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A Brief Survey of Butadiene Health Effects:
A Role for Metabolic Differences
by Linda S. Birnbaum

1,3-Butadiene is a major monomer in the rubber and plastics industry and is one of the highest-production
industrial chemicals in the United States. Although not highly acutely toxic to rodents, inhalation of
concentrations as low as 6.25 ppm causes tumors in mice. Butadiene is oncogenic in rats, but much higher
exposure concentrations are required than in mice. Chronic toxicity targets the gonads and hematopoetic
system. Butadiene is also a potent mutagen and clastogen. Differences in the absorption, distribution, and
elimination of butadiene appear to be relatively minor between rats and mice, although mice do retain more
butadiene and its metabolites after exposure to the same concentration and have a higher rate of metabolic
elimination. Recent studies have demonstrated that major species differences appear to occur in the rate of
detoxication of the primary metabolite, 3-epoxybutene (butadiene monoepoxide [BDMO]). Mice have the
greatest rate ofproduction ofBDMO as compared to other species, but the rate ofremoval ofBDMO appears to
be less than in other species. Mice have low levels of epoxide hydrolase; rats have intermediate levels; monkeys
and humans appear to have high levels of this detoxifying enzyme. Thus, while only low levels of butadiene
exposure may result in an accumulation ofBDMO in the mouse, much higher levels would be required to result
in an elevation of circulating BDMO in other species. The level of this reactive metabolite may be correlated
with the species differences in butadiene sensitivity.

Introduction
1,3-Butadiene is a colorless gas used mainly in the

production of synthetic rubber and plastics. Annual pro-
duction of more than 3 billion pounds in the United States
accounts for approximately one-fourth of the world's pro-
duction (1). Occupational exposure can occur during its
production and use, as well as during storage and trans-
port. Although such exposure is generally well below 20
ppm, much higher exposures have been reported (2).
Environmental exposure occurs due to the production of
butadiene in cigarette smoke, fossil fuel incineration, and
automotive emissions (3). Production and use of butadiene
resulted in the emission of 6.4 million pounds into the air in
1988 (4). Low levels of butadiene are found in gasoline (5).
Because of the low acute toxicity, the Occupational

Safety and Health Administration (OSHA) set the per-
missible exposure limit (PEL) for butadiene at 1000 ppm
(6). However, reports of the rodent carcinogenicity of
butadiene caused the American Conference ofGovernmen-
tal Industrial Hygienists to lower the threshold limit value
(TLV) to 10 ppm (7). OSHA has recently proposed lowering
the PEL to 2 ppm (8). Butadiene was identified as a
hazardous air pollutant in the 1991 reauthorization of the
Clean Air Act (9). The International Agency for Research
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on Cancer (IARC) has classified butadiene as a "IIB"
carcinogen, i.e., possibly carcinogenic in humans (10); the
U.S. Environmental Protection Agency classifies it simi-
larly as a B2 carcinogen (11).

Toxicity
Acute toxicity to butadiene requires high exposure con-

centrations. Shugaev (12) reported that the LC50 in rats
after a 4-hr exposure was 129,000 ppm, whereas a con-
centration of 122,000 ppm resulted in 50% lethality in mice
after only 2 hr of exposure. Exposure to 250,000 ppm for
approximately 30 min resulted in the death of exposed
rabbits (13). Exposure of men to 2000 ppm for 6-8 hr
resulted only in minor eye irritation (13).
Few adverse effects result from exposures of experi-

mental animals to concentrations below 4000 ppm. Expo-
sure of various experimental animal species to 6700 ppm
for 8 months (7.5 hr/day, 6 days/week) revealed only a mild
growth retardation and reversible liver degeneration (13).
More recent studies in rats showed essentially no effects in
rats after exposure for 13 weeks (6 hr/day, 5 days/week) to
8000 ppm butadiene (14).

Developmental toxicity has been examined in both rats
and mice using a standard Segment II protocol. Studies
conducted at Battelle Northwest Laboratories (15-17)
have demonstrated that butadiene is maternally toxic to
Sprague-Dawley rats at 1000 ppm. However, there is no
developmental toxicity observed in the rat fetuses even at
doses where maternal toxicity is observed. In contrast,
both maternal and developmental toxicity is observed at
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200 ppm in CD-1 mice. A reduction in the weight of male
mouse fetuses was also observed at 40 ppm, but no mater-
nal toxicity was evident. After exposure to 200, 1000, or
5000 ppm for 5 days, there was a concentration-related
increase in abnormal sperm in male B6C3F1 mice (17). The
immunotoxicity of butadiene was examined in male
B6C3F1 mice exposed to 1250 ppm (6 hr/day, 5 days/week)
for 12 weeks (18). No effects were noted in either humoral
or cell-mediated immunity.

Chronic toxicity studies have been. conducted by the
National Toxicology Program (NTP) in B6C3F1 mice (19).
Testicular atrophy was noted at 625 ppm in male mice, and
ovarian atrophy occurred at doses as low as 6.25 ppm in
female mice exposed for 40 weeks (6 hr/day, 5 days/week).
Bone marrow toxicity was also observed at this time point
with a decrease in red blood cells, hemoglobin, and packed
red cell volume at 2 62.5 ppm. An increase in mean cor-
puscular volume was noted at 625 ppm. These changes are
consistent with poorly regenerative anemia at doses 62.5
ppm. Earlier studies conducted by Irons and co-workers
(20) in B6C3F1 mice exposed to 1250 ppm for 6 weeks had
demonstrated a macrocytic-megaloblastic anemia charac-
terized by an increase in micronuclei and leukopenia due
mainly to neutropenia. These changes may result from
interference with normal bone cell differentiation. There is
also some indication of altered hematological parameters in
humans occupationally exposed to 20 ppm butadiene (21).

