-483X(03)00064-7
PMID:12699902
Khuder SA, Youngdale MC, Bisesi MS, Schaub EA (1999).
Assessment of complete blood count variations among
workers exposed to low levels of benzene. J Occup
Environ Med, 41(9):821–6. doi:10.1097/00043764199909000-00015 PMID:10491799
Kim S, Lan Q, Waidyanatha S, Chanock S, Johnson BA,
Vermeulen R, et al. (2007). Genetic polymorphisms
and benzene metabolism in humans exposed to a wide
range of air concentrations. Pharmacogenet Genomics,
17(10):789–801. doi:10.1097/FPC.0b013e3280128f77
PMID:17885617
Kim S, Vermeulen R, Waidyanatha S, Johnson BA, Lan Q,
Rothman N, et al. (2006a). Using urinary biomarkers
to elucidate dose-related patterns of human benzene
metabolism. Carcinogenesis, 27(4):772–81. doi:10.1093/
carcin/bgi297 PMID:16339183
Kim S, Vermeulen R, Waidyanatha S, Johnson BA, Lan
Q, Smith MT, et al. (2006b). Modeling human metabolism of benzene following occupational and environmental exposures. Cancer Epidemiol Biomarkers Prev,
15(11):2246–52. doi:10.1158/1055-9965.EPI-06-0262
PMID:17119053
Kim SY, Choi JK, Cho YH, Chung EJ, Paek D, Chung
HW (2004b). Chromosomal aberrations in workers
exposed to low levels of benzene: association
with genetic polymorphisms. Pharmacogenetics,
14(7):453–63. doi:10.1097/01.fpc.0000114751.08559.7b
PMID:15226677
Kim YJ, Cho YH, Paek D, Chung HW (2004a).
Determination of chromosome aberrations in workers
in a petroleum refining factory. J Toxicol Environ Health
A, 67(23-24):1915–22. doi:10.1080/15287390490513319
PMID:15513892
Kim YJ, Choi JY, Cho YH, Woo HD, Chung HW, et al.
(2010). Micronucleus-centromere assay in workers
occupationally exposed to low level of benzene. Hum Exp
Toxicol, 29(5):343–50. doi:10.1177/0960327110361500
PMID:20129955
Kim YJ, Choi JY, Paek D, Chung HW (2008). Association
of the NQO1, MPO, and XRCC1 polymorphisms and
chromosome damage among workers at a petroleum
refinery. J Toxicol Environ Health A, 71(5):333–41.
doi:10.1080/15287390701738558 PMID:18214807
Kipen HM, Cody RP, Goldstein BD (1989). Use of longitudinal analysis of peripheral blood counts to validate historical reconstructions of benzene exposure.
Environ Health Perspect, 82:199–206. doi:10.1289/
ehp.8982199 PMID:2792041
Kirkeleit J, Ulvestad E, Riise T, Bråtveit M, Moen BE
(2006). Acute suppression of serum IgM and IgA in
tank workers exposed to benzene. Scand J Immunol,
64(6):690–8. doi:10.1111/j.1365-3083.2006.01858.x
PMID:17083627

276

Koh DH, Jeon HK, Lee SG, Ryu HW (2015). The relationship between low-level benzene exposure and
blood cell counts in Korean workers. Occup Environ
Med, 72(6):421–7. doi:10.1136/oemed-2014-102227
PMID:25575529
Kolachana P, Subrahmanyam VV, Meyer KB, Zhang L,
Smith MT (1993). Benzene and its phenolic metabolites produce oxidative DNA damage in HL60 cells
in vitro and in the bone marrow in vivo. Cancer Res,
53(5):1023–6. PMID:8439949
Koop DR, Laethem CL, Schnier GG (1989). Identification
of ethanol-inducible P450 isozyme 3a (P450IIE1)
as a benzene and phenol hydroxylase. Toxicol
Appl Pharmacol, 98(2):278–88. doi:10.1016/0041008X(89)90233-0 PMID:2711391
Krieg EF Jr, Mathias PI, Toennis CA, Clark JC, Marlow
KL, B’hymer C, et al. (2012). Detection of DNA
damage in workers exposed to JP-8 jet fuel. Mutat
Res, 747(2):218–27. doi:10.1016/j.mrgentox.2012.05.005
PMID:22617435
Lagorio S, Tagesson C, Forastiere F, Iavarone I, Axelson
O, Carere A (1994). Exposure to benzene and urinary
concentrations of 8-hydroxydeoxyguanosine, a biological marker of oxidative damage to DNA. Occup
Environ Med, 51(11):739–43. doi:10.1136/oem.51.11.739
PMID:7849850
Lan Q, Zhang L, Hakim F, Shen M, Memon S, Li G, et al.
(2005a). Lymphocyte toxicity and T cell receptor excision circles in workers exposed to benzene. Chem Biol
Interact, 153-154:111–5. doi:10.1016/j.cbi.2005.03.015
PMID:15935806
Lan Q, Zhang L, Li G, Vermeulen R, Weinberg RS, Dosemeci
M, et al. (2004). Hematotoxicity in workers exposed
to low levels of benzene. Science, 306(5702):1774–6.
doi:10.1126/science.1102443 PMID:15576619
Lan Q, Zhang L, Shen M, Smith MT, Li G, Vermeulen R,
et al. (2005b). Polymorphisms in cytokine and cellular
adhesion molecule genes and susceptibility to hematotoxicity among workers exposed to benzene. Cancer
Res, 65(20):9574–81. doi:10.1158/0008-5472.CAN-051419 PMID:16230423
Laskin DL, MacEachern L, Snyder R (1989). Activation of
bone marrow phagocytes following benzene treatment
of mice. Environ Health Perspect, 82:75–9. doi:10.1289/
ehp.898275 PMID:2676504
Latriano L, Goldstein BD, Witz G (1986). Formation of
muconaldehyde, an open-ring metabolite of benzene,
in mouse liver microsomes: an additional pathway for
toxic metabolites. Proc Natl Acad Sci USA, 83(21):8356–
60. doi:10.1073/pnas.83.21.8356 PMID:3464956
Latriano L, Witz G, Goldstein BD, Jeffrey AM (1989).
Chromatographic and spectrophotometric characterization of adducts formed during the reaction of
trans,trans-muconaldehyde with 14C-deoxyguanosine
5′-phosphate. Environ Health Perspect, 82:249–51.
PMID:2792045

Benzene
Lau SS, Hill BA, Highet RJ, Monks TJ (1988). Sequential
oxidation and glutathione addition to 1,4-benzoquinone: correlation of toxicity with increased
glutathione substitution. Mol Pharmacol, 34(6):829–
36. PMID:3200250
Lau SS, Kuhlman CL, Bratton SB, Monks TJ (2010).
Role of hydroquinone-thiol conjugates in benzenemediated toxicity. Chem Biol Interact, 184(1–2):212–7.
doi:10.1016/j.cbi.2009.12.016 PMID:20034486
Lee EW, Garner CD (1991). Effects of benzene on DNA
strand breaks in vivo versus benzene metabolite-induced DNA strand breaks in vitro in mouse bone
marrow cells. Toxicol Appl Pharmacol, 108(3):497–508.
doi:10.1016/0041-008X(91)90096-W PMID:2020971
Lee JS, Yang EJ, Kim IS (2012). Hydroquinone-induced
apoptosis of human lymphocytes through caspase 9/3
pathway. Mol Biol Rep, 39(6):6737–43. doi:10.1007/
s11033-012-1498-y PMID:22302391
Lee MH, Chung SW, Kang BY, Kim KM, Kim TS (2002).
Hydroquinone, a reactive metabolite of benzene,
enhances interleukin-4 production in CD4+ T cells and
increases immunoglobulin E levels in antigen-primed
mice. Immunology, 106(4):496–502. doi:10.1046/j.13652567.2002.01451.x PMID:12153512
Legathe A, Hoener BA, Tozer TN (1994). Pharmacokinetic
interaction between benzene metabolites, phenol
and hydroquinone, in B6C3F1 mice. Toxicol Appl
Pharmacol, 124(1):131–8. doi:10.1006/taap.1994.1016
PMID:8291054
Lévay G, Pathak DN, Bodell WJ (1996). Detection of DNA
adducts in the white blood cells of B6C3F1 mice treated
with benzene. Carcinogenesis, 17(1):151–3. doi:10.1093/
carcin/17.1.151 PMID:8565125
Levay G, Pongracz K, Bodell WJ (1991). Detection of
DNA adducts in HL-60 cells treated with hydroquinone and p-benzoquinone by 32P-postlabeling.
Carcinogenesis,
12(7):1181–6.
doi:10.1093/
carcin/12.7.1181 PMID:2070482
Li B, Li Y, Chen S, Yang L, Yu W, Chen J, et al. (2009b).
The T-cell receptor Vbeta gene repertoire and clonal
expansion from peripheral blood T cells in benzeneexposed workers in China. Hematology, 14(2):106–10.
doi:10.1179/102453309X385214 PMID:19298723
Li B, Li YQ, Yang LJ, Chen SH, Yu W, Chen JY, et al.
(2009a). Decreased T-cell receptor excision DNA
circles in peripheral blood mononuclear cells among
benzene-exposed workers. Int J Immunogenet,
36(2):107–11. doi:10.1111/j.1744-313X.2009.00832.x
PMID:19228219
Li B, Li YQ, Yang LJ, Chen SH, Yu W, Liu WW, et al. (2007).
[T-cell receptor V alpha gene repertoire and clonal
expansion in benzene-exposed workers.] Zhonghua
Lao Dong Wei Sheng Zhi Ye Bing Za Zhi, 25(10):590–3.
[Chinese] PMID:18070497

