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REVIEW ARTICLE

Critical evaluation of the human relevance of the mode of action for rodent
liver tumor formation by activators of the constitutive androstane
receptor (CAR)

Tomoya Yamadaa , Samuel M. Cohenb and Brian G. Lakec

aEnvironmental Health Science Laboratory, Sumitomo Chemical Company, Ltd., Osaka, Japan; bDepartment of Pathology and Microbiology,
Havlik-Wall Professor of Oncology, University of Nebraska Medical Center, Nebraska Medical Center, Omaha, NE, USA; cFaculty of Health and
Medical Sciences, University of Surrey, Guildford, UK

ABSTRACT
Many nongenotoxic chemicals have been shown to produce liver tumors in mice and/or rats by a
mode of action (MOA) involving activation of the constitutive androstane receptor (CAR). Studies with
phenobarbital (PB) and other compounds have identified the key events for this MOA: CAR activation;
increased hepatocellular proliferation; altered foci formation; and ultimately the development of adeno-
mas/carcinomas. In terms of human relevance, the pivotal species difference is that CAR activators are
mitogenic agents in mouse and rat hepatocytes, but they do not stimulate increased hepatocellular
proliferation in humans. This conclusion is supported by substantial in vitro studies with cultured
rodent and human hepatocytes and also by in vivo studies with chimeric mice with human hepato-
cytes. Examination of the literature reveals many similarities in the hepatic effects and species differen-
ces between activators of rodent CAR and the peroxisome proliferator-activated receptor alpha
(PPARa), with PPARa activators also not being mitogenic agents in human hepatocytes. Overall, a crit-
ical analysis of the available data demonstrates that the established MOA for rodent liver tumor forma-
tion by PB and other CAR activators is qualitatively not plausible for humans. This conclusion is
supported by data from several human epidemiology studies.

Abbreviations: BRDU: 5-bromo-20-deoxyuridine; CAR: constitutive androstane receptor; CITCO: 6-(4-
chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime; CYP: cytochrome
P450; DEN: diethylnitrosamine; DDT: 1,10-(2,2,2-trichloroethylidene)-bis[4-chlorobenzene]; ECHA:
European Chemicals Agency; EDU: 5-ethynyl-20-deoxyuridine; EGF: epidermal growth factor; GADD45b:
growth arrest and DNA-damage-inducible 45 beta; HCC: hepatocellular carcinoma; HGF: hepatocyte
growth factor; hCAR: human constitutive androstane receptor; hCAR/hPXR: human constitutive andros-
tane receptor/human pregnane X receptor; IARC: International Agency for Research on Cancer; ILSI:
International Life Sciences Institute; IPCS: International Programme on Chemical Safety; KO: knockout;
mCAR: mouse constitutive androstane receptor; MKI67: marker of proliferation Ki-67; MOA: mode of
action; MTD: maximum tolerated dose; NaPB: sodium phenobarbital; PB: phenobarbital; PCN: pregneno-
lone-16a-carbonitrile; PCNA: proliferating cell nuclear antigen; PPARa: peroxisome proliferator-activated
receptor alpha; PXR: pregnane X receptor; RDS: replicative DNA synthesis; RXR: retinoid X receptor;
TCPOBOP: 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene; uPA/SCID mouse: albumin enhancer/promoter-
driven urokinase-type plasminogen activator-transgenic severe combined immunodeficient mouse;
US.EPA: US Environmental Protection Agency; US.NTP: US National Toxicology Program; WHO: World
Health Organization.
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Introduction

The constitutive androstane receptor (CAR; also known as NR113)
is a member of the nuclear receptor superfamily (subfamily 1,
group I), which is highly expressed in liver and at much lower
levels in small intestine and kidney (The Human Protein Atlas –
https://v18.proteinatlas.org/ENSG00000143257-NR1I3/tissue),
and is involved in the regulation of xenobiotic metabolism,
cell proliferation, apoptosis, energy metabolism, and lipid
homeostasis (Omiecinski et al. 2011a; Yang and Wang 2014;
Yoshinari 2019; Daujat-Chavanieu and Gerbal-Chaloin 2020).
CAR can be activated by a large number of chemicals, either
by direct ligand binding or by a ligand-independent mechan-
ism resulting in nuclear translocation and heterodimerization
with the retinoid X receptor (RXR), which is followed by bind-
ing to response elements in DNA (Omiecinski et al. 2011a;
Yang and Wang 2014; Lynch et al. 2019; Negishi et al. 2020).
Two other members of the nuclear receptor superfamily are
the pregnane X receptor (PXR; also known as NR112) and the
peroxisome proliferator-activated receptor alpha (PPARa; also
known as NR1C1), which are also highly expressed in liver and
are involved in xenobiotic and intermediary metabolism
(Omiecinski et al. 2011a; Corton et al. 2014, 2018; Yoshinari
2019; Daujat-Chavanieu and Gerbal-Chaloin 2020). Activation
of CAR, PXR, and PPARa is known to result in the induction of
cytochrome P450 (CYP) enzymes in the CYP2B, CYP3A, and
CYP4A subfamilies, respectively, but other CYP subfamily
enzymes are also induced by activation of these and other
hepatic receptors (Martignoni et al. 2006; Yoshinari et al. 2008;
Omiecinski et al. 2011b). Several studies have shown that there
can be considerable crosstalk between hepatic CAR and PXR
receptors with some compounds being activators of both of
these nuclear receptors (Maglich et al. 2002; Omiecinski
et al. 2011a).

Phenobarbital (PB) and its sodium salt (sodium phenobarbital,
NaPB) are known to activate CAR by a ligand-independent mech-
anism and are prototypical inducers of CYP2B and other CYP

subfamily enzymes in both rodent and human liver. In this
review studies with either PB or NaPB will just be referred to as
PB only. Many studies have demonstrated that prolonged treat-
ment with PB, a nongenotoxic chemical, can result in liver tumor
formation in the mouse (Whysner et al. 1996; IARC 2001;
Elcombe et al. 2014). Investigations employing mice lacking hep-
atic CAR (i.e. CAR knockout (KO) mice) have demonstrated the
crucial role of hepatic CAR in mouse liver tumor formation.
Unlike normal (i.e. wild-type) mice, the treatment of CAR KO mice
with PB did not result in an increase in liver weight or evidence
of liver centrilobular hepatocellular hypertrophy by morphological
examination, did not result in an induction of Cyp2b subfamily
enzymes, did not increase hepatocyte replicative DNA synthesis
(RDS) and following initiation with the genotoxic agent diethylni-
trosamine (DEN) did not promote liver tumor formation (Wei
et al. 2000; Yamamoto et al. 2004; Huang et al. 2005; Scheer
et al. 2008). In addition, unlike wild-type mice, no liver tumors
were observed in CAR KO mice after treatment with 1,4-bis[2-
(3,5-dichloropyridyloxy)]benzene (TCPOBOP), which is a potent
mouse hepatic CAR activator (Omiecinski et al. 2011a), either with
or without prior DEN administration (Huang et al. 2005).

Similar to PB, a number of other nongenotoxic chemicals
have been shown to produce liver tumors in the mouse and/or
rat by a mode of action (MOA) involving CAR activation. For PB
and the chemicals listed in Table 1, the MOA for tumor forma-
tion has been established using the IPCS framework and the
modified Bradford Hill considerations as described below
(Sonich-Mullin et al. 2001; Meek et al. 2003; Seed et al. 2005;
Boobis et al. 2006, 2008). In addition, based on more limited
data (e.g. lack of hepatocyte RDS data at known carcinogenic
dose levels), a number of other substances also appear to pro-
duce liver tumors in the mouse and/or rat by a CAR activation
MOA. Examples include chlordane (Khasawinah and Grutsch
1989; Ross et al. 2010), dalcetrapib (Hoflack et al. 2012), diaze-
pam (de la Iglesia et al. 1981; IARC 1996; Skoda et al. 2020), and
ginkgo biloba extract (Maeda et al. 2015).

Many chemicals have been identified as potential activators
of human CAR (hCAR) from high-throughput screening assays
employing either HepG2 or HepaRG cells (Bogen 2018; Lynch
et al. 2019; Franzosa et al. 2021). It is thus very important to
evaluate the potential risk of such chemicals for humans. The
purpose of this review is to critically assess current experimental
data concerning the human relevance of the MOA for rodent
liver tumor formation by CAR activators. Due to the known
crosstalk between hepatic CAR and PXR receptors, a number of
studies with CAR KO animals have been performed with animals
lacking both hepatic CAR and PXR receptors (CAR KO/PXR KO
animals). The available data include studies with cultured rodent
and human hepatocytes, studies with transgenic mice where
either the mouse hepatic CAR or both the CAR and PXR recep-
tors have been replaced with their human counterparts (i.e.
hCAR or hCAR/hPXR mice), and investigations with chimeric
mice with human or rat hepatocytes.

Liver tumor formation by PB and other CAR
activators in experimental animals

Many studies have investigated liver tumor formation by PB in
a number of mouse and rat strains. PB has been shown to
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produce hepatocellular adenomas and carcinomas in both high
(e.g. C3H/He, B6C3F1) and low (e.g. C57BL/6, C57BL/10) spon-
taneous liver tumor incidence mouse strains (Whysner et al.
1996; IARC 2001; Elcombe et al. 2014). In contrast, while PB has
been shown to increase the incidence of altered hepatic foci in
the rat, only one study has reported an increase in the inci-
dence of hepatocellular adenomas (IARC 2001; Elcombe et al.
2014). PB is also known to promote liver tumors in the mouse
and rat after initiation with DEN or some other genotoxic carci-
nogens including 2-acetylaminofluorene and benzo[a]pyrene
(Whysner et al. 1996; IARC 2001).

