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a b s t r a c t

We previously reported evidence that humans metabolize benzene via two enzymes, including a hitherto
unrecognized high-affinity enzyme that was responsible for an estimated 73% of total urinary metabolites
[sum of phenol (PH), hydroquinone (HQ), catechol (CA), E,E-muconic acid (MA), and S-phenylmercapturic
acid (SPMA)] in nonsmoking females exposed to benzene at sub-saturating (ppb) air concentrations. Here,
we used the same Michaelis–Menten-like kinetic models to individually analyze urinary levels of PH,
HQ, CA and MA from 263 nonsmoking Chinese women (179 benzene-exposed workers and 84 control
workers) with estimated benzene air concentrations ranging from less than 0.001–299 ppm. One model
depicted benzene metabolism as a single enzymatic process (1-enzyme model) and the other as two
enzymatic processes which competed for access to benzene (2-enzyme model). We evaluated model
fits based upon the difference in values of Akaike’s Information Criterion (�AIC), and we gauged the
weights of evidence favoring the two models based upon the associated Akaike weights and Evidence
Ratios. For each metabolite, the 2-enzyme model provided a better fit than the 1-enzyme model with
�AIC values decreasing in the order 9.511 for MA, 7.379 for PH, 1.417 for CA, and 0.193 for HQ. The
corresponding weights of evidence favoring the 2-enzyme model (Evidence Ratios) were: 116.2:1 for
MA, 40.0:1 for PH, 2.0:1 for CA and 1.1:1 for HQ. These results indicate that our earlier findings from

models of total metabolites were driven largely by MA, representing the ring-opening pathway, and by
PH, representing the ring-hydroxylation pathway. The predicted percentage of benzene metabolized by
the putative high-affinity enzyme at an air concentration of 0.001 ppm was 88% based upon urinary MA
and was 80% based upon urinary PH. As benzene concentrations increased, the respective percentages of
benzene metabolized to MA and PH by the high-affinity enzyme decreased successively to 66 and 77% at
0.1 ppm, 20 and 58% at 1 ppm, and 2.7 and 17% at 10 ppm. This indicates that the putative high-affinity

rily b
enzyme was active prima
Abbreviations: �AIC, the difference in AIC values between two competing
odels; AIC, Akaike’s Information Criterion; CA, catechol; CYPs, cytochrome P450

nzymes; Evidence Ratio, ratio of the Akaike weights for the better model to the
orse model; HQ, hydroquinone; MA, E,E-muconic acid; ppb, parts per billion;
pm, parts per million; PH, phenol; SNP, single nucleotide polymorphism; SPMA, S-
henylmercapturic acid; Wbetter and Wworse , Akaike weights for the better and worse
f two competing models; X, air concentration of benzene (ppm); X50, benzene con-
entration at which Y = Ymax/2; Y, level of a given benzene metabolite (�M); Y0,
ackground level of Y; Ymax , asymptotically maximum level of Y; ŶX and Ŷ0, predicted

evels of Y at X and zero ppm, respectively.
∗ Corresponding author. Tel.: +1 510 642 4355; fax: +1 510 642 0427.

E-mail address: srappaport@berkeley.edu (S.M. Rappaport).

009-2797/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.12.017
elow 1 ppm and favored the ring-opening pathway.
© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Benzene is an important environmental contaminant that is
present worldwide at air concentrations ranging from ppb in rural
and urban settings to ppm in some workplaces [1,2]. Mounting
scientific evidence has shown that benzene causes leukemia and
probably other lymphohematopoietic cancers in humans [3–5] and
that benzene alters blood cell counts in persons exposed below

3
1 ppm (3.2 mg/m ) [6].
The toxicity of benzene has been related to its metabolism,

which is summarized in Fig. 1 [7–9]. The initial metabolic step
involves CYP oxidation of benzene to benzene oxide, which exists
in equilibrium with its tautomer oxepin. Most benzene oxide

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:srappaport@berkeley.edu
dx.doi.org/10.1016/j.cbi.2009.12.017
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Fig. 1. Simplified metabolic scheme for benzen

pontaneously rearranges to phenol (PH), which is either
xcreted or further metabolized to hydroquinone (HQ) and 1,4-
enzoquinone. The remaining benzene oxide is either hydrolyzed
o produce catechol (CA) and 1,2-benzoquinone or reacts with glu-
athione to produce S-phenylmercapturic acid (SPMA). Metabolism
f oxepin is thought to open the aromatic ring, yielding the reactive
uconaldehydes and E,E-muconic acid (MA) [10]. Human expo-

ures to benzene at air concentrations between 0.1 and 10 ppm,
esult in urinary metabolite profiles with 70–85% PH, 5–10% each
f HQ, MA and CA, and less than 1% of SPMA [11,12].

