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The metabolism of benzene and the resuiting dosimetry of benzene and its metabolites almost
certainly are primary factors In determining the health risks to humans from benzene exposures.
The mechanismsand pathwaysthat determine the concentrations of benzene and its metaboliites
In various tissues have been the subject of considerable debats, This article describes insights
Into benzene dosimetry and metabolism obtained at CIIT over tha past three years and subse-
guent implications for benzene-induced myelotoxicity and hematotoxicity. The metaboiic path-
ways and kinetics of benzene metabolism have been expiored In vitro, providing sufficient datato
develop a mathematical model of the reactions that occur. Differences in In vitro benzene metabo-
lism among mice, rats, and Individual humans have been investigated. Mice metabolize benzene
faster than rats, while the range of rates exhibited by human tissue samples spans that of mice
and rats. Some qualltatiw differences have also been observed between In vitro and In vivo ben-
zene metabolism. Thew differences can be explained, however, by incorporating the regional
distribution of liver ENZymes Into a physiologically based pharmacokinetic (PBPK) modei. By
developing mathematical models capable of describing large data sets and observing the range
of metabolic activities in samples of human liver, we expect to provide dramatically bettor tools

®

for the assessment of human health risks from exposures to benzsne.

Benzene was used extensively in the
past for productionof paints, resins, rubber.
inks, and dyes. It is currently 1%00f gaso-
line and a feedstock for the manufacture of
synthetic organic chemicals (Ayres and Tay-
lor, 1889). Benzeneis a constituent of gaso-
line fumes, automobile exhaust, and both
mainstream and sidestream tobacco smoke
(Wallace, 1990). Itis listedaS an air toxic in
the Clean Air Act Amendment of 19980, Ex-
posure to high levels of benzene for ex-
tended periods of time is associated with
aplastic anemia and acute myelogenous
leukemia (AML) in humans (Infante et a/.,
1977). Workplace exposures to benzene are
now limited through safety regulations
(Runion and Soott, 1985), but occupational
and environmental exposures to benzene
stilloccur (Hricko, 1994; Tompa st al, 1994).

The effects of chronic exposure to low
levels of benzene are not known. Uncertain-
ties in exposure assessment in epidemio-
logical studies have made it difficult to ob-
tain areliablelow-dose extrapolation(Health
Effects Institute, 1993). Also, a confirmed
animal model does not exist Tor benzene-
induced AML, the effect of most concemn in

humans. Thesa factorsleadto considerable
uncertainty about the riskto humans of low-
level benzene exposure.

Benzeneis myelotoxic and hematotoxic
inmice and rats (MacEachern etd, 1992;
Snyder et /., 1978). Because myelotoxicity
and hematotoxicity have been observed
prior to the onset of AML in humans, the
incidence and degree of these acute effects
in humans are presumed to correspongd to
risk of human AML. Further, because an
animal model for benzene-induced AML has
not been identified, the incidencs of ben-
zene-induced myelotoxicity and hematotox-
icity inmice and rats is taken to be a surro-
gate for AML when consideringthe relation-
ship between benzene exposure levels, tis-
sue metaboliteconcentrations, and disease
response. Based on the observation by
Sammett etal. (1978) that partial hepatec-
tomy in rats is protective against the hema-
totoxicity of benzens, theconversionof ben-
zene in the liver to one or more toxic me-
tabolftes is belleved to play a significant
role inthe induction of hematotoxicity. If this
istrue, then the risk to humansdependson
the concentration, or dose, of these toxic

metabolites at the site of toxicity, the bone
marrow. Working under this hypothesis, re-
search at CIIT has focused on understand-
ing the liver metabolismof befizene and on
determining how this metabolism influences
the dosimetry of benzene and its metabo-
lites invivo. In particular, our goal is to de-
velop a quantitative tool—a mathematical
simulation model—that relates metabolic
rates in the liver to the concentrations of
benzene metabolites reaching the bone
marrow. This tool is to be deveioped using
data from rats and mice, for which exten-
SIve data =t exist OF Can be obtained. In
addition to the collection and anatysis of
rodent data, we have been measuring the
rate of benzene metabolismby fver samples
from humandonors. The rodent data will be
used to develop and validate the simulation
model. Then, by changing the mode! param-
eters to reflect humanphysiology and meta-
bolic capacities, we will be abie D predict
the exposure-dose relationship for benzene
metabolites in human bone marrow.

The primary pathways for benzene

(Continued 0N page 2)
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Benzene Metabollsm (from page 1)

metabolismin the liverare depictedin Figure
1. Oxidative reactionslead to the formationof
benzene oxide (a reactive intermediate),
phenoal, hydroquinone, and small amounts of
catechol and trihydroxy benzene. These
oxidized metabolites may be further
transformed by conjugation to compounds that
are readily excreted in the urine. Benzene
oxide can also be converted to an opsned-
ring metabolite, mucon-aldehyds, aprecursor
of muconic acid, which is excretedinthe urine.

