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Abstract
There are a number of therapeutic hypolipidemiaegyand industrial chemicals that cause
peroxisome proliferation and induce liver tumorsadents via activation of the nuclear receptor
peroxisome proliferator-activated recepto(PPARy). Because of the increased understanding
of the relationships between PPé&Rctivation and hepatocarcinogenesis, the purpbeso
review is to describe the state of the sciencéhenmadent mode of action (MOA) of liver tumor
induction and human relevance. A wealth of dafgpstis the key events in the MOA which
lead to liver tumors. These include activatioP®fARn, increases in oxidative stress, increases
in NF-kB activation, perturbation of hepatocytewt, and selective clonal expansion. While
these key events in the rodent MOA are biologicplusible in humans, there is no evidence
that suggests that PP&Rctivators could induce liver tumors in humansdose of differences
in PPARx expression and function between rodents and humanss of evidence supporting
this presumption include minimal or no effects @ngxisome proliferation, peroxisomal enzyme
activity, increases in oxidative stress, NF-kB\attion, hepatocellular proliferation and liver
tumors in humans and/or in species that are bletteian surrogates than mice and rats. Even
when over-expressed in the mouse liver (humanized)irhuman PPAR activation does not
lead to cell proliferation or liver tumors. Thisaysis leads to the suggestion that the PRAR

activator-induced rodent liver tumors are not ral&wo humans.
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Introduction

Peroxisomes are subcellular organelles found ircybh@plasm of mammalian cells and
carry out important metabolic functions (deDuve9@9Hashimoto, 1996; Mannaerts and
vanVeldhoven, 1996). Under a variety of alteregspblogical and metabolic states,
peroxisomes are known to proliferate, most notabtis increased concentrations of unsaturated
and polyunsaturated fatty acids. Interest in tixécblogy community was piqued when
peroxisome proliferation was noted in rodent hepgts in response to the administration of
certain xenobiotics (e.g., Hess et al., 1965; Redtt/Rao, 1977; Reddy and Chu, 1996). Based
on the association between exposure and peroxipootigeration, the chemical and
pharmaceutical agents that induce this response lbeen collectively referred to as
“peroxisome proliferators”.

Due to the structural heterogeneity of these comgsuthe mechanism of peroxisome
proliferation was an enigma for many years. Theisal discovery of the nuclear receptor
peroxisome proliferator-activated receptor (PRAR 1990 (Issemann and Green, 1990)
followed by extensive work with the PPARhull mouse model has provided a molecular
underpinning of the numerous biochemical, physiiglalg and molecular consequences of
exposure to these compounds. The term “peroxigowigerator” remains in broad use today
primarily for historical reasons. In this revietlie term “peroxisome proliferator” has been
replaced with “PPAR activator” to denote the central role PRAARlays in mediating the
pleiotropic effects of exposure. “Activator” isagsin place of “agonist” as very few compounds
have been assayed for direct binding to PRARIng biochemical assays. Thus, PBAR
activators are those chemicals or their proximadéatvolites that interact directly or indirectly
with PPARYy, initiating events that result in receptor activat Although most chemicals likely

act as classical agonists, there is evidence that chemicals may activate PPARecondary to
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increases in the availability of natural ligandsotigh perturbation of lipid homeostasis. For
example, perfluorooctanoic acid (PFOA) may induP&Ra activation indirectly through
displacement of fatty acids from fatty acid bindprgtein (Luebker et al., 2002).

PPARx activators are a unique class of chemical carcin®gigat induce peroxisome
proliferation and increase the incidence of liwenors in rats and/or mice. These include
several hypolipidemic drugs (e.g., WY-14,643, gémdzil, fenofibrate, bezafibrate, and
ciprofibrate) and environmentally-relevant composisdch as phthalates or their metabolites
(e.g., di-(2-ethylhexyl) phthalate (DEHP), di-(2vghexyl) adipate (DEHA), diisononyl
phthalate (DINP), or 2-ethylhexanol (2-EH)), pestis (e.g., 2,4-dichlorophenoxyacetic acid,
diclofopmethyl, haloxyfop, lactofen, oxidiazon) \&ents (e.g., perchloroethylene,
trichloroethylene), and other industrial chemidalg., HCFC-123, PFOA) (summarized in
Klaunig et al., 2003).

In addition to liver tumors, many PPARactivators also induce testicular Leydig cell
tumors as well as pancreatic acinar cell tumorsiig but not mice (also known as the “tumor
triad”). Little progress has been made to reflmegroposed modes of action for the pancreatic
and testicular rat tumors as detailed in Klaunigle2003). As such the present review will

focus on the mode of action of PP&Rctivator-induced liver tumors.

Mode of Action Analysis in the EPA Risk Assessmeriramework

The U.S. Environmental Protection Agency (U.S. EB#)ducts risk assessments on
chemical carcinogens under the guidance providéts rancer risk assessment guidelines (U.S.
EPA, 2005). EPA’s new cancer guidelines highligjet use of mode of action (MOA) data in
the assessment of potential human carcinogensranilp a framework for critical analysis of

MOA information to address the extent to which élvailable information supports a
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hypothesized MOA, whether alternative MOAs are alswsible, and whether there is
confidence that the same inferences can be exteandadnan populations and lifestages that are
not represented among the experimental data. ditiawl the guidelines conclude that significant
information should be developed to ensure thatenstically justifiable MOA underlies the
process leading to cancer at a given site. Tipsageh has been further refined through IPCS
guidance (Boobis et al., 2006) and has been extetodeoncancer effects (Boobis et al., 2008).

The definition of the term MOA is important in malithe determination of the
adequacy of information to support it and to tesethier a database for a particular chemical is
consistent with that MOA. In the guidelines, th®M s defined as “a sequence of key events
and processes, starting with interaction of an agith a cell, proceeding through operational
and anatomical changes, and resulting in cancerdtbon”. A key event is defined as “an
empirically observable precursor step that isfitselecessary element of the mode of action or is
a biologically based marker for such an elemeiithe MOA is contrasted with “mechanism of
action,” which implies a more detailed understagdihthe events, often at the molecular level,
than is meant by the MOA (Boobis et al., 2006).

The framework for analyzing MOA begins with a sumyndescription of the postulated
MOA. The judgment of whether a postulated MOAupported by available data takes into
account all of the data in a weight of evidence ®@y@pproach. MOA analysis must determine
the links between the postulated key events anditimduction including (i) strength,
consistency, specificity of association, (ii) dossponse relationships between the key events
and tumor induction, (iii) temporal relationshipeluding the key events preceding tumor
induction, (iv) biological plausibility and cohemmmof the key event and it’s relationship with

the mode of action, and (v) take into account aéitBye modes of action (Boobis et al., 2006;
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2008). The robustness of the proposed MOA for P& ARivator-induced rodent liver tumors

and relevance to humans are examined using thsefrerk.

Summary of the Mode of Action and Human Relevancefd.iver Tumors Induced by

PPARa Activation

Substantial scientific research on the role of PRARrodent hepatocarcinogenesis
forms the basis for the cascade of key eventsistribes the MOA. Although the precise
mechanism for the formation of liver tumors by aAlR® activator has not been established, key
events for the MOA leading to liver tumors haverb&kentified (Figure 1). These include:
activation of PPAR, increases in oxidative stress, increases in NdtBation, perturbation of
hepatocyte growth, and selective clonal expansidris MOA is similar to one proposed earlier
by an ILSI workgroup (Klaunig et al., 2003) excéptthe addition of the NF-kB activation
event based on more recent findings. Associatedts\that are observed with PPAR
activators and liver tumor formation and that appgede reliable markers a chemical has
activated PPAR include increased expression or activity of som@pisomal genes (e.g., acyl-
CoA oxidase encoding palmitoyl-CoA oxidase (PCQ) peroxisome proliferation (i.e., an
increase in the number and size of peroxisome&€)O Rctivity levels are correlated with cancer
potency (Klaunig et al., 2003)

The EPA cancer guidelines state, “If a hypothesroelgnt mode of action is sufficiently
supported, the sequence of key precursor eventsdcshe reviewed to identify critical
similarities and differences between the test alsrmad humans.” (U.S. EPA, 2005). Despite
the fact that PPAR activators induce liver tumors in rats and mibe, potential for PPA&R
activators to induce liver tumors in other spediesluding humans, is low. Tumor induction is

unlikely because evidence obtained fronvivo andin vitro studies with hamsters, guinea pigs,
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non-human primates, and humane.(cells in culture or liver biopsies) shows that,
guantitatively, these other species are less liteeBxhibit the key events upon PP&Rctivator
exposure. Increases in liver to body weights ardxyisome proliferation are not evident in
humans, although therapeutic hypolipidemic compsuader triglyceride levels mediated by
PPARu across species.

There are several plausible explanations for tleeisp-specific effects of PPAR
activators. 1) Full-length PPARprotein is expressed at levels at least a tengddter in
rodent liver than in human liver. 2) Humans but malents express an inactive form of PRAR
in the liver which inhibits the active PPAR 3) Even when expressed at levels similar to the
mouse PPAR, hPPARx does not induce the cell cycle machinery, cellifan@tion or induced
liver cancer in mice. 4) The PPAResponsive elements (PPRES) of some target genes
including acyl-CoA oxidase, have been shown toediffetween rodents and humans. 5) Human
epidemiological studies, although limited in dupati have not provided evidence of increased
incidence of any type of cancer including liver peg@ms in humans. These data support the

conclusion that induction of rodent liver tumorsthis MOA may not be relevant to humans.

Detailed Evaluation of the Rodent Mode of Action

The following sections provide an in-depth analysithe proposed MOA for rat and
mouse liver tumors induced by PPA&Rctivators. This analysis is not intended toeflan
exhaustive review of the literature but rather mswation of key evidence. This review of the
data did not consider alternative effects of PlRA&Rtivators including mitochondrial effects,
gap junction intercellular communication (GJIC) noethylation of DNA because the data are
weak or a direct causal link to liver tumor indoctiis lacking.

The liver consists of the hepatic parenchyma (luep#es) and nonparenchymal cells
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(NPCs) including sinusoidal endothel&lls, Ito cells, and the dedicated hepatic macigph
knownas the Kupffer cells. Kupffer cells can be “acted! by some liver toxicants leading to
release of signaling molecules sashreactive oxygen species and cytokines (Robeals, e
2007). Kupffer cells play important roles in reapes to PPAR activators and are required for
key events which lead to liver tumors. Although tbdent PPAR activator mode of action is
presented as a linear set of key events (Figursoh)e of the key events are likely dependent on
interactions between hepatocytes and Kupffer céllsese relationships are described below.
The evaluation of the key events in the MOA is desed below followed by a discussion of

mechanistic studies which provide linkages betwberkey events.

