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Synopsis of  Research Report 113
S T A T E M E N T

This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Drs Kenneth W Tur-
teltaub and Chitra Mani at Lawrence Livermore National Laboratory, Livermore CA, and the University of California, San Francisco CA. The fol-
lowing Research Report contains both the detailed Investigators’ Report and a Commentary on the study prepared by the Institute’s Health
Review Committee.

Benzene Metabolism in Rodents at Doses Relevant to 
Human Exposure

Human exposure to high levels of benzene is associ-
ated with development of leukemia and other blood
disorders, but the effects of exposure to low levels of
benzene are not well understood. In the 1990s, HEI
initiated its Air Toxics Research Program to address
uncertainties about health effects of ambient levels of
benzene and other air toxics derived from mobile and
other sources. One of the program’s goals was to
develop methods sensitive enough to measure ben-
zene metabolism at low exposure levels. Such sensi-
tivity is important because one or more benzene
metabolites are thought to be responsible for benzene’s
toxic effects. In addition, understanding benzene
metabolism at low exposure levels is critical to ben-
zene risk assessment because the shape of the dose-
response curve at low concentrations is not yet
resolved. 

APPROACH

HEI funded Dr Kenneth Turteltaub to investigate
benzene metabolism in rodents over a hundred mil-
lion–fold dose range. This range encompassed concen-
trations close to those of human ambient exposure,
generally 1 to 10 parts per billion. Turteltaub and his
colleague, Chitra Mani, administered radioactive ben-
zene to mice and rats and subsequently analyzed bone
marrow, liver, urine, and plasma from these animals. In
most experiments, the investigators injected animals
intraperitoneally with radioactive benzene, but in
some experiments they exposed animals to 14C-labeled
benzene via inhalation. After exposure, the investiga-
tors coupled high-performance liquid chromatography
(HPLC; to separate benzene metabolites) with the novel
and sensitive technique accelerator mass spectrometry
(to measure 14C) in order to measure low levels of
metabolites. Accelerator mass spectrometry was devel-
oped by nuclear physicists to measure low levels (10−15

to 10−18 molar) of long-lived isotopes such as 14C.

RESULTS AND INTERPRETATION

In this innovative study of benzene metabolism,
Turteltaub and Mani detected dose-dependent forma-
tion of benzene metabolites in plasma, bone marrow,
and liver of mice over a wide range of doses (5 ng/kg
to 500 mg/kg). Benzene metabolites, including DNA
and protein adducts, were detected at levels 100
times lower than had been found in previous studies.

Even at low benzene exposure concentrations, the
investigators detected higher levels of benzene metabo-
lites in mouse and rat bone marrow and liver than in
plasma. This finding indicates that benzene reaches tis-
sues and is metabolized there, even at levels close to
those to which humans are exposed in ambient air. In
addition, Turteltaub and Mani found that the levels of
DNA and protein adducts detected in bone marrow and
liver in different rodents generally correlated well with
the ability of benzene to induce tumors in that species
or strain. This result suggests that the formation of
adducts may be an early marker of benzene carcinoge-
nicity.

All doses of benzene produced a similar pattern of
metabolites in mouse urine, suggesting that the pattern
of benzene metabolism is similar at widely disparate
concentrations. This finding is of interest because
other studies have suggested that the pattern of ben-
zene metabolites differs depending on the benzene
concentration to which animals are exposed. Such dif-
ferences in metabolism of benzene could affect the
shape of the exposure-response curve. However, Tur-
teltaub and Mani’s results are difficult to compare with
previous studies: Although the current study has
greater intrinsic analytic sensitivity than previous
studies, it did not detect a metabolite previously found
in the urine of rodents exposed to benzene. 

Although results of the current study show the
potential of accelerator mass spectrometry coupled
with HPLC, they also illustrate the drawbacks. First,
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in the current study, urine from mice exposed to radio-
active benzene contained a large peak of radioactivity
that could not be identified by HPLC. The investiga-
tors did not look for this material in plasma or bone
marrow; thus, the peak might also have been present
in samples from these tissues, with an uncertain
impact on the results. This unidentified radioactive
material may be a contaminant of the radioactive mate-
rial used in the assays, a previously unidentified
metabolite, or the decomposition product of a known
benzene metabolite. 

Second, the technique requires administering radio-
labeled benzene to the study animals. Although the
method uses extremely low levels of radioactive ben-
zene, such an approach is not broadly applicable for
controlled exposure studies with humans because ben-
zene is classified as a known human carcinogen. Third,
this study indicates the potential influence on results
of varying methods of biomarker collection, storage,
and processing. In the current study, glucuronidase

inhibitors were not added to urine samples, which
possibly resulted in the degradation of a major metab-
olite, hydroquinone glucuronide, that was detected in
other studies of benzene metabolism.

Even given these challenges, Turteltaub and Mani
provided important information about benzene
metabolism at the lowest end (5–500 ng/kg body
weight) of the range of benzene doses tested: the dose-
response curve for metabolite formation was flatter
than that of higher benzene doses but was above zero.
This result indicates that metabolism of benzene to
activated metabolites occurs even at very low doses. It
further suggests, but does not show conclusively, that
the dose-response curve for benzene in mice lacks an
obvious threshold at the lowest exposure levels evalu-
ated. This finding may have important ramifications
for understanding the human response to low-level
benzene exposures. Further studies are required to
resolve the shape of the dose-response curve for
humans at these low benzene levels. 
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INVESTIGATORS’ REPORT

Benzene Metabolism in Rodents at Doses Relevant to Human Exposure 
from Urban Air

Kenneth W Turteltaub and Chitra Mani

ABSTRACT

Benzene is both an environmental pollutant and a com-
ponent of cigarette smoke, gasoline, and automotive emis-
sions. Although occupational exposure to benzene has been
shown to cause blood disorders and cancer in humans, the
potential health effects resulting from exposure to low
levels of benzene are not known. The goals of this project
were to determine how well benzene is metabolized and to
assess its binding to macromolecules in rodents at doses
more closely mimicking human environmental exposure.

To determine whether genotoxic metabolites of benzene
are produced at environmental exposure levels, various
doses of 14C-benzene were given intraperitoneally to male
B6C3F1 mice at doses from 5 ng/kg to 500 mg/kg body
weight. Samples of urine, plasma, liver, and bone marrow
were taken at selected times up to 48 hours after exposure.
Individual benzene metabolites in the samples were mea-
sured by accelerator mass spectrometry (AMS*). Metabo-
lites were quantified by determining the area under the
curve (AUC) for 24 to 48 hours. The major metabolites found
in urine were an unidentified radiolabeled metabolite,
phenyl sulfate, phenyl glucuronide, and muconic acid (an
indicator of muconaldehyde formation). The major metabo-
lites found in plasma, liver, and bone marrow samples were
muconic acid and hydroquinone. Only liver showed a dose
response for hydroquinone and muconic acid. 

The kinetics of both DNA and protein adduct formation
were assessed over 48 hours at a 14C-benzene dose of
5 µg/kg body weight. A dose-response study was then con-
ducted using 14C-benzene doses from 5 ng/kg to 500 mg/kg
body weight in B6C3F1 mice. Adduct levels were deter-
mined by AMS in liver and bone marrow. DNA and pro-
tein adducts in liver reached maximum levels 30 minutes
after benzene administration, whereas those in bone
marrow reached maximum levels after six hours. Both pro-
tein and DNA adduct AUCs were greater in bone marrow
than in liver. Dose-response assessments at both 1 and
12 hours showed that DNA and protein adducts in liver
and bone marrow were dose dependent over doses span-
ning eight orders of magnitude. Consistent with the ben-
zene metabolism data, these data show that reactive forms
of benzene were present in liver and bone marrow after
exposure to human-relevant benzene levels. Thus, at low
doses, benzene was absorbed and metabolized into reac-
tive intermediates capable of binding to DNA and protein. 

The relation between benzene metabolism and macro-
molecular binding was examined by comparing benzene
macromolecular adduct formation among strains of male
mice (B6C3F1, DBA/2, and C57BL/6) and male rats. These
animals have been reported to have different metabolic
capacities for benzene and also different tumorigenic and
cytotoxic responses to benzene exposure. We hypothe-
sized that differences in the capacity to metabolize ben-
zene affect macromolecular adduct formation and that the
amount of macromolecular damage is related to benzene’s
ability to cause cancer and other blood disorders. 14C-ben-
zene was administered intraperitoneally to all rodents
(5 µg/kg body weight) and adduct levels were determined
by AMS at selected time points up to 48 hours after expo-
sure. AUCs for protein and DNA adducts in bone marrow,
the primary target organ for benzene toxicity, decreased in
the following order: B6C3F1, DBA/2, C57BL/6, and rats.
Similarly, adduct AUCs in liver were greater in B6C3F1
mice than in rats although the trend was less clear for the
DBA/2 and C57BL/6 mouse strains. The results of this work
are consistent with previously published work showing

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

This Investigators’ Report is one part of Health Effects Institute Research
Report 113, which also includes a Commentary by the Health Review Com-
mittee and an HEI Statement about the research project. Correspondence con-
cerning the Investigators’ Report may be addressed to Kenneth W Turteltaub,
BBR–Program, 7000 East Avenue, PO Box 808, L-452, Livermore CA 94554.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award
R82811201 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.
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that the ability to metabolize benzene follows a similar pat-
tern with these animals and is consistent with the tumorige-
nicity of benzene in mice and rats. Thus, our data suggest
that benzene toxicity is related to the ability to produce
macromolecular adducts. 

Preliminary studies were conducted to assess adduct
dosimetry after low-dose inhalation of benzene. Inhalation
methods were developed to administer a nominal body
burden of 5 µg benzene/kg body weight. Then, 14C-ben-
zene was administered to B6C3F1 mice and rats by both
intraperitoneal (IP) administration and by inhalation, and
DNA and protein adducts in liver and bone marrow were
analyzed by AMS. AUCs for adduct levels were greater
after IP benzene administration than after inhalation of
benzene. Adduct levels were greater in DNA from B6C3F1
mouse bone marrow than in DNA from liver regardless of
exposure route. Collectively, these data show that the
internally reactive dose was greater when benzene expo-
sure was by IP administration.

In summary, the results suggest that benzene is metabo-
lized to reactive forms capable of binding both protein and
DNA in target and nontarget organs of rats and mice at doses
encountered by humans through environmental exposure.
Macromolecular binding was dose-dependent at low doses
of benzene and reflected benzene toxicity, based on its car-
cinogenicity and ability to cause other blood-related disor-
ders. These data are consistent with macromolecular
adducts being indicative of benzene exposure and benzene
toxicity although much more research is needed to validate
this point. Additionally, benzene metabolism varies among
species and among strains within a species of rodent. Thus
data are needed in humans to understand how to use the
rodent data in risk assessment and ultimately to determine
whether macromolecular adducts are a useful indicator of
exposure and a useful predictor of risk. 

INTRODUCTION

Benzene is a well-known industrial chemical and pol-
lutant that is distributed widely in the environment via
fossil fuel combustion, motor vehicle exhaust, forest fires,
and other combustion processes. Other common sources of
exposure include tobacco smoke and volatilization during
the fueling of automobiles (Wallace et al 1984; Wallace
1989). Benzene is also used industrially as a solvent and as
a raw material for chemical synthesis.

A variety of studies have been conducted to estimate
human exposure to benzene from environmental and
occupational sources (Wallace 1984; Smith 1996; Wallace
1996; Cocheo et al 2000). Major environmental sources of

exposure are active and passive smoking, auto exhaust,
and driving or riding in automobiles. These studies indi-
cate that benzene concentrations in outdoor air range from
less than 5 µg/m3 to 20 µg/m3, depending on location and
time of day. Personal exposures, based on sampling of the
air microenvironments surrounding study participants,
are estimated to range between 6 and 29 µg/m3. Exposure
via indoor air is estimated to be 2 to 8 µg/m3, and exposure
while driving automobiles averages about 10 to 40 µg/m3.
After active smoking, some of the highest exposures occur
while filling automobile gasoline tanks during which inha-
lation doses are estimated at 80 to 100 µg/person per tank-
filled. Body burden estimates from ambient exposures,
based on benzene concentration in blood measured in 900
randomly selected people, are 15 to 1800 ng/L blood, with
a mean of 131 ng/L. Wallace and colleagues (1984) suggest
that the average person living in an urban environment
inhales 0.6 mg benzene a day. 

Filling station attendants reportedly are exposed to
approximately 0.53 mg/m3 benzene per year, with ben-
zene/air concentrations of 0.003 to 0.6 ppm in the imme-
diate microenvironment (Carere et al 1995; Nillson et al
1996). Mean exposures for benzene plant and cokery
workers have been reported to be 0.9 cm3/m3 time-
weighted average (2.9 mg/m3); and the highest individual
value was 15 cm3/m3 time-weighted average (49 mg/m3)
(Kivistö et al 1997). Reported occupational exposures to
benzene in 30 other job categories range between 3 and
68.7 mg/m3 with air concentrations of 0.003 to 8.20 ppm
(Tompa et al 1994).

Thus, ambient human exposure to benzene can range
widely depending on location and activity but is generally
within 2 to 30 µg/m3 with body burdens of a few hundred
nanograms per liter blood per person. People exposed occu-
pationally to benzene may receive exposures 100 to
1000 times greater than ambient exposures. Smoking, which
provides the greatest environmental exposure to benzene,
results in body burdens 5 to 10 times those of nonsmokers. 

Exposure to benzene is a health concern. Benzene is a
multiorgan carcinogen in mice (Snyder and Kocsis 1975;
Maltoni et al 1983; Huff et al 1989; Maltoni et al 1989;
Snyder and Kalf 1994). In humans, exposure to high levels
of benzene, such as those in occupational settings, leads to
blood disorders in humans such as pancytopenia (Gold-
stein 1977) and leukemia (Aksoy and Erdem 1978; Cron-
kite et  al  1984).  Regulations limit  the maximum
permissible occupational benzene exposure to 1 ppm in
air averaged over eight hours of work with a 40-hour work
week (US Occupational Health and Safety Administration
1987; Rinsky et al 1989; American Conference of Govern-
mental Industrial Hygienists 1999). 
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Because benzene exposure is unavoidable and presents
health risks at occupational doses, understanding what
risks benzene may present at the lower doses people receive
in the environment is important. Molecular markers of ben-
zene-induced biological damage would help determine this
risk. Benzene toxicity (indicated by blood disorders and
cancer) is generally believed, although not proven, to result
from metabolism of benzene to reactive intermediates (see
Figure 1 for pathways) that then interact with DNA or pro-
tein. Large differences have been found in benzene toxicity
among various animal models (US Department of Health
and Human Services 1986; Sabourin et al 1988a, 1992), and
these differences may be due to differences in the ability to
metabolize benzene (metabolic capacity). Differences among

humans in benzene metabolism correlate with incidence of
nonlymphocytic leukemia and related myelodysplastic syn-
dromes (Rothman et al 1997). Several studies have sug-
gested that the dihydroxylated metabolites of benzene
(hydroquinone and catechol), as well as muconaldehyde,
are toxic (Snyder and Kalf 1994; Snyder and Hedli 1996).
These metabolites may lead to formation of macromolecular
adducts, which represent the amount of carcinogen that has
become metabolically activated and subsequently has
bound covalently to DNA and protein. Benzene may also
stimulate production of reactive oxygen or nitrogen species
that, both alone and in combination with specific benzene
metabolites, damage DNA and protein (Eastmond et al 1987;
Laskin et al 1987; Kolachana et al 1993; Tuo et al 1999). 

