
1521-0103/357/2/367–374$25.00 http://dx.doi.org/10.1124/jpet.116.232140
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 357:367–374, May 2016
Copyright ª 2016 by U.S. Government work not protected by U.S. copyright

Phenobarbital and Insulin Reciprocate Activation of the Nuclear
Receptor Constitutive Androstane Receptor through the
Insulin Receptor s

Tomoya Yasujima,1 Kosuke Saito,2 Rick Moore, and Masahiko Negishi
Pharmacogenetics Section, Reproductive and Developmental Biology Laboratory, National Institute of Environmental Health
Sciences, National Institutes of Health, Research Triangle Park, North Carolina

Received January 16, 2016; accepted March 15, 2016

ABSTRACT
Phenobarbital (PB) antagonized insulin to inactivate the insulin
receptor and attenuated the insulin receptor downstream protein
kinase B (AKT)–forkhead box protein O1 and extracellular signal-
regulated kinase 1/2 signals in mouse primary hepatocytes
and HepG2 cells. Hepatic AKT began dephosphorylation in an
early stage of PB treatment, and blood glucose levels tran-
siently increased in both wild-type and constitutive androstane
receptor (CAR) knockout (KO) mice. On the other hand, blood
glucose levels increased in wild-type mice, but not KO mice, in

later stages of PB treatment. As a result, PB, acting as an
insulin receptor antagonist, elicited CAR-independent in-
creases and CAR-dependent decreases of blood glucose
levels at these different stages of treatment, respectively.
Reciprocally, insulin activation of the insulin receptor re-
pressed CAR activation and induction of its target CYP2B6
gene in HepG2 cells. Thus, PB and insulin cross-talk through
the insulin receptor to regulate glucose and drug metabolism
reciprocally.

Introduction
Phenobarbital (PB) treatment is known to improve insu-

lin sensitivity and decrease blood glucose levels in patients
(Lahtela et al., 1984, 1985). Reflecting what was observed in
human studies, PB treatment decreased blood glucose levels
in rats (Karvonen et al., 1989; Venkatesan et al., 1994).
Moreover, in genetically engineeredmice, the nuclear receptor
constitutive androstane receptor (CAR; NR1I3) was found to
mediate this PB-induced decrease in blood glucose levels
(Dong et al., 2009; Jiang and Xie, 2013). Mechanistically,
CAR directly interacts with forkhead box protein O1 (FOXO1)
to suppress its binding to an insulin response sequence (IRS)
and prevent gluconeogenic genes from being activated
(Kodama et al., 2004). PB is also well known as the classic
inducer of hepatic drug metabolism, first reported in 1962
(Kato et al., 1962). CAR regulates not only glucose but also this
induction of drug metabolism. In fact, CAR was originally

characterized as a PB-activated transcription factor that
activates the classic PB-induced CYP2B gene (Honkakoski
et al., 1998). Reciprocally, insulin is known to repress PB
induction of cytochrome P450 2B (CYP2B) (Schenkman, 1991;
Yoshida et al., 1996; Woodcroft and Novak, 1997; Kawamura
et al., 1999). Here, we examined cross-talk between PB and
insulin via the insulin receptor to regulate both glucose and
drug metabolism and their molecular mechanisms.
In 1986, PB treatment was reported to inactivate hepatic

insulin receptor (Hwang et al., 1986). However, the biologic
consequences of this insulin receptor inactivation on PB
actions to regulate either drug or glucose metabolism and,
moreover, CAR activation had never been considered in this
context. Recently, the cell signal–mediated mechanism by
which PB, not a CAR ligand, indirectly activates CAR was
determined. PB directly binds to epidermal growth factor
(EGF) receptor (EGFR) and represses its downstream extra-
cellular signal-regulated kinase 1/2 (ERK1/2) signaling; this
repression becomes a CAR activation signal (Mutoh et al.,
2009, 2013; Osabe and Negishi, 2011). Given the finding that
PB attenuates EGFR signaling that activates CAR, we
hypothesized and examined whether PB also interacts with
other cell membrane receptors and regulates CAR activation.
For this study, the insulin receptor was chosen to examine