PPARa Activation

PPARu is activated by many environmentally-relevant cleads as well as by
endogenous fatty acids and their metabolites (Dreyal., 1992; Gottlicher et al., 1992;
Issemann and Green, 1990; Sher et al., 1993). {Chkspecific data show excellent
correlations between PPARactivation, the key events in the MOA and livencar (see Table 1
for examples of 5 PPARactivators). PPARactivation is a causative key event in the PRAR
activator MOA for liver tumor induction. 1) PPARactivation is consistently associated with
exposure to PPAdactivators in trans-activation assays (summaringdarton et al., 2000 and
Klaunig et al., 2003). 2) The level of activatiohPPARx in such assays is roughly proportional
to the potency of the chemical as an inducer @rltumor response (summarized in Klaunig et
al., 2003). 3) Importantly, the majority of stusligsing PPAR-null mice do not show
hepatocyte-specific changes associated with hepaioogenesis (discussed below).

There are examples where PRA&tivation does not consistently lead to liver @anc

and these have been summarized in Klaunig et@32 Weak PPAR activators, (i.e.,
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compounds that minimally induce markers of PRAdtivation) would not necessarily increase
liver tumor incidence, as a sufficient level of@ptor activation is needed for induction of key
events (Klaunig et al., 2003). Pharmacokinetiteténces between susceptible and
nonsusceptible rodents that lead to differenceéissnie chemical concentration could also
contribute to discrepancies between the abilitghe@micals to activate PPARN trans-

activation assays and tumor induction. For exanptshloroacetate (TCA) exposure in mice
leads to increases in PCO activity at doses sirtolar below those that induce liver tumors
whereas in rats TCA, even at high doses, only malgiincreases PCO in the absence of
increases in liver tumors (Corton, 2008).

PPARu regulates lipid homeostasis and peroxisome pralifen through the modulation
of genes involved in fatty acid uptake, activatsord oxidation as well as peroxisome assembly
(thePex genes) (Desvergne et al., 1998; Desvergne andi\Xl&BI9; Schoonjans et al., 1996;
Walhli et al., 1995). Collectively, these changesuit in increased ability to metabolize fatty
acids leading to the therapeutic lowering of lifgdels in mice, rats, Syrian hamsters, guinea
pigs, monkeys, and humans. These changes havesheen to be PPARdependent in mice
(summarized in Peters et al., 2005). Alteratiohgid metabolism and peroxisome proliferation
genes are not thought to be involved in the hepatowogenic effects of PPARactivators

(Klaunig et al., 2003).

Role of Oxidative Stress in PPAR Activator-Induced Hepatocarcinogenesis

Linkages exist between increases in reactive oxgpecies (ROS) and increased
incidence of liver cancer by PPARctivators. Overproduction of oxidants might caD$&A
damage leading to mutations and cancer (Reddy and 89; Yeldandi et al., 2000). In whole
liver of both rats and mice, markers of oxidatitess were increased by PP&Rctivators
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(Table 1), determined by measuring lipid peroxiolatfTBARS, conjugated dienes, lipofuscin,
malondialdehyde, Fisoprostanes), oxidized glutathione or hydrogetoxide. A few studies
failed to detect increases in markers of oxidasivess, but these are difficult to interpret beeaus
other key events were not simultaneously analyeegl,(Huber et al., 1991, 1997). There were
other studies in which one assay for oxidativesstigas positive but another negative (e.g.,
Conway et al., 1989; Fischer et al., 2002). Inespf these minor discrepancies, the weigh of
evidence demonstrates that PRA&ttivators increase oxidative stress.

Possible sources of ROS in the livers of rodenpos&d to PPAR activators include
enzymes that generate and degrade hydrogen pemxitether reactive oxygen species.
Hydrogen peroxide can oxidize DNA, lipids, and atihmlecules, and PPARactivators
regulate the expression of many enzymes that peodydrogen peroxide as a byproduct of
metabolism including the peroxisomal, mitochondraid microsomal oxidases in hepatocytes
such as fatty acyl-CoA oxidase (ACO) (Becuwe andd2a2005). Administration of PPAR
activators can also lead to decreased levels oésamymes which degrade ROS that may
contribute to the increases in oxidative stresswggosure (Glauert et al., 1992; O'Brien et al.,
2001a,b). The individual contributions of theseygnes to increases in oxidative stress and
downstream key events leading to liver tumor induchas not been comprehensively addressed
but will likely be complex. In one example, Redahyd coworkers originally proposed that
peroxisomal ACOAcoxl) is the enzyme responsible for oxidative stresBBARx activators
(Nemali et al., 1988). However, ACO was later fouwo be dispensable for increases in
oxidative stress. Control ACO-null mice exhibitbe phenotype of wild-type mice exposed to
PPARx activators including increases in oxidative sti@sd induction of liver tumors that are
dependent on PPAR(Fan et al., 1998; Hashimoto et al., 1999). Tdie of other ACO family

members Acox2, Acox3) has not been determined in tAisox1-independent induction of
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oxidative stress and liver tumors.

Extensive testing of PPARactivators has shown that these compounds do not
consistently induce direct DNA damage. Howevatlirect DNA damage from oxidative stress
has been hypothesized to be a common pathway floy man-genotoxic chemical carcinogens
including PPARx activators (Klaunig et al., 1998). Relationshegsst between chemical
exposure, DNA damage, and cancer based on measureh&hydroxy-deoxyguanosine (8-
OH-dG), a highly mutagenic lesion, in DNA isolafiedm livers of animals treated with PPAR
activators (Kasai, 1997; Takagi et al., 1990; Qalet2001). However, subsequent studies
showed that the increases in oxidative DNA damagg Inave originated in the way in which the
genomic DNA was prepared (Cattley and Glover, 18jsen et al., 1995). Experiments
measuring other indicators of DNA damage, i.e.x8gmanine, abasic sites, or single strand
breaks in genomic DNA from rats and mice treatetth WY for one month failed to show
increases over controls (Rusyn et al., 2004). @nthe livers of wild-type but not PPARNull
mice treated with WY for 5 months were there insgzain abasic sites in genomic DNA (Woods
et al., 2007b), indicating that exposure times #rigan 1 month were necessary to observe
increases in DNA damage. The relationship betvileermncreases in abasic sites and subsequent
tumor yield has not been determined.

DNA repair mechanisms might compensate for incieas®NA damage and may
explain the lack of consistent evidence for DNA dge from PPAR activator-induced
oxidative stress. PPARactivators increased the expression of liver gameslved in the long-
patch base excision DNA repair pathway in a timpethelent manner; the degree of induction
roughly correlated with the dose and carcinogentemcy of the PPAR activators tested
(Rusyn et al., 2000a). Additionally, expressiorenzymes that do not repair oxidative DNA

damage was not changed. This induction of DNA lexsgsion repair genes may be an indicator

Page 11 of 69



that DNA damage is occurring.

Evidence that DNA damage caused by PRARtivator-induced oxidative stress is not
involved in hepatocarcinogenesis comes from rewenk with Oggl-null mice. Oggl encodes
an 8-oxoguanine DNA glycosylase which repairs drnth@® major DNA lesions generated by
ROS. Control Oggl-null mice show elevated levélexidative DNA damage and exhibit
increased spontaneous mutation rates in the absécbemical exposure (Klungland et al.,
1999). Oggl-null mice when exposed to WY in thet,dilid not show additional oxidative DNA
damage but exhibited increased numbers and toliaines of preneoplastic lesions in the liver
compared to similarly treated wild-type mice (Tragial., 2007). The authors concluded that
the increase in preneoplastic lesions associatd\W exposure did not arise from induced
oxidative damage, but rather from the promotiospdntaneous mutations generated by
endogenous oxidative DNA damage.

Overall, PPARX activators increase the level of oxidative sttessugh multiple
mechanisms. There is little direct evidence thatgases in oxidative stress generated after
PPARx activator exposure leads to direct or indirect Di#sdnage. The Oggl-null mouse
studies indicate that PPARactivators promote hepatocytes that have beertapeously
initiated. The weight of evidence suggests thagatlior oxidatively-induced DNA damage is not

part of the MOA.

Role of NF-kB in the PPARx Activator MOA

Central to the PPAR activator MOA is NF-kB activation. NF-kB tranggtion factors
play critical roles in cancer development and pesgion (Karin, 2006; Arsura and Cavin, 2005).
A wealth of data demonstrates that NF-kB is actigtainder conditions of inflammation and

oxidative stress (Czaja, 2007; Gloire et al., 200Bpnsistent with this, studies with PPAR
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activators demonstrates linkages between oxidatiess and NF-kB activation. Activation is
usually assessed by the ability of nuclear NF-k&iélly a heterodimer composed to p50 and
p65 subunits) to bind to a NF-kB response elenreahielectrophoretic mobility shift assay
(EMSA). In whole liver of both rats and mice, adly of NF-kB was increased by PPAR
activators including WY, ciprofibrate and gemfibiidzut not nafenopin (Table 1). The fact that
nafenopin did not induce NF-kB may be due to déferes in the EMSA procedures carried out
by that lab (Ohmura et al., 1996; Menegazzi etl&97).

NF-kB is activated in Kupffer cells and in hepatmsydifferent times after exposure.
After a single in vivo dose of WY, NF-kB activityas increased first in Kupffer cells (at 2
hours) and only ~6 hours later, was NF-kB activitgreased in hepatocytes. Activation in
hepatocytes never achieved the level observed pif&ucells (Rusyn et al., 1998). The
increase in NF-kB activation in hepatocytes cowddlbe to increases in mitogenic cytokines
produced by Kupffer cells that activate signal sdurction pathways ultimately impinging on
NF-kB. Alternatively, NF-kB can be activated ditlgdoy a PPARX activator in the H4IIEC3 rat
hepatoma cell line, responsive to the proliferagffects of PPAR activators (Li et al., 2000a).
Increased NF-kB activity may be secondary to thmaof hydrogen peroxide-generating
enzymes, such as ACO, since over-expression of ACTDS-1 cells, in the presence of a
hydrogen peroxide-generating substrate, can aetev&tF-kB-regulated reporter gene (Li et al.,

2000D).

Alteration of Cell Proliferation/Apoptosis Balanceby PPARa Activators.

PPAR activators produce multiple tumor precursor efféatsuding liver hyperplasia,
and altered growth in preneoplastic foci. Incrélasal replication induced by PPARactivators
may increase the frequency of spontaneous mutdbipngcreasing the frequency of errors in
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DNA repair or replication and can lead to silencoigumor suppressor genes or increased
expression of oncogenes (Cattley et al., 1998; Habal., 1991). Alternatively, PPAR
activators can promote the growth of spontaneangipted hepatocytes.