Figure 1. Important pathways of benzene metabolism in rodents. Most benzene is oxidized to phenol and conjugated to glucuronide or sulfates (this
pathway is indicated by bold arrows). Pathways leading to the formation of muconaldehyde and phenylmercapturic acid are also shown.
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Thus, we hypothesize that differences in the metabo-
lism of benzene and in the resulting levels of macromolec-
ular adducts will indicate the potential for overt toxicity
such as development of cancer. Importantly for this
hypothesis, both metabolites and macromolecular adducts
can be quantitatively measured and characterized prior to
development of tumors and thus may be early indicators of
both exposure and risk. Studying these endpoints after low-
dose benzene exposure should help determine whether
benzene can present a health risk at its current environ-
mental exposure levels and whether its metabolites and
adducts can be used to estimate exposure or risk in humans.

At present, very little is known about the health risks
posed by benzene in urban air (Cronkite 1987; Cronkite et
al 1989; Huff et al 1989; Sabourin et al 1989; Snyder et al
1993). DNA adducts have been found in rodents after
administration of benzene (Snyder et al 1978; Arfellini et
al 1985; Bauer et al 1989; Mazzullo et al 1989; Bodell et al
1994; Pathak et al 1995; Levay et al 1996; Creek et al 1997),
and one benzene DNA adduct has been characterized
(Pongracz and Bodell 1996). Benzene has also been shown
to form protein adducts in tissues and adducts with
albumin and hemoglobin in blood (Mazullo et al 1989; Sun
et al 1990; Creek et al 1997; Yeowell-O’Connell et al 1998).
However, the relations among metabolism, adduct forma-
tion, and susceptibility, especially at low doses of benzene,
are currently unknown.

Conducting such low-dose studies has historically
been difficult due to limitations in the available analytic
methods. We believe, however, that such studies are pos-
sible using radioisotope-labeled benzene and the ultra-
sensitive AMS. This method for analysis of isotope ratios
can measure 14C into the low attomole (10�18 mol) range
with precision of greater than 5% (Turteltaub et al 1993;
Turteltaub and Vogel 1995; Vogel et al 1995). 

SPECIFIC AIMS

The purpose of this study was to explore the use of AMS
to assess benzene dosimetry in rodents after doses relevant
to human ambient exposure. We also intended to study
whether metabolite or adduct levels can be used to distin-
guish between exposure groups and animal models with
different biological responses to benzene challenge. This
work assumed that benzene toxicity requires metabolism
to reactive intermediates that bind macromolecules and
that differences in adduct levels represent differences in
the kinetics and metabolism of benzene.

The specific objectives were to:

1. Determine how dose influences benzene metabolism

by measuring metabolite profiles in male B6C3F1
mice after administering IP benzene (5 ng/kg to
500 mg/kg body weight) ,  placing particular
emphasis on the metabolites that may be markers of
benzene bioactivation (hydroquinone, muconic acid,
catechol, and phenol).

2. Investigate how benzene metabolism leads to macro-
molecule damage at doses directly relevant to
humans by comparing metabolite profiles with mac-
romolecular adduct levels in bone marrow of male
B6C3F1 mice.

3. Compare the formation of benzene macromolecular
adducts among different types of rodents (three
mouse strains and rat) after exposure to low doses of
benzene. 

4. Begin developing methods for conducting low-dose
inhalation studies in combination with AMS. 

METHODS AND STUDY DESIGN

CHEMICALS AND METABOLITE STANDARDS

[U-14C]-benzene (58.3 mCi/mmol; 99% radiopure) was
obtained from Sigma Chemical Company (St Louis MO).
Radiopurity was determined by high-performance liquid
chromatography (HPLC; model 1084B, Hewlett-Packard,
Palo Alto CA) equipped with a C-18 column (10 mm
internal diameter × 25 cm; Rainin, Emeryville CA). The
analysis was carried out isocratically (70% [vol/vol] meth-
anol/30% [vol/vol] water) at a flow rate of 1 mL/min.
Metabolites were detected by ultraviolet (UV) absorption
at 254 nm and liquid scintillation counting of fractions
collected at one-minute intervals. Under these conditions,
benzene eluted at approximately seven minutes and no
contaminant peaks were observed. 

Benzene (used to dilute the specific activity of 14C-ben-
zene) was obtained from Aldrich Chemical Company (Mil-
waukee WI). Ribonuclease (RNase) A (enzyme classification
number [EC] 3.1.27.5), RNase T1 (EC 3.1.27.3), proteinase K
(EC 3.4.21.14), 3-(N-morpholino)propanesulfonic acid
(MOPS), urea, and Triton-X 100 were obtained from Sigma.
Tributyrin was obtained from ICN Biochemicals (Cleveland
OH). Protein assay reagent and dithiothreitol (DTT) were
obtained from Pierce (Rockford IL). All other chemicals
were analytic grade.

Catechol, hydroquinone, muconic acid, and phenol, all
greater than 99% pure, were obtained from Sigma. Hydro-
quinone sulfate, phenyl glucuronide, and phenyl sulfate
were obtained from Dr William Bechtold at the Lovelace
Respiratory Research Institute (Albuquerque NM). 



5

KW Turteltaub and C Mani

ANIMALS

Male B6C3F1, DBA/2, and C57BL/6 mice (30 g) and male
Fischer rats (200 g; F344/Sim) were from Simonsen Labora-
tories (Gilroy CA). These animals were selected because of
their previous use in tumor and genotoxicity studies and
because published data suggest that they differ in suscepti-
bility to benzene toxicity. Prior to the study, all protocols
utilizing animals were reviewed and approved by the Insti-
tutional Animal Care and Use Committees at the Lawrence
Livermore National Laboratory and the Lovelace Respira-
tory Research Institute. Before use, animals were acclima-
tized for a minimum of one week in an animal care facility
accredited by the Association for Assessment and Accredi-
tation of Laboratory Animal Care. Animals were housed,
three per cage, in filter-top, polycarbonate cages with hard-
wood-chip bedding. They were given water and food ad
libitum, kept on a 12-hour light/dark cycle, and maintained
at approximately 22°C throughout the study. 

BENZENE ADMINISTRATION

Two different routes of exposure were used in this
project: IP and inhalation. All dose-response studies were
carried out by IP administration. The toxicokinetics studies
were carried out using both the IP and inhalation routes. 

IP Administration

For dose-response studies, appropriate doses (see Fig-
ures 3, 4, and 6) were obtained by diluting the specific
activity of radiolabeled benzene with unlabeled benzene
so that each animal received 0.1 µCi of 14C-benzene in
corn oil (200 µL/animal). Control animals were given corn
oil only. For the toxicokinetic studies using the IP route,
animals were treated with 5 µg 14C-benzene per kg body
weight in corn oil (200 µL/animal) and killed by carbon
dioxide (CO2) asphyxiation at intervals from 0 to 48 hours
afterward (see Tables 5 and 6 for time points). Dosing solu-
tions were used within two weeks of preparation. 

Inhalation Exposure: Rats

Inhalation exposure of rats was carried out at the Love-
lace Respiratory Research Institute using methods
reported by Sabourin and colleagues (1987) under the
supervision of Dr Janet Benson. Briefly, a J-tube vapor gen-
erator was used to produce 14C-benzene vapor. The ben-
zene exposure concentration was continuously monitored
by infrared spectroscopy (Foxboro Miran, Wilkes Scien-
tific, Norwalk CT). 

To determine the toxicokinetics of benzene inhalation
exposure, rats were exposed by nose only to 0.1 ppm 14C-

benzene (0.09 µCi/animal), delivered at a rate of 0.2 L/min
for 20 minutes, which resulted in a nominal delivered
dose of 5 µg/kg body weight (see calculations below). 

The concentration of benzene in air was determined
using the following general formula:

mg/m3 = [ppm] × [Molecular Weight/22.4] (1)
 × [P/P0] × [T0/T](1)

Thus, assuming a barometric pressure (P) of 620 mm Hg
(Albuquerque NM) and an exposure chamber temperature
(T) of 293 kelvin (20°C) while T0 is 273 kelvin (0°C) and P0
is partial pressure of 760 mm Hg, the equation becomes

mg/m3 = µg/L 

= 0.1 × [78/22.4] × [620/760] × [273/293] 

= 0.26 µg/L Benzene in Air.

The delivered benzene dose was then determined using
formula (2):

Body Burden = 0.26 µg/L × 0.2 L/min 

       × 20 min/rat  (2)

= 0.0052 µg/rat 

= 5 µg/kg for a 200g rat.

After exposure, the rats were housed in polycarbonate
chambers in a negative airflow unit. At 0, 0.5, 1, 3, 12 and
24 hours after the end of the exposure, three animals per
time point were killed by CO2 asphyxiation and their tis-
sues collected for analysis by AMS.

Inhalation Exposure: Mice

The inhalation chamber at the Lovelace Respiratory
Research Institute was not equipped to deliver the 5 µg/kg
dose of benzene by nose-only exposure to mice due to the
low body weight. Therefore, an inhalation chamber was
constructed in Livermore, California, for this purpose:
using a 4-L glass jar, 3 holes were made in the lid for
inserting mice. Each hole was fitted with a 50-mL centri-
fuge tube with another hole cut at the bottom large enough
to restrain one mouse for nose-only inhalation. This setup
positioned the nose a few millimeters into the jar. A fourth
hole in the lid housed a small injection port into which a
gas-tight syringe was inserted for delivery of 14C-benzene
and for sampling the benzene concentration in the air. 

To facilitate benzene evaporation, the inhalation
chamber was heated to 50°C from the bottom with an
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infrared lamp. The lamp was turned off just before ben-
zene injection: 40 µL of a 0.07% 14C-benzene solution in
water was injected into the chamber and allowed to equil-
ibrate for two minutes. Preliminary studies showed that an
average of 50% (30% to 70%) of the benzene volatilized,
giving a nominal benzene concentration of 0.1 ppm in the
chamber at standard temperature and pressure (STP) using
this method. The volatilized fraction was constant for up
to six minutes. This was verified by sampling the chamber
air with a gas-tight syringe and analyzing its contents by
liquid scintillation counting after bubbling into ethanol.
The concentration of the benzene placed in the glass jar
was adjusted to correct for the volatilized fraction. Ani-
mals were exposed to 0.1 ppm benzene in air for 2.5 min-
utes, which attained a nominal body burden for benzene
equivalent to 5 µg/kg body weight, assuming a 30 g mouse
and a minute volume of 0.04 L. 

The concentration of benzene in air was determined as
described in equations (1) and (2), assuming a barometric
pressure of 760 mm Hg (Livermore CA) and an exposure
chamber temperature of 293 kelvin (20°C):

From equation (1): 

mg/m3 = µg/L 

= 0.1 ppm × [78/22.4] 

   × [760/760] × [273/293]

= 1.6 µg/L Benzene in Air.

From equation (2): 

Body Burden = 1.6 µg/L × 0.04 L/min × 2.5 min/mouse 

= 0.006 µg/mouse 

= 5 µg/kg for a 30g mouse.

After the inhalation procedure, animals were returned
to their cages and were kept in negative airflow units. At
specific time points after the exposure (see Figures 8 and 9,
Tables 5 and 6), animals were killed by CO2 asphyxiation
and their tissues collected for analysis. 

For these time-course studies, historical data on the 14C
content in unexposed animals was used as background.
The natural amount of radiocarbon in all biological mate-
rial is constant in these animals due to their age and
growth conditions and generally varies by less than 10%. 

SAMPLE COLLECTION AND HPLC ANALYSIS 

Plasma and Tissue Metabolites

Blood was drawn by cardiac puncture and placed into
vials containing 25 units of heparin. Plasma was separated
from whole blood by centrifugation at 3000g for 10 minutes.

The plasma was removed, frozen in liquid nitrogen, and
stored at −35°C until metabolite analysis. Liver was immedi-
ately placed on dry ice and stored at −35°C until use. Bone
marrow was collected by flushing each femur and humerus
with approximately 1 mL of phosphate-buffered saline
(PBS), pH 7.4, as previously reported (Creek et al 1997). Tis-
sues were usually stored for less than two weeks. 

For extraction of metabolites, plasma (100 µL), liver (100
mg) and bone marrow from one femur and one humerus
were homogenized using a handheld, motorized homoge-
nizer in 0.5 mL of buffer (0.1 M sodium ascorbate, 25 mM
sodium phosphate, 30 mM (+)D-saccharic acid-1,4-lactone;
pH 7.0). PNPG (p-nitrophenyl glucuronide) was used as an
internal standard to determine extraction efficiency. Each
homogenate was transferred to disposable glass tubes and
3.5 mL of ethyl acetate containing benzene metabolite stan-
dards was added (Sabourin et al 1988a). The ethyl acetate
standard solution contained 1.3 mL benzene, 85 mg phenol,
63 mg catechol, 630 mg hydroquinone, and an antioxidant
(10 g butylated hydroxytoluene) in 500 mL of ethyl acetate
purged with nitrogen. Each homogenate plus ethyl acetate
was centrifuged for 15 minutes at 3000g to separate the
aqueous and organic phases. 

Each aqueous layer was extracted twice with one
volume of cold ethyl acetate, and the ethyl acetate frac-
tions were pooled. An equal volume of methanol was
added to the aqueous solution and the solution was kept
on ice for 20 minutes to precipitate protein. The precipi-
tate  was pelleted by centri fugation at  3000g  for
15 minutes. To remove methanol, which interferes with
HPLC analysis, each aqueous fraction was then evaporated
under nitrogen to one half its volume. 

