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Abstract

Administration of peroxisome proliferators to rodents causes proliferation of peroxisomes, induction of 3-oxidation enzymes, hepatocellular
hypertrophy and hyperplasia, with chronic exposure ultimately leading to hepatocellular carcinomas. Many responses associated with peroxisome
proliferators are nuclear receptor-mediated events involving peroxisome proliferators-activated receptor alpha (PPARw). A role for nuclear receptor-
independent events has also been shown, with evidence of Kupffer cell-mediated free radical production, presumably through NAPDH oxidase,
induction of redox-sensitive transcription factors involved in cytokine production and cytokine-mediated cell replication following acute treatment
with peroxisome proliferators in rodents. Recent studies have demonstrated, by using p47”°*-null mice which are deficient in NADPH oxidase, that
this enzyme is not related to the phenotypic events caused by prolonged administration of peroxisome proliferators. In an effort to determine the
timing of the transition from Kupffer cell-to PPARa-dependent modulation of peroxisome proliferator effects, gene expression was assessed in liver
from Pparo-null, p47°"**-null and corresponding wild-type mice following treatment with 4-chloro-6-(2,3-xylidino)-pyrimidynylthioacetic acid
(WY-14,643) for 8 h, 24 h, 72 h, 1 week or 4 weeks. WY-14,643-induced gene expression in p4 7" hox_null mouse liver differed substantially from
wild-type mice at acute doses and striking differences in baseline expression of immune related genes were evident. Pathway mapping of genes that
respond to WY-14,643 in a time- and dose-dependent manner demonstrates suppression of immune response, cell death and signal transduction and
promotion of lipid metabolism, cell cycle and DNA repair. Furthermore, these pathways were largely dependent on PPAR«, not NADPH oxidase
demonstrating a temporal shift in response to peroxisome proliferators. Overall, this study shows that NADPH oxidase-dependent events, while
detectable following acute treatment, are transient. To the contrary, a strong PPARa-specific gene signature was evident in mice that were continually
exposed to WY-14,643.
© 2007 Elsevier Inc. All rights reserved.
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Introduction dogenous compounds. These compounds have been the subject
of debate for several decades because of their carcinogenicity
Peroxisome proliferators (PPs) are a chemical class com-  in rodents (Lalwani et al., 1981) and uncertain risk to humans

prised of a wide range of industrial, pharmaceutical and en- (Klaunig et al., 2003; Rusyn et al.,, 2006). A number of
peroxisome proliferator-induced events leading up to carcino-
genesis, including increased cell replication, oxidative damage

and tumorigenesis itself require activation of nuclear receptor
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and transporters (Peters et al., 2005). Among species there are
substantial structural differences in the DNA binding element,
peroxisome proliferator response element (PPRE) along with
differences in basal PPARa expression, with humans exhibit-
ing a tenth of the levels observed in rodents (Palmer et al.,
1998).

A wide range of nuclear receptor-independent effects of
PPARa agonists in rodent liver have been reported and some
of these were attributed to activation of the Kupffer cells
(Rusyn et al., 2006). Therefore, delineating the relative
contribution of receptor-independent and -dependent molec-
ular events is important for human health risk assessment of
these agents, which is currently based largely on the inter-
species differences in PPARa activation and signaling (Pe-
ters et al., 2005). Studies performed in vivo and in vitro
demonstrated that peroxisome proliferators stimulate super-
oxide and cytokine production by liver macrophages
(Hasmall et al., 2000b). Studies using NADPH oxidase-
deficient (p47°"°*-null) and Ppara-null mice demonstrated
that acute effects of peroxisome proliferators seem to be
largely mediated by oxidant production in Kupffer cells
(Peters et al., 2000; Rusyn et al., 2001). WY-14,643-induced
cell proliferation is abrogated in p47°"**-null mice or when
mice are pre-treated with NAPDH oxidase inhibitor, diphe-
nyliodonium. Despite evidence demonstrating a role for
Kupffer cells and mitogens in the early events in rodent
liver associated with peroxisome proliferators, other studies
conducted in TNFa (Lawrence et al., 2001)- and TNF
receptor (TNFR)-null mice (Anderson et al., 2001) suggest
that WY-14,643-induced cell proliferation may not be
mediated by TNFa. It is clear, however, that PPAR«
mediates key events in rodent liver following sub-chronic
and chronic treatment of peroxisome proliferators (Peters et
al., 1997; Woods et al., 2007b).

