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Abstract Keywords

The constitutive androstane receptor (CAR) and pregnane X receptor (PXR) are important  Constitutive androstane receptor,

nuclear receptors involved in the regulation of cellular responses from exposure to many dose-response assessment, human
xenobiotics and various physiological processes. Phenobarbital (PB) is a non-genotoxic indirect relevance framework, key and associative
CAR activator, which induces cytochrome P450 (CYP) and other xenobiotic metabolizing events, liver cancer, mode of action,
enzymes and is known to produce liver foci/tumors in mice and rats. From literature data, a modulating factors, phenobarbital,

mode of action (MOA) for PB-induced rodent liver tumor formation was developed. A MOA for pregnane X receptor

PXR activators was not established owing to a lack of suitable data. The key events in the
PB-induced liver tumor MOA comprise activation of CAR followed by altered gene expression
specific to CAR activation, increased cell proliferation, formation of altered hepatic foci and
ultimately the development of liver tumors. Associative events in the MOA include altered )
epigenetic changes, induction of hepatic CYP2B enzymes, liver hypertrophy and decreased ~ ReVised 2 August 2013

apoptosis; with inhibition of gap junctional intercellular communication being an associative ~Accepted 14 August 2013

event or modulating factor. The MOA was evaluated using the modified Bradford Hill criteria for Published online 17 October 2013
causality and other possible MOAs were excluded. While PB produces liver tumors in rodents,

important species differences were identified including a lack of cell proliferation in cultured

human hepatocytes. The MOA for PB-induced rodent liver tumor formation was considered to

be qualitatively not plausible for humans. This conclusion is supported by data from a number

of epidemiological studies conducted in human populations chronically exposed to PB in which

there is no clear evidence for increased liver tumor risk.
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Introduction
Background and rationale for evaluation

Many non-genotoxic chemicals such as phenobarbital (pheno-
barbitone; PB) produce liver tumors in rats and mice (Gold
et al.,, 2001; Grasso & Hinton, 1991; Huff et al., 1991).
In recent years, frameworks for analyzing the modes of action
(MOAs) by which such chemicals produce liver tumors have
been developed. For non-genotoxic rodent liver carcinogens,
proposed MOAs include cytotoxicity, activation of the
constitutive androstane receptor (CAR), activation of the
peroxisome proliferator-activated receptor alpha (PPARw),
hormonal perturbation, immunosuppression and porphyria
(Boobis et al., 2009; Holsapple et al., 2006; Klaunig et al.,
2003; Meek et al., 2003; Williams, 1997a).

Liver tumor formation in rodents resulting from exposure
to non-genotoxic agents is often associated with the selective
induction of hepatic microsomal cytochrome P450 (CYP)
enzymes. These induction responses are normally mediated
through the activation of receptor-mediated mechanisms that
lead to enhanced gene transcription (Dickins, 2004; Pelkonen
et al., 2008). For example, important xenobiotic-sensing
transcriptional factors that induce CYP1A, CYP2B, CYP3A
and CYP4A enzymes comprise, respectively, the aryl hydro-
carbon receptor (AHR) and the nuclear receptors CAR,
pregnane X receptor (PXR) and PPARa. Several other
receptors are also involved in the regulation of hepatic
CYPs, and there can be considerable cross-talk between
receptors in their regulation of CYP enzymes (Dickins, 2004;
Omiecinski et al., 2011a; Stanley et al., 2006; Yoshinari
et al., 2008).

For induction of CYP2B and CYP3A enzymes (which
occur largely via activation of CAR and PXR, respectively),
both CAR and PXR heterodimerize with the retinoid X
receptor (RXR) prior to binding of the complex to specific
transcriptional enhancer response elements in DNA. Although
CYP inducers normally bind as ligands to the nuclear
receptor, CAR in particular can be activated without direct
ligand binding by an indirect or ligand-independent mechan-
ism (Hosseinpour et al., 2006; Pelkonen et al., 2008;
Yoshinari et al., 2008). The activation of CAR by PB is
indirect and involves a dephosphorylation reaction at serine
202 (mouse) or threonine 38 (human), apparently signalling
through the epidermal growth factor receptor, leading to the
nuclear translocation of CAR (Hosseinpour et al., 2006;
Mutoh et al., 2009, 2013; Yoshinari et al., 2008). For the
purposes of this article, compounds will be referred to as
either CAR or PXR activators, without any consideration of
the precise mechanism of receptor activation. CAR activation
results in changes in the expression of a wide range of genes,
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including genes involved in phase I and II xenobiotic
metabolism; induction of phase III transporters and regulation
of genes associated with various physiological processes such
as cell proliferation, apoptosis and metabolism (Pelkonen
et al., 2008; Tien & Negishi, 2006; Yoshinari et al., 2008).
PXR activation also leads to increased expression of specific
genes including xenobiotic metabolizing enzymes, many
of which are also CAR-responsive (Maglich et al., 2002;
Moore et al., 2000, 2003). Many of the molecules that can
activate CAR may also activate PXR, producing a combined
response pattern of gene expression and functional changes
(Moore et al., 2000).

PB is a prototypical inducer of hepatic microsomal CYP2B
subfamily enzymes. Other known CYP2B inducers include
1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP),
1,1,1,-trichloro-2,2-bis(4-chlorophenyl)ethane (DDT), chlor-
dane, dieldrin, a-hexachlorocyclohexane, oxazepam, pheny-
toin, and 2, 4, 5, 2/, 4, 5'-hexachlorobiphenyl (Lake, 2009;
Martignoni et al., 2006; Nims & Lubet, 1996; Omiecinski
et al., 2011b). Treatment with PB induces a range of phase I
(e.g. CYP2B, CYP2C and CYP3A subfamily enzymes) and
phase II (e.g. microsomal epoxide hydrolase, some micro-
somal UDPglucuronosyltransferase enzymes and some cyto-
solic sulfotransferase and GSH S-transferase enzymes)
xenobiotic metabolizing enzymes, as well as phase III
transporters (e.g. the efflux transporter MRP2) (Martignoni
et al., 2006; Nims & Lubet, 1996; Omiecinski et al., 2011a).
Rodent CYP3A inducers include pregnenolone-16a-carboni-
trile (PCN), dexamethasone, clotrimazole and troleandomycin
(Dickins, 2004; Martignoni et al., 2006).

A workshop entitled ‘‘Dose—Response Approaches for
Nuclear Receptor-Mediated Modes of Action’” evaluated the
roles of the activation of CAR and PXR in establishing MOAs
for rodent liver tumor development (Andersen et al., in press).
However, examination of the literature revealed that while an
extensive database is available on the effects of CAR
activators on liver tumor formation in rodents, comparatively
little information is available on the corresponding effects of
compounds that specifically activate PXR. For example,
many studies have investigated the hepatocarcinogenicity of
the CAR activator PB in rodents (IARC, 2001; Whysner et al.,
1996), whereas there appears to be little information on the
tumorigenic effects of non-genotoxic PXR activators (e.g.
PCN). Thus, to focus the workshop discussions, the
CAR/PXR panel considered only CAR activation and
examined the CAR activator PB as a model compound to
facilitate the evaluation of the current knowledge of the CAR
activation MOA for rodent liver tumor development. A deeper
understanding of the molecular mechanisms and the dose-
responsive key events involved in this MOA can help inform a
model that is most appropriate for use in risk assessment.
CAR activation is a well-documented key event for rodent
liver tumor development and specifically for PB-induced
mouse liver tumor development, such that mice lacking
the CAR gene do not display the biological responses seen in
PB-treated wild-type mice (Huang et al., 2005; Wei et al.,
2000; Yamamoto et al., 2004). In fact CAR activation is
the molecular initiating event for the cellular pathway
ultimately leading to the apical outcome of liver tumors in
PB treated rodents.
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In addition to the extensive data on the effects of PB in
rodents, there are data in humans. PB has been used as a
sedative, hypnotic and antiepileptic drug in humans for many
years (IARC, 2001). PB induces CYP2B6, CYP3A4 and other
CYP enzymes including CYP2A6, CYP2C9 and CYP2C19 in
human liver (Martignoni et al., 2006; Pelkonen et al., 2008).
Moreover, data are available from a number of epidemio-
logical studies where PB has been administered to human
subjects for extended periods (Friedman et al., 2009; IARC,
2001; La Vecchia & Negri, 2013; Olsen et al., 1989, 1995;
Selby et al., 1989; Whysner et al., 1996).

Liver tumor formation in rodents

Many studies have shown that PB and/or its sodium salt
(sodium phenobarbital; NaPB) can promote liver tumors in
rats and mice (IARC, 2001; Whysner et al., 1996). Chronic
treatment with PB or NaPB has been reported to produce liver
tumors in a number of mouse strains. Unfortunately, in many
of these studies PB or NaPB was administered only at a single
dose level, hence dose—response relationships for liver tumor
formation were not evaluated. For example, PB or NaPB
produced liver tumors in C3H and CF-1 strain mice when
administered either at 500 ppm (0.05%) in the drinking water
or at 500 ppm in the diet, giving daily intakes of ~65-70 mg/
kg day (Peraino et al., 1973; Ponomarkov et al., 1976; Thorpe
& Walker, 1973). Although marked mouse strain differences
in susceptibility to spontaneous liver tumor formation are
known to exist (Becker, 1982), PB has been shown to produce
liver tumors in both high (C3H/He) and low (C57BL/6)
spontaneous incidence strains when administered in the diet
to provide a daily intake level of 85 mg/kg day (Evans et al.,
1986, 1992).

