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Abstract

Strain-dependent responses of subacute
exposure to trichloroethylene in a multi-
strain panel of mice: An oxidative
metabolite and the liver effects

Ahn, Youngah
Department of Environmental Health
Graduate School of Public Health

Seoul National University

Trichloroethylene (TCE), a common industrial material and environmental
contaminant, is carcinogenic in kidney to human and can induce liver toxicity
in mice; however, there were a few of evidence on liver toxicity in humans.
Moreover, recent few studies indicated diverse variability of TCE metabolism
and its toxicity in population-based mouse model, but there are still lots of
knowledge gaps on subject variability of the health effects. The aim of this
study was to identify more susceptible strains and their metabolic
determinants and features of liver toxicity using multi-strain of mice. Thus,

we measured dose-dependent metabolism and determined liver toxicity of



TCE in seven strains of mice. 129S1/SvimlJ, A/J, B6C3F1, BALB/cJ,
C3H/HelJ, C57BL/6J and DBA/2J showing diverse genetic background and
phenotypes among strains but homogenous traits within a strain were selected
and TCE was administered with oral gavage for four weeks at 0, 10, 100 and
1000 mg/kg/day (4 groups per strain; 3 to 5 mice per group). Serum
trichloroacetic acid (TCA) as an oxidative metabolite of TCE and various
markers of liver weight gain and toxicity were measured at 24 hours after the
last dose including the proliferating cellular nuclear antigen-labeling index
(PCNA-LI) of liver tissues. There were significant dose- and strain-dependent
differences in levels of serum TCA and liver weight gain after TCE exposure
for four weeks (p < 0.05). Fold change of TCA to control group increased by
dosage and some strains were distinguishable; however, those trends for liver
weight gain were not maintained in some strains. While DBA/2 and A/J
produced TCA noticeably more than others, BALB/c, 129S1/SvimJ and A/J
yielded more liver-weight gain by dosage. C57BL/6J was not markedly
increase in both TCA and liver weight compared with the others. In general,
TCE metabolism (TCA production) had strong correlation with liver-weight
gains (p=0.52, p<0.05); however, not all higher TCA producing strains were
higher liver-weight gaining group. Both high liver-weight gaining strains
(BALB/c, 129S1/SvimJ and A/J) and a low strain (C57BL/6J) showed
marginal correlation between PCNA-LI and liver weight gain (p=0.36,
p=0.068), but there were significant increases of PCNA-LI in 129S1/SvimJ
and C57BL/6J at TCE 1000 mg/kg relative to control (p < 0.05). Cell
proliferation (PCNA-LI) could explain high liver-weight gain by dose in
129S1/SvImJ not A/J; interestingly, there were significant increase in PCNA
in a low liver-weight gaining strain (C57BL/6J). There was no significant
difference of levels of liver injury marker among strains by dosage and

necrosis was not detected in all. Suggestively, although it was confirmed that
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TCE metabolism attributed to liver weigh gain, strains with high metabolism
were not same as in the more liver-weight gain. Further studies are required
for causes and the modes of action of the liver-weight gain, but cell

proliferation could be explanatory of it in 129S1/SvImJ.

Keywords: Trichloroethylene, dose- and strain-dependent differences, an

oxidative metabolite, liver weight gain, a multi-strain panel of mice
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1. Introduction

Trichloroethylene (TCE), a chlorinated compound widely used as a metal
degreaser and industrial intermediate, is the ubiquitous environmental
contaminant found in groundwater (US EPA, 2011). TCE is thought to cause
adverse health effects through multiple organ toxicities. For acute exposure, it
has an effect on the nervous system. For chronic exposure, it can cause liver-
(Bull, 2000), neuro- (Barton and Clewell, 2000), autoimmune toxicity, as well
as kidney cancer to animals and humans (Lash et al., 2006; IARC, 2013).
However, it has been difficult to achieve consensus on human risk of TCE,

although the information of adverse effects exists (NRC, 2006).

Human exposure to TCE in environment is a health concern primarily
because it is classified as a human carcinogen and it can be harmful by all
routes of exposure (IARC, 2013). Based on a meta-analysis of 15 independent
epidemiologic studies, a causal association between TCE and kidney cancer in
human was confirmed . However, TCE risk assessment document published
by U.S. EPA described that the weight of evidence for liver cancer was not
sufficient to classify TCE as carcinogenic to human. A point of contention is
that human relevance of TCE-induced liver cancer was not fully explained,

while liver is well established target organ in mice (US EPA, 2011).