All PPARa activators at a sufficient dose produce a strafiigit transient, increase in
replicative DNA synthesis during the first few dafexposure (Table 1). After this initial burst
in replication, baseline levels of hepatocyte i&gilon are approached while the liver remains
enlarged. Many PPAdractivators exhibit measurable sustained or chrimuieases in cell
proliferation, although the levels are much lowsart that observed after acute exposures (Table
1). There are some PPARctivators that do not induce chronic cell prabteon; this may be
due to the dose used in the experiment and begameincreases above variable background
levels of cell proliferation are difficult to detec

PPARx activators promote the growth of chemically- apdrganeously-induced lesions
through enhanced cell replication (Cattley and RAgg87; Cattley et al., 1991; Isenberg et al.,
1997; Marsman et al., 1988). Once early lesioad@med, continued exposure to PRAR
activators causes a selective increase in DNAgaftin of up to ~40% in these liver foci, while
replication of hepatocytes in the normal surrougdiver is increased only slightly (Grasl-
Kraupp et al., 1993). Furthermore, preneoplastit fespond to the cell replicative rather than
the peroxisome proliferation effects of PPA&Ctivators, suggesting that the growth stimulus
but not the peroxisome proliferation effect is affocular significance for the carcinogenic
action of this class of compounds (Grasl-Kraupal €t1993).

Increases in cell proliferation alone are not sigft to increase liver tumors. The
response of mice transgenic for hepatocyte-spestjiression of a constitutively activated form
of PPARx (VP16PPARI) was compared to wild-type mice treated with WYagy et al., 2007).

Expression of VP16PPARIed to increases in hepatocyte proliferation mdbsence of
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nonparenchymal cell proliferation, in contrast t&'\treatment in wild-type livers in which both
hepatocytes and nonparenchymal cells exhibitee@asad replication. Importantly, chronic
activation of VP16PPAR did not increase liver tumors (Yang et al., 200¥hese results
indicate that nonparenchymal cell activation is ami@nt for hepatocarcinogenesis and that
PPARx-mediated hepatocyte proliferation by itself is sofficient to induce liver cancer.
Taken together, the results indicate that it iscimbination of events in hepatocytes and NPC
that are important for induction of liver tumors B ARx activators.

Nongenotoxic carcinogens, in general, and P& A&ivators in particular suppress
hepatocyte apoptosis. Suppression of apoptosid athbit the ability of the liver to remove
DNA-damaged, pre-neoplastic hepatocytes (Bayly.e1894; James and Roberts, 1996;
Oberhammer and Qin, 1995; Schulte-Hermann et@8]1)L Most of the evidence for apoptosis
suppression comes from in vitro studies becauseeodifficulty in measuring the suppression of
already low levels of apoptosis in vivo. Studiesducted in vitro show that the PPAR
activators nafenopin, methylclofenapate, and WYpseigs spontaneous hepatocyte apoptosis as
well as that induced by a negative regulator cdrligrowth, transforming growth factgt
(TGFA1) (Bayly et al., 1994; Oberhammer and Qin, 199%8p(e 1). In addition, PPAR
activators can suppress apoptosis in vitro indingediverse stimuli such as DNA damage or
ligation of Fas, a receptor related to the tumaross facton (TNFa) family of cell surface
receptors (Gill et al., 1998). A limited numberinfvivo studies also showed suppression of
apoptosis after acute dosing with nafenopin, DEHWY (Bursch et al., 1984; James et al.,
1998: Youssef et al., 2003).

Suppression of apoptosis by PPA&tivators occurs under acute exposure conditions
when the liver is increasing in size. However,@nacsteady state of liver enlargement is

reached, levels of apoptosis are likely to retorbackground levels or to levels which balance
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the low level of cell proliferation that occurs feome PPAR activators. Consistent with this,
two reports suggest that chronic exposure of nadisnaice to the PPAdRactivator WY results in
an increase in apoptosis (Marsman et al., 199ZHzudt et al., 2001). Furthermore, PRAR
activators alter the ability of the liver to respadio apoptosis inducers. Sensitivity to two
apoptosis inducers (Jo2 antibody and conconavgliwas dramatically increased in wild-type
but not PPAR-null mice exposed for 1 week to WY (Xiao et aDOB). Lastly, both cell
proliferation and apoptosis increase in paralld?’iMARx activator-induced tumors in the rat
compared with normal surrounding tissue, suggestiagcell turnover is increased in
tumorigenic lesions (Grasl-Kraupp et al., 1997).

To summarize, alterations in the balance betwegpatbeyte proliferation and apoptosis
have been observed after exposure to multiple RPadRivators at different stages of
carcinogenesis including under acute and chrorpogxre conditions and in the preneoplastic

and tumorigenic lesions.

Mechanisms of Cell Growth Alterations

Extensive work has been carried out to identifyrtrechanistic events that lead to
alterations in cell growth by PPARactivators. There are a number of excellent resien the
subject of signal transduction and downstream ewehich lead to alterations in cell growth that
the reader is referred to (Gonzalez and Shah, ZR08yn et al., 2006; Burns and Vanden
Heuvel, 2007). Early studies focused on the raguiaf individual growth genes that respond
to growth promoting stimuli. More recent studiepitalized on technological advancements in
assessing global changes in gene expression asasgé¢he role of individual genes/pathways in
the intact animal using transgenic technologies.

Many studies focused on growth factors derived fthenKupffer cell. Activated NPCs,
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particularly Kupffer cells, produce cytokines swshtumor necrosis factar(TNFa),
interleukin-Jo and interleukin-f (IL1a, IL1p). These cytokines affect the fate of neighboring
hepatocytes. TNFis able to increase hepatocyte proliferation amgpsess apoptosis in
cultured rodent hepatocytes (Holden et al., 20@dfeRet al., 1997). In intact animals
hepatocyte growth can be prevented by injectioantibodies to either TNF(Bojes et al., 1997;
Rolfe et al., 1997) or TNkreceptor 1 (West et al., 1999). PPA&tivators increased TNF
MRNA more than two-fold (Bojes et al., 1997; Radteal., 1997). As increases in T&F
expression have not been consistently observedheyso(Anderson et al., 2001; Holden et al.,
2000), treatment with PPARactivators may not result ote novo TNFa expression, but rather
bioactivation or release of preexisting TaNjprotein from Kupffer cells (Holden et al., 2000).

Other studies suggest that the cell proliferatesponse to PPARactivators is TNE
pathway-independent. Cell proliferation remaina@dt in TNF-null and in TNk receptor-
null mice given a PPAR activator (Lawrence et al., 2001b; Anderson et2l01). In addition,
IL-1 receptor-null mice retained the ability to pesid to the induction of hepatocyte
proliferation to WY (Corton et al., unpublished ebstions). There remains the possibility that
loss of TNFx or IL-1 signaling results in compensation by otgenes/pathways, including other
cytokine-mediated pathways, as multiple growth niaitus secreted by Kupffer cells have been
suggested to play a role in hepatocyte proliferasitier DEN exposure (Maeda et al., 2005).
Thus, studies with various nullizygous mice do metessarily refute the role TNFr IL-1 may
play in PPARx activator-induced cell proliferation.

MicroRNAs (miRNA) play important roles in complexqgeesses such as development
through the regulation of gene expression. Regletial analysis of the miRNA expression
pattern after WY exposure has uncovered a signakitigway which culminates in increased

expression of the c-Myc growth regulatory gene (Séiaal., 2007). Expression of let-7C, a
Page 17 of 69



mMiRNA importantn cell growth was down-regulated following acutechronic treatment with
WY in wild-type mice. As let-7C down-regulates #gression of c-Myc, the down-regulation
of let-7C by WY resulted in increased expression-Myc. These molecular events did not
occur in PPAR-null mice. These studies revedet-7C signaling cascade critical for PRAR
activator-inducethepatocyte proliferation.

Other growth signaling pathways may be involve® AR activator growth responses
but overall, the data supporting their role is liguaonfined to gene expression data. Due to the
lack of useful genetic models, there is little meaistic data which shows causal links between
specific pathways and modulation of cell fate exdepthe role of PPAR and NF-kB

activation (discussed below).

Genetic and biochemical inhibition studies supporthe MOA

Genetic and biochemical inhibition studies havenhiggnpted the relationships between the
key events of the PPARactivator MOA (Table 2). These studies showedlteen a key event
is inhibited genetically or biochemically, the dostream but not upstream event(s) are inhibited
as well.

Genetically-modified mice have been useful to stiosvrelationships between the key
events in the PPARMOA. PPARx-null mice provided critical evidence establishthg rodent
MOA for PPARu activator-induced hepatocarcinogenesis. Evidémaea particular compound
induces key events in wild-type mice but not in eniacking PPAR would be considered strong
support for a PPARMOA for that particular compound. To date thréeonic bioassays have
been conducted in these mice (Peters et al., 3985 et al., 2005; Ito et al., 2007). A greater
body of data exists in which precursor events &rcer have been assessed in wild-type and

PPARx-null mice after acute or subacute exposures.
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Two studies assessed markers of oxidative stresgdrtype and PPAR-null mice. In
the first study, abasic sites (i.e., sites thak kither a purine or a pyrimidine) in genomic DNA
were used as a measure of oxidative stress. Hitesevere increased in wild-type but not
PPARx-null mice after exposure to WY for 5 months (Woedsl., 2007b). In the second
study, electron spin resonance (ESR) identifiedeiases in free radicals in the bile of wild-type
but not PPAR-null mice after up to 3 week exposures to WY oHPE NF-kB activation was
observed in the livers of wild-type but not PP#&Rull mice after exposure to WY (Woods et
al., 2007a,b). Using global gene expression pngfilalteration of gene expression by WY,
PFOA or ciprofibrate was almost completely abolésirePPARx-null mice at multiple time
points (Anderson et al., 2004a,b; Corton et al0&2Woods et al., 2007c; Rosen et al., 2008a,b;
Sanderson et al., 2008; Corton et al., unpublish&te up-regulation of the cell cycle
components CDK-1, CDK-2, CDK-4 and PCNA proteind &DK-1, CDK-4 and cyclin D1
MRNA was observed in wild-type but not PPéRull mice fed WY (Peters et al., 1998). Wild-
type mice exhibited increased hepatocyte proliferatompared to untreated controls while no
increases in hepatocyte proliferation were obsemndPARx-null mice after exposure to WY,
diisononyl phthalate, PFOA, or trichloroethylenet@s et al., 1997, 1998; Valles et al., 2003;
Laughter et al., 2004; Corton et al., unpublish&@jf et al., 2008). The ability of PPAR
activators to suppress apoptosis was lost in hep@® isolated from PPARNnull mouse livers
(Hasmall et al., 2000a). Importantly, chronic tne@nt with WY or bezafibrate resulted in 100%
incidence of hepatocellular neoplasia in wild-typiee while the PPAR-null mice were
unaffected (Peters et al., 1997; Hays et al., 208&) additional bioassay in which DEHP
induced liver tumors in PPARNull but not wild-type mice (Ito et al., 2007)dsscussed below.
Although the WY and bezafibrate chronic exposuunelists were carried out for relatively short

exposure periods (up to a year), the PRARIIl mice did not exhibit any of the precursor etge
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associated with carcinogenesis (Peters et al.,,1998; Hays et al., 2005), making it unlikely
that longer-term exposure would result in liver tusn These studies demonstrate that all of the
key events in the MOA are dependent on PRAR