Changes in pathologic diagnostic criteria for liver lesions
and liver tumors complicate the interpretation of some of the
earlier studies performed with PB, which have been reviewed
by IARC (2001) and Whysner et al. (1996). For example, in
some early publications, lesions were sometimes described as
neoplastic or hyperplastic nodules, as eosinophilic and
basophilic nodules, or as type A and B nodules or tumors.
Some of the lesions formerly diagnosed as various types of
nodules would now be characterized as hepatocellular aden-
omas or foci of cellular alteration (Wolf & Mann, 2005).
Hepatocellular adenomas are considered to be benign neo-
plasms (tumors). Although changes in diagnostic terminology
have identified lesions that were formerly classified as
nodules to be re-classified as foci of cellular alteration,
these lesions are still considered preneoplastic lesions,
and thus their presence is consistent with a tumorigenic
response. More recently, PB has been shown to produce
both hepatocellular adenomas and carcinomas in mice.
This was demonstrated in a study with the low spontan-
eous incidence C57BL/10J mouse strain where currently
accepted pathological diagnostic criteria were employed and
tumors were noted in males but not in females (Jones et al.,
2009). This study also demonstrated a threshold for
PB-induced tumor formation with liver adenomas and
carcinomas being observed in male mice at a dietary level
of 1000ppm (mean intake of 113 mg/kg day), but not at
200 ppm (22 mg/kg day).
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Generally, the rat appears to be more resistant than the
mouse to PB-induced tumor formation. In one study, the
treatment of Wistar rats with 500 ppm PB in the drinking
water was reported to produce hepatocellular adenomas
(Rossi et al., 1977), whereas in some other rat studies PB
has been reported to increase only the incidence of altered
hepatic foci (Butler, 1978; Hagiwara et al., 1999; Whysner
et al., 1996). However, for some other CYP2B enzyme
inducers which appear to have a similar MOA for liver tumor
formation to PB, such as pyrethrins and metofluthrin, liver
tumors have been observed in the rat and not in the mouse
(Osimitz & Lake, 2009; Yamada et al., 2009). Thus both the
rat and mouse are susceptible species to liver tumor formation
induced by non-genotoxic CAR activators.

The hepatic effects of PB are more pronounced in old rather
than in young rats and mice. Compared to 42-day-old male
F344 rats, the treatment of 2.4-year-old male F344 rats with
500ppm PB in the drinking water resulted in an increased
incidence of some types of foci and adenomas (Ward, 1983).
Compared to 6-week-old male C3H/He mice, the treatment of
1-year-old male C3H/He mice with 500 ppm PB in the drinking
water produced an increased incidence of foci, adenomas and
carcinomas (Ward et al., 1988). The increased susceptibility
with age suggests that liver tumor formation may involve the
promotion of spontaneously initiated preneoplastic lesions that
are more commonly observed in the livers of old rats and mice
(Schulte-Hermann et al., 1983).

Methods
Literature identification and selection process

There is extensive literature on the hepatic effects of PB and
related compounds (i.e. CAR activators) in rodents and other
species, particularly for effects on CYP and other xenobiotic
metabolizing enzymes. Data are also available on the hepatic
effects of PXR activators and on the structure and functions
of the CAR and PXR receptors. The hepatocarcinogenicity
and/or promotional effects of PB and related compounds have
been investigated in studies conducted in the mouse and rat
and to a lesser extent in other species.

Pre-meeting materials were made available so that all
CAR/PXR panel members were aware of the rigorous,
stepwise criteria to be followed in the International
Programme on Chemical Safety (IPCS) framework (see
below) for establishing an animal MOA and for subsequently
assessing the relevance of the MOA for humans. All CAR/
PXR panel members were asked to provide data and
references to assist in the development of the MOA frame-
work at the workshop. The data submitted by the panel
members, together with that from literature searches includ-
ing previous reviews on the effects of PB (IARC, 2001;
Lake, 2009; Whysner et al., 1996; Williams, 1997a), were
used to compile a number of tables. One table presented the
application of modified Bradford Hill considerations of
causality to a number of possible key events, associative
events and modulating factors for a MOA for PB-induced
rodent liver tumor formation (Boobis et al., 2006; Hill, 1965;
U.S. EPA, 2005). Other tables of possible key events,
associative events and modulating factors focused on time,
dose and species concordances. The collated tables were
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provided to the participants at the workshop for review and
discussion. The completed tables helped to frame the extent
and direction of discussion for the weight of evidence
approach to establish key and associative events in the
MOA and for human relevance analysis.

Mode of action (MOA) frameworks

A framework for analyzing the MOAs by which chemicals
induce tumors in laboratory animals and the relevance of
those tumors for human risk assessment has been developed
through the efforts of the IPCS and the International Life
Sciences Institute (Boobis et al., 2006; Cohen et al., 2003;
Meek et al., 2003; Sonich-Mullin et al., 2001). For the present
case study the features of a CAR-mediated mode of tumori-
genic action were reviewed and discussed. A weight of
evidence approach was used to describe the key and
associative events based on traditional toxicology studies as
well as molecular and genomic data. In addition, dose—
response information was evaluated in order to determine its
value for developing a quantitative biological model.

Prior to the workshop the Steering Committee had agreed
upon definitions of key events, associative events and
modulating factors. These definitions and the data evaluation
framework to be applied for the MOA evaluation are shown
below and are described in detail in the first manuscript in this
series (Andersen et al., 2013).

Key event

An empirically observable causal precursor step to the
adverse outcome that is itself a necessary element of the
MOA. Key events are required events for the MOA, but often
are not sufficient to induce the adverse outcome in the
absence of other key events.

Associative event

Biological processes that are themselves not causal necessary
key events for the MOA, but are reliable indicators or markers
for key events. Associative events can often be used as
surrogate markers for a key event in a MOA evaluation or as
indicators of exposure to a xenobiotic that has stimulated the
molecular initiating event or a key event.

Modulating factor

There are many factors or biological responses that are not
necessary to induce the adverse outcome, but could modulate
the dose—response behaviour or probability of inducing one or
more key events or the adverse outcome. Such biological
factors are considered modulating factors.

CAR/PXR case study panel procedures

In order to apply the framework methodology, the panel relied
on a multi-disciplinary approach. Panel members were
selected in order to cover all areas of CAR and PXR receptor
biology, molecular biology, biochemical toxicology, path-
ology, dose-response assessment and risk assessment.
The composition of the CAR/PXR panel is shown in
Table 1. The overall panel selection process is described
elsewhere (Andersen et al., 2013). It should be noted that not
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Table 1. CAR/PXR case study panel members and affiliations.

Participant names Affiliations

Co-Chairs Cliff Elcombe, PhD CXR Biosciences
Douglas Wolf, U.S. EPA
DVM, PhD,
Rapporteurs Jillian McEwan, PhD CXR Biosciences

Audrey Vardy, PhD
Jason Bailey, PhD
Remi Bars,
PharmD, PhD
David Bell, PhD
Russell Cattley,
DVM, PhD
Rory Conolly, ScD
Kenny Crump, PhD
Stephen Ferguson,
PhD
David Geter, PhD
Amber Goetz, PhD
Jay Goodman, PhD
Susan Hester, PhD
Abigail Jacobs, PhD
Brian Lake, DSc

CXR Biosciences
Dow Agrosciences
Bayer CropScience

Panel Members

European Chemicals Agency
Auburn University

U.S. EPA
Louisiana Tech University
CellzDirect/Life Technologies

Dow Chemical Company

Syngenta Crop Protection Inc.

Michigan State University

U.S. EPA

U.S. FDA-CDER

Centre for Toxicology,
University of Surrey

Curtis Omiecinski, Molecular Toxicology and

PhD Carcinogenesis, Penn State
University
Richard Peffer, PhD Syngenta Crop Protection,
LLC
Rita Schoeny, PhD U.S. EPA

Wen Xie, MD, PhD Center for Pharmacogenetics,

University of Pittsburgh

all the CAR/PXR panel decisions were unanimous and that in

some instances votes were taken and a majority decision

taken as the panel conclusion. Conclusions based on a

majority decision of the panel are indicated in the text.

Prior to the meeting, the steering committee provided
discussion questions to the CAR/PXR panel (Table 2). These
questions were crafted to allow for a similar approach by all
three workshop panels (i.e. the AHR, CAR/PXR and PPARx
panels). Members of the CAR/PXR panel gave overview
presentations in selected areas (available at http://www.

TERA.org/peer/nuclearreceptor/) including the current state

of knowledge and role in biology/physiology of CAR; a

review of key events for PB-induced rodent liver tumor

formation; morphological criteria for proliferative lesions in
rodent liver; epigenetic effects of PB; effects on oxidative
stress; species differences; results of recent PB microarray
studies; and biologically based dose—response modeling. The

panel considered the IPCS framework (Boobis et al., 2006)

for analysis of the MOA for PB-induced rodent liver tumors

and focused on questions in three major areas:

(1) Is the existing biological knowledge for liver tumors
induced through the receptor sufficiently understood to
identify the MOA and its component key events,
associative events and modulating factors? What are the
key data gaps?