Individual metabolites were separated and quantitated
by HPLC (as reported by Sabourin et al 1988a). Data were
normalized to the recoveries of the internal standard and
were expressed as femtomoles of [14C]-labeled metabolite
per milliliter HPLC eluent (Bechtold et al 1988). Ethyl-
acetate tissue extracts were analyzed using a Rainin
HPLC system equipped with a C-18 phenomenex-DB
semipreparatory column (250 × 10 mm, pore size 8 µm).
Mobile phases were acetonitrile (hereafter called solvent
A) and 10 mM KH2PO4 buffer (hereafter called solvent B)
with uncorrected pHs. Samples were injected after the
column was equilibrated at 100% solvent A. The compo-
sition of the solvents was changed using a linear gradient
from 0% to 10% solvent B over 5 minutes. From 5 to
30 minutes, the solvent composition was modified from
10% solvent B to 100% solvent B and then held isocratic
for an additional 10 minutes. Metabolite detection and
quantification was carried out as described for urinary
metabolites below.
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Urinary Metabolites

Urine was collected for 24 hours after exposure into vials
containing 2% ascorbic acid to prevent oxidation of metab-
olites. These samples were stored in the dark at −35°C until
analyzed. Urine samples were each centrifuged at 600g for
15 minutes to remove particulates. Urinary benzene metab-
olites were then analyzed by HPLC as follows: A maximum
of 10 disintegrations per minute of [14C]-containing urine
was injected onto an Econosphere C18 HPLC column (10-
µm particle size, 250 mm length, 4.6 mm internal diameter;
Alltech, Deerfield IL) equipped with a Brownlee C-18 guard
cartridge (10-µm particle size). The metabolites were sepa-
rated using a Rainin binary system with solvents A and B as
described in Sabourin and colleagues (1988b). Two different
concentrations of tetrabutylammonium hydrogen sulfate
(TBAHS) solution, 50 mM TBAHS in deionized water and
35 mM TBAHS in methanol, were prepared. Solvent A con-
tained 90% aqueous TBAHS and 10% methanolic TBAHS;
solvent B contained 20% aqueous TBAHS and 80% metha-
nolic TBAHS. Separation was carried out with a linear gra-
dient starting at 0% solvent B for five minutes to 50%
solvent B over 30 minutes, with a flow rate of 1 mL/minute.
Metabolites were detected by UV absorption at 265 nm
using a 1050 diode array detector (Hewlett-Packard). HPLC
fractions were collected at one-minute intervals and 300-µL
aliquots of each fraction were dried in a vacuum centrifuge
and prepared for AMS analysis using previously published
methods (Turteltaub et al 1993).

ISOLATION OF DNA FROM TISSUE SAMPLES

DNA was isolated as previously reported (Creek et al
1997). Briefly, approximately 100 mg of pulverized liver or
bone marrow from one femur and one humerus were solu-
bilized overnight in 4 to 5 mL freshly made lysis buffer
containing 4 M urea, 10 mM Tris-HCl (pH 8.0), 1% Triton-
X100, 10 mM DTT, 100 mM NaCl, and 800 µg/mL pro-
teinase K at 37°C in a shaking water bath. Samples were
then centrifuged to remove undigested tissue. RNase A
(0.5 mg/mL final concentration) and RNase T1 (2500 units
final concentration) were added to the supernatant and
incubated for 30 to 60 minutes at 37°C to digest RNA. The
samples were then loaded onto anion exchange columns
(QIAGEN 500, QIAGEN, Chattsworth CA).The columns
had been preequilibrated with loading buffer (750 mM
NaCl, 50 mM MOPS, 15% ethyl alcohol [EtOH],and 0.15%
Triton X100; pH 7.0), washed three times with washing
buffer (1 M NaCl, 50 mM MOPS, and 15% EtOH; pH 7.0),
and eluted in elution buffer (125 mM NaCl, 50 mM MOPS,
and 15% EtOH; pH 8.0). To precipitate DNA, samples were
mixed with one volume ice-cold isopropyl alcohol, were

stored for at least 12 hours at −20°C, and were centrifuged
at 3000 rpm for 3 to 4 hours at 4°C. This procedure yielded
about 100 µg of DNA with an A260/A280 ratio of 1.7 to 1.9
per 100 mg tissue. DNA concentrations were determined
by UV absorption at 260 nm, assuming that an A260 of 1.0
represents 50 µg/mL DNA.

ISOLATION OF PROTEIN FROM TISSUE SAMPLES

Approximately 100 mg liver or bone marrow from one
femur and one humerus was pulverized and lysed with the
procedure used for DNA isolation without the added pro-
teinase K. After centrifugation, all unsolubilized tissue
was removed by decanting the supernatant. Perchloric
acid (PCA; 70% vol/vol) was added to the supernatant to
give a final concentration of 5% PCA. The samples were
centrifuged at 1800g for 15 minutes at room temperature,
and the pellet was resuspended in 1 to 2 mL of ice-cold 5%
PCA. The precipitate was then pelleted by centrifugation at
1800g and washed twice with 50% (vol/vol) methanol and
once with 50% (vol/vol) ethanol/ether. The resulting pellet
was allowed to air dry and was resuspended in 0.1 M potas-
sium hydroxide (KOH). The protein content of the extract
was determined using the Bradford microassay (Pierce Co,
Rockford IL) according to the manufacturer’s instructions
and with bovine serum albumin as the standard.

AMS ANALYSIS

AMS was used to determine the radiocarbon content of
samples, DNA extracts, protein extracts, and metabolite
fractions. Protein isolates and HPLC fractions from the
urine metabolite analysis were prepared. Two milligrams
of a carbon carrier, tributyrin, was added to each DNA
extract and HPLC fraction from liver, plasma and bone
marrow in order to provide the necessary carbon content
for efficient sample handling. Each sample was placed in a
clean quartz tube (6 mm × 30 mm, 4 mm internal diameter)
that had been previously baked at 600°C. To avoid contam-
ination through handling, exchange of volatiles, and aero-
sols, each quartz tube was placed inside the inner of two
nested borosilicate glass culture tubes (10 mm × 75 mm
and 12 mm × 100 mm) and covered with glass fiber filter
paper (GF/A, 21 mm, Whatman, Springfield Mill, Kent,
UK). Samples in the tubes were then dried in a vacuum
centrifuge. The borosilicate tubes containing samples were
handled only with gloves. 

The dried samples were then converted to graphite
using a two-step process (Vogel 1992). Briefly, the samples
in the quartz tubes were removed from the borosilicate
tubes with clean forceps and placed into new quartz tubes
(6 mm × 50 mm), evacuated, and oxidized to CO2 by
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heating at 900°C for four hours in the presence of copper
oxide. The CO2 was then cryogenically transferred to a
second 6 × 50 mm quartz tube under vacuum, using a Nal-
gene “Y” connector, and was reduced to filamentous
graphite in the presence of cobalt at 900°C. The resulting
graphite on cobalt was placed in the ion source of the spec-
trometer and analyzed using previously published proto-
cols (Turteltaub et al 1993). 

AMS measures the ratio of a rare isotope relative to a
stable isotope. For 14C-benzene analysis, we measured the
concentrations of 14C relative to 13C and normalized to the
14C/12C ratio of 1950 carbon using the Australian National
University sugar reference standard (Vogel et al 1995). The
ratios are converted to mass of 14C-benzene based on the
specific activity of the benzene after subtracting the nat-
ural radiocarbon contributed from the sample and tribu-
tyrin carrier (when added). Carbon content of the samples
was determined using a C/N/S analyzer (Carlo-Erba
NA1500, series 2, CE Elantech, Lakewood NJ). According
to this analysis, tributyrin, DNA, and protein contained
59.6%, 29%, and 31% carbon, respectively. Radiocarbon
is a cosmogenic isotope that is present in all biological
material. Present-day natural levels (background) of 14C in
living biological materials is 112 ± 5 amol/g carbon. Tribu-
tyrin, based on analysis of over 500 samples, contains 15 ±
2 amol 14C/mg tributryin. AMS measures radiocarbon con-
tent only and gives no information on the origin or source
of the radiocarbon. All radiocarbon data are therefore col-
lectively termed benzene equivalents.

All samples were counted to 10,000 total counts (1%
counting error). Each sample was also analyzed up to
seven times or until the measurement coefficient of varia-
tion of the intrasample measurement was within 5%,
whichever came first. In no case did the intrasample mea-
surement variability exceed 5%. Up to three replicate ani-
mals were used at each time point. The mean radiocarbon
content of tributyrin, which was used to increase the
carbon content of some samples, was determined by pre-
paring and analyzing at least three independent samples
per set of experimental samples. 

STATISTICAL METHODS AND DATA ANALYSIS

All analyses were performed using S-PLUS 2000 (Data
Analysis Products Division, Mathsoft, Seattle WA).

Dose-Response Analyses

The logarithm of the response was used as the depen-
dent variable. Taking logarithms stabilized the variance
across the several orders of magnitude in response from
low to high doses. Also, due to the large range of doses
considered, the logarithm of dose was used as the indepen-
dent variable, rather than the dose itself. 

For dose response curves for plasma, liver, and marrow
and four metabolites (catechol, hydroquinone, muconic
acid, and phenol), only three distinct doses were available.
Consequently, we ran simple linear regressions of the log-
arithm of response on the logarithm of dose. Confidence
intervals for parameters were simple point-wise confi-
dence intervals. That is, we did not adjust for multiple
testing in this case because a prescribed set of tests was not
specified in advance.

AUC Calculations

In all cases, integrals of estimated functions of response
versus hours after exposure were themselves estimated by:

1. using generalized least squares (GLS) to estimate the
average response at each time point where there
were data, 

2. using error estimates per time point from the GLS fit
to estimate the precision of each estimated response, 

3. using the trapezoidal rule to estimate the integral,
and 

4. combining the error estimates per time point to esti-
mate the standard error in the trapezoidal rule esti-
mate. 

GLS (rather than ordinary least squares) was used
because the observed variation in error at each time point
was great. GLS procedures permit more precise fits in situ-
ations like these, as long as a parametric relation between
the mean and variance can be assumed. Because the log-
transformed data showed approximately constant variance
within each set of time-course data, the nontransformed
data should have a variance that, to first order, would be
proportional to the mean. In addition, for these experi-
ments, only a small number of animals (two or three) were
used at each time point. Hence, standard error estimates
for the mean value per time point based on the empirical
standard deviation of the two or three data points would
be extremely unreliable. The only way to obtain reliable
estimates of standard errors for average concentrations at
each time point, which are needed to obtain standard
errors for the AUCs, was to make reasonable assumptions
about the relation between mean and variance and to use
GLS to estimate parameters of the mean-variance relation.
For these data, the variance was assumed to be propor-
tional to a power of the mean, and the exponent and con-
stant of proportionality were estimated along with the
means. We used the S-PLUS GLS program for estimation
(Pinheiro and Bates 2000).

The trapezoidal rule for estimating an AUC, along with
procedures for estimating its standard error, are fully
described in reports by Bailer (1988) and Bailer and Piegorsch
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(1990). Generally, suppose we want to estimate the area
under an unknown concentration function f(t) constrained
such that f(0) = 0. We have a set of n time (t)-concentration
(c) pairs (t1, c1), (t2, c2), …, (tn, cn), where 0 < t1 < t2 < … < tn,
and ci is measured with variance (v) vi. The trapezoidal rule
defines a simple set of weights (w) w1, w2, …, wn; the area
under f from 0 to tn can be estimated as w1c1 + … + wncn.
The variance of that estimate is given by w1

2v1 + … + wn
2vn. 

For the species comparison only, data were available
that allowed calculation of a possible background effect or
bias due to 14C from sources other than the labeled ben-
zene. These AUC estimates were corrected for background
effect by subtracting the minimum observed value in a
data series from each point in the series and then applying
the algorithm to these adjusted data. (Whenever the min-
imum observed value in a series was less than zero, no
adjustment was performed.) The adjustment was carried
out to evaluate the effects of possible biases introduced by
sample preparation or AMS measurement. For these
experiments, sample preparation and measurement were
not randomized. Rather, samples for the rat or each strain
of mouse were prepared at the same time and measured
consecutively. Hence, systematic differences between data
series could be due in part to biases introduced during
these processes. Estimating the AUC that is above a max-
imal positive baseline provides a simple alternate statistic
that can be used in comparisons. Both the unadjusted and
adjusted AUCs are presented in the tables. 

Multicomparison Analyses

The AUCs for the IP experiments were calculated out to
48 hours. Inhalation data, however, were available only
out to 24 hours. Consequently, the IP AUCs were also cal-
culated only out to 24 hours before comparison to inhala-
tion AUCs. The asymptotic confidence intervals for the
difference between inhalation and IP AUCs were adjusted
to account for the eight comparisons (two tissues × two
adducts × two species) in the inhalation versus IP anal-
yses. The adjustment method used was Sidak’s method, as
described in the S-PLUS User’s Guide (Mathsoft 1999).

Z tests were used to test for differences among estimated
AUCs for bone marrow DNA adducts, as well as for differ-
ences among estimated AUCs for liver macromolecular
adducts. The standard error of the difference between two
means was estimated as the square root of the sum of the
squared standard errors for the two means being com-
pared. Test significance thresholds were also adjusted for
multiple comparisons using the Sidak method.

RESULTS

BENZENE METABOLISM AT LOW DOSES IN B6C3F1 
MICE

Metabolite Analysis by HPLC

An example of the distribution of radiocarbon across an
HPLC separation of urine from a B6C3F1 mouse is shown
in Figure 2. The radiocarbon levels in the HPLC fractions
collected at one-minute intervals are shown as a histogram,
and the UV absorption of the fractions at 265 nm is shown
as a continuous trace (gray). The UV trace indicates the
retention time for the authentic metabolite internal stan-
dards, which were added into the urine samples before
HPLC separation. The radiocarbon profile corresponded
well with retention of the authentic standards although one
major radiolabeled peak eluting at eight minutes did not
correspond to any standards and its identity is presently
unknown. All the major metabolites of benzene are well
resolved and detectable to levels as low as a few attograms
benzene equivalents per milliliter urine, assuming the limit
of detection was a signal-to-noise ratio of three. 

