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ABSTRACT
Hong Sik Yoo: Effects olnter-strain Differences in the Metabolism of Trichloroethylene on
Liver and Kidney Toxicity
(Under the direction of lvan Rusyn)

Trichloroethylene (TCE) is an environmental and occupational health hazard which is
characteri zed oashu@maarsdi rboyg edrhiec | ARC and U. S.
issues critical for assessing human health risks from TCE remain unresolved, such as (1) the
amount of metabolites formed in various tissues, and possibléndteidual differences;
and (2) the modef action involved in toxicity in organs of concern. In this study, we tested a
hypothesis that amounts of metabolites of TCE in mouse liver and kidney are associated with
tissuespecific toxicity by evaluating the quantitative relationship between stooge-, and
time-dependent levelsf trichloroacetic acid (TCA), dichloroacetic acid (DCA),
trichloroethanol (TCOH)S(1,2-dichlorovinyl)glutathione (DCVG), an8-(1,2-
dichlorovinyl)-L-cysteine (DCVC) in serum, liver, and kidney and various toxicity
pherotypes in tissues usirggpanel ofnbredmousestrains. Sufacute (600 mg/kg/d of TCE
for 5 days) and subhronic (100 or 400 mg/kg/d of TCE for 1, 2, or 4 weeks) designs were
used. In addition, this study investigated relationship between oxidative B@baotism and
tissuespeci fic toxicity in t-tgpe Pparanul, ad humanized PP AR U
Pparg). In specific aim 1, w demonstrated the intstrain differences and the decreasing
trend of metabolism oveaime in TCE metabolism in liveAcross varying genetic

backgroundlevels of TCA and DCAin liverwer e corr el ated with PPARI

with hepatocellular proliferatiorin specific aim 2we found a significant correlation



between renal levels of TCA and kidney injury molecdlexpression, both of which
decreased over time. However, the significant increasellmlar proliferation in proximal
tubular epithelium was evident only in NZW/LacJ strain treated for 4 weeks, which may
characterize the suthronic toxicity in kidney as cytotoxicity followed by compensatory
proliferation.In specific aim 3, it was shown th&€A may be associated with oxidative
stress and liver enlargement targ h P -hdepeddent pathway. Overalll, this body of
work makes a novel and significant contribution to the field of enmrental health science,
providing the quantitative data on tim#assue, and strairdependent variations in TCE
metabolism and the experimental evidence regamdiagionship between metabolism and

toxicity.
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CHAPTER 1: INTRODUCT ION

|. TRICHLOROETHYLENE (T CE): A HIGH PRODUCTI ON VOLUME
INDUSTRIAL CHEMICAL

I.LA. Chemical characteristics of TCE

TCE is a chlorinated alkene compound that is a clear, colorless, atfldmonable
liquid at room temperature. It has been used for a varietyrpbpas such as industrial,
commercial, medical, and consumer applications. Its widespread use is largely attributable to
powerful solvent action on various lipophilic compounds derived nagyurakynthetically.
TCE is practically insolublen water butis readily miscible with a number of organic
solvents including ether, chloroform, and alcohol without chemical chi@uyeell 1947.
TCE is highly volatile with vapor pressure of 7.8 kPa at 2QM&ckay and Shiu 1991
which is a reason of vapor intrusion or inhalational exposure. However, unlike other volatile
compounds, TCE is neither flammable nor explosive at room temperature, and at higher
temperatures it is only moderately flammable, which is why TCE has benpreferred in
many occupational settings than other organic sol@&TSDR 1997.

The waterair distribution coefficient of TCE was given as 3.0 at 20°C and 1.6 at
37°C, for concentrationsiair between 0.26 and 15.8 mg/100 (Rlowell 1947. The
distribution coefficient between blood and air was218at 20°C and-80 at 37°QPowell
1947). The fatgas partition coefficient was calculated as 960 at 37°C, confirming its strong

lipophilic nature(Mapleson 1968



TCE is spordneously oxidized in presence of oxygen and/or UV radiation and forms
acidic products including hydrogen chloride. It reacts with metals such as magnesium or
aluminum at 30600°C to form an extremely toxic compound, phosgene that has long been
an occupatnal health concern because this condition is often found in the vicinity of
welding and degreasing operatidigaters et al. 1997
|.B. Production and Consumption

There are no known natural sources of TCE. Emil Fischer discovered TCE while the
preparation of tetrachlorethane in 1864scher 186% however, it was not commercially
utilized for industrial purpose until over 40 yedaser, and the massive production began in
the 19204Cotter 1950. It is estimated that the production of TCELBO0 was
approximately 131,000,000 kg in Western Europe, 79,000,000 kg in the U.S., and 57,000,000
kg in Japan, and its annual consumption in these areas was estimated to be up to 100% of
production levelfWHO 201Q. In 2005, global consumption of TCE was estimated to
430,000,000 kg, while global production capacity of 667,000,000 kg Dow Chemical
Company 2008 In the U.S., two major chemical companies, Dow Chemical and PPG
industries manufacture TCE, and their ¢oned production capacity was estimated to
150,000,000 kg in 2008CIS 2005. Global consumption of TCE in 2011 was estimated at
429,000,000 kg, of which 116,000,000 kg was in the. (Glauser 201
I.C. Use

Currently TCE is nainly used as chemical intermediate in the production of fluoro
chemicals, as process solvent in the manufacturing of pharmaceuticals and other chemicals,
and as solvent for degreasing processes, particularly in the metal fabricating and

aircraft/aerospacedustry(ICIS 2005. Other than the use of TCE for manufacturing



secondary products, TCE is predominantly used as a degreasingaagapplication for

which it is remarkablysuitable due to its solvent action, rRoorrosivity, rapid evaporation,

lack of flammability, and ease of recycling. It is used as such in a variety of industries,
including electronics, defense, aerospace, aviation, rail, shipbuilding, and automotive.
Amonganumbero TCEG& s c | e a nsithe jushangqgb liqguidcdhydtogen tanks, |
liquid oxygen tanks, and associated piping systems in the aerospace irdusiry.the

process of vapor degreasjragly compounds are removed and accumulated in the TCE
reservoir at the bottom of the degreaser. As the proportion of theaatiegin the solvent
increasesthe effciency of the solvent decreas@fus, TCE is required to be periodically
replaced with fresh solvent, or distilled to remove impurities. #thedused TCE and
accumulated materials must be discarded for recycling or disposal. However, inappropriate
discarding practices of these wastes may cause the introduction of TCE into soil and ground
water(Hargarten etla1961).

In addition to its primary use aglagreasing agent, TCE halsobeenused to a
lesser degree as a heat transfer medium; a refrigerant; a cleaner for optical lenses and film;
and an ingredient in paint strippers, printing inks, lacquersicpiss, lubricants, paints, rust
preventers and adhesivi@oherty 2000.

TCE, along with carbon tetrachloride, was one of the first chlorinated solvents that
were used in dry cleaning as a substitute for petroleased cleaners. In 1930, TCE was
introduced as a dry cleaning solvémthe U.S. Although it was partly replaced in the 1950s
by tetrachloroethylene, it is still widely used as aside precleaning or spotting agent

(Linn 2010.



I.C. Historical impacts of TCE on environment and associated regulations

The widespread use of TCE in degreasing coupled with poor disposal practices
prevalent during most of the twentieth century resulted in substantial releases ioitd G
environment. According to the U.S. ER20111, TCE is one of the most common
contaminants found at Federal Superfund sites, having been detected at 338 of 1,299 sites on
the National Priority List as of 2011. The presence oETi€soil, groundwater, and vapor at
these locations may result in prolonged human exposure via both inhalation and ingestion
routes. Due to its characteristic high persistence in soll, it will likely continue to be present in
these media for a longer pedl.

In the U.S., the 1970 Clean Air Act regulated TCE as an ambient air pollutant and set
emission limits on TCHn addition to the act, a feather regulations influenced the use of
TCE. On October 21, 1976, the Resource Conservation and Recovery &RA(R@s
passed. One of the aims in the act is to prevent the contamination of ground waters from
substances leaching from disposal sites.

