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FOREWORD

The National Toxicology Program (NTP) is an interagency program within the Public Health
Service (PHS) of the Department of Health and Human Services (HHS) and is headquartered at
the National Institute of Environmental Health Sciences of the National Institutes of Health
(NIEHS/NIH). Three agencies contribute resources to the program: NIEHS/NIH, the National
Institute for Occupational Safety and Health of the Centers for Disease Control and Prevention
(NIOSH/CDC), and the National Center for Toxicological Research of the Food and Drug
Administration (NCTR/FDA). Established in 1978, the NTP is charged with coordinating
toxicological testing activities, strengthening the science base in toxicology, developing and
validating improved testing methods, and providing information about potentially toxic
substances to health regulatory and research agencies, scientific and medical communities, and
the public.

The Report on Carcinogens (RoC) is prepared in response to Section 301 of the Public Health
Service Act as amended. The RoC contains a list of identified substances (i) that either are
known to be human carcinogens or are reasonably anticipated to be human carcinogens and (ii)
to which a significant number of persons residing in the United States are exposed. The
Secretary, Department of HHS, has delegated responsibility for preparation of the RoC to the
NTP, which prepares the report with assistance from other Federal health and regulatory
agencies and nongovernmental institutions. The most recent RoC, the 13th Edition (2014), is
available at http://ntp.niehs.nih.gov/go/roc13.

Nominations for (1) listing a new substance, (2) reclassifying the listing status for a substance
already listed, or (3) removing a substance already listed in the RoC are evaluated in a scientific
review process (http://ntp.niehs.nih.gov/go/rocprocess) with multiple opportunities for scientific
and public input and using established listing criteria (http://ntp.niehs.nih.gov/go/15209). A list
of candidate substances under consideration for listing in (or delisting from) the RoC can be
obtained by accessing http://ntp.niehs.nih.gov/go/37893.
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BACKGROUND AND METHODS

Trichloroethylene (TCE, CASRN 79-01-6) is a volatile, chlorinated alkene used mainly as an
intermediate for hydrofluorocarbon production and as a degreaser for metal parts, although its
use as a degreaser has decreased in the United States since the 1970s. It also is used as a modifier
for polyvinyl chloride polymerization and in clear protective spray coatings for use by arts and
craft hobbyists. Past uses of trichloroethylene include use as a solvent in the rubber industry,
adhesive formulations, dyeing and finishing operations, printing inks, paints, lacquers, varnishes,
adhesives, and paint strippers; in the production of agricultural chemicals such as fungicides and
insecticides; as an extraction solvent to remove natural fats and oils from plant materials, to
manufacture flavoring extracts from spices and hops, and to decaffeinate coffee; and as an
anesthetic and analgesic in obstetrics and for minor surgical procedures.

Trichloroethylene has been listed in the Report on Carcinogens (RoC) as reasonably anticipated
to be a human carcinogen since 2000 based on limited evidence of carcinogenicity from studies
in humans and sufficient evidence of carcinogenicity from studies in experimental animals. Since
that time, several cancer studies in humans have been published in the peer-reviewed literature,
and the International Agency for Research on Cancer (2013) has concluded that trichloroethylene
is carcinogenic to humans (Group 1). Trichloroethylene has been selected as a candidate
substance for review for possible change in listing status in the RoC based on evidence of
exposure to a significant number of persons residing in the United States and an adequate
database of cancer studies.

Monograph contents

This RoC draft monograph on trichloroethylene consists of the following components: (Part 1)
the cancer evaluation component that reviews the relevant scientific information and assesses its
quality, applies the RoC listing criteria to the scientific information, and recommends an RoC
listing status for trichloroethylene, and (Part 2) the draft substance profile containing the NTP’s
listing recommendation, a summary of the scientific evidence considered key to reaching that
recommendation, and data on properties, use, production, exposure, and Federal regulations and
guidelines to reduce exposure to trichloroethylene. Exposure information from the substance
profile in the 12" RoC was updated in the substance profile in this monograph and exposure
information is not discussed in the cancer evaluation component.

The methods for preparing the draft RoC monograph on trichloroethylene are described in the
“Trichloroethylene Protocol”

(http://ntp.niehs.nih.gov/ntp/roc/thirteenth/protocols/tce _protocol12-31-13 508.pdf). As
discussed in the protocol, the draft RoC monograph focuses on the relationship between
exposure to trichloroethylene and non-Hodgkin lymphoma (NHL) and its histological subtypes
and related cancers, and cancers of the kidney and liver. The cancer evaluation component for
trichloroethylene provides information on the following topics that are relevant to understanding
the relationship between exposure to trichloroethylene and the cancers listed above: chemical
and physical properties (Introduction), disposition and toxicokinetics (Section 1), genotoxicity
and related effects (Section 2), quality assessment of cancer studies in humans (Section 3),
kidney cancer (Section 4), NHL (and related cancers) (Section 5), and liver cancer (Section 6).
The information in Section 7 is a synthesis of Sections 1 through 6.
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The information reviewed in Sections 1 through 7 (except for information on exposure and
properties) must come from publicly available, peer-reviewed sources.

The cancer evaluation for trichloroethylene focuses on the evaluation of the human cancer
studies, animal tumor studies, and mechanistic data.

The draft profile in Part 2 of this draft monograph includes updated information on exposure to
trichloroethylene, which was already identified as meeting the criteria for exposure to a
significant number of persons residing in the United States in the RoC listing in 2000.

Process for preparation of the cancer evaluation component

The process for preparing the cancer evaluation component of the monograph included
approaches for obtaining public and scientific input and using systematic methods (e.g.,
standardized methods for identifying the literature [see Appendix A], inclusion/exclusion
criteria, extraction of data and evaluation of study quality using specific guidelines, and
assessment of the level of evidence for carcinogenicity using established criteria).

The Office of the Report on Carcinogens (ORoC) followed the approaches outlined in the
concept document, which discusses the scientific issues and questions relevant to the evaluation
of trichloroethylene carcinogenicity, the scope and focus of the monograph, and the approaches
to obtain scientific and public input to address the key scientific questions and issues for
preparing the cancer evaluation component of the draft monograph. The ORoC presented the
draft concept document for trichloroethylene to the NTP Board of Scientific Counselors (BSC) at
the June 21-22, 2012 meeting that provided opportunity for written and oral public comments
and is available on the RoC website (http://ntp.niehs.nih.gov/go/37899), after which the concept
was finalized and trichloroethylene was approved by the NTP Director as a candidate substance
for review.

Key scientific questions and issues relevant for the cancer evaluation

The key scientific issues concern the evaluation of cancer studies in humans and experimental
animals, and mechanistic data. They are as follows:

Questions related to the evaluation of human cancer studies

e What is the level of evidence (sufficient, limited) for the carcinogenicity of
trichloroethylene from studies in humans?

e What are the major strengths and limitations in the individual studies and how do they
affect the findings?

e Are the associations between exposure to trichloroethylene and NHL and cancers of
the kidney and liver observed in some studies, and in the meta-analyses, credible? Can
bias, chance, or confounding be ruled out with reasonable confidence?

Questions related to the evaluation of mechanistic data

e What are the potential mechanisms by which trichloroethylene may cause NHL and
cancers of the kidney and liver?

e s there evidence that the mechanisms by which trichloroethylene causes cancer in
experimental animals may not occur in humans? If so, what is the level of evidence?
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e Is there mechanistic evidence in humans that would support the associations observed
in some human cancer studies? If so, what is the level of evidence? Of special interest is
the level of evidence for mutagenic and cytogenetic modes of action for kidney cancer.

e s there any evidence that trichloroethylene-induced immunologic effects are related
to cancer (such as lymphoma or liver cancer) development?

Approach for obtaining scientific and public input

Additional scientific input was obtained for exposure, human cancer studies, and immune effects
of trichloroethylene. Technical advisors are identified on the “CONTRIBUTORS” page.

Key issues identified in the concept document include (1) the need for expert input on the quality
of the methods used in the epidemiological studies to assess exposure to trichloroethylene and
cancer outcome, and information on trichloroethylene exposure in the studies and (2) the
potential role of immune effects of trichloroethylene in human cancer. In order to receive public
and scientific input on the epidemiological studies and exposure to trichloroethylene, the ORoC
held a webinar titled, "Human Cancer Studies on Exposure to Trichloroethylene (TCE): Methods
Used to Assess Exposure and Cancer Outcomes,™ on March 17, 2014. The ORoC also convened
an information group of scientists, with expertise in immunology, cancer, epidemiology, or
toxicology, who were asked to provide comments on the body of studies of trichloroethylene
exposure and immune effects, and whether these studies are informative for evaluating potential
mechanisms for trichloroethylene-related cancers in experimental animals and humans.

Public comments on scientific issues were requested at several times prior to the development of
the draft RoC monograph, including the request for information on the nomination, and the
request for comment on the draft concept document, which outlined the rationale and approach
for conducting the scientific review. In addition, the NTP posted its protocol for reviewing the
human cancer studies and studies in experimental animals for public input on the ORoC webpage
for trichloroethylene (available at http://ntp.niehs.nih.gov/go/37899) prior to the release of the
draft monograph. Two written public comments on trichloroethylene were received from the
public as of the date on this document (http://ntp.niehs.nih.qov/qo/37663).

Methods for writing the cancer evaluation component of the monograph

The procedures by which relevant literature was identified, data were systematically extracted
and summarized, and the draft monograph was written, together with the processes for scientific
review, quality assurance, and assessment and synthesis of data, are described below.

The preparation of the RoC monograph for trichloroethylene began with development of a
literature search strategy to obtain information relevant to the topics listed above for Sections 1
through 6 using search terms developed in collaboration with a reference librarian (see Protocol).
The citations (N = 3,543) identified from these searches were uploaded to a web-based
systematic review software for evaluation by two separate reviewers using inclusion/exclusion
criteria, and 473 references were selected for final inclusion in the draft monograph using these
criteria. Studies identified from the literature searches but excluded from the review include
publications on chemicals other than trichloroethylene (or relevant structurally related
compounds such as trichloroethylene metabolites and analogues or byproducts of production of
trichloroethylene), and studies involving exposure to trichloroethylene that reported results for
topics not covered in this monograph (see “Monograph contents’).
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Information for the relevant cancer and
mechanistic sections was systematically
extracted in tabular format and/or
summarized in the text, following specific
procedures developed by ORoC, from
studies selected for inclusion in the
monograph. All sections of the
monograph underwent scientific review
and quality assurance (QA) (i.e., assuring
that all the relevant data and factual
information extracted from the
publications have been reported
accurately) by a separate reviewer. Any
discrepancies between the writer and the
reviewer were resolved by mutual
discussion in reference to the original data
source.

Strengths, weaknesses, and study quality
of the cancer studies for trichloroethylene
in humans (see Appendix D) were
assessed based on a series of a priori
considerations (questions and guidelines
for answering the questions), which are
available in the protocol (available at
http://ntp.niehs.nih.gov/go/37899). Two
reviewers evaluated the quality of each
study. Any discrepancies between the two
reviewers were resolved by mutual
discussion in reference to the original data
source. Relevant genotoxicity and
mechanistic studies were also assessed for
their strengths and weaknesses.

RoC listing criteria (see text box) were
applied to the available database of
carcinogenicity data to assess the level of
evidence (sufficient, limited, or
inadequate) for the carcinogenicity of
trichloroethylene from studies in humans
and the level of evidence (sufficient, not
sufficient) from studies in experimental
animals. The approach for synthesizing

RoC Listing Criteria
Known To Be Human Carcinogen:

There is sufficient evidence of carcinogenicity from studies
in humans*, which indicates a causal relationship between
exposure to the agent, substance, or mixture, and human
cancer.

