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Abstract

Lifestyle factors and chronic pathological states are important contributors to inter-individual
variability in susceptibility to xenobiotic-induced toxicity. Nonalcoholic fatty liver disease
(NAFLD) is an increasingly prevalent condition that can dramatically affect chemical
metabolism. We examined the effect of NAFLD on toxicokinetics of tetrachloroethylene
(PERC), a ubiquitous environmental contaminant that requires metabolic activation to induce
adverse health effects. Mice (C57BI/6J, male) were fed a low-fat diet (LFD), high fat diet (HFD),
or methionine/folate/choline-deficient diet (MCD) to model a healthy liver, steatosis, or
nonalcoholic steatohepatitis (NASH), respectively. After 8 weeks, mice were orally administered
a single dose of PERC (300 mg/kg) or vehicle (aqueous Alkamuls-EL620) and sacrificed at
various time points (1-36 hours). Levels of PERC and its metabolites were measured in
blood/serum, liver, and fat. Effects of diets on liver gene expression and tissue:air partition
coefficients were evaluated. We found that hepatic levels of PERC were 6- and 7.6-fold higher in
HFD- and MCD-fed mice compared to LFD-fed mice; this was associated with an increased
PERC liver:blood partition coefficient. Liver and serum Cpax for trichloroacetate (TCA) was
lower in MCD-fed mice, however hepatic clearance of TCA was profoundly reduced by HFD or
MCD feeding, leading to TCA accumulation. Hepatic mRNA/protein expression and ex vivo
activity assays revealed decreased xenobiotic metabolism in HFD- and MCD-, compared to
LFD-fed, groups. In conclusion, experimental NAFLD was associated with modulation of
xenobiotic disposition and metabolism, and increased hepatic exposure to PERC and TCA.
Underlying NAFLD may be an important susceptibility factor for PERC-associated

hepatotoxicity.
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Introduction

Inter-individual variability is a major challenge for the assessment of human health
burden associated with exposure to environmental contaminants (Zeise et al., 2013). Variability
in toxicokinetics and ensuing metabolic activation of the parent chemical to relatively more toxic
metabolites is often the underlying cause of the variability in adverse health responses (Bois et
al., 2010). The role of genetic factors in the population variability in drug and chemical
metabolism is well established (Relling and Evans, 2015); however, a variety of other factors
such as sex, age, diet, and underlying disease states may also contribute to inter-individual
variability. Specifically, non-alcoholic fatty liver disease (NAFLD) is a growing public health
burden, with a global prevalence of ~25% (Younossi et al., 2016b) and an associated economic
impact that may exceed US$900 billion over the next 10 years in the U.S. alone (Younossi et al.,
2016a). NAFLD encompasses two clinically distinct disease states, simple steatosis and the more
severe non-alcoholic steatohepatitis (NASH). Experimental and human NAFLD has been shown
to be associated with dysregulation in pharmaco-/toxico-kinetics of a variety of chemicals,
including pharmaceutical and environmental chemicals (Buechler and Weiss, 2011; Merrell and
Cherrington, 2011; Naik et al., 2013; Clarke and Cherrington, 2015).

An excellent case study substance to examine the role of NAFLD as a susceptibility
factor in chemical-induced adverse health effects is tetrachloroethylene (perchloroethylene;
PERC). It was recently shown that genetics is a major, but not the only, determinant of inter-
individual variability in toxicokinetics of PERC [(Cichocki et al., 2016a), in press]. The U.S.
Environmental Protection Agency (EPA) in its Toxicological Review of PERC stated that

preexisting disease status may contribute to variation in response to PERC through alteration of
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toxicokinetics of PERC and its metabolites; however, there are few studies on the contribution of
disease states to PERC toxicokinetics (U.S. EPA, 2011).

PERC is a high-production volume chlorinated olefin solvent, with industrial uses in dry-
cleaning, metal degreasing, and as a chemical feedstock (Cichocki et al., 2016b). Due to its
widespread use, high production volume and persistence in the environment, PERC has become
a ubiquitous environmental contaminant of ambient air, soil, and drinking and ground water, and
is one of the most commonly found contaminants at hazardous waste sites (National Research
Council, 2010). Exposure to PERC in humans and animals is associated with multiple target
organ toxicity, including both cancer and non-cancer toxicity (U.S. EPA, 2011; Guha et al.,
2012; 1ARC, 2013; Guyton et al., 2014; Cichocki et al., 2016b). In mice, hepatotoxicity
associated with PERC exposure is thought to be mediated by trichloroacetate (TCA), an
oxidative metabolite of PERC (Bull et al., 1990; Bull, 2000; Corton, 2008). Indeed, hepatic
oxidative metabolism of PERC was the primary dose metric chosen by the U.S. EPA to derive an
oral reference dose/concentration for the carcinogenic risk of PERC (U.S. EPA, 2011); thus, the
toxicokinetics of PERC and TCA are important considerations when establishing concentration-
response relationships.

Although PERC has been studied for decades, very little is known about the specific
enzyme(s) involved in PERC metabolism, especially under chronic disease conditions that may
have a profound impact on metabolic capacity. It is known that PERC is metabolized by human
and rodent hepatic cytochrome P450s (CYPs) to TCA (Cichocki et al., 2016b). Additionally,
PERC can also be conjugated with glutathione through glutathione S-transferases (GSTs) to form
S-(1,2,2-trichlorovinyl)-glutathione (TCVG). TCVG can be converted in the kidney through a

two-step metabolic reaction to yield S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC). TCVC is a
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metabolite of high concern as it can be converted to cytotoxic and genotoxic electrophiles
(Vamvakas et al., 1987; Vamvakas et al., 1988; Vamvakas et al., 1989; Irving and Elfarra, 2013)
and can be detoxified to the mercapturate N-Acetyl-S-(1,2,2-trichlorvinyl)-L-cysteine
(NACTCVC), which is a urinary metabolite of PERC in humans . However, little is known about
the effects of NAFLD on these PERC metabolism pathways.

The objective of this study was to examine the toxicokinetics of PERC and its major
metabolites in tissues from mice with varying stages of NAFLD. Concentration-time profiles
were generated for PERC, TCA, TCVG, TCVC, and NAcTCVC in liver and serum. To identify
mechanisms of NAFLD-associated effects on PERC toxicokinetics, mMRNA sequencing and other

biochemical techniques were employed.

