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ABSTRACT

Exposure to environmentally relevant chemicals that activate the xenobiotic receptors aryl hydrocarbon receptor (AhR),
constitutive androstane receptor (CAR), and peroxisome proliferator-activated receptor alpha (PPAR«) in rodent test
systems often leads to increases in oxidative stress (OS) that contributes to liver cancer induction. We hypothesized that
activation of the oxidant-induced transcription factor Nrf2 could be used as a surrogate endpoint for increases in OS. We
examined the relationships between activation of xenobiotic receptors and Nrf2 using previously characterized gene
expression biomarkers that accurately predict modulation. Using a correlation approach (Running Fisher Test), the
biomarkers were compared with microarray profiles in a mouse liver gene expression compendium. Out of the 163
chemicals examined, 47% from 53 studies activated Nrf2. We found consistent coupling between CAR and Nrf2 activation.
Out of the 41 chemicals from 32 studies that activated CAR, 90% also activated Nrf2. CAR was activated earlier and at lower
doses than Nrf2, indicating CAR activation preceded Nrf2 activation. Nrf2 activation by 2 CAR activators was abolished in
CAR-null mice. We hypothesized that Nrf2 is activated by reactive oxygen species from the increased activity of enzymes
encoded by Cyp2b family members. However, Nrf2 was similarly activated in the livers of both TCPOBOP-treated wild-type
and Cyp2b9/10/13-null mice. This study provides evidence that Nrf2 activation (1) often occurs after exposure to xenobiotic
chemicals, (2) is tightly linked to activation of CAR, and (3) does not require induction of 3 Cyp2b genes secondary to CAR
activation.

Key words: Nrf2; Keapl; constitutive androstane receptor; peroxisome proliferator-activated receptor; transcript profiling;
liver cancer; aryl hydrocarbon receptor; oxidative stress; Cyp2b.

Oxidative stress (OS) plays roles in chemical-dependent tumor activate a number of xenobiotic receptors including the aryl
promotion (Goetz and Luch, 2008; Roberts et al., 2010). Induction hydrocarbon receptor (AhR), constitutive androstane receptor
of OS has been observed following exposure to chemicals that (CAR), and peroxisome proliferator-activated receptor o (PPARa).

Published by Oxford University Press on behalf of the Society of Toxicology 2018.
This work is written by US Government employees and is in the public domain in the US.

172


Deleted Text: oxidative stress
https://academic.oup.com/

Chemicals that activate 1 or more of these receptors cause liver
cancer through mechanisms that do not involve direct damage
to DNA (nongenotoxic) and generally act at the promotion stage
by altering hepatocyte fate, most notably through increases in
cell proliferation (Budinsky et al., 2014; Corton et al., 2018;
Elcombe et al., 2014). AhR is a member of the basic region helix-
loop-helix/period-aryl hydrocarbon nuclear translocator-
simple-minded family of transcription factors that is activated
by 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD; also generically
referred to as dioxin), as well as dioxin-like chemicals including
other polychlorinated dibenzo-p-dioxins, polychlorinated
dibenzofurans, and polychlorinated biphenyls. CAR and PPAR«
are members of the nuclear receptor superfamily, and are acti-
vated by a large number of structurally heterogeneous pharma-
ceutical and industrial chemicals (Hernandez et al., 2009;
LeBlanc et al., 2012; Yamada et al., 2006). Although PPAR« func-
tions to maintain lipid homeostasis in part through regulation
of fatty acid oxidation (Corton et al., 2014), AhR and CAR play
critical roles in regulating enzymes involved in xenobiotic
metabolism including members of the cytochrome P450 (CYP)
family (Budinsky et al., 2014; Elcombe et al., 2014).

Cellular oxidants induce the activation of nuclear factor ery-
throid 2-related factor 2 (NF-E2/related factor 2, Nrf2) and regu-
lated genes, which are often considered to act as a first line of
defense from cellular damage due to unchecked OS (Kensler
et al., 2007). These genes encode a number of protective
enzymes involved in xenobiotic detoxification, antioxidative re-
sponse, and proteome maintenance (Kensler et al., 2007).
Activation of Nrf2 is regulated by the actin-associated kelch-do-
main 1 protein (Keapl), an adaptor component of Cullin 3
(Cul3)-base ubiquitin E3 ligase. In the absence of OS, Keapl
sequesters Nrf2 in the cytoplasm and facilitates Nrf2 ubiquitina-
tion and degradation. The control of the Nrf2/Keapl regulon
depends on a multifaceted protein, known as p62 (also,
SQSTM1, sequestosomel, A170) that regulates cellular redox ho-
meostasis by binding to Keap1l and facilitating Keap1 degrada-
tion in an autophagy-dependent manner (Komatsu et al., 2010).
Under conditions of Keapl degradation including increased re-
active oxygen species (ROS) or electrophiles, Nrf2 accumulates
in the cytoplasm and translocates to the nucleus, where it het-
erodimerizes with members of the small Maf transcription fac-
tor family. Binding of Nrf2-Maf heterodimers to antioxidant
response elements (AREs) in gene promoters leads to the induc-
tion of a battery of ARE-regulated genes (Itoh et al. 1997).
Dysregulation of the Nrf2 pathway is implicated in various dis-
eases, including cancers and inflammatory conditions
(Cominacini et al., 2015; Esteras et al., 2016; Leinonen et al., 2015).

Chemical-induced OS occurs through a number of mecha-
nisms. PPARo activators regulate the expression of enzymes
that produce hydrogen peroxide as a byproduct of metabolism,
including the peroxisomal, mitochondrial, and microsomal oxi-
dases such as fatty acyl-CoA oxidase in hepatocytes (Becuwe
and Dauga, 2005; Misra and Reddy, 2014). Exposure to PPARa
activators also leads to activation of NADPH oxidase, which
plays an important role in generating the superoxide radical in
response to Kupffer cell activators (De Minicis et al., 2006; Ruysn
et al., 2000). There is evidence that activators of AhR or CAR in-
duce OS in part through induction of genes encoding CYP
enzymes. In reactions catalyzed by CYP enzymes, 2 electrons
are sequentially transferred from NADPH-dependent CYP
oxidoreductase to each atom of bound oxygen on the CYP,
resulting in the production of oxygenated substrate and water
(Guengerich and Lieber, 1985; Poulos and Raag, 1992). Tight cou-
pling normally exists between oxygen reduction and mono-
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oxygenation, but some reactive oxygen may be released as ei-
ther superoxide or hydrogen peroxide in the course of electron
transfer. The monooxygenase-dependent production of ROS in
liver microsomes, supported by NADPH, is a well-known phe-
nomenon (Gillette et al., 1957) that clearly contributes to the to-
tal cellular production of reactive oxygen in liver (Bondy and
Naderi, 1994). Substrate-independent ROS production has been
demonstrated for CYP2E (Dai et al., 1993; Ekstrom et al., 1986)
and implied for CYP2B and CYP3A (Ahmed et al., 1995) in cell
free extracts. Although CYP induction may lead to induction of
0S, no studies have been carried out which systematically link
exposure to chemicals that activate CYP family members and
downstream effects on the ROS sensor, Nrf2.