Reasonably Anticipated To Be Human
Carcinogen:

There is limited evidence of carcinogenicity from studies in
humans*, which indicates that causal interpretation is
credible, but that alternative explanations, such as chance,
bias, or confounding factors, could not adequately be
excluded, OR

there is sufficient evidence of carcinogenicity from studies
in experimental animals, which indicates there is an
increased incidence of malignant and/or a combination of
malignant and benign tumors (1) in multiple species or at
multiple tissue sites, or (2) by multiple routes of exposure,
or (3) to an unusual degree with regard to incidence, site,
or type of tumor, or age at onset, OR

there is less than sufficient evidence of carcinogenicity in
humans or laboratory animals; however, the agent,
substance, or mixture belongs to a well-defined, structurally
related class of substances whose members are listed in a
previous Report on Carcinogens as either known to be a
human carcinogen or reasonably anticipated to be a human
carcinogen, or there is convincing relevant information that
the agent acts through mechanisms indicating it would
likely cause cancer in humans.

Conclusions regarding carcinogenicity in humans or
experimental animals are based on scientific judgment,
with consideration given to all relevant information.
Relevant information includes, but is not limited to, dose
response, route of exposure, chemical structure,
metabolism, pharmacokinetics, sensitive sub-populations,
genetic effects, or other data relating to mechanism of
action or factors that may be unique to a given substance.
For example, there may be substances for which there is
evidence of carcinogenicity in laboratory animals, but there
are compelling data indicating that the agent acts through
mechanisms which do not operate in humans and would
therefore not reasonably be anticipated to cause cancer in
humans.

*This evidence can include traditional cancer epidemiology
studies, data from clinical studies, and/or data derived from
the study of tissues or cells from humans exposed to the
substance in question that can be useful for evaluating
whether a relevant cancer mechanism is operating in
people.

1/30/15

the evidence across studies and reaching a level of evidence conclusion was outlined in the
protocol. The evaluation of the mechanistic data included a complete discussion and assessment
of the strength of evidence for potential modes of action for trichloroethylene-induced neoplasia,
including metabolic activation, cytotoxicity, genetic-related effects, and epigenetic effects. The
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RoC listing criteria were then applied to the body of knowledge (cancer studies in humans and
experimental animals and mechanistic data) for trichloroethylene to reach a listing
recommendation.

Vi
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PEER REVIEW

Peer review of the Draft RoC Monograph on Trichloroethylene was conducted by an ad hoc
expert panel at a public meeting held August 12, 2014, in the Rodbell Auditorium at the National
Institute of Environmental Health Sciences, David P. Rall Building, Research Triangle Park, NC
(see http://ntp.niehs.nih.gov/go/38854) for materials, minutes, and panel recommendations from
the peer-review meeting). The selection of panel members and conduct of the peer review were
performed in accordance with the Federal Advisory Committee Act and Federal policies and
regulations. The panel members served as independent scientists, not as representatives of any
institution, company, or governmental agency.

The charge to the Peer-Review Panel was as follows:

1. To comment on the draft cancer evaluation component for trichloroethylene, specifically,
whether it was technically correct and clearly stated, whether the NTP has objectively
presented and assessed the scientific evidence, and whether the scientific evidence is
adequate for applying the RoC listing criteria,

2. To comment on the draft substance profile for trichloroethylene, specifically, whether the
scientific justification presented in the substance profile supports the NTP’s preliminary
policy decision on the RoC listing status of the substance.

The Panel was asked to vote on the following questions:

1. Whether the scientific evidence supports the NTP’s preliminary conclusion on the level of
evidence for carcinogenicity from human cancer studies for each of the three cancer sites:
kidney cancer, non-Hodgkin lymphoma (NHL), and liver cancer.

2. Whether the scientific evidence supports the NTP’s preliminary listing decision for
trichloroethylene in the RoC.

This RoC monograph on trichloroethylene has been revised based on NTP’s review of the
Panel’s peer-review comments. The Peer-Review Panel Report, which captures the Panel
recommendations for listing status of trichloroethylene in the RoC and their scientific comments,
and the NTP Response to the Peer-Review Report are available on the Peer-Review Meeting
webpage for trichloroethylene (http://ntp.niehs.nih.gov/go/38854).



http://ntp.niehs.nih.gov/go/38854
http://ntp.niehs.nih.gov/go/38854

1/30/15 RoC Monograph on Trichloroethylene: Cancer Evaluation

Peer-Review Panel Members

David A. Eastmond, PhD (Chair)
Professor and Department Chair
Environmental Toxicology Graduate
Program and

Department of Cell Biology & Neuroscience
University of California

Riverside, California

Sarah J. Blossom, PhD

Assistant Professor of Pediatrics and
Microbiology and Immunology
UAMS College of Medicine

Arkansas Children's Hospital Research
Institute

Little Rock, Arkansas

Kenneth P. Cantor, PhD, MPH
Private Consultant

KP Cantor Environmental, LLC
Silver Spring, Maryland

John M Cullen, PhD, VMD, DACVP,
FIATP

Alumni Distinguished Undergraduate
Professor

Department of Population Health and
Pathobiology

Research Building

College of Veterinary Medicine

North Carolina State University
Raleigh, North Carolina

George R. Douglas, PhD
George R. Douglas Consulting
Kanata, Ontario

Canada

S. Katharine Hammond, PhD

Professor of Environmental Health Sciences
School of Public Health

University of California, Berkeley
Berkeley, California

Lawrence H. Lash, PhD
Professor and Associate Chair
Department of Pharmacology
Wayne State University
School of Medicine

Detroit, Michigan

Marie-Elise Parent, PhD
Epidemiology and Biostatistics Unit
INRS-Institut Armand-Frappier
Université du Québec

Laval, Québec

Canada

David B. Richardson, PhD, MSPH
Associate Professor

Department of Epidemiology
School of Public Health

University of North Carolina
Chapel Hill, North Carolina

Paolo Vineis, MD, MPH, FFPH
Chair in Environmental Epidemiology
MRC/PHE Centre for Environment and
Health

School of Public Health

Imperial College London

London




RoC Monograph on Trichloroethylene: Cancer Evaluation

1/30/15

Part 1

Draft Cancer Evaluation

Introduction

Disposition and Toxicokinetics
Genotoxicity and Related Effects
Human Cancer Studies

Kidney Cancer

Non-Hodgkin Lymphoma (NHL)
Liver Cancer

NTP Listing Recommendation

Xi



1/30/15 RoC Monograph on Trichloroethylene: Cancer Evaluation

This Page Intentionally Left Blank

Xii



RoC Monograph on Trichloroethylene: Cancer Evaluation 1/30/15

Table of Contents

[ oTo 18T o] o ST TRPR 1
Chemical and phySiCal PrOPEITIES .......ccviiiiiieieiie ettt et 1
1 Disposition and TOXICOKINELICS .......ecveieerireiesieseeiesee e eie e e sie e sseesreeaesraesteeaesseesaeeneesneeses 3
1.1 Absorption, distribution, and EXCrELION ..........cccceiieiieiiiie e s 3
111 HUMAN STUGIES ..ttt bbbttt b bbb 3
1.1.2 Laboratory animal STUAIES ........c.couiiiiiiiie e 4
1.2 IMIBEADOTISIN L.t bbb 5
1.2.1 CYP-dependent OXIAatiON........cccoouiiieiiiie ettt 5
1.2.2  GSH CONJUOALION ..ottt ettt e esneenreeneeaneenneens 8
1.2.3 Trichloroethylene metabolites ..........ooviiiiiiiii i 11
1.3 TOXICOKINELIC JALA.......cveieiiiiiiieiieieiei ettt 12
1.3.1 Oxidative MetabOliSM .......c.ooiiiiiieiee e 12
1.3.2  GSH CONJUOALION ....veeuiieic ettt e e steenneanaenneeneenneas 13
1.3.3 Comparative elimination half-lives ..., 14
1.3.4 Relative roles of the CYP and GSH pathways ..........ccccoveveriieieeiesiieneee e 14
1.4 SYNtheSIS ANG SUMMAIY.......ccuiiiiiiieieiie ettt sttt esbe et sseesbeenbesneesbeenbeas 17
2 Genotoxicity and related effECTS........ooveii i 19
2.1 Invitro mutagenicity studies of trichloroethylene in bacteria...........c.ccooeviiiiiiiiiinnnns 19
2.2 Invitro genotoxicity studies of trichloroethylene in non-mammalian eukaryotes............ 20
2.3 Invitro studies of genotoxicity and related effects of trichloroethylene in mammalian
CRIIS bbb 21
2.4 Studies of nucleic acid and protein binding of trichloroethylene ............ccoocoiiiinns 22
2.5 In vivo genotoXiCity StUIES IN FOAENTS.......cc.veieiieieeie e 23
2.6 Studies of genotoxicity in humans exposed to trichloroethylene ............ccocoveviiiiinnns 24
2.7 Genotoxic and related effects of the metabolites of trichloroethylene ...........c.ccccovveeni. 24
2.7.1 Trichloroacetic aCid (TCA) ..oui i et 24
2.7.2 Trichloroethanol (TCOH) ..o 26
2.7.3 Dichloroacetic aCid (DCA) ..ottt et 26
2.7.4 Chloral hydrate (CH) ....ocveiiee e 27
2.7.5 S-(1,2-dichlorovinyl)-L-cysteine (DCVC), S-(1,2-dichlorovinyl)glutathione (DCVG),
ANA NACDCVC.....ooeee ettt bbbt nns 28
2.8 Summary of genotoxicity and related effects of trichloroethylene and its metabolites.....29
2.8.1 TriChlOrOBtNYIENE. ... .cceieceecee e 29
2.8.2 Trichloroethylene Metabolites.........cooviiiiiiiiii e 30
3 HUMAN CANCET STUIES ...ttt bbbt bbb e e 35
3.1 Literature search strategy and selection of the relevant literature ............cccccoevveeiieinnne, 35
3.2 CONOI STUTIES. ...ttt bbbttt bbb sbeene s 36
3.2.1 Overview of the methodologies and study characteristics ..........ccccooviveniiiniieniene 36
3.2.2 Evaluation of study quality and other elements related to the utility of the studies to
inform the cancer hazard evaluation ... 40
3.3 Kidney or liver cancer case-Control StUAIES ..........cccverveiiiiieiie e 50
3.3.1 Overview of the methodologies and study characteristics ..........cccovvvveniiiniienienn 50