this hypothesis. CAR knockout (KO) mice, mouse primary
hepatocytes, and human hepatoma-derived HepG2 cells were
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used for experimental systems, and Western blot and reverse-
transcriptase polymerase chain reaction (PCR) were used for
analytical methods to investigate insulin receptor phosphor-
ylation and its downstream signal molecules [protein kinase B
(AKT), FOXO1, ERK1/2, and receptor for activated kinase C 1
(RACK1)] and the CYP2B, PEPCK1, and G6Pase genes as
regulatory targets. Here, we present experimental results
supporting that PB and insulin cross-talk via the insulin
receptor to mutually regulate glucose and drug metabolism.
PB treatment transiently caused CAR-independent increases
of blood glucose levels during the early stage of treatment and
CAR-dependent decreases in the later stage. Reciprocally,
insulin repressed PB induction of CYP2B. These findings may
provide insight into understanding functional interactions
between drugs and insulin and their consequences in drug
efficacy and/or toxicity.

Materials and Methods
Reagents and Materials. Phenobarbital, 1,4-bis(3,5-dichloro-2-

pyridinyloxy)benzene (TCPOBOP), 6-(4-chlorophenyl)imidazo(2,1-b)(1,3)
thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime (CITCO), and in-
sulin were purchased from Sigma-Aldrich (St. Louis, MO). QuikChange
site-directed mutagenesis kit was from Stratagene (La Jolla, CA).
Protein L resins were from Pierce (Rockford, IL). Dynabeads Protein G
were from Invitrogen (Carlsbad, CA). Antibodies against RACK1 and
mouse normal IgM were from BD Biosciences (San Jose, CA).
Antibodies against FOXO1, TATA-box binding protein, horseradish
peroxidase (HRP)–conjugated rabbit or mouse IgG antibodies (raised in
goat), and normal mouse IgG were from Santa Cruz Biotechnology
(Dallas, TX). An antibody against CAR was from Perseus Proteo-
mics (Tokyo, Japan). Antibodies against the insulin receptor, phos-
phorylated insulin receptor (Tyr115011151), AKT, phosphorylated
AKT (Ser473), phosphorylated FOXO1 (Ser256), ERK1/2, and

phosphorylated ERK1/2 (Thr202/Tyr204) were from Cell Signaling
Technology (Danvers, MA). An antibody against phosphorylated
insulin receptor (Tyr973) was fromAbcam (Cambridge, UK). Enhanced
chemiluminescence reagents were from Advansta (Menlo Park, CA).
Polyvinylidene difluoride membranes were from GE Healthcare
(Munich, Germany). Antibodies against the phosphorylated Tyr52
peptide of RACK1 and an antibody against the phosphorylated Thr38
peptide of CAR were produced and characterized in previous work
(Osabe and Negishi, 2011; Mutoh et al., 2013). HepG2-derived Ym17
cells, which stably express mouse CAR, were described in our previ-
ous report (Swales et al., 2005).

Animal Treatments. Nine- to 10-week-old Car1/1 C3He males
were purchased from Charles River Laboratories (Wilmington, MA).
Car2/2 C3He males were bred in the National Institute of Environ-
mental Health Sciences (NIEHS) animal facility. All mice were
maintained in a temperature- and light-controlled facility and had
free access to water and diet. All animal procedures were approved
by the Animal Ethics Committee NIEHS, National Institutes of
Health. In each experiment, mice were randomly divided into two
groups and treated with phosphate-buffered saline (PBS) or pheno-
barbital at a dose of 100 mg/kg body weight. Phenobarbital was given
by intraperitoneal injection in all treatment groups.

Measurement of Blood Glucose Level over Time. Mice were
treated with phenobarbital once a day for 2 days. Immediately after
the second injection, mice were fasted and blood was collected from
each mouse via tail vein 0, 6, 12, 18, and 24 hours after fasting. Blood
glucose levels were determined using the AccuChek Active glucometer
(Roche Diagnostics, Indianapolis, IN). The glucometer was calibrated
and validated following the manufacturer’s guidelines. To delineate
changes over time, data were fit to a cubic equation using GraphPad
Prism 5 software (www.graphpad.com).

