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Short Communication

p38 Mitogen–Activated Protein Kinase Regulates Nuclear Receptor
CAR that Activates the CYP2B6 Gene s
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ABSTRACT

The constitutive active/androstane receptor (CAR) regulates he-
patic drug metabolism by activating genes, such as cytochrome
P450, and certain transferases. p38 Mitogen–activated protein
kinase (MAPK) is highly activated in human primary hepatocytes
but barely in human hepatoma cell lines including HepG2 cells.
Liganded-CAR induced CYP2B6 mRNA in human primary hep-
atocytes far more effectively than in HepG2 cells ectopically
expressing CAR. In the present study, we found that activation
of p38 MAPK by anisomycin potentiated induction of CYP2B6
mRNA by CAR ligand in HepG2 cells to levels observed in ligand-
treated human primary hepatocytes. siRNA knockdown of p38
MAPK abrogated the ability of anisomycin to synergistically induce

CYP2B6 mRNA. In addition to CYP2B6, anisomycin cotreatment
potentiated an increase in CYP2A7 and CYP2C9 mRNAs but
not CYP3A4 or UDP-glucuronosyltransferase 1A1 mRNAs. Thus,
activated p38 MAPK is required for liganded-CAR to selectively
activate a set of genes that encode drug-metabolizing enzymes.
Our present results suggest that CAR-mediated induction of
these enzymes cannot be understood by ligand binding alone
because the specificity and magnitude of induction are codeter-
mined by a given cell signaling, such as p38 MAPK; both phys-
iologic and pathophysiological states of cell signaling may have
a strong impact in hepatic drug-metabolizing capability during
treatments.

Introduction

Nuclear receptor constitutive active/androstane receptor (CAR),
a xenobiotic-activated transcription factor, regulates numerous genes
that encode drug-metabolizing enzymes, such as cytochrome P450
CYP2B6 and UDP-glucuronosyltransferase (UGT) 1A1 (Honkakoski
et al., 1998; Sueyoshi et al., 1999; Sugatani et al., 2001). CAR
activators include various therapeutic drugs, such as phenobarbital and
various statins, resulting in inductions of drug-metabolizing enzymes
(Sueyoshi et al., 1999; Kobayashi et al., 2005). Activation of CAR is
initiated by nuclear translocation of CAR (Kawamoto et al., 1999).
Subsequently, nuclear CAR forms a heterodimer with retinoid X
receptor and activates its target genes by binding to response elements
in promoters (Honkakoski et al., 1998). The mechanism of nuclear
translocation of CAR uses various cell-signaling molecules, such as
protein phosphatase 2A and extracellular signal-regulated kinase 1/2
(Yoshinari et al., 2003; Koike et al., 2007). In addition to what is
observed in the cytoplasm, early growth response 1 promotes CAR to
transactivate the CYP2B6 gene in HepG2 cells as effectively as that in
primary hepatocytes and livers (Swales et al., 2005; Inoue and
Negishi, 2008). Thus, CAR-mediated transactivation of its target
genes appears to be coregulated by CAR activators and cell-signaling
molecules.

p38 Mitogen–activated protein kinase (MAPK), a member of the
family of MAPKs, is activated by a number of cellular stresses caused
by many stimuli, such as UV, osmotic pressure, DNA damage,
cytokines, and tumor necrosis factor a, and is involved in the reg-
ulation of inflammation, apoptosis, and cellular death and proliferation
(Herlaar and Brown, 1999; Obata et al., 2000). Recently, a p38 MAPK
inhibitor SB203580 was reported to suppress phenobarbital induc-
tion of CYP2B1/2 mRNA in rat primary hepatocytes, although the
mechanism of this suppression has not been investigated (Joannard
et al., 2006). Because of our unexpected finding that p38 MAPK is
present but not activated in HepG2 cells, we investigated the role
of p38 MAPK in CAR-mediated transcriptional activation of the
CYP2B6 gene.
In the present study, we used human primary hepatocytes, hepatoma-

derived cell lines (HepG2, FLC7, and Huh 7), and HepG2 ectopically
expressing mouse and human CAR (called Ym17 and Yh18 cells,
respectively) to demonstrate the role of p38 MAPK in the CAR-
mediated activation of CYP2B6 gene. We present experimental data
to characterize p38 MAPK as a regulatory cell signal in CAR activation
and propose the hypothesis that CAR requires cellular signaling, such as
p38 MAPK, to fully confer its transactivation activity in response to
xenobiotic exposures.

