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GUIDE TO READERS OF THIS DOCUMENT

Due to the length of the TCE toxicological review, it is recommended that
Chapters 1 and 6 be read prior to Chapters 2-5.

Chapter 1 is the standard introduction to an IRIS Toxicological Review, describing the
purpose of the assessment and the guidelines used in its development.

Chapter 2 is an exposure characterization that summarizes information about TCE
sources, releases, media levels and exposure pathways for the general population (occupational
exposure is also discussed to a lesser extent).

Chapter 3 describes the toxicokinetics and physiologically based pharmacokinetic
(PBPK) modeling of TCE and metabolites (PBPK modeling details are in Appendix A).

Chapter 4 is the hazard characterization of TCE. Section 4.1 summarizes the evaluation
of epidemiologic studies of cancer and TCE (qualitative details in Appendix B; meta-analyses in
Appendix C). Each of the Sections 4.2—4.9 provides self-contained summary and syntheses of
the epidemiologic and laboratory studies on TCE and metabolites, organized by tissue/type of
effects, in the following order: genetic toxicity, central nervous system (CNS), kidney, liver,
immune system, respiratory tract, reproduction and development, and other cancers. Additional
details are provided in Appendix D for CNS effects and Appendix E for liver effects.

Section 4.10 summarizes the available data on susceptible lifestages and populations.
Section 4.11 describes the overall hazard characterization, including the weight of evidence for
noncancer effects and for carcinogenicity.

Chapter 5 is the dose-response assessment of TCE. Section 5.1 describes the dose-
response analyses for noncancer effects, and Section 5.2 describes the dose-response analyses for
cancer. Additional computational details are described in Appendix F for noncancer dose-
response analyses, Appendix G for cancer dose-response analyses based on rodent bioassays, and
Appendix H for cancer dose-response analyses based on human epidemiologic data.

Chapter 6 is the summary of the major conclusions in the characterization of TCE hazard

and dose response.
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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to chronic exposure to
trichloroethylene. It is not intended to be a comprehensive treatise on the chemical or
toxicological nature of trichloroethylene.

The intent of Chapter 6, Major Conclusions in the Characterization of Hazard and Dose
Response, is to present the major conclusions reached in the derivation of the reference dose,
reference concentration and cancer assessment, where applicable, and to characterize the overall
confidence in the quantitative and qualitative aspects of hazard and dose response. For other
general information about this assessment or other questions relating to IRIS, the reader is
referred to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or

hotline.iris@epa.gov (email address).
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EXECUTIVE SUMMARY

There is substantial potential for human exposure to trichloroethylene (TCE), as it has a
widespread presence in ambient air, indoor air, soil, and groundwater. At the same time, humans
are likely to be exposed to a variety of compounds that are either metabolites of TCE or which
have common metabolites or targets of toxicity. Once exposed, humans, as well as laboratory
animal species, rapidly absorb TCE, which is then distributed to tissues via systemic circulation,
extensively metabolized, and then excreted primarily in breath as unchanged TCE or carbon
dioxide, or in urine as metabolites.

Based on the available human epidemiologic data and experimental and mechanistic
studies, it is concluded that TCE poses a potential human health hazard for noncancer toxicity to
the central nervous system, the kidney, the liver, the immune system, the male reproductive
system, and the developing fetus. The evidence is more limited for TCE toxicity to the
respiratory tract and female reproductive system. Following U.S. Environmental Protection
Agency (U.S. EPA, 2005a) Guidelines for Carcinogen Risk Assessment, TCE is characterized as
carcinogenic in humans by all routes of exposure. This conclusion is based on convincing
evidence of a causal association between TCE exposure in humans and kidney cancer. The
human evidence of carcinogenicity from epidemiologic studies of TCE exposure is compelling
for non-Hodgkins Lymphoma but less convincing than for kidney cancer, and more limited for
liver and biliary tract cancer. Further support for the characterization of TCE as carcinogenic in
humans by all routes of exposure is derived from positive results in multiple rodent cancer
bioassays in rats and mice of both sexes, similar toxicokinetics between rodents and humans,
mechanistic data supporting a mutagenic mode of action (MOA) for kidney tumors, and the lack
of mechanistic data supporting the conclusion that any of the MOA(s) for TCE-induced rodent
tumors are irrelevant to humans.

As TCE toxicity and carcinogenicity are generally associated with TCE metabolism,
susceptibility to TCE health effects may be modulated by factors affecting toxicokinetics,
including lifestage, gender, genetic polymorphisms, race/ethnicity, pre-existing health status,
lifestyle, and nutrition status. In addition, while these some of these factors are known risk
factors for effects associated with TCE exposure, it is not known how TCE interacts with known
risk factors for human diseases.

For noncancer effects, the most sensitive types of effects, based either on human
equivalent concentrations/doses or on candidate inhalation reference concentrations (RfCs)/oral
reference doses (RfDs), appear to be developmental, kidney, and immunological (adult and
developmental) effects. The neurological and reproductive effects appear to be about an order of
magnitude less sensitive, with liver effects another two orders of magnitude less sensitive. The
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preferred RfC estimate of 0.001 ppm (1 ppb or 5 pg/m’) is based on route-to-route extrapolated
results from oral studies for the critical effects of heart malformations (rats), immunotoxicity
(mice), and toxic nephropathy (rats, mice), and an inhalation study for the critical effect of
increased kidney weight (rats). Similarly, the preferred RfD estimate for noncancer effects of
0.0004 mg/kg/d is based on the critical effects of heart malformations (rats), adult
immunological effects (mice), developmental immunotoxicity (mice), and toxic nephropathy
(rats). There is high confidence in these preferred noncancer reference values, as they are
supported by moderate- to high-confidence estimates for multiple effects from multiple studies.

For cancer, the preferred estimate of the inhalation unit risk is 2 x 107> per ppm [4 x 107
per pg/m’], based on human kidney cancer risks reported by Charbotel et al. (2006) and
adjusted, using human epidemiologic data, for potential risk for tumors at multiple sites. The
preferred estimate of the oral unit risk for cancer is 5 x 1072 per mg/kg/d, resulting from
physiologically-based pharmacokinetic model-based route-to-route extrapolation of the
inhalation unit risk estimate based on the human kidney cancer risks reported in Charbotel et al.
(2006) and adjusted, using human epidemiologic data, for potential risk for tumors at multiple
sites. There is high confidence in these unit risks for cancer, as they are based on good quality
human data, as well as being similar to unit risk estimates based on multiple rodent bioassays.
Because there is both sufficient weight of evidence to conclude that TCE operates through a
mutagenic MOA for kidney tumors and a lack of TCE-specific quantitative data on early-life
susceptibility, the default age-dependent adjustment factors (ADAFs) can be applied for the
kidney cancer component of the unit risks for cancer; however, the application of ADAFs is
likely to have a minimal impact on the total cancer risk except when exposures are primarily
during early life.
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1 INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IRIS) Summary of the hazard and dose-response assessment of
trichloroethylene. IRIS Summaries may include oral reference dose (RfD) and inhalation
reference concentration (RfC) values for chronic and other exposure durations, and a
carcinogenicity assessment.

The RfD and RfC, if derived, provide quantitative information for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed threshold)
mode of action. The RfD (expressed in units of mg/kg/d) is defined as an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. The inhalation RfC (expressed in units of ppm or pg/m’) is
analogous to the oral RfD, but provides a continuous inhalation exposure estimate. The
inhalation RfC considers toxic effects for both the respiratory system (portal-of-entry) and for
effects peripheral to the respiratory system (extrarespiratory or systemic effects). Reference
values are generally derived for chronic exposures (up to a lifetime), but may also be derived for
acute (<24 hours), short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of
lifetime) exposure durations, all of which are derived based on an assumption of continuous
exposure throughout the duration specified. Unless specified otherwise, the RfD and RfC are
derived for chronic exposure duration.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question and quantitative estimates of risk from oral and inhalation
exposure may be derived. The information includes a weight-of-evidence judgment of the
likelihood that the agent is a human carcinogen and the conditions under which the carcinogenic
effects may be expressed. Quantitative risk estimates may be derived from the application of a
low-dose extrapolation procedure. If derived, the oral slope factor is a plausible upper bound on
the estimate of risk per mg/kg/d of oral exposure. Similarly, an inhalation unit risk is a plausible
upper bound on the estimate of risk per ppm or pug/m’ in air breathed.

Development of these hazard identification and dose-response assessments for
trichloroethylene has followed the general guidelines for risk assessment as set forth by the
National Research Council (NRC, 1983). U.S. EPA Guidelines and Risk Assessment Forum
Technical Panel Reports that may have been used in the development of this assessment include
the following: Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA,

1986a), Guidelines for Mutagenicity Risk Assessment (U.S. EPA, 1986b), Recommendations for
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and Documentation of Biological Values for Use in Risk Assessment (U.S. EPA, 1988),
Guidelines for Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Interim Policy for
Particle Size and Limit Concentration Issues in Inhalation Toxicity (U.S. EPA, 1994a), Methods
for Derivation of Inhalation Reference Concentrations and Application of Inhalation Dosimetry
(U.S. EPA, 1994b), Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA,
1995), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA, 1996), Guidelines for
Neurotoxicity Risk Assessment (U.S. EPA, 1998), Science Policy Council Handbook: Risk
Characterization (U.S. EPA, 2000a), Benchmark Dose Technical Guidance Document (U.S.
EPA, 2000b), Supplementary Guidance for Conducting Health Risk Assessment of Chemical
Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and Reference Concentration
Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a),
Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to Carcinogens
(U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA, 2006a), and A4
Framework for Assessing Health Risks of Environmental Exposures to Children (U.S. EPA,
2006b).

The literature search strategy employed for this compound was based on the Chemical
Abstracts Service Registry Number and at least one common name. Any pertinent scientific
information submitted by the public to the IRIS Submission Desk was also considered in the

development of this document. The relevant literature was reviewed through April, 2009.
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2. EXPOSURE CHARACTERIZATION

The purpose of this exposure characterization is to summarize information about
trichloroethylene (TCE) sources, releases, media levels, and exposure pathways for the general
population (occupational exposure is also discussed to a lesser extent). It is not meant as a
substitute for a detailed exposure assessment for a particular risk assessment application. While
this section primarily addresses TCE, it also includes some information on a number of related
compounds. These related compounds include metabolites of TCE and other parent compounds
that produce similar metabolites as shown in Table 2-1. The first column in this table lists the
principal TCE metabolites in humans (trichloroethanol, trichloroethanol-glucuronide and
trichloroacetic acid) as well as a number of minor ones (Agency for Toxic Substances and
Disease Registry [ATSDR], 1997a). The subsequent columns list parent compounds that can
produce some of the same metabolites. The metabolic reaction pathways are much more
complicated than implied here and it should be understood that this table is intended only to
provide a general understanding of which parent compounds lead to which TCE metabolites.
Exposure to the TCE-related compounds can alter or enhance TCE’s metabolism and toxicity by
generating higher internal metabolite concentrations than would result from TCE exposure by
itself. This characterization is based largely on earlier work by Wu and Schaum (2000, 2001),

but also provides updates in a number of areas.

Table 2-1. TCE metabolites and related parent compounds*

Parent compounds

Tetrachloro- | 1,1-Dichloro- | 1,1,1-Tri- |1,1,1,2-Tetra- | 1,2-Dichloro-
TCE metabolites ethylene ethane chloroethane | chloroethane ethylene
Oxalic acid X X
Chloral X
Chloral hydrate X
Monochloroacetic acid X X X X X
Dichloroacetic acid X X X
Trichloroacetic acid X X X
Trichloroethanol X X X
Trichloroethanol- X X X
glucuronide

* X indicates that the parent compound can produce the corresponding metabolite (Hazardous Substances Data
Bank, http://toxnet.nlm.nih.gov./cgi-bin/sis/htmlgen?HSDB).
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2.1. ENVIRONMENTAL SOURCES

TCE is a stable, colorless liquid with a chloroform-like odor and chemical formula

C,CI3H as diagrammed in Figure 2-1 (Lewis, 2001). Its chemical properties are listed in

Table 2-2.

Cl~

/Cl
C=C
|-|/ ~cl

Figure 2-1. Molecular structure of TCE.

Table 2-2. Chemical properties of TCE

Property Value Reference
Molecular weight 131.39 Lide, 1998

Boiling point 87.2°C Lide, 1998

Melting point —84.7°C Lide, 1998

Density 1.4642 at 20°C Merck Index, 1996
Solubility 1,280 mg/L water at 25°C Hotvath et al., 1999

Vapor pressure

69.8 mmHG @ 25°C

Boublik et al., 1984

Vapor density

4.53 (air=1)

Merck Index, 1996

Henry’s Law Constant

9.85 x 10~ atm-cu m/mol @ 25°C

Leighton, 1981

Octanol/water partition
coefficient

log Kow =2.61

Hansch, 1995

Air concentration conversion

1 ppb = 5.38 pg/m’

HSDB, 2002

Trichloroethylene has been produced commercially since the 1920s in many countries by

chlorination of ethylene or acetylene. Its use in vapor degreasing began in the 1920s. In the

1930s, it was introduced for use in dry cleaning. This use was largely discontinued in the 1950s
and was replaced with tetrachloroethylene (ATSDR, 1997a). More recently, 80—90% of

trichloroethylene production worldwide is used for degreasing metals (International Agency for

Research on Cancer [IARC], 1995). It is also used in adhesives, paint-stripping formulations,

paints, lacquers, and varnishes (SRI, 1992). A number of past uses in cosmetics, drugs, foods,

and pesticides have now been discontinued including use as an extractant for spice oleoresins,
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natural fats and oils, hops and decaffeination of coffee (IARC, 1995), and as a carrier solvent for

the active ingredients of insecticides and fungicides, and for spotting fluids (WHO, 1985;

ATSDR, 1997a). The production of TCE in the United States peaked in 1970 at 280 million kg
(616 million pounds) and declined to 60 million kg (132 million pounds) in 1998 (United States

Geological Survey [USGS], 2006). In 1996, the United States imported 4.5 million kg

(10 million pounds) and exported 29.5 million kg (65 million pounds) (Chemical Marketing

Reporter, 1997). Table 2-3 summarizes the basic properties and principal uses of the TCE

related compounds.

Table 2-3. Properties and uses of TCE related compounds

Water Vapor
solubility pressure
(mg/L) (mmHG) Uses Sources
Tetrachloroethylene 150 18.5 @25°C Dry cleaning, degreasing, solvent | *
1,1,1-Trichloroethane | 4,400 124 @25°C Solvents, degreasing a
1,2-Dichloroethylene | 3,000—6,000 | 273-395 Solvents, chemical intermediates a
@30°C
1,1,1,2- 1,100 14 @25°C Solvents, but currently not ab
Tetrachloroethane produced in United States
1,1-Dichloroethane 5,500 234 @25°C Solvents, chemical intermediates 2
Chloral High 35 @20°C Herbicide production ‘
Chloral hydrate High NA Pharmaceutical production ‘
Monochloroacetic High 1 @43°C Pharmaceutical production ‘
acid
Dichloroacetic acid High <1 @20°C Pharmaceuticals, not widely used | *
Trichloroacetic acid | High 1 @50°C Herbicide production ‘
Oxalic acid 220,000 0.54 @105°C Scouring/cleaning agent, b
degreasing
Dichlorovinyl Not available | Not available Not available
cysteine
Trichloroethanol Low NA Anesthetics and chemical ¢
intermediate
*Wu and Schaum (2001).
"HSDB (2003).
‘Lewis (2001).
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Releases of TCE from nonanthropogenic activities are negligible (HSDB, 2002). Most of
the TCE used in the United States is released to the atmosphere, primarily from vapor degreasing
operations (ATSDR, 1997a). Releases to air also occur at treatment and disposal facilities, water
treatment facilities, and landfills (ATSDR, 1997a). TCE has also been detected in stack
emissions from municipal and hazardous waste incineration (ATSDR, 1997a). TCE is on the list
for reporting to U.S. Environmental Protection Agency (U.S. EPA)’s Toxics Release Inventory
(TRI). Reported releases into air predominate over other types and have declined over the period
1994 to 2004 (see Table 2-4).

Table 2-4. Toxics Release Inventory (TRI) releases of TCE (pounds/year)

Total on-
Total off- | and off-
On-site Total on- site site

Total on- surface | Total on-site site disposal disposal

On-site On-site site air water underground | releases or other or other

Year | fugitive air stack air emissions | discharges injection to land releases releases
1994 | 15,018,818 | 15,929,943 | 30,948,761 1,671 288 4,070 96,312 | 31,051,102
1995 | 12,498,086 | 13,784,853 | 26,282,939 1,477 550 3,577 74,145 | 26,362,688
1996 | 10,891,223 | 10,995,228 | 21,886,451 541 1,291 9,740 89,527 | 21,987,550
1997 | 9,276,150 8,947,909 18,224,059 568 986 3,975 182,423 | 18,412,011
1998 | 6,769,810 6,504,289 13,274,099 882 593 800 136,766 | 13,413,140
1999 | 5,861,635 4,784,057 10,645,692 1,034 0 148,867 192,385 | 10,987,978
2000 | 5,485,493 4,375,516 9,861,009 593 47,877 9,607 171,952 | 10,091,038
2001 | 4,968,282 3,453,451 8,421,733 406 98,220 12,609 133,531 | 8,666,499
2002 | 4,761,104 3,436,289 8,197,393 579 140,190 230 139,398 | 8,477,790
2003 | 3,963,054 3,121,718 7,084,772 595 90,971 150,642 66,894 | 7,393,873
2004 | 3,040,460 3,144,980 6,185,440 216 123,637 2 71,780 | 6,381,075
2005 | 2,733,983 2,893,168 5,627,152 533 86,817 4,711 60,074 | 5,779,287
2006 | 2,816,241 2,795,184 5,611,425 482 0 77,339 90,758 | 5,780,004

Source: U.S. EPA TRI Explorer, http://www.epa.gov/triexplorer/trends.htm.

