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Phenobarbital (PB) increases metabolic capability
f hepatocytes by its ability to activate numerous
enes encoding various xenochemical-metabolizing
nzymes such as cytochrome P450s and specific trans-
erases. More than 35 years since PB induction was
rst reported, the key nuclear receptor CAR that me-
iates the induction has now been identified, and the
olecular/cellular mechanism involving multiple sig-
al transduction pathways has begun to be unraveled.
n response to PB exposure, CAR in the cytoplasm
ranslocates into the nucleus, forms a heterodimer
ith the retinoid X receptor, and activates the PB

esponse enhancer element leading to the concerted
nduction of numerous genes.

Key Words: phenobarbital; nuclear receptor; cyto-
hrome P450; CYP gene; induction; nuclear transloca-
ion; signal transduction; drug metabolism.

HORT HISTORY

Evolutionarily, animals and plants have been com-
eting for existence using newly synthesized chemicals
s a weapon in “warfare” against each other. To protect
hemselves against harmful chemicals (phytoalexins)
roduced by the plants, animals have developed met-
bolic detoxification pathways as defense mechanisms
gainst their toxicity. These pathways also play the
ey role in the detoxification of man-made chemicals
uch as pharmaceutical drugs and environmental pol-
utants. Hepatic microsomal cytochrome P450s (encod-
d by the CYP gene superfamily) are the first and
oremost important enzymes catalyzing the metabolic
etoxification.
As a part of the defense mechanism, cells activate

ranscription of CYP genes in response to xenochemical
1 To whom correspondence should be addressed. Fax: 919-541-

696. E-mail: negishi@niehs.nih.gov.
1

nd metabolic capability. Since the induction phenom-
non was first reported in the 1950’s, it has been a
ajor driving force attracting many scientists into cy-

ochrome P450 research. There have been two classical
roups of xenochemicals that induce the different sets
f CYP genes: polycyclic aromatic hydrocarbons
PAHs) typified by 3-methylchoranthrene and 2,3,7,8-
etrachlorodibenzo p-dioxin that induce CYP1A and
YP1B, and PB that induces CYP2A, CYP2B, CYP2C,
YP2H, and CYP3A. PB and PB-type inducers are
haracterized by their structural diversity, in sharp
ontrast to the PAH group of inducers represented by
tructurally similar compounds. With respect to the
rgan-specific induction, while PAHs induce CYP1A1
n any exposed organs and cells, PB induction is largely
imited to occur in liver, although other organs such as
rain can be targets for the induction. Relative simplic-
ty in the chemical properties of PAH-type inducers
nd their inducibility in any given transformed cell
ines in vitro, helped to define the Ah receptor-

ediated induction mechanism in the 1980s (1). On the
ther hand, the lack of a PB response in vitro systems
as hampered discovery of the PB-inducible regulatory
echanism until the mid 1990s. Only the development

f suitable primary hepatocyte cultures, transgenic
ice, and other gene delivery systems have led to re-

ent progress in defining the PB response elements and
dentifying the nuclear receptor that regulates the el-
ments. For more general aspects related to the roles of
uclear receptors in the xenochemical induction of CYP
enes, readers should refer to recent articles (2–5).

B RESPONSE ELEMENTS

PB exerts a wide spectrum of effects on liver cell
omeostasis and metabolism. The highly pleiotropic
esponse to phenobarbital includes proliferation of the
0006-291X/00 $35.00
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ndoplasmic reticulum (6), alteration of cell-cycle
heckpoint controls (7), inhibition of apoptosis (8) as
ell as induction or repression of more than 50 differ-
nt enzymes including various CYP genes (9, 10).
hronic PB administration promotes liver tumor de-
elopment in rodents.

FIG. 2. Proposed me

FIG. 1. Phenobarbital-respon
2

PB most effectively induces the CYP2B genes, there-
ore PB response elements have first been defined in
hese genes (Fig. 1). PB response activity was associ-
ted with a 163-bp distal DNA sequence of the CYP2B2
ene using rat primary hepatocytes (11) and was inde-
endently confirmed using an in situ injection of the

nism of PB induction.

e enhancer module (PBREM).
cha
siv
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ouse PB-inducible Cyp2b10 gene, the PB response
lement was delineated to a 51-bp minimum sequence
ow called the phenobarbital-responsive enhancer
odule or PBREM (13). Finally studies with trans-

enic mice bearing a PBREM-containing 59-flanking
equence of the CYP2B2 gene showed that PBREM
xclusively is the enhancer element that is required for
B induction (14). The PBREM sequences are con-
erved in the mouse, rat, and human CYP2B genes
15).