Dose-Dependence of IP Benzene Metabolism 

Benzene metabolites in urine of B6C3F1 mice were
quantified by HPLC-AMS after administering doses of
50 ng/kg to 500 mg/kg body weight. Because metabolites
were difficult to identify and quantify below a dose of

Figure 2. HPLC-AMS chromatogram of urine collected over 24 hours from
a B6C3F1 mouse administered 5 µg 14C-benzene per kg body weight.
Phenol (not shown) eluted in fraction 33 (at 33.3 minutes) using this HPLC
system. The solid line represents the UV trace of standards (labeled by
name). Bars represent the radiocarbon content of each HPLC fraction.
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5 ng/kg body weight, all dose-response studies using
urine were conducted using doses above 5 ng/kg body
weight. Three major radiocarbon peaks were detected at
all doses analyzed: phenyl sulfate, muconic acid, and the
uncharacterized peak described earlier. In addition, two
minor metabolites corresponding to phenyl glucuronide
and hydroquinone sulfate were observed at all doses
(Figure 3). Free catechol and free hydroquinone were also
detected at low levels but were not dose dependent
(shown in Appendix A). Radioisotope levels in urine cor-
responding to the elution of phenol were very low and
were detected above background only at the highest doses. 

Although the amounts of the three major metabolites
detected (phenyl sulfate, muconic acid, and the uncharac-
terized peak) were dose dependent, their responses tended
to follow an S-shape with the curves flattening at higher
doses. The detected amount of each metabolite relative to
one another remained in the same order over the entire
dose range with the unidentified metabolite ≥ phenyl sul-
fate > muconic acid ≥ phenyl glucuronide > hydroquinone
sulfate. These relations are based on the average value of
each data point at the lower asymptote. 

Figure 4 illustrates the dose response for benzene metab-
olites in liver, bone marrow, and plasma one hour after

exposure to doses of 5 ng, 50 ng, and 5 µg benzene per kg
body weight. Because of their postulated role in benzene
toxicity, only muconic acid, hydroquinone, catechol, and
phenol were analyzed in these samples. The best linear fits
for the log-transformed dose-response data are shown. In

Figure 3. Dose response for five metabolites in urine from B6C3F1 mice.
Geometric means of 14C in HPLC fractions are plotted against adminis-
tered dose. Curves were generated by interpolating between the means.

Figure 4. Dose response for four metabolites (catechol, hydroquinone, muconic acid, and phenol) in plasma, liver and bone
marrow from B6C3F1 mice. Each metabolite was quantitated by analyzing the radiocarbon content in HPLC fractions corre-
sponding to elution time for well-characterized standards. Separate linear fits of log response on log dose were performed for each
combination of tissue and metabolite. Lines show the estimated mean metabolite at each log dose.
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the liver, muconic acid, catechol, and hydroquinone for-
mation were dose dependent, but phenol formation was
not. Estimates of the linear regression slopes and their
95% confidence intervals are given in Table 1. In plasma
and bone marrow, none of the metabolites were found to
be dose dependent. This finding may have been due in
part to the low levels of metabolite found and the difficulty
in distinguishing between doses.

Toxicokinetics of Low-Dose Benzene Metabolism

The kinetics of metabolite formation and clearance in
plasma, liver, and bone marrow at 0 to 48 hours after IP
administration of 14C-benzene at a dose of 5 µg/kg body
weight to B6C3F1 mice are shown in Figure 5. The data are
geometric means over time for four different metabolites
(hydroquinone, catechol, phenol, and muconic acid); the
AUC values for each plot are given in Table 2. 

The AUCs demonstrate that of those tested hydroquinone
and muconic acid are the major metabolites found in liver
and bone marrow. Hydroquinone was the primary metabo-
lite found in liver and plasma; muconic acid was the most
prevalent metabolite in bone marrow. Phenol and catechol

were present in lower amounts in all tissues. As evidenced
by the low R2 values and large confidence intervals for the
metabolite levels, the AUC data varied considerably. This
variation was consistently found for all metabolite analyses
carried out in this study. The reasons are unknown but
likely due to animal to animal variation and artifacts related
to collection of HPLC peaks, (such as variation in isotope
levels eluting with time, isotope memory in the hardware,
and methods used to identify and collect peaks). Other fac-
tors include error in pipetting, weighing tissues, dosing ani-
mals, and extracting samples. Further work is necessary to
understand the sources of this variation. Because each
sample was measured repeatedly and intrasample variation
never exceeded 5%, the cause is probably not variation in
measurement of isotope levels by AMS.

RELATION BETWEEN DOSE AND MACROMOLECULAR 
ADDUCT FORMATION IN B6C3F1 MICE

Both DNA and protein adducts from B6C3F1 mice were
quantitated over a dose range of 5 ng/kg to 500 mg/kg body
weight. Samples were collected both 1 and 12 hours after
dose administration. Two time points were used because a

Table 1. Estimates of Linear Regression of Log Metabolite 
Responsea on Log Benzene Doseb for Plasma, Bone 
Marrow, and Liver 1 Hour After Exposure of 
B6C3F1 Mice

Slope 
Estimates 

� SE

95% 
Confidence 

Interval
P

Value R2

Plasma
Muconic acid 1.08 � 0.11 �0.13, 0.37 0.30 0.15
Hydroquinone 0.71 � 0.11 �0.36, 0.16 0.39 0.13
Catechol �0.04 � 0.11 �0.31, 0.23 0.72 0.02
Phenol �0.05 � 0.10 �0.28, 0.18 0.64 0.03

Bone Marrow
Muconic acid 0.07 � 0.12 �0.22, 0.35 0.60 0.04
Hydroquinone 0.07 � 0.10 �0.16, 0.31 0.48 0.09
Catechol 0.03 � 0.11 �0.24, 0.30 0.80 0.01
Phenol �0.09 � 0.09 �0.33, 0.14 0.36 0.17

Liver
Muconic acid 1.08 � 0.08 0.88, 1.28 0.00 0.96
Hydroquinone 0.71 � 0.07 0.54, 0.87 0.00 0.94
Catechol 0.35 � 0.09 0.14, 0.57 0.01 0.68
Phenol 0.11 � 0.06 �0.04, 0.26 0.12 0.31

a Metabolite data are femtomoles 14C per milliliter HPLC fraction; see 
Figure 4.

b Mice were administered IP doses between 5, 50, and 5000 ng benzene/kg 
body weight.

Table 2. AUC Valuesa for Kinetics of Metabolitesb in 
Plasma, Liver, and Bone Marrow After IP Exposure to 
Benzenec of B6C3F1 Mice

AUC Estimate
 � SE

95% Confidence 
Interval R2

Plasma
Muconic Acid 0.56 � 0.13 0.18, 0.93 0.40
Hydroquinone 1.82 � 0.49 0.42, 3.23 0.30
Catechol 0.27 � 0.12 �0.08, 0.62 0.28
Phenol 0.26 � 0.08 0.02, 0.50 0.38

Liver
Muconic acid 55.90 � 15.18 12.44, 99.36 0.59
Hydroquinone 148.97 � 22.98 83.16, 214.79 0.81
Catechol 2.14 � 0.65 0.29, 4.00 0.31
Phenol 3.01 � 0.58 1.34, 4.68 0.73

Bone Marrow
Muconic acid 15.69 � 2.17 9.47, 21.90 0.46
Hydroquinone 6.08 � 1.08 2.99, 9.17 0.51
Catechol 1.16 � 0.32 0.26, 2.06 0.28
Phenol 2.82 � 0.39 1.71, 3.93 0.24

a AUC values are the trapezoidal rule approximation to the AUC.
b Metabolite data are femtomoles 14C per milliliter HPLC fraction; see 

Figure 5.
c Administered dose was 5 µg benzene/kg body weight.
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Figure 5. Kinetics of benzene metabolites in plasma, liver and bone marrow of B6C3F1 mice. Log-transformed geometric means of metabolite concentra-
tions are shown relative to log hours (0 to 48) after exposure to 5 µg benzene/kg body weight. Individual data points are also shown. Metabolites were
quantified by measuring the amount of radiocarbon in HPLC fractions corresponding to the elution of well-characterized standards. Curves were gener-
ated by interpolating between the means. (+ Data Point, � Geometric Mean)

Figure 6. Benzene macromolecular adducts in liver and bone marrow of B6C3F1 mice at 1 hour (�) and 12 hours (�) after exposure. Curves were generated
by interpolating between the geometric means.
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preliminary study by Creek and colleagues (1997) sug-
gested that the kinetics of adduct formation between liver
and bone marrow. In that study, adduct levels in liver
reached maximal concentrations within a few hours of
exposure while bone marrow adducts did not reach max-
imal concentrations until 6 to 12 hours after exposure.

Figure 6 shows the dose response of both DNA and pro-
tein adduct formation in liver and bone marrow over a dose
range of 8 orders of magnitude, including doses relevant for
human nonoccupational exposure to benzene. The data are
log transformations of the adduct levels (picogram benzene
equivalents per gram macromolecule) and doses (nano-
grams benzene per kilogram body weight) at 1 and 12 hours
after exposure. Similar to the metabolite levels in urine,
plasma, and tissues, protein and DNA adduct levels at both
time points depended on dose level. Adduct levels for both
protein and DNA in liver appeared to plateau at doses
higher than 50 mg/kg body weight and tended to be higher
1 hour after exposure. In bone marrow, adduct levels were
equivalent at both time points for protein and higher at
12 hours after exposure for DNA. This trend is clearly shown

by comparing the confidence intervals for the difference
between 1 hour and 12 hours after exposure (Figure 7). 

MACROMOLECULAR ADDUCT LEVELS AMONG RATS 
AND MICE BY AUC

B6C3F1 mice, DBA/2 mice, C57BL/6 mice, and rats were
administered 5 µg benzene/kg body weight intraperito-
neally, and adduct levels were determined at various times
afterward. Mean DNA and protein adduct data for bone
marrow and liver are shown in Tables 3 and 4. Figure 8
shows the kinetics of DNA adducts in B6C3F1 mice and
rats. Consistent with previous work (Creek et al 1997),
DNA and protein adducts in liver from all the mouse
strains were detectable immediately after benzene admin-
istration and reached peak levels within 0.5 to 1 hour. In
contrast, liver DNA and protein adduct levels in the rat
continued to increase until 6 to 12 hours after exposure
while bone marrow adduct kinetics were similar for the

Figure 7. Differences between log 14C-benzene equivalents bound at
1 hour and 12 hours as a function of dose in liver and bone marrow.
Means are for DNA and protein adducts in liver and bone marrow. Circles
represent the mean response at 1 hour minus the mean response at
12 hours for a given dose (milligrams benzene per kilogram body weight),
tissue, and adduct. Lines represent individual 95% confidence intervals
for the differences in means.

Figure 8. DNA adduct kinetics in B6C3F1 mice and rats after IP expo-
sure to benzene (5 µg/kg body weight). Geometric means of 14C-benzene
equivalents bound to liver and bone marrow DNA (picograms benzene
per gram DNA) are shown over time in B6C3F1 mice and rats are shown.
Curves were generated by interpolating between the geometric means.
Weighted averages for each time point were used to calculate the AUCs.
(The curves are different from the curves used in the paper by Mani and
colleagues [1998].)
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rats and mice. In all cases, levels of protein adducts in both
liver and bone marrow were 10-fold to 20-fold higher than
levels of DNA adducts.

Adduct levels measured at 0 to 48 hours after dosing
were used to calculate AUCs. These DNA and protein
adduct AUCs are estimates of the total reactive dose to
each tissue and were used to compare the adduct levels
between strains of mice and between mice and rats. The
model used had an R2 between 0.3 and 0.9, depending on
the sample group. The data for 0.08 hours actually repre-
sents samplings immediately after dose administration
and are thus an estimate of the lag time between dose
administration and death. Although the lag varied among
animals, it never exceeded five minutes.

Significant differences (P < 0.05) in estimated AUCs for
bone marrow DNA adducts were detected among the animal
species and strains sampled (Table 3). Without background
subtraction, time-integrated DNA adduct levels in bone

marrow were greatest in the B6C3F1 mouse, followed by the
DBA/2 mouse, C57BL/6 mouse, and rat (Table 3). With
background subtraction, the AUC values for B6C3F1 and
DBA/2 mice were indistinguishable. Adjusted and nonad-
justed AUCs for bone marrow DNA and protein adducts
were on average seven and four times greater, respectively,
in the B6C3F1 mouse than in the rat. In general, mean AUCs
of bone marrow protein adducts were approximately 3 to 10
times greater than mean DNA adduct AUCs, depending on
the strain and species analyzed. 

Liver macromolecular adducts presented a less clear pic-
ture than the bone marrow adducts (Table 4). Again, esti-
mated AUCs for both protein and DNA adducts showed
significant differences (P < 0.05) among the animal spe-
cies and strains sampled, but the ordering differed
depending on macromolecule assessed and whether an
adjustment is made for the overall background observed in
the experimental series. Mean AUCs of liver protein

Table 3. Meansa and Estimated AUCs for Adductsb in Bone Marrow After IP Administration of Benzenec

Protein DNA

B6C3F1 DBA/2 C57BL/6 Rat B6C3F1 DBA/2 C57BL/6 Rat

Time (hours)d

< 0.08 422 54 16 17 53 19 30 1
0.5 923 348 282 10 46 �11 76 1
1 829 374 268 34 68 34 22 15
3 822 375 298 221 109 125 109 16

6 834 499 333 242 137 43 74 28
12 1,122 644 338 291 233 150 76 34
18 129

24 824 342 279 166 111 124 108 17
36 108
48 688 293 157 159 88 56 68 9

AUC Data

AUCe 40,560 19,291 12,659 9,217 6,008 4,793 4,122 891
AUC �backgroundf 21,910 17,783 12,170 9,121 4,655 4,793 4,122 891
SEg 1,656 1,985 617 981 427 1,050 1,005 86
R2 h 0.91 0.64 0.89 0.82 0.75 0.52 0.29 0.82

a Most means are of three samples, some are of two samples. B6C3F1 at 24 hours is represented by a single sample.
b Picograms 14C-benzene adduct per gram DNA or protein.
c 5 µg benzene/kg body weight.
d Data for <0.08 hours represent a sample taken within five minutes after IP administration of benzene. The other sampling times represent nominal 

sampling times. Actual sampling times varied up to five minutes.
e AUC values are the trapezoidal rule approximation to the AUC. 
f Values are the trapezoidal rule approximation to the AUC above the minimum value observed for that curve. Data <0 were replaced by 0.
g SE represents the standard error in estimating the trapezoidal rule approximation to the AUC. 
h R2 represents the proportion of the variance among rodents eliminated by fitting the AUC data to the model. 
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adducts, with and without background subtraction, were
greatest for the B6C3F1 mouse, followed by the DBA/2
mouse, rat, and C57BL/6 mouse (Table 4). This trend was
nearly identical for bone marrow adduct AUCs (Table 3),
except that the rat AUC was higher than the C57BL/6 mouse
AUC. Without the background subtraction, AUCs of liver
DNA adduct were greatest in the DBA/2 mouse followed by
B6C3F1 mouse, rat, and C57BL/6 mouse. AUCs of the
B6C3F1 mouse liver DNA adducts were approximately two-
fold greater on average than that of the rat, whereas AUCs for
the rat and C57BL/6 mouse were similar. With background
subtracted, however, AUCs of liver DNA adducts were
ordered identically among the mouse strains as for liver pro-
tein adducts and bone marrow protein and DNA adducts (ie,
B6C3F1 > DBA/2 > C57BL/6). In this case, however, the rat
AUC was between B6C3F1 and DBA/2, rather than between
DBA/2 and C57BL/6. The difference in ordering may have
been due to scatter among individual data points given the

dose used (5 µg benzene/kg body weight). 

