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PREFACE

The Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition 65, California
Health and Safety Code 25249.5 et seq.) requires the publication and annual updating of a
list of those chemicals “known to the state” to cause cancer or reproductive toxicity. The
Act specifies that “a chemical is known to the state to cause cancer or reproductive
toxicity...if in the opinion of the state’s qualified experts the chemica has been clearly
shown through scientifically valid testing according to generaly accepted principles to
cause cancer or reproductive toxicity.” The lead agency for implementing Proposition 65
is the Office of Environmental Health Hazard Assessment of the California Environmental
Protection Agency. The “state’s qualified experts’ regarding findings of carcinogenicity
are identified as the members of the Carcinogen Identification Committee of the OEHHA
Science Advisory Board, and of reproductive toxicity findings, the Developmental and
Reproductive Toxicant Identification Committee (22 CCR 12301).

The Local Drinking Water Protection Act of 1997 [Assembly Bill 592 (Kuehl) and Senate
Bill 1189 (Hayden)] requires that the OEHHA Science Advisory Board make
recommendations on or before January 1, 1999 as to whether methyl tertiary butyl ether
(MTBE) should be listed under Proposition 65 as a carcinogen or reproductive toxicant. A
public request for information relevant to the carcinogenicity assessment was announced
in the California Regulatory Notice Register on December 5, 1997.

This draft document Evidence on the Carcinogenicity of Methyl Tertiary Butyl Ether was
developed to provide the Carcinogen Identification Committee with relevant information
for use in its deliberations. The document reviews the available scientific evidence on the
carcinogenic potential of methyl tertiary butyl ether. A public meeting of the Committee
to discuss this evidence is scheduled for December 1998. The exact meeting date will be
published in the California Regulatory Notice Register. Written public comment on the
document should be submitted to OEHHA by November 24, 1998, in order to be
considered by the Committee in advance of the meeting. During the December meeting,
the public will have an opportunity to present verbal comments to the Committee.
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1. EXECUTIVE SUMMARY

Methyl tertiary butyl ether (MTBE) (CAS No. 1634-04-4) is a synthetic solvent used
amost exclusively as an oxygenate in unleaded gasoline to improve combustion efficiency.
Currently, MTBE is added at 11% volume to almost all of the gasoline used in California.
It also has had limited use as a therapeutic drug for dissolving cholesterol gallbladder
stones. Dueto its use as a fuel additive, MTBE is a high volume production chemical. It
was the second most-produced chemical in the U.S. in 1997.

Epidemiologica studies of the carcinogenic effects of MTBE are not available.
Carcinogenicity of MTBE has been observed in anima studies, by oral and inhalation
routes. Specifically, tumors have been observed in rats of both sexes in lifetime gavage
studies, in male rats in a 24-month inhalation study of a different strain, and in male and
female mice in 18-month inhalation studies. Statistically significant increases in Leydig
interstitial cell tumors of the testes were observed in both the inhalation and gavage
studies involving the two different strains of rats. Statistically significant increases in renal
tubular tumors were also observed in male rats exposed via inhaation, and increases in
leukemias and lymphomas (combined) in female exposed oraly. In the inhaation studies
in mice, statistically significant increases in hepatocellular carcinomas were observed in
males, and adenomas and combined adenomas and carcinomas in females.

At present, the mechanism by which MTBE induces the various tumors observed in
animals remains unknown. MTBE has demonstrated little or no genotoxicity in vitro or in
vivo. Two primary metabolites of MTBE, formaldehyde and tertiary butyl alcohol (TBA),
both exhibit tumorigenic activity in anima studies. TBA and MTBE both induce renal
tumors in the male Fisher rat; and formaldehyde and MTBE both have produced
lymphohematopoietic cancers in Sprague Dawley rats exposed orally.

There is evidence for the carcinogenicity of methyl tertiary butyl ether (MTBE), based on
severa findings from animal studies. However, critics have questioned the interpretation
of each of the individual findings. Some have questioned the use of a combined incidence
category for statistical analysis of the leukemias and lymphomas observed in female rats.
Some have argued that the cancers observed in male rats -- the rena tubular in the Fisher
rat and the Leydig cell tumors in the Fisher and Sprague Dawley rat -- are not relevant to
humans because of species specific mechanisms of carcinogenesis. For the renal tubular
tumors, some hypothesize the possible involvement of a2u-microglobulin nephropathy,
and for the testicular tumors, on possible interspecies differences in the hormonal control
of Leydig cells. In mice, the increase in hepatocellular tumors was observed in the high
dose male and female groups. An argument has been made that the mechanism of
induction of these tumors, although unknown, may be non-genotoxic, and consequently
the findings may not be relevant to humans exposed at environmental levels. In this
report, the carcinogenicity studies are reviewed and the issues that have been raised are
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addressed in the context of a detailed discussion of pathology and mechanisms for each
tumor site.
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2. INTRODUCTION

2.1. Identity of methyl tertiary butyl ether (MTBE)

O —CH,
|

CH3_ C - CH3
|
CH,

Methyl tertiary butyl ether:  CsH;,0
Molecular Weight = 88.15 CAS Registry No. 1634-04-4

Synonyms.  methyl tertiary-butyl ether; methyl tert-butyl ether; methyl t-butyl ether;
MTBE; MIBE; tertiary-butyl methyl ether; tert-butyl methyl ether; methyl-1,1-
dimethylethyl ether; 2-methoxy-2-methylpropane; 2-methyl-2-methoxypropane;

MTBE is asynthetic akyl ether with a pungent, terpene-like odor (ATSDR, 1996). Itisa
clear, colorless liquid at room temperature, with a melting point of -109 °C and a boiling
point of 53.6 - 55.2 °C (Merck, 1989). MTBE’sdensity at 20 °C is 0.7404 - 0.7578 g/ml.
MTBE is miscible in gasoline, moderately soluble in water (43 - 54.3 g/L), and highly
soluble in alcohol and other ethers (Squillace et al., 1997). MTBE is unstable in acidic
solutions (Merck, 1989). It is volatile (vapor pressure 245 mm Hg at 25 °C), highly
flammable and combustible.

2.2. Occurrence and use?

MTBE is a synthetic solvent used almost exclusively as an oxygenate in unleaded gasoline
to improve combustion efficiency. It also has had limited use as a therapeutic drug for
dissolving cholesterol gallbladder stones (Leuschner et al., 1994). MTBE is not known to
occur naturally. Reformulated gasoline with MTBE has been used nationwide to meet the

! Information in this section is adapted from Public Health Goal for Methyl Tertiary Butyl
Ether (MTBE) in Drinking Water (OEHHA, 1998).
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1990 federal Clean Air Act Amendments requirements for reducing carbon monoxide and
ozone. About 40% of the U.S. population lives in areas where MTBE is included in
oxyfuel or reformulated gasoline. Federal and State law required the exclusive sale of
reformulated gasoline in California beginning in 1996. Currently, MTBE is added at 11%
volume to almost al of the gasoline used in Cdifornia (a small percentage of the gasoline
used in Cdlifornia contains ethanol as an oxygenate, rather than MTBE).

Due to its use as a fuel additive, MTBE is a high volume production chemical. It was the
second most-produced chemica in the U.S. in 1997. California produced 181 million
galons of the 2.9 hillion gallons of MTBE estimated to be produced in the U.S. in 1997.
In addition, MTBE is imported for use in Cdlifornia. It can be manufactured from
isobutene, also known as isobutylene or 2-methylpropene (Merck, 1989), which is a
product of petroleum refining. It is produced primarily by combining methanol with
isobutene, but can also be produced by combining methanol with TBA (ATSDR, 1996).

MTBE is present in ambient air in California. Potential sources of MTBE in ambient air
are the manufacture and distribution of oxyfuel and reformulated gasoline, vehicle
refueling, and evaporative and tailpipe emissions from motor vehicles. Monitoring for
MTBE was initiated by the California Air Resources Board in 1996. Preliminary data
suggest a statewide average of approximately 2 parts per billion volume (ppbv) with
higher average concentrations in the South Coast of about 4 ppbv. These values are
similar to limited data from other states.

MTBE has become a drinking water contaminant in California because of its high water
solubility and persistence in solution. Potential sources of drinking water contamination
are leaking underground storage tanks, recreational power-boating and refinery
wastewater. MTBE has been detected in groundwater in connection with leaking
underground storage tanks by water quality management authorities in Santa Clara,
Orange, Solano and San Francisco counties, among others. MTBE can reach
concentrations of 10 ppm near the source of the fuel release. MTBE has been detected in
lakes and reservoirs, with concentrations higher in reservoirs that allow use of gasoline-
powered boats. Affected California lakes include Lake Tahoe, Shasta, Donner, Merced,
Havasu, Clear Lake and Canyon Lake. Beginning in 1997, monitoring of drinking water
sources for MTBE was instituted by the California Department of Health Services. As of
June, 1998, MTBE was detected in 25 of 671 public water systems and 46 of 3173
drinking water sources monitored. Six groundwater wells have reported concentrations
above 20 pg/L, the lower limit of the U.S. EPA Hazard Advisory level of 20-40 ppb. Two
groundwater well fields in Santa Monica and one in Santa Clara have been shut down due
to MTBE contamination.
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3. DATA ON MTBE CARCINOGENICITY

Two series of carcinogenicity studies have been reported in which MTBE was
administered by inhalation to rats and mice of both sexes. In a third series of
carcinogenicity studies, MTBE was administered by gavage to mae and female rats.
MTBE has also been tested in severa in vitro and in vivo genotoxicity assays in bacterial
and mammalian cells.

3.1. Epidemiological studies of carcinogenicity in humans.

No data on long-term effects of human exposure to MTBE relevant to cancer risk were
found in recent literature searches performed by OEHHA.

3.2.  Carcinogenicity studies in animals.

The carcinogenic activity of MTBE has been investigated in male and femae Sprague-
Dawley rats administered MTBE by gavage (Belpoggi et al., 1995; 1997), and in male and
female Fischer 344 rats (Chun et al., 1992; Bird et al., 1997) and CD-1 mice (Burleigh-
Flayer et al., 1992; Bird et al., 1997) exposed to MTBE by inhalation. In rats receiving
MTBE by gavage for 24 months, statistically significant increases in Leydig interstitial cell
tumors of the testes were observed in males, and statistically significant increases in
lymphomas and leukemias (combined) were observed in femaes. An increase in the
incidence of uterine sarcomas was also observed in MTBE-exposed female rats, but was
not statistically significant at the p < 0.05 level. In rats exposed to MTBE by inhalation
for up to 24 months, statistically significant increases in the incidences of rena tubular
tumors and Leydig interstitial cell tumors of the testes were observed in males. In mice
exposed to MTBE by inhaation for up to 18 months, statistically significant increases in
the incidences of liver tumors were observed in femaes (hepatocellular adenomas;
hepatocellular adenomas and carcinomas combined) and maes (hepatocellular
carcinomas). These studies are described in more detail below. There is additional
discussion in Section 3.4 regarding the pathology of the tumors observed, and issues that
have been raised regarding their significance.

Rat Oral Exposure: Belpogqi et al. 1995; 1997

Groups of 60 male and 60 female eight-week old Sprague-Dawley rats were administered
MTBE in olive oil by gavage at doses of zero (oil only), 250 or 1,000 mg/kg body
weight/d, four d per week for 104 weeks. Animals were maintained until natural death;
the last animal died at 174 weeks of age. No difference in water or food consumption, or
in mean body weights was observed between treated and control animals of either sex. A
dose-related decrease in survival was observed in females. At 56 weeks of age, survival
was approximately 98%, 85%, and 78% in controls, low- and high-dose females,
respectively; at 88 weeks of age, survival in those same groups was approximately 76%,
60%, and 43%. In males, there was no difference in survival between the controls and the
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low-dose animals. However, after 88 weeks, surviva in high-dose males exceeded that of
low-dose and control males. At 104 weeks of age, survival was approximately 30% in
low-dose and control males and 43% in high-dose males; at 120 weeks of age, survival in
those same groups was approximately 11% and 32%.

A doserelated increase in the combined incidence of lymphomas and leukemia was
observed in femae rats (Table 1). The authors reported that the increase was highly
significant (p < 0.01) in the high-dose group and marginally significant in the low-dose
group, when analyzed using a log-ranked test as described by Mantel (1966) and Cox
(1972). When analyzed using the Fisher Exact test, the combined incidence of lymphomas
and leukemia in high-dose femaes was significantly different from controls at the p =
0.001 level. Historical control incidence rates in this laboratory for lymphomas and
leukemias (combined) was < 10% in femae Sprague-Dawley rats (Belpoggi et al., 1995).
The authors also noted an increase in uterine sarcomas in the low-dose females (5/60
versus 1/60 in controls); however, this increase did not reach statistical significance (p =
0.1 by Fisher's Exact test). In males, a statistically significant increased incidence of
Leydig cell tumors of the testes was observed in the high-dose group (Table 1). The
authors reported that this increase was significant at the p = 0.05 level using a prevalence
analysis for nonlethal tumors (Hoel and Walburg, 1972).
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Table 1. Tumors in Sprague-Dawley Rats Receiving MTBE by Gavage,
0, 250, or 1,000 mg/kg/d, Four d/wk for 104 Weeks

(Belpoggi et al., 1995; 1997)

Tumor site and type Dose? (mg/kg/d)
0 250 1,000

Females
Hemolympho- | Lymphomasand | 2/58° 6/51° 12/47°¢
reticular tissues | leukemias (3.4%) (11.8%) | (25.5%)
(including p < 0.01° p = 0.001°
mesenteric
lymph nodes)
Males
Testes Leydig interstitial | 2/26' 2/25' 11/32"9

cell tumors (7.7%) (8.0%) | (34.4%)

p =0.015°

Administered in olive oil, four d/week, for 104 weeks.

Number of lesion-bearing animalsg/total alive at 56 weeks of age, when the first
leukemia was observed.

Incidence relative to control group was significant (p < 0.01) using a log-ranked test
(Mantel, 1966, Cox, 1972), as reported by Belpoggi et al. (1995). (p = 0.001).

P-value for dose-related trend by the Cochran-Armitage trend test.
P-value for incidence relative to control group by the Fisher Exact test

Number of lesion-bearing animalg/total alive at 96 weeks of age, when the first Leydig
cell tumor was observed.

Incidence relative to control group was significant at the p = 0.05 level using
prevalence anadysis for nonlethal tumors (Hoel and Walburg, 1972), as reported by
Belpoggi et al. (1995).

Rat Inhalation Exposure: Chun et al., 1992: Bird et al., 1997

Groups of 50 male and 50 female eight-week old Fischer 344 rats were exposed to zero,
400, 3,000, or 8,000 ppm MTBE vapor by inhalation (corresponding to analytical mean
concentrations of 403, 3,023, or 7,977 ppm, or 1,453, 10,899, 28,760 mg/m°). The
animals were exposed for six h/d, five d/week for 24 months, except for the mid- and
high-dose males, which were terminated at 97 and 82 weeks, respectively, due to a dose-
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dependent increased mortality rate from chronic progressive nephropathy. Low-dose
males also experienced an increase in nephropathy that was associated with a dight
increase in mortality and a decrease in survival. Survival times for femaes were not
significantly different between exposed and control rats. However, there were dightly
more deaths due to chronic progressive nephropathy in the mid- and high-dose females
than in the low-dose and control females. Body weight gain and absolute body weight
were decreased in both sexes of the high-dose group. Exposure-related increases in
kidney and liver weights were reported in mid- and high-dose females, but not in males.
Chun et al. (1992) concluded that the maximum tolerated dose (MTD) was exceeded in
both sexes at high- and mid-dose levels, based on increased mortality. Other observed
effects of MTBE exposure included anesthetic effects in rats of both sexes in the mid- and
high-dose groups.

A detailed histopathology examination was performed on al animals in the control and
high-dose groups, and on all animals that died or were sacrificed moribund. Only alimited
histopathology examination was performed on nonmoribund animals from the low- and
mid-dose groups that survived to terminal sacrifice; for males, only the liver, kidneys,
testes and gross lesions were evaluated, while for females, only the liver and gross lesions
were examined microscopicaly (Bird et al., 1997). At the request of the MTBE Task
Force, Experimental Pathology Laboratories, Inc. (1993) re-evaluated the histopathologic
dides of kidneys from al mae and female rats used in the Chun et al. (1992) study, and
confirmed the study pathologist’s conclusion that MTBE increased the severity of chronic
progressive nephropathy in rats of both sexes. No histopathologic re-evaluation of the
kidney tumors was performed.

