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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent pathological liver condition in developed countries.
NAFLD results in severe alterations in liver function, including xenobiotic metabolism. Perchloroethylene (PERC) is a
ubiquitous environmental pollutant, a known hepatotoxicant in rodents, and a probable human carcinogen. It is known
that PERC disposition and metabolism are affected by NAFLD in mice; here, we examined how NAFLD changes PERC-
associated liver effects. Male C57Bl6/J mice were fed a low-fat diet (LFD), high-fat diet (HFD), or methionine/folate/
choline-deficient diet (MCD) to model a healthy liver, or mild and severe forms of NAFLD, respectively. After 8 weeks on
diets, mice were orally administered PERC (300 mg/kg/day) or vehicle (5% aqueous Alkamuls-EL620) for 5 days. PERC-
induced liver effects were exacerbated in both NAFLD groups. PERC exposure was associated with up-regulation of
genes involved in xenobiotic, lipid, and glutathione metabolism, and down-regulation of the complement and
coagulation cascades, regardless of the diet. Interestingly, HFD-fed mice, not MCD-fed mice, were generally more
sensitive to PERC-induced liver effects. This was indicated by histopathology and transcriptional responses, where
induction of genes associated with cell cycle and inflammation were prominent. Liver effects positively correlated with
diet-specific differences in liver concentrations of PERC. We conclude that NAFLD alters the toxicodynamics of PERC
and that NAFLD is a susceptibility factor that should be considered in future risk management decisions for PERC and
other chlorinated solvents.
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Inter-individual variability in susceptibility to toxicity associ-
ated with exposure to xenobiotics can be a consequence of mul-
tiple factors, such as genetics, age, sex, and pre-existing disease
states. Nonalcoholic fatty liver disease (NAFLD) is estimated to
affect nearly one-quarter of the global population (Younossi
et al., 2016b) and its associated health care costs are a

considerable financial burden (Younossi et al., 2016a). NAFLD is
a spectrum of adverse conditions, spanning from simple stea-
tosis (accumulation of lipid in the liver) to nonalcoholic steato-
hepatitis (NASH). Unresolved NASH can lead to cirrhosis,
hepatocellular carcinoma, and liver-related mortality that may
necessitate liver transplantation (Musso et al., 2016).
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It is well established that NAFLD profoundly affects liver
functions, including hepatic xenobiotic metabolizing capacity
(Clarke and Cherrington, 2015). Many chemicals, especially en-
vironmental contaminants, undergo metabolism in the liver,
which may result in the generation of reactive moieties that can
cause tissue injury. While it is presumed that modification of
hepatic metabolism of chemicals by NAFLD can potentially ex-
acerbate chemical-induced organ toxicity, no study has directly
addressed the effect of NAFLD on the relationship between
tissue-specific toxicokinetics and toxicodynamics. As NAFLD
prevalence is increasing, its contribution to inter-individual
variability in xenobiotic-induced toxicity is also potentially
growing.

Perchloroethylene (tetrachloroethylene; PERC) is an excel-
lent case study chemical to examine inter-individual variability
in toxicokinetics and toxicodynamics. PERC is an environmental
pollutant that is associated with non-cancer effects in humans
and rodents, and is a known rodent carcinogen and a probable
human carcinogen (Cichocki et al., 2016). Historically, PERC has
been a chemical of concern because of its wide use in dry clean-
ing, although its use in the United States in this industry is
being phased out due to technology-based national emission
standards imposed by the United States Environmental
Protection Agency (U.S. EPA) that went into effect in 2006.
However, PERC remains to be a ubiquitous environmental con-
taminant and exposure in humans is common because PERC is
widely present in air, soil, and ground and drinking water (IARC,
2014). Furthermore, most hazardous waste sites contain detect-
able levels of PERC (National Research Council, 2010). Therefore,
health hazards of PERC have been subject to recent inter-
national and national human health assessments (IARC, 2014;
U.S. EPA, 2011).

Tissue-specific toxicity of PERC is thought to occur via meta-
bolic activation to reactive metabolites (U.S. EPA, 2011). In the
liver, oxidation of PERC to trichloroacetate (TCA) is associated
with liver effects, while in the kidney, glutathione (GSH) metab-
olites of PERC are further metabolized to potent nephrotoxi-
cants (Lash and Parker, 2001). In both rodents (Cichocki et al.,
2017a) and humans (Birner et al., 1996), levels of TCA excreted in
the urine are 3–5 orders of magnitude greater than urinary
levels of S-(1,2,2-trichlorovinyl) glutathione, S-(1,2,2-trichloro-
vinyl)-L-cysteine, and N-acetyl-S-(1,2,2-trichlorovinyl)-L-cysteine.

Recently, we characterized the role of pre-existing NAFLD on
the toxicokinetics of PERC in the mouse (Cichocki et al., 2017a).
We observed that PERC preferentially adsorbed to fatty liver tis-
sue compared to healthy liver tissue. In addition, hepatic clear-
ance of the major oxidative PERC metabolite TCA was
considerably reduced in mice with NAFLD, leading to accumula-
tion of both PERC and TCA in the livers of mice with NAFLD.
However, whether or not underlying NAFLD influences the toxi-
codynamics of PERC has yet to be determined. Thus, the object-
ive of this study was to evaluate the effect of pre-existing
experimental NAFLD in the mouse on the liver effects of PERC.
We hypothesized that individuals with NALFD would be more
susceptible to PERC-associated liver effects specifically through
an increase in hepatic exposure to PERC and its hepatotoxic me-
tabolite TCA.