Metabolism is thought to be an important requirement for TCE to exert
hepatotoxic effects (Buben and O’Flaherty, 1985). Trichloroacetic acid (TCA)
and/or dichloroacetate (DCA) through cytochrome P450-dependent oxidation
may be responsible for the induction of hepatic tumors or liver toxicity (Lash
et al. 2014). DCVG, DCVC and/or NAcDCVC, conjugates mediated by GST

after TCE exposure, associates with developing kidney cancer. In short,



organ-specific toxicity ensues from two major pathways for the metabolism.
In addition, species differences in both of humans and exist in the relative

contribution of each pathway (NRC, 2006).

Specifically for liver toxicity from TCE exposure, several researches
have shown inter-species and even inter-strain differences, of which
arguments suggested wide range of variability in the health outcomes. Rats
and mice showed different susceptibility in liver cancer where the latter
produce more oxidative metabolites such as TCA and DCA (Elfarra et al.
1998; Larson and Bull 1992; Lash et al. 2000). Larson and Bull (1992)
reported that the metabolic rates of TCE-to-TCA were much higher in mice
by dosage although metabolic pathways of TCE were shared with rats
qualitatively. Even in a species, there was wide variability in metabolism and
health outcomes after the exposure. Recently, a multi-panel of inbred mice
model including fifteen strains showed wide variability in metabolism and
health outcomes even at the same levels of single exposure to TCE at 2100
mg/kg (Bradford et al. 2011). In repeated doses of TCE at 100 mg/kg and 400
mg/kg for one- and four-week, strain-dependent TCA production in serum and
liver was confirmed, where the different profiles of metabolic enzymes among
the strains were associated with the results (Yoo et al. 2015). However, there
has been no study with longer term of exposure and different dosages at

concurrent assay.

Despite variability, metabolic pathways and modes of action of TCE was
regarded similar qualitatively across species and strains. As for liver toxicity,
oxidative metabolites were reported as associated with hepatomegaly (Bull et
al. 2002). Moreover, TCA, known as a peroxisome proliferator, can activate
peroxisome proliferator-activated receptors (PPARs) which participates in

lipid metabolism, and can induce inflammation and proliferation of both cell



and peroxisome via cellular signaling processes (Chinetti et al. 2000). In
general, cell proliferation (increase of cell counts in tissues) is a compensatory
to cellular injury or tissue growth, but it is not clear that hepatomegaly
followed by TCE treatment was attributed to either cell proliferation or
enlargement of cell or tissue size or both (Bull 2000; Yang et al. 2007). Figure

1 illustrates the tentative exposure-health effect continuum.
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Figure 1. Schematic summary of TCE-induced liver effects found in mice.

Since there were identical genotype and phenotype within strain and
wide diversity between strains, a multi-strain mouse model was considered as

an useful tool to investigate inter-individual variability in human population



exposed to environmental chemicals (Bradford et al. 2011; Chiu et al. 2014;

Rusyn et al. 2010; Tryndyak et al. 2012). By utilizing the benefits of multi-

strain model, we performed the present study to fill the knowledge gaps as
follows:

® TCE exposure for four weeks would affect dose- and strain-

dependent formation of an oxidative metabolite and its liver

toxicity in appropriate genetically defined mouse model

analogous to human population.

The purposes of the present study are:

(1) to gauge the quantitative differences in TCE metabolism in multi-
strain of mice

(2) to investigate inter-strain differences in the TCE-induced responses
coupled with some mode of actions such as proliferation and injury of

liver cells.



2. Materials and methods

2.1. Chemicals

Trichloroethylene (TCE; 99.5+%, Sigma Aldrich, St. Louis, MO, USA)
was dissolved in corn oil, and corn oil was used as a vehicle. Zoletil 50
(Virbac, France) and Rompoun (Bayer, Germany) as anesthetic drugs were
purchased.