In males, a datistically significant increase in renal tubular adenoma and carcinoma
(combined) was observed in the mid-dose group (Table 2). In high-dose males renal
tubular adenomas were increased; however, this increase did not reach statistical
significance (Table 2). The sengitivity of the bioassay to detect a dose-related increase in
renal tumors in the high-dose group is likely to have been reduced by the high rate of early
mortality, and the early termination of this treatment group at week 82. Despite the
reduced sensitivity of the bioassay, a statistically significant increase in Leydig intertitial
cell testicular tumors was observed in mid- and high-dose males, with a clear dose-
response evident (Table 2). Historical laboratory control values for Leydig testicular
tumors in Fischer rats ranged from 64 to 98% (Bird et al., 1997).

In female Fischer 344 rats exposed to MTBE vapor, a single rare rena tubular cell
adenoma was observed in one mid-dose animal; no treatment-related increases in tumor
incidence were observed (Chun et al., 1992; Bird et al., 1997). MTBE treatment of
females was associated with several nonneoplastic kidney lesions, however. Both female
and male rats exposed to MTBE experienced a dose-related increase in mortality from
chronic progressive nephropathy. Increases in microscopic kidney changes indicative of
chronic nephropathy were seen in dl treated males and in mid- and high-dose females. All
treated males had increases in the severity of mineralization and interstitial fibrosis of the
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kidney, while increases in mild to moderate glomerulosclerosis, interstitial fibrosis, and
tubular proteinosis were observed in females.

Table 2. Tumors in Male Fischer 344 Rats Receiving MTBE by Inhalation,
0, 400, 3,000, or 8,000 ppm, for up to 24 Months?
(Chun et al., 1992; Bird et al., 1997)

Tumor site and type Concentration® (ppm
0 400 3,000 8,000
Kidney | rena tubular 1/35° 0/32° | 5/31° 3/20°
adenoma
renal tubular 0/35° 0/32° 3/31° 0/20°
carcinoma
renal tubular 1/35° o/32° | 8/31° 3/20°
adenoma and (3%) (0%) (26%) (15%)
carcinoma p<0.01°
(combined)
Testes | Leydig interdtitia cell | 32/50 35/50 |41/50 47/50
tumors (64%) (70%) | (82%) (94%)
p<0.05° | p<0.001"

Mid- and high-dose animals were terminated at 97 and 82 weeks, respectively, due to
a dose-dependent increased mortality rate from chronic progressive nephropathy.
Administered as MTBE vapor six h/d, five d/week.

Survival-adjusted tumor incidence rates were used to attempt to control for excess
early mortality in the mid- and high-dose groups (US EPA, 1995).

P-value for incidence relative to control group by the Fisher Exact Test.

Mouse Inhalation Exposure: Burleigh-Flayer et al., 1992: Bird et al., 1997

Groups of 50 male and 50 female eight-week old CD-1 mice were exposed to zero, 400,
3,000, or 8,000 ppm MTBE vapor by inhalation (corresponding to analytica mean
concentrations of 402, 3,014, or 7,973 ppm or 1,442, 10,816, or 28,843 mg/m°). The
animals were exposed for six h per d, five d per week, for 18 months. Increased mortality
and decreased mean survival time were observed only for male mice in the high-dose
group. A dlightly increased frequency of obstructive uropathy, a condition which occurs
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spontaneoudly in this mouse strain, was observed in high-dose males; however, deaths due
to the condition were within the range noted for historical controls. Body weight gain and
absolute body weights were decreased in high-dose males and females. Dose-dependent
increases in liver weights were observed in both sexes. Kidney weights were increased in
high-dose females and in low- and mid-dose males. Burleigh-Flayer et al. (1992)
concluded that the MTD was exceeded in both sexes at the high-dose level. Other
observed effects of MTBE exposure included anesthetic effects in mice of both sexes in
the mid- and high-dose groups.

A detailed histopathology examination was performed on al animals in the control and
high-dose groups, and on all animals that died or were sacrificed moribund. Only alimited
histopathology examination was performed on nonmoribund animals from the low- and
mid-dose groups that survived to terminal sacrifice; for males, only the liver, spleen and
submandibular lymph nodes were evaluated, while for females, only the liver, uterus and
stomach were examined microscopically (Bird et al.,1997).

In females, a statistically significant increased incidence of hepatocellular adenomas was
observed in the high-dose group (Table 3). The incidence of hepatocellular adenomas and
carcinomas (combined) was aso increased in high-dose females, however, only two
hepatocellular carcinomas were reported, one each in the low- and high-dose groups. In
males, a statigtically significant increase in hepatocellular carcinomas was observed in the
high-dose group (Table 3). Bird et al. (1997) noted that the combined incidence of
adenomas and carcinomas in high-dose males was similar to the historical incidence for
male CD-1 mice of 33%. However, after correcting for the number of animals alive at 49
weeks, when the first hepatocellular adenoma was observed in males, the incidence in the
high-dose group was 43% (16/37, see Table 3), representing a clear increase above the
cited higtorical incidence in male CD-1 mice. Burleigh-Flayer et al. (1992) concluded that
the increased incidence of liver tumors in the high-dose groups (adenomas in females and
carcinomas in males) could be attributed to MTBE exposure. The ability of this study to
detect increases in tumor incidence was likely decreased by the shortened study length (18
versus 24 months).
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Table 3. Tumors in CD-1 Mice Receiving MTBE by Inhalation,
0, 400, 3,000, or 8,000 ppm, for up to 18 Months?
(Burleigh-Flayer et al., 1992; Bird et al., 1997)

Tumor site and type Dose” (ppm)
0 400 3,000 | 8,000
Females
Liver hepatocellular adenoma | 2/50 1/50 2/50 10/50
p <0.05
hepatocellular carcinoma | 0/50 1/50 0/50 1/50
hepatocellular adenoma | 2/50 2/50 2/50 11/50
and carcinoma p<0.01°
(combined)
Males
Liver hepatocellular adenoma | 11/47° | 11/47° | 9/46" | 12/37°
hepatocellular carcinoma | 2/42° | 4/45° | 3/41° | 8/34°
p < 0.05°
hepatocellular adenoma | 12/47¢ | 12/47% | 12/46° | 16/37°
and carcinoma
(combined)
& Male mice in the high-dose group experienced early mortality.
> Administered as MTBE vapor six h/d, five d/week.
¢ P-vaue for incidence relative to control group by the Fisher Exact test.
d

Number of lesion-bearing animals/total alive at 49 weeks, when the first hepatocel lular
adenoma was observed.

¢ Number of lesion-bearing animals/total alive at 63 weeks, when the first hepatocellular
carcinoma was observed.

3.3. Other relevant data

In addition to the reported animal bioassays, additional evidence related to the possible
carcinogenicity of MTBE is available. This includes studies of genetic toxicity,
observations of the pharmacokinetics and metabolism, and structure-activity comparisons.
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3.3.1. Genetic Toxicology

MTBE has been tested for genetic damage in 6 species in over 10 different in vitro and in
Vivo assays (see Table 4 for summary). To date, the results of most tests have been
negative. Positive results have been reported only for the mouse lymphoma assay for
forward mutations (ARCO, 1980; Mackerer et al., 1996) and the rat lymphocyte comet
assay for DNA strand breaks (Lee et al., 1998). The high volatility of MTBE presents
technica difficulties for testing in bacteria and cultured cell systems. Negative results
observed in these assay systems should be viewed with caution if there is no explicit
discussion of precautions taken to assure adequate exposure of test cells. The in vivo
assay systems used to test MTBE were primarily chromosomal damage assays, with two
exceptions being the spleen lymphocyte hprt mutation assay (Ward et al., 1995) and the in
vivo-in vitro mouse hepatocyte unscheduled DNA synthesis assay (Vergnes and Chun,
1994). Only one in vivo assay system, the hprt mutation assay, had the potential to detect
gene mutations. However, this assay is relatively insensitive in detecting genotoxic
chemicals with known false negatives. No published data have been identified to date that
address the genotoxic potential of MTBE in humans.

Assays for induction of point mutations by MTBE in vitro have included the Salmonella
reverse mutation assay, and tests for forward mutation in mouse lymphoma cells and
Chinese hamster fibroblastic cells. Three separate groups have reported negative resultsin
the Salmonella test, with and without activation by rat liver metabolic enzymes (ARCO,
1980; Kado et al., 1998; Cindli et al., 1992). However, only one of these groups (Kado
et al., 1998) used an experimental design that prevented volatilization of the ether. MTBE
tested negative for forward mutations in V79 cells, a hamster fibroblastic cell line (Cineli
et al., 1992). Two independent tests of MTBE in the mouse lymphoma cell assay for
forward mutation at the TK locus have reported positive results (ARCO, 1980; Mackerer
et al., 1996). Inthe ARCO study, positive results were obtained only in the presence of a
rodent S9 metabolic system. Mackerer and colleagues used 10% SO in al experiments
and performed the assay in closed vials. They obtained mutant frequencies ranging from
4- to 11-fold above the average control frequency. Mutagenic activity was inhibited by
addition of formaldehyde dehydrogenase to the test system, leading the authors to
conclude that MTBE mutagenicity was due to S9-mediated formation of formaldehyde
from MTBE.

In addition to these in vitro tests for gene mutation, an in vivo assay for hprt mutation was
reported in a meeting abstract (Ward et al., 1995). CD-1 mice were treated by gavage for
three weeks at a range of doses. Following a three week recovery period, spleen
lymphocytes were assayed for the presence of mutations at the hprt locus. No increases
were observed in the MTBE-treated mice.

Several studies have addressed the ability of MTBE to induce gross chromosomal damage.
As with the gene mutation assays summarized above, most results were negative.
However, a positive result in the comet assay was reported in a recent meeting abstract
(Leeet al., 1998). The comet assay measures DNA strand breaks; as such it can indicate
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DNA damage induced by xenobiotics, as well as the more severe DNA fragmentation
associated with apoptosis. Rats were treated with MTBE by gavage, and lymphocytes
assessed for akaline-labile strand breaks. A significant increase in DNA strand breaks was
reported for the highest dose group. An increase in apoptotic comets was also observed
in lymphocytes from exposed rats, but this result was not statistically significant for any
one dose group.

Three groups have reported negative results in the micronucleus assay (Vergnes and
Kintigh, 1993; McKeeet al., 1997; Kado et al., 1998). Micronuclel can include fragments
of chromosomes due to double strand breaks, or whole chromosomes lost in mitotic
errors. In two studies, CD-1 mice were exposed to a range of MTBE doses, with no
subsequent elevation in the frequency of micronuclei in erythrocytes. Analysis of
micronuclel in bone marrow cells from exposed Swiss-Webster mice also failed to find an
effect. No studies of micronucleus formation in vitro were identified.

Chromosome aberrations have been evaluated in one mouse and two rat strains in four
studies (ARCO, 1980; Vergnes and Morabit, 1989; Ward et al., 1994 as cited in ATSDR,
1996; McKee et al., 1997). Findings from al four studies, two of which administered
MTBE by inhalation and two by the oral route, were negative. Chromosomal aberration
frequency was aso measured in cultured rodent cells exposed to MTBE, with negative
results (ARCO, 1980).

Assays for induction of DNA synthess, potentialy indicating repair of damaged DNA,
were carried out by three different groups. Whether exposure was performed in vivo or to
hepatocytes removed to culture, no induction of DNA repair by MTBE was observed in
these studies.

Two groups have reported a lack of activity in the Drosophila recessive lethal assay, a
multigenerational test in which male flies are exposed to MTBE in the diet, and potential
DNA damage is observed in future generations.

In summary, there is limited evidence for genotoxicity of MTBE; most evidence supports
a lack of genotoxic activity. However, a potential role for genetic damage can not be
ruled out. Metabolism and genotoxic effects of MTBE specific to target tissues such as
the kidney and testes require more investigation. While a role for formaldehyde in liver
carcinogenicity may be unlikely (see section 3.4), there is little to no knowledge of the
production and detoxification rates for this metabolite in the other target tissues. Assays
for clastogenicity and chromosomal rearrangements have only assessed damage in bone
marrow, which is not thought to be a target tissue for MTBE-induced carcinogenesis (see
discussion of the Sprague-Dawley rat leukemias and lymphomas in section 3.3.4).
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Table 4. Genotoxicity of MTBE

Assay Species Strain/Cells | Exposure’ Result | Reference
Bacterial systems
Reverse mutation Salmonella 12 igo 0, 625, 1250, 2500, 5000 and | Negative | Cindli et al., 1992
typhimurium 10,000 nyg/plate. With and
TA 1535 without S9 activation
TA 1537 ’
TA 1538
Reverse mutation Salmonella 12?30 0, 30, 90, 300, 925, 1850, Negative | Kado et al., 1998
typhimurium TA104 3700, and 7400 ny/tube, in
TA1535 tubes to control evaporation,
with and without S9
activation.
Reverse mutation Salmonella With and without S9 negative | ARCO, 1980
typhimurium activation
Yeast systems
Reverse mutation Saccharomyces D4 negative | ARCO, 1980
cerevisiae
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Table 4. Genotoxicity of MTBE (continued)

Invertebrate systems

Recessive lethdlity Drosophila OR-R negative | Sernau, 1989
Recessive lethdlity Drosophila OR-R Infood, at 0, 0.01, 0.05, 0.1, | negative | McKeeet al., 1997
0.2, and 0.3%
Mammalian systems, in vitro exposure
Gene mutation Hamster V79 negative | Cindli et al., 1992
Forward mutation Mouse L5178Y/TK | 0,1, 2, 3, 4ni/ml, 3h,in positive | Mackerer et al., 1996
closed vials, with activation
and +/- formaldehyde
dehydrogenase
Forward mutation Mouse L5178Y/TK | With and without activation positive | ARCO, 1980
Chromosomal aberrations | Hamster CHO With and without activation negative | ARCO, 1980
Sister chromatid exchange | Hamster CHO With and without activation equivoca | ARCO, 1980
Unscheduled DNA Rat primary 0, 1-10 mg/ml negative | Cindli et al., 1992
synthesis hepatocytes
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Table 4. Genotoxicity of MTBE (continued)

Mammalian systems, in vivo exposure

Comet assay Rat Sprague- 0, 40, 400, 800 mg/kg, positive | Leeetal., 1998
Dawley, gavage, 28d
males only,
lymphocytes

HPRT mutation Mouse CD-1, 0, 1, 10, 100, 1,000 mg/kg, negative | Ward et al., 1995
spleen gavage, three weeks
lymphocytes

Micronucleus Mouse CD-1, 0, 1440-28,800 mg/m® 6h/d, 2 | negative | Vergnes and Kintigh,
erythrocytes | d 1993

Micronucleus Mouse CD-1, 0, 400, 3000, 8000 ppm, negative | McKeeet al., 1997
erythrocytes | inhalation, 6h/d, 2d

Micronucleus Mouse Swiss- 0, 250, 500, 1000, 1500, 1750 | negative | Kado et al., 1998
Webster, mg/kg, i.p.
erythrocytes

Chromosomal aberrations | Rat F344, bone | 0, 800, 4000, 8000 ppm, negative | Vergnesand Morabit,
marrow cells | inhalation, 6h/d, 5d 1989

Chromosomal aberrations | Rat Sprague- 0, 30, 90, 296 mg/kg/d, oral. | negative | ARCO, 1980
Dawley, One dose or five doses, 24 h
bone apart.
marrow cells
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Table 4. Genotoxicity of MTBE (continued)

Chromosomal aberrations | Rat F-344, bone | 0, 800, 4000, 8000 ppm, negative | McKeeet al., 1997
marrow cells | inhalation, 6h/d, 5d

Chromosomal aberrations | Mouse CD-1 0, 1- 1,000 mg/kg, ora, 3 negative | Ward, 1994 as cited in

weeks ATSDR, 1996

Unscheduled DNA Mouse Primary 0, 400, 3000, 8000 ppm, negative | McKeeet al., 1997

synthesis hepatocytes | inhaation, 6h/d, 2d

Unscheduled DNA Mouse Primary 0, 1440-28,800 mg/m® 6h/d, 2 | negative | Vergnes and Chun, 1994

synthesis hepatocytes | d

! Exposure concentrations for inhalation experiments are the reported target concentrations.
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3.3.2. Structure-Activity Comparisons

MTBE and similar ethers generaly undergo metabolism at the ethereal bond to form the
corresponding alcohol and an adehyde (Savolainen et al., 1985). Other structuraly
smilar ethers include ethyl tertiary butyl ether (ETBE) and tertiary-amyl methyl ether
(TAME). No studies have been reported to date on the carcinogenicity of ETBE or
TAME. Published data on the genotoxic potential of ETBE and TAME are few in
number; ETBE and TAME tested negative in the Salmonella reverse mutation assay, and
TAME did not induce micronuclei in mouse bone marrow cells following exposure in vivo
(NSTC, 1997). In arecent review of gasoline toxicity, Caprino and Togna (1998) briefly
refer to an unpublished report in which TAME induced “ chromosome effects’ in Chinese
hamster ovary cells. MTBE is manufactured from either isobutene and methanol, or TBA
and methanol. NTP has reported some evidence of carcinogenic activity for isobutene in
malerats (NTP, 1997), and for TBA in male rats and female mice (NTP, 1995).