Under the National-Scale Air Toxics Assessment (NSATA) program, U.S. EPA has

developed an emissions inventory for TCE (U.S. EPA, 2007a). The inventory includes sources
in the United States plus the Commonwealth of Puerto Rico and the U.S. Virgin Islands. The

types of emission sources in the inventory include large facilities, such as waste incinerators and

factories and smaller sources, such as dry cleaners and small manufacturers. Figures 2-2 and 2-3
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show the results of the 1999 emissions inventory for TCE. Figure 2-2 shows the percent

contribution to total emissions by source category. A variety of sources have TCE emissions

with the largest ones identified as halogenated solvent cleaners and metal parts and products.

Figure 2-3 shows a national map of the emission density (tons/sq mi-yr) for TCE. This map

shows the highest densities in the far west and northeastern regions of the United States.

Emissions range from 0 to 4.12 tons/mi’-yr.

Trichloroethylene Emissions
1999

2% Merospace Industries
2% Integrated Iron & Steel Manufacturing
2% Consumer and Commercial Products Use

4% Dry Cleaning

6% Miscellaneous Metal Parts & Products (Surface Coating)

19% Other Categories (293 categories)

2% Municipal Landfills
2% Pulp and Paper Production

2% Printing, Coating & Dyeing Of Fabrics

59% Halogenated Solvent Cleaners

Figure 2-2. Source contribution to TCE emissions.
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1999 County Emission Densities
Trichloroethylene — United States Counties

Distribution of U.5. Emission Densities
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a8 - 0.063
0.026

; ad Follutant Emission Density by County
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Figure 2-3. Annual emissions of TCE.

2.2. ENVIRONMENTAL FATE
2.2.1. Fate in Terrestrial Environments

The dominant fate of trichloroethylene released to surface soils is volatilization. Because
of its moderate water solubility, trichloroethylene introduced into soil (e.g., landfills) also has the
potential to migrate through the soil into groundwater. The relatively frequent detection of
trichloroethylene in groundwater confirms this. Biodegradation in soil and groundwater may

occur at a relatively slow rate (half-lives on the order of months to years) (Howard et al., 1991).

2.2.2. Fate in the Atmosphere

In the atmosphere, trichloroethylene is expected to be present primarily in the vapor
phase, rather than sorbed to particulate, because of its high vapor pressure. Some removal by
scavenging during wet precipitation is expected because of its moderate water solubility. The
major degradation process affecting vapor phase trichloroethylene is photo-oxidation by
hydroxyl radicals. Photolysis in the atmosphere proceeds very slowly, if at all.
Trichloroethylene does not absorb ultraviolet light at wavelengths of less than 290 nm and thus

will not directly photolyze. Based on measured rate data for the vapor phase photo-oxidation
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reaction with hydroxyl radicals, the estimated half-life of trichloroethylene in the atmosphere is
on the order of 1 to 11 days with production of phosgene, dichloroacetyl chloride, and formyl
chloride. Under smog conditions, degradation is more rapid (half-life on the order of hours)
(HSDB, 2002; Howard et al., 1991).

2.2.3. Fate in Aquatic Environments

The dominant fate of trichloroethylene released to surface waters is volatilization
(predicted half-life of minutes to hours). Bioconcentration, biodegradation, and sorption to
sediments and suspended solids are not thought to be significant (HSDB, 2002).
Trichloroethylene is not hydrolyzed under normal environmental conditions. However, slow
photo-oxidation in water (half-life of 10.7 months) has been reported (HSDB, 2002; Howard et
al., 1991).

2.3. EXPOSURE CONCENTRATIONS

TCE levels in the various environmental media result from the releases and fate processes
discussed in Sections 2.1 and 2.2. No statistically based national sampling programs have been
conducted that would allow estimates of true national means for any environmental medium. A
substantial amount of air and groundwater data, however, has been collected as well as some

data in other media, as described below.

2.3.1. Outdoor Air—Measured Levels

TCE has been detected in the air throughout the United States. According to ATSDR
(1997a), atmospheric levels are highest in areas concentrated with industry and population, and
lower in remote and rural regions. Table 2-5 shows levels of TCE measured in the ambient air at

a variety of locations in the United States.
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Table 2-5. Concentrations of trichloroethylene in ambient air

Concentration (pg/m°)
Area Year Mean Range
Rural
Whiteface Mountain, NY? 1974 0.5 <0.3-1.9
Badger Pass, CA® 1977 0.06 0.005-0.09
Reese River, NV* 1977 0.06 0.005—0.09
Jetmar, KS* 1978 0.07 0.04-0.11
All rural sites 1974—1978 0.005-1.9
Urban and Suburban
New Jersey* 1973-79 9.1 ND-97
New York City, NY* 1974 3.8 0.6-5.9
Los Angeles, CA® 1976 1.7 0.14-9.5
Lake Charles, LA? 197678 8.6 04-11.3
Phoenix, AZ* 1979 2.6 0.06—16.7
Denver, CO* 1980 1.07 0.15-2.2
St. Louis, MO* 1980 0.6 0.1-1.3
Portland, OR? 1984 1.5 0.6-3.9
Philadelphia, PA* 1983—-1984 1.9 1.6-2.1
Southeast Chicago, IL° 1986—1990 1.0
East St. Louis, IL" 1986-1990 2.1
District of Columbia® 1990—-1991 1.94 1-16.65
Urban Chicago, IL? pre—1993 0.82—-1.16
Suburban Chicago, IL* pre—1993 0.52
300 cities in 42 states® pre—1986 2.65
Several Canadian Cities' 1990 0.28
Several United States Cities’ 1990 6.0
Phoenix, AZ® 1994-1996 0.29 0-1.53
Tucson, AZ® 1994—-1996 0.23 0-1.47
All urban/suburban sites 1973—1996 0-97
“IARC (1995).
"Sweet (1992).
‘Hendler (1992).
IScheff (1993).
*Shah (1988).
"Bunce (1994).
£Zielinska (1998).

More recent ambient air measurement data for TCE were obtained from U.S. EPA’s Air
Quality System database at the AirData Web site: http://www.epa.gov/air/data/index.html (U.S.
EPA, 2007b). These data were collected from a variety of sources including state and local

environmental agencies. The data are not from a statistically based survey and cannot be
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assumed to provide nationally representative values. The most recent data (2006) come from

258 monitors located in 37 states. The means for these monitors range from 0.03 to 7.73 pg/m’

and have an overall average of 0.23 pg/m’>. Table 2-6 summarizes the data for the years

1999-2006. The data suggest that levels have remained fairly constant since 1999 at about

0.3 pg/m’. Table 2-7 shows the monitoring data organized by land setting (rural, suburban, or

urban) and land use (agricultural, commercial, forest, industrial, mobile, and residential). Urban

air levels are almost 4 times higher than rural areas. Among the land use categories, TCE levels

are highest in commercial/industrial areas and lowest in forest areas.

Table 2-6. TCE ambient air monitoring data (pg/m3)

Number of Number of Standard

Year monitors states Mean deviation | Median Range

1999 162 20 0.30 0.53 0.16 0.01-4.38
2000 187 28 0.34 0.75 0.16 0.01-7.39
2001 204 31 0.25 0.92 0.13 0.01-12.90
2002 259 41 0.37 1.26 0.13 0.01-18.44
2003 248 41 0.35 0.64 0.16 0.02-6.92
2004 256 37 0.32 0.75 0.13 0.00-5.78
2005 313 38 0.43 1.05 0.14 0.00—-6.64
2006 258 37 0.23 0.55 0.13 0.03-7.73

Source: U.S. EPA’s Air Quality System database at the AirData Web site: http://www.epa.gov/air/data/index.html.

Table 2-7. Mean TCE air levels across monitors by land setting and use

(1985 to 1998)

Subur- Agricul- | Com- Indus- Resi-
Rural ban Urban tural mercial | Forest | trial Mobile | dential
Mean 0.42 1.26 1.61 1.08 1.84 0.1 1.54 1.5 0.89
concentration
(ng/m)
n 93 500 558 31 430 17 186 39 450

Source: U.S. EPA’s Air Quality System database at the AirData Web site: http://www.epa.gov/air/data/index.html.
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2.3.2. Outdoor Air—Modeled Levels
Under the National-Scale Air Toxics Assessment program, U.S. EPA has compiled

emissions data and modeled air concentrations/exposures for the Criteria Pollutants and
Hazardous Air Pollutants (U.S. EPA, 2007a). The results of the 1999 emissions inventory for
TCE were discussed earlier and results presented in Figures 2-2 and 2-3. A computer simulation
model known as the Assessment System for Population Exposure Nationwide (ASPEN) is used
to estimate toxic air pollutant concentrations (U.S. EPA, 2005). This model is based on the

U.S. EPA’s Industrial Source Complex Long Term model which simulates the behavior of the
pollutants after they are emitted into the atmosphere. ASPEN uses estimates of toxic air
pollutant emissions and meteorological data from National Weather Service Stations to estimate
air toxics concentrations nationwide. The ASPEN model takes into account important

determinants of pollutant concentrations, such as

o rate of release;

o location of release;

o the height from which the pollutants are released;

o wind speeds and directions from the meteorological stations nearest to the release;

e breakdown of the pollutants in the atmosphere after being released (i.e., reactive decay);
o settling of pollutants out of the atmosphere (i.e., deposition) and

o transformation of one pollutant into another (i.e., secondary formation).

The model estimates toxic air pollutant concentrations for every census tract in the continental
United States, the Commonwealth of Puerto Rico and the U.S. Virgin Islands. Census tracts are
land areas defined by the U.S. Bureau of the Census and typically contain about 4,000 residents
each. Census tracts are usually smaller than 2 square miles in size in cities but much larger in
rural areas.

Figure 2-4 shows the results of the 1999 ambient air concentration modeling for TCE.
The county median air levels range from 0 to 3.79 pg/m’ and an overall median of 0.054 pg/m’.
They have a pattern similar to the emission densities shown in Figure 2-3. These NSATA
modeled levels appear lower than the monitoring results presented above. For example, the 1999
air monitoring data (Table 2-6) indicates a median outdoor air level of 0.16 pg/m’® which is about
3 times as high as the modeled 1999 county median (0.054 pg/m’). However, it should be
understood that the results from these two efforts are not perfectly comparable. The modeled
value is a median of county levels for the entire United States which includes many rural areas.
The monitors cover many fewer areas (n = 162 for 1999) and most are in nonrural locations. A
better analysis is provided by U.S. EPA (2007) which presents a comparison of modeling results
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from NSATA to measured values at the same locations. For 1999, it was found that
formaldehyde levels were underestimated at 79% of the sites (n = 92). Thus, while the NSATA

modeling results are useful for understanding geographic distributions, they may frequently

underestimate ambient levels.

1999 Estimated County Median Ambient Concentrations
Trichloroethylene — United States Counties

Distribution of U5, Ambient Concentrations

Higkmet In L5, 3.74
oo [ i 12
an

L0238 Sapunty Median Ambient Pollutant Congentratian

Percentile ™ oore [ micrograms / cubic meter )
5 0.045 Souree: LS EPA S OAOPS
Lewaset In LLS. 1.018 1998 N&TA Mafional—Senle Ar Toxics Assessrment

Figure 2-4. Modeled ambient air concentrations of TCE.

2.3.3. Indoor Air

TCE can be released to indoor air from use of consumer products that contain it (i.e.,

adhesives and tapes), vapor intrusion (migration of volatile chemicals from the subsurface into

overlying buildings) and volatilization from the water supply. Where such sources are present, it

is likely that indoor levels will be higher than outdoor levels. A number of studies have

measured indoor levels of TCE:

e The 1987 U.S. EPA Total Exposure Assessment Methodology study (U.S. EPA, 1987)
showed that the ratio of indoor to outdoor TCE concentrations for residences in
Greensboro, NC, was about 5:1.

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09

2-11 DRAFT—DO NOT CITE OR QUOTE



O N b W

11
12
13

14
15
16
17

18
19
20
21
22
23
24

25
26
27
28

29
30
31
32

33
34
35
36

37
38
39
40

In two homes using well water with TCE levels averaging 22 to 128 pg/L, the TCE levels
in bathroom air ranged from <500 to 40,000 pg /m’ when the shower ran less than 30
minutes (Andelman et al., 1985).

Shah and Singh (1988) report an average indoor level of 7.2 pg/m’ based on over 2,000
measurements made in residences and workplaces during 1981—1984 from various
locations across the United States.

Hers et al. (2001) provides a summary of indoor air TCE measurements at locations in
United States, Canada, and Europe with a range of <1 to 165 pg/m’.

Sapkota et al. (2005) measured TCE levels inside and outside of the Baltimore Harbor
Tunnel toll booths during the summer of 2001. Mean TCE levels were 3.11 pg/m’
indoors and 0.08 pg/m’ outdoors based on measurements on 7 days. The authors
speculated that indoor sources, possibly dry cleaning residues on uniforms, were the
primary source of the indoor TCE.

Sexton et al. (2005) measured TCE levels inside and outside residences in
Minneapolis/St. Paul metropolitan area. Two day samples were collected over three
seasons in 1999. Mean TCE levels were 0.5 ug/m’ indoors (n = 292), 0.2 pg/m’ outdoors
(n=132) and 1.0 ug/m’ based on personal sampling (n = 288).

Zhu et al. (2005) measured TCE levels inside and outside of residences in Ottawa,
Canada. 75 homes were randomly selected and measurements were made during the
winter of 2002/2003. TCE was above detection limits in the indoor air of 33% of the
residences and in the outdoor air of 19% of the residences. The mean levels were

0.06 pg/m’ indoors and 0.08 pg/m’ outdoors. Given the high frequency of nondetects, a
more meaningful comparison can be made on basis of the 75" percentiles: 0.08 pg/m’
indoors and 0.01 pg/m’ outdoors.

TCE levels measured indoors have been directly linked to vapor intrusion at two sites in New

TCE vapor intrusion has occurred in buildings/residences near a former Smith Corona
manufacturing facility located in Cortlandville, NY. An extensive sampling program
conducted in 2006 has detected TCE in groundwater (1—13 pg/L), soil gas (697 pg/m’),
subslab gas (2—1,600 pg/m’), and indoor air (1-17 pug/m’) (NYSDEC, 2006a).

Evidence of vapor intrusion of TCE has also been reported in buildings and residences in
Endicott, NY. Sampling in 2003 showed total volatile organic compounds (VOCs) in
soil gas exceeding 10,000 pug/m’ in some areas. Indoor air sampling detected TCE levels
ranging from 1 to 140 pg/m’ (NYSDEC, 2006b).

Little et al. (1992) developed attenuation coefficients relating contaminants in soil gas

(assumed to be in chemical equilibrium with the groundwater) to possible indoor levels as a

result of vapor intrusion. On this basis they estimated that TCE groundwater levels of 540 ng/L,
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1 (ahigh contamination level) could produce indoor air levels of 5 to 500 pg/m®. Vapor intrusion
2 s likely to be a significant source only in situations where residences are located near soils or
3 groundwater with high contamination levels. U.S. EPA (2002) recommends considering vapor
4 intrusion when volatiles are suspected to be present in groundwater or soil at a depth of
5 <100 feet. Hers et al. (2001) concluded that the contribution of VOCs from subsurface sources
6 relative to indoor sources is small for most chemicals and sites.
7
8 2.3.4. Water
9 A number of early (pre-1990) studies measured TCE levels in natural water bodies
10 (levels in drinking water are discussed later in this section) as summarized in Table 2-8.
11 According to IARC (1995), the reported median concentrations of TCE in 1983—1984 were
12 0.5 pg/L in industrial effluents and 0.1 pg/L in ambient water. Results from an analysis of the
13 U.S. EPA STORET Data Base (1980—1982) showed that TCE was detected in 28% of 9,295
14  surface water reporting stations nationwide (ATSDR, 1997a). A more recent search of the
15 STORET database for TCE measurements nationwide during 2008 in streams, rivers and lakes
16  indicated 3 detects (0.03 to 0.04 pg/L) out of 150 samples (STORET Database,
17  http://www.epa.gov/storet/dbtop.html).
18
19 Table 2-8. Concentrations of trichloroethylene in water based on pre-1990
20 studies
21
Mean | Median Range |Number of
Water type Location Year | (ng/L) | (ng/L) (pg/L) samples Ref.
Industrial effluent | U.S. 83 0.5 NR IARC, 1995
Surface waters U.S. 83 0.1 NR IARC, 1995
Rainwater Portland, OR | 84 0.006 0.002-0.02 NR Ligocki et al., 1985
Groundwater MN 83 0.2-144 NR Sabel et al, 1984
NJ 76 <1,530 NR Burmaster et al., 1982
NY 80 <3,800 NR Burmaster et al., 1982
PA 80 <27,300 NR Burmaster et al., 1982
MA 76 <900 NR Burmaster et al., 1982
AZ 8.9-29 NR IARC, 1995
Drinking water U.S. 76 0.2-49 IARC, 1995
U.S 77 0-53 IARC, 1995
U.S. 78 0.5-210 IARC, 1995
MA 84 max. 267 IARC, 1995
NJ 84 234 max. 67 1130 Cohn et al., 1994
CA 85 8-12 486 U.S. EPA, 1987
CA 84 66 486 U.S. EPA, 1987
NC 84 5 48 U.S. EPA, 1987
ND 84 5 48 U.S. EPA, 1987

22 NR = Not Reported.
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ATSDR (1997a) has reported that TCE is the most frequently reported organic
contaminant in groundwater and the one present in the highest concentration in a summary of
ground water analyses reported in 1982. It has been estimated that between 9 and 34% of the
drinking water supply sources tested in the United States may have some trichloroethylene
contamination. This estimate is based on available Federal and State surveys (ATSDR, 1997a).