Materials and Methods

Chemicals. PERC (CAS 127-18-4) was purchased from Sigma Aldrich (Cat No. 270393, Batch
No. SHBD9374V, purity 99.93%; St. Louis, MO). Analytical standards for S-(1,2,2-
trichlorovinyl) ~ glutathione (TCVG), 'C,°N-TCVG, S-(1,2,2-trichlorovinyl)-L-cysteine
(TCVC),  BCs®N-TCVC,  N-acetyl-S-(1,2,2-trichlorovinyl)-L-cysteine ~ (NACTCVC),
and *C3*N-NACcTCVC were graciously provided by Dr. Avram Gold at the University of North
Carolina, Chapel Hill. Purity of all standards was determined to be >95% by NMR and mass
spectroscopy. All other chemicals were of the highest purity available and were acquired from
commercial vendors.

Animals. Five-week old male C57BI/6J mice were obtained from the Jackson Laboratory (Bar
Harbor, ME) and housed in polycarbonate cages with Sanichip hardwood chip bedding (P.J.

Murphy Forest Products Corp., Montville, NJ). Mice were acclimatized for at least one week on
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a standard rodent chow containing 4% calories from fat (low-fat diet; LFD; Teklad Rodent Diet
#8604; Harlan, Madison, WI). In order to model a healthy liver, steatosis, or NASH, mice were
randomly assigned (five mice per cage) into groups fed a control LFD, a diet containing 31% fat
(high fat diet, HFD; Diet #519567; Dyets Inc., Bethlehem, PA), or a diet containing 31% kcal
from fat depleted in methionine and devoid of choline and folate (methyl and choline-deficient
diet, MCD; Diet #519541; Dyets Inc., Bethlehem, PA). The formulation for MCD diet used
herein has been previously shown to induce NASH in C57BI/6J mice without reduction in
bodyweight (Tryndyak et al., 2012), which is a common deficiency of other MCD diets (Maher,
2011).

Study Design. Following eight weeks of dietary treatments as detailed above, mice were
administered a single intragastric dose of PERC (300 mg/kg in 5% Alkamuls-EL620 in saline).
This dose was selected as the toxicokinetics of PERC and TCA in male mice after exposure to
150-1000 mg/kg PERC has been characterized in liver and blood (Philip et al., 2007) and was
shown to be well-tolerated in acute (Philip et al., 2007) and sub-chronic studies (National
Toxicology Program, 1977). Mice (n=5/diet/time-point) were euthanized at 1, 2, 4, 12, or 24
hours after gavage (total n=75). In addition, 4 mice per diet group were individually placed in
stainless steel metabolic cages with wire mesh bottoms (Techniplast, Chester, PA) for 36 hours
for urine collection (total n=12). Five mice per diet were treated with vehicle and euthanized at
24 hours post gavage to perform additional biochemical analyses (total n=15). At the respected
time points, animals were deeply anesthetized with pentobarbital (50 mg/kg, i.p.) and sacrificed
via exsanguination through the vena cava, which was the site of blood collection. An additional
100 pL of whole blood was drawn from vehicle-treated animals to analyze blood:air partition

coefficients. Both whole blood and serum collection via Z-gel tubes (Sarstedt, Numbrecht,
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Germany) was performed. Other tissues were excised, rinsed in saline, blotted dry, weighed, and
snap-frozen in liquid nitrogen. The liver left lobe was separated from the rest of the liver prior to
freezing. A small section of liver left lobe, liver median lobe, and one kidney were fixed in
formalin for histological examination. An additional small section of liver median lobe was
placed on Optimal Cutting Temperature compound on dry ice for frozen sectioning.

Analysis of PERC in tissues. Details on PERC analysis in tissue homogenates are provided in the
Supplementary Materials and Methods. Briefly, methanolic tissue homogenates were analyzed
for PERC content via dynamic headspace gas chromatography/mass spectrometry (GC/MS).

Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of Trichloroacetate (TCA) in
Tissues. The analysis of TCA was modified from USEPA Method (EPA 815-B-03-002). Details
are provided in the Supplementary Materials and Methods. Briefly, liver and serum samples
were derivatized with a methanolic esterifying reagent to generate TCA methyl ester. After
liquid-liquid extraction, the derivatives were analyzed via GC/MS.

Liquid Chromatography/Mass-Spectroscopy (LC/MS) Analysis of TCVG, TCVC, and NAcTCVC.
The method of Luo et al. (2016, submitted manuscript) was used for detection of TCVG, TCVC,
and NACTCVC in serum, urine, and liver tissue. Briefly, isotopically-labeled internal standards
(**C,"®N-TCVG, BC5™N-TCVC, and **C3*N-NAc-TCVC; 50 pmol each) were spiked prior to
extraction to account for recovery and matrix effects. Liver homogenate (50 mg), urine (50 pL),
or serum (50 pL) were subjected to solid-phase extraction prior to separation and detection via
LC/MS-MS. Calibration curves were prepared in blank tissue from C57BI/6J mice which were
subjected to the same extraction process. The concentration of analyte was determined by taking

the response ratio of the analyte to the isotopically-labeled internal standard.
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Partition Coefficients. Blood:air and liver:blood partition coefficients were performed using a
vial equilibration method (Morris and Cavanagh, 1986). Details are provided in the
Supplementary Materials and Methods. Briefly, tissues were placed in sealed vials containing
PERC. After an equilibration period, headspace samples (static) were drawn into a GC/MS for
detection of airborne PERC. Liver:blood partition coefficient is the ratio of liver:air and blood:air
coefficients.

Body Composition. Whole-body lean and fat weights were measured in all animals prior to
chemical exposure via an EchoMRI-100 machine (EchoMRI, Houston, TX).

Serum clinical chemistry. Serum alanine aminotransferase (ALT) was measured with a
commercially-available kit (Sigma Aldrich, St. Louis, MO) according to manufacturer’s
instructions.

