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Obesity and type 2 diabetes are related metabolic disorders of
high prevalence. The constitutive androstane receptor (CAR)
was initially characterized as a xenobiotic receptor regulating
the responses of mammals to xenotoxicants. In this study, we
have uncovered an unexpected role of CAR in preventing obe-
sity and alleviating type 2 diabetes. Using a high fat diet
(HFD)-induced obesity model, we showed that treatment of
wild type mice with the CAR agonist 1,4-bis[2-(3,5 dichloro-
pyridyloxy)] benzene (TCPOBOP) efficiently prevented obe-
sity from happening or reversed preinduced obesity. Treat-
ment with TCPOBOP improved insulin sensitivity in both the
HFD-induced type 2 diabetic model and the 0b/0b mice. In con-
trast, CAR null mice maintained on a chow diet showed sponta-
neous insulin insensitivity, which cannot be relieved by
TOPOBOP treatment. The hepatic steatosis in HFD-treated
mice and 0b/ob mice was markedly reduced by the TCPOBOP
treatment. The metabolic benefits of CAR activation may have
resulted from the combined effect of inhibition of lipogenesis,
very low density lipoprotein secretion and export of triglycer-
ides, and gluconeogenesis as well as increases in brown adipose
tissue energy expenditure and peripheral fat mobilization.
Moreover, the skeletal muscle of CAR-activated mice showed a
decreased incomplete oxidation, despite having a lower expres-
sion level of peroxisome proliferator-activated receptor « and
its target genes involved in fatty acid oxidation. In summary, our
results have revealed an important metabolic function of CAR
and may establish this “xenobiotic receptor” as a novel thera-
peutic target for the prevention and treatment of obesity and
type 2 diabetes.

Obesity is a metabolic disorder of high prevalence. In the
United States, over two-thirds of adults and one-third of chil-
dren are overweight (1). Obesity is strongly associated with sev-
eral pathological conditions, including type 2 diabetes, hyper-
tension, and dyslipidemia, which are major causes of morbidity
and mortality throughout the world (2). It is conceivable that
understanding the molecular basis of obesity and insulin resist-
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ance will facilitate the development of therapeutics for the
treatment and prevention of these metabolic disorders.

The constitutive androstane receptor (CAR)® was initially
characterized as a xenosensor regulating the responses of mam-
mals to xenotoxicants (3, 4). Recently published results have
also implicated this receptor in the control of energy metabo-
lism. It has been proposed that CAR is responsive to nutrient
stress, which was evidenced by the induction of CAR and its
target gene expression during long term fasting (5, 6). CAR
might also regulate energy metabolism by interacting with the
peroxisome proliferator-activated receptor a (PPAR«) and
Pgc-1a (PPARY coactivator-1a), both of which are key regula-
tors of adaptive responses to starvation (7, 8).

Recent studies have also linked CAR to the lipid metabolism
and glucose metabolism. Activation of CAR suppressed lipid
metabolism and lowered serum triglyceride by reducing pro-
tein levels of the active form of the lipogenic transcription fac-
tor SREBP-1 (sterol regulatory element-binding protein 1) (9).
The inhibitory effect of CAR on lipid metabolism may also be
attributed to induction of Insig-1, a protein with antilipogenic
properties (10). Hepatic gluconeogenic enzymes phosphoenol-
pyruvate carboxykinase and glucose-6-phosphatase were
reported to be repressed in phenobarbital-treated mice, and
this suppression was CAR-dependent (11). This is reminiscent
of the suppression of the same gluconeogenic enzymes in preg-
nane X receptor-activated mice (12, 13). HNF-4« is a positive
regulator of gluconeogenesis. It was suggested that CAR inhib-
its gluconeogenic enzyme gene expression through HNF-4«
inhibition, achieved by the competition of CAR with HNF-4«
for binding to the DR1 motif in the promoter region of glu-
coneogenic enzyme genes (14). FoxOl is a key positive regula-
tor of gluconeogenesis. It has been reported that CAR can
physically bind to and suppress the activity of FoxO1 by pre-
venting FoxO1l from binding to the insulin response
sequence in gluconeogenic enzyme gene promoters (15).
Despite the known function of CAR in energy metabolism, it
remains to be determined whether and how CAR signaling
might impact obesity and diabetes.