MACROMOLECULAR ADDUCTS IN RATS AND B6C3F1 
MICE AFTER LOW-DOSE BENZENE INHALATION

Administration of benzene has been carried out using a
variety of exposure routes, principally IP and oral. In con-
trast, environmental exposure can occur not only orally, but
also via inhalation. Thus, a preliminary study was designed
to compare the kinetics of adduct formation and clearance
in rodents using an IP and inhalation body burden. Addi-
tionally, this work initiated the development of methods of
utilizing AMS to conduct low-dose inhalation studies. 

In this study, we delivered radiolabeled benzene at an
airborne concentration calculated to give a nominal
internal dose equivalent to a single dose of 5 µg benzene
per kg body weight. Rats were exposed nose-only to
0.1 ppm benzene for 20 minutes and B6C3F1 mice to

Table 4. Meansa and Estimated AUCs for Adductsb in Liver After IP Administration of Benzenec

Protein DNA

B6C3F1 DBA/2 C57BL/6 Rat B6C3F1 DBA/2 C57BL/6 Rat

Time (Hours)d

< 0.08 2 8 0 2 3 110 3 1
0.5 2,442 2,004 1,662 148 166 258 41 9
1 1,639 1,647 668 323 98 204 34 23

3 1,025 1,238 251 450 106 153 27 37
6 1,005 1,205 189 592 63 153 27 42

12 1,048 429 203 609 68 138 33 54

18 715 57
24 1,043 410 202 479 59 128 28 39
36 396 43
48 293 320 174 279 58 136 30 25

AUC Data

AUCe 36,730 26,580 10,622 21,707 2,887 6,663 1,419 1,800
AUC�backgroundf 36,669 26,289 10,622 21,689 2,772 1,514 1,419 1,799
SEg 5,372 3,018 854 2,383 265 138 106 140
R2h 0.75 0.84 0.93 0.67 0.56 0.74 0.75 0.82

a Most means are of three samples, some are of two samples.
b Picograms 14C-benzene adduct per gram DNA or protein.
c 5 µg benzene/kg body weight.
d Data for <0.08 hours represent a sample taken within five minutes after IP administration of benzene. The other sampling times represent nominal 

sampling times. Actual sampling times varied up to five minutes.
e AUC values are the trapezoidal rule approximation to the AUC. 
f Values are the trapezoidal rule approximation to the AUC above the minimum value observed for that curve. Data <0 were replaced by 0.
g SE represents the standard error in estimating the trapezoidal rule approximation to the AUC. 
h R2 represents the proportion of the variance among rodents eliminated by fitting the AUC data to the model. 
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0.1 ppm for 2.5 minutes using the chamber described in the
Materials and Methods. Tables 5 and 6 show adduct levels
measured at various times out to 24 hours for animals
exposed to benzene by inhalation. For comparison, adduct
levels after IP administration of benzene are given in
Tables 3 and 4. After inhalation exposure, benzene formed
both DNA and protein adducts in liver and bone marrow of
both rodent species, which indicated that benzene was
absorbed and metabolized. Levels of protein adducts were
greater than levels of DNA adducts in both species, regard-
less of the tissue examined or the route of exposure (see

Tables 3 through 6). Figures 9 and 10 show the data used to
calculate the 24-hour AUC values for IP and inhalation
exposures for both species. Adduct kinetics in B6C3F1 mice
were similar for both routes of exposure; generally, adduct
levels peaked in liver at 1 hour after exposure and in bone
marrow at 12 hours after exposure. In contrast, adduct
kinetics in rats differed for the IP and inhalation exposures:
in bone marrow, levels of both protein and DNA adducts
increased until 6 to 12 hours after IP exposure, whereas
adduct formation peaked within an hour of inhalation
exposure or showed no clear peak at all. 

Table 5. Meansa and Estimated AUCs for Adductsb in 
Liver After Inhalation of Benzenec

B6C3F1 Mice Rats

Protein DNA Protein DNA

Time (hours)d

0.08 375 8 68 66
0.16 305 31

0.5 1,988 90 123 57
1 1,647 77 35 17

3 1,344 69 51 17
6 1,455 65 22

12 803 30 40 19
24 863 21 35 13

AUC Data

AUCe 25,349 1,002 1,081 481
SEf 2,466 148 142 173
R2 0.75 0.60 0.79 0.21

a Means are of three samples.
b Picograms 14C-benzene adduct per gram DNA or protein.
c 5 µg benzene/kg body weight. 
d Data for 0.08 hours represent a sample taken within five minutes after 

benzene inhalation. The other sampling times represent nominal 
sampling times. Actual sampling times varied up to five minutes.

e AUC values are the trapezoidal rule approximation to the AUC. 
f SE represents the standard error in estimating the trapezoidal rule 

approximation to the AUC.

Table 6. Meansa and Estimated AUCs for Adductsb in 
Bone Marrow After Inhalation of Benzenec

B6C3F1 Mice Rats

Protein DNA Protein DNA

Time (hours)d

0.08 5 6 55 �9
0.16 21 2
0.5 434 37 4

1 50 5

3 402 63 50 12
6 396 48

12 669 200 37 �8
24 476 438 31 10

AUC Data

AUCe 10,288 6,287 930 268
SEf 1,100 614 124 83
R2 0.74 0.96 0.40 0.26

a Means are of three samples.
b Picograms 14C-benzene adduct per gram DNA or protein.
c 5 µg benzene/kg body weight. 
d Data for 0.08 hours represent a sample taken within five minutes after 

benzene inhalation. The other sampling times represent nominal 
sampling times. Actual sampling times varied up to five minutes.

e AUC values are the trapezoidal rule approximation to the AUC. 
f SE represents the standard error in estimating the trapezoidal rule 

approximation to the AUC.
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Figure 10. Change in benzene equivalents bound over time in the rat after IP and inhalation exposures to
benzene (at doses of 5 µg/kg body weight). Curves were generated by interpolating between the geometric
means (GMs). Weighted averages for each time point were used to calculate the AUCs. 

Figure 9. Change in benzene equivalents bound over time in B6C3F1 mice after IP and inhalation expo-
sures to benzene (at doses of 5 µg/kg body weight). Curves were generated by interpolating between the
geometric means (GMs). Weighted averages for each time point were used to calculate the AUCs.
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Figure 11 shows the estimated differences between
inhalation AUCs and IP AUCs and the 95% confidence
intervals for those differences. Quantitatively, adduct
levels were generally lower after inhalation than after IP
administration in the rat and mouse. The B6C3F1 mice
yielded consistently greater adduct levels in both liver and
bone marrow than the rat after inhalation of benzene (see
Tables 5 and 6).

DISCUSSION

The goal of this work was to investigate how benzene
metabolism and macromolecular adduction relate to ben-
zene dose. The dose range of interest varied from high
doses used in traditional bioassays to low doses to which
humans are exposed via their environment. We concen-
trated on macromolecular adducts and the metabolites

believed to yield these adducts because they both can
cause cell damage. DNA adducts are believed to be molec-
ular lesions that lead to mutation and cancer. Protein
adducts may also be involved in some types of cell damage
(Epe et al 1990). Both types of macromolecular adduct are
indicators of the reactive dose of carcinogen to the tissues
and are also endpoints that can be quantified shortly after
exposure has occurred. Measurement of these adducts has
been central for determining exposure in the fields of
molecular epidemiology and risk assessment (Golding and
Watson 1999; Rappaport and Yeowell-O’Connell 1999). 

We focused on liver, bone marrow, and plasma because
liver is believed to be a primary site of benzene metabo-
lism and bone marrow is a primary target organ for leu-
kemia and other blood disorders (Snyder and Kalf 1994;
Snyder and Hedli 1996). Also, reactive metabolites of ben-
zene probably form in situ in bone marrow (Rushmore et al
1984; Eastmond et al 1987). Plasma was studied as a means
of determining the circulating dose of benzene.

In order to measure the low concentrations of metabolites
and adducts expected after low-dose exposure, we utilized
AMS. This technique can quantify radiolabeled chemicals
with attomole sensitivity and has been the standard for
radiocarbon dating since the early 1980s (Vogel et al 1995).
Although its use in biomedical fields is much more recent,
initial studies have indicated that 14C-labeled biomolecules
can be quantified to levels of a few attomoles with high pre-
cision (Turteltaub and Vogel 1995; Vogel et al 1995).

Studies using AMS rely exclusively on measurement of
radiocarbon levels in the biological material of interest. In
this case we used isolated genomic DNA, isolated protein,
or extracts of plasma, liver tissue, bone marrow, or urine.
Some radiocarbon in individual samples may have been
due to metabolic incorporation or noncovalent binding of
benzene or its metabolites to DNA or protein. The DNA
and protein used in this study were extensively purified
by anion exchange chromatography and solvent extrac-
tion, however, and no radiocarbon was lost from samples
via dialysis. No protein contamination or RNA contamina-
tion has been seen using these methods where DNA diges-
tion has been carried out (Frantz et al 1995; Creek et al
1997; Kautiainen et al 1997; Mauthe et al 1999). Thus,
while we cannot rule out the possibility of metabolic
incorporation or noncovalent binding, we believe it is
unlikely to have contributed substantially to the kinetics
or binding seen in this study. 

METABOLISM OF BENZENE TO REACTIVE 
INTERMEDIATES IN B6C3F1 MICE

Our results show that at all doses, including those doses
in the range of human exposure, benzene was rapidly

Figure 11. Estimated differences between responses to inhalation and IP
exposures to benzene for rats and B6C3F1 mice. AUC estimates of mean
response from 0 to 24 hours after IP exposure were subtracted from esti-
mates from 0 to 24 hours after inhalation exposure (differences repre-
sented by circles). Lines represent joint 95% confidence intervals for the
difference in mean responses. Critical value for the confidence intervals
was calculated using Sidak’s method. Units are picograms of 14C-benzene
equivalents bound times hours per gram tissue.
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absorbed and metabolized to reactive intermediates that
bound both DNA and protein. DNA and protein adducts
and individual benzene metabolites were present in all
samples studied (plasma, liver, and bone marrow). Mea-
sured levels of metabolites (except those in plasma and
bone marrow), DNA adducts, and protein adducts were
dose dependent between the doses of 50 ng/kg and
50 mg/kg body weight. Neither metabolite profiles nor rela-
tive amounts of each metabolite changed as a function of
dose. Whereas adducts were dose dependent, evidence of
saturation in protein and DNA binding (plateauing of
adduct levels) was found in liver at the higher doses
(greater than 50 mg/kg body weight). The nature of the
trend toward a plateau in hepatic adduct levels at higher
doses was not addressed in this work, but it may be due to
a dose-dependent increase in benzene clearance via
expired air (as reported by Sabourin and colleagues 1987
and Mathews and coworkers 1998). The apparent trend
toward flattening of the dose-response curves at lower
doses of benzene, which indicate a loss of dose depen-
dency), could have a variety of causes: the log-log transfor-
mation used to plot the data, artifacts of approaching the
limit of detection, changes in metabolism or repair, or any
combination of these factors. We made no attempt to char-
acterize the chemical nature of the adducts or to determine
the reason for the trends. Our main finding, that DNA
adducts and protein adducts are present in liver and bone
marrow at all doses, shows that reactive forms of benzene
were present in the tissues even at low doses. 

In some previous studies, DNA adducts in liver or bone
marrow were not detectable after single doses of benzene
but were detectable after twice-daily administration of
benzene for several days (Reddy et al 1989, 1994; Pathak et
al 1995; Bodell et al 1996). However, several other labora-
tories have reported the binding of radiolabeled benzene to
DNA in various rat tissues after single treatment, (Lutz and
Schlatter 1977; Arfellini et al 1985; Mazzullo et al 1989);
these results support the findings reported here. 

DISTRIBUTION OF REACTIVE BENZENE 
METABOLITES AMONG LIVER, BONE MARROW, 
AND URINE IN B6C3F1 MICE

The toxicity of benzene is generally considered to be
mediated by metabolites formed in the liver, which then
distribute to other tissues where additional metabolism
may occur (Greenlee et al 1981; Eastmond et al 1987;
Snyder and Hedli 1996). Our studies in B6C3F1 mice
found muconic acid (an indicator of muconaldehyde) and
hydroquinone, metabolites thought to be involved in ben-
zene toxicity, in liver tissue in high concentration relative
to the other metabolites there. Muconic acid was used as a

marker for muconaldehyde production, as in previous
studies (Parke and Williams 1953; Goldstein et al 1982).
Metabolite profiles of plasma, liver, and bone marrow were
similar, with both hydroquinone and muconic acid pre-
dominating over catechol and phenol. These data show
that, at a low dose, the reactive benzene metabolites
muconaldehyde and hydroquinone are present in tissues
other than liver. 

Although the metabolite AUCs have large standard
errors, they suggest some useful conclusions. The total
amounts of muconic acid and hydroquinone were greater,
and they increased and peaked more rapidly in liver than
in bone marrow or plasma. These findings and the fact that
both metabolites were present in plasma are consistent
with hepatic production of benzene metabolites and their
transport to extrahepatic tissues, including bone marrow.
The fact that metabolite levels were lower in plasma than
in bone marrow is also consistent with some accumulation
of these metabolites at low doses of benzene, as Sabourin
and colleagues have suggested (1989). These results are
also consistent with circulating benzene or benzene
metabolites yielding reactive metabolites directly in the
bone marrow (Eastmond et al 1987). This process would
lead to higher levels of adducts in bone marrow than in
liver and more time before maximal adduct concentrations
are reached in bone marrow. 