Two transgenic mouse models have been used tardetethe relationships between
different sources of oxidative stress and downstregents. Catalase converts hydrogen
peroxide to water and oxygen. In catalase-trarisgaite which exhibit increased liver
expression and activity of catalase, there wereedsed levels of NF-kB activation and
decreased hepatocyte proliferation upon exposuegtofibrate (Nilakantan et al., 1998).
NADPH oxidase in Kupffer cells plays an importaolerin generating superoxide radicals in
response to Kupffer cell activators (De Minicisaét 2006). NADPH oxidase is activated by
PPARx activators and is important in cell proliferatiafter short-term PPAR activator
exposure. Mice which lack one of the subunits ADWH oxidase (the p47Phox-null mice) did
not exhibit increases in oxidative stress, NF-kBvation, and hepatocyte proliferation after
short-term PPAR activator exposure (Rusyn et al., 2000b,c). Hmweafter exposure of mice
to WY for three weeks, there were increases incators of oxidative stress (including PCO
activity), NF-kB activation and cell proliferatiomdependent of the status of the p47Phox gene;
these key events were dependent on PPARoods et al., 2007a,b). Longer-term exposure
may allow bypass of p47Phox dependence includiageases in oxidative stress through
activation of enzymes that produce hydrogen peroxid

NF-kB activation is involved in modulation of hepeayte fate in response to inducers of
oxidative stress (e.g., Maeda et al., 2005) inclgdtPARx activators. Wild-type mice and mice
deficient in the p50 subunit of NF-kB (p50-null re)onvere fed a diet with or without 0.01%
ciprofibrate for 10 days. NF-kB DNA binding actiyiwas increased after ciprofibrate treatment

in wild-type mice but not p50-null mice. The apait index was low in wild-type mice in the
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presence or absence of ciprofibrate. Consisteihit Mi--kB acting as a negative regulator of
apoptosis (Karin, 2006; Arsura and Cavin, 2005ppapsis was higher in untreated p50-null
mice compared to wild-type mice (Tharappel etz2003). Apoptosis was reduced in p50-null
mice after ciprofibrate feeding but was still higtiean wild-type levels. The untreated p50-null
mice had a higher level of hepatic cell prolifevatias measured by BrdU labeling, than did
untreated wild-type mice possibly as a mechanisootopensate for the higher levels of
apoptosis. However, ciprofibrate-fed p50-null miael lower levels of cell proliferation than
comparatively treated wild-type mice (Tharappedlet2003).

A chronic (38-week) exposure study provides diexitience that NF-kB activation is
necessary for hepatocarcinogenesis induced by &BRAtivator (Glauert et al., 2006). Wild-
type mice receiving only diethylnitrosamine (DENvetloped a low incidence of tumors (25%).
The majority of wild-type mice receiving both DENWY developed tumors (63%). However,
no tumors were seen in the DEN or DEN + WY tregt®d-null mice, demonstrating that the
p50 subunit of NF-kB was required for the promotadrnepatic tumors by WY. Treatment with
DEN + WY increased both cell proliferation and ajoss in wild-type and p50-null mice.
Consistent with the tumor levels, cell proliferatiand apoptosis were lower in the p50-null mice
than in wild-type mice (Glauert et al., 2006). §btudy shows direct dependence on the p50
subunit of NF-kB for liver tumor induction by a PR& activator.

Biochemical inhibition studies using compounds thatbit oxidative stress or
inflammation also highlight linkages of the key etgein the PPAR MOA. In these studies
animals were pretreated with the inhibitor befoRARa activator exposure or co-treated with a
PPARx activator and the inhibitor. The free radicalsgyer and xanthine oxidase inhibitor
allopurinol inhibited the activation of NF-kB ingHivers of WY-treated rats (Rusyn et al.,

1998). Ininvitro studies, the anti-oxidants vitamin E or N-acetgteyne blocked the ability of
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NF-kB to activate a reporter gene in ciprofibrateated HIIE3C cells (Li et al., 2000b). Co-
treatment with ciprofibrate and one of two antidgats, 2(3)-tert-butyl-14-hydroxyanisole or
ethoxyquin decreased the incidence and size aftinraors compared to ciprofibrate treatment
alone (Rao et al., 1984). Studies using eitheethylthiourea or deferoxamine as antioxidants
decreased the incidence of liver tumors in ratsiedPPAR activator ciprofibrate (Rao and
Subbarao, 1997a, 1999). When co-treating rats théiPPAR activator ciprofibrate and the
antioxidant vitamin E, the levels of the antioxitighutathione were paradoxically depleted, and
the animals exhibited increased tumor numbers @taai al., 1990). In other studies vitamin E
inhibited clofibrate-induced increases in lipofustike products and ciprofibrate-induced
increases in NF-kB activation in the absence adat$f on markers of PPARactivation (Stanko
et al., 1995, Calfee-Mason et al., 2004).

Inhibition of key events by compounds that altélammatory states including Kupffer
cell activation has been observed in multiple sdiThe glucocorticoid receptor agonist
dexamethasone is an anti-inflammatory agent theredses the ability of NF-kB to be activated
under a variety of inflammatory conditions (Ray &héfontaine, 1994; Widen et al., 2003;
Chang et al., 1997; De Bosscher et al., 2006). abethasone decreased PRA&Ltivator-
induced hepatocyte proliferation after acute expes(Lawrence et al., 2001a; Rao and
Subbarao, 1997b; Omura et al., 1996) while havitigeeno effect (Lawrence et al., 2001a; Rao
and Subbarao, 1997b) or modest decreases (OmairaE296) on markers of PPAR
activation. Compounds that inhibit Kupffer celtigation (glycine, methylpalmitate) or inhibit
NADPH oxidase (diphenyleneiodonium) inhibited irases in oxidative stress and NF-kB
activation after exposure to PPARctivators but had no effects on markers of PRAR
activation (Rose et al., 1997a,b; Rose et al., 439Rusyn et al., 2001; Rusyn et al., 2000b,c).

While pretreatment with diphenyleneiodonium, glgor methylpalmitate decreased acute cell
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proliferation (Rose et al., 1997a,b; Rusyn et24lQ0b,c; Rose et al., 1999a), glycine had no
effect on chronic cell proliferation but did decsedhe size and number of tumors (Rose et al.,
1999b). Taken together, these biochemical andtiganéibition studies demonstrate the

linkages of the key events in the PRARctivator MOA.

Some PPARix activators exhibit complex MOAs

Before a PPAR activator MOA can be defined as the primary MOkeraative
MOA(s) must be considered. Comparison of wild-tgpel PPAR-null mice have provided
opportunities to determine if additional key eveate necessary in addition to PRAR
activation. In one example, PFOA was analyzediver effects in wild-type and PPARNull
mice. At two doses tested (1 and 3 mg/kg/day), Ré&Aull mice lacked increases in cell
proliferation but retained increases in liver talpaveights. At the highest dose tested (10
mg/kg/day) PPAR-null mice exhibited increases in cell proliferati@/Volf et al., 2008).
Microarray analysis using full-genome gene chipsagdd that PFOA altered ~85% of the total
number of genes in a PPARIependent manner at 3 mg/kg/day. The P&ARIependent
genes exhibited signatures of activation of othexdl@ar receptors. In particular, the PRAR
independent genes significantly overlapped witlséheegulated by the constitutive activated
receptor (CAR) which regulates cell growth and x®@atic metabolism genes includifyp2b
family members (Rosen et al., 2008a,b). These Gi§Rature genes were more robustly
regulated in PFOA-treated PPARuIl mice compared to wild-type mice. These fingh
indicate that CAR activation may be a key everthmtranscriptional and cell proliferation
effects in PPAR-null mice. In wild-type mice, there were relalieninor alterations of CAR
signature genes compared to the strong changd?ARd-dependent genes indicating that CAR

plays a minor role in mediating PFOA effects indaiype mice (Rosen et al., 2008).
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The carcinogenic effects of DEHP were examinedild-type and PPAR-null mice for
22 months (Ito et al., 2007). A low level of liveimors was observed in PPARwull but not
wild-type mice. These data suggest that an additibiological event may be operating in
DEHP-induced rodent liver tumdrsThe tumors in PPA&null mice most likely arose through
a mechanism that is not dominant in wild-type mivéild-type and PPAR-null mice did not
exhibit equivalent levels of tumor induction. Té@avere no statistically significant increases in
liver tumors in the wild-type mice under these esyoe conditions, indicating that the biological
effects of exposure were not equivalent in thesedirains. Expression of growth control genes
showed responses in PP&Rull mice but not in wild-type mice at equivaletdses. In follow-
up work from the same lab (Takashima et al., 20@8pscript profiling and RT-PCR showed
highly dissimilar changes in gene expression inlitre tumors from the two strains. These data
indicate that although DEHP can induce marginaigases in liver tumors in PPARull mice,
the MOA is different from that in wild-type micdDEHP is a strong inducer @lyp2b family
members in wild-type mice (Currie et al., 2005; Boret al., unpublished) suggesting that in the
absence of PPARR DEHP activates CAR, as the rate-limiting key @vesulting in increases in
liver tumors by a CAR-dependent pathway.

In summary, chemicals may produce similar PRBARJependent effects defined in part
as effects observed in PPARuIl mice. These effects may suggest additioegldvents that
become the main control points in the absence 8iRRP A determination of the relative
contribution of each proposed key event would negaomparison of signature genes and

biomarkers representing each key event in the trains.

