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Determinants of Benzene Metabolism and Disposition u'* 

Paul M. Schlosser, Elaina M. Kenyon, Mark J. Seaton, and Michele A. Medinsky 

The metabolism of benzene and the resulting dosimetry of benzene and Its mmolltes almost 
certainly are primary factors In determining the health risks to humans from benzene etpo8um. 
The mechanisms and pathways that determine the concentnth8 of benzene and Its metaibolltos 
In various tissues have been the subject of consldomble debate. This artlcle ckrcribw Insights 
lnto benzene dosimetry and metabolism Obtrlned at CllT over tha past thtw yeam and subra 
quent lmpllcations for benzeneinduced myelotowicity and hmatotoxicity. The metaboik path- 
ways and kinetics of benzene metabolism hnn ksn e x p i d  In w#w, pmvldlng sufficient data to 
develop a mathematical model of tha mctlons that occur. OifWunum In In VEtrO bename motnbo- 
llsm among mice, rats, and Individual humnr have boon invmtlg8ted. Mice motabolke benzene 
faster than rats, while the range of rates oxhlbbd by human tluuo samples spans that of mka 
and rats. Some qualltatiw dlffemces hnn also b#n oboewad be!w8an In Mm and In vir0 ben- 
zene metaboilsm. Thew dlfferenws can k axphinod, however, by Incorporating th8taglorurl 
distribution of liver enzymes Into a phymiologically baud phmrmacoklnetlc (PBPK) modd. By 
developing mathemaicai models capabb of descrlblng large data ntr and observing tha range 
of m@tabolic acthtlticw in samples of human I h ,  w. expect to provide dmmetlcslly bettor tools 
for the assessment of human health risks from expoauros to bonzew. 

@ 

Benzene was used extensively in the 
past for production of paints, resins, rubber. 
inks, and dyes. It is currently 1% of gaso- 
line and a feedstock for the manufacture of 
synthetic organic chemicals (Ayres and Tay- 
lor, 1089). Benzene is a constituent of gaso- 
line fumes, automobile exhaust, and both 
mainstream and sid-am tobacco smoke 
(Wallace, 1990). It is listed as an air toxic in 
the Clean Air Act Amendment of 1990. 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/., 
IS??). Workplaceexposurestobenzeneare 
now limited through safety regulations 
(Runion and Scott, 1Q85), but occupational 
and environmental exposures to benzene 
still occur (Hricko, 1994;Tmpa efal., 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 a reliable low-dose extrapolation (Health 
Effects Institute, 1993). Also, a confirmed 
animal model does not exist for benzene- 
induced AML, the effect of most concern in 

humans. Them factors lead to considerable 
uncertainty about the risk to humans of low- 
level benzene exposure. 

Benzene is mydotoxic and hematotoxic 
in mice and rais (MacEachem et el., 1992; 
Snyder etel., 1978). Etecwse myebbxicity 
and hematotoxidty have been observed 
prior to the oM8t of AML in humans, the 
inddencoanddogreedtheseaaRedfects 
in humans are presumed to correspond to 
risk of human AML Further, because an 
animalmodelforbenzeneinduwdAMLhas 
not been identilied, the incidende of ben- 
zeneinduced myelatoxictty and hematotox- 
icity in mice and rats is taken to be a s u m  
gate for AML when considering the relation- 
ship betweten benzene exposun, levels, tis- 
sue metabolite -ntretlons, and disease 
response. Baaed on the observation by 
Sammett et a/. (1979) that partial hepatec- 
tomy in rats is pmtech egainst the hema- 
totoxicity of benzene, the conversion of ben- 
zene in the liver to one or more toxic me- 
tabolttes is belbved to play a significant 
role in the indudkn of hematotoxicity. If this 
is true, then the risk to humans depends on 
the concentration, or -e, of these toxic 

metabolites at the site of toxicity, the bone 
marrow. Working under this hypothesis, re- 

ing the V i r  metabolism of behm and on 
determining howthii metaboliwn infiucHlc8s 
the dosimetry of benzene and its metabo- 
lites in vim. In particular, our goal is to de- 
velop a quantitative took8 ma!hematical 
simulation model-that relates metabolic 
rates in the her to the umcentrations of 
benzene metabolites reaching the bone 
m a m .  This tool is to be dmmbped using 
data from rats and mice, for which exten- 
sive data sets exist or can be obtahd. In 
addition to the collection and enatydr of 
rodent data, we haw, h n  measuring the 
rate of benzene metabolism b y h r  lllunQb8 
from human donon.The rodentdataww1 be 
usedtodevetopandvalldetsthadmulation 
model.lhn. bychanglngihemodelparam- 
sten to m f k t  human -and mata- 
bolk capacities, we will be ablrr to predict 
the expo8uredose mlatbmhip for benzene 
meteboltto8 in human bone marrow. 