The conjugated metabolites of benzene
are generally thought not to be responsible
for its toxic effects, and a significant amount
of researchhas focused on identifying which
of the intermediate metabolites is the bad ac-
tor. Administration of either phenol or hydro-
quinone alone to rodents fails to reproduce
the hematotoxic and myelotoxic effects of
benzene exposure (Cox, 1991; Kari et a/.,
1992). These observations led investigators
to the hypothesis et neither of these metabo-
lites is responsible for benzene toxicity andto
the conjecture that muconaldehyde, the only
semistable toxic metabolite that is not pro-
duced from phenol, might be responsible.
However, as with phenol and hydroquinone,
muconaldehydealone does not reproduce the
toxic effects of benzene (Guy et af., 1991).
Instead, benzene toxicity apparently results
from the combined effects of several metabo-
lites: muconaldehydeand hydroquinone act
additively (Guy et ak, 1991), and phenol and
hydroquinoneact synergistically (Barale etal.,
1990; Eastmond et €l., 1987). The risk from
benzene exposure may depend 0N the do-
simetry of all three metabolites, with catechol
and trihydroxy benzene playing lesser roles.

To develop a simulation model for
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predictingin vivo dosimetry and metabolism
inhumansbased on in vitrodata, we first need
to understandin vitro metabolismand in vivo
metabolism and dosimetry separately in a
laboratory species such as the mouse. Only
then can we merge the two levels of
understanding, in vivoand in vitro, and resolve
any apparent differences between the two. In
this article, we first describe the ongoing
researchon liver metabolism, along with some
tentative physiological predictions based on
in vitro results. Secondly, the development of
what is currently an independent mathematical
model of in vivo dosimetry and metabolismis
discussed. Finally, some implications of the
current results and a synopsis of future
directions are presented.

Ditferences in the In Vitro Metabolism
of Benzene among Species
and IndividualHumans

The metabolismaf benzene isfairly com-
plicated in that it involves a number of reac-
tions (Figure 1). To predict the dosimetry of
the various metabolites, we needto knowthe
rate of each reaction as a function of the me-
tabolite concentrations. While these rates can
be determined in vivo for laboratory animals,
our objective isto predicthuman metabolism,
where in vfvo experiments are precludedand
the availability of issue samples is limited.
Differences exist among species as well as
among individual humansin the ratesof m e
tabolism. Since these differences affect indi-
vidual risk, we seek to understandand quan-
tify the range of rates for benzene metabo-
lism in humans based on those measure-
ments that can be obtained with human liver
samples.

While the rates of metabolism of a
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Primary pathways for benzene metabolismin the liver. The oxidized metabolites phe-
nol, hydroquinone, catechol, and trihydroxy benzene, along with the ring-open me-
tabolite muconaldehyde, are all toxic to the bone marrow (myelotoxic)and affect the
circulating bteod (hemstotoxic). The conjugated metabolites and muconic acid are

readily excreted inthe urlne.
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xenobotic typically differ among speciss, the
biochemical mechanisms of benzene
biotransformation are expected to be nearly
the same inall species. Therefore, our goalis
to develop a mechanistically based math-
ematical model of metabolism in which all
species and individual differences are ex-
plained by differences in parameter values
such as enzyme activities. Since in vivo do-
simetry data in mice are also being obtained
and already exist forrats, these species can
be used to test the extrapolation of in vitro
rates to in vivo rates. Extrapolation among
species or individualscan be tested by using
a large in vitro data set for rat liver metabo-
lism in comparison with the mouse data. In
particular,we can determineif a modeldevel-
oped from mouse data, taken together with
measurementsof rat and mouse enzyme ac-
tivities, can be Used to predict rat metabolism.
Finally, a smaller data set obtained with hu-
mantissues can be used to determine model
parameter values and their ranges for hu-
mans.

Oxidative Metabolism In Vitro

By usingdifferentfractions from liver cells
and supplying only the substrates and cofac-
tors necessaryfor gEAficmetabolic reactions,
we can observe subsets of the reactionsde-
pictedin Figure 1and reduce the complexity
of developing a model for all these reactions
to more manageabie pieces. One specific goal
is to develop quantitative descriptions or re-
action rate equations for the oxidative reac-
tions. By performing incubations with the mi-
crosomalfractionof liver and supplying NADH
and NADPHas cofactors, we can observe the
set of oxidative reactions in isolation. As an
example, the disappearance of benzene due
to oxidation by liver samples from o humans,
F-344 rats, and B6C3F, mice is depicted in
Figure 2. In these experiments, subcellular
fractions of liver samples containing oxidation
enzymes were incubated in vitro with ben-
zene, and the amount of benzene oxidation
was observed. As can be seen, mouse mi-
crosomes metabolize benzenefaster than rat
microsomes,which correlateswith the fact that
mice are more sensitive than rats to the
hematotoxic effects of benzene. More impor-
tantly, the data from the two human samples
illustrate the wide range in metabolic activity
for benzene oxidationamong humans, which
spans the activity from mice and rats. Given
that the same enzyme, cytochrome P450
(CYP) 2E1, is primarily responsible for ben-
zene oxidation in mice and rats (Nakajima et
al., 1993) and has a similar rde in humans
(Seaton et al., 1994), understandingthe dif-
ference in metabolic rates between mice and
rats should help to explainthe range of rates
observedfor humans. Inthis case, the rate of
a reaction may differ between two individu-
als, while the enzymatic mechanism is the
same.