3.3.3. Pharmacokinetics and Metabolism
Overview

The pharmacokinetics of MTBE have been recently reviewed (ATSDR, 1996; NSTC,
1997; US EPA, 1997a; OEHHA, 1998). Available information is mainly limited to
humans and rats, and indicates that the pharmacokinetics and metabolism of MTBE are
reasonable similar in these two species. Very little information was located for mice.
MTBE is readily absorbed by inhaation (in humans and rats) and ordly (rats), and
absorbed to a modest extent dermally (rats). MTBE is probably widely distributed in the
body. MTBE is metabolized in vivo by cytochromes P450 to TBA, and, probably,
formaldehyde. The data suggest that MTBE induces its own metabolism to a limited
extent, and that some degree of saturation occurs. TBA is also probably widely
distributed. Information on the distribution and fate of formadehyde produced from
MTBE is lacking. TBA is further metabolized to several compounds. The primary
metabolites of TBA are 2-methyl-1,2-propanediol and a-hydroxyisobutyric acid.
Additional metabolites are the glucuronide and sulfate conjugates of TBA, and acetone.
Both MTBE and TBA are eliminated by exhalation in rats and humans, but the unchanged
compounds do not appear appreciably in urine. TBA is eliminated more slowly than
MTBE, especidly in humans. Metabolites of TBA are eliminated in the urine in rats and
humans, but eimination in feces is negligible. Physiologicaly based pharmacokinetic
(PBPK) models have been developed for rats and extended to humans.

Absorption

Studies indicate that MTBE is readily absorbed by inhaation in humans. In 10 male
volunteers exposed to MTBE at 5, 25, or 50 ppm during 2 h of light exercise, net
respiratory uptake ranged from 32% to 42% (Johanson et al., 1995). Blood levels of
MTBE increased rapidly at the beginning of the exposure, and leveled off at the end. At
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50 ppm MTBE in air, the peak blood level was 13 pumol/L (1.14 mg/L). Average blood
levels were proportional to air concentrations (Johanson et al., 1995; Nihlen et al., 1998).
In another study, inhalation of MTBE for 1 h a 1.39 ppm led to peak blood
concentrations of MTBE of 8.2 pg/L in one male and 14.1 pg/L in one female at the end
of the exposure. No leveling off was evident during the 1 h exposure (Buckley et al.,
1997; Prah et al., 1994). In two males and two females exposed by inhaation to MTBE
for 1 hat 1.7 ppm, blood concentrations of MTBE peaked at the end of exposure at 17.1
ppb (average of individual peak blood concentrations of 14.85, 16.65, 17.35, and 19.70
ppb). Some leveling off of blood concentration was evident between 30 minutes and 60
minutes of exposure (Cain et al., 1996). Environmental studies have aso indicated that
exposure to MTBE resultsin increased blood levels (ATSDR, 1996).

MTBE was aso rapidly and extensively absorbed by rats in inhalation studies using both
single and repeated exposure sessions. In rats exposed to 400 or 8000 ppm MTBE for 6
h, plasma concentrations of MTBE increased rapidly, then leveled off after about 2 h.
Peak plasma concentrations of 14 and 493 mg/L were found for the low and high
concentration. Little difference between males and females was found. At the end of
repeated exposure for 6 h/d for 15 d at 400 ppm, a plasma concentration of 9 mg/L was
reported, suggestive of induction by MTBE of its own metabolism (Miller et al., 1997).
Similar observations were made when rats were exposed to MTBE for 6 h/d, 5 d/week,
for 2-15 weeks at 50-300 ppm. At the end of 2 weeks at 300 ppm, blood concentration
was 67 nmol/g (5.9 mg/kg). Blood concentrations were approximately linearly related to
MTBE concentrations in the air. MTBE blood concentrations varied somewhat after 6,
10, or 15 weeks exposure, but were roughly similar to those at 2 weeks (Savolainen et al.,
1985).

No human data for oral or dermal absorption of MTBE were located. In rats exposed by
gavage to 40 or 400 m/kg, absorption was rapid and complete. After a 40 mg/kg gavage,
a peak plasma concentration of about 18 mg/L was achieved in about 15 minutes. In rats
exposed dermally to 40 or 400 mg/kg for 6 h, absorption was 16 and 34%, respectively.
The peak plasma concentration at 40 mg/kg after about 2 h was about 0.3 mg/L (Miller et
al., 1997).

Distribution of MTBE

MTBE is asmall organic molecule with high lipid solubility and some water solubility. As
such, it is expected to easily cross biologicd membranes and be widely distributed
(ATSDR, 1996).

As discussed in the section above, MTBE is readily taken up and distributed via blood in
humans exposed by inhalation (Buckley et al., 1997; Johanson et al., 1995; Nihlen et al.,
1998; Prah et al., 1994). In humans treated with MTBE by intracystic infusion for
dissolution of gallstones, MTBE was found in blood, fatty tissue, and breast milk. At
treatment end, the concentration in breast milk was similar to that in blood; the
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concentration in fat was 3-4 times higher (Leuschner et al., 1991). No data on
distribution of MTBE in humans following ora or dermal exposures were located.

Rats were exposed to MTBE at 50-300 ppm by inhalation for 6 h/d, 5 d/week for 2, 6, 10,
or 15 weeks. MTBE was found in blood, brain, and perirena fat at the end of exposure at
al time points. Concentrations in brain were similar to those in blood. Concentrationsin
fat were on the order of 10-20 times those in blood (Savolainen et al., 1985).

PBPK models incorporate distribution of MTBE to numerous tissues (Borghoff et al.,
1996; Rao and Ginsberg, 1997). For rats, the experimentally measured tissue:air partition
coefficient for blood was 11.5 (similar to saline). A similar blood:air partition coefficient
(17.7) was found for humans (Johanson et al., 1995). Partition coefficients for rat liver,
kidney and muscle ranged from 6.5 to 35.8, whereas that for fat was considerably higher
at 115.6 (similar to ail) (Borghoff et al., 1996).

Distribution of TBA

Following human inhalation of MTBE, TBA has been found in the blood (Buckley et al.,
1997; Johanson et al., 1995; Nihlen et al., 1998; Prah et al., 1994). Following intracystic
infusion of MTBE for the dissolution of gallstones, TBA was found in the blood, and, in 1
subject, in breast milk, at a concentration dightly less than that in blood (Leuschner et al.,
1991).

In rats exposed to MTBE by inhaation at 50-300 ppm for 6 h/d, 5 d/week for 2-15 weeks,
TBA was found in blood, brain, and perirenal fat at all time points. Concentrations in
brain were similar to those in blood, but concentrations in fat were considerably lower
(Savolainen et al., 1985).

PBPK models for MTBE incorporate distribution of TBA to numerous tissues (Borghoff
et al., 1996; Rao and Ginsberg, 1997). For rats, the experimentally measured tissueair
partition coefficient for blood was 481 (smilar to saline) and those for liver, kidney and
muscle ranged from 400 to 543. The coefficient for fat was lower a 191 (similar to oil)
(Borghoff et al.; 1996). Thus, TBA has arelatively greater affinity for water compared to
lipids than does MTBE.

Metabolism

A proposed metabolic scheme based upon the limited available evidence is shown in
Figure 1. It should be noted that the evidence supporting this scheme is highly variable in
quality.

The initid step in MTBE metabolism is the converson of MTBE to TBA and
formaldehyde. In humans, elevated TBA has been found in blood following MTBE
exposure. The peak concentrations of TBA in blood were roughly comparable to those of
MTBE (Buckley et al., 1997; Cain et al., 1996; Johanson et al., 1995; Leuschner et al.,
1991; Nihlen et al., 1998; Prah et al., 1994). Similarly elevated TBA levels have been
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found in rat blood and plasma following MTBE exposure (Savolainen et al., 1985; Miller
et al., 1997).

Microsomes from human liver metabolized MTBE to TBA in vitro (Hong et al., 1997b).
The specific activity varied about 2-fold for 8 liver samples obtained in the U.S. Of two
samples from China, activity for one was at the high end of the U.S. range, and the other
dightly exceeded the highest activity U.S. sample. The involvement of cytochromes P450
was indicated by microsoma location, NADPH dependence, and inhibition by carbon
monoxide. Human CYP2A6 and 2E1, expressed in a baculovirus system, were able to
metabolize MTBE, with 2A6 having about 9-fold higher activity per nmol protein than
2E1 (Hong et al., 1997b). Another study, reported as a meeting abstract (Poet and
Borghoff, 1998), adso found that microsomes prepared from individua human livers
metabolized MTBE in vitro. The kinetics of MTBE disappearance indicated a high
affinity, low capacity pathway and a low affinity, high capacity pathway. The former
correlated with activity markers for cytochrome P4A502E1, and the latter correlated with
activity markers for 2A6. Considerable individual variability in activity was found. The
Vmax fOr the low capacity pathway varied by 3.7 fold, and for the high capacity pathway by
26 fold. Metabolic products were not reported (Poet and Borghoff, 1998).

An in vitro study using rat liver microsomes incubated with 1 mM MTBE found equimolar
production of TBA and formaldehyde (Brady et al., 1990). The involvement of
cytochrome P4502E1 was indicated by an approximately 4-fold increase in metabolism
following acetone pretreatment, and loss of 35% of activity following incubation with
monoclona antibodies for this protein. The involvement of P4502B1 was suggested by
increased MTBE metabolizing activity following pretreatment with phenobarbital (an
inducer of 2B1) and an increase in this protein (assessed by immunaoblotting) following
MTBE pretreatment (Brady et al., 1990). In studies of metabolic activity of purified rat
PA450s in vitro, 2B1 had a 16-fold higher demethylation activity per nmol protein than
2E1, which in turn had a 10-fold or greater demethylation activity than 2C11 and 1A1
(Turini et al., 1998). A series of inhibition and induction studies aso supported a
substantial role for 2B1 and a lesser role for 2E1 (Turini et al., 1998). Another study,
reported as a meeting abstract, also found production of formaldehyde from MTBE by rat
liver microsomes, and induction with phenobarbital pretreatment (Poet and Borghoff,
1997b). In a separate study (Hong et al., 1997a), microsomes prepared from various rat
tissues were tested for MTBE metabolizing activity. Olfactory mucosa were found to
have the highest specific activity: 46-fold higher than liver. No activity was detected in rat
lungs, kidneys, or olfactory bulb of the brain (Hong et al., 1997a).

A study of the apparent anti-estrogenic effects of MTBE in female mice found elevated
liver P450 levels following MTBE exposure (Moser et al., 1996b). Mice were treated
with MTBE by inhalation at 8000 ppm for 6 h/d, 5 d/week, for up to 3 weeks. Total liver
PA50 protein increased by 40% after 3 d and 200% after 3 weeks. Induction of specific
enzyme activities, including activity indicative of the P4502B family, was observed.
Treatment by gavage at 1.8 g/kg/d for 3 d resulted in similar increases in P450 protein
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levels and enzyme activity. MTBE increased estrogen metabolism, but this study did not
examine metabolism of MTBE per se (Moser et al., 1996b).

A series of experiments in rats involving ether inhalation (400 or 8000 ppm) or oral
(gavage: 40 or 400 mg/kg) exposures to MTBE found a shift in elimination from urine to
exhalation at the higher exposures (see below). Thisis suggestive of a saturation of some
metabolic pathway (Miller et al., 1997; Bioresearch Laboratories, 1990[b] as cited in
ATSDR, 1996). A PBPK mode for rats found an improved fit to elimination data by
using a 2-pathway model, with a high-affinity, low capacity component and a low affinity,
high capacity component (Borghoff et al., 1996).

Further metabolism of TBA in rats and humans is indicated by the pattern of urinary
metabolites. In rats exposed to “*C-MTBE, approximately 70% of urinary radioactivity
co-migrated with a-hydroxyisobutyric acid on a C-18 HPLC column. Another peak, co-
migrating with 2-methyl-1,2-propanediol, accounted for 14% of radioactivity. Two other
peaks, accounting for 10% and 5% of radioactivity were identified. No TBA was
identified in urine (Miller et al., 1997). In other studies, rats were exposed to [2-
BCIMTBE by inhalation, and urinary metabolites analyzed by nuclear magnetic resonance
and gas chromatography/mass spectrometry (Bernauer et al., 1998). Quadlitatively, the
major urinary metabolites were a-hydroxyisobutyric acid, 2-methyl-1,2-propanediol, and
(putative) TBA-sulfate. Quantitative analysis of MTBE metabolites was not performed.
Minor metabolites were TBA, acetone and (putative) TBA-glucuronide. Similar urinary
elimination products were found after administration of [2-*C]TBA by gavage at 250
mg/kg. In asingle male human volunteer administered [2-*C]TBA as a single oral dose
of 5 mg/kg, the major elimination products were a-hydroxyisobutyric acid and 2-methyl-
1,2-propanediol. Minor products were TBA, (putative) TBA-glucuronide and (putative)
TBA-sulfate (Bernauer et al., 1998). Urinary excretion of the MTBE metabolites found in
the rat inhaation study above also occurs in humans after MTBE exposure by inhaation
(Amberg et al. unpublished, cited in Bernauer et al., 1998; Dekant, personal
communication).

Metabolism of TBA has aso been indicated by experiments where TBA was administered
to rats by injection. Following injection of TBA at 1 g/kg, acetone was found in the
blood. Similar results were obtained using [b-**C]-TBA or [a-"*C]-TBA. Using [b-'*C]-
TBA, *C-acetone and *CO, were recovered as major products. However, the *C-
acetone and **CO, were not produced in equal amounts, and relative quantities varied
greatly from experiment to experiment (Baker et al., 1982). Rat liver microsomes in vitro
converted TBA to acetone and formadehyde; the reaction was NADPH-dependent
(indicating the involvement of cytochrome P450). The reaction was also inhibited by
hydroxyl radical scavengers and catalase, indicating the involvement of H,O, (Cederbaum
and Cohen, 1980; Cederbaum et al., 1983).

An early paper examined the conjugation of numerous alcohols in the rabbit. When TBA
was administered by gavage at 350 mg/kg, additional glucuronide conjugated material was
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found in the urine. The additional conjugate amounted to 24.4% of the administered dose
of TBA (Kamil et al., 1953).

There is less information concerning the fate of the methyl group of MTBE. As discussed
above, the initia product in vitro is formaldehyde. However, this has not been clearly
demonstrated in vivo. Formaldehyde is a normal metabolic intermediate in mammals. In
the absence of exogenous exposure, formaldehyde has been found in blood from humans,
monkeys, and rats at levels of 2-3 mg/L. It is oxidized to formic acid by two pathways.
Formic acid, in turn, can be oxidized to CO,, excreted in urine, or incorporated into
various biological molecules. Formaldehyde can aso react directly with biological
macromolecules (e.g., DNA and proteins) (IARC, 1995). There is very limited direct
information concerning methanol as an MTBE metabolite; trace amounts of methanol
were detected when blood and urine of gallstone patients treated with MTBE were
anayzed (Leuschner et al. 1991).
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Figure 1. Proposed Metabolic Pathways for MTBE

Underlined compounds have been detected in urine after MTBE exposure (Bernauer et al., 1998);
dashed pathways are based on in vitro evidence.
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Elimination

Data are available on the elimination of MTBE and TBA in humans and rats, and also on
elimination of TBA (following TBA exposure) in mice.