Xiii



1/30/15 RoC Monograph on Trichloroethylene: Cancer Evaluation

3.3.2 Evaluation of study quality and other elements related to the utility of the studies to

inform the cancer hazard evaluation ............c.ccociiiiiininieie e 52
3.4 Case-control studies of NHL and related SUDLYPES........cooviiiiienenieseec e 57
3.4.1 Overview of the methodologies and study characteristics ..........ccccovvviverviieiivernenne 57
3.4.2 Evaluation of study quality and other elements related to the utility of the studies to
inform the cancer hazard evaluation ............c.ccocoiviiiiinieeiee e 59
O (o [0 1=) Y O = PP 63
4.1 HUMAN CANCET STUAIES ...ttt bbbttt ettt bbb sneeneas 63
A4.1.1 SEUAY FINGINGS.c..tiiiiiitieie ettt b et nee b 64
4.1.2 Meta-analyses: KiaNEY CANCEN ........ccccviiereeiieeieseesteeiesee e ste e sae e eee e sneens 86
4.1.3 Forest plot MEthOAS ........c.ooiiiiiiee e 90
4.1.4  Integration aCroSS STUAIES. ......ccueiueieerieeieseesie e e e et ste e e neenneens 92
4.2 Mechanistic data for kidney carcinOgeniCIty .........cccuevviiriinieiie e 96
4.2.1 Hypothesized Mmodes O aCtION........ccccvieiiieiice e 96
4.2.2 The proposed role of GSH-conjugation-derived metabolites in kidney
(o= Vot g oo T=] T [ | Y/ PSSR 96
4.2.3 Proposed modes of action associated with oxidative metabolites.............c..ccccue.ee. 105
A.2. 4 SUIMIMAIY ..ceiitiieiiitesiieesitee sttt e sitee it e st e ettt e s be e e sabe e e sabe e e asbeeeasb e e e nbbeeenbbeesnbeeeanneeeanes 106
5 Non-Hodgkin Lymphoma (NHL)........ooiiiiiiieiiie et 109
5.1 HUMAN CANCET STUTIES ...ttt bbbt sb et 109
5.1.1  StUAY FINAINGS ....eoveiiiieiiieieiie ettt sttt nreas 112
5.1.2 Cohort and nested case-CONtrol STUTIES ...........ccoeriiiriiriiieene e 112
5.1.3 Population-based case-control StUAIES............c.covriiiiiiiieiie e 113
5.1.4 Evaluation of potential confounding by occupational co-exposures or other risk
L2163 (0] £SO USRI 131
5.1.5 Integration aCroSS STUAIES. ......cecveiiiiieieiieseeie e et se e e e sae e nnees 132
5.2 Mechanistic data for NHL and related neoplasms...........c.ccooveiiieienieniencsie e 135
5.2.1 RISK faCIOrS TOr NHL .....ooiiiiiiiieiiseie e 135
5.2.2 Immune effects of trichloroethylene. ... 136
5.2.3 Possible modes of action for trichloroethylene-induced immune modulation and
AN ST PP 147
D.2.4  SUIMMIAIY ...uitiiiieie ettt ettt ettt ettt ettt et e e ettt e ek e e e abe e e sab e e e snb e e e sbb e e e nab e e e bb e e s bneennnes 148
I I AT G O 1 ol PP ORI 149
6.1 HUMAN CANCET STUIES ....eevvieiieiiieiieie ettt bbbttt bt 149
6.1.1  StUAY FINAINGS .. .coeiitieiiieeee ettt nreas 149
B.1.2  MELA-ANAIYSES ....ecveeieeeiieeie ettt ettt et a e re e nres 162
TN I T 101 (=T o ] =[] o OO TU SRRV UORPRRRRIS 164
6.2 Mechanistic data for liver carcinOgeNiCItY..........cccvvvevieiierieeiiee e 166
6.2.1 Hypothesized modes of action with limited experimental support ...........ccccccueeen. 167
6.2.2 Hypothesized modes of action with inadequate SUPPOIt..........ccceviveveeieeiiiereeieeenn 174
B.2.3  SUIMIMIAIY ...ttt ettt ettt ettt et e e s he et e ekt e e bt e eb b e e bt e ebe e e beesa s e e nbeesaneebeennneas 176
7 NTP listing reCOMMENAALION ......ceeiveiiiiieiieie e e e 177
8 A [0 1= o Ly o= PSSP PRPRR 177
7.2 NHL and related CANCETS.........oiiiiiieieiese et 178
O T Y= g0V ol ST URRR 179

Xiv



RoC Monograph on Trichloroethylene: Cancer Evaluation 1/30/15

T4 OFNEI CANCET SITES ....ueiitietiitie ettt ettt sttt et e e b e e s e sbe et e e sbesbeesbeeneesbeenbeenee e 179
7.5 Toxicological considerations across end POINTS..........ccererereririniseeiee e 179
8 RETEIBICES ...ttt b e bttt E et et Re e b e nre e te e e 181
Appendix A: Literature SEArch SIratBOY .......cccevueiiverieiieieereeie e e e e ste e e e ae e e e eesrees A-1
APPENTIX B: ADME TaDIES......oiiiiiie ettt nreas A-3
Appendix C: GENEtiC TOXICOIOY ....veveiverieriiriisiiiieie ettt bbb A-7
Appendix D: Human Cancer Study TabIeS........cooiiiiiiiiie e A-23
Appendix E: Immune Effects (ANIMAalS) ......ccviiiiiiiiie e A-93
Appendix F: Mechanisms of ACtion TabIes ........cccoviiiiiiiiiiie e s A-107
List of Tables
Table 1. Chemical identification of trichloroethylene ...........ccccovieiieie i, 1
Table 2. Physical and chemical properties of trichloroethylene.............ccccooeviineniiii e, 2
Table 1-1. Tissue:blood partition coefficients of trichloroethylene in rats and mice...................... 5
Table 1-2. Trichloroethylene metabolite formation and systemic availability ...............cccccoeeenne. 11
Table 2-1. Summary assessment of genotoxicity and related effects for trichloroethylene and its
MELADOIITES ... et 32
Table 3-1. Cohort and nested case-control studies of trichloroethylene exposure..............c......... 38
Table 3-2. Case-control studies of trichloroethylene exposure: Kidney or liver cancer .............. 51
Table 3-3. Case-control studies of trichloroethylene exposure and NHL and its subtypes.......... 58
Table 4-1. Trichloroethylene cohort and nested case-control studies: Findings for kidney cancer
..................................................................................................................................... 71
Table 4-2. Case-control studies of trichloroethylene exposure: Findings for kidney cancer ....... 80
Table 4-3. Meta-analyses of kidney cancer and trichloroethylene exposure...........ccccceeevvenenne. 87
Table 4-4. Hypothesized modes of action and key events for kidney tumors.............cccocevvenenne 96
Table 4-5. Studies of VHL mutation in trichloroethylene-exposed human subjects with renal-cell
(0= T (od 100 1o - USSP URRTRT 101
Table 5-1. Cohort and nested case-control studies and trichloroethylene exposure: Findings for
N L | PRSP EPPPPRT 116
Table 5-2. Case-control studies of trichloroethylene exposure: findings for NHL .................... 123
Table 5-3. Cohort, nested case-control, and population-based case-control studies of
trichloroethylene exposure and NHL SUDLYPES........ccccvveiveve e, 126
Table 5-4. Meta-analyses of trichloroethylene exposure and NHL and related subtypes.......... 130
Table 5-5. Case-control studies of trichloroethylene exposure and autoimmune diseases in
PUMANS .. ettt b ettt sbe e b e e b e e beenes 139
Table 5-6. Studies of trichloroethylene exposure and lymphocytes, and immune markers in
PUMANS .. ettt e et st b e beene e b e e teenes 142

Table 6-1. Findings for trichloroethylene and cancers of the liver, biliary tract, or gallbladder 154
Table 6-2. Meta-analyses of liver cancer (including gall bladder and biliary passages) and

trichlOrOetNYIENE EXPOSUIE.......ecvieieciiecie ettt nne e 162
Table 6-3. Possible modes of action and key events for trichlorethylene-induced liver cancer. 167
Table B-1a. In vitro kinetics of oxidative metabolism of trichloroethylene............c.cccccevenenen, A-3
Table B-1b. In vitro kinetics of chloral hydrate and dichloroacetic acid biotransformation...... A-4

XV



1/30/15 RoC Monograph on Trichloroethylene: Cancer Evaluation

Table B-2. Rates of DCVG formation from trichloroethylene conjugation ............ccccccevviienen, A-4
Table B-3. Kinetics of in vitro glutathione conjugation of trichloroethylene..............cccccoevenen. A-5
Table B-4. B-Lyase activity from human, rat, and mouse kidney cytosol............ccccervvervninnnnns A-5
Table B-5. Comparison of hepatic in vitro oxidation and glutathione conjugation of
trichloroethylene in human hepatocytes and liver subcellular fractions................... A-6
Table C-1. In vitro mutagenicity studies of trichloroethylene in bacteria.............ccccccevvveinnnnn. A-7

Table C-2. In vitro genotoxicity studies of trichloroethylene in non-mammalian eukaryotes ... A-9
Table C-3. In vitro studies of genotoxicity and related effects of trichloroethylene in mammalian

(including humMan) CEIIS........oivee e A-11
Table C-4. Studies of DNA and protein binding of trichloroethylene in mammalian cells or
[0]0 (<7 ] TSP UR PRSP PPRP A-14
Table C-5. In vivo studies of genotoxicity of trichloroethylene in rodents .............cccccevvenenne A-17
Table C-6. Cytogenetic studies in peripheral blood lymphocytes from trichloroethylene-exposed
L0 =] £ TR UP PRSPPI A-20
Table D-1. Study descriptions and methodologies: cohort studies of trichloroethylene exposure...
................................................................................................................................. A-26
Table D-2. Study descriptions and methodologies: case-control studies of trichloroethylene
eXPOSUre and KIANEY CANCEN .........cciiuiiieiesie sttt A-44
Table D-3. Study descriptions and methodologies: case-control studies of trichloroethylene
exposure and NHL and related SUDLYPES .......cccooviiieiiiiiiieiiee e A-51
Table D-4a. Cohort and nested case-control studies of trichloroethylene exposure: Summary of
STUAY QUATTEY ... et A-63
Table D-4b. Cohort studies: Study sensitivity and exposure-response analyses............c......... A-71
Table D-5a. Case-control studies of trichloroethylene and kidney or liver cancer: Study quality...
................................................................................................................................. A-T77
Table D-5b. Kidney case-control studies: Study sensitivity and exposure response analyses.........
................................................................................................................................. A-81
Table D-6a. Case-control studies of trichloroethylene and NHL and related subtypes: Summary
OF STUAY QUANILY ... ste e enees A-84
Table D-6b. NHL case-control studies: Study sensitivity and exposure response analysis ..... A-87
Table D-7. Studies included in three meta-analyses by cancer Site..........cccocevvriverviieieeniene, A-90
Table E-1. Designs of studies evaluated for trichloroethylene or metabolite induced
immunomodulation relevant to lymphoma and liver cancer ...........c..cccooveveevenenn, A-94
Table E-2. Immunomodulatory endpoints relevant to CanCer............ccoocevervenienieni e A-95
Table E-3. Blood — ADAUCES and 1@UKOCYLES.......c..eceeiieieiieie et A-97
Table E-4. BloOd — ANTIDOIES ....ccveiiiiiiiiiie e e A-98
TabIE E-5. SPIEEN ... nres A-101
Table E-6. LIVEr and KIANGY ........ooiiiiiiiiee ittt A-103
Table E-7. Splenic ex vivo cytokines, lymph node, and anti-bacterial response ................... A-105
Table F-1. Superoxide anion production in male B6C3F; mice administered acute, subacute, and
subchronic doses of dichloroacetic acid or trichloroacetic acid ............cccceevenee.. A-107

Table F-2. Lipid peroxidation and DNA single-strand breaks in the liver of male B6C3F; mice
administered dichloroacetic acid or trichloroacetic acid acutely, subacutely, and
SUDCNIONICAITY ... e A-108

XVi



RoC Monograph on Trichloroethylene: Cancer Evaluation 1/30/15

Table F-3. Phagocytic activation and antioxidant enzyme activity in peritoneal lavage cells from
male B6C3F; mice administered subacute and subchronic doses of dichloroacetic acid

OF triChlOrOACELIC ACI .......ovieieiie e A-109
Table F-4. Antioxidant enzyme activity in liver from male B6C3F; mice administered
dichloroacetic acid or trichloroacetic acid subacutely or subchronically ............. A-110

List of Figures

Figure 1. Chemical structure of trichloroethylene ...........ccoovieeiiiii e 1
Figure 1-1. Oxidative metabolism of trichloroethylene (TCE) ......ccccccoviiiiiieiinieieee e 7
Figure 1-2. Glutathione-dependent metabolic pathways of trichloroethylene.............cccccoeevenenen. 9
Figure 1-3. PBPK model predictions for the fraction of trichloroethylene intake that is
metabolized under continuous inhalation exposure in humans.............cccccveveeeenenn. 16
Figure 1-4. PBPK model predictions for the fraction of trichloroethylene intake that is
metabolized under continuous oral exposure in huMans..........c.cccoceveeeeveececiennnen, 16
Figure 3-1. Study utility ranking: CoNOIt STUIES ...........coiveiiriiiieeeee e 49
Figure 4-1. Study utility ranking: Kidney CANCEN ...........cccveieiieieeii e 65
Figure 4-2. Forest plot-1: Kidney cancer and ever exposure to trichloroethylene ....................... 91
Figure 4-3. Forest plot-2: Kidney cancer and high exposure to trichloroethylene....................... 92
Figure 4-4. Forest plot-3: Kidney cancer and estimated exposure level for trichloroethylene..... 93
Figure 5-1. Study utility ranking: NHL .........ccooiiieee e 111
Figure 5-2. Forest plot: NHL and ever exposure to trichloroethylene...........ccccooveviiiniienene. 134
Figure 6-1. Study utility ranking: LIVEr CANCEN .......cccveieiieiieie e e e se e 151
Figure 6-2. Forest plot: Liver cancer and ever exposure to trichloroethylene..............cccocoeee.. 166
Figure A-1. Literature search strategy and reVIEW............cuevverueriieieerie e e see e A-2

XVii



1/30/15 RoC Monograph on Trichloroethylene: Cancer Evaluation

This Page Intentionally Left Blank

XViii



RoC Monograph on Trichloroethylene: Cancer Evaluation 1/30/15

Introduction

Trichloroethylene is a volatile chlorinated alkene used mainly as an intermediate in
hydrofluorocarbon production and as a degreaser for metal parts (EPA 2014). Other uses for
trichloroethylene include use as a modifier for polyvinyl chloride polymerization and in clear
protective spray coatings for use by arts and crafts hobbyists. Use of trichloroethylene as a
degreaser in the United States declined beginning in the 1970s (Bakke et al. 2007).