In this study, we have uncovered a metabolic function of
CAR in preventing obesity and relieving type 2 diabetes. Our
results may establish this “xenobiotic receptor” as a novel ther-

3 The abbreviations used are: CAR, constitutive androstane receptor; PPARq,
peroxisome proliferator-activated receptor «; GTT, glucose tolerance test;
ITT, insulin tolerance test; ALT, alanine aminotransferase; BAT, brown adi-
pose tissue; WAT, white adipose tissue; VLDL, very low density lipoprotein;
HMG, hydroxymethylglutaryl; ASM, acid-soluble metabolite; ER, endoplas-
mic reticulum.
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apeutic target for the prevention and treatment of obesity and
type 2 diabetes.

EXPERIMENTAL PROCEDURES

Animals, Drug Treatment, Body Composition Analysis, and
Histological Evaluation—Mice were housed under a 12-h light-
dark cycle and given regular RMH3000 diet from PMI Nutri-
tion International (St. Louis, MO) or high fat diet (catalog num-
ber S3282) from Bio-serv (Frenchtown, NJ). Wild type
C57BL/6] mice and ob/ob mice were purchased from the Jack-
son Laboratory (Bar Harbor, ME). The creation of CAR™/~
mice has been described previously (4). CAR™/~ mice were
maintained in the C57BL/6]-Sv]129 mixed background. When
necessary, mice received once per week intraperitoneal injec-
tions of TCPOBOP (0.5 mg/kg) or vehicle (DMSO). Mice were
sacrificed 24 h after the last dose of drug. Body composition was
analyzed in live animals using EchoMRI-100™ from Echo
Medical Systems (Houston, TX). For histological analysis, tis-
sues were fixed in 4% formaldehyde, embedded in paraffin, sec-
tioned at 5 wm, and stained with hemotoxylin and eosin. Frozen
sections (10 wm) were used for Oil-red O staining. The use of
mice in this study has complied with relevant federal guidelines
and institutional policies.

Measurements of Serum and Fecal Chemistry—Blood sam-
ples were collected from fed or fasted mice. Serum levels of bile
acids (Bio-Quant, San Diego, CA), alanine aminotransferase
(Calchem, Huntington, NY), total triglycerides and cholesterol
(Stanbio Laboratory, Boerne, TX), free fatty acids (Biovision,
Mountain View, CA), and insulin and leptin (Crystal Chem,
Downers Grove, IL) were measured by using commercial assay
kits according to the manufacturer’s instructions. Feces were
collected by using mouse metabolic cages and subjected to the
measurement of triglycerides.

Gene Expression Analysis—Total RNA was isolated using the
TRIZOL reagent from Invitrogen. For real time PCR analysis,
reverse transcription was performed with random hexamer
primers and Superscript RT III enzyme from Invitrogen. SYBR
Green-based real time PCR was performed with the ABI 7300
real time PCR system, as we have described previously (16).
Data were normalized against control cyclophillin. Sequences
of the real time PCR probes are listed in supplemental Table S1.

Glucose Tolerance Test (GTT) and Insulin Tolerance Test
(ITT)—For GTT, mice were fasted for 16 or 4 h before receiving
an intraperitoneal injection of b-glucose at 2 g/kg body weight.
Blood samples were taken at different time points, and the con-
centrations of glucose were measured with a glucometer. For
ITT, mice were fasted for 4 h before receiving an intraperi-
toneal injection of human insulin (Novolin) from Novo Nor-
disk (Princeton, NJ) at 0.5 or 1.5 units/kg body weight. Blood
samples were taken, and blood glucose levels were measured.