Microarray technology has served as a valuable tool for
gathering mechanistic information regarding toxicants mo-
lecular targets and temporal progression of toxicity leading
to specific disease states. Genomic studies investigating the
effects of peroxisome proliferators in rodent liver have pro-
vided critical insight into the molecular mechanisms respon-
sible for liver-specific effects of peroxisome proliferators in
rodents and supported a non-genotoxic mechanism of their
action (Cherkaoui-Malki et al., 2001; Hamadeh et al., 2002;
Currie et al.,, 2005). However, the gap in our knowledge
remains on the temporal relationship between peroxisome
proliferator-modulated effects and molecular mediators of
these effects, especially at the early time points where
PPARa-independent events are also known to occur. To
address this, gene expression analysis was conducted in
livers from p47”"*-null, Ppara-null and wild-type mice
treated from 8 h to 4 weeks with a potent peroxisome
proliferator, 4-chloro-6-(2,3-xylidino)-pyrimidynylthioacetic
acid (WY-14,643). We show that NADPH oxidase-dependent
events, while detectable following acute treatment, are short-
lived. To the contrary, a strong PPARa-specific gene
signature was evident in mice that were continually exposed
to WY-14,643.

Methods

Animals, diets and fissue collection.  p47°"**-null male mice (C57BL/6J
background; Jackson et al., 1995), Pparo-null male mice (SV129 background;
Leeetal., 1995), and corresponding wild-type counterparts (6—8 weeks of age at
the beginning of treatment) were used in these experiments. All animals used for
this study were housed in sterilized cages in a facility with a 12-h night/day cycle.
Temperature and relative humidity were held at 22+2 °C and 50%5%,
respectively. The UNC Division of Laboratory Animal Medicine maintains
these animal facilities, and veterinarians were always available to ensure animal
health. All animals were given humane care in compliance with NIH and
institutional guidelines and studies were performed according to protocols
approved by the appropriate institutional review board. Prior to experiments,
animals were maintained on standard lab chow diet and purified water ad libitum.
WY-14,643 was obtained from Aldrich (Milwaukee, WI). Acute doses were
administered by a single oral gavage of 0 (control), 5 or 50 mg/kg of WY-14,643
in olive oil. Mice (n=3) were sacrificed 8 h, 24 h or 72 h post dosing. Sub-chronic
doses of WY-14,643 were administered in the diet ad libitum. NIH-07 was used
as the base for the powdered diet containing either 0 (control), 50 or 500 ppm of
WY-14,643. Mice (n=3) were sacrificed after either 1 week or 4 weeks of dietary
treatment. Animals had free access to water throughout the study and the health
status of the animals was monitored every other day. At sacrifice, mice were
anesthetized with pentobarbital (100 mg/kg) and following exsanguination livers
were removed and weighed. A section from the left lateral lobe was fixed in 10%
formalin. The remaining tissue was snap frozen in liquid nitrogen. The samples
were stored at —80 °C until assayed.

RNA isolation.  While frozen, a small fragment (approximately 30 mg) was
removed for each liver sample and homogenized for 30 s in 600 pl RLT buffer
(Qiagen, Valencia, CA) containing 1% P-mercaptoethanol. The lysate was
centrifuged for 3 min at 13000 rpm. From the resulting supernatant, total RNA
was isolated using an RNeasy kit (Qiagen) as per the manufacturer’s protocol.
Total RNA integrity and quantification were assessed using RNA 6000 nano
assay LabChips® (Agilent Technologies, Santa Clara, CA) and analyzed on a
2100 Bioanalyzer (Agilent Technologies) as per the manufacturer’s protocol.

c¢DNA preparation and microarray hybridization.  Preparation of cDNA,
labeling and hybridizations were performed using reagents from the low RNA
input fluorescent linear amplification kit (Agilent Technologies) based on the
manufacturer’s protocol. A pooled mouse RNA sample (Cogenics, RTP, NC)
derived from equal amounts of RNA from kidney, spleen, lung, brain and liver
was used as a reference and prepared in parallel to the samples of interest.
Samples were analyzed using an Agilent Mouse Oligo Microarray (~21,000
features, catalogue# G4121). The hybridized microarrays were washed and
scanned using an Agilent G2565BA scanner. Data were extracted from the
scanned image using Agilent Feature Extraction software version 6.1. Raw data
are available from the UNC Microarray database (genome.unc.edu).