TABLE 1
Km VALUES OF SEVERAL REACTIONS FOR MICE, RATS, AND HUMANS

Reaction
BD BMO BMO Acrylonitrile
Species expoxidation hydrolysis glutathlone expoxidation
(umy (mM)* (mM) M)
Mouse 200 +0.17 159+ 0.03 353+ 62 131
Rat 375+ 020 0.26 £ 0.10 13.8: 0.3 1fl
Human 514 + 259 024+£0.10to 104 1.0 12f1lto
1.65f0.12 18f1

*From Csanddy et al. (1992); *From Kedderis et al. (1993).

An initial mathematical simulation model
of benzene oxidation by mouse and rat liver
microsomes was described by Schlosser et
al. (1993). This modelincorporatesa mecha-
nism whereby benzene, phenol, hydro-
quinone, and catechol all interact through
competitionfor acormmon reactionsite on the
oxidizing enzyme, CYP. At least two CYP
isozymesare responsible for benzene oxida-
tion, with CYP 2E1 being predominant (Koop
efal.,1989; Nakajimaefal.,1893). The model
of Schlosser et al. (1993) considers only a
single enzyme, with effective parameters for
the total metabolism of benzene to phenoal,
hydroquinone, catechol, and trihydroxy ben-
zene. The same model structure describes
metabolism by both mouse and rat mi-
crosomes, but the parameter values for the
t0 species are quite different.

The activity or maximal rate (Vimax) of re-
actions catalyzedby an enzyme suchasCYP
2E1 may \ary significantly amonganimal spe-
cies, but other kinetic parameters such as
saturation or affinity constants (e.g., Km) may
be very similar. For example, Csanédy et al.
(1992) examinedthe kinetics of 1,3-butadiene
(BD) epoxidation, butadiene monoepoxide
(BMQ) hydrolysis, and BMO conjugationwith
glutathione in vitro with liver samples from
mice, rats, and humans; apparent K values
for these reactions are listed in Table 1. Val-
ues for acrylonitrile epoxidation obtained by
Kedderis et a/. (1993) are also listedinTable
1. While differencesin K values among spe-
cies and in SOme cases differences among
individualhumans are observed, those differ-
ences are often quite small and may not be
statistically significant. Further, the differences
inKm values among species for a given reac-
tion are, in all cases, quite small compared
with the differencesin Ky values betweenre-
actions. In the case of BMO hydrolysis and
conjugation with glutathione, species differ-
ences of over an order of magnitude in the
respective Vmax Values were observed (val-
ues not shown). Therefore we might expect

saturation parameters such as Ky, generall
to have similar values in different species.
The role of CYP 2E1 in benzen
metabolismwas further explored by Seato
et al. (1994}, who compared biotrans
formation by liver samples from 10 human
as well as from mice and rats. Plots of th
disappearance of benzene and th
formation of phenol and hydroquinone ar
shown in Figure 3. Benzene metabolisi
correlated strongly with CYP 2E1 activit
across speciesand individuals, suggestin
that a mathematical model could b
developed in which this activity is the on
difference among individuals or specie
Sucha modelwas developed and describe
by Seaton etal. (1994) basedonthe mod
of Schlosser et a/. (1993). This model als
assumed that a single enzyme w:
responsible for oxidation, with benzen
phenol, and hydrogquinonecompeting for tt
enzymatic reaction site. From Figure 3, v
see that the model does afairly good job
predicting data to which it has not been’
The ideaof a universalmetabolismmod
in which CYP 2E1 activity alone explains
dividual or species differencesinratesof be
zene metabolism, is quite appealing. The d¢
in Figure 3 not only suggest this possibil
butalsothat a first-generation modelcapat
of describing oxidative metabolismby hum
liver might be developed almost complett
from mouse and rat data. Yet Schiosser et
(1993) obtained dissimilar values of satu
tion and competition parametersfor rats a
mice. How do we explain these confiicti
results of Schlosser et al, (1993), where Sa
ration parameter values appear to be qu
different between mice and rats, and of Seat
et al. (1984), where the kinetics of benze
oxidationappearvery similarinmice, rats,
humans? The model of Seaton et &/. (19
describesthe results of benzeneincubatic
starting at a single concentration (4 uM) a