The PPARa activator MOA is chemical-independent

Mode of action is a series of key events that fogretesult in an adverse health effect
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such as a liver tumor and as such is chemical-iexaggnt (Holsapple et al., 2006; Meek, 2008;
Boobis et al., 2008). Consistent with this the M@@APPARx activators is an endogenous
series of events that can occur independent of ia¢exposure. Livers from ACO-null mice
exhibit severe steatosis, increases in marker®éiRe activation (i.e., genes involved [j1 and
w-fatty acid oxidation), increases in hydrogen pétexevels, increases in cell proliferation and
liver tumors (Fan et al., 1998). The increasatémarkers of PPARRwere shown to be
PPARx-dependent as the changes were abolished in aedd@dD-/PPAR:-null mouse
(Hashimoto et al., 1999). Microarray analysisha tumors spontaneously induced in ACO-null
mice showed extensive similarity with the liver toms induced by the PPARactivator
ciprofibrate, indicating the mechanism leadinghe induction of the tumors was similar (Meyer
et al., 2003). Additional mouse models nullizygéarsother genes involved in fatty acid
oxidation exhibit phenotypes indicative of condfita PPARx activation (Jia et al., 2003). A
mouse model of hepatitis C virus (HCV)-induced hepallular carcinoma (HCC) which over-
expresses the HCV core protein was used to shavinithaction of oxidative stress, increases in
cell proliferation and liver tumor induction wer® RRa-dependent (Tanaka et al., 2008a,b).
The authors conclude that there “is the absolugairement of persistent PPARactivation for

the development of HCV core protein-induced steatasd HCC”. All of these mouse models
exhibit disruption of fatty acid transport and nieilism resulting in increases in endogenous
activators of PPAR including fatty acids (Fan et al., 1998; Tanakalgt2008a,b). Taken
together, the PPARMOA is operational in the absence of chemical expe. Chemical

PPARx activators will persistently activate this MOA vétsng in liver tumors.

Species differences in responsiveness of key evantthe PPARa MOA
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Studies conducted in numerous test species indicatevhile some rodents (mice and
rats) are highly responsive to PPé&Rctivator-induced hepatocarcinogenicity and assedi
responses, other species (e.g., Syrian hamstegs, doinea pigs, New and Old World primates,
and humans) are less sensitive (Ashby et al., 1B8dtley et al., 1993; Cattley et al., 1998;
Doull et al., 1999). This difference is likely le@kin large part on differing levels of PPAR
expression among species. In a side-by-side cosgpamice had ~10-fold more PPAR
expression than guinea pigs and ~3-fold more thais$ipamsters (Choudhury et al., 2004).
Humans exhibited 10-fold lower expression than mice and rats (dieedrin greater detall
below). Thus, guinea pigs may be the more relenatel for PPAR activator effects in the
human liver based solely on expression levels @fuh-length active PPAR.

Table 3 summarizes PPARMOA key events in responsive species (rats an@ mic
summarized from Table 1) compared to Syrian hamstglinea pigs, Cynomolgus monkeys,
and humans. Due to the relative paucity of dat&éy events, other endpoints associated with
exposure to PPA®Ractivators are included (i.e., liver weight to padeight, hypolipidemic
effects).

Syrian hamsters and guinea pigs exhibit a parB#Rx activator response even though
they are considered “non-responsive species” coaap@arrats and mice. Fatty acid metabolism
genes/proteins are only weakly activated after P& ABtivator exposure in the livers of these
species. Diminished responsiveness in guineaipigst due to a defective PPARecause
when over-expressed in cell lines, PRARROmM guinea pigs activates reporter genes to $evel
comparable to rats and mice (Bell et al., 1998;iamy et al., 1998; MacDonald et al., 1999).
PPARx activators WY or methylclofenapate decrease tcgtigles or VLDL-triglycerides in

Syrian hamsters and guinea pigs. Five out of th®BARx activators examined increase liver
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to body weights in Syrian hamsters, but only onengieal out of seven examined increased liver
to body weights in guinea pigs, and for that chatperfluorodecanoic acid, there was
conflicting evidence of increases. WY does notvateé NF-kB in hamsters, indicating that this
response is species-specific. Differences weresdsn between species in relationship to cell
proliferation. Studies measuring changes in aallifgration in Syrian hamsters showed either
no response, a weak response, or inconsistentgesudultiple studies showed guinea pigs did
not exhibit increases in cell proliferation to fatlremicals. Syrian hamsters exhibited
suppression of apoptosis after exposure to nafenapid guinea pigs exhibited suppression of
apoptosis with nafenopin but no change with metbfgnapate. Cancer bioassays performed in
Syrian hamsters with nafenopin, WY and DEHP wemgatige (Lake et al., 1993; Schmezer et
al., 1988). In summary, although Syrian hamstatsta a lesser extent guinea pigs exhibit
changes in endpoints associated with PRARtivation (hypolipidemic effects and changes in
fatty acid metabolizing enzymes), they do not eitltbnsistent changes in the key events
associated with the PPARactivator MOA for liver cancer in rats and mice.

In vitro and in vivo data on Cynomolgus monkeysk€a3) and other species of
monkeys (marmoset, Rhesus) indicate that the kegtewn the PPAR activator MOA are
relatively nonresponsive in monkeys. Palmitoyl-Cmédase activity was evaluated in monkeys
after in vivo exposure to a variety of PPARctivators (e.g., bezafibrate, clofibrate, DEHP,
MEHP, fenofibrate, nafenopin, and LY171883) andngjes were minimal or non-existent
relative to controls (Klaunig et al., 2003). Moveo, Cynomolgus monkeys exposed to DEHP,
di-isononyl phthalate (DINP), or clofibrate faileal exhibit an increase in cell proliferation
(Doull et al., 1999; Pugh et al., 2000). Cynomalguonkeys treated for two weeks with
clinically relevant doses of the PPARctivators fenofibrate or ciprofibrate exhibitedreases

in the number of hepatic peroxisomes (Hoivik et2004). In this study ciprofibrate but not
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fenofibrate increased liver to body weights in #ftisence of hepatocyte proliferation. In a
follow-up to this study, transcript profiling wased to characterize the genes altered by
ciprofibrate exposure (Cariello et al., 2005). Maenes involved in fatty acid metabolism and
mitochondrial oxidative phosphorylation were upuiaged, reflecting the known hypolipidemic
effects of exposure. However, the magnitude ofiatidn in the-oxidation pathway was
substantially less in monkeys compared to micerated Consistent with the lack of hepatocyte
proliferation, there were a number of key regukagenes that were down-regulated, including
members of the JUN, MYC, and NF-kB families. Imtast, JUN and MYC gene expression
were up-regulated after PPARactivator treatment in rats (Hsieh et al., 1994h

transcriptional signal for DNA damage or oxidatsteess was observed. Lastly, marmosets
exposed for 6.5 years to clofibrate at relativeghidoses (94 mg/kg/day or higher) did not
develop liver tumors over the duration of this st@@iucker and Orton, 1995) Taken together,
the key events after PPARactivation in the rodent MOA for liver tumors weret observed in

primates treated with PPARactivators.

Humans are generally nonresponsive to the effédd@®ARx activators. Liver weights
were not increased in patients treated with femaféo(Gariot et al., 1987). Liver biopsies from
humans treated with hypolipidemic drugs or primlamynan hepatocytes treated with PRAR
activators were almost uniformly negative for pesoxne proliferation (reviewed in Bentley et
al., 1993). In only one out of five studies wasrtha statistically significant increase in
peroxisome number (~50%), but there was no correBpgrincrease in volume of peroxisomes
(Hanefeld et al., 1980; De La Iglesia et al., 19B@Rmcke et al., 1983; Gariot et al., 1983;

Hanefeld et al., 1983).

Exposure to PPARactivators alters different PPAR)ene targets in rodents and
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humans, including the ACO gene. Unlike the larggeases in the expression of marker
MRNAs and proteins that are found in rodent printepatocytes treated with PPARctivators
in vitro, very minor increases, if any, are obsedrirehuman primary hepatocytes (Bichet et al.,
1990; Cornu-Chagnon et al., 1995; Duclos et ab71®&lcombe, 1985; Elcombe et al., 1996;
Goll et al., 1999; Hasmall et al., 1999, 2000b;&=e et al., 1998). ACO mRNA in liver
samples from 48 patients treated with one of sé¥brates (bezafibrate, fenofibrate or
gemfibrozil) was not induced despite significarduntion of hepatic apolipoprotein A-l mMRNA
and lowering of serum lipids following treatmentoftans et al., 2002). The relatively weak
increases in ACO observed in human primary hep&ts@re in stark contrast to the robust
inductions observed in the livers of mice and exisosed to PPA&Ractivators (summarized in
Klaunig et al., 2003). In summary, there is nalewice that the ACO gene exhibits more than

minor inductions in humans.

Species differences in sensitivity to PRiARCtivators may be explained in part by
differences in the structure of the promoter regitivat regulate the expression of target genes.
The lack of ACO induction in human livers and prisnauman hepatocytes may be attributable
to an inactive PPRE. Evidence that a functiond&PRxists in the human ACO gene promoter
(Varanasi et al., 1996), was challenged by subsetedies which showed that the PPRE is
inactive in in vitro trans-activation assays anak tthe sequence differs from that originally
reported at 3 positions (Woodyatt et al., 1999iitld_heterogeneity exists within the human
ACO PPRE as the same altered PPRE sequence wakifoalh22 unrelated humans that were
investigated as well as in the human hepatoblastmthéine HepG2 (Woodyatt et al., 1999). A
nonfunctional PPRE in the ACO promoter would beststent with studies showing little, if any
induction of the ACO gene/protein expression upgoosure to PPAR activators in human

primary hepatocytes.
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PPARx ligands do not induce cell proliferation or supgrapoptosis in human
hepatocytes in vitro (Perrone et al., 1998; Gollet1999; Hasmall et al., 1999, 2000b;
Williams and Perrone, 1995). Many of these stuthieided a positive control to ensure that
human hepatocytes were of sufficient quality to maupositive growth response. In
comparison, rat or mouse primary hepatocytes expwsEPARY activators exhibit up to 8-fold
induction in cell proliferation (summarized in Klaig et al., 2003). There are no data on human
hepatocyte proliferation in vivo, although in viaad in vitro data from nonhuman primates
show cell proliferation is not induced by PP&RCctivators (Table 3 and reviewed in Doull et al.,
1999). In summary, available data suggest thatFRPaktivators are unlikely to alter apoptosis

and proliferation in human hepatocytes.

Molecular basis of species differences

In the following section, the properties of PPAARNd associated responses in the livers
of rodents and primates are compared with an engpbashuman data, if available. The weight
of evidence demonstrates that humans respond t&R&RAtivators differently than rodents in
that many of the typical markers of PPé&Rctivator exposure associated with
hepatocarcinogenesis in rodents are absent in linaifferences in the properties of PP#R
including structure, function and expression, datee the underlying basis for human-rodent
differences in the biological effects of PPARctivators. The properties of mouse and rat

PPARx versus human PPARIN liver are summarized in Table 4.

