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Abstract Methyl tert-butyl ether (MTBE) is widely used
as a gasoline oxygenate for more complete combustion
in order to reduce the air pollution caused by motor
vehicle exhaust. The possible adverse effects of MTBE
on human health is a major public concern. However,
information on the metabolism of MTBE in human
tissues is lacking. The present study demonstrates that
human liver is active in metabolizing MTBE to tert-
butyl alcohol (TBA), a major circulating metabolite and
a marker for exposure to MTBE. The activity is local-
ized in the microsomal fraction (125 ± 11 pmol TBA/
min per mg protein, n = 8) but not in the cytosol. This
activity level in human liver microsomes is approxi-
mately one-half of the value in rat and mouse liver mi-
crosomes. Formation of TBA in human liver micro-
somes is NADPH-dependent, and is significantly inhib-
ited by carbon monoxide (CO), an inhibitor of
cytochrome P450 (CYP) enzymes, suggesting that CYP
enzymes play a critical role in the metabolism of MTBE
in human livers. Both CYP2A6 and 2E1 are known to be
constitutively expressed in human livers. To examine
their involvement in MTBE metabolism, human
CYP2A6 and 2E1 cDNAs were individually co-
expressed with human cytochrome P450 reductase by a
baculovirus expression system and the expressed en-
zymes were used for MTBE metabolism. The turnover
number for CYP2A6 and 2E1 was 6.1 and 0.7 nmol
TBA/min per nmol P450, respectively. The heterolo-
gously expressed human CYP2A6 was also more active
than 2E1 in the metabolism of two other gasoline ethers,
ethyl tert-butyl ether (ETBE) and tert-amyl methyl ether
(TAME). Although the contributions of other human
CYP forms to MTBE metabolism remain to be deter-

mined, these results strongly suggest that CYP enzymes
play an important role in the metabolism of MTBE in
human livers.

Abbreviations MTBE Methyl tert-butyl ether · ETBE
ethyl tert-butyl ether · TAME tert-amyl methyl
ether · TBA tert-butyl alcohol · TAA tert-amyl
alcohol · CYP cytochromes P450 · GC gas
chromatography · CO carbon monoxide

Key words Methyl tert-butyl ether · Metabolism ·
Human liver microsomes · Cytochromes P450

Introduction

To reduce the production of carbon monoxide (CO) and
other pollutants in motor vehicle exhaust during win-
tertime, methyl tert-butyl ether (MTBE) and other
ethers, such as ethyl tert-butyl ether (ETBE) and tert-
amyl methyl ether (TAME), are added to gasoline as
oxygenates for more complete combustion. Among
them, MTBE is the most widely used. The use of MTBE
has significantly increased since 1992 in areas with severe
air pollution. Currently, approx. 20% of the gasoline
sold in the United States contains 2 to 15% MTBE, and
the use of MTBE and other ethers as oxygenates is ex-
pected to increase over the next decade (Costantini
1993).

The possible toxic effects of MTBE exposure in hu-
mans have received increasing attention. In November
1992, shortly after the introduction of MTBE in win-
tertime into oxygenated fuel in Fairbanks, Alaska,
reports of illnesses attributed to exposure to the oxy-
genated fuel started. The major symptoms reported in-
cluded headache, nausea or vomiting, burning sensation
of the nose or mouth, coughing, dizziness, disorienta-
tion, and eye irritation (Middaugh 1992, 1993). Subse-
quent studies by the Centers for Disease Control and
Prevention (CDC) and White et al. showed that in both
Alaska and Stamford, Connecticut, an area also par-
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ticipating in the wintertime oxygenated fuel program,
persons with higher blood levels of MTBE had more
complaints of symptoms (CDC 1993a; White et al.
1995). Although the currently available information
does not provide sufficient evidence to demonstrate that
exposure to MTBE results in an increase in symptoms,
there may be subpopulations with greater susceptibility
to MTBE.