Cell Culture and Transfection. Mouse primary hepatocytes
were isolated from 6- to 8-week-old C57BL/6 male mice (Charles
River) using a two-step collagenase perfusion and seeded on collagen-
coated 24-well plates (BD Biosciences). Four hours after seeding,
culture medium was changed to prewarmed Williams’ E medium

Fig. 1. Time-dependent changes in blood glucose levels in PB-treated fasting mice. (A) Blood was collected from fasting CAR+/+ and CAR2/2 mice at
various times indicated after PB or PBS treatment and subjected to a glycometer. Values express the mean6 S.E. (n = 9 or 10). The data on blood glucose
level were fit to a cubic equation. **P, 0.01 and ***P, 0.005 for significance in difference between PBS- and PB-treated samples at each time point. (B)
Nuclear extracts prepared from the livers of CAR wild-type mice after PB treatment were subjected to Western blot analysis with anti-CAR or
anti–TATA-box binding protein (TBP) antibodies. Hr, hours after treatment. (C and D) Hepatic RNA samples were prepared from CARwild-type mice at
various time points after PB treatment and were subjected to real-time PCR analysis. The relative expression values of CYP2B10 (C) or G6Pase (D)
mRNAs were normalized to endogenous glyceraldehyde-3-phosphate dehydrogenase mRNA levels using the comparative cycle threshold method.
Values express the mean 6 S.D. (n = 4). *P , 0.05 and ***P , 0.005 for significance in difference compared with PB-injected mice at 0 hour.
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containing 10% fetal bovine serum, 1 mM sodium pyruvate, 100 U/ml
penicillin, and 100 mg/ml streptomycin. HepG2 and Ym17 cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco BRL,
Gaithersburg, MD) supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Flowery Branch, GA), 1 mM sodium pyruvate,
100 U/ml penicillin, and 100 mg/ml streptomycin. These cells (3 �
105 cells/well) were placed on a 24-well plate. HepG2 cells plated on
24-well plate or 10-mm dish at a density of 5 � 105 cells/ml were
transfected with Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s instructions, for 24 hours prior to drug treatments.

Coimmunoprecipitation. HepG2 cells after drug treatment
were lysed by sonication in lysis buffer [20 mM Tris-HCl (pH 7.6),
1 mM EDTA, 200 mM NaCl, 1% Triton X-100] and centrifuged at
12,000g for 5 minutes. The resulting supernatant was incubated with
the indicated antibody overnight at 4°C. Immunoprecipitates were
prepared by incubationwithDynabeads Protein G or Protein L resin for
3 hours at 4°C. The precipitates were washed three times with lysis
buffer and then added to sample buffer for SDS-PAGE.

Western Blots. HepG2 cells or mouse primary hepatocytes were
lysed by sonication in 50 mM Tris-HCl buffer saline (pH 7.6)
containing 8 M urea and 0.1% SDS, and then centrifuged. Proteins
were separated by SDS-PAGE and transferred onto a polyvinylidene
difluoride membrane for Western blot analysis. The membrane was
blocked in 5% nonfat milk or 5% bovine serum albumin in 25 mM Tris-
HCl (pH 7.5) containing 137 mM NaCl and 0.1% Tween 20 for 1 hour,
and then incubated for overnight at 4°C with a given primary or HRP-
conjugated Flag antibody. HRP-conjugated anti-rabbit IgG or anti-
mouse IgM was used as a secondary antibody. Finally, protein bands
were visualized using enhanced chemiluminescence Western blotting
detection reagent (Advansta).

Quantitative Real-Time PCR. Total RNAs were isolated from
HepG2 and Ym17 cells or hepatocytes using Trizol Reagent (Life
Technologies, Carlsbad, CA) and subjected to cDNA synthesis using
the High-Capacity cDNA Archive Kit (Life Technologies). Real-time
PCR was performed using the ABI Prism 7700 Sequence Detection
System (Life Technologies). Specific detection probes (Life Technologies)

Fig. 2. PB antagonizes insulin-elicited
insulin receptor (IR) phosphosphorylation
and its downstream signals in mouse
primary hepatocytes. Hepatocytes were
prepared from C3H male mice and cul-
tured as described in the Materials and
Methods and were treated with various
concentrations of insulin or cotreated
with insulin (10 nM) and increased con-
centrations of PB or TCPOBOP for
30 minutes. Total extracts from these
hepatocytes were subjected to Western
blot analysis with anti–phospho-Tyr972
(p-Tyr972) or anti–phospho-Tyr1150+1151
(p-Tyr1150+51) antibody for the insulin
receptor (A), anti–phospho-Ser473 antibody
for AKT (p-AKT) (B), anti–phospho-Ser256
for FOXO1 (p-FOXO1) (C), anti–phospho-
Thr202/Tyr204 antibody for ERK1/2
(p-ERK1/2) (D), and anti–phospho-Tyr52
antibody for RACK1 (p-RACK1) (E). Anti-
body that reacts both phosphorylated and
nonphosphorylated protein was used to
observe the total amount of each protein
(A–E).
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used for PCR with the TaqMan PCR Master Mix (Life Technologies)
were human CYP2B6mRNA (Hs00167937_m1), humanG6PasemRNA
(Hs00609178_m1), mouse CYP2B10 mRNA (Mm00456591_m1), and
mouse G6Pase mRNA (Mm00839363_m1). The TaqMan human and
mouse glyceraldehyde-3-phosphate dehydrogenase probes (Life Technol-
ogies) were used as internal controls to normalize expression levels of a
given mRNA.