As described earlier, 10 male volunteers were exposed by inhalation to MTBE at 5, 25, or
50 ppm during 2 h of light exercise. Elimination in breath and urine was followed for
22 h. After the end of exposure, MTBE concentration in blood dropped rapidly. Decay
could be resolved into 4 phases with ty, = 1 m, 10 m, 1.5 h, and 19 h. Respiratory
excretion (including exposure and post-exposure) ranged from 32% to 47% of respiratory
uptake. In contrast, blood TBA leveled off following the end of MTBE exposure, began
to decline after about 6 h, and declined with a half-life of about 10 h. Less than 0.1% of
the inhaled MTBE was diminated in urine as MTBE within 24 h. Less than 1% of the
inhaled MTBE was excreted in the urine as TBA within 24 h, suggesting further
metabolism of TBA (Johanson et al., 1995; Nihlen et al., 1998).

In a more limited study, 2 male and 2 female humans were exposed to MTBE by
inhalation at 1.7 ppm for 1 h. The blood concentration of MTBE dropped rapidly after
exposure, reaching one-half of the peak 40 minutes later. No reduction in blood TBA was
evident 90 minutes after exposure (Cain et al., 1996).

In another small study including pharmacokinetic modeling, a man and a woman were
exposed to MTBE by inhalation at 1.39 ppm for 1 h. The blood concentration of MTBE
dropped rapidly after exposure. A one component mode! yielded clearances with ty, = 36
min and 37 min, respectively. A three component model yielded residence times of 5 min,
60 min, and 32 h. In contrast, blood concentrations of TBA continued to increase after
the end of MTBE exposure. In the male, TBA concentration in blood peaked about 1-2 h
after the end of MTBE exposure, and dropped to about one-half 7 h after the end of
exposure. Inthe female, TBA blood concentration was still increasing 7 h after the end of
MTBE exposure. After exposure to MTBE, both MTBE and TBA were found in urine
samples in concentrations similar to those in blood. An unexplained observation was that
the highest concentrations of TBA in urine were found more than 1 h prior to MTBE
exposure. It was thus not clear what the appropriate baseline for elimination of TBA to
urine from MTBE exposure was. If it was assumed that al TBA eliminated to urine
following MTBE exposure was due to that exposure, the total of MTBE and TBA
eliminated to urine was less than 1% of the inhaled MTBE (Buckley et al., 1997; Prah et
al., 1994).

Blood and urinary MTBE and TBA were followed in 20-27 humans treated with MTBE
by intracystic infusion for gallstone dissolution. MTBE in blood dropped rapidly after
treatment and was present in only trace amounts after 12-18 h. TBA was more persi stent,
and was present at dightly more than one-half the peak concentration 12-18 h after
treatment. MTBE and TBA were found in the urine in concentrations similar to those in
blood. In one patient, at the end of treatment, MTBE and TBA were found in breast milk
at concentrations similar to those in blood (Leuschner et al., 1991).
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Rats were exposed to MTBE by inhalation for 6 h at 400 or 8000 ppm (Miller et al.,
1997). After exposure, plasma concentrations of MTBE dropped rapidly, with a ty, of
about 0.5 h. Plasma TBA began to drop shortly after the end of exposure to MTBE, with
aty, of dightly over 3 h. Using “*C-MTBE at 400 ppm, the majority of radioactivity was
recovered in urine (64.7% urine, 21.2% expired air), whereas at 8000 ppm, the mgority of
radioactivity was recovered in expired air (41.6% urine, 53.6 % expired air). This
suggests saturation of some metabolic pathway at the higher concentration. Negligible
amounts of radioactivity were recovered in feces. When exposed repeatedly (15 d) at 400
ppm, eimination of MTBE was similar to single exposure (i, = 0.51 h), but elimination
of TBA was somewhat faster (ty, = 1.8 h). The radioactivity recovered in expired air
consisted mainly of MTBE (66% to 79%), with the remainder being TBA. The urinary
excretion was mainly (70%) a compound which co-migrated with a-hydroxyisobutyric
acid on a C-18 HPLC column. A second peak (14%) co-migrated with 2-methyl-1,2-
propanediol. Two other peaks (10% and 5%) were unidentified. No MTBE or TBA was
detected in urine (Miller et al., 1997).

In a study where rats were exposed to MTBE by inhaation (described under metabolism,
above), the mgjor urinary excretion products identified were 2-methyl-1,2-propanediol, a-
hydroxyisobutyric acid, and (putative) TBA-sulfate. The minor products identified were
TBA, acetone, and (putative) TBA-glucuronide (Bernauer et al., 1998). Human
exposures by inhalation have been reported to produce similar urinary products (Amberg
et al. unpublished, cited in Bernauer et al., 1998; Dekant, personal communication).

Rats were treated with "*C-MTBE by gavage at 40 or 400 mg/kg. Elimination of
radioactivity by exhalation exceeded elimination in urine. Relative eimination by
exhalation increased, and by urine decreased, at the higher dose. Elimination in feces was
negligible. At the low dose, the ty, for elimination of MTBE from plasma was 0.52 h and
that for TBA was 0.95 h. At the high dose, the ty, values were 0.79 h and 1.6 h,
respectively. (Miller et al., 1997; Bioresearch Laboratories, 1990[b] as cited in ATSDR,
1996).

Rats were treated dermally with MTBE at 40 or 400 mg/kg. The MTBE was injected into
a metal chamber that covered an area of the rat’s skin. Somewhat slower eimination of
MTBE was found than by the inhalation or ora routes. The ty, for MTBE was 2.3 and
1.8 h, and for TBA was 2.1 and 1.9 h for the low- and high-dose, respectively (Miller et
al., 1997).

In addition to data on the elimination of TBA following MTBE exposure, data from rats,
mice, and humans on the elimination of TBA following TBA exposure was located. In
rats treated with TBA by single injection (1g/kg) or gavage (at a dose chosen to achieve
similar blood levels), blood concentrations of TBA dropped to one-half of the peak after
about 9-12 h, and to very low levels after about 24 h. In the gavage experiment,
pretreatment with TBA appeared to speed elimination dlightly (Baker et al., 1982;
Thurman et al., 1980). These times for elimination are considerably longer than those
reported above for TBA elimination following MTBE treatment. However, the peak TBA
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blood levels in the TBA treatment experiments were much higher than in the MTBE
treatment experiments.

In female mice receiving 780 mg TBA/kg by gavage, peak blood levels occurred about 1.5
h after administration. Blood levels dropped to one-half the peak after about 6 h and to
very low levels after 12 h. Pretreatment with 5 additiona doses of TBA did not
significantly affect elimination (Faulkner et al., 1989). In mice treated by intraperitoneal
injection with TBA at 370, 740, or 1480 mg/kg, peak blood concentrations occurred soon
after injection. The time to drop to one-half of the peak increased with dose, from 3 - 4 h
at 370 mg/kg to 9 - 10 h at 1480 mg/kg (Faulkner and Hussain, 1989). In mice treated by
single injection of TBA at 600 mg/kg, blood concentrations of TBA dropped to one-half
of the peak value after about 4 - 5 h, and to very low levels after about 8 h. In contrast,
after 3 d of TBA inhaation (concentration approximately 1200 ppm), TBA blood levels
dropped to one-half of maximum after about 1 - 1.5 h, and to very low levels after 2.5 h.
The blood levels for the injection and inhalation experiments were similar: whether the
pronounced difference in rate of elimination was due to differing routes or duration of
exposure was not clear (McComb and Goldstein, 1979).

In rats given TBA by gavage (described under metabolism, above), the major urinary
metabolites found were 2-methyl-1,2-propanediol, a-hydroxyisobutyric acid, and
(putative) TBA-sulfate. Minor urinary metabolites were TBA, acetone, and (putative)
TBA-glucuronide (Bernauer et al., 1998). In a single human given TBA oraly, the mgor
metabolites were 2-methyl-1,2-propanediol and a-hydroxyisobutyric acid. Minor urinary
metabolites were TBA, (putative) TBA-glucuronide, and (putative) TBA-sulfate
(Bernauer et al., 1998).

PBPK models

A PBPK model has been developed for MTBE and TBA in male rats (Borghoff et al.,
1996), and refined and extended to humans (Rao and Ginsberg, 1997). These models
used 7-8 compartments for MTBE and TBA. The best fit to the data for MTBE in rats
was obtained by using two saturable metabolic pathways (a high-affinity, low capacity
pathway and a low-affinity, high capacity pathway). In the initid model, a reasonably
good fit to MTBE absorption and blood data for inhalation, oral (gavage) and injection
(intravenous) administration was achieved. However, the fit for TBA in the initial model
was poor. Thefit of MTBE to humans was reasonable during exposure, but was low after
exposure ceased. The authors concluded that additional data were needed on TBA
distribution and eimination (Borghoff et al., 1996). The later model improved the fit by
fitting MTBE metabolic parameters to both MTBE and TBA empirical data, and by fitting
the dowly perfused compartment partition coefficient to the empirical data. Although an
improved fit to TBA was obtained, there was till a considerable divergence from
experimental values obtained for the rat. The model was extended to humans:. the overall
time dependence of MTBE and TBA blood concentrations was reproduced, although
substantial divergences from experimental data were also found (Rao and Ginsberg,
1997).
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Comparison of doses from inhalation and oral routes

Toxicologica studies with MTBE have most often used inhalation and ora (gavage)
routes. It istherefore helpful in interpreting these studies to compare concentrations used
in inhalation studies to doses used in ora studies. Two different approaches have been
used to make this comparison. The first used the amount of MTBE inhaled, corrected by
an assumed inhalation:oral absorption ratio of 0.5:1 (Dourson and Felter, 1997). The
second used a PBPK model to calculate equivalent oral doses based on area under the
curve for blood concentrations (OEHHA, 1998) (See Table 5). Neither measure reflects
the time-dependence of blood concentration. For inhalation, over the 6 h exposure
interval, the MTBE blood concentration rises to a plateau, followed by a rapid drop after
the end of exposure. The gavage route produces a sharp peak about 15 minutes after
administration, followed by arapid drop (Miller et al., 1997).

Table 5. Estimated comparison of inhalation to oral (gavage) doses in rats.

MTBE inhalation Equivalent oral dose' Equivalent oral dose’®
(6 h/d, 5 diweek) (ppm) (mg/kg/d) (mg/kg/d)

0 0 0

400 130 82.9

3000 940 618.8

8000 2700 1848.3

! Assumesinhalation:oral absorption ratio 0.5:1 (Dourson and Felter, 1997)

2 Based upon area under the curve for blood MTBE using a PBPK model (OEHHA,
1998)

3.3.4. Pathology

Lymphomas and leukemias

The tumors observed by Belpoggi et al. (1995; 1997) in blood and lymphoreticular
tissues, including subcutaneous lymph nodes, in the femae Sprague-Dawley rat were
diagnosed as leukemias and lymphomas. The authors also reported an increase in
dysplastic hyperplasia involving atypical lymphoblasts in lymphoid tissues, which was
particularly elevated in low-dose females, and suggested that these hyperplasias may have
been precursors to the lymphomas/leukemias.

There has been some debate over whether leukemia and |ymphoma incidences were
appropriately combined for statistical analysis in the Belpoggi et al. (1995; 1997) study.
Discussion is somewhat hampered by the fact that the published report does not provide
details of the histopathology of these neoplasms. Several reviewers have expressed some
reservation about using the leukemia/lymphoma data for risk assessment purposes until
further pathological details are available to address the issue of combined incidence. The
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study authors have apparently responded to these requests, and have submitted a paper for
publication. However, the manuscript is not yet available.

Much of the debate has arisen from a recommendation by the Nationa Toxicology
Program (NTP) that, for analysis of Fischer rat data, mononuclear cell leukemias (also
known as large granulocytic lymphocyte leukemia or lymphoma) should not be combined
with other leukemias/lymphomas (McConnell et al., 1986). NTP also states that
histiocytic sarcomas should not be combined with either lymphomas or leukemias. The
rationale behind the NTP recommendation for separate analysis rests on both the cell type
of origin and background incidence rates of the different neoplasms.

Regarding cell type of origin, the rationale is that neoplasms with distinct cellular origins
should be analyzed separately. Histiocytic sarcomas are lymphoma-like tumors of non-
lymphocyte origin, typicaly originating in a phagocytic cell, and therefore could have
distinct etiology from neoplasms derived from lymphocytic cells. Anayses of historical
data have reported average incidences of histiocytic sarcomas in Sprague-Dawley rats of
1.1% (Frith, 1988), 1.4% (Chandra et al., 1992) and 1.9% (McMartin et al., 1992). Itis
not clear whether any of the lymphomas reported by Belpoggi et al. (1995; 1997) could
have been histiocytic sarcomas, but in the absence of firm data to the contrary, it is
reasonable to assume that this laboratory's extensive experience in conducting toxicologic
pathology evaluations has resulted in accurate diagnoses.

The appropriateness of combining leukemia and lymphoma incidence is somewhat more
complex. In rats, the maority of hematopoietic neoplasms originate in cells of the
lymphocytic lineage. Myeloid (granulocytic) leukemias are rare (Benirsche et al., 1978;
Frith, 1988). This appears to be the case for most strains and for both spontaneous and
chemically-induced leukemias and lymphomas. Within the lymphocytic or lymphaoblastic
leukemias and lymphomas in rats, subclassifications have not been well characterized and
the terminology used to refer to subtypes is quite variable (Frith, 1988; IARC, 1990).
Primary acute lymphocytic leukemias are quite rare in rats; most cancers of lymphocytic
origin observed in rats are lymphomas with eventual dissemination and variable conversion
to leukemia (Benirsche et al., 1978).

In a proposed classification of hematopoietic neoplasms in Sprague-Dawley rats, Firth
(1988) states "hematopoietic neoplasms derived from lymphoid cells should be referred to
as lymphomas. They can be further classified as leukemic or nonleukemic if so desired".
This is in agreement with an IARC classfication scheme, in which disorders of
lymphocytic origin are reported together, with the term "leukemic” as an optional qudifier
(IARC, 1993). Thus, subtype anaysis of lymphomas/eukemias involving cells of the
lymphocytic lineage may not aways be useful. Wide adoption and usage of these
classification guidelines for hematopoietic neoplasms derived from lymphoid cdlls in the
rat is reflected in the published literature. Due to the common cdllular lineage of the
majority of lymphomas/leukemias observed in rats, there are abundant instances of
reporting combined incidences, under variable classification headings (e.g., Burek and
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Hollander, 1977; Rogers et al., 1990; Imaida et al., 1991; Gross and Dreyfuss, 1993;
Komulainen et al., 1997).

The rationale for NTPs recommendation to analyze large granulocytic cell
leukemia/lymphoma separately from other lymphomas lies in the fact that the Fischer 344
rat has a high background incidence of this disease (also referred to as monocytic leukemia
or simply Fischer rat leukemia). Control incidence of this neoplasm reaches 10-50% in
thisrat strain (IARC, 1990). Studies of the pathology have indicated an origin in a splenic
cell of lymphocytic origin, which first generates solid masses in the spleen. The disease
then passes through a leukemic phase, and sometimes generates secondary lymphomas as
aresult of nodular invasion (Moloney et al., 1970; Moloney and King, 1973). Because of
the unusually high incidence unique to this strain, there appears to be a specific etiology
for these leukemias in Fischer rats, which might confound analysis of dose-related effects.
Therefore, combining incidence of this tumor type with other leukemia and lymphoma cell
types has been deemed inappropriate for this strain.

However, Sprague-Dawley rats do not have high incidences of leukemia/lymphoma in
general, and have a much lower incidence of the large granulocytic lymphocyte disease
that affects Fischer rats. The reported incidence of the Fischer rat disorder in Sprague-
Dawley rats has ranged from 1-7% according to IARC (IARC, 1990). Other reviews have
reported lower incidences, e.g., an average incidence of 0.59% in areview of data from 7
bioassays (Frith, 1988). The overadl average incidence of malignant lymphomas, a
category that includes leukemic dissemination, reported in severa reviews of data from
multiple bioassays varies from 0.8% (Frith, 1988) to 1.5% (McMartin et al., 1992) and
1.9% (Chandra et al., 1992). Interestingly, the background incidence of malignant
lymphoma is higher in Sprague-Dawley males than in females, while MTBE increased the
incidence of lymphomas/leukemias in females only. This further distinguishes the bioassay
results from spontaneous cancers.