The large amount of microarray data in publically available
databases such as gene expression omnibus (GEO) is for the
most part, an unexploited resource that can be reanalyzed for
novel insights into chemical-induced effects. Our lab has devel-
oped computational procedures to construct, validate and use
in testing, gene expression biomarkers that can accurately pre-
dict activation of transcription factors that control gene expres-
sion in the liver and other tissues (Oshida et al., 2015a,b,c,
2016a,b; Ryan et al., 2016). The biomarkers are comprised of lists
of genes that require the transcription factor for regulation. The
genes are selected by a weight of evidence approach by compar-
ing statistically filtered gene lists from multiple microarray
studies ideally when chemical comparisons are carried out in
wild-type (WT) and transcription factor-null mice. We have cre-
ated and used biomarkers for Ahr (Oshida et al., 2015a), CAR
(Oshida et al., 2015b), and PPARa (Oshida et al., 2015c), as well as
the STATS5D transcription factor that controls expression of sex-
specific genes in the liver (Oshida et al., 2016a,b). In a previous
study (Rooney et al., 2018), we characterized and validated a bio-
marker that accurately predicts Nrf2 modulation and used the
biomarker to identify a strong linkage between Nrf2 activation
and feminization of the liver transcriptome through suppres-
sion of STATSb.

In this study, we used the Nrf2 biomarker to identify chemi-
cals that modulate Nrf2 in a mouse liver microarray compen-
dium. In an examination of phenobarbital (PB), the prototypical
activator of CAR, we found a strong relationship between acti-
vation of CAR and activation of Nrf2. A global analysis of chemi-
cals in our compendium showed that most chemicals that
activate CAR also activate Nrf2 implying that these chemicals
induce OS. Other chemicals that activate AhR or PPAR also acti-
vate Nrf2. We tested whether the activation of Nrf2 was due to
OS produced as a byproduct of the activity of 1 or more of the
Cyp2b family member genes activated by CAR.

MATERIALS AND METHODS

Strategy for identification of chemicals that affect Nrf2 and comparison
to biomarker results for xenobiotic-activated transcription factors. The
computational methods used in this study have been previously
described in detail (Rooney et al., 2018). These include Nrf2 bio-
marker development and characterization, mouse liver gene ex-
pression database annotation, and methods used to identify
factors that modulate Nrf2. Briefly, evaluation of effects of dif-
ferent factors on Nrf2 required a gene expression biomarker of
Nrf2-dependent genes and an annotated database of gene
expression profiles of statistically filtered genes (also called bio-
sets). The Nrf2 biomarker is a list of genes with associated fold-
change values that reflect average differences in expression
after chemical or genetic activation and that require Nrf2 for
these gene expression changes. A commercially available gene
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expression database provided by Illumina (BaseSpace
Correlation Engine [BSCE]; https://www.illumina.com/products/
by-type/informatics-products/basespace-correlation-engine.
html; formally NextBio) was used as the starting point to create
a compendium of mouse liver biosets. The BSCE database con-
tains over approximately 21 600 highly curated, publically avail-
able, omic-scale studies across 15 species including
approximately 134 000 lists of statistically filtered genes (as of
October, 2017). Each list (bioset) is compared with all other biosets
in the database using a fold-change rank-based statistical algo-
rithm called the Running Fisher test, which assesses the overlap
in regulated genes and whether those genes are regulated in a
similar or opposite manner. In this study, biosets from mouse
liver were evaluated. Available information about each bioset
was extracted from BSCE and used to populate a compendium of
information about the experiments. Each bioset was further an-
notated using information derived from the original GEO submis-
sion or the original publication. Each bioset was annotated for the
type of factor (eg, chemical) and the name of the factor (eg, PB) ex-
amined. To assess Nrf2 activation or suppression, the Nrf2 bio-
marker was uploaded into the BSCE database and compared with
all biosets in the database using the Running Fisher algorithm.
Results of the tests were exported and used to populate the anno-
tated compendium with —log(p-value)s of the comparisons. We
have previously used this analysis strategy to accurately identify
factors that activate or suppress individual transcription factors
(AhR, CAR, and PPARo) using the same database (Oshida et al.,
2015a,b,c). In this study, we used these procedures to examine
the relationships between modulation of Nrf2 and that of
xenobiotic-activated transcription factors.

Cyp2b9/10/13-null mice. All studies were performed according to
NIH guidelines for the humane use of research animals and
preapproved by the Clemson University Animal Care and Use
Committee. WT and Cyp2b9/10/13-null mice are on the C57Bl6/
J-background (Jackson Laboratory, Bar Harbor, Maine; 000664).
All 5 Cyp2b subfamily members are found on chromosome 7
with 3 members primarily expressed in the liver (Cyp2b9,
Cyp2b10, and Cyp2b13) found in tandem repeat (Damari et al.,
2012; Kumar et al., 2017; Peng et al., 2012). The 3 Cyp2b subfamily
members were targeted by injecting Cas9 mRNA, 20 nt guide
sequences specific to the target sites, and with an 83 nt scaffold
sequence common to all the sgRNAs into the cytoplasm of the
mouse blastocyst (Horii et al., 2015) as described previously in
Kumar et al. (2017). An 8- to 10-week-old WT or Cyp2b9/10/13-
null male and female mice (n = 4-6) were injected with auto-
claved corn oil or TCPOBOP (Sigma) dissolved in autoclaved
corn oil at 3 mg/kg. Forty-eight hours later mice were weighed
and euthanized by CO, asphyxiation, livers excised, weighed,
diced, and snap frozen for RNA extraction or microsome prepa-
ration, and stored at —80°C.

Western blots. Microsomes were prepared as described previ-
ously (van der Hoeven and Coon, 1974) by differential centrifu-
gation following homogenization in ice with a Dounce
homogenizer. Protein concentrations were determined with the
Bio-Rad protein assay (Bio-Rad) according to the manufacturer’s
instructions. Thirty pg of microsomal protein was separated by
polyacrylamide gel electrophoresis in a 10% gel and transferred
to 0.45 pm nitrocellulose (Bio-Rad) where the blot was blocked
using 1% skim milk/0.1% Tween 20 dissolved in phosphate buff-
ered saline. Previously characterized rabbit antimouse Cyp2b10
antibody (Mota et al., 2010, 2011) was used to confirm the loss of
the Cyp2b9, 10, and 13 genes in mouse liver. Rabbit antimouse

B-actin (Sigma Aldrich, St Louis, Missouri) was used to ensure
equal loading of samples. The secondary antibodies used to de-
tect the primary antibodies were an alkaline-phosphatase cou-
pled goat antirabbit IgG for the Cyp2b10 antibody and alkaline
phosphatase coupled goat antimouse IgG for the Actin antibod-
ies (Bio-Rad). Bands were visualized using a chemilluminescent
kit according to the manufacturer’s directions (Bio-Rad).

Dose response modeling of transcriptional data. Raw data (.cel files)
from Geter et al. (2014) were downloaded from GEO (GSE54597),
normalized by Robust Multi-array Average in R, and fold change
values were calculated for each treated sample compared with
the average of the same sex controls. Fold change values were
fed into the ToxCast data analysis pipeline (tcpl) and, where
possible, were fit with hill curves (https://www.epa.gov/sites/
production/files/2015-08/documents/pipeline_overview.pdf;
accessed May 30, 2017). AC50 (half maximal) concentrations
were calculated from the resulting models. AC50 values for
the 10 Cyps with the greatest fold induction after treatment
with PB were compared with AC50 values for genes in the
Nrf2 biomarker.