The primary pathways for benzene 

(Continued on page 2) 
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Benzene Metabdlsm (from page 1) 

metabolism in the liver are depicted in Figure 
1. Oxidative reactions lead to thb formation of 
benzene oxide (a reactive intermediate), 
phenol, hydroquinone, and small amounts of 
catechol and trihydroxy benzene. These 
oxidized metabolites may be further 
transformed by -tion to compoundsthat 
are readily excreted in the urine. Benzene 
oxide can also be converted to an opened- 
ring metabolite, muamaldehyde, a precursor 
of muconic acid, With is excreted in the urine. 

The conjugated metabolites of benzene 
are generally thought not to be responsible 
for its toxic effects, and a significant amount 
of research has focused on identifying which 
of the intermediate metabolites is the bad ac- 
tor. Administmtion 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 obsewations led investigators 
to the hypothssis that neither of these metabo- 
lites is responsible for benzene toxicity and to 
the conjecture that muconaldehyde, the only 
semistable toxic metabolite that is not pro- 
duced from phend, might be responsible. 
However, as with phenol and hydroquinone, 
muconaldehyde done does not reproduce the 
toxic effects of benzene (Guy et a/., 1991). 
Instead, benzene toxkity apparently resub 
from the combined effects of several metabo- 
lites: muconaldehyde and hydroquinone act 
additively (Guy eld, 1991), and phend and 
hydroquinone ad synergistically (Barale et a/., 
1990; Eastmond et el., 1987). The risk from 
benzene exposure may depend on the do- 
simetry of all three metabolites, with catechol 
and trihydroxy benzene playing lesser roles. 

To develop a simulation model for 

predicting in vivo dosimetry and metabolism 
in humans basedon in vitmdata, we first need 
to understand in vitm metabolism and 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 viwand in vitm, and resolve 
any apparent differences between the two. In 
this article, we first describe the ongoing 
research on liver metabolism, along with some 
tentative physiological predictions based on 
in vitro results. Secondly, the development of 
whatiscumttyan'hdqmchtmathematical 
model of in vivo dosimetry and metabolism is 
discussed. Finally, some implicstions of the 
current results and a synopsis of future 
directions are presented. 

Differences in the In Wtno Metabolism 
ot Benoem, among Species 

and Individual Humans 

The metabolism of benzene is fairly com- 
plicated in that it invdves a number of reac- 
tions (Figure 1). To predict the dosimetry of 
the various metabolites, we need to know the 
rate of each reaction as a function of the rne- 
taboli  concentrations. While these rates can 
be determined in vivo for laboratory animals, 
our objective is to predict human metabolism, 
where in dvoexpetiments are precluded and 
the availability of tissue samples is limited. 
Differences exist among species as well as 
among indhridual humans in the rates of m e  
tabolism. Since these differences affect indi- 
vidual risk, we seek to understand and quan- 
tify the range of rates for benzene metaim 
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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Fig. 1 
Primary pathways for benzene metabolism In the liver. The oxldlzed metabolites phe- 
nol, hydroquinone, catechol, and Mhydroxy benzene, along with the ringopen me- 
tabolite muconaldehyde, are all toxic to the bone marrow (myelotoxic) and affect the 
circulating bbod (hemstotoxic). The conjugated metabolites and muconic acid are 
readily excreted in the urlne. 

Whemical Industry Institute of Toxicology (CIIT), 1995. All rights reserved. 
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xenobotic typically differ among soecies, the 
biochemical mechanisms of benzene 
biotransformation are expected to be nearly 
the same in all species. Therefore, our goal is 
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- 
simetty data in mice are also being obtained 
and already exist for rats, these species can 
be used to test the extrapolation of in vifm 
rates to in vivo rates. Extrapolation among 
species or individuals can be tested by using 
a large in vitrr, data set for rat liver metab 
lism in comparison with the mouse data. In 
particular, we can determine if a model devel- 
oped from mouse data, taken together with 
measurements of rat and mourn enzyme ac- 
tivities, can be used to predict rat metabolism. 
Finally, a smaller data set obtained with hu- 
man tissues can be used to determine model 
parameter values and their ranges for hu- 
mans. 