TCE was one of the 65 priority pollutants in the 1977 Clean Water Act that was
amended to ensure better regulatiodisposals of hazardous chemic#idax on the
chemical and petroleum industries and broad Federal authority to respond directly to releases
or threatened releases of hazardous substareresestablished under the 1980
Comprehensive Environmental Respgri@empensation & Liability Act (CERCLA), which
created the ASuperfundo for the cleanup of
To comply with the 1974 Safe Drinking Water
public water supplieshe US.EPA proposed neenforceable Maximum Contaminant Level

Goals (MCLGSs) for TCE and seven other chemicals on June 12, 1984. Enforceable



Maximum Contaminant Levels (MCLSs) for the eight chemicals including TCE were
suggested on November 13, 1985, and becddfeetive January 9, 1989. The MCL for TCE
was set at 5 parts per billion (ppb), and remains at the level to thi&dlagrt 2014.
The national impact of TCE contamination and following regulation is best
exemplified by the Honoring America's Veterans and Caring for Camp Lejeune Families Act
of 2012 (H.R. 1627, P.L. 11254, enacted on August 6, 2012% noted in the National
Research Council s 2009 report AContaminated
Potenti al Heal th Effects, 0 -supplysystesnsdnthend i n t
Marine Corps Base Camp Lejeune had been contamingttethe industrial solvents TCE
and perchloroethylene (PCE) for several decades. Enfstaidl housing, barracks for
unmarried service personnel, base administrative offices, schools, recreational areas, the base
hospital and other drinking water sumgsliwere affected. As a result of this, an estimated
750,000 Marine veterans and family members throughout themdy have been exposed to
toxic chemicals including TCE while spending time at the North Carolina Marine Corps base.
The H.R. 1627 is one ofi¢ unique examples of the Federal Government taking
responsibility for health care coverage of those who may have suffered adverse health effects

as a consequence of exposures at Camp Lejeune, NC,



. HUMAN HEALTH HAZARDS OF TCE
IILA. Non-cancer adversehealth effects

Central nervous syster®ne of the primary effects of acute and high dose of TCE
exposure occurs ithe central nervous system. Numerous cases have been reported regarding
occupational poisoning associated with neurologic efi@dd¢tCarthy and Jones 1983vhich
is inevitable, given the historical use of TCE for analgesia or anesthesia in dental and
obstetrics clinicgBarry and O'Connor 194&alley 1945.

In terms of chronic effects, there is strong evidence, based on multiple human and
experimental animal studies, thiae exposure to TCE adversely affects the central nervous
system(U.S. EPA 2011p Especially, changes in trigeminal nerve function or morphology
and impairment of vestibular futian have been report€@hiu et al. 2018 As TCE can
target dopaminergic neurons, a possible relationship between human exposure to this agent
and Parkinson's disease has been suggésStezhl et al. 1999 Although a recent
epidemiolaic study on twins indicated possible etiologic relations between Parkinsonism
and TCE(Goldman et al. 20)2many other epidemiologic studies yielded mostly weak
associationgLock & al. 2013.

Kidney. A number of studies reported the adverse effects of TCE coarrer
endpoints in kidney usingnexpeci f i ¢ ur i nar ymicrogloblie® s i ncl ud]i
acetytbetaD-g | u ¢ o s a mi-nmicrodlabslie, GSTalgha or total proteinU.S. EPA
2011B. Urinary kidney injury moleculd (KIM-1) was also demonstrated to be a sensitive
marker of kidney injury in humans exposed to T(™€rmeulen et al. 20)2While National
Research Council concluded that humans exposed to TCE have tubular protsiatioizal

Research Council 20pats underlying mechanism is yet to be understood, partly due to



experimental difficulties to prove association betweeraghione (GSHtonjugated
metabolites and cytotoxicity in the kidney of humans. Green @04 suggested an
alternative mechanism focusing on oxidative metabalieiced and formic acithediaed
renal toxicity; howevergounterevidence was also reportfdbck et al. 200Y.

Liver. Studies on TCE and liver injury markers in serum have shown both positive
(Rasmussen et al. 1988nd negativéNagaya et al. 199&ssociations. In a severe case
accompanied by hypersensitivity dermatitis, high elevation of serum injury markers was
detected in several subje¢ising et al. 20LZamijima et al. 2007Liu 2009. Chronic liver
disease cases, including raltoholic steatosis and cirrhosis, have been rep@rtad2009
Schuttmann 1970 hiele et al. 198p however, evidence iepidemiological studies is
limited.

Autoimmuneelated toxicity Asreviewed byCooper et al. 2009 there is strong
evidence indicating that TCE exposure increased the risk of autoimmune disease including
systemic lupus erythematosus, systemic sclerosis and fasciitis, both from occupational and
environmental exposure. The effectsST&E exposure otheimmune system arereported
as early as in 195Reinl 1957, and recently a pspective cohort study has further
implicated TCE in the development of systemic scler@darie et al. 20131 Extensive
research on immunotoxicity has been conducted as it is related with other disease domains

sud as developmental, hepatic, and neurotoxi¢iybert 2014.



[I.B. Cancer hazard
[1.B.1. Kidney

The IARC and U.S. EPA concluded that there was convincing evidence of a causal
association between TCE and kidney cancer in hurf@@nis et al. 2013IARC 2013, based
largely on a comprehensive metaalysis of 15 independent epidemiologic stud@xott
and Jinot 2011 From the metanalysis, it was observed that the relative risk estimates
consstently increased across the 15 studies regardless of study design and population.
Another metaanalysis suggested that significant and stronger risk estimates were observed
only in studies where TCE exposure was scientifically ass€¢ksedmi et al. 2012 A
recent epidmiological study also demonstrated increased risk of kidney cancer from the U.S.
Marine Corps base Camp Lejeune cohort (hazard ratio = 1.35, 95% GR.QB4albeit not
significant(Bove et al. 2014

There is evidence that TCE can cause kidney cancer in rodents. Especially, it is
noteworthy that TCEinduced kidney tumors were found in multiple strains of male rats
exposed by gavag@lational Toxicology Program 19%90Although the increases in
incidencewere low, it was still considered biologically significant given the very low
historical incidence of renal tumors in ratsalminhalation study, TCE was not associated
with increase in kidney tumor incidence in mice or hamgtéesnschler et al. 1980but
increased renal adenocarcinomas were detected in male rats at the high dose (600 ppm) after
2 years of exposui@altoni et al. 1988 Thus, TCE has been shown to provoke neoplasms
in the kidney of rats, treadl via both inhalation and ingestion. Although the TiGdiced

increase in renal cancer was low, because of the rarity of these tumors in historical controls



and the reproducibility of this result, it was reached to a consensus that the finding is
biologically significant(Chiu et al. 2018
[1.B.2. Liver
The U.S. EPA published a TCE risk assessment document that concluded that the
weight of evidence for liver cancer was not sufficient to classify TCE as carcinogenic to
humangU.S. EPA 2011 The EPA provided a main reason that although 1ae#dysis
showed significant increase of riskinTCEnduced | i ver cancer, fAonl:
available and most of these studies have sma
on one caseortrol study and nine cohort studies stated that the results were inconsistent and
insufficient in terms of adjusting confounding fact@&sRC 2013.
In animal models, there is clear evidence of TCE hepatoinogenicly in both male and
female micgMaltoni et al. 1988National Toxicology Program 199C(However, the human
relevance of these findings was questioned because of the quantitative differences in TCE
met abolism between species as well as differ
oxidative metabolites of TCE.
11.B.3. Lymphatic and hematopoietic system
The IARC and U.S. EPA concluded that epidemiologic evidence regarding
association between TCE andn-Hodgkin lymphoma (NHL) is strong but less convincing
than liver or kidney cancélARC 2013 U.S. EPA 2011 Recent epidemiologic analyses
have shown conflicting results. Cocco et(2013 denonstrated an increase in the risk of
specific NHL subtypes associated with occupational exposure to TCE in a pooled analysis of
four international caseontrol studies. In addition, a meta analysis supported an association

between occupational TCE exposaral NHL after applying a strengthened exposure



assessmeriKarami et al. 2018 Contrary to these finding, other studies reported
insignificant association between TCE and acute myeloid leuk@ralidoov et al. 201%or
non-Hodgkin's lymphom#Hansen et al. 2013
[ll. MECHANISMS OF TCE CA RCINOGENESIS
l1l.A. TCE metabolism

One of the most critical problems in TCE risk assessment is the complex metabolism
of TCE. Except in rare cases, TCE toxicity is considered to be mediated by metabolites rather
than TCE itself. TCE is rapidly metabolized through either oxidation by cydgoeP450 or
GSH conjugatiorfChiu et al. 2006
lll. A.1. CYP-dependent oxidation