The blood levels in exposed people of MTBE and
tert-butyl alcohol (TBA), a major circulating metabolite
and a suitable marker for MTBE exposure, as well as the
pharmacokinetics data have been reported (Clayton
Environmental Consultants 1991; Prah et al. 1994;
Johanson et al. 1995; Cain et al. 1996). Previously,
Brady et al. from this group reported the metabolism of
MTBE by rat liver microsomes in which the involvement
of cytochrome P450 (CYP) enzymes was implicated
(Brady et al. 1990). However, the metabolism of MTBE
in human tissues and the enzymes involved are un-
known. This information is important in our under-
standing of the health effects of MTBE in humans, and is
critical in assessing the human relevance of the phar-
macokinetics and toxicity data obtained from animal
studies. In the present paper, we examined the metabo-
lism of MTBE to TBA in human liver microsomes and
by human CYP2A6 and 2E1.

Materials and methods

MTBE (99.8% pure) and TBA (99.5% pure) were purchased from
Aldrich Chemical Co. (Milwaukee, Wis.). Glucose 6-phosphate,
glucose-6-phosphate dehydrogenase, and NADP+ were from Sigma
Chemical Co. (St. Louis, Mo.). All other chemical used were of
reagent grade and obtained from standard supplies. Human liver
samples were from liver cancer patients (37 to 80 years old) and
provided by the Cancer Institute of New Jersey affiliated Tissue
Retrieval and Distribution Service (New Brunswick, N.J.). Prior to
cryosurgery, these patients signed a consent form permitting the
research use of their resected tissues. The tissue collection proce-
dures were pre-approved by the Institutional Review Board. The
samples were noncancerous neighboring tissues of the liver tumors
and were of normal morphology. Samples were snap frozen in
liquid nitrogen within 30 min of surgical removal to assure fresh-
ness, transferred to our laboratory in liquid nitrogen, and stored at
)80 °C prior to use.

Male Sprague-Dawley rats at 10 weeks of age were obtained
from Taconic Farms (Germantown, N.Y.) and female A/J mice at
7 weeks of age were from Jackson Laboratory (Bar Harbor, Me.).
After sacrifice, the livers of these untreated animals were immedi-
ately removed and stored at )80 °C prior to the preparation of
cytosol and microsomes. Liver microsomes and cytosolic fractions
were prepared from the human and animal samples by differential
centrifugation (Hong and Yang 1985). The protein content was
determined by the method of Lowry et al. (1951).

Human CYP2A6 and 2E1 enzymes were obtained by expressing
the corresponding cDNAs in a baculovirus expression system as
previously described (Pattern and Koch 1995). For co-expression
of the CYP enzymes and the human cytochrome P450 reductase,
Sf 9 insect cells were infected simultaneously either with the
CYP2A6 and the reductase recombinant viruses, or with the
CYP2E1 and the reductase recombinant viruses. Microsomes from
the infected Sf 9 cells were prepared by a brief sonication followed
by a centrifugation at 40 000 rpm. P450 content and the P450
reductase activity were determined as previously described (Patten
and Koch 1995).

Incubations for MTBE metabolism were performed according
to our previous report (Brady et al. 1990). The incubation mixture
(0.4 ml final volume) contained 50 mM TRIS-HCl (pH 7.4), 10 mM
MgCl2, 150 mM KCl, an NADPH-generating system (0.4 mM
NADP+, 10 mM glucose 6-phosphate, 0.2 Unit glucose-6-phos-
phate dehydrogenase), liver microsomes or cytosol, or the micro-
somes prepared from the infected Sf 9 cells, and 1 mM MTBE. The
amount of sample protein included in the assay was 600 lg (mi-
crosomes) or 1.5 mg (cytosol). Incubation was carried out in a
sealed headspace vial and the reaction was initiated by injecting
MTBE into the solution. After a 30 min incubation, the reaction
was terminated with 25% ZnSO4 followed by saturated Ba(OH)2.
Formation of TBA was determined by a headspace gas chroma-
tography (GC) method as previously described (Brady et al. 1990)
with slight modifications. A Perkin-Elmer model 8500 gas chro-
matograph was used with a Carbopack B/5% Carbowax 20M
stainless steel column (1/800 × 60) and a HS-101 headspace autoin-
jector. The carrier gas was helium and the flow rate was 20 ml/min.
The injector and flame ionization detector were at 160 °C, while the
oven temperature was 60 °C. The same incubation and GC con-
ditions were used for analyzing the metabolism of ETBE and
TAME by human CYP2A6 and 2E1, in which the formation of
TBA (also a metabolite of ETBE) and of tert-amyl alcohol (TAA, a
metabolite of TAME) was determined respectively.