Microarray data analysis. — Array quality was assessed using Agilent Feature
Extraction software and genes with fewer than 70% present data across all arrays
were excluded from further analysis. A total of 16,030 probes passed this data
quality filter. Removal of control oligos and RIKENSs, for which little or no
functional data were available, reduced the list to 11,421 genes. These transcripts
comprised our working data set. LOWESS normalization was performed to
eliminate dye bias. A second normalization was performed to correct for basal
differences in gene expression between SV129 and C57BL/6] mice or between
wild-type and knockout mice on both backgrounds. This normalization involved
dividing the Cy5/Cy3 ratio for a given gene by the mean Cy5/Cy3 ratio for the
same gene from time and strain-matched controls. Missing data points were
calculated using K-nearest neighbor imputation method (Troyanskaya et al.,
2001). Average linkage, hierarchical clustering was performed using Cluster
software on median centered (by genes) data, and visualization was facilitated by
Treeview (Eisen et al., 1998).

Differentially expressed genes were identified using either Significance
Analysis of Microarrays (SAM) or EDGE software (Tusher et al., 2001;
Leek et al., 2006). SAM was performed in cases where statistical sig-
nificance across only one variable (strain or dose) was being assessed.
EDGE was used for identifying differentially expressed genes over time
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within a single condition or among several conditions. Q-values, which of significant genes was generated by EDGE, a f-statistic was calculated for
represent the false discover rate (FDR) of less than 0.05 for SAM and each gene at each strain/time combination to determine statistical difference
EDGE, were selected as thresholds for differential expression. Once the list between high dose and control expression. For each strain/time combination,
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Fig. 1. Immune response and fatty acid metabolism are affected in liver of p47”"**-null mice. Differentially expressed genes were identified between untreated wild-
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type and p4

-null mice across all time points. Biological pathway analysis identified (A) immune response and (B) fatty acid metabolism as significantly enriched

categories. Hierarchical clustering of the genes contributing to these biological processes is shown.
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a list of differentially expressed genes (pb0.05) was used for functional
analysis.

Functional analysis of significant genes. EASE (Dennis et al., 2003),
GOMiner (Zeeberg et al., 2003) and High-Throughput GOMiner (Zeeberg et al.,
2005) were used to determine biological function of differentially expressed
genes, in the context of Gene Ontology (GO). EASE and GOMiner were utilized
for pathway analysis of genes identified in two class SAM comparisons. A score
(i.e., p value) of b0.05 was selected as the cutoff for statistical significance.
High-Throughput GOMiner was used for pathway analysis of significant genes
lists generated from EDGE time course analysis. A O-value, representative of
the FDR b0.05 and pb0.05 were the basis for statistical significance from this
analysis. Finally, gene networks were prepared with Pathway Studio® 4.0
software (Ariadne Genomics, Rockville, MD) (Nikitin et al., 2003). The
software uses Medscan natural language processing to gather information from
all abstracts on PubMed and other public data sources, which is extracted to
assemble molecular networks.

Real-time PCR. Real-time PCR assays were performed using Tagman®
(Applied Biosystems) microfluidics cards to probe over 300 genes of interest
(Supplementary Table 1). RNA samples from animals treated with control or
WY-14,643-containing diet for 4 weeks were used for this analysis. Preparation
of cDNA from 25 ng of RNA was performed using high capacity cDNA archive
kit (Applied Biosystems), according to the manufacturer’s protocol. PCR mix
was prepared used Tagman Universal PCR Master Mix was used to prepare
sample-specific PCR mix and PCR was performed using the ABI Prism 7700
Sequence Detection system according to the manufacturer’s protocol (http://
docs.appliedbiosystems.com/pebiodocs/04319399.pdf). Quantification of data
involved calculating 24ACT The AC, values for all genes were calculated rel-
ative to the average C, value for four 18s probes. The AAC; values were cal-
culated using AC, values for WY-14,643-treated samples relative to mean AC,
values for strain-matched controls.