Oxidative Metabolism In wbo 

By using different fractions from liver cells 
and supplying only the substrates and cofac- 
tors necessary for specific metabolic reactions, 
we can observe subsets of the reactions de- 
picted in Figure l and reduce the complexity 
of developing a model for all these reactions 
tomoremanag~pieces.onespecificgoal 
is to develop quantitative descriptions or re- 
action rate equations for the oxidative reac- 
tions. BY perfohing incubations with the mi- 
crosomal fraction of lwer and supplying NADH 
and NADPH as cofactors, wecan observe the 
set of oxidative reactions in isolation. As an 
example, the disappearance of benzene due 
to oxidation by liver samples from two humans, 
F-344 rats, and WC3F, 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 rni- 
crosomes metabolize benzene faster than rat 
microsomes, which correlates with 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 oxidation among 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 
a/., 1993) and has a similar role in humans 
(Seaton et a/., 1994), understanding the dif- 
ference in metabolic rates between mice and 
rats should help to explain the range of rates 
observed for humans. In this case, the rate of 
a reaction may differ between two individu- 
als, while the enzymatic mechanism is the 
same. 

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

Reaction 

BO BMO BMO Acrylonltrlle 
Species expoxidatlon hydrolysls glutathlone expoxidation 

@MY ( m W  ( m W  @MIb 

Mouse 2.00 f 0.17 1.59 f 0.03 35.3 f 6.2 1 3 f l  

Rat 3.75 f 0.20 0.26 f 0.10 13.8 f 0.3 11 f l  

Human 5.14 f 2.59 0.24f0.10to 10.4fl.O 1 2 f  1 to 
1.65f0.12 1 8 f  1 

.From Csamldy ef al. (1992); bFrom Kedderis et al. (1993). 

An initial mathematical simulation model 
of benzene oxidation by mouse and rat liver 
microsomes was described by Schlosser et 
a/. (1993). This model incorporates a mecha- 
nism whereby benzene, phenol, hydro- 
quinone, and catechol all interact through 
competition for a m n  reaction site on the 
oxidizing enzyme, CYP. At least two CYP 
isozymes are responsible for benzene oxida- 
tion, with CYP 2E1 being predominant (Koop 
efal., 1989; Nakajima efal., 1993). The model 
of Schlosser et a/. (1993) considers only a 
single enzyme, with effective parameters for 
the total metaboiism of benzene to phenol, 
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 
two species are quite different. 

of re- 
actions catalyzed by an enzyme such as CY P 
2E1 may vary significantly among animal spe- 
cies, but other kinetic parameters such as 
saturation or affinity constants (e.g., K,,,) may 
be very similar. For example, CSanady et a/. 
(1 992) examined the kinetics of 1 ,%butadiene 
(BD) epoxidation, butadiene monoepoxide 
(BMO) hydrolysis, and BMO conjugation with 
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/. (1 993) are also listed in Table 
1. While differences in Kmvalues among spe- 
cies and in some cases differences among 
individual humans are observed, those differ- 
ences are often quite small and may not be 
statistically significant. Further, the differences 
in K, values among species for a given reac- 
tion are, in all cases, quite small compared 
with the differences in K,,, values between re- 
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 

The act*My or maximal rate 

saturation parameters such as Km general1 
to have similar values in different species. 

The role of CYP 2E1 in benzen 
metabolism was further explored by Seato 
et a/. (1994), who compared biotrans 
formation by liver samples from 10 human 
as well as from mice and rats. Plots of th 
disappearance of benzene agd th 
formation of phenol and hydroquinone ar 
shown in Figure 3. Benzene metabolisi 
correlated strongly with CYP 2E1 activi' 
across species and individuals, suggestiv 
that a mathematical model could b 
developed in which this activity is the on 
difference among individuals or specie 
Such a model was developed and describe 
by Seaton et a/. (1 994) based on the mod 
of Schlosser et a/. (1993). This model al: 
assumed that a single enzyme w i  
responsible for oxidation, with benten 
phenol, and hydroquinone competing for tl 
enzymatic reaction site. From Figure 3, v 
see that the model does a fairly good job 
predicting data to which it has not been ' 

The idea of a universal metabolism mod 
in which CYP 2E1 activity abne explains 
dividual or species differences in rates of b~ 
zene metabd i ,  is quite appealing. The dt 
in Figure 3 not only suggest this possibil 
but also that a firstgeneration model capat 
of describing oxidative metabolism by hum 
liver might be developed almost mpletc 
from mouse and rat data. Yet Schlosser ef 
(1993) obtained dissimilar values of satu 
tion and competition parameters for rats a 
mice. How do we explain these conflicti 
results of Schlosser eta/. (1993), where sa 
ration parameter values appear to be qL 
different between mice and rats, and of Seal 
et a/. (1994), where the kinetics of benze 
oxidation appear very similar in mice, rats, s 
humans? The model of Seaton et a/. (191 
describes the results of benzene incubatic 
starting at a single concentration (4 m) a 