Histopathology. Tissues were embedded in paraffin, sectioned at 5 um, and stained with
haematoxylin and eosin (H&E) or Sirius Red according to standard protocols. Frozen sections (5
pm) were used for Oil Red O staining. H&E-stained slides were evaluated using the NAFLD
activity scoring system (Kleiner et al., 2005) by a trained veterinary pathologist who was blinded
to the study design and sample assignment to treatment groups.

mRNA sequencing. Total RNA was extracted from pulverized liver left lobe tissue from animals
treated with vehicle with miRNeasy Mini kits (Qiagen, Valencia, CA). RNA was quantified with
Nanodrop (Nanodrop, Wilmington, DE) and purity was assessed via Bioanalyzer (Agilent, Santa
Clara, CA). All samples had an RNA integrity number (RIN)>7.5 and most had RIN>8.0. cDNA
libraries from 2 pg of RNA were generated using the TruSeq Stranded mRNA Sample kit (high
sample protocol; Illumina, San Diego, CA) according to the manufacturer’s instructions.

Samples were pooled (7 pools of 10 samples per pool, 1 pool of 8 samples) and fifty base-pair
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reads were sequenced using an Illumina HiSeq 2500 instrument on 8 sequencing lanes; all
samples were run on the same flow cell. A total of 1.83 billion reads were checked to trim any
adapter sequences and low quality bases using Trimmomatic (Bolger et al., 2014) resulting in
1.79 billion filtered reads (98%) out of which a total of 1.74 billion filtered reads (approximately
97%) mapped to the GRecm38/mm10 assembly. Read mapping was performed using TopHat
version 2.0.13 (Trapnell et al., 2009). HTSeq (Anders et al., 2015) was used to generate raw
read counts per gene using the intersection-nonempty parameter to account for ambiguous read
mappings.

Differential gene expression tests were then performed via the R (v 3.3.1) package
DESeq2 (v 1.12.3) (Love et al., 2014) on the complete list of 18,239 genes after removing low
count genes, following recommended guidelines by the authors. Normalized mRNA counts used
for data analysis were an output from the DESeq2, which uses an internal normalization
algorithm. Briefly, for each gene, a size factor is estimated by calculating the quotient of the raw
counts in each sample divided by the raw counts of the geometric mean (all samples), which is
effectively a sequencing depth ratio for each gene. The median of all of these quotients is then
the relative sequencing depth of the library. This effect size is used to normalize all of the counts
of each gene across all of the samples that were sequenced. To be deemed differentially-
expressed, log2 fold-changes (compared to LFD group) and false discovery rate (FDR)-adjusted
p-values were cut off at 0.58 and 0.1, respectively. A cut-off for log2 of 0.58 represents an
approximate 1.5-fold change in expression level compared to the reference (LFD) group. Default
settings in DESeq2 were used for FDR adjustment (Benjamini and Hochberg, 1995). One sample
from the HFD group was identified as a technical outlier and was therefore removed from further

analysis.
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The resulting gene expression values were used for biological pathway analysis using the
“piano” (Varemo et al., 2013) package in R (package v 1.12.0) in conjunction with the “Mouse

Reactome” gene set (retrieved from www.baderlab.org on November 11", 2016). For analysis of

xenobiotic-metabolizing enzymes, genes with the starting combination of letters “Abc”, “Slc”,
“Gst”, “Cyp”, “Ugt”, “Sult”, “Nat”, “Ces”, “Aldh”, and “Adh” were selected from the complete
list of mapped genes. A total of 618 genes were retrieved and validated as belonging to these
families. Visuals of differentially-expressed genes and enriched pathways were generated in R.

Western blotting. Liver whole tissue lysates were prepared using a commercially-available
reagent (T-PER, Thermo Fisher Scientific, Waltham, MA) with added HALT protease inhibitor
(Thermo Fisher Scientific). Protein concentrations were determined via a bicinchonic acid assay
kit (Thermo Fisher Scientific), using bovine serum albumin as standard. Reduced and denatured
liver whole cell lysates (30 pg) were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred to polyvinylidene fluoride (PVDF)
membranes, blocked for one hour with Odyssey Blocking Buffer (LI-COR, Lincoln, NE) with
0.1% Tween-20 added, and probed with antibodies to goat anti-CYP3A ( sc-30632, lot #F2416;
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-CYP2B10 (AB9916, lot #27726609;
EMD Millipore, Billerica, MA), rabbit anti-CYP2C9 ( ab4236, lot #GR21040-20; Abcam,
Cambridge, MA), and rabbit anti-B-actin (ab8227, lot #GR288171-1; Abcam). All primary
antibodies were diluted 1:1,000 in blocking buffer, except p-actin which was diluted 1:2,500.
Incubations were carried out overnight at 4°C. After washing, HRP-conjugated secondary
antibodies were added (1:5,000 in blocking buffer). After 90-minutes of incubation at room
temperature and washing, proteins were detected via enhanced chemiluminescence. Bands were

quantified via densitometry using Image Studio (LI-COR).
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S9 fraction activity assays. This method was adapted from a previously established method (Lash
et al., 2007). Liver tissue (100 mg) was homogenized in 4 volumes of ice-cold buffer (0.1M
potassium phosphate buffer containing 0.5 mM ethylenediaminetetraacetic acid, pH 7.4) using a
bead ruptor (see above). Homogenates were centrifuged (9,000g, 20 min, 4 °C), and supernatants
were aliquoted into equal volumes. Samples were kept on ice until used (typically within one
hour). 100 pL of homogenate was added to a 2 mL glass amber vial containing 400 pL of buffer
supplemented with 1.5 mM (final concentration) reduced nicotinamide adenine dinucleotide
phosphate (NADPH). Samples were warmed for 5 minutes at 37 °C before addition of 2.5 pL of
PERC (100 mM in methanol). Samples were quickly capped and incubated for 1 hour at 37°C in
a water bath with frequent shaking. Reactions were terminated by adding 1.5 mL of 10% sulfuric
acid in methanol (v:v) and 20 puL of 2-bromobutyric acid (550 pM, internal standard). The
resulting methyl esters were extracted and analyzed via GC/MS as described above. Data were
normalized to the amount of starting liver tissue.

Statistical Analysis. GraphPad Prism (v 5.0), was used for statistical analysis for biochemical
analyses. For comparisons between different disease states, ANOVA followed by Newman-
Keuls post-hoc test was used as a statistical test. For analysis of histopathological scoring, the
Kruskal-Wallis test followed by Dunns post-hoc analysis. For all tests, a p-value <0.05 was
deemed statistically-significant. For analysis of correlations between metabolizing enzyme
transcript abundance and toxicokinetic phenotype, Pearson correlation coefficients were
determined and associated p-values were corrected for multiple comparisons (Benjamini and
Hochberg, 1995) to derive g-values using standard R computing. For transcript abundance,
normalized mRNA counts (via estimating gene-level size factors) from DESeq2 were used.