Results and discussion

A representative gas chromatogram is shown in Fig. 1.
Under our analytical conditions, the retention time of
MTBE and TBA was 5.21 and 6.77 min, respectively.
All of the eight human liver microsomal samples were
found to be active in metabolizing MTBE to TBA: the
activities (pmol/min per mg protein) ranged from 86 to
175 with an average activity of 125 (Table 1). In col-
laboration with Dr Li-Dong Wang (Henan Medical
University, China), we obtained two noncancerous re-
sected human livers from China and determined the
TBA formation activity in the liver microsomes. The
activity level (167 and 221 pmol/min per mg protein)
was similar to that of the American samples. In com-

Fig. 1 Headspace GC analysis of MTBE metabolism and the
structures of MTBE and TBA. Human liver microsomes (600 lg
protein) were incubated with 1 mM MTBE at 37 °C for 30 min.
Formation of TBA was determined by headspace GC as described in
the Materials and methods
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parison to human liver microsomes, the level of MTBE
metabolizing activity in rat and mouse liver microsomes
is approx. twofold higher (Table 1). TBA is not a sub-
strate of alcohol dehydrogenase and has been thought of
as a ‘non-metabolizable’ alcohol, although some reports
indicated the production of various products from TBA
metabolism (Costantini 1993). Incubation of rat liver
microsomes with 0.1 mM TBA did not result in de-
tectable loss of TBA during the incubation period
(Brady et al. 1990).

In contrast to the human liver microsomes, there was
little TBA formation when the human liver cytosol
fractions were incubated with MTBE, although a 2.5-
fold higher protein concentration was used in the incu-
bation (Table 1). This subcellular localization of the
activity in metabolizing MTBE to TBA was also dem-
onstrated in the rat and mouse livers, suggesting that
CYP enzymes could be responsible for the catalyzed
reaction. Encoded by different genes, CYP enzymes are a
family of hemoproteins, which play a vital role in the
biotransformation of a variety of xenobiotics and en-
dogenous compounds (Nelson et al. 1996). In the liver
cells, CYP enzymes are mainly localized in the micro-
somal fraction, specifically the endoplasmic reticulum. It
is well documented that the CYP-catalyzed reactions
require NADPH and are susceptible to CO inhibition
(Lu and West 1980). To further establish the role of
CYP enzymes in the metabolism of MTBE, we selected
three human liver microsome samples for determining
the effects of NADPH and CO on TBA formation.
When the incubation was carried out in the absence of
an NADPH-generating system, the microsomal activity
in metabolizing MTBE to TBA was not detectable.
Bubbling the incubation mixture with 95% CO for 3 min
prior to initiation of the reaction with MTBE caused an
80.5% reduction in TBA formation (23 ± 8 vs
116 ± 26 pmol/min per mg protein). Together these re-
sults provide strong evidence to support our hypothesis
that the metabolism of MTBE in human liver is cata-
lyzed by CYP enzymes.

We next examined the roles of two individual human
CYP enzymes, 2A6 and 2E1, in the metabolism of
MTBE, using the enzymes obtained from a baculovirus
expression system. Both CYP2A6 and 2E1 are cons-
titutively expressed in human livers and catalyze the
biotransformation of many important environmental

chemicals and drugs (Pelkonen and Raunio 1995; Yang
et al. 1990). CYP2E1 is involved in the metabolism of
low molecular weight organic molecules, including
diethyl ether (Brady et al. 1988; Yang et al. 1990). In rat
liver microsomes, an immunoinhibition study indicated
that CYP2E1 partially contributed to the metabolism of
MTBE (Brady et al. 1990). The present study showed
that with the co-expressed P450 reductase, both human
CYP2A6 and 2E1 were found to be active in metabo-
lizing MTBE to TBA, as well as in the metabolism of
two other gasoline ethers, ETBE and TAME. However,
the activities for CYP2A6 were always much higher than
those for CYP2E1 (Table 2). Further studies, including
enzyme kinetics and immunoinhibition, are needed to
substantiate the roles of CYP2A6 and 2E1 as well as
other forms of CYP enzymes in the metabolism of
MTBE in human livers.