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, Missouri). S-(1,2,2-trichlorvinyl) glutathione (TCVG; pur-
ity: 98.9%), S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC; purity:

98.4%), N-acetyl-S-(1,2,2-trichlorovinyl)-L-cysteine (NAcTCVC;
purity 99.7%), 2-amino-5-[(1-{[(13C)carboxy(13C)methyl](15N)
amino}-1-oxo-3-[(trichloroethenyl)sulfanyl]propan-2-yl)amino]-
5-oxopentanoic acid (TCVG*; purity 90.4%), 2-(15N)amino-3-
[(trichloroethenyl)sulfanyl](13C3)propanoic acid (TCVC*;
purity 97.5%), and 2-[acetyl(15N)amino]-3-[(trichloroethenyl)
sulfanyl](13C3)propanoic acid (NAcTCVC*; purity 99.0%) were
synthesized and graciously provided by Dr. Avram Gold at the
University of North Carolina, Chapel Hill, North Carolina. Purity
was determined via HPLC-UV/Vis. All other chemicals were
acquired from local suppliers and were of the highest quality
available.

Animals. The animals in this study were maintained on diets
and exposed to chemicals as detailed in (Cichocki et al., 2017a).
A total of 48 five-week old male C57Bl/6J mice were obtained
from the Jackson Laboratory (Bar Harbor, Maine) and housed in
polycarbonate cages with Sanichip hardwood chip bedding (P.J.
Murphy Forest Products Corp., Montville, New Jersey). Mice
were acclimatized for at least 1 week on standard chow (4%
calories from fat low-fat diet; LFD; Teklad Rodent Diet #8604;
Harlan, Madison, Wisconsin). Mice were randomly assigned
into groups (4 mice per cage) fed LFD, a high-fat diet (31% calo-
ries from fat, HFD; Diet #519567; Dyets Inc., Bethlehem,
Pennsylvania), or a diet with low methionine and devoid of cho-
line and folate (31% calories from fat, MCD, Diet #519541; Dyets).
All experimental protocols were approved by the Institutional
Animal Care and Use Committee at Texas A&M University and
were in accordance with the criteria of the National Institutes of
Health (NIH publication # 86-23. Revised 1985).

Study design. Following 8 weeks of feeding with abovementioned
diets, unfasted mice were exposed to a single dose of PERC
(300 mg/kg/day in 5% Alkamuls-EL620 in saline, 5 ml/kg) or ve-
hicle for 5 consecutive days (n¼ 8/diet/treatment) via oral gav-
age. This dose was selected based on our previous study
(Cichocki et al., 2017a), which used a single dose of 300 mg/kg
PERC (same vehicle) in mice on the same diets. Further, the
concentration-time profiles of PERC and its oxidative metabolite
TCA in male mice following exposure to 150–1000 mg/kg PERC
was previously established in liver and blood (Philip et al., 2007)
and did not exceed the maximum tolerated dose in acute (Philip
et al., 2007) or sub-chronic studies (National Toxicology
Program, 1977). All exposures took place between 07:00 and
10:00 hours. Three days prior to necropsy, animals were admin-
istered 5-bromo-20-deoxyuridine in drinking water (0.02%, w/v).
Mice were euthanized 4 h after the final gavage. Animals were
deeply anesthetized with pentobarbital (50 mg/kg, i.p.) and
exsanguinated through the vena cava, which was the site of
serum collection (Z gel tubes; Sarstedt, Nümbrecht, Germany).
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. The contents of the
cecum were collected and frozen for further analysis. Small sec-
tions of the left liver lobe, median liver lobe, and duodenum
were fixed in formalin for histological examination. An add-
itional small section of the median liver lobe was embedded
into Optimal Cutting Temperature (OCT) compound on dry ice
for subsequent frozen sectioning.

Serum clinical chemistry. Serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were measured with
commercially available kits (Sigma Aldrich, St. Louis, Missouri)
according to manufacturer’s instructions.
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Triglyceride measurement. Serum and liver triglycerides were
measured using a commercially available kits (Wako,
Richmond, Virginia).

Histopathology. Tissues were embedded in paraffin, sectioned at
5 mm, and stained with hematoxylin and eosin (H&E) or Sirius
Red according to standard protocols. Frozen sections in OCT
(5 mm) were used for Oil Red O staining. H&E-stained slides were
evaluated by a trained veterinary pathologist who was blinded
to study design and animal identification numbers. Sections
were scored according to (Kleiner et al., 2005). The scoring sys-
tem for steatosis ranged from 0 to 7, while the inflammation
score ranged from 0 to 6. Immunohistochemical detection of
BrdU-positive cells was performed on paraffin-embedded sec-
tions using a commercially available kit (Invitrogen, Carlsbad,
California). Each slide contained a section of duodenum for a
positive control of BrdU incorporation. Five random fields
(200�), or at least 500 hepatocytes, were counted for each ani-
mal. The ratio of positively stained hepatocytes to total hepato-
cytes was determined for each animal. Results were verified by
another laboratory member who was blinded to study design
and animal identification numbers.

mRNA sequencing. mRNA sequencing was performed as previ-
ously described (Cichocki et al., 2017a). Differential gene expres-
sion was determined with the R package DESeq2 (v 1.12.3) (Love
et al., 2014) on the complete list of 18 239 transcripts after
removing low count genes. A log2 fold-change (compared with
diet-matched vehicle-treated samples) and false discovery rate
(FDR)-adjusted P-value cut-off of 0.58 and 0.1, respectively, were
necessary for a gene to be deemed as differentially expressed. A
cut-off for log2 of 0.58 is approximately a 1.5-fold change in ex-
pression compared with the diet-matched vehicle-treated refer-
ence group. Default settings in DESeq2 were used for FDR
adjustment (Benjamini and Hochberg, 1995). The resulting
gene expression data were used for biological pathway analysis
using the piano (Varemo et al., 2013) package in R (v. 1.12.0) using
the “Mouse Reactome” gene set (www.baderlab.org). For Gene
Ontology (GO) pathway analysis, gene lists were uploaded to the
Database for Annotation, Visualization, and Integrated Discovery
(DAVID, v 6.7) (Huang et al., 2009). Visuals of differentially
expressed genes and enriched pathways were generated in R
using the VennDiagram (v 1.6.17), gplots (v 3.0.1), and ggplot2 (v
2.1.0) packages.