Details on the algorithm used by this R package can be found in (Love et al., 2014).
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Data availability. RNA sequencing data are publically-available through Gene Expression
Omnibus (GEO; accession ID: GSE93132) and individual animal phenotype data are supplied as
Supplementary Files. In addition to GEO, complete lists of differentially-expressed genes and

enriched pathways are provided as Supplementary Files.

Results

Diet-associated liver effects. As anticipated, animals maintained on a HFD or MCD for 8
weeks and administered a single dose of vehicle (5% Alkamuls EL-620 in saline) presented with
obvious liver steatosis or steatohepatitis, respectively, as evident in histopathological analyses
(Table 1, Supplementary Figure 1). No abnormalities were observed in LFD-fed mice exposed to
a single dose of vehicle. Livers from mice fed a HFD displayed mostly diffuse macro-vesicular
steatosis, while livers from mice fed an MCD displayed diffuse micro- and macro-vesicular
steatosis accompanied by inflammatory cell infiltration. There was pericellular collagen
deposition apparent in liver tissue of MCD-fed mice, as indicated by Sirius red-positive staining
in liver sections (Supplementary Figure 1). In addition to liver histopathology, body weight,
body composition, liver- and fat-to-body weight ratios, serum ALT, and serum and liver
triglycerides were measured to further characterize the underlying liver disease states in this
study (Table 1). Overall, these data confirmed that animals in this study exhibited desirable
NAFLD disease phenotypes, which included steatosis or NASH. MCD-fed animals in this study
did not exhibit loss of body weight or body fat content.

Effect of NAFLD on PERC toxicokinetics. The toxicokinetics of PERC in blood, liver,
and gonadal adipose tissue varied considerably following a single intragastric dose (300 mg/kg)

depending on the liver disease state (Figure 1). Table 2 lists areas under the concentration-time
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curve (AUCs) values for these tissues and disease states. In blood, Cnax for PERC at 1 hour post
dosing was highest in HFD-fed mice (88.7+£8.6 nmol/mL; meantSE, n=5), followed by MCD-
fed mice (64.8+9.2) and LFD-fed mice (29.9+2.1); PERC was undetectable in the blood by the
24 hour time point. In liver, Cmax for PERC at 1 hour post dosing was highest in MCD-fed mice
(988.6+£122.7 nmol/g; mean£SE, n=5), followed by HFD-fed mice steatosis (885.8+108.7) and
LFD-fed mice (139+22). PERC was detectable in liver at 24 hours only in HFD- and MCD-fed
groups. In the adipose tissue, PERC Kinetics was not different among groups and was
undetectable at 36 hours post dosing.

NAFLD effects on PERC absorption and distribution. Blood:air and liver:air
partitioning coefficients were measured. Blood:air partitioning coefficients were not different
(p=0.0921, ANOVA with Newman Keuls post-hoc test) among groups (Figure 2A). Values
(meanzSE, n=4-5) for blood:air partition coefficient were 18.1+6.1, 29.445.1, and 35.7+8.4 for
LFD-, HFD-, and MCD-fed mice, respectively. The values for LFD-fed mice were similar to
those previously reported (Gargas et al., 1989; Gearhart et al., 1993). To determine whether lipid
content of the blood, which may affect the partition coefficient, was different between groups,
serum triglyceride levels were measured (Table 1). Serum triglyceride levels were similar
between groups. Conversely, the liver:air partition coefficients were varying based on the
underlying liver disease state (Figure 2B). Specifically, the liver:air partition coefficients were
61.3+4.9, 149+50.6, and 300+£78.9 for LFD-, HFD-, and MCD-fed mice, respectively, with
difference of the means in LFD- and MCD-fed mice being significantly different (p<0.05,
ANOVA). The values for liver:air partition coefficient in LFD-fed mice were similar to
previously reported values (Gearhart et al., 1993). Liver:blood partition coefficients (a ratio of

mean liver:air and blood:air partition coefficients) were 3.4, 5.1, and 8.4 for LFD-, HFD-, and
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MCD-fed mice, respectively, also demonstrating that PERC has greater affinity for liver tissue in
mice with steatosis or NASH.

Effects of NAFLD on toxicokinetics of PERC metabolites. The effects of varying liver
disease states on toxicokinetics of PERC metabolites was evaluated in liver (Figure 3) and serum
(Figure 4) following a single intragastric dose of PERC (300 mg/kg). The levels of PERC
metabolites in urine are shown in Table 3. Maximum liver concentrations of TCA, the major
oxidative PERC metabolite, were higher in mice fed LFD or HFD as compared to mice fed
MCD. The values for maximum TCA concentrations in liver (meantSE, n=5/group) were
393+21, 423+25, and 257437 in LFD-, HFD-, and MCD-fed animals, respectively. In serum,
maximum TCA concentrations were higher in MCD- and HFD-fed mice compared to LFD-fed
mice. The values for maximum TCA concentrations in serum were 778+51, 870+105, and
956+36 in LFD-, HFD-, and MCD-fed animals, respectively. Interestingly, the elimination of
TCA from both liver and serum was significantly delayed in mice with NAFLD, as compared to
healthy mice; this was concomitant with decreased amounts of TCA excreted into the urine in
HFD- and MCD-fed mice compared to LFD-fed mice. Due to TCA not being cleared by the end
of the experiment, our study design precluded calculations of AUCs for TCA in HFD- and
MCD-fed groups.

Hepatic levels of TCVG, TCVC, and NAcTCVC were lower in HFD- or MCD-fed mice
as compared to LFD-fed mice; this was particularly noticeable for TCVG, where hepatic AUCs
in HFD- or MCD-fed mice were ~3-fold lower as compared to LFD-fed mice (Table 2). A
similar trend for TCVG and NACTCVC was observed in serum (except that serum AUCs were

similar between HFD- and LFD-fed mice for NAcTCVC), but serum concentrations of TCVC
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were similar between all groups at all time points. Levels of TCVG, TCVC, and NAcCTCVC
were lower in HFD- and MCD-fed mice compared to LFD-fed mice.