The presence of human subpopulations, which are
reported to be sensitive to MTBE, has raised great
public concern on the safety of MTBE. One possible
explanation for the reported increased sensitivity could
be due to the differences in an individual’s ability to
metabolize MTBE. Genetic polymorphism of human
CYP enzymes, including CYP2A6 and 2E1, has been
documented (Yamano et al. 1990; Watanabe et al.
1990; Hayashi et al. 1991; Daly et al. 1994). The
polymorphism is believed to be an important factor in
determining an individual’s sensitivity to environmental
chemicals via alteration of the expression level and
function of CYP enzymes (Daly et al. 1994; Hong and
Yang 1996). Considerable inter-individual variations
were observed in the blood and urine levels of TBA in
subjects exposed to MTBE (Johanson et al. 1995;
White et al. 1995; Health Effects Institute 1996). In the
present study the maximal difference in the MTBE
metabolizing activity, as measured by TBA formation
in eight human liver samples was of approx. two fold
however, a larger difference might be observed if more
samples were analyzed. Further studies are needed to
elucidate the relationship between individual sensitivity
to MTBE and the genetic polymorphism of human
CYP enzymes responsible for MTBE metabolism.

Table 1 Metabolism of MTBE in liver microsomes and cytosol:
formation of TBA assayed for MTBE-metabolizing activity. Values
are mean ± SE. Each rat or mouse sample was pooled from 3
animals. (n.d. Not detectable.)

Species Microsomes Cytosol
(pmol TBA/min per mg protein)

Human (n = 8) 124.9 ± 11.3 1.3 ± 0.5*

Rat (n = 5) 284 ± 14 n.d.
Mouse (n = 4) 288 ± 29 n.d.

*Significantly different from microsomes (P < 0.05)

Table 2 Metabolism of MTBE and other gasoline ethersa by hu-
man CYP2A6 and 2E1. Human CYP2A6 and 2E1 were in-
dividually co-expressed with the human cytochrome P450 reductase
via a baculovirus expression system. The incubation mixture con-
tained 0.04 nmol of CYP2A6 or 2E1 and 1 mM of substrate

MTBE ETBE TAME
(nmol metabolite/min per
nmol P450)

CYP2A6 6.1 13.6 37
CYP2E1 0.7 0.8 0.4

aTBA formation was assayed for MTBE- and ETBE metabolizing
activities and TAA formation was assayed for TAME metabolizing
activity. The differences between the duplicate incubations, or be-
tween repeat assays were <10%

268



Acknowledgements We thank Dr Z-J. Liu for assistance with part
of the study, Dr M. Constantini (Health Effects Institute, Boston,
Mass.) for helpful discussions, Dr T.J. Smith and Ms D. Wong for
manuscript preparation, and Dr T.S. Ravikumar and Ms N. Desai
(Cancer Institute of New Jersey, New Brunswick, NJ) for the hu-
man liver samples. This work was partially supported by grants
from the New Jersey State Commission on Cancer Research (no.
693-016), the Health Effects Institute NIEHS Center Grant
E-05022. (no. 96–2) and NIH (ES-03938).

References

Brady JF, Lee MJ, Li M, Ishizaki H, Yang CS (1988) Diethyl ether
as a substrate for acetone/ethanol-inducible cytochrome P-450
and as an inducer for cytochrome(s) P-450. Mol Pharmacol 33:
148–154

Brady JF, Xiao F, Ning SM, Yang CS (1990) Metabolism of
methyl tertiary-butyl ether by rat hepatic microsomes. Arch
Toxicol 64: 157–160

Cain WS, Leaderer BP, Ginsberg GL, Andrews LS, Cometto-
Muniz JE, Gent JF, Buck M, Berglund LG, Mohsenin V,
Monahan E, Kjaergaard S (1996) Acute exposure to low-level
methyl tertiary-butyl ether (MTBE): human reactions and
pharmacokinetic response. Inhalation Toxicol 8: 21–48

CDC (1993a) An investigation of exposure of methyl tertiary butyl
ether among motorists and exposed workers in Stamford,
Connecticut. Centers for Disease Control and Prevention,
Atlanta, GA