(Continued on page 
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Rion of CYP 2E1 activity. When additional 
ise and rat data are considered, including 
ins from benzene and phenol incubations 
vo concentrations for each substrate, a 
le-enzyme model is no longer capable of 
:ribing the entire data set, even for a single 
:ies. In fact, more careful examination of 
ire 3 reveals that there are different indi- 
als with nearty identical CYP 2El activi- 
but significantly different extents of me- 
Ilism. 
If a single-enzyrne model is incapable of 
:ribing a larger data set (one that indudes 
ilts from incubations with phenol as a sub- 
:e), how can the correlation evident in Fig- 
3 be explained and utilized? The rate of 
zene oxidation to phenol is determined 
sly by CYP 2E1 ectivity, which limits the 
lability of phenol during benzene incuba- 
;, and this limited availability may control 
rate at which benzenederived phenol is 
quently converted to hydroquinone. On 
3ther hand, when phenol is the substrate, 
vailability is not limited by CYP 2E1 activ- 
ndasecondCYPmaybeinvohred.There- 
the rate of conversion to hydroquinone 

I be much more dependent on the activity 
CYP other than 2E1. Koop et a/. (1989) 
~ e d  that several CY P isozymes can con- 
phenol to hydroquinone. The hypothesis 
a CYP otherthan 2E1 contributes to phe- 
xkWon is currently being tested through 
development of a two-enzyme model, 
're the activity of one enzyme is taken to 
hat of CYP 2E1. Candidates for the sec- 
enzymeindudeCYPlA1,CYP lA2,CYP 
6, aYCYPX11 (Nakajima eta/., 1993). 
:e parameter values have been set by 
ching the model to a data set that includes 
I benzene and phenol incubations at mul- 
3 concentrations, the dependence of 
Wpredikted benzene metaWism on CYP 
activity will be tested and compared to 

the data in Figure 3. If a two-enzyme model is 
able to describe the existing multiple-substrete 
data sets, then inhibition experiments can be 
performed to directly test and compare the 
dependence of benzene and phenol metabo- 
lism on CYP 2E1 activity. 

Conjugation In Mtto 

As in the case of oxidation, the conjuga- 
tion reactions can also be studied separately. 
Phenol sulfation and hydroquinone glucuroni- 
dation are the primary routes for conjugation 
of benzene metabolites in rodents. Once con- 
jugated, the metabolies are readily excreted 
in the urine, 90 conjugation reactions are con- 
sidered to be detoxication pathways. The cir- 
culating levels of the oxidized metabolites are 
determined by the balance between oxidative 
rates and conjugation rates. Therefore deter- 
mining the rates of conjugation reactions rela- 
tive to the oxidative reactions and detennin- 
ing how those rates vary among individual hu- 
m are equally important as detemining the 
rates of the oxidative reactions. The rates of 
conjugation reactions ean be measured us- 
ing the cytosollc and microsomal subcellular 
fractions, respectively, obtained after centrifu- 
gation of liver homogenates. We examined 
differences in the in VHrO rates of conjugation 
among species or individuals using pooled 
samples of rat and mouse liver and indiiual 
samples of human liver. We obsewed a three- 
fold variation among human samples in the 
rate of phenyl sulfate formation (range, 0.3 to 
0.9 nmoldm@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 nmoldmglmin). Hydroquinone 
glucuronidation varied by almost threefold 
among human samples (range, 0.1 to 0.3 
nmole/m@min; Table 2) and was more rapid 
in mouse liver microsomes (0.22 nmoldmgl 
min) compared with rat liver microsomes (0.08 
nmoldmg/min). No correlation was observed 

0 10 20 30 40 50 
Time (min) 

I. 2 
mparison of benzene metabolism with liver microsomes from B6C3F1 mice, F344 
8, and humans (HL1 and HLlO). [Benzeney[Ben~ene]~ is the proportion of ben- 
ie remalning as a function of time relative to the initial benzene concentration. 
ubatlons were performed with - 4 pM benzene and 1 mumi microsomal proteln, 
described in Schloeser et a/. (1993). Mouse and rat data were originally reported 
Schlosser et e/. (IQW); human data were reported in Seaton et a/. (1994). 

among the rates of oxidation, sulfation, and 
glucuronidation for rats, mice, or individual 
humans. Therefore we ean assume that these 
rates vary independentty 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 (Seaton eta/., 
IW), species dMerences 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- 

Benzene 

5 5- 

40 t ,  

- Model 
01 

30 I Hydroquinone T 

2 4 i  t 
1 

m 

CYP 2E1 activity (nmole/mVmin) 

