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Abstract
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 percent 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 ppm to 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 (ΔAIC), 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 ΔAIC 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.
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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
enzyme was active primarily below 1 ppm and favored the ring-opening pathway.
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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;4;5] and that benzene alters blood cell
counts in persons exposed below 1 ppm (3.2 mg/m3) [6].

The toxicity of benzene has been related to its metabolism, which is summarized in Figure 1
[7;8;9]. The initial metabolic step involves CYP oxidation of benzene to benzene oxide,
which exists in equilibrium with its tautomer oxepin. Most benzene oxide spontaneously
rearranges to phenol (PH), which is either excreted or further metabolized to hydroquinone
(HQ) and 1,4-benzoquinone. The remaining benzene oxide is either hydrolyzed to produce
catechol (CA) and 1,2-benzoquinone or reacts with glutathione to produce S-
phenylmercapturic acid (SPMA). Metabolism of oxepin is thought to open the aromatic ring,
yielding the reactive muconaldehydes and E,E-muconic acid (MA) [10]. Human exposures
to benzene at air concentrations between 0.1 and 10 ppm, result in urinary metabolite
profiles with 70–85% PH, 5–10% each of HQ, MA and CA, and less than 1% of SPMA [11]
[12].

Because essentially all humans are exposed to benzene and because benzene must be
metabolized to exert toxic effects, the relationship between levels of benzene exposure and
benzene metabolites is important to our understanding of potential human health risks. We
used studies of benzene-exposed and control workers in China to investigate benzene
metabolism over a wide range of air concentrations. Interestingly, our studies showed
supralinear production of benzene-related albumin adducts at air concentrations below 1
ppm (i.e. increased exposure-specific adduct levels below 1 ppm) [13;14]. We followed up
the adduct studies by modeling urinary levels of PH, HQ, CA and MA from the same
benzene-exposed and control workers; again we observed supralinear effects at benzene air
concentrations below 1 ppm [11;15;16]. Since the observed relationships between
metabolite levels and benzene exposure were inconsistent with single-enzyme kinetics of
benzene metabolism, we tested whether a hitherto unrecognized second enzyme might be
responsible for most benzene metabolism below 1 ppm. Using Michaelis-Menten-like
models, we investigated levels of total urinary benzene metabolites (the sum of PH, HQ,
CA, MA, and SPMA) in a subset of workers 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 metabolizing enzymes and indicated that
the higher-affinity enzyme was responsible for about 73% of all benzene metabolism at
nonsaturating (ppb) air concentrations.
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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 population [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;19;20] and in Tianjin (2000–2001) [6;15;21].
Subject enrollment 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 procedures. Workers with occupational exposure to benzene
were employed in factories where benzene was present, and control workers were exposed
to airborne benzene in the general environment, as determined by measurements of urinary
benzene (Tianjin controls only) [15]. (Previous studies showed that levels of urinary
benzene were highly correlated with airborne benzene exposures, even at ppb air
concentrations [22;23;24]). Of the nonsmoking females, there were 179 benzene-exposed
and 84 control subjects with complete data (total = 263 nonsmoking females). Summary
statistics regarding benzene exposure, age, body mass index, and weight were reported [17].
Methods of sampling personal full-shift air concentrations (Model 3500 Organic Vapor
Monitors, 3M, MN) and matched post-shift urine were as reported previously [6;15;21;25].
Briefly, benzene was measured in air by solvent desorption followed by gas chromatography
with flame ionization detection [21]. There were 161 air measurements that were either
missing or below the limit of detection (nominally 0.2 ppm). Air concentrations were
predicted for these censored and missing air samples from the corresponding levels of
urinary benzene, as described previously [15]. The estimated median exposure to benzene
was 0.644 ppm with 10th and 90th percentile values of 0.002 ppm and 8.97 ppm,
respectively [17]. Phenol, HQ, CA, and MA and SPMA were measured as trimethylsilyl
derivatives by gas chromatography-mass spectrometry [15]. Here we report results from
analysis of the individual metabolites: PH, HQ, CA and MA which had previously shown
effects of saturable metabolism; SPMA was excluded from analyses because saturable
production of SPMA had not been detected [11;15]. Of the 263 subjects in these analyses,
87 had repeated measurements of air and urine, making a total of 411 matched air/urine
samples. The median number of repeated air and urine samples was three (range: 2 – 4) for
these 87 subjects.