Materials and Methods

Materials. Anisomycin, 1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene,
3,39,4,49-Tetrachloro-1,4-bis(pyridyloxy)benzene (TCPOBOP), and dimethyl-
sulfoxide were purchased from Sigma-Aldrich (St. Louis, MO). 6-(4-
Chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichloro-
benzyl)oxime (CITCO) was purchased from BIOMOL (Plymouth Meeting,
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PA). Antibodies against phospho-p38 MAPK (Thr180/Thr182; #9211), p38
MAPK (#9212), and phospho-MAPK–activated protein kinase 2 (MAP-
KAPK2; Thr334; #3007) were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies against B-actin and horseradish peroxidase–
conjugated anti-mouse or -rabbit IgG were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). ON-TARGET plus SMART pool p38 MAPK
(#L-003512-00-0005) and ON-TARGET plus Non-Targeting pool (#D-
001810-10) were purchased from Thermo Scientific (Lafayette, CO).

Cell Cultures, Transfections, and Chemical Exposures. Human primary
hepatocytes (from 1 male and 2 female donors) were kindly provided by Life
Technologies (Carlsbad, CA). Primary hepatocytes were maintained accord-
ing to the manufacturer’s instructions. Hepatocytes were placed on a 12-well
plate at a density of 6 � 105 cells/well. HepG2 cells ectopically expressing
mouse CAR (Ym17 cells) and human CAR (Yh18 cells) were established as
described previously (Swales et al., 2005). HepG2, Ym17, and Yh18 cells
were maintained as described previously (Swales et al., 2005). FLC7 cells
were kindly provided by Dr. Nagamori (Kyorin University, Tokyo, Japan)
(Kawada et al., 1998). FLC7 and Huh7 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, 1%
200 mM glutamine, and antibiotics. Cells were placed on a 24-well plate at
a density of 4 � 105 cells/well. For transfection, cells were transfected with
siRNA (50 pmol) by LipofectAMINE RNAiMAX (Life Technologies) after
cell seeding. For treatment, hepatocytes and cells were exposed with
TCPOBOP (0.25 mM), CITCO (1 mM), and anisomycin (0.2 mM) for 6
hours.

Western Blotting. Hepatocyte and cell extracts were prepared by lysis of
cells with 1 � LDS buffer (Life Technologies) with 1% beta-mercaptoethanol.
Protein separation and detection were performed as described previously (Inoue
and Negishi, 2008).

Real-Time Quantitative Polymerase Chain Reaction. Total hepatocyte
and cell RNAs were isolated using Trizol Reagent (Life Technologies) and
subjected to cDNA synthesis using High Capacity cDNA Archive Kit (Life
Technologies). Real-time polymerase chain reaction (PCR) was performed
using the 7900HT Fast Real-Time PCR system (Life Technologies) with the
following Taq-Man probes or primers: CYP2B6 (Hs00167937_m1), CYP2C9
(Hs01682803_mH), CYP2A7 (59-AGCCCTTGCAGCAACTTAAA-39 and
59-CAGTTCACGTCAACCTCAC-39), CYP3A4 (Hs00430021_m1), and UGT1A1
(Hs02511055_m1). Human ACTB (Beta Actin) Endogenous Control (VIC/
TAMRA Probe, Primer Limited: 4310881E; Life Technologies) was used as
an internal control and to normalize expression levels of all other genes.

Statistics. All numeric data are shown as mean 6 S.D. The differences in
data from real-time PCR were determined using one-way analysis of variance
for all groups, followed by pairwise comparisons.

Results

p38 MAPK Is Not Activated in Human Hepatoma Cell Lines.
To examine whether p38 MAPK signaling is activated in human
primary hepatocytes and human hepatoma cell lines, whole hepatocyte
and cell extracts were prepared and subjected to Western blotting. As
shown in Fig. 1A, phosphorylated p38 MAPK was detected in all
human primary hepatocytes from these three different donors. In
contrast, phosphorylated p38 MAPK was not detected in the human
hepatoma cell lines (HepG2, FLC7, and Huh7 cells). The detected
levels of the total amount of p38 MAPK protein were much weaker in
all hepatocytes, compared with hepatoma cell lines. In addition, levels
of phosphorylated MAPKAPK2, a downstream target of p38 MAPK,
demonstrated far stronger intensity in human primary hepatocytes
rather than in human hepatoma cell lines. These results indicate that
p38 MAPK is constitutively activated in human primary hepatocytes
but not in human hepatoma cell lines. In addition, ligand activation of
human CAR by CITCO increased CYP2B6 mRNA by 2.9-fold in
human primary hepatocytes but did not increase it in HepG2 cells
ectopically expressing human CAR (Yh18 cells) (Fig. 1B). This result
prompted us to investigate the role of p38 MAPK in CAR-mediated
CYP2B6 induction.