Fig. 3 
Metabolism of - 4 pM benzene to phenol 
and hydroquinone from 16-min incuba- 
tions wlth 1 mglmi liver microsomal pro- 
tein from a number of individual humans 
(HL 1-9), rats, and mice, shown as 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 (solid line) are from 
Seeton eta/. (1 994). (Adapted by permls- 
slon of Oxford University Press.) 



zene (Snyder and Kalf, 1994). Our results re- 
veal a greater capacity for activation and less 
for detoxication in mice compared with rats, 
whereas human values include slow activa- 
tion and detoxication (Table 2, HL 2), moder- r' ate activation and rapid detoxication (Table 2, 
HL 6), and rapid activation and slow detoxi- 
cation (Table 2, HL 10). Observations in mice 
and rats are in agreement with the sugges- 
tion that susceptibility to benzene toxicity re- 
sults from a balance between oxidative and 
conjugative reactions. Moreover, these obser- 
vations agree with in viw data from Sabourin 
et a/. (1 987) and physiological model simula- 
tions by Medkrsky eta/. (1989). Those stud- 
ies demonstrated greater urinary excretion of 
phenyl sulfate and less excretion of hydro- 
quinone conjugates 'in rats compared with 
mice following benzene exposure, consistent 
with Mgher CYP 2E1 activii and lower pha 
no1 suifotransferase activity measured in vifrr, 
in mouse liver. 

A Physlologlcal Compartmental Model 

As discussed in the introduction, benzene- 
induced hematotoxictty and myelotoxici and 
the riskofAMLin humansare probablyafunc- 
tion of the circulating levels of oxidized me- 
tabolites that occur during benzene exposure. 
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 cornmtmental model for esti- 
mating steady-state blood concentrations of 
phenol and hydroquingne that might have 
been achieved durik continuous exposure 
of those 10 individuals to 0.01 pM benzene in 
blood (Seaton et a/., 1995). This Mood con- 
centration is likely to result from exposure to 

1 

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- 
quinone concentrations for the individual hu- 
mans, rats, and mice are depicted in Figure 
4. According to model calculations, predicted 
steady-state phenol concentrations varied six- 
fold among humans and correlated inversely 
with measured microsomal activlty of CYP 
2E1. This inverse relationship is most likely 
due to the fact that CYP 2E1 is also respon- 
siMe for phenol oxidation to hydroquinone in 
this model. In particular, while the rate of phe- 
nol formation increases with CYP 2E1 activ- 
ity, the rateof TemovBJ also incmases with CYP 
2E1 activity, resulting in a net decrease in 
concentration. Steady-state hydroquinone 
concentrathsvariedfivefokl among humans. 
With laboratory animals, model simulations 
predicted that steadydate concentrations of 
phenol and hydroquinone would be higher in 
mice than in rats during exposure to this very 
low benzene dose. These predictions are in 
agreementwith hvivuobservationsfromstud- 
ies with higher benzene concentrations 
(Sabourin etal., 1987). P r e d i i  steady-state 
concentrations in mice were higher than in 
humans, whereas rat values fell among the 
range of p r e d i i s  for humans. These simu- 
lations suggest that the rat may be a good 
model for h u m  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 in this small speciescom- 
pared with humans. More benzene is brought 
to the l i r  per unit time for metabolism. The 
model prediions for higher concentrations 
of oxidized metabolites in mouse blood, if cor- 
rect, also suggest that development of leuke- 

TABLE 2 
INITIAL RATES FOR BENZENE OXIDATION, PHENOL SULFATION, 

AND HYDROQUINONE GLUCURONIDATION IN INDIVIDUAL HUMAN LIVER 
SAMPLES AND IN POOLED LIVER SAMPLES FROM MICE AND RATSa 

lnltial rate 

Hydroqulnone 
Liver Benzene oxidation Phenol sulfatlon glucuronidatlon 

sample (nmoldmglmln) (nmoldmglmln) (nmoldmglmln) 

Human 
HL 1 0.344 
HL 2 0.926 
HL 6 1.433 
HL 7 1.499 
HL 10 4.442 

Mouse 

Rat 
I 

\ 
1.558 

0.625 

0.309 
0.581 
0.867 
0.91 9 
0.485 

0.485 

1.195 

ndb 
0.117 
0.281 
0.1 67 
0.106 

0.218 

0.077 

mia in humans is a fundion of tissue response 
in addition to dosimetry. In particular, micc 
exhibit levels of the putative leukemogenic 
benzene metabolites that are at least as higt 
as is predicted in humans at exposure level: 
assodated with AML in humans, but thesf 
levels do not give rise to AML in mice. There 
foremousebonemarrowapperenl)yrespond. 
to these agents in a m r  that is qualita 
tivety different from humans. 