Squillace et al. (2004) reported TCE levels in shallow groundwater based on data from
the National Water Quality Assessment Program managed by USGS. Samples from 518 wells
were collected from 1996 to 2002. All wells were located in residential or commercial areas and
had a median depth of 10 m. The authors reported that approximately 8.3% of the well levels
were above the detection limit (level not specified), 2.3% were above 0.1 pg/L and 1.7% were
above 0.2 ug/L.

As part of the Agency’s first Six-Year Review, EPA obtained analytical results for over
200,000 monitoring samples reported at 23,035 public water systems in 16 states (U.S. EPA,
2003). Approximately 2.6% of the systems had at least one sample exceed a minimum reporting
level of 0.5 pg/L; almost 0.65% had at least one sample that exceeds the MCL of 5 pg/L. Based
on average system concentrations estimated by U.S. EPA, 54 systems (0.23%) had an average
concentration that exceeded the MCL. U.S. EPA’s statistical analysis to extrapolate the sample
result to all systems regulated for TCE resulted in an estimate of 154 systems with average TCE
concentrations that exceed the MCL.

TCE concentrations in ground water have been measured extensively in California. The
data were derived from a survey of water utilities with more than 200 service connections. The
survey was conducted by the California Department of Health Services (CA DHS, 1986). From
January 1984 through December 1985, untreated water from wells in 819 water systems were
sampled for organic chemical contamination. The water systems use a total of 5,550 wells,
2,947 of which were sampled. TCE was found in 187 wells at concentrations up to 440 ng/L,
with a median concentration among the detects of 3.0 pg/L. Generally, the wells with the highest
concentrations were found in the heavily urbanized areas of the state. Los Angeles County
registered the greatest number of contaminated wells (149).

A second California study collected data on TCE levels in public drinking water
(Williams et al., 2002). The data were obtained from the CA DHS. The data spanned the years
1995 to 2001 and the number of samples for each year ranged from 3,447 to 4,226. The percent
of sources that were above the detection limit ranged from 9.6 to 11.7 per year (detection limits
not specified). The annual average detected concentrations ranged from 14.2 to 21.6 pg/L.
Although not reported, the overall average concentration of the samples (assuming an average of
20 pg/L among the samples above the detection limit, 10% detection rate and 0 for the
nondetects) would be about 2 pg/L.
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The USGS (2006) conducted a national assessment of 55 VOC:s, including
trichloroethylene, in ground water. A total of 3,500 water samples were collected during
1985—2001. Samples were collected at the well head prior to any form of treatment. The types
of wells sampled included 2,400 domestic wells and 1,100 public wells. Almost 20% of the
samples contained one or more of the VOCs above the assessment level of 0.2 ug/L. The
detection frequency increased to over 50% when a subset of samples was analyzed with a low
level method that had an assessment level of 0.02 ug/L. The largest detection frequencies were
observed in California, Nevada, Florida, the New England States and Mid-Atlantic states. The
most frequently detected VOCs (>1% of samples) include TCE, tetrachloroethylene,
1,1,1-trichloroethane (methyl chloroform), 1,2 dichloroethylene, and 1,1-dichloroethane.
Findings specific to TCE include the following:

e Detection frequency was 2.6% at 0.2 pg/L and was 3.8% at 0.02 pg/L.
e The median concentration was 0.15 pg/L with a range of 0.02 to 100 pg/L.

e The number of samples exceeding the MCL (5 pg/L) was 6 at domestic wells and 9 at
public wells.

USGS (2006) also reported that four solvents (TCE, tetrachloroethylene,
1,1,1-trichloroethane and methylene chloride) occurred together in 5% of the samples. The most
frequently occurring two-solvent mixture was TCE and tetrachloroethylene. The report stated
that the most likely reason for this co-occurrence is the reductive dechlorination of
tetrachloroethylene to TCE.

2.3.5. Other Media

Levels of TCE were found in the sediment and marine animal tissue collected in
1980—1981 near the discharge zone of a Los Angeles County waste treatment plant.
Concentrations were 17 pg/L in the effluent, <0.5 pg/kg in dry weight in sediment, and
0.3—7 ng/kg wet weight in various marine animal tissue (IARC, 1995). TCE has also been found
in a variety of foods. FDA has limits on TCE use as a food additive in decaffeinated coffee and

extract spice oleoresins (see Table 2-15). Table 2-9 summarizes data from two sources:

e TARC (1995) reports average concentrations of TCE in limited food samples collected in
the United States.

e Fleming-Jones and Smith (2003) measured VOC levels in over 70 foods collected from
1996 to 2000 as part of the FDA’s Total Diet Program. All foods were collected directly
from supermarkets. Analysis was done on foods in a ready-to-eat form. Sample sizes for
most foods were in the 2—5 range.
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Table 2-9. Levels in food

TARC (1995) Fleming-Jones and Smith (2003)
Cheese 3.8 ng/kg Cheese 2—3 pg/kg
Butter and Margarine 73.6 pug/kg Butter 7-9 pg/kg

Margarine 2—21 pg/kg
Cheese Pizza 2 pg/kg

Peanut Butter 0.5 pg/kg Nuts 2—5 ug/kg
Peanut Butter 4—70 pg/kg

Ground Beef 3—6 pg/kg

Beef Frankfurters 2—105 pg/kg
Hamburger 5-9 pg/kg
Cheeseburger 7 ug/kg
Chicken Nuggets 2—5 pg/kg
Bologna 220 pg/kg
Pepperoni Pizza 2 pg/kg

Banana 2 pg/kg
Avocado 2-75 pg/kg
Orange 2 ng/kg

Chocolate Cake 3—57 pg/kg
Blueberry Muffin 3—4 ng/kg
Sweet Roll 3 pg/kg

Chocolate Chip Cookies 2—4 pg/kg
Apple Pie 2—4 ng/kg

Doughnuts 3 ng/kg

Tuna 9-11 pg/kg

Cereals 3 pg/kg Cereal 3 png/kg
Grain—based Foods 0.9 pg/kg

Popcorn 4—8 pg/kg
French Fries 3 pg/kg
Potato Chips 4—140 pg/kg
Coleslaw 3 pg/kg

O 00 9 & W bk~ W

2.3.6. Biological Monitoring

Biological monitoring studies have detected TCE in human blood and urine in the United
States and other countries such as Croatia, China, Switzerland, and Germany (IARC, 1995).
Concentrations of TCE in persons exposed through occupational degreasing operations were
most likely to have detectable levels (IARC, 1995). In 1982, 8 of 8 human breastmilk samples
from 4 United States urban areas had detectable levels of TCE. The levels of TCE detected,
however, are not specified (HSDB, 2002; ATSDR, 1997a).

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09 2-16 DRAFT—DO NOT CITE OR QUOTE



SO 0 N N N b W N~

11

13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29
30

The Third National Health and Nutrition Examination Survey (NHANES III) examined
TCE concentrations in blood in 677 nonoccupationally exposed individuals. The individuals
were drawn from the general U.S. population and selected on the basis of age, race, gender and
region of residence (IARC, 1995; Ashley et al., 1994). The samples were collected during 1988
to 1994. TCE levels in whole blood were below the detection limit of 0.01 pg/L for about 90%
of the people sampled (see Table 2-10). Assuming that nondetects equal half of the detection

limit, the mean concentration was about 0.017 pg/L.

Table 2-10. TCE levels in whole blood by population percentile

Percentiles 10 20 30 40 50 60 70 80 90

Concentration ND ND ND ND ND ND ND ND 0.012
(ng/L)

ND = Nondetect, i.e., below detection limit of 0.01 pg/L.
Data from IARC (1995) and Ashley (1994).

2.4. EXPOSURE PATHWAYS AND LEVELS
2.4.1. General Population

Because of the pervasiveness of TCE in the environment, most people are likely to have
some exposure via one or more of the following pathways: ingestion of drinking water,
inhalation of outdoor/indoor air, or ingestion of food (ATSDR, 1997a). As noted earlier, the
NHANES survey suggests that about 10% of the population has detectable levels of TCE in
blood. Each pathway is discussed below.

2.4.1.1. Inhalation

As discussed earlier, U.S. EPA has estimated emissions and modeled air concentrations
for the Criteria Pollutants and Hazardous Air Pollutants under the National-Scale Air Toxics
Assessment program (U.S. EPA, 2007a). This program has also estimated inhalation exposures
on a nationwide basis. The exposure estimates are based on the modeled concentrations from
outdoor sources and human activity patterns (U.S. EPA, 2005). Table 2-11 shows the 1999
results for TCE.

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09 2-17 DRAFT—DO NOT CITE OR QUOTE



—

O 0 3 Nnph

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27

Table 2-11. Modeled 1999 annual exposure concentrations (p,g/m3) for

trichloroethylene
Exposure concentration (pg/m’)
Percentile Rural areas Urban areas Nationwide
5 0.030 0.048 0.038
10 0.034 0.054 0.043
25 0.038 0.065 0.056
50 0.044 0.086 0.076
75 0.053 0.122 0.113
90 0.070 0.189 0.172
95 0.097 0.295 0.262
Mean 0.058 0.130 0.116

Percentiles and mean are based on census tract values.
Source: http://www.epa.gov/ttn/atw/nata/ted/exporisk.html#indb.

These modeled inhalation exposures would have a geographic distribution similar to that
of the modeled air concentrations as shown in Figure 2-4. Table 2-11 indicates that TCE
inhalation exposures in urban areas are generally about twice as high as rural areas. While these
modeling results are useful for understanding the geographic distribution of exposures, they
appear to underestimate actual exposures. This is based on the fact that, as discussed earlier, the
modeled ambient air levels are generally lower than measured values. Also, the modeled
exposures do not consider indoor sources. Indoor sources of TCE make the indoor levels higher
than ambient levels. This is particularly important to consider since people spend about 90% of
their time indoors (U.S. EPA, 1997). A number of measurement studies were presented earlier
that showed higher TCE levels indoors than outdoors. Sexton et al. (2005) measured TCE levels
in Minneapolis/St. Paul area and found means of 0.5 pg/m’ indoors (n = 292) and 1.0 pg/m’
based on personal sampling (n = 288). Using 1.0 pg/m’ and an average adult inhalation rate of
13 m’ air/day (U.S. EPA, 1997) yields an estimated intake of 13 pg/day. This is consistent with
ATSDR (1997a), which reports an average daily air intake for the general population of 11 to
33 pg/day.

2.4.1.2. Ingestion

The median value from the nationwide survey of domestic and public wells by USGS for

1985-2001 is 0.15 pg/L. This value was selected for exposure estimation purposes because it

This document is a draft for review purposes only and does not constitute Agency policy.
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was the most current and most representative of the national population. Using this value and an
average adult water consumption rate of 1.4 L/d (this is from U.S. EPA, 1997, but note that

U.S. EPA (2004) indicates a mean per capita daily average total water ingestion from all sources
of 1.233 L) yields an estimated intake of 0.2 pg/day. This is lower than the ATSDR (1997a)
estimate water intake for the general population of 2 to 20 pg/day. The use of the USGS survey
to represent drinking water is uncertain in two ways. First, the USGS survey measured only
groundwater and some drinking water supplies use surface water. Second, the USGS measured
TCE levels at the well head, not the drinking water tap. Further discussion about the possible
extent and magnitude of TCE exposure via drinking water is presented below.

According to ATSDR (1997a), TCE is the most frequently reported organic contaminant
in ground water (ATSDR, 1997a), and between 9 and 34% of the drinking water supply sources
tested in the United States may have some TCE contamination. Approximately 90% of the
155,000 public drinking water systems' in the United States are ground water systems. The
drinking water standard for TCE only applies to community water systems (CWSs) and
approximately 78% of the 51,972 CWSs in the United States are ground water systems
(U.S. EPA, 2008). Although commonly detected in water supplies, the levels are generally low
because, as discussed earlier, MCL violations for TCE in public water supplies are relatively rare
for any extended period (U.S. EPA, 1998). The USGS (2006) survey found that the number of
samples exceeding the MCL (5 pg/L) was 6 at domestic wells (n = 2,400) and 9 at public wells
(n=1,100). Private wells, however, are often not closely monitored and if located near TCE
disposal/contamination sites where leaching occurs, may have undetected contamination levels.
About 10% of Americans (27 million people) obtain water from sources other than public water
systems, primarily private wells (U.S. EPA, 1995). TCE is a common contaminant at Superfund
sites. It has been identified in at least 861 of the 1,428 hazardous waste sites proposed for
inclusion on the U.S. EPA National Priorities List (NPL) (ATSDR, 1997a). Studies have shown
that many people live near these sites: 41 million people live less than 4 miles from one or more
of the nation’s NPL sites, and on average 3,325 people live within 1 mile of any given NPL site
(ATSDR, 1996b).

Table 2-12 presents preliminary estimates of TCE intake from food. They are based on
average adult food ingestion rates and food data from Table 2-9. This approach suggests a total
ingestion intake of about 5 pg/d. It is important to consider this estimate as preliminary because

it is derived by applying data from very limited food samples to broad classes of food.

! Public water systems (PWSs) are defined as systems which provide water for human consumption through pipes or
other constructed conveyances to at least 15 service connections or serves an average of at least 25 people for at
least 60 days a year. U.S. EPA further specifies three types of PWSs, including Community Water System
(CWS)—a PWS that supplies water to the same population year-round.
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Table 2-12. Preliminary estimates of TCE intake from food ingestion
Consumption Consumption Concentration Intake
rate (g/kg-d) rate (g/d) in food (pg/kg) (ng/d)

Fruit 34 238 2 0.48
Vegetables 4.3 301 3 0.90
Fish 20 10 0.20
Meat 2.1 147 5 0.73
Dairy products 8 560 3 1.68
Grains 4.1 287 3 0.86
Sweets 0.5 35 3 0.10
Total 4.96

*Consumption rates are per capita averages from U.S. EPA (1997).
®Consumption rates in g/d assume 70 kg body weight.

2.4.1.3. Dermal

TCE in bathing water and consumer products can result in dermal exposure. A modeling
study has suggested that a significant fraction of the total dose associated with exposure to
volatile organics in drinking water results from dermal absorption (Brown et al., 1984).

U.S. EPA (2004) used a prediction model based on octanol-water partitioning and molecular
weight to derive a dermal permeability coefficient for TCE in water of 0.012 cm/hour. U.S. EPA
used this value to compute the dermally absorbed dose from a 35 minute shower and compared it
to the dose from drinking 2 L of water at the same concentration. This comparison indicated that
the dermal dose would be 17% of the oral dose. Much higher dermal permeabilities were
reported by Nakai et al. (1999) based on human skin in vitro testing. For dilute aqueous
solutions of TCE, they measured a permeability coefficient of 0.12 cm/hour (26°C). Nakai et al.
(1999) also measured a permeability coefficient of 0.018 cm/hour for tetrachloroethylene in
water. Poet et al. (2000) measured dermal absorption of TCE in humans from both water and
soil matrices. The absorbed dose was estimated by applying a physiologically based
pharmacokinetic model to TCE levels in breath. The permeability coefficient was estimated to
be 0.015 cm/hour for TCE in water and 0.007 cm/hour for TCE in soil (Poet et al., 2000).
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2.4.1.4. Exposure to TCE Related Compounds

Table 2-13 presents adult exposure estimates that have been reported for the TCE related

compounds. This table was originally compiled by Wu and Schaum (2001). The exposure/dose

estimates are taken directly from the listed sources or derived based on monitoring data

presented in the source documents. They are considered “preliminary” because they are

generally based on very limited monitoring data. These preliminary estimates suggest that

exposures to most of the TCE related compounds are comparable to or greater than TCE itself.