Butadiene is a potent mutagen both in vivo and in vitro
(22). In studies involving bacterial mutagenicity, butadiene
has been shown to be a base-pair mutagen in Salmonella
typhimurium strains TA1530 and 1535 (23). Its muta-
genicity requires metabolic activation (24). Butadiene also
causes cytogenetic effects in the whole animal. Tice and co-
workers (25) examined the effects in bone marrow after a
2-week exposure to male B6C3F1 mice (6 hr/day, 5 days/
week). Significant increases were noted in sister chromatid
exchanges at 6.25 ppm, in circulating micronuclei at 62.5
ppm, and in chromosome aberrations at 625 ppm. Recent
studies by Goodrow et al. (26) have demonstrated that
proto-oncogenes are activated in mouse liver and lung
tumors and lymphomas after exposure to butadiene. The
activating mutation is in codon 13 of the K-ras oncogene, a
mutation never seen in spontaneously arising liver tumors.
The inactivation of suppressor genes has also been noted
in tumors from butadiene-exposed mice (27). On-going
studies using transgenic mice have demonstrated in vivo
activation of transgenes after butadiene exposure (28). In
vitro work involving TK-6, a human lymphoid cell line, has
demonstrated mutation in the HGPRT locus (29).

Carcinogenicity
The carcinogenicity of butadiene in rats has been exam-

ined by a study conducted under the auspices of the
International Institute of Synthetic Rubber Producers.
This study was first reported in 1981 (30) and in the peer-
reviewed literature in 1987 (31). Male and female Sprague-
Dawley rats, 100/group, were exposed to concentrations of
0, 1000, and 8000 ppm butadiene for 2 years (6 hr/day, 5

days/week). Butadiene caused significant increases at the
high dose in pancreatic and testicular tumors in males. In
females, significant increases occurred at both the low and
high dose in mammary gland tumors and at the high dose
in thyroid gland tumors. There was also an increasing
trend observed in females for uterine and Zymbal gland
tumors. Thus, butadiene is a multisite carcinogen in both
sexes of rats. It is important to note that survival was not
compromised at the low concentration.
The carcinogenicity of butadiene was examined in male

and female B6C3F1 mice, 50/group, exposed to 0, 625, or
1250 ppm butadiene for 60 (male) or 61 (female) weeks (6
hr/day, 5 days/week (32,33). The study had been intended
to last for 2 years, but early mortality due to the induction
of lethal tumors resulted in study termination. For exam-
ple, by 60 weeks, less than 20% of the males exposed to the
high concentration and 25% exposed to the low concentra-
tion were still alive. Survival of the controls was greater
than 95% at this time. Malignant T-cell lymphomas were
present in both males and females at the low concentration
(625 ppm) and were the cause of early death in most cases.
These thymic lymphomas are distinct from the spon-
taneous lymphomas occurring in this strain of mouse,
which are derived from B-cells. Hemangiosarcomas of the
heart, an extremely rare tumor, were also found in both
sexes, as were lung and forestomach tumors. The incidence
of hemangiosarcomas, lymphomas, and lung tumors was
similar at the two concentrations. The decrease in for-
estomach tumors at the high concentration may well have
been due to the excessive early mortality. In addition,
tumors were found in the mammary gland, ovary, and liver
of female mice at 1250 ppm. Thus, as in the rat, butadiene
was a multisite carcinogen in both sexes of B6C3F1 mice,
but at significantly lower exposure concentrations.

In order to better understand better the induction of
tumors in the mouse by butadiene, a second carcino-
genicity study was conducted by the NTP (19). This study
focused on both dose-response relationships and the issue
of time to tumor, with the inclusion of stop studies. Male
and female B6C3F1 mice, 70/group, were exposed to 0,
6.25, 20, 62.5, 200, and 625 ppm butadiene for 40 (10 mice),
65 (10 mice), or 103 (50 mice) weeks (6 hr/day, 5 days/week).
In addition, mice (50/group/sex) were exposed to 200 ppm
for 40 weeks, 625 ppm for 13 weeks, 312 ppm for 52 weeks,
or 625 ppm for 26 weeks, resulting in a total exposure of
approximately 8000 or 16,250 ppm-weeks. As in the earlier
study, survival was severely compromised in both sexes at
625 ppm; all the mice died before 70 weeks of exposure.
Survival was also decreased at 200 ppm, but this effect was
much less severe as the concentration decreased. For
example, in females the thymic lymphomas led to reduced
survival at 200 ppm. The only concentration at which
survival was not affected by exposure to butadiene was
6.25 ppm.
As in the earlier study, tumors appeared at multiple sites

in both sexes of mice. A significant increase in malignant
tumors was detected at 20 ppm in males and 6.25 ppm in
female mice. In addition to the lymphomas, hemangiosar-
comas, and lung and forestomach tumors seen previously,
tumors were now observed in the Harderian gland, prepu-
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tial gland, and liver in males and in the Harderian gland,
liver, ovary, and mammary gland in females. The detection
of these additional sites appears to be due to the disap-,
pearance of the thymic lymphomas at the low exposure
concentrations. The lymphomas are early-appearing
tumors, which can occur in less than 26 weeks after the
start of exposure. In contrast, the hemangiosarcomas do
not appear until 40 weeks. When the concentration of
butadiene is lower, the lymphomas do not occur, allowing
for the development of malignancies in other tissues. A
similar pattern is apparent for the induction of lung
tumors, which also do not appear until approximately 40
weeks of exposure. This tumor is the most sensitive tumor
end point in the female mouse, occurring with a statis-
tically significant increase at the lowest dose used in this
study, 6.25 ppm. Examination of the concentration-
response curves for the induction of tumors in both male
and female mice confirms the observation that the T-cell
response is a high-concentration effect. In contrast, a
linear relationship is observed between incidence and
exposure concentration for the other major tumors (lung,
Harderian gland, heart, forestomach).