Li B, Liu WW, Yu W (2008). [Analysis of TCR V gamma
gene diversity from peripheral blood in patients with
chronic benzene poisoning.] Zhonghua Lao Dong
Wei Sheng Zhi Ye Bing Za Zhi, 26(6):346–9. [Chinese]
PMID:18771618
Li B, Niu Y, Liu S, Yu W, Chen J, Wu L et al. (2012).
A change in CD3γ, CD3δ, CD3ε, and CD3ζ gene
expression in T-lymphocytes from benzene-exposed
and benzene-poisoned workers. J Immunotoxicol,
9(2):160–7.
doi:10.3109/1547691X.2011.642022
PMID:22214187
Li G, Wang C, Xin W, Yin S (1996). Tissue distribution
of DNA adducts and their persistence in blood of mice
exposed to benzene. Environ Health Perspect, 104(Suppl
6):1337–8. PMID:9118916
Li GX, Hirabayashi Y, Yoon BI, Kawasaki Y, Tsuboi I,
Kodama Y, et al. (2006). Thioredoxin overexpression
in mice, model of attenuation of oxidative stress,
prevents benzene-induced hemato-lymphoid toxicity
and thymic lymphoma. Exp Hematol, 34(12):1687–97.
doi:10.1016/j.exphem.2006.08.005 PMID:17157166
Li K, Jing Y, Yang C, Liu S, Zhao Y, He X, et al. (2014).
Increased leukemia-associated gene expression
in benzene-exposed workers. Sci Rep, 4(1):5369.
doi:10.1038/srep05369 PMID:24993241
Li Y, Kuppusamy P, Zweier JL, Trush MA (1995). ESR
evidence for the generation of reactive oxygen species
from the copper-mediated oxidation of the benzene
metabolite, hydroquinone: role in DNA damage.
Chem Biol Interact, 94(2):101–20. doi:10.1016/00092797(94)03326-4 PMID:7828218
Li YQ, Han SF, Yang LJ, Chen SH, Zhou YB, Chen JY et al.
(2005). [Significant decrease of recent thymic output
function in patients with severe benzene intoxication.]
Zhongguo Shi Yan Xue Ye Xue Za Zhi, 13(1):114–7.
[Chinese] PMID:15748448
Liang B, Chen Y, Yuan W, Qin F, Zhang Q, Deng N, et al.
(2017). Down-regulation of miRNA-451a and miRNA486-5p involved in benzene-induced inhibition on
erythroid cell differentiation in vitro and in vivo. Arch
Toxicol, 92(1):259–272. doi:10.1007/s00204-017-2033-7
PMID:28733890
Lin YS, Vermeulen R, Tsai CH, Waidyanatha S, Lan Q,
Rothman N, et al. (2007). Albumin adducts of electrophilic benzene metabolites in benzene-exposed and
control workers. Environ Health Perspect, 115(1):28–34.
doi:10.1289/ehp.8948 PMID:17366815
Lindsey RH, Bender RP, Osheroff N (2005). Stimulation of
topoisomerase II-mediated DNA cleavage by benzene
metabolites. Chem Biol Interact, 153–154:197–205.
doi:10.1016/j.cbi.2005.03.035 PMID:15935817
Lindsey RH Jr, Bromberg KD, Felix CA, Osheroff N
(2004). 1,4-Benzoquinone is a topoisomerase II poison.
Biochemistry, 43(23):7563–74. doi:10.1021/bi049756r
PMID:15182198

277

IARC MONOGRAPHS – 120
Lindstrom AB, Highsmith VR, Buckley TJ, Pate WJ,
Michael LC (1994). Gasoline-contaminated ground
water as a source of residential benzene exposure: a
case study. J Expo Anal Environ Epidemiol, 4(2):183–95.
PMID:7549473
Liou SH, Lung JC, Chen YH, Yang T, Hsieh LL, Chen CJ,
et al. (1999). Increased chromosome-type chromosome
aberration frequencies as biomarkers of cancer risk in
a blackfoot endemic area. Cancer Res, 59(7):1481–4.
PMID:10197617
Liu L, Zhang Q, Feng J, Deng L, Zeng N, Yang A, et al.
(1996). The study of DNA oxidative damage in
benzene-exposed workers. Mutat Res, 370(3–4):145–
50. doi:10.1016/S0165-1218(96)00048-1 PMID:8917660
Liu Y, Chen X, Bian Q, Shi Y, Liu Q, Ding L, et al. (2016).
Analysis of plasma microRNA expression profiles in a
Chinese population occupationally exposed to benzene
and in a population with chronic benzene poisoning.
J Thorac Dis, 8(3):403–14. doi:10.21037/jtd.2016.02.56
PMID:27076935
Loomis D, Guyton K, Grosse Y, El Ghissasi F, Bouvard
V, Benbrahim-Tallaa L, et al.; International Agency
for Research on Cancer Monograph Working
Group (2015). Carcinogenicity of lindane, DDT,
and 2,4-dichlorophenoxyacetic acid. Lancet Oncol,
16(8):891–2.
doi:10.1016/S1470-2045(15)00081-9
PMID:26111929
Lovern MR, Turner MJ, Meyer M, Kedderis GL, Bechtold
WE, Schlosser PM (1997). Identification of benzene oxide
as a product of benzene metabolism by mouse, rat, and
human liver microsomes. Carcinogenesis, 18(9):1695–
700. doi:10.1093/carcin/18.9.1695 PMID:9328163
Lovreglio P, Doria D, Fracasso ME, Barbieri A, Sabatini L,
Drago I, et al. (2016). DNA damage and repair capacity
in workers exposed to low concentrations of benzene.
Environ Mol Mutagen, 57(2):151–8. doi:10.1002/
em.21990 PMID:26646167
Lovreglio P, Maffei F, Carrieri M, D’Errico MN, Drago
I, Hrelia P, et al. (2014). Evaluation of chromosome
aberration and micronucleus frequencies in blood
lymphocytes of workers exposed to low concentrations
of benzene. Mutat Res Genet Toxicol Environ Mutagen,
770:55–60.
doi:10.1016/j.mrgentox.2014.04.022
PMID:25344164
Luan FJ (1992). [A study on lymphocyte subpopulations
and immunologic status of female workers exposed to
benzene.] Zhonghua Yu Fang Yi Xue Za Zhi, 26(2):77–9.
[Chinese] PMID:1451581
Luo L, Jiang L, Geng C, Cao J, Zhong L (2008).
Hydroquinone-induced genotoxicity and oxidative DNA damage in HepG2 cells. Chem Biol
Interact, 173(1):1–8. doi:10.1016/j.cbi.2008.02.002
PMID:18358459
Lv L, Kerzic P, Lin G, Schnatter AR, Bao L, Yang Y, et al.
(2007). The TNF-alpha 238A polymorphism is associated with susceptibility to persistent bone marrow

278

dysplasia following chronic exposure to benzene. Leuk
Res, 31(11):1479–85. doi:10.1016/j.leukres.2007.01.014
PMID:17367855
Lv L, Zou HJ, Lin GW, Irons RR (2005). [Genetic polymorphism of tumor necrosis factor-alpha in patients
with chronic benzene poisoning.] Zhonghua Lao Dong
Wei Sheng Zhi Ye Bing Za Zhi, 23(3):195–8. [Chinese]
PMID:16124898
Major J, Jakab M, Kiss G, Tompa A (1994). Chromosome
aberration, sister-chromatid exchange, proliferative
rate index, and serum thiocyanate concentration in
smokers exposed to low-dose benzene. Environ Mol
Mutagen, 23(2):137–42. doi:10.1002/em.2850230211
PMID:8143702
Mancini M, Mandruzzato M, Garzia AC, Sahnane N,
Magnani E, Macchi F, et al. (2017). In vitro hydroquinone-induced instauration of histone bivalent mark
on human retroelements (LINE-1) in HL60 cells.
Toxicol In Vitro, 40:1–10. doi:10.1016/j.tiv.2016.12.007
PMID:27979589
Manini P, De Palma G, Andreoli R, Mozzoni P, Poli D,
Goldoni M, et al. (2010). Occupational exposure to
low levels of benzene: Biomarkers of exposure and
nucleic acid oxidation and their modulation by polymorphic xenobiotic metabolizing enzymes. Toxicol
Lett, 193(3):229–35. doi:10.1016/j.toxlet.2010.01.013
PMID:20100551
Marchetti F, Eskenazi B, Weldon RH, Li G, Zhang L,
Rappaport SM, et al. (2012). Occupational exposure
to benzene and chromosomal structural aberrations in the sperm of Chinese men. Environ Health
Perspect, 120(2):229–34. doi:10.1289/ehp.1103921
PMID:22086566
Marcon F, Zijno A, Crebelli R, Carere A, Veidebaum T,
Peltonen K, et al. (1999). Chromosome damage and
aneuploidy detected by interphase multicolour FISH
in benzene-exposed shale oil workers. Mutat Res,
445(2):155–66.
doi:10.1016/S1383-5718(99)00122-9
PMID:10575426
Martínez-Velázquez M, Maldonado V, Ortega A,
Meléndez-Zajgla J, Albores A (2006). Benzene metabolites induce apoptosis in lymphocytes. Exp Toxicol
Pathol, 58(1):65–70. doi:10.1016/j.etp.2006.03.010
PMID:16713212
McDonald TA, Waidyanatha S, Rappaport SM (1993).
Production of benzoquinone adducts with hemoglobin
and bone-marrow proteins following administration
of [13C6]benzene to rats. Carcinogenesis, 14(9):1921–5.
doi:10.1093/carcin/14.9.1921 PMID:8403219
McDonald TA, Yeowell-O’Connell K, Rappaport SM
(1994). Comparison of protein adducts of benzene oxide
and benzoquinone in the blood and bone marrow of
rats and mice exposed to [14C/13C6]benzene. Cancer
Res, 54(18):4907–14. PMID:8069856