HPLC-grade acetonitrile (ACN), HPLC-grade water, HPLC-grade
methanol, spectrophotometric grade diethyl ether, ammonium hydroxide
(29%), trichloroacetic acid (TCA, 99+%), ACS grade sulfuric acid (98%),
ACS grade acetic acid (100%) and 2-(2-methoxyethoxy)ethanol (2-MEE,
99%) were purchased from Fisher Scientific (Pittsburgh, PA). Dichloroacetic
acid (DCA, 99+%), [PC,]DCA (98%), [C,]TCA (98%), and ammonium
formate salt (99.9%) were purchased from Sigma (St. Louis, MO). DCVC,
[°Cs,"N]DCVC, DCVG and ["C,,”N]JDCVG were synthesized by
modification of a published method (McKinney et al., 1959), details are
available from Dr. Avram Gold. NAcDCVC and [°C,,""N]NAcDCVC were

purchased from Toronto Research Chemicals (Toronto ,Ontario, Canada).

2.2. Animals and treatments

Male mice of seven strains were purchased at 8 to 12 weeks of age from

Jackson Laboratories (USA): 129S1/SvimJ, A/J, B6C3F1, BALB/cJ,



C3H/HeJ, C57BL/6J, DBA/2J. Based on the data from fifteen strains
(Bradford et al. 2011; Rusyn 2014), seven strains were selected, and that
represented widely varying degree of formation of oxidative metabolites of
TCE and the key enzyme related to metabolism and liver toxicity (Yoo et al.
2015). They were selected They were housed 3 to 5 animals per cage with
hardwood chip bedding and maintained on a 12-hour light/dark cycle at a
constant temperature of 22+1C and humidity of 35-50%. Mice were fed
NTP-2000 wafer diet (Zeigler Brothers Inc., Gardners, PA) and had free
access to water (ad libitum). Doses of 0, 10, 100, and 1000mg/kg TCE with
corn oil vehicle (10 ml corn oil/kg body weight of mouse) were administered
to mice using a ball-tipped intubation needle for four weeks (five days per
week) in compliance with NTP protocol. Each group of dosing TCE consists
of three to five mice. Mice were sacrificed at 24-hour after last dosing of TCE.
Body weight was recorded right before dosing TCE and sacrificing the mice.
After postmortem examination, blood samples and liver tissues were collected.
Whole blood samples were separated into serum using an SST tube (Becton-
Dickinson, Oxford, United Kingdom) according to the manufacturer’s
instruction. All serum samples were stored at -70 C before analysis. After
weighing liver, the liver tissues were fixed in in 10% neutral buffered
formalin for 15 hours before histological and immunohistological processing.
All animal studies were approved by Institutional Animal Care and Use

Committee in Seoul National University.

2.3. Determination of TCE metabolites in serum

The levels of TCE metabolites in serum were determined using HPLC-

ESI-MS/MS as detailed elsewhere (Kim et al. 2009) with slight modifications



as follows (Figure 2). An aqueous mixture of internal standards (5 pl;
[*C,]DCA, [“C,]TCA and [“Cs"°NINAcDCVC; [13C5,15N]DCVC and
[°C,,”"N]DCVG) was spiked to diluted serum specimen (50 pl) with water
(100 pl). Then, serum protein was removed by filter centrifugation (Microcon
YM-10, Danvers, MA) at 14,000 x g for 30 min at 25 °C. Subsequently, 2 ml
of diethyl ether was added to extract haloacetic acids after acidifying the
media with 100 pl of 3% (v/v) sulfuric acid. The ether layer was transferred to
another vial and reduced in volume under N,, and finally transferred to 300 pl
glass vial insert containing 5 pl of water for solvent transfer before dryness.
The residue was reconstituted in 100 pl of mobile phase: 68.6% ACN, 29.4%
40 mM ammonium formate (pH 9.1) and 2% 2-MEE. The aqueous fraction
left after the ether extraction above was neutralized with 5 pl of 28% NH,OH
prior to extraction of DCVG and DCVC through a solid phase extraction (SPE)
cartridge (StrataTM X-AW, 30 mg 96-well plate; Phenomenex, CA). After
conditioning with 300 pl of methanol, followed by equilibration with 300 pl
of water, the samples (— 300 pl) were loaded, washing with 300 pl water,
and finally eluted with 250 pl of basic methanol (pH adjusted at 10.8 by 29%
NH4OH). Light vacuum (up to 50 mmHg) was applied to expedite washing
and elution. The final eluent was collected into 300 ul glass vial inserts and
dried in a Speed Vac Concentrator (Thermo-Fisher, CA) before reconstitution

with 20 pl of 80:20 water/methanol containing 0.1% acetic acid.
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Figure 2. Procedure of sample preparation for TCA in serum.