Studies that maintained a constant concentration-time
relationship demonstrated that the high exposure con-
centration was responsible for the induction oflymphomas.
Only 13 weeks of exposure to 625 ppm resulted in a 47%
incidence of thymic lymphomas in male mice, whereas no
significant increase occurred when mice were exposed to
200 ppm for 40 weeks. In contrast, the total exposure
(ppm-weeks) appears to determine the response in the
other tissues.

Thus, butadiene causes tumors at multiple sites in both
sexes of rats and mice. However, while tumors occur at 6
ppm in the mouse, the lowest concentration at which
tumors were noted in rats was at 1000 ppm. The only tumor
site in common between the two species was the mammary
gland in the female. The rat tumors are all in endocrine
tissues. Nevertheless, butadiene is clearly a potent animal
carcinogen.
The exquisite sensitivity of the B6C3F1 mouse to

butadiene-induced tumors has been hypothesized to relate
to the presence of an endogenous ecotropic retrovirus in
these mice (34). Exposure ofNIH Swiss mice, which do not
have the retrovirus, results in a much lower lymphoma
incidence. However, these studies demonstrate that the
virus is not required for tumor induction, although it may
play a modulatory role. Other strain differences could also
explain the different lymphoma incidence.
Although butadiene is clearly a potent rodent carcino-

gen, the question of its human carcinogenicity is not clear
from epidemiological studies. Three mortality cohort stud-
ies have been conducted (35-37). In all cases, the total
cancer mortality was low. Although there was a significant
increase in the standardized morality ratio (SMR) for
hematopoietic cancers, the SMRs were lower for long-
terms workers in the butadiene industry than for short-
term workers. The lymphopoietic case-control study of
Matanoski et al. (38), which was nested within the largest
of the three cohort studies, does suggest an increase in
leukemia as well as in lymphosarcoma and other lymphatic

tumors. However, these increases are essentially only in
the black production workers and involve very small num-
bers ofworkers. An exposure-based cohort study is clearly
needed to resolve the issue of whether butadiene is a
human carcinogen.

Pharmacokinetics
The dramatic differences in species sensitivity to buta-

diene carcinogenicity, as well as the observed varying
susceptibilities for developmental toxicity end points, sug-
gest that pharmacokinetic differences among species may
exist. Pharmacokinetic studies involve analysis of the
uptake, absorption, distribution, metabolism, and elimina-
tion of butadiene and its metabolites, both experimentally
and by mathematical modeling. The major approaches
used to study the pharmacokinetic behavior of butadiene
in experimental animals and humans have involved gas
uptake, chemical disposition, and in vitro metabolism
studies. In the early 1980s, the laboratories of Filser and
Bolt (39) pioneered the use of closed-chamber systems to
study the pharmacokinetics of butadiene. They placed
Sprague-Dawley rats (40) or B6C3F1 mice (41) in air-tight
chambers filled with a known concentration of butadiene
and then monitored the disappearance of butadiene from
the chamber. In this system, the loss of butadiene was due
to its uptake and metabolism by the animals. The disap-
pearance of butadiene was nonlinear at exposure con-
centrations greater than 1000 ppm, with metabolic
saturation occuring at concentrations > 1500 ppm in both
rats and mice. The major difference between mice and rats
was that the rate of metabolic elimination (Vmax) in mice
was approximately twice that of rats. These investigators
(40) also observed that the metabolic elimination of buta-
diene could be blocked by pretreatment of the rats with
dithiocarb, indicating that metabolism was mediated by
the cytochrome P450 monoxygenase system. Metabolism
was also inducible by Aroclor 1254. Such pretreatment
resulted in a dramatic increase in the Vmax and no evidence
of saturation at exposure concentrations as high as 12,000
ppm butadiene.

Metabolism of butadiene occurs via epoxidation of one of
the double bonds to produce 1,2-epoxybutene-3, also
known as vinyl oxirane or butadiene monoepoxide
(BDMO). Malvoisen and co-workers (42) demonstrated
that this microsomal reaction was NADPH dependent and
was inducible by phenobarbital but not by 3-methylchol-
anthrene. It could be inhibited by SKF525A. Such behav-
ior is characteristic of a cytochrome P450 mediated
reaction. The production of this metabolite in vivo could be
demonstrated in the closed-chamber system (43).
There are multiple pathways that can lead to the disap-

pearance of the monoepoxide. Malvoisen and Roberfroid
(44) used an in vitro system to demonstrate that BDMO
could be hydrated via epoxide hydrolase to form the 3,4-
dihydroxy-1,2-butene (butenediol). Using microsomes from
Wistar rats, they observed that the Km for this pathway
was relatively high compared to that of the initial epoxida-
tion step, suggesting that the activation of butadiene to
BDMO is favored over hydration of BDMO to the diol.
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BDMO can also serve as a substrate for a further round of
epoxidation, leading to the production of diepoxybutane,
which is more highly reactive and carcinogenic than the
monoepoxide (22). Whether this metabolite is actually
produced in vivo is unsure given the lack of detection of
diepoxybutane-induced DNA crosslinks in vivo in either
rats or mice (45). Both the mono- and diepoxide can also
conjugate with glutathione, a reaction catalyzed by a sol-
uble glutathione-S-transferase. Recent studies have indi-
cated that this reaction results in detoxication (46). The
butenediol can undergo another round of epoxidation and
hydration to form the tetrol, erythritol, which can also be
produced by action of epoxide hydrolase on the diepoxy-
butane.
The metabolic elimination ofBDMO can be followed in a

closed-chamber system. If rats or mice are exposed in a
closed chamber to BDMO, the disappearance ofBDMO is
linear up to 1000 ppm in rats, while saturation of metabolic
elimination is observed at 500 ppm in mice. In fact, in the
linear range (< 500 ppm), the steady-state concentration of
BDMO in mice is approximately 10 times that in rats. Rats
are able to eliminate BDMO faster than mice. The Vmax for
metabolic elimination in rats is 8 times greater than
observed in mice (4 7). Thus, mice are able to generate more
BDMO than rats when exposed to a similar concentration
of butadiene; rats more readily eliminate this reactive
metabolite.
The suggestion that differences in the rate of metabolic