Because essentially all humans are exposed to benzene and
ecause benzene must be metabolized to exert toxic effects, the
elationship between levels of benzene exposure and benzene
etabolites is important to our understanding of potential human

ealth risks. We used studies of benzene-exposed and control
orkers in China to investigate benzene metabolism over a wide

ange of air concentrations. Interestingly, our studies showed
upralinear production of benzene-related albumin adducts at
ir concentrations below 1 ppm (i.e. increased exposure-specific
dduct levels below 1 ppm) [13,14]. We followed up the adduct
tudies by modeling urinary levels of PH, HQ, CA and MA from the
ame benzene-exposed and control workers; again we observed
upralinear effects at benzene air concentrations below 1 ppm
11,15,16]. Since the observed relationships between metabolite
evels and benzene exposure were inconsistent with single-enzyme

inetics of benzene metabolism, we tested whether a hitherto
nrecognized second enzyme might be responsible for most
enzene metabolism below 1 ppm. Using Michaelis–Menten-like
odels, we investigated levels of total urinary benzene metabolites

the sum of PH, HQ, CA, MA, and SPMA) in a subset of work-
wing major pathways and metabolizing genes.

ers represented by 263 nonsmoking females exposed to benzene
at air concentrations between less than 0.001 and 299 ppm [17].
Results provided strong statistical evidence favoring two metabo-
lizing enzymes and indicated that the higher-affinity enzyme was
responsible for about 73% of all benzene metabolism at nonsatu-
rating (ppb) air concentrations.

In the current study, we investigated the fits of the same
Michaelis–Menten-like models to the major individual metabolites
PH, HQ, CA and MA in the same sample of 263 nonsmoking females
(because the minor metabolite SPMA showed no effect of saturable
formation over the full range of benzene exposures in this popu-
lation [11,15,16], kinetic models were not fit to levels of urinary
SPMA). The 2-enzyme model provided much better fits for levels of
PH and MA but only marginally better fits for levels of HQ and CA.
Furthermore, the putative high-affinity enzyme favored the ring-
opening pathway, leading to production of MA, to a much greater
extent than the low-affinity enzyme.

2. Material and methods

2.1. Study population and sampling

Subjects were from two cross-sectional studies of Chinese
benzene-exposed and control workers carried out in Shanghai
(1992) [18–20] and in Tianjin (2000–2001) [6,15,21]. Subject enrol-

ment and interview procedures, exposure assessment methods,
and urinary metabolite measurements in these two studies were
carried out by the same group of investigators using the same pro-
cedures. Workers with occupational exposure to benzene were
employed in factories where benzene was present, and control
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orkers were exposed to airborne benzene in the general envi-
onment, as determined by measurements of urinary benzene
Tianjin controls only) [15] (previous studies showed that levels
f urinary benzene were highly correlated with airborne ben-
ene exposures, even at ppb air concentrations [22–24]). Of the
onsmoking females, there were 179 benzene-exposed and 84 con-
rol subjects with complete data (total = 263 nonsmoking females).
ummary statistics regarding benzene exposure, age, body mass
ndex, and weight were reported [17].

Methods of sampling personal full-shift air concentrations
Model 3500 Organic Vapor Monitors, 3 M, MN) and matched
ost-shift urine were as reported previously [6,15,21,25]. Briefly,
enzene was measured in air by solvent desorption followed by gas
hromatography with flame ionization detection [21]. There were
61 air measurements that were either missing or below the limit of
etection (nominally 0.2 ppm). Air concentrations were predicted
or these censored and missing air samples from the correspond-
ng levels of urinary benzene, as described previously [15]. The
stimated median exposure to benzene was 0.644 ppm with 10th
nd 90th percentile values of 0.002 and 8.97 ppm, respectively [17].
henol, HQ, CA, and MA and SPMA were measured as trimethylsilyl
erivatives by gas chromatography–mass spectrometry [15]. Here
e report results from analysis of the individual metabolites: PH,
Q, CA and MA which had previously shown effects of saturable
etabolism; SPMA was excluded from analyses because saturable

roduction of SPMA had not been detected [11,15]. Of the 263 sub-
ects in these analyses, 87 had repeated measurements of air and
rine, making a total of 411 matched air/urine samples. The median
umber of repeated air and urine samples was three (range: 2–4)

or these 87 subjects.