The overall scheme of C¥&ependent oxidation is illustrated in Figure 1. TCE
metabolism is catalyzed by CYP450 enzymes. In addition to CYP2EL, a primary enzyme
involved in this step, several enzymes including CYP1A1/2, CYP3A® CYP3A4 have
been reported to have some actiyltgsh et al. 2000 The initial step yields a reactive
intermediate, TCED-P450 to produce chloral or TGEpoxide. Chloral may undergo
dehydration to produce trichloroethanol (TCOH) or trichloroacetic acid (TCA) by alcohol
dehydrogenase (ADH) or aldehyde dehydrogenase (ALDH), respectively. Dichloroacetic
acid (DCA) can be formed from dechlorination of TCA or oxidation of F&pBxide(Lash
et al. 2014
[11.LA.2. GSH conjugation

The overall scheme of GSH conjugation is describdedgare 2. TCE metabolism by
GSH conjugation begins with the action of GSlttansferase (GST). The first step is @2 S

substitution reaction between TCE and GSH, produSi(ig2-dichlorovinyl)glutathione
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(DCVG). DCVG is further metabolized predominanthkidney by gammaglutamyl
transpeptidase and then cysteigiycine dipeptidase to yiel§(1,2-dichlorovinyl)-L-
cysteine (DCVC) which has three possible fates: (1) mercapturatioratetyS-(1,2-
dichlorovinyl}L-cysteine (NAcDCVC); (2) formation okactive thiol,S-(1,2-
dichlorovinyhthiol (DCVT) by betdyase; (3) oxidation t&(1,2-dichlorovinyl)}-L-cysteine
sulfoxide (DCVCS) by flavircontaining monooxygenagkash et al. 2014 Relatively small
amounts of GSH conjugation metabolites have been detected in systemic cir¢ilimtiet
al. 2009h, which may be explained bgtve excretion of GSH conjugation metabolites to
bile followed by enterohepatic recirculatifidavidson and Beliles 199.1Despite tle small
flux relative to oxidative metabolites, DCVG and DCVC have been extensively studied
regarding their effects on renal toxicitiggnders and Dekant 199Bash et al. 1998Vially
et al. 2009.
[11.A.3. Variability in TCE metabolism

Inter-individual differenceslinterstrain differencen TCE metabolism was well
demonstrated in mig@radford et al. 2011 A population variability analysiewvealed that
the metabolic flux through glutathione conjugation was more variablo{d®ange) than
that through CYHmediated oxidation (fold range) in mic€Chiu et al. 2014 In humans,
very limited data exist to characterizeetinterindividual difference. However, the available
data(Lash et al. 19994 ash et al. 1999tsuggest that there is significant variation in GSH
conjugation in humans. In particular, variations in the rate of GSH conjugation of TCE were
measured as 2#ld in human liver cytosol and 6.5 fold in liver microsomes.

Sex differenceDverall, metabolim capacity is thought to be higher in males than

females in rodentdJ.S. EPA 2011p However, in guinea pigs, the amount of TCA in urine
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was significantly greater in females thaales, while there was no sex difference in the total
amount of TCA and TCOHKHibino et al. 2013 In humans, there are conflicting results
regardinggender differences ipharmacokinetics of TCEato et al(1993 reported that
there is a sex difference in the pharmacokinetic profiles of TCE. Although retention of TCE
in the bodywas longein men than in womerthe blood levebf TCEin women was greater
than in men 16 hours after expostiewever, another PBPK study concluded that gender
related pharmacokinetic differences in the uptake and metabolism of trichloroethylene are
minor (Fisher et al. 1998

Species differencéligher metabolic capacity in mice than in rats was suggested as
deduced from the amount of exhalation of unchanged (LC& EPA 2011p In line with
the analysis above, the ratemetabolism was faster in mice than in rats or humans in terms
of enzyme kinetics parameter/Km) related with CYPmediated oxidatioigElfarra et al.
1998 Lipscomb et al. 1996.ipscomb et al. 1997 However, percentage of urinary excretion
of TCA was much higher in nelmuman primates compared to mice and (fisher et al.
1991).
[11.B. Genotoxicity

TCE and its metabolites have been extensively studied for potential genotoxicity and
mutagenicity Available evidence indicates that TCE itself is not prone to inducing gene
mutation in most standard asséiRsisyn et al. 2004 There is some evidence tH&EE may
be a weak inducer of mutations, however the observed activity was generally weak, even at
very high doses. In addition, any mutagenic potential of TCE itself is likely to be resulted

from one or more of its metabolit@gloore and HarringtoiBrock 2000.
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For oxidative metabolites of TCE, IARQ013 concluded thathere isweak to
moderate evidence indicating that DCA is associated with geniygxaad that TCA is not
genotoxic; and that strong evidence supports that chloral hydrate causes genotoxicity. TCOH
was negative in the Salmonella TA100 asda@Marini et al. 199% but has not been
evaluated in the other recommended screening assays.

Data asociating GSHconjugated metabolites with mutagenicity is sufficient to
conclude a mutagenic mode of action (MoA) is operdtiiau et al. 2018 DCVG has
shown direciacting mutagenicity that was enhanced with kidney mitodha, cytosol, or
microsomes. In the contrary, addition of liver subcellular fractions did not enhance the
mutagenicity of DCVG, which strongly suggests tinagitu metabolism plays a significant
role in the genotoxicity in kidnefRusyn et al. 2004 DCVC exhibited a strong, direercting
mutagenicity regardless of the presence of mammalian enZ{pukant et al. 1986brving
and Elfarra 2018 The genotoxicity of DCVC is further proved by the predominantly
positive results in other availallevitro andin vivoassay{Clay 2008 Jaffe et al. 1986
l11.C. Non -genotoxic mechanisms: Kidney
| 1 1 . C-:Globulinth@hropathy

Given that TCEnduced renal cancer is observed only in male rats among rodents,
t he r oiglebulio hephitbpathy has been investigat@oeen et al(2003 reported an
increasen hyaline dropl et s -globdlinin therkidmegsoftmale nats n g
exposed to TCOH in the drinking waglobulin f or
was transient, being observed after 28 and 40, but not 52, weeks of exusude,

evidence supports thabt only are TCE and its metabolites genotoxic, but also the
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characteristicabtsmolpat hohogly , r gdalinisriob| e bi n
associated with exposure to TQ&oldsworthy et al. 1988Rusyn et al. 2014
[11.C.2. Cytotoxicity and regenerative proliferation

Available data consistently shows that TCE causes cytityxcontributing to renal
carcinogenesis in rodents; however, the evidensgasgerfor a mutagenic mode of action
(Chiu et al. 2018 Several human studies demonstrated that exposure to TCE is adsociate
with cytotoxicityin kidney(Bolt et al. 2004Green et al. 2004/ermeulen et al. 2032
Likewise, there is clear evidence that TCE is nephrotoxic in rogén¢en et al. 1997
National Toxicology Program 19%90n vitro studies provide strong evidence that DCVC or
its metabolite is nephrotoxic in primary hum@dash et al. 2008_ock et al. 200pand
rodent(Stevens et al. 198@ells. However, data linking TGEBduction of proliferation with
clonal expansion is lacking.
[11.C.3. Oxidative metabolites-mediated formic acid excretion

It has been postulated that there is an association between oxidative metabolites (TCA
and TCOH) ad elevated formation of formic acid by a disruption of the vitamin B(12)
dependent methionine salvage path@yeen et al. 20Q35reen et al. 2004Exposure to
formic acid has been associated with adverse renal effects in h(ioesiguori et al. 199p
However, a critical problem in the hypothesis is that chloral, an upstream metabolite of TCA
and TCOH, doenot induce the increase of formic a¢igow and Green 2000
11 .C. 4. PPARU activation

No study investigated PPARU activation in
TCE. In rodents, only onia vivostudy showed the increases in renal palmitogA

oxidation activity in both rats and mi¢&oldsworthy and Popp 198 Giventhe observation
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thatt he enzyme activity in mice is stronger
activation may not be associated with spesj@scific renal cainogenesis in rodents treated
with TCE.

Overall, evidence suggests that DCVC or its downstream reactive electrophile
metabolites may be responsible for kidney tumors in humans by a mutagenic MoA, as well as
an MoA that involves cytotoxicity and comper@gtcell proliferation(Rusyn et al. 2014
An integration of mutagenicity and cytotoxicity, with mutagenicity increasing the rate of
mutation and regeneratiyeoliferation promoting the survival or clonal expansion of
mutated cells, while biologically plausible, has not been experimentally tested.