A significant number of people living in the United States are or have been exposed to
trichloroethylene because of its widespread presence in the environment from past and present
use, particularly in some drinking-water supplies, and in the workplace. Due to its volatility, the
principal route of exposure is through inhalation although absorption from dermal and oral
exposure also occurs. Exposure has been documented by direct measurements of
trichloroethylene in ambient air in the general environment and in workplaces where it is used.
The presence of trichloroethylene in groundwater and drinking-water supplies near sites of past
use of trichloroethylene has also been confirmed. Additional information on occupational and
environmental exposure to trichloroethylene is described in the draft RoC substance profile in
Part 2 of this monograph.

Chemical and physical properties

Trichloroethylene (Figure 1) is a chlorinated alkene. Table 1 contains some chemical
identification information for trichloroethylene.

Cl Cl

¥<CI
Figure 1. Chemical structure of trichloroethylene

Table 1. Chemical identification of trichloroethylene

Characteristic Information

Chemical Abstracts index name 1,1,2-Trichloroethene

CAS Registry number 79-01-6
Molecular formula C,HCl,
Synonyms TCE; TRI; 1,1,2-trichloroethylene;

trichloroethene; ethylene trichloride;
acetylene trichloride

Source: HSDB 2012, IARC 2014.
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Trichloroethylene exists at room temperature as a clear, colorless, nonflammable liquid with an
ethereal odor. It is slightly soluble in water, soluble in ethanol, acetone, diethyl ether, and
chloroform, and miscible in oil. Trichloroethylene evaporates easily (Dow 2008). It is relatively
stable, but oxidizes slowly when exposed to sunlight in air (IARC 1976). Physical and chemical
properties of trichloroethylene are listed in Table 2.

Table 2. Physical and chemical properties of trichloroethylene

Property Information
Molecular weight 131.4

Specific gravity 1.4642 at 20°C/4°C
Melting point -84.7°C

Boiling point 87.2°C

Log Kow 2.61

Water solubility 1.28 g/L at 25°C

Vapor pressure 69 mm Hg at 25°C

Vapor density relative to air (air = 1) 453

Source: HSDB 2012.
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1 Disposition and Toxicokinetics

Disposition and toxicokinetics refer to how a chemical can enter and leave the body, what
happens to it once it is in the body, and the rates of these processes. Disposition includes
absorption, distribution, metabolism, and excretion while toxicokinetics refers to the
mathematical description of the time course of disposition of a chemical in the body. Section 1.2
discusses the absorption, distribution, and excretion of trichloroethylene; metabolism is
discussed in Section 1.3; and toxicokinetic data derived primarily from in vitro studies are
presented in Section 1.4. These data show that there are qualitative similarities between rodents
and humans. Disposition and toxicokinetic data are important because they describe various
factors that affect the toxicity of a chemical. These factors include routes and rates of absorption,
tissue concentrations and their temporal changes, reactive metabolites, intoxication and
detoxication reactions, routes of elimination, and gender and/or species differences in these
factors. The mechanistic implications of these data are discussed in subsequent sections.

1.1  Absorption, distribution, and excretion

Trichloroethylene is a small, volatile, lipophilic compound that readily crosses cell membranes.
The absorption, distribution, and excretion of trichloroethylene in humans and experimental
animals has been extensively investigated and reported in several recent high quality reviews
published by EPA (2011a), ATSDR (1997, 2013), and IARC (2014). Therefore, this section
focuses on the principal findings from those reviews. Overall, the data indicate that
trichloroethylene is well absorbed by all routes of exposure, widely distributed, and excreted
either unchanged in expired air or as metabolites in the urine.

1.1.1 Human studies

Humans are exposed to trichloroethylene from a variety of sources and by different routes
(ATSDR 1997, EPA 2011a). Occupational exposure occurs primarily by inhalation of vapors and
dermal contact with vapors or liquid. Trichloroethylene is a common environmental
contaminant, thus, the general population may be exposed from contact with contaminated air,
food, and water. Oral absorption in humans is rapid and extensive based on clinical symptoms
and measurements of trichloroethylene and its metabolites in urine and blood following
accidental or intentional ingestion. However, quantitative estimates of absorption were not
possible because the ingested amounts were unknown. Several controlled inhalation and dermal
exposure studies have been conducted in humans. Uptake from the lungs is rapid and the
absorbed dose is proportional to exposure concentration, duration, and pulmonary ventilation
rate. Absorption from the lungs in subjects exposed to trichloroethylene concentrations of 9 to
200 ppm for 30 minutes to 5 hours ranged from about 40% to 70% at rest and 25% to 46%
during exercise. Steady-state concentrations in blood were reached within a few hours after the
start of exposure. The resulting concentration in the blood after establishment of equilibrium
with alveolar air is determined by the blood-to-air partition coefficient. Measured blood-to-air
partition coefficients for trichloroethylene in humans ranged from 8.1 to 11.7. Dermal absorption
of trichloroethylene vapors or liquid is rapid (within minutes of application) with peak
concentrations in exhaled breath occurring within 15 to 30 minutes. However, a dermal flux rate
of 430 + 295 nmol/cm?minute measured in a study of volunteers exposed to neat liquid for 3
minutes indicated high interindividual variability. Poet et al. (2000) conducted skin absorption
studies of trichloroethylene in water and soil using human volunteers (N = 3) exposed by hand
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immersion or forearm patch tests. Mean permeability constants were 0.015 cm/hour (hand
immersion) and 0.019 cm/hr (patch) in water, and 0.0074 cm/hour (hand immersion) and 0.0043
cm/hour (patch) in soil. For the patch tests, 4% and 0.6% of the applied trichloroethylene dose
was absorbed through the skin from water and soil, respectively. An in vitro study using
surgically removed skin samples exposed to trichloroethylene in aqueous solution reported a
permeability constant of 0.12 cm/hour (EPA 2011a).

Once absorbed, trichloroethylene is rapidly distributed throughout the body (EPA 2011a). Tissue
samples collected at autopsy following accidental poisonings or from surgical patients exposed
environmentally show that trichloroethylene is distributed to all tested tissues including the
brain, muscle, heart, kidney, lung, and liver. Trichloroethylene also crosses the human placenta
with ratios of concentrations in fetal:maternal blood ranging from approximately 0.5 to 2. Body
distribution is largely determined by solubility in each organ and can be measured by
tissue:blood partition coefficient. Partition coefficients reported for human tissues are as follows:
fat (63.8 to 70.2), liver (3.6 to 5.9), brain (2.6), muscle (1.7 to 2.4), kidney (1.3 to 1.8), and lung
(0.51t0 1.7). Thus, post-exposure distribution of trichloroethylene is affected by the relative
amount of fat tissue in the body, and accumulation of trichloroethylene in fat may prolong
internal exposure.

Trichloroethylene is primarily excreted as urinary metabolites (see Section 1.2) or in expired air
as the unchanged compound or carbon dioxide (EPA 2011a). Controlled inhalation studies in
humans indicated that 10% to 20% is exhaled unchanged while urinary metabolites accounted
for about 50% to 75% of the retained dose (Bartoni¢ek 1962, EPA 2011a, IARC 2014, Soucek
and Vlachova 1960, Chiu et al. 2007). No quantitative estimates of CO; elimination in humans
were identified. One study reported that 8.4% of the two primary metabolites (trichloroethanol
and trichloroacetic acid) were eliminated in the feces (Bartoni¢ek 1962). Elimination of
unchanged trichloroethylene in the urine is minimal. Small amounts of metabolites may be
excreted in sweat, milk, and saliva.

1.1.2 Laboratory animal studies

Trichloroethylene is well absorbed in laboratory animals by all exposure routes (ATSDR 1997,
EPA 2011a). Studies in mice and rats show that absorption of orally administered
trichloroethylene may approach 100%; however, other factors such as stomach contents, vehicle,
and dose may affect the degree of absorption. Bioavailability from the gastrointestinal tract is
higher in fasted animals, and uptake is faster and more extensive when administered in an
aqueous vehicle compared with an oil vehicle. Peak blood levels occurred within minutes of
dosing, indicating rapid absorption. Both closed-chamber gas uptake studies and blood
concentration measurements following open-chamber experiments demonstrated rapid
absorption of trichloroethylene from the respiratory tract of rodents. One study reported that the
fractional absorption of trichloroethylene vapors was > 90% during the initial 5 minutes in rats
exposed to 50 or 500 ppm but declined to about 70% during the second hour of exposure. Studies
with guinea pigs and rats indicate that trichloroethylene readily penetrates the skin. Estimated
permeability constants in hairless guinea pigs were 0.16 to 0.47 mL/cm%hour (Bogen et al.
1992). (The authors noted that this unit is equivalent to the more commonly used unit of
cm/hour, but they considered it more meaningful for the permeability constant in this context.)
Rat skin was shown to be significantly more permeable to trichloroethylene in water or soil than
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human skin with permeability coefficients of 0.31 cm/hour in water and about 0.09 cm/hour in
soil (Poet et al. 2000).

Detailed tissue distribution studies have been conducted in rodents using different routes of
administration (EPA 2011a). These studies show that trichloroethylene is rapidly distributed
throughout the body following inhalation or oral exposure. Tissue:blood partition coefficient
values in rats and mice are shown in Table 1-1. The highest tissue concentrations were measured
in fat; however, the fat:blood partition coefficients in rats and mice were lower than those
reported for humans (63.8 to 70.2, see Section 1.2.1).

Table 1-1. Tissue:blood partition coefficients of trichloroethylene in rats and mice

Species Fat Brain Liver Kidney Lung Heart Muscle
Rat 22.7-36.1 | 0.71-1.29 | 1.03-2.43 1.0-1.55 1.03 11 0.46—0.84
Mouse 36.4 - 1.62 2.1 2.6 - 2.36

Source: Adapted from EPA 2011a.

As in humans, laboratory animals primarily excrete trichloroethylene metabolites in the urine
(EPA 2011a). Unchanged trichloroethylene and CO, are exhaled, and moderate amounts of
metabolites are excreted in the feces. The amount of unchanged trichloroethylene exhaled
increases with dose in mice and rats, which suggests saturation of metabolic pathways at high
doses. In mice, 1% to 6% is exhaled unchanged at low doses but increases to 10% to 18% at high
doses. Rats excrete about 1% to 3% unchanged at low doses but show a much higher increase at
high doses (43% to 78%). At exposures below metabolic saturation, most of the administered
trichloroethylene is eliminated as urinary metabolites.

1.2 Metabolism

Trichloroethylene metabolism is extensive and complex and most of the toxic effects of this
compound have been linked to its metabolites (IARC 2014, EPA 2011a, ATSDR 1997).
Controlled acute and subacute inhalation studies in humans at trichloroethylene concentrations
up to 320 ppm show that 81% to 92% of the retained dose is metabolized (Bogen et al. 1988).
Saturation of trichloroethylene metabolism occurs at lower doses in rats than in mice, and
mathematical simulation models have predicted metabolic saturation in humans at high exposure
concentrations (ATSDR 1997). Although there are sex, species, and interindividual differences
in metabolism, humans and laboratory animals have in common two distinct pathways:
cytochrome P450-dependent oxidation (CYP) and glutathione (GSH) conjugation (EPA 2011a).
Quantitatively, the oxidative pathway predominates in all species studied. Oxidative metabolites
have been linked to liver toxicity, while reactive metabolites generated by the GSH pathway
have been linked to kidney toxicity. Hepatic first-pass oxidative metabolism is important. In
addition to the liver, other important sites of metabolism include the kidney, lung, blood, and
male reproductive system (Chiu et al. 2006, Cummings et al. 2001, Lash et al. 2014, Lipscomb
et al. 1996). The following sections describe the primary metabolic pathways and metabolites.