Benzene
McHale CM, Lan Q, Corso C, Li G, Zhang L, Vermeulen
R, et al. (2008). Chromosome translocations in workers
exposed to benzene. J Natl Cancer Inst Monogr,
39(39):74–7. doi:10.1093/jncimonographs/lgn010
PMID:18648008
McHale CM, Zhang L, Lan Q, Li G, Hubbard AE, Forrest
MS, et al. (2009). Changes in the peripheral blood transcriptome associated with occupational benzene exposure identified by cross-comparison on two microarray
platforms. Genomics, 93(4):343–9. doi:10.1016/j.
ygeno.2008.12.006 PMID:19162166
McHale CM, Zhang L, Lan Q, Vermeulen R, Li G, Hubbard
AE, et al. (2011). Global gene expression profiling of
a population exposed to a range of benzene levels.
Environ Health Perspect, 119(5):628–34. doi:10.1289/
ehp.1002546 PMID:21147609
McHale CM, Zhang L, Smith MT (2012). Current understanding of the mechanism of benzene-induced
leukemia in humans: implications for risk assessment.
Carcinogenesis, 33(2):240–52. doi:10.1093/carcin/
bgr297 PMID:22166497
McNally K, Sams C, Loizou GD, Jones K (2017). Evidence
for non-linear metabolism at low benzene exposures?
A reanalysis of data. Chem Biol Interact, 278:256–68.
doi:10.1016/j.cbi.2017.09.002 PMID:28899792
Melikian AA, Chen KM, Li H, Sodum R, Fiala E,
El-Bayoumy K (2008). The role of nitric oxide on DNA
damage induced by benzene metabolites. Oncol Rep,
19(5):1331–7. PMID:18425395
Meyne J, Legator MS (1980). Sex-related differences in
cytogenetic effects of benzene in the bone marrow of
Swiss mice. Environ Mutagen, 2(1):43–50. doi:10.1002/
em.2860020107 PMID:7327159
Miao LZ, Fu H (2004). [Effect of low benzene exposure
on workers’ peripheral blood parameters of different
similar exposure groups.] Zhonghua Lao Dong Wei
Sheng Zhi Ye Bing Za Zhi, 22(3):191–3. [Chinese]
PMID:15256153
Míčová K, Linhart I (2012). Reactions of benzene oxide,
a reactive metabolite of benzene, with model nucleophiles and DNA. Xenobiotica, 42(10):1028–37. doi:10.31
09/00498254.2012.669872 PMID:22448774
Moeschlin S, Speck B (1967). Experimental studies on the
mechanism of action of benzene on the bone marrow
(radioautographic studies using 3H-thymidine).
Acta Haematol, 38(2):104–11. doi:10.1159/000209006
PMID:4963575
Monks TJ, Butterworth M, Lau SS (2010). The fate of
benzene-oxide. Chem Biol Interact, 184(1–2):201–6.
doi:10.1016/j.cbi.2009.12.025 PMID:20036650
Moran JL, Siegel D, Ross D (1999). A potential mechanism
underlying the increased susceptibility of individuals
with a polymorphism in NAD(P)H:quinone oxidoreductase 1 (NQO1) to benzene toxicity. Proc Natl Acad
Sci USA, 96(14):8150–5. doi:10.1073/pnas.96.14.8150
PMID:10393963

Moran JL, Siegel D, Sun XM, Ross D (1996). Induction of
apoptosis by benzene metabolites in HL60 and CD34+
human bone marrow progenitor cells. Mol Pharmacol,
50(3):610–5. PMID:8794901
Morimoto K (1976). Analysis of combined effects of
benzene with radiation on chromosomes in cultured
human leukocytes. Sangyo Igaku, 18(1):23–34.
doi:10.1539/joh1959.18.23 PMID:1035661
Morimoto K (1983). Induction of sister chromatid
exchanges and cell division delays in human lymphocytes by microsomal activation of benzene. Cancer Res,
43(3):1330–4. PMID:6825102
Morimoto K, Wolff S (1980). Increase of sister chromatid
exchanges and perturbations of cell division kinetics in
human lymphocytes by benzene metabolites. Cancer
Res, 40(4):1189–93. PMID:7357548
Morimoto K, Wolff S, Koizumi A (1983). Induction of
sister-chromatid exchanges in human lymphocytes by
microsomal activation of benzene metabolites. Mutat
Res, 119(3):355–60. doi:10.1016/0165-7992(83)90185-9
PMID:6828070
Moro AM, Charão MF, Brucker N, Durgante J, Baierle
M, Bubols G, et al. (2013). Genotoxicity and oxidative stress in gasoline station attendants. Mutat Res,
754(1–2):63–70. doi:10.1016/j.mrgentox.2013.04.008
PMID:23628435
Mullin AH, Rando R, Esmundo F, Mullin DA (1995).
Inhalation of benzene leads to an increase in the mutant
frequencies of a lacI transgene in lung and spleen tissues
of mice. Mutat Res, 327(1–2):121–9. doi:10.1016/00275107(94)00181-4 PMID:7870081
Murugesan K, Baumann S, Wissenbach DK, Kliemt S,
Kalkhof S, Otto W, et al. (2013). Subtoxic and toxic
concentrations of benzene and toluene induce Nrf2mediated antioxidative stress response and affect
the central carbon metabolism in lung epithelial
cells A549. Proteomics, 13(21):3211–21. doi:10.1002/
pmic.201300126 PMID:24108694
Navasumrit P, Chanvaivit S, Intarasunanont P, Arayasiri
M, Lauhareungpanya N, Parnlob V, et al. (2005).
Environmental and occupational exposure to benzene
in Thailand. Chem Biol Interact, 153–154:75–83.
doi:10.1016/j.cbi.2005.03.010 PMID:15935802
Nilsson RI, Nordlinder RG, Tagesson C, Walles S,
Järvholm BG (1996). Genotoxic effects in workers
exposed to low levels of benzene from gasoline. Am
J Ind Med, 30(3):317–24. doi:10.1002/(SICI)10970274(199609)30:3<317::AID-AJIM10>3.0.CO;2-Z
PMID:8876800
Ning H, Kado NY, Kuzmicky PA, Hsieh DP, Littlefield
LG (1991). Benzene-induced micronuclei formation in
mouse fetal liver blood, peripheral blood, and maternal
bone marrow cells. Environ Mol Mutagen, 18(1):1–5.
doi:10.1002/em.2850180102 PMID:1864264

279

IARC MONOGRAPHS – 120
Nishikawa T, Izumo K, Miyahara E, Horiuchi M, Okamoto
Y, Kawano Y, et al. (2011). Benzene induces cytotoxicity
without metabolic activation. J Occup Health, 53(2):84–
92. doi:10.1539/joh.10-002-OA PMID:21325737
Nomiyama K, Nomiyama H (1974). Respiratory retention,
uptake and excretion of organic solvents in man. Int
Arch Arbeitsmed, 32(1):75–83. doi:10.1007/BF00539097
PMID:4813696
Norppa H, Bonassi S, Hansteen I-L, Hagmar L, Strömberg
U, Rössner P, et al. (2006). Chromosomal aberrations
and SCEs as biomarkers of cancer risk. Mutat Res,
600(1–2):37–45. doi:10.1016/j.mrfmmm.2006.05.030
PMID:16814813
Oikawa S, Hirosawa I, Hirakawa K, Kawanishi S
(2001). Site specificity and mechanism of oxidative DNA damage induced by carcinogenic
catechol. Carcinogenesis, 22(8):1239–45. doi:10.1093/
carcin/22.8.1239 PMID:11470755
Pandey AK, Gurbani D, Bajpayee M, Parmar D, Ajmani
S, Dhawan A (2009). In silico studies with human
DNA topoisomerase-II alpha to unravel the mechanism of in vitro genotoxicity of benzene and its
metabolites. Mutat Res, 661(1–2):57–70. doi:10.1016/j.
mrfmmm.2008.11.006 PMID:19059273
Parke DV, Williams RT (1952). Studies in detoxication.
44. The metabolism of benzene; the muconic acid
excreted by rabbits receiving benzene; determination
of the isomeric muconic acids. Biochem J, 51(3):339–48.
doi:10.1042/bj0510339 PMID:12977733
Parke DV, Williams RT (1953a). Studies in detoxication. XLIX. The metabolism of benzene containing
(14C1) benzene. Biochem J, 54(2):231–8. doi:10.1042/
bj0540231 PMID:13058864
Parke DV, Williams RT (1953b). Studies in detoxication.
54. The metabolism of benzene. (a) The formation of
phenylglucuronide and phenylsulphuric acid from [14C]
benzene. (b) The metabolism of [14C]phenol. Biochem J,
55(2):337–40. doi:10.1042/bj0550337 PMID:13093687
Pekari K, Vainiotalo S, Heikkilä P, Palotie A, Luotamo M,
Riihimäki V (1992). Biological monitoring of occupational exposure to low levels of benzene. Scand J Work
Environ Health, 18(5):317–22. doi:10.5271/sjweh.1570
PMID:1439659
Peng C, Arthur D, Liu F, Lee J, Xia Q, Lavin MF, et al.
(2013). Genotoxicity of hydroquinone in A549 cells.
Cell Biol Toxicol, 29(4):213–27. doi:10.1007/s10565-0139247-0 PMID:23744186
Peng D, Jiaxing W, Chunhui H, Weiyi P, Xiaomin W (2012).
Study on the cytogenetic changes induced by benzene
and hydroquinone in human lymphocytes. Hum Exp
Toxicol, 31(4):322–35. doi:10.1177/0960327111433900
PMID:22297702