VLDL Secretion Assay—VLDL secretion rate in vivo was
measured as described previously (17). In brief, mice were
fasted for 4 h before receiving a tail vein injection of tyloxapol
from Sigma at 500 mg/kg body weight. Plasma samples were
collected at 0, 1, 2, and 4 h after tyloxapol injection, and triglyc-
eride levels were then measured as described above.
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Analysis of Oxygen Consumption and Measurement of Skele-
tal Muscle Mitochondrial Fatty Acid Oxidation—Oxygen con-
sumption in live animals was measured as described previously
(18). Skeletal muscle mitochondrial fatty acid oxidation was
measured as described previously (19). In brief, fresh gastrocne-
mius muscles were excised and placed in ice-cold modified
Chappell-Perry buffer. Muscle homogenates were prepared,
and mitochondria were isolated using differential centrifuga-
tion. Oxidation assays were performed using 0.2 mm
[**C]oleate in the absence or presence of 2 mm sodium pyru-
vate. Reactions were terminated by adding 100 ul of 70% per-
chloric acid, and [**C]CO, was trapped in 200 ul of 1 N NaOH.
[**C]CO, and '*C-labeled acid-soluble metabolites were
assessed by liquid scintillation counting.

Statistical Analysis—Results are expressed as means = S.D.
Statistical analysis was performed using the unpaired Student’s
t test for comparison between two groups.

RESULTS

Activation of CAR Prevented and Reversed Obesity—To
determine the effect of CAR on obesity, 8-week-old male
C57BL/6] mice were fed with a high fat diet (HFD) for 8 weeks
and simultaneously treated with the CAR agonist TCPOBOP
(0.5 mg/kg, once a week) or vehicle (DMSO). As shown in Fig.
1A, TCPOBOTP significantly inhibited the gain of body weight
after 2 weeks of drug treatment (Fig. 14, a). MRI analysis
showed that TCPOBOP inhibited the gain of fat mass (Fig. 14,
b), whereas the lean masses between the TCPOBOP and vehicle
groups were not significantly different (data not shown). As
such, the lean mass/body weight ratio decreased in vehicle-
treated mice, whereas the ratio remained steady in the
TCPOBOP group (Fig. 14, ¢). Fig. 1B shows a representative
pair of mice HFD-fed and drug-treated for 5 weeks, at which
the body weight difference between TCPOBOP group and
vehicle group was completely accountable by the gain of fat
mass in the vehicle group (Fig. 1C). A similar pattern of
TCPOBOP effect was observed in female mice (supplemental
Fig. S1), suggesting that the phenotype was not gender-specific.
The TCPOBOP effect was unlikely to be due to toxicity of the
drug, because the differences in the serum levels of bile acids
(Fig. 1D, left) and alanine aminotransferase (ALT) activity (Fig.
1D, right) between the vehicle and TCPOBOP groups were not
statistically significant. As expected, the hepatic mRNA expres-
sion of CYP2B10, a prototypical CAR target gene (3, 4), was
induced by TCPOBOP (supplemental Fig. S2).

To determine whether CAR activation was effective in mice
with preexisting obesity, female C57BL/6] mice were fed with
HED for 6 weeks, followed by 6 weeks of TCPOBOP treatment
while remaining on HFD. As shown in Fig. 1E, treatment with
TOPOBOP stabilized the body weight, whereas the vehicle
group continued to gain body weight (Fig. 1E, a). Again, the
TCPOBOP effect was largely attributed to the inhibition of gain
of fat mass (Fig. 1E, b). TCPOBOP was also effective in inhibit-
ing obesity in the leptin deficient 0b/0b mice. In this experi-
ment, 7-week-old female 0b/0b mice were maintained on a
chow diet and treated with TCPOBOP or vehicle for 8 weeks.
The TCPOBOP group had less gain of fat mass (Fig. 1F). By the
end of the 8-week treatment, the TCPOBOP group had signif-
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FIGURE 1. Treatment of mice with a CAR agonist inhibited obesity. A, growth curve (4, a), fat mass/body
weightratio (4, b), and lean mass/body weight ratio (A, ¢) in male C57BL/6J mice fed with HFD for 5 weeks, in the
absence or presence of TCPOBOP treatment (0.5 mg/kg, intraperitoneal, once per week). Fat and lean masses
were determined by MRI. n = 5 for each group. B, a representative pair of vehicle- and TCPOBOP-treated mice
in A. C, body weight and body composition of mice at the end of a 5-week diet and drug treatment. D, serum
levels of bile acids (left) and ALT activity (right) at the end of an 8-week diet and drug treatment. £, growth curve
(E, a) and fat mass/body weight ratio (E, b) in female C57BL/6J mice prefed with HFD for 6 weeks followed by 6
weeks of TCPOBOP treatment during which the mice remained on HFD. n = 5 for each group. F, gain of fat mass in
female ob/ob mice maintained on a chow diet treated with vehicle or TCPOBOP for 8 weeks (0.5 mg/kg, once per
week). n = 5 for each group. G, body weight and body composition of ob/ob mice at the end of the 8-week drug
treatment. Results are expressed as means * S.D.*, p < 0.05; **, p < 0.01, compared with the vehicle group.