1.2.1 CYP-dependent oxidation

CYP-dependent oxidation occurs in humans and rodents and is illustrated in Figure 1-1. The
primary urinary metabolites detected in humans and rodents include trichloroethanol,
trichloroethanol-glucuronide, and trichloroacetic acid (Lash et al. 2014, EPA 2011a). Chloral
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also is a major oxidative metabolite but has low systemic levels due to rapid transformation to
other metabolites (EPA 2011a). Bradford et al. (2011) reported more than a fourfold difference
in peak serum concentrations of trichloroacetic acid in male mice from 15 different strains
administered a single oral dose of trichloroethylene. Serum concentrations of dichloroacetic acid
varied more than 100 fold between strains but were about 1,000 times lower than trichloroacetic
acid concentrations. In vitro data indicate that rodents have a higher capacity to metabolize
trichloroethylene than humans, but this has not been verified in vivo (EPA 2011a). Knadle et al.
(1990) reported that rat hepatocytes produced 5 to 20 times more oxidative metabolites of
trichloroethylene than human hepatocytes under the same experimental conditions.

Briefly, oxidation in the liver (primarily via CYP2E1) yields a chemically unstable oxygenated
trichloroethylene-P450 intermediate that rapidly forms chloral, trichloroethylene oxide, and N-
(hydroxyacetyl)-aminoethanol. The majority of the flux is towards chloral via chlorine migration
(Lash et al. 2014). In body water, chloral is in equilibrium with chloral hydrate. Chloral/chloral
hydrate is rapidly reduced by alcohol dehydrogenase or P450 to form trichloroethanol or
oxidized by aldehyde dehydrogenase to form trichloroacetic acid. Trichloroethanol production
was favored in humans and experimental animals following oral chloral exposure (EPA 2011a).
Trichloroethanol may be oxidized to trichloroacetic acid or form a glucuronide conjugate.
Glucuronide conjugates excreted in the bile may be hydrolyzed back to trichloroethanol in the
intestine and reabsorbed. In vivo studies in rats showed that enterohepatic circulation of
trichloroethanol and subsequent oxidation was responsible for 76% of the trichloroethanol
measured in blood. Although trichloroacetic acid is poorly metabolized it may undergo
dechlorination to form dichloroacetic acid. Dichloroacetic acid also may form from
trichloroethylene oxide, a short-lived intermediate metabolite. A few in vivo studies in mice
have reported that dichloroacetic acid was produced to a very limited extent compared with
trichloroacetic acid (Bradford et al. 2011, Kim et al. 2009a, 2009b). Trichloroethylene-oxide was
the most likely source (Kim et al. 2009a). However, there is some uncertainty about the sources
and amounts of dichloroacetic acid production in vivo, and direct evidence for its formation from
trichloroethylene exposure remains equivocal, especially in humans (EPA 2011a, Lash et al.
2000a). Dichloroacetic acid is difficult to detect in blood because it is rapidly metabolized to
monochloroacetic acid by dechlorination or to glyoxylic acid by GST-zeta in hepatic cytosol
(Lash et al. 2014, EPA 2011a). Glyoxylic acid is subsequently converted to oxalic acid, glycine,
and carbon dioxide.
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Figure 1-1. Oxidative metabolism of trichloroethylene (TCE)

Adapted from: Lash et al. 2014, IARC 2014, EPA 2011a, Kim et al. 2009a.

Compounds that are recovered in urine are shown in boxes while chemically unstable or reactive compounds are
enclosed in brackets. Heavy arrows indicate primary pathways. ADH = alcohol dehydrogenase, ALDH = aldehyde
dehydrogenase, DCA = dichloroacetic acid, DCAC = dichloroacetylchloride, EHR = enterohepatic recirculation,
GST = glutathione-S-transferase, MCA = monochloroacetic acid, OA = oxalic acid, TCA = trichloroacetic acid,
TCE-O = trichloroethylene oxide, TCOG = trichloroethanol-glucuronide conjugate, TCOH = trichloroethanol, UGT
= UDP-glucuronosyltransferase.
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Lipscomb et al. (1997) determined that CYP2E1 was responsible for more than 60% of oxidative
trichloroethylene metabolism in microsomes from human lymphoblastoid cell lines selectively
expressing CYP1Al, CYP1A2, CYP2EL, and CYP3A4. CYP2EL is highly expressed in human
liver and testes but is expressed at very low levels in human kidney (Lash et al. 2014). However,
CYP2EL1 expression is relatively high in rat kidney (Cummings et al. 2001). Although CYP2E1
is the predominant high-affinity isoform for trichloroethylene oxidation in humans and
experimental animals, studies with CYP2E1 knockout mice show that considerable
trichloroethylene oxidation occurs in its absence (Ghanayem and Hoffler 2007). Other P450
isozymes involved in the oxidative metabolism of trichloroethylene include CYP1A1/2,
CYP2B1/2, and CYP2C11/6 in rat liver and/or kidney and CYP2F4 and CYP2F2 in rat and
mouse lung, respectively (Cummings et al. 2001, EPA 2011a, Nakahama et al. 2001, Tabrez and
Ahmad 2013). Other human CYP enzymes that have some activity with trichloroethylene
include CYP1A1/1A2, CYP2A6, and CYP3A4 (Lash et al. 2014, Lash et al. 2000a). CYP2E1
activity towards trichloroethylene is approximately 2-fold and 200-fold higher than that of
CYP1A2 and CYP3A4, respectively (Lash et al. 2000a). Although liver P450 content is similar
across species, mice and rats have higher levels of CYP2E1 than humans (EPA 2011a). The
maximal rate of CYP-dependent oxidative trichloroethylene metabolism is 2- to 4-fold higher in
mice than in rats while the maximal rate in humans is 5- to more than 10-fold slower than in rats
(Lash et al. 2014). Differences in content or expression of the various P450 isoforms could
contribute to interspecies differences in susceptibility.

1.2.2 GSH conjugation

Trichloroethylene flux through the GSH conjugation pathway (Figure 1-2) is much less than
through the oxidative pathway in humans and experimental animals; however, factors that affect
the oxidative pathway indirectly affect the GSH pathway (EPA 2011a). In vitro studies show that
inhibition of P450-mediated oxidation increases GSH conjugation. Reactive metabolites
produced several steps downstream from the initial conjugation are thought to cause cytotoxicity
and carcinogenicity, particularly in the kidney. Glutathione S-transferase (GST) activity is
highest in the liver but appreciable activity also occurs in other tissues including the kidneys
(primarily the proximal tubules) (Lash et al. 2014). There is some uncertainty regarding the
specific GST isoforms that mediate trichloroethylene conjugation; however, Lash et al. (1999b)
reported evidence of high- and low-activity populations among male and female volunteers
exposed to trichloroethylene vapors for 4 hours. These data suggest that polymorphisms affect
GSH conjugation of trichloroethylene in humans. Several studies have reported that GST
polymorphisms modify the risk of renal-cell carcinoma and that specific chemical exposures
(including trichloroethylene) can affect the risk (Cheng et al. 2012, Moore et al. 2010, Buzio et
al. 2003, Sweeney et al. 2000, Briining et al. 1997a); however, two recent studies reported no
association (Yang et al. 2013, Liu et al. 2012).
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Figure 1-2. Glutathione-dependent metabolic pathways of trichloroethylene*

Adapted from: Lash et al. 2014, IARC 2014, EPA 20114, Irving and Elfarra 2012.

Compounds that are recovered in urine are shown in boxes while chemically unstable or reactive compounds are
enclosed in brackets. CGDP = cysteinylglycine dipeptidases, CTAC = chlorothionoacetyl chloride, CTK =
chlorothioketene, DCVC = S-dichlorovinyl-L-cysteine, DCVG = S-dichlorovinyl-glutathione, DCVCS = DCVC
sulfoxide, DCVT = S-dichlorovinyl thiol, FMO = flavin monooxygenase, GGT = y-glutamyl transpeptidase, GST =
glutathione-S-transferase, NACDCVC = N-acetyl DCVC, NAcDCVCS = N-acetyl DCVCS, NAT = N-
acetyltransferase.

FMO-3
P450

* Only 1,2-dichlorovinyl isomers shown but 2,2-dichlorovinyl isomers also produced.
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The initial GSH-conjugation step occurs primarily in the liver and involves GSH displacement of
a chloride ion from trichloroethylene via a nucleophilic substitution reaction. Products of this
reaction include S-(1,2-dichlorovinyl)glutathione and its isomer S-(2,2-dichlorovinyl)glutathione
(DCVG) (Lash et al. 2014, EPA 2011a). Subsequent metabolism through the GSH conjugation
pathway occurs primarily in the kidneys (Lash et al. 2014, EPA 2011a). DCVG, whether it is
formed in the liver or within the kidneys, is converted to its corresponding cysteine conjugate, S-
dichlorovinyl-L-cysteine (DCVC), by hydrolytic reactions with y-glutamyltransferase (GGT) and
cysteinylglycine dipeptidases (CGDP) in the proximal tubular brush-border membrane. GGT and
CGDP activity is much higher in the kidney than the liver in rodents and humans. These
reactions also may take place in the bile or gut during enterohepatic circulation where DCVG
and DCVC may be reabsorbed and further metabolized in the liver. DCVG and DCVC have been
detected in blood, serum, and tissues of rodents, and DCVG has been detected in the blood of
humans exposed to trichloroethylene (Lash et al. 2014). In vitro studies using rodent and human
liver and kidney cellular and subcellular fractions of DCVG formation from trichloroethylene
show considerable differences (EPA 2011a). DCVC is a major branch point in the metabolism
of trichloroethylene leading to three possible metabolites via reactions with N-acetyltransferase,
cysteine conjugate B-lyase, or flavin-containing monooxygenase 3 (FMO3) and are briefly
described below.

N-Acetylation of DCVC to N-acetyl-S-dichlorovinyl-L-cysteine (NAcDCVC) can occur in the
liver or kidney, thus, concentrations of the acetylated metabolite can exceed that which the
kidney is capable of producing on its own (EPA 2011a). NAcDCVC can be deacetylated to
reform DCVC, oxidized by CYP3A to form the corresponding sulfoxide, or excreted in the
urine. CYP3A expression is highly polymorphic in humans. NAcDCVC has been detected in
urine samples from mice, rats, and humans, which indicates that N-acetylation of DCVC is a
common metabolic pathway among these species. In vitro studies of DCVC metabolism indicate
that N-acetylation to NACDCVC is greater in rats than in mice or humans. Only NAcDCVC has
been detected in the urine of experimental animals or humans, which might be due to the reactive
nature of other metabolites generated from the GSH pathway.

Renal cysteine conjugate B-lyase catalyzes the formation of an unstable thiolate metabolite, S-
dichlorovinyl-thiol (DCVT) from DCVC. This reaction has been demonstrated in vitro in rodents
and humans with greater activity reported in rats compared with mice or humans (Green et al.
1997). DCVT spontaneously rearranges to form two chemically reactive and unstable
compounds, chlorothioketene and chlorothionoacetyl chloride (Dekant et al. 1988, Goeptar et al.
1995, Irving and Elfarra 2012).