280

Philbrook NA, Winn LM (2016). Benzoquinone toxicity
is not prevented by sulforaphane in CD-1 mouse fetal
liver cells. J Appl Toxicol, 36(8):1015–24. doi:10.1002/
jat.3251 PMID:26456483
Picciano D (1979). Cytogenetic study of workers exposed
to benzene. Environ Res, 19(1):33–8. doi:10.1016/00139351(79)90031-8 PMID:510268
Pollini G, Biscaldi GP (1977). [Studies on the karyotype
of lymphocytes in subjects with benzene hemopathy 12
years after poisoning.] Med Lav, 68(4):308–12. [Italian]
PMID:916973
Pollini G, Biscaldi GP, De Stefano GF (1976). [Increase
of Feulgen’s reaction response in peripheral blood
lymphocytes in benzene-poisoned subjects 10 years
after intoxication. Preliminary data.] Med Lav, 67(5
Suppl):506–10. [Italian] PMID:1018697
Pollini G, Biscaldi GP, Robustelli della Cuna G (1969).
[Chromosome changes of the lumphocytes discovered
after five years in subjects with benzolic hemopathy.]
Med Lav, 60(12):743–58. [Italian] PMID:5383425
Pongracz K, Bodell WJ (1996). Synthesis of N2-(4hydroxyphenyl)-2′-deoxyguanosine 3′-phosphate:
comparison by 32P-postlabeling with the DNA adduct
formed in HL-60 cells treated with hydroquinone.
Chem Res Toxicol, 9(3):593–8. doi:10.1021/tx9500991
PMID:8728503
Popp W, Vahrenholz C, Yaman S, Müller C, Müller G,
Schmieding W, et al. (1992). Investigations of the
frequency of DNA strand breakage and cross-linking
and of sister chromatid exchange frequency in the
lymphocytes of female workers exposed to benzene
and toluene. Carcinogenesis, 13(1):57–61. doi:10.1093/
carcin/13.1.57 PMID:1733574
Powley MW, Carlson GP (2000). Cytochromes P450
involved with benzene metabolism in hepatic and
pulmonary microsomes. J Biochem Mol Toxicol,
14(6):303–9. doi:10.1002/1099-0461(2000)14:6<303::AIDJBT2>3.0.CO;2-8 PMID:11083083
Powley MW, Carlson GP (2001). Cytochrome P450
isozymes involved in the metabolism of phenol, a
benzene metabolite. Toxicol Lett, 125(1–3):117–23.
doi:10.1016/S0378-4274(01)00441-6 PMID:11701230
Price PS, Rey TD, Fontaine DD, Arnold SM (2012). A
reanalysis of the evidence for increased efficiency in
benzene metabolism at airborne exposure levels below
3 p.p.m. Carcinogenesis, 33(11):2094–9. doi:10.1093/
carcin/bgs257 PMID:22843549
Provost GS, Mirsalis JC, Rogers BJ, Short JM (1996).
Mutagenic response to benzene and tris(2,3-dibromopropyl)-phosphate in the lambda lacI transgenic mouse
mutation assay: a standardized approach to in vivo
mutation analysis. Environ Mol Mutagen, 28(4):342–7.
doi:10.1002/(SICI)1098-2280(1996)28:4<342::AIDEM7>3.0.CO;2-D PMID:8991062

Benzene
Punjabi CJ, Laskin JD, Hwang SM, MacEachern L, Laskin
DL (1994). Enhanced production of nitric oxide by bone
marrow cells and increased sensitivity to macrophage
colony-stimulating factor (CSF) and granulocyte-macrophage CSF after benzene treatment of mice. Blood,
83(11):3255–63. PMID:8193360
Purdue MP, Lan Q, Bagni R, Hocking WG, Baris D,
Reding DJ, et al. (2011). Prediagnostic serum levels
of cytokines and other immune markers and risk of
non-hodgkin lymphoma. Cancer Res, 71(14):4898–907.
doi:10.1158/0008-5472.CAN-11-0165 PMID:21632552
Pyatt DW, Stillman WS, Irons RD (1998). Hydroquinone,
a reactive metabolite of benzene, inhibits NF-kappa B
in primary human CD4+ T lymphocytes. Toxicol Appl
Pharmacol, 149(2):178–84. doi:10.1006/taap.1998.8369
PMID:9571986
Pyatt DW, Yang Y, Stillman WS, Cano LL, Irons RD
(2000). Hydroquinone inhibits PMA-induced activation of NFkappaB in primary human CD19+
B lymphocytes. Cell Biol Toxicol, 16(1):41–51.
doi:10.1023/A:1007644620655 PMID:10890505
Qu Q, Shore R, Li G, Jin X, Chen LC, Cohen B, et al. (2002).
Hematological changes among Chinese workers with
a broad range of benzene exposures. Am J Ind Med,
42(4):275–85. doi:10.1002/ajim.10121 PMID:12271475
Quitt M, Cassel A, Yoffe A, Anatol AM, Froom P (2004).
Autonomous growth of committed hematopoietic progenitors from peripheral blood of workers
exposed to low levels of benzene. J Occup Environ Med,
46(1):27–9. doi:10.1097/01.jom.0000106009.06837.38
PMID:14724475
Rao GS, Pandya KP (1989). Release of 2-thiobarbituric
acid reactive products from glutamate or deoxyribonucleic acid by 1,2,4-benzenetriol or hydroquinone in
the presence of copper ions. Toxicology, 59(1):59–65.
doi:10.1016/0300-483X(89)90156-X PMID:2573174
Rappaport SM, Johnson BA, Bois FY, Kupper LL, Kim S,
Thomas R (2013a). Ignoring and adding errors do not
improve the science. Carcinogenesis, 34(7):1689–91.
doi:10.1093/carcin/bgt100 PMID:23528242
Rappaport SM, Kim S, Thomas R, Johnson BA, Bois FY,
Kupper LL (2013b). Low-dose metabolism of benzene
in humans: science and obfuscation. Carcinogenesis,
34(1):2–9. doi:10.1093/carcin/bgs382 PMID:23222815
Rappaport SM, McDonald TA, Yeowell-O’Connell K
(1996). The use of protein adducts to investigate the
disposition of reactive metabolites of benzene. Environ
Health Perspect, 104(Suppl 6):1235–7. doi:10.1289/
ehp.961041235 PMID:9118898
Rappaport SM, Waidyanatha S, Qu Q, Shore R, Jin X,
Cohen B, et al. (2002). Albumin adducts of benzene
oxide and 1,4-benzoquinone as measures of human
benzene metabolism. Cancer Res, 62(5):1330–7.
PMID:11888901

Ravegnini G, Sammarini G, Hrelia P, Angelini S (2015).
Key genetic and epigenetic mechanisms in chemical
carcinogenesis. Toxicol Sci, 148(1):2–13. doi:10.1093/
toxsci/kfv165 PMID:26500287
Regev L, Wu M, Zlotolow R, Brautbar N (2012).
Hydroquinone, a benzene metabolite, and leukemia:
a case report and review of the literature. Toxicol Ind
Health, 28(1):64–73. doi:10.1177/0748233711404037
PMID:21511898
Reif DM, Martin MT, Tan SW, Houck KA, Judson RS,
Richard AM, et al. (2010). Endocrine profiling and
prioritization of environmental chemicals using
ToxCast data. Environ Health Perspect, 118(12):1714–
20. doi:10.1289/ehp.1002180 PMID:20826373
Rekhadevi PV, Mahboob M, Rahman MF, Grover P
(2011). Determination of genetic damage and urinary
metabolites in fuel filling station attendants. Environ
Mol Mutagen, 52(4):310–8. doi:10.1002/em.20622
PMID:20872828
Rickert DE, Baker TS, Bus JS, Barrow CS, Irons RD
(1979). Benzene disposition in the rat after exposure
by inhalation. Toxicol Appl Pharmacol, 49(3):417–23.
doi:10.1016/0041-008X(79)90441-1 PMID:473208
Robert Schnatter A, Kerzic PJ, Zhou Y, Chen M, Nicolich
MJ, Lavelle K, et al. (2010). Peripheral blood effects
in benzene-exposed workers. Chem Biol Interact,
184(1–2):174–81.
doi:10.1016/j.cbi.2009.12.020
PMID:20034484
Robinson SN, Shah R, Wong BA, Wong VA, Farris GM
(1997). Immunotoxicological effects of benzene
inhalation in male Sprague-Dawley rats. Toxicology,
119(3):227–37.
doi:10.1016/S0300-483X(97)03621-4
PMID:9152018
Rosenthal GJ, Snyder CA (1985). Modulation of the
immune response to Listeria monocytogenes by
benzene inhalation. Toxicol Appl Pharmacol, 80(3):502–
10. doi:10.1016/0041-008X(85)90395-3 PMID:2863880
Rosenthal GJ, Snyder CA (1987). Inhaled benzene reduces
aspects of cell-mediated tumor surveillance in mice.
Toxicol Appl Pharmacol, 88(1):35–43. doi:10.1016/0041008X(87)90267-5 PMID:2951897
Ross D (1996). Metabolic basis of benzene toxicity. Eur
J Haematol Suppl, 60(Suppl 60):111–8. PMID:8987252
Ross D (2000). The role of metabolism and specific
metabolites in benzene-induced toxicity: evidence
and issues. J Toxicol Environ Health A, 61(5–6):357–72.
doi:10.1080/00984100050166361 PMID:11086940
Ross D, Siegel D, Schattenberg DG, Sun XM, Moran JL
(1996a). Cell-specific activation and detoxification
of benzene metabolites in mouse and human bone
marrow: identification of target cells and a potential
role for modulation of apoptosis in benzene toxicity.
Environ Health Perspect, 104(Suppl 6):1177–82.
doi:10.1289/ehp.961041177 PMID:9118890