Quantitative reverse transcriptase real-time polymerase chain reaction
(qRT-PCR). qRT-PCR was performed as previously described
(Cichocki et al., 2017a). In brief, 40 ng of liver cDNA was used in a
20-ml reaction with Taqman Probes (Ehhadh, Mm00619685_m1;
Acot1, Mm01622471_s1; Acox1, Mm01246834_m1; Gusb,
Mm01197698_m1). Expression of each target gene was normal-
ized to Gusb using the 2�DDCT method (Livak and Schmittgen,
2001).

Gas chromatography/mass spectrometry (GC/MS) analysis of PERC
and TCA. PERC and TCA were measured by GC/MS as previously
described (Cichocki et al., 2017a, b). In brief, PERC was meas-
ured in methanolic liver or fecal homogenates using dynamic
headspace GC/MS. The analysis of TCA in tissues was con-
ducted by a method modified from US EPA method (EPA 815-B-
03-002). In brief, liver homogenates 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 spectrometry (LC/MS-MS) analysis of
TCVG, TCVC, and NAcTCVC. The PERC conjugative metabolites
TCVG, TCVC, and NAcTCVC were measured in liver
homogenates as detailed elsewhere (Luo et al., 2017). In brief,
aqueous tissue homogenates were subjected to solid-phase
extraction followed by analysis via LC/MS-MS using
positive electrospray ionization and multiple reaction
monitoring.

Statistical analyses. GraphPad Prism (v 5.0) was used for statis-
tical analysis of the biochemical and histological data. For com-
parisons between different exposure groups and disease states,
ANOVA followed by Newman-Keuls post-hoc test was
employed. For statistical analysis of histopathological scores
using the NAFLD activity score (Kleiner et al., 2005), the Kruskal-
Wallis test followed by Dunns post-hoc analysis was used. For
all tests, a P-value <.05 was deemed statistically significant. For
analysis of correlations between transcript abundance and
PERC or TCA levels, Pearson correlation coefficients were deter-
mined and associated P-values were corrected for multiple com-
parisons (Benjamini and Hochberg, 1995) to derive q-values
using the rcorr function of the Hmisc R package (v. 3.17-4)
(Harrell, 2016). To account for diet-dependent effects on tran-
script levels, all raw counts were expressed as percent of the
mean of the diet-matched vehicle-treated control values prior
to running correlation analyses.

Data availability. RNA sequencing data are available from GEO.
All phenotypes (Supplementary Table 1), correlation matrices
among the phenotypes (Supplementary Table 2), differentially
expressed genes and enriched pathways (Supplementary Tables
S3–S7) are provided as supplementary materials.

RESULTS

Liver Effects
To determine whether underlying NAFLD would affect PERC
effects in the liver, mice fed an LFD, HFD, or MCD diets for
8 weeks were exposed to 5 consecutive daily doses of PERC
(300 mg/kg/day). Mice fed an HFD or MCD gained significantly
more weight compared with LFD-fed mice (Supplementary
Figure 1). PERC exposure was associated with a reduction in
body weight (�12%), an effect which was consistent in all
groups.

Biochemical analyses were performed to phenotype liver
effects of the diets and PERC (Table 1, Supplementary Figure 2).
Relative liver weights were significantly greater in MCD-fed
mice as compared to LFD-fed mice. In HFD- and MCD-fed
mice, PERC exposure resulted in a further significant increase
in relative liver weights, with MCD-fed mice being the most
sensitive. Compared with diet-matched vehicle-treated con-
trols, serum ALT levels were significantly elevated only in
PERC-exposed HFD- and MCD-fed groups, with MCD-fed mice
being the most sensitive. Serum AST was increased only in
MCD-fed PERC-exposed mice relative to vehicle-treated MCD-
fed mice.

PERC exposure has been associated with lipid accumulation
in the mouse liver (Buben and O’Flaherty, 1985; Philip et al.,
2007); therefore, we measured liver and serum triglyceride lev-
els. Liver triglyceride levels were increased in HFD- and MCD-
fed mice compared with LFD-fed mice (Table 1). PERC exposure
had no statistically significant effect on liver triglyceride levels
compared with diet-matched vehicle-treated controls. Serum
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triglyceride levels were significantly reduced in PERC-exposed
LFD- and HFD-fed mice compared with diet-matched vehicle-
treated controls.

As expected, 8 weeks of HFD or MCD administration was
associated with development of a NAFLD phenotype, as indi-
cated by histopathology (Table 1, Supplementary Figure 3). PERC
exposure influenced steatosis scores in HFD-fed mice only.
PERC exposure did not have an effect on inflammation as indi-
cated by histopathological scoring of liver tissue, according to
the result of two-way ANOVA using the 3 diet and 2 treatment
groups (Table 1). When the group means were normalized to
diet-matched vehicle-treated control values, the means be-
tween the 3 diet groups were significantly different, with HFD-
fed mice being the most sensitive to PERC-induced histopatho-
logical changes (Supplementary Figure 2). No steatosis was
noted in H&E-stained slides from LFD-fed PERC-exposed mice
even though liver triglyceride levels were elevated (although
not statistically-significant; see above). To confirm the bio-
chemical measurements, Oil Red O staining was employed.
Red-stained neutral lipids were apparent in liver sections of
PERC-exposed LFD-fed animals, albeit the degree of lipid accu-
mulation was less pronounced in comparison to liver sections
from HFD- or MCD-fed animals exposed to vehicle or PERC.