icantly lower body weight compared with the vehicle group,
accompanied by a decrease in fat mass (Fig. 1G). Interestingly,
the TCPOBOP-treated 0b/ob group had a modest but statisti-
cally significant gain of lean mass (Fig. 1G). Taken together,
these results suggest that CAR has an anti-obesity effect.
Activation of CAR Improved Insulin Semsitivity—Because
obesity is strongly associated with insulin resistance, a typical
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characteristic of type 2 diabetes, we
further examined the effect of CAR
on insulin sensitivity. Treatment of
HFD-fed male C57BL/6] mice with
TCPOBOP for 8 weeks significantly
improved insulin sensitivity, as con-
firmed by both GTT (Fig. 24) and
ITT (Fig. 2B). The insulin-sensitiz-
ing effect of TCPOBOP was also evi-
dent in ob/ob mice (Fig. 2, Cand D),
although the changes were consis-
tently smaller than those observed
in the C57BL/6] mice. When the
serum chemistry was analyzed,
we found that treatment with
TCPOBOP in HFD-fed C57BL/6]
mice decreased the levels of fasting
glucose, insulin, and triglycerides
(Table 1). In 0b/ob mice, TCPOBOP
treatment decreased the levels of
fasting glucose, serum triglyceride,
and cholesterol, but the changes in
insulin and free fatty acid were not
statistically significant (Table 1). Of
note, compared with the HFD-fed
C57BL/6] mice, ob/ob mice had a
much higher basal level of insulin.
The TCPOBOP-induced reduc-
tions of insulin and triglycerides
were smaller in 0b/ob mice (14 ver-
sus 52% and 23 versus 42%, respec-
tively). In the loss-of-function
CAR™/~ mice, we found that the
chow-fed CAR™/~ mice in C57BL/
6J-SvJ129 mixed background had
spontaneously impaired insulin
sensitivity when compared with
their wild type counterparts, and
the insulin insensitivity in CAR™/~
mice was not responsive to
TOPOBOP (Fig. 2, E and F).
Activation of CAR Suppressed the
Expression of Gluconeogenic and
Lipogenic Enzyme Genes, Inhibited
Hepatic Steatosis, and Inhibited
Adiposity—To understand the
mechanism by which CAR inhibits
obesity and improves insulin sensi-
tivity, we profiled the expression
of metabolic genes in HFD-fed
C57BL/6] mice treated with

TOPOBOP for 1 week. In the liver, TCPOBOP lowered the
expression of lipogenic genes, including Srebp-1c, Acc-1, Fas,
and Scd-1 (Fig. 34, a). Significant inhibition of Fas and Scd-1
gene expression was also observed in the skeletal muscle (Fig.
34, b), brown adipose tissue (BAT) (Fig. 34, ¢), and white adi-
pose tissue (WAT) (Fig. 34, d) of TCPOBOP-treated mice. The
expression of Acc-1 was also significantly inhibited by
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TCPOBOP in BAT (Fig. 34, ¢). A similar pattern of gene expres-
sion was observed in mice fed with HFD and treated with
TCPOBOP for 8 weeks (data not shown). The inhibition of
lipogenesis was supported by the ameliorated hepatic steatosis
(Fig. 3B), decreased sizes of abdominal WAT and BAT (Fig. 3C),
and adipocyte hypotrophy (Fig. 3D) in HFD-fed mice treated
with TCPOBOP for 8 weeks. Treatment with TCPOBOP also
inhibited VLDL-triglyceride secretion (Fig. 3E), consistent
with the reduced serum triglyceride level in these mice
(Table 1). In TCPOBOP-treated mice, the hepatic expres-
sion of two important gluconeogenic enzymes, glucose-6-

phosphatase and phosphoenolpyruvate carboxykinase, was
also significantly inhibited (Fig. 3F), consistent with the
decreased fasting glucose in these animals (Table 1). The
effect of TCPOBOP on lipogenic and gluconeogenic gene
expression was CAR-dependent, because this regulation was
abolished in CAR '~ mice (Fig. 4), consistent with a previ-
ous report (11).