281

IARC MONOGRAPHS – 120
Ross D, Traver RD, Siegel D, Kuehl BL, Misra V, Rauth
AM (1996b). A polymorphism in NAD(P)H:quinone
oxidoreductase (NQO1): relationship of a homozygous mutation at position 609 of the NQO1 cDNA to
NQO1 activity. Br J Cancer, 74(6):995–6. doi:10.1038/
bjc.1996.477 PMID:8826876
Rothman N, Bechtold WE, Yin S-N, Dosemeci M, Li
GL, Wang YZ, et al. (1998). Urinary excretion of
phenol, catechol, hydroquinone, and muconic acid by
workers occupationally exposed to benzene. Occup
Environ Med, 55(10):705–11. doi:10.1136/oem.55.10.705
PMID:9930093
Rothman N, Haas R, Hayes RB, Li GL, Wiemels J,
Campleman S, et al. (1995). Benzene induces geneduplicating but not gene-inactivating mutations at the
glycophorin A locus in exposed humans. Proc Natl Acad
Sci USA, 92(9):4069–73. doi:10.1073/pnas.92.9.4069
PMID:7732033
Rothman N, Li GL, Dosemeci M, Bechtold WE, Marti
GE, Wang YZ, et al. (1996). Hematotoxicity among
Chinese workers heavily exposed to benzene. Am
J Ind Med, 29(3):236–46. doi:10.1002/(SICI)10970274(199603)29:3<236::AID-AJIM3>3.0.CO;2-O
PMID:8833776
Rothman N, Smith MT, Hayes RB, Traver RD, Hoener
B, Campleman S, et al. (1997). Benzene poisoning, a
risk factor for hematological malignancy, is associated
with the NQO1 609C–>T mutation and rapid fractional
excretion of chlorzoxazone. Cancer Res, 57(14):2839–
42. PMID:9230185
Ruchirawat M, Navasumrit P, Settachan D (2010).
Exposure to benzene in various susceptible populations: co-exposures to 1,3-butadiene and PAHs
and implications for carcinogenic risk. Chem Biol
Interact, 184(1–2):67–76. doi:10.1016/j.cbi.2009.12.026
PMID:20036649
Ruchirawat M, Settachan D, Navasumrit P, Tuntawiroon
J, Autrup H (2007). Assessment of potential cancer risk
in children exposed to urban air pollution in Bangkok,
Thailand. Toxicol Lett, 168(3):200–9. doi:10.1016/j.
toxlet.2006.09.013 PMID:17157453
Sabourin PJ, Bechtold WE, Birnbaum LS, Lucier G,
Henderson RF (1988). Differences in the metabolism
and disposition of inhaled [3H]benzene by F344/N rats
and B6C3F1 mice. Toxicol Appl Pharmacol, 94(1):128–
40. doi:10.1016/0041-008X(88)90343-2 PMID:3376110
Sabourin PJ, Chen BT, Lucier G, Birnbaum LS, Fisher E,
Henderson RF (1987). Effect of dose on the absorption
and excretion of [14C]benzene administered orally or by
inhalation in rats and mice. Toxicol Appl Pharmacol,
87(2):325–36. doi:10.1016/0041-008X(87)90294-8
PMID:3824388
Sabourin PJ, Muggenburg BA, Couch RC, Lefler D,
Lucier G, Birnbaum LS, et al. (1992). Metabolism
of [14C]benzene by cynomolgus monkeys and

282

chimpanzees. Toxicol Appl Pharmacol, 114(2):277–84.
doi:10.1016/0041-008X(92)90078-7 PMID:1609420
Sadler A, Subrahmanyam VV, Ross D (1988). Oxidation
of catechol by horseradish peroxidase and human
leukocyte peroxidase: reactions of o-benzoquinone
and o-benzosemiquinone. Toxicol Appl Pharmacol,
93(1):62–71. doi:10.1016/0041-008X(88)90025-7
PMID:2832975
Salemi R, Marconi A, Di Salvatore V, Franco S, Rapisarda
V, Libra M (2017). Epigenetic alterations and occupational exposure to benzene, fibers, and heavy
metals associated with tumor development (Review).
[Review]. Mol Med Rep, 15(5):3366–71. doi:10.3892/
mmr.2017.6383 PMID:28339075
Sammett D, Lee EW, Kocsis JJ, Snyder R (1979). Partial
hepatectomy reduces both metabolism and toxicity
of benzene. J Toxicol Environ Health, 5(5):785–92.
doi:10.1080/15287397909529789 PMID:513147
Sanderson RN, Johnson PRE, Moorman AV, Roman E,
Willett E, Taylor PR, et al. (2006). Population-based
demographic study of karyotypes in 1709 patients with
adult acute myeloid leukemia. Leukemia, 20(3):444–50.
doi:10.1038/sj.leu.2404055 PMID:16424877
Sarto F, Cominato I, Pinton AM, Brovedani PG, Merler
E, Peruzzi M, et al. (1984). A cytogenetic study on
workers exposed to low concentrations of benzene.
Carcinogenesis, 5(6):827–32. doi:10.1093/carcin/5.6.827
PMID:6722989
Sasiadek M (1992). Nonrandom distribution of breakpoints in the karyotypes of workers occupationally
exposed to benzene. Environ Health Perspect, 97:255–7.
doi:10.1289/ehp.9297255 PMID:1396464
Sasiadek M, Jagielski J, Smolik R (1989). Localization of
breakpoints in the karyotype of workers professionally exposed to benzene. Mutat Res, 224(2):235–40.
doi:10.1016/0165-1218(89)90161-4 PMID:2797038
Sawada Y, Iyanagi T, Yamazaki I (1975). Relation between
redox potentials and rate constants in reactions coupled
with the system oxygen-superoxide. Biochemistry,
14(17):3761–4. doi:10.1021/bi00688a007 PMID:240393
Schattenberg DG, Stillman WS, Gruntmeir JJ, Helm KM,
Irons RD, Ross D (1994). Peroxidase activity in murine
and human hematopoietic progenitor cells: potential
relevance to benzene-induced toxicity. Mol Pharmacol,
46(2):346–51. PMID:8078496
Schnier GG, Laethem CL, Koop DR (1989). Identification
and induction of cytochromes P450, P450IIE1 and
P450IA1 in rabbit bone marrow. J Pharmacol Exp Ther,
251(2):790–6. PMID:2509684
Schoch C, Kern W, Schnittger S, Hiddemann W, Haferlach
T (2004). Karyotype is an independent prognostic
parameter in therapy-related acute myeloid leukemia
(t-AML): an analysis of 93 patients with t-AML in
comparison to 1091 patients with de novo AML.
Leukemia, 18(1):120–5. doi:10.1038/sj.leu.2403187
PMID:14586477

Benzene
Seaton MJ, Schlosser P, Medinsky MA (1995). In vitro
conjugation of benzene metabolites by human liver:
potential influence of interindividual variability
on benzene toxicity. Carcinogenesis, 16(7):1519–27.
doi:10.1093/carcin/16.7.1519 PMID:7614685
Seiji K, Jin C, Watanabe T, Nakatsuka H, Ikeda M (1990).
Sister chromatid exchanges in peripheral lymphocytes
of workers exposed to benzene, trichloroethylene,
or tetrachloroethylene, with reference to smoking
habits. Int Arch Occup Environ Health, 62(2):171–6.
doi:10.1007/BF00383594 PMID:2323835
Sheets PL, Yost GS, Carlson GP (2004). Benzene metabolism in human lung cell lines BEAS-2B and A549 and
cells overexpressing CYP2F1. J Biochem Mol Toxicol,
18(2):92–9. doi:10.1002/jbt.20010 PMID:15122651
Shen M, Zhang L, Bonner MR, Liu C-S, Li G, Vermeulen
R, et al. (2008). Association between mitochondrial
DNA copy number, blood cell counts, and occupational
benzene exposure. Environ Mol Mutagen, 49(6):453–7.
doi:10.1002/em.20402 PMID:18481315
Shen M, Zhang L, Lee KM, Vermeulen R, Hosgood HD,
Li G, et al. (2011). Polymorphisms in genes involved
in innate immunity and susceptibility to benzene-induced hematotoxicity. Exp Mol Med, 43(6):374–8.
doi:10.3858/emm.2011.43.6.041 PMID:21540635
Siegel D, Gustafson DL, Dehn DL, Han JY, Boonchoong
P, Berliner LJ, et al. (2004). NAD(P)H:quinone
oxidoreductase 1: role as a superoxide scavenger. Mol
Pharmacol, 65(5):1238–47. doi:10.1124/mol.65.5.1238
PMID:15102952
Singh KP, Bennett JA, Casado FL, Walrath JL, Welle SL,
Gasiewicz TA (2014). Loss of aryl hydrocarbon receptor
promotes gene changes associated with premature
hematopoietic stem cell exhaustion and development
of a myeloproliferative disorder in aging mice. Stem
Cells Dev, 23(2):95–106. doi:10.1089/scd.2013.0346
PMID:24138668
Singh KP, Casado FL, Opanashuk LA, Gasiewicz TA
(2009). The aryl hydrocarbon receptor has a normal
function in the regulation of hematopoietic and
other stem/progenitor cell populations. Biochem
Pharmacol, 77(4):577–87. doi:10.1016/j.bcp.2008.10.001
PMID:18983985
Siou G, Conan L, el Haitem M (1981). Evaluation of the
clastogenic action of benzene by oral administration
with 2 cytogenetic techniques in mouse and Chinese
hamster. Mutat Res, 90(3):273–8. doi:10.1016/01651218(81)90007-0 PMID:7329437
Sipes NS, Martin MT, Kothiya P, Reif DM, Judson RS,
Richard AM, et al. (2013). Profiling 976 ToxCast chemicals across 331 enzymatic and receptor signaling
assays. Chem Res Toxicol, 26(6):878–95. doi:10.1021/
tx400021f PMID:23611293