Evaluation of gene expression by reverse transcription-quantitative po-
lymerase chain reaction. Expression of selected genes was quanti-
fied using reverse transcription quantitative polymerase chain
reaction (RT-qPCR) analysis. Briefly, 1 pg of total RNA was re-
verse transcribed with the iScript Reverse Transcription
Supermix kit per manufacturer instructions (Bio-Rad
Laboratories, Hercules California). cDNA was amplified in cus-
tom printed 384-well PrimePCR assay plates (Bio-Rad) with Sso
Advanced Universal SYBR Green Supermix (Bio-Rad). Reference
genes (Ppia, Puml) were selected from a reference gene panel
(Reference Genes M384, Mouse. Bio-Rad) as the 2 genes with the
best target stability. The list of the specific PrimePCR assays
used is found in Supplementary Material 1. Gene expression
was analyzed in Qbase+ (Biogazelle, Zwijnaarde, Belgium). Fold
changes for each gene were analyzed for significance via a
global ANOVA across both strains and treatments, and where
applicable, individual differences assessed by Tukey’s HSD.

Additional computational analyses. Heat maps were generated using
Eisen Treeview software (http://rana.lbl.gov/EisenSoftware htm).

Statistical analyses. All gene lists used in this study were from
the BSCE database which derives statistically filtered gene lists
based on standard pairwise comparisons (p-value < .05) and are
described in detail in Kuperschmidt et al. (2010). These gene lists
were derived from treatment vs. control comparisons with at
least 3 biological replicates per group. The Nrf2 biomarker or
other gene lists (as in Figure 1 and Supplementary Material 2),
were compared with a filtered gene list in a pairwise manner
using the Running Fisher test in BSCE resulting in a p-value of
the correlation between the 2 lists of genes. In the case of the
expression of the Cyp2b10 gene, the values listed come from the
list of statistically filtered genes (p < .05) described earlier.
Regression analyses were carried out in Excel.

RESULTS

Exposure to PB Alters the Expression of Nrf2-Regulated Genes

CAR activators including PB increase OS in the livers of mice
and rats (summarized in Elcombe et al., 2014). To gain insights
into whether PB exposure leads to Nrf2 activation, a correlation
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Figure 1. Exposure to PB alters expression of Nrf2-regulated genes. A, Using the Running Fisher test to determine correlation between 2 gene lists (biosets). The p-value
of the correlation test is converted to a —log(p-value) and to a negative number if there is negative correlation. B, Expression of genes after exposure to CDDO-Im or PB.
Biosets were from a PB study (0.05% (w/v) in drinking water for 1, 7, 28, or 91 days; from GSE45465) and from WT or Nrf2-null mice treated with CDDO-Im (30 uM) for 6
h (Yates et al., 2009). Genes regulated by CDDO-Im in WT mice and by 1 or more of the PB biosets are shown. Nqo1, glutathione synthesis genes, and Gst family member
genes are indicated with arrowheads. C, Significance of the correlation between biosets from the studies described in (B). D, Changes in the expression of the CAR
marker gene Cyp2b10 derived from the PB microarray study. The gene expression changes shown were significantly different from the corresponding controls (p < .05).
E, Expression of genes after exposure to D3T, oltipraz or PB. Rats were given 100 mg/kg PB by gavage and sacrificed at the indicated times (from the TG-GATES study) or
treated with D3T (600 mg/kg) or oltipraz (500 mg/kg) for 24 days (Phan et al., 2009). The genes examined were selected as they exhibited consistent expression by D3T
and oltipraz and were altered in expression in at least 3 or more of the 8 PB treatments. GST family member genes are indicated with arrowheads. F, Significance of the
correlation between biosets derived from the PB time course study and the Nrf2 activators described in (E). G, Changes in the expression of the CAR marker gene
CYP2B1 derived from the microarray study. The gene expression changes shown were significantly different from the corresponding controls (p < .05).

analysis was carried out between lists of statistically significant the livers of mice exposed to the potent Nrf2 activator CDDO-Im
genes (biosets) derived from the livers of mice exposed to PB or for 6 h at 30 umol/kg body weight in WT and Nrf2-null back-
Nrf2 activators. The Running Fisher test (Kuperschmidt et al., grounds (Yates et al, 2009) were compared with those from
2010; Rooney et al., 2018) was used to derive a p-value of the cor- mice treated with 0.05% (w/v) PB in the drinking water for up to

relation between a pair of gene lists (Figure 1A). Biosets from 91 days (from GSE45465). The expression of the overlapping
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genes is shown in Figure 1B. Many of the genes with increased
expression by PB and CDDO-Im are well-known targets of Nrf2
including glutathione synthesis genes, Gst family members, and
Nqol. Figure 1C shows the —log(p-value)s of the correlations be-
tween the 2 CDDO-Im biosets and the 1, 7, 28, and 91 days PB
treatment groups. There was positive correlation between all PB
groups and the bioset from CDDO-Im in WT mice (p-values =
1E-30-1E-4), while there was inconsistent correlation with the
bioset from Nrf2-null mice treated with CDDO-Im. The CAR tar-
get gene Cyp2b10 exhibited sustained activation throughout the
time of the exposures (Figure 1D). A similar analysis carried out
using biosets from oltipraz-treated WT and Nrf2-null mice from
our previous study (Rooney et al.,, 2018) showed a similar rela-
tionship between PB exposure and oltipraz in WT but not Nrf2-
null mice (Supplementary Material 2). These results indicate
that PB alters the expression of genes that are also regulated by
Nrf2.

To determine if Nrf2-regulated genes were also altered by PB
in the rat liver, PB exposures were compared with those of 2
Nrf2 activators, dithiol-3-thione (D3T) or oltipraz. PB biosets
were derived from the Japanese TG-GATES study (http://toxico.
nibio.go.jp/) in which rats were treated with a single gavage
dose of PB (100 mg/kg) and gene expression measured at 3-, 6-,
12-, or 24-h postexposure, or in a repeated daily gavage dose
study for 3, 7, 14, or 28 days. The biosets of the Nrf2 activators
were from the livers of rats fed diets containing D3T (600 mg/kg
diet) or oltipraz (500 mg/kg diet) for 24 days (from GSE8880;
Phan et al., 2009). The expression of genes commonly regulated
by D3T and oltipraz is shown in Figure 1E. Changes in expres-
sion of the overlapping genes regulated by PB, including a num-
ber of known Nrf2 target genes, show a lack of obvious
similarity to the D3T or oltipraz biosets before 3 days, as com-
pared with the increased similarity at 3 days or longer expo-
sures. Between 3 and 24 h after a single exposure the p-values
of the correlations were > 1E-6 (Figure 1F), whereas daily expo-
sures for 3 days or longer exhibited correlations that were gen-
erally more significant than single exposures (>1E-29). In
contrast to the induction of the Nrf2-regulated genes, the CAR
target gene Cyp2bl was induced at the earliest time point, and
exhibited sustained activation of > approximately 6-fold at 3
h and later (Figure 1G). Similar kinetics of expression of the
Nrf2-regulated genes was seen when comparing these 2 Nrf2
activators to another CAR activator, phenytoin, as well as to 2
chemicals that activate Cyp2b1 and that are assumed to be CAR
activators, hexachlorobenzene and diltiazem, all from the TG-
GATES study (Supplementary Material 2). In each case, Cyp2b1
was induced before there was appreciable correlation between
the biosets derived from the Nrf2 activators and the CAR activa-
tors. Overall, these results indicate that many Nrf2 target genes
were induced by CAR activators in the rat liver, and their induc-
tion lags behind the induction of the CAR target gene, Cyp2b1.