elimination of butadiene and its reactive metabolite,
BDMO, could play a role in the differential species sen-
sitivity observed has been supported by a series of studies
of the disposition of butadiene in mice, rats, and monkeys
(48). These studies involved dynamic, nose-only exposures
to radiolabeled butadiene. The retention of the radioac-
tivity and its tissue distribution was examined in Sprague-
Dawley rats and B6C3F1 mice at multiple time points
following cessation of exposure to butadiene concentra-
tions ranging from 0.08 to 8000 ppm. The elimination of
butadiene-derived radioactivity was examined in the
exhaled air, urine, and feces after exposure. At the same
exposure concentration, mice retained more of the
butadiene-derived radioactivity than rats (49), resulting in
a higher dose. This may be due to the greater minute
volume in mice as compared to rats. However, recent
studies in cynomolgus monkeys have indicated that reten-
tion in monkeys is similar to that observed in rats (50). The
disposition studies using radioactivity also indicated that
nonlinearities in metabolism were observed in the mice at
exposure concentrations above 100 ppm, as indicated by an
increase in the percentage ofradioactivity exhaled as CO2.
This shift occurred at higher concentrations in the rats in
good agreement with the results from the closed-chamber
studies.
The distribution of butadiene-derived radioactivity was

also examined in the tissues of mice and rats (51). Few
differences were observed. Fat was the major tissue depot.
The concentration of radioactivity in the blood was greater
in mice than in rats. This labeled material has been tenta-
tively identified as butadiene monoepoxide; it is clearly not
the parent compound (48). The concentration ofbutadiene-

derived radioactivity is lowest in the blood of exposed
monkeys (50). In all three species, routes of elimination ofthe
butadiene-derived radioactivity were similar, with most of
the metabolites appearing in the expired air and urine.
Although there are some differences in the uptake and

metabolic rate between rats and mice, these alone are not
sufficient to explain the dramatic differences in species
sensitivity to butadiene carcinogenesis. One possibility
that requires examination is the species differences in
metabolic pathways, as suggested by the differential abil-
ity to remove the monoepoxide observed in the closed-
chamber studies. To investigate different metabolic path-
ways as well as the role of tissues other than the liver in the
metabolic activation and detoxication of butadiene, in vitro
systems have been used. Malvoisen and Roberfroid (44), as
mentioned above, demonstrated that when using rat hepa-
tic microsomes, activation of butadiene was favored over
hydration of the monoepoxide. The critical role of epoxide
hydrolase in the detoxication ofBDMO was demonstrated
by Bolt et al. (43), who demonstrated that incubation of
microsomes with trichloropropylene oxide, a specific inhib-
itor of epoxide hydrolase, increased the levels of BDMO.
These investigators observed that addition of glutathione
(GSH) and soluble enzymes to the microsomes resulted in
a decrease in the level of the monoepoxide. This ability of
GSH to detoxify BDMO was further examined using in
vivo exposures in which the depletion of glutathione was
observed to be more pronounced in mice than in either
Sprague-Dawley or Wistar rats (52). Such depletion is
often correlated with enhanced toxicity. In fact, the levels
of BDMO appear to build up once the GSH is depleted.
Deutschmann and Laib (53) demonstrated a dose-
dependent decrease in GSH concentrations starting
between 100 and 250 ppm in the mouse. Higher exposure
concentrations also led to depletion ofGSH in the lung and
heart of the mouse. In contrast, a major reduction in
hepatic glutathione was not observed in the rat until
exposure to 2000 ppm butadiene. Few changes were
observed in the rat heart or lungs.

Butadiene can be metabolized in tissues in addition to
the liver. Bond and co-workers (54) compared the in vitro
metabolism ofbutadiene in microsomes from liver and lung
of rats and mice. The rate of butadiene disappearance was
similar using rat and mouse liver microsomes, but
appeared to be higher in rat than in mouse lung. Recent
studies in which BDMO formation was directly measured
in vitro revealed that mouse lung microsomes activate
butadiene at rates nearly 15 times greater than in rats (55).
Lorenz and co-workers (56) also reported that the relative
activation of butadiene by mouse lung microsomes was
greater than that observed in rat lung, in agreement with
studies by Schmidt and Loeser (57). In vitro hepatic
activities observed from all of these groups has been
greater in the mouse than in the rat. Pretreatment of the
rats and mice for 5 days with butadiene failed to induce its
own metabolism in either tissue (54). The metabolic rate in
rat nasal mucosa appeared similar to that observed in liver
and lung (54). Recent studies have indicated that
myeloperoxidase-mediated metabolism of butadiene may
occur in the bone marrow (58).
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Several investigators have attempted to compare the
rate of butadiene activation in vitro in humans with that
observed in experimental animals. Using liver microsomes
from Wistar and Sprague Dawley rats, NMR and B6C3F1
mice, rhesus monkeys, and human liver, Schmidt and
Loeser (57) observed the following rate of formation of
BDMO: mouse > rat > man > monkey. Csanady and co-
workers (55) noted a lower rate of formation of BDMO in
rat liver microsomes than in humans or mice. Rates of
butadiene activation in human lung microsomes were similar
to rats (55).
The critical issue is not the rate of formation of BDMO,