Smith MT (1996). The mechanism of benzene-induced
leukemia: a hypothesis and speculations on the causes
of leukemia. Environ Health Perspect, 104(Suppl
6):1219–25. doi:10.1289/ehp.961041219 PMID:9118896
Smith MT (1999). Benzene, NQO1, and genetic susceptibility to cancer. Proc Natl Acad Sci USA, 96(14):7624–6.
doi:10.1073/pnas.96.14.7624 PMID:10393869
Smith MT, Guyton KZ, Gibbons CF, Fritz JM, Portier CJ,
Rusyn I, et al. (2016). Key characteristics of carcinogens as a basis for organizing data on mechanisms of
carcinogenesis. Environ Health Perspect, 124(6):713–21.
doi:10.1289/ehp.1509912 PMID:26600562
Smith MT, Yager JW, Steinmetz KL, Eastmond DA
(1989). Peroxidase-dependent metabolism of benzene’s
phenolic metabolites and its potential role in benzene
toxicity and carcinogenicity. Environ Health Perspect,
82:23–9. doi:10.1289/ehp.898223 PMID:2551665
Smith MT, Zhang L, Jeng M, Wang Y, Guo W, Duramad
P, et al. (2000). Hydroquinone, a benzene metabolite, increases the level of aneusomy of chromosomes
7 and 8 in human CD34-positive blood progenitor
cells. Carcinogenesis, 21(8):1485–90. doi:10.1093/
carcin/21.8.1485 PMID:10910948
Smith MT, Zhang L, Wang Y, Hayes RB, Li G, Wiemels
J, et al. (1998). Increased translocations and aneusomy
in chromosomes 8 and 21 among workers exposed to
benzene. Cancer Res, 58(10):2176–81. PMID:9605763
Snyder CA, Green JD, LoBue J, Goldstein BD, Valle CD,
Albert RE (1981). Protracted benzene exposure causes
a proliferation of myeloblasts and/or promyelocytes in
CD-1 mice. Bull Environ Contam Toxicol, 27(1):17–22.
doi:10.1007/BF01610980 PMID:7296032
Snyder R (2004). Xenobiotic metabolism and the
mechanism(s) of benzene toxicity. Drug Metab
Rev, 36(3–4):531–47. doi:10.1081/DMR-200033445
PMID:15554234
Snyder R, Hedli CC (1996). An overview of benzene metabolism. Environ Health Perspect, 104(Suppl 6):1165–71.
doi:10.1289/ehp.961041165 PMID:9118888
Song Y, Buettner GR (2010). Thermodynamic and kinetic
considerations for the reaction of semiquinone radicals to form superoxide and hydrogen peroxide.
Free Radic Biol Med, 49(6):919–62. doi:10.1016/j.
freeradbiomed.2010.05.009 PMID:20493944
Sørensen M, Skov H, Autrup H, Hertel O, Loft S (2003).
Urban benzene exposure and oxidative DNA damage:
influence of genetic polymorphisms in metabolism
genes. Sci Total Environ, 309(1–3):69–80. doi:10.1016/
S0048-9697(03)00054-8 PMID:12798093
Spatari G, Saitta S, Giorgianni C, Cristani MT, Quattrocchi
P, Abbate A, et al. (2015). Interleukin-10 involvement in exposure to low dose of benzene. Toxicol Ind
Health, 31(4):351–4. doi:10.1177/0748233713475518
PMID:23344822

283

IARC MONOGRAPHS – 120
Späth F, Wibom C, Krop EJ, Johansson AS, Bergdahl IA,
Vermeulen R, et al. (2017). Biomarker dynamics in
B-cell lymphoma: a longitudinal prospective study of
plasma samples up to 25 years before diagnosis. Cancer
Res, 77(6):1408–15. doi:10.1158/0008-5472.CAN-162345 PMID:28108506
Sram RJ, Beskid O, Binkova B, Rossner P, Smerhovsky Z
(2004). Cytogenetic analysis using fluorescence in situ
hybridization (FISH) to evaluate occupational exposure to carcinogens. Toxicol Lett, 149(1–3):335–44.
doi:10.1016/j.toxlet.2003.12.043 PMID:15093279
Stillman WS, Varella-Garcia M, Gruntmeir JJ, Irons RD
(1997). The benzene metabolite, hydroquinone, induces
dose-dependent hypoploidy in a human cell line.
Leukemia, 11(9):1540–5. doi:10.1038/sj.leu.2400763
PMID:9305610
Stillman WS, Varella-Garcia M, Irons RD (1999). The
benzene metabolites hydroquinone and catechol act in
synergy to induce dose-dependent hypoploidy and -5q31
in a human cell line. Leuk Lymphoma, 35(3–4):269–81.
doi:10.3109/10428199909145730 PMID:10706450
Stillman WS, Varella-Garcia M, Irons RD (2000). The
benzene metabolite, hydroquinone, selectively induces
5q31- and -7 in human CD34+CD19- bone marrow
cells. Exp Hematol, 28(2):169–76. doi:10.1016/S0301472X(99)00144-7 PMID:10706073
Straif K, Loomis D, Guyton K, Grosse Y, Lauby-Secretan
B, El Ghissassi F, et al. (2014). Future priorities for the
IARC Monographs. Lancet, 15(7):683–4. doi:10.1016/
S1470-2045(14)70168-8
Subrahmanyam VV, Kolachana P, Smith MT (1991).
Hydroxylation of phenol to hydroquinone catalyzed
by a human myeloperoxidase-superoxide complex:
possible implications in benzene-induced myelotoxicity. Free Radic Res Commun, 15(5):285–96.
doi:10.3109/10715769109105224 PMID:1666626
Subrahmanyam VV, O’Brien PJ (1985). Peroxidase
catalysed oxygen activation by arylamine carcinogens and phenol. Chem Biol Interact, 56(2–3):185–99.
doi:10.1016/0009-2797(85)90005-5 PMID:3000637
Sul D, Lee E, Lee MY, Oh E, Im H, Lee J, et al. (2005). DNA
damage in lymphocytes of benzene exposed workers
correlates with trans,trans-muconic acids and breath
benzene levels. Mutat Res, 582(1–2):61–70. doi:10.1016/j.
mrgentox.2004.12.011 PMID:15781211
Sun P, Qiu Y, Zhang Z, Wan J, Wang T, Jin X, et al. (2009).
Association of genetic polymorphisms, mRNA expression of p53 and p21 with chronic benzene poisoning in
a chinese occupational population. Cancer Epidemiol
Biomarkers Prev, 18(6):1821–8. doi:10.1158/1055-9965.
EPI-09-0140 PMID:19505915
Surrallés J, Autio K, Nylund L, Järventaus H, Norppa
H, Veidebaum T, et al. (1997). Molecular cytogenetic analysis of buccal cells and lymphocytes from
benzene-exposed workers. Carcinogenesis, 18(4):817–
23. doi:10.1093/carcin/18.4.817 PMID:9111220

284

Swaen GM, van Amelsvoort L, Twisk JJ, Verstraeten E,
Slootweg R, Collins JJ, et al. (2010). Low level occupational benzene exposure and hematological parameters. Chem Biol Interact, 184(1–2):94–100. doi:10.1016/j.
cbi.2010.01.007 PMID:20074561
Tabish AM, Poels K, Hoet P, Godderis L (2012). Epigenetic
factors in cancer risk: effect of chemical carcinogens
on global DNA methylation pattern in human TK6
cells. PLoS One, 7(4):e34674 doi:10.1371/journal.
pone.0034674 PMID:22509344
Tauber J (1970). Instant benzol death. J Occup Med,
12(3):91–2. PMID:5434858
Thienes H, Haley TJ (1972). Clinical toxicology. 5th ed.
Philadelphia (PA): Lea & Febiger; pp. 124–7.
Thys RG, Lehman CE, Pierce LC, Wang YH (2015).
Environmental and chemotherapeutic agents induce
breakage at genes involved in leukemia-causing
gene rearrangements in human hematopoietic stem/
progenitor cells. Mutat Res, 779:86–95. doi:10.1016/j.
mrfmmm.2015.06.011 PMID:26163765
Tice RR, Austin CP, Kavlock RJ, Bucher JR (2013). Improving
the human hazard characterization of chemicals: a
Tox21 update. Environ Health Perspect, 121(7):756–65.
doi:10.1289/ehp.1205784 PMID:23603828
Tompa A, Jakab MG, Major J (2005). Risk management
among benzene-exposed oil refinery workers. Int
J Hyg Environ Health, 208(6):509–16. doi:10.1016/j.
ijheh.2005.01.029 PMID:16325561
Tompa A, Major J, Jakab MG (1994). Monitoring of
benzene-exposed workers for genotoxic effects
of benzene: improved-working-condition-related
decrease in the frequencies of chromosomal aberrations in peripheral blood lymphocytes. Mutat Res,
304(2):159–65.
doi:10.1016/0027-5107(94)90207-0
PMID:7506358
Tough IM, Brown WM (1965). Chromosome aberrations
and exposure to ambient benzene. Lancet, 1(7387):684
doi:10.1016/S0140-6736(65)91835-0 PMID:14258551
Tough IM, Smith PG, Court Brown WM, Harnden DG
(1970). Chromosome studies on workers exposed to
atmospheric benzene. The possible influence of age. Eur
J Cancer, 6(1):49–55. doi:10.1016/0014-2964(70)90053-8
PMID:5416164
Traver RD, Siegel D, Beall HD, Phillips RM, Gibson
NW, Franklin WA, et al. (1997). Characterization of a
polymorphism in NAD(P)H: quinone oxidoreductase
(DT-diaphorase). Br J Cancer, 75(1):69–75. doi:10.1038/
bjc.1997.11 PMID:9000600
Trush MA, Twerdok LE, Rembish SJ, Zhu H, Li Y
(1996). Analysis of target cell susceptibility as a basis
for the development of a chemoprotective strategy
against benzene-induced hematotoxicities. Environ
Health Perspect, 104(Suppl 6):1227–34. doi:10.1289/
ehp.961041227 PMID:9118897