Diet-Related Transcriptomic Effects
We found that 1129 and 1881 transcripts were differentially
expressed in vehicle-treated HFD- and MCD-fed mice, respect-
ively, compared with vehicle-treated LFD-fed mice (Figs. 1A and
B). There were 787 differentially expressed genes that were in
common between two groups and the magnitude of changes in
gene expression was highly correlated between HFD- and MCD-
fed vehicle-treated animals (r2 ¼ 0.665, Spearman’s q¼ 0.796).
Enriched KEGG pathways in either HFD- and MCD-fed animals
included those involved in xenobiotic, retinol, linoleic acid, and
nitrogen metabolism, in addition to cytokine-cytokine receptor
interactions (Table 2, individual gene level data are provided in
Supplementary Tables S3 and S4). From these 6 significantly
enriched KEGG pathways, 53 unique genes were identified and
extracted for further analyses. The directionality of the change
in expression of these 53 genes was similar between HFD- and
MCD-fed mice, but diet-specific changes were also evident
(Figure 1C). For example, an increased expression of inflamma-
tory genes (e.g., Cx3cr1, Ccl2, and Il1a) was observed in MCD-fed
mice compared with HFD-fed mice. Consistent with the previ-
ous reports by our group (Cichocki et al., 2017a) and others (as
reviewed in Clarke and Cherrington, 2015), mRNA levels of mul-
tiple xenobiotic metabolizing enzymes were significantly
repressed in HFD- and MCD-fed vehicle-treated mice compared
with LFD-fed vehicle-treated mice.

We next used network plots to visualize which Reactome
pathways were enriched in the gene expression data from HFD-
or MCD-fed mice (Figure 1D). Of the 1094 differentially
expressed genes specific to MCD-fed mice, the immune system,
cell cycle, apoptosis, and extracellular matrix pathways were
found to be significantly up regulated, while amino acid metab-
olism and fibrin clot formation pathways were significantly
repressed specifically in the MCD-fed group. No pathways were
found to be enriched (at the stringent statistical significance
thresholds applied herein) for the 342 differentially expressed
genes specific to HFD-fed animals.

Effect of NAFLD on PERC Metabolism
Characterization of PERC metabolism is critical to understand-
ing its toxicity (Cichocki et al., 2016). We have previously showed
that NAFLD has a profound effect on PERC toxicokinetics in a
study of a single oral dose of PERC (Cichocki et al., 2017a). To as-
sess whether the same effects are observed following repeat
exposures, we measured PERC, TCA, TCVG, TCVC, and
NAcTCVC levels in liver tissue, as well as PERC level in feces
(Figure 2). We observed that levels of PERC and its primary oxi-
dative metabolite TCA were increased in HFD- and MCD-fed
mice, compared with LFD-fed mice. Specifically, levels of PERC
were highest in MCD-, followed by HFD-, then LFD-fed mice.
Levels of TCA were highest in HFD-, followed by MCD-, then
LFD-fed mice. The ratio of PERC to TCA was highest in MCD-fed
mice compared with the other groups. Levels of glutathione
conjugation metabolites TCVG, TCVC, and NAcTCVC were
decreased in HFD- and MCD-fed mice, compared with LFD-fed
mice. PERC levels in the cecum contents showed that although
the LFD group had higher concentrations of PERC as compared
with the HFD or MCD groups, in all cases, the amount in feces
constituted a very small percentage of the administered PERC
dose. Correlation among PERC and its metabolite levels and
liver phenotypes was evaluated (Figure 3). Strong positive corre-
lations between hepatic levels of PERC and markers of liver
effects were observed. Interestingly, the glutathione conjuga-
tion metabolites TCVG and TCVC were negatively correlated
with the same phenotypes.

Effect of NAFLD on PERC-Induced Modulation of Liver Gene
Expression
When compared with diet-matched vehicle-treated mice, PERC
exposure was associated with differential expression of 851,
1762, and 1041 genes in LFD-, HFD-, and MCD-fed mice, respect-
ively. Of these differentially expressed genes, 328, 914, and 247
were specific to LFD-, HFD-, and MCD-fed animals, respectively
(Figure 4A).

Table 1. Summary of Physiological/Biochemical Phenotype Data

Diet Exposure Liver weight (g) LBW (%) Serum ALT (U/L) Serum AST (U/L) Liver TG (mg/g) Serum TG (mg/dL) Total histology score

LFD Vehicle 1.1560.05 4.460.1 7.860.8 14.361.0 20.364.0 32.564.6 0 (0–0)
PERC 1.2160.09 4.660.2 9.360.6 23.962.1 30.463.5 18.361.9A 0 (0–0)

HFD Vehicle 1.6560.11A 4.860.2 14.662.1 15.961.2 44.863.8A 28.462.7 3.5 (2.0–6.0)A

PERC 1.7560.05B 5.660.2B,C 38.168.9B,C 23.763.3 55.162.6B 17.561.1C 6.0 (3.0–8.0)B,C

MCD Vehicle 1.7260.08A 5.960.2A,C 27.665.5 18.661.6 48.364.1A 31.863.1 7.5 (5.0–10.0)A,C