The PBREM is characterized as a composite element
onsisting of two nuclear receptor-binding sites (NR1
nd NR2) and the NF1 binding site. Both NR1 and
R2 are DR-4 motifs, a direct repeat of imperfect half

ites separated by 4 bases. Only the NR sites are es-
ential for the PB response, although the NF1 site may
e required to confer full PBREM activity. Within the
BREM sequences NR1 is most conserved in the
YP2B genes and similar DR-4 motifs have been found

n other CYP3A (15) and CYP2H (16) genes that are
lso PB-inducible. In addition to PB, PBREM is capa-
le of responding to various PB-type inducers while
either 3-methylcholanthrene (CYP1A1 inducer),
examethasone (CYP3A inducer), nor clofibrate
CYP4A inducer) activated PBREM (17). Thus,
BREM has emerged as a versatile response element
hat is capable of responding specifically to PB and
arious other PB-type inducers.

UCLEAR RECEPTOR CAR

Nuclear receptor binding motifs are usually repre-
ented by two half-sites AGGTCA oriented as direct
DR), inverted (IR) or everted (ER) repeats divided by a

to 7 bp space, and the receptors select the binding
equences based on the characteristics of these motifs.
iven the fact that both NR1 and NR2 are DR-4 motifs
nd that PB induction is a liver-specific phenomenon,
arious liver-specific nuclear receptors were screened
or their ability to activate the PBREM-tk reporter
ene in cotransfected HepG2 and HEK 293 cells. The
creening resulted in identifying the nuclear orphan
eceptor CAR (constitutive active receptor) as a can-
idate receptor that activates the PBREM (18). This
eceptor was originally characterized as a constitutive
ctivator of an empirical set of retinoic acid response
lements, meaning that CAR can activate the elements
n the absence of retinoic acid (19).

We simultaneously concentrated our efforts to char-
cterize biochemically a nuclear protein binding to
R1 site, since the NR1 is the most conserved region
ithin the known PBREMs, and is alone capable of

esponding to PB. Affinity purification using NR1 oli-
omers coenriched CAR with retinoid X receptor (RXR)
n fractions derived from the PB-induced nuclear ex-
racts, but not from the control nuclear extracts (18).
3

nalyses proved that the enriched protein was CAR. In
act, the in vitro translated CAR and RXR heterodimer
ound to NR1 as well as NR2 in gel-shift mobility
ssays. Western blot analysis of the nuclear extracts
evealed a rapid time-dependent increase of CAR in
he nucleus that preceeds the induction of Cyp2b10
RNA in the PB-treated mouse livers. Thus, these

esults have indicated the following processes of PB
nduction: in response to PB exposure, CAR accumu-
ates in the nucleus, forms the heterodimer with RXR,
inds to both NR1 and NR2 sites of PBREM, and
ctivates the transcription of CYP2B genes (Fig. 2).

UCLEAR TRANSLOCATION OF CAR

As CAR was named after its characteristic of being
ctivated without the binding of agonistic ligand, this
eceptor activates NR1 in the absence of PB or PB-type
nducers in HepG2 cells. The expression of fluorescent
rotein-tagged CAR revealed that the receptor sponta-
eously accumulated in the nucleus of the transfected
epG2 cells. In liver in vivo, however, this constitutive
ctivity of CAR must be repressed in order to acquire
he PB responsiveness. One of the regulatory mecha-
isms to control CAR activity is to alter its intracellu-

ar compartmentalization after PB treatment. Our ear-
ier finding that CAR accumulated in the liver nucleus
nly after PB treatment, suggested that CAR is seques-
ered in the cytoplasm of control livers (18). In fact,
mmunohistochemical analysis on the control liver sec-
ions showed that only few nuclei near vessels were
tained and nearly all other nuclei were devoid of
taining compared with the cytoplasmic regions,
hereas practically all nuclei were heavily stained on

he liver sections of PB-induced mice (20). The receptor
AR, thus, is retained in the cytoplasm of the control
ouse livers and the cytoplasmic retention prevents

he receptor from activating PBREM and the Cyp2b10
ene.
The nuclear translocation elicited by PB of CAR ap-

ears to be an initial step of the induction process. In
KY rats, PB induces the CYP2B genes in the males
hile the females respond only poorly to the PB induc-

ion (21). While there are no significant sex differences
n the cytoplasmic levels of CAR, the CAR levels in the
ucleus are extremely low in the PB-induced females
ompared with the corresponding males (22), reiterat-
ng that the nuclear translocation may be the essential
tep in CAR-mediated induction. Finding the regula-
ory mechanisms of the cytoplasmic retention and nu-
lear accumulation remains a main focus of our current
nvestigation. Glucocorticoid, progesterone, and vita-

in D3 receptors (GR, PR, and VDR) also translocate
nto the nucleus following the binding to angonists
23–25). These receptors are sequestered in the cyto-
lasm as the multiprotein complexes with such as
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eat-shock proteins (hsp), immunophilins, protein
hosphatase, and possibly additional proteins (26).
earning from this well-established model, we used
ouse primary hepatocytes and found that the PB-

licited nuclear accumulation was repressed by treat-
ent with okadaic acid (OA) at the concentration spe-