Although mice are more susceptible than rats to PB-induced
liver tumor formation, this is not always the case for other
rodent CAR activators. As shown in Table 1, some nongenotoxic
rodent CAR activators produce liver tumors in both mice and
rats, whereas other chemicals produce liver tumors in only one
of these species. Differences between the mouse and rat in sus-
ceptibility to liver tumor formation may be due to a number of
factors including species differences in receptor activation, the
dose levels employed in the bioassays, and compound pharma-
cokinetic and/or metabolism differences. Thus, both the mouse
and rat can be considered to be susceptible species to liver
tumor formation induced by nongenotoxic CAR activators.

While PB has been shown to produce liver tumors in a num-
ber of mouse strains, two studies have demonstrated that PB
did not produce liver tumors in the Syrian hamster (Diwan et al.
1986; Stenb€ack et al. 1986). In addition, unlike the mouse and
rat, PB has been shown not to promote liver tumors in the
Syrian hamster after initiation with DEN or other genotoxic car-
cinogens (Tanaka et al. 1987). While PB is known to stimulate
RDS in cultured mouse and rat hepatocytes, PB has been shown
not to stimulate RDS in cultured Syrian hamster and guinea pig
hepatocytes (James and Roberts 1996). Like PB, chronic studies
with four other CAR activators, namely 1,10-(2,2,2-trichloroethyli-
dene)-bis[4-chlorobenzene] (DDT) (Graillot et al. 1975; Cabral
et al. 1982; Rossi et al. 1983), dieldrin (Stevenson et al. 1999;
Wang et al. 2020), toxaphene (Goodman et al. 2000), and diaze-
pam (IARC 1996), performed in the Syrian hamster did not
result in liver tumor formation. However, one metabolite of
DDT, namely 1,10-(2,2-dichloroethenylidene)-bis[4-chlorobenzene]
(DDE), was found to be weakly carcinogenic to the liver in
Syrian golden hamsters whereas DDT was negative in the same
study (Rossi et al. 1983). A chronic study with DDT was also per-
formed in primates (24 animals comprising 13 Cynomolgus and
11 Rhesus monkeys) where only one Cynomolgus monkey
developed hepatocellular carcinoma (HCC) after an observation
period of almost 20 years and total dose of 292g DDT, with no
tumors being detected in the control group of 17 monkeys,
comprising nine Cynomolgus and eight Rhesus monkeys
(Takayama et al. 1999). However, as noted by the authors, it is
unclear whether the single case of HCC with such long latent
period was actually associated with DDT treatment.

Human epidemiology studies with rodent
CAR activators

Due to the therapeutic uses of PB in humans as a sedative,
hypnotic and antiepileptic agent for many years, data from a

number of epidemiological studies are available. PB does not
appear to increase the risk of liver tumors (or other tumors)
in humans even at therapeutic doses (e.g. 3–6mg/kg) pro-
ducing blood levels similar to those that are carcinogenic in
mice (Monro 1993; Whysner et al. 1996; IARC 2001; Elcombe
et al. 2014; La Vecchia and Negri 2014). While IARC (IARC
2001) evaluated available human epidemiological studies up
to 1995, a more recent analysis of the available literature
concluded that “epidemiological data on PB and liver cancer
are limited, but indicate an absence of any specific associ-
ation and, in any case, allow the exclusion of an appreciable
excess risk” (La Vecchia and Negri 2014). Thus, while the
power of the studies conducted is limited by the low
observed incidence of human liver tumors in the populations
evaluated, the number of studies that have been performed
would have sufficient power to detect an increase in liver
tumors in human subjects given PB.

In a recent epidemiological study (Stritzelberger et al.
2021), a number of antiepileptic drugs were shown not to
increase cancer incidence in human subjects. The antiepilep-
tic agents examined included PB and carbamazepine; the lat-
ter being a known CAR activator which induces liver CYP2B
enzymes and tumors in the rat (IPCS 1999; Tateishi et al.
1999; Cui et al. 2005; Faucette et al. 2007).

The benzodiazepine drug oxazepam has been shown to
produce liver tumors in the mouse (Bucher et al. 1994). Short-
term studies have shown that oxazepam produces similar
effects on CYP enzymes and hepatocyte RDS in mouse liver
to those produced by PB (Cunningham et al. 1994; Griffin
et al. 1995, 1996). While oxazepam has also been reported to
induce mouse hepatic Cyp4a enzymes (Parkinson et al. 2006),
the results of gene array studies suggest this compound is
primarily a CAR activator in rodent liver (C. Corton, personal
communication; Rooney et al. 2019). In human epidemio-
logical studies, no association was observed between oxaze-
pam treatment and liver tumor formation in one study
(Friedman et al. 2009), and oxazepam was shown not to
increase the incidence of all cancers in another study (Iqbal
et al. 2015).

MOA analysis and human risk assessment

Currently, long-term bioassays in the mouse and rat are
employed to screen for chemicals which may be carcinogenic
to humans. Analysis of tumor data demonstrates that the
liver is the most common site of tumor formation in both
the mouse and rat (Huff et al. 1991; Gold et al. 2001; Thoolen
et al. 2010). The potential usefulness and difficulties of such
long-term bioassays for human risk assessment have been
evaluated in many publications (Cohen 2004, 2010, 2017;
Cohen and Arnold 2011; Osimitz et al. 2013; Goodman 2018;
Cohen et al. 2019; Doe et al. 2019; Heusinkveld et al. 2020;
Luijten et al. 2020). Such bioassays have two fundamental
assumptions: first, rodent carcinogens are human carcinogens
(i.e. interspecies extrapolation); and second, results obtained
in rodents at high dose levels will be indicative of potential
effects in humans at environmentally relevant exposure levels
(i.e. dose extrapolation) (Cohen 2010, 2017; Goodman 2018).
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Certainly for most nongenotoxic rodent carcinogens, one or
both of these assumptions are not correct. Moreover, such
long-term bioassays are expensive, time consuming and
require large numbers of animals. Short-term screens have
been proposed based on evaluation of MOA to avoid the use
of the long-term bioassays (Cohen 2010; Cohen et al. 2019).

MOA studies are now employed to help ascertain the
human relevance of tumors produced in rodents by nonge-
notoxic carcinogens. A framework for MOA analysis of rodent
tumor and non-tumor toxicity, together with assessment of
human relevance, was established by the International Life
Sciences Institute (ILSI) (supported by the United States
Environmental Protection Agency (US.EPA) and Health
Canada) and the International Programme on Chemical
Safety (IPCS) of the World Health Organization (WHO) and is
described in a number of publications (Sonich-Mullin et al.
2001; Meek et al. 2003, 2014a, 2014b; Cohen et al. 2004;
Seed et al. 2005; Boobis et al. 2006, 2008; Holsapple et al.
2006). For carcinogenicity, the first stage is to evaluate
whether it is possible to establish a MOA for tumor formation
in experimental animals by identifying a series of key and
associative events using a weight-of-evidence approach
based on the modified Bradford Hill considerations (Sonich-
Mullin et al. 2001; Meek et al. 2003, 2014a; Cohen et al. 2004;
Boobis et al. 2006; Andersen et al. 2014). Once a robust MOA
is established, the key and associative events are compared,
first qualitatively and then quantitatively between effects in
experimental animals and humans. MOAs have been estab-
lished for tumor formation by nongenotoxic chemicals for
various rodent tissues. For example, a recent analysis of 411
unique agrochemicals that have been evaluated for carcino-
genicity by US.EPA and the European Chemicals Agency
(ECHA) identified 170 chemicals as nongenotoxic carcinogens,
which produced 340 cases of treatment-related tumor forma-
tion, of which MOAs or MOA networks could be identified in
224 instances (Heusinkveld et al. 2020). The further develop-
ment of innovative test methods and enhanced understand-
ing of carcinogenic processes will permit a better
understanding of tumor formation in rodents and an evalu-
ation of the relevance of such rodent tumors to humans
(Rooney et al. 2018; Cohen et al. 2019; Heusinkveld et al.
2020; Luijten et al. 2020).

MOA for rodent liver tumor formation by PB and
other CAR activators

As shown in Table 2, a number of MOAs have been estab-
lished for liver tumor formation, both in humans and in
rodent models (Cohen 2004; Cohen and Arnold 2016). Based
on an evaluation of literature data, the key and associative
events (Andersen et al. 2014) for the CAR-mediated MOA for
PB-induced rodent liver tumor formation were established by
Elcombe et al. (2014) and are shown in Table 3. Activation of
CAR, altered gene expression specific to CAR activation,
increased cell proliferation, clonal expansion leading to
altered hepatic foci, and ultimately liver tumor formation are
considered to be key events, as they constitute necessary
steps in the MOA (Elcombe et al. 2014). In addition, induction

of hepatic CYP2B enzymes and liver hepatocellular centrilob-
ular or panlobular hypertrophy (both morphological changes
and increases in liver weight) are considered associative
events and as such represent reliable markers of CAR activa-
tion (Elcombe et al. 2014). While other associative events
and/or modulating factors (e.g. decreased apoptosis, inhib-
ition of gap junctional intercellular communication) may also
be involved in tumor formation, data on such endpoints are
not specific to CAR activation and are not required to estab-
lish a CAR-dependent MOA for rodent liver tumor formation
(Elcombe et al. 2014; Lake 2018; Peffer et al. 2018b). Similarly,
while much MOA data can be obtained from short-term stud-
ies, data on clonal expansion to altered hepatic foci and for-
mation of liver tumors (adenomas and carcinomas) can only
be obtained in long-term studies, and, depending on the
time points selected, such increases may not be observed.
However, the absence of such data does not detract from
establishing a CAR-dependent rodent liver tumor MOA, as
altered liver foci are considered to be precursor lesions for
subsequent liver tumor formation (Thoolen et al. 2012).
However, it should be noted that an increased incidence of
hepatocellular foci does not always result in subsequent liver
tumor formation (Sistare et al. 2011). The minimum data set
required to establish a CAR-activation MOA for rodent liver
tumor formation is discussed below.