In summary, in rat strains such as the Sprague-Dawley, which do not have a high
incidence of the Fischer rat disease, it is appropriate to combine the incidence of all
malignant lymphomas. According to the IARC classification, this would includes large
granular lymphocytic leukemia; lymphoblastic, lymphocytic, plasmacytic, and pleomorphic
lymphomas; and lymphocytic tumors not otherwise specified (IARC, 1993). A clear
presentation of the pathology data from the Belpoggi et al. (1995; 1997) study is needed
to assure a clear digtinction between leukemiallymphoma and histiocytic sarcoma, which
do have different cellular origins. Also, while it is expected based on historical data that
very few, if any, of the hematopoietic neoplasms reported were myelocytic in origin, this
should be clarified.

Testicular tumors

The testicular tumors observed in both the Sprague-Dawley (Belpoggi et al., 1995; 1997)
and Fischer 344 (Chun et al., 1992; Bird et al., 1997) rat strains were diagnosed as Leydig
interstitial cell tumors. The majority of Leydig cell tumors observed in rats and humans
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are benign, however, up to 10 - 15% of the observed tumors can be malignant (Prentice
and Meikle, 1995; Clegg et al., 1997). Leydig cdl hyperplasa and adenoma are
considered to represent a continuous spectrum, and are distinguished based on size
(Prentice and Melkle, 1995). Although it is routine practice to pool Leydig cel
hyperplasa and adenoma in carcinogenicity studies (Prentice and Meikle, 1995;
McConnell et al., 1986), neither Belpoggi et al. (1995) nor Chun et al. (1992) appear to
have done so.

The spontaneous incidence of these tumors s typically much lower in the Sprague-Dawley
rat, as compared to the Fischer 344 rat (approximately 5% and 88%, respectively at 24-
months) (Clegg et al., 1997). The control incidence of these tumors reported by Belpoggi
et al. (1995) (i.e, 7.7%) is consstent with levels typically observed in the Sprague-
Dawley strain. The control incidence at 24 months observed by Chun et al. (1992) (i.e.,
64%) was lower than that typically observed in the Fischer 344 strain, but within the range
(64 - 98%) reported for aged male rats of this strain (Bird et al., 1997; Haseman and
Arnold, 1990). The lower spontaneous Leydig cell tumor incidence observed in the Chun
et al. (1992) study islikely to have facilitated the detection of the dose-dependent increase
in Leydig cell tumors in MTBE-treated males, despite the early termination of the mid-
and high-dose groups. Interestingly, this same laboratory (i.e., Bushy Run Research
Center) reported a similar control incidence of Leydig cell tumorsin male Fischer 344 rats
(64.9%) in another oncogenicity study (Burleigh-Flayer et al., 1997).

The consensus conclusions from a workshop (sponsored by the American Industria
Hedth Council, the US EPA, and the Nationa Institute of Environmenta Health
Sciences) on the human relevance of rodent Leydig cell tumors included the statement that
“rats are an appropriate model for human Leydig cell growth control under some, but not
al, conditions’ (Clegg et al., 1997). Specificaly, the tumor-inducing modes of action of
gonadotropin-releasing hormone (GnRH) agonists and dopamine agonists were
considered not relevant to humans (Clegg et al., 1997). MTBE is not known to be either
a GnRH or dopamine agonist.

Kidney tumors

The tumors observed in male Fischer 344 rat kidney tissues (Chun et al., 1992; Bird et al.,
1997) were diagnosed as renal tubular adenomas and carcinomas. These two tumor
phenotypes are generaly considered to be related in origin, with the possbility that
adenomas may progress to carcinomas. Therefore, they are normally aggregated for
carcinogen identification and risk assessment purposes (US EPA, 1991; IARC, 1998).

As discussed in more detall in section 3.4, the possibility that the male rat-specific az,-
globulin nephropathy plays a significant role in the pathogenesis of MTBE rat kidney
tumors has been investigated, and reported to be unlikely (NSTC, 1997; US EPA, 1997a).
Briefly, the data indicate that MTBE induces only mild accumulation of a,,-globulin and
mild or partial expression of az-globulin associated nephropathy in male rats, while
clearly exacerbating the expression of non-a,-globulin rat nephropathy in both males and
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females (NSTC, 1997). Support for this conclusion includes the observation that a dose-
dependent increase in mortality from chronic progressive nephropathy was observed in
male rats at al dose levels, and in femaes at the mid- and high-dose levels in the rat
inhaation bioassay (Bird et al., 1997). Observed microscopic kidney changes included
increases in the severity of mineralization and interstitial fibrosis in all treated males, and
increases in mild to moderate glomerulosclerosis, interstitial fibrosis, and tubular
proteinosis in mid- and high-dose females (Chun et al., 1992). In addition, a rare rend
tubular tumor was observed in one MTBE-treated female rat (Chun et al., 1992).

In a separate analysis of a 13-week inhalation exposure study of male rats conducted at
the Bushy Run Research Center |aboratory, Swenberg and Dietrich (1991) measured the
levels of ay-globulin associated with hyaline droplets in MTBE-treated and control
kidneys. Although a dight increase in renal cortex staining for a,-globulin was observed
in MTBE-treated animals, as compared with controls, there was no relationship between
the level of aj,-globulin staining and the dose of MTBE received (US EPA, 1997b;
Swenberg and Dietrich, 1991). In a study by Lington et al. (1997), inhalation of 4,000
and 8,000 ppm MTBE for 13 weeks resulted in a moderate increase in the size of hyaline
droplets in male rat kidney, but no MTBE-associated increase in the area or intensity of
az-globulin immunostaining was observed, as reported by Bird et al. (1997). In afour-
week inhalation study, exposure to 3,000 and 8,000 ppm MTBE dightly increased the
levels of protein accumulated in male rat kidney tubule epithelial cells, but not the levels of
ay-globulin, as compared with controls (Bird et al., 1997). (See section 3.4. for
discussion of additional data relevant to the possible role of a,-globulin in MTBE induced
kidney tumorigenicity.)

Liver tumors

The tumors observed by Burleigh-Flayer et al. (1992) (and published as Bird et al., 1997)
in mouse liver were diagnosed as hepatocellular adenomas and carcinomas. These two
tumor phenotypes are generally considered to be related in origin, with the possibility that
adenomas may progress to carcinomas. They are normally therefore aggregated for
carcinogen identification and risk assessment purposes. The senditivity of the study to
detect treatment-related tumors, especialy in the low- and mid-dose groups, may have
been compromised by the less-than-lifetime length of the study (18 months).

3.4. Mechanism

The mechanism(s) by which MTBE induces tumors at multiple sites in rats and mice is
unknown at this time. It is unclear whether MTBE itself plays a direct role in the
observed tumorigenesis, or whether metabolism to one or more active metabolites is
required. Two metabolites of MTBE, formaldehyde (Kernset al., 1983; Sellakumar et al.,
1985; Soffritti et al., 1989; Til et al., 1989; Woutersen et al., 1989) and TBA (NTP,
1995), have both been shown to possess tumorigenic activity in animal studies.
Interestingly, there is a commonality of tumor sites observed for MTBE and formaldehyde
when both are administered by the oral route, and for MTBE and TBA. Leukemias were
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observed in male and female Sprague-Dawley rats administered formadehyde in drinking
water (Soffritti et al., 1989), while gavage administration of MTBE induced leukemias
and lymphomas in femaes of the same rat strain. Rena tubular cell adenomas and
carcinomas were observed in mae Fischer 344 rats administered TBA in drinking water
(NTP, 1995; Cirvello et al., 1995), while MTBE administered by inhalation also induced
rena tubular cell adenomas and carcinomas in males of the same rat strain. Formaldehyde
was classified as a Group 2A carcinogen (i.e., probably carcinogenic to humans) by IARC
(1995) based on sufficient evidence in animas and limited evidence in humans. In
reviewing the results of the two-year drinking water studies with TBA, NTP (1995)
concluded that "there was 'some' evidence of carcinogenic activity of TBA in male Fischer
344/N rats based on increased incidences of rena tubule adenoma or carcinoma
(combined)".

It is presently unknown whether the nature or degree of MTBE metabolism is tissue- or
sex-specific, or whether there is any relationship between the site of metabolism and target
tumor sites. Comparison of the target tumor sites in rats administered MTBE by two
different routes of administration is inherently limited by the use of different rat strainsin
these studies; however, these findings suggest that route-specific distribution and
metabolism of MTBE may be of importance in the development of some (e.g., leukemias
and lymphomas, renal tumors), but not al treatment-associated tumors (e.g., testicular
tumors). It has aso been suggested that sex-specific differences in metabolism may
underlie the development of leukemias and lymphomas in femae, but not mae rats
(Belpoggi et al., 1995; 1997). This hypothesis remains untested, however.

MTBE was negative in a number of genotoxicity assays, as noted in section 3.3.1., testing
positive only in the activated mouse lymphoma forward mutation assay (ARCO, 1980;
Mackerer et al., 1996). The MTBE metabolite TBA was not mutagenic in either the
Salmonella assay (Zeiger et al., 1987) or the mouse lymphoma assay (McGregor et al.,
1988). Formaldehyde is genotoxic, testing positive in numerous assay systems (IARC,
1995). Data on formaldehyde-related genotoxicity in MTBE tumorigenesis are too limited
to draw any conclusions at this time. Studies conducted in freshly isolated mouse
hepatocytes from female CD-1 mice (Casanova and Heck, 1997) did not find any dose-
related increase in formaldehyde-associated DNA-protein cross-links or RNA-
formaldehyde adducts following MTBE-treatment. Similar results were obtained with
freshly isolated hepatocytes from male B6C3F; mice and male Fischer 344 rats (Casanova
and Heck, 1997). These data suggest that formaldehyde is not the active species
responsible for MTBE liver tumorigenesis in the mouse. In studies using the in vitro
mouse lymphoma assay, however, formaldehyde has been implicated as the active species
responsible for MTBE's mutagenic activity (Mackerer et al., 1996). DNA-protein cross-
link data and RNA-formaldehyde adduct data are not available for the other tumor sites
noted after MTBE exposure in laboratory animals. Similarly, MTBE (or MTBE-derived)-
DNA adduct data are not available for any of the tumor sites associated with exposure to
MTBE.

Methyl Tertiary Butyl Ether -31- DRAFT
September 1998



Severa hypotheses have been put forward suggesting that MTBE may act via a variety of
primarily nongenotoxic mechanisms, such as the involvement of endocrine modulation in
mouse liver and rat testicular tumorigenesis (Bird et al., 1997; Moser et al., 1996b) and
a,,-globulin nephropathy in male rat kidney tumorigenesis (Bird et al., 1997; Poet and
Borghoff, 1997a; 1997b; Prescott-Mathews et al., 1997a). These hypotheses and the
available data relevant to each are discussed below. While no such hypotheses have been
put forward regarding the induction of rat leukemia or lymphoma by MTBE, the available
mechanistic data are also discussed below.

Mouse liver tumors

Several hypotheses have been proposed (Casanova and Heck, 1997; Bird et al., 1997,
Moser et al., 1996b) regarding the mode of action of MTBE in the induction of mouse
liver tumors, including formaldehyde-mediated genotoxicity, mitogenic tumor promotion,
and estrogen antagonism leading to tumor promotion, perhaps as a result of either an
interaction with the estrogen receptor (ER), or decreased estrogen production, or
decreased responsiveness to estrogen, or enhanced estrogen metabolism. The data
relevant to each of these hypotheses, and the strength of the evidence is discussed below.
At the present time, none of these hypotheses are supported by the available mechanistic
data.

Formal dehyde-mediated genotoxicity

The findings of Mackerer et al. (1996) suggested that MTBE-derived formaldehyde was
the active compound responsible for mutagenicity in the in vitro mouse lymphoma assay.
Casanova and Heck (1997) therefore investigated the effect of MTBE treatment on the
formation of formaldehyde-associated DNA-protein cross-links and RNA-formaldehyde
adducts in freshly isolated hepatocytes from female CD-1 mice. As described earlier, no
dose-related increases in DNA-protein cross-links or RNA-formaldehyde adducts were
observed following MTBE treatment, although dose-dependent increases did occur in the
formaldehyde-treated positive control cells. The authors concluded that in this isolated
hepatocyte system, detoxification of MTBE-derived formaldehyde proceeds more rapidly
than metabolism of MTBE to formaldehyde, and suggested that this would also be the
case in mouse liver in vivo. While these data do not rule out a genotoxic effect of MTBE
in the liver, they suggest that if there is one, it is not likely to be mediated by
formaldehyde.

No studies investigating whether MTBE induces DNA adduct formation in mouse liver
have been reported to date. However, studies in mice indicate that in vivo exposure to
MTBE does not induce unscheduled DNA synthesis in hepatocytes removed to culture
(Vergnes and Chun, 1994; McKeeet al., 1997). While the time lag between exposure and
labeling may have been too long for active repair to be detected, these studies provide
some additional evidence that MTBE is not genotoxic in mouse liver.
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Mitogenic tumor promotion

In three separate labeling studies, inhalation exposure to MTBE increased liver cell
proliferation in CD-1 mice; at days 3 and 21 (Moser et al., 1996a), day 5 but not day 28
(Bird et al., 1997), and at day 21 (Chun and Kintigh, 1993 as cited by Moser et al.,
19964). Thus, MTBE appears to be a mouse liver mitogen. Bird et al. (1997) suggested
that MTBE might act as a liver tumor promoter as a result of this mitogenic activity;
however, there are no data to support this hypothesis at this time. As described in more
detail below, comparative studies were undertaken of unleaded gasoline, which aso
increases mouse liver cell proliferation, and MTBE in a B6C3F; mouse liver tumor
initiation/promotion model. These indicated that unleaded gasoline was active as a liver
tumor promoter, while MTBE was not (Moser et al., 1996a).

Estrogen antagonism

Data from several studies indicate that exposure of female mice to MTBE results in a
number of effects indicative of hormona disruption, and in particular, anti-estrogenic
activity. Decreases in cystic endometria cell hyperplasa were observed in CD-1
(Burleigh-Flayer et al., 1992) and B6C3F,; mice (Moser et al., 1996b). Reductions of
relative uterine weights (Moser et al., 1996b; 1998) and ovarian weights (Moser et al.,
1998) were observed in B6C3F; mice, but not in CD-1 mice (Leeet al., 1995; Okahara et
al., 1998). Increases in hepatic cytochrome P450 content in CD-1 (Lee et al., 1995;
Moser et al., 1996a) and B6C3F; mice (Moser et al., 19964), and increases in activities of
the P4502B and 1A families of enzymes in CD-1 and B6C3F; mice (Moser et al., 1996a)
were also observed following MTBE administration.

Estrogens have been shown to suppress liver tumor promotion in female B6C3F;
(Vessdlinovitch, 1990) and C57BL/6 X DS-F; (Yamamoto et al., 1993), suggesting that
chemicals with anti-estrogenic activity might promote liver tumors in femae mice. As
mentioned above, unleaded gasoline, which exhibits anti-estrogenic as well as mitogenic
activity in female mice, acts as a liver tumor promoter in B6C3F; mice initiated with N-
nitrosodiethylamine (DEN) (Moser et al., 1996a). However, parallel experiments with
MTBE did not find that MTBE had any promoting activity in this DEN-initiated B6C3F;
female mouse liver model (Moser et al., 1996a). In fact, MTBE had an apparent
inhibitory effect on the growth and development of DEN-initiated liver lesions. The
number of macroscopic lesions seen at 32 weeks was reduced from 38/mouse in the
animals treated with DEN only to 13.8/mouse in the DEN + MTBE animals. The number
of microscopic lesions seen at 32 weeks was reduced from 324 tota in the animals treated
with DEN only to 159 total in the DEN + MTBE animals. While concluding that MTBE
did not promote DEN-initiated liver tumors in B6C3F; mice, the authors suggested that
MTBE may have tumor-promoting activity in other initiation-promotion systems (Moser
et al., 1996a). To date, no data have been reported on the possible tumor promoting
activity of MTBE in other initiation-promotion systems, or in CD-1 mice.
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It is generally recognized that strain differences exist with regard to both spontaneous and
chemically-induced mouse liver tumor incidences (Dragan et al., 1998). As discussed
above, the estrogen and anti-estrogen responsiveness of female liver tumors in the B6C3F;
mouse has been demonstrated; however, no such data are available for the CD-1 mouse.
Investigations designed to further characterize the effects of MTBE on other estrogen-
related parameters in female mice have continued, using both the CD-1 and B6C3F;
mouse. Additiona findings in CD-1 mice include the observations that MTBE had no
effect on vaginal cytology, the number of corpora lutea, or uterine peroxidase activity
(Okaharaet al., 1998). In B6C3F; mice, MTBE increased the length of the estrous cycle,
decreased the number of uterine glands, and decreased the number of epithelia layers in
the cervix and vagina. It decreased the rate of DNA synthesis in uterine glands, uterine
luminal epithelial cells, and cervical and vagina epithelium. However, there was no effect
on the location or intensity of ER immunoreactivity in the uterus, cervix or vagina (Moser
et al., 1998). In addition, this study found that MTBE decreased the zona reticularus (the
site of cortisol production) of the adrenal gland.