<— Add 300 p@ of water

<— Add 300 p of MeOH
<— Add 300 p@ of

<— Add 5 p of 28 % NH,OH

Add 20 p@ of mobile phase

for conjugates



HPLC-ESI-MS/MS was Agilent 1100 series (Santa Clara, CA, USA) and
Shiseido Nanospace SI-2 (Shiseido, Japan). And AB SCIX API 4000
(Redwood city, CA) was used. Luna Amino HPLC column (150%2.0 mm, 3
um) and  Strata X-AW solid-phase extraction (SPE) Cartridge were
purchased were purchased from Phenomenex (Torrance, CA, USA),
Microcon centrifugal filter YM-30 (30kDa) from Millipore(Billerica, MA,
USA), YMC C18 column (150%2.0 mm, 3 pum) from Waters (Milford, MA,
USA) were used.

2.4. Determination of alanine aminotransferase (ALT) in serum

Serum alanine aminotransferase (ALT) as a damage biomarker of liver
function was analyzed using its standard protocol (ID Labs inc., London, ON,
Canada). Microtiter plate was prepared, a 10 pl of serum sample and a 240 pl
of Master mix in the assay kit were added to the wells, and then measured the
absorbance of each sample at 340nm using spectrofluorophotometer (Tecan,

USA)

2.5. Hematoxylin & Eosin staining

After the dissected livers were fixed in 10% formalin, the fixed samples
were processed in a series of graded ethanol solutions, cleared in xylene
(Sigma) and embedded in paraffin wax. Paraffin sections were cut at 5 pm
thickness by rotatory microtome, deparaffinized, rehydrated and stained with

1% cresol fast violet staining solution (15-20 minutes) for histological



examination. The tissue sections were viewed and imaged using a light

microscopy.

2.6. Detection of proliferating cell nuclear antigen (PCNA)

Proliferating cell nuclear antigen is present in all stages of the cell cycle
except GO and is a well-established marker of cell proliferation used
extensively to demonstrate cell growth (Channel et al. 1998). The liver tissues
were fixed in 10% neutral buffered formalin for 15 hours, dehydrated in
ethanol and Hemo-De (Fisherbrand, Fisher Scientific Pittsburgh, PA), and
paraffin embedded at less than 60 C using a Histomatic MVP (Fisher

scientific). 4um-thick sections were cut, mounted on ChemMate Plus Slides

(BioTek Solutions, Santa Barbara, CA), and air dried. Sections were
deparaffinized in xylene and then rehydrated through a graded ethanol series
to PBS buffer (pH 7.4). Immunohistological process of the liver sections was
performed on a Tech-Mate 1000 (BioTek Solutions, Santa Barbara, CA)
automated immunostaining system. For antigen retrieval, the sections were
microwaved in citrate buffer (BioTek Solutions) and then reacted with
hydrogen peroxide (3% for 20 min) and blocked with normal horse serum
(BioTek Solutions). Slides were then incubated overnight at room temperature
with mouse monoclonal antibody (PCNA-Ab-1, Oncogene Science,

Cambridge, MA).

Detection of PCNA-positive nuclei was performed using biotinylated
horse anti-mouse (BioTek Solutions) secondary antibody and avidin-biotin
compex (ABC kit, BioTek Solutions) (20 min incubation for each, at room

temperature), followed by incubation in hydrogen peroxide/diaminobenzidine
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(BioTek Solutions) for 21 min. Tissues were counterstained with hematoxylin.
The pictures of liver sections were taken in 10 high-power fields (X200
magnification) by a light microscopy. Quantitative image analysis was
performed using Imagel). Images of liver sections immunohistochemically
labeled for PCNA were analyzed to detect positive and negative hepatocyte
nuclei. Detection criteria were the color-feature identification between brown
(positive) and blue (negative) nuclei. All histological assessments were made
in a blinded fashion by two investigators. The number of brown-stained nuclei
divided by total nuclei was used as a proliferating cell nuclear antigen-

labeling index (PCNA-LI).