To further test whether PB exposure leads to Nrf2 activation,
a previously characterized Nrf2 biomarker was used to assess
Nrf2 activation after PB exposure. This Nrf2 biomarker was
found to accurately predict Nrf2 activation (balanced accuracy =
96%) (Rooney et al., 2018). Nrf2 activation was evaluated in 25
biosets from 12 studies, in which transcriptional changes were
examined in the livers of WT mice treated with PB. These stud-
ies were mostly those of mice treated with 0.05% (w/v) PB in wa-
ter from 1 to 91 days of exposure (details of the exposure
conditions are found in Supplementary Material 1). The biosets
were also compared with a CAR biomarker, which was previ-
ously determined to have a balanced accuracy of 97% (Oshida
et al., 2015b). The —log(p-value)s of the correlation of the PB

biosets to the CAR biomarker were rank-ordered and compared
with the —log(p-value)s of the correlation to the Nrf2 biomarker
(Figure 2A). As expected, CAR was activated in the majority of
PB treatments (p-value < 1E-4 for 23 of the 25 biosets). Nrf2 was
significantly activated (p-value < 1E-4) for all but 1 of the PB
treatments. The PB-induced expression changes in the CAR and
Nrf2 biomarker genes (Figure 2a, bottom) shows the remarkable
increase in similarity in expression direction and relative fold-
change with the biomarker gene expression values as the
—log(p-value)s increase. A plot of the —log(p-value)s for Nrf2 ac-
tivation versus CAR activation shows that in general, the greater
the significance of the correlation between the PB bioset and
the CAR biomarker, the greater the significance of the correla-
tion between that bioset and the Nrf2 biomarker (Figure 2B). The
R? of the comparison was 0.345 (p-value = 5.0E-45). These
results indicate that PB exposure consistently leads to alteration
of Nrf2-regulated genes and thus, Nrf2 activation.

Nrf2 Activation by Chemical Activators of AhR, CAR, and PPAR«
Given the consistent relationship between activation of CAR
and Nrf2 by PB, we hypothesized that other CAR activators
would also activate Nrf2. To test this hypothesis, a total of 577
biosets encompassing 179 chemicals from the livers of treated
mice were evaluated for activation of CAR and Nrf2. Details of
the studies are found in Supplementary Material 1. Figure 3A
shows a positive trend for activation of both CAR and Nrf2 for a
subset of chemicals in the compendium. Out of the 89 biosets in
which there was significant CAR activation (p-value < 1E-4),
90% (80 biosets) also led to Nrf2 activation (p-value < 1E-4). After
removing the 23 biosets from PB-treated mice, 86% of the bio-
sets from the remaining chemicals led to Nrf2 activation. Only 4
chemicals activated CAR but not Nrf2 (arsenite, 100 ppb in water
for 5 weeks; cobaltous chloride, 60 mg/kg for 48 h; penicillin, 1
mg/kg BW for the lifetime of the mice; and propylene glycol
mono-t-butyl ether, 1200 ppm in air for 13 weeks). A number of
these exposures may have been under conditions that would
not lead to Nrf2 activation (doses too low or times of exposure
too short).

Increases in OS have also been observed after exposure to
compounds that activate AhR or PPARq. Nrf2 activation associ-
ated with increases in OS has not been measured across diverse
exposure scenarios that activate 1 or more of these receptors.
The relationships between activation of AhR or PPARa and Nrf2
were examined using previously described biomarkers for AhR
and PPARq, which had balanced accuracies of 95% and 98%, re-
spectively (Oshida et al., 2015a,c). Figures 3B and C show the
relationships between activation of Nrf2 and the activation of
either AhR or PPARq, respectively. R? value for the test in the
PPARa versus Nrf2 comparison was 0.082 (p-value = 2.46E-10),
and the R? value for the test in the AhR versus Nrf2 comparison
was 0.0009 (p-value = .51), There were a number of biosets
which exhibited activation of both AhR and Nrf2 or both PPAR«x
and Nrf2. However, many of these biosets also exhibited CAR
activation (Figs. 3B and 3C, red points). Out of the 6 biosets in
which there was AhR activation but no activation of CAR or
PPARu (p-value < 1E-4), half of the biosets (3 biosets consisting
of 3 chemicals) also led to Nrf2 activation (p-value < 1E-4). After
removing those biosets which also had CAR activation, 63% of
the biosets (15 out of the 24 biosets consisting of 10 chemicals)
exhibited both PPARa and Nrf2 activation (p-value < 1E-4).
There were a number of chemicals that activated PPARa but not
Nrf2 (Supplementary Material 1). Overall, this global view of di-
verse chemical treatments in mouse liver showed very consis-
tent relationships between activation of CAR and Nrf2 and to


Deleted Text:  
Deleted Text: &hx2013;
Deleted Text: two 
Deleted Text: d
Deleted Text: d
Deleted Text: d
Deleted Text: wild-type
Deleted Text:  - 
Deleted Text: wild-type
Deleted Text: wild-type
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfy231#supplementary-data
Deleted Text: to
Deleted Text: two 
http://toxico.nibio.go.jp/
http://toxico.nibio.go.jp/
Deleted Text: &hx2009;
Deleted Text: &hx2009;h
Deleted Text: &hx2009;h
Deleted Text: &hx2009;h
Deleted Text: &hx2009;
Deleted Text:  
Deleted Text: d
Deleted Text: d
Deleted Text: d
Deleted Text: d
Deleted Text: &hx2009;
Deleted Text: &hx2009;
Deleted Text: d
Deleted Text: to
Deleted Text: d 
Deleted Text: &hx2009;
Deleted Text: ours
Deleted Text: &hx003E;
Deleted Text: &hx003E; 
Deleted Text: &hx003E;
Deleted Text: &hx223C;
Deleted Text: &hx2009;
Deleted Text: two 
Deleted Text: two 
Deleted Text: File 
Deleted Text: wild-type
Deleted Text: phenobarbital
Deleted Text: &hx2009;
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfy231#supplementary-data
Deleted Text: to 
Deleted Text: &hx2013;
Deleted Text: to 
Deleted Text: &hx2013;
Deleted Text: &hx2264;
Deleted Text: &hx2264;
Deleted Text: one 
Deleted Text: &hx2013;
Deleted Text: &hx2013;
Deleted Text: .
Deleted Text: a
Deleted Text: c
Deleted Text: a
Deleted Text: a
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfy231#supplementary-data
Deleted Text: &hx2264;
Deleted Text: &hx2264;
Deleted Text: four 
Deleted Text: &hx2009;
Deleted Text: &hx2009;
Deleted Text: &hx2009;
Deleted Text: rs
Deleted Text: &hx2009;
Deleted Text: &hx2009;
Deleted Text: one 
Deleted Text: .
Deleted Text: .
Deleted Text: 0
Deleted Text: &hx2264;
Deleted Text: &hx2264;
Deleted Text: &hx2264;
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfy231#supplementary-data

ROONEY ET AL. | 177

A Response to Phenobarbital
. 45
: e B
— -
T 30 on _ |
25 = I .
E 20 R i
g 15 g |
N 10 2 ! ]
5 2 30 ' R
0 — ! °
Rank order -log (p-value) CAR activation 5 V@ o °
— 1
= - L]
5 : L. Nt .
© o ]
13 © I o °
2 1'% ' °
L]
; < 10 ' oy o
o 1
.' _____ :_ TTeT T T T T T T TS TS TS ST ST T T T s T s s e T
0 1
0 5 10 15 20 25 30