Statistical Analysis. Blood glucose and real-time PCR data were
shown as the mean and analyzed with Student’s t test or one-way
analysis of variance for all groups, followed by pairwise comparisons.
Significant values are represented asP, 0.05,P, 0.01 andP, 0.001.

Results
Blood Glucose Levels after PB Treatment. PB was

administered to wild-type and CAR KO male mice 24 hours
prior to taking blood samples and again administered at the
time fasting began (10:00 a.m.). Blood samples were collected
every 6 hours from those mice to determine glucose levels.
Consistent with previous observations, 24-hour PB treatment
lowered blood glucose levels about 16% in wild-type but not
KO males (128.1 6 2.35 in PB and 148.2 6 6.32 in PBS),
although levels remained constant in PBS-treated males (Fig.
1A). After fasting, blood glucose levels began a gradual de-
crease in both PBS-treated wild-type and KO males. PB treat-
ment slowed down this decrease and kept blood glucose levels
higher in both wild-type and KO males. Wild-type males atten-
uated the levels 18 hours after PB treatment to those observed
in the PBS-treated males (75.2 6 2.77 in PB and 77.3 6 2.21
in PBS). On the other hand, PB-treated KOmales retained higher
glucose levels at all time points and never lowered them to
the levels of PBS-treatedmales (100.76 5.18 in PB and 78.26
3.35 in PBS). These results suggest that PB caused a CAR-
independent slowdown of the decrease in blood glucose levels
in the early period of treatment as well as the CAR-dependent
attenuation in the later period.
Nuclear CAR accumulation was barely observed in the

livers 30 minutes after PB treatment compared with that 18
hours after treatment (Fig. 1B). Consistent with this CAR
accumulation, CYP2B10 mRNA induction was not detected
30 minutes after PB treatment (Fig. 1C). On the other hand,
G6PasemRNA was already increased at 30 minutes and then
declined at 18 hours after PB treatment (Fig. 1D), which
agreed with the blood glucose levels of Fig. 1A.
PB Actions to Repress the Insulin Receptor Signal-

ing. Mouse primary hepatocytes exhibited a concentration-
dependent insulin activation of the insulin receptor, as indicated
by phosphorylation of three tyrosine residues (Fig. 2A). PB
treatment at 20 mM began to dephosphorylate activated insulin
receptor in the presence of 10 nM insulin.CAR ligandTCPOBOP
did not influence dephosphorylation. As the insulin receptor
activated, the insulin receptor downstreamAKT-FOXO1 signal-
ing was also activated (i.e., phosphorylated) by insulin treatment
(Fig. 2, B and C). Activation of this so-called insulin signaling
leads to suppression of gluconeogenic genes and gluconeogene-
sis. As shown in Fig. 2, B and C, both phosphorylated AKT and
FOXO1 were dephosphorylated after PB treatment, but not
TCPOBOP treatment; the dephosphorylation by PB appeared to
begin at 20 mM. These results indicated that PB antago-
nized insulin activation of the insulin receptor, thereby offsetting
insulin activation of the AKT-FOXO1 signal. In addition, the
insulin receptor activation by insulin also resulted in activation

of mitogen-activated protein kinase kinase 1/2-ERK1/2 signal-
ing, as indicated by ERK1/2 phosphorylation. PB treatment, but
not TCPOBOP treatment, repressed ERK1/2 phosphorylation in
the presence of 10 nM insulin (Fig. 2D). RACK1 is a signal
scaffold protein involved in various signal transductions. RACK1
was phosphorylated by insulin and dephosphorylated after PB
treatment (Fig. 2E). For both ERK1/2 and RACK1, their
significant dephosphorylations began to occur at 200 mM PB.
Dephosphorylation of ERK1/2 and RACK1 was previously char-
acterized as the PB-induced signaling that indirectly activates
nuclear receptor CAR.
Transient Upsurge of Blood Glucose in Mice. PB

slowed down the decrease in blood glucose levels within the
first 6 hours after treatment in wild-type (WT) and KO mice
(Fig. 1). To further dissect this slowdown, blood glucose levels