(2) Is the existing biological knowledge of the MOA for liver
tumors sufficiently understood to reasonably exclude, on
a qualitative or quantitative basis, the human relevance of
rodent liver tumors induced through this receptor? What
are the key data gaps?

(3) Are the data sufficient to identify a MOA? What is the
relevance to humans? What are the dose-response
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Table 2. Primary charge questions and concluding comments from the CAR/PXR case study panel rapporteur report.

Discussion questions (Q) and panel overall conclusions (A) for each

Key
Ql.

Al.

Q2.
A2.

Q3.
A3.

Q4.
A4.

Qs.
AS.

Q6.

Ab6.

Q7.

AT.
Q8.

A8.

events in MOA for nuclear receptor-mediated hepatomegaly and tumorigenicity

What is the Mode of Action for CAR-mediated mouse liver tumors for a model CAR activator (e.g. phenobarbital or related compounds), as
evaluated using the IPCS Framework for Human Relevance and the modified Hill Criteria applied to mode of action (IPCS and EPA MOA
Framework)?

See Figure 1 for phenobarbital-induced rodent liver tumor MOA.
Which events are key events, which are associated events and which are neither?

For CAR activators there are five key events:

CAR activation.

Altered gene expression specific to CAR activation.

Increased cell proliferation.

Clonal expansion leading to altered foci.

Liver adenomas/carcinomas.

Associative events and modulating factors are described in the text.

Are there key events that are not mediated via nuclear receptor activation?

There are no key events not mediated by CAR activation.

Using the IPCS Framework, what is the human relevance of each key event?

The overall MOA for rodent liver tumor formation is likely not qualitatively plausible for humans.

What are the fundamental biological steps in ligand-activation of the specific receptor(s) necessary to affect gene expression?

CAR heterodimerizes with the retinoid X receptor (RXR) prior to the binding of the complex to specific response elements in DNA. CAR can be
activated without direct ligand binding by an indirect or ligand-independent mechanism (Hosseinpour et al., 2006; Pelkonen et al., 2008; Yoshinari
et al., 2008).

Is the existing molecular biology for gene regulation sufficiently understood to define it as a key event in the MOA? Does this event meet the
requirements of the IPCS Human Relevance and MOA Frameworks to be supported as a key event? What are the key data needs to support
receptor activation as a key event; what are the data needs to establish or exclude human relevance of this key event?

No major data gaps were identified that would prevent establishing the MOA.
Some follow-up work to further strengthen certain key events were suggested such as:

O Follow-up studies in the humanized mice to assess the molecular control systems.
O Investigate use of the humanized chimeric liver mouse.
O Look at the effect of murine CAR in human systems.

Are the existing data sufficient to determine a dose-response relationship for this biological response? Are the existing descriptions of
mathematical and statistical models for characterizing the fundamental biological steps complete? Is the existing description of concentration or
dose-response data for these steps sufficient for dose—response modeling? What are the data needs, if any, for dose—response characterization and
modeling?

The existing mathematical and statistical models for characterizing the key events are not complete due to lack of kinetic data.

Is there an amount of ligand that would be insufficient for activating the specific receptor for induction of changes in gene expression? Are there
empirical data that show an amount of ligand that is insufficient to activate a specific nuclear receptor such that there is no observable change in
gene expression? Has a no effect level been demonstrated?

CAR is constitutively active.
No observable effect levels for the hepatic effects of phenobarbital have been demonstrated.

Additional biological responses

Qo.
A9.

Q10.

A10.
Qll.

All.

QI2.

Al2.

Subsequent to ligand activation of the specific nuclear receptor, what are the fundamental biological changes necessary to cause biological
responses?

Increased or decreased gene expression.
Is there sufficient understanding of these biological responses that lead to the adverse outcome (liver tumor) by the described mode of action

sufficiently understood? Does the proposed sequence of these biological responses meet the criteria for establishing a mode of action and its
human relevance within the IPCS Framework? If not, what are the key data needs to determine the mode of action and/or the Human Relevance?

The human relevance of the animal MOA can be reasonably excluded on the basis of fundamental qualitative differences.
If these biological changes are key events, are there sufficient data to determine a dose-response relationship? Is the existing description of
mathematical and statistical models for characterizing these key events complete? Is the existing description of concentration or dose—response

data for these key events sufficient for dose-response modeling? If not, what are the key data needed to characterize the dose—response
relationship?

There are sufficient data to establish no observable effect levels for phenobarbital. However, there are insufficient data at higher dose levels to
describe dose-response relationships.

Is there an amount of ligand that would be insufficient for activating the specific nuclear receptor such that there would be no induction of these
key events or associated biological responses? Does a no effect level exist?

CAR is constitutively active.
No observable effect levels for the hepatic effects of phenobarbital have been demonstrated.

(continued )
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Discussion questions (Q) and panel overall conclusions (A) for each

Outcome

Q13. Does knowledge from the above questions support the choice of an appropriate dose-response model for either precursor events or the adverse
outcome of concern? If not, what are the missing data and what is needed to determine these data?

A13. As mentioned earlier, there are insufficient data to establish dose-response relationships above the no observable effect levels.

Forward-looking questions

QI14. If data indicates a compound induces liver tumors, or could be reasonably expected to induce liver tumors, based on a likelihood that it is a
nuclear receptor ligand, what framework or guidance can be suggested that describe a minimum series of assays, tests, experiments, or studies
that would specifically confirm a nuclear receptor mediated mode of action and rule out other modes.

Al4.

Confirm non-genotoxicty.
Exclude cytotoxicity.
Exclude non-CAR receptor MOAs.

Perform appropriate rodent studies to examine endpoints including:

O Early, observable key and associative events (e.g. cell proliferation, CYP2B induction, apoptosis suppression, hypertrophy, liver weight).

O Evaluate in a dose—response design.
o CAR null mouse study to show lack of effects.

O CAR activation/nuclear translocation assays — if suitable models are available and valid.
e Confirmation of lack of human relevance via CAR MOA, e.g. use of primary human hepatocytes and when appropriate humanized models.

Q15. If more than one nuclear receptor is activated, how does one describe the relative contribution and interactions?

AlS.

e Effects of phenobarbital are considered to be dependent only on CAR.

e Use selective receptor knockout mice.

Q16. What would be the most appropriate data to generate to inform future risk assessments for nuclear receptor activators?

Ale6.

e Data to confirm the rodent MOA.
O Appropriate rodent studies to examine endpoints including:

m early, observable key and associative events (e.g. cell proliferation, CYP induction, apoptosis suppression, hypertrophy, liver weight).

m Evaluate in a dose-response design.
O CAR null mouse study to show lack of effects.

O CAR activation/nuclear translocation assays — if suitable models are available and valid.

e Confirmation of lack of human relevance via CAR MOA, e.g. use of primary human hepatocytes and when appropriate humanized models.

e Look for a core set of changes that are part of the MOA (markers of key events). Possibly: key gene expression changes that are unique to CAR
activation to develop High Throughput Screens or tests that will identify key events.

Q, Discussion questions; A, CAR/PXR case study panel remarks, conclusions and referenced figures.

implications of the key events in the MOA, including
associative events and modulating factors? Are the data
adequate to develop biologically based dose-response
or other biological-informed models for this receptor?
Is linear low-dose modeling appropriate based on the
underlying science of nuclear receptor biology?

Results

The results of the workshop were presented in a formal
rapporteurs’ report on the third day of the overall workshop.
The summary statements for each of the discussion questions
are presented in Table 2. The data and analyses supporting
these conclusions are described in this section.

MOA hypothesis for PB-induced rodent liver tumor
formation

A MOA and description of the human relevance of PB-like
rodent liver carcinogens has been published previously
(Holsapple et al., 2006). The key events in the MOA for
rodent liver tumor formation by PB and related compounds
described by Holsapple et al. (2006) included activation of
CAR, increased hepatocyte proliferation, inhibition of

apoptosis, liver hypertrophy and development of altered
hepatic foci.

The workshop panel identified a CAR activation MOA for
PB-induced rodent liver tumor formation, which is shown in
Figure 1. PB-induced rodent liver tumor formation involves
activation of the CAR nuclear receptor, which results in a
pleiotropic response including altered gene expression spe-
cific to CAR activation and increased cell proliferation.
Associative events include altered epigenetic changes specific
to CAR activation, CYP2B enzyme induction, liver hyper-
trophy and inhibition of apoptosis. Prolonged PB treatment
results in the formation of altered hepatic foci and subse-
quently in the development of hepatocellular adenomas and
carcinomas.