MTBE increases liver metabolism of estrogen in B6C3F; mice (Moser et al., 1996b), and
increases the activity level of the PA501A family of enzymes, which are capable of
estrogen metabolism, in both CD-1 and B6C3F; mice (Moser et al., 1996a). However,
MTBE had no effect on serum estradiol levels in CD-1 (Chun and Kintigh, 1993 as cited
by Moser et al., 1996a; Lee et al., 1995) or B6C3F; mice (Moser et al., 1998). These
data suggest that MTBE does not disrupt estrogen homeostasis at the systemic level.
Moser et al. (1998) demonstrated in B6C3F; mice that MTBE does not bind to the uterine
ER, does not down-regulate the uterine ER, and does not activate the ER or antagonize
the effects of estradiol in a mammalian-based transient infection assay. These authors
concluded that MTBE' s anti-estrogenic effects are not mediated through the ER.

A magjor limitation of the estrogen antagonism hypothesis is that it only addresses the
increase in liver tumors observed in female CD-1 mice, and can not account for the
increased incidence of hepatocellular carcinomas seen in the male CD-1 mice. As shown
in Table 3, when the tumor incidence data are expressed as the number of lesion-bearing
animals per total alive at the time the first hepatocellular carcinoma (or adenoma) was
observed (to properly adjust for early mortality experienced in the high-dose males), there
is a datisticaly significant increase in hepatocellular carcinomas in the mae mice. The
proposed female mouse liver-specific mode of action of estrogen antagonism is therefore
predicated on an incorrect conclusion that MTBE induces liver tumors only in the female
mouse.

Thus, while MTBE exposure of the mouse is associated with various endocrine-related
tissue and cellular responses, the available data (Moser et al., 1996a; 1996b; Moser et al.,
1998; Okahara et al., 1998) are insufficient to support an endocrine-mediated mode of
action for MTBE-associated liver tumors at thistime.
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Rat testicular tumors

It has been suggested that MTBE's induction of testicular Leydig cell tumors may be
hormonally mediated (Bird et al., 1997). Mechanistic data relevant to the induction of
testicular Leydig cell tumorsin rats by MTBE are limited to studies reported in an abstract
by Day et al. (1998). Male Sprague-Dawley rats received MTBE in corn oil by daily
gavage at doses of 0, 40, 400, or 800 mg/kg for 28 d. A significant decrease in plasma
testosterone levels was observed, however, no changes in “androgen-dependent organ
weights’, plasma luteinizing hormone (LH) or prolactin levels, or testicular mitochondrial
or microsomal P450 levels were noted at 28 d (Day et al., 1998). The available data are
insufficient to identify an endocrine-mediated mode of action for MTBE-associated
testicular tumorsin therat at thistime.

Rat kidney tumors

It has been suggested that an interaction between the male rat specific protein a,,-globulin
and MTBE is involved in the induction of the renal tubular tumors observed in male rats
(Bird et al., 1997; Poet and Borghoff, 1997a; 1997b; Prescott-Mathews et al., 1997a).
Data which suggest that a,,-globulin nephropathy may be involved in MTBE kidney
tumorigenesis include the following:

A mild to moderate increase in the number and size of hyaline droplets in the renal
proximal tubule cells of MTBE-treated male rats has been observed.

a In a 10-day inhaation study, MTBE increased the number of protein droplets
within the rena proxima tubules of male rats with a datistically significant
concentration-related positive trend (Prescott-Mathews et al., 1997a).

a In a14-day gavage study, MTBE increased the formation of hyaline droplets in
male rat kidney proxima tubular epithelia cells at the highest dose tested
(Robinson et al., 1990).

a In a 28-day inhaation study, MTBE dightly increased protein accumulation in
male rat kidney tubular epithelial cells (Bird et al., 1997).

a Inal3-week inhaation study, MTBE dightly increased hyaline droplet formation
in male rat kidney (Swenberg and Dietrich, 1991).

a Inanother 13-week inhdation study, MTBE dightly increased the size of hyaline
droplets in male rat kidney (Bird et al., 1997 reporting on findings of Lington et
al., 1997).

a Ina90-day gavage study, MTBE dlightly increased the number of hyaline droplets
in male rat kidney proximal tubular epithelial cells (Robinson et al., 1990).

Methyl Tertiary Butyl Ether -35- DRAFT
September 1998



Protein in the rena proxima tubule cells of MTBE-treated male rats stains weakly for
ay,~globulin.

a Inal3-week inhaation study, MTBE dightly increased hyaline droplet formation
and staining for a,,-globulin in male rat kidney but these increases were not dose-
dependent (Swenberg and Dietrich, 1991).

a Inal0-day inhalation study, no increase in a,,-globulin staining could be detected
in MTBE-treated male rat kidney by immunohistochemica staining (Prescott-
Mathews et al., 19973).

Using an ELISA-based method, a mild dose-dependent increase in az,-globulin-
immunoreactivity (approximately 150 ng a,,-globulin/mg total protein in controls
versus 200 ng az-globulin/mg total protein in the high-dose animals) has been
observed in rat kidney cytosol of male rats exposed to MTBE by inhalation for 10 d
(Prescott-Mathews et al., 1997a).

MTBE binds weakly to a,-globulin in vitro. Using a kidney homogenate system, only
avery weak interaction between MTBE and male rat renal proteins was detected (Poet
and Borghoff, 1997a). This interaction did not survive dialysis or anion exchange
chromatography (Poet and Borghoff, 1997a).

A dose-dependent increase in cell proliferation has been observed in the rena cortex of
male rats exposed to MTBE by inhalation for 10 d (Prescott-Mathews et al., 1997a).

Agents which are thought to induce renal tubular tumors via an a,-globulin-mediated
mechanism are nongenotoxic. MTBE has demonstrated little genotoxicity in vitro or
in vivo.

Data which argue against a significant role for a,,-globulin nephropathy in MTBE kidney
tumorigenesis include the following:

Male rat specificity for nephropathy and renal tumorigenicity has not been observed.

a In a two-year inhaation study, MTBE exacerbated chronic progressive
nephropathy and increased mortality associated with chronic progressive
nephropathy in a dose-dependent manner in both in female and male rats (Chun et
al., 1992; Bird et al., 1997).

a A rare kidney tumor was observed in one MTBE-treated female rat in the two-
year inhalation study (Chun et al., 1992; Bird et al., 1997).
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A clear exposure-related increase in staining for a,,-globulin, an effect typical of
classicd ay,-globulin nephropathy-inducing agents, has not been observed in male rats
treated with MTBE.

a Inal3-week inhaation study, MTBE dightly increased hyaline droplet formation
and staining for a,,-globulin in male rat kidney but these increases were not dose-
dependent (Swenberg and Dietrich, 1991).

a Inanother 13-week inhdation study, MTBE dightly increased the size of hyaline
droplets in male rat kidney, but no increase in the area or intensity of a,-globulin
staining was observed (Bird et al., 1997 reporting on findings of Lington et al.,
1997).

a Ina28-day inhaation study, MTBE dightly increased protein accumulation in
male rat kidney, but did not increase a,.-globulin levels (Bird et al., 1997).

a Inal0-day inhalation study, no increase in a,,-globulin staining could be detected
in MTBE-treated male rat kidney by immunohistochemical staining, but using a
more sensitive ELISA-based assay a mild increase in the concentration of az,-
globulin (approximately 150 ng a,-globulin/mg total protein in controls versus
200 g ay-globulin/mg total protein in the high-dose animals) was observed
(Prescott-Mathews et al., 1997a). This small increase isin contrast to the marked
increase seen with classical a,-globulin nephropathy-inducing agents, such as
2,2 4-trimethylpentane (approximately 200 ng a,,-globulin/mg total protein in
controls versus 550 ng a,,-globulin/mg total protein in treated animals) (Prescott-
Mathews et al., 19974).

az,-Globulin-positive proteinaceous casts, another effect typical of classica aa-
globulin nephropathy-inducing agents, were not seen at the junction of the proximal
tubules and the thin loop of Henle in several short-term studies, including a 10-day
inhalation study (Prescott-Mathews et al., 1997a), a 28-day inhaation study (Bird et
al., 1997), or a 13-week inhalation study (Swenberg and Dietrich, 1991; US EPA,
1997b). However, in a 90-day oral study a smal number of granular casts were
observed (Robinson et al., 1990).

Linear mineralization of papillary tubules, another effect typical of classical ay-
globulin nephropathy-inducing agents, has not been reported in rats exposed to MTBE
to date.

Investigators have been unable to detect the binding of MTBE to a,,-globulin or male
rat renal proteins in vivo (Prescott-Mathews et al., 1997b), and only a very weak
interaction between MTBE and male rat rena proteins has been detected in vitro,
using a kidney homogenate system (Poet and Borghoff, 1997a). This interaction did
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not survive dialysis or anion exchange chromatography (Poet and Borghoff, 1997a), in
contrast to observations with classical ay-globulin nephropathy-inducing agents,
where typically 20-40% of bound ligand is retained after dialysis (NSTC, 1997).

The available data on rena tumorigenesis indicate that MTBE induces only mild
accumulation of ay-globulin and mild or partial expression of aj-globulin associated
nephropathy in male rats, while clearly exacerbating the expression of non-a,,-globulin rat
nephropathy in both males and females (NSTC, 1997). The US EPA (1991) established
three criteriafor causation of an a,-globulin effect:

(1) increased number and size of hyaline droplets in renal proximal tubule cells of
treated male rats,

(2) accumulating protein in the hyaline dropletsis a,-globulin; and

(3) additional aspects of the pathological sequence of lesions associated with a,-
globulin nephropathy are present.

If the response is mild al of the typical lesions may not be observed, however,
some elements consistent with the pathological sequence must be demonstrated to
be present.

Evaluation of the available data indicate that the first US EPA criterion has been satisfied,
but not the second or third (NSTC, 1997; US EPA, 1997a).

In late 1997, IARC held a workshop to examine, among other issues, the scientific basis
for possible species differences in mechanisms by which rena tubular cell tumors may be
produced in male rats (IARC, 1998). The fina draft of the consensus report from this
workshop outlines seven criteria which all must be met by agents causing kidney tumors
through an a,,-globulin-associated response in male rats. These criteria are the following:

(1) Lack of genotoxic activity (agent and/or metabolite) based on an overall
evaluation of in vitro and in vivo data

(2) Maerat specificity for nephropathy and rena tumorigenicity

(3) Induction of the characteristic sequence of histopathologica changes in
shorter-term studies, of which protein droplet accumulation is obligatory

(4) Identification of the protein accumulating in tubular cells as a,,-globulin
(5) Reversible binding of the chemical or metabolite to a,,-globulin

(6) Induction of sustained increased cell proliferation in the renal cortex
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(7) Smilarities in dose-response relationship of the tumor outcome with the
histopathological end-points (protein droplets, az.-globulin accumulation, cell
proliferation)

The data summarized above indicate that the second, fourth and seventh IARC criteria
have not been satisfied. With regard to the third criterion, the classical a,-globulin-
associated accumulation of granular casts has not been observed in severa shorter-term
studies. Similarly, linear mineralization of papillary tubules, which is aso part of the
characteristic sequence of histopathological changes, has not been observed. With regard
to the fifth criterion, MTBE appears to reversibly bind to a,,-globulin only very wesakly.
As to the sixth criterion, there are no data available to evaluate whether MTBE induces a
sustained increase in cell proliferation in the renal cortex.

Thus, based on both the US EPA (1991) and IARC (1998) criteria, ay,-globulin
nephropathy does not appear to play a significant role in MTBE kidney tumorigenesis.

Rat lymphomas and leukemias

There are limited mechanistic data concerning the possible mechanisms of action of
MTBE in inducing hematopoietic neoplasms. Two studies have investigated potentia
genetic damage in lymphocytic cells. As described above in section 3.3.1., increased tail
moments were observed in the comet assay performed on periphera lymphocytes isolated
from Sprague Dawley rats exposed to 800 mg/kg MTBE by gavage (Lee et al., 1998).
Increased comet tails are indicative of DNA strand breaks. Female rats were not tested.
In another study, CD-1 mice administered MTBE by gavage did not show mutations at the
hprt locus in spleen lymphocytes (Ward et al., 1995). These two assays are sensitive to
different types of genetic damage, thus these findings are not necessarily inconsistent. No
conclusions can be made at this time concerning the ability of MTBE to cause genetic
damage in lymphocytes. It is not known whether observed leukemias and lymphomas
were induced in part by MTBE-associated chromosomal damage, such as that measured in
the comet assay.

Formaldehyde, a genotoxic metabolite of MTBE, has been associated with increased
hematopoietic cancers in both animals and humans. Consistency across studies has not
been observed, however. In a population-based case/control study elevated odds ratios
for leukemia and lymphoma were observed but did not reach statistical significance (Linos
et al., 1990). Significantly increased standard mortality ratios for leukemia and all
lymphatic/hematopoietic cancers were seen in one of eleven studies of formaldehyde-
exposed cohorts (IARC, 1995). In one drinking water study in Sprague-Dawley rats
dose-related increases in lymphoblastic leukemia and lymphosarcoma were observed
relative to drinking water controls (Soffritti et al., 1989). Two other drinking water
studies in Wistar rats failed to identify increased rates of hematopoietic cancers. The
extent of metabolism of MTBE to formaldehyde in bone marrow or lymphocytic tissues is
not known. In summary, the available data are inadequate to suggest a mechanistic
pathway responsible for producing leukemia/lymphomain response to MTBE exposure.
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4. SUMMARY AND CONCLUSIONS

4.1.  Summary of evidence

Epidemiologica studies of the carcinogenic effects of MTBE are not available.
Carcinogenicity of MTBE has been observed in both sexes of the rat in lifetime gavage
studies (Belpoggi et al., 1995; 1997), in male rats of a different strain in a 24-month
inhalation study (Chun et al., 1992; Bird et al., 1997), and in mae and female mice in 18-
month inhalation studies (Burleigh-Flayer et al., 1992; Bird et al., 1997). Statistically
significant increases in Leydig interstitial cell tumors of the testes were observed in rats
orally exposed, and in a different rat strain exposed via inhaation. While some reviewers
have pointed out that Leydig cell tumors in the rat are not aways predictive for humans,
MTBE has not been shown to act via either of the mechanisms that are thought to be
specific torats. A statistically significant increase in renal tubular tumors was observed in
one of the test strains of male rats. While it has been suggested that interaction with a-2u-
microglobulin may play a role in MTBE-induced kidney tumors, neither the criteria
established by IARC nor those established by the US EPA to define a-2u-microglobulin
based mechanism are met by the MTBE data. The mechanism of kidney tumor induction
remains uncertain. A dtatistically significantly increase in incidence of leukemias and
lymphomas (combined) occurred in female rats of one strain. While the study report does
not provide pathological details that would help to further characterize these cancers, the
authors' use of a combined category for statistical analysisin this strain is supported by an
IARC tumor classification scheme and historical data. Statistically significant increases in
hepatocellular carcinomas were observed in male mice, and datisticaly significant
increases in adenomas and combined adenomas and carcinomas were observed in female
mice.

MTBE has demonstrated little or no genotoxicity in vitro or in vivo. The mechanism by
which MTBE induces tumors at multiple sites in animals remains unknown (NSTC, 1997,
Mennear, 1997). Additional supporting evidence is provided by the carcinogenic activity
of formaldehyde and TBA, two primary metabolites of MTBE, which share target tumor
sites in common with MTBE. Both TBA and MTBE cause renal tumors in one strain of
rat, and both oraly administered formaldehyde and MTBE were associated with
lymphohematopoietic cancersin a different strain.