p38 MAPK Regulates CAR-Mediated Induction of CYP2B6
mRNA. We first investigated the effect of p38 MAPK activation
in the CAR-mediated induction of CYP2B6 using HepG2 cells
ectopically expressing human CAR (Yh18 cells). Because mouse
CAR with its ligand TCPOBOP is a well-established model to inves-
tigate the ligand activation of CAR and the induction of CYP2B6 in
HepG2 cells (Swales et al., 2005; Inoue and Negishi, 2008), we also
used HepG2 cells ectopically expressing mouse CAR (Ym17 cells).
The activation of p38 MAPK by anisomycin was verified in HepG2
cells and in Yh18 and Ym17 cells (Supplemental Fig. 1) Ligand
activation of ectopically expressing human CAR by CITCO sig-
nificantly increased CYP2B6 mRNA levels only in the presence of
anisomycin (Fig. 2A). The extent of the CYP2B6 mRNA increase by
anisomycin and CITCO was 2.8-fold, which is compatible to those in
primary human hepatocytes (Fig. 1B). Although ligand activation of
ectopically expressing mouse CAR significantly increased CYP2B6

Fig. 1. Phosphorylation of p38 MAPK and CAR-mediated activation of CYP2B6 in
human primary hepatocytes and hepatoma cell lines. (A) Hepatocyte and cell
extracts were prepared as described in Materials and Methods from seeded
hepatocytes and cells without any exposure. Protein levels of phosphorylated p38
MAPK (Phos-p38), p38 MAPK (p38), and phosphorylated MAPKAPK2 (Phos-
MAPKAPK2). Protein levels of B-actin were determined as an internal control. Data
shown are three individual donors of primary hepatocytes and three different
hepatoma cell-lines (HepG2, FLC7, and Huh7 cells from left to right). He, HepG2
cells; F, FLC7 cells; Hu, Huh7 cells. (B) Total RNAs were prepared as described in
Materials and Methods from one female donor of hepatocytes and Yh18 cells treated
as described in Materials and Methods. Expression level of CYP2B6 mRNA was
determined. Values are expressed as fold inductions relative to that of CYP2B6
mRNA level normalized to the expression levels of B-actin (ACTB) mRNA in
dimethylsulfoxide-treated hepatocytes or Yh18 cells. Data are mean6 S.D. (n = 3 in
each group). ***P , 0.005 for comparison between with and without CITCO
exposure, Newman-Keuls multiple comparison test.
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mRNA level, anisomycin treatment further enhanced the increased
level of CYP2B6 mRNA (Fig. 2B). Because ectopically expressing
mouse CAR clearly demonstrated the potentiation effect rather than
ectopically expressing human CAR, we knocked down p38 MAPK
by siRNA in Ym17 cells to examine whether p38 MAPK mediates
the potentiation of CAR-mediated CYP2B6 induction by anisomy-
cin. As shown in Fig. 2C, knockdown of p38 MAPK significantly
suppressed the anisomycin-potentiated effect to induce CYP2B6
with ligand activation of CAR. The remaining potentiation effect of
anisomycin may be attributable to remaining p38 MAPK. The role of
p38 MAPK on the potentiation effect of anisomycin was further
confirmed by inhibition of p38 MAPK (Supplemental Fig. 2). These
results indicate that p38 MAPK regulates CAR-mediated CYP2B6
induction.
p38 MAPK Regulates a Set of CAR Target Genes. Because of

the finding that p38 MAPK regulates CAR-mediated CYP2B6
induction, we then examined the role of p38 MAPK in the CAR-
mediated regulations of genes encoding other drug-metabolizing
enzymes (CYP2C9, CYP2A7, CYP3A4, and UGT1A1). As shown in
Fig. 2D, activation of CAR significantly increased CYP2C9 and
CYP2A7 mRNA level only in the presence of anisomycin. In contrast
to CYP2B6, CYP2C9, and CYP2A7, activation of CAR increased
CYP3A4 and UGT1A1 mRNA level regardless of the presence of
anisomycin. These results indicate that p38 MAPK selectively

regulates the CAR-mediated induction of CYP2B6, CYP2C9, and
CYP2A7 but not CYP3A4 or UGT1A1.