but the steady-state levels in the organism. This has not
yet been experimentally determined. However, hints at
species differences are apparent from comparison of the
relative rates for BDMO formation and its further bio-
transformation to other metabolites. As discussed above,
removal of BDMO appears to be catalyzed by two major
enzymes: epoxide hydrolase and glutathione-S-trans-
ferase. The in vivo studies suggest that rats may have
greater epoxide hydrolase activity than mice, resulting in
lower utilization of the glutathione transferase pathway,
and hence, lower probability of causing glutathione deple-
tion. Lorenz et al. (56) observed that although rats had
greater hepatic epoxide hydrolase activity, mice had
higher levels of the transferase. Csanady et al. (55) noted
that mouse liver microsomes had approximately twice the
rate of diol formation from BDMO than rats, but that this
was much lower than that observed in human liver micro-
somes. This is in agreement with the earlier observation of
Schmidt and Loeser (57) that epoxide hydrolase activity
was highest in monkeys and humans but very low in
rodents. Recent studies by Kreuzer et al. (59) noted that
the relative epoxide hydrolase activity using BDMO as a
substrate was man > rat > mouse. This relative activity
profile was reversed for glutathione-S-transferase-
catalyzed conjugation of GSH with BDMO. In fact, the
ability ofhuman liver microsomes to form the diol from the
monoepoxide was about 25 times greater than the activa-
tion ofbutadiene to the monoepoxide. Overall, the ability of
rats to generate the monoepoxide and then eliminate it is
not as great as that of the human but better than the
mouse, which is very active at activating butadiene but has
only limited ability to remove the monoepoxide.
In vivo studies examining the profile ofurinary metabo-

lites after butadiene exposure have lent support to the
hypothesis that while mice preferentially metabolize
BDMO via conjugation with glutathione, rats use this
pathway, as well as epoxide hydrolase, and monkeys favor
diol formation almost exclusively (60). Inhalation exposure
of monkeys to butadiene resulted in the presence of only
one major metabolite in the urine, which has been identi-
fied as the N-acetylcysteine conjugate of butanediol. This
metabolite is a product of the sequential activity ofepoxide
hydrolase on BDMO, generating the butenediol, which
then becomes a substrate for the glutathione-S-trans-
ferase. In contrast, in mice, although there are low
amounts of this butenediol conjugate, the major metabolite
is the N-acetylcysteine conjugate of butene-2-ol, the prod-
uct of direct conjugation of BDMO with GSH. There are

nearly equivalent amounts of the two metabolites in the
rat. Thus, in rodents the levels of circulating epoxide are
high enough to be available for conjugation with glu-
tathione, but in primates the high levels of epoxide hydro-
lase activity ensure that the monoepoxide is rapidly
converted to the diol.
The weight of evidence suggests that the mouse has the

greatest ability to create the active metabolite of buta-
diene, BDMO, but the least capacity to remove it. While
proof of elevated steady-state levels ofBDMO has not yet
been obtained, there is additional indirect in vivo data in
support of this hypothesis. Butadiene exposure to mice
and rats resulted in approximately 2-fold higher binding to
nucleoproteins in mice than in rats (61). Measurement of
hydroxybutenylvaline in hemoglobin, which is a product of
the reaction ofBDMO with the N-terminal valine, reveals
that mice produce more than 10 times the level of this
adduct following exposure to 2000 ppm butadiene, as do
rats (J. Bond, personal communication). Hemoglobin
adducts are a reflection of the circulating levels of the
monoepoxide; they are a function of the balance between
butadiene activation and detoxication. DNA adducts are
found after inhalation exposure only in the livers of mice,
not rats (62). This adduct was tentatively identified as 7-(1-
hydroxy-3-buten-2-yl)guanine (63). The generation of this
adduct in the mouse at exposure concentrations that cause
tumors in mice but not in rats supports the central role for
BDMO in butadiene carcinogenesis.
A physiologically based pharmacokinetic model was

developed by Hattis and Wasson (64) to describe the
behavior ofbutadiene. This model predicted that butadiene
metabolism scaled with the general metabolic rate, in good
agreement with the experimental data. Using a Michaelis-
Menten-type equation to describe the conversion of buta-
diene to the monoepoxide, the model successfully pre-
dicted the observed nonlinearities in metabolic elimination
with exposure concentrations. Extrahepatic metabolism
also appeared to play a role in the overall pharmacokinetic
behavior. Csanady et al. (65) have recently developed a
physiologically based pharmacokinetic model to describe
the disposition of butadiene. The model predictions pro-
vide an excellent fit to the experimentally determined data
using the metabolic constants determined in vitro. Fur-
ther development and validation of this model to predict
the levels of hemoglobin adducts formed from the mono-
epoxide in rodents should enable predictions concerning
the levels of such adducts in occupationally exposed
workers.

Conclusions
Differential species sensitivity has been demonstrated

not only for the carcinogenic effects of butadiene but for
the developmental effects as well. The mouse appears to be
extremely sensitive to the toxic effects of this chemical.
Although rates ofuptake and elimination may play a role in
this differential species sensitivity, it is highly unlikely
that these form the basis for the observed differences.
However, there do appear to be significant differences in
the metabolic pathways that are preferentially used
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between different species. The results to date suggest that
the mouse has the greatest ability to activate butadiene to
the highly reactive monoepoxide BDMO; however, the
mouse has only limited ability to remove this metabolite.
Rats form less of the monoepoxide but have a greater
ability to remove it by diol formation than mice. The ratio
of activation to inactivation, i.e., the formation of mono-
epoxide versus its removal, appears to continue to
decrease when one considers primates. If steady-state
levels of the monoepoxide after inhalation exposure are in
fact lower in monkeys than in rats and the level in rats are
lower than those in mice, this might suggest that monkeys
and humans would be less sensitive to the toxic and
carcinogenic actions of butadiene than are rodents.

Helpful discussions with J. Bond and R. Henderson are gratefully
acknowledged. This document has been reviewed in accordance wAith U.S.
Environmental Protection Agency policy and approved for publication.
Mention of trade names or commercial products does not constitute
endorsement or recommendation for use.