.2. Michaelis–Menten-like models and weights of evidence

Relationships between levels of benzene metabolites and the
orresponding benzene air concentrations were examined using
onlinear regression models (implemented with the SAS procedure
LIN) as described previously for total benzene metabolites [17].
hile the connection between levels of total benzene metabolites

nd exposure to benzene is relatively straightforward, the rela-
ionships between levels of individual metabolites and benzene
xposure are somewhat more tenuous (e.g. see Fig. 1), save pos-
ibly for the dominant metabolite PH which is nonenzymatically
roduced from benzene oxide. However, because we previously
howed that all major metabolites, i.e. PH, MA, HQ and CA, showed
vidence of saturable metabolism with increasing benzene expo-
ure [11], it is reasonable to assume that benzene metabolism
as very influential, if not rate limiting, in the production of each
ajor metabolite. For this reason, we used Michaelis–Menten-like
odels to investigate levels of each major metabolite as a func-

ion of benzene exposure. In these models, the enzymatic velocity
as replaced by the level of a given benzene metabolite (Y) (�M)

nd the substrate concentration was replaced by the air concen-
ration of benzene (X) (ppm). Each data pair [Y, X] represents a
enzene metabolite concentration (�M) and benzene air concen-
ration (ppm) for a given subject. The asymptotically maximum
evel of Y (designated Ymax) is analogous to vmax, and the benzene
oncentration X at which Y = Ymax/2 (designated X50, ppm) is analo-
ous to Km. We also assumed a background level of each metabolite
0 (�M) due to endogenous and dietary sources [15,26]. Given the
ighly skewed levels of benzene in air and of urinary metabolites, as
ell as the heteroscedasticity of the data, natural log transforms of

and the independent variables were used for regression analyses

this is an example of the transform both sides approach for sta-
ilizing the variance in regression analyses when the relationship
etween two variables is either known or assumed; see, for exam-
le [27]). We fit two Michaelis–Menten-like models to the data,
l Interactions 184 (2010) 189–195 191

one having a single enzyme and the other having two enzymes
that competed for access to benzene (X). The two models are given
by the following expressions:

ln(Y) = ln
(

Y0 + YmaxX

X50 + X

)
, (1)

ln(Y) = ln
(

Y0 + Ymax.1X

X50.1 + X
+ Ymax.2X

X50.2 + X

)
, (2)

where subscripts “.1” and “.2” in Eq. (2) refer to the first and second
enzymes, respectively. For subjects with repeated measurements
(n = 87), estimated geometric means of air and metabolite levels
were used. Initial values for Y0, Ymax, X50, Ymax.1, and X50.1 were
estimated from scatter plots of benzene metabolite levels versus
benzene air concentrations. Since we hypothesized that enzyme-
2 would be more active than enzyme-1 at sub-saturating benzene
concentrations, initial values were assigned to Ymax.2 « Ymax.1 and
to X50.2 « X50.1. However, final models were not sensitive to initial
values of these parameters. The estimated kinetic parameters were
used to predict relationships between individual metabolite levels
and benzene exposures for enzyme-1, enzyme-2, and the sum of
both enzymes.

We used Akaike’s Information Criterion (AIC) for judging the
better fit of Eqs. (1) and (2) to the data; i.e. the model with the
smaller AIC was judged to provide a better depiction of the true
metabolism of benzene to a given metabolite [17] (for a detailed
explanation of use of AIC for comparing across competing models,
see Burnham and Anderson [28]). Let �AIC represent the difference
in AIC values between the two competing models. The associ-
ated Akaike weights for the better and worse models are Wbetter =
1/(1 + exp((−1/2)�AIC)) and Wworse = (exp((−1/2)�AIC))/(1 +
exp((−1/2)�AIC)), respectively. The Akaike weights provide infor-
mation about the strengths of evidence supporting the two
competing models. As �AIC gets large, Wbetter approaches one
and Wworse approaches zero, indicating that the weight of evi-
dence supporting the better model increases with �AIC while
evidence supporting the worse model decreases with increasing
�AIC. The ratio of the two Akaike weights, i.e. Wbetter/Wworse, is
termed the Evidence Ratio and represents the relative likelihood
favoring the better of two competing models. That is, as Wbetter
approaches one, the relative likelihood that the better model is
superior approaches infinity. In our context, an Evidence Ratio
greater than 20, say, would indicate extremely strong evidence
favoring the better model as a depiction of the true metabolism
of benzene to a particular metabolite.

