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Abstract The nuclear receptor constitutive androstane re-
ceptor (CAR) (NR1I3) regulates hepatic genes involved in
xenobiotic detoxification as well as genes involved in energy
homeostasis. We provide data that extend the role of CAR
to regulation of serum triglyceride levels under conditions
of metabolic/nutritional stress. The typically high serum tri-
glyceride levels of ob/ob mice were completely normalized
when crossed onto a Car2/2 (mice deficient for the Car
gene) genetic background. Moreover, increases in serum tri-
glycerides observed after a high-fat diet (HFD) regime were
not observed in Car2/2 animals. Conversely, pharmacologi-
cal induction of CAR activity using the selective mouse CAR
agonist TCPOBOP during HFD feeding resulted in a CAR-
dependent increase in serum triglyceride levels. A major
regulator of hepatic fatty oxidation is the nuclear receptor
PPARa (NR1C1). The expression of peroxisome proliferator-
activated receptor alpha (PPARa) target genes was inversely
related to the activity of CAR. Consistent with these observa-
tions, Car2/2 animals exhibited increased hepatic fatty acid
oxidation. Treatment of mice with 1,4-bis[2-(3,5-dichloro-
pyridyloxy)]benzene (TCPOBOP) significantly decreased
expression of PPARa mRNA as well as Cyp4a14, CPT1a,
and cytosolic Acyl-CoA thioesterase (CTE) in the liver.
These data have implications in disease therapy such as
for diabetes and nonalcoholic steatohepatitis (NASH).—
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Abnormally high serum triglycerides are a hallmark of
metabolic syndrome/type 2 diabetes, nonalcoholic fatty
liver disease (NAFLD), and nonalcoholic steatohepatitis
(NASH). Research indicates that the high serum triglycer-
ides associated with these diseases has a complex etiology.
A better understanding of the molecular mechanisms that
underpin dyslipidemia should facilitate improved strate-
gies for serum lipid management.

Peroxisome proliferator-activated receptor alpha (PPARa)
(NR1C1) agonists (e.g., fibrates) are a common treatment
of diabetic dyslipidemia/primary hypertriglyceridemia.
One of the major effects of PPARa activation by fibrates
is decreased hypertriglyceridemia due to increased free
fatty acid b-oxidation in the liver (1). The nuclear receptor
PPARa stimulates gene transcription by binding to peroxi-
some proliferators response elements (PPRE) in the pro-
moter of target genes (2). Many PPARa target genes are
involved in pathways connected to lipid metabolism, in-
cluding mitochondrial and peroxisomal fatty acid oxida-
tion, as well as fatty acid uptake and transport. Through
regulation of these target genes, PPARa has a strong influ-
ence on plasma lipid levels (3). The nuclear receptor CAR
(NR1I3), on the other hand, has traditionally been asso-
ciated with xenobiotic metabolism. More recently, the role
of CAR has been expanded and now includes regulation of
multiple metabolic processes, including pathways affecting
bile acid and cholesterol/HDL metabolism (4, 5).

PPARa and CAR are induced in liver in response to fast-
ing (6, 7). It has recently been shown that PPARa agonists
lead to increased CAR expression via a PPRE (direct repeat
1, or DR1) in the CAR promoter (6). These same studies
show that fasting-induced increases in free fatty acids (many
of which are natural ligands for PPARa) induce CAR ex-
pression via PPARa activation. The purpose of this study
was to a) look for evidence of corresponding effects of
CAR on PPARa activity, and b) assess whether those effects
are reflected in any changes in lipid metabolism in mice.