(Continued on page



1zene Metabolism (from page 3)

tion of CYP 2E1 activity. When additional
ise and rat data are considered, including
Iits from benzene and phenol incubations
Vo concentrations for each substrate, a
le-enzyme modelis no longer capable of
>ribing the entire data set,evenfor a single
sies. Infact, more careful examination of
ire 3 reveals that there are different indi-
als with nearty identical CYP 2E1 activi-
but significantly different extents of me-
Hism.
if a single-enzyme model is incapable of
>ribing a larger data set (one that includes
its from incubationswith phenolasa sub-
:8), how Canthe correlationevidentinFig-
3 be explained and utilized? The rate of
zene oxidation to phenol is determined
sly by CYP 2E1 activity, which limits the
lability of phenol during benzene incuba-
3, and this limited availability may control
rate at which benzene-derived phenol is
sequently convertedto hydroguinone.On
sther hand, when phenolis the substrate,
vailabllity is not limited by CYP 2E1 activ-
nd a second CYP may be involved. There-
the rate of conversion to hydroguinone
* be much moredependenton the activity
CYP other than 2E1. Koop et a/. (1989)
~ed that several CYP isozymes can ¢on-
phenolto hydroquinone. The hypothesis
a CYP otherthan2E1 contributes to phe-
axidation is currently beingtested through
development of a two-enzyme model,
e the activity of one enzyme istakento
hat of CYP 2E1. Candidates for the sec-
enzyme include CYP 1A1, CYP 1A2,CYP
8, and CYP 2C11 (Nakajimaet al., 1993).
)@ parameter values have been set by
ching the modeltoa data setthat includes
1 benzeneand phenolincubations at mul-
3 concentrations, the dependence of
{el-predicted benzenemetabolism on CYP
activity will be tested and compared to

the data in Figure 3. If atwo-enzyme modelis
able to describe the existing muttiple-substrate
data S&tS,then inhibitionexperiments can be
performed to directly test and compare the
dependence of benzene and phenol metabo-
lism on CYP 2E1 activity.

Conjugationin Vitro

As in the case of oxidation, the conjuga-
tion reactions can also be studied separately.
Phenolsulfation and hydroquinone glucuroni-
dation are the primary routes for conjugation
of benzene metabolitesin rodents. Once con-
jugated, the metabolites are readily excreted
inthe urine, so conjugationreactionsare con-
sideredto be detoxication pathways. The cir-
culating levels of the oxidized metabolites are
determined by the balance between oxidative
rates and conjugation rates. Therefore deter-
miningthe rates of conjugation reactions rela-
tive to the oxidative reactions and determin-
ing how those rates vary among individual hu-
mans are equally importantas determining the
rates of the oxidative reactions. The rates of
conjugation reactions ¢an be measured us-
ing the cytosolic and microsomal subcellular
fractions, respectively, obtainedafter centrifu-
gation of liver homogenates, \We examined
differences inthe in vitro rates of conjugation
among species or individuals using pocled
samples of rat and Mouse fiver and individual
samplesof humanliver. We observed athree-
fold variation among human samples in the
rate of phenyl sulfate formation (range, 0.3 to
0.9 nmole/mg/min; Table 2). For laboratory
animals, phenol sulfation was much faster in
rat cytosol (1.2 nmole/mg/min) then in mouse
cytosol (0.5 nmole/mg/min). Hydroquinone
glucuronidation varied by almost threefold
among human samples (range, 0.1 to 0.3
nmole/mg/min; Table 2) and was more rapid
in mouse liver microsomes (0.22 nmole/mg/
min) compared with ratliver microsomes (0.08
nmote/mg/min). No correlation was observed
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mparison of benzene metabolismwith liver microsomesfrom B6C3F1 mice, F344
8, and humans (HL1 and HL10). [Benzene}[Benzenel, is the proportion of ben-
e remaining as a function of time relative 10 the initial benzene concentration.
ubations were performed with ~ 4 pM benzene and 1 mg/mi microsomal proteln,
described in Schlosser eta/. (1998). Mouse and rat data were originally reported
Schiosser etal. {(1993); humandata were reported in Seaton et &. (1994).

among the rates of oxidation, sulfation, and
glucuronidation for rats, mice, or individual
humans. Therefore we can assume that these
rates vary independently in risk assessment
calculations, where the range of metabolism
rates among humans is important.

In addition to interindividual variability
among human samples in the activities of
phenol sulfation, hydroquinone glucuroni-
dation, and CYP 2E1 oxidation(Seatonet al.,
1994), species differences observed among
humans, mice, and rats are interesting and
deserve comment. The mouse is more sensi-
tive than the rat to the toxic effects of ben-
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Metabolism of ~ 4 yM benzeneto phenol
and hydroquinone from 16-minincuba-
tions with 1mg/ml liver microsomal pro-
tein from a number of individual humans
(HL1-9), rats, and mice, shownas a func-
tion of cytochrome P450 (CYP) 2E1 ac-
tivity. The amount of metabolite is dls-
played as a percentage of the total sub-
strate and metabolite concentration
(other metaboiltes not shown). Data
(symbols) and model (solidline) are from
Seaton et al. (1994). (Adapted by permis-
gion of Oxford University Press.)