Fig. 3. Transient upsurge of blood glucose shortly after PB treatment in
mice. (A) Blood was collected from fasting males 30 minutes after PB or
PBS treatment and subjected to a glycometer. Values of blood glucose
levels are expressed as the mean 6 S.E. (n = 4); *P , 0.05 for significance
differences between PBS- and PB-treated mice. From the same mice, total
liver extracts and RNAs were prepared for Western blot (B) and real-time
PCR (C) analysis, respectively, for AKT and P6Pase and PEPCK1 mRNA
as described in the Materials and Methods and Figs. 1 and 2. Values of
PCR are expressed as the mean6 S.D. (n = 4); *P, 0.05 for significance in
difference compared with PBS treatment.
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were examined 30 minutes after PB treatment; levels in both
WT and KOmice surged from 1606 6 to nearly 1866 8 mg/dl
in the former and from 154 6 9 to 182 6 7 mg/dl in the latter
(Fig. 3A). At this treatment point, AKT was significantly
dephosphorylated in the livers of both WT and KO mice (Fig.
3B). In addition, hepatic levels of G6Pase were elevated in
both strains of mice (Fig. 3C).PEPCK1mRNAs appeared to be
increased also, although it was not statistically significant
(Fig. 3C). These results indicate that an early action of PB
treatment is to repress the AKT signal and increase gluco-
neogenesis, thereby causing a surge in blood glucose levels in a
CAR-independent mechanism.
PB Actions to Repress the Insulin Receptor Signal in

HepG2 Cells. As observed in mouse primary hepatocytes,
insulin treatment activated (i.e., phosphorylated) the insulin
receptor in a concentration-dependent manner in human
hepatoma–derived HepG2 cells, whereas cotreatment with
PB, but not a human CAR ligand CITCO, inactivated the
insulin receptor via dephosphorylation (Fig. 4A). Competitive
binding assays suggested that PB binding of the insulin
receptor (Supplemental Fig. 1) revealed two different affinity
values of about 21.5 6 15.5 and 2.2 6 1.4 mM, thereby in-
dicating the possibility that PB may directly bind to the
insulin receptor to antagonize insulin. Subsequently, re-
pression of insulin (AKT-FOXO1) signaling was examined
(Fig. 4, B and C). Both AKT and FOXO1 were activated
(i.e., phosphorylated) after insulin treatment and repressed
this phosphorylation after PB treatment, but not CITCO

treatment. Insulin treatment decreased G6Pase mRNA levels
in HepG2 cells in which endogenous CAR is barely present, and
PB cotreatment restored those levels (Fig. 4D). On the other
hand, cotreatment with PB failed to recover G6Pase mRNA
levels decreased by insulin in Ym17 cells (Fig. 4E). These
results indicate that PB could antagonize insulin signaling to
stimulate gluconeogenesis in the absence of CAR.
CYP2B10 Induction through the Insulin Receptor.

The insulin receptor activation resulted in an increased phos-
phorylation of both RACK1 and ERK1/2, and as expected,
the insulin receptor inactivation by PB caused them to be
dephosphorylated in Ym17 cells, a line that stably expresses
mouse CAR (Fig. 5, A and B). Our previous works determined
RACK1 and ERK1/2 as two essential signal molecules that
regulate CAR activation; phosphorylated ERK1/2 binds
inactivated CAR, whereas dephosphorylated RACK1 binds
CAR to activate it (Osabe and Negishi, 2011; Mutoh et al.,
2013). Consistent with the ways by which insulin or PB
regulates the insulin receptor and its downstream RACK1
and ERK1/2, insulin treatment decreased interactions be-
tween CAR and RACK1, whereas PB cotreatment increased
this interaction. On the other hand, CAR interaction with
ERK1/2 was increased and decreased after insulin treatment
and PB cotreatment, respectively (Fig. 5C). These patterns of
interactions were suggestive of insulin-PB cross-talk to
regulate CAR-mediated transcription of the CYP2B6 gene.
We used HepG2-derived Ym17 cells to examine this cross-
talk and found that insulin repressed PB-induced CYP2B10