MATERIALS AND METHODS

Q-PCR/primer probes
Real-time quantitative PCR (RTQ-PCR) was performed using

an ABI PRISM 7900 Sequence Detection System instrument
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and software (Applied Biosystems, Inc., Foster City, CA). Ten
micrograms of the RNA samples were treated with 20 U/ml
RNA-free DNase I for 30 min at 37°C followed by inactivation
at 75°C for 5 min. Samples were quantitated by spectrophotome-
try and diluted to a concentration of 10 ng/mL. Samples were
then converted to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Inc., Foster City, CA).
Samples were assayed in duplicate or triplicate 10 ml reactions
using 10 ng of cDNA per reaction. Gene-specific primers were
used at 900 nM per reaction, and the gene-specific probe was
used at 200 nM per reaction. Primers and probes were designed
using Primer Express Version 2.2.2 (Applied Biosystems) and
synthesized by Biosearch Technologies (Novato, CA). All primers
and probes were entered into the NCBI Blast program to ensure
specificity. Sequences are as follows: Elovl5 (NM_134255, f-
AGGTGTGTGGGAAGGCAAATA, r-GAATTCGATGAGTTTGGA-
GAAGTAGTAC, p-TCCGATATGAAGATCATCCGCGTCCTC);
PPARa (X57638, f- ACGATGCTGTCCTCCTTGATG, r- GTGTGA-
TAAAGCCATTGCCGT, p- ACAAAGACGGGATGCTGATCGCG);
CYP4a14 (NM_007822, f- CAAGACCCTCCAGCATTTCC,
r- GAGCTCCTTGTCCTTCAGATGGT, p- ATGCATGCC-
TTCCCACTGGCTTTG); CPT1a (NM_013495, f-CCTGGG-
CATGATTGCAAAG, r-GCCACTCACGATGTTCTTCGT,
p-ACCCTAGACACCACTGGCCGCATGT); CTE (NM_012006,
f -GGAGTACTTTGAAGAAGCCGTGAA, r -CCCAAGCA-
GCCCAATTCC, p-CTGCGCAGCCACCCCGAG); Cyp2B10
(NM_009998 , f -CCTAAGGACATTGACCTCACTCCC,
r - GTCTGCCTCAGCCCAATCAG, p - CAACGTACCA-
GATCTGCTTCTTGGCCC); Cyclophilin (NM_008907, f-
CAAATGCTGGACCAAACACAA, r-TGCCATCCAGCCATTCAGT,
p-CGGTTCCCAGTTTTTTATCTGCACTGCC).

Creation of Car2/2 Lep2/2 double knock-out mice
All procedures performed were in compliance with the Animal

Welfare Act and United States Department of Agriculture regu-
lations and approved by the Glaxo-SmithKline Institutional Ani-
mal Care and Use Committee. Car2/2 mice were generated by
Deltagen, Inc. (Redwood City, CA; www.deltagen.com/deltaone)
by homologous recombination using a targeting vector that de-
letes nucleotides 38–159 of the Car open reading frame. This tar-
geting event removes the first zinc finger of the DNA binding
domain and results in a frame-shift. The resulting protein prod-
uct is expected to have neither the genomic nor nongenomic
properties (e.g., ability to recruit cofactor proteins to the ligand-
binding domain) of wild-type CAR. Embryonic stem cells derived
from the 129/Sv-_P_Mgf-SLJ/J mouse substrain were used to gen-
erate chimeric mice. F1 mice were generated by breeding with
C57BL/6 females. Offspring were screened by PCR analysis of
DNA obtained from tail biopsies to identify those heterozygous
for the mutant Car allele. The heterozygous offspring were then
intercrossed to obtain mice homozygous for the Car mutation.
Car-/- mice were normal in terms of gross morphology and bred
with normal Mendelian characteristics. The Car-/- mice were back-
crossed on to C57BL/6 mice using Marker Assisted Backcross-
ing in-house to N7 and these mice were transferred to Taconic
(Hudson, NY; www.taconic.com) at generation N7. From there,
the mice were further backcrossed to C57BL/6 to N10, and then
were mated Car1/- x Car1/- to generate the Car-/- production colony.

Car2/2 mice were intercrossed with Lep1/2 mice from the Ta-
conic OB line. These generated Car1/2 Lep1/2 mice, which were
then mated together to produce the Car2/2 Lep1/2 breeders,
which is how the line was maintained. Mice were maintained on
standard laboratory chow and allowed food and water ad libitum.
Average Car2/2 animal weights (25–30 g) were not different from
wild-type (WT), and Car2/2 Lep-/- mice were not different from

standard Lep2/2 animal weights (50–60 g). In each in vivo study
described, at least 4–5 animals, 10–12 weeks of age, were used.

HFD1/2 TCPOBOP treatment
Male 10–12-week-old Car-/- and C57BL/6 wild-type mice (4–

5 mice/group) were utilized for gene expression analysis. For
the pharmacological studies, C57BL/6, wild-type or Car-/- were
treated with the CAR-selective ligand TCPOBOP i.p. at 0.3 mg/kg
once daily for 14 days, at which time blood and livers were har-
vested. Total RNA from liver samples was isolated using TRIzol
reagent (Invitrogen) according to the manufacturerʼs instruc-
tions. Animals were maintained on a 60% high-fat diet (HFD)(Re-
search Diets, D12492) or normal chow (Purina 5001) for 14 days
or 8 weeks (significant changes in serum triglyceride levels re-
quired 8 weeks to manifest).

Serum chemistry
Serum triglyceride measurements were performed on the Olym-

pus Au640: clinical chemistry analyzer (Olympus America Inc.,
Melville, NY), with the reactions run at 37°C.