NAFLD-associated effects on liver transcriptome and PERC metabolism. To further
characterize the molecular mechanisms that may be underlying NAFLD-associated modulation
of PERC metabolism, RNA sequencing was performed on liver tissue of LFD-fed mice or mice
fed HFD or MCD. For this analysis, only mice treated with a single dose of vehicle were used to
best approximate “basal” conditions. Principal component (Supplementary Figure 2) and
unsupervised hierarchical clustering analysis (Figure 5A) of the transcriptomic data showed clear
separation of the diet-specific groups. A total of 482 and 2,015 genes (Figure 5B; see
Supplementary Files 1-2 for complete lists) were differentially expressed between mice fed a
HFD or MCD, respectively, as compared to LFD-fed mice. Further, there were 1,131 genes that
were differentially expressed in MCD-fed mice as compared to HFD-fed mice (Supplementary
File 3). Gene set enrichment analysis revealed that pathways involved in the immune response
were significantly induced in both HFD- and MCD-fed animals, while cellular metabolism,
specifically “biological oxidations” were repressed by both HFD and MCD diets (Figure 5C).
Complete lists of significantly-enriched pathways are provided as Supplementary Files 4-6.

Effects of NAFLD on expression of xenobiotic-metabolizing enzymes in liver. Little is
known about specific enzymes that are responsible for PERC metabolism and most of the
metabolic pathways are inferred from a related chemical trichloroethylene (Cichocki et al.,
2016b). Underlying disease states of NAFLD had a major impact on PERC and TCA
toxicokinetics and transcriptomic data showed significant repression of biological oxidative
metabolism in HFD- and MCD-fed mice. Therefore, we interrogated a potential role of

xenobiotic-metabolizing enzymes in NAFLD-associated disruption of PERC toxicokinetics. We
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have examined differential expression of the genes in Cyp, Gst, Abc transporter, and Slc/Slco
transporter families due to their potential contribution to PERC metabolism. As reported
previously (Canet et al., 2014), we found that most CYPs, except for the Cyp4a family involved
in lipid metabolism, were down regulated by experimental NAFLD (Figure 6). Multiple GSTs
were also repressed, with Gstal being the only exception in MCD-fed mice.

Interestingly, levels of multiple GSTs were increased in MCD-fed mice as compared to
HFD-fed mice. The pattern of xenobiotic transporter expression was diet-dependent. We
observed that the number of differentially-expressed xenobiotic transporters were higher in
MCD-fed mice compared to HFD-fed mice. Further, in both HFD- and MCD-fed mice, there
were more transporters which were up-regulated compared to down-regulated. Expression of
SIc35f2 and Slc13a2 were notably higher and lower, respectively, in HFD- and MCD-fed mice
compared to LFD-fed controls. We did not observe any xenobiotic efflux transporter genes
which decreased in expression in both HFD- and MCD-fed mice. Further, we did not observe
any xenobiotic uptake transporter genes which increased in expression in both HFD- and MCD-
fed mice.

Next, we performed a correlation analysis among differentially expressed metabolism
genes and PERC and TCA pharmacokinetic parameters. We found that 17 CYP450 genes were
significantly negatively-correlated with hepatic PERC AUC and positively-correlated with TCA
levels at 4 hours (Pearson’s r>|0.70|, q<0.05; Supplementary Table 1). The 4-hour time point was
chosen because TCA levels differed among the three groups at this time point. Of particular
interest (Supplementary Figure 3, Figure 7) were the highly-expressed Cyp2c29 and Cyp3all
genes, along with Cyp2b10, the mouse orthologue of CYP2B6, which was shown to metabolize

PERC (White et al., 2001). No CYP450 genes were identified that correlated with hepatic TCA
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levels at 12 or 24 hours (data not shown). Mean hepatic PERC AUC and TCA levels at 4 hours
were strongly negatively correlated to each other (Pearson’s r<-0.99, g<0.01).

To determine whether the observed changes in Cyp2c29, Cyp3all, and Cyp2b10 mRNA
expression were associated with changes in protein expression and activity, we performed
western blotting and ex vivo activity assays using hepatic S9 fractions. These results, along with
the mRNA results, are displayed in Figure 7. Although not statistically-significant among the
different diet groups (p=0.137, ANOVA), the formation of TCA from PERC in hepatic S9
incubations was almost two-fold greater in LFD-fed mice as compared to HFD- or MCD-fed
mice. TCA formation (nmol/min/g liver) in LFD-, HFD- and MCD-fed mice was 0.781+0.179,
0.352+0.109, and 0.392+0.153 (mean+SEM), respectively. The hepatic protein expression of
CYP3A and CYP2B10 was significantly decreased by approximately 40-50% in HFD- or MCD-
fed mice compared to LFD-fed mice, which agreed with our mRNA data. CYP2C29 expression
was decreased in HFD- and MCD-fed mice by about 20% compared to LFD-fed controls,

however this was not a statistically-significant finding (p=0.081, ANOVA).

Discussion

We have previously shown that inter-individual variability in toxicokinetics of PERC
varies significantly across a population of inbred mice [(Cichocki et al., 2016a), in press]. In this
study, PERC was used as a model toxicant to investigate the contribution of underlying NAFLD
to inter-individual variability in toxicokinetics of environmental chemicals. PERC is an ideal
case-study chemical as its metabolism is proposed to play a critical role in its mode of toxicity,
and thus alteration of metabolism will likely alter PERC-associated adverse health effects.

NAFLD carries significant public health and economic burden (Younossi et al., 2016a;

Younossi et al., 2016b). Experimental NAFLD has been shown to alter the metabolism of a
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variety of different xenobiotics (Buechler and Weiss, 2011; Merrell and Cherrington, 2011; Naik
et al., 2013; Clarke and Cherrington, 2015), including environmental chemicals (Canet et al.,
2012), which can have a consequence on pharmaco- and toxico-dynamics (Hardwick et al., 2014;
Dzierlenga et al., 2015). However, a detailed examination of the effects of NAFLD on
toxicokinetics of an environmental chemical and its metabolites in multiple tissues has not yet
been reported. As delivered dose of both PERC and its major metabolites may contribute to
target organ-specific toxicity (Lash and Parker, 2001; Guyton et al., 2014; Cichocki et al.,
2016b), such an examination is warranted for this ubiquitous environmental contaminant.