All statistical analyses were performed using SAS software for
Windows Ver. 9.2 (SAS Institute, Cary, NC).

3. Results

3.1. Scatter plots

Fig. 2 shows scatter plots of individual benzene metabolite lev-
els for the 263 subjects versus the air concentration of benzene on
the day of urine collection. At benzene concentrations below about
0.1 ppm, levels of PH, HQ and CA primarily reflected background
sources while those of MA showed evidence of both benzene expo-
sure and background sources. The effect of benzene exposure on
production of each metabolite became increasingly apparent at air
concentrations above about 1 ppm, and above 100 ppm levels of
PH, HQ and MA (but not CA) showed evidence of saturation. There

was a roughly 5-fold range of levels of each metabolite at a given
air concentration of benzene.

The fitted curves in Fig. 2 are the mean trends for metabolite
levels predicted from the estimated parameters of the 1-enzyme
model (dashed curve) and the 2-enzyme model (solid curve), which
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Fig. 2. Scatter plot of levels of benzene metabolites (in clockwise order: phenol, muconic acid, catechol, and hydroquinone) versus the level of benzene in air for 263
nonsmoking female subjects. Open points represent subjects from Tianjin and closed points represent subjects from Shanghai. The dashed curve represents the benzene
metabolite level predicted under the 1-enzyme model (Eq. (1)) and the solid curve represents the benzene metabolite level predicted under the 2-enzyme model (Eq. (2)).

Table 1
Estimated parameters for the 1-enzyme model (Eq. (1)) and 2-enzyme model (Eq. (2)) for individual benzene metabolites in 263 nonsmoking female subjects.

Model Metabolite Y0 (SE) (�M) Ymax.1 (SE) (�M) X50.1 (SE) (ppm) Ymax.2 (SE) (�M) X50.2 (SE) (ppm)

1-Enzyme Phenol 69.5 (3.93) 5293 (1969) 107.1 (45.6) – –
1-Enzyme Hydroquinone 6.36 (0.352) 376 (95.5) 50.9 (15.4) – –
1-Enzyme Catechol 12.3 (0.644) 5121(10,261) 1259 (2600) – –
1-Enzyme Muconic acid 1.05 (0.082) 768 (279) 85.9 (33.7) – –

2-Enzyme Phenol 62.7 (4.26) 10,544 (8842) 326 (332) 67.8 (49.9) 0.536 (0.806)
2-Enzyme Hydroquinone 6.05 (0.388) 476 (173) 84.9 (47.6) 5.26 (7.66) 0.636 (1.54)
2-Enzyme Catechol 5.16 (5.35) 10,534 (43,665) 2766 (11,662) 8.06 (5.12) 4.67 × 10−4 (7.71 × 10−4)
2-Enzyme Muconic acid 0.803 (0.125) 1092 (527) 148 (79.7) 1.94 (0.815) 0.036 (0.034)

Y, level of metabolite; X, benzene air concentration (ppm); Y0, background level of Y; Ymax.i , maximum value of Y given the ith enzyme; X50.i , X corresponding to 50% of Ymax.i .
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Table 2
Fit statistics for the 1-enzyme model (Eq. (1) with three parameters) and 2-enzyme model (Eq. (2) with five parameters) for individual benzene metabolites in 263 nonsmoking
female subjects.

Metabolite Model AIC �AIC Akaike Weight Evidence Ratio

Phenol 2-Enzyme −260.012 0 0.9756 40.0
1-Enzyme −252.633 7.379 0.0244

Hydroquinone 2-Enzyme −287.601 0 0.5241 1.1
1-Enzyme −287.408 0.193 0.4759

Catechol 2-Enzyme −253.887 0 0.6701 2.0
1-Enzyme −252.47 1.417 0.3299

Muconic
acid

2-Enzyme −185.21 0 0.9915 116.2
1-Enzyme −175.698 9.511 0.0085
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IC, Akaike’s Information Criterion; �AIC, difference in AIC values between a given m
vidence ratio, ratio of Akaike weights (better model: worse model).

re listed in Table 1. A pronounced qualitative difference in model
ts was observed for MA, where the 2-enzyme model appeared to
t the data better at benzene concentrations below 1 ppm. Quali-
ative differences for the other metabolites (PH, HQ and CA) were
ess obvious.

.2. Evidence supporting the 1-enzyme and 2-enzyme models

Table 2 shows values of AIC, �AIC and the associated Akaike
eights for the fits of the 1-enzyme (Eq. (1)) and 2-enzyme (Eq.