[11.D. Non -genotoxic mechanisms: Liver

l 11 .D.1. PPARU activati on

PPARU activation i s oypehesesthatedxmainshows TCEs t u
causes | iver tumors in mice. The -abttivapooish e s i
based on the observation that TCA is a maj

and provokes hepatocyte proliferation. Howeteere has been increasing evidence
under mining the confidence in the concl usi
First, whereas TCA induces PPARU activatio
resulted in tumorigenesis in B6C3F1 mice bot F344 rat§DeAngelo et al. 1997 Second,
it has been reported that the tumor phenotype of-if@&ced mouse liver tumors shows
different pattern of Has mutation frequency from DC@ull et al. 2002.
lll .D.2. Cytotoxicity and secondary oxidative stress
Several cohort studies in humans described elevations in serum liver function markers,

or changes in plasma or serum bile acid in workers exposed tU.SEEPA 2011p Case
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studies of liver injury and cirrhos{&amijima et al. 2008Thiele et al. 198Phave also been
reported. However, the overall evidence of this mechanism in humans is not sufficient. A
number of animal studies have releebthat TCE is hepatotoxic in terms of the increases in
serum enzymes and bile aci#amdan and Stacey 1998unes et al. 20Q1Data on TCE
induced oxidative stress in humans is limited. Several studiesiredaginary 8hydroxy
deoxyguanosine (®HdG) related with TCE exposu¢dbusoglu et al. 2014 however,
Rusyn et al(2006 noted that 8OHdG may not adequately reflect genomic damage.
[11.D.3. Epigenetic alterations

Several studies suggested that DNA hypomethylation may be associated with the
carcinogenicity of TCA and DCA in mice. In an initiation (i.p. injection efrféthylN-
nitrosoureapromotion (administration of TCA or DCA in drinking water) studdsin, the
decreased level ofmethylcytosine was observed in hepatocellular adenomas and
carcinomas compared to novolved tissue from the same aninj@ho et al. 198). Sub
chronic drinkingwater exposure to TCA or DCA also caused a decreased total liver DNA
methylation. In addition, Ge et 42001) demonstrated an association between
hypomethylation ath cell proliferation in the liver of TCAor DCA-treated mice. However,
no data from human or experimental animal studies are available specifically testing this
hypothesis for TCE.
IV. GAPS IN KNOWLEDGE

One of the most critical problems in TCE risk assessisghe complex metabolism

of TCE. While the mode of action involved in speespgcific differences in toxicity has not

been fully understood, it is well accepted

determining susceptibility, targetorganp eci f i city and gender and
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(National Research Council 2006&owever, data on tisstgpecific levels of metabolites is
very limited.

Another critical problem is that the mode of action through which TCE caasesr
is not clear. The causal relationship between TCE and liver cancer in humans has been a
source of debate since a National Cancer Institute (NCI) study revealed that TCE causes a
significant increase in liver tumors in mifdational Cancer Institute 19y.@However,
despite the extensiwdata that have been acculisied in the field, the epidemiological
association between TCE and liver cancer in humans is still inconclusive. With regard to
mode of action, besides PPARU agonism, sever
disturbance of glycogenesis, hypomethylatendoxidative stress, have been suggested and
examinedRusynetal. 2004 However, |l ittle attention has
activation with na-cancer endpoints that result from various toxicity pathways such as
perturbation of glycogen synthesis, elevation of serum bile acids, epigenetic alterations, and
immune responses. The liver is the primary site for-fiests metabolism, and it has vaiso
functions that are critical for detoxification and elimination of xenobiotics. Therefore, the
resporses to TCE in liver are diversi this regard, it is likely that the model that includes
multiple cellular pathways will increase our ability to prediee toxicity of TCE and identify
human sukpopulations that are particularly vulnerable to TCE.

It is likewise controversial which mode of action is operational in kidney cancer.
Al t hough the U.S. EPA characteriegbadeddnCE as 0
weight-of-evidence approach including convincing epidemiologic data and supporting
toxicokinetic data, there has been evidence undermining the mutagenic mode of action

involving activation of GSH conjugation metabolite. For instance, where&CDGay be

17



more nephrotoxic in mice than in rats, a significant increase inilM@iced renal cancer in

mice has never been demonstrategre etal. 1995 Green et al. 1997 The important point

is that the dispute over mode of action is closely related to the way to understand and

describe the metabolism of TCE. The UERPA (20111 stated that one of the reasons why it

is hard to resolve the issues regarding mode

conjugation metabolites folowng exposure to TCE remains unc
Lastly, in the field of TCE hazard assessment, little attention has been given to

populationbased approach. One of the biggest gaps in cancer risk assessment as identified by

the National Research Council is thetfdmat interindividual variability is not being

addressed at all (in animal studies) or incompletely (in epidemiological studies). Indeed, the

uncertainy that is associated with intspecies variability in both laboratory animals and

humans is now basexh defaultuncertaintyfactors rather than science. Although rodent

models have been widely used in TCE research, existing animal models are not pepulation

basedand therefore it is difficult to understand the variatioresponse to TCE. Bradford et

al. (2017 demonstrated that a consideration of variation is useful to differentiate between

straindependent andndependeneffects.
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V. SPECIFIC AIMS

In this regard, the comparison between variation of metabolism and variation of
response sheds light on understanding how TCE causes toxicity. Hence, the purpose of the
dissertation research is to test the overall hypothesis:ifi@ked toxicities in liver and
kidney are associated with the tisspecific formation of metabolites and the variation in
metabolism described by populatibased approach.

Specific Aim 1: Inter-Strain Variability in the Metabolism of TCE: Role in Liver
Toxicity

One of the key components to understand -Ti@kiced hepatotoxicity is the creation
of areliable model encompassing metabolism, gene expression and toxicity pathway. This
aim testedhe hypothesis that geneticaigontrolled differences inxidative metabolism of
TCE between strains will lead to quantifiable biologically important differences in terms of
PPARU activation and hepatocyte proliferatio
between oxidative metabolites; effects of the mdtabos m on PPARU acti vatic
bet ween metabol i sm, PPARU activation, and | i
and its consequence.

Specific Aim 2: Inter-Strain Variability in the Metabolism of TCE: Role in Kidney
Toxicity

The important point is that the dispute over mode of action in-ih@&ced renal
carcinogenesis is closely related to the way to understand and describe the metabolism of
TCE. This aim testethe hypothesis that geneticalontrolled differences in metalsm of
TCE between individuals will lead to quantifiable biologically important differences in

formation of kidneyselective metabolites thus potentially predisposing individuals to organ
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specific toxicity. We produced data regarding: metabolites prefiggciation between

metabolites and cytotoxicity; association between metabolites and cell proliferation.

Specific Aim 3: Effects of PPARU on Metaboli
One of the most contentious issues in Ti@#iiced hapatotoxicity is the role of

PPARU agonism. This aim is designed to invest

and PPARU agonism and its ef fthelypothesisthat o xi ci ty

both TCE metabolism and PPARU acteirvation wi l

relationship will be explained using gene expression analysis and phenotyping. We produced

data regarding: difference of metabolism; association between gene expression and genotype;

relationship between genotype and toxicity end points.
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Figurel.3. Interorgan pathways for metabolism of TCE by the GSH conjugation pathway.
The scheme summarizes the tissue localization of metabolic reactions and membrane
transporters involved in whole body metabolism of TCE by the GSH conjugation pathway.
Most of theDCVG formation occurs in the liver, which is very efficient at excreting it into

bile or plasma. Biliary DCVG is processed to yield the cysteine conjugate DCVC, which then
returns to the liver by enterohepatic recirculation. Most of the hepatic DCVaéeetylated

to form the mercapturate NAcDCVC, which is efficiently excreted into plasma. Plasma
DCVG and NAcDCVC move through the blood and are extracted by the kidneys. DCVG
formation also occurs, although to a lesser extent, within the kidneys themselves.

Reproduced fronfLash et al. 2014
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CHAPTER 2: INTER -STRAIN VARIABILITY | N THE METABOLISM OF TCE:
ROLE IN LIVER TOXICI TY

[. INTRODUCTION

Trichloroethylene (TCE) is a chlorinated organic solvent widely used as a feedstock
material in chemical manufacturing, as well as in various industrial applications including
dry cleaning and vapor degreasing. Since the beginning of itsspi@ad produmn dating
back to the 19208NICNAS 2000, it has been recognized as an occupational and
environmental health concern due to high human exposure and its potential to be a health
hazard NRC 200§. The number of workers in occupations with likely TCE exposure has
declined in the developed countries in the past 20 yeansGrote et al. 20Q3Still, TCE is
one of the major contaminants found in the Superfund hazardous waste sites across the
United StategU.S. EPA 2011pand is ranked 16th on the Substance Priorisy by the US
Agency for Toxic Substances and Disease RegisfRsDR 201).