2.2 Michaelis-Menten-like models and weights of evidence
Relationships between levels of benzene metabolites and the corresponding benzene air
concentrations were examined using nonlinear regression models (implemented with the
SAS procedure NLIN) as described previously for total benzene metabolites [17]. While the
connection between levels of total benzene metabolites and exposure to benzene is relatively
straightforward, the relationships between levels of individual metabolites and benzene
exposure are somewhat more tenuous (e.g., see Figure 1), save possibly for the dominant
metabolite PH which is nonenzymatically produced from benzene oxide. However, because
we previously showed that all major metabolites, i.e. PH, MA, HQ and CA, showed
evidence of saturable metabolism with increasing benzene exposure [11], it is reasonable to
assume that benzene metabolism was very influential, if not rate limiting, in the production
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of each major metabolite. For this reason, we used Michaelis-Menten-like models to
investigate levels of each major metabolite as a function of benzene exposure. In these
models, the enzymatic velocity was replaced by the level of a given benzene metabolite (Y)
(μM) and the substrate concentration was replaced by the air concentration of benzene (X)
(ppm). Each data pair [Y, X] represents a benzene metabolite concentration (μM) and
benzene air concentration (ppm) for a given subject. The asymptotically maximum level of
Y (designated Ymax) is analogous to vmax, and the benzene concentration X at which Y =
Ymax/2 (designated X50, ppm) is analogous to Km. We also assumed a background level of
each metabolite Y0 (μM) due to endogenous and dietary sources [15;26]. Given the highly
skewed levels of benzene in air and of urinary metabolites, as well as the heteroscedasticity
of the data, natural log transforms of Y and the independent variables were used for
regression analyses. (This is an example of the transform both sides approach for stabilizing
the variance in regression analyses when the relationship between two variables is either
known or assumed; see, for example, [27]). We fit two Michaelis-Menten-like models to the
data, 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:

(1)

(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 Eq. 1 and Eq. 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
ΔAIC represent the difference in AIC values between the two competing models. The

associated Akaike weights for the better and worse models are  and

, respectively. The Akaike weights provide information about the
strengths of evidence supporting the two competing models. As ΔAIC gets large, wbetter
approaches one and wworse approaches zero, indicating that the weight of evidence
supporting the better model increases with ΔAIC while evidence supporting the worse
model decreases with increasing ΔAIC. The ratio of the two Akaike weights, i.e. , 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,
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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

Figure 2 shows scatter plots of individual benzene metabolite levels 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 exposure 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 Figure 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 are listed in Table 1. A pronounced qualitative difference in model fits was
observed for MA, where the 2-enzyme model appeared to fit the data better at benzene
concentrations below 1 ppm. Qualitative differences for the other metabolites (PH, HQ and
CA) were less obvious.

3.2 Evidence supporting the 1-enzyme and 2-enzyme models
Table 2 shows values of AIC, ΔAIC and the associated Akaike weights for the fits of the 1-
enzyme (Eq. 1) and 2-enzyme (Eq. 2) models to the air concentrations and urinary
metabolite levels for the 263 nonsmoking females in our investigation. For each metabolite,
AIC was smaller for the 2-enzyme model, indicating that Eq. 2 explained more of the
variability of the data than Eq. 1. However, whereas the fits of the 2-enzyme model were
much better than those of the 1-enzyme model for MA (ΔAIC = 9.511) and PH (ΔAIC =
7.379), the fits for HQ (ΔAIC = 0.193) and CA (ΔAIC = 1.417) were only marginally better.
These differences in model fit can be interpreted via the Evidence Ratios, which represent
the ratios of the Akaike weights and thus reflect the relative weights of evidence supporting
the 2-enzyme models for these metabolites. The Evidence Ratio for the MA models
indicated that the relatively likelihood was 116.2 to1 that the 2-enzyme model fit the data
better than the 1-enzyme model. The relative likelihood favoring the 2-enzyme model was
also large for PH (Evidence Ratio = 40.0) but not for either CA (Evidence Ratio = 2.0) or
HQ (Evidence Ratio = 1.1).