Finally, DCVC also is a substrate for FMO3-catalyzed sulfoxidation (EPA 2011a). Although the
human kidney expresses relatively low levels of FMO3 (see Section 1.3.2), the available data
suggest that FMO may play a more prominent role relative to 3-lyase in human kidney while the
reverse occurs in rat kidney (Lash et al. 2014). However, none of the possible sulfoxidation
products of trichloroethylene metabolism have been reported in tissues or urine in vivo in rodents
or humans.
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Strain, species, and sex differences in GSH-conjugation have been reported (Lash et al. 2014,
EPA 2011a). Lash et al. (1999b) reported markedly higher amounts of DCVG formation in
healthy male volunteers exposed to trichloroethylene vapors compared with females (see Section
1.3.4). In general, in vitro DCVG formation rates by liver and kidney subcellular fractions were
higher in male rats and mice compared with females of the same species. Lash et al. (2006)
reported that male rats formed more DCVC (considered the nephrotoxic precursor metabolite)
than females. Hepatic concentrations of GSH also were reduced in male but not female rats
exposed to higher doses of trichloroethylene. In mice exposed to trichloroethylene, Bradford et
al. (2011) showed that the levels of DCVG and DCVC were much lower than oxidative
metabolites and varied considerably with strain.

1.2.3 Trichloroethylene metabolites

A summary of trichloroethylene metabolite formation and their systemic availability is shown in
Table 1-2. Systemic availability depends on the chemical stability or reactivity of the metabolite.
Metabolites that are chemically unstable or reactive are likely to spontaneously generate other
molecules through non-enzymatic rearrangement or bind with cellular proteins, lipids, and DNA
near their site of formation rather than distributing via the systemic circulation.

Table 1-2. Trichloroethylene metabolite formation and systemic availability

Tissues Systemic availability
where (rodents and
Pathway/metabolite formed Human | Rodent humans)
P450 oxidation
TCE-O, DCAC liver yes yes no
lung yes yes
testes yes yes
CH/CHL liver yes yes yes
lung yes yes
testes yes yes
TCOH liver yes yes yes
lung - yes
Gl yes yes
testes yes yes
TCA liver yes yes yes
lung yes yes
testes yes -
TCOG liver yes yes yes
DCA liver - yes yes
lung - yes (low amount)
testes yes -
GSH-conjugation
DCVG, DCVC liver yes yes yes
kidney yes yes
DCVT, DCVCS, CTK/CTAC | kidney yes yes no
hematopoietic — yes
NAcDCVC, NAcDCVS liver yes yes yes
kidney yes yes

Source: Lash et al. 2014.

— = no data, CH/CHL = chloral/chloral hydrate, CTK/CTAC = chlorothioketene/chlorothionoacetyl chloride, DCA
= dichloroacetic acid, DCAC = dichloroacetylchloride, DCVC = S-dichlorovinyl-L-cysteine, DCVG = S-
dichlorovinyl-glutathione, DCVVCS = DCVC sulfoxide, DCVT = S-dichlorovinyl thiol, NAcDCVC = N-acetyl
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DCVC, NAcDCVCS = N-acetyl DCVCS, TCA = trichloroacetic acid, TCE-O = trichloroethylene oxide, TCOG =
trichloroethanol-glucuronide conjugate, TCOH = trichloroethanol.

1.3 Toxicokinetic data

The kinetics of trichloroethylene metabolism for the oxidative and GSH conjugation pathways
and elimination of metabolites are described below. Since reactive metabolites are responsible
for trichloroethylene toxicity, especially for the liver and kidney (EPA 2011a), it is important to
understand the factors that affect the flux through each metabolic pathway.

1.3.1 Oxidative metabolism

The oxidative metabolites of trichloroethylene proposed to contribute to liver carcinogenicity are
chloral hydrate, TCA, TCOH, and DCA (see Figure 1-1 and Section 6.2). The initial oxidative
step that produces chloral hydrate is critical because this is the rate-limiting step in formation of
TCA and DCA, which are the putative toxic metabolites (EPA 2011a). Mice have a greater
oxidative metabolic capacity for trichloroethylene (i.e., higher Vmax) than either rats or humans
(see Appendix B, Table B-1a). However, human liver microsomes generally showed a higher
affinity (i.e., lower Ky,) than rat or mouse microsomes. Thus, the lower apparent Ky, in humans
may partially offset the lower Vmax resulting in similar clearance efficiencies (Vmax/Kr)
compared with rodents. Rat kidney microsomes also had a much lower affinity for
trichloroethylene than rat liver microsomes. K, values for TCOH formation were much lower
than for TCA formation and are consistent with TCOH formation predominating over TCA
formation in all three species (see Appendix B, Table B-1b). Since the metabolism of chloral
hydrate to TCA and TCOH involves several enzymes and cofactors, changes in the cellular
cofactor ratio or redox status in the liver could impact the relative amounts of TCOH and TCA
produced. In humans, the total amount of TCA excreted may be similar to the amount of TCOH
because TCA has a much longer urinary half-life.

Lipscomb et al. (1997) reported that K, values were not normally distributed and could be
separated into three statistically distinct populations among 23 human hepatic microsomal
samples (see Appendix B, Table B-1a). K, values were significantly higher (33.1, N = 13) in
males than in females (21.9, N = 10) but Vmax values were not significantly different. Vmax
values were normally distributed and generally correlated with increasing Ky, values. Lipscomb
et al. (1998b) compared the metabolism of trichloroethylene in pooled human, mouse, and rat
liver microsomes at different concentration ranges. Ky, values in rats showed marked differences
at different concentration ranges while those for mice and humans were constant. These data
indicate that several CYP isoforms with different K, values (high-, medium-, and low-affinity
forms) metabolize trichloroethylene in the rat. High concentrations of trichloroethylene (1,000
ppm) inhibited CYP2E1 activity but increased CYP1A1/1A2 activity in all three species. Elfarra
et al. (1998) reported species- and sex-related differences in Kinetics of trichloroethylene
metabolism. Vmax and Vmax/K,, values from female mouse liver microsomes were consistently
higher than values from the corresponding male mouse liver microsomes or rat and human liver
microsomes. There were no sex-related differences in the rates of metabolism with rat or human
microsomes. Rat and human microsomes exhibited biphasic kinetics consistent with the
involvement of both low-affinity and high-affinity enzymes while mouse liver microsome
kinetics were described by single values for K, and Vmax.
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1.3.2 GSH conjugation

The GSH-conjugation pathway results in formation of reactive species several steps downstream
from the initial conjugation, and some of these metabolites (particularly DCVC) are nephrotoxic
(see Figure 1-2 and Section 4.2) (EPA 2011a). In vitro studies of trichloroethylene conjugation
show considerable intra- and interspecies differences and, in some cases, contradictory results.
For example, conjugation rates reported by Green et al. (1997) and Dekant et al. (1990) were
orders of magnitude lower than those reported by Lash et al. (1999a, 1998). Green et al. also
reported some DCVG formation in rat liver cytosol while Dekant et al. did not. The reasons for
the discrepancies are not completely understood but may be explained in part by different
analytical methods (EPA 2011a, Lash et al. 20004, Lash et al. 1999a). However, serum
concentrations of DCVG and DCVC collected from rats exposed to an oral dose of 1,970 mg/kg
(Lash et al. 2006) were comparable (i.e., within an order of magnitude) to those obtained in mice
exposed to an oral dose of 2,140 mg/kg in a more recent study (Kim et al. 2009a,b).

DCVG formation was significantly higher in liver cells from male rats compared with female
rats while the rates in kidney cells and subcellular fractions were comparable for both sexes.
Rates of DCVG formation were significantly higher in male mouse liver microsomes and kidney
cytosol compared with females but female mice had higher rates in kidney microsomes. Overall,
DCVG formation was unexpectedly higher in mice than in rats. There were no significant sex-
related differences in DCVG formation in humans; however, the rate of GSH conjugation in
human liver spanned a range of 2.4-fold in cytosol and 6.5-fold in microsomes (Lash et al.
1999a). Although the data show that rates of trichloroethylene conjugation are higher in human
liver and kidney subcellular fractions (with the exception of Green et al.) than in rats or mice
(Appendix B, Table B-2), there is significant uncertainty in the quantitative estimation of DCVG
formation from trichloroethylene.

Reported K, constants and Vmax values of GSH conjugation from pooled human kidney and
liver cells and subcellular fractions and rat kidney proximal tubular cells (Appendix B, Table B-
3) show that the liver is the primary site of GSH conjugation; however, the kidney also has
significant capacity to catalyze DCVG formation. Further, conjugation of trichloroethylene in all
systems, with the exception of human hepatocytes and kidney subcellular fractions, included two
kinetically distinct processes (high affinity and low affinity). In human hepatocytes, DCVG
formation exhibited time-, trichloroethylene concentration-, and cell concentration-dependent
formation (Lash et al. 1999a). Maximum formation occurred with 500-ppm trichloroethylene but
decreased at concentrations of 1,000 ppm and above. DCVG formation in liver and kidney
subcellular fractions exhibited time-, protein concentration-, and both trichloroethylene and GSH
concentration-dependent formation.

Most DCVG is converted to DCVC in a two-step process involving GGT and CGDP (see Figure
1-2). GGT activity is concentrated in the microsomal fraction of the cell and is much higher in
the kidney than the liver in rodents and humans (EPA 2011a). GGT activity in rat kidney
microsomes were about two-fold greater than in humans and about 20-fold greater than in mice
(Lash et al. 1999a, 1998). Whole organ CGDP activity also was higher in the kidney than liver in
all mammalian species tested (Hinchman and Ballatori 1990).

As mentioned above, three potential bioactivating pathways for DCVC are cysteine conjugate 3-
lyase, FMO3, and CYP3A. Limited data were available describing species differences in the
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activities of these metabolic enzymes. Lash et al. (2000a) compiled -lyase activity and kinetic
parameters (K, and Vmax) in kidney cytosol from rats, mice, and humans for several cysteine
conjugates (Appendix B, Table B-4). These data show that 3-lyase activity varies with substrate
and laboratory but is higher in rats compared with humans or mice.

FMO3 is the predominant FMO isoform in the adult human liver and orthologues from various
species were catalytically similar (Ripp et al. 1999). Sulfoxide formation (nmol
sulfoxide/min/mg protein) was sex-dependent in mice and dogs (higher in females), but not in
humans, rats, or rabbits. Sulfoxide formation was highest in rabbit liver microsomes followed by
humans and rats. Data for kidney microsomes were highest for rats and were similar to values
derived from rat liver microsomes. S-Oxidase activity in mouse kidney microsomes was lower
than observed in mouse liver microsomes and did not show sex-dependence. No data were
available for human kidney microsomes in this study. Ky, and Vmax values obtained from
incubating DCVC with membrane fractions of bacteria expressing human or rabbit FMO3 cDNA
in the presence of NADPH were similar. In another study, DCVC sulfoxidation was detected
with FMO3 but not with other isoforms (Krause et al. 2003). Incubations of DCVC with human
liver microsomes resulted in detection of the corresponding sulfoxide but not when incubated
with kidney microsomes. Expression levels of FMOL1 (3.2 to 11.5 pmol/mg protein) and FMO5
(trace to 5.8 pmol/ mg protein) were higher than FMO3 levels (trace to 1.3 pmol/mg protein) in
human kidney samples. There were no data on species differences in CYP3A-mediated
sulfoxidation of NAcDCVC (EPA 2011a).

1.3.3 Comparative elimination half-lives

Reported plasma half-lives of trichloroethylene metabolites were much shorter in rodents than in
humans (Lash et al. 2000a). Plasma half-lives of trichloroacetic acid in humans ranged from 51
to 99 hours compared with 3 to 16 hours in rodents. The plasma half-lives of trichloroethanol
were about 12 hours in humans and 3 hours in mice. Reported half-lives for chloral hydrate and
trichloroethanol glucuronide were 3 and 5 hours, respectively, in mice but these metabolites were
not detected in humans exposed to 100 ppm for 4 hours. Lash et al. (1999b) reported that the
elimination half-life of DCVG in blood of human volunteers was 0.74 hours in males and 0.94
hours in females. Several studies have investigated urinary elimination half-lives of
trichloroacetic acid and trichloroethanol in workers exposed to trichloroethylene (reviewed by
EPA 2011a). Urinary trichloroacetic acid levels exhibited marked saturation at exposure > 50
ppm while trichloroethanol did not. Reported half-lives for trichloroethanol ranged from about
15 to 43 hours compared with 40 to 58 hours for trichloroacetic acid. The elimination half-lives
for both metabolites were higher in females than in males. Urinary elimination Kinetics also were
faster in rodents than in humans with some studies reporting complete elimination within 1 to 2
days.