In urine, one of the major 14C-labeled products found
was an unidentified compound. We speculate that this
radiolabeled compound was a contaminant, a unique
metabolite, or a decomposition product of a benzene
metabolite. For example, the compound could represent a
benzene metabolite, such as phenyl mercapturic acid,
arising via conjugation with glutathione. This could occur
via the cyclohexadienyl pathway. However, our attempts
to characterize this metabolite using mass spectrometry
and HPLC coelution with an authentic phenyl mercapturic
acid standard failed. In previous studies, Mathews and
coworkers (1998) reported that hydroquinone glucuronide
and phenyl sulfate were the major metabolites of benzene
in urine of B6C3F1 mice after oral administration of 0.1 mg
benzene per kg body weight. Similarly, Sabourin and col-
leagues (1989) observed that hydroquinone glucuronide
was the major metabolite, followed by phenyl sulfate, in
urine of mice administered 1 to10 mg benzene per kg body
weight by gavage. However, inhalation of 5 ppm benzene
showed phenyl sulfate rather than hydroquinone glucu-
ronide as the major product in mouse urine (Sabourin et al
1989). Thus it appears that at lower doses a different, pres-
ently unknown, metabolite seems to predominate. Further
work is needed to determine the nature of this metabolite
and whether it plays a role in genotoxicity. 
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RELATION BETWEEN METABOLITE LEVELS AND 
MACROMOLECULAR ADDUCT FORMATION IN 
B6C3F1 MICE

The relation between benzene metabolism and forma-
tion of benzene adducts is not clear. The dose responses
for protein and DNA adduct levels were consistent with
the dose response for metabolites in urine and both suggest
dose-dependent differences in benzene metabolism. Hyd-
roquinone and muconic acid were the major metabolites in
liver and bone marrow and hydroquinone levels were
much higher in liver than in bone marrow. DNA adduct
AUCs were greater in bone marrow than in liver, and the
difference in the AUCs for protein adduct levels between
the two tissues was relatively small. Interestingly, the
muconic acid AUCs in liver and bone marrow were
approximately equivalent, paralleling the protein adduct
AUCs. In addition, the kinetics of metabolite formation
paralleled adduct formation: metabolites in liver increased
and peaked more rapidly than bone marrow; adduct levels
also rose faster and peaked earlier in liver. Levay and
Bodell (1992) have shown that the benzene metabolites
hydroquinone, catechol, and 1,2,4-benzenetriol can
interact synergistically to produce increased levels of DNA
adducts, but we were unable to detect 1,2,4-benzenetriol
in the samples analyzed here. 

Further, in vitro treatment of mouse bone marrow with
hydroquinone in another study resulted in DNA adduct
levels similar to those observed in bone marrow after in vivo
treatment with benzene (Levay et al 1993). Several studies
suggest that hydroquinone is the principal benzene metabo-
lite to lead to DNA adduct formation in bone marrow (Irons
1985; Smith et al 1989; Irons et al 1992). The results reported
here from B6C3F1 mice, however, are inconsistent with hyd-
roquinone being the sole reactive metabolite without addi-
tional metabolism occurring in extrahepatic tissues. These
results are consistent with the hypothesis that both hydro-
quinone and muconaldehyde are important reactive ben-
zene metabolites and that hydroquinone undergoes
extrahepatic metabolism to form macromolecular adducts
(Levay et al 1993; Bodell et al 1994).

RELATION BETWEEN MACROMOLECULAR ADDUCT 
LEVELS AND TOXICITY IN RODENTS

Comparison of AUCs for both protein and DNA adducts
in B6C3F1 mice showed that levels were higher in bone
marrow than in liver, which is consistent with target-organ
susceptibility: benzene causes leukemia but not liver
cancer. Both protein and DNA adducts among different
strains of mice also showed differences compared with the
rat. Macromolecular adduct kinetics in the DBA/2 mouse,

C57BL/6 mouse, and rat are qualitatively similar. Some
differences in the rates of formation and rates of clearance
are evident, but these differences probably result from
scatter among individual data and may not be biological in
origin. Quantitatively, both protein and DNA adduct levels
in bone marrow, the primary target organ of benzene tox-
icity, were significantly different with adduct levels
greatest in the B6C3F1 mice and lowest in the rats. The
C57BL/6 and DBA/2 mice were intermediate at most time
points and also had lower AUCs for both DNA and protein
adducts. The largest difference was again clearly between
the B6C3F1 mice and the rats. 

The differences observed in macromolecular binding of
benzene among different mouse strains and rats may have
been partially or entirely due to differences in the concen-
tration of activated benzene encountered by the protein
and DNA. This difference likely involved differences in
benzene toxicodynamics and toxicokinetics. Dose-depen-
dent effects on metabolizing enzymes or transport proteins
could result in toxicodynamic differences: differences in
the proportion of reactive or detoxified metabolites or
changes in the amount of benzene or its metabolites that
are delivered to tissues. Additionally, because CYP2E1
(cytochrome P450 2E1) is required for benzene metabolism
(Seaton et al 1994), CYP2E1 activity in liver may be a
major factor in interspecies and interindividual benzene
toxicity (Sabourin et al 1987).

Previous work has shown that B6C3F1 mice have a
greater capacity to metabolize benzene and are more sensi-
tive to the tumorigenic effects of benzene than rats (Sab-
ourin et al 1987, 1989; Huff et al 1988). Further, some data
suggest that because benzene induces greater levels of
micronuclei in B6C3F1 mice, the strain can metabolize
benzene to a greater extent relative to C57BL/6 or DBA/2
mice (Sabourin et al 1989; Smith et al 1990; Witz et al
1990). Longacre and associates (1981) showed that tissue
levels of covalently bound metabolites were higher in
mouse strains that were more sensitive to benzene toxicity
than in less-sensitive strains.

These data imply that AUCs of protein and DNA adducts
in bone marrow are consistent with the capacity to bioacti-
vate benzene and with benzene’s tumorigenicity among
these rodents (Huff et al 1988, 1989). This implication sup-
ports our hypothesis that greater risk is associated with
higher adduct levels, which result from an ability to pro-
duce higher levels of reactive benzene metabolites. Anal-
ysis of bone marrow AUCs supports the hypothesis that
B6C3F1 mice should be the most sensitive and rats the least
sensitive to benzene, with the other two mouse strains
tested here (C57BL/6 and DBA/2) being intermediate. 
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INHALATION VERSUS IP EXPOSURE TO BENZENE

Route of exposure to benzene can also lead to differ-
ences in metabolism and, in turn, differences in formation
of macromolecular adducts. Benzene adduct formation
resulting from low-dose inhalation versus IP administra-
tion differed for rats and mice. AUCs for DNA and protein
adducts in both liver and bone marrow were generally two
to three fold greater after IP administration rather than
after inhalation. When benzene is administered to achieve
a similar nominal body burden, AUCs of DNA and protein
adducts were greater in the B6C3F1 mice than the rat. The
kinetics of adduct formation and clearance was similar
among exposure routes in B6C3F1 mice but was qualita-
tively different for the rat. Judged by the adduct levels
found in the rat, very little benzene was taken up or metab-
olized when administered by inhalation. 

Measurement of total urinary 14C-benzene equivalents
by Sabourin and colleagues (1987) indicated that mice can
metabolize approximately four times more inhaled ben-
zene than rats. Inhalation of benzene produces 10 times
more hydroquinone conjugates in B6C3F1 mice than in
rats. In a study by Medinsky et al (1989), the patterns of
benzene metabolites seen in rats and B6C3F1 mice were
very different for inhalation and oral administration. Rats
primarily formed the detoxification metabolite phenyl sul-
fate, whereas mice formed hydroquinone glucuronide and
muconic acid in addition to phenyl sulfate. Thus, even at
environmentally relevant doses of inhaled benzene, mice
appear to metabolize benzene to reactive metabolites that
in turn lead to higher levels of macromolecular adducts in
tissues. Adducts thus appear to reflect the capacity to
metabolize benzene across species, strains, and exposure
routes. Additionally, route of exposure does affect adduct
levels and thus could affect risk estimates; depending on
the animal type, inhalation was either equivalent to or less
effective than IP administration. What these results mean
in terms of human exposure to benzene is unclear given the
multiple routes of exposure that occur (predominantly via
inhalation or dermal contact), but we cannot assume that
these rodent data can be directly extrapolated to humans.

SUMMARY

The data presented here show that mice and rats can
metabolize benzene effectively at all doses including those
relevant to human exposure. The data are consistent with
our hypothesis that DNA adduct levels reflect the ability to
metabolize benzene to toxic metabolites. Similarly, the
data suggest that adducts and benzene metabolites reflect
target organ specificity and toxicity. Putatively toxic
metabolites are formed and accumulate in plasma, liver,

and bone marrow. DNA and protein adducts are dose
dependent and present even at exposure levels equivalent
to those humans encounter in the environment. Adduct
levels are lower in rats relative to mice, and this difference
reflects metabolic capacity. Further, route of exposure also
can affect adduct levels. Thus, exposure route, kinetics,
and metabolism will likely affect resulting estimates of
risk and the use of animal models to estimate it. 

IMPLICATIONS OF FINDINGS

DNA and protein adducts are likely present in all tissues,
even at doses of benzene to which humans are exposed in
the environment. To our knowledge, this is the first study to
demonstrate that toxic metabolites of benzene are generated
in liver, plasma, and bone marrow from exposures environ-
mentally relevant to humans. Adduct levels are dose depen-
dent and indicate metabolic capacity and target-organ
specificity. Thus, if they can be quantified, benzene adducts
are probably suitable for use in risk assessment. Responses
are not linear across doses, however, and the dose responses
for adduct formation and metabolite levels most likely pla-
teau above 50 mg benzene/kg body weight. More data are
needed to better define the shape of the dose response in
various tissues. 

Our adduct data suggest that route of exposure and
genetic differences can also play a large role in benzene
toxicity through differences in metabolism and possibly
other factors. This conclusion is consistent with other data
that indicate variability in metabolism and toxicity among
rodents. Data for humans are thus needed to better judge
the effects of benzene because how well rodent models can
predict human risk is unclear. This uncertainty is high-
lighted by the work of Seaton and coworkers (1994, 1995),
whose data on benzene metabolism suggest that risk
depends on individual genotype. 

The ultimate metabolite binding to DNA appears to be
neither hydroquinone or muconaldehyde alone. Rather,
muconic acid measurements indicate that the combination
of hydroquinone and muconaldehyde more closely corre-
lates with macromolecular adduct formation among mouse
tissues. Even at low doses of benzene, the pathways of ben-
zene metabolism appear to be qualitatively similar in rats
and mice although there are clearly quantitative differences.
Henderson has suggested that the qualitative similarity is
true for all species (Henderson 1996). The quantitative dif-
ferences do indicate that selection of the correct animal
model is important in order to judge the human risk for ben-
zene. Again, data in humans are needed to understand how
to interpret animal data for risk assessment.
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In most species that have been studied, a greater portion
of the benzene is converted to hydroquinone and muconal-
dehyde if the dose is low rather than high. This trend is
consistent with our adduct formation data and also
appears to be true for humans, where both hydroquinone
and muconic acid have been detected in the urine of
exposed workers (Rothman et al 1998). The amounts of
these two metabolites were lower in more highly exposed
workers, which is consistent with findings in previous
animal studies (Sabourin et al 1988a,b, 1989). 

Finally, this work indicates that the use of AMS can help
elucidate the effects of low doses of environmental toxi-
cants. AMS can help to quantify metabolites and macro-
molecular adducts and to study the mechanisms by which
toxicants exert their effects at low doses. More research
needs to be devoted to understanding how to use AMS in
these capacities.
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INTRODUCTION

In humans and other species, chronic exposure to high
concentrations of benzene induces a spectrum of condi-
tions, including cancer. The effects of human exposure to
benzene at the low levels found in ambient air are not well
understood, however. One of the major reasons for this
lack of understanding is the dearth of sensitive and accu-
rate assays of benzene metabolites for these low concentra-
tions. Consequently, the shape of the dose-response curve
describing health effects at low benzene concentrations—
an issue central to assessment of human risk from ben-
zene—remains unresolved. 

HEI initiated a research program in the 1990s to address
the need for knowledge about health effects resulting from
exposure to ambient levels of toxic air pollutants,
including benzene. Request for Applications (RFA*) 93-1,
Novel Approaches to Extrapolation of Health Effects for
Mobile Source Toxic Air Pollutants, was part of that pro-
gram. In response to this RFA, Dr Kenneth Turteltaub and
his colleague Dr Chitra Mani proposed to investigate ben-
zene metabolism in rodents over an eight log-dose range,
encompassing concentrations close to those to which
humans are exposed in ambient air (typically 1 to 10 ppb,
equivalent to 3.2 to 32 µg/m3 [Wallace 1996]). To achieve
the sensitivity required to investigate the effects of low-
level exposure to benzene, the investigators proposed to
use accelerator mass spectrometry (AMS) coupled with
high-performance liquid chromatography (HPLC). The HEI
Health Research Committee recommended funding the
proposal because it thought the study could yield impor-
tant information about the metabolism of benzene at low-
exposure doses. Because benzene itself is not thought to be
the toxic agent, the Committee reasoned that obtaining
quantitative data about the metabolism of benzene at dif-
ferent exposure levels would provide information relevant
to understanding the health effects of benzene at these dif-
ferent levels of exposure.† 

Dr Turteltaub’s draft Investigators’ Report underwent
external peer review under direction of the HEI Health
Review Committee, the members of which discussed the
report and the reviewers’ critiques and prepared the Com-
mentary. This Commentary is intended to aid HEI sponsors
and the public by highlighting the strengths of the study,
pointing out alternative interpretations, and placing the
report into scientific perspective. During the review of Dr
Turteltaub’s study, the HEI Review Committee and the
investigators exchanged comments and clarified issues in
the Investigators’ Report and in the Commentary. 

SCIENTIFIC BACKGROUND 

BENZENE METABOLISM AND MECHANISM OF 
TOXIC EFFECTS

Exposure to benzene can be toxic to bone marrow and to
cells derived from bone marrow in humans and other spe-
cies. Depending on the level and duration of exposure, a
spectrum of conditions including pancytopenia, aplastic
anemia, and acute myeloid leukemia can be induced in
humans (reviewed in Goldstein and Witz 2000). In other
species, controlled exposure to high levels of benzene
results in tumor formation at many sites but does not
induce leukemias (International Agency for Research on
Cancer 1982; Huff et al 1989). 