Fig. 4. PB antagonizes insulin-elicited insulin receptor (IR) phosphorylation and its downstream signals in HepG2-derived Ym17 cells stably expressed
in mouse CAR. Ym17 cells were treated with insulin at various concentrations as indicated or cotreated with 10 nM insulin and either PB or CITCO at
increasing concentrations as indicated for 30 minutes (A, B, C, and E). (D) HepG2 cells were treated with PB, insulin or PB or cotreated with PB and
insulin. Total extracts and RNAs from these cells were subjected to Western blot and real-time PCR analysis, respectively, as described in Figs. 1 and 2.
Values of PCR are expressed as the mean 6 S.D. (n = 4); *P, 0.05 for significance in difference compared with PBS treatment. p-AKT, phospho-Ser473
antibody for AKT; p-FOXO1, phospho-Ser256 for FOXO1; p-Tyr1150+51, phospho-Tyr1150+1151 for IR; p-Tyr972, phospho-Tyr972 for IR.
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mRNA levels in a concentration-dependent manner (Fig. 5D).
However, insulin did not repress levels induced by TCPOBOP.
These results indicate that insulin activates the insulin
receptor to suppress CYP2B10 mRNA, whereas PB, but not
TCPOBOP, inactivates the insulin receptor to induce it.

Discussion
PB has been found to bind and antagonize the insulin

receptor signal, similar to what our previous study demon-
strated with EGF and EGFR (Mutoh et al., 2013). A role for
EGF in the repression of CAR-mediated transactivation of
the phenobarbital responsive enhancer module was first de-
scribed in rat primary hepatocytes (Meyer et al., 1989). Subse-
quent works identified ERK1/2 as an essential downstream
molecule of the EGFR signal that represses CAR activation and
CYP2B induction (Koike et al., 2007;Mutoh et al., 2009; Osabe
and Negishi, 2011). To activate CAR indirectly, PB binds to

EGFR and antagonistically attenuates the EGF-ERK1/2 signal
(Mutoh et al., 2013). Since PB also represses the insulin-ERK1/
2 signal, PB and insulin reciprocally regulating CAR activation
should have been expected. In fact, PB treatment was found to
induce CYP2B6 mRNA in Ym17 cells, whereas insulin cotreat-
ment diminished this induction in a concentration-dependent
manner.
RACK1 is another signal molecule involved in CAR activa-

tion; upon PB treatment, RACK1 is dephosphorylated at
threonine 57 to bind and activate PP2Ac on CAR for CAR
activation (Mutoh et al., 2013). Insulin increases RACK1
phosphorylation, which prevents it from binding to CAR. PB
reverses these insulin actions to elicit the CAR activation signal.
Thus, insulin can regulate not only ERK1/2 but also RACK1
signal to repress CAR activation in the cytoplasm. Insulin also
regulates FOXO1, which coactivates CAR-mediated transcrip-
tion (Kodama et al., 2004). Consistent with this coactivation,
CYP2B10 expression is upregulated in the livers of FOXO1

Fig. 5. PB antagonizes insulin activating the insulin receptor to elicit CAR activation signal. (A and B) Ym17 cells were pretreated with insulin (left) for
30 minutes prior to cotreatment with insulin (10 nM) and PB or CITCO at indicated concentrations for an additional 30 minutes. Phosphorylation of
RACK1 (A) and ERK1/2 (B) was confirmed by Western blot as described in the Materials and Methods and Fig. 2, A and B. (C) HepG2 cells were
transfected with Flag-CAR expression plasmid and treated with PBS or insulin or cotreated insulin and PB as mentioned earlier, from which total
extracts were prepared for subsequent coimmunoprecipitation and Western blots. Coimmunoprecipitation was performed for RACK1 (top) or ERK1/2
(bottom) as described in the Materials and Methods. Western blot is described in Fig. 2. (D) Ym17 cells were cotreated with PB (2 mM) or TCPOBOP
(250 nM) and various concentrations of insulin for 24 hours, fromwhich RNAs were prepared for real-time PCR for CYP2B6mRNA as described in Fig. 1.
CYP2B6 expression levels were calculated relative to control levels without insulin. Values are expressed as the mean 6 S.D. (n = 4); *P , 0.05 for
significance in difference compared withmRNA level in the absence of insulin. IP, immunoprecipitation; p-ERK1/2, phospho-Thr202/Tyr204 antibody for
ERK1/2; p-RACK1, phospho-Tyr52 antibody for RACK1.
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transgenic mice (Zhang et al., 2006). Since the insulin receptor-
AKT signal stimulates FOXO1 phosphorylation to eliminate
FOXO1 from the nucleus (Biggs et al., 1999; Rena et al., 2001;
Zhang et al., 2002), insulin could repress CYP2B10 expression
via FOXO1. Therefore, PB and insulin cross-talk could also occur
in the nucleus; insulin-induced depletion of FOXO1 reduces CAR
to transcriptionally activate its targets, such as CYP2B genes.
Thus, PB and insulin cross-talk via the insulin receptor recipro-
cally regulates downstream ERK1/2, RACK1, and FOXO1
signals that activate CAR and induces CYP2B. This insulin
receptor–mediated cross-talk mechanism has provided the
molecular basis for understanding a long-standing question of
how insulin represses hepatic drug metabolism.
In our present study, whereas blood glucose levels gradually