2.7. Statistical analysis

Each experimental group was consisted of 3 to 5 animals. All Data were
analyzed using commercially available statistical software SAS 9.4 and JMP
10 (SAS Institute Inc., Cary, NC USA). For TCA concentration less than LOD

(limits of detection), the number equal to LOD divided by square root two

(LOD/A/2) was used as a proxy value. The other metabolites which were less
than 21 % of detection rate were censored from statistical analysis. All
variables from this study were not normally distributed, so these data were
transformed natural log (In), followed by statistical analysis. Generalized
linear models (GLM) were performed to compare data among strains with
Tukey’s multiple comparison, where the dependent variables were natural
logarithms of serum TCA, relative liver weight gain (liver weight difference
for four weeks divided by body weight at sacrifice) and PCNA-LI and
explanatory variables were administered amounts of TCE, strain and

interaction between the dose and strain for each dependent variable. All values

T Fat |
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corresponded to the Ismean + 95% confidence limit of three to five
independent experiments. Principle component analysis (PCA) and cluster
analysis were performed to classify and cluster the strains tested in this study.
In addition, Spearman correlation was used to analyze correlation among
TCE-induced responses including a metabolite. For all test, a p-value of 0.05

was considered significantly.

2.8. Scheme of study design

Overall, a scheme of study design was illustrated in Figure 3.
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Figure 3. A scheme of study design.
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3. Results

3.1. Body and liver weight

The effects of the 4-week exposure to different amounts of TCE on body
and liver weight in seven strains of male mice aged eight to twelve weeks
were presented in Table 1. Body weight was not adversely affected by any
dosage of TCE exposure (p > 0.05). In groups of mice exposed to only the
vehicle and TCE 10mg/kg b.w./day, there was no significant difference of
liver weight such as the absolute liver weight and relative liver to body weight.
On the other hand, the average absolute liver weight and relative liver to body
weight were significantly increased for groups of the mice exposed to
100mg/kg b.w./day and 1000mg/kg b.w./day of TCE, compared to the groups
treated by only the corn oil vehicle (p < 0.01). The results presented in Table 1
also showed strain-dependent effects of TCE (p < 0.05).

+ 7 5 711
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Table 1. Body weight, absolute liver weight, and relative liver weight to

body weight in seven strains following TCE exposure for four weeks

Dose of . Relative liver
Strain TCE Body weight (g) Abso‘lute liver weight to body
(mg/kg weight (g) weight (%)
b.w./day)
129S1/SvimJ 0 4 2124 + 0.85 0.84 + 0.08 395 += 0.25
10 4 20.68 =+ 1.18 0.84 £ 0.09 405 = 0.29
100 4 2070 + 1.38 0.89 + 0.09 427 = 0.16
1000 4 2329 + 1.28 141 + 007 6.06 = 0.08
A/ 0 4 2370 + 2.62 0.80 + 0.08 339 = 0.07
10 3 2331 + 0.21 0.89 + 0.06 381 = 024
100 3 2526 =+ 0.86 094 + 0.06 373 = 0.12
1000 4 2497 £+ 0.67 121 + 004 48 =+ 0.19
B6C3F1 0 4 2580 + 0.81 1.09 + 0.10 421 * 026
10 4 2714 £+ 0.79 1.15 + 007 424 %= 0.16
100 4 27.08 =+ 0.28 122 + 007 449 = 021
1000 4 28.10 + 1.13 143 + 009 510 = 0.17
BALB/c 0 4 2637 + 1.03 1.25 £ 0.06 473 = 0.24
10 4 26.06 + 1.20 1.25 £+ 0.03 481 £ 0.13
100 4 2664 + 0.94 1.51 + 0.17 567 = 045
1000 4 26.10 + 1.79 1.67 += 0.16 638 = 0.20
C3H/He 0 4 28.19 + 220 1.20 £ 0.08 425 = 0.26
10 4 29.04 + 3.34 1.19 + 0.13 409 £ 021
100 4 2694 =+ 0.66 122 + 032 454 += 122
1000 3 29.19 + 1.16 1.55 + 0.11 530 = 0.17
C57BL/6J 0 5 2392 + 0.89 1.02 + 0.02 428 * 0.17
10 4 2330 + 1.09 099 + 0.05 426 = 0.02
100 5 23.14 =+ 0.60 1.03 + 008 447 = 024
1000 5 21.66 =+ 0.37 1.06 + 004 488 = 021
DBA/2 0 5 2483 + 1.16 1.00 + 0.11 404 £ 035
10 5 2421 £+ 3.28 090 + 0.09 373 * 028
100 5 2413 + 2.13 1.01 + 0.13 416 £ 0.18
1000 5 2499 £+ 0.90 128 + 0.10 511 %= 0.35
Note. All values above were presented by mean + sd.
15 ":I"‘-_-i ":'.: . 1'!