Allelic variants of human PPARa. The human PPAR(hPPARY) is indistinguishable
from the rodent PPA#In overall structure (Sher et al., 1993; Tugwobdle 1996; Mukherjee
et al., 1994), but a number of allelic varianthiBPARx have been isolated which possess

properties different from the original cloned hPRARThe L162V variant containing an amino
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acid change in the DNA-binding domain is foundratdelic frequency of ~0.025-0.073 in
ethnically diverse populations (Flavell et al., @0Qacquemant et al., 2000; Tai et al., 2002). In
North Indians, this allele is found at high freqoies (0.745) (Sapone et al., 2000). The
hPPARx L162V variant exhibits no response to low dose®/df but greater ligand-induced
activity (up to[#4-fold) at higher doses compared to the wild-typeeptor (Flavell et al., 2000;
Sapone et al., 2000). Humans carrying this vaeahtbit greater decreases in total serum
cholesterol to the hypolipidemic, bezafibrate (Elhet al., 2000). Three different Asian
populations carry a hPPARvariant (V227A) within the hinge region betweee IDNA binding
and ligand binding domains at frequencies of 0.0@&1 (Yamakawa-Kobayashi et al., 2002;
Chan et al., 2006). This allele has been assatwit® decreases in serum cholesterol and
triglycerides in a Japanese population (Yamakawhayashi et al., 2002) and in Chinese
women (Chan et al., 2006). Because of increagedaictions with a co-repressor, Nuclear
Receptor Corepressor (NCoR), this variant exhilietsreased responsiveness to PRAR
activators (Liu et al., 2008). The hPP&/29 variant containing four amino acid substdaos
is a dominant negative that binds to a PPRE butaidme activated by PPARactivators (James
et al., 1998b). The hPPARG/29 variant is likely very rare, as it was notetged in any of the
173 human subjects from two studies (Roberts, 1888pne et al., 2000). Overall, some
PPARx allelic heterogeneity exists in human populatidng,no variants have been identified
that are more sensitive to low, environmentallyveiht doses of PPARactivators than the
“wild-type” human receptor. The field would beridfiom a side-by-side comparison of wild
type and hPPAR variants in trans-activation assays to determosedesponse relationships of

PPAR activators.

Differences in ligand inducibility. Human PPAR is not more sensitive than rodent
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PPARx to chemical activation. Most compounds activaterodent receptor better or exhibit no
differences between species. A number of enviranatlg-relevant chemicals and
hypolipidemic agents were able to activate rat ouse PPAR at lower concentrations or to
higher absolute levels than hPPAR side-by-side trans-activation studies. TheBARx
activators include WY (Keller et al., 1997; Malonayd Waxman, 1999; Takacs and Abbott,
2007), PFOA (Maloney and Waxman, 1999), perfluotaonesulfonate (Shipley et al., 2004;
Takacs and Abbott, 2007), and a number of phthalster metabolites (Bility et al., 2004 and
summarized in Corton and Lapinskas, 2005). SomfRePactivators show no differences
between activation of the mouse and human RARtluding TCA, dichloroacetate, 2-
ethylhexanoic acid (Maloney and Waxman, 1999), rmbler of phthalates (Bility et al., 2004),
clofibrate (Keller et al., 1993), and PFOA (Vand¢guvel et al., 2006). Only
perfluorooctanesulfonamide (Shipley et al., 20045 whown to modestly activate the human but
not the rodent PPAdRat one lower dose (25 uM vs. 34 uM in human vsuseprespectively).
Overall, the data indicate that hPP&R no more sensitive than the mouse or rat PPAR

significant activation by environmentally-relevd@®PARx activators.

Expression of the PPAR gene and protein. PPARx expression is the factor most
often cited for determining species-specific diéfeces in PPAR activator responsiveness.
Palmer et al. (1998) used EMSA to determine thelle/PPARx that binds to a PPRE from the
CYP4AG6 gene. In 7 lysates from individual humasits in which PPAR could be detected by
the assay, the amounts were ~10-fold lower tharetbesected in the livers of CD-1 or
BALB/cByJ mice and for the remainder of the 13 indual human livers, the amounts were
below detection (>20-fold less than mouse liveX)3-fold variation in the expression of the full-

length PPAR mRNA between human samples was noted. The datarddrates that hPPAR
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in liver is expressed at levels far below that esged in rodent liver. Additional studies
evaluating expression and function of PRAIR human liver are needed to more definitively
determine the relative expression of PRAR rodents and humans. Such studies would benefit

from better assessment of the degree of proteimd@RNA degradation in the samples.

Truncated PPARa. A truncated PPAR variant has been identified in a number of labs
and is called hPPARS8/14 (Tugwood et al., 1996), hPPARPalmer et al., 1998), PPAIR
(Gervois et al., 1999), and PPAR (Hanselman et al., 2001). This truncated forchdaexon 6
due to alternative splicing, resulting in a hPRABcking the hinge region and ligand binding
domain. This form acts as a dominant negativabitihg the ability of the wild-type receptor to
activate transcription, possibly by titrating oumiting amounts of co-activators (Gervois et al.,
1999). The level of the mRNA of this form rangesnh 10-50% of full-length hPPARRMRNA
(Palmer et al., 1998; Gervois et al., 1999; Robetrtd., 2000; Hanselman et al., 2001) similar to
Cynomolgus monkeys (Hanselman et al., 2001). mparison, this level is below 10% in mice
and rats (Hanselman et al., 2001). A more defimitole for this truncated form awaits studies
in which the levels of full-length and truncated?#Ra forms are simultaneously measured
with well-characterized hPPARtarget genes in primary human hepatocytes exposeBARx

activators.

Differences in transcriptional networks controlledby human and rodent PPARux.
There is overwhelming evidence that the transamati networks controlled by PPARare
different between humans and rodents and undegieiss-specific differences in key events in
the PPARt MOA. Humans and rodents do share hypolipidenfects of PPAR activators but
may achieve this beneficial effect through regolabf different gene sets. A number of genes

are likely responsible for the therapeutic hypalgnic effects of PPAR activators in humans.
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Many of these genes have functional PPRESs thatamscriptionally regulated by human
PPARy, including apolipoprotein (apo) C-IlI (Hertz et,&995), lipoprotein lipase (Schoonjans
et al., 1996), apo A-1 (Vu-Dac et al., 1994), apdl AVu-Dac et al., 1995), and carnitine
palmitoyl transferase-1 (Mascaro et al., 1998).ntan PPAR activation of apolipoprotein A-1I
and lipoprotein lipase transcription and supprassioapolipoprotein C-11l expression are key to
lowering serum triglycerides (Auwerx et al., 19%8aels et al., 1997; Vu-Dac et al., 1995).
Human apolipoprotein C-1ll can be down-regulatedibyates in cultured human hepatocytes in
the absence of changes in PRARrget genes encoding peroxisomal enzymes in@ui©O,
bifunctional enzyme, and thiolase (Lawrence et28lQ1c). Further, stably transfected HepG2
cells expressing either human or murine PRARIevels similar to rodent liver, respond to
fibrates by increased expression of HMG-CoA syrdha®d carnitine palmitoyl transferase-|
(CPT-I) but lack the typical robust induction optgal PPAR targets, i.e., ACO, bifunctional
enzyme, or thiolase (Hsu et al., 2001; Lawrenad.e2001c; Tachibana et al., 2005). In a
global analysis of gene expression, genes of ttasolic, microsomal, and mitochondrial
pathways involved in fatty acid transport and melisin were up-regulated by clofibrate in both
rodent and human hepatocyte cultures, whereas géties peroxisomal pathway of lipid
metabolism were up-regulated only in rodents (Ricéeal., 2003). Thus, PPARactivation

may lower lipid levels in humans and rodents thiotggulation of different sets of genes.

The human PPAR does not possess all of the functions of the roB@ARX including
the ability to regulate cell proliferation. Two e strains have been created which express the
hPPARx in the absence of mPPAR“humanized” PPAR mice). In the TRE-hPPARmMoOuse,
PPARu is under the control of a liver-specific promoded is preferentially expressed in

hepatocytes (Cheung et al., 2004); the cellulaation of hPPAR expression in the humanized
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PPARx mouse corresponds to the location of mPRBASRpression in wild-type mice, i.e., in
hepatocytes but not Kupffer cells (Peters et 800}. The hPPAR™ mouse contains a 211
kilobase region encoding the regulatory and strattegions of the human PPARyene. The
hPPARx is expressed in the same tissues as those ofdhsenPPAR (Yang et al., 2008). The
humanized PPAR mouse strains do not respond to a PBARtivator (WY) in the same
manner as wild-type mice even though both straipsess hPPAR to levels comparable to
mPPARx in wild-type mice. The humanized mice exhibitrgases in peroxisome proliferation,
decreases in serum total triglycerides and norwtalation of lipid metabolism genes including
those involved in peroxisome proliferation. Howewthese mice do not exhibit increased
expression of cell cycle genes or increased hep@eoliferation in response to a PP&AR
activator as do wild-type mice (Cheung et al., 20@drimura et al., 2006; Yang et al., 2008).
In a 38-44 week exposure study with the PleARtivator WY, the TRE-hPPARMIce were
also resistant to PPARactivator-induced liver cancer. Wild-type micd bot humanized mice
exhibited a significant increase in liver tumorspiée the fact that the humanized mice were
exposed 6 weeks longer than the wild-type micédéocompound (Morimura et al., 2006).
These studies show that hPP&AR pharmacologically-active but does not regutheefull

spectrum of responses necessary for hepatocarciesigan rodents.

The molecular basis for differences between mondehaman PPAR may be
differences in the ability of the receptors to ratg with transcriptional co-activators or to
regulate miRNA cascades. Co-activators conveyrdrescriptional activation of the ligand-
induced nuclear receptor to the transcriptionallmreary. Elegant biochemical and
crystallographic analyses have shown key interasthetween co-activators and the ligand

binding domains of nuclear receptors including PRARIily members (Xu and Li, 2008; Li et
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al., 2008). The mouse and rat PRARjand binding domains (LBD) do possess amino acid
differences with human PPARLBD (Sher et al., 1993; Mukherjee et al., 1994gWwood et al.,
1996). Amino acid differences in the LBD betweeisegrand humans may uncouple receptor co-
activator interactions in humans required for petiliferation gene regulation while retaining
those important in lipid metabolism gene regulatiiternatively, differences in miRNA
regulation may contribute to species differencegha ability to regulate the let-7c cascade is
lost in humanized mice in response to a PRARtivator (Yang et al., 2008). Further studies ar

needed to define the specific mechanistic basisgecies differences.