Studies suggest that benzene must be metabolized to
induce toxic effects (reviewed in Snyder and Hedli 1996).
Some benzene metabolism does take place in the target
organ (the bone marrow) but most occurs in the liver via
multiple pathways. The major mechanism of benzene
metabolism in the liver is oxidation by the cytochrome
P450 2E1 monooxygenase system. Figure 1 in the Investiga-
tors’ Report depicts the principal pathways of benzene
metabolism and the metabolites formed. One of the key
early intermediates in benzene metabolism is benzene
oxide, a highly reactive epoxide, which spontaneously rear-
ranges to form phenol. Phenol in turn can be oxidized by
cytochrome P450 enzymes to catechol (1,2-dihydroxyben-
zene), hydroquinone (HQ, or 2,4-dihydroxybenzene), or
1,2,4-trihydroxybenzene (also referred to as benzene triol, or
BT). Benzene oxide can also be metabolized by opening the
benzene ring, producing metabolites that include
trans,trans-muconic acid (t,t-MA). Benzene oxide also
reacts with glutathione to form S-phenylmercapturic acid
(S-PMA). In bone marrow, myeloperoxidase catalyzes the
further oxidation of ring-hydroxylated benzene metabolites

*A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.

† Dr Turteltaub’s 3-year study, Benzene Metabolism at Doses Relevant to
Human Urban Air Exposure, began in April 1995. Total expenditures were
$717,150. The draft Investigators’ Report from Turteltaub and Mani was
received for review in November 2000. A revised report, received in August
2001, was accepted for publication in September 2001. During the review
process, the HEI Health Review Committee and the investigators had the
opportunity to exchange comments and to clarify issues in both the Investi-
gators’ Report and in the Review Committee’s Commentary.

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.
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to highly reactive quinones such as 1,2- and 1,4-benzo-
quinone (1,2- and 1,4-BQ). The highly reactive electro-
philic metabolites of benzene, such as benzene oxide and
the quinones, can form covalent adducts with nucleophilic
sites on protein and DNA macromolecules.

The mechanism of benzene toxicity remains elusive
despite extensive research. Several mechanisms have been
proposed. One widely held hypothesis is that certain ben-
zene metabolites (including benzoquinone, hydroquinone,
and products of benzene triol) produce reactive oxygen
species that interact with cellular macromolecules (Smith
1996). This interaction may result in genotoxic events.
Another interaction that has been described is inhibition
(by activated benzene metabolites) of the activity of the
nuclear enzyme topoisomerase II (Chen and Eastmond
1995). Because this enzyme is involved in stabilizing the
chromosomal structure, inhibiting its activity may induce
chromosomal abnormalities (Chen and Eastmond 1995;
Eastmond et al 2001). A combination of ring-hydroxylated
compounds may also be the toxic agent of benzene (East-
mond et al 1987). Another hypothesis is that muconalde-
hyde (the precursor of t,t-MA), possibly in combination
with other metabolites (Witz et al 1996), plays a role in
benzene’s toxicity by inducing oncogene expression (Ho
and Witz, 1997).

ASSESSMENT OF RISK 

Studies of occupational epidemiology have established
that benzene can induce leukemia, and the US Environ-
mental Protection Agency (EPA) has classified benzene as
a known human carcinogen (EPA 1998a). The US Occupa-
tional Safety and Health Administration regulates benzene
levels in the workplace, and has set a workplace standard
of 1.0 ppm as an 8-hour time weighted average (OSHA
1987). In addition, the American Conference of Govern-
ment and Industrial Hygienists has recommended a
threshold limit value for occupational exposure of 0.5 ppm
as an 8-hour time weighted average (ACGIH 1999) and the
US National Institute of Occupational Safety and Health
has recommended a workplace benzene standard of 0.2 pm
(Goldstein and Witz 2000). 

Little direct information is available about the human
health risk of exposure to typical environmental levels of
benzene. Thus, risk estimates have been based on extrapo-
lating data obtained in other types of studies, low-dose
exposures of nonhuman species and high-dose occupa-
tional exposures of humans. How accurately such studies
model exposure of humans to low doses, however, is
unclear. First, extrapolation to humans from controlled
low-dose exposure studies of other species (especially
rodents) is difficult because species, and different strains

within a species, differ in their responses to benzene (Lon-
gacre et al 1981; Witz et al 1990; Huff 1993). For example,
B6C3F1 mice are more sensitive than Fischer rats to the
hematotoxic and carcinogenic effects of chronic exposure
to benzene (Huff 1993). In addition, studies prior to this
one have reported that levels of specific metabolites differ
among species and in different strains within a species
(Longacre et al 1981; Sabourin et al 1988a; Witz et al 1990;
Henderson 1996). These quantitative differences may be
critical, and the differences in cancer susceptibility among
different animals may be due to the relative amounts of dif-
ferent metabolites formed. 

Second, extrapolating results of high-dose exposure of
humans to benzene in order to predict effects of low-dose
exposure is also difficult. In the absence of data on low-
dose exposures, such extrapolation assumes linear rela-
tions among exposure level, metabolite mixture, and
health outcome. High-dose and low-dose exposures of
humans to benzene may result in different mixtures of
metabolites, however, as has been described for rats and
mice and in an epidemiologic study: high levels of benzene
generate relatively less hydroquinone than lower levels
(Henderson 1996; Rothman et al 1998). These findings sug-
gest that extrapolation from high to low dose should con-
sider metabolic patterns at various exposure levels. These
metabolite patterns should be more closely related than
benzene exposure levels to health outcomes.

1998, the EPA published Carcinogenic Effects of Ben-
zene: An Update, its most recent exhaustive review of per-
tinent studies of benzene’s cancer effects (EPA 1998a).
Regarding an estimate of risk from environmental exposure
to benzene, the document states that "there is not sufficient
evidence…to reject a linear dose-response curve for ben-
zene in the low-dose region, nor is there sufficient evi-
dence to demonstrate that benzene is, in fact, nonlinear in
its effects." Thus, "the EPA default approach of using a
model with low-dose linearity is still recommended. Of the
various approaches employing a linear assumption, the
[lifetime] risk at 1 ppm [of benzene in air] ranges from 7.1
× 10−3 to 2.5 × 10−2, within which any calculated unit risk
estimate would have equal scientific validity.” The EPA
has produced a draft of a similarly comprehensive docu-
ment on the noncancer effects of benzene (EPA 1998b).

Although the linear model is currently used in esti-
mating risk, arguments exist for a model assuming either a
supralinear or sublinear dose response. Improving the
accuracy of benzene risk assessment at environmental
exposure levels requires more information of several types:
information about the mechanism of induction of benzene-
induced leukemia and other benzene-induced disorders;
information needed to characterize the specific mixture of
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benzene metabolites delivered from liver to bone marrow,
the fate of these metabolites in the bone marrow, and ulti-
mately, the role of specific metabolites in development of
blood abnormalities; and information about biomarkers of
exposure as well as effect.

TECHNICAL EVALUATION

AIMS

1. To determine how dose influences benzene metabo-
lism in mice. The investigators administered 5 ng to
500 mg 14C-benzene per kg body weight to B6C3F1
mice via intraperitoneal (IP) injection. They used
HPLC to separate and identify several benzene
metabolites (focusing on hydroquinone, MA, cate-
chol, and phenol) in urine, plasma, liver, and bone
marrow up to 48 hours after injection. They then
used AMS to measure levels of 14C-metabolites.

2. To compare the formation of DNA and protein adducts
with the profile of other metabolites over a wide range
of benzene doses. The investigators initially assessed
the kinetics of forming DNA and protein adducts in
B6C3F1 mice after IP injection of a single dose of 14C-
benzene (5 µg per kg body weight). Using AMS, they
measured adduct formation in liver and bone
marrow up to 48 hours after injecting benzene. They
also measured adduct formation over time at a range
of 14C-benzene doses (5 ng to 500 mg per kg body
weight). 

3. To compare benzene adduct formation among dif-
ferent rodents after dosing with low doses of benzene.
Using AMS, the investigators measured formation of
DNA and protein adducts in liver and bone marrow
up to 48 hours after IP injection of 5 µg/kg benzene to
mice (B6C3F1, DBA/2, C57BL/6) and to Fischer rats. 

4. To develop methods for measuring DNA and protein
adducts after inhalation of low doses of benzene. The
investigators conducted a pilot study to develop a
method for exposing mice and Fischer rats by inhala-
tion to an approximate body burden of 5 µg benzene
per kg body weight. They then compared formation
of DNA and protein adducts after inhalation and after
IP injection of the same dose of benzene.

METHODS

Exposure to Benzene 

The investigators used male B6C3F1, DBA/2, and C57BL/6
mice (30 g) and male Fischer rats (200 g). In most experi-
ments, they exposed the animals to various concentrations of

benzene via IP injection: each animal received 200 µL corn
oil containing 0.1 µCi of 14C-benzene diluted with nonradio-
active benzene. According to the investigators, the radioac-
tive benzene was 99% radiopure and contained no contam-
inating peaks when assayed by HPLC. Control animals were
given corn oil only. For toxicokinetic studies, the investiga-
tors gave animals IP injections of 5 µg 14C-benzene per kg
body weight in corn oil (200 µL/animal) and killed the ani-
mals at intervals from 0 to 48 hours after injection. 

In some experiments, the investigators exposed rats and
mice to 5 µg benzene per kg body weight by nose-only
inhalation. The duration of exposure was based on each
species’ weight (rat, 200 g; mouse, 30 g) and volume of air
delivered per minute (0.2 L for rats, 0.04 L for mice). Rats
were exposed to 0.1 ppm 14C-benzene (0.09 µCi/animal)
for 20 minutes via nose-only inhalation in a chamber at the
Lovelace Respiratory Research Institute (Albuquerque NM)
under the supervision of Dr Janet Benson. Mice were
exposed to 0.1 ppm benzene for 2.5 minutes via nose-only
inhalation in a chamber constructed in the investigators’
laboratory. The concentration of benzene to which the
rodents were exposed was continuously monitored by
online infrared spectroscopy.

Separation and Analysis of Benzene Metabolites

Turteltaub and Mani separated and quantified individual
benzene metabolites in urine and in ethyl-acetate extracts of
plasma, liver, and bone marrow by HPLC as described by
Sabourin and colleagues (1988a). Metabolite standards were
obtained either from Sigma Chemical Company (catechol,
hydroquinone, MA, and phenol; > 99% pure) or were the gift
of Dr William Bechtold, Lovelace Respiratory Research Insti-
tute (hydroquinone sulfate, phenyl glucuronide, and phenyl
sulfate). Urinary metabolites were separated and quantified
by HPLC as described in Sabourin and colleagues (1988b).
Data were normalized to the recoveries of an internal stan-
dard and were expressed as femtomole 14C-labeled metabo-
lite per mL HPLC eluant (Bechtold et al 1988). 

Measurement of Adducts

The investigators determined the amount of benzene-
derived DNA and protein adducts, which they extracted
and purified from liver and bone marrow of B6C3F1 mice.
DNA and protein were extracted at 1 and 12 hours after IP
injection of 5 ng to 500 mg benzene per kg body weight.
The investigators used two time points because they had
previously found differences in the kinetics of adduct for-
mation between liver and bone marrow: adduct burden in
liver reached maximum levels within a few hours of expo-
sure, whereas adduct burden in bone marrow reached
maximum levels 6 to 12 hours after exposure (Creek et al
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1997). To compare adduct formation among rats and mice,
the investigators determined adduct levels in liver and
bone marrow at various times up to 48 hours after IP injec-
tion of 5 µg benzene per kg body weight into B6C3F1,
DBA/2, and C57BL/6 mice and Fischer rats. 

AMS Analysis 

The investigators assessed the radiocarbon content of
samples by AMS. To samples containing small amounts of
carbon, such as extracted DNA adducts and HPLC fractions
from liver, plasma, and bone marrow, they added the
carbon-containing compound tributyrin as a carrier to
improve the efficiency of sample handling. Samples were
dried in a vacuum centrifuge and were then converted to
graphite using a two-step process (Vogel 1992). Briefly, the
dried samples were oxidized to carbon dioxide (CO2) by
heating at 900°C for 4 hours in the presence of copper
oxide. The CO2 was then reduced to filamentous graphite
in the presence of cobalt at 900°C. The investigators placed
the resultant graphite-on-cobalt in the ion source of a spec-
trometer and analyzed it using methods described previ-
ously (Turteltaub et al 1993). 

Because AMS measures the ratio of a rare isotope rela-
tive to a stable isotope, the investigators measured concen-
trations of 14C relative to 13C and normalized them to a
14C/12C ratio (Vogel et al 1995). The ratios were converted
to mass of 14C-benzene based on the specific activity of the
benzene after subtracting the natural radiocarbon content
contributed from the sample and the tributyrin carrier,
when added. 

AMS provides a measure of radiocarbon content only
and gives no information on the origin or source of the
radiocarbon. Thus, all these data were reported as benzene
equivalents.

Radiocarbon is present in all biological material.
Present-day natural levels (background) of 14C in living
biological materials are 112 ± 5 attomol (ie, 10−18 mol) per
g carbon. Based on analysis of more than 500 samples,
tributyrin contains 15 ± 2 attomol 14C/mg. For the time-
course data in this study, historical data on the 14C content
in unexposed animals was used as background. The nat-
ural amount of radiocarbon in all biological material is
constant in these animals due to their age and growth con-
ditions; generally, the amount varies by less than 10%. 

Cumulative Burden 

To compare total levels of metabolites in liver and bone
marrow, Turteltaub and Mani calculated an area under the
curve (AUC) for each metabolite or adduct in each tissue
by estimating integrals at different times for up to 48 hours
after administering benzene.

RESULTS

HPLC-AMS Detection of Low Levels of Benzene 
Metabolites 

AMS allowed low femtomolar concentrations of 14C-
labeled benzene metabolites separated by HPLC to be
detected in biological samples (eg, from mouse urine, as
shown in Figure 2). The distribution of 14C across the
HPLC separation (black bars) generally matched the profile
of benzene metabolite standards (hydroquinone, MA,
phenyl glucuronide, catechol, hydroquinone sulfate, and
phenyl sulfate). Figure 2 also shows a high amount of a
rapidly eluting, unidentified product in the sample.