Determination of tissue triglyceride content
Liver tissue was homogenized in homogenization buffer (0.1M

HEPES, pH 7.4/ 0.1M NaCl, 1 mM EDTA) to achieve a 20%
homogenate using a Polytron motor-driven homogenizer. The tis-
sue was then extracted by combining 200 mL of 20% tissue ho-
mogenate with 800 mL saline in a teflon-capped glass extraction
tube (16 3 100 mm). Five milliliters chloroform:methanol (2:1)
containing 5 mg/ml BHT was added and the tube shaken 20 min
at room temperature to extract lipids. Organic and aqueous layers
were separated by centrifugation at 2,000 rpm for 20 min in a ta-
bletop centrifuge. The bottom organic layer was removed using a
9-inch Pasteur pipette, and transferred to a glass 13 3 100 mm
tube. The organic layer was dried down under a stream of nitrogen
using a Zymark TurboVap LV. The organic layer was then recon-
stituted in 400 mL tButyl Alcohol:Triton 3 100 (3:1). A 50 mL ali-
quot of each sample was assayed in duplicate. Triglyceride content
was determined using Wako Triglyceride H Kit (Wako Chemicals,
Richmond, VA) according to manufacturerʼs directions.

Fatty acid oxidation assay
Livers from fed mice were surgically removed and a section ex-

cised from the same lobe and immediately weighed, minced with
scissors, and placed on ice. Cold SET buffer (250 mM Sucrose,
1 mM EDTA, 10 mM Tris, pH7.4) was added at a ratio of 10 ml
SET:1 g of tissue and the tissue homogenized on ice (15 s for
liver; 2 3 20 s bursts for muscle) using a hand-held homogenizer
(Polytron PT1200; Kinematica AG). The homogenates remained
on ice until assayed.

The labeled reaction buffer was prepared by first drying 14C-
oleic acid (0.5uCi/reaction; PerkinElmer #NEC-317) under nitro-
gen. The dried fraction was resuspended in unlabeled oleic acid
such that the final oleic acid concentration of the reaction buffer
was 0.2 mM. BSAwas added slowly while mixing to a final concen-
tration of 0.5% and the mixture was incubated at 37°C for 15 min.
After incubation, the labeled cocktail was added to the reaction
buffer containing 100 mM sucrose, 10 mM Tris pH 7.4, 4 mM
ATP, 0.05 mMCoA, 0.1 mMmalic acid, 1 mMmagnesium chloride,
80 mM potassium chloride, 5 mM potassium phosphate, 0.2 mM
EDTA and 2 mM L-carnitine, as described previously (8, 9).

Oxidation reactions were performed in tubes fitted with a
stopper top, center well, and filter (Socorex # 322.02) soaked
with 175 mL of 1N NaOH. 100 ml of homogenate was dispensed
into each tube and the reactions initiated by adding 400 ml of
reaction buffer. The tubes were quickly capped and incubated
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with gentle shaking for 60 min in a 37°C water bath. After incu-
bation, the filters were removed from the tubes, placed in 7 ml of
scintillant, and captured dpm counted for 2 min. The oxidative
activity was calculated as nmole CO2 captured/mg tissue/hour.

Preparation of samples for Affymetrix chip analysis
Sample preparation for hybridization to the GeneChip arrays

included isolation of total RNA from liver using the Trizol method
according to manufacturerʼs (Invitrogen) instructions, synthesis
of double-stranded cDNA, biotin-labeling using in vitro transcrip-
tion to produce labeled cRNA and fragmentation of the cRNA.
Next, a hybridization cocktail was prepared containing the frag-
mented, biotin-labeled sample and probe array controls. The hy-
bridization cocktail was added to the GeneChip probe array and a
16 h incubation step was carried out overnight in the hybridiza-
tion oven. Following hybridization, the sample was stained with
streptavidin phycoerythrin conjugate in an automated staining
and washing protocol using a fluidics station. Finally the probe
array was scanned and the data analyzed using PowerArray (Na-
tional Institute of Statistical Sciences, Research Triangle Park, NC).

RESULTS

Inverse relationship observed between PPARa target gene
expression and CAR activity

It has been previously established that chronic HFD
(26 weeks, 45% fat) increases PPARa activity in liver (10).
We assessed the expression of three PPARa target genes
(Cyp4a14, CPT1a, and CTE) as surrogate markers of PPARa
transcriptional activity during high-fat feeding in a WT and
CAR knock-out background. We also measured the levels
of PPARa mRNA itself. In our study, Car2/2 mice and their
WT siblings were maintained on either regular chow or
60% fat chow (HFD) for 14 days. Consistent with previous
studies, we found that PPARa mRNA and PPARa target
gene mRNAs are increased after 14 days on a HFD relative
to normal diet-fed mice (Fig. 1).