As shown in Table 1, a number of nongenotoxic chemicals
which are CAR activators have been shown to produce liver
tumors in the mouse and/or rat. Robust MOAs have been estab-
lished for these compounds, which have similar key and associa-
tive events to those identified for PB (Holsapple et al. 2006; Lake
2009, 2018; Cohen 2010; Elcombe et al. 2014; Yamada 2018).

CAR-dependent hepatocyte proliferation

An evaluation of the key and associative events in the estab-
lished MOA for rodent liver tumor formation by PB and other
CAR activators demonstrates the pivotal role of the stimulation
of hepatocyte RDS. Increased cell proliferation represents an
essential preneoplastic step in carcinogenesis by most nongeno-
toxic substances (Cohen and Arnold 2011; Wood et al. 2015;
Wolf et al. 2019). Hepatocyte RDS in rodent liver can be deter-
mined by various techniques (Elcombe et al. 2014; Wood et al.
2015) including administering a DNA precursor (e.g. 5-bromo-20-
deoxyuridine (BRDU), [3H]thymidine) either as a single dose or
continuously for several days via an osmotic pump and also by
performing immunohistochemistry of liver sections for DNA rep-
lication markers such as Ki-67 (MKI67) and proliferating cell
nuclear antigen (PCNA). Cell proliferation in rodent liver is nor-
mally quantified as the hepatocyte labeling index (i.e. the per-
centage of hepatocyte nuclei undergoing RDS).

In studies performed in the mouse and rat, CAR activators
produce significant increases in hepatocyte RDS, expressed as
the labeling index, at early time points (e.g. 3, 7, or 14 days),
but generally not at longer time points (e.g. 28 or 90 days).
However, this does not mean that effects of CAR activators
on hepatocyte RDS in rodent liver are only transient, that is,
an increase in the rate of hepatocyte RDS is only observed
after short-term treatment with CAR activators. As
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demonstrated in many studies, the treatment of mice and
rats with PB and other nongenotoxic CAR activators results in
a sustained increase in liver weight (Whysner et al. 1996;
Elcombe et al. 2014; Lake 2018). The hepatocyte labeling
index is only a measure of the percentage of hepatocyte
nuclei undergoing RDS and takes no account of the increase
in liver weight and hence the total number of hepatocytes
per animal. Indeed, the treatment of rats with PB has been
shown to result in a significant increase in the total number
of hepatocytes per animal (Carthew et al. 1998). Hence,
because of the increase in liver size and the number of hepa-
tocytes per animal, PB and other nongenotoxic CAR activa-
tors produce a sustained increase of cell proliferation in
rodent liver taking into account the number of hepatocyte
replications, not just the rate (Lake 2009, 2018; Cohen 2010,
2017; Cohen and Arnold 2011; Elcombe et al. 2014;
Yamada 2018).

It is not the rate of cell replication that is important but
the number of DNA replications (Moolgavkar and Knudson
1981; Greenfield et al. 1984; Cohen and Ellwein 1990), which
will be increased if there is an increase in cell number, even
if the rate is the same as controls. Furthermore, even a brief
increase in cell replication early followed by control numbers
of replications can be adequate to increase cancer risk over

the span of a lifetime study (Ellwein and Cohen 1988). The
liver is replicating all of the time, albeit at relatively low rates,
but is adequate for generating an increased risk over time
building on the increased number of replications occurring
early. Thus, increased cell replication (even as reported as a
tangent change) has been widely accepted as a key event in
non-genotoxic carcinogenesis (Wood et al. 2015) including
for CAR activators (Elcombe et al. 2014; Lake 2018) and
PPARa activators (Corton et al. 2014, 2018).

In contrast to that the key event is the increase in the
number of cell replications, increased liver weight can serve
as an associative event as an indicator of increased RDS,
especially after determining an increased labeling index rate
at an early time point (Elcombe et al. 2014; Lake 2018). This
is similar to what has been described for PPARa activators
(Corton et al. 2014, 2018).

As with any key event, significant increases in hepatocyte
RDS must be observed at dose levels which subsequently
result in liver tumor formation in mice and/or rats. For
example, PB has been shown to increase the incidence of
hepatocellular adenomas and carcinomas in male mice of the
low spontaneous tumor incidence C57BL/10J strain at a diet-
ary level of 1000 ppm, but not at 200 ppm (Jones et al. 2009).
MOA studies demonstrated that while treatment with
1000 ppm PB for 3, 8, or 15 days resulted in significant
increases in hepatocyte labeling index values, no such effects
were observed at a dietary level of 200 ppm. In another
study, treatment with 3000 ppm, but not 100 ppm, of the
natural pyrethrins in the diet increased the incidence of hep-
atocellular adenoma in female Sprague-Dawley rats (Osimitz
and Lake 2009), with MOA studies demonstrating that treat-
ment with 3000 ppm, but not 100 ppm, pyrethrins for 7 and
14 days resulted in significant increases in hepatocyte label-
ing index values (Price et al. 2007).

That hepatic CAR activation is pivotal to the stimulation of
hepatocyte RDS in mice and rats treated with PB and other
nongenotoxic CAR activators has been demonstrated in
many studies with animals lacking either hepatic CAR or hep-
atic CAR and PXR. For example, while PB has been shown to
induce hepatocyte RDS in wild-type (i.e. normal) mice and
rats, no increases in hepatocyte RDS were observed following
the treatment of CAR KO mice (Wei et al. 2000; Huang et al.
2005), CAR KO/PXR KO mice (Ross et al. 2010; Haines et al.
2019), CAR KO rats (Okuda et al. 2017b; Haines et al. 2018a;
Yamada et al. 2020), and CAR KO/PXR KO rats (Haines et al.
2019) with PB. The lack of effect of PB on hepatocyte RDS in
receptor KO mice and rats is not due to PB exposure as in
studies where terminal plasma PB levels were analyzed, these
were significantly higher in mice and rats lacking either hep-
atic CAR or CAR and PXR (Luisier et al. 2014; Haines et al.
2018a; Haines et al. 2019; Yamada et al. 2020). Presumably,
the explanation for this effect is that the absence of the
nuclear receptor(s) prevents the downstream effects on liver
hypertrophy and induction of enzymes which metabolize PB.
Apart from PB, as shown in Table 1, a number of other stud-
ies have demonstrated that nongenotoxic CAR activators pro-
duce a stimulation of hepatocyte RDS in wild-type mice and/
or rats, but do not produce activation of RDS in animals lack-
ing either hepatic CAR or CAR and PXR.

Table 2. Some MOAs for hepatocellular carcinogenesis.

I. DNA reactivity
II. Increased cell proliferation
A. Receptor mediated
1. CAR activation
2. PPARa activation
3. Aryl hydrocarbon receptor (AhR) activation
4. Estrogen receptor activation
5. HMG-CoA reductase inhibitors (statins)
6. Porphyrias
B. Non-receptor mediated
1. Cytotoxicity
2. Infection
3. Metal overload (e.g. iron and copper)
4. Increased apoptosis (e.g. fumonisin B1)
C. Inherited disorders leading to cytotoxicity (e.g. porphyrias, alpha-1-
antitrypsin abnormality, etc.)

Modified from Cohen (2010) and Cohen and Arnold (2016).

Table 3. Key and associative events for rodent liver tumor formation by PB
and other CAR activators.

Key events
Definition: an empirically observable causal precursor step to the adverse
outcome that is itself a necessary element of the MOA.
KE1. CAR activation
KE2. Altered gene expression specific to CAR activation
KE3. Increased hepatocellular proliferation
KE4. Clonal expansion leading to altered hepatic foci
KE5. Hepatocellular adenomas/carcinomas

Associative eventsa

Definition: a biological process that is not a causal necessary key event for
the MOA, but is a reliable indicator or marker for a key event.
AE1. Hepatic CYP2B induction
AE2. Liver hypertrophy (weight and morphology)

KE: key event; AE: associative event (Andersen et al. 2014).
From Elcombe et al. (2014) and Lake (2018).
aOther associative events include altered epigenetic changes specific to CAR
activation and inhibition of apoptosis, together with inhibition of gap junc-
tional intercellular communication as an associative event or modulating fac-
tor. However, data on these endpoints are not required to establish a CAR-
dependent MOA for rodent liver tumor formation (Lake 2018; Peffer
et al. 2018b).
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The results of these in vivo studies are supported by inves-
tigations with cultured rodent hepatocytes. For example,
while PB, metazachlor and other CAR activators increased
RDS in cultured wild-type rat hepatocytes, no such effects
were observed in rat CAR KO hepatocytes (Wiemann et al.
2019; Goettel et al. 2020). Similarly, while PB and benfluralin
induced RDS in cultured wild-type rat hepatocytes, no
increase in RDS was observed in CAR KO/PXR KO rat hepato-
cytes (Strupp et al. 2020). In these in vitro studies, the func-
tional viability of the rat hepatocyte preparations and their
responsiveness to a known mitogen was confirmed by signifi-
cant increases in RDS being produced in wild-type, CAR KO
and CAR KO/PXR KO rat hepatocytes by treatment with the
known hepatocyte mitogen, epidermal growth factor (EGF)
(Wiemann et al. 2019; Goettel et al. 2020; Strupp et al. 2020).

Comparison of the effects of PB and other CAR
activators on RDS and other endpoints in rodent
and human hepatocytes

As described above, both the mouse and rat are susceptible
species to the stimulation of hepatocyte RDS and also to liver
tumor formation following prolonged treatment with nonge-
notoxic CAR activators. For the human risk assessment of
rodent liver tumor formation produced by nongenotoxic CAR
activators, it is clearly important to evaluate whether rodent
liver CAR activators can stimulate RDS in human hepatocytes.
As it is not possible to directly assess the effects of rodent
CAR activators on cell proliferation in human liver, a number
of experimental systems utilizing either human tissue or use
of human hepatic nuclear receptors have been developed.
These systems comprise in vitro studies with cultured human
hepatocytes, together with in vivo studies with transgenic
mice containing human hepatic PXR and/or CAR and in chi-
meric mice with human hepatocytes. Data from studies with
these three experimental models are reviewed below.