Key events as part of the overall MOA

In identifying a MOA for PB-induced rodent liver tumor
formation, the CAR/PXR panel assessed the observable
biological steps in the MOA as key events, associative
events and modulating factors. Distinct from the key events
shown in Figure 1, CYP2B enzyme induction, liver hyper-
trophy and inhibition of apoptosis were identified as associa-
tive events; with inhibition of gap junctional intercellular
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Figure 1. MoA for Phenobarbital-induced
rodent liver tumour formation. Proposed key
events, associative events and modulating
factors for the mode of action (MOA) for PB-
induced rodent liver tumor formation. The
initial key event is CAR activation which
results in altered gene expression, increased

Associative Events

Hypertrophy

Crit Rev Toxicol, 2014; 44(1): 64-82

Key Events

CAR Activation

h 4
Altered gene expression

Associative Events

»{ Altered epigenetic changes

3

cell proliferation, clonal expansion? leading
to altered foci and subsequently in the
formation of liver tumors. Associative events
which can serve as reliable biomarkers of key
events include epigenetic changes, induction
of CYP2B enzymes and liver hypertrophy
and decreased apoptosis; whereas inhibition

CYP2B induction
Decreased apoptosis

Associative Event or
Modulating Factor

of gap junctional intercellular communication
constitutes an associative event or modulat-

Inhibition of gap

junction communication

ing factor.

communication being considered an associative event or a
modulating factor. The available evidence for each of the
identified key and other events is reviewed below.

Key event 1 — CAR activation

The activation of CAR is the molecular initiating event, the
initial key event, for PB-induced liver tumor formation.
Studies in knockout mice lacking CAR have demonstrated
that, unlike wild-type mice, PB does not increase liver weight,
does not induce CYP2B enzymes and does not stimulate
replicative DNA synthesis (Huang et al., 2005; Wei et al.,
2000; Yamamoto et al., 2004). Moreover, although PB
promoted liver tumors in wild-type mice initiated with the
genotoxic carcinogen diethylnitrosamine (DEN), no liver
adenomas or carcinomas were observed in CAR knockout
mice (Huang et al., 2005; Yamamoto et al., 2004). In a study
with the potent and highly selective mouse CAR activator
TCPOBOP, liver tumors were observed in wild-type mice
with or without DEN initiation, whereas no liver tumors were
observed in CAR knockout mice with or without DEN
initiation (Huang et al., 2005).

Key event 2 — altered gene expression specific to CAR
activation

Activation of CAR in both the mouse and rat results in
changes in the expression of a large number of genes
involved in phase I and II xenobiotic metabolism, cell
proliferation, apoptosis and energy metabolism (Hamadeh
et al., 2002; Ross et al., 2009, 2010; Tien & Negishi, 2006;
Ueda et al., 2002; Waterman et al., 2010; Yoshinari et al.,
2008). Studies in wild-type mice and CAR-knockout mice
have demonstrated that not all genes affected by PB are
CAR-dependent (Ueda et al., 2002). While PB and the
related compound chlordane produced effects on a large
number of genes in wild-type mice (Ross et al., 2010), both
PB and chlordane only produced effects on a more limited
set of genes in humanized mice where mouse CAR/PXR
was genetically replaced with the human counterpart genes
(hCAR/hPXR).

CAR and PXR regulate overlapping but distinct sets of
genes in mouse and human liver (Maglich et al., 2002).

specific to CAR activation [€ specific to CAR activation

A 4

Cell proliferation

Clonal expansion
leading to altered foci

’ Liver adenomas/carcinomas

Studies in mice and rats have demonstrated that while some
hepatic genes are affected by both the CAR activator PB and
peroxisome proliferators (which activate PPARa), many other
genes are only affected by either PB or peroxisome prolif-
erators (Hamadeh et al., 2002; Ross et al., 2009).

Key event 3 — increased cell proliferation

In assessing the roles of increased cell proliferation and
inhibition of apoptosis (see below) as key and associative
events, attention needs to be given to the experimental design,
the methods employed and the time points examined.
For example, although replicative DNA synthesis may be
determined by administration of a DNA precursor (e.g.
5-bromo-2’-deoxyuridine or radiolabelled thymidine) given as
a single dose; this is not as sensitive in detecting low levels of
cell proliferation as continuous administration of the DNA
precursor via the drinking water or via a subcutaneously
implanted osmotic pump. Other methods include immuno-
cytochemistry for markers such as proliferating cell nuclear
antigen (PCNA) or Ki-67. Several studies have demonstrated
that PB can induce replicative DNA synthesis in rat and
mouse hepatocytes. The stimulation of cell proliferation by
PB, assessed as the labelling index (i.e. the percentage of
hepatocyte nuclei undergoing replicative DNA synthesis), in
rat and mouse liver is transient and not sustained. It is
observed at early time points such as up to 7 days and perhaps
also after 14 or 28 days of PB treatment, but generally not
after longer treatment times (IARC, 2001; Kolaja et al.,
1996a; Orton et al., 1996; Phillips et al., 1997; Whysner et al.,
1996). However, while the hepatocyte labelling index returns
to control levels with sustained PB treatment, overall cell
proliferation is still enhanced due to the increase in the total
number of hepatocytes per animal. Employing a stereological
technique, an increase in the total number of hepatocytes was
observed in rats treated with PB for 12 weeks (Carthew et al.,
1998). At longer treatment times, rates of cell proliferation are
enhanced in altered hepatic foci. For example, in promotion
studies in F344 rats and B6C3F1 mice where altered hepatic
foci were produced by initiation with DEN, PB was found to
increase replicative DNA synthesis in the foci (Kolaja et al.,
1996b,c¢).

RIGHTS LIN K,



Critical Reviews in Toxicology Downloaded from informahealthcare.com by University of Washington on 03/12/14

For personal use only.

DOI: 10.3109/10408444.2013.835786

Key event 4 — clonal expansion leading to altered foci

Altered liver foci are the precursor lesions for subsequent
tumor formation (Williams, 1997b). The chronic administra-
tion of PB results in the development of altered hepatic foci
(IARC, 2001; Jones et al., 2009; Thorpe & Walker, 1973;
Whysner et al., 1996). In studies in aged rats (Ward, 1983), in
C3H/He and C57BL/6 mice (Evans et al., 1986, 1992) and in
B6C3F1 mice after DEN initiation (Kolaja et al., 1996c), the
liver lesions produced by PB were predominantly eosinophilic
in nature.

Key event 5 — liver adenomas/carcinomas

The chronic administration of PB has been shown to produce
both hepatocellular adenomas and carcinomas in the mouse,
with liver lesions and liver tumors also reported in some
studies conducted in the rat (IARC, 2001; Jones et al., 2009;
Whysner et al., 1996).

Associative events as part of the overall MOA

Associative events in the MOA for PB-induced liver tumor
formation include induction of CYP enzymes, liver hypertro-
phy and inhibition of apoptosis. In addition, changes are also
observed in DNA methylation.

Altered epigenetic changes specific to CAR activation

Recent studies of rodent hepatocarcinogenesis demonstrate
that the exposure of rats and mice to genotoxic and non-
genotoxic hepatocarcinogens leads to alterations in the
epigenome. An altered pattern of hepatic DNA methylation
has been observed in mice exposed to PB, especially in the
livers of the tumor-prone B6C3F1 and C3H mice (Bachman
et al., 2006; Phillips et al., 2007; Phillips and Goodman,
2008). The treatment of mice with PB for 2 or 4 weeks
results in progressive changes in the methylation status of
hepatic DNA, predominantly an accumulation of hypo-
methylated regions. Of note, these changes are more
pronounced in the livers of tumor-susceptible (tumor
prone) B6C3F1 mice as compared with the relatively more
resistant C57BL/6 mice (Phillips & Goodman, 2008).
Furthermore, PB induces unique alterations in the methyla-
tion status of hepatic DNA of CAR wild-type mice as
compared with CAR knockout mice (Phillips et al., 2007).
Such observations have led to the suggestion that strain- and
species-dependent sensitivity to hepatocarcinogenesis may
be inversely related to the ability to maintain normal profiles
of DNA methylation (Goodman & Watson, 2002).

CYP2B induction

A characteristic effect of PB in rodent liver is the induction of
CYP enzymes, particularly of CYP2B subfamily enzymes
(IARC, 2001; Martignoni et al., 2006; Nims & Lubet, 1996).
The induction of CYP2B enzymes can serve as a surrogate
indicator for the pleiotropic effects of PB in rodent liver.
However, while induction of CYP2B is an indicator of CAR
activation, PXR activation can also produce an induction of
CYP2B enzymes, along with a greater induction of CYP3A
enzymes.

MOA and HRF': the constitutive androstane receptor 71

Liver hypertrophy

PB-induced liver enlargement is due to both hepatocyte
hypertrophy and hyperplasia, with ultrastructural examination
revealing a proliferation of the smooth endoplasmic reticulum
(IARC, 2001; Lake, 2009; Nims & Lubet, 1996; Whysner
et al., 1996). In the rat and mouse, PB-induced hypertrophy is
normally observed in the centrilobular region of the liver
lobule, although some related compounds may either produce
a diffuse hypertrophy or hypertrophy in other regions of the
liver lobule. The treatment of both rats and mice with PB
results in dose-dependent increases in relative liver weight
(i.e. hepatomegaly).