Two pieces of evidence indicated an inverse relationship
between CAR activity and PPARa activity. First, treatment
of WT animals with the potent and selective CAR agonist

Fig. 1. Peroxisome proliferator-activated receptor alpha (PPARa)/ PPARa target gene expression after 1,4-
bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) treatment. The levels of PPARa, Cyp4a14, CPT1a, and
cytosolic Acyl-CoA thioesterase (CTE) mRNAs were assessed in Car2/2 and their wild-type (WT) littermates
by RTQ-PCR after i.p. treatment with vehicle (DMSO) or TCPOBOP (0.3 mg/kg once daily for 14 days).
Treatments were carried out under the following conditions: vehicle-treated mice on regular diet (V Reg),
TCPOBOP-treated mice on regular diet (T Reg), vehicle-treated mice on 60% high-fat diet (HFD) for 14 days
(V HFD), and TCPOBOP-treated mice (once-daily injections) on 60% HFD for 14 days (T HFD). The
P values were generated using a one-way Analysis of Variance (ANOVA). * P , 0.05. Four or five animals
were used for each experimental condition. Error bars indicate SEM.

CAR regulates serum triglycerides 441
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TCPOBOP decreased PPARa and PPARa target gene ex-
pression. PPARa, Cyp4a14, CPT1a, and CTE mRNAs all
showed a statistically significant decrease after TCPOBOP
treatment, on normal diet and HFD (Fig. 1, P , 0.05).
TCPOBOP did not produce statistically significant decreases
in any of the mRNA levels in the CAR2/2 animals (Fig. 1).

Second, on a normal diet, basal levels of Cyp4a14, Cpt1a,
and CTE were all increased in CAR2/2 animals (Fig. 1, P ,
0.05). PPARa displayed a small average increase but this
increase was not statistically significant (P 5 0.067). Less
of an effect was seen on the HFD, likely due to the fact that
PPARa and PPARa target gene levels were also increased
by HFD alone. Thus, CAR activity and PPARa target gene
responses were shown to be inversely related under the
conditions tested.

Increased serum triglyceride phenotype in ob/ob mice is
dependent on CAR

Diabetic rodent models, such as leptin-function defi-
cient mouse strains (ob/ob and db/db), display multiple met-
abolic defects. We bred Lep2/2 (ob/ob) mice onto a Car2/2

background and assessed serum triglyceride levels (Fig. 2A).
As expected, sibling Lep2/2 mice showed high levels of
serum triglyceride (335 mg/dl), more than 3-fold the range
normally seen in adult male mice. In dramatic contrast,
serum triglyceride levels in Lep2/2 mice on a Car2/2 back-
ground were completely normalized.

Car2/2 and HFD effects on serum triglyceride levels
Maintenance of normal mice on HFD leads to decreased

insulin sensitivity and increased serum triglycerides. We as-
sessed the effects of HFD (8 weeks, 60% fat) in Car2/2

mice versus age-matched WT siblings. In the HFD feeding
model, we found that increases in total serum triglyceride lev-
els were dependent on Car (Fig. 2B). Serum triglyceride lev-
els increased in WTmice on HFD (164 mg/dl to 218 mg/dl),
whereas no significant increases were seen in Car2/2 mice.

CAR agonist increases serum triglyceride levels
To test the relationship between CAR activity and serum

triglyceride levels pharmacologically, we treated WT and
Car2/2 animals with the mouse CAR-selective agonist,
TCPOBOP. Mice were treated daily for 14 days with i.p. in-
jection of TCPOBOP, followed by gene expression and
serum chemistry analysis. To control for TCPOBOP activ-
ity, the CAR target gene Cyp2b10 was analyzed by RTQ-
PCR and shown to be induced 114-fold (P , 0.001) by
TCPOBOP in these experiments. In the serum chemistry
analysis, we found that treatment with TCPOBOP induced
a CAR-dependent 50% increase in serum triglycerides
(Fig. 2C).

Serum triglyceride decreases not due to hepatic
triglyceride increases

The effect of CAR in regulating serum triglycerides
could be accounted for by several different mechanisms.
We first wanted to rule out that the decrease in serum tri-
glycerides resulting from CAR deletion was not simply due