Activation of CAR Had Little Effect on Lipid Absorption in the
Small Intestine—Since CAR is highly expressed in the small
intestine, we went on to determine whether activation of
CAR affected lipid digestion and absorption in this tissue.

Feces were collected by using met-

abolic cages over a 24-h period in
parallel with food intake measure-
ment. As shown in Fig. 5, neither
fecal weight (Fig. 5A4) nor fecal
triglyceride content (Fig. 5B) was
affected by TCPOBOP treatment.
Moreover, the intestinal expres-
sion of genes involved in lipid

20 40 60 80 100 120

absorption, synthesis, assembly,
and secretion was not significantly

affected by TCPOBOP (Fig. 5C).
Genes evaluated included the fatty
acid translocase Cd36, fatty acid-
binding proteins Fabpl and
Fabp6, and the microsomal trig-
lyceride transport protein. The
intestinal expression of Cyp2b10
was induced by TCPOBOP, as

20 40 60 80 100 120

expected (Fig. 5C). These results
suggest that activation of CAR
may not have a major effect on fat

absorption and metabolism in the
intestine.

Activation of CAR Prevented
Fatty Acid Overloading and Incom-
plete  B-Oxidation in Skeletal
Muscle—Obesity-related insulin re-
sistance in skeletal muscle is char-
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FIGURE 2. Treatment with a CAR agonist ameliorated diabetes, whereas CAR™/~ mice exhibited sponta-
neous insulin insensitivity. A and B, treatment with TCPOBOP ameliorated insulin resistance induced by HFD
in male C57BL/6J mice, as determined by GTT (A) and ITT (B). Mice were fed with HFD for 8 weeks in the presence
or absence of TCPOBOP (0.5 mg/kg, once per week). Cand D, ob/ob mice maintained on chow diet were treated
with TCPOBOP or vehicle for 8 weeks before subjecting to GTT (C) and ITT (D) tests. *, p < 0.05; **, p < 0.01,
compared with the vehicle group. Eand F, GTT (E) and ITT (F) tests on CAR™/~ mice maintained on chow diet in
the presence or absence of 5-week TCPOBOP treatment. ¥, p < 0.05, CAR ™/~ -vehicle versus wild type (WT); #,

p < 0.05, CAR™/~-TCPOBOP versus wild type.

TABLE 1

Time (min) 0 20

40 60 80 100 acterized by excessive fatty acid

B-oxidation and impaired switch
to carbohydrate substrate during
the fasted-to-fed transition (19).
When the expression of genes
involved in fatty acid oxidation
was analyzed, we found that an

Serum chemistry in HFD-fed C57BL/6J mice and ob/ob mice treated with vehicle or TCPOBOP
The durations of TCPOBOP treatment are 8 weeks for the C57BL/6] mice and 0b/0b mice, respectively. Mice were fasted overnight before blood sampling.

HEFD-fed C57BL/6]