TCE poses a potential human health hazard foraameer toxicity to the central
nervous system, kidney, liver, immune system, male reproductive system, and the developing
fetus(Chiu et al. 201B In addition, TCE is classified as carcinogenic to humans by IARC
(Guha et al. 2002and the U.S. EPAU.S. EPA 2011pbased on the evidence in humans of a
causal relationship between kidney cancer and exposure to TCE. Positive, although less
consistent, associations with TCE were reported in epmlegical studies of liver cancer

and norHodgkin lymphomgScott and Jinot 20)1
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Liver toxicity and carcinogenicity remain largely unresolved with regard to the
human health hazawof TCE(Rusyn et al. 2004 There is clear evidence that TCE is a liver
carcinogen in roden{®&\nna et al. 1994National Toxicology Program 199thowever, the
relationship between occupational TCE exposun risk of liver cancer in humans is still
inconclusive, given that epidemiologic studies have observed both pg@kiéiueen et al.
2013 and negative associatio(Radican et aR008 Vlaanderen et al. 20).3A recent meta
analysis reported a metelative risk of 1.3 (95% CI 1-1.6) for the overall TCE exposure and
liver cancer based on nine human ctd{@cott and Jinot 20)1

There are also uncertainties regarding the potential mode of action for TCE
tumorigenesis in livefRusyn et al. 2014 TCE is metabolized through both cytochrome
P450dependent oxidation and glutathione conjugation to form a number of toxic species
(Lash et al. 2014 Metabolites of the oxidative pathway, trichloroacetic (TCA) and
dichloroacetic (DCA) acids, are widely considered to be primary mediators of the toxicity
and carcinogenity of TCE in the liver via peroxisome proliferatactivated receptor
(PPARU) activation. The |l atter is one of the
induced liver cancer in rodenfiseshava and Caldwell 200Blaunig et al. 2008 Studiesn
virohave shown that human P B@ARWU relasvelaimadtivevoat e d
TCE itself(Maloney and Waxman 1999hou and Waxman 1998n addition, lnman
hepatocytes transfected with mouse PPARU di s
increased peroxisome proliferator response elemsgrter activity wheireated with TCA
and DCA(Walgren et al. 2000

Even though it is widely assumed that tisspecific formation of TCE metabolites is

one of the critical determinants for thieghora of its adverse health effects, most studies of
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TCE toxicokinetics were performed in blood. Few studies evaluated TCE metabolism in
tissues, however one study in rats did not find a-tlesgonse relationship in formation of
TCE metabolites in liveand kidneyLash et al. 2006 Thus, we tested a hypothesis that
formation of oxidative metabolites of TCE in s liver is associated with livepecific
toxicity by evaluating the quantitative relationship between strdose, and time
dependent formation of TCA and DCA in serum and liver, and various liver toxicity
phenotypes in a panel of mouse inbred sstain
[I. MATERIALS AND METHOD S

Animals and treatmentdViale mice (aged-@ weeks) were purchased from the
Jackson Laboratory (Bar Harbor, ME) and housed in polycarbonate cages-@htpasniP.J.
Murphy Forest Products Corp., Montville, NJ) irradiated hardwood bedding. Animals were
fed an NTP2000 (Zeigler Bothers, Inc., Gardners, PA) wafer diet and watklbitumon a
12 h lightdark cycle. All studies were approved by the UNC Institutional Animal Care and
Use Committee.

Two study designs were utilized in this work. First, we performed @aeute study
wherevehicle (10 mL/kg, 5% Alkamuls EB20 in saline) oif CE (600 mg/kg/d, ivehicle
was administered by gavage to mice from 7 inbred strains (129S1/SvimJ, A/J, BTBR T+tf/J,
C57BL/6J, CAST/EiJ, NOD/ShiLtJ, and NZW/LacJ) for 5 consecutive days. Thesesstrai
were selectetb maximize intesstrain differences in metabolism of TCE basedhe
previous study of CE metabolism in a panel of inbred straiBsadford et al. 201)1and the
results of the statistical modeling of the effect of time and strain on TCE metabolite
concentrations which supports the sample size used in this(&huyet al. 2014 Second,

based on the data from the satute study, we selected two inbred strains (C57BL/6J and
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NZWo/LacJ) that represented widely varying degrees of formation of oxidative metabolites of
TCE for a subsequent suahronic study. Specifically, animals cdeh strain were randomly
assigned to one of the three groups (5% Alkamul&6#L in saline vehicle, 100, or 400
mg/kg/d of TCE) and were dosed by oral gavage daily for 5 days, 2 weeks, or 4 weeks (the
latter two were dosed for 5 days/week).

In all studiesmice were given drinking water containing 0.2 g/L dffdmo2*-
deoxyuridine (BrdU) for 721s prior to sacrificfor subsequent proliferation ass&food,
liver tissuesand a section of a duodenum were collected 2 hrs after the last treatment. The
timing of sacrifice was selected based on the toxicokinetic studies of TCE in the mouse
(Bradford et al. 201;1Kim et al. 2009bshowing that concentrations of both oxidative and
glutathione conjugation metabolites of TCE peak around 2 hrs after dosing. Blood was drawn
from vena cava and centrifuged to prepare serum usig Hibes (Sarstedt, Germyan
according to the manufacturero6s instructions
and duodenum sections were fixed in neutral buffered formalin for 24 hrs, and the remainder
of the liver tissue was frozen in liquid nitrogen. All serum and tissn@ples were stored at
80°C until analyzed.

Quantification of TCE metabolitesConcentrations of TCA, DCA&(1,2-
dichlorovinyl)-L-cysteine (DCVC), an&-(1,2-dichlorovinyl) glutathione (DCVG) in serum
and liver were determined using HPIESIFMS/MS as dtiled elsewheréKim et al. 2009
with slight modifications. Quantification of trichloroethanol (TCOH) in liver was peréal
by GGMS using the method dSong and Ho 2003 The configuration of the instruments
was identical to that in the above mentioned references, but the extraction methods were

optimized for each tissue (liver or serum) and metabolite as follows.
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TCAandDCASerum (50 eL) was mixed with 100 ¢
(difluoroacetic acid (DFA) and trifluoroacetic acid (TFA), 50 nmol/mL each). Serum
proteins were then removed by fiteentrifugation (Microcon YMLO; Millipore, Billerica,
MA)at14, 0001 g for 1 hr. Liver samples (100 mg)
PBS (pH 7.4) with 20 €L of internal standard
Tissuelyser (Qiagen, Valencia, CA) for 1 min. The homogenates werecgitnifuged
(Amicon Ultra Centrifugal Filters 10K; Millipore) at 14,000xg for 1 hr. After the filtrate was
acidified with 100 €L of 3% (v/v) sulfuric a
solutions were vortexed vigorously for 1 min. The upper ether layer was transterred
another vial, reduced in volume tpthehess t han
transferred to a gl ass distilel watenascedrietd cont ai ni n
completely. The residue was r econthgaf 0wt ed i n
acetonitrile, 30% 1 mM ammonium citrate in doudlstilled water. The lower limits of
quantification (LLOQ) were: 0.04 nmol/mL in serum and 0.1 nmol/g in liver for DCA, 5
nmol/mL in serum and 8 nmol/g in liver for TCA.

DCVG and DCVCSerum (5 L) was mi xed with 100 eL of
solution (F*C,,"*N]DCVG and [°C3,®N]DCVC, 5 nmol/mL each). Serum proteins were then
removed by filtercentrifugation (Microcon YMLO; Millipore) at 14,000xg for 1 hr. Liver
tissue (100 mg)waso mogeni zed in 500 €L of 0.01 M PBS
standards {fC,,*>*N]JDCVG and [°C3,*®N]DCVC, 25 nmol/mL each) using Tissuelyser
(Qiagen) for 1 min. The homogenates were fitentrifuged (Amicon Ultra Centrifugal
Filters 10K; Millipore) at 14,000%g for 1 hr. From each prepared sample, DCVG and DCVC

were extracted using a solid phase extraction cartridge (StrataAM/ X30mg 96well plate;
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Phenomenex, Torrance, CA). The cartridges we

followedbyeg i I i brati on with 300 €L of water. Samp
of water, and eluted with 250 eL of, OHasi c me
The final eluent was collected in 300 €L gl a

Concentra or before reconstitution with 20 eL of
acid. The LLOQ were: 0.5 pmol/mL in serum and 2 pmol/g in liver for DCVG, 1 pmol/mL in
serum and 20 pmol/g in liver for DCVC.