Fig. 2. A: Serum triglyceride levels in ob/ob mice in Car2/2 (defi-
cient for the Car gene) and WT animals. Serum triglyceride levels
were measured in Car2/2, Lep2/2 and Car2/2 Lep2/2 mice. Mice
were maintained on a normal diet. Serum triglyceride levels in
the Lep2/2 mice attain levels of 335 mg/dl, whereas serum triglycer-
ide levels in Car2/2 and Car2/2 Lep2/2 mice remained within nor-
mal range. Four to five animals were used for each condition. B:
Increase in serum triglyceride levels after HFD is constitutive an-
drostane receptor (CAR)-dependent. Serum triglyceride levels were
measured in Car2/2 and their WT littermates mice after 8 weeks on a
regular chow diet or on a 60% fat diet. Nine or ten animals were
used for each condition. C: CAR agonist treatment increases serum
triglycerides. Serum triglyceride levels were measured in Car2/2 and
WT littermates after treatment with the mouse CAR-selective agonist
TCPOBOP at 0.3 mg/kg once daily for 14 days. P values were gen-
erated using a one-way Analysis of Variance (ANOVA). Four or five
animals were used for each experimental condition. * P , 0.001.
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to accumulation of triglycerides in the liver. We found that
the liver weight to body weight ratios remained unchanged
in WT and CAR2/2 after HFD for 8 weeks (Fig. 3A). We
also directly assessed liver triglyceride levels and found that
there were no significant increases in WT or Car2/2 mice
after HFD (Fig. 3B). These data indicated that the lower
serum triglyceride levels observed in Car2/2 animals
(Fig. 2) were not due to a build up of excess triglycerides
in the liver.

Hepatic fatty acid oxidation was increased
in Car2/2 animals

Car2/2 animals (10–12 weeks) displayed increases in
PPARa target genes versus WT littermates (Fig. 1). We
measured hepatic fatty acid oxidation to see whether this
would be consistent with the observed changes in gene ex-
pression. Indeed, when fatty acid oxidation levels were di-
rectly measured via the capture of 14C-labeled CO2 from
tissue homogenates, a significant increase in Car2/2 ani-
mal livers was observed (Fig. 4). These data provide one
mechanism for the changes in serum triglycerides in the
Car2/2 seen after HFD.

Affymetrix chip analysis of Car2/2 mice after
TCPOBOP treatment

Liver mRNAs were subjected to Affymetrix chip analysis
from WT and Car2/2 mice before and after TCPOBOP
treatment (see Materials and Methods). As expected,
TCPOBOP up-regulation of previously described prototypi-
cal CAR target genes such as Cyp2b was observed. Two novel
CAR regulated genes were also found in this study. A CAR-
dependent decrease in the ELOVL5 mRNAwas seen under
conditions of agonist dosing in Affymetrix studies and was
confirmed by real-time PCR (Fig. 5A, P 5 0.001 in regular
diet and 0.002 in HFD study). Also, treatment of animals
with the CAR-agonist TCPOBOP resulted in a decrease in
Lipin1 (Fig. 5B, P 5 0.002 in regular diet and 0.03 in
HFD study). No statistically significant differences were seen
after TCPOBOP treatment for either Elovl5 or Lipin1 in
CAR2/2 animals, consistent with a CAR dependence of
the TCPOBOP effects. The Lipin1 gene product selectively
activates a subset of PGC-1a target pathways, including fatty
acid oxidation and mitochondrial oxidative phosphoryla-
tion, while suppressing the lipogenic program and lowering
circulating lipid levels (11). The Elovl5 gene product synthe-
sizes very long chain polyunsaturated fatty acids (PUFAs) in
the liver (12, 13). PUFAs have been shown to be exception-
ally potent inducers of PPARa activity (14). Thus, the CAR-
dependent decrease of both of these gene products would
be predicted to result in decreased PPARa activity.

DISCUSSION

Increased understanding of metabolic pathway regula-
tion in liver should aid in the identification of new targets
and strategies for treatment of metabolic disorders such as
diabetes, obesity, and fatty liver disease. The seemingly di-
verse metabolic pathways that regulate hepatic carbohydrate

Fig. 3. A: Liver weight/body weight ratio was assessed in Car2/2

relative to WT littermates after HFD (8 weeks). B: Hepatic triglycer-
ide levels in Car2/2 and WT littermates after regular chow diet and
HFD (8 weeks). Nine or ten animals were used for each experimen-
tal condition.

Fig. 4. Hepatic fatty acid oxidation measurements. Livers from
10–12-week-old WT and Car2/2 animals were harvested and he-
patic fatty acid oxidation levels were directly measured via the cap-
ture of 14C-labeled CO2 from tissue homogenates. A mean value
of 2.23 nmol CO2/mg tissue/hr were observed in Car2/2 animals
and a value of 1.87 in WT animals (P , 0.001). A P value was gen-
erated using a one-way Analysis of Variance (ANOVA). Four or five
animals were used for each experimental condition.
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and triglyceride homeostasis are inter-related. Many as-
pects of these are governed by nuclear receptors (exam-
ples include LXRa/b, PPARa/y/g, FXR, and HNF4a).
In this manuscript, we provide evidence that CAR is in-
cluded in the list of nuclear receptors that regulate key
metabolic pathway in liver and represents a potential tar-
get for metabolic disease.