Table 2-13. Preliminary intake estimates of TCE and TCE-related chemicals

Range of estimated
adult exposures

Range of adult doses

Chemical Population | Media (ng/day) (mg/kg/d) Data sources”
Trichloroethylene (TCE) |General Air 11-33 1.57E-04—4.71E-04 [ATSDR, 1997a
General Water 2-20° 2.86E-05—-2.86E-04 | ATSDR, 1997a
Occupational |Air 2,232-9,489 3.19E-02-1.36E-01 [ATSDR, 1997a
Tetrachloroethylene General Air 80—-200 1.14E-03—2.86E-03 [ATSDR, 1997b
(PERC) General Water 0.1-0.2 1.43E-06—2.86E-06 | ATSDR, 1997b
Occupational |Air 5,897-219,685 8.43E-02-3.14 ATSDR, 1997b
1,1,1-Trichloroethane General Air 10.8—-108 1.54E-04—1.54E-03 | ATSDR, 1995
General Water 0.38—4.2 5.5E-06—6.00E-05 |ATSDR, 1995
1,2-Dichloroethylene General Air 1-6 1.43E-05-8.57E-05 [ATSDR, 1996a
General Water 2.2 3.14E -05 ATSDR, 1996a
Cis-1,2-Dichloroethylene |General Air 54 7.71E -05 HSDB, 1996
General Water 0.5-5.4 7.14E-06—7.71E-05 [HSDB, 1996
1,1,1,2-Tetrachloroethane | General Air 142 2.03E -03 HSDB, 2002
1,1-Dichloroethane General Air 4 5.71E -05 ATSDR, 1990
General Water 2.47-469.38 3.53E-05-6.71E-03 | ATSDR, 1990
Chloral General Water 0.02-36.4 2.86E-07-5.20E-04 |HSDB, 1996
Monochloroacetic acid General Water 2-2.4 2.86E-05-3.43E-05 |U.S. EPA, 1994
Dichloroacetic acid General Water 10-266 1.43E-04-3.80E-03 |IARC, 1995
Trichloroacetic acid General Water 8.56—322 1.22E-03—4.60E-03 |IARC, 1995

*Originally compiled in Wu and Schaum (2001).
"New data from USGS (2006) suggests much lower water intakes, i.e., 0.2 pg/d.

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09

2-21

DRAFT—DO NOT CITE OR QUOTE




O 00 3 &N L A W N =

W W W W W W W N N N NN N NN NN N N M e e s b e e e
AN N A WD = O 0O 00NN NP W= O VOV 0NN RN W= O

2.4.2. Potentially Highly Exposed Populations

Some members of the general population may have elevated TCE exposures. ATSDR
(1997a) has reported that TCE exposures may be elevated for people living near waste facilities
where TCE may be released, residents of some urban or industrialized areas, people exposed at
work (discussed further below) and individuals using certain products (also discussed further
below). Because TCE has been detected in breast milk samples of the general population,
infants who ingest breast milk may be exposed, as well. Increased TCE exposure is also a
possible concern for bottle-fed infants because they ingest more water on a bodyweight basis
than adults (the average water ingestion rate for adults is 21 mL/kg-d and for infants under one
year old it is 44 mL/kg-d—U.S. EPA, 1997). Also, because TCE can be present in soil, children

may be exposed through activities such as playing in or ingesting soil.

2.4.2.1. Occupational Exposure

Occupational exposure to TCE in the United States has been identified in various
degreasing operations, silk screening, taxidermy, and electronics cleaning (IARC, 1995). The
major use of trichloroethylene is for metal cleaning or degreasing (IARC, 1995). Degreasing is
used to remove oils, greases, waxes, tars, and moisture before galvanizing, electroplating,
painting, anodizing, and coating. The five primary industries using TCE degreasing are furniture
and fixtures; electronic and electric equipment; transport equipment; fabricated metal products;
and miscellaneous manufacturing industries (IARC, 1995). Additionally, TCE is used in the
manufacture of plastics, appliances, jewelry, plumbing fixtures, automobile, textiles, paper, and
glass (IARC, 1995).

Table 2-13 lists the primary types of industrial degreasing procedures and the years that
the associated solvents were used. Vapor degreasing has the highest potential for exposure
because vapors can escape into the work place. Hot dip tanks, where trichloroethylene is heated
to close to its boiling point of 87°C, are also major sources of vapor that can create exposures as
high as vapor degreasers. Cold dip tanks have a lower exposure potential, but they have a large
surface area which enhances volatilization. Small bench-top cleaning operations with a rag or
brush and open bucket have the lowest exposure potential. In combination with the vapor
source, the size and ventilation of the workroom are the main determinants of exposure intensity
(NRC, 20006).

Occupational exposure to TCE has been assessed in a number of epidemiologic studies.
Studies of aircraft workers show short term peak exposures in the hundreds of ppm
(>540 mg/m’) and long term exposures in the low tens of ppm (>54 mg/m’) (Spirtas et al., 1991;
Blair et al., 1998; Garabrant et al., 1988; Morgan et al., 1998; and Boice et al., 1998). Similar

exposures have been reported for cardboard/paperboard workers (Henschler et al., 1995; Sinks et
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al., 1992) and uranium processors (Ritz, 1999). ATSDR (1997a) reports that the majority of

published worker exposure data show time-weighted average (TWA) concentrations ranging

from <50 ppm to 100 ppm (<270—540 mg/m’). National Institute of Occupational Safety and

Health conducted a survey of various industries from 1981 to 1983 and estimated that

approximately 401,000 U.S. employees in 23,225 plants in the United States were potentially
exposed to TCE during this timeframe (IARC, 1995; ATSDR, 1997a).
Occupational exposure to TCE has likely declined since the 1950°s and 1960’s due to

decreased usage, better release controls and improvements in worker protection. Reductions in

TCE use are illustrated in Table 2-14, which shows that by about 1980 common degreasing

operations had substituted other solvents for TCE.

Table 2-14. Years of solvent use in industrial degreasing and cleaning

operations
Years Vapor degreasers Cold dip tanks Rag or brush and bucket on bench top
~1934-1954 | Trichloroethylene Stoddard solvent* Stoddard solvent (general use), alcohols
(poorly controlled) (electronics shop), carbon tetrachloride
(instrument shop).
~1955-1968 | Trichloroethylene Trichloroethylene Stoddard solvent, trichloroethylene
(poorly controlled, (replaced some (replaced some Stoddard solvent),
tightened in 1960s) Stoddard solvent) perchloroethylene, 1,1,1-trichloroethane
(replaced carbon tetrachloride, alcohols,
ketones).
~1969—-1978 | Trichloroethylene, Trichloroethylene, Trichloroethylene, perchloroethylene,
(better controlled) Stoddard solvent 1,1,1-trichloroethane, alcohols, ketones,
Stoddard solvent.
~1979-1990s | 1,1,1-Trichloroethane | 1,1,1- 1,1,1-Trichloroethane, perchloroethylene,
(replaced Trichloroethane alcohols, ketones, Stoddard solvent.
trichloroethylene) (replaced
trichloroethylene),
Stoddard solvent

* A mixture of straight and branched chain paraffins (48%), naphthenes (38%), and aromatic hydrocarbons (14%).
Source: Stewart and Dosemeci (2005).

2.4.2.2. Consumer Exposure

Consumer products reported to contain TCE include wood stains, varnishes, and finishes;

lubricants; adhesives; typewriter correction fluids; paint removers; and cleaners (ATSDR,

1997a). Use of TCE has been discontinued in some consumer products (i.e., as an inhalation

anesthetic, fumigant, and an extractant for decaffeinating coffee) (ATSDR, 1997a).
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2.4.3. Exposure Standards

Table 2-15 summarizes the federal regulations limiting TCE exposure.

Table 2-15. TCE standards

Standard Value Reference

OSHA Permissible Exposure Limit: Table Z-2 | 100 ppm 29 CFR 1910.1000 (7/1/2000)
8-hour time-weighted average. (538 mg/m’)

OSHA Permissible Exposure Limit: Table Z-2 | 200 ppm 29 CFR 1910.1000 (7/1/2000)

Acceptable ceiling concentration (this cannot | (1076 mg/m’)
be exceeded for any time period during an
8-hour shift except as allowed in the
maximum peak standard below).

OSHA Permissible Exposure Limit: Table Z-2 | 300 ppm 29 CFR 1910.1000 (7/1/2000)
Acceptable maximum peak above the (1614 mg/m’)
acceptable ceiling concentration for an 8-hour
shift. Maximum Duration: 5 minutes in any

2 hours.

MCL under the Safe Drinking Water Act. 5 ppb (5 pg/L) 40 CFR 141.161

FDA Tolerances for 21 CFR 173.290 (4/1/2000)
decaffeinated ground coffee 25 ppm (25 pg/g)
decaffeinated soluble (instant) coffee 10 ppm (10 pg/g)
extract spice oleoresins. 30 ppm (30 pg/g)

2.5. EXPOSURE SUMMARY
TCE is a volatile compound with moderate water solubility. Most TCE produced today

is used for metal degreasing. The highest environmental releases are to the air. Ambient air
monitoring data suggests that levels have remained fairly constant since 1999 at about 0.3 pug/m’.
Indoor levels are commonly 3 or more times higher than outdoor levels due to releases from
building materials and consumer products. TCE is among the most common groundwater
contaminants and the median level based on a large survey by USGS for 1985—2001 is
0.15 pg/L. It has also been detected in a wide variety of foods in the 1-100 pg/kg range. None
of the environmental sampling has been done using statistically based national surveys.
However, a substantial amount of air and groundwater data have been collected allowing
reasonably well supported estimates of typical daily intakes by the general population:
inhalation—13 pg/day and water ingestion—0.2 pg/day. The limited food data suggests an
intake of about 5 pg/day, but this must be considered preliminary.

Much higher exposures have occurred to various occupational groups. For example, past

studies of aircraft workers have shown short term peak exposures in the hundreds of ppm
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(>540,000 pg/m’) and long term exposures in the low tens of ppm (>54,000 pg/m’).
Occupational exposures have likely decreased in recent years due to better release controls and
improvements in worker protection.

Preliminary exposure estimates were presented for a variety of TCE related compounds
which include metabolites of TCE and other parent compounds that produce similar metabolites.
Exposure to the TCE related compounds can alter or enhance TCE’s metabolism and toxicity by
generating higher internal metabolite concentrations than would result from TCE exposure by
itself. The preliminary estimates suggest that exposures to most of the TCE related compounds
are comparable to or greater than TCE itself.
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3. TOXICOKINETICS

Trichloroethylene (TCE) is a lipophilic compound that readily crosses biological
membranes. Exposures may occur via the oral, dermal, and inhalation route, with evidence for
systemic availability from each route. TCE is rapidly and nearly completely absorbed from the
gut following oral administration, and studies with animals indicate that exposure vehicle may
impact the time-course of absorption: oily vehicles may delay absorption whereas aqueous
vehicles result in a more rapid increase in blood concentrations.

Following absorption to the systemic circulation, TCE distributes from blood to solid
tissues by each organ’s solubility. This process is mainly determined by the blood:tissue
partition coefficients, which are largely established by tissue lipid content. Adipose partitioning
is high, adipose tissue may serve as a reservoir for TCE, and accumulation into adipose tissue
may prolong internal exposures. TCE attains high concentrations relative to blood in the brain,
kidney, and liver—all of which are important target organs of toxicity. TCE is cleared via
metabolism mainly in three organs: the kidney, liver, and lungs.

The metabolism of TCE is an important determinant of its toxicity. Metabolites are
generally thought to be responsible for toxicity—especially for the liver and kidney. Initially,
TCE may be oxidized via cytochrome P450 (CYP) xenobiotic metabolizing isozymes or
conjugated with glutathione by glutathione S-transferase enzymes. While CYP2EI is generally
accepted to be the CYP form most responsible for TCE oxidation at low concentrations, others
forms may also contribute, though their contributions may be more important at higher, rather
than lower, environmentally-relevant exposures.

Once absorbed, TCE is excreted primarily either in breath as unchanged TCE or carbon
dioxide (CO,), or in urine as metabolites. Minor routes of elimination include excretion of
metabolites in saliva, sweat, and feces. Following oral administration or upon cessation of
inhalation exposure, exhalation of unmetabolized TCE is a major elimination pathway. Initially,
elimination of TCE upon cessation of inhalation exposure demonstrates a steep concentration-
time profile: TCE is rapidly eliminated in the minutes and hours postexposure, and then the rate
of elimination via exhalation decreases. Following oral or inhalation exposure, urinary
elimination of parent TCE is minimal, with urinary elimination of the metabolites trichloroacetic
acid and trichloroethanol accounting for the bulk of the absorbed dose of TCE.

Sections 3.1-3.4 below describe the absorption, distribution, metabolism, and excretion
of TCE and its metabolites in greater detail. Section 3.5 then discusses physiologically based

pharmacokinetic modeling of TCE and its metabolites.
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3.1. ABSORPTION

Trichloroethylene is a low-molecular-weight lipophilic solvent; these properties explain
its rapid transfer from environmental media into the systemic circulation after exposure. As
discussed below, it is readily absorbed into the bloodstream following exposure via oral

ingestion and inhalation, with more limited data indicating dermal penetration.

3.1.1. Oral

Available reports on human exposure to TCE via the oral route are largely restricted to
case reports of occupational or intentional (suicidal) ingestions and suggest significant gastric
absorption (e.g., Perbellini et al., 1991; Yoshida et al., 1996; Briining et al., 1998). Clinical
symptoms attributable to TCE or metabolites were observed in these individuals within a few
hours of ingestion (such as lack of consciousness), indicating absorption of TCE. In addition,
TCE and metabolites were measured in blood or urine at the earliest times possible after
ingestion, typically upon hospital admission, while urinary excretion of TCE metabolites was
followed for several days following exposure. Therefore, based on these reports, it is likely that
TCE is readily absorbed in the gastrointestinal tract; however, the degree of absorption cannot be
confidently quantified because the ingested amounts are not known.

Experimental evidence in mice and rats supports rapid and extensive absorption of TCE,
although variables such as stomach contents, vehicle, and dose may affect the degree of gastric
absorption. D’Souza et al. (1985) reported on bioavailability and blood kinetics in fasted and
nonfasted male Sprague-Dawley rats following intragastric administration of TCE at 5-25 mg/kg
in 50% polyethylene glycol (PEG 400) in water. TCE rapidly appeared in peripheral blood (at
the initial 0.5 minutes sampling) of fasted and nonfasted rats with peak levels being attained
shortly thereafter (6—10 minutes), suggesting that absorption is not diffusion limited, especially
in fasted animals. The presence of food in the gastro-intestinal (GI) tract, however, seems to
influence TCE absorption based on findings in the nonfasted animals of lesser bioavailability
(60—80% vs. 90% in fasted rats), smaller peak blood levels (2—3 fold lower than nonfasted
animals), and a somewhat longer terminal half-life (t;,) (174 vs. 112 minutes in fasted rats).

Studies by Prout et al. (1985) and Dekant et al. (1986a) have shown that up to 98% of
administered radiolabel was found in expired air and urine of rats and mice following gavage
administration of ['*C]-radio labeled TCE (['*C]TCE). Prout et al. (1985) and Green and Prout
(1985) compared the degree of absorption, metabolites, and routes of elimination among two
strains each of male rats (Osborne-Mendel and Park Wistar) and male mice (B6C3F1 and Swiss-
Webster) following a single oral administration of 10, 500, or 1,000 ['*C]TCE. Additional dose

groups of Osborne-Mendel male rats and B6C3F1 male mice also received a single oral dose of
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2,000 mg/kg [*C]TCE. At the lowest dose of 10 mg/kg, there were no major differences
between rats and mice in routes of excretion with most of the administered radiolabel (nearly
60—70%) being in the urine. At this dose, the expired air from all groups contained 1-4% of
unchanged TCE and 9—14% CO,. Fecal elimination of the radiolabel ranged from 8.3% in
Osborne-Mendel rats to 24.1% in Park Wistar rats. However, at doses between 500 and 2,000
mg/kg, the rat progressively excreted a higher proportion of the radiolabel as unchanged TCE in
expired air such that 78% of the administered high dose was found in expired air (as unchanged
TCE) while only 13% was excreted in the urine.

Following exposure to a chemical by the oral route, distribution is determined by delivery
to the first organ encountered in the circulatory pathway—the liver (i.e., the first-pass effect),
where metabolism and elimination may limit the proportion that may reach extrahepatic organs.
Lee et al. (1996) evaluated the efficiency and dose-dependency of presystemic elimination of
TCE in male Sprague-Dawley rats following administration into the carotid artery, jugular vein,
hepatic portal vein, or the stomach of TCE (0.17, 0.33, 0.71, 2, 8, 16, or 64 mg/kg) in a 5%
aqueous Alkamus emulsion (polyethoxylated vegetable oil) in 0.9% saline. The first-pass
elimination, decreased from 57.5 to <1% with increasing dose (0.17—16 mg/kg) which implied
that hepatic TCE metabolism may be saturated at doses above 16 mg/kg in the male rat. At
doses of 16 mg/kg or higher, hepatic first-pass elimination was almost nonexistent indicating
that, at relatively large doses, virtually all of TCE passes through the liver without being
extracted (Lee et al., 1996). In addition to the hepatic first-pass elimination findings, pulmonary
extraction, which was relatively constant (at nearly 5—8% of dose) over the dose range, also
played a role in eliminating TCE.

In addition, oral absorption appears to be affected by both dose and vehicle used. The
majority of oral TCE studies have used either aqueous solution or corn oil as the dosing vehicle.
Most studies that relied on an aqueous vehicle delivered TCE as an emulsified suspension in
Tween 80® or PEG 400 in order to circumvent the water solubility problems. Lee et al.