3.2. Levels of TCE metabolites in serum

Only TCA was 100% detected at a level higher than the limit of detection
(LOD) in the serum samples. The LOD was defined as three times the
standard error of the y-intercept divided by the slope of the calibration curve.
The LODs of the five metabolites in mouse serum were as follows: TCA,
0.438 nmol/ml; DCA, 0.081 nmol/ml; NAcDCVC, 0.018 nmol/ml; DCVC,
0.002 nmol/ml; DCVG, 0.001 nmol/ml. Although the LODs were lower than
those found in similar studies (Bradford et al. 2011; Kim et al. 2009), the
measured levels of DCA, DCVG, DCVC and NAcDCVC were below the
LOD or not detected at all. One possible explanation for this is that the other
metabolites might have already been excreted in the urine because the
sampling was performed 24 hours after the administration of the last dose of
TCE.

Figure 4 shows that after exposure for four weeks, TCE dose was
positively related with the fold change of serum TCA and that the patterns of
the fold change of serum TCA were different among the seven strains of mice
(p<0.01). In the group of exposure to TCE 10mg/kg b.w./day, C57BL/6] mice
were different from 129S1/SvimJ (B=0.71, SE=0.33, p<0.05), A/J (=2.00,
SE=0.36, p<0.0001) and DBA/2 ($=2.98, SE=0.32, p<0.0001) in terms of
formation of serum TCA. In the group of exposure to TCE 100mg/kg b.w./day,
C57BL/6J mice were different from 129S1/SvimJ (B=2.16, SE=0.32,
p<0.0001), A/J (B=2.75, SE=0.34, p<0.0001), BALB/c ($=0.83, SE=0.32,
p<0.05) and DBA/2 (=3.89, SE=0.30, p<0.0001). In the group of exposure to
TCE 1000mg/kg b.w./day, C57BL/6J mice were different from 129S1/SvlmlJ
(B=1.60, SE=0.32, p<0.0001), A/J (B=4.30, SE=0.32, p<0.0001), B6C3F1
(B=0.97, SE=0.32, p<0.01), BALB/c (p=0.95, SE=0.32, p<0.01), C3H/He
(B=0.73, SE=0.34, p<0.05) and DBA/2 (=4.05, SE=0.30, p<0.0001).
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3.3. Liver weight gain

To compare to liver weight gain among the seven strains exposed to TCE
for four weeks, Figure 5 presents the patterns of fold change of liver to body
weight. Increases in fold change of liver to body weight showed strain-
dependent effects (p<0.01). In the group of exposure to TCE 1000mg/kg
b.w./day, 129S1/SvImJ mice showed evident changes of liver weight gain, and
are different from B6C3F1 (f=-0.24, SE=0.05, p<0.0001), BALB/c ($=-0.13,
SE=0.05, p<0.05), C3H/H3 (p=-0.20, SE=0.06, p<0.001), C57BL/6J (p=-0.28,
SE=0.06, p<0.0001) and DBA/2 (=-0.25, SE=0.07, p<0.001) significantly.
A/] mice (p=-0.13, SE=0.07, p=0.064) were marginally different from
129S1/SvimJ mice.
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3.4. Levels of ALT in serum

Subacute exposure to TCE at 0, 10, 100 and 1000 mg/kg b.w./day had no
statistically significant effect on levels of serum ALT as a clinical chemistry
indicator of liver injury. The averages of serum ALT among control groups
showed the different background levels of ALT in different strains of mice.

Nevertheless, there was no strain-dependent effect.

3.5. Necrosis in liver

We examined the necrosis as a marker for irreversible liver injury after
TCE exposure for four weeks. There were no occurrences of necrosis in the
livers of mice from all seven strains although ‘monocyte infiltration’ was

observed in the livers of some of the tested mice from different strains.
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3.6. Hepatocyte proliferation

Four strains distinguished clearly in Figure 6 were selected for
determining PCNA-LI to observe cell proliferation. Oral gavage of TCE
1000mg/kg b.w./day caused a significant increase in PCNA-LI (%) in the liver,
compared to the vehicle group (p<0.05) (Figure 6). Figure S2 further shows
strain-dependent effect on PCNA-LI (%) among tested four strains (p<0.05),

although necrosis was not observed in any dose and strain groups.