REFERENCES

1. Morroxw, N. L. The industrial production and use of 1,3-butadiene.
Environ. Health Peirspect. 86: 7-8 (1990).

2. Fajen, J. M., Roberts, D. R., Ungers, L. J., and Krishnan, E. R.
Occupational exposure of workers to 1,3-butadiene. Environ. Health
Perspect. 86: 11-18 (1990).

3. Millei; L. M. Investigations of selected potential environmental con-
taminants: butadiene and its oligomers. In: EPA-560/2-78-008, U.S.
Environmental Protection Agency, Washington, DC, 1978.

4. U.S. EPA. Toxics in the Community: 1988 National and Local Per-
spectives. EPA/560/4-90-017 Office of Pesticides and Toxic Sub-
stances, Washington, DC, 1990.

5. NESCAUM. Evaluation of the Health Effects from Exposure to
Gasoline and Gasoline Vapors: Final Report. Northeast States for
Coordinated Air Use Management, 1989.

6. OSHA. Safety and Health Standards. 29CFR 19/0.1000. TPable Z-1
Occupational Safety and Health Administration, Washington, DC. 1981.

7. ACGIH. Documentation of the Threshold Limit Values and Documen-
tation of the Biological Exposure Indices. American Conference of
Governmental Industrial Hygienists, Cincinnati, OH, 1986,

8. Occupational Safety and Health Administration. Occupational expo-
sure to 1,3-butadiene; proposed rule and notice of hearing. Fed. Reg.
55: 32736-32826 (1990).

9. National emission standards for hazardous air pollutants for source
categories; compliance extensions for- early rieductions: proposed r-ule.
Fed. Reg. 56(114): 27354 (1991).

10. IARC. IARC Monograph on the Evaluation of the Carcinogenic Risk
of Chemicals to Humans. Suppl. 7: Overall evaluations of carcino-
genicity: An updating of IARC Monographs Volumes 1-42. Interna-
tional Agency for Research on Cancei, Lyon, France, pp. 136-137,
1987.

11. U.S. EPA. Mutagenicity and Carcinogenicity Assessment of 1,3-
Butadiene. EPA/600-8-85/004F, Office of Health and Environmental
Assessment, Washington, DC, 1985.

12. Shugaev, B. B. Concentrations of hydrocarbons in tissues as a mea-
sure of toxicity. Arch. Environ. Health 18: 878-882 (1969).

13. Cairpentei- C. P., Shaffer, C. B., Weil, C. S., and Smyth, H. F. Studies on
the inhalation of 1,3-butadiene, with a comparison of its nar cotic effect
with benzol, toluol, and styrene, and a note on the elimination of
styrene by the human. J. Ind. Hyg. Toxicol. 26: 69-78 (1944).

14. Crouch, C. N., Pullinger, D. M., and Gaunt, I. F. Inhalation toxicity
studlies with 1,3-butadiene - 23-month toxicity studies in rats. Am.
Ind. Hyg. Assoc. 40: 796-802. (1979).

15. Hackett, P. L., Sikov, M. R., Mast, T. J., Brown, M. G., Buschbom, R. L.,
Clark, M. L., Decker, J. R., Evanoff, J. J., Rommereim, R. L., Rowe, S.
E., and Westerberg, R. B. Inhalation Developmental Toxicology Stud-

ies: Teratology Study of 1,3-Butadiene in Mice: Final Report to the
NTP bv Pacific Northwest Laboratory, Richmond, WA. PNL-6412,
1987.

16. Hackett, P. L., Sikov, M. R., Mast, T. J., Brown, M. G., Buschbom, R. L.,
Clark, M. L., Decker, J. R., Evanoff, J. J., Rommereim, R. L., Rowe, S.
E., and Westerberg, R. B. Inhalation Developmental Toxicology Stud-
ies of 1,3-Butadiene in the Rat: Final Report to the NTP by Pacific
Northwest Laboratory, Richmond, WA. ISS PNL-6414; DE
88004186, 1987.

17. Morrissey, R. E., Schwetz, B. A., Hackett, P. L., Sikox, M. R., Hardin,
B. D., McClanahan, B. J., Deckei; J. R., and Mast, T. J. Overview of
reproductive and developmental toxicity studies of 1,3-butadiene in
rodents. Environ. Health Perspect. 86: 79-84 (1990).

18. Thurmond, L. M., Lauer, L. D., House, R. V., Stillman, W. S., Irons, R.
D., Steinhagen, W. H., and Dean, J. H. Effect of short-term inhalation
exposure to 1,3-butadiene on murine immune functions. Toxicol. Appl.
Pharmacol. 86: 170-179 (1986).

19. Melnick, R. L., Huff, J., Chou, B. J., and Miller, R. A. Carcinogenicity
of 1,3-butadiene in C57BL/6 x C3HF1 mice at low exposure con-
centrations. Cancer Res. 50: 6592-6599 (1990).

20. Irons, R. D., Smith, C. N., Stillman, W. S., Shah, R. S., Steinhagen, W.
H., and Leiderman, L. J. Macrocytic-megaloblastic anemia in male
B6C3Fj mice following chronic exposure to 1,3-butadiene. Toxicol.
Appl. Pharmacol. 83: 95-100. (1986).

21. Checkoway, H., and Williams, T. M. A hematology surivey of workeris
at a styrene-butadiene synthetic rubber manufacturing plant. Am.
Ind. Hyg. Assoc. 43: 164-169 (1982).

22. de Meester, C. Genotoxic properties of 1,3-butadiene. Mutat. Res. 195:
273-281 (1988).

23. de Meester, C., Poncelet, F., Roberfroid, M., and Merciei; M. Muta-
genicity of butadiene and butadiene monoxide. Biochem. Biophys.
Res. Commun. 80: 298-305 (1978).

24. de Meestei; C., Poncelet, F., Roberfroid, M., and Mercier, M. The
mutagenicity of butadiene towards Salmonella typhimurium. Toxicol.
Lett. 6: 125-130 (1980).