(2000a, b) used Alkamuls (a polyethoxylated vegetable oil emulsion) to prepare a 5% aqueous
emulsion of TCE that was administered by gavage to male Sprague-Dawley rats. The findings
confirmed rapid TCE absorption but reported decreasing absorption rate constants (i.e., slower
absorption) with increasing gavage dose (2—432 mg/kg). The time to reach blood peak
concentrations increased with dose and ranged between 2 and 26 minutes postdosing. Other
pharmacokinetics data, including area under the blood concentration time curve (AUC) and
prolonged elevation of blood TCE levels at the high doses, indicated prolonged GI absorption

and delayed elimination due to metabolic saturation occurring at the higher TCE doses.

This document is a draft for review purposes only and does not constitute Agency policy.

10/20/09 3-3 DRAFT—DO NOT CITE OR QUOTE



O 00 9 O D b~ W N =

T T e T
N N L AW N = O

(S VS U S N NS I NS B S e O e N N S O S e
N = O O 0 9 N L AW N~ O O

A study by Withey et al. (1983) evaluated the effect of dosing TCE with corn oil versus
pure water as a vehicle by administering four volatile organic compounds separately in each
dosing vehicle to male Wistar rats. Based on its limited solubility in pure water, the dose for
TCE was selected at 18 mg/kg (administered in 5 mL/kg). Times to peak in blood reported for
TCE averaged 5.6 minutes when water was used. In comparison, the time to peak in blood was
much longer (approximately 100 minutes) when the oil vehicle was used and the peaks were
smaller, below the level of detection, and not reportable.

Time-course studies reporting times to peak in blood or other tissues have been
performed using both vehicles (Withey et al., 1983; Larson and Bull, 1992 a, b; D’Souza et al.,
1985; Green and Prout, 1985; Dekant et al., 1984). Related data for other solvents (Kim et al.,
1990; Dix et al., 1997; Lilly et al., 1994; Chieco et al., 1981) confirmed differences in TCE
absorption and peak height between the two administered vehicles. One study has also evaluated
the absorption of TCE from soil in rats (Kadry et al., 1991) and reported absorption within 16
hours for clay and 24 hours for sandy soil. In summary, these studies confirm that TCE is

relatively quickly absorbed from the stomach, and that absorption is dependent on vehicle used.

3.1.2. Inhalation

Trichloroethylene is a lipophilic volatile compound that is readily absorbed from inspired
air. Uptake from inhalation is rapid and the absorbed dose is proportional to exposure
concentration and duration, and pulmonary ventilation rate. Distribution into the body via
arterial blood leaving the lungs is determined by the net dose absorbed and eliminated by
metabolism in the lungs. Metabolic clearance in the lungs will be further discussed in
Section 3.3, below. In addition to metabolism, solubility in blood is the major determinant of the
TCE concentration in blood entering the heart and being distributed to the each body organ via
the arterial blood. The measure of TCE solubility in each organ is the partition coefficient, or the
concentration ratio between both organ phases of interest. The blood-to-air partition coefficient
(PC) quantifies the resulting concentration in blood leaving the lungs at equilibrium with
alveolar air. The value of the blood-to-air partition coefficient is used in physiologically based
pharmacokinetic (PBPK) modeling (see Section 3.5). The blood-to-air partition has been
measured in vitro using the same principles in different studies and found to range between
8.1-11.7 in humans and somewhat higher values in mice and rats (13.3—25.8) (see

Tables 3-1-3-2, and references therein).
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Table 3-1. Blood:air PC values for humans

Blood:air partition

coefficient Reference/notes

8.1+1.8 Fiserova-Bergerova et al., 1984; mean + SD (SD converted from SE
based on n =5)

8.11 Gargas et al., 1989; (n =3-15)

9.13+£1.73[6.47—-11]

Fisher et al., 1998; mean £ SD [range] of females (n = 6)

9.5

Sato and Nakajima, 1979; (n = 1)

9.77 Koizumi, 1989

9.92 Sato et al., 1977; (n=1)

11.15£0.74 Fisher et al., 1998; mean + SD [range] of males (n = 7)
[10.1-12.1]

11.2 + 1.8 [7.9-15]

Mabhle et al., 2007; mean + SD; 20 male pediatric patients aged 3—7
years [range; USAF, 2004]

11.0 + 1.6 [6.6-13.5]

Mabhle et al., 2007; mean + SD; 18 female pediatric patients aged
3—17years [range; USAF, 2004]

11.7 + 1.9 [6.7-16.8]

Mahle et al., 2007; mean + SD; 32 male patients aged 23—82 years
[range; USAF, 2004]

10.6 + 2.3 [3-14.4]

Mabhle et al., 2007; mean + SD; 27 female patients aged 23—82 years
[range; USAF, 2004]

SD = standard deviation, SE = standard error.
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Table 3-2. Blood:air PC values for rats and mice

Blood:air partition

coefficient Reference/notes

Rat

15+£0.5 Fisher et al., 1989; mean = SD (SD converted from SE based on
n=23)

17.5 Rodriguez et al., 2007

205+24 Barton et al., 1995; mean = SD (SD converted from SE based on
n=4)

20.69 £3.3 Simmons et al., 2002; mean + SD (n = 7-10)

21.9 Gargas et al., 1989 (n =3-15)

25.8 Koizumi, 1989 (pooled n = 3)

2582+ 1.7 Sato et al., 1977; mean = SD (n=5)

13.3+0.8[11.6—15] Mahle et al., 2007; mean + SD; 10 PND 10 male rat pups [range;
USAF, 2004]

13.4+ 1.8 [11.8—17.2] | Mahle et al., 2007; mean + SD; 10 PND 10 female rat pups [range;
USAF, 2004]

17.5+3.6[11.7-23.1] | Mahle et al., 2007; mean + SD; 9 adult male rats [range; USAF, 2004]

21.8+1.9[16.9-23.5] | Mahle et al., 2007; mean + SD; 11 aged male rats [range; USAF,
2004]

Mouse

13.4 Fisher et al., 1991; male

14.3 Fisher et al., 1991; female

15.91 Abbas and Fisher, 1997

SD = standard deviation, SE = standard error, PND = postnatal day.

TCE enters the human body by inhalation quickly and at high concentrations may lead to
death (Coopman et al., 2003), unconsciousness, and acute kidney damage (Carrieri et al., 2007).
Controlled exposure studies in humans have shown absorption of TCE to approach a steady state
within a few hours after the start of inhalation exposure (Monster et al., 1976; Fernandez et al.,
1977; Vesterberg et al., 1976; Vesterberg and Astrand, 1976). Several studies have calculated
the net dose absorbed by measuring the difference between the inhaled concentration and the
exhaled air concentration. Soucek and Vlachova (1959) reported between 58—70% absorption of
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the amount inhaled for 5-hour exposures between 93—158 ppm. Bartonicek (1962) obtained an

average retention value of 58% after 5 hours of exposure to 186 ppm. Monster et al. (1976) also

took into account minute ventilation measured for each exposure, and calculated between

37-49% absorption in subjects exposed to 70 and 140 ppm. The impact of exercise, the increase

in workload, and its effect on breathing has also been measured in controlled inhalation
exposures. Astrand and Ovrum (1976) reported 50—58% uptake at rest and 25—46% uptake
during exercise from exposure at 100 or 200 ppm (540 or 1,080 mg/m’, respectively) of TCE for

30 minutes (see Table 3-3). These authors also monitored heart rate and pulmonary ventilation.

In contrast, Jakubowski and Wieczorek (1988) calculated about 40% retention in their human

volunteers exposed to TCE at 9 ppm (mean inspired concentration of 48—49 mg/m’) for 2 hours

at rest, with no change in retention during increase in workload due to exercise (see Table 3-4).

Table 3-3. Air and blood concentrations during exposure to TCE in humans
(Astrand and Ovrum, 1976)

TCE concentration in Uptake as
TCE Work Alveolar | Arterial | Venous % of Amount
conc. load | Exposure air blood blood amount | taken up
(mg/m®) | (watt) series (mg/m3) (mg/kg) | (mg/kg) available (mg)
540 0 I 124 +9 1.1+£0.1 [0.6£0.1 |53+2 79 +4
540 0 II 127+ 11 1.3+0.1 |05+0.1 | 5242 81+7
540 50 I 245412 27402 |1.7+£04 |40+2 160+ 5
540 50 II 218+7 28+0.1 | 1.8+03 |[46+1 179+2
540 50 II 234412 [3.1+403 |22+04 |39+2 157+2
540 50 II 244+16 [33+03 |22+04 |37+2 147+9
1,080 0 I 280+ 18 [2.6+0.0 |14+03 |50+2 156 +9
1,080 0 I11 21247 21402 | 1.2+40.1 | 58+2 186 +7
1,080 50 I 459+44 |6.0+02 |[33+08 |45+2 702 + 31
1,080 50 I 407+30 |52405 (29407 |51+£3 378 + 18
1,080 100 I 542+33 | 75407 |48+1.1 |36+3 418 + 39
1,080 150 111 651+53 [9.0+1.0 |74+1.1 |25+£5 419 + 84

Series I consisted of 30-minute exposure periods of rest, rest, SOW and 50W; Series II consisted of
30-minute exposure periods of rest, SOW, 5S0W, SOW; Series III consisted of 30-minute exposure
periods of rest, SOW, 100W, 150W.
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Table 3-4. Retention of inhaled TCE vapor in humans (Jakubowski and
Wieczorek, 1988)

Inspired concentration Pulmonary Uptake
Workload (mg/m3) ventilation (m3/h0ur) Retention (mg/h)
Rest 48 + 3* 0.65 +0.07 0.40 +0.05 12+ 1.1
25W 49+1.3 1.30 +0.14 0.40 +0.05 25429
50 W 49+1.6 1.53+0.13 0.42 +0.06 31+2.8
75 W 48+ 1.9 1.87 +0.14 0.41 +£0.06 37+4.8

*Mean + standard deviation, n = 6 adult males.

W = watts.

Environmental or occupational settings may results from a pattern of repeated exposure
to TCE. Monster et al. (1979) reported 70-ppm TCE exposures in volunteers for 4 hours for
5 consecutive days, averaging a total uptake of 450 mg per 4 hours exposure (see Table 3-5). In
dry-cleaning workers, Skender et al. (1991) reported initial blood concentrations of 0.38 pmol/L,
increasing to 3.4 pumol/L 2 days after. Results of these studies support rapid absorption of TCE
via inhalation.

Table 3-5. Uptake of TCE in human volunteers following 4 hour exposure to
70 ppm (Monster et al., 1979)

BW Uptake
(kg) MYV (L/min) | % Retained (mg/day) Uptake (mg/kg/d)
A 80 98+04 45+0.8 404 +23 5.1
B 82 12.0+0.7 44+ 0.9 485 + 35 59
C 82 109+0.8 49+1.2 493 + 28 6.0
D 67 11.8+0.8 35+2.6 385+ 38 5.7
E 90 11.0+0.7 46+ 1.1 481 +25 53
Mean 56+04

BW = body weight.
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Direct measurement of retention after inhalation exposure in rodents is more difficult
because exhaled breath concentrations are challenging to obtain. The only available data are
from Dallas et al. (1991), who designed a nose-only exposure system for rats using a facemask
equipped with one-way breathing valves to obtain measurements of TCE in inspired and exhaled
air. In addition, indwelling carotid artery cannulae were surgically implanted to facilitate the
simultaneous collection of blood. After a 1-hour acclimatization period, rats were exposed to 50-
or 500-ppm TCE for 2 hours and the time course of TCE in blood and expired air was measured
during and for 3 hours following exposure. When air concentration data were analyzed to reveal
absorbed dose (minute volume multiplied by the concentration difference between inspired and
exhaled breath), it was demonstrated that the fractional absorption of either concentration was
more than 90% during the initial 5 minutes of exposure. Fractional absorption then decreased to
69 and 71% for the 50 and 500-ppm groups during the second hour of exposure. Cumulative
uptake appeared linear with respect to time over the 2-hour exposure, resulting in absorbed doses
of 8.4 mg/kg and 73.3 mg/kg in rats exposed to 50 and 500 ppm, respectively. Given the 10-fold
difference in inspired concentration and the 8.7-fold difference in uptake, the authors interpreted
this information to indicate that metabolic saturation occurred at some concentration below
500 ppm. In comparing the absorbed doses to those developed for the 70-ppm-exposed human
(see Monster et al., 1979), Dallas et al. (1991) concluded that on a systemic dose (mg/kg) basis,
rats receive a much higher TCE dose from a given inhalation exposure than do humans. In
particular, using the results cited above, the absorption per ppm-hour was 0.084 and
0.073 mg/kg-ppm-hour at 50 and 500 ppm in rats (Dallas et al., 1991) and
0.019 mg/kg-ppm-hour at 70 ppm in humans (Monster et al., 1979)—a difference of around
4-fold. However, rats have about a 10-fold higher alveolar ventilation rate per unit body weight
than humans (Brown et al., 1997), which more than accounts for the observed increase in
absorption.

Other experiments, such as closed-chamber gas uptake experiments or blood
concentration measurements following open-chamber (fixed concentration) experiments,
measure absorption indirectly but are consistent with significant retention. Closed-chamber
gas-uptake methods (Gargas et al., 1988) place laboratory animals or in vitro preparations into
sealed systems in which a known amount of TCE is injected to produce a predetermined
chamber concentration. As the animal retains a quantity of TCE inside its body, due to
metabolism, the closed-chamber concentration decreases with time when compared to the start of
exposure. Many different studies have made use of this technique in both rats and mice to
calculate total TCE metabolism (i.e., Andersen, 1987; Fisher et al., 1991; Simmons et al., 2002).

This inhalation technique is combined with PBPK modeling to calculate metabolic parameters,
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and the results of these studies are consistent with rapid absorption of TCE via the respiratory
tract. Figure 3-1 shows and example from Simmons et al. (2002), in Long Evans rats, that
demonstrates an immediate decline in chamber concentrations of TCE indicating absorption,
with multiple initial concentrations needed for each metabolic calculation. At concentrations
below metabolic saturation, a secondary phase of uptake appears, after 1 hour from starting the
exposure, indicative of metabolism. At concentrations above 1,000 ppm, metabolism appears
saturated, with time course curves having a flat phase after absorption. At intermediate
concentrations, between 100—1,000 ppm, the secondary phase of uptake appears after
distribution as continued decreases in chamber concentration as metabolism proceeds. Using a
combination of experiments that include both metabolic linear decline and saturation obtained by
using different initial concentrations, both components of metabolism can be estimated from the

gas uptake curves, as shown in Figure 3-1.
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Figure 3-1. Gas uptake data from closed-chamber exposure of rats to TCE.
Symbols represent measured chamber concentrations. Source: Simmons et
al. (2002).

Several other studies in humans and rodents have measured blood concentrations of TCE

or metabolites and urinary excretion of metabolites during and after inhalation exposure (e.g.,
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Fisher et al., 1998, 1991, 1990; Filser and Bolt, 1979). While qualitatively indicative of
absorption, blood concentrations are also determined by metabolism, distribution, and excretion,
so comparisons between species may reflect similarities or differences in any of the absorption,

distribution, metabolism, and excretion (ADME) processes.

3.1.3. Dermal

Skin membrane is believed to present a diffusional barrier for entrance of the chemical
into the body, and TCE absorption can be quantified using a permeability rate or permeability
constant, though not all studies performed such a calculation. Absorption through the skin has
been shown to be rapid by both vapor and liquid TCE contact with the skin. Human dermal
absorption of TCE vapors was investigated by Kezic et al. (2000). Human volunteers were
exposed to 3.18 x 10" ppm around each enclosed arm for 20 minutes. Adsorption was found to
be rapid (within 5 minutes), reaching a peak in exhaled breath around 30 minutes, with a
calculated dermal penetration rate averaging 0.049 cm/hour for TCE vapors.

With respect to dermal penetration of liquid TCE, Nakai et al. (1999) used surgically
removed skin samples exposed to TCE in aqueous solution in a chamber designed to measure the
difference between incoming and outgoing ['*C]TCE. The in vitro permeability constant
calculated by these researchers averaged 0.12 cmm/hour. In vivo, Sato and Nakajima (1978)
exposed adult male volunteers dermally to liquid TCE for 30 minutes, with exhaled TCE
appearing at the initial sampling time of 5 minutes after start of exposure, with a maximum
observed at 15 minutes. In Kezic et al. (2001), human volunteers were exposed dermally for
3 minutes to neat liquid TCE, with TCE detected in exhaled breath at the first sampling point of
3 minutes, and maximal concentrations observed at 5 minutes. Skin irritancy was reported in all
subjects, which may have increased absorption. A dermal flux of 430 + 295 (mean + standard
error [SE]) nmol/cm”/minute was reported in these subjects, suggesting high interindividual
variability.

Another species where dermal absorption for TCE has been reported is in guinea pigs.
Jakobson et al. (1982) applied liquid TCE to the shaved backs of guinea pigs and reported peak
blood TCE levels at 20 minutes after initiation of exposure. Bogen et al. (1992) estimated
permeability constants for dermal absorption of TCE in hairless guinea pigs between

0.16—0.47 mL/cm*/hour across a range of concentrations (19—100,000 ppm).