Nrf2 activation [-log (p-value)]

Nrf2 Biomarker

Figure 2. Coordinate activation of CAR and Nrf2 by PB across studies. A, (Top) Significance of the correlation between biomarkers for CAR or Nrf2 and 25 biosets from
the livers of WT mice treated with PB from 12 studies (GSE16777; GSE34423; GSE40120; GSE40773; GSE43977; GSE44783; GSE45465; GSE51355; GSE55084; GSE57055;
GSE60684; GSE6721). Biosets were rank ordered by the significance of the similarity of the biosets to the CAR biomarker. (Bottom) Expression of the genes in the bio-
markers across the studies. B, Relationships between the —log(p-value)s of the correlations described in (A).
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Figure 3. Nrf2 activation by chemical activators of xenobiotic receptors. A, Activation of Nrf2 by chemical activators of CAR in the mouse liver compendium. A total of
471 biosets from chemically treated WT mice representing 167 chemicals were examined for activation of CAR or Nrf2 based on biomarker correlation. The biosets
from PB studies are indicated in red. B, Activation of AhR and Nrf2. Biosets described in (A) were examined for activation of AhR and Nrf2 using the respective bio-
markers. The conditions in red (5 with significant AhR activation) are those with significant activation of CAR as assessed by the CAR biomarker. C, Activation of PPARx
and Nrf2. Biosets described in (A) were examined for activation of PPAR« and Nrf2 using the respective biomarkers. The exposure conditions in red (13 with significant
PPARq activation) are those with significant activation of CAR as assessed by the CAR biomarker. D, Summary of chemicals that activate Nrf2 and 1 or more xenobiotic
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lesser extents, between activation of AhR and Nrf2 or PPARa
and Nrf2.

The distribution of receptor activation by those chemicals
that activate Nrf2 is shown in Figure 3D. There were 46 chemi-
cals that activated Nrf2 and 1 or more of the receptors while 37
chemicals activated Nrf2 only (Supplementary Material 1).
There were some chemicals such as di-(2-ethylhexyl)phthalate,
perfluorooctane sulfonate (PFOS), and WY, which were exam-
ined under multiple conditions and depending on the exposure
conditions were found to activate PPARa only or PPARx and
CAR. As described earlier, the greatest number of chemicals
that activated Nrf2 was those that also activated CAR. The sec-
ond largest group was those chemicals that activated PPARa
and Nrf2.

Activation of CAR-Dependent Cyp2b Genes Occurs at Lower Doses of
PB than Nrf2-Dependent Genes

The dose-dependent relationships of Nrf2 and CAR activation
were examined using a study, in which PB was administered to
male and female mice for 2 or 7 days (Geter et al., 2014
GSE54597). In all 4 sex-time comparisons, there was consistent
CAR activation at the 14.1 mg/kg dose level and above, whereas
Nrf2 activation only occurred consistently at 62.4 mg/kg and
above (Figure 4A, top). The expression changes of genes in the
biomarkers show the induction of many CAR biomarker genes
at lower doses than those in the Nrf2 biomarker (Figure 4A, bot-
tom). This was especially apparent for Cyp2b10, which was
strongly expressed at 15 mg/kg and above. These results indi-
cate that many of the CAR genes were induced at lower doses
than those in the Nrf2 biomarker.

To more precisely determine any differences in the dose-
response characteristics of genes regulated by CAR and Nrf2,
Hill models were fit to the transcriptional data using the
ToxCast Data Analysis Pipeline, and AC50 values were deter-
mined from the resulting models. In both male and female
mice, the average AC50 values for the 10 CAR-regulated Cyp
genes with greatest induction after 2 days of PB treatment were
lower than the average ACS0 values for genes in the Nrf2 bio-
marker that showed dose response relationships (Figure 4B).
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After 7 days of PB treatment, there was no difference between
the average AC50 values in either sex. These studies indicate
that after 2 days of exposure to PB, CAR-regulated Cyp genes
were activated at lower doses than those regulated by Nrf2.

Divergent Nuclear Receptor Dependence of Nrf2 Activation by
Fibrates and Perfluorinated Chemicals

Chemicals associated with PPARa and Nrf2 activation fell into 2
groups: those that activated only PPARa such as fibrates and
those that activated both PPARx and CAR such as the perfluori-
nated compounds. The dependence on PPARa for Nrf2 activa-
tion by these 2 groups of chemicals was examined by assessing
activation of PPARa, CAR, and Nrf2 in chemically treated WT
and PPARo-null mice. Figure 5A shows the activation profiles of
(WY) (from GSE8295), in which mice were treated for 5 days
with 0.1% w/w in the feed. Figure 5B shows the activation pro-
files of WY-14,163 WY or fenofibrate (from GSE8396), in which
mice were treated for 6 h with 400 pl of 10 mg/ml in 0.5% carbox-
ymethyl cellulose. In the WT mice, WY activated PPARa and
Nrf2 but had inconsistent effects on CAR. Activation of all tran-
scription factors was abolished in PPARa-null mice. Fenofibrate
activated PPARa and CAR but not Nrf2 in WT mice; activation
was abolished in the PPARa-null mice.

We examined the effects of 4 perfluorinated compounds
(perfluorooctanoic acid (PFOA), PFOS, perfluorohexanesulfonic
acid (PFHxS), and perfluorononanoic acid (PFNA)) on receptor
activation. The biosets came from three 7 day gavage studies:
(1) PFOS at 3 and 10 mg/kg (GSE22871) (Figure 5C); (2) PFOA at 3
mg/kg (GSE9786) (Figure 5D); (3) PFHxS at 3 and 10 mg/kg or
PFNA at 1 and 3 mg/kg (GSE55756) (Figure SE). Activation of
PPARa by all 4 chemicals was observed in WT but not PPARa-
null mice, as expected (Figs. 5C-E). Except for PFOS at 3 mg/kg,
CAR and Nrf2 activation were observed in both wild-type and
PPARo-null mice.

Expression of Nrf2 and CAR marker genes was examined by
RT-gPCR in WT and PPARo-null mice after exposure to PFNA
(Figure 5F). The marker genes for Nrf2 included Nqo1, Ces1, and
Abcc3, which are included in the Nrf2 biomarker (Rooney et al.,
2018). Also shown is the expression of the CAR biomarker
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Figure 4. Dose-dependent activation of Nrf2 by PB. A, (Top) Significance of the correlation between CAR or Nrf2 biomarkers and the biosets derived from the livers of
male and female mice treated for 2 or 7 days with PB (Geter et al., 2014). (Bottom) Expression of the genes in the biomarkers across the treatments. Positions of Cyp
genes are indicated. B, Transcriptional AC50 levels (mg/kg-day) for genes in the CAR or Nrf2 biomarkers. The 4 sex-time groups are indicated. Cyp2b10 AC50 levels are

shown indicated as red circles.
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Figure 5. Divergent nuclear receptor dependence of Nrf2 activation by fibrates and perfluorinated compounds. Activation of PPAR«, CAR, and Nrf2 biomarkers were ex-
amined in the livers of WT and PPARa-null mice after treatment with fibrates and perfluorinated compounds. A, Mice were treated with WY for 5 days at 0.1% w/w in
the feed (from GSE8295). B, Mice were treated with WY or fenofibrate for 6 h with 400 pl of 10 mg/ml in 0.5% carboxymethyl cellulose (from GSE8396). C, Mice were
treated with PFOS at 3 and 10 mg/kg for 7 days (from GSE22871). D, Mice were treated with PFOA at 3 mg/kg for 7 days (from GSE9786). E, Mice were treated with PFHxS
at 3 and 10 mg/kg or PFNA at 1 and 3 mg/kg for 7 days (from GSE55756). F, Expression of Nrf2 and CAR biomarker genes by qPCR in the livers of WT and PPARa-null
mice treated with 10 mg/kg/day for 7 days with PFNA (Rosen et al., 2017; GSE55756). Values for Cyp2b10 and Akrlb7 came from Oshida et al. (2015b) and are shown for
comparison. Significantly different between control and chemical treatment within strains: *p < .05, *p < .01. Significantly different between PFNA-treated in WT and