25. Tice, R. R., Boucher, R., Luke, C. A., and Shelby, M. D. Comparative
cytogenic analysis of bone marrow damage induced in male B6C3F,
mice by multiple exposures to gaseous 1,3-butadiene. Environ. Muta-
gen. 9: 235-250 (1987).

26. Goodroxv; T., Reynolds, S., Maronpot, R., and Anderson, M. Activation of
K-ias by codon 13 mutations in C57BL/6 x C3HF1 mouse tumors
induced by exposure to 1,3-butadiene. Cancer Res. 50: 4818-4823 (1990).

27. Wiseman, R., Cochran, C., Hegi, M., and Soderkvist, P. Allele loss
during carcinogenesis in mice. Hum. Genet. 49(4): 305 (1991).

28. Recio, L., Osterman-Golkai; S., Csanady, G. A., Turner, M. J., Myhr,
B., Moss, O., and Bond, J. A. Determination of mutagenicity in tissues
of transgenic mice following exposure to 1,3-butadiene and N-ethyl-
N-nitrosourea. Toxicol. Appl. Pharmacol. 117: 58-64 (1992).

29. Cochrane, J. E., Craft, T. R., Cariello, N. F. and Skopek, T. R.
Mutagenicity and toxicity of 1,2-epoxybutane and diepoxybutene in
human lymphoblasts. Environ. Mol. Mutag. 17(19): 17 (1991).

30. IISRP. The Toxicity and Carcinogenicity of Butadiene Gas Admin-
istered to Rats by Inhalation for Approximately 24 Months. Report
No. 2653-522/2, International Institute of Synthetic Rubber Prod-
ucts, Houston, TX, 1981.

31. Owen, P. E., Glaistei; J. R., Gaunt, I. F., and Pullinger, D. H. Inhalation
toxicity studies with 1,3-butadiene. 3. Two-year toxicity/carcinogeni-
city studies in rats. Am. Ind. Hyg. Assoc. 48: 407-413 (1987).

32. NTP. Toxicology and Carcinogenesis Studies of 1,3-Butadiene (CAS
No. 106-99-0) in B6C3Fj Mice (Inhalation Studies). NTP Technical
Report No. 288, NIH Publication No. 84-2544, National Toxicology
Program, Research Triangle Park, NC, 1984.

33. Huff, J. E., Melnick, R. L., Solleveld, H. A., Haseman, J. K., Powers, M.,
and Miller, R. A. Multiple organ carcinogenicity of 1,3-butadiene in
B6C3F, mice after 60 weeks of inhalation exposure. Science 227: 548-
549 (1985).

34. Irons, R. D., Cathro, H. P., Stillman, W. S., Steinhagen, W. H., and
Shah, R. S. Susceptibility to 1,3-butadiene-induced leukemogenesis
correlates with endogenous ecotropic retroviral background in the
mouse. Toxicol. Appl. Pharmacol. 101: 170-176 (1989).

35. Meinhardt, T. J., Lemen, R. A., Crandall, M. S., and Young R. J.
Environmental epidemiologic investigation of the styrene-butadiene
rubber industiry. Scand. J. Work. Environ. Health 8: 250-259 (1982).



ROLE OF METABOLISM IN BUITADIENE HEALTH EFFECTS 167

36. Divine, B. J. An update on mortality among workers at a 1,3-butadiene
facilitv. Preliminary results. Environ. Health Perspect. 86: 119-128
(1990).

37. Matanoski, G. M., Santos-Burgoa, C., and Schwar tz, L. Mortality of a
cohort of workers in the stvrene-butadiene polvmer manufacturing
industry, 1943-1982. Environ. Health Perspect. 86: 107-117 (1990).

38. Matanoski, G. M., Santos-Burgoa, C., Zeger, S. L., and Schwartz, L.
Epidemiologic data r-elated to health effects of 1,3-butacliene. In:
Assessment of Inhalation Hazar-ds (U. Mohi- D. V. Bates, D. L.
Dungworth, P. N. Lee, R. 0. McCellan, and F. J. C. Roe, Eds.),
Springer-Verlag, Newv York, 1989, pp. 201-214.

39. Filser, J. G., and Bolt, H. M. Inhalation phairmacokinetics-based gas
uptake studies. I. Improvement of kinetic models. Ar-ch. Toxicol. 47:
279-292 (1981).

40. Bolt, H. M., Filser, J. G., ancd Stormei- F. Inhalation pharlnacokinetics-
based gas uptake studies. V. Compar ative pharmacokinetics of eth-
vlene and 1,3-butadiene in rats. Arch. Toxicol. 55: 213-218 (1984).

41. Kreiling, R., Laib, R. J., Filser, J. G., and Bolt, H. M. Species
differences in butadiene metabolism between mice and rats evaluated
by inhalation pharmacokinetics. Arch. Toxicol. 58: 235-238 (1986).

42. Malvoisin, E., Lhoest, G., Poncelet, F., Roberfroid, M., and Merciei- M.
Identification and quantitation of 1,2-epoxybutene-3 as the primary
metabolite of 1,3- butadiene. J. Chromatogr. 178: 419-425 (1979).

43. Bolt, H. M., Schmiedel, G., Filser, J. G., Rolzhausei- H. P., Liesei- K.,
Wistuba, D., and Schurig, V. Biological activation of 1,3-butadiene to
vinyl oxirane by rat liver microsomes and expiration of the reactive
metabolite by exposed rats. J.Cancer Res. Clin. Oncol. 106: 112-116
(1983).

44. Malvoisin, E., andl Roberfroid, M. Hepatic microsomal metabolism of
1,3-butadiene. Xenobiotica 12: 137-144 (1982).

45. Ristau, C., Deutschmann, S., Laib, R. J., and Ottenwalder, H. Detec-
tion diepoyxbutane-induced DNA-DNA crosslinks by cesium tri-
fluoraacetate (CsTFA) density-gradient centrifugation. Arch.
Toxicol. 64: 343-344 (1990).