A novel aspect of the proposed model is that CAR exerts
some of its metabolic effects via negative regulation of
PPARa activity. Interestingly, CAR expression is decreased
in PPARa knock-out animals, providing more evidence for
the reciprocal link between these two receptors under dif-
ferent physiological conditions (15). We have shown pre-
viously that, like PPARa, CAR activity is induced by fasting
(7). We have not yet determined whether CAR blocks
PPARa mRNA induction under these conditions.

The capacity for mitochondrial fatty acid b-oxidation is a
critical determinant of hepatic lipid balance in the context
of high levels of circulating fatty acids and triglyceride-rich
lipoproteins. The expression of genes encoding enzymes
involved in hepatic b-oxidation is under dynamic transcrip-
tional control by PPARa (16). The decreased serum tri-
glyceride phenotype of both the HFD mouse model and
the ob/ob mouse model in a Car2/2 background are consis-
tent with the model that PPARa activity is increased in the
absence of CAR. Furthermore, the increase in hepatic fatty
acid oxidation we measured in Car2/2 mice (Fig. 4) pro-
vides a mechanism of action consistent with increased
PPARa activity.

The CAR-dependent regulation of the ELOVL5 and
Lipin1 genes provides possible mechanisms by which CAR
may regulate PPARa activity. In both cases, increased CAR
activity down-regulates expression of the genes. The fact
that the two gene products alter PPARa at different levels
of regulation may render their combined effects more sub-
stantial than either acting alone. The ELOVL5 gene prod-
uct controls the synthesis of potent PPARa ligands (12–14)
while Lipin1 controls levels of expression of PPARa (11). We
postulate that least part of the influence of CAR on decreas-
ing PPARa activity and consequently PPARa target genes
may be through these combined indirect mechanisms.

Other published reports also indicate possible indirect
links between CAR activity and PPARa activity. For example,
CAR inhibits the transcriptional activity of another nuclear
receptor in liver, HNF4a (17). The ability of HNF4a to mod-
ulate PPARa activity has previously been established (18).

PPARa is regulated by interaction with PGC-1a (19), as
is CAR (20). Previous work has demonstrated that mice
deficient for either PPARa (21) or PGC-1a (22) exhibit
fasting-induced hepatic steatosis. The fasting-induced lipid
accumulation seen in these models is likely due to dimin-
ished capacity for fatty acid catabolism in the face of in-
creased hepatic delivery of free fatty acids, illustrating the
critical role of the hepatic PPARa/PGC-1a system in match-
ing fatty acid oxidative capacity to substrate availability.

PPARa appears to be dysregulated in the liver in diseases
with associated fatty liver. Studies show that an overload
of free fatty acids in the liver invokes a kind of “PPARa-
resistance” (i.e., PPARa activity is decreased rather than
increased as would be expected) (10, 23). In fact, reduced
PPARa activity has been reported to play a central role in
the development of NAFLD (24, 25). Interestingly, in
diabetic and NAFLD rodent models, CAR activity (as
measured by up-regulated expression of its target gene,
Cyp2b10) is increased (26–29). Moreover, our lab has also
shown that Cyp2b10 mRNA is expressed at much higher
levels in ob/ob (leptin-deficient mice) mice compared with
their lean littermates (data not shown). According to the
model presented in this paper, the over-expression of CAR
may play a role in the observed “PPARa resistance” seen in
these hepatic steatosis models.

Pharmacological agents that block CAR activity in these
conditions may provide a therapeutic option to treat fatty
liver diseases. Indeed, CAR inverse agonists have recently
been proposed as a treatment for NASH because increased

Fig. 5. Elovl5 (A) and Lipin 1 (B) mRNA levels after TCPOBOP
treatment. The levels of Elovl5 and Lipin1 mRNAs were assessed
in Car2/2 and their WT littermates by RTQ-PCR after i.p. treat-
ment with vehicle (DMSO) or TCPOBOP (0.3 mg/kg once daily for
14 days). Treatments were carried out using the following con-
ditions: vehicle-treated mice on regular diet (V Reg), TCPOBOP-
treated mice on regular diet (T Reg), Vehicle-treated mice on
60% HFD for 14 days (V HFD), and TCPOBOP-treated mice on
60% HFD for 14 days (T HFD). * P , 0.005. P values were gen-
erated using a one-way Analysis of Variance (ANOVA). Four or five
animals were used for each experimental condition.
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CAR activity caused the worsening of the hepatic injury
and fibrosis in a dietary model of NASH (30). It is notable
that one advantage of a CAR-based therapeutic approach
is that it provides the means to activate PPARa in a liver-
specific manner, thus potentially limiting extra-hepatic
side effects of traditional PPARa agonists.