Chow-fed ob/ob

Vehicle TCPOBOP (percentage decrease) Vehicle TCPOBOP (percentage decrease)
Fasting glucose (mg/dl) 153 =+ 18.3 102.8 = 17.7% (33%) 183.9 = 21.3 128.7 * 23.4% (31%)
Insulin (ng/ml) 3.26 = 0.68 1.57 =+ 0.37% (52%) 17.89 * 0.35 15.39 =+ 1.85 (14%)
Total triglyceride (mg/dl) 230.2 = 21.3 132.8 = 17.7 (42%) 162.5 = 14.1 126.3 = 13.7° (23%)
Total cholesterol (mg/dl) 100.8 = 9.6 89.7 = 5.3 (11%) 1184 +5.9 90.2 = 9.9” (24%)
Free fatty acid (mm) 0.84 £ 0.11 0.68 = 0.06 (19%) 2.59 £0.21 2.14 * 0.15 (18%)
“p <001
bp < 0.05.
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FIGURE 3. Treatment with a CARagonistinhibited lipogenesis, VLDL-triglyceride secretion, and glucone-
ogenesis. A, liver, skeletal muscle, BAT, and WAT were measured for the mRNA expression of genes involved in
lipogenesis by real time PCR analysis. Male C57BL/6J mice were HFD-fed and drug-treated for 1 week. n = 4 for
each group. B, Oil-red O staining of liver sections from male C57BL/6J mice fed with HFD and treated with
TCPOBOP for 8 weeks. C and D, gross appearance (C) and hematoxylin/eosin staining of abdominal WAT and
BAT of mice described in B. E, VLDL-triglyceride secretion rate in male C57BL/6J mice treated with vehicle or
TCPOBOP for 8 weeks. Mice were fasted for 4 h before receiving an intravenous injection of tyloxapol (500
mg/kg body weight). Blood was sampled at 1, 2, and 4 h and measured for serum concentrations of triglycer-
ides. n = 4 for each group. F, liver mRNA expression of genes involved in gluconeogenesis was measured by
real time PCR analysis. Mice were the same as those described in A. *, p < 0.05; **, p < 0.01, compared with the
vehicle group.

8-week treatment of TCPOBOP significantly suppressed the uncoupling protein-1,

of B-oxidation genes was largely
unaffected in mice treated with
TCPOBOP for only 1 week, al-
though the expression of PPAR« in
the liver was significantly sup-
pressed (supplemental Fig. 3).
When the mitochondrial B-oxida-
tion rate was measured in the gas-
trocnemius muscle of HFD-fed
mice, we found that mice treated
with TCPOBOP had a modest but
significant decrease in the rate of
[**CJoleate oxidation to CO? an
indicator of complete B-oxidation
(Fig. 6C). In contrast, TCPOBOP
treatment resulted in a more dra-
matic reduction in the accumula-
tion of radiolabeled intermediates
in the acid-soluble metabolite
(ASM), an indicator of incomplete
B-oxidation (Fig. 6D), suggesting
that TCPOBOP-treated mice had
reduced incomplete [-oxidation.
When pyruvate was added to the
incubation buffer as a competing
carbon source to induce a sub-
strate switch from fatty acid to
carbohydrate (20), vehicle-treated
mice failed to exhibit a significant
substrate switch, which was sug-
gestive of insulin resistance. In
contrast, TCPOBOP-treated mice
showed a significant switch by
having decreased CO, formation
(Fig. 6C). The TCPOBOP group
also showed a modest but statisti-
cally significant decrease in
incomplete B-oxidation (Fig. 6D),
which is suggestive of improved
insulin sensitivity.

Activation of CAR Increased BAT
Energy Expenditure and Promoted
Peripheral Fat Mobilization—BAT
plays an important role in thermo-
genesis. As shown in Fig. 7A,
TCPOBOP treatment significantly
increased BAT expression of Pgc-1a,
muscle-type carnitine palmitoyl-
transferase I, long-chain acyl
coenzyme A dehydrogenase, thy-
roid hormone-activating type 2
iodothyronine deiodinase, and
-2, and -3. Mice treated with

expression of PPAR« and its target genes involved in B-oxi- TCPOBOP also had increased oxygen consumption (Fig.
dation and ketogenesis in both the liver (Fig. 6A4) and skeletal ~ 7B), supporting the notion of increased energy expenditure
muscle (Fig. 6B). These include the long-chain acyl-CoA adapted to a high fat diet. Interestingly, the rectal tempera-
dehydrogenase, medium-chain acyl CoA dehydrogenase, and tures between the vehicle and TCPOBOP groups were not
HMG-CoA synthase (HMGCS2). Interestingly, the expression  significantly different (data not shown).
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protein. **, p < 0.01; NS, statistically not significant (p > 0.05) compared with
the vehicle group.

When the WAT was analyzed, we found that the expression
of adipose triglyceride lipase but not the hormone-sensitive
lipase, was induced in WAT of TCPOBOP-treated mice (Fig.
7C), suggesting that an increased peripheral fat mobilization
may have also contributed to the decreased fat mass and adipo-
cyte hypotrophy.