3.2. DISTRIBUTION AND BODY BURDEN

TCE crosses biological membranes and quickly results in rapid systemic distribution to

tissues—regardless of the route of exposure. In humans, in vivo studies of tissue distribution are
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limited to tissues taken from autopsies following accidental poisonings or from surgical patients
exposed environmentally, so the level of exposure is typically unknown. Tissue levels reported
after autopsy show wide systemic distribution across all tested tissues, including the brain,
muscle, heart, kidney, lung, and liver (Ford et al., 1995; De Baere et al., 1997; Dehon et al.,
2000; Coopman et al., 2003). However, the reported levels themselves are difficult to interpret
because of the high exposures and differences in sampling protocols. In addition, human
populations exposed environmentally show detectable levels of TCE across different tissues,
including the liver, brain, kidney, and adipose tissues (McConnell et al., 1975; Pellizzari et al.,
1982; Kroneld, 1989).

In addition, TCE vapors have been shown to cross the human placenta during childbirth
(Laham, 1970), with experiments in rats confirming this finding (Withey and Karpinski, 1985).
In particular, Laham (1970) reported determinations of TCE concentrations in maternal and fetal
blood following administration of TCE vapors (concentration unreported) intermittently and at
birth (see Table 3-6). TCE was present in all samples of fetal blood, with ratios of
concentrations in fetal:maternal blood ranging from approximately 0.5 to approximately 2. The
concentration ratio was less than 1.0 in six pairs, greater than 1 in 3 pairs, and approximately 1 in
1 pair; in general, higher ratios were observed at maternal concentrations below
2.25 mg/100 mL. Because no details of exposure concentration, duration, or time postexposure
were given for samples taken, these results are of minimal quantitative value, but they do
demonstrate the placental transfer of TCE in humans. Withey and Karpinski (1985) exposed
pregnant rats to TCE vapors (302, 1,040, 1,559, or 2,088 ppm for 5 hours) on gestation Day 17
and concentrations of TCE in maternal and fetal blood were determined. At all concentrations,
TCE concentration in fetal blood was approximately one-third the concentration in
corresponding maternal blood. Maternal blood concentrations approximated 15, 60, 80, and
110 pg/gram blood. When the position along the uterine horn was examined, TCE
concentrations in fetal blood decreased toward the tip of the uterine horn.

TCE appears to also distribute to mammary tissues and is excreted in milk.

Pellizzari et al. (1982) conducted a survey of environmental contaminants in human milk using
samples from cities in the northeastern region of the United States and one in the southern
region. No details of times postpartum, milk lipid content, or TCE concentration in milk or
blood are reported, but TCE was detected in 8 milk samples taken from 42 lactating women.
Fisher et al. (1990) exposed lactating rats to 600-ppm TCE for 4 hours and collected milk
immediately following the cessation of exposure. TCE was clearly detectable in milk, and, from
a visual interpretation of the graphic display of their results, concentrations of TCE in milk

approximated 110 pg/mL milk.
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Table 3-6. Concentrations of TCE in maternal and fetal blood at birth

TCE concentration in Ratio of
blood (mg/100 mL) concentrations
Maternal Fetal fetal:maternal
4.6 24 0.52
3.8 2.2 0.58
8 5 0.63
54 3.6 0.67
7.6 5.2 0.68
3.8 33 0.87
2 1.9 0.95
2.25 3 1.33
0.67 1 1.49
1.05 2 1.90

Source: Laham (1970).

In rodents, detailed tissue distribution experiments have been performed using different
routes of administration (Savolainen et al., 1977; Pfaffenberger et al., 1980; Abbas and Fisher,
1997; Greenberg et al., 1999; Simmons et al., 2002; Keys et al., 2003). Savolainen et al. (1977)
exposed adult male rats to 200-ppm TCE for 6 hours/day for a total of 5 days. Concentrations of
TCE in the blood, brain, liver, lung, and perirenal fat were measured 17 hours after cessation of
exposure on the fourth day and after 2, 3, 4, and 6 hours of exposure on the fifth day (see
Table 3-7). TCE appeared to be rapidly absorbed into blood and distributed to brain, liver, lungs,
and perirenal fat. TCE concentrations in these tissues reached near-maximal values within
2 hours of initiation of exposure on the fifth day. Pfaffenberger et al. (1980) dosed rats by
gavage with 1 or 10 mg TCE/kg/day in corn oil for 25 days to evaluate the distribution from
serum to adipose tissue. During the exposure period, concentrations of TCE in serum were
below the limit of detection (1 pg/L) and were 280 and 20,000 ng per gram of fat in the 1 and
10 mg/day dose groups, respectively. Abbas and Fisher (1997) and Greenberg et al. (1999)
measured tissue concentrations in the liver, lung, kidney, and fat of mice administered TCE by
gavage (300—2,000 mg/kg) and by inhalation exposure (100 or 600 ppm for 4 hours). In a study

to investigate the effects of TCE on neurological function, Simmons et al. (2002) conducted
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pharmacokinetic experiments in rats exposed to 200, 2,000, or 4,000 ppm TCE vapors for 1 hour.

Time-course data were collected on blood, liver, brain, and fat. The data were used to develop a

PBPK model to explore the relationship between internal dose and neurological effect. Keys et

al. (2003), exposed groups of rats to TCE vapors of 50 or 500 ppm for 2 hours and sacrificed at

different time points during exposure. In addition to inhalation, this study also includes oral

gavage and intra-arterial dosing, with the following time course measured: liver, fat, muscle,

blood, GI, brain, kidney, heart, lung, and spleen. These pharmacokinetic data were presented

with an updated PBPK model for all routes.

Table 3-7. Distribution of TCE to rat tissues” following inhalation exposure
(Savolainen et al., 1977)

Exposure Tissue (concentration in nmol/gram tissue)

on5"day [ Cerebrum | Cerebellum Lung Liver | Perirenal fat Blood
0° 0 0 0.08 0.04 0.23+0.09 | 0.35+0.1
2 99+2.7 11.7+42 | 49 03 3.6 659+1.2 75+ 1.6
3 73+22 8.8+2.1 55+14 | 55+1.7 69.3+3.3 6.6 +0.9
4 72+1.7 7.6 +0.5 58+1.1 | 25+1.4 69.5+6.3 6.0+0.2
6 74+2.1 9.5+25 56+05 | 24+02 75.4+14.9 6.8+1.2

*Data presented as mean of 2 determinations + range.
®Sample taken 17 hours following cessation of exposure on Day 4.

Besides the route of administration, another important factor contributing to body

distribution is the individual solubility of the chemical in each organ, as measured by a partition

coefficient. For volatile compounds, partition coefficients are measured in vitro using the vial

equilibration technique to determine the ratio of concentrations between organ and air at

equilibrium. Table 3-8 reports values developed by several investigators from mouse, rat, and

human tissues. In humans, partition coefficients in the following tissues have been measured:

brain, fat, kidney, liver, lung, and muscle; but the organ having the highest TCE partition
coefficient is fat (63—70), while the lowest is the lung (0.5—1.7). The adipose tissue also has the

highest measured value in rodents, and is one of the considerations needed to be accounted for

when extrapolating across species. However, the rat adipose partition coefficient value is

smaller (23—36), when compared to humans, that is, TCE is less lipophilic in rats than humans.

For the mouse, the measured fat partition coefficient averages 36, ranging between rats and
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humans. The value of the partition coefficient plays a role in distribution for each organ and is
computationally described in computer simulations using a PBPK model. Due to its high
lipophilicity in fat, as compared to blood, the adipose tissue behaves as a storage compartment
for this chemical, affecting the slower component of the chemical’s distribution. For example
Monster et al. (1979) reported that, following repeated inhalation exposures to TCE, TCE
concentrations in expired breath postexposure were highest for the subject with the greatest
amount of adipose tissue (adipose tissue mass ranged 3.5-fold among subjects). The intersubject
range in TCE concentration in exhaled breath increased from approximately 2-fold at 20 hours to
approximately 10-fold 140 hours postexposure. Notably, they reported that this difference was
not due to differences in uptake, as body weight and lean body mass were most closely
associated with TCE retention. Thus, adipose tissue may play an important role in postexposure
distribution, but does not affect its rapid absorption.

Mabhle et al. (2007) reported age-dependent differences in partition coefficients in rats,
(see Table 3-9) that can have implications as to life-stage-dependent differences in tissue TCE
distribution. To investigate the potential impact of these differences, Rodriguez et al. (2007)
developed models for the postnatal Day 10 rat pup; the adult and the aged rat, including
age-specific tissue volumes and blood flows; and age-scaled metabolic constants. The models
predict similar uptake profiles for the adult and the aged rat during a 6-hour exposure to
500 ppm; uptake by the postnatal day (PND) 10 rat was higher (see Table 3-10). The effect was
heavily dependent on age-dependent changes in anatomical and physiological parameters
(alveolar ventilation rates and metabolic rates); age-dependent differences in partition coefficient
values had minimal impact on predicted differences in uptake.

Finally, TCE binding to tissues or cellular components within tissues can affect overall
pharmacokinetics. The binding of a chemical to plasma proteins, for example, affects the
availability of the chemical to other organs and the calculation of the total half-life. However,
most studies have evaluated binding using ['*C]TCE, from which one cannot distinguish binding
of TCE from binding of TCE metabolites. Nonetheless, several studies have demonstrated
binding of TCE-derived radiolabel to cellular components (Moslen et al., 1977; Mazzullo et al.,
1992). Bolt and Filser (1977) examined the total amount irreversibly bound to tissues following
9-, 100-, and 1,000-ppm exposures via inhalation in closed chambers. The largest percent of in
vivo radioactivity taken up occurred in the liver; albumin is the protein favored for binding (see
Table 3-11). Bannerjee and van Duuren (1978) evaluated the in vitro binding of TCE to
microsomal proteins from the liver, lung, kidney, and stomachs in rats and mice. In both rats and

mice, radioactivity was similar in stomach and lung, but about 30% lower in kidney and liver.
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Table 3-8. Tissue:blood partition coefficient values for TCE

Species/ | TCE partition coefficient

tissue : : : References
Tissue:blood | Tissue:air

Human

Brain 2.62 21.2 Fiserova-Bergerova et al., 1984

Fat 63.8—-70.2 583-674.4 Sato et al., 1977; Fiserova-Bergerova et al., 1984; Fisher et al.,
1998

Kidney 1.3-1.8 12-14.7 Fiserova-Bergerova et al., 1984; Fisher et al., 1998

Liver 3.6-5.9 29.4-54 Fiserova-Bergerova et al., 1984; Fisher et al., 1998

Lung 0.48-1.7 4.4-13.6 Fiserova-Bergerova et al., 1984; Fisher et al., 1998

Muscle 1.7-2.4 15.3-19.2 Fiserova-Bergerova et al., 1984; Fisher et al., 1998

Rat

Brain 0.71-1.29 14.6-33.3 Sato et al., 1977; Simmons et al., 2002; Rodriguez et al., 2007

Fat 22.7-36.1 447-661 Gargas et al., 1989; Sato et al., 1977; Simmons et al., 2002;
Rodriguez et al. 2007; Fisher et al., 1989, Koizumi, 1989;
Barton et al., 1995

Heart 1.1 28.4 Sato et al. 1977

Kidney 1.0-1.55 17.7-40 Sato et al., 1977; Barton et al., 1995; Rodriguez et al., 2007

Liver 1.03-2.43 20.5-62.7 Gargas et al., 1989; Sato et al., 1977; Simmons et al., 2002;
Rodriguez et al., 2007; Fisher et al., 1989; Koizumi, 1989;
Barton et al., 1995

Lung 1.03 26.6 Sato et al., 1977

Muscle 0.46—0.84 6.9-21.6 Gargas et al., 1989; Sato et al., 1977; Simmons et al., 2002;
Rodriguez et al., 2007; Fisher et al., 1989; Koizumi, 1989;
Barton et al., 1995

Spleen 1.15 29.7 Sato et al., 1977

Testis 0.71 18.3 Sato et al., 1977

Milk 7.10 N.R. Fisher et al., 1990
Mouse

Fat 36.4 578.8 Abbas and Fisher, 1997
Kidney | 2.1 329 Abbas and Fisher, 1997
Liver 1.62 23.2 Fisher et al., 1991

Lung 2.6 41.5 Abbas and Fisher, 1997
Muscle 2.36 37.5 Abbas and Fisher, 1997

N.R. =not reported.
This document is a draft for review purposes only and does not constitute Agency policy.
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Table 3-9. Age-dependence of tissue:air partition coefficients in rats

Age Liver Kidney Fat Muscle Brain
PND10 male 22.1+23 152+1.3 |398.7+892 439+11.0 |[11.0+0.6
PNDI0 female |21.2+1.7 150+1.1 | 424.5+67.5 48.6+173 |[11.6+12
Adult male 20.5+4.0 17.6 +3.9° | 631.4+43.1* | 12.6+43 174+2.6
Aged male 348+8.7* | 19.9+34" |757.5+483* |26.4+10.3* | 25.0+2.0*

*Statistically significant (p < 0.05) difference between either the adult or aged partition coefficient and the PND10
male partition coefficient.
"Statistically significant (p < 0.05) difference between aged and adult partition coefficient.

Data are mean + standard deviation; n = 10, adult male and pooled male and female litters; 11, aged males.
Source: Mahle et al. (2007).

Table 3-10. Predicted maximal concentrations of TCE in rat blood
following a 6-hour inhalation exposure (Rodriguez et al., 2007)

Exposure concentration
50 ppm 500 ppm
Predicted peak Predicted peak
concentration Predicted concentration Predicted
(mg/L) in:* time to reach (mg/L) in:" time to reach
Venous 90% of steady | venous 90% of steady
Age blood Brain state (hour)” | plood | Brain | state (hour)’
PND 10 3.0 2.6 4.1 33 28 4.2
Adult 0.8 1.0 3.5 22 23 11.9
Aged 0.8 1.2 6.7 21 26 233

*During a 6 hour exposure.
°Under continuous exposure.
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Table 3-11. Tissue distribution of TCE metabolites following inhalation

exposure
Percent of radioactivity taken up/g tissue
TCE =9 ppm, TCE =100 ppm, TCE =1,000 ppm,
n=4 n=4 n=3

. Total Irreversibly Total Irreversibly Total Irreversibly
Tissue* metabolites bound metabolites bound metabolites bound
Lung 0.23 +£0.026 | 0.06 +0.002 | 0.24+0.025 | 0.06 + 0.006 | 0.22 +0.055 | 0.1 +0.003
Liver 0.77 +£0.059 | 0.28 +£0.027 | 0.68 +0.073 | 0.27+0.019 | 0.88 +£0.046 | 0.48 +0.020
Spleen 0.14+0.015 | 0.05+0.002 | 0.154+0.001 | 0.05+0.004 | 0.15+0.006 | 0.08 +0.003
Kidney 0.37 +0.005 | 0.09 +0.007 | 0.40+0.029 | 0.09 +0.007 | 0.39+0.045 | 0.14+0.016
Small 0.41+0.058 | 0.05+0.010 | 0.38+0.062 | 0.07+0.008 | 0.28 +0.015 | 0.09 +0.015
intestine
Muscle 0.11+0.005 | 0.014 +£0.001 | 0.11 £0.013 | 0.012 +0.001 | 0.10 £ 0.011 | 0.027 + 0.003

*Male Wistar rats, 250 g.

n = number of animals.

Values shown are means + standard deviation.

Source: Bolt and Filser (1977).

Based on studies of the effects of metabolizing enzyme induction on binding, there is

some evidence that a major contributor to the observed binding is from TCE metabolites rather
than from TCE itself. Dekant et al. (1986a) studied the effect of enzyme modulation on the

binding of radiolabel from ["*C]TCE by comparing tissue binding after administration of

200 mg/kg via oral gavage in corn oil between control (naive) rats and rats pretreated with
phenobarbital (a known inducer of CYP2B family) or arochlor 1254 (a known inducer of both
CYP1A and CYP2B families of isoenzymes) (see Table 3-12). The results indicate that

induction of total cytochromes P-450 content by 3- to 4-fold resulted in nearly 10-fold increase

in radioactivity (decays per minute; DPM) bound in liver and kidney. By contrast, Mazzullo et

al. (1992) reported that, phenobarbital pretreatment did not result in consistent or marked

alterations of in vivo binding of radiolabel to DNA, RNA, or protein in rats and mice at 22 hours

after an intraperitoneal (i.p.) injection of ['*C]TCE. On the other hand, in vitro experiments by
Mazzullo et al. (1992) reported reduction of TCE-radiolabel binding to calf thymus DNA with

introduction of a CYP inhibitor into incubations containing rat liver microsomal protein.

Moreover, increase/decrease of glutathione (GSH) levels in incubations containing lung
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cytosolic protein led to a parallel increase/decrease in TCE-radiolabel binding to calf thymus
DNA.

Table 3-12. Binding of '*C from ['*C]TCE in rat liver and kidney at 72 hours
after oral administration of 200 mg/kg [14C]TCE (Dekant et al., 1986a)

DPM/gram tissue
Tissue Untreated Phenobarbital | Arochlor 1254
Liver 850 + 100 9,300 + 1,100 8,700 + 1,000
Kidney 680 + 100 5,700 + 900 7,300 + 800

3.3. METABOLISM

This section focuses on both in vivo and in vitro studies of the biotransformation of
trichloroethylene, identifying metabolites that are deemed significant for assessing toxicity and
carcinogenicity. In addition, metabolism studies may be used to evaluate the flux of parent
compound through the known metabolic pathways. Sex-, species-, and interindividual
differences in the metabolism of TCE are discussed, as are factors that possibly contribute to this

variability. Additional discussion of variability and susceptibility is presented in Section 4.10.