4.2. Other Reviews

Recent authoritative reviews by the White House National Science and Technol ogy
Council and the US Environmenta Protection Agency (US EPA) have considered the
carcinogenicity evidence summarized in this document, and have concluded, based on the
weight of evidence, that MTBE poses a cancer hazard, while areview of the National
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Research Council did not state a conclusion about the likelihood of a human cancer
hazard.

In 1996, the Health Effects Institute (HEI), with support from US EPA, conducted a
review of the literature. HEI concluded that MTBE is a rodent carcinogen (HEI, 1996),
but noted that the implications for human health risk were complicated by toxicity at the
doses which induced cancers in rodent bioassays. The HEI report stated “Considering
that the mechanisms of action of these and other nonmutagenic rodent carcinogens are
poorly understood, it would seem imprudent to dismiss these results asirrelevant” (HEI,
1996 p.94).

Based on MTBE carcinogenicity in two species, by two routes of exposure, and at
multiple organ sites and on the fact that one metabolite is a probable human carcinogen
and another induced tumors at the same site as M TBE, the final report of the White House
National Science and Technology Council (NSTC) concluded that thereis “sufficient
evidence that MTBE is an animal carcinogen” (NSTC, 1997, p. 4-26) and that the
“weight-of-evidence supports regarding MTBE as having a carcinogenic hazard potential
for humans’ (NSTC, 1997, p. 4-26). The Nationa Research Council reviewed the HEI
document and an earlier draft of the NSTC report (NRC, 1996). Thereview did not state
a conclusion about the likelihood of a human health hazard, but did express reservations
about the relevance of the renal tubular cancers and the leukemias and lymphomas in rats
to humans health. These issues have been discussed in Sections 3.3 and 3.4, above. In
1997, the US EPA developed a drinking water advisory for MTBE, which states “the
weight of the evidence indicates that MTBE is an animal carcinogen and the chemical
poses a carcinogenic potential to humans’ (USEPA, 1997a). US EPA expressed
uncertainties about quantitative risk estimation for low dose exposures. Therefore, there
is agreement from comprehensive reviews of the science by US EPA and NSTC that
MTBE poses a carcinogenic hazard to humans. However, uncertainties remain about the
nature and extent of risk at very low doses, and about the particular tumor sites that are
most relevant to humans.

4.3. Conclusion

Based on the information reviewed in the preparation of this document, there is evidence
for the carcinogenicity of MTBE in animas. MTBE causes leukemias/lymphomas in
female rats, renal tubular tumors and Leydig cell tumors in male rats, and hepatocel lular
tumors in mice. Positive animal carcinogenicity data and some further concordance in
tumor sites for formaldehyde and TBA, metabolites of MTBE, provide support for this
conclusion. However, uncertainties remain about the nature and extent of risk at very low
doses, and about the particular tumor sites that are most relevant to humans.

Methyl Tertiary Butyl Ether -41- DRAFT
September 1998



5. REFERENCES

American Council of Governmenta Industrial Hygienists, Inc. (ACGIH, 1996). Methyl
Tert-Butyl Ether. In: Documentation of the Threshold Limit Values and Biological
Exposure Indices. Supplements to the Sixth Edition: Methyl Tert-Butyl Ether. pp. 1 - 12.
Cincinnati, Ohio: American Conference of Governmental Industrial Hygienists, Inc.

ARCO (1980). Methyl tertiary-butyl ether: acute toxicological studies. Unpublished
study for ARCO Research and Development for ARCO Chemica Company.: ARCO
Chemical Company, Glenolden, PA. Ascited in NSTC, 1997 and ACGIH, 1996.

Agency for Toxic Substances and Disease Registry (ATSDR, 1996). Toxicologica profile
for methyl tert-butyl ether. Prepared by Research Triangle Institute for the Agency for
Toxic Substances and Disease Registry (ATSDR), Centers for Disease Control (CDC),
Public Health Service (PHS), United States Department of Health and Human Services
(USDHHS). Atlanta, GA.

Baker RC, Sorensen SM, Deitrich RA (1982). The in vivo metabolism of tertiary butanol
by adult rats. Alcohol Clin Exp Res 6:247-251.

Belpoggl F, Soffritti M, Maltoni C (1995). Methyl tertiary-butyl ether (MtBE) - a
gasoline additive - causes testicular and lymphohaematopoietic cancers in rats. Toxicol
Ind Health 11:119-149.

Belpoggi F, Soffritti M, Filippini F, Maltoni C (1997). Results of long-term experimental
studies on the carcinogenicity of methyl tert-butyl ether. Annals NY Acad Sci 837:77-95.

Benirsche K, Garner FM, Jones TC, eds. (1978). Pathology of Laboratory Animals,
Volume Il. Springer Verlag, New York, NY.

Bernauer U, Amberg A, Scheutzow D, Dekant W (1998). Biotransformation of **C- and
2-3C-labeled methyl tert-butyl ether, ethyl tert-butyl ether, and tert-butyl alcohol in rats:
|dentification of metabolites in urine by *C nuclear magnetic resonance and gas
chromatography/mass spectrometry. Chem Res Toxicol 11:651-658.

Bioresearch Laboratories (1990). Mass balance of radioactivity and metabolism of methyl
tert-butyl ether (MtBE) in male and female Fischer-344 rats after administration of **C
MtBE by intravenous, oral, and dermal routes. Report #38843. Senneville, Quebec,
Canada: Bioresearch Laboratories.

Bird MG, Burleigh-Flayer HD, Chun JS, Douglas JF, Kneiss JJ, Andrews LS (1997).
Oncogenicity studies of inhaled methyl tertiary-butyl ether (MTBE) in CD-1 mice and F-
344 rats. J Appl Toxicol 17 (S1):$45-S55.

Methyl Tertiary Butyl Ether -42- DRAFT
September 1998



Borghoff SJ, Murphy JE, Medinsky MA (1996). Development of a physiologically based
pharmacokinetic model for methyl tertiary-butyl ether and tertiary-butanol in male Fischer-
344 rats. Fund Appl Toxicol 30:264-275.

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

Buckley TJ, Prah JD, Ashley D, Zweidinger RA, Wallace LA (1997). Body burden
measurements and models to assess inhaation exposure to methyl tertiary-butyl ether
(MTBE). J Air Waste Manag Assoc 47:739-752.

Burek JD, Hollander CF (1977). Incidence patterns of spontaneous tumorsin BN/BI rats.
J Natl Cancer Inst 58:99-105.

Burleigh-Flayer HD, Chun JS, Kintigh WJ (1992). Methyl tertiary butyl ether: vapor
inhalation oncogenicity study in CD-1 mice. Bushy Run Research Center Report No.
91NOO13A. October 15. Union Carbide Chemicals and Plastics Company, Inc. submitted
to the U.S. EPA under TSCA Section 4 Testing Consent Order 40 CFR 799.5000 with
cover letter dated October 29, 1992. EPA/OPTS#42098. Export, Pennsylvania: Bushy
Run Research Center.

Burleigh-Flayer H, Garman R, Neptun D, Bevan C, Gardiner T, Kapp R, Tyler T, Wright
G (1997). Isopropanol vapor inhalation oncogenicity study in Fischer 344 rats and CD-1
mice. Fund Appl Toxicol 36:95-111.

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
responses. Inhal Toxicol 8:21-49.

Caprino L, Togna Gl (1998). Potential health effects of gasoline and its constituents: a
review of current literature (1990-1997) on toxicological data. Environ HIlth Perspect
106:115-125.

Casanova M, Heck HA (1997). Lack of evidence for the involvement of formadehyde in
the hepatocarcinogenicity of methyl tertiary-butyl ether in CD-1 mice. Chem Biol Interact
105:131-143.

Cederbaum Al, Cohen G (1980). Oxidative demethylation of t-butyl acohol by rat liver
microsomes. Biochem Biophys Res Comm 97:730-736.

Cederbaum Al, Qureshi A, Cohen G (1983). Production of formaldehyde and acetone by
hydroxyl-radical generating systems during the metabolism of tertiary butyl acohol.
Biochem Pharmacol 32:3517-3524.

Methyl Tertiary Butyl Ether -43- DRAFT
September 1998



ChandraM, Riley MG, Johnson DE (1992). Spontaneous neoplasms in aged Sprague-
Dawley rats. Arch Toxicol 66:496-502.

Chun JS, Burleigh-Flayer HD, Kintigh WJ (1992). Methyl tertiary ether: vapor inhaation
oncogenicity study in Fisher 344 rats. Bushy Run Research Center Report No.
91NO013B. November 13. Union Carbide Chemicals and Plastics Company, Inc.
submitted to the U.S. EPA under TSCA Section 4 Testing Consent Order 40 CFR
799.5000 with cover letter dated November 19, 1992. EPA/OPTSH42098. Export, PA:
Bushy Run Research Center.

Chun JS, Kintigh WJ (1993). Methyl tertiary butyl ether: Twenty-eight day vapor
inhalation study in rats and mice. BRRC report 93N1241. Export, PA: Bushy Run
Research Center.

Cindli S, Ciliutti P, Falezza A, Mdi C, Caserta L, Marchetti S, Seeberg AH, Vericat JA
(1992). Absence of mutagenicity of methyl-tertiary-butyl ether [abstract No. P36/P10].
Toxicol Lett 356(Suppl 1):300.

Cirvello JD, Radovsky JE, Heath DR, Farnell DR, Lindamood, I11 C (1995). Toxicity and
carcinogenicity of t-butyl alcohol in rats and mice following chronic exposure in drinking
water. Toxicol Ind HIth 11:151-165.

Clegg ED, Cook JC, Chapin RE, Foster PMD, Daston GP (1997). Leydig cell hyperplasa
and adenoma formation: Mechanisms and relevance to humans. Repro Toxicol 11:107-
121.

Cox DR (1972). Regression models and life-tables (with discussion). J R Stat Soc B
24:187-220.

Day KJ, de Peyster A, Allgaier BS, Luong A, MacGregor JA (1998). Methyl t-butyl ether
(MTBE) effects on the male rat reproductive endocrine axis [Abstract No. 861 presented
at the 1998 Society of Toxicology Annual Meeting]. The Toxicologist 42(1-S):174.

Dragan Y, Klaunig J, Maronpot R, Goldsworthy T (1998). Mechanisms of susceptibility
to mouse liver carcinogenesis. Toxicol Sci 41:3-7.

Dourson ML, Felter SP (1997). Route-to-route extrapolation of the toxic potency of
MTBE. Risk Anal 17:717-725.

Experimental Pathology Laboratories, Inc. (1993). Histopathologic Evauation of Kidneys
from Mae and Female Rats Utilized on a Vapor Inhaation Oncogenicity Study of Methyl
Tertiary Butyl Ether. Pathology Slide Peer-Review Report.. MTBE Task Force Study
Number 91NO013B. Submitted to Methyl Tertiary Butyl Ether Task Force. Washington,
D.C..MTBE Task Force.

Methyl Tertiary Butyl Ether -44- DRAFT
September 1998



Faulkner TP, Hussain AS (1989). The pharmacokinetics of tertiary butanol in C57BL/6J
mice. Res Commun Chem Pathol Pharmacol 86:341-352.

Faulkner TP, Wiechart JD, Hartman DM, Hussain AS (1989). The effects of prenatal
tertiary butanol administration in CBA/J and C57BL/6J mice. Life Sci 45:1989-1995.

Frith CH (1988). Morphologic classification and incidence of hematopoietic neoplasmsin
the Sprague-Dawley rat. Toxicol Pathol 16:451-457.

Gross L, Dreyfuss Y (1993). Studies on leukemia developing spontaneoudly in an inbred
family of rats. Proc Natl Acad Sci USA 90:5110-5112.

Haseman JK, Arnold J (1990). Tumor incidence in Fischer 344 rats: NTP historical data.
In: Pathology of the Fischer Rat. Boorman GA, Eustis SL, Elwell MR, Montgomery CA
Jr, MacKenzie WF eds. pp. 555-564. San Diego, CA: Academic Press.

HEI (1996). The Potential Health Effects of Oxygenates Added to Gasoline: A Review of
the Current Literature. April. A specia report of the Health Effect Institute's Oxygenates
Evaluation Committee. Cambridge, MA: Hedlth Effects Ingtitute (HEI). Available at
http://www.healtheffects.org/oxysum.htm.

Hoel DG, Walburg HE (1972). Statistical analysis of survival experiments. J Natl Cancer
Inst 49:361-372.

Hong JY, Wang Y'Y, Bondoc FY, Yang CS, Lee M, Huang WQ (1997a). Rat olfactory
mucosa displays a high activity in metabolizing methyl tert-butyl ether and other gasoline
ethers. Fund Appl Toxicol 40:205-210.

Hong JY, Yang CS, Lee M, Wang YY, Huang WQ, Tan Y, Patten CJ, Bondoc FY
(1997b). Role of cytochrome Puso in the metabolism of methyl tert-butyl ether in human
livers. Arch Toxicol 71:266-269.

Imaida K, Hirose M, Tay L, Lee MS, Wang CY, King CM (1991). Comparative
carcinogenicities of 1-, 2-, and 4-nitropyrene and structurally related compounds in the
female CD rat. Cancer Res 51:2902-7.

International Agency for Research on Cancer (IARC, 1990). Ward JM, Rehn S, Reynolds
CW. Tumours of the hematopoietic system. In: Pathology of Tumours in Laboratory
Animals, Volume 1: The Rat. IARC Scientific Publication No. 99, IARC, Lyon, France.

International Agency for Research on Cancer (IARC, 1993). International Classification
of Rodent Tumours. Part 1 — The Rat. 4. Hematopoietic system. Editor U. Mohr. IARC
Scientific Publications No. 122, IARC, Lyon, France.

International Agency for Research on Cancer (IARC, 1995). IARC monographs on the
evaluation of carcinogenic risks to humans. wood dust and formaldehyde. Volume 62.
IARC, Lyon, France.

Methyl Tertiary Butyl Ether -45- DRAFT
September 1998


http://www.healtheffects.org/oxysum.htm

International Agency for Research on Cancer (IARC, 1998). Species Differences in
Thyroid, Kidney and Urinary Bladder Carcinogenesis. Consensus Report. Fina Draft.
January 8. In: Consensus Document. Proceedings of the IARC Workshop, November 3 -
7, 1997, IARC, Lyon, France.

Johanson G, Nihlen A, Lof A (1995). Toxicokinetics and acute effects of MTBE and
ETBE in male volunteers. Toxicol Lett 82/83:713-718.

Kado NY, Kuzmicky PA, Loarca-Pina G, Mumtaz MM (1998). Genotoxicity testing of
methyl tertiary-butyl ether (MTBE) in the Salmonella microsuspension assay and mouse
bone marrow micronucleus test. Mutation Res 412:131-138.

Kamil 1A, Smith N, Williams RT (1953). Studiesin detoxication 46. The metabolism of
aliphatic alcohols. The glucuronic acid conjugation of acyclic aliphatic alcohols. Biochem
J 53:129-136.

Kerns KD, Pavkov KL, Donofrio DJ, Gralla EJ, Swenberg JA (1983). Carcinogenicity of
formaldehyde in rats and mice after long-term inhalation exposure. Cancer Res 43:4382-
4392.

Komulainen H, Kosma VM, Vaittinen SL, Vartiainen T, Kaliste-Korhonen E, Lotjonen S,
Tuominen RK, Tuomisto J (1997). Carcinogenicity of the drinking water mutagen 3-
chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone in the rat. J Natl Cancer Inst
89:848-856.

Lee MD, de Peyster A, Harris SB, Heza VE, Sherman JA, MacGregor JA (1995).
MTBE effects on steroidogenic function and metabolism in femae CD-1 mice.
International Toxicologist 7:45-P-8 [abstract].

Lee LC, Quintana PJE, de Peyster A (1998). Comet assay evauation of the effect of
methyl t-butyl ether (MTBE) on rat lymphocytes [Abstract No. 923 presented at the 1998
Society of Toxicology Annual Meeting]. The Toxicologist 42(1-S):187.

Leuschner U, Hellstern A, Ansdl A, Gatzen M, Guldutuna S, Leuschner M (1994).
Manua and automatic gallstone dissolution with methyl tert-butyl ether. Digest Dis Sci
39:1302-1308.

Leuschner U, Hellstern A, Schmidt K, Fischer H, Guldutuna S, Hubner K, Leuschner M
(1991). Gallstone dissolution with methyl tert-butyl ether in 120 patients-efficacy and
safety. Digest Dis Sci 36:193-199.