Among other metabolic changes, 8-week treatment of
TCPOBOP under HFD conditions modestly but significantly
suppressed the food intake (Fig. 7D, left). However, the food
intake was unchanged when normalized against the body
weight (Fig. 7D, right). TCPOBOP treatment also had little
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agouti-related peptide expression,
even in the condition of high
serum leptin level, which indicates
that the mice subjected to HFD
gradually developed leptin resist-
ance and hyperphagia, whereas TCPOBOP treatment signif-
icantly preserved the leptin sensitivity (25).

Activation of CAR Had Little Effect on Endoplasmic Reticu-
lum (ER) Stress in the Liver—ER stress has been shown to con-
tribute to the pathogenesis of metabolic dysfunction and
hepatic steatosis (26). In an effort to determine whether activa-
tion of CAR impacts ER stress, we showed that treatment of
HED-fed wild type mice (Fig. 84) or chow-fed 0b/ob mice (Fig.
8B) with TCPOBOP had no significant effect on the expression
of several ER stress marker genes, such as the G protein-cou-
pled receptors Grp78 and Grp94, and Xbpl (X-box-binding
protein 1) (27). Among other detoxifying genes, the expression
of Ugtlal, a CAR target gene (28), was induced as expected,
whereas the expression of HMG-CoA reductase was not signif-
icantly affected. These results suggest that the suppression of
ER stress may not be a major mechanism by which CAR inhibits
obesity and improves insulin sensitivity.

DISCUSSION

Patients of obesity and diabetes often suffer from both hyper-
glycemia and hyperlipidemia. Although the inhibition of glu-
coneogenesis and lipogenesis has been suggested largely
through the gene expression analysis (9 —14), whether the acti-
vation of CAR is beneficial in relieving obesity and diabetes has
not been reported. In the current study, we showed that CAR
was effective in preventing obesity and alleviating type 2 diabe-
tes. The metabolic benefits of CAR may have resulted from
the combined effect of inhibition of lipogenesis, VLDL secre-
tion and export of triglycerides, and gluconeogenesis as well
as increases in BAT energy expenditure and peripheral fat
mobilization.

It is interesting to note that treatment with the CAR agonist
inhibited lipogenic gene expression not only in the liver, but
also in the WAT, BAT, and skeletal muscle. Among lipogenic
enzymes, it has been reported that mice deficient in Acc-2 or
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Scd-1 were protected from obesity
and hepatic steatosis induced by
HFD (29, 30). Inhibition of Fas was
also shown to inhibit food intake
and prevent obesity (31). Thus, we
reason that the inhibition of lipo-
genesis may have played an impor-
tant role in the anti-obesity effect of
CAR.

The pleiotropic effect of CAR on
energy metabolism revealed in our
study is rather intriguing. Our pre-
liminary studies showed that the
skeletal muscle, hypothalamus, and
pituitary gland have a low but
appreciable expression of CAR,
whereas the adipose tissues do not
express CAR (data not shown). It
remains to be determined whether
the phenotypes in gene regulation
and fatty acid oxidation in the skel-
etal muscle were mediated by the
local CAR effect. Whether and how
the CAR activation in the hypothal-
amus and pituitary gland affects
food intake also remain to be deter-
mined. The future creation of tis-
sue-specific CAR knock-out or CAR
transgenic mice will help to shed
light on the extrahepatic function of
CAR in energy metabolism. We also
cannot exclude the possibility that
the hypothalamic and pituitary
function of CAR may have contrib-
uted to the hepatic phenotype. Such
brain-liver communications have
been reported (32). The lack of CAR
expression in the adipose tissues
suggests that the inhibition of lipo-
genesis, increased BAT energy
expenditure, and activation of adi-
pose triglyceride lipase gene expres-
sion in WAT were probably second-
ary to CAR activation in tissues
outside of the adipose tissues.