Inhibition of apoptosis

Studies in rat liver and in isolated hepatocytes have
demonstrated that PB can inhibit apoptosis (Foster, 2000;
James & Roberts, 1996). PB was shown to inhibit both
transforming growth factor-f- and bleomycin-induced apop-
tosis in mouse hepatocytes, but not to affect the basal rate of
apoptosis in untreated mouse hepatocytes (Christensen et al.,
1998). Mouse hepatocytes do not appear to enter apoptosis as
readily as rat hepatocytes following withdrawal of PB, as no
increase in rates of apoptosis was seen when C3H/He,
C57BL/6, or B6C3F1 mice were given PB for 7 days followed
by subsequent withdrawal (Bursch et al., 2005b). In promo-
tion studies in F344 rats and B6C3F1 mice following DEN
initiation, PB was reported to produce an inhibition of
apoptosis in altered liver foci (Kolaja et al., 1996b,c).
However, other studies suggest that the inhibition of apoptosis
appears to be only a minor determinant of tumor promotion in
the mouse (Bursch et al., 2005a; Goldsworthy and Fransson-
Steen, 2002). The potent direct CAR activator TCPOBOP was
shown to produce a marked inhibition of apoptosis in liver
cells from wild-type mice, but did not suppress apoptosis in
CAR knockout mice (Huang et al., 2005). The lack of effect
on apoptosis observed in some studies may be due to the
technique employed or to inadequate group sizes that fail to
account for substantial inter-animal variability. An inhibition
of apoptosis in altered liver foci may act as an associative
event by enhancing lesion growth and subsequent tumor
formation.

Associative events or modulating factors

The panel also considered inhibition of gap junctional
intercellular communication and oxidative stress as potential
associative events or modulating factors.

Gap junctional intercellular communication

Gap junctions are intercellular membrane channels that allow
the direct exchange of small molecules between adjacent cells
and the sustained down regulation of such intercellular
communication confers a loss of tumor-suppressive action
(Chipman et al., 2003). A number of non-genotoxic
hepatocarcinogens including PB have been shown to inhibit
gap junctional intercellular communication in rodent liver
(Chipman et al., 2003; Klaunig et al., 1990; Neveu et al.,
1994). In one study, PB was shown to promote DEN-induced
liver lesions only in wild-type mice and not in mice lacking
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connexin32, the major gap junction forming protein in liver
(Moennikes et al., 2000). As the CAR-dependency of the
disruption of gap junctional intercellular communication by
PB has not been demonstrated, this process was not
considered to be a key event. However, the disruption of
gap junctional intercellular communication by PB may
contribute to the process of tumor formation and hence this
was considered an associative event or a modulating factor.

Oxidative stress

Oxidative damage to macromolecules due to the increased
production of reactive oxygen species can play a role in
chemically induced carcinogenesis (Klaunig et al., 2010).
Some studies have reported that prolonged administration of
PB may be associated with effects on oxidative stress. For
example, CYP2B enzyme induction in rodent liver by PB can
result in the enhanced production of reactive oxygen species
(Dostalek et al., 2007; Imaoka et al., 2004) and the over
expression of rat CYP2B1 in mouse liver was associated with
enhanced spontaneous tumor formation (Lehman-McKeeman
et al., 1999). However, an evaluation of the available literature
did not reveal any clear role for oxidative stress in the
MOA for PB-induced rodent liver tumor formation. Overall,
oxidative stress was not considered by the majority of
the panel to constitute a key or associative event or a
modulating factor.

Application of Bradford Hill criteria for evaluation
of causality for the proposed MOA and key and
associative events

Concordance of dose—response relationships

Most carcinogenicity studies with PB have been performed at
one dose level, unlike some other chemicals for which MOA
studies have been performed for submission to regulatory
agencies. However, an examination of the literature demon-
strates that PB produces dose-dependent effects on key and
associative events including replicative DNA synthesis and
increased liver weight in the rat and mouse (Jones et al., 2009;
Kolaja et al., 1996a; Orton et al., 1996). Evidence that the
hepatic effects of PB are dose-dependent is also provided by
data from promotion studies in the rat and mouse following
DEN initiation (Kitano et al., 1998; Kolaja et al., 1996b).
Dose-response relationships for PB-induced liver tumors
in CD-1 and B6C3F1 mice have been reported in unpublished
studies reviewed by Whysner et al. (1996), where animals
were given diets containing PB to provide intakes of 0
(control), 10, 75 and 150 mg/kg day. Treatment with 10 mg/kg
day PB did not increase the incidence of liver adenomas and
carcinomas in CD-1 mice, whereas an increase in liver tumors
was observed at dose levels of 75 and 150 mg/kg day and at
all PB dose levels in B6C3F1 mice. The lowest observed
adverse effect level (LOAEL) for neoplasia for CD-1 mice in
this study was thus 75 mg/kg day. In a recent study, reported
in an abstract, the effects of PB on a number of key events and
on global gene expression analysis was investigated in CD-1
mice given diets containing PB to provide intakes of 0
(control), 0.15, 1.5, 15, 75 and 150 mg/kg day for periods of 2
and 7 days (Gollapudi et al., 2011). Increased -cell
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proliferation was observed in male mice at doses of
>15mg/kg day, whereas gene expression analysis revealed
little or no pathway alterations at doses of <1.5 mg/kg day. A
comparison of the LOAELSs in these two studies with CD-1
mice indicates that changes in gene expression were observed
at low doses (~1.5mg/kg day), followed by increased cell
proliferation (at doses at or above 15mg/kg day), with
neoplasia being observed only at higher doses (75 mg/kg
day and above). The data in Table 3 also demonstrate a
no effect level for these key events of 0.15mg/kg day.
These dose-response relationships are consistent with the
proposed MOA.

PB was found to produce liver tumors in male C57BL/10J
mice at a dietary level of 1000 ppm but not at 200 ppm (Jones
et al., 2009). The dietary levels of 200 and 1000 ppm
produced achieved dose levels of 22 and 113 mg/kg day,
respectively. The treatment of male mice with 200 and
1000 ppm PB for periods up to one month resulted in an
increase in relative liver weight, whereas replicative DNA
synthesis was increased after 3, 8 and 15 days of treatment
with 1000 ppm PB, but not after treatment with 200 ppm PB.
After 99 weeks of treatment, significant increases in relative
liver weight and centrilobular hepatocyte hypertrophy were
observed at both dose levels, but altered hepatic foci and liver
tumors were observed only at 1000 ppm PB.

The available data from the CD-1 and C57BL/1017 studies
in male mice described earlier are shown in Table 3. These
data demonstrate that the effects of PB on a number of the key
and associative events are dose-dependent, with very low
doses of PB having no effect and with liver tumors only being
observed at high doses in the presence of effects on the key
and associative events. In some instances effects on key and
associative events may be observed at lower than carcinogenic
dose levels.

Temporal association

If a key event (or events) is an essential element for
carcinogenesis, it must precede the appearance of tumors.
As shown in Table 3, CAR activation, altered gene expression
and increased cell proliferation are early events, whereas
clonal expansion leading to altered foci is only observed after
chronic treatment with PB. While effects on some key and
associative events including CAR activation, altered gene
expression, CYP induction and hypertrophy are observed
throughout the period of PB treatment, the stimulation of cell
proliferation in normal hepatocytes is only observed at early
time points. However, increased cell proliferation is also
important in the growth of altered hepatic foci. In promotion
studies where altered hepatic foci were produced by initiation
with DEN, PB was found to increase replicative DNA
synthesis within the foci (Kolaja et al., 1996b,c). Increases in
adenomas and carcinomas appear only after chronic treat-
ment, typically at the end of lifetime studies in rats and mice.

Strength, consistency and specificity of association of the
tumor response with key events

A part of the Hill criteria requires that, for the key events to
be causally related to the formation of tumors, they must
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Table 3. Dose-response and temporality concordance table for PB-induced liver tumors.

Temporal
Key event 1 Key event 2 Key event 3 Key event 4
CAR Altered gene Increased cell Clonal expansion leading Liver adenomas/
Dose activation® expression” proliferation to altered foci carcinomas
(mg/kg day) (Immediate) (Days) (Days) (Months) (Years)

Male CD-1 Mice® 0.15 - - - nd nd
1.5-10 + + - nd —
15 + + + nd nd
75-150 + + + nd +
Male C57B1/10J Mice* 22 nd nd - - -
113 nd nd + + +

4CAR activation inferred in vivo based on surrogate markers of increased CYP enzyme activities and Cyp2b10 mRNA levels.

PAltered gene expression based on results of gene expression analysis.

“Data are from CD-1 mouse studies (Gollapudi et al., 2011; Whysner et al., 1996). Measurements of enzyme activities, gene expression and replicative
DNA synthesis were made after 2 and 7 days of treatment (Gollapudi et al., 2011) and bioassay dose levels were 0, 10, 75 and 150 mg/kg/day

(Whysner et al., 1996).

9Data are from C57BI/10J mouse studies (Jones et al., 2009). Replicative DNA synthesis was increased after 3, 8 and 15 days of treatment.
+, key event observed; —, key event not present; &+, equivocal; nd, not determined.

clearly be shown to be required steps that lead to the tumors
and that the findings are reproducible. The key events
observed in mice receiving PB occurred in a logical
temporal sequence, in a dose-dependent manner and
occurred at dose levels that were concordant with the
doses that produce liver tumors (Table 3). Multiple inves-
tigations have demonstrated that PB can stimulate cell
replication in rodent liver (IARC, 2001; Kolaja et al., 1996a;
Orton et al., 1996; Phillips et al., 1997; Whysner et al.,
1996) and the requirement for CAR activation to produce
tumors has been shown in two promotion studies (Huang
et al., 2005; Yamamoto et al., 2004). The specificity of the
association between the key events of increased cell
proliferation and liver tumor formation is also demonstrated
by data on species differences in the hepatic effects of PB
(see below and Table 4). For example, while PB increases
cell proliferation and produces liver foci and tumors in mice
and rats, such effects are not observed in the Syrian hamster.