PFNA-treated in nullizygous mice: “p < .05, #p < .01.

signature gene Cyp2b10 (Oshida et al., 2015b) and Akr1b7, a tar-
get for CAR activators (Liu et al., 2009). PFNA significantly in-
creased the expression of all 3 Nrf2 marker genes in both WT
and PPARa-null mice. PFNA increased the expression of Akrib7
in both strains while Cyp2b10 was increased statistically in
PPARa-null mice only. These results demonstrate that although
WY increases Nrf2 activation in the absence of CAR activation
and dependent on PPARa, perfluorinated chemicals increased
Nrf2 activation independently of PPARa«, possibly through CAR.

Activation of Nrf2 by PB and TCPOBOP Is CAR-Dependent
The dependence on CAR for Nrf2 activation was examined after
exposure to CAR activators. In the first study, WT mice,

CAR/pregnane X receptor (PXR)-null mice, and CAR/PXR-null
mice which expressed the human CAR and PXR (humanized
mice) were treated for up to 91 days with 0.05% PB (wt/vol) in
drinking water (Luisier et al., 2014). CAR and PXR are often acti-
vated simultaneously after chemical exposure (Oladimeji et al.,
2016). Reversibility of responses was examined in mice treated
for 91 days followed by a 28 days recovery time (119 days time
point). In WT mice activation of CAR and Nrf2 was observed at
all treatment times except after the 28 days recovery period (119
days; Figure 6A). In CAR/PXR-null mice, CAR activation was
abolished, as expected. Nrf2 activation was observed at the 2
earlier (1 and 7 days) time points but not the later time points.
The pattern of consistent CAR and Nrf2 coactivation was
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Figure 6. Activation of Nrf2 by PB and TCPOBOP is CAR-dependent. A, Assessment of CAR and Nrf2 activation in the livers of WT, CAR/PXR-null and humanized CAR/
PXR (hCAR/hPXR) mice treated for up to 91 days with 0.05% PB (wt/vol) in drinking water (Luisier et al., 2014). Reversibility of responses was examined in mice treated
for 91 days followed by a 28 days recovery time (119 days time point). B, Assessment of CAR and Nrf2 activation in the livers of WT, CAR-null and hCAR mice exposed
to PB, TCPOBOP or CITCO for 3 days (data from GSE40120). C, Gene expression was examined in the livers from WT or CAR-null mice by qPCR after exposure to PB
(0.085% w/w diet for 28 days; Ross et al., 2009). Expression analysis of Cyp2b10 and Akr1b7 has been previously published (Oshida et al., 2015b) and are shown for com-
parison. Significantly different between control and chemical treatment within strains: *p < .05, **p < .01. Significantly different between PB-treated in WT and PB-

treated in nullizygous mice: *p < .05, # p < .01.

restored in the humanized mice. The pattern of activation indi-
cates that CAR and/or PXR were required for Nrf2 activation in-
duced by PB. The activation of Nrf2 in the CAR/PXR-null mice at
the earlier time points could point to increases in OS. The doses
of PB in the livers of the CAR/PXR-null mice were up to
approximately 3-fold higher than in the WT mice, yet there was
no apparent liver damage under these conditions (Luisier et al.,
2014).

In the second study, PB, the mouse-selective CAR activator
TCPOBOP, and the human-selective CAR activator CITCO were
administered to WT, CAR-null, and CAR-null mice carrying the
human CAR (hCAR mice) for 3 days (from GSE40120). PB and
TCPOBOP in WT mice resulted in activation of CAR and Nrf2
while CITCO had no effects (Figure 6B). Effects of all compounds
were abolished in CAR-null mice. In hCAR mice, CITCO and PB
activated CAR, and Nrf2 was not significantly activated.

Expression of Nrf2 and CAR marker genes was examined RT-
gPCR in WT and CAR-null mice after exposure to PB (0.085% w/
w diet for 28 days) (Figure 6C). The Nrf2- and CAR-regulated
genes exhibited increased expression after PB exposure that
was abolished in CAR-null mice. Overall, the data demonstrates
that Nrf2 activation by PB and TCPOBOP is CAR-dependent.

Is Activation of Nrf2 by TCPOBOP Dependent on Cyp2b Expression?

We hypothesized that Nrf2 activation is dependent on Cyp
enzyme-induced OS. A comprehensive analysis of the expres-
sion of Cyp genes altered by PB in the mouse liver has not been
carried out. Figure 7A (left) shows the pattern of expression of
all 41 Cyp genes that were altered by PB in the 25 biosets de-
scribed in Figure 2A. The 5 genes which exhibited the highest
average fold-change increases included Cyp2b10 (127-fold),
Cyp2c65 (54-fold), Cyp2c55 (33-fold), Cyp2b9 (15-fold), and

Cyp2b13 (9-fold) (Figure 7A, right). The average expression of the
top 5 Cyps was plotted versus —log(p-value) of the Nrf2 bio-
marker correlation to the PB biosets. The results show that in
general as the average expression of the 5 Cyps increases so
does Nrf2 activation (R* = 0.551; p-value = 2.17E-05) (Figure 7A,
inset). When the analysis was extended to include all chemi-
cals, the plot shows that an average expression fold-change >
25 resulted in 62 out of 64 (97%) biosets with Nrf2 activation
(Figure 7B). Dropping the cutoff to fold-change > 10 resulted in
104 out of 121 (86%) biosets with Nrf2 activation. Most of these
chemical exposures led to CAR activation (Figure 7B, red dots).
Thus, expression of these Cyps in many of the chemical expo-
sures appears to be a predictor of Nrf2 activation, as would be
expected if there was a mechanistic link between the level of
Cyp induction and Nrf2 activation.