3.3.1. Introduction

The metabolism of TCE has been studied mostly in mice, rats, and humans and has been
extensively reviewed (U.S. EPA, 1985, 2001; Lash et al., 2000a; IARC, 1995). It is now well
accepted that TCE is metabolized in laboratory animals and in humans through at least two
distinct pathways: (1) oxidative metabolism via the cytochrome P450 mixed-function oxidase
system and (2) GSH conjugation followed by subsequent further biotransformation and
processing, either through the cysteine conjugate beta lyase pathway or by other enzymes (Lash
et al., 2000b). While the flux through the conjugative pathway is less, quantitatively, than the
flux through oxidation (Bloemen et al., 2001), GSH conjugation is an important route
toxicologically, giving rise to relatively potent toxic biotransformation products
(Elfarra et al., 1986a, b).

Information about metabolism is important because, as discussed extensively in
Chapter 4, certain metabolites are thought to cause one or more of the same acute and chronic

toxic effects, including carcinogenicity, as TCE. Thus, in many of these cases, the toxicity of
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TCE is generally considered to reside primarily in its metabolites rather than in the parent

compound itself.

3.3.2. Extent of Metabolism

TCE is extensively metabolized in animals and humans. The most comprehensive
mass-balance studies are in mice and rats (Dekant et al., 1984; Dekant et al., 1986a, b; Green and
Prout, 1985; Prout et al., 1985) in which ['*C]TCE is administered by oral gavage at doses of 2
to 2,000 mg/kg, the data from which are summarized in Figure 3-2 and Figure 3-3. In both mice
and rats, regardless of sex and strain, there is a general trend of increasing exhalation of
unchanged TCE with dose, suggesting saturation of a metabolic pathway. The increase is
smaller in mice (from 1—6% to 10—18%) than in rats (from 1-3% to 43—78%), suggesting
greater overall metabolic capacity in mice. The dose at which apparent saturation occurs appears
to be more sex- or strain-dependent in mice than in rats. In particular, the marked increase in
exhaled TCE occurred between 20 and 200 mg/kg in female NMRI mice, between 500 and
1,000 mg/kg in B6C3F1 mice, and between 10 and 500 mg/kg in male Swiss-Webster mice.
However, because only one study is available in each strain, interlot or interindividual variability
might also contribute to the observed differences. In rats, all three strains tested showed marked
increase in unchanged TCE exhaled between 20 and 200 mg/kg or 10 and 500 mg/kg.

Recovered urine, the other major source of excretion, had mainly trichloroacetic acid (TCA),
trichloroethanol (TCOH), and trichloroethanol-glucuronide conjugate (TCOG), but revealed no
detectable TCE. The source of radioactivity in feces was not analyzed, but it is presumed not to
include substantial TCE given the complete absorption expected from the corn oil vehicle.
Therefore, at all doses tested in mice, and at doses <200 mg/kg in rats, the majority of orally
administered TCE is metabolized. Pretreatment of rats with P450 inducers prior to a 200 mg/kg
dose did not change the pattern of recovery, but it did increase the amount recovered in urine by
10—15%, with a corresponding decrease in the amount of exhaled unchanged TCE (Dekant et al.,
1986a).
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Figure 3-2. Disposition of ["*C]TCE administered by oral gavage in mice
(Dekant et al., 1984, 1986a; Green and Prout, 1985; Prout et al., 1985).
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Figure 3-3. Disposition of ['*C]TCE administered by oral gavage in rats
(Dekant et al., 1984, 1986a; Green and Prout, 1985; Prout et al., 1985).

Comprehensive mass balance studies are not available in humans, but several studies
have measured or estimated recovery of TCE in exhaled breath and/or TCA and TCOH in urine
following controlled inhalation exposures to TCE (Monster et al., 1976; Opdam, 1989; Soucek
and Vlachova, 1960). Opdam (1989) only measured exhaled breath, and estimated that, on
average, 15—20% of TCE uptake (retained dose) was exhaled after exposure to 5.8—38 ppm for
29—62 minutes. Soucek and Vlachova (1960) and Bartonicek (1962) did not measure exhaled
breath but did report 69—73% of the retained dose excreted in urine as TCA and TCOH
following exposure to 93—194 ppm (500—1,043 mg/m’) for 5 hours. Soucek and Vlachova

(1960) additionally reported 4% of the retained dose excreted in urine as monochloroacetic acid
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(MCA). Monster et al. (1976) reported that an average of 10% of the retained TCE dose was
eliminated unchanged following 6 hour exposures to 70—140 ppm (376—752 mg/m’) TCE, along
with an average of 57% of the retained dose excreted in urine as TCA and free or conjugated
TCOH. The differences among these studies may reflect a combination of interindividual
variability and errors due to the difficulty in precisely estimating dose in inhalation studies, but
in all cases less than 20% of the retained dose was exhaled unchanged and greater than 50% was
excreted in urine as TCA and TCOH. Therefore, it is clear that TCE is extensively metabolized
in humans. Unlike the rodent studies, no saturation was evident in any of these human recovery
studies even though the metabolic capacity may not have been saturated at the exposure levels

that were tested.

3.3.3. Pathways of Metabolism

As mentioned in Section 3.3.1, TCE metabolism in animals and humans has been
observed to occur via two major pathways: P450-mediated oxidation and GSH conjugation.
Products of the initial oxidation or conjugation step are further metabolized to a number of other
metabolites. For P450 oxidation, all steps of metabolism occur primarily in the liver, although
limited oxidation of TCE has been observed in the lungs of mice, as discussed below. The GSH
conjugation pathway also begins predominantly in the liver, but toxicologically significant
metabolic steps occur extrahepatically—particularly in the kidney (Lash et al., 1995, 1998,
1999b, 2006). The mass-balance studies cited above found that at exposures below the onset of
saturation, >50% of TCE intake is excreted in urine as oxidative metabolites (primarily as TCA
and TCOH), so TCE oxidation is generally greater than TCE conjugation. This is discussed in
detail in Section 3.3.3.3.

3.3.3.1. Cytochrome P450-Dependent Oxidation

Oxidative metabolism by the cytochrome P450, or CYP-dependent, pathway is
quantitatively the major route of TCE biotransformation (U.S. Environmental Protection Agency
[U.S. EPA], 1985; IARC, 1995; Lash et al., 2000a, b). The pathway is operative in humans and
rodents and leads to several metabolic products, some of which are known to cause toxicity and
carcinogenicity (U.S. EPA, 1985; IARC, 1995). Although several of the metabolites in this
pathway have been clearly identified, others are speculative or questionable. Figure 3-4 depicts
the overall scheme of TCE P450 metabolism.
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Figure 3-4. Scheme for the oxidative metabolism of TCE.

Adapted from: Lash et al. (2000a, b), Clewell et al. (2000), Cummings et al.
(2001), Forkert et al. (2006), and Tong et al. (1998).

In brief, TCE oxidation via P450, primarily CYP2E1 (Guengerich et al., 1991), yields an
oxygenated TCE-P450 intermediate and TCE oxide. The TCE-P450 complex is a transition state
that goes on to form chloral. In the presence of water, chloral rapidly equilibrates with chloral
hydrate (CH), which undergoes reduction and oxidation by alcohol dehydrogenase and aldehyde
dehydrogenase or aldehyde oxidase to form TCOH and TCA, respectively (Miller and
Guengerich 1983; Green and Prout, 1985; Dekant et al., 1986a). Table 3-13 summarizes
available in vitro measurements of TCE oxidation, as assessed by the formation of CH, TCOH,
and TCA. Glucuronidation of TCOH forms TCOG, which is readily excreted in urine.
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Alternatively, TCOG can be excreted in bile and passed to the small intestine where it is
hydrolyzed back to TCOH and reabsorbed (Bull, 2000). TCA is poorly metabolized but may
undergo dechlorination to form dichloroacetic acid (DCA). However, TCA is predominantly
excreted in urine, albeit at a relatively slow rate as compared to TCOG. Like the TCE-P450
complex, TCE oxide also seems to be a transient metabolite. Recent data suggest that it is
transformed to dichloroactyl chloride, which subsequently decomposes to form DCA (Cai and
Guengerich, 1999). As shown in Figure 3-4, several other metabolites, including oxalic acid and
N-(hydroxyacetyl) aminoethanol, may form from the TCE oxide or the TCE-O-P450
intermediate and have been detected in the urine of rodents and humans following TCE
exposure. Pulmonary excretion of CO; has been identified in exhaled breath from rodents
exposed to '*C-labeled TCE and is thought to arise from metabolism of DCA. The following
sections provide details as to pathways of TCE oxidation, including discussion of inter- and

intraspecies differences in metabolism.

3.3.3.1.1. Formation of trichloroethylene oxide. In previous studies of halogenated alkene
metabolism, the initial step was the generation of a reactive epoxides (Anders and Jackobson,
1985). Early studies in anesthetized human patients (Powell, 1945), dogs (Butler, 1949), and
later reviews (e.g., Goeptar et al., 1995) suggest that the TCE epoxide may be the initial reaction
product of TCE oxidation.

Epoxides can form acyl chlorides or aldehydes, which can then form aldehydes,
carboxylic acids, or alcohols, respectively. Thus, the appearance of CH, TCA, and TCOH as the
primary metabolites was considered consistent with the oxidation of TCE to the epoxide
intermediate (Powell, 1945; Butler, 1949). Following in vivo exposures to 1,1-dichloroethylene,
a halocarbon very similar in structure to TCE, mouse liver cytosol and microsomes and lung
Clara cells exhibited extensive P450-mediated epoxide formation (Forkert, 1999a, b; Forkert et
al., 1999; Dowsley et al., 1996). Indeed, TCE oxide inhibits purified CYP2E1 activity (Cai and
Guengerich, 2001) similarly to TCE inhibition of CYP2E1 in human liver microsomes
(Lipscomb et al., 1997).
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Table 3-13. In vitro TCE oxidative metabolism in hepatocytes and

microsomal fractions

Kwm Vmax
nmol TCE
. oxidized/min/mg
In vitro uM in MSP* or 10° 1,000 x
system medium hepatocytes Vumax/Km Source
Human 210+ 159 0.268 +0.215 2.45+2.28 | Lipscomb et al., 1998a
hepatocytes | (45—403) (0.101-0.691) (0.46—5.57)
Human liver | 16.7 +2.45 | 1.246 + 0.805 74.1 +44.1 | Lipscomb et al., 1997 (Low Ky)
microsomal | (13.3—19.7) | (0.490-3.309) (38.9-176)
protein 30.9+3.3 | 1.442 +0.464 47.0+16.0 | Lipscomb et al., 1997 (Mid Ky)
(27.0-36.3) | (0.890—2.353) (30.1-81.4)
51.1+3.77 | 2.773 +0.577 549+ 14.1 | Lipscomb et al., 1997 (High
(46.7-55.7) | (2.078-3.455) (37.3-69.1) | Kv)
24.6 1.44 58.5 Lipscomb et al., 1998b (pooled)
12+3 0.52 +0.17 48 +23 Elfarra et al., 1998 (males, high
(9-14) (0.37-0.79) (26—79) affinity)
26+ 17 0.33+0.15 15+10 Elfarra et al., 1998 (females,
(13-45) (0.19-0.48) (11-29) high affinity)
Rat liver 55.5 4.826 87.0 Lipscomb et al., 1998b (pooled)
microsomal |7, ¢, 0.96 + 0.65 24 +21 Elfarra et al., 1998 (males, high
protein .
affinity)
42 +21 291+0.71 80 + 34 Elfarra et al., 1998 (females,
high affinity)
Rat kidney | 940 0.154 0.164 Cummings et al., 2001
microsomal
protein
Mouse liver | 35.4 5.425 153 Lipscomb et al., 1998b (pooled)
Iriloctr;;omal 378 +414 | 8.6+ 4.5 42 +29 Elfarra et al., 1998 (males)
161 +29 26.06 +7.29 163 + 37 Elfarra et al., 1998 (females)

* MSP = Microsomal protein.

Notes: Results presented as mean + standard deviation (minimum—maximum). Ky for human hepatocytes
converted from ppm in headspace to uM in medium using reported hepatocyte:air partition coefficient (Lipscomb et

al., 1998a).
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Conversely, cases have been made against TCE oxide as an obligate intermediate. Using
liver microsomes and reconstituted P450 systems (Miller and Guengerich, 1983, 1982) or
isolated rat hepatocytes (Miller and Guengerich, 1983), it has been suggested that chlorine
migration and generation of a TCE-O-P450 complex (via the heme oxygen) would better explain
the observed destruction of the P450 heme, an outcome not likely to be epoxide-mediated.
Miller and Guengerich (1982) found CYP2EI to generate an epoxide but argued that the
subsequent production of chloral was not likely related to the epoxide. Green and Prout (1985)
argued against epoxide (free form) formation in vivo in mice and rats, suggesting that the
expected predominant metabolites would be carbon monoxide, CO,, MCA, and DCA, rather than
the observed predominant appearance of TCA and TCOH and its glucuronide (TCOG).

It appears likely that both a TCE-O-P450 complex and a TCE oxide are formed, resulting
in both CH and dichloroacetyl chloride, respectively, though it appears that the former
predominates. In particular, it has been shown that dichloroacetyl chloride can be generated
from TCE oxide, dichloracetyl chloride can be trapped with lysine (Cai and Guengerich, 1999),
and that dichloracetyl-lysine adducts are formed in vivo (Forkert et al., 2006). Together, these
data strongly suggest TCE oxide as an intermediate metabolite, albeit short-lived, from TCE

oxidation in vivo.

3.3.3.1.2. Formation of chloral hydrate (CH), trichloroethanol (TCOH) and trichloroacetic
acid (TCA). CH (in equilibrium with chloral) is a major oxidative metabolite produced from
TCE as has been shown in numerous in vitro systems, including human liver microsomes and
purified P450 CYP2E1 (Guengerich et al., 1991) as well as recombinant rat, mouse, and human
P450s including CYP2E1 (Forkert et al., 2005). However, in rats and humans, in vivo circulating
CH is generally absent from blood following TCE exposure. In mice, CH is detectable in blood
and tissues but is rapidly cleared from systemic circulation (Abbas and Fisher, 1997). The low
systemic levels of CH are because of its rapid transformation to other metabolites.

CH is further metabolized predominantly to TCOH (Sellers et al., 1972), a reaction
thought to be catalyzed by alcohol dehydrogenase (Shultz and Weiner, 1979) and/or CYP2E1
(Ni et al., 1996). The role for alcohol dehydrogenase was suggested by the observation that
ethanol inhibited CH reduction to TCOH (Larson and Bull, 1989; Miiller et al., 1975; Sellers et
al., 1972). For instance, Sellers et al. (1972) reported that coexposure of humans, to ethanol and
CH resulted in a higher percentage of urinary TCOH (24% of CH metabolites) compared to TCA
(19%). When ethanol was absent, 10 and 11% of CH was metabolized to TCOH and TCA,
respectively. However, because ethanol can be oxidized by both alcohol dehydrogenase and

CYP2EL, there is some ambiguity as to whether these observations involve competition with one
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or the other of these enzymes. For instance, Ni et al. (1996) reported that CYP2E1 expression
was necessary for metabolism of CH to mutagenic metabolites in a human lymphoblastoid cell
line, suggesting a role for CYP2E1. Furthermore, Ni et al. (1996) reported that cotreatment of
mice with CH and pyrazole, a specific CYP2EI inducer, resulted in enhanced liver microsomal
lipid peroxidation, while treatment with DPEA, an inhibitor of CYP2E1, suppressed lipid
peroxidation, suggesting CYP2E]1 as a primary enzyme for CH metabolism in this system.
Lipscomb et al. (1996) suggested that two enzymes are likely responsible for CH reduction to
TCOH based on observation of bi-phasic metabolism for this pathway in mouse liver
microsomes. This behavior has also been observed in mouse liver cytosol, but was not observed
in rat or human liver microsomes. Moreover, CH metabolism to TCOH increased significantly
both in the presence of NADH in the 700x g supernatant of mouse, rat, and human liver
homogenate as well as with the addition of NADPH in human samples, suggesting two enzymes
may be involved (Lipscomb et al., 1996).

TCOH formed from CH is available for oxidation to TCA (see below) or glucuronidation
via UDP-glucuronyltransferase to TCOG, which is excreted in urine or in bile (Stenner et al.,
1997). Biliary TCOG is hydrolyzed in the gut and available for reabsorption to the liver as
TCOH, where it can be glucuronidated again or metabolized to TCA. This enterohepatic
circulation appears to play a significant role in the generation of TCA from TCOH and in the
observed lengthy residence time of this metabolite, compared to TCE. Using jugular-, duodenal-
, and bile duct-cannulated rats, Stenner et al. (1997) showed that enterohepatic circulation of
TCOH from the gut back to the liver and subsequent oxidation to TCA was responsible for 76%
of TCA measured in the systemic blood.