Studies in cultured human hepatocytes

Primary cultures of animal and human hepatocytes have
been extensively used for in vitro testing (e.g. cytotoxicity,
CYP enzyme induction, and RDS studies) as they can main-
tain functional activities for at least 24–72 h. Such cultures
permit the medium-throughput screening of compounds and
are thus useful for examining inter-species and inter-individ-
ual differences. While PB has been shown to stimulate RDS in
cultured mouse and rat hepatocytes, many studies from a
number of different laboratories have demonstrated that PB
does not increase RDS in cultured human hepatocytes
(Parzefall et al. 1991; Hirose et al. 2009; Yamada et al. 2015;
Okuda et al. 2017a; Haines et al. 2018b; Peffer et al. 2018a;
Wiemann et al. 2019; Kondo et al. 2020; Lake et al. 2020;
Strupp et al. 2020). For example, in both published (Hirose
et al. 2009; Yamada et al. 2015; Okuda et al. 2017a; Kondo
et al. 2020) studies (five male and nine female donors), and
unpublished studies (six male and three female donors) from
our laboratory, overall PB was shown not to increase hepato-
cyte RDS in cultured primary human hepatocytes from a total

of 23 human donors (11 males and 12 females) with ages
ranging from 10 months to 80 years. In addition to studies
with PB, a number of other nongenotoxic rodent CAR activa-
tors, including benfluralin, metazachlor, metofluthrin, mom-
fluorothrin, the natural pyrethrins, nitrapyrin, sedaxane, and
TCPOBOP have also been shown not to increase RDS in cul-
tured human hepatocytes (Hirose et al. 2009; Osimitz and
Lake 2009; Yamada et al. 2015; Soldatow et al. 2016; LaRocca
et al. 2017; Okuda et al. 2017a; Peffer et al. 2018a; Wiemann
et al. 2019; Lake et al. 2020; Strupp et al. 2020). As with PB,
these studies have been performed in hepatocyte prepara-
tions from male and female donors of various ages and have
been performed over a wide range of concentrations includ-
ing cytotoxic concentrations (Table 4).

Overall, many studies have demonstrated that human
hepatocytes are refractory to the stimulation of RDS by PB
and a number of other nongenotoxic CAR activators.
However, as also observed in studies with cultured mouse
and rat hepatocytes, the functional viability and responsive-
ness to mitogenic stimuli of the human hepatocyte prepara-
tions used in these various studies was confirmed by
significant increases in hepatocyte RDS being observed after
treatment with known mitogens, namely EGF and/or hepato-
cyte growth factor (HGF). The observed species difference
that CAR activators produce a stimulation of RDS in rat and
mouse, but not in human, hepatocytes has been demon-
strated by studies conducted in a number of laboratories
employing different procedures for hepatocyte isolation and
subsequent culture. Studies with rodent hepatocytes have
often been performed using standard liver perfusion proce-
dures employing collagenase (Seglen 1976; Lake 1997);
whereas while some investigations with human hepatocytes
have employed cells freshly obtained by liver perfusion tech-
niques (e.g. Parzefall et al. 1991), more recent studies (e.g.
Yamada et al. 2015) have employed cryopreserved cells.
Rodent hepatocytes prepared by standard techniques will
contain some nonparenchymal cells (Seglen 1976) and small
amounts of nonparenchymal cells are also observed in prepa-
rations of cryopreserved human hepatocytes (unpublished
observations). Examination of the literature reveals differen-
ces between laboratories in cell culture conditions; including
medium hormone (e.g. insulin, glucocorticoid), culture
medium and other additions. The observed species difference
between rodent and human hepatocytes in the stimulation
of RDS by CAR activators has thus been demonstrated by a
number of laboratories employing various experimen-
tal techniques.

While the above studies were performed with monolayer
cultures (i.e. two-dimensional cultures), a study by Plummer
et al. (2019) examined the effect of PB on RDS in a three-
dimensional culture system where either rat or human hepa-
tocytes were co-cultured in a micro-tissue model containing
both primary hepatocytes and non-parenchymal cells
(Plummer et al. 2019). In this spheroid culture system, the
treatment of both rat and human hepatocytes with PB
resulted in induction of CYP2B and CYP3A mRNA levels.
While PB increased RDS in rat hepatocytes, no such effects
were observed in human hepatocytes. However, the func-
tional viability of both the rat and human hepatocyte
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preparations in this spheroid culture module was confirmed
by increases in RDS following treatment with HGF.

Studies in transgenic mice with human CAR or both CAR
and PXR

Studies have been performed in mice where mouse CAR has
been replaced by hCAR (hCAR mice) and where both the
mouse CAR and PXR have been replaced by their human
counterparts (hCAR/hPXR mice). However, it should be noted
that in these transgenic mouse models the human receptor(s)
are operating in a mouse hepatocyte environment. The treat-
ment of hCAR mice with 500 ppm PB in the diet for 1 week
resulted in increased relative liver weight, Cyp2b10 mRNA
levels and hepatocyte RDS (Huang et al. 2005). In a study
with hCAR/hPXR mice, treatment with either 80mg/kg/day
PB by intraperitoneal injection or 10mg/kg/day chlordane by
oral gavage for four days resulted in increases in relative liver
weight and some CYP enzyme activities (Ross et al. 2010).
Treatment with PB had no significant effect on hCAR/hPXR
mouse hepatocyte RDS, whereas treatment with chlordane
produced a small but not statistically significant increase in
hepatocyte RDS. However, as subsequent studies with hCAR/
hPXR mice have demonstrated significant increases in hep-
atocyte RDS, the apparent lack of effect in the Ross et al.
(2010) study is most likely attributable to the treatment time
and/or dose levels of the two CAR activators administered.
Haines et al. (2018b) treated C57BL/6J (wild-type) and hCAR/
hPXR mice with diets containing 186, 496, 654, and 984ppm
PB for seven days. Due to the absence of mouse hepatic CAR
and PXR, terminal plasma levels of PB were significantly
increased in hCAR/hPXR mice given 654 and 984ppm PB to
1.8- and 1.7-fold, respectively, of plasma PB levels in wild-
type mice. In the wild-type mice, there was a statistically sig-
nificant dose-dependent increase in hepatocyte RDS at all PB
dose levels examined. However, in the hCAR/hPXR mice, hep-
atocyte RDS was not significantly increased by treatment
with 186 ppm PB, and, although increases in hepatocyte RDS
at PB dose levels of 496–984 ppm were statistically signifi-
cant, the increases were less marked than those observed in
wild-type mice. In another investigation, Luisier et al. (2014)
demonstrated that administration of 0.05% PB in the drinking
water to male hCAR/hPXR mice for 91 days increased relative
liver weight, hepatocyte hypertrophy, and induction of
Cyp2b10 mRNA levels, together with a transient upregulation
of genes associated with DNA replication, cell cycle, and
mitosis. These genes were also transiently upregulated in
wild-type, but not in CAR KO/PXR KO mice. Finally, in a
recent study, the treatment of hCAR/hPXR mice with
1000 ppm PB in the diet for seven days was shown to result
in significant increases in relative liver weight, hepatocyte
RDS, Cyp2b10, and Cyp3a11 mRNA levels and in mRNA levels
of some cell cycling genes, namely Mki67, Mdm2, Pcna, and
Gadd45b (Yamada et al. 2020). The effects of 1000 ppm PB in
hCAR/hPXR mice (terminal plasma PB level 48lg/mL) on hep-
atocyte RDS and some of the hepatic mRNA levels measured
were somewhat similar to those observed in a previous study
in CD-1 mice (terminal plasma PB level 43 lg/mL) given

1500 ppm PB for seven days (Yamada et al. 2014), although
the stimulation of hepatocyte RDS was less marked in the
hCAR/hPXR mice (Yamada et al. 2020). Overall, these studies
demonstrate that the treatment of either hCAR or hCAR/
hPXR mice with PB can result in increased hepatocyte RDS,
although for hCAR/hPXR mice a dose–response study (Haines
et al. 2018b) has shown that the effects of PB treatment are
less marked than those observed in wild-type mice, which is
consistent with the findings in other studies (Braeuning et al.
2014; Yamada et al. 2020).

Braeuning et al. (2014) performed an initiation/promotion
study where wild-type and hCAR/hPXR mice were given a
single dose of the DNA reactive carcinogen DEN followed by
treatment with 500 ppm PB in the diet for 40 weeks. At the
end of the study, liver levels of PB were significantly higher
in hCAR/hPXR mice, being some 1.7-fold greater than in wild-
type mice. While tumor incidence assessed as either multipli-
city or tumor volume fraction was less marked in the hCAR/
hPXR mice, PB promoted DEN-initiated liver tumors in both
wild type and hCAR/hPXR mice. Based on these findings,
these authors suggested that PB-induced liver tumor forma-
tion in rodents could be relevant for humans (Braeuning
2014; Braeuning et al. 2014; Braeuning and Schwarz 2016).

In another study, either mCAR or hCAR receptors were
introduced into CAR KO mice (Niu et al. 2018). The mCAR
transgenic mice were subsequently treated with PB or
TCPOBOP, whereas the hCAR transgenic mice were subse-
quently treated with PB or 6-(4-chlorophenyl)imidazo[2,1-
b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl) oxime
(CITCO), the latter being a potent hCAR activator (Omiecinski
et al. 2011a). Subsequent genome-wide profiling analysis
demonstrated that regions exhibiting significantly stronger
mCAR binding signals were linked to cell proliferation and
apoptosis functions, contrasting to hCAR with higher associa-
tions with energy/metabolic functions (Niu et al. 2018).
However, as with other studies with hCAR and hCAR/hPXR
mice described above (Huang et al. 2005; Braeuning et al.
2014; Luisier et al. 2014; Haines et al. 2018b; Yamada et al.
2020), the mCAR and hCAR receptors in the study of Niu
et al. (2018) were operating in a mouse hepatocyte environ-
ment, including downstream genes and their activation (Niu
et al. 2018).