PERC is a volatile chlorinated solvent with almost no solubility in water. As such, it is
not surprising that it has a high affinity for adipose tissue, as indicated by its high fat:blood
partition coefficient of >1,000; (Gargas et al., 1989; Gearhart et al., 1993). Because there are no
data on blood:air and liver:air partitioning of PERC in liver disease models, our data contributes
significantly to the understanding of pharmacokinetics of this important environmental chemical
in a human population. Here, we demonstrate that fat-laden livers from mice with steatosis or
NASH have an increased liver:air and liver:blood partition coefficient relative to healthy mice,
indicating that PERC will preferentially adsorb to liver tissue in mice with NAFLD. It is likely
that the same pattern will hold true in humans with NAFLD as well.

The observed effects of NAFLD on liver lipid homeostasis and liver:blood partitioning of
PERC were associated with significant effects on toxicokinetics of PERC and its metabolites.
The nearly seven-fold increase in PERC exposure in animals with NASH (compared to healthy
animals) was coincident with an approximate 35% decrease in maximum hepatic TCA
concentration. The decreased level of TCA in the livers of mice with NASH may have been a

consequence of multiple biological factors. The time-to-maximum concentration (T nax) of PERC
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in blood and multiple tissues was similar among all three diet groups, suggesting that the gut
absorption of PERC was unaffected by diet. The increased retention of PERC in the lipids in the
liver would likely slow its metabolism and make it temporarily unavailable for oxidation. Indeed,
there was lesser TCA in the liver at early time points in mice with NASH compared to healthy
mice. Another consequence of increased liver fat content in NAFLD could be a decreased
affinity of TCA, a water-soluble chemical that is ionized at physiological pH. Disease state-
specific physiologically-based pharmacokinetic modeling that builds upon the current PBPK
model for PERC (Chiu and Ginsberg, 2011) may potentially be a useful tool in the future to
better understand the contribution of these physiological parameters to PERC toxicokinetics in
individuals with or without NAFLD. The data from this study will be critical for such modeling.
The decreased expression of multiple CYPs in liver tissue of mice with NASH may also
contribute to decreased hepatic oxidative capacity and TCA production. Although PERC is a
ubiquitous environmental contaminant and high-production volume chemical, the specific CYPs
involved in its metabolism in the liver are largely uncharacterized. Here, we show that in mice
with steatosis or NASH, there is a significant decrease in CYP2B10 expression at both the
mMRNA and protein level. CYP2B10 is the mouse ortholog of human CYP2B6, which has been
shown to oxidize PERC in human lymphoblastoid MCL-5 cells (White et al., 2001). The
potential for CYP2B10 to contribute to PERC metabolism is further supported by strong
negative correlation of Cyp2b10 levels with PERC liver AUC and TCA levels at 4 hours post
gavage. Similar to the findings with CYP2B10, we also observed decreases in Cyp2c29 and
Cyp3all, two highly expressed hepatic CYPs, at the mRNA and protein level. Expression of

both Cyp2c29 and Cyp3all also exhibited strong negative correlations with PERC liver AUC
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and TCA levels at 4 hours post gavage. Further, Cyp2b10 and Cyp3all were two of the top 20
most variably-expressed genes among the three diet groups.

Compared to LFD-fed mice, we observed no significant effect on the capacity for liver
tissue derived from HFD- or MCD-fed mice to metabolize PERC to TCA ex vivo. We found that
liver tissue from LFD-fed male C57BI1/6J formed 780 pmols of TCA per minute per gram of
tissue. Our findings in LFD-fed mice are comparable with the previously reported values of 421
pmols of PERC/min/g liver being metabolized to water-soluble metabolites (Reitz et al., 1996),
although strain differences (C57BI1/6J vs. B6C3F1) and substrate concentration (2.5 mM vs.
0.068 mM), and overall extraction and analytical procedures may account for the approximate 2-
fold difference. Collectively, our mRNA, protein, and activity data suggest that NAFLD-
associated modulation of xenobiotic-metabolizing enzymes contributes to inter-individual
variability in PERC metabolism in mice. Furthermore, as PERC is a small lipophilic chemical, it
is likely a promiscuous substrate for multiple oxidative enzymes and our data confirm the
complexity of the oxidative metabolic pathways for PERC.

The expression of hepatic transporters in experimental NASH has been previously
characterized in great detail (Canet et al., 2014). In the current study, a total of 68 genes from the
SLC or ABC transporter families were found to be differentially expressed between mice with
NAFLD and healthy mice. As PERC is a lipophilic chemical, it does not require xenobiotic
transporters to enter the cell. However, TCA will not easily diffuse across the cell membranes
and will therefore likely require active transport; however, little is known about specific
transporters that may facilitate movement of TCA across membranes in various tissues. We did

not find that expression of efflux transporters was negatively-correlated with TCA levels, or that
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expression of uptake transporters was positively-correlated with TCA levels. Thus, the potential
role of xenobiotic transporters in TCA toxicokinetics remains unknown.

In addition to oxidation, PERC undergoes conjugation via GSTs to form conjugative
metabolites which are mutagenic and nephrotoxic (Cichocki et al.,, 2016b). However,
quantitation of these metabolites has not been previously possible due to their low abundance
and quick clearance from tissue and their unsuitability for gas chromatography. We recently
developed a LC-MS/MS method with capability to detect 1 pmol of metabolite per gram of
tissue, with 50 mg or less of tissue input (Luo et al 2016, submitted manuscript). Here, for the
first time, we apply that method to investigate toxicokinetics of TCVG, TCVC, and NAcTCVC
in liver and serum of mice exposed to PERC.