PERC 1.8960.05B 6.560.1B,D 64.268.2B,D,E 28.763.5E 53.562.6B 23.061.9 8.0 (6.0–9.0)B,D

Values represent mean 6 SE (n¼8/group), except for histopathological scoring, where values represent median (range). Two-way ANOVA (Tukey’s range post hoc test)

was used for testing statistical significance of the effects of diet (irrespective of treatment) and treatment (irrespective of diet). Significant differences (P< .05) are

denoted as compared to: A, vehicle (LFD); B, PERC (LFD); C, Vehicle (HFD); D, PERC (HFD); E, Vehicle (MCD). Abbreviations used in the table: LBW, liver-to-bodyweight

ratio; ALT, serum alanine aminotransferase activity; AST, serum aspartate aminotransferase activity; Liver TG, liver triglycerides; Serum TG, serum triglycerides.
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For the 914 genes specific to HFD-fed PERC-treated mice, a
total of 46 Reactome pathways were significantly enriched,
with all of them being significantly up-regulated (Figure 4B).
The pathways with the most differentially expressed genes
were the cell cycle (43 genes), metabolism of proteins (42
genes), gene expression (41 genes), and adaptive immune sys-
tem (32 genes). With a Benjamini-adjusted P-value cut-off of
.05, no gene sets were enriched for the 328 genes that were

specific to LFD-fed PERC-treated mice. A total of 5 pathways
were significantly up-regulated specifically in MCD-fed PERC-
treated animals from 247 selected genes. These pathways
were involved in lipid and fatty acid synthesis and metabol-
ism (Figure 4C).

Of particular interest was the finding that the cell cycle was
significantly enriched only in HFD-fed mice. It has previously
been shown that PERC exposure is associated with hepatocyte
proliferation (Philip et al., 2007) and with liver tumors in rodents
(Japanese Industrial Safety Association, 1993; National
Toxicology Program, 1977, 1986). To this end, we further eval-
uated the effect of PERC on hepatocyte proliferation
(Supplementary Figure 4). In vehicle-treated HFD- and MCD-fed
mice, an increase in BrdU staining of hepatocyte nuclei was
observed compared with LFD-fed vehicle-treated controls.
PERC exposure had no significant effect on the percentage of
BrdU-positive nuclei. In addition, we investigated hepatic ex-
pression levels of differentially expressed genes (56 genes)
classified in the GO Biological Process pathway as part of “cell
cycle process.” Clear clustering of vehicle-and PERC-treated
animals, with the exception of 3 MCD-fed vehicle-treated
mice, was observed. LFD-fed PERC-treated animals were sepa-
rated from HFD- and MCD-fed PERC-treated animals; how-
ever, there was no clear clustering between these latter two
groups.

Common Effects of PERC Exposure in Both HFD- and MCD-Fed Mice
A total of 386 genes overlapped between HFD- and MCD-fed ani-
mals exposed to PERC (Figure 4A); thus, these genes were differ-
entially expressed in PERC-exposed mice in either model of
NAFLD. GO pathway analysis of these 386 genes implicated
the mitochondria as a potential molecular target of PERC in
HFD- and MCD-fed mice (Supplementary Table 5, individual
gene level data are provided in Supplementary Tables S6 and
S7). Further, the magnitude of change in global hepatic gene
expression between HFD- and MCD-fed PERC-treated mice
was positively correlated (Pearson’s r2 ¼ 0.565)
(Supplementary Figure 5).

Common Effects of PERC Exposure in LFD-, HFD-, and MCD-Fed Mice
We identified 347 differentially expressed genes which over-
lapped among LFD-, HFD-, and MCD-fed mice treated with PERC
(Figure 5A), suggesting that these genes were differentially
expressed in a diet-independent manner. Pathways related to
cellular metabolism, including xenobiotic and fatty acid me-
tabolism, and the complement and coagulation cascade path-
way were significantly enriched in PERC-exposed mouse liver
(Table 3, individual gene level data are provided in
Supplementary Tables S6–S8). Unsupervised hierarchical
clustering of the gene expression of these 347 genes (Figure
5A) revealed distinct clustering of LFD-fed PERC-treated ani-
mals, while PERC-treated HFD- and MCD-fed animals were
interspersed in a separate cluster. Expression of 3 of these
genes was measured by qRT-PCR (Figure 5B). These genes
were found to be significantly differentially expressed follow-
ing PERC exposure in all 3 diet groups, but the effect in mice
with NAFLD, particularly HFD-fed mice, was generally more
pronounced.

Relationship Between PERC and TCA Levels and Liver Gene
Expression
To explore concentration-response relationships we performed
correlation analyses between hepatic gene transcript abun-
dance and liver PERC or TCA concentrations. We used the 347

Figure 1. Effect of 8 week HFD or MCD feeding on liver gene expression. All com-

parisons are made between vehicle-treated LFD-fed mice. A, Venn diagram

showing numbers of differentially expressed genes in HFD- or MCD-fed mice

compared to LFD-fed mice. B, Plot of fold-changes (log2, compared with LFD) of

individual transcripts in HFD- and MCD-fed animals. In order to be deemed dif-

ferentially expressed, transcripts needed to have an absolute value of log2 fold-

change > 0.58 (represented by dotted-lines) and an FDR-adjusted q-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 (red), or both (purple) diets. C, Heatmap of log2 fold-change values for dif-

ferentially expressed genes modified by both HFD and MCD diets. Genes were

extracted from the 5 KEGG pathways listed in Table 2 as described in the text. D,

Network plots of gene sets enriched specifically in the 1094 genes differentially

expressed specifically in MCD-fed mice. Red circles represent pathways that

were significantly induced, while blue circles represent repressed pathways

(FDR-adjusted q-value <0.1). The size of the circle is proportional to the number

of genes that are enriched in that pathway. The thickness of connecting lines be-

tween circles is proportional to the number of common genes between those 2

pathways; at least 10 genes needed to be common between pathways in order

for a line to be drawn. Color and size keys are provided at the bottom.
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genes that were common among all PERC-treated animals for
these analyses. A total of 49 genes were identified that corre-
lated with PERC and/or TCA levels in the liver (Figure 6,
Supplementary Table 9) with cut-offs of 0.6 and 0.05 for
Pearson’s r and FDR-adjusted q-value, respectively. Hepatic
expression of 45 of these genes correlated strongly with TCA
levels, these were highly enriched (q-value¼ 0.016) for GO
pathway “oxidation reduction.” Transcript abundances of 11
genes were correlated with hepatic levels of PERC, of which 7
of these were also correlated with TCA levels. Select genes
that were highly correlated with PERC or TCA are shown as
correlation plots.