Discussion

CAR-mediated induction of CYP2B6 mRNA was strongly poten-
tiated by the activation of p38 MAPK in HepG2 cells as effectively
as that in human primary hepatocytes. In addition, p38 MAPK is
constitutively activated in human primary hepatocytes but not in
human hepatoma cell lines including HepG2 cells. Thus, p38 MAPK
may play a role in the CAR-mediated CYP2B6 induction in human
primary hepatocytes. Only one set of CAR-regulated genes requires
p38 MAPK for their activation: this set includes genes such as CYP2A7
and CYP2C9, in addition to CYP2B6. In contrast, p38 MAPK plays
no role in CAR activation of the CYP3A4 or UGT1A1 genes. Various
cell signaling has been shown to regulate activation of CAR and CAR-
mediated transcription of a target gene. Growth factor–activated
extracellular signal-related kinase 1/2 signaling represses CAR activa-
tion and nuclear translocation (Koike et al., 2007). cAMP and early
growth response 1 synergize CAR-mediated transcription of CYP2B6
genes in HepG2 cells (Ding et al., 2006; Inoue and Negishi, 2008).
AKT and NFkB signaling represses the CYP2B6 gene (Assenat et al.,
2004; Kodama et al., 2004). However, those previous studies were
limited only to the CYP2B gene. Therefore, to our knowledge, our

Fig. 2. Role of p38 MAPK in CAR-mediated CYP2B6 induction. (A–D) Total RNAs were prepared as described in Materials and Methods from Yh18 (A) and Ym17
(B–D) cells treated as described in Materials and Methods. Expression levels of CYP2B6 (A–C) and CYP2C9, CYP2A7, CYP3A4, and UGT1A1 (D) mRNA were
determined. Values are expressed as relative expression levels normalized to the expression levels of B-actin (ACTB) mRNA. Data are mean 6 S.D. (n = 3 or 4 in each
group). *P, 0.05; **P, 0.01; ***P, 0.005 for comparison between with and without CITCO or TCPOBOP exposure; †P, 0.05; †††P, 0.005 for comparison between
with and without anisomycin exposure; ###P , 0.005 for comparison between control siRNA and p38 MAPK (p38) siRNA. Newman-Keuls multiple comparison test. (C)
Protein levels of phosphorylated p38 MAPK (Phos-p38), p38 MAPK (p38), and B-actin were also determined to verify the effect of p38 MAPK siRNA at 2 hours of
anisomycin treatment. ANI, anisomycin; CON, control.
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study is the first to demonstrate that cell signaling, such as p38 MAPK,
not only regulates CAR-mediated transcriptions but also determines
the specificity for which genes are activated by CAR.
Diabetes is known to up-regulate p38 MAPK activation in mouse

liver (Qiao et al., 2006). Phenobarbital induction of CYP2B1 is
stimulated in the liver of streptozotocin-induced diabetic rats (Yoshida
et al., 1996). On the other hand, p38 MAPK is down-regulated in
mouse liver tumors (Iyoda et al., 2003). Phenobarbital induction is
attenuated in tumor-developing rat livers (Numazawa et al., 2005).
These observations are consistent with our hypothesis that p38 MAPK
signaling plays a critical role in the regulation of CAR-mediated
activation of genes. Therefore, the outcome of drug metabolism (both
degree and specificity of induction) after therapeutic treatment should
be affected by physiologic and disease conditions that alter cell
signaling, such as p38 MAPK. To expand our finding of p38 MAPK
and to implicate it in drug therapy, the molecular mechanism by which
p38 MAPK promotes CAR-mediated transcription of the CYP2B6
gene needs to be investigated in the future.
In conclusion, we characterized p38 MAPK as essential cell signaling

that regulates CAR-mediated transcriptions. Thus, p38 MAPK activity,
which is altered by physiologic and pathophysiological conditions,
should be considered when the outcome of drug metabolism is
projected and/or is evaluated after treatment.
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