46. Sharei- J. E., Duescher, R. J., and Elfarra, A. A. Formation, stabilitv,
and reaririangements of the glutathione conjugates of butadiene mon-
oxide: evidence for the formation of stable sulfurance intermediates.
Chem. Res. Toxicol. 4: 430-436 (1991).

47. Kreiling, R., Laib, R. J., Filser, J. G., and Bolt, H. M. Inhalation phar-
macokinetics of 1,2-epoxybutene-3 rieveal species differences between
rats and mice sensitive to butadiene-induced carcinogenesis. Arch.
Toxicol. 61: 7-11 (1987).

48. Dahl, A. R., Bechtold, W. E., Bond, J. A., Henderson, R. F., Mauderly, J.
L., Muggenburg, B. A., Sun, J. D. and Birnbaum, L. S. Species
differences in the metabolism and disposition of inhaled butadiene
and isoprene. Environ. Health Perspect. 86: 65-69 (1990).

49. Bond, J. A., Dahl, A. R., Hender son, R. F., Dutchei- J. S., MauderlV, J.
L., and Birnbaum, L. S. Species differences in the disposition of
inhaled butadiene. Toxicol. Appl. Pharmacol. 84: 617-627 (1986).

50. Dahl, A. R., Sun, J. D., Bendei; M. A., Birnbaum, L. S., Bond, J. A.,
Griffith, W. C., Mauderly, J. L., Muggenburg, B. A., Sabourin, P. J., and
Hender-son, R. F. Toxicokinetics of inhaled 1,3-butadiene in monkeys:
comparison to toxicokinetics in rats and mice. Toxicol. Appl. Phar-
macol. 110: 9-19 (1991).

51. Bond, J. A., Dahl, A. R., Hencler son, R. F., Dutcher, J. S., MauderlY, J.
L., and Birnbaum, L. S. Species differences in the disposition of
inhaled butadiene in tissues. Am. Ind. Hyg. Assoc. 48: 867-872 (1987).

52. Kieiling, R., Laib, R. J., and Bolt, H. M. Depletion of hepatic non-
protein sulfhydryl content during exposure of rats and mice to
butadiene. Toxicol. Lett. 41: 209-214 (1988).

53. Deutschmann, S., and Laib, R. J. Concentration-dependent depletion
of non-protein sulfhydryl (NPSH) content in lung, heart, and liver
tissues in rats and mice after acute inhalation exposure to butadiene.
Toxicol. Lett. 45: 175-183 (1989).

54. Bond, J. A., Mar-tin, 0. S., Birnbaum, L. S., Dahl, A. R., Melnick, R. L.,
and Hender son, R. F. Metabolism of 1,3-butadiene by lung and liver
microsomes in rats and mice repeatedly exposed by inhalation to 1,3-
butadiene. Toxicol. Lett. 44: 143-151 (1988).

55. Csanady, G. A., Guenger ich, F. P., and Bond, J. A. Comparison of the
biotr ansfor mation of 1,3-butadiene and its metabolite, butadiene
monoepoxide, by hepatic and pulmonary tissues from humans, rats
and mice. Carcinogenesis 13: 1143-1153 (1992).

56. Lorenz, J., Glatt, H. R., Fleischmann, R., Ferlinz, R., and Oesch, F.
Drug metabolism in man and its relationship to that in thr-ee r-odent
species: monooxygenase, epoxide hydrolase, and glutathione S-tr ans-
ferase activities in subcellular fractions of lung and liver. Biochem.
Med. 32: 43-56 (1984).

57. Schmildt, U., and Loesei- E. Species differences in the formation of
butadiene monoxide from 1,3-butadiene. Arch. Toxicol. 57: 222-225
(1985).

58. Elfarra, A. A., Duescher, R. J., and Pasch, C. M. Mechanisms of 1,3-
butadiene oxidations to butadienie monoxide and crotonaldehyde by
mouse liver microsomes and chloroperoxidase. Ar-ch. Biochem.
Biophys. 286: 244-251 (1991).

59. Kreuzer, P. E., Kesslei- W., Weltei- H. F., Baur, C., and Filsel; J. G.
Enzyme specific kinetic of 1,2-epoxybutene-3 in microsomes and
cytosol from liver of mouse, rat, and man. Arch. Toxicol. 65: 59-67
(1991).

60. Sabour in, P. J., Burka, L. T., Bechtold, W. E., Dahl, A. R., Hoover, M.
D., and Henderson, R. F. Species differences in urinary butadiene
metabolites: Identification of 1,2-dihydiroxy-4-(N-acetylcys-
teinyl)butane, a novel metabolite of buatdiene. Carcinogenesis, in
press.

61. Kreiling, R., Laib, R. J., and Bolt, H. M. Alkylation of nuclear proteins
and DAN after exposure of rats and mice to [1,4-14C]1,3-butadiene.
Toxicol. Lett. 30: 131-136 (1986b).

62. Kreiling, R. Formation 7-1 hydiroxy-3-buten-2-ylguanine in liver DNA
of mice exposed to butadiene. N.-S. Arch. Pharmacol. 335: 124 (1987).

63. Jelitto, B., Vangala, R. R., and Laib, R. J. Species differences in DNA
damage by butadiene: Role of diepoxybutane. Arch. Toxicol. (suppl).
13: 246-249 (1989).

64. Hattis, D., and Wasson, J. A Phaimacokinetic/Mechanism Based
Analysis of the Carcinogenic Risk of Butadiene. Report no. CTPID
87-3, Center for Technology, Policy and Industrial Development,
Massachusetts Institute of Technology, Cambridge, MA, 1987.

65. Csanady, G. A., Leavens, T., Gar-gas, M., and Bond, J. A. A phys-
iologically based toxicokinetic model for inhaled 1,3-butadiene. Tox-
icologist 12: 1396 (1992).