Results and discussion

The aim of this study was to investigate WY-14,643-induced
temporal changes in gene expression and to understand the inter-
relationship between, and timing of PPAR«a- and Kupffer cell-
dependent molecular events in the mechanism of action of
peroxisome proliferators in rodent liver. To address these
questions, we evaluated the differences between modulation of
gene expression by WY-14,643 in p47°"°*- and Pparo-null
mice, two mouse engineered models that were used previously
to elucidate receptor-dependent and -independent pathways.
This study provides an extensive time course and dose—response
of peroxisome proliferator-induced gene expression changes in
mouse liver in the context of two important modes of action of
these compounds: activation of PPARa and Kupffer cells. Gene
expression data presented here clearly demonstrate that Kupffer
cell-mediated molecular changes in mouse liver evoked by WY-
14,643 are ephemeral and are not observed with continuous
treatment.

Basal differences in liver gene expression between wild-type
and p47°"*-null mice

First, gene expression in control-fed wild-type and p477°*-
null mice was compared. A two-class comparison using Sig-
nificance Analysis of Microarrays (SAM) identified 2257 genes
as differentially expressed between the strains across all time
points (Fig. 1). Immune response, fatty acid metabolism
(specifically B-oxidation), glucose metabolism and amino acid

metabolism were identified as the biological processes that were
differentially expressed between wild-type and p47”"°*-null
mice.

Divergent expression of genes involved in innate immunity
(Fig. 1A) was expected given the major role that Kupffer cell
NADPH oxidase plays in the liver’s defense response (Li and
Diehl, 2003). A number of lipid mediators of inflammation
exhibited higher basal levels of expression in p47”"**-null mice.
These include phospholipase A2 (Pla2g4a), which plays a role
in arachidonic acid release and eicosanoid biosynthesis,
prostaglandin endoperoxide synthase 1 (Pzgs/), also known as
cyclooxygenase 1 (Cox1), lipoprotein lipase (Lp/) and NADPH-
dependent enzyme leukotriene B4 dehydrogenase (Ltb4dh).
p47°"°*.null mice also exhibited elevated levels of Toll-like
receptor 4 (7Ir4), which is a well-known mediator of lipo-
polysaccharide (LPS)-induced inflammation. Complement 3
(C3) and fibronectin 1 (Fnl), which both promote phagocytosis,
were also suppressed in p47”"*-null mice.

Interestingly, striking differences in basal gene expression
for fatty acid metabolism genes, a large number of which are
PPARa regulated, were also observed between wild-type and
p47°"*_null mice (Fig. 1B). Several studies have drawn a link
between NADPH oxidase and lipid metabolism through
reactive oxygen species-related low-density lipoprotein (LDL)
oxidation (Bey and Cathcart, 2000; Teissier et al., 2004). The
oxidized LDL metabolites are PPAR« ligands and can promote
transcription of PPARa target genes. Based on this proposed
mechanism of cross-talk between PPARa and liver macro-
phages, basal levels of PPARa-active molecules in the liver
may be lower in NADPH oxidase-deficient mice compared to
wild-types, in line with the observations from this study of
lower basal mRNA levels of PPAR«-target genes in p47°"*-
null animals.

WY-14,643-induced differences in gene expression between
P47 null and wild-type mice

It has been shown previously that p47”"°*-null mice are
protected from acute liver-specific effects of peroxisome
proliferators (Rusyn et al., 2000). To elucidate the temporal role
of Kupffer cell-mediated pathways in response to peroxisome
proliferator treatment, acute (8 h) and sub-chronic (4 weeks)
changes in gene expression were assessed using p47”"*-null
mice (Fig. 2). Specifically, to determine the Kupffer cell-specific
molecular signature in response to WY-14,643, we identified
genes that were differentially expressed between control and WY-
14,643 samples in the wild-type, but not in p477"*-null mice.
From 444 genes selected in this analysis, four clusters are evident.
There are genes that were up (gene set A)- or down (gene set C)-
regulated in response to treatment with WY-14,643 for 8 h, but not
for 4 weeks. In addition, a large number of genes exhibited
sustained (present in both 8 h and 4 weeks samples) up (gene set
B)- or down (gene set D)-regulation in response to WY-14,643
treatment.