DISCUSSION

We previously reported that NAFLD has a profound effect on
PERC toxicokinetics in mice because of (i) increased affinity of
PERC, a lipophilic chemical, for fatty liver tissue compared with
lean liver tissue, and (ii) decreased hepatic elimination of TCA
in HFD- or MCD-fed mice compared with LFD-fed mice (Cichocki
et al., 2017a). In this study, we tested the hypothesis that mice
with NAFLD would be more susceptible to PERC-induced liver
effects, specifically through increased hepatic exposure to PERC
and TCA. This study was needed to address a critical gap in our
existing knowledge of how common conditions such as NAFLD,
which affects nearly 25% of adults globally, modulates the me-
tabolism of and the response to PERC, a ubiquitous environ-
mental contaminant. Our principal finding is that mice with
NAFLD are susceptible to the liver effects of PERC.

Despite being a high-volume production chemical to which
humans are commonly exposed, surprisingly little is known
about the mechanism of PERC-induced hepatotoxicity (Cichocki
et al., 2016). Therefore, in order to determine the effect of NAFLD
on the toxicology of PERC, we first examined diet-independent

Table 2. Pathways Enriched in Both HFD- and MCD-Fed Vehicle-Treated Micea

KEGG Pathway IDb No. of genes Fold enrichment Benjamini-corrected q-value

mmu00980:Metabolism of xenobiotics by cytochrome P450 16 5.21 1.73E�05
mmu00982:Drug metabolism 18 5.16 5.46E�06
mmu00830:Retinol metabolism 15 4.74 1.06E�04
mmu00591:Linoleic acid metabolism 10 4.67 8.57E�03
mmu04060:Cytokine-cytokine receptor interaction 23 2.03 6.15E�02

aAs compared with LFD-fed vehicle-treated animals
bKEGG pathways were retrieved from DAVID v 6.7, as described in the Materials and Methods section.

Figure 2. Concentrations of PERC and its metabolites. Data expressed as

mean 6 SE, n¼8. *P< .05 compared with LFD-fed mice via ANOVA with

Newman-Keuls post-hoc test.

Figure 3. Correlation analysis of PERC and its liver metabolites and toxicity phe-

notypes. Spearman rank-based correlation analysis is shown for pair-wise com-

parisons among PERC in liver, NAcTCVC in liver, serum AST, liver inflammation,

steatosis and total histopathology scores, liver-to-body weight ratios, serum

ALT, liver triglycerides, liver PERC, serum triglycerides, PERC in feces, and liver

TCVG and TCVC. Only correlations that were significant (Bonferroni-corrected P-

value �.05) are shown and the size and color of each bubble is proportional to

the correlation value as shown in the color bar.
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effects of PERC. In doing so, we report for the first time the
effects of PERC exposure on the mouse liver transcriptome. By
analyzing the genes which were modulated independently by
diet, we show that PERC exposure resulted in enrichment of
pathways involved in xenobiotic, glutathione, and lipid metab-
olism, PPARa signaling, and complement and coagulation
cascades.

Exposure to PERC has been shown to be associated with
altered hepatic lipid homeostasis (Buben and O’Flaherty, 1985;
Cichocki et al., 2017b; Philip et al., 2007), peroxisome prolifer-
ation, and activation of PPARa (Odum et al., 1988; Philip et al.,
2007). While the overall database on the contribution of PPARa

to the hepatotoxic effects of PERC is limited (Cichocki et al.,
2016; IARC, 2014; U.S. EPA, 2011), activation of this nuclear re-
ceptor has been implicated in chemical-induced hepatocarcino-
genesis in the mouse (Bull, 2000; Corton et al., 2000). While PERC
exposure did not have an effect on hepatic glutathione levels
(Philip et al., 2007), PERC is conjugated with glutathione in the
liver, therefore it is not surprising that exposure to PERC would
modify genes involved in glutathione synthesis or transferase
activity. Interestingly, the effect of PERC on the complement
and coagulation cascade has not been previously reported and
may represent a novel mechanism of PERC-induced hepatotox-
icity. Further studies are warranted, especially considering the

role of complement activity in liver regeneration, hepatocyte
proliferation, and liver fibrosis (Ricklin et al., 2010).

Our main finding is that NAFLD is an important susceptibil-
ity factor for PERC-induced liver effects in mice. This study used
histopathological, biochemical, and transcriptomic endpoints to
evaluate the hepatic response to a toxicant exposure in both
HFD and MCD models of NAFLD. One may suspect that MCD-fed
mice would have the greatest response to PERC, as they already
exhibit marked liver injury prior to exposure. However, 3 times
more genes were differentially expressed specifically in HFD-
fed animals compared to LFD- or MCD-fed animals following
PERC exposure. Specifically, we found that HFD-fed mice exhib-
ited changes in pathways involved in the adaptive immune sys-
tem, protein translation, cell signaling, and the cell cycle, while
MCD-fed mice experienced changes in only a few pathways
related to lipid and fatty acid synthesis and metabolism. The
differential response among these NAFLD-related diet groups is
perhaps not surprising given that HFD-fed mice had the highest
hepatic concentrations of TCA following exposure to PERC.
Indeed, many of the genes that were differentially expressed as
a result of PERC treatment in all 3 diet groups were significantly
correlated with hepatic PERC or TCA concentrations.
Interestingly, genes involved in “oxidation reduction” were sig-
nificantly correlated with TCA levels, which may be due to the