zene (Snyderand Kalf, 1994) .Our results re-
veal a greater capacity for activationand less
for detoxication in mice compared with rats,
whereas human values include slow activa-
tion and detoxication (Table 2, HL 2), moder-
ate activation and rapiddetoxication (Table2,
HL 6),and rapid activation and slow detoxi-
Gt (Table 2,HL 10). Observationsin mice
and rats are in agreement with the sugges-
tim that susceptibility to benzene toxicity re-
sults from a balance between oxidative and
conjugative reactions.Moreover, these obser-
vations agree with in vivo data from Sabourin
etal. (1987)and physiological model simula-
tions by Medinsky et al. (1989).Those stud-
ies demonstratedgreater urinary excretion of
phenyl sulfate and less excretion of hydro-
guinone conjugates'in rats compared with
mice following benzene exposure, consistent
with Mgher CYP 2E1 activity and lower phe-
nol sulfotransferase activity measured in vitro
in mouse liver.

A Physlological Compartmental Model

As discussed inthe introduction, benzene-
inducedhematotoxictty and myelotoxicity and
therisk of AML in humans are probably a func-
tion of the circulating levels of oxidized me-
tabolites that occur during benzeneexposure.
Gwen the range of activities for oxidation,
sulfation, and glucuronidation indicated in
Table 2,what phenol and hydroquinone blood
levels would occur? We have developed a
physiological compartmental mocH for esti-
mating steady-state blood concentrations of
phenol and hydroguingne that might have
been achieved during continuous exposure
of those 10individualsto O.QLuM benzene in
blood (Seaton et al., 1996). This Mood con-
centration is likely to result from exposure to

benzene at the current permissible exposure
limit of 1 ppm under the Occupational Safety
and Health Act (Wallace, 1990).

The steady-state phenol and hydro-
guinone concentrations for the individual hu-
mans, rats, and mice are depicted in Figure
4 _According to model calculations, predicted
steady-state phenolconcentrationsvaried six-
fold among humans and correlated inversely
with measured microsomal activity of CYP
2E1. This inverse relationship is most likely
due to the fact that CYP 2E1 is also respon-
sible for phenol oxidationto hydroquinone in
this model. Inparticular, while the rate of phe-
nol formation increases with CYP 2E1 activ-
ity, the rate of removal alsoincreases with CYP
2E1 activity, resulting in a net decrease in
concentration. Steady-state hydroquinone
concentrations varied fivefold amonghumans.
With laboratory animals, model simulations
predictedthat steady-state concentrationsof
phenol and hydroquinonewould be higher in
mice than in rats during exposure to this very
low benzene dose. These predictions are in
agresment with in vivo observations from stud-
ies with higher benzene concentrations
(Sabourinet al., 1957). Predicted steady-state
concentrations in mice were higher than in
humans, whereas rat values Tl among the
range of predictions for humans. These simu-
lations suggest that the rat may be a good
model for humans with respect to tissue do-
simetry of benzene metabolites.

Higher levels of oxidized metabolites in
mice are due in part to the faster blood flow
per unit body weight inthis smallspecies com-
paredwith humans. More benzeneis brought
to the liver per unit time for metabolism. The
model predictions for higher concentrations
of oxidized metabolites in mouseblood, if cor-
rect, also suggestthat developmentof leuke-

TABLE 2
INITIALRATES FOR BENZENE OXIDATION, PHENOL SULFATION,
AND HYDROQUINONE GLUCURONIDATION N INDIVIDUAL HUMAN LIVER
SAMPLES AND IN POOLED LIVER SAMPLES FROM MICE AND RATS*

Inltial rate

Hydroquinone

Liver Benzene oxidation Phenol sulfatlon glucuronidation
sample (nmole/mg/min) {nmole/mg/min) (nmole/mg/min)

Human

HL 1 0.34 0.3® nd®

HL 2 0.9%6 0.:1 0.117

HL6 1433 0.867 0231

HL7 140 0919 0.167

HL 10 4.442 0.48 0.106
Mouse 1.558 0.48 0.218
Rat 0.625 1.195 0.077

¢Results from Seaton et a/. (1995)Not determined due to insufficientsample.

miainhumansis afunction of tisSEresponse
in addition to dosimetry. In particular, mice
exhibit levels of the putative lsukemogenic
benzene metabolitesthat are at least as higt
as is predicted in humans & exposure level:
associated with AML in humans, but these
levels do not give rise to AML in mice. There
fore mouse bone marrow apparently respond:
1 these agents in a manner that is qualita
tively different from humans.