Pathway mapping of the genes from each classification was
performed using GOMiner. Gene set A was enriched with
transcripts involved in cell division, which supports previous
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Fig. 2. p47""*specific effects of WY-14,643 in mouse liver. Gene expression
data from p477"**-null and wild-type mice treated with WY-14,643 for 8 h
(50 mg/kg, i.g.) or 4 weeks (500 ppm, diet) was used to identify differentially

studies in which DNA synthesis or cell proliferation in liver is
abrogated in response to acute peroxisome proliferator
treatment as a result of inactivation of NADPH oxidase or

Kupffer cells (Rose et al., 1999; Rusyn et al., 2000). Within
gene set B, increases in defense response, immune cell ac-
tivation and endocytosis were most pronounced acute responses
to WY-14,643 that diminish with long-term treatment.
This gene expression signature is supported by Kupffer cell
activation by peroxisome proliferators and increased phagocy-
tosis by these cells (Bojes and Thurman, 1996). The link
between Kupffer cells and pathways identified in gene sets C
and D corroborates a previous report of suppression of amino
acid metabolism by peroxisome proliferators (Kersten et al.,
2001).

Interestingly, induction of cell division genes at later time
points was independent of NADPH oxidase (Fig. 2, gene set A). In
chronic dietary feeding studies in which mice were fed WY-
14,643 (0.1% w/w) for up to 5 months, p47”"**-null mice
exhibited peroxisome proliferator-induced liver effects similar to
those in wild-type mice (Woods et al., 2007a). Hepatomegaly,
increased cell proliferation and oxidative DNA damage, important
modes of action in nongenotoxic carcinogenesis, were observed in
wild-type and p47°"**-null mice fed WY-14,643. This shows that
involvement of Kupffer cells in WY-14,643-induced parenchymal
cell proliferation and oxidative stress in rodent liver is an acute
phenomenon that may not be relevant to long-term effects of
peroxisome proliferators. While these results suggest that
induction of cell proliferation in rodent liver appears to be tightly
linked to PPARa-mediated signaling in the hepatocyte, the exact
mechanism of such interaction is not presently known. Several
hypotheses suggesting a link via mitogen activated kinases, such
as p38 (Roberts et al., 2001), and/or Ras-mediated signaling
(Wheeler et al.,, 2003) have been recently brought forward.
Furthermore, it is plausible that other, non-PPARa-mediated
events in hepatocytes and/or other cell types in liver may be
important for induction for the proliferative response in rodent
liver.

Temporal changes in liver gene expression demonstrate a
robust PPARo-dependent signature following WY-14,643
treatment

To evaluate the timing of PPARa- and Kupffer cell-mediated
events, time course gene expression data from WY-14,643-fed
mouse liver were analyzed using EDGE. Temporal and dose-
dependent effects of WY-14,643 are evident following hier-
archical clustering based on the genes significantly changing in
p47°"°% wild-type (C57BL/6J) mice (Supplementary Fig. 1).
While the initial timing of most profound effects on gene
expression varied among groups, a uniformly robust response
was observed in both wild-type strains and p47”"**-null mice
with 1 or 4 weeks of continued WY-14,643 treatment. The large
majority of the changes were PPARa-dependent with few genes
being affected by WY-14,643 in Ppara-null mice (see below), a
response that has been demonstrated in other gene array studies
(Anderson et al., 2004a,b). Pathway analysis of the significantly
different genes identified a number of biological processes that
were perturbed by peroxisome proliferators in a dose- and time-
dependent manner (Fig. 3). Individual significant genes within
each process are listed in Supplementary Tables 2-5.
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Fig. 3. Time- and dose-dependent changes in biological pathways affected by WY-14,643 in mouse liver. Significant genes from EDGE analysis were used to identify
enriched biological processes affected by WY-14,643 treatment. Supervised hierarchical clustering was used to organize treatments and strains (columns) and
biological processes (rows). Processes that were down (top half)-and up (bottom half)-regulated were analyzed separately. Heat map shading reflects the significance
(based on false discovery rate statistics, FDR) for a given pathway. The pathways are ordered within each category according to Gene Ontology hierarchy.
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Among the processes that were down-regulated by WY-
14,643 treatment in liver are immune response, cytolysis,
electron transport and signal transduction. Up-regulation of
pathways traditionally associated with peroxisome proliferators,
including lipid metabolism, cell division and response to
endogenous stimulus (DNA repair) was also observed. Only
acyl-coA metabolism (and its associated GO Term categories)
exhibits a strong acute response that is sustained with continued
feeding. As shown in Fig. 3, the most robust signature for the
majority of affected biological pathways is present at 1 week
and/or 4 weeks. This may suggest that some of the early effects
of peroxisome proliferators (i.e., induced cell proliferation),
which historically have been considered to be transient acute/
sub-acute phenotypes, may be sustained. Indeed, when cell
proliferation was measured in the liver of wild-type or p47°"°*-
null mice, a robust elevation in BrdU labeling index was found to
persist for up to 5 months of treatment (Woods et al., 2007a).
Interestingly, temporal pathway analysis also revealed an early
PPARa-independent cell replication signature (see below). The
gene expression changes observed at 4 weeks were confirmed
using RT-PCR (Supplementary Fig. 2) in which increased
expression of genes related to fatty acid metabolism, DNA repair
and protein catabolism was observed and transcript levels for
genes involved in signal transduction were down-regulated in all
strains except for Pparo-null mice.