Figure 4. Diet-specific effects of PERC exposure on liver gene expression. Mice were fed a LFD, HFD, or MCD for 8 weeks prior to oral exposure to PERC (300 mg/kg/day;

5 days). All comparisons are made between vehicle-treated diet-matched control mice. A, Venn diagram showing numbers of differentially expressed genes in PERC-

exposed mice. B–C, Network plots of gene sets enriched specifically in the 914 and 247 genes differentially expressed specifically in HFD-fed (B) and MCD-fed mice (C),

respectively. Red circles represent pathways that were significantly induced, while blue circles represent repressed pathways (FDR-adjusted q-value <0.05). 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 2 pathways. At least 10 genes needed to be common between pathways in order for a line to be drawn. Color and size keys are provided

on the right.
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activation of PPARa by TCA (Maloney and Waxman, 1999), as
PPARa has been shown to modulate xenobiotic metabolism
(Janssen et al., 2015; Yoo et al., 2015), although other nuclear
receptors or transcription factors may be involved. Taken to-
gether, our data strongly suggest that the tissue dose of PERC
and/or TCA is a strong predictor of the transcriptomic pheno-
type. However, it is also possible that underlying disease modu-
lated the response to PERC in a toxicokinetic-independent
fashion.

Furthermore, we found that vehicle-treated mice with
NAFLD exhibited up-regulation of genes involved in cytokine-
cytokine receptor interaction; it is well established that pre-
treatment of laboratory animals with pro-inflammatory agents
(e.g., lipopolysaccharide) can intensify the effects of idiosyn-
cratic hepatotoxicants (Deng et al., 2009; Shaw et al., 2010). It is
known that inflammatory cytokines can modulate xenobiotic
metabolism, thereby altering toxicity (Woolbright and Jaeschke,
2015). Interestingly, MCD-fed mice were most sensitive to

Figure 5. Diet-independent effects of PERC exposure on liver gene expression. Mice were fed an LFD, HFD, or MCD for 8 weeks prior to oral exposure to PERC (300 mg/kg/

day; 5 days). A, Heatmap and dendrogram for unsupervised hierarchical clustering of row Z-scores of the normalized count data for 347 genes that were commonly dif-

ferentially expressed among all 3 groups exposed to PERC (see Venn diagram, Figure 2). B, qRT-PCR analysis of selected genes which were differentially-expressed in all

3 groups. Expression was normalized to Gusb expression using the 2�DDCT method. Different letters represent different statistical groups (P< .05, ANOVA with

Newman-Keuls post hoc test). Whiskers, min and max; þ, group mean; line, median; box, interquartile range.

Table 3. Pathways Enriched in All PERC-treated Groupsa

KEGG Pathway IDb No. of genes Fold enrichment Benjamini-corrected q-value

mmu00053:Ascorbate and aldarate metabolism 4 13 3.61E�02
mmu00980:Metabolism of xenobiotics by cytochrome P450 15 11 1.99E�09
mmu01040:Biosynthesis of unsaturated fatty acids 6 11 2.70E�03
mmu00982:Drug metabolism 16 10 1.87E�09
mmu00071:Fatty acid metabolism 9 9.6 6.56E�05
mmu00830:Retinol metabolism 13 9.2 3.42E�07
mmu00590:Arachidonic acid metabolism 13 7.6 2.63E�06
mmu00480:Glutathione metabolism 8 7.4 1.32E�03
mmu03320:PPAR signaling pathway 11 6.7 7.65E�05
mmu00140:Steroid hormone biosynthesis 6 6.4 2.68E�02
mmu04610:Complement and coagulation cascades 7 4.5 4.29E�02

aAs compared with diet-matched vehicle-treated animals.
bKEGG pathways were retrieved from DAVID v 6.7, as described in the Materials and Methods section.
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increases in serum transaminase levels following exposure to
PERC, while HFD-fed mice were most sensitive to PERC-induced
histopathological changes and liver transcriptomic effects. It is
possible that histopathological assessment was not sensitive
enough to capture the effect of PERC in MCD-fed mice, given
that MCD-fed mice had severe underlying injury. It is also
plausible that this underlying disease state in MCD-fed mice
precluded any hepatic transcriptomic response to PERC expos-
ure. Concomitantly, mild lobular inflammation in HFD-fed mice
may have potentiated the effects of PERC treatment. Thus,
while delivered dose is obviously important for target organ tox-
icity of a chemical, there are other factors, such as pre-existing
chronic inflammation, which may contribute to liver effects
associated with PERC exposure.

One hypothesis to explain greater susceptibility in the HFD
and MCD groups is that the diets may affect PERC absorption as
compared with the LFD group; we posit this is not the case.
First, the LFD is the “normal” diet typically given to laboratory
mice; thus, prior toxicokinetic studies can be informative as to

the expected degree of absorption of PERC. Multiple radiolabel
studies in mice, rats, and dogs have suggested near complete
absorption after oral dosing. For instance, Schumann et al.
(1980) administered 500 mg/kg of radiolabeled PERC to B6C3F1
mice, and recovered only 1.2% of the radiolabel in feces after
72 h. Thus, the expectation based on prior studies would be that
absorption is nearly complete, and any additional absorption in
the HFD or MCD groups would have a negligible influence on
the total amount absorbed. Second, we found that measured
PERC levels in the feces constitute a very small percentage of
the administered PERC dose. Specifically, given that mice pro-
duce about 1 g of feces per day, the measured fecal concentra-
tions of PERC imply <1% of the administered PERC dose of
300 mg/kg/day being excreted in feces (0.77% for LFD, 0.15% for
HFD, and 0.18% for MCD). Therefore, it is unlikely that greater
absorption of PERC in the HFD and MCD groups can explain the
differences in the observed effects.