2)) models to the air concentrations and urinary metabolite lev-
ls for the 263 nonsmoking females in our investigation. For each
etabolite, AIC was smaller for the 2-enzyme model, indicating

hat Eq. (2) explained more of the variability of the data than Eq. (1).
owever, whereas the fits of the 2-enzyme model were much bet-

er than those of the 1-enzyme model for MA (�AIC = 9.511) and PH
�AIC = 7.379), the fits for HQ (�AIC = 0.193) and CA (�AIC = 1.417)
ere only marginally better. These differences in model fit can

e interpreted via the Evidence Ratios, which represent the ratios
f the Akaike weights and thus reflect the relative weights of
vidence supporting the 2-enzyme models for these metabolites.
he Evidence Ratio for the MA models indicated that the rel-
tively likelihood was 116.2 to 1 that the 2-enzyme model fit
he data better than the 1-enzyme model. The relative likelihood
avoring the 2-enzyme model was also large for PH (Evidence
atio = 40.0) but not for either CA (Evidence Ratio = 2.0) or HQ (Evi-
ence Ratio = 1.1).

.3. Predicted metabolite contributions from two enzymes

As shown above, our results provide extremely strong statis-
ical evidence that the 2-enzyme model was a better predictor
f levels of MA and PH than the 1-enzyme model. The curves in
ig. 3 show the predicted contributions of the two enzymes toward
A and PH. Fig. 3A and C shows background-adjusted levels of PH

nd MA, respectively, obtained by subtracting estimated intercepts
rom the predictions of 2-enzyme models at a given benzene air
oncentration (Table 2). Metabolite levels predicted from the two
odels were similar for benzene exposures in the range of about

–100 ppm but differed substantially for lower exposure concen-
rations, particularly for MA. The two dashed curves in Fig. 3A and

indicate that enzyme-1 began to saturate at a benzene concen-
ration of 50 ppm for MA and about 100 ppm for PH. The curves
lso show that enzyme-2 began to saturate at about 0.03 ppm for

A and 0.3 ppm for PH and was near full saturation at 1 ppm for
A and 10 ppm for PH. Relative percentages of benzene metabo-

ites attributed to the two enzymes are shown in Fig. 3B and D.
t air concentrations below 0.01 ppm, more than 85% of MA and
bout 80% of PH were derived from enzyme-2. At 1 ppm of benzene,
and the better model; Akaike weight, weight of evidence supporting a given model;

the proportions of MA and PH derived from enzyme-2 dropped to
20 and 58%, respectively, and at 10 ppm of benzene, dropped even
further to 2.7 and 17%, respectively.

4. Discussion

4.1. Evidence for two metabolizing enzymes

Our previous analyses of total benzene metabolites (the sum
of PH, HQ, CA, MA and SPMA) provided statistical evidence
favoring two (rather than one) metabolizing enzymes (Evi-
dence Ratio = 15.4) [17]. Furthermore, the level of total benzene
metabolites predicted from the 2-enzyme model (194 �M total
metabolites/ppm benzene) was quite close to the value predicted
from the overall rate of benzene metabolism (184 �M total metabo-
lites/ppm benzene), based upon independent rates of benzene
uptake and urinary elimination in nonsmoking Chinese females at
sub-saturating (ppb) air concentrations. Taken together, our pre-
vious results indicate that a hitherto unrecognized high-affinity
enzyme was likely responsible for most benzene metabolism at
air concentrations inhaled by the general public. We discount the
possibility that the observed findings could be due to function-
ally polymorphic forms of CYP2E1, which differentially metabolize
benzene in humans. Although we previously showed that workers
from this study having homozygous variants of CYP2E1 1054C-
T (Rs2031920, ascribed to RsaI) had significantly lower levels of
urinary MA, PH, and HQ than homozygous wild types [16], the dif-
ferences were only marginal at benzene air concentrations below
1 ppm, suggesting that CYP2E1 1054C-T is active primarily at higher
air concentrations.