Gene expression profiling reveals PPARo-mediated
immunosuppression by WY-14,643

Liver-specific immunosuppression by peroxisome prolifera-
tors has been previously observed (Devchand et al., 1996). Our
study found that treatment with WY-14,643 led to down-
regulation of immune response and response to stimulus in liver
in a manner that is dependent on PPARa, but not NADPH oxidase
(Fig. 4, top). This effect was most pronounced at 1 and 4 weeks
after treatment, but the earliest onset may occur as early as 24 h
post-dosing (Fig. 3). Decrease in complement activation system
was associated with reduced transcript levels of complements 1
(CI1), C2, C5, C8, C9 and serine protease mannan-binding lectin
serine peptidase (Maspl), effects similar to those reported by
others (Wong and Gill, 2002; Anderson et al., 2004a; Currie et al.,
2005). In addition to serving as important mediators of innate and
adaptive immune response, complements play a major role in cell
death by opsonizing apoptotic cells which are later cleared by
phagocytes (Fishelson et al., 2001; Flierman and Daha, 2007).
The membrane attack complex of complement has also been
demonstrated to play a role in apoptosis through caspase
activation (Nauta et al., 2002). As a result, suppression of
complement pathways could lead to anti-apoptotic effects, which
are considered to be an important mode of action in peroxisome
proliferator-induced carcinogenesis.

The mechanism by which peroxisome proliferators elicit
immunosuppression is not well understood. It has been sug-
gested that altered immune response may be associated with
lipid metabolism. One hypothesis is that activation of PPARa
by leukotriene B4 (LTB4) and subsequent clearance of the pro-
inflammatory agent through metabolism results in a negative-

feedback loop that regulates inflammation (Devchand et al.,
1996); however, LTB4 metabolism was not found to be
increased as a result of PPAR« activation. It is also likely that
peroxisome proliferators may modulate immune response by
altering serum lipids. WY-14,643 treatment causes a decrease in
serum lipids, which may alter the proportion of energy from
fatty acids to peripheral tissues (i.e., spleen, lymphatic tissue)
that participate in the immune response (Yang et al., 2000). This
response in NADPH oxidase-deficient mice may be further
exaggerated due to immuno-compromised state of these animals
and render them more susceptible to pro-proliferation effects of
WY-14,643 in liver.

Considering that early activation of Kupffer cells and events
mediated by these cells (i.e. cell proliferation, oxidative stress,
etc.) are ephemeral, it is quite possible that they are coincidental
and associative. However, sub-chronic PPARa-mediated immu-
nosuppression likely effects the Kupffer cell defense mechanisms
and cytokine production. Cytokines in the liver, which are mainly
produced by Kupffer cells serve as important mediators of innate
immune response, but also prime cells to proliferate or undergo
apoptosis (Ramadori and Armbrust, 2001). There are conflicting
reports with regards to the effects of peroxisome proliferators on
cytokine production and their importance to hepatocarcinogen-
esis. A number of studies suggested that cytokines may play a
critical role in cell proliferation and apoptosis by peroxisome
proliferators (Bojes et al., 1997; Hasmall et al., 2000a; Parzefall
et al., 2001). At the same time, many reports questioned that
cytokines are a requisite for altered cell turnover by peroxisome
proliferators (Ledda-Columbano et al., 1998; Anderson et al.,
2001). To address this controversy, this study looked at the
temporal profile of expression changes related to cytokine signal-
ing in liver. We found that transcription factors that are regulated
by or involved in regulation of cytokine release, including E74-
like factor 1 (EIfT), nuclear factor of activated T-cells 5 (Nfat5)
and interferon regulator factor 2 (/rf2) were down-regulated by
WY-14,643 treatment in a PPARa-mediated manner.