The effects of NAFLD on xenobiotic metabolism and toxicity
is well-established; both experimental and human NAFLD can

Figure 6. Correlation of hepatic concentrations of PERC and TCA with liver gene expression changes. A,. Heatmap showing the Pearson’s r correlation coefficient for

genes significantly correlated with hepatic concentrations of PERC (left) or TCA (right). All genes shown had a Benjamini-Hochberg adjusted FDR q-value<0.05.

Pearson’s r values are shown within each cell. Red cells¼positively correlated (r�0.6); Blue cells¼negatively correlated (r� 0.6; Gray cells¼not correlated

(�0.6< r<0.6). B, Select genes from (A) are presented along as linear regression of gene expression to hepatic PERC (top) or TCA (bottom) concentrations. Each dot rep-

resents an individual animal and the red or blue lines represent the linear regression lines. To eliminate the effect of diet alone, individual gene raw count data were

normalized to the percentage of the average diet-matched vehicle-treated control prior to running correlation analyses.
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affect xenobiotic disposition and metabolism, which is typically
associated with the effect of NAFLD on expression of
xenobiotic-metabolizing enzymes and xenobiotic transporter,
as recently reviewed in Clarke and Cherrington (2015). The rela-
tionships between chemical metabolism and experimental
NAFLD that render rodents susceptible to the hepatotoxic
effects have been shown for Aroclor 1260 (Wahlang et al., 2014),
methotrexate (Hardwick et al., 2014), and carbon tetrachloride
(Donthamsetty et al., 2007). Conversely, HFD-fed mice were rela-
tively insensitive to thioacetamide- (Shirai et al., 2013) or acet-
aminophen- (Ito et al., 2006) induced hepatocellular injury. Our
study adds to this body of literature by showing that NAFLD
results in different delivered doses of PERC and TCA to the liver
which in turn influences the hepatic response to PERC.

There are several important limitations to this study. First,
the dose of PERC was high as compared with potential human
environmental exposures even though it was in line with the
doses used in sub-chronic and cancer studies of PERC. Only one
dose level was administered. Thus, additional studies are needed
to fully characterize concentration-response relationship of
PERC-induced liver effects in the context of NAFLD. While tran-
scriptomic data are important for understanding the molecular
pathways that are affected by NAFLD or PERC, future studies
may need to utilize proteomic or metabolic approaches to better
characterize these molecular networks. Further, only one sex
and strain of mouse was used in these studies. It is known that
the hepatic responses to high fat/high sucrose (Hui et al., 2015)
and MCD (Tryndyak et al., 2012) diets are strain-specific in mice.
In humans, NAFLD pathogenesis and progression is thought to
be mediated through gene-environment interactions (Anstee
et al., 2011). In mice, the relationship between PERC toxicoki-
netics and toxicodynamics is strain-specific (Cichocki et al.,
2017b). The toxicokinetics of PERC is also variable in humans
(Chiu et al., 2007; Monster and Houtkooper, 1979; Opdam, 1989;
Volkel et al., 1998), an effect which may be mediated by multiple
factors, including underlying disease state (National Research
Council, 2009, 2010; U.S. EPA, 2011). Future studies are needed to
determine the extent of interplay between genetics and disease
in response to environmental chemical exposure.

These limitations notwithstanding, this study has a number
of strengths and contributes novel findings to the study of liver
diseases and toxicological sciences. First, this study is first to
examine the effects of PERC exposure on the liver transcrip-
tome. Secondly, we directly compared differences in global liver
gene expression in HFD- and MCD-fed mice, which are 2 distinct
models of NAFLD (Maher, 2011). Our findings here in HFD- and
lipogenic MCD-induced NAFLD models were similar to the
microarray results of Teufel et al. (2016), where the authors
reported that pathways related to xenobiotic metabolism (ABC
transporters, glutathione metabolism), lipid metabolism, ECM-
receptor interaction, and inflammation were differentially regu-
lated by a “western-type diet” murine model of NAFLD.
Importantly, Teufel et al. (2016) performed pathway analysis
and reported that human NAFLD/NASH samples clustered more
closely with the “western-type diet” group, compared with
other murine models, suggesting that the lipogenic models
used in our study are appropriate for modeling human NAFLD.

Lastly, by using two distinct mouse models, we show that
experimental NAFLD can modulate the response to PERC, a ubi-
quitous environmental contaminant; this was accomplished by
applying transcriptomics and traditional toxicity phenotyping.
Interestingly, we show that MCD-fed mice are most susceptible
to PERC-induced increases in serum transaminase levels, while
HFD-fed mice are most susceptible to the liver transcriptomic

effects of PERC; these findings may be due to increased hepatic
levels of PERC in MCD-fed mice, increased TCA in HFD-fed mice,
or due to effects not directly related to toxicokinetics.

These data have implications for future risk management
decisions for environmental chemicals, particularly because the
prevalence of NAFLD is expected to increase in the coming years
(Sayiner et al., 2016). Our experimental evidence shows that
underlying NAFLD substantially impacts susceptibility to tox-
icity associated with PERC exposure in mice. Lipophilic mole-
cules, such as PERC, will preferentially partition into fatty liver
tissue compared with healthy liver tissue (Cichocki et al., 2017a);
it is therefore expected that, given the same exposure condi-
tions, individuals with NAFLD will have increased hepatic con-
centrations of these agents compared with healthy individuals,
which may contribute to chemical-induced toxicity.
Incorporation of disease state as a susceptibility factor into pub-
lic health assessments of environmental chemicals may serve
to better characterize potentially susceptible subpopulations,
such as individuals with NAFLD.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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