Variability in rates of conjugation plays i
definite role in determining steady-state bioo«
concentrations of phenol and hydroquinone
Atthough the in vivo rate constants for ben
zene oxidation vary 13-fold among huma:
samples, the steady-state concentration ¢
phenol in blood varies only 6-fold. Moreove
steady-state concentrationsof hydroguinon
do nxt correlate with rates of oxidation reac
tions and appear to be influenced more b
competition between phenoal sulfation an
phenol oxidation and detoxicationdue to hy
droquinone glucuroni-dation. While the effe
of thehydroquinone:phenol concentrationre
tio in blood 0n susceptibilityto benzene toxic
fty is not dear, a synergistic relationship b
hveen these metabolites has been demor
strated in vitro (Smith et al., 1989; lrons et a
1992; Kolachana etal., 19983; Chapmaneta
1994).

The results described above suggest
significant interaction between Phase 1 (o>
cation) and Phase [ (conjugation) pathway
indetermining bloodand tissue levels of ber
zene metabolites. The quality of these pr
dictions must be testet experimentally inlabx
ratory animalsinvivo before utilizingthem f
human risk assessment. Once this has bee
done, amodel like that described here, take
together with the observed ranges of enzyn
activities among humans, Can be usedto pr
dict risk to individual humans with given e
zyme activity profiles and subsequently tt
range of risk to human populations.

In Vivo Metabolism
of Benzene and Phenol InMice

The underlyinggoal of our in vivo metab
lism studies in mice has been the develo
ment of a quantitative, mechanisticallybas¢
description of the relationship between a
phase benzene exposure concentratiol
(ppm) and the amount of active metabolits
beingdeliveredto the target tissue. Oxidati
metabolism by CYP 2E1 is requiredfor mar
festation of the hemato-toxic and genoto»
effects of benzene, but the dosimetry of a
tive benzene metabolitesin the target tissu
bone marrow, is a net-resuft of competir
toxification (oxidation) anddetoxification (co
jugation) reactions. Therefore we needto u
derstand howthese processss interactin vi
to determinetissue concentrations of benze:
metabolites.

(Continued on page



nzene Metabolism (from page 5)

Phenol metabolism is of interest in this
itext since phenolis a major oxidized me-
olite of benzene, and there are distinct
erences in both carcinogenic and
otoxic responses between benzeneand
snol in mice. Forexample, while benzene
sarcinogenic in a number of tissues in
:e following both oral and inhalation ex-
sure (Huff etal., 1989), no increasedin-
ance of tumors was found in a two-year
tional Cancer Institute (NCI) bioassay in
ch male and female B6C3F{ mice were
rosed to phenolin drinking water at lev-

of up to 5000 ppm (NCI, 1980). Ben-

1@ has been consistently foundto induce
sronuclei in mouse bone marrow cells
iIf, 1987). In contrast, both weakly posi-

and negative resultshave beenreported
micronuclei induction in mouse bone
rrow cells by phenol following intraperi-
eal and oral administration (ATSDR,
19).

These dramatic differences in carcino-
licity and genotoxicity betweenbenzene
1 its major oxidized metabolite, phenol
jure 1), have puzzledbenzeneresearch-

and led to different hypotheses about
metabolitesresponsiblefor benzenetox-
y. Insightinto a possible metabolic basis
the high potency of benzene as both an
mal carcinogen and genotoxicant andthe
k of genotoxlicity and carcinogenicity of
mol can be gained by comparingthe uri-
y metabolite profiles after comparable
| doses of benzene and phenol. This
nparison is presented in Table 3, using

data from CIIT for urinary excretionof phe-
nol metabolites following oral gavage of
phenolin male B6C3F4 mice (Kenyonet al.,
1995) and similar data reported by Sabourin
etal. (1989) following oral gavage with ben-
zene. Differencesinthe excretionof hydro-
guinone glucuronide are quite marked, par-
ticularly at the lower dose (-1 mg/kg). Hyd-
roguinone glucuronide excretion in urine
was sixfold and twofold greater after ben-
zene comparedwith phenol at doses of ap-
proximately 1 and 10 mg/kg, respectively.
The in vitro studies described above indi-
cate that hydroquinoneis produced by se-
guential oxidation of benzene via phenol.
How then could more hydroquinone be pro-
duced after administration of benzenethan
after phenol?

The differences in hydroquinoneforma-
tion after benzene and phenol administra-
tion are of interest for three reasons. First,
hydroquinoneitself is a inducer of micronu-
clei and chromosomal aberrations in vari-
ous test systems (IPCS, 1992). Thus greater
production of hydroquinone after benzene
administration comparedwith phenol admin-
istration, together with production of other
putative toxic metabolites such as
muconaldehydethat are uniqueto benzene,
provide a possible metabolic basis for the
carcinogenic and genotoxic effects ob-
served with benzene but not with phenol.
Secondly, these data are in contrast to in
vitro data (liver microsomes and isolated
hepatocytes) that suggest greater produc-
tion of hydroquinoneafter phenolcompared
with benzene (Schlosser et al., 1993;
Schrenk and Bock, 1990). The implication
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eady-state blood concentrations of phenol and hydroquinone for 10 individual
imans, B6C3F1 mice, and F344 rats when the blood concentratlon of benzene is
nstant at 001 uM. This Mood concentratlon Is approximately what would be ex-
icted for a continuous exposureto 1 ppm benzene. The steady-state phenol and
droquinone concentrations are calculatedfrom Invitro oxidation and conjugation
tivitles, such as those listed in Table 1, usinga physiological compartmentmodel,
, reported by Seaton et al. (1995). (Adapted by permission of Oxford Unlversity

ess.)

here is that a mechanistic basis for this dif-
ference should be incorporated into our
guantitative in vivo description of the rela-
tionship between benzene exposure and
target tissue dosimetry. Finally, this differ-
ence points out the need for caution when
interpreting in vitro metabolism studies.