OVehicle ®TCE 1000mg/kg b.w./day

ojqu *

129S1/Svim)J BALB/c C57BL/6)

PCNA-LI (%)
=R
N oo 0o o N b

N
1

Figure 6. Change of PCNA-LI (%) in mouse liver following exposure to
TCE 1000mg/kg b.w./day in selected strains of mice for four weeks. Data
are mean + SD, n=4/group. The symbol (*) indicates significant (p < 0.05)

difference as compared with vehicle group and other three strains.



3.7. Principal component analysis of TCA and Liver-weight gain

Figure 7 showed principal component analysis which is to classify mouse
strains using major two variables (TCA and liver weight) at each dose of TCE
exposure supported. Component 1 consists of both TCA and liver weight and
component 2 explains the other variances excluding component 1. In TCE
1000 mg/kg/day, strain-dependent effect was mainly explained by 69.69 % of
component 1 while each component was about 50 % respectively in the
groups of TCE 10 and 100 mg/kg/day (Figure 7). It suggested that DBA/2 and
A/J might be susceptible to producing TCA and 129S1/SvimJ and BALB/c
might be susceptible to increases in liver weight at the highest TCE exposure
in this study. Meanwhile, C57BL/6J mice were far from these groups. To
confirm the explanation, cluster analysis was carried out (Figure S 1). It
corresponded with that DBA/2 and A/J were close each other indeed and they
were apart from 129S1/SvimJ at TCE 1000 mg/kg b.w./day.
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Figure 7. Principal component analysis using two variables (levels of
serum TCA and liver weight gain) to classify mouse strains according to

dose of TCE exposure: (a), 10 mg/kg b.w/day; (b), 100 mg/kg b.w./day; (c)
1000 mg/kg b.w./day.
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4. Discussion

TCE toxicity is linked to its reactive metabolites and it has been believed
that liver toxicity is more associated with oxidative metabolites such as DCA
and TCA. Among these, TCA is abundant and has longer biological half-time
relative to other metabolites (Kim et al 2009; Chiu et al 2014). In the present
study, we successfully detected serum TCA 24-hr after the last dosage, which
could be useful as both exposure biomarker and measures of metabolic
activity of TCE. Also, there was wide variability of TCA production by
dosage across test strains (Figure 4). As shown in Figure 3, we tried to find
more susceptible strains showing high production of TCA and liver-weight
gain by the levels of dosage with hope of strain-dependent variability could be
maintained in the pipeline in the continuum of “exposure = metabolism >
liver-weight gain”, which could be explained with cell-proliferation in the
liver according the previous studies (Bradford et al. 2011; Yoo et al 2015).
We could confirm our hypothesis as well as the strain-dependent variability in

the continuum seemed not to be maintained.

Serum TCA, biomarker of TCE metabolism, was dose-dependent and
wide variability among strains. For instance, DBA/2 and A/J produced more
TCA but C57BL/6J less compared to others (Figure 4), which was supported
by previous reports focusing inter-strain variability in the metabolism using a
multi-strain of mice (Bradford et al. 2011; Chiu et al. 2014; Yoo et al. 2015).
The formation of TCA is mediated by cytochrome P450 (Lash et al. 2000;
Lash et al. 2006). Variability in metabolic profiles and rates seemed
determined by genetic polymorphisms governing key metabolic enzymes of
TCE and corresponding cellular signaling processes (Kim and Ghanayem

2006; Xu et al. 2012). For example, C57BL/6J mice represented lower levels
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of CYP450-dependent oxidation of TCE (Yoo et al. 2015). More than ten-fold
difference was found in CYP-mediated metabolism of TCE among 15 strains
of mice, which was associated with strain-specific differences in gene
expression (Bradford et al. 2011). Briefly, activity or extents of CYP in the
liver seemed determining factors in TCE metabolism and related biological

effects in the liver across the various strains.