SUMMARY OF KEY DATA THAT SUPPORTS THE MODE OF ACTIO N

The PPARt MOA describes the sequence of events beginningy RBARx activation and
leading to an increased incidence of liver tumarsats and mice. This MOA exists independent
of exposure to any particular chemical but has Istenvn to be triggered by chemicals
collectively referred to as PPARactivators. The overall weight of evidence supparMOA
that involves five key events. First, PP&Rctivators activate PPAR Second, PPAR
activation leads to alterations in the expressiogenes that regulate oxidative stress and
increases in oxidative stress. Third, oxidativesgdractivates the transcription factor NF-kB.
Fourth, NF-kB activation leads to increased cedlifgration and decreased apoptosis in the
liver. Fifth, sustained growth signaling upon atimexposure causes clonal expansion of
initiated cells leading to preneoplastic foci anthors, i.e., hepatocellular adenomas and
carcinomas.

Table 5 summarizes the specificity and weight adlence of the PPAR activator

MOA. The weight of evidence strongly supports M@A due to the large number of studies
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that have been carried out since the discovergahpsome proliferation by these chemicals in
1965 (Hess et al., 1965). PPARctivation is by definition specific, because tkey event is
distinct from other initiating events such as CAdRation or increases in cytotoxicity. The
other key events by themselves are consideredvie lbav specificity, because these events are
observed with other carcinogens. However, thegk@nts when linked are considered to have
high specificity because they are dependent on RPPdble 1 provides examples of chemical-
specific data evaluating whether the key eventsioatter exposure to 5 different PPAR
activators.

Evidence showing the mechanistic linkages betwkerkey events of the MOA is
summarized in Table 2. Studies that inhibit kegrés by genetic or biochemical means reveal
such relationships because inhibition of one etottks downstream events.

Additional support for the PPARMOA comes from a comparison of responses in rats
and mice to “non-responsive” species such as Syaamsters, guinea pigs, and monkeys. These
data is summarized in Table 3. Overall, these sladavs that while all species exhibit a
hypolipidemic response and alterations in lipid abelism and transport genes, Syrian hamsters,
guinea pigs and monkeys exhibit little if any chasign oxidative stress markers, NF-kB

activation, and alterations of hepatocyte growtkuanor response (Klaunig et al., 2003).

RELEVANCE OF PPARa ACTIVATOR-INDUCED RODENT LIVER TUMOR

RESPONSE TO HUMANS

Although humans have been regularly exposed to RP&d®vators through
administration of hypolipidemic pharmaceuticalsdemiological studies have not provided

evidence of increased incidence of liver neoplasniimans exposed to PPARctivators for
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up to 13 years (summarized in Klaunig et al., 2008)ecies comparisons of key events and
other endpoints relevant to the PRARIOA show that mice and rats are much more respensi
than humans (Table 6) and other species (e.g.,thesnguinea pigs, and primates) (Table 3).
Experimental evidence suggests the differencesspansiveness among species may be due to
differences in promoter structure and/or functibPBARx target genes, sensitivity of PPAR

to activation, the expression level of full-lengihd dominant negative forms of PP&RNd
species differences in the ability of PP&R alter expression of genes involved in cell fate
(Table 4). Overall, the weight of evidence suggdsat although the rodent MOA is plausible in
humans, humans would not be expected to respoidanihepatocarcinogenic effect from
chronic exposure consistent with the original casdn by an ILSI workgroup (Klaunig et al.,

2003).
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Table 1. Occurrence of key events in the MOA afteexposure to PPARX activators.

PPARX Oxidative stress NF-kB Increases in Decreases Increases in Increases in cell Liver
activation activation transient in acute chronic cell  proliferation in  tumors
acute cell apoptosis proliferation  preneoplastic
proliferation foci
Chemical

WY-14,643 _'26,27,29 +2,6,7,8,9,16,18, 12,15 +2,3,5,12,72 +6,7,3l,35 +55 +6,7,35 +73,74 +35
71,72

DEHP +26,27,28 +8,10,14,15,20,40,41,59 +31,32,42-45 +43 _10 +10
.8,23,40

Clofibrate £829 +9.15,21,24,51,76, 84 47333945 +7 4748
_7,23,66 -39

Nafenopin £8:30 492224 13,87 435 5483 480 436 354962
25,65 +/-35

Ciprofibrate _QO +l7,18 +1,4,11,19 +34,37,38 +34 +37 +50
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Comments: In the table, (+) indicates the chemica found to lead to the key event; (-)
indicates the chemical was found not to lead td#heevent; (+/-) indicates mixed
results in the same study. PP@Rctivation was measured using trans-activatioayass
NF-kB activation refers to binding of NF-kB (p65(pheterodimer) to the NF-kB
response element in electrophoretic mobility sisftays. Acute cell proliferation was
measured in the livers of treated mice or rats llysuédth 7 days or less of exposure.
Apoptosis was mostly measured in primary hepatsayieen the low background in
intact livers. However, three studies have measapeqgtosis in rodent livers after
exposure to a PPARactivator (Bursch et al., 1984; James et al., 19598issef et al.,
2003). Chronic cell proliferation was measurethim livers of mice or rats exposed to
PPARx activators, usually for > 3 weeks.

Noted in the references below: Studies were achoig with rats (R) or mice (M) or both
species (M,R). The endpoint is indicated for tsdhat measured oxidative stress. If
there are inconsistent effects, the possible on@the inconsistency is indicated. In
vitro studies are also noted.

References'Calfee-Mason et al., 2004 (Rfischer et al., 2002 (increase in TBARS but
not conjugated dienes) (RRusyn et al., 2000b,c (M,R\ilakantan et al., 1998 (M);
°Rusyn et al., 1998 (RjWada et al., 1992 (lipofuscin) (R)ylarsman et al., 1992
(lipofuscin; trend for increase in cell proliferati by clofibrate) (R)®Conway et al., 1989
(lipofuscin — positive for both WY and DEHP but WY positive for conjugated
dienes) (R)’Reddy et al., 1982 (lipofuscin) (RfCattley et al., 1987 (lipofuscin) (R);
YTharappel et al., 2003 (M}*Tharappel et al., 2001 (consistent changes with Mty
only one condition resulted in increases in NF-kBvation after gemfibrozil treatment)
(R); ®Menegazzi et al., 1997 (RfRao et al., 1987a (lipofuscin) (RfLake et al., 1987
(lipofuscin) (R);**Rao et al., 1982 (lipofuscin) (R)'Rao et al., 1991 (lipofuscin) (R);
®Goel et al., 1986 (lipid peroxidation and hydrogemnoxide) (R);“Li et al., (1996) (R);
*’Hinton et al., 1986 (lipofuscin) (Rj*Stanko et al., 1995 (lipofuscin) (RfLake et al.,
1989a (increases in oxidized glutathione and deeei Vit E) (R)**Tomaszewski et
al., 1990 (in vitro cultures; oxidized dienes) (Bai et al., 1995 (lipid peroxidation —
trend increases for PFOA, nafenopin and clofibré) *°Bility et al., 2004 (in vitro
trans-activation assays;(MYCorton and Lapinskas, 2005 (review of in vitro gan
activation data) (M,R)**lsseman and Green, 1990 (in vitro trans-activatissays) (M);
*Gottlicher et al., 1992 (in vitro trans-activatiassays) (R)*°Corton et al., 2000
(review) (M,R);*Marsman et al., 1988 (R¥*Smith-Oliver and Butterworth, 1987 (R);
*Tanaka et al., 1992 (R¥*Yeldandi et al., 1989 (chronic increases in cellifgration)
(R); *Lake et al., 1993 (R}°Schulte-Hermann et al., 1981 (RjChen et al., 1994 (R);
*Dwivedi et al., 1989 (M)**Barrass et al., 1993 (RY'Seo et al., 2004
(malondialdehyde) (R¥1senberg et al., 2001 (M,R¥Isenberg et al., 2000 (M,R);
“*Hasmall et al., 2000a (R, in vivo (DEHP) and inai(MEHP)): **Soames et al., 1999
(R); **Busser and Lutz, 1987 (RYReddy and Qureshi, 1979 (RfSvoboda and
Arzarnoff, 1979 (R)*Reddy and Rao, 1977 (RfRao et al., 1986a (Rj‘Elliott and
Elcombe, 1987 (malondialdehyde — significant chaiog®EHP and clofibrate but trend
increase for methyl clofenapate) (RjJames and Roberts, 1996 (in vitro) (M,R);
*SYoussef et al., 2003 (R¥*Thottassery et al., 1992 (RfAbdellatif et al., 1990
(initiated with DEN, 2-AAF and carbon tetrachlorjd®); ®®Nicholls-Grzemski et al.,
2000 (TBARS) (M);"*Soliman et al., 1997 ¢Hsoprostanes) (R)?Fischer et al., 2002
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(TBARS increase with treatment but conjugated died®not) (R)?*Marsman and

Popp, 1994 (R)*“Rose et al., 1999a (RyO’'Brien et al., 2001b (decreases in vitamin E)
(R); "°Qu et al., 2000*°Price et al., 1992 (R}*Bursch et al., 1984 (R, in vivo);
¥Dostalek et al., 2008 (M, increases in hydrogewmxide, malondialdehyde, and urine
F.-isoprostanes but not livepfisoprostanesf’‘Ohmura et al., 1996 (R).
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Table 2. Effects of inhibition of key events in te PPARx activator MOA.

Key event
Mechanism of PPARx Oxidative NF-kB Alteration Clonal Liver
inhibition activation stress  activation in expansion tumors
hepatocyte
growth
Genetic inhibition
PPARx-null | (by [RECS 1232 127 12532
definition)
Catalase transgenic NE 1 11
P47Phox-null NE#20 129 NCY |12 NG 1P NCH
P50-null NCG?® N 139 ° N
Biochemical
inhibition
Antioxidants in diet | N&™ |16, BT 10 |5
10
Dexamethasone N.él5 ll7,18,24,25 l14,15,23 !
23
Glycine ng,Zl l20,22 llg’NCZJ' lZl
Methylpalmitate NE° 1%
Diphenyleneiodoniun} NC*° 1% 1% 1%

|, inhibited; NC, no change;, indicates increases in the parameters measuvedtidies in
which antioxidants were co-treated with PRARctivators, the antioxidant is indicated in
parentheses.