Recent studies have linked mus-
cle insulin resistance with fatty acid
overload and the consequent
incomplete fatty acid (-oxidation.
In the presence of HFD, skeletal
muscles undergo transcriptional
remodeling adapting to an in-
creased supply of lipid substrates.
However, in the absence of exercise,
the tricarboxylic acid cycle remains
inactivated at the transcriptional
level. As a result, although the com-
plete fat oxidation is decreased or
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remains unchanged, the rate of incomplete oxidation rises sig-
nificantly, leading to “mitochondrial stress” and insulin resist-
ance (33). Accordingly, inhibition of B-oxidation and fatty acid
influx by using CPT1 inhibitors has been shown to improve
insulin sensitivity (19). In the current study, we showed that
activation of CAR inhibited the expression of PPAR« and its
target genes involved in B-oxidation and fatty acid influx, thus
reducing incomplete fatty acid B-oxidation of HFD-fed mice.
The mechanism by which CAR suppresses the expression of
PPARa and its target 3-oxidation genes remains to be defined.
We showed that a short term (1-week) treatment of TCPOBOP
did not affect the expression of many of the 3-oxidation genes
(supplemental Fig. S3). It is possible that the inhibition of
PPARa and its target gene expression is secondary to the
reduced plasma triglyceride and free fatty acid levels in
TCPOBOP-treated mice. It has been reported that PPAR«
knock-out mice were resistant to HFD-induced diabetes, and
dexamethasone induction of hypertension and diabetes was
PPARa-dependent (32). Therefore, the suppression of PPAR«
gene expression by CAR may have contributed to the metabolic
benefit of CAR.

There was an ~15% decrease in food intake in mice HFD-fed
and TCPOBOP-treated for 8 weeks, which correlated with a
similar body weight and fat mass decrease. However, the food
intake was unchanged when normalized against the body
weight. TCPOBOP also had little effect on the food intake in
chow-fed ob/ob mice. Moreover, the inhibition of gluconeo-
genic and lipogenic gene expression by TCPOBOP was also
observed in chow-fed mice (data not shown), whose body
weights were not affected by this drug. Taken together,
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although we cannot completely rule out the possibility that the
improved insulin sensitivity and steatosis may be secondary to
body weight and fat mass loss in TCPOBOP-treated mice, our
results suggest that the inhibition of food intake may not be the
primary mechanism by which CAR improves insulin sensitiv-
ity. It is more likely that the CAR-mediated suppression of glu-
coneogenesis and lipogenesis preceded and was responsible for
the anti-diabetic effect of TCPOBOP.

Dong et al. (35) recently reported that CAR mediates the
induction of drug metabolism in a streptozotocin-induced
mouse model of type 1 diabetes, which was associated with the
induction of Pgc-1«in the liver. In the current study, we showed
that hepatic Pgc-Ia was induced by HFD feeding (data not
shown), consistent with the notion that Pgc-1a promotes glu-
coneogenesis and insulin resistance in the liver (7). Together,
these results suggest that both type 1 and type 2 diabetes are
associated with the induction of Pgc-1a. We showed that com-
pared with the vehicle group, treatment with TCPOBOP in
HFD-fed mice had the tendency to suppress the expression of
Pgc-1a (Fig. 3F), although the suppression did not reach a sta-
tistical significance. The lack of Pgc-1e induction and effective
suppression of glucose-6-phosphatase and phosphoenolpyru-
vate carboxykinase gene expression in TCPOBOP-treated mice
were consistent with the metabolic benefit of CAR.

In summary, our results have uncovered an important
metabolic function for CAR in preventing and relieving obe-
sity and type 2 diabetes. It is interesting to note that the
anti-diabetic and anti-obesity effect appeared to be unique
for CAR, because the same effect was not observed for preg-
nane X receptor (data not shown), a sister xenobiotic recep-
tor of CAR that has also been shown to inhibit lipogenesis
and gluconeogenesis (9, 12, 13). It is tempting for us to pro-
pose that CAR may represent a novel therapeutic target to
manage obesity and type 2 diabetes. Indeed, the CAR agonist
phenobarbital has been shown to enhance insulin sensitivity
and improve glucose and lipid metabolism in diabetic rats
(36) and in diabetic patients (37, 38). Obesity is a medical
problem of high prevalence. It is encouraging to note that
CAR-activating activities have been found not only in clini-
cal drugs but also in neutraceuticals, such as herbal medi-
cines (34), raising the hope that CAR could be a target for
neutraceutical prevention and relief of metabolic syndrome.
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