From a mass-balance perspective TCVG, TCVC, and NACTCVC are not significant
contributors to PERC metabolism in the mouse, as their peak levels in liver were less than 0.05%
of TCA levels, and they were quickly cleared from both liver and serum. These findings are
similar to those with trichloroethylene (Yoo et al., 2015). Interestingly, we found that liver and
serum levels of all three GSH conjugation pathway metabolites of PERC were generally reduced
in mice with NAFLD compared to healthy mice. This was associated with a decreased
expression of a number of genes in the Gst family, which is in agreeance with previously
published results showing decreased GST activity from tissue samples from patients with
varying stages of NAFLD (Hardwick et al., 2010). In humans, NAFLD may be associated with
an increased risk for chronic kidney disease (Musso et al., 2014; Targher et al., 2014). As
NAFLD may be a risk factor for the development of chronic kidney disease, and as it alters the
toxicokinetics of nephrotoxic PERC metabolites, follow up studies on the effects of experimental

NAFLD on PERC-associated nephrotoxicity are warranted.
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Our study is not without limitations. First, we only exposed animals to a single dose of
PERC, which is fairly high and is not likely to occur in environmental exposure scenarios.
Extrapolating these data to environmentally-relevant exposure levels may be a source of
uncertainty (Bois et al., 1996; Bois, 2000; Yang et al., 2006). Further, as PERC oxidative
metabolism is saturable (Buben and O'Flaherty, 1985; Green et al., 1990), the types of kinetics
observed in our study may not be fully representative of what occurs in environmentally-exposed
humans. However, in male human volunteers exposed to occupationally-relevant concentrations
of PERC (~70-140 ppm, nominal air concentration) via inhalation for 4 hours, ~1% of the
absorbed PERC dose was recovered as TCA in the urine (Monster et al., 1979). This is on the
same order of magnitude as observed in our study in mice (~6%, see Table 3). In male human
volunteers exposed to 1 ppm PERC for 6 hours, recovery of urinary TCA was only ~0.4% of the
absorbed PERC dose (Chiu et al., 2007). Characterization of the effect of NAFLD on PERC
toxicokinetics at both low and high concentrations is worthy of further study.

While the dose of PERC used in this study is much greater than expected human
exposures, previous reports on humans occupationally-exposed to 50 ppm PERC (nominal air
concentration) via inhalation show that urinary levels of NAcTCVC were approximately 0.05%
of those of TCA (Birner et al., 1996), which were similar to what we observed in our study (0.1
%). Our results are dissimilar to those observed in rats and mice exposed to 800 mg/kg PERC via
gavage, whereby the urinary level of NACTCVC was 1-2 % of TCA (Dekant et al., 1986), which
may have been due to differences in administered dose (800 vs 300 mg/kg), strain (NMRI vs
C57BI/6J), sex (female vs. male), vehicle (corn oil vs. aqueous Alkamuls-EIl 620), or analytical

methodology (GC/MS following derivatization vs. LC-MS/MS).
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While we have made a number of important discoveries about the effect of NAFLD on
toxicokinetics of PERC, information that will be of great relevance to human health assessments,
we also note that very limited experimental data are available for the toxicological effects of
environmental chemicals in subjects with NAFLD. Most of the studies of the effect of NAFLD
on xenobiotic metabolism involve drugs, a topic which has been extensively reviewed (Buechler
and Weiss, 2011; Merrell and Cherrington, 2011; Naik et al., 2013; Clarke and Cherrington,
2015). One study examined the effects of NAFLD induced by an MCD diet on hepatotoxicity
due to environmental chemical exposure, using a single dose of carbon tetrachloride in rats
(Donthamsetty et al., 2007). Similar to PERC, carbon tetrachloride is a lipophilic chlorinated
solvent, with a history of being used as a dry-cleaning solvent until its replacement by PERC in
the late 1940s (Doherty, 2000). Donthamsetty et al. (2007) reported that the sensitivity to carbon
tetrachloride-induced hepatotoxicity in rats was not due to differences in metabolism of the
parent chemical to a reactive intermediate (based on data from in vivo covalent binding of
radiolabeled chemical to hepatic proteins and expression of CYP2E1), but rather that inhibited
tissue repair mechanisms in steatotic livers contributed to sensitivity to toxicity. However, the
authors did not evaluate levels of parent chemical in liver tissues. As carbon tetrachloride is
highly lipophilic, it is conceivable that, similar to our observations with PERC, it would have
increased affinity for liver tissue in subjects with NAFLD. Based on the findings of
Donthamsetty et al. (2007), there is potential that NAFLD would contribute to susceptibility to
PERC-associated toxicity; thus, follow-up studies of longer duration are needed.

In conclusion, we report for the first time that experimental NAFLD in mice is associated
with an increased hepatic deposition of PERC, a lipophilic environmental chemical, and

increased hepatic retention of TCA, a hepatotoxic metabolite of PERC. We also report for the
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first time the toxicokinetics of TCVG, TCVC, and NAc-TCVC in the mouse, including animals
that are healthy and with varying degrees of fatty liver disease, and provide evidence that
experimental NAFLD alters conjugative metabolism of PERC. Furthermore, different
toxicokinetic phenotypes are observed in mild compared to severe stages of disease, which may
have important implications for susceptibility to PERC-associated toxicity. Taken together, the
potential for accumulation of ubiquitous lipophilic xenobiotics and their metabolites in a major
toxicological target tissue in individuals with common underlying diseases such as NAFLD may

be an important consideration in future public health assessments of environmental toxicants.
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Figure Legends

Figure 1. Concentration-time profile of PERC in (A) blood, (B) liver, and (C) fat following a
single intragastric dose of PERC (300mg/kg) after 8 weeks of treatment with different diets.
Open triangles, LFD-fed mice; Grey circles, HFD-fed mice; Black squares, MCD-fed mice.

Points represent the mean and error bars represent SE (n=4-5/group).

Figure 2. (A) Blood:Air and (B) liver:air partition coefficients of PERC in mice fed a LFD (open
box), HFD (light grey box), or MCD (dark grey box) diets for 8 weeks. Box and whisker plots
are shown (+, mean; line, median; box, inter-quartile range; whiskers, min to max). Different
letters represent different statistical groups, as determined by ANOVA with Newman-Keuls post

hoc test (p<0.05, n=4-5/group).

Figure 3. Concentration-time profiles of (A) TCA, (B) TCVG, (C) TCVC, and (D) NAcTCVC in
liver tissue following a single intragastric dose of PERC (300mg/kg) after 8 weeks of diet. Open
triangles, LFD-fed mice; grey circles, HFD-fed mice; black squares, MCD-fed mice. Points

represent the mean and error bars represent SE (n=4-5/group).