Benzene
Tsai SP, Fox EE, Ransdell JD, Wendt JK, Waddell LC,
Donnelly RP (2004). A hematology surveillance
study of petrochemical workers exposed to benzene.
Regul Toxicol Pharmacol, 40(1):67–73. doi:10.1016/j.
yrtph.2004.05.010 PMID:15265607
Tsutsui T, Hayashi N, Maizumi H, Huff J, Barrett JC
(1997). Benzene-, catechol-, hydroquinone- and
phenol-induced cell transformation, gene mutations,
chromosome aberrations, aneuploidy, sister chromatid exchanges and unscheduled DNA synthesis in
Syrian hamster embryo cells. Mutat Res, 373(1):113–23.
doi:10.1016/S0027-5107(96)00196-0 PMID:9015160
Tunca BT, Egeli U (1996). Cytogenetic findings on shoe
workers exposed long-term to benzene. Environ Health
Perspect, 104(Suppl 6):1313–7. PMID:9118912
Tung EW, Philbrook NA, Macdonald KD, Winn LM
(2012). DNA double-strand breaks and DNA recombination in benzene metabolite-induced genotoxicity.
Toxicol Sci, 126(2):569–77. doi:10.1093/toxsci/kfs001
PMID:22247006
Tuo J, Loft S, Thomsen MS, Poulsen HE (1996). Benzeneinduced genotoxicity in mice in vivo detected by the
alkaline comet assay: reduction by CYP2E1 inhibition. Mutat Res, 368(3–4):213–9. doi:10.1016/S01651218(96)90063-4 PMID:8692227
Turkall RM, Skowronski G, Gerges S, Von Hagen S, AbdelRahman MS (1988). Soil adsorption alters kinetics
and bioavailability of benzene in orally exposed male
rats. Arch Environ Contam Toxicol, 17(2):159–64.
doi:10.1007/BF01056020 PMID:3355231
Uzma N, Kumar BS, Hazari MA (2010). Exposure to
benzene induces oxidative stress, alters the immune
response and expression of p53 in gasoline filling
workers. Am J Ind Med, 53(12):1264–70. doi:10.1002/
ajim.20901 PMID:20886531
Uzma N, Salar BM, Kumar BS, Aziz N, David MA, Reddy
VD (2008). Impact of organic solvents and environmental pollutants on the physiological function in
petrol filling workers. Int J Environ Res Public Health,
5(3):139–46. doi:10.3390/ijerph5030139 PMID:19139531
Valentine JL, Lee SS, Seaton MJ, Asgharian B, Farris G,
Corton JC, et al. (1996). Reduction of benzene metabolism and toxicity in mice that lack CYP2E1 expression.
Toxicol Appl Pharmacol, 141(1):205–13. doi:10.1016/
S0041-008X(96)80026-3 PMID:8917693
Verma Y, Rana SV (2004). Sex differences in oxidative
stress induced by benzene in rats. Indian J Exp Biol,
42(1):117–20. PMID:15274493
Waidyanatha S, Rappaport SM (2005). Investigation of
cysteinyl protein adducts of benzene diolepoxide.
Chem Biol Interact, 153–154:261–6. doi:10.1016/j.
cbi.2005.03.033 PMID:15935825

Waidyanatha S, Sangaiah R, Rappaport SM (2005).
Characterization and quantification of cysteinyl
adducts of benzene diol epoxide. Chem Res Toxicol,
18(7):1178–85. doi:10.1021/tx0500981 PMID:16022511
Wan J, Shi J, Hui L, Wu D, Jin X, Zhao N, et al. (2002).
Association of genetic polymorphisms in CYP2E1,
MPO, NQO1, GSTM1, and GSTT1 genes with benzene
poisoning. Environ Health Perspect, 110(12):1213–8.
doi:10.1289/ehp.021101213 PMID:12460800
Wan J, Winn LM (2007). Benzene’s metabolites alter
c-MYB activity via reactive oxygen species in HD3 cells.
Toxicol Appl Pharmacol, 222(2):180–9. doi:10.1016/j.
taap.2007.04.016 PMID:17614109
Wang Q, Ye R, Ye YJ, Wan JX, Sun P, Zhu Y, et al. (2012).
mRNA expression levels among cell regulatory and
DNA damage genes in benzene-exposed workers
in China. J Occup Environ Med, 54(12):1467–70.
doi:10.1097/JOM.0b013e318223d56c PMID:23095938
Ward CO, Kuna RA, Snyder NK, Alsaker RD, Coate WB,
Craig PH (1985). Subchronic inhalation toxicity of
benzene in rats and mice. Am J Ind Med, 7(5–6):457–73.
doi:10.1002/ajim.4700070510 PMID:4003405
Ward E, Hornung R, Morris J, Rinsky R, Wild D, Halperin
W, et al. (1996). Risk of low red or white blood cell count
related to estimated benzene exposure in a rubberworker cohort (1940-1975) Am J Ind Med, 29(3):247–57.
doi:10.1002/(SICI)1097-0274(199603)29:3<247::AIDAJIM4>3.0.CO;2-N PMID:8833777
Watanabe T, Endo A (1984). The SCE test as a tool for
cytogenetic monitoring of human exposure to occupational and environmental mutagens. Basic Life Sci,
29(Pt B):939–55. PMID:6529430
Weaver CV, Liu SP, Lu JF, Lin BS (2007). The effects of
benzene exposure on apoptosis in epithelial lung
cells: localization by terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling (TUNEL) and the immunocytochemical localization of apoptosis-related gene products. Cell Biol
Toxicol, 23(3):201–20. doi:10.1007/s10565-006-0165-2
PMID:17171516
Weisel CP, Park S, Pyo H, Mohan K, Witz G (2003).
Use of stable isotopically labeled benzene to evaluate environmental exposures. J Expo Anal Environ
Epidemiol, 13(5):393–402. doi:10.1038/sj.jea.7500285
PMID:12973367
Wen H, Yuan L, Wei C, Zhao Y, Qian Y, Ma P, et al. (2016).
Effects of combined exposure to formaldehyde and
benzene on immune cells in the blood and spleen in
Balb/c mice. Environ Toxicol Pharmacol, 45:265–73.
doi:10.1016/j.etap.2016.05.007 PMID:27343751
Westphal GA, Bünger J, Lichey N, Taeger D, Mönnich A,
Hallier E (2009). The benzene metabolite para-benzoquinone is genotoxic in human, phorbol-12-acetate13-myristate induced, peripheral blood mononuclear
cells at low concentrations. Arch Toxicol, 83(7):721–9.
doi:10.1007/s00204-009-0402-6 PMID:19212761

285

IARC MONOGRAPHS – 120
Wiemels J, Smith MT (1999). Enhancement of myeloid
cell growth by benzene metabolites via the production
of active oxygen species. Free Radic Res, 30(2):93–103.
doi:10.1080/10715769900300101 PMID:10193577
Winek CL, Collom WD (1971). Benzene and toluene fatalities. J Occup Med, 13(5):259–61. PMID:5103143
Winek CL, Collom WD, Wecht CH (1967). Fatal
benzene exposure by glue-sniffing. Lancet, 1(7491):683
doi:10.1016/S0140-6736(67)92578-0 PMID:4163939
Winn LM (2003). Homologous recombination initiated
by benzene metabolites: a potential role of oxidative
stress. Toxicol Sci, 72(1):143–9. doi:10.1093/toxsci/
kfg008 PMID:12604843
Witz G, Zhang Z, Goldstein BD (1996). Reactive ringopened aldehyde metabolites in benzene hematotoxicity. Environ Health Perspect, 104(Suppl 6):1195–9.
doi:10.1289/ehp.961041195 PMID:9118893
Wu T, Yuan Y, Wu Y, He H, Zhang G, Tanguay RM
(1998). Presence of antibodies to heat stress proteins
in workers exposed to benzene and in patients with
benzene poisoning. Cell Stress Chaperones, 3(3):161–7.
doi:10.1379/1466-1268(1998)003<0161:POATHS>2.
3.CO;2 PMID:9764756
Wu XR, Xue M, Li XF, Wang Y, Wang J, Han QL, et al.
(2011). Phenolic metabolites of benzene inhibited
the erythroid differentiation of K562 cells. Toxicol
Lett, 203(3):190–9. doi:10.1016/j.toxlet.2011.03.012
PMID:21414390
Xing C, Marchetti F, Li G, Weldon RH, Kurtovich E,
Young S, et al. (2010). Benzene exposure near the U.S.
permissible limit is associated with sperm aneuploidy.
Environ Health Perspect, 118(6):833–9. doi:10.1289/
ehp.0901531 PMID:20418200
Xing SG, Shi X, Wu ZL, Chen JK, Wallace W, Whong
WZ, et al. (1992). Transplacental genotoxicity of triethylenemelamine, benzene, and vinblastine in mice.
Teratog Carcinog Mutagen, 12(5):223–30. doi:10.1002/
tcm.1770120505 PMID:1363495
Xu X, Wiencke JK, Niu T, Wang M, Watanabe H, Kelsey
KT, et al. (1998). Benzene exposure, glutathione
S-transferase theta homozygous deletion, and sister
chromatid exchanges. Am J Ind Med, 33(2):157–63.
doi:10.1002/(SICI)1097-0274(199802)33:2<157::AIDAJIM7>3.0.CO;2-V PMID:9438048
Yager JW, Eastmond DA, Robertson ML, Paradisin WM,
Smith MT (1990). Characterization of micronuclei
induced in human lymphocytes by benzene metabolites. Cancer Res, 50(2):393–9. PMID:2295079
Yamazaki I, Mason HS, Piette L (1960). Identification, by
electron paramagnetic resonance spectroscopy, of free
radicals generated from substrates by peroxidase. J Biol
Chem, 235:2444–9. PMID:13846434
Yamazaki I, Piette LH (1963). The mechanism of
aerobic oxidase reaction catalysed by peroxidase.
Biochim Biophys Acta, 77:47–64. doi:10.1016/00063002(63)90468-2 PMID:14078973