References'Woods et al., 20074Peters et al., 1997Peters et al., 19984ays et al., 2005;
°Rao et al., 1984 (ethoxyquin, 2(3)-tertbutyl-14-fyyd/anisole) °Calfee-Mason et al., 2004 (Vit
E); 'Li et al., 2000a (in vitro studies with Vit E treatH41IE3C cells)®Tharappel et al., 2003;
Glauert et al., 2006°Glauert et al., 1990 (Vit E increases the numbeuwfors while depleting
glutathione reserves)'Nilakantan et al., 1998°Rao and Subbarao, 1999 (dimethylthiourea);
*Rao and Subbarao, 1997a (deferoxamine — iron cngléiLawrence et al., 20014Rao and
Subbarao, 1997b (dexamethasoh®tanko et al., 1995 (Vit E}’Ray and Prefontaine, 1994;
¥widen et al., 2003:°Rose et al., 1997a,B'Rose et al., 1999a (superoxide production in
Kupffer cells);*’Rose et al., 19996°Rusyn et al., 2001 (free radicals in bil@®hmura et al.,
1996 (measured peroxisomal bifunctional enzymeRssRe marker):*Chang et al., 1997°De
Bosscher et al., 2006 (reviewi§Rusyn et al., 1998 (allopurinoi*Woods et al., 2007b**Rusyn
et al., 2000b,c*°Rose et al., 19975to et al., 2007.
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Table 3. Species differences in responses to RPadRvators.

Response
PPARx Hypolipidemic Increases  Oxidative NF-kB Increasesin  Decreases Liver
activation effect in liver stress activation acute cell in tumors
(decreases in weight proliferation apoptosis
triglycerides or
VLDL-
triglycerides)
Species Relative Chemical
PPARx
expression
Rats Likely See table 1 for + + + + + + + +
similar to chemical and
mice reference
Mice 10 See table 1 for + + + + + + + +
chemical and
reference
Syrian 3 Nafenopin 4228 12,23 1217 417 1
hamster
WY-14,643 478 +79 +1.7.89 5 18 1
DEHP (+ +427 ) 46
Methyl clofenapate & +79 +/89 (+y®
Ciprofibrate p22 4822 4258
Bezafibrate # 24 8
Guinea pig 1 Methylclofenapate 8,21 4911 8 8,25 13
Ciprofibrate p18. 1522 822 8
WY-14,643 §,11,16_8 +9,11 8 8
Nafenopin 3623 10,12 12,23 12,14,17 432
Fenofibrate »
Perfluorodecanoic 2026 42620
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acid

Bezafibrate 24 24
Cynomolgus ? DEHP 3 3 B
monkey
DINP 3 3
Clofibrate 3 3 3
Fenofibrate § 6 6 6 6
Ciprofibrate £ (+)% 46 6,33 6
Humans® <1 See footnotes for +34 40 ! 41-44, 45 12.42.43.45

compound used 353945

Comments: PPAR activation is a summary of trans-activation datavall as response of markers such as ACO and CYjeaa,
protein and enzymatic activity, which are indicatof PPARx activation and are dependent on level of PRARpression. The
endpoint examined in these studies is indicatedviaek indicates a strong response, (+) indicat@sak response, and - indicates no
response. Spaces left blank indicate no dataadtail It should be noted that the table doesnubtide PCO data from monkey
species other than Cynomolgus monkeys; other mod&ty (which is almost universally negative) is swarized in Klaunig et al.,
2003. PCO, palmitoyl-CoA oxidase.

L ake et al., 1993 (ACOYPrice et al., 1992 (ACOFPugh et al., 2000 (peroxisomal fatty acid beta-ati@h); “lsenberg et al.,
2000;°Tharappel et al., 200Hoivik et al., 2004 (lipofuscin, peroxisome numkbe€0);'Choudhury et al., 2004 (CYP4A
increases)’Lake et al., 2000 (peroxisome proliferation, CYPdi#d carnitine acetyl transferas&houdhury et al., 2000
(trans-activation assayy!MacDonald et al., 1999 (trans-activation assaell et al., 1998 (trans-activation assay);
2Hasmall et al., 1998 (nafenopifjPlant et al., 1998 (in vitro apoptosis assa{fjcock et al., 1998 (in vitro)-*Caira et al.,
1998 (multifunctional protein, ACO, thiolaséfTugwood et al., 1998 (trans-activation assayJames and Roberts, 1996;
¥pacot et al., 1996 (ACO increases only 1.6-faliprnu-Chagnon et al., 1995 (ACO in vitr6jChinje et al., 1994
(CYP4A); *'Bell et al., 1993 (CYP4A13f*Makowska et al., 1992 (ACO, CYP4A)ake et al., 1989b (ACO, CYP4A);
“Watanabe et al., 1989 (slight increases in AGttyles et al., 1988°Van Rafelghem et al., 1987 (peroxisome
proliferation):?’Lake et al., 1987 (ACO in vivo and in vitréfStyles et al., 199G°Compounds used to treat humans or
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human primary hepatocytes are indicated in thenfates:*’Gariot et al., 1987 (fenofibrate¥.James and Roberts, 1996;
Bcariello et al., 2005 (fatty acjgtoxidation genes)*Hanefeld et al., 1983 (clofibratefHanefeld et al., 1980 (clofibrate);
%De La Iglesia et al., 1982 (gemfibrozifjBlumcke et al., 1983 (fenofibratejGariot et al., 1983 (fenofibrateBentley et
al., 1993 (review)**Klaunig et al., 2003 (review§Perrone et al., 1998 (clofibric acid, diprofibrat&soll et al., 1999
(clofibrate, ciprofibrate, bezafibrate, nafenofdHP); “*Hasmall et al., 1999 (MEHP, MINP, primary metat®bif DINP);
“‘Hasmall et al., 2000b (MEHP¥Shaw et al., 2002 (MINP§’Schmezer et al., 1988.
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Table 4. Properties of Rodent (Rat and Mouse) PPA&RVersus Human PPARx in

Liver

Propert Rodent Human
perty (rat/mouse)

Impact on responsiveness
to PPARa activators in
humans compared to mice
and rats

Allelic variants None identified L162V

Exhibits greater ligand-
induced activity at higher
doses compared to the wild-
type receptor; found at high
frequencies in some

populations

V227A

Decreased responsiveness;
rare variant

“6/29”

Decreased responsiveness;
acts as a dominant negative;
very rare variant

Truncated Below 10% of 10-50% of total
PPARx (deleted  total PPARX PPARu
exon 6)

Decreased responsiveness

Inducibility by Chemical- Some differences
environmentally- specific range of with rodent
relevant ligands responsiveness activation noted

Equal or decreased
responsiveness

leading to
decreased
activation
Basal expression High in liver <~10% of mice  Much lower responsiveness
of PPARx based on one
study
Regulation of Intact Intact No difference in endpoint
hypolipidemic but different genes may be
response regulated in the different
species
Regulation of Intact No evidence No response in humans
liver growth because of fundamental

differences in spectrum of

genes regulated; hPPAR
does not regulate cell
proliferation in mice.
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TABLE 5. PPARa Activators: Mode of Action (MOA) Key Events

Causal Key Event Specificity Evidence

1. Activation of PPAR High Strong

2. Increases in oxidative  Low Strong
stress

3. NF-kB activation Low Strong

4. Perturbation of cell Low Strong
growth and survival

5. Clonal expansion of Low Strong

preneoplastic foci

Causal Key Event is a required step for PRAROA, based on empirical evidence
Specificity of each key event to PPARduced rodent hepatic tumors is considered high
if it is unique to this MOA and low if not. The kevents other than PPARactivation
by themselves are considered to have low spegificécause these events are observed
with other carcinogens. However, the key eventerwlimked are considered to have
high specificity because they are dependent on RRPAR

Evidence was determined to be strong if severaiasusupport that key event as
part of the MOA, preferably with multiple PPARactivators from multiple laboratories,
with limited evidence of contradiction. Evidensecbnsidered weak if only a single
study with a single PPAdRactivator from a single laboratory supports tret kvent or if
a significant amount of contradiction appears mliterature.
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TABLE 6. Comparative analysis of rodent and human dta — liver tumors

Causal Key Plausible Taking into Comments
events in account kinetic
humans? and dynamic
factors, is the key
event plausible in
humans?
1. Activation of Yes Yes PPARu is a target of human
PPARx hypolipidemic drugs
2. Increases in Yes Unknown Gene products that produce
oxidative oxidative stress in rodents exist in
stress humans but are not induced to the
same extent in humans or
monkeys. More traditional
methods of measuring oxidative
stress have not been used.
3. NF-kB Yes Unknown NF-kB exists in humans but has
activation not been measured in human liver
or primary hepatocytes after
exposure to PPARactivators
4. Perturbation Yes Not likely Not seen in independent studies of
of cell human hepatocytes in vitro; not
growth and measured in vivo; not seen in non-
survival human primates in vivo or in vitro;
not seen in hamsters or guinea pigs
5. Selective Yes Not likely No response in non-human
clonal primates
expansion of
preneoplastic
foci
6. Liver tumors Yes Not likely Not measured in lig®f humans

exposed to PPARactivators; no
tumors in hamsters with expression
of PPARx intermediate between
mice/rats and humans
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Figure Legend

FIGURE 1. Proposed mode of action (MOA) of rodentier tumor induction by
PPAR« activators. PPARx activators including endogenous fatty acids attiviae
nuclear receptor PPARwhich then regulates the transcription of différelasses of
genes including lipid metabolizing enzymes involwedhe therapeutic hypolipidemic
effects of PPAR activators. Increased activity of oxidant genaeggnzymes leads to
increases in oxidants and oxidative stress. Oxielatress activates NF-kB (composed
of p65 and p50 subunits) either directly by cadihsiling or indirectly by increases in
cytokine levels including TNé, IL-1 and IL-6 released from activated Kupfferlsel
NF-kB either directly or indirectly regulates gemegolved in cell growth including
those involved in cell proliferation and apopto$i® ARy activator exposure increases
cell proliferation and decreases apoptosis initrex.|Preneoplastic foci that arise either
spontaneously or through a mechanism that invalxefative stress-induced DNA
damage exhibit increases in cell proliferation caneg to the surrounding parenchyma.
Additional mutational or epigenetic changes mayuodeading to hepatocellular
adenomas and carcinomas. This proposed MOA igta@mson of that proposed earlier
(Klaunig et al., 2003) incorporating the findingsrecent studies. The MOA is an
endogenous pathway that can be activated indepgaynadérchemical exposure by

perturbations in fatty acid levels.
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Footnotes

! It should be noted that the authors combined wiffetypes of liver tumors in their
analysis, a nonstandard method of analyzing turata liaving open the possibility that
the increase in tumor response is actually nossitlly significant.

%It should be noted that the duration of this stditiynot represent a life-time exposure
(Tucker and Orton, 1995).
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