We would like to thank Bryan Goodwin for his helpful sugges-
tions during the writing of the manuscript.

REFERENCES

1. Fruchart, J. C., and P. Duriez. 2006. Mode of action of fibrates in the
regulation of triglyceride and HDL-cholesterol metabolism. Drugs
Today. 42: 39–64.

2. Berger, J., and D. E. Moller. 2002. The mechanism of action of the
PPARs. Annu. Rev. Med. 53: 409–435.

3. Duval, C., M. Muller, and S. Kersten. 2007. Review: PPARa and dys-
lipidemia. Biochim. Biophys. Acta. 1771: 961–971.

4. Konno, Y., M. Negishi, and S. Kodama. 2008. The roles of nuclear
receptors CAR and PXR in hepatic energy metabolism. Drug Metab.
Pharmacokinet. 23: 8–13.

5. Masson, D., M. Qatanani, A. L. Sberna, R. Xiao, J. P. Pais de Barros,
J. Grober, V. Deckert, A. Athias, P. Gambert, L. Lagrost, et al. 2008.
Activation of the constitutive androstane receptor decreases HDL
in wild-type and human apoA-I transgenic mice. J. Lipid Res. 49:
1682–1691.

6. Wieneke, N., K. I. Hirsch-Ernst, M. Kuna, S. Kersten, and G. P.
Puschel. 2007. PPARalpha-dependent induction of the energy
homeostasis-regulating nuclear receptor NR1I3 (CAR) in rat hepa-
tocytes: potential role in starvation adaptation. FEBS Lett. 581:
5617–5626.

7. Maglich, J. M., J. Watson, P. J. McMillen, B. Goodwin, T. M. Willson,
and J. T. Moore. 2004. The nuclear receptor CAR is a regulator of
thyroid hormone metabolism during caloric restriction. J. Biol.
Chem. 279: 19832–19838.

8. Scholte, H. R., Y. Yu, J. D. Ross, I. I. Oosterkamp, A. M. C. Boonman,
and H. F. M. Busch. 1997. Rapid isolation of muscle and heart mi-
tochondria, the lability of oxidative phosphorylation and attempts
to stabilize the process in vitro by taurine, carnitine and other com-
pounds. Mol. Cell. Biochem. 174: 61–66.

9. Muoio, D. M., P. S. MacLean, D. B. Lang, S. Li, J. A. Houmard, J. M.
Way, D. A. Winegar, J. C. Corton, G. L. Dohm, and W. E. Kraus.
2002. Fatty acid homeostasis and induction of lipid regulatory genes
in skeletal muscles of peroxisome proliferator-activated receptor
(PPAR) a knock-out mice: evidence for compensatory regulation
by PPARy. J. Biol. Chem. 277: 26089–26097.

10. Patsouris, D., J. K. Reddy, M. Muller, and S. Kersten. 2006. Peroxisome
proliferator-activated receptor alpha mediates the effects of high-fat
diet on hepatic gene expression. Endocrinology. 147: 1508–1516.

11. Finck, B. N., M. C. Gropler, Z. Chen, T. C. Leone, M. A. Croce, T. E.
Harris, J. C. Lawrence, Jr., and D. P. Kelly. 2006. Lipin 1 is an induc-
ible amplifier of the hepatic PGC-1alpha/PPARalpha regulatory
pathway. Cell Metab. 4: 199–210.

12. Jakobsson, A., R. Westerberg, and A. Jacobsson. 2006. Fatty acid
elongases in mammals: their regulation and roles in metabolism.
Prog. Lipid Res. 45: 237–249.

13. Wang, Y., D. Botolin, J. Xu, B. Christian, E. Mitchell, B. Jayaprakasam,
M. G. Nair, J. M. Peters, J. V. Busik, L. K. Olson, et al. 2006. Regula-
tion of hepatic fatty acid elongase and desaturase expression in dia-
betes and obesity. J. Lipid Res. 47: 2028–2041.

14. Hostetler, H. A., A. D. Petrescu, A. B. Kier, and F. Schroeder. 2005.
Peroxisome proliferator-activated receptor alpha interacts with
high affinity and is conformationally responsive to endogenous li-
gands. J. Biol. Chem. 280: 18667–18682.

15. Martin, P. G., H. Guillou, F. Lasserre, S. Dejean, A. Lan, J. M.
Pascussi, M. Sancristobal, P. Legrand, P. Besse, and T. Pineau.
2007. Novel aspects of PPARalpha-mediated regulation of lipid
and xenobiotic metabolism revealed through a nutrigenomic study.
Hepatology. 45: 767–777.