1.3.4 Relative roles of the CYP and GSH pathways

Comprehensive mass-balance studies are unavailable in humans, but studies in rodents given 2 to
2,000 mg/kg [**C]-trichloroethylene reported that 95% to 99% of radioactivity excreted in urine
was attributed to oxidative metabolites (EPA 2011a). Genetic polymorphisms or exposure to
CYP inducers or inhibitors can alter the balance between oxidation and GSH conjugation of
trichloroethylene (Lash et al. 2014). Impacts may be more substantial at higher substrate
concentrations where the Vmax may become more limiting than hepatic blood flow. Reported
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ratios of primary oxidative metabolites to NAcDCVC in urine ranged from 986 to 2,562:1 in rats
and 3,292 to 7,163:1 in humans. Although NAcDCVC is a useful indicator of GSH conjugation,
it likely represents only a small fraction of trichloroethylene flux through this pathway. The
range of kinetic data for oxidation and conjugation of trichloroethylene derived from in vitro
studies show substantial overlap (Appendix B, Table B-5) and suggest that the total flux through
the GSH pathway is much more substantial than estimates derived from urinary mercapturates (<
0.1%) alone would suggest. Lash et al. (1999b) also reported that maximum blood
concentrations of DCVG in human volunteers exposed to trichloroethylene vapors (50 or 100
ppm) were similar to those of TCA and TCOH in the same subjects; however, the area under the
curve (AUC) values for the oxidative metabolites were much higher than those for DCVG.
DCVG blood concentrations were higher in males (46.1 + 14.2 nmol/mL) than in females (13.4 +
6.6 nmol/mL) in this study but elimination half-lives were similar. Based on an analysis of the
distribution of individual values for DCVG in blood the results could indicate the existence of
two subpopulations of individuals with a genetic polymorphism rather than a true gender
difference. Lash et al. (1999a) also noted that GSH conjugation of trichloroethylene in vitro was
inhibited by about 50% in the presence of the oxidative pathway while the addition of GSH had
no effect on CYP-catalyzed formation of chloral hydrate.

EPA (2011a) developed an updated physiologically based pharmacokinetic model (PBPK) for
trichloroethylene and its metabolites. A hierarchical Bayesian population analysis using Markov
chain Monte Carlo sampling was performed to evaluate uncertainty in population parameters and
variability within a population. Simulations for a number of representative dose-metrics across
species were conducted to predict the fraction of trichloroethylene metabolized by oxidative or
GSH-conjugation pathways (liver and kidney) under conditions of continuous inhalation or oral
exposure. Results from these simulations for humans show that the fraction metabolized by
oxidation decreases at higher doses while the fraction metabolized by GSH-conjugation
increases with dose (Figures 1-3 and 1-4).
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Figure 1-3. PBPK model predictions for the fraction of trichloroethylene intake that is

metabolized under continuous inhalation exposure in humans
Source: EPA 2011a.
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Figure 1-4. PBPK model predictions for the fraction of trichloroethylene intake that is

metabolized under continuous oral exposure in humans
Source: EPA 2011a.
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1.4 Synthesis and summary

Trichloroethylene is a small, lipophilic compound that readily crosses biological membranes.
Studies in humans and experimental animals confirm that trichloroethylene is rapidly and
efficiently absorbed following oral, inhalation, or dermal exposure. Distribution from blood to
tissues is determined by the blood:tissue partition coefficients, which are largely related to tissue
lipid content. High concentrations, relative to blood, occur in the kidney, liver, brain, and fat.
Adipose tissue may serve as a reservoir for trichloroethylene, thus prolonging internal exposure.
Metabolism is complex; however, two distinct metabolic pathways have been identified that are
common to all mammalian species studied: CYP oxidation and GSH conjugation. These
pathways operate in parallel. Important sites of metabolism include the liver, kidneys, lungs,
blood, and male reproductive system. Oxidation is the predominant pathway and CYP2EL is the
primary isoform involved. Trichloroethanol, trichloroethanol-glucuronide, and trichloroacetic
acid are the primary oxidative metabolites detected in blood and urine of humans and laboratory
animals. Chloral and chloral hydrate also are formed but are rapidly metabolized. The GSH
conjugation pathway produces several metabolites (DCVG, DCVC, DCVCS, DCVT,
NAcDCVC, NAcDCVCS, chlorothioketene, and chlorothionoacetyl chloride); however, only
NAcDCVC is stable enough to be detected in urine. Trichloroethylene is eliminated unchanged
or as carbon dioxide in expired breath. Metabolites are primarily eliminated in the urine with
generally smaller amounts eliminated in feces. Conjugated metabolites may be excreted in the
bile and reabsorbed from the gastrointestinal tract via enterohepatic recirculation. Although
metabolic pathways and metabolites detected in humans and laboratory animals are qualitatively
similar, the data show substantial quantitative intra- and interspecies variability that may explain
differences in susceptibility to toxic effects. Much of the variability is due to gender-, species-,
and individual-dependent differences in content and activity of key metabolic enzymes (CYP2E1
and GSTs).

In vitro data indicate that mice have a higher oxidative metabolic capacity for trichloroethylene
than rats or humans, but the variability within species can be 2 to 10 fold. However, K, values
derived from liver microsomal metabolism of trichloroethylene indicate that affinity is higher in
humans than rodents. Thus, the clearance efficiency of oxidative metabolites (Vmax/Ky,) is
similar among these species when exposed to low concentrations. There is evidence that humans
can be divided into statistically distinct populations based on K, values. Overall, females have a
significantly higher affinity (lower K,) than males. Rat and human liver microsomes exhibited
biphasic kinetics (consistent with the involvement of low-affinity and high-affinity enzymes)
while incubations with mouse liver microsomes were monophasic. Reported plasma and urinary
elimination half-lives of oxidative metabolites were shorter in rodents than in humans.

As with oxidative metabolism, in vitro studies of GSH conjugation of trichloroethylene in mice,
rats, and humans show considerable intra- and interspecies variability. Conjugation rates also
differed by several orders of magnitude between laboratories. The reasons for the discrepancies
have not been fully resolved, thus, there is considerable uncertainty in quantitative estimates
associated with this pathway. Most in vitro studies with subcellular fractions from the liver and
kidney showed that two Kkinetically distinct processes (high affinity and low affinity) were
involved in GSH conjugation of trichloroethylene. One study reported that the rate of GSH
conjugation spanned a range of 2.4-fold in human liver cytosol and 6.5-fold in microsomes. The
activities of two important enzymes in this pathway (GGT and p-lyase) were higher in rat kidney
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cytosol than in mice or humans; however, the rate of DCVG formation was higher in mouse liver
and kidney subcellular fractions than in rats. Although oxidation clearly is the predominant
metabolic pathway, the range of in vitro kinetic estimates for the two pathways showed
substantial overlap and indicated that the total flux through the GSH pathway was higher than
estimates derived solely from urinary metabolites.
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2 Genotoxicity and related effects

This section addresses genotoxicity and related biological adverse effects that are possibly
involved in the mode of action of trichloroethylene-induced carcinogenicity. Genotoxicity is well
recognized as a characteristic of many carcinogenic chemicals and a key event for many
malignant diseases. The mechanistic implications of these genotoxic effects are discussed in
subsequent sections. Related effects, such as cell transformation and DNA and protein binding,
are included in the review when data were available.

Trichloroethylene has been tested in short-term assays to evaluate mutagenicity and other
potential genotoxic effects. The data presented in Section 2 are a compilation of evidence in
studies available from authoritative reviews (IARC 2014, 1995, EPA 2011a, NAS 2006) as well
as a few recently published primary peer-reviewed articles. Trichloroethylene is often stabilized
using a number of different chemicals, such as epichlorohydrin or 1,2-epoxybutane (both of
which are potent mutagens); the presence of these stabilizers and/or the purity of
trichloroethylene test substance are noted if that information is available.

While many variables in experimental design can affect the results of studies and create apparent
discrepancies in responses for the same endpoint, two in particular are pertinent to
trichloroethylene exposures, chemical volatility and the choice of solvent used for test agents.
Another potential cause for differences in results between studies includes cytotoxicity or other
physiological changes to the test organism, which can affect results but is not always measured
and/or reported. Finally, consideration of the positive or negative result should be informed by
the study design and reporting; e.g., it is possible that an impure test sample could result in a
‘positive’ result that is actually due to a contaminant. For example, when epichlorohydrin or
1,2-epoxybutane is present as a stabilzer in the test sample of trichloroethylene, an observed
mutagenic response could actually be due to those chemicals rather than to the trichloroethylene.
Conversely, false ‘negative’ results could occur if the study design is not optimal; the use of
inappropriate treatment methods or assay type could compromise the results. For example, a
volatile chemical may test “negative” in a standard mutagenicity assay but “positive” when the
assay is modified for testing vapor phase samples. In addition, solvents such as DMSO can react
chemically with some test chemicals, including raising the pH, which could result in effects that
would not otherwise be observed; thus, careful consideration should be made of assays in which
reactive solvents are used.

Results from studies on the genotoxic effects of trichloroethylene are summarized in tables in
Appendix C and an overall summary call is provided by endpoint in Table 2-1, based on the
integration of the evidence from authoritative reviews (IARC 2014) and any additional studies
identified.

2.1 In vitro mutagenicity studies of trichloroethylene in bacteria

Trichloroethylene exposure induced mutants in Salmonella typhimurium tester strain TA100 in
several, but not all, studies that tested pure (no stabilizer) samples of trichlorethylene. Although
results in other strains (TA97, TA98, and TA1537) were negative, the positive results in stain

TA100 are attributed to base-pair substitution and thus provide some evidence for mutagenicity
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of trichloroethylene in the presence of metabolic activation (IARC 2014). Results from these
studies are discussed below and summarized in Appendix C, Table C-1.

Trichloroethylene without stabilizers (high purity) induced a slight, but reproducible, response in
most, but not all, studies using Salmonella strain TA100, with the addition of exogenous
metabolic activation (S9). Of the five positive studies in TA100 that tested samples without
stabilizers, only one used DMSO as a solvent (see Section 2.7.1 for a discussion of the potential
interaction between DMSO and TCA), suggesting that the solvent used did not affect the results.
Trichloroethylene was weakly positive in one study with strain TA1535, tested without S9. A
negative response was noted for all other strains, either with or without S9. Different tester
strains of Salmonella are designed to detect the type of mutation that is induced. Negative results
in TA97, TA98, and TA1537 suggest that trichloroethylene does not induce frameshift mutations
while the positive results observed for strains TA1535 and TA100 are attributed to base-pair
substitution. In addition, strain TA100 was derived from TA1535 with the addition of plasmid
pKM101, which makes it more sensitive and could explain the results observed with these two
strains. Some mutagenic activity was reported in multiple Salmonella strains when impure
trichloroethylene or trichloroethylene with stabilizers was used as the test agent. One study
reported a mutagenic response but only at high levels of toxicity (McGregor et al. 1989). A study
utilizing a Salmonella strain competent in CYP2E1 metabolism (Emmert et al. 2006) reported
mutagenic effects and there was a low-level (two-fold) response at a single locus (argse)
observed in a reversion assay using E. coli K12, but only with the addition of metabolic
activation; however, DMSO was used in this study. Furthermore, the use of certain solvents (e.g.,
DMSO, ethanol) can be a concern if they chemically interact with the test compound (see
discussion in Section 2.7.1) or affect key metabolizing enzymes such as CYP2E1, which can
lead to false negative results.

Mutagenicity studies of trichloroethylene in wastewater suggest that the parent compound or its
metabolites interact with other chemicals present in the water to enhance the genotoxicity of
complex mixtures, based on the results from tests with trichloroethylene alone or in the
wastewater. In a study by Tabrez and Ahmad (2012), wastewater samples contaminated with
trichloroethylene (determined by gas chromatography analysis to be 28.4 and 8.97 mg/L were
mutagenic in the Ames fluctuation assay using S. typhimurium strains TA98 and TA100. The
authors reported that exposure to trichloroethylene alone at concentrations up to 1,000 mg/L did
not induce mutations in the assay. However, there was a significant increase in mutant induction
when the wastewater samples plus 100 mg/L trichloroethylene (purity not reported) were tested,
both with and without S9 activation. No determination of cytotoxicity was reported in this study.