The relationship between the observed hepatic effects to
PB treatment has been demonstrated in recovery studies in
the rat where the effects of PB on liver weight, xenobiotic
metabolizing enzymes and inhibition of gap junctional
intercellular communication were reversible on cessation of
treatment (Crampton et al., 1977; Isenberg et al., 2001;
Lake et al., 1978). In addition, the liver lesions produced by
PB in the mouse appear to be at least partially reversible.
The treatment of male C3H/He mice for 91 weeks and male
C57BL/6 mice for 100 weeks with diet containing PB
to produce an intake of 85mg/kg day increased liver
tumors in both mouse strains (Evans et al., 1992).
However, liver tumor incidence was reduced in both
mouse strains given PB for 60 weeks followed by control
diet compared to mice that were given PB throughout the 91
or 100 weeks of the study.

Biological plausibility and coherence

The proposed MOA for PB-induced rodent liver tumor
formation is biologically plausible and consistent with our
current understanding of liver tumor formation by non-

genotoxic mitogenic agents that can activate nuclear recep-
tors. As an example, the proposed MOA shares many
similarities with the postulated MOA for PPARo-activating
compounds, including activation of a nuclear receptor,
selective CYP induction, an increase in cell proliferation
and suppression of apoptosis (Klaunig et al., 2003). This
creates an environment in the liver where spontaneously
initiated cells have a greater chance to survive and divide,
eventually leading to tumor formation.

Consideration of alternative MOAs

Liver tumors can be produced in rodents by both genotoxic
and non-genotoxic MOAs (Boobis et al., 2009; Holsapple
et al.,, 2006; Klaunig et al., 2003; Meek et al.,, 2003). In
terms of a genotoxic MOA, PB has been shown to be
negative in a wide range of genotoxicity tests and does not
form adducts with DNA (IARC, 2001; Whysner et al., 1996,
1998). Liver tumors can be induced in rodents by cytotoxic
agents such as chloroform (Meek et al., 2003). Examination
of the literature reveals that PB-induced rodent liver tumors
are observed at dose levels that are not associated with any
evidence of marked hepatotoxicity. In terms of nuclear
receptor activation, PB does not appear to be a PPARa
activator. While there can be considerable crosstalk between
CAR and PXR receptors, the key and associative events for
PB-induced liver tumor formation appear to be predomin-
antly CAR-dependent as such effects are absent in mice
lacking CAR (Huang et al., 2005; Wei et al., 2000;
Yamamoto et al., 2004). The effects of PB in mice and
rats are well documented (IARC, 2001; Whysner et al.,
1996). Based on such data other possible MOAs including
hormonal perturbation, immunosuppression and porphyria
can also be excluded.

Species differences in the hepatic effects of PB

As described earlier, there is direct experimental evidence in
rodents for the effects of PB on the key and associative
events identified in the MOA for PB-induced rodent liver
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Table 4. Species concordance and human relevance of key and associative events.

Species

Key event (KE) or

associative event (AE) Mouse Rat Syrian hamster Primate Human References

CAR activation® (KE) Yes Yes Yes® Yes® Yes Huang et al. (2005), Moore et al. (2003), Ross et al.
(2010), Ueda et al. (2002), Yamamoto et al. (2004),
Yoshinari et al. (2008)

Altered gene expression (KE) Yes Yes No data No data Yes Gollapudi et al. (2011), Hamadeh et al. (2002),
Olsavsky et al. (2007), Ross et al. (2009, 2010),
Trottier et al. (1995), Waterman et al. (2010), Wei
et al. (2000)

Altered DNA methylation/ Yes Yes No data No data No data Kostka et al. (2007), Phillips and Goodman (2008),

epigenetic changes (AE) Phillips et al. (2007)

CYP2B induction® (AE) Yes Yes Yes Yes Yes Bullock et al. (1995), Chiang and Steggles (1983),
Diwan et al. (1986), Jones and Lubet (1992),
Martignoni et al. (2006), Nims and Lubet (1996),
Pelkonen et al. (2008), Weaver et al. (1994)

Hypertrophy (AE) Yes Yes Yes No data Yes Aiges et al. (1980), Diwan et al. (1986), Orton et al.
(1996), Phillips et al. (1997), Pirttiaho et al. (1978,
1982)

Increased cell proliferation® (KE)  Yes Yes No No data No® Foster (2000), Hirose et al. (2009), James and Roberts
(1996), Orton et al. (1996), Parzefall et al. (1991),
Phillips et al. (1997), Plant et al. (1998)

Decreased apoptosis” (AE) Yes? Yes No No data No Christensen et al. (1998), Foster (2000), Hasmall and
Roberts (1999), James and Roberts (1996), Plant
et al. (1998)

Inhibition of gap junctional Yes Yes No data No No Baker et al. (1995), Klaunig and Ruch (1987), Klaunig

intercellular communication® et al. (1990), Neveu et al. (1994), Ruch and Klaunig

(1988)

Clonal expansion (foci) (KE) Yes Yes No No data Unlikely Diwan et al. (1986), Hagiwara et al. (1999), IARC
(2001), Whysner et al. (1996)

Tumors (KE) Yes  Yes/No¢ No No data No Diwan et al. (1986), Friedman et al. (2009), IARC

(2001), Jones et al. (2009), La Vecchia & Negri
(2013), Olsen et al. (1989, 1995), Rossi et al. (1977),
Whysner et al. (1996)

“Effects observed either in studies conducted in vivo and/or in vitro in cultured hepatocytes.

"By inference from increased gene expression.

“No increase observed in studies with cultured human hepatocytes. However, while no increase in cell proliferation was observed in a hCAR/hPXR
mouse model (Ross et al., 2010), increased cell proliferation was observed in a hCAR mouse model (Huang et al., 2005).

dObserved in some, but not all, studies.

“Inhibition of gap junctional intercellular communication was considered to be an associative event or a modulating factor.

tumor formation. However, a number of in vitro and in vivo
studies have demonstrated species differences in the hepatic
effects of PB among experimental animal models and
between rodents and humans. Table 4 lists the effects of
PB on the key and associative events in mice, rats, Syrian
hamsters, non-human primates and humans. While for some
key and associative events the effects of PB are similar in all
species examined, important species differences have been
identified for others. Some of the observed species differ-
ences in the hepatic effects of PB, including a lack of
stimulation of cell proliferation, have also been observed in
studies with PPAR«a activators (Klaunig et al., 2003; Lake,
2009).

A number of studies have shown that CAR can be activated
in mice, rats, Syrian hamsters, primates and humans resulting
in altered gene expression, hypertrophy and CYP2B enzyme
induction (Table 4). In contrast, while PB enhances cell
proliferation and decreases apoptosis in the mouse and rat,

other species appear to be refractory to the proliferative and
anti-apoptotic responses. For example, PB has been reported
not to stimulate DNA synthesis and not to inhibit apoptosis in
cultured Syrian hamster and guinea pig hepatocytes (James &
Roberts, 1996). In addition, while PB has been shown to
inhibit gap junctional intercellular communication in mouse
and rat hepatocytes, such effects have not been observed in
primate hepatocytes (Baker et al., 1995; Klaunig & Ruch,
1987).

In keeping with the lack of effect of PB on cell
proliferation in the Syrian hamster, chronic PB treatment
does not produce liver tumors in this species when given in
the drinking water at 500 ppm (Diwan et al., 1986). Many
studies have demonstrated that PB and related compounds are
efficient promoters of genotoxin-induced tumors in mouse
and rat liver (IARC, 2001; Whysner et al., 1996). In contrast,
a number of studies have shown that the Syrian hamster is
resistant to the promoting effects of PB and related
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compounds after initiation with genotoxic carcinogens
(Diwan et al., 1986; Stenbick et al., 1986; Tanaka et al.,
1987). PB was administered at a dose level of 500 ppm in
either the drinking water (Diwan et al., 1986) or diet
(Stenbick et al., 1986; Tanaka et al., 1987).

A summary of the literature shown in Table 4 demonstrates
that while some effects of PB including CAR activation and
CYP2B induction are observed in a number of animal species,
other effects such as cell proliferation appear to be confined to
the mouse and rat. In addition, while PB can produce liver
tumors and act as a promoter of genotoxic carcinogen-
initiated lesions in the mouse and rat, such effects are not
observed in the Syrian hamster.

CAR is expressed in human liver (Moore et al., 2000,
2003). Through effects on CAR, PXR and other receptors, PB
has been shown to induce a number of CYPs in human liver
including CYP2B6 and CYP3A4 (Martignoni et al., 2006;
Pelkonen et al., 2008). Apart from CYP induction, some of
the other effects produced by PB and related compounds in
rodent liver have also been observed in human liver. Thus
prolonged treatment with PB and other anticonvulsant agents
has been shown to increase liver size in humans, which is
associated with swelling of the hepatocytes without any
evidence of necrosis, inflammation, fibrosis, or disturbance of
hepatic architecture; with ultrastructural examination reveal-
ing a proliferation of the smooth endoplasmic reticulum
without any other cellular alterations (Aiges et al., 1980;
Pirttiaho et al., 1978, 1982).