Dose- and strain-dependent effects were also found in liver-weight gain
(Figure 5). Furthermore, all seven strains of TCE 1000 mg/kg b.w./day
showed apparent differences from each control group in the present study
(Table 1). Specifically, BALB/c, 129S1/SvimJ and A/J was more susceptible
to liver weight gain, while C57BL/6]J was less than them. Likewise,
129S1/SvlmJ among inbred mice exposed to TCE 600 mg/kg/day for a week
showed significant liver weight gain, and this associated with the key
enzymes metabolizing TCE to TCA in mouse liver (Yoo et al. 2015). Liver
weight gain has known as one of liver effects induced by subchronic exposure
to TCE and TCA in mice (Evans et al. 2009; Kjellstrand et al. 1981; Laughter
et al. 2004). TCA might not fully explain the liver weight gain in that it was
accounted for only about only 20% to 50% of the degree of hepatomegaly
produced by TCE (Chiu 2011). It was required to investigate the determinants
of liver weight gain and the effect would have parallels with the different

amounts of TCA among strains

The present study further showed that correlation between PCNA-LI and liver
weight were statistically marginal (Figure S2; C). The result suggested that
liver weight gain can be linked to increased cell numbers induced by TCE
exposure. Increases in cell number that may result from either increased
proliferation or decreased cell death could be a factor in the process of

hepatomegaly (Kumar et al., 2010). In addition, cell and peroxisome
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proliferation were likely to be responsible for TCA that is a peroxisome
proliferator and activate PPARa, as well as inflammatory reaction through the
interaction with various enzymes and proteins (Chinetti et al. 2000).
Interestingly, cell numbers in C57BL/6J significantly increased but the strain
was a low liver weight gain. Meanwhile, A/J mice was not statistically
different from the control group although the levels of TCA and relative liver
weight were high at TCE 1000mg/kg b.w./day (Figure 5 and 6). The results
indicated that TCA may not be directly responsible for cell proliferation
following exposure to TCE in several mouse strains although TCA was
strongly associated with liver weight gain and PCNA-LI (Figure S2; A and B).
A possible explanation is that TCE exposure elevated nuclear factor-kB (NF-
kB) p52 mRNA and protein associated with inflammation in all mice
regardless of PPARa, which can be activated by TCA, and hepatic lipid
accumulation was observed in PPARa-null and hPPARa mice (Ramdhan et al.

2010).

According to the findings of PCA, interstrain differences seemed to be
clear at high dose of TCE (Figure 7; C). It suggested that DBA/2 and A/J
might be susceptible to producing TCA and 129S1/SvimJ and BALB/c might
be susceptible to increases in liver weight at the highest TCE exposure.
Meanwhile, C57BL/6J] mice were far from these groups. Quantitative
differences in the metabolites and liver weight gains may appear to be innate
species differences in susceptibility to the effects on producing the
metabolites (Bull 2000). In this perspective, the approach finding genetic
factors and genetic variants are required to elucidate specific determinants of
inter-strain differences in the process of hepatocellular and peroxisome

proliferation in further study.
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5. Conclusions

As shown in this study, subacute exposure to TCE (1000mg/kg/day) was
not sufficient to induce the changes of serum ALT and necrosis in mouse liver.
It may be because of the limitation that bioavailability of TCE is low by using
corn oil vehicle. Nevertheless, this study elucidates that subacute TCE
exposure resulted in strain-dependent effects on the formation of TCA and the
increase in liver weight and hepatic cell proliferation among genetically
diverse mouse strains. Over all, there was significant difference in the extent
of TCE-induced responses according to dosage of TCE exposure and type of
strain. Furthermore, the increase in the formation of TCA was correlated to
the increase in liver weight and hepatic cell proliferation.

This study suggested that serum TCA could be suitable for a marker of
TCE metabolism although the sampling time of blood was at 24 hour after last
exposure to TCE. Plus, the experimental data on inter-strain variability
obtained through the use of genetically diverse mice may be a key in order to
find out the genetic variants of susceptibility to TCE-induced hepatomegaly

and the other liver toxicities in further research.
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Supplementary information

Strain-dependent responses of subacute exposure
to trichloroethylene in a multi-strain panel of mice:
An oxidative metabolite and the liver effects

Figure S1. Cluster analysis with two principle components considering
the levels of TCA and the relative ratio of liver to body weight
following subacute exposure to TCE 1000mg/kg b.w./day in seven

strains.

Figure S2. Correlations between serum TCA and relative ratio of liver
to body weight (a); serum TCA and PCNA-LI (b); PCNA-LI (b and

relative ratio of liver to body weight (c).
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Figure S1. Cluster analysis with two principle components considering
the levels of TCA and the relative ratio of liver to body weight following

subacute exposure to TCE 1000mg/kg b.w./day in seven strains.
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