TCOH: Liver tissue (30 mg) was homogenized if©50 ¢ Isodianacetate buffer
(pH 4. 6) wi t Hlucuron@seé (Signmai[G0851],05. Lobis, MO) using
Tissuelyser (Qiagen) for 1 min, followed by overnight incubation at 37°C. After
centrifugation at 14,000xg for 5 min, the supernatant was &ardftoa new tube, then
mixedwith20lb i nternal standard (DCA, 10 mM in me
sulfuric acid/methanol (6:5:1). The mixture was heated at 70°C for 20 min. After cooling to
room temperature, 2.5 mL hexane was added, the raixturtexed for 10 min and
centrifuged at 2,500%g for 2 min. The upper layer was concentrated under a streaim of N
l ess than 20 VIS amlpsih asustalat (8dbng and IB02003The LLOQ
was 5 nmol/g in liver.

Gene expressioanalysis by reatime PCR.Total RNA was isolated from liver
samples using an RNeasy kit (Qiagen) accordi
concentration and quality were determined using arlR00 spectrophotometer (Nanodrop
Technologies, Wilmingn, DE) and Agilent 2000 Bioanalyser, respectively. Total RNA was
reverse transcribed using random primers and the high capacity complementary DNA archive

kit (Applied Biosystems, Foster City, CA) ac
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following gene expression assays (Applied Biosystems) were used for quantitatitienesal
PCR: PPAR (Ppara Mm00440939 _m1); palmitoyl acyoenzyme A oxidase Afox],
MmO01246831_m1l); cytochrome P450, family 4, subfamily a, polypeptid€W4al0
MmO01188913 gl);rad beta glucuronidas&(sh Mm00446953 m1). Reactions were
performed in a 96vell plate, and all samples were plated in duplicate using a LightCycler®
480 instrument (Roche Applied Science, Indianapolis, IN). The cycle threshold (Ct) for each
samplewaselt er mi ned from the | inear region of thi
all genes relative to the control ggBasbwe r e det er mi ned. The @&a&Ct v
treated group means relative to straiatched control group means. Fold change data
calcul ated from the &&Ct values.
Protein level measurement®roteins were extracted from 20 mg of frozen liver
samples using-PER® Tissue Protein Extraction Reagent (Pierce Biotechnology, Rockford,
| L) and HaltE Protease Inhibitor Cocktail ( F
manuf act ur er 6 sindontentration was measused usiRgrPerce® BCA Protein
Assay Kit (Pierce Biotechnology) and a DTX 880 Multimode Detector (Beckman Coulter,
Brea, CA). Extracts containing 30 e€g of prot
sodium dodecyl sulfateontainirg gels and transferred to polyvinylidene difluoride
membranes. Membranes were blocked in Odyssey® Blocking Buff€@ @R, Lincoln, NE)
and probed with 1:5000 diluted ar@ytochrome P450 2el antibody (Abcam, Cambridge,
MA), anti-Aldh2 antibody (Abcam), aantirAdh antibody (Abcam) overnight at 4°C. Blots
were washed in 0.1% Tween20 in 0.01 M PBS, incubated with 1:20,000 IRDye® 680LT
donkey antirabbit IgG (LFCOR), and detected using an Odyssey Infrared Imaging System

(LI1-COR). Equal protein loading wasrdomed by total protein staining with 0.1% (w/v)
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naphthol blue black in 7% (v/v) acetic acid in water for 10 min. The signal intensity was
analyzed by Image Studio Software{COR).

Statistical analysisThe significance of intestrain effect on metabisin was
assessed by ANOVA modeling. Given the small sample size, the exact permutation test was
used to determine significant differences between control andtTCEe at ed gr oups
The Spearman (rank) correlation analysis across all variables wdscte to account for
the difference in scale of the variables. In correlation analyses, false discateecorrection
(Storey and Tibshirani 200B&vas applied to alp-values to correct for multiple comparisons.
The resultant significant (<0.4)values are reported in the Supplemental Tables. All
statisticalanalyses were performed using SAS software ver. 9.3 (SAS Institute, Cary, NC).
[ll. RESULTS
Sub-acute (5 days) studgf strain-dependent effects of TCE in mouse liver

We evaluated serum and liver levels of TCE metabolites from-Rvshated
oxidation (TCA, DCA TCOH) and glutathione conjugation (DCVC and DCVG) in seven
mouse inbred strains (Figure 1). Mice were treated for 5 days by oral gavage of 600 mg/kg of
TCE in aqueous vehicle. Across all strains, serum levels (Figure 1, left panel) of TCA were
on averagd,000Gfold greater than those for DCA, and the amounts of DCA were about 100
fold higher than those of either DCVC or DCVG. Higher levels of TCA (abdald) and
DCA (about 16fold) were found in liver (Figure 1, right panel) than in serum, but the
relaive ratio of TCA to DCA was similar. The levels of TCOH, also a major TCE metabolite
in liver, were comparable to those of TCA. Levels of DCVG were much higher in liver than
in serum (about 10fbld) and only about fbld lower than those of DCA. We obsed a

substantial difference between the concentrations of DCVG and DCVC in liver. While the
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amounts of DCVG and DCVC in serum were comparablef¢iRdifference), the
concentration of DCVG in liver was at least 50 to-t6ld higher than that of DCVC, haich
was below the LLOQ in most samples. We found a significant strain gbte@iob)in both
serum and liver for evenypetabolits examined (TCA, DCA, TCOH, DCVG, and DCV.C)

We examined the relationships between TCE metabolites in either serum or liver
(Supplemental Table 1). In serum, we found no significant correlations among 5 metabolites.
In liver, levels of TCA and DCA were significantly correlated.74,0=0.001). Although
both TCA and TCOH are major oxidative metabolites, we found no correlation between their
levels in liver. Intettissue (livervsserum) correlation of TCE metabolites was also evaluated.
We found significant correlation between liver asdum levels for TCA/=0.62,q=0.020),
serum TCA and liver DCAs=0.78,0=0.001), and serum DCVC and liver DCV&=0.67,
g=0.017).

To determine whether intatrain differences in TCE metabolism may be due to
strainrdependent variability in expression@©@yp2el, we measured the levels of liver Cyp2el
protein in vehicleand TCEtreated animals (Figure 2). A significant strain effget0(05)
was found in baseline liver Cyp2el levels. However, treatment with TCE was without effect
on liver Cyp2el across atrains. Interestingly, the background livevels of Cyp2el were
not correlated £=0.74,p=0.055) with the amount of TCA in liver of TGEeated animals.

Liver size (relative to body weight) and hepatocellular proliferation were examined in
vehicle andTCE-treated mice (Figures 3B). We observed significant effects of satute
treatment with TCE on liver enlargement in 129S1/SvimJ, NOD/ShiLtJ and BTBR T+tf/J,
and on hepatocyte proliferation in NOD/ShiLtJ, BTBR T+tf/J, and NZW/LacJ strains.

Because pexisome proliferation has been suggested as contributing to hepatomegaly in
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rodentgMarsman et al. 19§8we evaluated expssion ofCyp4alOandAcoxl marker
genes for this mechanistic event, in mouse liver. Expression of the transcriptiorP{zetar
was not affected by TCE (data not shown); however, expressoypdfal0andAcoxlwas
markedly elevated in all strains,ept for CAST/EIJ (Figures 30D), with TCEinduced
effect being greater fa€yp4alQhan forAcoxl

Because intestrain differences in both TCE metabolism and liver effects were
observed in this study, we examined the associations among these endpiviets in
(Supplemental Table 2). Levels of TCA and DCA were strongly correlated with expression
of AcoxlandCyp4alQ(Figures 4AB). However, neither the expressionAxfoxland
Cyp4alOnor the level of TCA, was correlated with hepatocellular prolifengFigures 4C
and 4D, respectively).