Figure 4. Concentration-time profiles of (A) TCA, (B) TCVG, (C) TCVC, and (D) NAcTCVC in
serum following a single intragastric dose of PERC (300mg/kg) after 8 weeks of diet. Open
triangles, LFD-fed mice; Grey circles, HFD-fed mice; Black squares, MCD-fed mice. Points

represent the mean and error bars represent SE (n=4-5/group).

Figure 5. Effect of diet on hepatic gene transcription. All analyses were conducted on vehicle-
treated animals (24-hr time point) after 8 weeks of LFD, HFD, or MCD diets. (A) Heatmap of
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unsupervised hierarchical clustering of the top 20 most variable genes (as determined by Z-
scores). Dendrogram represents statistical clustering among columns (sample 1Ds). Column keys
are colored by diet (gray, LFD; orange, HFD; green, MCD). (B) Plot of fold-changes (log2,
compared to LFD) of individual transcripts in HFD- and MCD-fed animals. A Venn diagram is
also shown for comparative purposes. In order to be deemed differentially-expressed, transcripts
needed to have an absolute value of log2 fold-change >0.58 (represented by dotted-lines) and an
FDR-adjusted g-value <0.1. Transcripts that did not meet these requirements are colored grey.
Differentially expressed genes are color-coded by whether they were changed by HFD (orange),
MCD (green), or both (purple) diets. (C) Network plots of gene sets enriched by HFD (orange,
top), both (purple, middle), and MCD (green, bottom) diets. Red circles represent pathways that
were significantly induced, while blue circles represent repressed pathways (FDR-adjusted g-
value <0.005). The size of the circle is proportional to the number of genes that are enriched in
that pathway. The thickness of connecting lines between circles is proportional to the number of
common genes between those two pathways. At least 10 genes needed to be common between

pathways in order for a line to be drawn. A color key is provided at the bottom.

Figure 6. Heatmaps of differentially-expressed genes from the CYP, GST, and transporter (Slc,
Slco, and ABC) families. The fold changes (log2) compared to LFD-fed animals are represented
by colors (see color key). Blue indicates significantly-repressed, red indicates significantly-
induced. All red- or blue-colored genes had an FDR-adjusted g-value <0.1 in at least one of the

diet groups. If g > 0.1 or if [log2 fold-change| <0.58, the gene is colored white.

Figure 7. Effects of diets on PERC metabolism to TCA and cytochrome P450 enzymes. (A)

Metabolic activity, as assessed by oxidation of PERC to TCA in ex vivo metabolism assays using
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S9 fractions from vehicle-treated LFD-, HFD-, or MCD-fed mouse liver tissue. Hepatic mMRNA
(B-D) and protein (E-H) levels of Cyp3All, Cyp2C29, and Cyp2B10 in LFD-, HFD-, and
MCD-fed vehicle-treated mice. The corresponding western blots for data in panels F-H are
shown in (E). Different letters represent different statistical groups, as determined by ANOVA
with  Newman-Keuls post hoc test (p<0.05, n=4-5/group for mRNA and activity assays,

n=3/group for protein quantification).
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Table 1. Diet-associated disease phenotypes after eight weeks of treatment

LFD HFD MCD
Body weight (g) 27.0+0.2 33.9+0.4° 30.3+0.3""
Liver to body weight ratio (%) 4.9+0.1 4.7+0.1 6.2+0.2""
Body weight fat (%) 7.520.5 28.4+1.3" 17.3+2.4"%
Body weight lean mass (%) 88.5+2.2 66.7+1.3" 77.0£2.6"
Gonadal fat pad to body weight ratio (%) 1.5+0.2 4.1x0.7° 4.2+0.7°

Serum triglycerides (mg/dL) 29.2+3.9 18.4+5.1 33.65.0

Liver triglycerides (mg/g) 11.0£1.1 39.5¢2.1" 39.4+1.6"

Serum alanine aminotransferase activity (U/L)  7.8+0.6 33.649.8 83.5+13.3™"
Total liver histology score 0+0 2.0 (1.0-5.0) 8.0 (6.0-8.0)°

Data were derived from vehicle-treated mice (24-hr post gavage) and are represented
as meantSEM (n=5/group), except for liver histology score which is represented as
median (interquartile range). Asterisks denote statistically significant (p<0.05)
differences as compared to LFD (*) or HFD () groups using ANOVA with Newman-
Keuls post hoc test (all parameters except for histopathological scoring, for which the

Kruskal-Wallis test was employed with Dunn’s post hoc test).
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Table 2. AUCs for PERC and its metabolites in LFD-, HFD-, or MCD-fed mice

LFD HFD MCD
3
Blood 198 X 10° 4(1281’1‘%()’ 324 x 10° (163%)
3
PERC Liver 1,094 x 10° 6’%’3 4’&)1)0 8,329 x 10° (761%)
3
Fat 16,075 x 10° 19’(313‘5(;) )10 17,252 x 10° (107%)
8 15
Ve Serum 26 (31%) (51%)
Liver 1,058 355 296
’ (34%) (28%)
111 75
Tove Serum 101 (110%) (74%)
Liver 211 110 34
(52%) (16%)
376 271
Serum 436
NACTCVC (86%) (62%)
Liver 556 348 136
(63%) (24%)

Partial AUCs were calculated from 0-36 hr and are expressed as pmol/g*hr for liver and
fat or pmol/mL*hr for blood and serum. Numbers in parenthesis indicate ratios of HFD
or MCD to LFD for each corresponding parameter.

AUCs for TCA could not be accurately calculated due to TCA not being cleared from
liver or serum by the end of the experiment (36 hours post dose).
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Table 3. Urinary excretion of PERC metabolites (expressed as % of administered PERC dose)

Diet TCA TCVG TCVC NACTCVC
LFD 5.9+0.9 6.3+0.5(x10°) 8.8+3.2(x10% 7.1+21(x10%)
HFD 2.9+0.8 40+28(x10° 1.2+04(x10% 2.0+08(x10%
MCD 2.4+09 44+18(x10° 1.0+0.6 (x10% < LLOQ?

Values represent mean + SE, n=4 (LFD) or 3 (HFD, MCD) per group; no statistically-significant
changes were detected (p>0.05; ANOVA with Newman-Keuls post hoc test).

? Levels were below the lower limit of quantitation (LLOQ; 30 fmol on column).
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