Here, we applied the Michaelis–Menten-like models to the indi-
vidual benzene metabolites PH, HQ, CA and MA. These analyses
provided extremely strong statistical evidence that two enzymes
were responsible for metabolizing benzene to MA (Evidence
Ratio = 116.2) and to PH (Evidence Ratio = 40.0), but not to CA (Evi-
dence Ratio = 2.0) or to HQ (Evidence Ratio = 1.1). This indicates
that our earlier findings regarding total benzene metabolites were
driven largely by the urinary levels of MA and PH. Since PH accounts
for 60–90% of all benzene metabolites [11], it is not surprising that
models of PH would be similar to those previously observed for
the sum of all metabolites [17]. However, the striking effect of the
putative high-affinity enzyme (enzyme-2) on production of MA is
more intriguing. Our results suggest that enzyme-2 favored the
ring-opening pathway which leads to MA (see Fig. 1) rather than the

ring-hydroxylation pathways, leading to PH, HQ, and CA. This find-
ing is consistent with a study by Weisel et al. [29], who reported that
the fractional excretion of MA was greater in four subjects experi-
mentally exposed to 40 ppb 13C-benzene than had been reported in
studies of workers exposed to benzene at ppm air concentrations.
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ig. 3. Contributions of two metabolizing enzymes toward production of phenol (
oncentrations of benzene. (A) and (C) Predicted background-adjusted mean trends
sum of enzyme-1 and enzyme-2). (B) and (D) Percentages of phenol (B) and mucon

redicted molar concentrations of MA and PH from the respec-
ive 2-enzyme models (Table 1) were as follows: MA/PH = 0.37 at
.001 ppm, MA/PH = 0.31 at 0.01 ppm, MA/PH = 0.16 at 0.1 ppm, and
A/PH = 0.12 at 1 ppm. This further illustrates the diminishing role

layed by the high-affinity enzyme-2 in benzene metabolism as air
oncentrations increased from ppb to ppm levels.

We recognize that levels of the benzene metabolites modeled
n these analyses can be influenced by other saturable processes
nvolving, for example, CYPs, epoxide hydrolases, and NQ01/MPO
see Fig. 1) [16]. These interrelationships of multiple enzymatic pro-
esses clearly complicate the underlying toxicokinetics and suggest
hat some of the variability observed in our data could reflect inter-
ctions across saturable pathways. However, logic would argue that
uch interactions would tend to obscure rather than accentuate sta-
istical evidence favoring the 2-enzyme model that we identified
or MA and PH. On the other hand, the lack of statistical evidence
upporting the 2-enzyme model for HQ and CA could have been
nfluenced by complications associated with multiple metabolic
ystems.

. Conclusions

In conclusion, our results provide extremely strong statisti-

al evidence that benzene is metabolized to PH and MA via two
nzymes rather than one enzyme, and that the putative high-
ffinity enzyme is active primarily below 1 ppm. Model predictions
urther suggest that the ring-opening pathway, which leads to MA,
s favored by the high-affinity enzyme.
nd muconic acid (bottom), predicted under the 2-enzyme model at increasing air
enol (A) and muconic acid (B) attributed to enzyme-1, enzyme-2, and both enzymes
d (D) attributed to enzyme-1 and enzyme-2.

Conflict of interest

S.M.R. has received consulting and expert testimony fees from
law firms representing plaintiffs’ cases involving exposure to
benzene and has received research support from the American
Petroleum Institute and the American Chemistry Council. G.L. has
received funds from the American Petroleum Institute for con-
sulting on benzene-related health research. M.T.S. has received
consulting and expert testimony fees from law firms represent-
ing both plaintiffs and defendants in cases involving exposure to
benzene.

Acknowledgements

The authors are indebted to Dr. Mustafa Dosemici, who com-
piled some of the benzene exposure data used in this investigation,
to Dr. Min Shin, who helped assemble a portion of the database, and
to Dr. Richard Hayes who assisted with conduct of the Shanghai
portion of our study.

Funding sources: This research was supported by the National
Institute for Environmental Health Sciences through grants
P42ES05948 and P30ES10126 (S.M.R.) and R01ES06721 and
P42ES04705 (M.T.S.) and by funds from the intramural research
program of the NIH, National Cancer Institute.
References

[1] IARC, Occupational exposures in petroleum refining, crude oil and major
petroleum fuels, IARC Monogr. Eval. Carcinog. Risks Hum. 45 (1989) 1–322.



logica

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

S.M. Rappaport et al. / Chemico-Bio

[2] L. Wallace, Environmental exposure to benzene: an update, Environ. Health
Perspect. 104 (Suppl. 6) (1996) 1129–1136.

[3] P.F. Infante, R.A. Rinsky, J.K. Wagoner, R.J. Young, Leukaemia in benzene work-
ers, Lancet 19 (1977) 407–421.

[4] R.A. Rinsky, A.B. Smith, R. Hornung, T.G. Filloon, R.J. Young, A.H. Okun, P.J. Lan-
drigan, Benzene and leukemia. An epidemiologic risk assessment, N. Engl. J.
Med. 316 (1987) 1044–1050.