Studies in chimeric mice with human hepatocytes

The chimeric mouse model (Foster et al. 2014; Sugahara
et al. 2020; Tateno and Kojima 2020) comprises an in vivo
alternative to studies in cultured human hepatocytes, show-
ing nearly normal morphology and expressing most genes at
levels similar to those expressed by normal human livers. The
chimeric mouse model is therefore useful for relatively lon-
ger-term studies compared to in vitro studies. In this model,
transplanted human hepatocytes replace most of the host
mouse hepatocytes. After the first-generation chimeric
human hepatocyte mouse model was established in 2001
(Foster et al. 2014; Sugahara et al. 2020; Tateno and Kojima
2020), this model has been increasingly employed for a var-
iety of applications including efficacy studies on agents for
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the treatment of hepatitis B or C virus, drug metabolism, and
pharmacokinetic studies. We employed a chimeric human
hepatocyte mouse model, the PXB-mouseVR constructed by
PhoenixBio Co., Ltd. (Higashi-Hiroshima, Japan) (Sugahara
et al. 2020; Tateno and Kojima 2020), to investigate the hep-
atic effects of some nongenotoxic CAR activators. The albu-
min enhancer/promoter-driven urokinase-type plasminogen
activator-transgenic severe combined immunodeficient (uPA/
SCID) mouse model was employed for the evaluation of PB
(Yamada et al. 2014), and in subsequent investigations the
cDNA-uPA/SCID mouse model (a novel host strain that has a
transgene containing albumin promoter/enhancer-driven uro-
kinase-type plasminogen activator cDNA and has a SCID
background) was used in studies with metofluthrin and
momfluorothrin (Okuda et al. 2017a). The cDNA-uPA/SCID
mouse model is an improved model which shows a constant
increase of body weight and a constant increase in the
human hepatocyte replacement index, as there is no deletion
of uPA genes and no kidney disorders in this model (Tateno
and Kojima 2020). Both the uPA/SCID and cDNA-uPA/SCID
mouse models are referred to as the PXB-mouseVR .
Cryopreserved human hepatocytes from a 2 year old
Hispanic female were employed in the study of Yamada et al.
(2014), with human hepatocytes from this donor and from
two other donors (a 2 year old Caucasian male and a 5 year
old African American male) being employed in the study of
Okuda et al. (2017a). These donors were selected because
cells from young subjects are more responsive to stimulation
of hepatocellular proliferation and have better replacement
ratios than using hepatocytes from older donors (Masumoto
et al. 2007).

As described above, studies with cultured human hepato-
cytes have demonstrated that while hepatocyte RDS can be
increased by treatment with mitogenic agents such as EGF or
HGF, no chemicals (e.g. drugs or agrochemicals) have been
reported to induce RDS in human hepatocytes. Treatment
with EGF was also shown to enhance RDS in the human hep-
atocytes of chimeric mice, thus demonstrating that the trans-
planted human hepatocytes in chimeric mice can respond to
a hepatocyte mitogen (Yamada et al. 2014; Okuda et al.
2017a). In a study with the PXB-mouseVR : cDNA-uPA/SCID
mouse model, treatment with KMTR2 (an anti-human TRAIL-
R2 monoclonal antibody) was shown to result in hepatotox-
icity and apoptosis in human hepatocytes, this being
associated with an up regulation of cell cycle related functions
likely representing cellular regeneration (Nihira et al. 2019).

In contrast to the effects of EGF on RDS in human hepato-
cytes of chimeric mice, studies with PB, metofluthrin and
momfluorothrin, did not result in any increase in human hep-
atocyte RDS (Yamada et al. 2014; Okuda et al. 2017a). The
effect of treatment with diets containing 500, 1000, 1500,
and 2500ppm PB for seven days was examined in male CD-1
mice, in male Wistar rats, in chimeric mice with human hepa-
tocytes, and also in male SCID mice administered 1500 ppm
PB (Yamada et al. 2014). Due to toxicity, the effect of PB in
chimeric mice with human hepatocytes could not be exam-
ined at a PB dietary level of 2500 ppm, and only two of five
animals given 1500 ppm PB in the diet survived. The effect of
PB in chimeric mice with human hepatocytes in this study

was thus investigated up to the maximum tolerated dose
(MTD) level (1000 ppm). Indeed, terminal plasma PB levels in
animals treated with 1000 ppm PB were much higher in chi-
meric mice with human hepatocytes (75lg/mL) than in the
mice (30lg/mL) and rats (20lg/mL), which is most likely due
to a difference in chemical intake or a more marked induc-
tion of enzymes metabolizing PB in the mouse and rat com-
pared to the chimeric mice with human hepatocytes. The
75 lg/mL is much higher than plasma concentrations
reported in human subjects given therapeutic doses of
3–6mg/kg, where plasma levels ranged from 10 to 25 lg/mL
(Monro 1993). Treatment with PB resulted in significant
increases in relative liver weight, hepatocyte RDS, and induc-
tion of CYP2B and CYP3A mRNA levels (i.e. mouse Cyp2b10
and Cyp3a11; rat CYP2B1/2 and CYP3A1) in mice and rats. In
marked contrast, while treatment of chimeric mice with
human hepatocytes with PB resulted in significant increases
in CYP2B6 and CYP3A4 mRNA levels, PB treatment did not
increase relative liver weight and did not increase hepatocyte
RDS. In addition, PB increased hepatic mRNA levels of some
cell cycling genes, namely MKI67, PCNA, and GADD45b, in
the livers of mice and rats, but had no effect in human hepa-
tocytes of the chimeric mice. PB increased hepatocyte RDS
and induction of CYP2B and CYP3A mRNA levels in SCID
mice. In another study, the effects of the known nongeno-
toxic CAR activators metofluthrin and momfluorothrin, which
are known to produce liver tumors in the rat (Yamada et al.
2009; Okuda et al. 2017b; Yamada 2018), were investigated
in chimeric mice with human hepatocytes from three separ-
ate donors (Okuda et al. 2017a). Chimeric mice with human
hepatocytes were treated with diets containing 1800 ppm
metofluthrin and either 1100 or 3000 ppm momfluorothrin
for seven days, these dietary levels resulting in intakes either
similar to or higher than those which produced liver tumors
in the rat bioassays with these two synthetic pyrethroids. The
treatment of chimeric mice with human hepatocytes with
either metofluthrin or momfluorothrin in some instances
increased CYP2B6 mRNA levels, but had no significant effect
on relative liver weight and hepatocyte RDS. When the data
from the studies with human hepatocytes from three separ-
ate donors were combined, in contrast to the effect of treat-
ment with EGF, levels of RDS in chimeric mice with human
hepatocytes given either metofluthrin or momfluorothrin
were significantly reduced compared to those in control ani-
mals (Okuda et al. 2017a).

Recently, the effect of transplanting rat hepatocytes into
the chimeric mouse model of cDNA-uPA/SCID mice as recipi-
ent has been investigated (Yamada et al. 2020). Treatment
with 1000 ppm PB in the diet for seven days resulted in sig-
nificant increases in RDS in rat hepatocytes of the chimeric
mice, together with a small increase in MKI67 mRNA levels.
The stimulation of hepatocyte RDS by PB in rat hepatocytes
of the chimeric mice is in agreement with many other previ-
ous in vivo and in vitro studies in rats (Whysner et al. 1996;
Lake 2009, 2018; Elcombe et al. 2014), and demonstrates that
the transplanted rat hepatocytes in the chimeric mouse
model retained the original character of normal (i.e. non-
transplanted) rat hepatocytes by increasing RDS in response
to stimulation by a CAR activator (Yamada et al. 2020). In
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addition to PB, the treatment of chimeric mice with rat hepa-
tocytes with EGF also resulted in a significant increase in RDS
and MKI67 mRNA levels in rat hepatocytes. As a stimulation
of RDS could be readily demonstrated in transplanted rat
hepatocytes in the chimeric mouse model, these results
strongly support the conclusion that lack of cell proliferation
of human hepatocytes in the chimeric mouse model is not
due to any functional problems in the mouse liver environ-
ment, but rather that human hepatocytes are truly refractory
to the mitogenic effects of PB and other rodent
CAR activators.

While we conducted short-term studies in the chimeric
mouse model, the ultimate test of carcinogenicity assessment
in humans using this chimeric model may be a long-term
carcinogenicity study. However, to our knowledge, such a
study has not been performed and would be technically very
difficult. In addition to the very high cost, several preliminary
studies would have to be performed such as determining
long-term survival rate, suitable dose levels (MTD), etc.

Gene expression studies with PB in mouse and rat
experimental models

A number of gene expression studies have been performed
with liver samples from animals treated with CAR activators
(Deguchi et al. 2009; Ross et al. 2010; Luisier et al. 2014;
Yamada et al. 2014, 2020; Oshida et al. 2015a; Ohara et al.
2017; Okuda et al. 2017b; Peffer et al. 2018a; Rooney et al.
2019). Studies conducted in our laboratory include investiga-
tions with CD-1 mice, hCAR/hPXR mice, chimeric mice with
human hepatocytes, and liver hepatocellular adenoma sam-
ples from an initiation/promotion study where C3H/He mice
were given a single dose of DEN followed by promotion with
500 ppm PB in the diet for 27 weeks (Ohara et al. 2017;
Yamada et al. 2020). In addition, studies in the rat have
included investigations with Sprague-Dawley rats, CAR KO
rats, and in chimeric mice with rat hepatocytes (Yamada
et al. 2020).