We hypothesize that differences in the
urinary metabolite profile of phenol com-
pared with benzene following oral adminis-
tration result from quantitative zonal differ-
ences in the distribution of metabolizingen-
zymes within the liver acinus, as illustrated
in Figure 5. Phenol absorbed from the gut
lumen has relatively greater opportunity for
conjugation than for oxidation, initially in
gastrointestinalmucosalcells (sulfation and
glucuronidation) and subsequently in the
periportal hepatocytesaof zone 1 (sulfation)
when absorbed into the portal circulation.
The greater opportunity for phenol conju-
gationover oxidation is due to the relatively
greater abundance of conjugatingenzymes
comparedwith oxidative enzymesinthe ar-
eas where phenolwould be distributedwhen
initially absorbed (Gebhardt, 1992; Morris
and Pang, 1987). The net effect of this hy-
pothetical scenario is that less phenol
reacheshepatic zone 3,where oxidative en-
zZyme activity is greatest, resulting in less
hydroquinone production.

Incontrast to phenol, benzene is only a
substratefor CYP 2E1,and CYP 2E1 activ-
ity is much greater in the pericentral hepa-
tocytes of zone 3 (Tsutsumi et al., 1989).
Thus metabolismof benzenewould be mini-
mal as benzene passes through periportal
andmidzonal hepatocytesprior to reaching
hepatocytesin zone 3, where CYP 2E1 oxi-
dation capacities are relatively greater
(Gebhardt, 1992; Moms and Pang, 1987).
Consequently, administration of benzene
may result in the delivery of more free phe-
nol to zone 3 oxidative enzymes than ad-
ministration of phenolitself. The metabolic
implicationsof these hypothetical scenarios
are reflected in the observed urinary me-
tabolite profiles presentedin Table 3. Phe-
nyl sulfate excretion is approximately two-
fold higher and phenyl glucuronide excre-
tion approximately four- to ninefold higher
after phenol compared with benzene expo-
sure, and oxidation products such as hyd-
roguinone are higher after benzene expo-
sure.

Returning to the question of benzene
toxicity, Smith et al. (1989) hypothesized
that benzoquinone, formed from the
myeloperoxidase-mediatedoxidation of hy-
droquinone in the bone marrow, is respon-
sible for benzene-induced hematotoxicity.
The net effects of heterogeneous distribu-
tion of enzymes in the liver and the result-
ing preferential oxidation of benzene and
conjugation of phenol are a higher blood
level of hydroquinone after benzene admin-
istration comparedwith phenoland more hy-

)
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TABLE 3 droquinone in bone marrow available foro
COMPARISON OF URINARY METABOLITES EXCRETED AS PHENOL SULFATE, dation to benzoquinone. Localization of ¢
PHENOL GLUCURONIDE, AND HYDROGQUINONE GLUCURONIDE FOLLOWING zymes inthe liver provides explanations
GAVAGE ADMINISTRATION OF PHENOL OR BENZENE IN MALE B8C3F, MICE differences both in observed toxicity and
in vitro metabolismof benzene and phen
Thus boththe locationand the quantities
benzene-metabolizing enzymes must be
corporated into in vivo models to pred

Total metabolites Inurine (%)

C(?er'm.cal d Dose Pk:]?r][OI IEguerr(])(r)Ji de H%Séﬁ?gr']?gge risksfor humans exposed to benzene.
administere (mg/kg) suliate 9 9 The concept that the metabolicfate o
metabolite derived from a precursor diffe
from that of a preformed metabolite is r
Benzene® 1 26 + 03 42 + 03 43 + 08 new. ltwas, in fact, proposed by Pang a
" Gillette in 1978 for drugs. The kinetics o
Phenol 14 % £ 09 9 £ 11 72 £ 04 drug and its metabolite can differ due to ¢
—_—_———— e ferences indiffusional barriersbetween dr
b and hepatocyte, the rate of communicati
Benzene 10 32 + 08 59 £ 03 36 + 04 of the drugs between hepatocytes, andt
Phenol" 94 57 + 77 % + 64 15 + 16 distribution of drug-metabolizing enzyi

systems within the liver parenchyma (Pa
and Terrell, 1881). Usingthe drug-metat
lite pair phenacetin and acetaminophe
Pang and colleagues noted differences
clearance of the chemicals from an isolat
perfused liver depending on whether per
sion was conducted in a normal (portal
centrilobular) or retrograde (reversed) dire
tion. They attributed these differences

*Values are means t SE.
*Urinary metabolite data following benzene exposure are from Sabourin et al. (1989).
*Data are from Kenyon et &/. (1995).