2.2 In vitro genotoxicity studies of trichloroethylene in non-mammalian eukaryotes

Results of in vitro genotoxicity studies of trichloroethylene in non-mammalian eukaryotes are
summarized in Appendix C, Table C-2. Positive effects were observed in several studies, for
both pure (no stabilizers) test samples and those of unknown purity; none of these studies used
DMSO as a solvent. Overall, there is limited evidence for genotoxic activity of trichloroethylene
in fungi, and possibly plants, and this activity is most likely mediated by its metabolites.

In fungi, trichloroethylene has been evaluated for gene mutation, conversion, and recombination,
as well as mitotic segregation and aneuploidy. There is some evidence that trichloroethylene
causes gene conversion and gene mutation in Saccharomyces cerevisiae D7 in the presence of
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metabolic activation. Evidence for gene conversion comes from positive findings in two of three
studies (Bronzetti et al. 1978, Callen et al. 1980), one of which used trichloroethylene that did
not contain stabilizers (Bronzetti et al.); findings were negative in strain D4, which has a lower
activity of CYP than strain D7. Trichloroethylene exposure caused gene mutations in all three
studies in S. cerevisiae D7 including one study using a preparation that did not use stabilizers,
and in actively growing (not quiescent) cultures of the mold Aspergillus nidulans (Crebelli et al.
1985). However, trichloroethylene was not mutagenic in the yeast Schizosaccharomyces pombe,
either with or without S9 activation (Rossi et al. 1983). Trichloroethylene also caused
aneuploidy in S. cerevisiae D7 (with and without activation) and recombination and mitotic
crossover in S. cerevisiae D7 (with metabolic activation) but not in quiescent or growing

A. nidulans cells. Interpretation of these endpoints is limited because purity of trichloroethylene
is not known in any of the studies.

In the study of wastewater genotoxicity described above, wastewater samples alone (which were
contaminated with trichloroethylene) also induced a significant rise in chromosomal aberrations
in the Allium cepa (onion) bulb genotoxicity test. Wastewater samples spiked with 100 mg/L
trichloroethylene (purity not reported) increased the frequency of chromosomal aberrations.
Since there was no effect of trichloroethylene exposure alone at up to 1,000 mg/L, this suggests
that trichloroethylene and/or its metabolites might have interacted with chemicals present in the
wastewater to enhance the genotoxicity. No determination of cytotoxicity was reported in this
study (Tabrez and Ahmad 2012).

2.3 In vitro studies of genotoxicity and related effects of trichloroethylene in mammalian
cells

Several studies have examined the potential for trichloroethylene-induced genotoxicity in
mammalian systems in vitro; findings are discussed below and summarized in Appendix C,
Table C-3. These studies suggest that trichloroethylene causes genotoxicity in vitro, specifically
DNA strand breaks, micronucleus formation, and sister chromatid exchanges in vitro.
Importantly, some of these effects (DNA strand breaks and micronuclei) were observed in the
kidney. A limitation of these studies is that, for many of them, the purity of trichloroethylene is
unknown. Regarding the use of DMSO as a solvent in these studies, it does not appear to be a
confounding issue. Very few studies included exogenous metabolic activation and the only two
studies that reported positive results apparently used DMSO as a solvent. However, several
assays reporting positive results were conducted using primary cells, which presumably have
retained endogenous metabolic capability, and most of these studies did not use DMSO as a
solvent. In addition, trichloroethylene also caused cell transformation, which can arise from
genotoxic and non-genotoxic mechanisms.

Trichloroethylene exposure induced dose-dependent increases in micronucleus formation and
DNA strand breaks in primary cultures of rat and human kidney cells and in the human hepatoma
HepG2 cell line (Robbiano et al. 2004, Hu et al. 2008); these results may be due to
trichloroethylene metabolites since cultured primary cells generally retain endogenous metabolic
activation capabilities. However, there was also a significant increase in micronuclei in CHO-K;
cells treated with trichloroethylene (> 99.5% pure) without the addition of exogenous S9,
suggesting metabolism was not needed for the observed effect (Wang et al. 2001) but not in
human lymphocytes (Kumar et al. 2009). In vitro trichloroethylene exposure increased the
frequency of sister chromatid exchange (SCE) in mammalian cells in two studies using pure
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samples (Galloway et al. 1987, Gu et al. 1981); a short exposure time, limited dose levels, and
lack of a positive control limit the interpretation of the results of the third study (White et al.
1979). Trichloroethylene exposure did not induce chromosomal aberrations in Chinese hamster
ovary or lung cells or in human lymphocytes (Galloway et al. 1987, Sofuni et al. 1985, Kumar et
al. 2009).

Findings were inclusive for gene mutation; increased mutations were observed in mouse
lymphoma cells treated with trichloroethylene (in the presence, but not absence, of exogenous
metabolic activation S9); however, mutation was not reported in treated human TKG6 cells, with
or without S9 (Caspary et al. 1988). Results for trichloroethylene induction of unscheduled DNA
synthesis (UDS) were negative in rat and mouse hepatocytes when pure samples were tested
(Shimada et al. 1985, Williams et al. 1989), but results were mixed when test samples of
trichloroethylene contained stabilizers or were of unknown purity (Costa and lvanetich 1984,
Shimada et al. 1985, Williams et al. 1989, Milman et al. 1988). A study in human lymphocytes
showed a weak response for UDS induction after exposure to trichloroethylene; although the test
sample presumably did not contain stabilizers and the DMSO concentration was only 1% (IARC
2014).

Cell transformation was induced by trichloroethylene in BALB/c-3T3, rat embryo cells, and
Syrian hamster embryo cells (Tu et al. 1985, Amacher and Zelljadt 1983, Price et al. 1978). Cell
transformation assays may not indicate a genotoxic mechanism.

2.4  Studies of nucleic acid and protein binding of trichloroethylene

Binding of trichloroethylene to nucleic acids and proteins has been studied in cell-free systems
and in vivo in rodents and are discussed below and summarized in Appendix C, Table C-4. The
available evidence shows that trichloroethylene can bind both DNA and protein. None of the
reviewed studies reported using DMSO as a solvent.

In vitro trichloroethylene exposure results in binding to nucleic acids and protein and is likely
dependent on metabolite formation, with mouse microsomes inducing a higher level of binding
than rat microsomes. Incubation with **C-labeled trichloroethylene resulted in covalent binding
to salmon sperm DNA (Banerjee and Van Duuren 1978), calf thymus DNA (DiRenzo et al.
1982, Bergman 1983, Miller and Guengerich 1983, Mazzullo et al. 1992), and rat and mouse
hepatocyte DNA (Miller and Guengerich 1983). Binding was observed in microsomal proteins
from mouse and rat liver, lung, stomach, and kidney (Banerjee and VVan Duuren 1978, Miller and
Guengerich 1983) and human liver (Miller and Guengerich 1983). All but one of these in vitro
studies used test samples that did not contain stabilizers; Mazzullo et al. (1992) used 98.9% pure
trichloroethylene, which may have contained stabilizers or impurities (IARC 2014). Studies
showing significant binding of trichloroethylene metabolites to DNA and protein postulated that
trichloroethylene oxide, which is formed as an oxidative intermediate in trichloroethylene
metabolism in rodent microsomes, is the form that binds most readily to protein (Cai and
Guengerich 2001) and, to a lesser extent, DNA (Miller and Guengerich 1983). Phenobarbital
pretreatment increased the formation of the trichloroethylene metabolites chloral hydrate (CH)
and trichloroethylene oxide and increased the formation of DNA and protein adducts (Miller and
Guengerich 1983).
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Studies in vivo provide evidence of binding to protein and DNA in both mice and rats following
trichloroethylene administration. Protein binding was observed in both liver and kidney from
B6C3F; mice but not Osborne-Mendel rats exposed to trichloroethylene by inhalation (Stott et
al. 1982). In the same study, results for DNA binding in the liver for mice treated orally were
inconclusive. However, a second study reported weak DNA binding in the liver, kidney, lung,
and stomach of both the BALB/c mouse and the Wistar rat exposed to TCE by i.p. injection; test
sample purity was 98.9% (Mazzullo et al. 1992). NMRI mice treated i.p. with trichloroethylene
(> 99% pure) showed increased radioactivity in nucleic acids for several tissues (spleen, lung,
kidney, pancreas, testis, and brain), this effect was due to the metabolic incorporation of **C-
labeled nucleotides directly into DNA and RNA, especially guanine and adenine, rather than
adduct formation (Bergman 1983).

2.5 In vivo genotoxicity studies in rodents

Trichloroethylene has been tested for genotoxicity in vivo and study results are discussed below
and summarized in Appendix C, Table C-5. Overall, there is some evidence that
trichloroethylene can induce DNA strand breaks and micronucleus formation, depending on the
tissue, in rodents. These two endpoints are consistent with in vitro studies and, similar to in vitro
studies, positive findings were observed in the kidney. Studies on the effects of trichloroethylene
exposure at other endpoints, including gene mutation, chromosomal aberrations, SCE, and UDS,
were all negative (see Table C-5 and IARC 2014). DMSO was probably not used in any of the
studies (there were only two studies where its use was unknown).

Trichloroethylene caused DNA strand breaks in liver in a study in rats (Nelson and Bull 1988)
and in two of three studies in mice (Nelson and Bull 1988, Robbiano et al. 2004, Parchman and
Magee 1982). Findings in kidney were positive in the mouse (Walles 1986) but inconsistent in
the rat. Robbiano et al. (2004) reported positive findings in the rat kidney after a single exposure
to 3,591 mg/kg trichloroethylene (reagent grade purity) by oral administration, while a 5-day
2,000-ppm inhalation study (99.5% pure test sample, no information on stabilizers) yielded
negative results (Clay et al. 2008). Differences do not seem to be explained by dose because the
dose from the inhalation exposure may have been higher than the oral dose. Estimated inhalation
exposure is 10,800 mg/kg/day assuming 100% absorption, which is most likely lower at high
exposures, such as 2,000 ppm, and thus would result in a lower estimated mg/kg/day dose.

Trichloroethylene exposure in vivo induced micronucleus formation in kidney cells of rats
treated orally (Robbiano et al. 2004). For rats treated by inhalation, one study reported dose-
related micronucleus induction in bone marrow erythrocytes after a single inhalation exposure;
the authors replicated the findings in a subsequent one-dose experiment (Kligerman et al. 1994).
No increase in micronucleus formation was observed in a four-day inhalation exposure by the
same authors; however, the authors noted that the micronucleus formation in the concurrent
controls was unusually high. A negative finding was reported in a single inhalation exposure
study by a different author (Wilmer et al. 2014). All of the studies used trichloroethylene
exposure without stabilizers. No increase in micronucleus formation was observed in peripheral
blood lymphocytes after inhalation exposure (Kligerman et al. 1994). In studies in the mouse,
there was micronucleus induction in the bone-marrow erythrocytes of exposed animals in two of
four studies (Duprat and Gradiski 1980, Hrelia et al. 1994, Shelby et al. 1993, Kligerman et al.
1994), which used different routes of exposure (inhalation, i.p. and p.0.) and strains of mice. One
study reported a correlation with urinary TCOH, which strengthens the findings (Hrelia et al.
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1994). No increase in micronuclei was observed in either splenocytes or spermatocytes from
mice exposed to trichloroethylene by inhalation (Kligerman et al. 1994, Allen et al. 1994).

2.6 Studies of genotoxicity in humans exposed to trichloroethylene

A few studies have examined cytogenetic endpoints in peripheral blood lymphocytes of
trichloroethylene-exposed workers, including one that evaluated chromosomal aberrations and
three that measured SCEs. Findings from these studies are discussed below and summarized in
Appendix C, Table C-6.

In addition, several case-control studies of renal-cell cancer evaluated mutations in the von
Hippel-Lindau (VHL) gene of trichloroethylene-exposed workers (see Section 4.2.2.1 and Table
4-5).

The available database on cytogenetic studies is inadequate to evaluate c