Several studies have examined gene expression in the
Wnt/b-catenin signaling pathway, where mutations in this
pathway have been observed in some mouse and human
liver tumors (Dong et al. 2015; Braeuning and Pavek 2020;
Shizu and Yoshinari 2020). This signaling pathway regulates
key aspects of mammalian cell biology (Thompson and
Monga 2007; Dong et al. 2015). Dong et al. (2015) demon-
strated that activation of CAR and b-catenin in mouse liver
resulted in liver tumor formation. While a high incidence of
b-catenin mutations (e.g. 80–90%) are observed in mouse
liver tumors from initiation/promotion studies (Strathmann
et al. 2006; Rignall et al. 2011), the incidence of b-catenin
mutations was only 40 and 43%, respectively, in chronic stud-
ies where mice were given either PB or oxazepam alone
without any prior treatment with a genotoxic agent
(Devereux et al. 1999; Sidaway et al. 2020). While chronic
treatment with the potent mouse CAR activator TCPOBOP
resulted in a 91% incidence (10 of 11 liver tumor samples
examined) of b-catenin mutations in liver tumors, treatment
with TCPOBOP did not result in increased expression of

b-catenin target genes or the nuclear translocation of b-cate-
nin (Mattu et al. 2018).

A comprehensive analysis of DNA methylation, hydroxy-
methylation, and gene expression examined liver samples
from several mouse models (Ohara et al. 2017). The groups
of CD-1 mice and chimeric mice with human hepatocytes
had similar mean terminal PB plasma levels, 70 and 75 lg/
mL, respectively, whereas the mean terminal plasma PB level
of the C3H/He mice given DEN/PB was 15.4 lg/mL (Yamada
et al. 2014; Ohara et al. 2017). Differences in the gene expres-
sion profiles were observed between the PB treated chimeric
mice with human hepatocytes, the PB treated CD-1 mice,
and the hepatocellular adenomas produced by DEN/PB
(Ohara et al. 2017). Nine cell proliferation/growth-related
genes identified as candidate genes responsible for early
events in PB-induced liver tumor promotion were increased
in the livers of CD-1 mice treated with PB for seven days and
also in the hepatocellular adenomas from the DEN/PB study.
In contrast, the treatment of chimeric mice with human hep-
atocytes with PB for seven days had no effect on the expres-
sion of these nine genes. Moreover, while the expression of
many genes related to the Wnt/b-catenin signaling network
were altered in PB treated CD-1 mice and in the hepatocellu-
lar adenomas produced by DEN/PB, fewer genes were altered
in the human hepatocytes of the chimeric mice (Ohara
et al. 2017).

The effect of PB treatment on hepatic gene expression
associated with Wnt/b-catenin signaling was evaluated in CD-
1 mice given 1500 ppm PB in the diet for seven days, hCAR/
hPXR mice given 1000ppm PB for seven days, and chimeric
mice with human hepatocytes given either 500 or 1000 ppm
PB for seven days (Yamada et al. 2020). The groups of CD-1
mice and hCAR/hPXR mice had similar mean PB terminal
plasma levels, 43 and 48 lg/mL, respectively, whereas the
mean terminal PB plasma levels in the chimeric mice with
human hepatocytes given 500 and 1000 ppm PB were 27 and
75 lg/mL, respectively. Comparisons were also made with the
hepatocellular adenomas produced by DEN/PB where the
mean terminal plasma PB level of the C3H/He mice given
DEN/PB was 15.4lg/mL (Yamada et al. 2014, 2020; Ohara
et al. 2017). The hepatic gene expression pattern for Wnt/
b-catenin signaling demonstrated that the pattern of the
hCAR/hPXR mice clustered most closely with those of hepa-
tocellular adenoma samples, and clustered with those of the
CD-1 mice more than with chimeric mice with human hepa-
tocytes (Yamada et al. 2020). Different gene clusters were
observed for the chimeric mice with human hepatocytes
when compared to those of the hCAR/hPXR mice, CD-1 mice
and the hepatocellular adenoma tumor samples. Unlike CD-1
mouse hepatocytes, the exposure of human hepatocytes of
the chimeric mice to PB (even at a higher terminal plasma PB
level) appeared to have little effect on genes associated with
the Wnt/b-catenin signaling pathway (Yamada et al. 2020).

Gene expression studies were also performed with liver
samples from Sprague-Dawley rats, CAR KO rats, and chimeric
mice with rat hepatocytes treated with 1000 ppm PB in the
diet for seven days (Yamada et al. 2020). The mean terminal
plasma PB levels were 34, 100, and 15 lg/mL, respectively.
Comparisons were also made with liver samples from
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chimeric mice with human hepatocytes given 500 and
1000ppm PB in the diet for seven days, where the mean ter-
minal PB plasma levels were 27 and 75 lg/mL, respectively.
Several genes related to cell proliferation or cell growth were
significantly changed in liver samples from Sprague-Dawley
rats and chimeric mice with rat hepatocytes. In contrast, no
such changes were detected in liver samples from CAR KO
rats and chimeric mice with human hepatocytes, with the
exception that cell growth genes were downregulated in CAR
KO rats. The hepatic gene expression pattern of the chimeric
mice with rat hepatocytes clustered most closely to those of
Sprague-Dawley rats. However, the gene expression pattern
of both Sprague-Dawley rats and the chimeric mice with rat
hepatocytes resulted in different clusters to those observed
in chimeric mice with human hepatocytes.

Interpreting the data regarding gene expression changes
in tumors, such as adenomas, for relevance to the actual car-
cinogenic process is uncertain, and relating it to human rele-
vance is problematic. Just because the same genes are
mutated in mouse tumors and in human tumors does not
signify that the agent causing the change is relevant to
human carcinogenesis. Similar gene changes identified in the
studies described above are also found in spontaneous
tumors arising in untreated controls, as reported in an exten-
sive series from the NTP data base (Riva et al. 2020).
Furthermore, there generally are not specific gene mutation
patterns in tumors for each different chemical. The changes
related to cell proliferation in the studies described above
with CAR activators are additional markers for the increased
cell proliferation occurring in rodent liver in response to
these agents as well as in the tumors (which have a prolifer-
ation rate higher than normal hepatocytes).

Comparison of the hepatic effects of CAR, PXR, and
PPARa activators

As described above, the CAR, PXR, and PPARa nuclear recep-
tors are highly expressed in liver and are involved in xeno-
biotic and intermediary metabolism (Omiecinski et al. 2011a;
Corton et al. 2014, 2018; Yoshinari 2019; Daujat-Chavanieu
and Gerbal-Chaloin 2020). Many studies have demonstrated
that both CAR and PPARa activators can stimulate RDS in
mouse and rat hepatocytes (Lake 2009, 2018; Cohen 2010;
Corton et al. 2014; Elcombe et al. 2014; Corton et al. 2018;
Yamada 2018). However, whether PXR activators are also
mitogenic agents in rodent liver is less clear and no MOA for
rodent liver tumor formation by PXR activators has been
established (Elcombe et al. 2014; Shizu and Yoshinari 2020).
For example, pregnenolone-16a-carbonitrile (PCN), which is a
known rodent PXR activator (Omiecinski et al. 2011a;
Yoshinari 2019), has been shown to stimulate hepatocyte
RDS in mouse and rat liver in some studies (Lake et al. 1998;
Staudinger et al. 2001; Haines et al. 2018a, 2019), but not in
other investigations (Thatcher and Caldwell 1994; Shizu et al.
2013, 2021). While PCN has been reported to increase hep-
atocyte RDS in wild-type mice and rats in some studies, no
such effects were observed in PXR KO mice and in both PXR
KO and CAR KO/PXR KO rats; although a small increase was

observed in PXR KO rats which may be due to crosstalk
between the CAR and PXR receptors (Staudinger et al. 2001;
Haines et al. 2018a, 2019). It has been suggested that PXR
activation alone in either mouse or rat liver does not result
in increased RDS, but rather that PXR activation augments
RDS produced by other agents including both CAR and
PPARa activators (Shizu et al. 2013; Yoshinari 2019). PCN did
not promote mouse liver tumor formation after initiation
with DEN, whereas PB produced the expected promotion of
liver tumor formation; with the coadministration of PB and
PCN not resulting in any enhancement of liver tumor forma-
tion over that observed with PB alone (Shizu et al. 2021).
Overall, the available data suggest that PXR activation by
itself does not result in rodent liver tumor formation.

There are many similarities in the effects of nongenotoxic
CAR and PPARa activators which produce liver tumors in the
mouse and/or rat. For example, in the established MOAs for
rodent liver tumor formation by both CAR and PPARa activa-
tors, common key events include receptor activation,
increased cell proliferation, clonal expansion leading to
altered hepatic foci, and liver tumors; whereas common asso-
ciative events include liver hepatocellular hypertrophy and
CYP enzyme induction (Lake 2009, 2018; Corton et al. 2014,
2018; Elcombe et al. 2014). While both nongenotoxic CAR
and PPARa activators stimulate RDS in mice and rats, a num-
ber of studies have demonstrated that PPARa activators do
not stimulate hepatocyte RDS in the Syrian hamster, guinea
pig and primates, and do not produce liver tumors in the
Syrian hamster (Tucker and Orton 1995; Lake 2009; Corton
et al. 2014, 2018). In a study in marmosets, the PPARa activa-
tor clofibrate was shown not to produce liver tumors after
6.5 years of treatment, although this is less than the
expected life-span of this species (Corton et al. 2018). Several
studies have demonstrated that rodent PPARa activators do
not stimulate RDS in cultured human hepatocytes (Lake
2009; Corton et al. 2014, 2018; Kondo et al. 2020). In vivo
studies with chimeric mice with human hepatocytes have
demonstrated that the PPARa activator fenofibrate does not
increase RDS in human hepatocytes and results in downregu-
lation of pathways related to DNA synthesis (Tateno et al.
2015; de la Rosa Rodriguez et al. 2018) similar to the results
with CAR activators in chimeric mice with human hepato-
cytes. Finally, a number of human epidemiological studies
have clearly demonstrated that rodent PPARa activators (e.g.
the hypolipidemic drugs bezafibrate, clofibrate, fenofibrate,
and gemfibrozil and the insecticide permethrin) do not
increase the incidence of liver cancer in humans (Bonovas
et al. 2012; Corton et al. 2014, 2018; Boffetta and
Desai 2018).