3.3 Predicted metabolite contributions from two enzymes
As shown above, our results provide extremely strong statistical evidence that the 2-enzyme
model was a better predictor of levels of MA and PH than the 1-enzyme model. The curves
in Figure 3 show the predicted contributions of the two enzymes toward MA and PH.
Figures 3A and 3C show background- adjusted levels of PH and MA, respectively, obtained
by subtracting estimated intercepts from the predictions of 2-enzyme models at a given
benzene air concentration (Table 2). Metabolite levels predicted from the two models were
similar for benzene exposures in the range of about 2 to 100 ppm but differed substantially
for lower exposure concentrations, particularly for MA. The two dashed curves in Figures
3A and 3C indicate that enzyme-1 began to saturate at a benzene concentration of 50 ppm
for MA and about 100 ppm for PH. The curves also show that enzyme-2 began to saturate at
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about 0.03 ppm for MA and 0.3 ppm for PH and was near full saturation at 1 ppm for MA
and 10 ppm for PH. Relative percentages of benzene metabolites attributed to the two
enzymes are shown in Figures 3B and 3D. At air concentrations below 0.01 ppm, more than
85% of MA and about 80% of PH were derived from enzyme-2. At 1 ppm of benzene, 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
(Evidence Ratio = 15.4) [17]. Furthermore, the level of total benzene metabolites predicted
from the 2-enzyme model (194 μM total metabolites/ppm benzene) was quite close to the
value predicted from the overall rate of benzene metabolism (184 μM total metabolites/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
previous 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 functionally
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 differences 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 individual 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 (Evidence 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 Figure 1) rather than the ring-hydroxylation pathways, leading to PH, HQ, and
CA. This finding is consistent with a study by Weisel et al. [29], who reported that the
fractional excretion of MA was greater in 4 subjects experimentally exposed to 40 ppb 13C-
benzene than had been reported in studies of workers exposed to benzene at ppm air
concentrations. Predicted molar concentrations of MA and PH from the respective 2-enzyme
models (Table 1) were as follows: MA/PH = 0.37 at 0.001 ppm, MA/PH = 0.31 at 0.01 ppm,
MA/PH = 0.16 at 0.1 ppm, and MA/PH = 0.12 at 1 ppm. This further illustrates the
diminishing role played by the high-affinity enzyme-2 in benzene metabolism as air
concentrations increased from ppb to ppm levels.

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

5. Conclusions
In conclusion, our results provide extremely strong statistical evidence that benzene is
metabolized to PH and MA via two enzymes rather than one enzyme, and that the putative
high-affinity enzyme is active primarily below 1 ppm. Model predictions further suggest that
the ring-opening pathway, which leads to MA, is favored by the high-affinity enzyme.
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Abbreviations and definitions

ΔAIC the difference in AIC values between two competing models

AIC Akaike’s Information Criterion

CA catechol,

CYPs cytochrome P450 enzymes

Evidence Ratio ratio of the Akaike weights for the better model to the worse
model

HQ hydroquinone

MA E,E-muconic acid

ppb parts per billion

ppm parts per million

PH phenol

SNP single nucleotide polymorphism

SPMA S-phenylmercapturic acid

wbetter and wworse Akaike weights for the better and worse of two competing
models

X air concentration of benzene (ppm)

X50, benzene
concentration at which Y

Ymax/2

Y level of a given benzene metabolite (μM)

Y0 background level of Y

Ymax asymptotically maximum level of Y

Ŷx and Ŷ0 predicted levels of Y at X and zero ppm, respectively
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FIGURE 1.
Simplified metabolic scheme for benzene showing major pathways and metabolizing genes.
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FIGURE 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).
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FIGURE 3.
Contributions of two metabolizing enzymes toward production of phenol (top) and muconic
acid (bottom), predicted under the 2-enzyme model at increasing air concentrations of
benzene. (A) and (C): Predicted background-adjusted mean trends for phenol (A) and
muconic acid (B) attributed to enzyme-1, enzyme-2, and both enzymes (sum of enzyme-1
and enzyme-2). (B) and (D): Percentages of phenol (B) and muconic acid (D) attributed to
enzyme-1 and enzyme-2.
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