Sub-chronic (up to 4 weeks) studyf strain-dependent effects of TCE in mouse liver

Based on the differences in TCE metabolism observed in thacsub (5 days) TCE
exposure studies, we selected C57BL/6J and NZW/Laaihsto further test our hypothesis
that interstrain differences in amounts of oxidative metabolites of TCE in the liver are
associated with livespecific toxicity. In these studies, we examined the-imgendent (1, 2
and 4 weeks) and doskependentl(00 and 400 mg/kg/dayg.) effects of TCE.

As expected, the difference in TCE metabolism between two strains was also
observed at lower doses and in lonatgrm studies (Figure 5). Serum and liver levels of TCA
and DCA were higher in NZW/LacJ mice, aiel levels of DCVG were higher in
C57BL/6J mice. Similar to the findings in the satute study, levels of TCA and TCOH in
liver were 100 to 1,00@old greater than those of DCA, and levels of DCA were 10 te 100

fold higher than those of DCVG. Levels o€DC in serum and liver were below the LLOQ.
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Amounts of all measured TCE metabolites in liver and serum generally trended downward
over time. Specifically, the levels of TCA in serum and liver decreased over time in both
strains, while the levels of TCOH liver decreased over time only in C57BL/6J strain.
Likewise, the level of DCVG in liver was highest after 5 days of treatment.

Among TCE metabolites that were measured in this study, serum and liver levels of
TCA and DCA were highly correlated<0.001) &ross all animals in the study
(Supplemental Table 3). Liver levels of TCOH exhibited similar strong correlation with the
levels of TCA and DCA in either serum or liver. No correlation was found among the levels
of DCVG in liver and other TCE metabolites.

To examine whether strastependent changes in T@&etabolizing enzymes could
account for the observed decrease in metabolite formation over time, we examined the levels
of Cyp2el, Aldh2, and Adh proteins in liver, and found that expression of these snagse
not affected by TCE treatment (Figure 6).

We also examined the effects of sthronic treatment with TCE on liver weight and
the marker genes of hepatocellular proliferation and peroxisome proliferator expression.
Even though the amount of oxidatinestabolites of TCE trended downward over tithe,
increased liver to body weight ratio was still observed in mice treated with 2 week or 4 week
in as strairdependent manner. In case of hepatocellular proliferatiost pominent effects
wereobserved athe 4 week timgoint (Figures 7AB). Histopathological evaluation of the
liver sections revealed concordant increases in relative size of the hepatocytes, as well as
hemosiderin deposits in the higlose 4 week treatment groups of both strains (Supplaimen
Figure 1). A prominent effect of TCE on peroxisome proliferation in the liver was observed

in the subchronic study. Although TCE did not affect expressioRpéra(data not shown),
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expression oAcoxlandCyp4alOwas strongly induced in a dedepen@ént manner in both
strains of mice treated with TCE for 5 days (FiguresDjClnterestingly, the magnitude of
upregulation ofAcoxlandCyp4alOoy TCE diminished over time. In the 2 and 4 week
treatment groups, there was either no difference in genesskpnebetween vehicle and
TCE-treated animals, or differences were less prominent.

Similar to the result of the stdute study, the levels of TCA and DCA were
significantly correlated witcoxlandCyp4alQOexpression in liver regardless of TCE dose
or treatment duration (Figures 88). TheCyp4alQexpression was significantly correlated
with liver-to-body weight ratio £=0.68,0<0.001, Figure 8C); however, hepatocellular
proliferation did not correlate with other variables (Figure 8D, Supplemental Table 4
IV. DISCUSSION

The challenge of addressing the variability in susceptibility to environmental
exposures is frequently one of the most contentious issues in human health assessments.
Because of the heterogeneity of the human population, it is generally expected thaillthere
be a broad range of toxicokinetic and toxicodynamic responses to chemicals dZeisgs
et al. 2013 Traditionally, the inteiindividual differences in the toxicokinetics are accounted
for by default assumptions and only in rare cases, are based on human toxicokinetic data.
Seldom is there sufficient data to evaluate the extent of variability in toxiaotlgs.

Because TCE metabolism to form chloroacetic acids and-G@fHigates is widely
accepted as the mechanism leading to toxicity in various ofbgasB et al. 2004 the
interplay between toxicokinetics and toxicodynamics is a critically important considegration
the evaluation of human health hazard of TCE. Some understanding of the human population

variability in toxicokinetics of TCE is available based on the limited data from clinical
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studies and Bayesian modelif@hiu et al. 200 The metabolism of TCE across species
(e.g, rodents and humans) is qualitatively sim{laash et al. 201y and thus intespecies
andi individual variability in TCE toxicity is likely due to the variability in TCE metabolism
(Chiu et al. 2013Green 1991 TCE toxicity is also dosdependent, which suggests the link
between toxicokinetics and toxicodynam{€iu et al. 2013 It is yet to be experimentally
demonstrated, however, that intedividual variability in TCE metabolism, not exposure
(i.e., dose), will result in quantitative differences in its toxicity. In this regaréxamination
of the relationship between the variability of metabolism and the variability in toxicity may
shed light on our understanding of human health hazard of TCE. Therefore, the purpose of
this study was to use a populatibased approach to test tmgpothesis that TGihduced
toxicity in liver is associated with the livaepecific formation of oxidative TCE metabolites.
In our previous work, we demonstrated that both oxidative metabolism and GSH
conjugation of TCE vary considerably among inbred re@isingBradford etal. 2012,
and that such variability was associated with stspiecific differences in gene expression in
mouse liver. While these results allowed for a quantitative evaluation of the relationship
between metabolism and T@iduced gene expression in the liver, the focus of the study
was on toxicokinetic profiling over a 24 hour time period and the use of onelbsg of
TCE (2.1 g/kgj.g.). To further explore the tim@nd doseelationships between TCE
metabolism and toxicity in the context of intrain variability, we conducted a series of
studies that aimed to quantitate the levels of TCE metabolitesumsand liver. We also
evaluated cell proliferation and peroxisome proliferation, two widely accepted liver toxicity
phenotypes reflective of the major mechanistic events considered to play a role in liver

carcinogenesis of TCE in roderfi8usyn et al. 2014
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The first importanand novebutcome of this study is quantitative data on a broad
range of metabolites produced via oxidative metabolism and GSH cbajugaTCE in
serum and liver in the context of intsfrain variability in TCE metabolism. While many
published reports provide quantitative information on serum levels of TCA along with a few
reports of DCA after treatment with TCE in rodents and hupiaths information exists on
the formation of these metabolites in the liver. Similar to our findings in the siogke
studies in mouse serufBradford et al. 201;1Kim et al. 2009}, there is up to 5 orders of
magnitude difference in the relative flux of T@ough CYP45@ependent oxidation
(primarily TCA) compared to GSH conjugation. The similarities in the levels of TCE
metabolites formed through oxidation and GSH conjugation in this and our previous studies
confirm that GSH conjugation of TCE is a mirpathway in mice, regardless of the dose or
duration of treatment.

In the mouse liver, TCA was also the predominant metabolite formed (about 2 orders
of magnitude greater than DCA); however, while the difference in relative flux of TCE
through CYP45alepenént oxidation compared to GSH conjugation was still large, it was
smaller than that in serum, about 3 orders of magnitude. In the rat liver, TCA and TCOH are
also predominant TCE metabolites and there is aboufdl@@lifference between CYP450
dependentxidative metabolism and GSebnjugation(Lash et al. 2006 TCE metabolism
by CYP450dependent pathway is knowm déccur at a faster rate in mice than in (Riout
et al. 198% and our data are in line with these observations.

Serum levels of TCA and DCA were not correlated with each other, which is
consistent with our previous stu@iim et al. 2009bthat postulated that DCA formation is

not occurriry exclusively from TCAbut also from dechlorination of dichloroacetyl chloride
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However, we found that liver levels of TCA and DCA did correlate significantly, which
supports a hypothesis that TCA is the major precursor for the formation of DCA in ts org
(Ketcha et al. 1996 A detailed liver toxicokinetic study of oxidative metabolites of TCE
may be necessary to further characterize the metabolic fate of TCA and DCA.

Our finding that the concentration of DCVG in liver was muighar than that in
serum and higher than the concentration of DCVC in either serum or liver further
demonstrates that TCE conjugation with GSH to form DCVG occurs predominantly in the
liver (Lash et al. 2014 Given that DCVG is rapidly excreted into the l{l@n Bladeren
2000, the relative flux of TCE through GSH conjugation in the liver may be even greater
than that observed in our study. As it has been suggested that GSH conjugation may be much
greater in humans than in rodeitash et al. 1999b careful estimation of the biliary
excretion of GSH conjugates of TCE may be needed to completely understand the kinetics of
this metabolic pathway.