Detection of Dose-Dependent Benzene Metabolites in 
Tissues of B6C3F1 Mice

The Commentary Table summarizes the major results of
the experiments involving B6C3F1 mice. Levels of several
benzene metabolites detected in urine one hour after IP
injection of benzene were dose dependent over the range
50 ng to 500 mg benzene per kg body weight (Figure 3). At
the lowest end of the range (50 to 500 ng benzene per kg
body weight), the slope of the dose-response curve was
flatter than for higher doses but was still above background
levels. In addition, the relative amounts of benzene metab-
olites detected in urine remained constant over the dose
range, 50 ng/kg to 500 mg/kg: unidentified metabolite ≥
phenyl sulfate > MA > phenyl glucuronide ≥ hydro-
quinone sulfate. The unidentified metabolite, phenyl sul-
fate, and MA were therefore considered major urinary
metabolites of benzene, and phenyl glucuronide and hyd-
roquinone sulfate minor urinary metabolites. The investi-
gators reported that they detected low levels of free
catechol and hydroquinone but that levels of these metab-
olites did not vary with benzene dose. 

The pattern of metabolites detected in liver, bone
marrow, and plasma differed from that found in urine one
hour after IP benzene injection (Figure 4 and Table 1).
Levels of MA, hydroquinone, catechol, and phenol were
analyzed after injecting 5, 50, or 5000 ng benzene per kg
body weight. (The unidentified metabolite detected in
urine was not measured in these tissues.) In the liver,
levels of MA, catechol, and hydroquinone varied with the
benzene dose, but levels of phenol did not. In plasma and
bone marrow, no metabolites depended on benzene dose. 

Kinetics and Total Levels of Metabolite Formation in 
B6C3F1 Mouse Tissues 

The investigators examined the kinetics of hydro-
quinone, catechol, phenol, and MA formation and clear-
ance in plasma, liver and bone marrow from 0 to 48 hours
after IP injection of 5 µg 14C-benzene per kg body weight
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(Figure 5). Metabolite levels in liver and plasma peaked
within 0.5 to 5 hours after injection, but peaks in metabolite
levels in bone marrow were not obvious. Turteltaub and
Mani also calculated AUCs for each metabolite, which they
reported to be highly variable (Table 2). In liver and bone
marrow, hydroquinone and MA were the major metabolites
(hydroquinone the most prevalent in liver and MA the most
prevalent in bone marrow), with phenol and catechol
detected at much lower levels. Levels of all metabolites were
low in plasma, with hydroquinone having the highest con-
centration of the metabolites evaluated.

Adduct Detection in B6C3F1 Mice 

The investigators measured benzene-derived DNA and
protein adducts in B6C3F1 mice 1 and 12 hours after IP injec-
tion of 5 ng to 500 mg benzene per kg body weight. Accumu-
lation of DNA and protein adducts was dose dependent at
both time points in liver and bone marrow (Figure 6). The
level of protein adducts in liver was linear with benzene
dose over the range 5 ng to 50 mg/kg, appearing to plateau at
higher doses. The dose-response curves for DNA adducts in
liver and bone marrow and for protein adducts in bone
marrow were curvilinear with a pronounced flattening of the
curve at the lowest benzene concentrations (5 to 500 ng/kg).

In liver, levels of both protein and DNA adduct levels
tended to be higher 1 hour after dosing than 12 hours after.
In bone marrow, adduct levels were either equivalent at

both times (protein) or higher after 12 hours (DNA). These
data were confirmed by the AUC data (Figure 7).

Kinetics and Total Levels of DNA and Protein Adducts in 
Rodent Liver and Bone Marrow

The kinetics of adduct accumulation in bone marrow
was similar in Fischer rats and in B6C3F1, C57BL/6, and
DBA/2 mice (after injection of 5 µg benzene per kg): max-
imum levels of both adducts were reached within 12 hours
of benzene administration (Table 3 and bottom panel of
Figure 8). AUCs for protein and DNA adducts in bone
marrow varied by rodent group as follows: B6C3F1 >
DBA/2 > C57BL/6 > Fischer rat (Table 3). Levels of DNA
and protein adducts in livers of B6C3F1, C57BL/6, and
DBA/2 mice peaked within 0.5 to 1 hour after benzene
administration and declined rapidly thereafter (Table 4
and top panel of Figure 8). In contrast, DNA and protein
adduct levels in livers of Fischer rats continued to increase
until 6 to 12 hours after exposure before declining. In all
animals tested, levels of protein adducts in liver and bone
marrow were higher by 10- to 20-fold than levels of DNA
adducts. AUCs of both DNA and protein adducts in liver
were greater in B6C3F1 mice than in Fischer rats although
the pattern of AUC levels for bone marrow across different
rodents was not found for liver.

Commentary Table. Dose-Dependent Products of Benzene Metabolism Detected After IP Administration of Benzene to 
B6C3F1 Micea

Product Urineb Liver Plasma Bone Marrow

Benzene metabolites phenyl sulfatec, MA, 
phenyl glucuronide, 
HQ sulfate (but not 
HQ or CAT)

MAc, HQ, CAT 
(but not phenol)

       Noned          Noned

DNA adducts Yese          Yese

Protein adducts Yes          Yese

a Urine was collected over 24 hours after exposure. Levels of products in liver, plasma, and bone marrow are compared at 1 hour after benzene injection, the 
only timepoint at which all tissues were compared.  Empty cells indicate no testing.  HQ = hydroquinone; CAT = catechol.

b An unidentified product was detected at higher concentrations than any of the identified metabolites.  This product was not looked for in the liver, 
plasma, or bone marrow.

c Phenyl sulfate and MA were the metabolites with the highest concentrations in urine and liver, respectively, one hour after benzene injection.  The levels 
of these metabolites were dose dependent.

d MA and MA and HQ were the metabolites with the highest concentrations in plasma and bone marrow, respectively, one hour after benzene injection.  
The levels of these metabolites were not dose dependent.

e Curvilinear dose-response curve with flattening at the lowest end  (5–500 ng benzene per kg body weight) of the dose range at 1 and 12 hours after benzene 
injection. 
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Adduct Formation in Rats and B6C3F1 Mice After 
Benzene Inhalation

The investigators detected DNA and protein adducts in
liver and bone marrow of B6C3F1 mice and rats up to 24
hours after exposure to 5 µg benzene per kg body weight by
inhalation (Tables 5 and 6). Adduct levels in mouse liver and
bone marrow were consistently higher than those of the rat. 

The kinetics of adduct appearance in mouse liver and
bone marrow were similar after inhalation and IP expo-
sures; adduct levels peaked 1 and 12 hours after exposure
in liver and bone marrow, respectively (Figure 9). In con-
trast, adduct kinetics in rats differed by exposure route:
After IP injection, both protein and DNA adducts increased
for up to 6 to 12 hours; after inhalation exposure, adduct
formation either peaked within an hour of exposure or
showed no clear peak at all (Figure 10). Regardless of the
route of exposure or tissue, levels of protein adducts were
greater than DNA adduct levels in mice and rats (Tables 3
and 4). Adduct levels in both species were generally lower
after inhalation than after IP injection (Figure 11).

DISCUSSION

Turteltaub and Mani have performed an important and
innovative study of the dosimetry of benzene metabolism,
producing data that address several critical issues. Using a
novel and sensitive analytic technique—AMS coupled
with HPLC—they were able to detect dose-dependent for-
mation of benzene metabolites, including DNA and protein
adducts, in the tissues of mice at levels 100 times lower
than any found in previous studies. In both mice and rats
they detected higher levels of benzene metabolites in liver
and bone marrow than in plasma. These findings indicate
that benzene reaches tissues and is metabolized there, even
at levels near those to which humans may be exposed in
ambient air, 1 to 10 ppb. (By way of comparison with the
doses used in the current study, injecting 10 µg benzene
per kg body weight is equivalent to a mouse inhaling 2 ppb
benzene for 2.5 minutes.) 

In addition, adduct levels detected in bone marrow and
liver in different rodents generally correlated well with the
ability of benzene to induce tumors in that species or strain.
This finding is important because it suggests that the forma-
tion of adducts may be an early marker of benzene toxicity
or carcinogenicity. Turteltaub and Mani also showed that
benzene doses over a wide range generate similar patterns
of metabolites in B6C3F1 mice, suggesting that the pattern
of benzene metabolism is similar at widely disparate con-
centrations. This outcome differs from those reported in
previous rodent, human, and nonhuman primate studies in

which different patterns of metabolites were found at dif-
ferent exposure concentrations (Sabourin et al 1992; Hend-
erson 1996; Mathews et al 1998; Rothman et al 1998). The
reasons for these differences in results among studies are
not clear. In the current study, only low levels of hydro-
quinone were detected in the urine of exposed mice, exclu-
sively in the sulfate conjugate form. By contrast, earlier
studies indicated that in mice, hydroquinone glucuronide
was a major urinary metabolite of benzene—comprising up
to 40% of all urinary metabolites—especially at low doses
of benzene (Sabourin et al 1989; Henderson 1996; Mathews
et al 1998). The absence of hydroquinone glucuronide in
the current study, which most likely resulted from the
investigators not including an inhibitor of the enzyme glu-
curonidase in samples to prevent glucuronide breakdown,
makes the results difficult to compare with previous
rodent studies (Henderson et al 1996; Mathews et al 1998).
Moreover, these rodent studies and studies of urinary ben-
zene metabolites in humans and nonhuman primates
found that the change in proportion of hydroquinone glu-
curonide relative to other metabolites at different levels of
benzene exposure was the main indicator of a dose-depen-
dent shift in metabolism (Sabourin et al 1992; Henderson
et al 1996; Mathews et al 1998; Rothman et al 1998). Tur-
teltaub and Mani’s inability to detect a dose-dependent
shift in urinary metabolites in the current study may be
due, in part, to an inability to detect this major metabolite
of benzene. 

The investigators’ use of an AUC approach provided a
more accurate depiction of metabolite accumulation in tis-
sues over time than data collected at a single time point.
Calculation of AUCs produced numbers with large vari-
ances. Mani and Turteltaub speculate that these variances
may have been due to variation among the animals, inves-
tigator error in multiple sampling, or artifacts related to
measurement of HPLC fractions.

In addition, the finding that more benzene metabolites
were formed after IP injection compared with inhalation of
the same calculated dose may be important because it sug-
gests that exposure via different routes may differ quantita-
tively. Such differences in metabolite formation after IP
exposure to benzene compared with oral exposure have
been described previously (Sabourin et al 1989). However,
although Turteltaub and Mani calculated the inhaled dose
to equal the injected dose, previous estimates suggest that
the actual dose absorbed after inhalation is probably only
approximately one-half the inhaled dose (Sabourin et al
1987; Travis et al 1990). This discrepancy may account for
the difference in metabolite levels detected after exposure
via inhalation versus IP injection.
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Turteltaub and Mani’s finding that the formation of DNA
and protein adducts in liver and bone marrow depended
on benzene dose suggests that adduct levels may be biom-
arkers of benzene exposure. The usefulness of benzene
adducts as biomarkers has been evaluated in other studies.
Recent data suggest that plasma levels of the hemoglobin
and albumin adducts of benzene oxide, which are protein
adducts of a benzene metabolite, may be useful as markers
of occupational-level exposure to benzene (Yeowell-
O’Connell et al 1998), but no information is available at
exposure doses comparable to those used in the current
study. Turteltaub and Mani did not identify the adducts
they detected, so they do not know if the same adducts are
formed in both liver and bone marrow. Identification of
these adducts is critical for determining their utility as
biomarkers of benzene exposure. In addition, Turteltaub
and Mani evaluated adduct formation in liver and bone
marrow only, which are sites that cannot be routinely sam-
pled. Further quantification and characterization of DNA
and protein adducts in urine and blood is needed for their
validation as useful biomarkers of benzene exposure.

The findings of this study require a few caveats. Although
the results show the sensitivity of AMS coupled with
HPLC, they also illustrate potential drawbacks. First, in the
current study, urine of B6C3F1 mice exposed to 14C-ben-
zene contained a large peak of radioactivity that could not
be identified by HPLC. The investigators did not look for
this material in plasma or bone marrow; thus, the peak
might also have been present in samples from these tis-
sues, with an uncertain impact on the results. This uniden-
tified radioactive material may be a contaminant of the
radioactive material used in the assays, or as Turteltaub and
Mani speculate, a previously unidentified metabolite or a
decomposition product of a known benzene metabolite.
Second, detection by AMS requires administration of radio-
labeled benzene to study animals. Although this approach
uses only extremely low levels of reagents, it is not broadly
applicable to controlled exposure studies in humans
because benzene is classified as a known human carcinogen.
Third, although the AMS approach may be inherently more
analytically sensitive than alternative approaches, the
failure to include glucuronidase inhibitors in samples in the
current study makes comparisons of some sets of results dif-
ficult to relate to the results of others. 

Turteltaub and Mani’s report of flattening of the dose-
response curves for urinary metabolites and adduct forma-
tion at the lowest end of the benzene exposure range (5 to
500 ng/kg) suggests that metabolism of benzene to activated
metabolites occurs even at these very low doses. Because this
dose-response pattern suggests no obvious threshold for ben-
zene effects, this finding may have important ramifications

for understanding the human response to benzene at doses
close to ambient levels. However, interpretation of these
results is difficult. First, many of the radioactivity values
reported for low benzene exposures, particularly those
shown in Figure 6, are close to background. Interpretation
of whether these values are above background is difficult
because there are uncertainties about how the 14C content
was determined and corrected in the measured values. Tur-
teltaub and Mani state that a background level of 14C was
subtracted from the measured values, but they do not give
the number they used. The natural background level is
thought to be approximately 8 pg benzene equivalents per
g tissue, which is similar to levels detected at the lowest
end of the dose response in this study. Second, the data in
this study are presented using log-log scales. This method
may not be the most appropriate for data at the lowest end
of the range; other transformations might show a different
dose-response pattern. 

SUMMARY AND CONCLUSIONS

In this innovative study, the investigators showed that the
sensitive technique of HPLC coupled with AMS could
detect dose-dependent formation of many benzene metabo-
lites in the liver, bone marrow, and urine of rodents. Dose-
dependent formation of DNA and protein adducts in liver
and bone marrow was detected over a wide dose range,
including very low exposure. These findings indicate that
benzene reaches target tissues and is metabolized there,
even at levels near those in ambient air to which humans
may be exposed. Levels of adducts detected in bone marrow
and liver in different rodents generally correlated well with
the ability of benzene to induce tumors in that species or
strain, suggesting that the formation of these adducts may be
an early marker of benzene toxicity or carcinogenicity. The
results also suggest, but do not show conclusively, that the
dose-response curve for benzene in mice lacks an obvious
threshold at the lowest exposure levels evaluated. Further
studies are required to resolve the shape of the dose-
response curve for humans at these low benzene levels.
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