286

Yardley-Jones A, Anderson D, Jenkinson PC, Lovell
DP, Blowers SD, Davies MJ (1988). Genotoxic effects
in peripheral blood and urine of workers exposed
to low level benzene. Br J Ind Med, 45(10):694–700.
PMID:3196663
Yardley-Jones A, Anderson D, Lovell DP, Jenkinson
PC (1990). Analysis of chromosomal aberrations in
workers exposed to low level benzene. Br J Ind Med,
47(1):48–51. PMID:2310707
Ye R, Pan JC, Cao JZ, Guan JR, Xie XM, Yu AX, et al.
(2008). [mRNA expression levels of p53 and DNA
damage and repair genes in peripheral blood lymphocytes of benzene-exposed workers.] Zhonghua Lao
Dong Wei Sheng Zhi Ye Bing Za Zhi, 26(4):219–22.
[Chinese] PMID:18724895
Yeowell-O’Connell K, Rothman N, Smith MT, Hayes RB,
Li G, Waidyanatha S, et al. (1998). Hemoglobin and
albumin adducts of benzene oxide among workers
exposed to high levels of benzene. Carcinogenesis,
19(9):1565–71.
d o i :10 .10 9 3/c a rc i n /19. 9.15 6 5
PMID:9771926
Yeowell-O’Connell K, Rothman N, Waidyanatha S, Smith
MT, Hayes RB, Li G, et al. (2001). Protein adducts of
1,4-benzoquinone and benzene oxide among smokers
and nonsmokers exposed to benzene in China.
Cancer Epidemiol Biomarkers Prev, 10(8):831–8.
PMID:11489749
Yin SN, Li GL, Hu YT, Zhang XM, Jin C, Inoue
O, et al. (1987). Symptoms and signs of workers
exposed to benzene, toluene or the combination. Ind
Health, 25(3):113–30. doi:10.2486/indhealth.25.113
PMID:3679888
Yoon BI, Hirabayashi Y, Kawasaki Y, Kodama Y,
Kaneko T, Kanno J, et al. (2002). Aryl hydrocarbon
receptor mediates benzene-induced hematotoxicity.
Toxicol Sci, 70(1):150–6. doi:10.1093/toxsci/70.1.150
PMID:12388843
Yoon BI, Hirabayashi Y, Kawasaki Y, Kodama Y, Kaneko T,
Kim DY, et al. (2001). Mechanism of action of benzene
toxicity: cell cycle suppression in hemopoietic progenitor cells (CFU-GM). Exp Hematol, 29(3):278–85.
doi:10.1016/S0301-472X(00)00671-8 PMID:11274754
Yoon BI, Li GX, Kitada K, Kawasaki Y, Igarashi K,
Kodama Y, et al. (2003). Mechanisms of benzene-induced hematotoxicity and leukemogenicity: cDNA
microarray analyses using mouse bone marrow tissue.
Environ Health Perspect, 111(11):1411–20. doi:10.1289/
ehp.6164 PMID:12928149
You H, Kong MM, Wang LP, Xiao X, Liao HL, Bi ZY, et al.
(2013). Inhibition of DNA-dependent protein kinase
catalytic subunit by small molecule inhibitor NU7026
sensitizes human leukemic K562 cells to benzene
metabolite-induced apoptosis. J Huazhong Univ Sci
Technolog Med Sci, 33(1):43–50. doi:10.1007/s11596013-1069-z PMID:23392706

Benzene
Yu G, Chen Q, Liu X, Zhao S, Sun Z (2014). [Study on
genetic toxicity of gaseous benzene to mouse bone
marrow cells.] Zhonghua Lao Dong Wei Sheng Zhi Ye
Bing Za Zhi, 32(4):246–50. [Chinese] PMID:24754935
Yu R, Weisel CP (1996). Measurement of benzene in
human breath associated with an environmental
exposure. J Expo Anal Environ Epidemiol, 6(3):261–77.
PMID:8889948
Zarani F, Papazafiri P, Kappas A (1999). Induction of
micronuclei in human lymphocytes by organic solvents
in vitro. J Environ Pathol Toxicol Oncol, 18(1):21–8.
PMID:9951836
Zarth AT, Cheng G, Zhang Z, Wang M, Villalta
PW, Balbo S, et al. (2014). Analysis of the benzene
oxide-DNA adduct 7-phenylguanine by liquid chromatography-nanoelectrospray ionization-high resolution
tandem mass spectrometry-parallel reaction monitoring: application to DNA from exposed mice and
humans. Chem Biol Interact, 215:40–5. doi:10.1016/j.
cbi.2014.03.002 PMID:24632417
Zarth AT, Murphy SE, Hecht SS (2015). Benzene oxide
is a substrate for glutathione S-transferases. Chem
Biol Interact, 242:390–5. doi:10.1016/j.cbi.2015.11.005
PMID:26554337
Zhang B (1996). [Investigation of health status in workers
exposed to low-level benzene.] Zhonghua Yu Fang Yi
Xue Za Zhi, 30(3):164–6. [Chinese] PMID:9208529
Zhang GH, Ji BQ, Li Y, Zheng GQ, Ye LL, Hao YH, et al.
(2016). Benchmark doses based on abnormality of
WBC or micronucleus frequency in benzene-exposed
Chinese workers. J Occup Environ Med, 58(2):e39–44.
doi:10.1097/JOM.0000000000000639 PMID:26849270
Zhang GH, Ye LL, Wang JW, Ren JC, Xu XW, Feng NN,
et al. (2014). Effect of polymorphic metabolizing genes
on micronucleus frequencies among benzene-exposed shoe workers in China. Int J Hyg Environ
Health, 217(7):726–32. doi:10.1016/j.ijheh.2014.03.003
PMID:24698387
Zhang J, Lü JP, Zhang C, Zhou LF, Ye YJ, Sun P, et al.
(2012b). [Polymorphism of XRCC1 and chromosome damage in workers occupationally exposed to
benzene.] Zhonghua Lao Dong Wei Sheng Zhi Ye Bing
Za Zhi, 30(6):423–7. [Chinese] PMID:22931768
Zhang L, Eastmond DA, Smith MT (2002). The nature
of chromosomal aberrations detected in humans
exposed to benzene. Crit Rev Toxicol, 32(1):1–42.
doi:10.1080/20024091064165 PMID:11846214
Zhang L, Lan Q, Guo W, Hubbard AE, Li G, Rappaport
SM, et al. (2011). Chromosome-wide aneuploidy
study (CWAS) in workers exposed to an established
leukemogen, benzene. Carcinogenesis, 32(4):605–12.
doi:10.1093/carcin/bgq286 PMID:21216845
Zhang L, Lan Q, Ji Z, Li G, Shen M, Vermeulen R, et al.
(2012a). Leukemia-related chromosomal loss detected
in hematopoietic progenitor cells of benzene-exposed

workers. Leukemia, 26(12):2494–8. doi:10.1038/
leu.2012.143 PMID:22643707
Zhang L, McHale CM, Rothman N, Li G, Ji Z, Vermeulen
R, et al. (2010). Systems biology of human benzene exposure. Chem Biol Interact, 184(1–2):86–93. doi:10.1016/j.
cbi.2009.12.011 PMID:20026094
Zhang L, Robertson ML, Kolachana P, Davison AJ, Smith
MT (1993). Benzene metabolite, 1,2,4-benzenetriol,
induces micronuclei and oxidative DNA damage in
human lymphocytes and HL60 cells. Environ Mol
Mutagen, 21(4):339–48. doi:10.1002/em.2850210405
PMID:8491213
Zhang L, Rothman N, Li G, Guo W, Yang W, Hubbard
AE, et al. (2007). Aberrations in chromosomes associated with lymphoma and therapy-related leukemia
in benzene-exposed workers. Environ Mol Mutagen,
48(6):467–74. doi:10.1002/em.20306 PMID:17584886
Zhang L, Rothman N, Wang Y, Hayes RB, Li G, Dosemeci
M, et al. (1998a). Increased aneusomy and long arm
deletion of chromosomes 5 and 7 in the lymphocytes of
Chinese workers exposed to benzene. Carcinogenesis,
19(11):1955–61.
doi:10.1093/carcin/19.11.1955
PMID:9855009
Zhang L, Rothman N, Wang Y, Hayes RB, Yin S, TitenkoHolland N, et al. (1999). Benzene increases aneuploidy
in the lymphocytes of exposed workers: a comparison of data obtained by fluorescence in situ hybridization in interphase and metaphase cells. Environ
Mol Mutagen, 34(4):260–8. doi:10.1002/(SICI)10982 2 8 0 (19 9 9)3 4 : 4 < 2 6 0 : : A I D - E M 6 >3 . 0 .C O ; 2 - P
PMID:10618174
Zhang L, Wang Y, Shang N, Smith MT (1998b). Benzene
metabolites induce the loss and long arm deletion of
chromosomes 5 and 7 in human lymphocytes. Leuk
Res, 22(2):105–13. doi:10.1016/S0145-2126(97)00157-4
PMID:9593466
Zhang L, Yang W, Hubbard AE, Smith MT (2005).
Nonrandom aneuploidy of chromosomes 1, 5, 6, 7, 8,
9, 11, 12, and 21 induced by the benzene metabolites
hydroquinone and benzenetriol. Environ Mol Mutagen,
45(4):388–96. doi:10.1002/em.20103 PMID:15662717
Zhang Z, Xiang Q, Glatt H, Platt KL, Goldstein BD,
Witz G (1995). Studies on pathways of ring opening
of benzene in a Fenton system. Free Radic Biol Med,
18(3):411–9. doi:10.1016/0891-5849(94)00148-D
PMID:9101231
Zolghadr F, Sadeghizadeh M, Amirizadeh N,
Hosseinkhani S, Nazem S (2012). How benzene
and its metabolites affect human marrow derived
mesenchymal stem cells. Toxicol Lett, 214(2):145–53.
doi:10.1016/j.toxlet.2012.08.015 PMID:22960397

287