Although PB can increase liver size in both rodents and
humans, significant species differences in the mitogenic and
anti-apoptotic properties of PB and related compounds have
been demonstrated. In contrast to effects in cultured rodent
hepatocytes, PB does not induce replicative DNA synthesis
and does not inhibit apoptosis in human hepatocytes (Hasmall
and Roberts, 1999; Hirose et al., 2009; Parzefall et al., 1991).
PB has also been reported not to inhibit gap junctional
intercellular communication in human hepatocytes (Baker
et al., 1995).

The similarities and differences between human CAR and
PXR and mouse CAR and PXR have been compared in
studies performed with transgenic mice, in which the mouse
receptors have been replaced with their human counterparts.
One study employed male wild-type mice, CAR/PXR recep-
tor double-knockout mice and humanized mice in which
mouse CAR and PXR have been genetically replaced with
their human counterpart genes (hCAR/hPXR mice). Mice
were given 0 (vehicle only) and 80mg/kg day PB by
intraperitoneal injection for 4 days (Ross et al.,, 2010).
Other groups of mice were given corn oil (control) and
10 mg/kg day chlordane by oral gavage for 4 days. Like PB,
chlordane is known to induce CYP enzymes, stimulate cell
proliferation and produce liver tumors in the mouse (Barrass
et al., 1993). The treatment of wild-type mice with PB or
chlordane increased liver weight, produced hepatocellular
hypertrophy, increased replicative DNA synthesis and
induced Cyp2b and Cyp3a enzymes, whereas no such effects
were observed in the PXR/CAR receptor knockout mice.
However, while liver hypertrophy and CYP induction were
also observed after PB and chlordane treatment of hCAR/
hPXR mice, replicative DNA synthesis was not increased.
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The effect of PB was examined in another study (Huang
et al., 2005) employing a different transgenic model that
expressed only human CAR in the liver (hCAR mice). Mice
were fed diets containing either O or 500 ppm PB for 1 week.
Treatment of the hCAR mice with PB resulted in increases
in relative liver weight, Cyp2b10 mRNA levels and cell
proliferation. PB also suppressed UV-induced apoptosis in
hepatocytes from hCAR mice.

The observation that neither PB nor chlordane can induce
cell proliferation in hCAR/hPXR mice (Ross et al., 2010) is
mirrored by in vitro data that PB does not stimulate cell
proliferation in cultured primary human hepatocytes.
However, the study of Huang et al. (2005) did demonstrate
a stimulation of cell replication following PB treatment in
hCAR mice. At present there is no clear explanation for the
apparent discrepancy of the reported lack of effect of PB and
chlordane on cell proliferation in hCAR/hPXR mice by Ross
et al. (2010) and the effect of PB in hCAR mice reported by
Huang et al. (2005). Possibly, the difference between the
results obtained may lie in the nature of the mouse models
developed for these studies (Omiecinski et al., 2011a) or,
alternatively, may reflect the time concentration plasma
profile of PB following the two different treatment regimens.
Thus 500 ppm in the diet for 1 week would result in a higher
exposure of the animals to PB than administration by
intraperitoneal injection at 80 mg/kg day for 4 days. Overall,
it is considered that more studies with humanized CAR and
CAR/PXR mouse models are required and that no firm
conclusions can be drawn from these two studies (Huang
et al., 2005; Ross et al., 2010).

Human Relevance of the proposed MOA

In terms of the human relevance of an animal carcinogenic
MOA there are three key questions to answer (Boobis et al.,
2006; Figure 2). These are as follows:

(1) Is the weight of evidence sufficient to establish a MOA in
animals?

(2) Can human relevance of the MOA be reasonably
excluded on the basis of fundamental, qualitative differ-
ences in key events between animals and humans?

(3) Can human relevance of the MOA be reasonably
excluded on the basis of quantitative differences in
either kinetic or dynamic factors between animals and
humans?

Once the question concerning the sufficiency of the weight
of evidence for the animal MOA is determined, then one may
address the other two questions posed by the Human
Relevance Framework (Boobis et al., 2006). A plausible
MOA for PB-induced rodent liver tumor formation was
previously described by Holsapple et al. (2006) and an
updated MOA has now been developed by the CAR/PXR
panel (Figure 1). As discussed in this publication, the rodent
MOA consists of key events that are dose-concordant, occur
in a logical temporal sequence, and are reproducible and
consistent across multiple studies. Other potential MOAs have
been considered and have been excluded. Thus, the weight of
evidence is sufficient to establish a MOA in animals. This
leads to the second question as to whether the human
relevance of the MOA can be reasonably excluded on the
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Figure 2. Human Relevance Framework Analysis for Phenobarbital-induced rodent liver tumour formation. Evaluation of the human relevance of the
proposed mode of action (MOA) for PB-induced rodent liver tumor formation. A robust MOA has been developed for PB-induced liver tumor
formation in rodents. By reference to the IPCS scheme (Boobis et al., 2006), the animal MOA is considered to be likely not qualitatively plausible for

humans. While PB can result in CAR activation in both rodents and humans, the key events of increased cell proliferation, clonal expansion leading to
altered foci and subsequently to liver tumors are considered not plausible in humans.

basis of fundamental, qualitative differences in key events
between animals and humans.

A number of effects of PB that are produced in the rodent
liver can also be observed in humans. Such effects include
activation of CAR, the induction of CYP2B and other CYP
forms and liver hypertrophy. However, some clear species
differences have been reported. For example, while PB
stimulates replicative DNA synthesis in cultured rodent
hepatocytes, as well as after in vivo administration, PB does
not appear to increase replicative DNA synthesis in cultured
human hepatocytes (Hirose et al., 2009; Parzefall et al.,
1991). In addition, unlike in rodent liver, PB does not inhibit
apoptosis in human hepatocytes (Hasmall & Roberts, 1999).

As described earlier, the present data for effects on cell
proliferation and apoptosis obtained with transgenic mice
expressing either hCAR/hPXR or just hCAR is equivocal.
Hence no firm conclusions for the human relevance of the
animal MOA for PB-induced liver tumor formation can be
drawn at present from such data and additional studies are
required.

Overall, based on the species differences data, the panel
concluded that the animal MOA for rodent liver tumour
formation is likely not qualitatively plausible for humans.
As the data suggest that there are sufficient qualitative
differences between the species that develop liver tumors after
PB treatment (rats and mice) and humans, it was not
necessary to answer the third question regarding quantitative
differences. Thus as illustrated in Figure 2, the key events of
CAR activation, cell proliferation, production of altered foci
and production of tumors are well characterized in animals

that develop liver tumors. However, while CAR activation
does occur in humans, certain other key events do not appear
to occur in humans. PB has been shown not to increase
cell proliferation in cultured human hepatocytes and the
development of altered hepatic foci has not been reported in
the literature. It is, therefore, not likely that liver tumors
would occur through this MOA as a consequence of PB
exposure in humans.

As a further weight of evidence, while PB can act as a non-
genotoxic carcinogen and tumor promoter in the rat and
mouse, it does not appear to produce liver tumors in humans.
Because of the therapeutic uses of PB, a number of
epidemiological and other human studies are available.
Reports of PB-induced liver injury are rare and many factors
can contribute to drug-induced liver injury in humans
(Navarro & Senior, 2006). In one study, PB and/or
diphenylhydantoin were reported to produce liver hypertrophy
with no evidence of necrosis, inflammation and fibrosis
(Aiges et al., 1980), whereas in other studies treatment with
PB and/or other anticonvulsant (antiepileptic) drugs hepato-
toxicity was reported, suggesting that chronic anticonvulsant
therapy may cause liver damage (Di Mizio et al., 2007; Foster
et al., 1991). In a paediatric case report from a 13-year-old
female subject, Cerminara et al. (2012) speculated that
treatment with PB for 7 years may have contributed to the
development of hepatocellular adenoma observed in this
study. A number of epidemiological studies with PB and other
anticonvulsant drugs have been performed (Friedman et al.,
2009; TARC, 2001; Lamminpaa et al., 2002; Olsen et al.,
1989, 1995; Selby et al., 1989; White et al., 1979; Whysner
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et al., 1996) and the data for PB has been recently reviewed by
La Vecchia & Negri (2013). In one study, with patients with
severe epilepsy, treatment with anticonvulsant drugs was
found not to increase the incidence of liver cancer (White
et al., 1979), whereas in another study with PB and other
anticonvulsant drugs an increase in liver tumors was reported
(Lamminpai et al., 2002), although other factors such as
alcohol and smoking may have contributed to the increase in
liver tumors (La Vecchia & Negri, 2013). Other epidemio-
logical studies have demonstrated that PB does not increase
the incidence of liver tumors in humans (Friedman et al.,
2009; Olsen et al., 1989, 1995; Selby et al., 1989). Based
on the available data in the literature, La Vecchia & Negri
(2013) concluded that there was no evidence for a specific
role of PB in human liver cancer risk. Moreover, in these
studies showing no evidence of increased liver tumor risk, the
subjects received PB for many years at doses producing
plasma concentrations similar to those that are carcinogenic
in rodents. For example, plasma levels of PB in three strains
of mice given 500 ppm PB in the drinking water ranged from
5-29 ng/ml, whereas plasma concentrations of PB in human
subjects given therapeutic doses of 3—6 mg/kg ranged from
10-25 pg/ml (Munro, 1993). Overall, the human epidemio-
logical studies support the conclusion that the MOA for PB-
induced rodent liver tumors is not relevant to humans.