For both CAR activators and PPARa activators, human
responses in terms of CYP enzyme induction and/or a hypoli-
pidemic effect are similar to those observed in mice and rats.
However, the pivotal difference is that unlike mice and rats, a
proliferative effect is not observed in human hepatocytes.
Since this is a necessary key event for liver tumor formation,
this strongly supports the conclusion that neither CAR nor
PPARa activators will be carcinogenic in humans.
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Discussion

By use of the established IPCS/WHO framework for MOA/
human relevance, a robust MOA for PB-induced rodent liver
tumor formation has been established (Holsapple et al. 2006;
Lake 2009, 2018; Elcombe et al. 2014). The findings meet the
criteria of temporality and dose response, are consistent
between laboratories, and are biologically plausible. The evi-
dence is strong, reproducible, and coherent, meeting all of
the Bradford Hill considerations of causality.

This MOA has been shown to apply to a number of other
nongenotoxic CAR activators which produce liver tumors in
the mouse and/or rat (Table 1). The crucial role of CAR activa-
tion in this MOA has been clearly demonstrated by studies
with animals lacking hepatic CAR where, unlike wild-type ani-
mals, effects on the key (e.g. hepatocyte RDS) and associative
events are not observed. The MOA for rodent (i.e. mouse and
rat) liver tumor formation by PB and other CAR activators is
considered to be qualitatively not plausible for humans on
the basis that while CAR activators are mitogenic agents in
rodent liver, they do not stimulate RDS in human hepato-
cytes (Lake 2009, 2018; Cohen 2010; Cohen and Arnold 2011,
2016; Elcombe et al. 2014; Yamada 2018). While much experi-
mental data has been obtained in studies with PB as the
model CAR activator, as shown in Table 1, there are now
many other nongenotoxic CAR activators which exhibit the
same overall MOA for rodent liver tumor formation and lack
of human relevance.

The mitogenic effects of a nongenotoxic CAR activator in
rodent as against human liver is thus the pivotal species dif-
ference in assessing the human relevance of the established
MOA for CAR activator-induced rodent liver tumor formation.
The data obtained from the three experimental systems
described above is assessed below, together with consider-
ation of species differences and a suggested minimal dataset
required to establish a CAR-dependent MOA for rodent liver
tumor formation.

Assessment of available experimental models employing
either human hepatocytes or human hepatic receptors

As described above, many studies from a number of different
laboratories have demonstrated a reproducible species differ-
ence in that PB and other nongenotoxic CAR activators can
stimulate RDS in cultured mouse and/or rat hepatocytes, but
do not stimulate RDS in cultured human hepatocytes
obtained from both male and female donors from a wide
range of ages. It has been suggested that monolayer (i.e.
two-dimensional) cultures are not an appropriate model of
human liver function and that EGF is not a suitable positive
control (Shizu and Yoshinari 2020). However, cultured human
hepatocytes have been extensively used by many laborato-
ries and are considered the “gold standard” in vitro system
for many applications (Soldatow et al. 2013). For example,
the use of cultured human hepatocytes to reliably screen
xenobiotics for induction of human CYP enzymes (e.g.
CYP1A, CYP2B, CYP2C, and CYP3A subfamily enzymes) is well
established (Parkinson et al. 2004; Lake and Price 2016). For
studies with both rodent and human hepatocytes, either EGF

and/or HGF have been employed as markers of functional
viability of the rodent and human hepatocyte preparations.
The use of a growth factor, rather than a chemical, as a posi-
tive control is required because there are no chemicals that
have been shown to produce a stimulation of RDS in cul-
tured human hepatocytes. While most studies have been per-
formed with monolayer (i.e. two-dimensional) cultures, a
recent study using hepatocyte spheroids (i.e. a three-dimen-
sional culture system including non-parenchymal cells) pro-
duced the expected results in that PB stimulated RDS in rat
hepatocytes, but no such effect was observed in human hep-
atocytes (Plummer et al. 2019). Overall, it is considered that
studies with cultured rodent and human hepatocytes are a
validated in vitro model system to permit the evaluation of
species differences in the effects of CAR activators on RDS in
hepatocytes from experimental animals and humans.

A number of investigations have been performed in trans-
genic mice where either murine hepatic CAR has been
replaced with hCAR (hCAR mice) or both murine CAR and
PXR have been replaced with their human counterparts
(hCAR/hPXR mice). Studies in both hCAR (Huang et al. 2005)
and hCAR/hPXR (Luisier et al. 2014; Haines et al. 2018b;
Yamada et al. 2020) mice have demonstrated that treatment
with PB results in liver hypertrophy, increases in Cyp2b
enzymes and a stimulation of hepatocyte RDS. In addition,
treatment with PB has also been shown to increase some cell
cycling genes in hCAR/hPXR mice (Luisier et al. 2014; Yamada
et al. 2020). One quantitative difference between wild-type
mice and hCAR/hPXR mice is that PB produces a more
marked stimulation of hepatocyte RDS in wild-type mice as
demonstrated in a dose–response study where wild-type and
hCAR/hPXR mice were given 186–984ppm PB in the diet for
seven days (Haines et al. 2018b). Braeuning et al. (2014) per-
formed an initiation/promotion study with DEN/PB in wild-
type and hCAR/hPXR mice. While tumor production assessed
as either multiplicity or tumor volume fraction was less
marked in the hCAR/hPXR mice, PB promoted DEN-initiated
liver tumors in both wild-type and hCAR/hPXR mice. The
magnitude of liver tumor formation in this initiation/promo-
tion study thus correlates with the more marked stimulation
of hepatocyte RDS by PB in wild-type mice (Haines et al.
2018b). Indeed, because of the similar responses of wild-type
and hCAR/hPXR mice to PB, a significant increase in liver
tumor formation in a DEN/PB initiation/promotion study is to
be expected.

The chimeric mouse model offers an in vivo alternative to
in vitro cultured hepatocyte studies to examine the effects of
chemicals in human hepatocytes. The treatment of chimeric
mice with human hepatocytes with PB at up to MTD dose
levels and with both metofluthrin and momfluorothrin (at
dose levels which produced liver tumors in rats) did not
result in a stimulation of RDS in human hepatocytes; whereas
the treatment of chimeric mice with EGF did result in signifi-
cant increases in RDS in human hepatocytes (Yamada et al.
2014; Okuda et al. 2017a). The reliability and scientific cred-
ibility of the chimeric mouse model with donor hepatocytes
from other species has been recently confirmed by studies in
chimeric mice with rat hepatocytes (Yamada et al. 2020). As
would be expected from many previous in vivo studies in
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wild-type rats, the treatment of wild-type rats and chimeric
mice with rat hepatocytes with PB resulted in significant
increases in hepatocyte RDS; whereas no such effect was
observed in CAR KO rats. An increase in hepatocyte RDS was
also observed in chimeric mice with rat hepatocytes follow-
ing treatment with EGF. Gene expression studies demon-
strated that several genes related to cell proliferation or cell
growth were significantly changed by PB treatment in liver
samples from wild-type rats and from chimeric mice with rat
hepatocytes; whereas such effects were not observed in liver
samples from CAR KO rats.

In terms of species differences between effects of CAR
activators in mouse and rat hepatocytes compared to human
hepatocytes, the data obtained in in vitro studies with cul-
tured human hepatocytes and in in vivo studies with chimeric
mice with human hepatocytes clearly demonstrate that PB
and other rodent CAR activators do not stimulate either RDS
or some genes associated with cell proliferation in human
hepatocytes. Such data are in marked contrast to the results
of studies with hCAR and hCAR/hPXR mice where PB has
been shown to induce hepatocyte RDS and some genes asso-
ciated with cell proliferation.

Figure 1 summarizes the differences between wild-type
mice, CAR KO mice, transgenic mice with either hCAR or
hCAR and PXR receptors and chimeric mice with human

hepatocytes. Studies in wild-type mice and in hCAR/hPXR
mice clearly demonstrate that PB and other CAR activators
can induce endpoints of CAR activation including induction
of Cyp2b enzymes and hepatocyte RDS, the latter being asso-
ciated with increases in some genes associated with cell pro-
liferation. In marked contrast, such effects are not observed
in either CAR KO or CAR KO/PXR KO mice thus confirming
the need for receptor activation. The pivotal species differ-
ence as shown in Figure 1 is that while PB and other CAR
activators can induce CYP2B (also CYP3A) enzymes in chi-
meric mice with human hepatocytes, there is no stimulation
of hepatocyte RDS. The lack of effect of PB on RDS in human
hepatocytes of chimeric mice is supported by the results of
gene array studies, where increases in genes associated with
cell proliferation were not observed (Yamada et al. 2014,
2020). The differences between the effect of PB in wild-type,
hCAR/hPXR mice and in chimeric mice with human hepato-
cytes are not attributable to the dose administered and to
subsequent PB exposure as in the chimeric mouse study, PB
was administered at up to MTD dose levels, which resulted in
greater terminal plasma PB levels than those observed in
wild-type mice (Yamada et al. 2014).