[5] R.B. Hayes, S.N. Yin, M. Dosemeci, G.L. Li, S. Wacholder, L.B. Travis, C.Y. Li,
N. Rothman, R.N. Hoover, M.S. Linet, Benzene and the dose-related inci-
dence of hematologic neoplasms in China. Chinese Academy of Preventive
Medicine—National Cancer Institute Benzene Study Group, J. Natl. Cancer. Inst.
89 (1997) 1065–1071.

[6] Q. Lan, L. Zhang, G. Li, R. Vermeulen, R.S. Weinberg, M. Dosemeci, S.M. Rappa-
port, M. Shen, B.P. Alter, Y. Wu, W. Kopp, S. Waidyanatha, C. Rabkin, W. Guo,
S. Chanock, R.B. Hayes, M. Linet, S. Kim, S. Yin, N. Rothman, M.T. Smith, Hema-
totoxicity in workers exposed to low levels of benzene, Science 306 (2004)
1774–1776.

[7] D. Ross, Metabolic basis of benzene toxicity, Eur. J. Haematol. Suppl. 60 (1996)
111–118 (Review) (82 refs).

[8] R. Snyder, Benzene and leukemia, Crit. Rev. Toxicol. 32 (2002) 155–210.
[9] M.T. Smith, The mechanism of benzene-induced leukemia: a hypothesis and

speculations on the causes of leukemia, Environ. Health Perspect. 104 (Suppl.
6) (1996) 1219–1225.

10] C. Bleasdale, G. Kennedy, J.O. MacGregor, J. Nieschalk, K. Pearce, W.P. Watson,
B.T. Golding, Chemistry of muconaldehydes of possible relevance to the toxi-
cology of benzene, Environ. Health Perspect. 104 (Suppl. 6) (1996) 1201–1209.

11] S. Kim, R. Vermeulen, S. Waidyanatha, B.A. Johnson, Q. Lan, M.T. Smith, L. Zhang,
G. Li, M. Shen, S. Yin, N. Rothman, S.M. Rappaport, Modeling human metabolism
of benzene following occupational and environmental exposures, Cancer Epi-
demiol. Biomarkers Prev. 15 (2006) 2246–2252.

12] Q. Qu, R. Shore, G. Li, X. Jin, L.C. Chen, B. Cohen, A.A. Melikian, D. Eastmond,
S. Rappaport, H. Li, D. Rupa, S. Waidyanatha, S. Yin, H. Yan, M. Meng, W. Win-
nik, E.S. Kwok, Y. Li, R. Mu, B. Xu, X. Zhang, K. Li, Validation and evaluation of
biomarkers in workers exposed to benzene in China, Res. Rep. Health Eff. Inst.
(2003) 1–72 (discussion 73–87).

13] S.M. Rappaport, K. Yeowell-O’Connell, M.T. Smith, M. Dosemeci, R.B. Hayes,
L. Zhang, G. Li, S. Yin, N. Rothman, Non-linear production of benzene oxide-
albumin adducts with human exposure to benzene, J. Chromatogr. B 778 (2002)
367–374.

14] S.M. Rappaport, S. Waidyanatha, K. Yeowell-O’connell, N. Rothman, M.T. Smith,
L. Zhang, Q. Qu, R. Shore, G. Li, S. Yin, Protein adducts as biomarkers of human
benzene metabolism, Chem. Biol. Interact. 153–154 (2005) 103–109.
15] S. Kim, R. Vermeulen, S. Waidyanatha, B.A. Johnson, Q. Lan, N. Rothman, M.T.
Smith, L. Zhang, G. Li, M. Shen, S. Yin, S.M. Rappaport, Using urinary biomarkers
to elucidate dose-related patterns of human benzene metabolism, Carcinogen-
esis 27 (2006) 772–881.

16] S. Kim, Q. Lan, S. Waidyanatha, S. Chanock, B.A. Johnson, R. Vermeulen, M.T.
Smith, L. Zhang, G. Li, M. Shen, S. Yin, N. Rothman, S.M. Rappaport, Genetic

[

[

l Interactions 184 (2010) 189–195 195

polymorphisms and benzene metabolism in humans exposed to a wide Range
of air concentrations, Pharmacogenet. Genomics 17 (2007) 789–801.

17] S.M. Rappaport, S. Kim, Q. Lan, R. Vermeulen, S. Waidyanatha, L. Zhang, G. Li,
S. Yin, R.B. Hayes, N. Rothman, M.T. Smith, Evidence that humans metabolize
benzene via two pathways, Environ. Health Perspect. 117 (2009) 946–952.