WY-14,643-induced PPARo-independent gene expression may
be mediated by other PPARs

It is widely accepted that activation of PPAR« is required for
peroxisome proliferator-induced cell proliferation in vivo (Peters
et al., 1997). However, the link between cell cycle regulatory
genes and activated PPAR« has not yet been clearly delineated.
To gain additional insight into peroxisome proliferator-induced
events associated with cell proliferation in mouse liver and their
dependence on PPARa, gene signatures at 24 h and 4 weeks
were further assessed with particular focus on genes contributing
to the “cell cycle” node (Fig. 4, bottom; and Fig. 5A). In-
terestingly, as early as 24 h (Fig. 5A), we observed that
differential expression of a number of genes largely involved in
promoting mitosis was exclusive to Pparo-null mice; however,
cell proliferation is not increased in these mice at this time point
(data not shown). Furthermore, these effects were dramatically
reversed by 4 weeks of treatment (Fig. 4, bottom). It has been
shown recently that mitogens are required for passage through
the G2 phase of'the cell cycle into M phase (Foijer and Te, 20006).
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Fig. 4. Suppression of immune response and induction of cell cycle in mouse liver by WY-14,643 is dependent on PPARa, not NADPH oxidase. Expression of genes
contributing to the immune response (top) and cell cycle (bottom) GO processes at 4 weeks of treatment (see Figs. 3 and 4) was visualized as networks using Pathway
Studio software. Interactions among gene products include regulation (gray line) and induction of expression (blue line). Nodes shaded green are down-regulated and
red nodes are up-regulated genes as compared to time/strain-matched control, and gray nodes are molecular mediators that were either not measured on the array or did
not contribute to this GO analysis. No information regarding gene interactions was available using Pathway Studio for nodes that are not connected with arrows.

Mitogen-independent progression to mitosis is possible, but not (both wild-types and p47°"°*-null mice), it is possible that
before a lengthy cell cycle arrest (~ 10 h). Given the suppressed  reduced mitogen release can explain the less robust cell cycle
state of the immune response in WY-14,643-responder strains signature at early time points.
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detailed in Methods.

Furthermore, we examined the microarray data from Pparo-
null mice to determine what genes do respond to WY-14,643 in
time- and dose-dependent manner (Fig. 5B). While only 12
genes were found to be significantly changed it is notable that
even some putative PPARa-target genes, such as cytochrome
P450 4al4 (Cyp4al4), are regulated in PPARa-independent
manner, which has been previously demonstrated (Corton et al.,
2004). WY-14,643 treatment caused a decrease in integrin beta
1 binding protein (/zgh1bp1) expression and an increase in /rf2,
which inhibits transcriptional activation of interferon, suggest-
ing that a PPARa-independent mechanism of immunosuppres-
sion by peroxisome proliferators may be involved. Cyclin-
dependent kinase inhibitor 1A (Cdknla), also known as p21,
which associates with p53 to impede cell cycle progression, is
significantly up-regulated in Ppara-null mice with sub-acute
WY-14,643 treatment and is suppressed at later time points.

Tubulin 2 (Tubb2), which is also important to cell cycle reg-
ulation, particularly mitosis, exhibits a similar pattern of ex-
pression as p21. Tubb2 possesses a response element for both
PPAR gamma and PPAR delta (White et al., 2003), thus these
observations may suggest that the ability of WY-14,643 to act
via other PPARs is a small but detectable phenotype in Pparo-
null mice.

Conclusions

This study provides an extensive time course data set of the
effects of a model peroxisome proliferator WY-14,643 in liver
of wild-type and Pparo- and p47°"°*-null mice, animals that
have been used to address the role of PPARa-dependent and
-independent signaling events associated with these agents in
rodent liver. This study provides several novel insights into the
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mechanisms of action of peroxisome proliferators in rodent
liver. First, our data demonstrates that Kupffer cells are involved
in immediate early responses to these agents, but may not play
a role in chronic effects of peroxisome proliferators. To the
contrary, PPARa-mediated molecular changes are prevalent
with longer exposure to peroxisome proliferators. Second, we
show that peroxisome proliferators cause a strong immunosup-
pressive response in mouse liver and suggest that this response
may contribute to the anti-apoptotic effects of peroxisome
proliferators. These effects may be linked to lipid metabolism in
liver and controlled by PPAR« as well as other PPARs.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.taap.2007.08.028.
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