Based on the levels of TCA and DCA observed in theaguite study (Figure 1), two
strains were chose@57BL/6J and NZW/LacJ, which represent low or high levels of
CYP450dependent oxidation of TCE, respectively. Tiomirse analysis of TCE
metabolites in liver showed a decreasing trend of TCA and TCOH concentration, especially
in the high dose (400 mg/kad) group. Previous studies of TCE metabolism showed that
under conditions of acute exposure in mice, the induction of the monooxygenase system
results in greater liver metabolism of TQBekant et al. 198§and no apparent saturation of
metabolism is observd#Prout et al. 1985 However, saturation of TCE metabolism does

occur in the rat liver at high dos@3ekant et al. 1986d&rout et al. 1986 A long-term study
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with TCE in rats and mice showed that daily dosing for 180 days did not induce the overall
metabolism of TCE, but did double the urinary excretion of TGfeen and Prout 1985

The timedependent change in kinetics may be explained by eithefireduotion(Chaudhry

et al. 2019 or depletion of cesubstrates such as NADPH, NADH, and NARipscomb et

al. 1994. Auto-induction may not explain our findings because Cyp2el, Aldh2, and Adh,
major enzymes involved in oxidative metabolism of TCE, were ffettad by TCE dose or

by the duration of exposure. In addition, it is possible that a decrease in TCE metabolism
may be due to insufficient availability of substrates that are affected by not only by the
extent of metabolism, but also by the redoxustaif the liver. Oxidative stress, as a
secondary event that follows cytotoxicity and peroxisome proliferation in the liver, is one
such mechanistic event. Several studies that examined d&i@ADCAinduced hepatic
oxidative stress demonstrated small, elsgnificant, increases in lipid peroxidation and
oxidative DNA damagé€Austin et al. 1996Parrish etl. 1996.While we reason that the
time-dependent decrease in TCE metabolism observed herein may plausibly result from the
saturation of cesubstrate supply or from oxidative stress, these mechanisms need further
study.

The second importaaind rovel outcome of our work is the investigation of the
guantitative relationships among TCE metabolite levels and liver toxicity phenotypes.
Because significant intestrain variability was observed in TCE metabolism and liver
toxicity, this study offers anique opportunity to provide a scientific dataven rationale for
some of the major assumptions in human health assessment of TCE and other chlorinated

solvents. Specifically, we examined major metabolizing enzymes responsible for oxidative
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biotransforméon of TCE, as well as markers of cell proliferation and peroxisome
proliferation in liver.

Inter- and intraspecies differences in oxidative metabolism of TCE have been
examined in relation to the expression levels of key xenobiotic metabolism enzymes,
primarily CYP2E1(Lash et al. 2014 We observed a correlation between the amounts of
TCA produced in liver and a basadiCyp2el protein level across strains. This finding may
be attributable to the previously reported observation that not only is CYP2EL1 involved in the
first step of TCE oxidation, but CYP2EL1 also catalyzes the transformation of TCOH to TCA
(Stenner et al. 1997CYP2EL is not the only CYP450 enzyme that may act on TGE. F
example, liver Cyp2el content was found to be similar in rats and(Mét&@jima et al. 1993
even though majoriffierences in TCE metabolism are known to exist between mice and rats.
Human CYP1A1/2, CYP2A6, and CYP3A4 are also known to oxidize TCE, with CYP1A2
being the major alternative to CYP2fash et al. 2014

A recent study using a mouse model of the human population showed that TCE
met abolism was strongl y a-#snedatedlipidaadnuckeict h i ndu
acid metabolism pathways in mouse liver regardless of the genetic back{Boadibrd et
al. 2012. In our study, we found that under conditions of-aabte and subhronic
treatment with TCE, significant ugggulation ofAcoxl andCyp4alQexpression occurred in
6 out of 7 strains and the extent of gene expression was correlated with the liver levels of
TCA and DCA. Strong correlation between TCA and DCA levels in liver makes it difficult to
interpret their relative contributig to the induction of peroxisome proliferation response.

However, DCA is widely regar dedcomamredsio we aker
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TCA (Corton 2008, and the amount of DCA detected in this study in the liver is orders of
magnitude lower than that of TCA.

Similar to an observed timgependent decrease in TCE metabolite formation, the
expression levels iAcoxlandCyp4alOdecrease over time in the subhronic study, which
indicates a close association between peroxisome proliferation and the oxidative metabolism
of TCE. Contrary to the decrease in the oxidative metabolism and peroxisome proliferation
over time, liver enlargemenhd hepatocellular proliferation effects were most prominent in
mice treated with TCE for 4 weeks. Neither TCA nor DCA in liver was correlated with
hepatocellular proliferation in the swahronic study, which may suggest that multiple
metabolites or pathwayare likely to be involved in liver toxicity due to TGEusyn et al.

2014).
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Figure2.1. Interstrain variability in TCEmetabolism in the mouse in a satute study.

Serum (AD) and liver (El) levels of metabolites were assessed 2 h following the last of 5
daily doses (600 mg/kg) of TCE. Box and whisker plots are shown (+, mean; line, median;
box, interquartile range; wiskers, min to max). When box is shown, 4 animals per group

were available. Otherwise, there were 3 animals per group.
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Figure2.2. Relationships between TCE metabolism in aatuie study and liver Cyp2el

protein levels. (A) A representative Western lobCyp2el protein expression in liver of

vehicle and TCEtreated mice from CAST/EiJ and NZW/LacJ strains. (B) ksteain

(r) correlation is Bown.

differences in basal and T@R&duced liver expression of Cyp2el. Box and whiskers plots are
shown (+, mean; line, median; box, intpiartile range; whiskers, min to max). There were 3
animals per group. (C) Correlation between basal liver expression of Cyp2el and liver TCA

amounts in TCHreated mice of 7 strains. Each dot represents a mouse strain. Spearman rank
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Figure2.3. Interstrain differences in liver toxicity of TCE in a sabute study. Liver to

body weight ratios (A), percent BrDpbsitive hepatocyte nuclei (B), and liver expression of
peroxisome proliferation marker gentsox1(C) andCyp4alQ(D) were evaluated in mice
treated with vehicle (white) or TCE (black; 600 mg/kg) for 5 days. Box and whiskers plots
are shown (+, mean; line, median; box, irgaartile range; whiskers, min to max). When

box is shown, 4 animals per group were availabkberwise, there were 3 animals per group.
Asterisk (*) denotes a significant difference (p<0.05) compared to vehéeted group

within same strain.
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Figure2.4. Correlation between TCE metabolites and liver toxicity phenotypes: TCE

induced incease irCyp4alOandAcoxlexpression in the mouse liver was significantly
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Figure2.5. Timecourse analysis of TCE metabolism in C57BL/6J and NZW/LacJ mice in a
sub-chroric study. Serum (A) and liver (B) levels of metabolites were assessed 2 h following
the last dose after 1, 2 or 4 wks (100 or 400 mg/kg/d) of TCE. Box and whiskers plots are
shown (+, mean; line, median; box, intprartile range; whiskers, min to max)ghi-gray,

100 mg/kg/d groups; dark gray, 400 mg/kg/d groups. When box is shown, 4 animals per
group were available. Otherwise, there were 3 animals per group. Asterisks denote a
significant (p<0.05) difference as compared to (*) the group dosed with 1B@/fhame

strain and time point)#) the 5 day treatment grp (same strain and dose), or (&) the values

in C57BL/6J strain (same dose and time point).
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Figure2.7. Differences in liver toxicity of TCE in C57BL/6J and NZW/LacJ mice in a sub
chronic study. Liver to body weight ratios (A), percent Bepbkitive hepatocyte nuclei (B),
and liver expression of peroxisome proliferation markeegéwrox1(C) andCyp4alQ(D)

were evaluated in mice treated with TCE (100 or 400 mg/kg) for 1, 2 or 4 wks. Box and
whiskers plots are shown (+, mean; line, median; box,-aquartile range; whiskers, min to
max). White, vehicldreated groups; lighgray,100 mg/kg/d groups; dark gray, 400 mg/kg/d
groups. When box is shown, 4 animals per group were available. Otherwise, there were 3
animals per group. Asterisk (*) denotes a significant (p<0.05) difference as compared to

vehicletreated group (same straincatime point).
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