The role of Cyp2b family members on Nrf2 activation was
tested directly by examining Nrf2-responsive genes in the livers
of a novel nullizygous mouse, in which a 287 kilobase pair (kb)
Cyp2b cluster on mouse chromosome 7 was deleted using
Crispr-Cas9 technology (Kumar et al., 2017). This strain of mice
lacks intact Cyp2b9, Cyp2b13, and Cyp2b10 genes. The lack of the
3 genes had little effect on the expression and activity of other
Cyps (Kumar et al., 2017). Males and females of the Cyp2b9/10/
13-null strain and their WT counterparts were treated with 1 in-
jection (i.p.) of TCPOBOP (3 mg/kg, in corn oil) or corn oil alone
and sacrificed 48 h later. The expected increases in liver to body
weight ratios were not different between the strains (Figure 8A).
Increases in the expression of the Cyp2b10 gene were abolished
in the null strain as expected (Figure 8B, top). Unexpectedly,
there were higher levels of activation of Cyp2b9 in the null mice
compared with the WT controls. Deletion of the 287 kb section
of Cyp2b10-Cyp2b13-Cyp2b9 does not include the promoter
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Figure 7. Relationship between expression of Cyp genes and activation of Nrf2 by CAR activators. A, Heat map showing the expression of Cyp family members after ex-
posure to PB from the 25 biosets in the same order as Figure 2. The graph shows the average expression of each Cyp across the 25 biosets. (Inset) Relationship between
average expression of the top 5 ranking Cyp genes and Nrf2 activation for the 25 biosets from PB-treated mice. B, Relationship between average expression of the top 5

ranking Cyp genes and Nrf2 activation in the livers of mice treated with 135 chemicals from 318 biosets.

region of Cyp2b10 or the final 1000 bp of the 3’-end of the
Cyp2b9 gene, the last gene in the region (Kumar et al., 2017).
Therefore, it is possible that some increase in Cyp2b9 could be
measured due to activation of the Cyp2b10 promoter. Using a
polyclonal antibody that recognizes Cyp2b9, 10, 13, and 19 sub-
family members (Damiri et al., 2012), Western blots showed that
the induction observed in WT mice was abolished in the null
mice (Figure 8B, bottom). qPCR assessment of gene expression
changes for a subset of Nrf2 biomarker genes confirmed activa-
tion of the Nrf2 pathway by TCPOBOP in both genotypes and
both sexes (Figure 8C), but overall there were only 3 genes,
which exhibited differences between strains. Cyp2a5 exhibited
decreased expression in the male null mice. In female null
mice, Srxnl exhibited increased expression and Tsc22d1 exhib-
ited a loss of down-regulation. Overall, the results indicate that

activation of Nrf2 by TCPOBOP does not require these 3 Cyp2b
family members.

DISCUSSION

Although it is generally accepted that chemical-induced OS
plays roles in carcinogenesis (Goetz and Luch, 2008; Roberts
et al., 2010), the role of OS in hepatocarcinogenesis induced by
chemicals that activate AhR, CAR, and PPAR« is less clear
(Budinsky et al., 2014; Corton et al., 2018; Elcombe et al., 2014).
The global microarray analysis strategy employed in the pre-
sent study identified consistent relationships between activa-
tion of these receptors and assumed increases in OS indirectly
measured by activation of genes regulated by Nrf2. In particular,
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Figure 8. Activation of Nrf2 by TCPOBOP in WT and Cyp2b9/10/13-null mice. Male and female mice were treated with 1 dose of TCPOBOP (3 mg/kg) for 48 h. A, Liver to
body weight changes (hepatosomatic index). *p < .01. **p < .0001. Significantly different between controls and TCPOBOP-treated mice. B, (Top) Cyp2b gene expression
changes after exposure to TCPOBOP. Fold-change values are relative to control treated mice. The gene expression changes shown were significantly different from cor-
responding controls (p < .05). (Bottom) Cyp2b protein expression after exposure to TCPOBOP as determined by Western blot. C, gPCR analysis of Nrf2 biomarker genes.

Significantly different from corresponding control: *p < .05, *p < .01.
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Figure 9. Model for Nrf2 induction by CAR activators and relationship to the MOA for liver cancer. See text for explanation.

we found strong evidence for linkages between CAR and Nrf2
activation. PB, the prototypical activator of CAR, was shown to
regulate genes in the mouse liver that were also regulated in
the same direction by activators of Nrf2 including CDDO-Im and
oltipraz, in WT but not Nrf2-null mice (Figs. 1B and 1G;
Supplementary Material 2). In the rat liver, PB also caused mod-
ulation of genes that were altered by the Nrf2 inducers, D3T and
oltipraz (Figs. 1E and 1F), demonstrating that the induction of
Nrf2-regulated genes by PB is common to 2 species susceptible
to CAR-induced liver tumors. Using the gene expression bio-
marker, we found that Nrf2 was regulated in the livers of mice
treated with PB. Out of the 25 biosets from PB-treated mice, in
which CAR was activated, all but one (96%) had significant acti-
vation of Nrf2 (Figure 2). The activation of Nrf2 was also found
after exposure to 34 structurally diverse chemicals that acti-
vated CAR. For these chemicals, represented by 66 biosets, in
which there was activation of CAR, 86% also exhibited signifi-
cant activation of Nrf2 (Figure 3A). The chemicals that activated
CAR and Nrf2 included many that are well known to cause liver
cancer including perfluorinated chemicals and conazole fungi-
cides (Figure 3D). CAR was shown to be required for Nrf2 activa-
tion. Nrf2 was activated in all WT and CAR/PXR humanized
mice treated with PB but not consistently activated in PB-
treated CAR/PXR-null mice (Figure 6A). PB and TCPOBOP were
found to induce Nrf2 in WT but not CAR-null mice (Figure 6B).
The strong linkage between CAR and Nrf2 activation across
multiple chemicals is supported by previous studies, in which
CAR and Nrf2 target genes were coordinately induced
(Aleksunes and Klaassen, 2012; Knight et al., 2008). Induction of
the Nrf2 target genes Nqol and Cyp2a5 by PB were found to be
dependent on Nrf2 (Ashino et al., 2014). Our global microarray
analysis approach that incorporates the principles of weight of
evidence revealed a consistent relationship between activation
of CAR and Nrf2.

Our findings allow us to put OS and Nrf2 activation into the
context of the CAR liver cancer mode of action (MOA). The pro-
posed model is shown in Figure 9 and includes key events re-
quired for sustained CAR activation to increase liver tumors
(Elcombe et al., 2014). The key events after CAR activation in-
clude altered gene expression specific to CAR, cell proliferation,
and clonal expansion of initiated hepatocytes (Figure 9, top
line). We hypothesized that chemicals that activate CAR induce
the enzyme activity of 1 or more Cyp family members resulting
in increases in the levels of oxidants detected by the Keap1-Nrf2
regulon that can damage DNA. Furthermore, we provide

evidence below that the OS is mechanistically involved in
hepatocarcinogenesis.

The model predicts that chemical-induced increases in ROS
and subsequent activation of Nrf2 require prior expression of
Cyp enzymes that would be time- and dose-dependent.
Consistent with this, experiments carried out in the rat liver
showed that there was a lag in time after initial exposure of PB
before Nrf2-regulated genes were appreciably induced.
Although the Cyp2bl gene was induced by PB as early as 3 h,
Nrf2-regulated genes were not consistently induced until after 1
day (Figs. 1F and 1G). A number of other known or putative
chemical activators of CAR were examined in the TG-GATES
dataset including phenytoin, hexachlorobenzene, and diltia-
zem. For each chemical, activation of Nrf2-dependent genes
was not apparent until sometime between 1 and 3 days, well af-
ter induction of Cyp2b1 (Supplementary Figure 1). Furthermore,
dose-response modeling demonstrated that CAR-regulated Cyp
genes, were induced at doses lower than those in the Nrf2 bio-
marker after 2 days of exposure (Figs. 4A and 4B). Taken to-
gether, these observations indicate that CAR was activated at
earlier times and lower doses than Nrf2, presumably, because
induction of 1 or more Cyp genes and oxidant producing
encoded proteins was required to achieve a threshold of OS nec-
essary to activate Nrf2.