16. Desvergne, B., L. Michalik, and W. Wahli. 2006. Transcriptional reg-
ulation of metabolism. Physiol. Rev. 86: 465–514.

17. Miao, J., S. Fang, Y. Bae, and J. K. Kemper. 2006. Functional inhibi-
tory cross-talk between constitutive androstane receptor and hepatic
nuclear factor-4 in hepatic lipid/glucose metabolism is mediated by
competition for binding to the DR1 motif and to the common coac-
tivators, GRIP-1 and PGC-1alpha. J. Biol. Chem. 281: 14537–14546.

18. Torra, I. P., Y. Jamshidi, D. M. Flavell, J-C. Fruchart, and B. Staels.
2002. Characterization of the human PPAR promoter: Identification
of a functional nuclear receptor response element. Mol. Endocrinol.
16: 1013–1028.

19. Vega, R. B., J. M. Huss, and D. P. Kelley. 2000. The coactivator PGC-1
cooperates with peroxisome proliferator-activated receptor alpha in
transcriptional control of nuclear genes encoding mitochondrial
fatty acid oxidation enzymes. Mol. Cell. Biol. 20: 1868–1876.

20. Shiraki, T., N. Sakai, E. Kanaya, and H. Jingami. 2003. Activation of
orphan nuclear constitutive androstane receptor requires subnu-
clear targeting by peroxisome proliferator-activated receptor gamma
coactivator-1 alpha. A possible link between xenobiotic response and
nutritional state. J. Biol. Chem. 278: 11344–11350.

21. Kersten, S., J. Seydoux, J. M. Peters, F. J. Gonzalez, B. Desvergne,
and W. Wahli. 1999. Peroxisome proliferator-activated receptor al-
pha mediates the adaptive response to fasting. J. Clin. Invest. 103:
1489–1498.

22. Leone, T. C., J. J. Lehman, B. N. Finck, P. J. Schaeffer, A. R. Wende,
S. Boudina, M. Courtois, D. F. Wozniak, N. Sambandam, C. Bernal-
Mizrachi, et al. 2005. PGC-1alpha deficiency causes multi-system
energy metabolic derangements: muscle dysfunction, abnormal
weight control and hepatic steatosis. PLoS Biol. 3: e101.

23. Gaemers, I. C., and A. K. Groen. 2006. New insights in the patho-
genesis of non-alcoholic fatty liver disease. Curr. Opin. Lipidol. 17:
268–273.

24. Rao, M. S., and J. K. Reddy. 2001. Peroxisomal beta-oxidation and
steatohepatitis. Semin. Liver Dis. 21: 43–55.

25. Yeon, J. E., K. M. Choi, S. H. Baik, K. O. Kim, H. J. Lim, K. H. Park,
J. Y. Kim, J. J. Park, J. S. Kim, Y. T. Bak, et al. 2004. Reduced expres-
sion of peroxisome proliferator-activated receptor-alpha may have
an important role in the development of non-alcoholic fatty liver
disease. J. Gastroenterol. Hepatol. 19: 1335–1337.

26. Sakuma, T., R. Honma, S. Maguchi, H. Tamaki, and N. Nemoto.
2001. Different expression of hepatic and renal cytochrome
P450s between the streptozotocin-induced diabetic mouse and
rat. Xenobiotica. 31: 223–237.

27. Pass, G. J., W. Becker, R. Kluge, K. Linnartz, L. Plum, K. Giesen, and
H. G. Joost. 2002. Effect of hyperinsulinemia and type 2 diabetes-
like hyperglycemia on expression of hepatic cytochrome p450 and
glutathione S-transferase isoforms in a New Zealand obese-derived
mouse backcross population. J. Pharmacol. Exp. Ther. 302: 442–450.

28. Shindo, S., S. Numazawa, and T. Yoshida. 2007. A physiological role
of AMP-activated protein kinase in phenobarbital-mediated constitu-
tive androstane receptor activation and CYP2B induction. Biochem. J.
401: 735–741.

29. Yoshinari, K., S. Takagi, J. Sugatani, and M. Miwa. 2006. Changes in
the expression of cytochromes P450 and nuclear receptors in the liver
of genetically diabetic db/db mice. Biol. Pharm. Bull. 29: 1634–1638.

30. Yamazaki, Y., S. Kakizaki, N. Horiguchi, N. Sohara, K. Sato, H. Takagi,
M. Mori, and M. Negishi. 2007. The role of nuclear receptor CAR in
the pathogenesis of nonalcoholic steatohepatitis. Gut. 56: 565–574.

CAR regulates serum triglycerides 445

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