Variability in rates of conjugation plays i 
definite role in determining steady-state blooc 
concentrations of phenol and hydroquinone 
Although the in vivo rate constants for ben 
zene oxidation vary 13-fold among humaq 
samples, the steady-state concentration c 
phenol in blood varies only 6-fold. Moreove 
steady-state concentrations of hydroquinon 
do not correlate with rates of oxidation reac 
tions and appear to be influenced more b 
competition between phenol sulfation an 
phenol oxidation and detoxication due to h) 
dmquinone glucurod-dation. While the effec 
of the hydroquinone:phend concentration ri 
ti0 in blood on susceptibility to benzene toxic 
ity is not dear, a syne-c relationship bt 
hveen these metabolites has been demor 
stratedk,m(Smithetd., 1989;lronseta 
1992; Kdachana etal., 1993; Chapman eta 
1 W). 

The results described above suggest 
significant interaction between Phase I (0) 
dation) and Phase II (coniugaaion) pathwa) 
in determining blood and tissue h l s  of bel 
zene metabdies. The quality of these prc 
dm must be tested aperimemtally in labc 
ratMy animals in vivo before utilizing them k 
h u m  risk assessment Once this has bet 
done, a model like that described here, takc 
together with the observed ranges of enzyn 
actMaies among humans, can be used to pr 
dict risk to individual humans with given e 
zyme activity profiles and sub?equently tt 
range of risk to human populations. 

In Vivo Metabolism 
of Benzene and Phend In Mica 

The underlying goal of our in vivo metab 
lism studies in mice has been the develo 
ment of a quantitative, mechanistically bas 
description of the relationship between a 
phase benzene exposure concentratioi 
(ppm) and the amount of active metabolitc 
being delivered to the target tissue. Oxidatit 
metabolism by CYP 2E1 is required for mar 
festation of the hemato-toxic and genoto) 
effects of benzene, but the dosimetry of a 
tive benzene metabolites in the target tissu 
bone marrow, is a net.resutt of competir 
toxification (oxidation) and detoxification (00 
jugation) reactions. Therefore we need to u 
derstand how these processes interact in vi 
to determine tissue ummtmkm * sofbenzet 
fTWtaboliteS. 

'Results from Seaton et a/. (1995); bNot determined due to insufficient sample. (Continued on page 
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Phenol metabolism is of interest in this 
)text since phenol is a major oxidized me- 
olite of benzene, and there are distinct 
erences in both carcinogenic and 
lotoxic responses between benzene and 
mol in mice. For example, while benzene 
:arcinogenic in a number of tissues in 
:e following both oral and inhalation ex- 
jure (Huff et a/., 1989), no increased in- 
3nce of tumors was found in a two-year 
tional Cancer Institute (NCI) bioassay in 
ch male and female B6C3Fi mice were 
)osed to phenol in drinking water at lev- 
of up to 5000 ppm (NCI, 1980). Ben- 
le has been consistently found to induce 
:ronuclei in mouse bone marrow cells 
ill, 1987). In contrast, both weakly posi- 
and negative results have been reported 
micronuclei induction in mouse bone 
rrow cells by phenol following intraperi- 
ea1 and oral administration (ATSDR, 
19). 
These dramatic differences in carcino- 
iicity and genotoxicity between benzene 
i its major oxidized metabolite, phenol 
jure l ) ,  have puzzled benzene research- 
and led to different hypotheses about 
metabolites responsible for benzene tox- 

j .  Insight into a possible metabolic basis 
the high potency of benzene as both an 
mal carcinogen and genotoxicant and the 
k of genotoxicity and carcinogenicity of 
mol can be gained by comparing the uri- 
y metabolite profiles after comparable 
I doses of benzene and phenol. This 
nparison is presented in Table 3, using 

data from CllT for urinary excretion of phe- 
nol metabolites following oral gavage of 
phenol in male B6C3Fi mice (Kenyon eta/., 
1995) and similar data reported by Sabourin 
eta/. (1 989) following oral gavage with ben- 
zene. Differences in the excretion of hydro- 
quinone glucuronide are quite marked, par- 
ticularly at the lower dose (-1 mgkg). Hyd- 
roquinone glucuronide excretion in urine 
was sixfold and twofold greater after ben- 
zene compared with phenol at doses of ap- 
proximately 1 and 10 mgkg, respectively. 
The in vitro studies described above indi- 
cate that hydroquinone is produced by se- 
quential oxidation of benzene via phenol. 
How then could more hydroquinone be pro- 
duced after administration of benzene than 
after phenol? 