Both CH and TCOH can be oxidized to TCA, and has been demonstrated in vivo in mice
(Larson and Bull, 1992a; Dekant et al., 1986a; Green and Prout, 1985), rats (Stenner et al., 1997,
Pravecek et al., 1996; Templin et al., 1995b; Larson and Bull, 1992a; Dekant et al., 1986a; Green
and Prout, 1985), dogs (Templin et al., 1995a), and humans (Sellers et al., 1978). Urinary
metabolite data in mice and rats exposed to 200 mg/kg TCE (Larson and Bull, 1992a;

Dekant et al., 1986a) and humans following oral CH exposure (Sellers et al., 1978) show greater
TCOH production relative to TCA production. However, because of the much longer urinary
half-life in humans of TCA relative to TCOH, the total amount of TCA excreted may be similar
to TCOH (Monster et al., 1976; Fisher et al., 1998). This is thought to be primarily due to
conversion of TCOH to TCA, either directly or via “back-conversion” of TCOH to CH, rather
than due to the initial formation of TCA from CH (Marshall and Owens, 1955).

In vitro data are also consistent with CH oxidation to TCA being much less than CH
reduction to TCOH. For instance, Lipscomb et al. (1996) reported 1,832-fold differences in Ky
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values and 10—195-fold differences in clearance efficiency (Vmax/Ky) for TCOH and TCA in all
three species (see Table 3-14). Clearance efficiency of CH to TCA in mice is very similar to
humans but is 13-fold higher than rats. Interestingly, Bronley-DeLancey et al. (2006) recently
reported that similar amounts of TCOH and TCA were generated from CH using cryopreserved
human hepatocytes. However, the intersample variation was extremely high, with measured
Vmax ranging from 8-fold greater TCOH to 5-fold greater TCA and clearance (Vyax/Kwm)
ranging from 13-fold greater TCOH to 17-fold greater TCA. Moreover, because a comparison
with fresh hepatocytes or microsomal protein was not made, it is not clear to what extent these

differences are due to population heterogeneity or experimental procedures.

Table 3-14. In vitro Kinetics of trichloroethanol and trichloroacetic acid
formation from chloral hydrate in rat, mouse, and human liver homogenates

TCOH TCA
Species Kn' | Vi VaiaxKn® | Ku' | Vi Vaiax/Kn®
Rat 0.52 24.3 46.7 16.4 4 0.24
Mouse’ 0.19 11.3 59.5 3.5 10.6 3.0
High affinity 0.12 6.3 52.5 na’ na na
Low affinity 0.51 6.1 12.0 na na na
Human 1.34 34.7 25.9 23.9 65.2 2.7

K., presented as mM CH in solution.

®V ax presented as nmoles/mg supernatant protein/min.

“Clearance efficiency represented by Viyax/Ky.

*Mouse kinetic parameters derived for observations over the entire range of CH exposure as well as discrete, bi-
phasic regions for CH concentrations below (high affinity) and above (low affinity) 1.0 mM.

‘na = not applicable.

Source: Lipscomb et al. (1996).

The metabolism of CH to TCA and TCOH involves several enzymes including CYP2EI,
alcohol dehydrogenase, and aldehyde dehydrogenase enzymes (Guengerich et al., 1991; Miller
and Guengerich, 1983; Ni et al., 1996; Shultz and Weiner, 1979; Wang et al., 1993). Because
these enzymes have preferred cofactors (NADPH, NADH, and NAD+), cellular cofactor ratio
and redox status of the liver may have an impact on the preferred pathway
(Kawamoto et al., 1988; Lipscomb et al., 1996).
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3.3.3.1.3. Formation of dichloroacetic acid (DCA) and other products. As discussed above,
DCA could hypothetically be formed via multiple pathways. The work reviewed by Guengerich
(2004) has suggested that one source of DCA may be through a TCE oxide intermediary. Miller
and Guengerich (1983) report evidence of formation of the epoxide, and Cai and Guengerich
(1999) report that a significant amount (about 35%) of DCA is formed from aqueous
decomposition of TCE oxide via hydrolysis in an almost pH-independent manner. Because this
reaction forming DCA from TCE oxide is a chemical process rather than a process mediated by
enzymes, and because evidence suggests that some epoxide was formed from TCE oxidation,
Guengerich (2004) notes that DCA would be an expected product of TCE oxidation (see also
Yoshioka et al. [2002]). Alternatively, dechlorination of TCA and oxidation of TCOH have been
proposed as sources of DCA (Lash et al., 2000a). Merdink et al. (2000) investigated
dechlorination of TCA and reported trapping a DCA radical with the spin-trapping agent phenyl-
tert-butyl nitroxide, identified by gas chromatography/mass spectroscopy, in both a chemical
Fenton system and rodent microsomal incubations with TCA as substrate. Dose-dependent
catalysis of TCA to DCA was observed in cultured microflora from B6C3F1 mice (Moghaddam
et al., 1996). However, while antibiotic-treated mice lost the ability to produce DCA in the gut,
plasma DCA levels were unaffected by antibiotic treatment, suggesting that the primary site of
murine DCA production is other than the gut (Moghaddam et al., 1997).

However, direct evidence for DCA formation from TCE exposure remains equivocal. In
vitro studies in human and animal systems have demonstrated very little DCA production in the
liver (James et al., 1997). In vivo, DCA was detected in the blood of mice (Templin et al., 1993;
Larson and Bull, 1992a) and humans (Fisher et al., 1998) and in the urine of rats and mice
(Larson and Bull, 1992b) exposed to TCE by aqueous oral gavage. However, the use of strong
acids in the analytical methodology produces ex vivo conversion of TCA to DCA in mouse blood
(Ketcha et al., 1996). This method may have resulted in the appearance of DCA as an artifact in
human plasma (Fisher et al., 1998) and mouse blood in vivo (Templin et al., 1995b). Evidence
for the artifact is suggested by DCA AUCs that were larger than would be expected from the
available TCA (Templin et al., 1995a). After the discovery of these analytical issues, Merdink et
al. (1998) reevaluated the formation of DCA from TCE, TCOH, and TCA in mice, with
particular focus on the hypothesis that DCA is formed from dechlorination of TCA. They were
unable to detect blood DCA in naive mice after administration of TCE, TCOH, or TCA. Low
levels of DCA were detected in the blood of children administered therapeutic doses of CH
(Henderson et al., 1997), suggesting TCA or TCOH as the source of DCA. Oral TCE exposure
in rats and dogs failed to produce detectable levels of DCA (Templin et al., 1995a).
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Another difficulty in assessing the formation of DCA is its rapid metabolism at low
exposure levels. Degradation of DCA is mediated by glutathione-S-transferase (GST)-zeta
(Saghir and Schultz, 2002; Tong et al., 1998), apparently occurring primarily in the hepatic
cytosol. DCA metabolism results in suicide inhibition of the enzyme, evidenced by decreased
DCA metabolism in DCA-treated animals (Gonzalez-Leon et al., 1999) and humans (Shroads et
al., 2008) and loss of DCA metabolic activity and enzymatic protein in liver samples from
treated animals (Schultz et al., 2002). This effect has been noted in young mice exposed to DCA
in drinking water at doses approximating 120 mg/kg/d (Schultz et al., 2002). The experimental
data and pharmacokinetic model simulations of several investigators (Jia et al., 2006; Keys et al.,
2004; Li et al., 2008; Merdink et al., 1998; Shroads et al., 2008) suggest that several factors
prevent the accumulation of measurable amounts of DCA: (1) its formation as a short-lived
intermediate metabolite, and (2) its rapid elimination relative to its formation from TCA. While
DCA elimination rates appear approximately one order of magnitude higher in rats and mice than
in humans (James et al., 1997) (see Table 3-15), they still may be rapid enough so that even if
DCA were formed in humans, it would be metabolized too quickly to appear in detectable

quantities in blood.

Table 3-15. In vitro Kkinetics of DCA metabolism in hepatic cytosol
of mice, rats, and humans

Vmax Kwum
Species (nmol/min/mg protein) (uM) Vvax’Km
Mouse 13.1 350 37.4
Rat 11.6 280 41.4
Human 0.37 71 5.2

Source: James et al. (1997).

A number of other metabolites, such as oxalic acid, MCA, glycolic acid, and glyoxylic
acid, are formed from DCA (Lash et al., 2000a; Saghir and Schultz, 2002). Unlike other
oxidative metabolites of TCE, DCA appears to be metabolized primarily via hepatic cytosolic
proteins. Since P450 activity resides almost exclusively in the microsomal and mitochondrial
cell fractions, DCA metabolism appears to be independent of P450. Rodent microsomal and
mitochondrial metabolism of DCA was measured to be <10% of cytosolic metabolism
(Lipscomb et al., 1995). DCA in the liver cytosol from rats and humans is transformed to

glyoxylic acid via a GSH-dependent pathway (James et al., 1997). In rats, the Ky, for GSH was
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0.075 mM with a Vyax for glyoxylic acid formation of 1.7 nmol/mg protein/minute. While this
pathway may not involve GST (as evidenced by very low GST activity in this study), Tong et al.
(1998) showed GST-zeta, purified from rat liver, to be involved in metabolizing DCA to
glyoxylic acid, with a Viyax of 1,334 nmol/mg protein/minute and Ky of 71.4 uM for glyoxylic
acid formation and a GSH Ky of 59 uM.

3.3.3.1.4. Tissue distribution of oxidative metabolism and metabolites. Oxidative metabolism
of TCE, irrespective of the route of administration, occurs predominantly in the liver, but TCE
metabolism via the P450 (CYP) system also occurs at other sites because CYP isoforms are
present to some degree in most tissues of the body. For example, both the lung and kidneys
exhibit cytochrome P450 enzyme activities (Green et al., 1997a, b; Forkert et al., 2005;
Cummings et al., 2001). Green et al. (1997b) detected TCE oxidation to chloral in microsomal
fractions of whole-lung homogenates from mice, rats, and humans, with the activity in mice the
greatest and in humans the least. The rates were slower than in the liver (which also has a higher
microsomal protein content as well as greater tissue mass) by 1.8-, 10-, and >10-fold in mice,
rats, and humans, respectively. While qualitatively informative, these rates were determined at a
single concentration of about I mM TCE. A full kinetic analysis was not performed, so
clearance and maximal rates of metabolism could not be determined. With the kidney,
Cummings et al. (2001) performed a full kinetic analysis using kidney microsomes, and found
clearance rates (Vyax/Kw) for oxidation were more than 100-fold smaller than average rates that
were found in the liver (see Table 3-13). In human kidney microsomes, Amet et al. (1997)
reported that CYP2E1 activity was weak and near detection limits, with no CYP2E1 detectable
using immunoblot analysis. Cummings and Lash (2000) reported detecting oxidation of TCE in
only one of 4 kidney microsome samples, and only at the highest tested concentration of 2 mM,
with a rate of 0.13 nmol/minute/mg protein. This rate contrasts with the Vyax values for human
liver microsomal protein of 0.19—-3.5 nmol/minute/mg protein reported in various experiments
(see Table 3-13, above). Extrahepatic oxidation of TCE may play an important role for
generation of toxic metabolites in situ. The roles of local metabolism in kidney and lung toxicity
are discussed in detail in Sections 4.4 and 4.7, respectively.

With respect to further metabolism beyond oxidation of TCE, CH has been shown to be
metabolized to TCA and TCOH in lysed whole blood of mice and rats and fractionated human
blood (Lipscomb et al., 1996) (see Table 3-16). TCOH production is similar in mice and rats and
is approximately 2-fold higher in rodents than in human blood. However, TCA formation in
human blood is 2- or 3-fold higher than in mouse or rat blood, respectively. In human blood,
TCA is formed only in the erythrocytes. TCOH formation occurs in both plasma and
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erythrocytes, but 4-fold more TCOH is found in plasma than in an equal volume of packed
erythrocytes. While blood metabolism of CH may contribute further to its low circulating levels
in vivo., the metabolic capacity of blood (and kidney) may be substantially lower than liver.
Regardless, any CH reaching the blood may be rapidly metabolized to TCA and TCOH.

Table 3-16. TCOH and TCA formed from CH in vitro in lysed whole blood
of rats and mice or fractionated blood of humans (nmoles formed in 400 pL
samples over 30 minutes)

Human
Rat Mouse Erythrocytes Plasma
TCOH 454+49 46.7+1.0 15.7+1.4 448 +0.2
TCA 0.14+0.2 0.21+03 042+0.0 not detected

Source: Lipscomb et al. (1996).

DCA and TCA are known to bind to plasma proteins. Schultz et al. (1999) measured
DCA binding in rats at a single concentration of about 100 uM and found a binding fraction of
less than 10%. However, these data are not greatly informative for TCE exposure in which DCA
levels are significantly lower, and limitation to a single concentration precludes fitting to
standard binding equations from which the binding at low concentrations could be extrapolated.
Templin et al. (1993, 1995a, b), Schultz et al. (1999), Lumpkin et al. (2003), and Yu et al. (2003)
all measured TCA binding in various species and at various concentration ranges. Of these,
Templin et al. (1995a, b) and Lumpkin et al. (2003) measured levels in humans, mice, and rats.
Lumpkin et al. (2003) studied the widest concentration range, spanning reported TCA plasma
concentrations from experimental studies. Table 3-17 shows derived binding parameters.
However, these data are not entirely consistent among researchers; 2- to 5-fold differences in
Bmax and Ky are noted in some cases, although some differences existed in the rodent strains and
experimental protocols used. In general, however, at lower concentrations, the bound fraction
appears greater in humans than in rats and mice. Typical human TCE exposures, even in
controlled experiments with volunteers, lead to TCA blood concentrations well below the
reported Ky (see Table 3-17, below), so the TCA binding fraction should be relatively constant.
However, in rats and mice, experimental exposures may lead to peak concentrations similar to,
or above, the reported K4 (e.g., Templin et al., 1993; Yu et al., 2000), meaning that the bound

fraction should temporarily decrease following such exposures.
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Table 3-17. Reported TCA plasma binding parameters

Concentration
Bmax K4 A+ range (uM
A (rM) (M) Bmax/Ka bound-+free)

Human

Templin et al., 1995a - 1,020 190 5.37 3-1,224

Lumpkin et al., 2003 — 708.9 174.6 4.06 0.06—-3,065
Rat

Templin et al., 1995a - 540 400 1.35 3-1,224

Yu et al., 2000 0.602 312 136 2.90 3.8—1,530

Lumpkin et al., 2003 — 283.3 383.6 0.739 0.06—-3,065
Mouse

Templin et al., 1993 — 310 248 1.25 3-1,224

Lumpkin et al., 2003 — 28.7 46.1 0.623 0.06—1,226

Notes: Binding parameters based on the equation Cpoung = A X Cree T Bmax X Cree/(Kg + Ciree), Where Cpoung 18 the
bound concentration, Cge, is the free concentration, and A = 0 for Templin et al. (1993, 1995a) and Lumpkin et al.
(2003). The quantity A+ Byax/Ky is the ratio of bound-to-free at low concentrations.

Limited data are available on tissue:blood partitioning of the oxidative metabolites CH,
TCA, TCOH and DCA, as shown in Table 3-18. As these chemicals are all water soluble and
not lipophilic, it is not surprising that their partition coefficients are close to 1 (within about
2-fold). It should be noted that the TCA tissue:blood partition coefficients reported in
Table 3-18 were measured at concentrations 1.6—3.3 M, over 1,000-fold higher than the reported

Kq. Therefore, these partition coefficients should reflect the equilibrium between tissue and free

blood concentrations. In addition, only one in vitro measurement has been reported of

blood:plasma concentration ratios for TCA: Schultz et al. (1999) reported a value of 0.76 in rats.
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Table 3-18. Partition coefficients for TCE oxidative metabolites

Tissue:blood partition coefficient

Species/tissue CH TCA TCOH DCA
Human®
Kidney — 0.66 2.15 -
Liver - 0.66 0.59 -
Lung — 0.47 0.66 -
Muscle - 0.52 0.91 -
Mouse”
Kidney 0.98 0.74 1.02 0.74
Liver 1.42 1.18 1.3 1.08
Lung 1.65 0.54 0.78 1.23
Muscle 1.35 0.88 1.11 0.37

* Fisher et al. (1998).
® Abbas and Fisher (1997).
Note: TCA and TCOH partition coefficients have not been reported for rats.

3.3.3.1.5. Species-, sex-, and age-dependent differences of oxidative metabolism. The ability
to describe species- and sex-dependent variations in TCE metabolism is important for species
extrapolation of bioassay data and identification of human populations that are particularly
susceptible to TCE toxicity. In particular, information on the variation in the initial oxidative
step of CH formation from TCE is desirable, because this is the rate-limiting step in the eventual
formation and distribution of the putative toxic metabolites TCA and DCA (Lipscomb et al.,
1997).

Inter- and intraspecies differences in TCE oxidation have been investigated in vitro using
cellular or subcellular fractions, primarily of the liver. The available in vitro metabolism data on
TCE oxidation in the liver (see Table 3-13) show substantial inter and intraspecies variability.
Across species, microsomal data show that mice apparently have greater capacity (Vmax) than
rat or humans, but the variability within species can be 2- to 10-fold. Part of the explanation may
be related to CYP2E1 content. Although liver P450 content is similar across species, mice and
rats exhibit higher levels of CYP2E1 content (0.85 and 0.89 nmol/mg protein, respectively)
(Nakajima et al., 1993; Davis et al., 2002) than humans (approximately 0.25—0.30 nmol/mg
protein) (Elfarra et al., 1998; Davis et al., 2002). Thus, the data suggest that rodents would have

a higher capacity than humans to metabolize TCE, but this is difficult to verify in vivo because
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