18] N. Rothman, W.E. Bechtold, S.N. Yin, M. Dosemeci, G.L. Li, Y.Z. Wang, W.C.
Griffith, M.T. Smith, R.B. Hayes, Urinary excretion of phenol, catechol, hydro-
quinone, and muconic acid by workers occupationally exposed to benzene,
Occup. Environ. Med. 55 (1998) 705–711.

19] S. Waidyanatha, N. Rothman, G. Li, M.T. Smith, S. Yin, S.M. Rappaport, Rapid
determination of six urinary benzene metabolites in occupationally exposed
and unexposed subjects, Anal. Biochem. 327 (2004) 184–199.

20] N. Rothman, M.T. Smith, R.B. Hayes, G.L. Li, R.D. Irons, M. Dosemeci, R. Haas, W.S.
Stillman, M. Linet, L.Q. Xi, W.E. Bechtold, J. Wiemels, S. Campleman, L. Zhang,
P. Quintana, N. Titenko-Holland, Y.Z. Wang, W. Lu, P. Kolachana, K.B. Meyer,
S. Yin, An epidemiologic study of early biologic effects of benzene in Chinese
workers, Environ. Health Perspect. 104 (Suppl. 6) (1996) 1365–1370.

21] R. Vermeulen, G. Li, Q. Lan, M. Dosemeci, S.M. Rappaport, X. Bohong, M.T. Smith,
L. Zhang, R.B. Hayes, M. Linet, R. Mu, L. Wang, J. Xu, S. Yin, N. Rothman, Detailed
exposure assessment for a molecular epidemiology study of benzene in two
shoe factories in China, Ann. Occup. Hyg. 48 (2004) 105–116.

22] S. Fustinoni, D. Consonni, L. Campo, M. Buratti, A. Colombi, A.C. Pesatori, M.
Bonzini, P.A. Bertazzi, V. Foa, S. Garte, P.B. Farmer, L.S. Levy, M. Pala, F. Vale-
rio, V. Fontana, A. Desideri, D.F. Merlo, Monitoring low benzene exposure:
comparative evaluation of urinary biomarkers, influence of cigarette smok-
ing, and genetic polymorphisms, Cancer Epidemiol. Biomarkers Prev. 14 (2005)
2237–2244.

23] S. Ghittori, M.L. Fiorentino, L. Maestri, G. Cordioli, M. Imbriani, Urinary excre-
tion of unmetabolized benzene as an indicator of benzene exposure, J. Toxicol.
Environ. Health 38 (1993) 233–243.

24] S. Ghittori, L. Maestri, M.L. Fiorentino, M. Imbriani, Evaluation of occupational
exposure to benzene by urinalysis, Int. Arch. Occup. Environ. Health 67 (1995)
195–200.

25] S. Waidyanatha, N. Rothman, S. Fustinoni, M.T. Smith, R.B. Hayes, W. Bechtold,
M. Dosemeci, G. Li, S. Yin, S.M. Rappaport, Urinary benzene as a biomarker of
exposure among occupationally exposed and unexposed subjects, Carcinogen-
esis 22 (2001) 279–286.

26] T.A. McDonald, N.T. Holland, C. Skibola, P. Duramad, M.T. Smith, Hypothesis:
phenol and hydroquinone derived mainly from diet and gastrointestinal flora
activity are causal factors in leukemia, Leukemia 15 (2001) 10–20.

27] S. Kettl, Accounting for heteroscedasticity in the transform both sides regres-
sion model, J. R. Stat. Soc. Ser. C (Appl. Stat.) 40 (1991) 261–268.
28] K.P. Burnham, D.R. Anderson, Model Selection and Multimodel Inference: A
Practical Information—Theoretic Approach, 2nd ed., Springer, New York, NY,
2002.

29] C.P. Weisel, S. Park, H. Pyo, K. Mohan, G. Witz, Use of stable isotopically labeled
benzene to evaluate environmental exposures, J. Expo. Anal. Environ. Epi-
demiol. 13 (2003) 393–402.


	Human benzene metabolism following occupational and environmental exposures
	Introduction
	Material and methods
	Study population and sampling
	Michaelis–Menten-like models and weights of evidence

	Results
	Scatter plots
	Evidence supporting the 1-enzyme and 2-enzyme models
	Predicted metabolite contributions from two enzymes

	Discussion
	Evidence for two metabolizing enzymes

	Conclusions
	Conflict of interest
	Acknowledgements
	References