The species difference in PB-induced hepatocyte prolifer-
ation could be due to differences in structure/splice variants
between the human and mouse CAR proteins and other

Figure 1. Effect of CAR activators in different animal models, namely wild-type mice, CAR KO or CAR KO/PXR KO mice, hCAR/hPXR mice and chimeric mice with
human hepatocytes. Pathways which do not operate are shown in grey. Thus while Cyp2b enzyme induction and increased cell proliferation are observed in wild-
type and hCAR/hPXR mice, these effects are abolished in CAR KO and CAR KO/PXR KO mice due to the absence of the receptor(s). In chimeric mice with human hep-
atocytes, the human receptors operate through human signaling pathways to produce an induction of CYP2B enzymes but not of cell proliferation.
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possible differences, such as: (1) while the DNA binding
domains of human and mouse CAR are highly conserved
(around 88%), the homology of the ligand binding domains
is much weaker (around 70%) (Shizu and Yoshinari 2020); (2)
a variety of compounds differ with regard to their EC50s/
IC50s, and whether they act as agonists, inverse agonists or
have no effect when evaluated for effectiveness on hCAR vs.
mCAR (Stanley et al. 2006); (3) nucleocytoplasmic shuttling
sequences differ in rCAR vs. hCAR (Kanno et al. 2007); (4) iso-
form differences mCAR vs. hCAR (Choi et al. 1997); and (5)
CAR1 and CAR3 reporter assays demonstrate species differen-
ces in human, mouse, rat, and dog (Omiecinski et al. 2011a).
In addition to the differences in the structure/splice variants
of CAR, receptor regulation differences could also possibly
contribute. From the data obtained, the key difference
between the experimental models evaluated is that in cul-
tured human hepatocytes and in chimeric mice with human
hepatocytes, hCAR is operating in a human hepatocyte envir-
onment, which is not the case for either the hCAR or hCAR/
hPXR models. The human receptor(s) in the hCAR and hCAR/
hPXR mouse models function in the context of mouse target
gene regulatory elements and chromatin structure, and
hence gene regulatory protein interactions may differ from
those in human hepatocytes (Braeuning 2014; Braeuning
et al. 2014; Yamada 2018; Shizu and Yoshinari 2020; Yamada
et al. 2020). hCAR in a mouse hepatocyte environment
undergoes post-translational modification(s) that is not the
same as in human hepatocytes, possibly due to expression of
CAR activators/inhibitors differences, the mouse orthologous
genes encoding CAR activators/inhibitors might differ enough
from their human orthologs so as to affect CAR differently,
and the cis elements in CAR-regulated genes in the mouse
might respond differently to hCAR because hCAR is structur-
ally (including a consideration of isoforms) somewhat differ-
ent from mCAR. Thus, while activation of CAR in a human
hepatocyte environment does not result in a proliferative
response, the human receptors present in either hCAR or
hCAR/hPXR mouse hepatocytes are still able to activate
downstream genes leading to the metabolic and proliferative
effects expected for a CAR activator like PB, albeit at lower
levels of response.

Overall, while cultured human hepatocytes represent a
rapid in vitro test system to evaluate species differences in
the hepatic effects of rodent CAR activators, if required to
confirm in vitro data or to evaluate effects of human metabo-
lites of the test chemical, in vivo studies can be conducted in
chimeric mice with human hepatocytes. In contrast, studies
in either hCAR or hCAR/hPXR mice will not provide useful
data for human risk assessment.

Differences between the effects of CAR and PPARa
activators in rodent hepatocytes compared to
other species

As described above, there are a number of similarities
between the MOAs for rodent liver tumor formation by CAR
and PPARa activators. For both CAR and PPARa activators,
many studies have demonstrated that while these agents can

stimulate RDS in mouse and rat hepatocytes, they are not
mitogenic agents in human hepatocytes. Similarly, both CAR
and PPARa activators have been shown not to induce RDS in
the in vivo chimeric mouse model with human hepatocytes.
Thus, studies with PPARa activators confirm and extend a
basic species difference in response to rodent hepatic mito-
genic agents. For CAR activators, limited data are available
that PB does not induce hepatocyte RDS in Syrian hamster
hepatocytes, and studies with PB, DDT, dieldrin, and toxa-
phene have been shown not produce liver tumors in the
Syrian hamster. PB has also been shown not to increase the
incidence of liver tumors in initiation/promotion studies con-
ducted in the Syrian hamster. For PPARa activators, consider-
able in vitro and in vivo data are available showing that
PPARa activators do not stimulate RDS in either the Syrian
hamster or guinea pig (Lake 2009; Corton et al. 2014, 2018).
Moreover, rodent PPARa activators have also been shown
not to stimulate RDS in primate liver and also not to produce
liver tumors in the Syrian hamster (Tucker and Orton 1995;
Corton et al. 2018). The data from species differences studies
with both CAR and PPARa activators clearly demonstrate that
while CAR and PPARa activators are mitogenic agents in
mouse and rat liver, they are not mitogenic agents in several
other species including the Syrian hamster, guinea pig, pri-
mates, and humans.

Overall, while nongenotoxic agents (e.g. rodent CAR and
PPARa activators) can stimulate RDS in mouse and rat hepa-
tocytes, several other species, including humans, are refrac-
tory to the mitogenic effects of rodent CAR and PPARa
activators. Since stimulation of RDS is a required key event
for tumorigenesis with these chemicals in rats and mice, its
absence in humans means that humans are not susceptible
to their tumorigenic effects. This MOA/human relevance
evaluation is further supported by the findings of human epi-
demiology studies described above.

Minimum data required to establish a CAR-activation
MOA for rodent liver tumor formation

As described elsewhere (Cohen 2010; Elcombe et al. 2014;
Lake 2018; Peffer et al. 2018b), data to demonstrate a CAR-
dependent MOA for rodent liver tumor formation can be
obtained from short-term studies (e.g. 1–4 weeks duration).
For established nongenotoxic compounds which have been
evaluated in long-term bioassays, short-term MOA studies
should be conducted at both carcinogenic and noncarcino-
genic dose levels. Required endpoints would include liver
hypertrophy (both liver weight and morphology), hepatocyte
RDS, and induction of CYP2B enzymes (both enzyme activity
and/or mRNA levels). In such studies, CYP2B induction would
be an acceptable surrogate marker for CAR receptor activa-
tion. To exclude involvement of either AhR, PXR, or PPARa
receptors, assays of markers for CYP1A, CYP3A, and CYP4A
subfamily enzymes (both enzyme activity and/or mRNA lev-
els) would need to be performed. Data from other available
studies (e.g. 13 week studies) can be employed to exclude
other MOAs such as cytotoxicity and metal overload (Table
2). Gene array studies are now regularly performed in the
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development of new compounds, and a number of publica-
tions have identified gene signatures for activation of AhR, CAR,
and PPARa (Deguchi et al. 2009; Oshida et al. 2015a, 2015b,
2015c; Okuda et al. 2017b; Peffer et al. 2018a; Rooney et al.
2018; Kondo et al. 2019) which may provide an alternative
approach to the determination of CYP enzyme and mRNA
markers (Peffer et al. 2018b). For example, Rooney et al. (2018)
have described a novel adverse outcome pathway-driven strat-
egy employing gene array data and other endpoints to identify
compounds which can produce liver tumors in rats. A number
of reporter gene assays are also available to demonstrate CAR
activation (Omiecinski et al. 2011a; Currie et al. 2014; Pinne
et al. 2016, 2017; Peffer et al. 2018a; Lynch et al. 2019), but the
data obtained need careful evaluation as not all CAR reporter
gene assays can detect indirect CAR activators such as PB.
Pinne et al. (2017) reported that cell based transactivation
assays employing the full-length receptors and native promoters
identify both direct and indirect activators of either or both
human PXR and CAR.

For new nongenotoxic compounds under development,
long-term carcinogenicity studies are currently required by
regulatory authorities, although there is movement toward
granting waivers to eliminate the need for the long-term bio-
assay based on MOA considerations (Sistare et al. 2011; Craig
et al. 2019). Potential hepatic effects of chemicals can be
screened for in studies of up to 13 weeks duration (Allen
et al. 2004; Cohen 2010), including effects produced by CAR
activators. If an effect is detected in this screen, evaluation of
MOA can be rapidly investigated as described above. Thus,
effects on liver weight and morphology as being due to CAR
activation can be confirmed by a 1 week study to evaluate
effects on hepatocyte RDS, with liver samples from this inves-
tigation also being used to determine effects on CYP
enzymes and/or to perform gene profiling studies.
Alternative MOAs can be similarly investigated. Since the
CAR-dependent MOA for rodent liver tumor formation is not
relevant for humans, demonstrating that the MOA for liver
proliferative alterations is CAR-dependent in rodents based
on data described above, it would not be necessary to per-
form studies in either cultured human hepatocytes or in chi-
meric mice with human hepatocytes.

Conclusions

A robust MOA for rodent liver tumor formation by PB and other
nongenotoxic CAR activators has been established and includes
the key events of CAR activation, increased hepatocellular prolif-
eration, formation of altered hepatic cell foci, and the ultimate
development of adenomas and carcinomas. In terms of human
relevance, the pivotal species difference is that CAR activators
are mitogenic agents in mouse and rat hepatocytes, but they do
not stimulate RDS in human hepatocytes. This conclusion is sup-
ported by substantial in vitro data with cultured hepatocytes
and also by in vivo data from studies with chimeric mice with
human hepatocytes. In contrast, data from transgenic mice with
either hCAR or hCAR and PXR are not useful because, while
human nuclear receptors are present, they function in a mouse
hepatocyte environment. Moreover, the data obtained from such

models are similar to that obtained from wild-type mice.
Examination of the literature reveals many similarities in the hep-
atic effects and species differences between rodent CAR and
PPARa activators. While CAR and PPARa activators can stimulate
RDS in mouse and rat hepatocytes, such effects are not
observed in other species, including humans. Overall, a critical
analysis of the available data demonstrates that the established
MOA for rodent liver tumor formation by PB and other CAR acti-
vators is qualitatively not plausible for humans. This conclusion
is supported by the data from a number of human epidemi-
ology studies showing no increased risk of liver or other tumors.
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