The differences in hydroquinone forma- 
tion after benzene and phenol administra- 
tion are of interest for three reasons. First, 
hydroquinone itself is a inducer of micronu- 
clei and chromosomal aberrations in vari- 
ous test systems (IPCS, 1992). Thus greater 
production of hydroquinone after benzene 
administration compared with phenol admin- 
istration, together with production of other 
putative toxic metabolites such as 
muconaldehyde that are unique to benzene, 
provide a possible metabolic basis for the 
carcinogenlc 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 hydroquinone after phenol compared 
with benzene (Schlosser et a/., 1993; 
Schrenk and Bock, 1990). The implication 
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eady-state blood concentrations of phenol and hydroqulnone for 10 lndlvldual 
imans, B6C3F1 mlce, and F344 rats when the blood concentratlon of benzene is 
Instant at 0.01 pM. Thls Mood concentratlon Is approximately what would be ex- 
oted for a contlnuous exposure to 1 ppm benzene. The steadyatate phenol and 
fdroquinone concentratlonr are calculated from In vltn, oxidation and conjugatlon 
,tlvitles, such as those llsted In Table 1, uslng a physlologlcal compartment model, 
, reported by Seaton et a/. (1995). (Adapted by permlsslon of Oxford Unlverslty 
e-.) 
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here is that a mechanistic basis for this dif- 
ference should be incorporated into our 
quantitative 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 3 
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 metabolizing en- 
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 
gastrointestinal mucosal cells (sulfation and 
glucuronidation) and subsequently in the 
periportal hepatocytes of zone 1 (sulfation) 
when absorbed into the portal circulation. 
The greater opportunity for phenol conju- 
gation over oxidation is due to the relatively 
greater abundance of conjugating enzymes 
compared with oxidathm enzymes in the ar- 
eas where phenol would be distributed when 
initially absorbed (Gebhardt, 1992; Morris 
and Pang, 1987). The net effect of this hy- 
pothetical scenario is that less phenol 
reaches hepatic zone 3, where oxidative en- 
zyme activity is greatest, resulting in less 
hydroquinone production. 

In contrast to phenol, benzene is only a 
substrate for CYP 2E1 , and CYP 2E1 activ- 
ity is much greater in the pericentral hepa- E. 
tocytes of zone 3 (Tsutsumi et el., 1989). i. 
Thus metabolism of benzene would be mini- 
mal as benzene passes through periportal 
and midzonal hepatocytes prior to reaching 
hepatocytes in zone 3, where CYP 2El 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 phenol itself. The metabolic 
implications of these hypothetical scenarios 
are reflected in the observed urinary me- 
tabolite profiles presented in 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- 
roquinone are higher after benzene expo- 
sure. 

Returning to the question of benzene 
toxicity, Smith et a/. (1 989) hypothesized 
that benzoquinone, formed from the 
myeloperoxidase-mediated oxidation 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 compared with phenol and more hy- 

- 
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TABLE 3 
COMPARISON OF URINARY METABOLITES EXCRETED AS PHENOL SULFATE, 
PHENOL GLUCURONIDE, AND HYDROQUlNONE GLUCURONlOE FOLLOWING 
GAVAGE ADMINISTRATION OF PHENOL OR BENZENE IN MALE B-F, MICE 

Total metabolites In urine (%p f .  
Chemical Dose Phenol Phenol Hydroquinone 
administered (mghcg) sulfate glucuronide glucuronide 

Benzeneb 1 26 f 0.3 4.2 f 0.3 43 f 0.8 

Phenol" 1.4 56 f 0.9 39 f 1.1 7.2 f 0.4 

Benzeneb 10 32 f 0.8 5.9 f 0.3 36 f 0.4 

Phenol" 9.4 57 f 7.7 26 f 6.4 15 f 1.6 

aValues are means f SE. 
bunnary metabolite data following benzene exposure are from Sabourin et a/. (1989). 
CData are from Kenyon et a/. (1 995). 
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(6) Phenol 

Zone3 I Zone 2 
I 4 *;*i*:---- * 

' ' " W l  
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GI 
mucosa 

GI I Gut 
mucosa lumen 

" I  
Fig. 5 
Hypothesized major relative hepatic zonal differences in metabolism of benzene (A) 
compared with phenol (B) foliowing gavage administration during an lnltlal pass 
through the liver. Symbols and abbreviations denote benzene (B), phenol b), hydro- 
quinone (9, portal vein (PV), and the terminal hepatic venuk VI!). Benzene and 
phenol absorbed from the gastrointestinal (GI) tract are sequentially available for 
metabolism In the GI mucosa and periportal (zone 1) and prlcentral (zone 3) regions 
of the liver. The overall capacity of GI mucosal metabolism Is low relative to the liver. 
Periportal locaiizatlon of the enzymes (sulfotransfemse) responsible for phenol c sulfation suggests that less f r w  phenol would reach the prlcentral hepatocytes 
where higher levels of CYP 2E1 activity are localized. The necessity for oxidation of 
benzene prior to conjugation suggests that more benrsne will reach the perlcentral 
hepatocytes for oxidation to phenol and hydroqulnone. Phenol sulfate, PS; phenol 
glucuronide, PO. 