The dependence of Nrf2 activation on Cyp expression was
tested genetically in a unique model, in which a cluster of 3
Cyp2b genes on mouse chromosome 7 were deleted by Crispr-
Cas9 technology (Kumar et al., 2017). This strain lacks functional
Cyp2b9, Cyp2b13, and Cyp2b10 genes that were among the top 5
genes with greatest fold-change increases by PB across 24 bio-
sets (Figure 7A). Increased expression of these top 5 genes was
associated with increased Nrf2 activation across diverse chemi-
cal exposures (Figure 7B). Both WT mice and Cyp2b9/10/13-null
mice exposed to TCPOBOP exhibited similar induction of Nrf2-
dependent genes based on qPCR of 18 genes in the Nrf2 bio-
marker (Figure 8). Thus, induction of Nrf2 by TCPOBOP did not
require these 3 Cyp2b genes. These results lead us to speculate
that the increases in OS are due to other Cyp protein family
members, the cumulative effects of many Cyp protein family
members, or other induced proteins. It is possible that the large
increases in Cyp2b gene expression do not result in parallel
increases in Cyp protein expression and activity, as there are
many examples of lack of parallel increases in expression and
activity (Molina-Ortiz et al., 2014; Nishiyama et al., 2016; Ohtsuki
et al., 2012). Furthermore, increases in Cyp enzymatic activity do
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not always result in increases in OS (Ekstrom et al., 1986). In
summary, this is the first study which tested the dependence of
specific Cyp protein family members in activating Nrf2 using a
transgenic mouse model.

Despite the lack of genetic dependence of OS induction and
Nrf2 activation on the proteins encoded by the 3 Cyp genes,
there remains strong biochemical evidence for the involvement
of Cyp enzymes in mediating the increases in OS. PB exposure
led to oxidation of genomic DNA as assessed by measurement
of 8-hydroxy-2’-deoxyguanosine, a biomarker of DNA oxidation
in vivo, which was inhibited by the inhibitor ketoconazole
(Imaoka et al., 2004). Two CAR inducers PB and Aroclor 1254 sig-
nificantly increased hydrogen peroxide generation, the OS
marker malondialdehyde, and NADPH oxidation in vitro; the
chemicals also significantly enhanced formation of malondial-
dehyde in vivo, in both liver and plasma (Dostalek et al., 2007).
PB-mediated increases in liver and plasma F2-isoprostanes, a
marker for OS could be ablated by the CYP inhibitor 1-amino-
benztriazole, implicating the PB-induced CYP(s) in the F2-
isoprostane elevation (Dostalek et al., 2007). The CAR activator
propiconazole increased ROS levels in mouse liver cells that
were inhibited by diphenylene iodonium chloride, a CYP
reductase inhibitor (Nesnow et al., 2011). Over-expression of rat
CYP2B1 in mouse liver in the absence of chemical exposure led
to enhanced spontaneous tumor formation (Lehman-
McKeeman et al., 1999), although whether overexpression of
CYP2B1 caused increases in ROS and DNA damage in this ani-
mal model is not known. Overall, these studies point to a role of
Cyps but not necessarily Cyp2b family members in the induc-
tion of ROS, DNA damage, and hepatocarcinogenesis after expo-
sure to CAR activators. However, the proteins responsible for
the increases in OS remain unknown.

Although considered in the Elcombe et al. (2014) MOA analy-
sis, increases in OS was not classified as a key event involved in
PB-induced liver tumors. However, the consistent linkage be-
tween activation of CAR and Nrf2 as well as 0S-induced DNA
damage discussed above points to the importance of OS in CAR-
mediated hepatocarcinogenesis. If OS was mechanistically im-
portant in the CAR MOA, then chemopreventative agents that
decrease OS or markers of OS should also decrease the number
of foci or tumors induced by CAR activators. We tested this hy-
pothesis by examining the effects of diverse chemopreventative
agents some of which are known antioxidants and Nrf2 activa-
tors on liver carcinogenesis. In each of these studies, initiation
was carried out using diethylnitrosamine followed by promo-
tion with PB. Out of 17 studies evaluated, 14 showed consistent
decreases in markers of OS and the size and/or number of liver
tumors or preneoplastic lesions compared with PB treatment
alone (Table 1). These studies provide strong evidence that ex-
posure to agents with antioxidant activity suppress a key event
in PB-mediated liver cancer, namely increases in OS. Future
reanalysis of the CAR MOA should reconsider OS as a key or
modulating event.

Although we focused mostly on linkages between CAR and
Nrf2, it is notable that we found Nrf2 was activated by a number
of chemical activators of AhR and PPARo. Mechanistic linkages
between activation of AhR or PPARo and OS have been previously
described. Although not as consistent as the linkages between
CAR and Nrf2, 63% and 50% of biosets, in which PPARa or AhR
were activated also exhibited activation of Nrf2. Activation of
Nrf2 by TCDD was found to be AhR-dependent (data not shown),
although almost all gene expression changes by TCDD were abol-
ished in the AhR-null mice (Tijet et al., 2006). The activation of
Nrf2-regulated genes by TCDD was found to depend not only on

AhR but on Nrf2 and was hypothesized to depend on increases in
ROS generated from increased Cyp activity (Yeager et al., 2009).
WY activated Nrf2 after 6 h of exposure in WT but not PPARx-null
mice (Figs. 5A and 5B). WY may be typical of chemicals that acti-
vate Nrf2 through PPARx but not other receptors. This is in con-
trast to the perfluorinated compounds which activate PPARa,
CAR, and Nrf2 (Figs. 5C-E). All of the perfluorinated compounds
activated Nrf2 in a PPARa-independent manner. PPARx activators
are thought to increase ROS through 2 main mechanisms includ-
ing increases in hydrogen peroxide as a byproduct of increased
fatty acid catabolism and by activation of NADPH oxidase (Corton
et al., 2018). A number of studies have shown that when antioxi-
dants are coadministered with PPARq activating chemicals, there
were decreases in the size and incidence of liver tumors com-
pared with the chemicals alone (Corton et al., 2014) similar to the
studies with PB and chemopreventative agents discussed earlier.
Overall, our findings indicate that Nrf2 is activated under condi-
tions which also activate AhR or PPARo, although less consis-
tently than when CAR is activated.

In summary, we have utilized an annotated microarray com-
pendium applying a weight of evidence analysis to characterize
the consistent activation of Nrf2 that occurs after exposure to
almost all CAR activators. The chemicals which likely activate
Nrf2 through AhR or PPARo were identified as well. We tested
the hypothesis that proteins encoded by 3 Cyp2b family mem-
bers were involved in mediating the increases in OS that leads
to Nrf2 activation by a CAR activator. Contrary to our hypothe-
sis, these Cyp2b family members do not appear to play a signifi-
cant role in Nrf2 induction. It is possible that the increases in OS
are due to other Cyp genes or other yet to be identified proteins
induced by CAR. Strong evidence in the literature shows that in-
hibition of Cyp enzymatic activity led to decreases in markers of
OS after CAR activator exposure, and that chemopreventative
agents suppress both OS and liver cancer caused by PB. The
question remains as to whether OS detected as Nrf2 activation
in microarray profiles is an associative event, or as indicated in
the examination of chemotherapeutic agents, should be consid-
ered a key event in the CAR MOA.
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