(A) Benzene preferential localization of P450
| demethylation enzymes and sulfation ¢
Zone 3 Zone 2 Zone 1 PV mu(C;é)s a Iu?t':n zymes in differentzones of the liver and st
g , 2,9, , o gested that exlsting models of well-stirr
* 58 9 livers were oversimplifications and col
%0 o® only be used inlimitingcases when the d

tribution of enzymes was viewed as ope
tionally uniform.

Using a combination of experimen
and mathematical modeling approach
Pang and Terrell (1981) determined tt
substrate concentration at any point is
fluenced by preceding events during t
(B) Phenol metabolic processing of a substrate alo

THV, ‘
( ] xk¥® ****
4

T T the length of the liver sinusoid. Enzymes,
Z:%e 3 . Zone 2 I Zone 1 PV mugpsa Iu(r;#etn tems such as sulfation, when present t
*x Jl —— * stream along the sinusoidal flow pa
'( \ =T r-r-,r- "'*:*: modify residual substrate available for me
THY **** bolic activities such as oxidation witt
. PG 5,**$ *y downstream hepatocytes. In the case
PG | i * benzene and phenol, we propose that t
PG PG | PS residual phenol available for oxidationint
| PSps " centrilobutar region is very low when pt

| PS - PS , - ;
nol is administered directly because m¢

of it is conjugated upstream of this regic
Fig. 5 In contrast, when benzene is administere
Hypothesized major relative hepatic zonal differences in metabolism of benzene (A)  the phenol is produced in the centrilobul
compared with phenol (B) following gavage administration during an Inltlal pass region and thus is more available for su
through the liver. Symbols and abbreviations denote benzene @), phenol (&), hydro-  sequent oxidation to hydroquinone.
quinone {#, portal vein (PV), and the terminal hepatic venuk (THV). Benzene and

phenol absorbed from the gastrointestinal (GI) tract are sequentially available for Conclusions
metabolismin the Gl mucosaand periportal(zone 1)and pericentral (zone 3)regions
of the liver. The overall capacity of Gl mucosal metabolismIskow relativeto the liver. We cannot yet claim to have complete

Periportal locaiizatlon of the enzymes (sulfotransferase) responsible for phenol elucidated the factors that determine be
sulfation suggests that less free phenol would reach the pericentral hepatocytes zene metabolism and dosimetry, let alo
where higher levels of CYP 2E1 activity are localized. The necessity for oxidationof toxicity. Nevertheless, the research d
benzene prior to conjugation suggeststhat more benzene will reachthe pericentral  scribed here does represent considerat
hepatocytes for oxidation to phenol and hydroquinone, Phenol sulfate, P8; phenol

glucuronide, PG. (Continued on page
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yrogress in understandingand quantitating
he factors that determine the distribution
st benzene and benzene metabolitesinthe
yody. In particular, we have seen that the
juantity of a benzene metabolite produced
s the result of subtle interplay among vari-
us enzymes competing for substrates at a
liven location, the distribution of those en-
rymes inthe liver, and relative rates of perfu-
sion in different species. Given the complex-
ty of this system, itis not surprisingthat many,
Sometimes contradictory, mechanisms for
»enzene metabolismhave been proposed. At
his point in time, many experimental obser-
rations must be explained by any proposed
nodel. One example B the fact that in vivo
idministration of benzene yields higher lev-
sls of hygroguinone than in vivo administra-
ion of phenol but that in vitro metabolism of
shenol yields greater quantities of hydro-
uinone than in vitro metabolismof benzene.
rhe mechanisms proposed here are capable
»f resotving thesedisparate observations and
;an be tested experimentally. Inthe case of
1epatic enzyme localization, experimentswith
solated hepatocytes(inawell-mixed suspen-
;ion) «Abe compared with the results of
yormal grade and retrograde perfused liver
ixperiments to determine if this Is indeed a
significant factor.

A second important point is that the indi-
JZidual pieces of research described here,
aken together with further planned in vitro
axperiments, will allow usto quantify the rela-
ionship betwesen rates of biotransformation
jetermined in vitro and benzene metabolite
josimetry in vivo based on quantitative,
mechanistic data. Once this has been done
‘or laboratory animals (mice and rats), we will
1ave a sound basisfor predicting metabolism
and dosimetry in humans. These predictions
should then leadto significantty improvedrisk
assessments for human exposures to ben-
zene, since they will allow us to track the
amount of critical benzene metabolites that
reach the target tissue, bone marrow. Risk
assessments canthen be basedontargettis-
sue dosimetry ratherthan on ambient air con-
centration. Giventhe differences among spe-
cies and among individualhumans, such as-
sessments should provide much better char-

acterizations of risk.
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