droquinone in bone marrow available foro 
dation to benzoquinone. Localization of z 
zymes in the liver provides explanations 
differences both in observed toxicity and 
in vitro metabolism of benzene and phen 
Thus both the location and the quantities 
benzene-metabolizing enzymes must be 
corporated into in vivo models to pred 
risks for humans exposed to benzene. 

The concept that the metabolic fate o 
metabolite derived from a precursor diffc 
from that of a preformed metabolite is r 
new. It was, in fact, proposed by Pang a 
Giilette in 1978 for drugs. The kinetics o 
drug and its metabolite can differ due to ( 
ferences in diffusional barriers between dr 
and hepatocyte, the rate of communicati 
of the drugs between hepatocytes, and t 
distribution of drug-metabolizing enzyr 
systems within the liver parenchyma (Pa 
and Terrell, 1881). Using the drug-metat 
lite pair phenacetin and acetaminopht 
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) dirt 
tion. They attributed these differences 
preferential localization of P450 
demethylation enzymes and sulfation 6 

zymes in different zones of the liver and st 
gested that existing models of well-stirr 
livers were oversimplifications and c o ~  
only be used in limiting cases whm the d 
tribution of enzymes was viewed as ope 
tionally uniform. 

Using a combination of experimen 
and mathematical modeling approachc 
Pang and Terrell (lQ8l) determined tt 
substrate concentration at any point is 
fluenced .by preceding events during t 
metabolic processing of a substrate alo 
the length of the liver sinusoid. Enzyme s! 
tems such as sulfation, when present i 
stream along the sinusoidal flow pa 
modify residual substrate available for me 
bolic activities such as oxidation witt 
downstream hepatocytes. In the case 
benzene and phenol, we propose that t 
residual phenol available for oxidation in t 
centrilobutar region is very low when pt 
no1 is administered directly because mc 
of it is conjugated upstream of this regic 
In contrast, when benzene is administere 
the phenol is produced in the centrilobui 
region and thus is more available for su 
sequent oxidation to hydroquinone. 

Conclusions 

We cannot yet claim to have complett 
elucidated the factors that determine be 
zene metabolism and dosimetry, let aloi 
toxicity. Nevertheless, the research d 
scribed here does represent considerat 

(Continued on page 
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xogress in understanding and quantitating 
he factors that determine the distribution 
i f  benzene and benzene metabolites in the 
mdy. In particular, we have seen that the 
luantity of a benzene metabolite produced 
s the result of subtle interplay among vari- 
IUS enzymes competing for substrates at a 
liven location, the distribution of those en- 
ymes in the liver, and relative rates of perfu- 
;ion in different species. Given the complex- 
ty of this system, it is not surprising that many, 
Sometimes contradictory, mechanisms for 
)enzene metabolism have been proposed. At 
his point in time, many experimental obser- 
rations must be explained by any proposed 
nodel. One example is the fact that in vivo 
idministration of benzene yields higher lev- 
4s of hyclroquinone than in vivo administra- 
ion of phenol but that in vitro metabolism of 
)heno1 yields greater quantities of hydro- 
@none than h v i h  metabolism of benzene. 
me mechanisms proposed here are capable 
i f  resolving these disparate observations and 
m be tested experimentally. In the case of 
iepatic enzyme localization, experiments with 
solated hepatocytes (in a well-mixed suspen- 
;ion) d be compared with the resub of 
~ormal grade and retrograde perfused l ier  
3xperiments to determine if this Is indeed a 
significant factor. 

A second important point is that the indi- 
iidual pieces of research described here, 
aken together with further planned in vitn, 
3xperiments, will allow us to quantify the rela- 
ionship between rates of biotransformation 
jetermined in vitta and benzene metabolite 
josimetry in vivo based on quantitative, 
nechanistic data. Once this has been done 
‘or laboratory animals (mice and rats), we will 
lave a sound basis for predicting metabolism 
and dosimetry in humans. These predictions 
Should then lead to signicantty improved risk 
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 can then be based on target tis- 
sue dosimetry rather than on ambient air con- 
centration. Given the differences among spe- 
cies and among individual humans, such as- 
sessments should provide much better char- 
acterizations of risk. 
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