Lington AW, Dodd DE, Ridlon SA, Douglas JF, Kneiss JJ, Andrew LS (1997).
Evaluation of 13-week inhalation toxicity study on methyl t-butyl ether (MTBE) in Fischer
344 rats. J Appl Toxicol 17(S1): S37-HA44.

Methyl Tertiary Butyl Ether -46- DRAFT
September 1998



Linos A, Blair A, Cantor KP, Burmeister L, VanLier S, Gibson RW, Schuman L, Everett
G (1990). Leukemia and non-hodgkin's lymphoma among embamers and funera
directors. J Natl Cancer Inst 82:66.

Mackerer CR, Angelosanto FA, Blackburn GR, Schreiner CA (1996). Identification of
formaldehyde as the metabolite responsible for the mutagenicity of methyl tertiary-butyl
ether in the activated mouse lymphoma assay. Proc Soc Exp Biol Med 212:338-341.

Mantel N (1966). Evaluation of survival data on two new rank order statistics arising in
its consideration. Cancer Chemother Rep 50:163-170.

McComb JA, Goldstein DB  (1979). Quantitative comparison of physical dependence on
tertiary butanol and ethanol in mice: correlation with lipid solubility. J Pharmacol Exp
Therap 208:113-117.

McConnell EE, Solleveld HA, Swenberg JA, Boorman GA (1986). Guidelines for
combining neoplasms for evaluation of rodent carcinogenesis studies. J Natl Cancer Inst
76:283-289.

McGregor DB, Brown A, Cattanach P, Edwards |, McBride D, Caspony WJ (1988).
Responses of the LS178y tk*/tk mouse lymphoma cell forward mutation assay. |I: 18
coded chemicals. Environ Mol Mutagen 11: 91-118.

McKee RH, Vergnes JS, Gavin JB, Douglas JF, Kneiss JJ, Andrews LS (1997).
Assessment of the in vivo mutagenic potential of methyl tertiary-butyl ether. J Appl
Toxicol 17(S1): S31-S36.

McMartin DN, Sahota PS, Gunson DE, Hsu HH, Spaet RH (1992). Neoplasms and
related proliferative lesions in control Sprague-Dawley rats from carcinogenicity studies.
Historical data and diagnostic considerations. Toxicol Pathol 20:212-25.

Mennear JH (1997). Carcinogenicity studies on Methyl tertiary butyl ether (MTBE):
Critical review and interpretation. Risk Anal 17(6):673-681.

Merck (1989). The Merck Index: An encyclopedia of Chemicals, Drugs, and Biologicals.
11th ed. Budavari S, O'Nell MJ, Smith A, Heckelman PE eds. Rahway, NJ. Merck &
Co., Inc.

Miller MJ, Ferdinandi ES, Klan M, Andrews LS, Douglas JF, Kneiss JJ (1997).
Pharmacokinetics and disposition of methyl t-butyl ether in Fischer-344 rats. J Appl
Toxicol 17(S1):S3-S12.

Moloney WC, King VP (1973). Reduction of leukemia incidence following splenectomy
in the rat. Cancer Res 33:573-574.

Methyl Tertiary Butyl Ether -47- DRAFT
September 1998



Moloney WC, Boschetti AE, King VP (1970). Spontaneous leukemia in Fischer rats.
Cancer Res 30:41-43.

Moser GJ, Wolf DC, Sar M, Gaido KW, Janszen D, Goldsworthy TL (1998). Methyl
tertiary butyl ether-induced endocrine aterations in mice are not mediated through the
estrogen receptor. Toxicol Sci 41(1):77-87.

Moser GJ, Wong BA, Wolf DC, Fransson-Steen RL, Goldsworthy TL (19964). Methyl
tertiary butyl ether lacks tumor-promoting activity in N-nitrosodiethylamine-initiated
B6C3F1 female mouse liver. Carcinogenesis 17(12):2753-2761.

Moser GJ, Wong BA, Wolf DC, Moss OR, Goldsworthy TL (1996b). Comparative
short-term effects of methyl tertiary-butyl ether and unleaded gasoline vapor in femae
B6C3F1 mice. Fundam Appl Toxicol 31(2):173-183.

Nihlen A, Lof A, Johanson G (1998). Experimental exposure to methyl tertiary-butyl
ether 1. Toxicokineticsin humans. Toxicol Appl Pharmacol 148(2):274-280.

NRC (1996). Toxicological and Performance Aspects of Oxygenated Motor Vehicle
Fuels. 160 pp. Committee on Toxicologica and Performance Aspects of Oxygenated
Motor Vehicle Fuels, Board on Environmental Studies and Toxicology, Commission on
Life Sciences, National Research Council (NRC), National Academy of Sciences (NAYS).
Washington, D.C.: National Academy Press.

NSTC (1997). Interagency Assessment of Oxygenated Fuels. June. National Science and
Technology Council (NSTC), Committee on Environment and Natural Resources (CENR)
and Interagency Oxygenated Fuels Assessment Steering Committee. White House Office
of Science and Technology Policy (OSTP) through the CENR of the Executive Office of
the President. Washington, D.C.: NSTC.

Available at: http://www.whitehouse.gov/WH/EOP/OST P/html/OSTP_Home.html.

NTP (1995). Toxicology and carcinogenesis studies of t-butyl alcohol (CAS No. 76-65-
0) in Fischer 344/N rats and B6C3F1 mice (drinking water studies). National Toxicology
Program Technical Report Series No. 436, NIH Publication No. 94-3167. NTP, NIEHS,
NIH. Research Triangle Park, NC: NTP.

NTP (1997). Toxicology and carcinogenesis studies of isobutene (CAS No. 115-11-7) in
Fischer 344/N rats and B6C3F1 mice (inhalation studies). Board Draft. National
Toxicology Program Technica Report Series No. 487, NIH Publication No. 97-3977.
NTP, NIEHS, NIH. Research Triangle Park, NC: NTP.

Office of Environmental Health Hazard Assessment (OEHHA, 1998). Public Health Goal
for Methyl Tertiary Butyl Ether (MTBE) in Drinking Water. Sacramento, CA.

Methyl Tertiary Butyl Ether -48- DRAFT
September 1998


http://www.whitehouse.gov/WH/EOP/OSTP/html/OSTP_Home.html

Okahara N, de Peyster A, McPherson SE, MacGregor JA (1998). Effect of MTBE on
estrogen-sengitive tissues of immature female CD-1 mice [Abstract No. 862 presented at
the 1998 Society of Toxicology Annual Meeting]. The Toxicologist 42(1-S):174-175.

Poet TS, Borghoff SJ (1997a). In vitro uptake of methyl tert-butyl ether (MTBE) in mae
rat kidney: Use of a two-compartment model to describe protein interactions. Toxicol
Appl Pharmacol. 145(2):340-348.

Poet TS, Borghoff SJ (1997b). Metabolism of methyl t-butyl ether in methyl tert-butyl
ether (MTBE) in F-344 rats liver microsomes [Abstract No. 1717 presented at the 1997
Society of Toxicology Annual Meeting]. The Toxicologist 36(1, pt. 2):338.

Poet TS, Borghoff SJ (1998). Metabolism of methyl t-butyl ether in human liver
microsomes [Abstract No. 464 presented at the 1998 Society of Toxicology Annual
Meeting]. The Toxicologist 42(1-S):94.

Prah JD, Goldstein GM, Devlin R, Otto D, Ashley D, House D, Cohen KL, Gerrity T
(1994). Sensory, symptomatic, inflammatory, and ocular responses to and the metabolism
of MTBE in a controlled human exposure experiment. Inhalation Toxicol 6(6): 521-538.
Erratum. (1995) Inhalation Toxicol 7(4): 575.

Prentice DE, Melkle AW (1995). A review of drug-induced Leydig cell hyperplasia and
neoplasiain the rat and some comparisons with man. Hum Exp Toxicol 14:562-672.

Prescott-Mathews JS, Wolf DC, Wong BA, Borghoff SJ (1997a). Methyl tert-butyl ether
causes a,-globulin nephropathy and enhanced renal cell proliferation in male F-344 rats.
Toxicol Appl Pharmacol 143(2):301-314.

Prescott-Mathews JS, Garrett MJ, Borghoff SJ (1997b). Chemical binding to a,,-globulin
following gavage dosing of **C - methyl tert-Butyl Ether (MTBE) in F-344 rats [Abstract
No. 1726 presented at the 1997 Society of Toxicology Annual Meeting]. The
Toxicologist 36(1, pt. 2):340.

Rao HV, Ginsberg GL (1997). A physologicaly-based pharmacokinetic model
assessment of methyl t-butyl ether in groundwater for a bathing and showering
determination. Risk Anal 17(5):583-598.

Robinson M, Bruner RH, Olson GR (1990). Fourteen- and ninety-day oral toxicity
studies of methyl tertiary-butyl ether (MTBE) in Sprague-Dawley rats. J Am Coll Toxicol
9(5):525-540.

Rogers AE, Akhtar R, Zeisel SH (1990). Procarbazine carcinogenicity in methotrexate-
treated or lipotrope-deficient male rats. Carcinogenesis 11:1491-5.

Savolainen H, Pfeffli P, Elovaara E (1985). Biochemical effects of methyl tertiary-butyl
ether (MTBE) in extended vapor exposure in rats. Arch Toxicol 57(4):285-288.

Methyl Tertiary Butyl Ether -49- DRAFT
September 1998



Sellakumar AR., Snyder CA, Solomon JJ, Albert RE (1985). Carcinogenicity of
formaldehyde and hydrogen chloride in rats. Toxicol Appl Pharmacol 81:401-406.

Sernau RC (1989). Mutagenicity test on methyl tertiary butyl ether in Drosophila
melanogaster sex-linked recessive lethal test. Final Report. HLA study no. 10484-0-461.
Fiche # OY S0528039. Submitted to the U.S. Environmental Protection Agency with
cover letter dated April 14, 1989. EPA/OTS DOC#40-8913430. Kensington, MD:
Hazelton Laboratories America, Inc.

Squillace PJ, Pankow JF, Korte NE, Zogorski JS (1997a). Review of the environmental
behavior and fate of methyl tert-butyl ether (MTBE). J Environ Toxicol Chemistry
16(9):1836-1844.

Soffritti M, Madtoni C, MaffelF, Biagi R (1989). Rormaldehyde: an experimental
multipotential carcinogen. Toxicol Indust Health 5:699-730.

Swenberg JA, Dietrich DR (1991). Immunohistochemica localization of az-globulin in
kidneys of treated and control rats of a 13-week vapor inhalation study undertaken with
methyl tertiary butyl ether (MTBE). Report to John Kneiss, Manager, MTBE Task Force.
July 26, 1991. Chapel Hill, NC: University of North Carolina

Thurman RG, Winn K, Urquhart B (1980). Rat brain cyclic AMP levels and withdrawal
behavior following treatment with t-butanol. In Begleiter H Ed. Biological Effects of
Alcohol. Adv Exp Med Biol Vol. 126 pp. 271-281.

Til HP, Woutersen RA,. Feron VJ, Hollanders VMH, Fake HE (1989). Two-year
drinking-water study for formaldehyde in rats. Food Chem Toxicol 27:77-87.

Turini A, Amato G, Longo V, Gervas PG (1998). Oxidation of methyl- and ethyl-
tertiary-butyl ethersin rat liver microsomes: Role of the cytochrome Paso isoforms. Arch
Toxicol 72(4): 207-214.

US EPA (1991). aj-globulin association with chemically induced rena toxicity and
neoplasia in the mae rat. EPA/625/3-91/019F. Risk Assessment Forum, U.S.
Environmental Protection Agency. Washington, D.C.: U.S. EPA.

US EPA (1995). Summary of cancer risk derivations for MTBE, a screening evaluation.
Appendix A of the NSTC 1996 report. By J. Jinot. Quantitative Risk Methods Group,
National Center for Environmental Assessment, U.S. Environmental Protection Agency,
Washington, DC.

Methyl Tertiary Butyl Ether -50- DRAFT
September 1998



U.S. EPA (1997a). Drinking Water Advisory: Consumer Acceptability Advice and Health
Effects Analysis on Methyl Tertiary-Butyl Ether (MtBE). December. Fact Sheet 4 pp.
and Advisory 42 pp. EPA-822-F-97-009. ODW 4304. Health and Ecologica Criteria
Divison, Office of Science and Technology, Office of Water, U.S. Environmenta
Protection Agency. Washington, D.C.: U.S. EPA.

Available at http://www.epa.gov/oust/mtbe/index.htm.

U.S. EPA (1997b). Integrated Risk Information System (IRIS): Methyl Tertiary-Butyl
Ether (MTBE). Last revised on September 1, 1993 for Reference Concentration (RfC)
assessment. U.S. Environmental Protection Agency. Washington, D.C.: U.S. EPA.

Vergnes JS, Chun JS (1994). Methyl tertiary butyl ether: In vivo in vitro hepatocyte
unscheduled DNA synthesis assay in mice. Bushy Run Research Center Laboratory
project ID 93N1316. Submitted to the U.S. EPA with cover letter dated June 13, 1994
with draft submitted dated October 15, 1993. EPA/OTS DOC#86940000975 and
#386940000009. Export, PA: Bushy Run Research Center.

Vergnes JS, Kintigh WJ (1993). Methyl tertiary butyl ether: Bone marrow micronucleus
test in mice. Bushy Run Research Center Laboratory project ID 93N1244. Submitted to
the U.S. EPA with cover letter dated November 15, 1993. EPA/OTS #86940000031.
Export, PA: Bushy Run Research Center.

Vergnes JS, Morabit ER (1989). Methyl tertiary butyl ether repeated exposure vapor
inhalation study in rats: In vivo cytogenetic evaluation. Bushy Run Research Center
Project report 51-635. Fiche # OTS0528040 Doc # 40-8913431. Export, PA: Bushy
Run Research Center.

Vessdinovitch SD (1990). Perinatal mouse liver carcinogenesis as a sengtive
carcinogenesis model and the role of the sex hormonal environment in tumor development.
Mouse Liver Carcinogenesis. Mechanisms and Species Comparisons, pp 53-68. Alan R.
Liss, Inc.

Ward Jr. JB, Au WW, Whorton EB, et al. (1994). Genetic toxicity of methyl-tertiary
butyl ether. Division of Environmental Toxicology, Department of Preventive Medicine
and Community Health. Galveston, TX: University of Texas Medica Branch.

Ward Jr. JB, Daker DH, Hastings DA, Ammenheusser MM, Legator MS (1995).
Assessment of the mutagenicity of methyl-tertiary butyl ether at the HPRT gene in CD-1
mice [Abstract No. 417 presented at the 1995 Society of Toxicology Annual Meeting].
The Toxicologist 15:79.

Woutersen RA, van Garderen-Hoetmer A, Bruijntjes JP, Swart A, Feron VJ (1989).
Nasal tumors in rats after severe injury to the nasal mucosa and prolonged exposure to 10
ppm formaldehyde. J Appl Toxicol 9:39-46.

Methyl Tertiary Butyl Ether -51- DRAFT
September 1998


http://www.epa.gov/oust/mtbe/index.htm

Yamamoto R, Tatsuta M, Terada N (1993). Suppression by oestrogen of hepatocellular
tumourigenesis induced in mice by 3¢methyl-4-dimethylaminoazobenzene. Br J Cancer
68:303-307.

Zeiger E, Anderson B, Haworth S, Lawlor T, Mortelmans K, Speck W (1987).
Samonella mutagenicity tests: 111. Results from the testing of 255 chemicals. Environ
Mutagen 9(S9):1-110.

Methyl Tertiary Butyl Ether -52- DRAFT
September 1998



	INTRODUCTION
	2.1. Identity of methyl tertiary butyl ether (MTBE)
	2.2. Occurrence and use
	3. DATA ON MTBE CARCINOGENICITY
	3.1. Epidemiological studies of carcinogenicity in humans.
	3.2. Carcinogenicity studies in animals.
	3.3. Other relevant data
	3.3.1. Genetic Toxicology
	3.3.2. Structure-Activity Comparisons
	3.3.3. Pharmacokinetics and Metabolism
	3.3.4. Pathology
	3.4. Mechanism
	4. SUMMARY AND CONCLUSIONS
	4.1. Summary of evidence
	4.2. Other Reviews
	4.3. Conclusion
	5. REFERENCES