Hepatic effects of PXR activators

The panel also examined the available data for the hepatic
effects of PXR activators in order to ascertain if there were
any suitable compounds that could be used to develop a MOA
for liver tumor formation by such compounds. PXR activators
appear to produce similar effects in rodent liver to those
produced by CAR activators, in that they can increase liver
weight, stimulate replicative DNA synthesis and induce CYP
forms. For example, PCN has been shown to increase liver
weight, stimulate replicative DNA synthesis and induce
Cyp3all mRNA levels and enzyme activity in the mouse
(Staudinger et al., 2001, 2003). These effects were PXR-
dependent, as no increase in liver weight, replicative DNA
synthesis and Cyp3all mRNA levels and enzyme activity
were observed in PXR knockout mice. A number of CYP3A
inducers including PCN, clotrimazole and troleandomycin
have been shown to increase liver weight and stimulate
replicative DNA synthesis in rat liver (Lake et al., 1998).
While all three compounds induced hepatic microsomal
CYP3A protein levels, PCN and clotrimazole also increased
CYP2B protein levels or enzyme activity.

In terms of establishing a MOA for rodent liver tumor
formation by PXR activators, by analogy with the MOAs for
CAR activators and PPARa agonists, key and associative
events are likely to include PXR activation, increased cell
proliferation, hypertrophy, CYP3A induction and clonal
expansion leading to altered foci. However, studies of liver
tumor formation by suitable non-genotoxic CYP3A inducers,
which could be employed as model compounds for MOA
studies, have not been reported. Although a number of studies
have been performed with the mitogenic CYP3A activator
cyproterone acetate, which produces liver tumors in the rat
and mouse, tumor formation in female rats from cyproterone
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treatment is probably due to a combination of both genotoxic
and non-genotoxic effects (Kasper, 2001; Tucker et al., 1996).

Species differences in PXR activation have been studied in
wild-type mice, PXR knockout mice and humanized PXR mice
(where mouse PXR has been genetically replaced with human
PXR) (Ma et al., 2007; Scheer et al., 2008, 2010; Xie et al.,
2000). While PCN did not induce Cyp3all in PXR knockout
mice or in humanized PXR mice, rifampicin induced Cyp3all
in humanized PXR mice but not in wild-type mice (Ma et al.,
2007; Xie et al., 2000). The similarities and differences
between mouse and human PXR have recently been investi-
gated employing an improved humanized PXR line, in which
mouse PXR has been replaced with human PXR (Scheer et al.,
2010). Treatment with rifampicin produced a greater induction
of Cyp3all in humanized PXR mice compared to wild-type
mice and also induced Cyp2b10 in humanized PXR mice. In
contrast, dexamethasone produced a greater induction of
Cyp3all in wild-type than in humanized PXR mice, with no
induction being observed in PXR knockout mice. The induc-
tion of Cyp2b10 by dexamethasone was comparable in wild-
type mice, PXR knockout mice and humanized PXR mice, thus
suggesting that Cyp2b10 induction is independent of PXR for
this compound.

Overall, the panel could not identify a suitable non-
genotoxic PXR activator for which carcinogenicity data were
available and hence a MOA was not developed for liver tumor
formation by PXR activators.

Discussion

A robust MOA was developed for PB-induced rodent liver
tumor formation. Figure 1 illustrates the key and associative
events for this MOA. The key and associative events for this
MOA identified by the CAR/PXR panel are consistent with
those previously proposed by Holsapple et al. (2006).

As would be expected for a non-genotoxic rodent liver
carcinogen, the hepatic effects of PB are dose-dependent and
exhibit a threshold (Table 3). Thus at low doses PB produces
little or no effect on the key and associative events, with
higher doses producing effects on the key and associative
events through activation of CAR, with even higher doses
being required to produce liver tumors.

The human relevance of the proposed MOA for PB-
induced rodent liver tumor formation was assessed by
considering data on the effects of PB in various species,
including humans. PB has been shown to activate CAR in a
number of species including mice, rats, Syrian hamsters,
primates and humans (Table 4). Activation of CAR leads to
altered gene expression including the induction of CYP forms.
A number of important species differences were identified
between the hepatic effects of CAR activation induced by PB
in the rat and mouse and other species including humans
(Table 4). For example, a number of in vivo and in vitro
studies have identified that while CAR activation by PB
stimulates cell proliferation, decreases apoptosis and inhibits
gap junctional intercellular communication in mouse and rat
hepatocytes, these effects are not observed in other species,
including the guinea pig, Syrian hamster, primates, or
humans. While PB can produce liver tumors in the mouse
and rat and act as a tumor promoter, PB does not induce liver
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tumors in the Syrian hamster after long term exposure or
when used as a tumor promoter after initiation with a
mutagenic rodent liver carcinogen.

PB has been used as a sedative, hypnotic and antiepileptic
drug in humans for many decades, with therapeutic doses for
anticonvulsant therapy being in the range 3-6 mg/kg/day
(IARC, 2001; Munro, 1993; Whysner et al., 1996). PB has
been shown to induce a number of human hepatic CYP forms
including CYP2A6, CYP2B6, CYP2C9, CYP2C19 and
CYP3A4 (IARC, 2001; Martignoni et al., 2006; Pelkonen
et al., 2008). In addition, prolonged treatment with PB and
other anticonvulsant drugs has been shown to increase liver
size in humans, which is due to hepatocyte hypertrophy and
proliferation of the smooth endoplasmic reticulum (Aiges
et al., 1980; Pirttiaho et al., 1978, 1982). However, while the
hypertrophic effects of PB can be observed in human liver as
well as in the livers of mice and rats, the hyperplastic effects
of PB appear to be present only in mice and rats. Although PB
can stimulate replicative DNA synthesis in the mouse and rat
both after in vivo administration and in vitro in cultured
hepatocytes, studies with cultured human hepatocytes have
demonstrated that PB and related compounds do not stimulate
replicative DNA synthesis.

The available data on species differences suggest signifi-
cant cellular dynamic differences such that the MOA for PB-
induced rodent liver tumor formation would not occur in
humans. Although the key events of CAR activation, cell
proliferation, production of altered foci and production of
tumors occur in rodents, and CAR activation can occur in
humans, there is no evidence that subsequent effects on other
key events would occur in humans. PB has been shown not to
increase cell proliferation in cultured human hepatocytes and
the development of altered hepatic foci has not been reported
in the literature. This conclusion is consistent with the data
from a number of epidemiological studies in patients after
extended treatment with PB that report no evidence of
increased liver tumor risk (Friedman et al., 2009; IARC,
2001; La Vecchia & Negri, 2013; Olsen et al., 1989, 1995;
Selby et al., 1989; Whysner et al., 1996).

The panel determined there were no specific data gaps.
However, additional data that would strengthen the proposed
rodent MOA and the evaluation of human relevance could be
performed. With respect to human hepatocytes, a number of
laboratories possess unpublished data on the effects of PB and
related compounds on replicative DNA synthesis in mouse
and/or rat hepatocytes compared to effects in human hepato-
cytes. It would be most valuable to compile such data from
these various sources for subsequent publication in order to
enhance the current data sets showing that while PB and
related compounds can stimulate replicative DNA synthesis
in cultured mouse and rat hepatocytes, no mitogenic effects
are observed in human hepatocyte preparations. Additional
studies with humanized mice to investigate differences in the
molecular pathways stimulated by mouse CAR and PXR
compared to human CAR and PXR could also be performed
and would likely strengthen the conclusions of the panel.
Furthermore, the conflicting data on the effect of PB on cell
proliferation between the hCAR/hPXR mouse model of Ross
et al. (2010) and the hCAR model used by Huang et al. (2005)
needs to be explained.

Crit Rev Toxicol, 2014; 44(1): 64-82

The nuclear receptors CAR, PXR and PPARa all
heterodimerize with RXR for activation followed by binding
to response elements in DNA. While there is much informa-
tion on liver tumor formation in rodents by CAR activators
such as PB and for PPARa activators (peroxisome prolifer-
ators), less is known about PXR activators. An examination of
the literature demonstrates that CAR and PPAR« activators
have many common key/associative events in their MOAs for
rodent liver tumor formation (Holsapple et al., 2006; Klaunig
et al., 2003; Lake, 2009). Moreover, similar species differ-
ences in effects on cell proliferation and other endpoints have
been observed for CAR and PPAR« activators. Hence, while a
MOA was not developed for rodent liver tumor formation by
PXR activators, it is likely that the MOA for non-genotoxic
activators of PXR would be similar to the MOAs established
for CAR and PPARu activators.

In conclusion, from an evaluation of literature data a
robust MOA based on CAR activation for PB-induced rodent
liver tumor formation has been developed. The data on
species differences was considered by the majority of the
panel to be sufficient to determine that this MOA would be
qualitatively not plausible for humans. Thus compounds that
cause rat or mouse liver tumors through this CAR-mediated
MOA, similar to PB, would not be expected to increase the
risk of liver tumor development in humans.
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