CDC (1993b) Methyl tertiary butyl ether in human blood after
exposure to oxygenated fuel in Fairbanks, Alaska. Centers for
Disease Control and Prevention, Atlanta, GA

Clayton Environmental Consultants (1991) Gasoline vapor expo-
sure assessment for the American Petroleum Institute (API).
Clayton Project Number 31774.00 American Petroleum Insti-
tute, Washington, DC

Constantini MG (1993) Health effects of oxygenated fuels. Environ
Health Perspect 101 (Suppl 6): 151–160

Daly AK, Cholerton S, Armstrong M, Idle JR (1994) Genotyping
for polymorphisms in xenobiotic metabolism as a predictor of
disease susceptibility. Environ Health Perspect 102 (Suppl 9):
55–61

Hayashi S-I, Watanabe J, Kawajiri K (1991) Genetic polymor-
phisms in the 50-flanking region change transcriptional regula-
tion of the human cytochrome P450IIE1 gene. J Biochem 110:
559–565

Health Effects Institute (1996) The potential health effects of oxy-
genates added to gasoline: a review of the current literature.
Health Effects, Institute, Boston, MA

Hong J-Y, Yang CS (1985) The nature of microsomal N-nitro-
sodimethylamine demthylase and its role in carcinogen activa-
tion. Carcinogenesis (Lond) 6: 1805–1809

Hong J-Y, Yang CS (1996) Genetic polymorphisms of cytochromes
P450 as a biomarker of susceptibility to environmental toxicity.
Environ Health Perspect, in press

Johanson G, Nihlen A, Lof A (1995) Toxicokinetics and acute
effects of MTBE and ETBE in male volunteers. Toxicol Lett 83:
713–718

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265–275

Lu AYH, West SB (1980) Multiplicity of mammalian microsomal
cytochromes P-450. Pharmacol Rev 31: 277–291

Middaugh J (1992) Evaluation of health effects from exposure to
oxygenated fuel in Fairbanks, Alaska. State of Alaska Epide-
miol Bull No 26

Middaugh J (1993) Potential illness due to exposure to oxygenated
fuel, Anchorage, Alaska. State of Alaska Epidemiol Bull No 1

Nelson DR, Koymans L, Kamataki T, Stegeman JJ, Feyereisen R,
Waxman DJ, Waterman MR, Gotoh O, Coon MJ, Estabrook
RW, Gunsalus IC, Nebert DW (1996) P450 superfamily: update
on new sequences, gene mapping accession numbers and no-
menclature. Pharmacogenetics 6: 1–42

Patten CJ, Koch P (1995) Baculovirus expression of human P450
2E1 and cytochrome b5: spectral and catalytic properties and
effect of b5 on the stoichiometry of P450 2E1-catalyzed reac-
tions. Arch Biochem Biophys 317: 504–513

Pelkonen O, Raunio H (1995) Individual expression of carcinogen-
metabolizing enzymes: cytochrome P450 2A. J Occup Environ
Med 37: 19–24

Prah JD, Goldstein GM, Devlin R, Otto D, Ashley D, House D,
Cohen KL, Gerrity T (1994) Sensory, symptomatic, inflam-
matory, and ocular responses to and the metabolism of methyl
tertiary butyl ether in a controlled human exposure experiment.
Inhalation Toxicol 6: 521–538

Watanabe J, Hayashi S-I, Nakachi K, Imai K, Suda Y, Sekine T,
Kawajiri K (1990) PstI and RSaI RFLPs in complete linkage
disequilibrium at the CYP2E gene. Nucleic Acids Res 18: 7194

White MC, Johnson CA, Ashley DL, Buchta TM, Pelletier DJ
(1995) Exposure to methly tertiary butyl ether from oxygenated
gasoline in Stamford, Connecticut. Arch Environ Health 50:
183–189

Yang CS, Yoo J-S H, Ishizaki H, Hong J-Y (1990) Cytochrome
P450IIE1: roles in nitrosamine metabolism and mechanisms of
regulation. Drug Metab Rev 22: 147–160

Yamano S, Tatsuno J, Gonzalez F (1990) The CYP2A3 gene
product catalyzes coumarin 7-hydroxylation in human liver
microsomes. Biochemistry 29: 1322–1329

269