declined after fasting in both CAR wild-type and KO mice,
they remained higher 18 hours after PB treatment in CAR KO
mice, compared with those in CAR wild-type mice. This
finding is consistent with an already established notion that
CAR interacts with FOXO1, preventing it from binding and
enhancing IRS, thereby decreasing gluconeogenesis and blood
glucose levels in mice (Kodama et al., 2004). FOXO1 activates
IRS to induce gluconeogenic genes, and insulin stimulates
FOXO1 phosphorylation to inactivate and exclude it from
the nucleus and suppress gluconeogenesis during feeding.
After prolonged fasting, FOXO1 is gradually imported back
into the nucleus as insulin levels decline. Under conditions
such as an 18-hour PB treatment, the CAR-FOXO1 complex
greatly increased in the liver nuclear fractions (Supplemental
Fig. 2); CAR accumulates in the nucleus, catches incoming
FOXO1, and represses its transcriptional activity. Therefore,
the function of CAR to repress gluconeogenesis is insulin-
independent in nature.
Contrary to what was observed at later stages of PB

treatment, blood glucose levels transiently increase shortly
after treatment in both CAR wild-type and CAR KO mice.
The fact that G6Pase, but not CYP2B10, mRNA levels
increase indicates that, although PB already attenuates the
gluconeogenic signal, the CAR activation signal has not been
elicited in CAR wild-type mice within this short time of
treatment. It is now understood that PB can either increase
or decrease blood glucose levels, depending on treatment
conditions.
TCPOBOP and CITCO are agonistic ligands of mouse and

human CAR, respectively. Our previous experiments indicate
that CITCO is unable to activate and translocate human CAR
T38D mutant in mouse liver (Mutoh et al., 2009). Therefore,
CAR must be dephosphorylated prior to ligand binding, or
ligands promote dephosphorylation. It has now been found
that, unlike PB, these lignds do not attenuate the insulin
receptor signaling, nor does insulin repress CYP2B6 induc-
tion. Similarly, these ligands also did not inactivate EGFR
(unpublished observation). Thus, CAR ligands do not use the
cell membrane receptor-initiated CAR activation mechanism.
Whether ligand binding recruits RACK1 and PP2Ac to CAR
for dephosphorylation remains unknown at the present time.
If it does, deciphering its molecular mechanism is an urgent
target of future investigations.
In conclusion, PB treatment decreases blood glucose levels in

mice and humans. The molecular basis underlying this PB
action is PB interacting with the insulin receptor and antago-
nizing its signaling. PB attenuates the insulin receptor–ERK1
signal, and this attenuation elicitsCARactivation.OnceCAR is

activated and accumulates in the nucleus, CAR forms a
complex with FOXO1 to attenuate the gluconeogenic insulin
receptor–AKT signal and decreases blood glucose levels in
fasting mice in later stages of PB treatment. On the other
hand, in early PB treatment stages where CAR is not acti-
vated, attenuation of the insulin receptor–AKT signal causes
a transient upsurge of blood glucose levels. Our present study
provides new insights into understanding how PB and CAR
regulate gluconeogenesis and drug metabolism and may also
have clinical implications for metabolic diseases caused by
xenobiotic exposures.
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