ifically inhibiting protein phosphatases PP1A, PP2
nd PP5 (20). Since OA did not inhibit the CAR-
ediated activation of the NR1-tk-luciferase gene in

he co-transfected HepG2 cells, the repressive effect of
A appeared to occur specifically at the nuclear trans-

ocation step. Upon PB exposure, the liver cells may
nitiate a signal transduction pathway in which de-
hosphorylation is a critical step for eliciting the nu-
lear translocation of CAR. The site of the PB-induced
ephosphorylation is not known at the present time.
owever, since the protein phosphatases such as PP5
re copurified with the steroid receptor-hsp-immuno-
hilin complexes (27), the cytoplasmic complex of CAR
ay be the site to look for the dephosphorylation oc-

urring upon PB treatment. Nevertheless, the previous
bservation that OA inhibited the PB induction of
YP2B genes in the rat and mouse primary hepato-

ytes (28, 29) can now be understood as the conse-
uence of the OA-dependent repression of the receptor
uclear translocation of CAR (Fig. 2).

UCLEAR RECEPTOR CROSS-TALK

Various nuclear receptors are involved in the regu-
ations of CYP genes (Table 1). Because of yet unknown
tructural reasons, the nuclear receptors may share an
dentical binding site or different sites of the same
nhancer elements, resulting in either activation or
epression of these elements. Two different PB-induced
p-stream enhancers PBREM (in CYP2B genes) and
REM (in CYP3A4 gene) have been characterized.
XR activates XREM in the co-transfected HepG2 cells

n response to PB (30, 31), while CAR is also capable of
ctivating XREM and the proximal ER-6 element of
YP3A genes (15, 32). The question arose as to
hether there are redundant mechanisms in which
oth CAR and PXR regulate PB induction of the

Nuclear Receptors Involv

uclear receptors Chemicals

CAR PB, TCPOBOP, chlorpromazine, 16-and
androgens, estrogens

PXR/SXR/PAR Rifampicine, dexamethasone, pregnenol
FXR Bile acids, farnesol metabolites, forskoli
LXR Derivatives of cholesterol, mevalonic aci
VDR Vitamin D, calcitriol
PPAR Fatty acids, fibrate drugs, phthalate est
SF-1/Ad4BP Oxysterols
4

YP3A or the CYP2B genes. Our recent studies using
bese Zucker rats have suggested that this may not be
he case (Yoshinari and Negishi, in preparation). PB
oorly induced both CYP2B and CYP3A genes in ac-
ordance with the extremely low levels of CAR in the
bese rats compared with the lean Zucker rats in which
B effectively induces these CYP genes. The levels of
XR, however, were indistinguishable between the
bese and lean Zucker rats and the PXR-specific acti-
ator pregnenolone 16a-carbonitrile (PCN) induced the
YP3A gene in the lean as well as obese Zucker rats.
oreover, PXR was unable to activate PBREM in pres-

nce or absence of PB in cotransfected HepG2 cells
unpublished observation). A recent report from

oore’s group has confirmed that all PB induction was
asically abrogated in the CAR-null mice (33). Thus,
AR appears to be the receptor that mediates all PB

nductions, at least, in rodents.
Xenochemical response elements are often composite

lements that contain multiple binding sites for tran-
cription factors. PBREM, for example, also shares
omology with consensus binding sequences for estro-
en receptor-related receptor (ERR), COUP-TF, TR2,
XR, and probably other nuclear receptors. In fact, the
R1-affinity purification co-enriched ERR and TR2 re-

eptors (but not PXR) in addition to CAR-RXR from the
B-treated mouse liver nuclear extracts (34). Interest-

ngly, the recovery of ERR in the purified fractions was
ecreased after PB treatment and transient transfec-
ion assay showed ERR repressed the CAR-RXR medi-
ted activation of PBREM in the HepG2 cells. This is
onsistent with the hypothesis that ERR may be a
epressor of CYP2B genes: the repressor ERR is re-
eased from PBREM and is replaced by the activator
AR upon PB induction. More general roles of the
eterodimerization partner RXR in the regulation of
asal and induced expression of the CYP genes have
een recently suggested using the RXR•-null mice (35).

TEROID HORMONES AS CAR MODULATORS

Endocrine factors such as steroid hormones, growth
ormones, and growth factors may not regulate PB

in CYP Gene Regulation

Regulated CYP genes

enes, progesterone, CYP2B, 3A, 2C, 2H

16a-carbonitrile CYP3A
CYP7A
CYP7A
CYP2D, CYP24, CYP27A1, CYP27B1
CYP4A
Steroidogenic CYPs
ed

rost

one
n
d

ers
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odulate PB induction in vivo. In this respect, it is
mportant to understand the regulation of CAR by
ndogenous factors, if in fact, they directly modulate
he CAR function. Previously, 16-androtenes were
ound to act as negative ligands repressing the consti-
utive activity of mouse CAR in the transfected cells
36). The repressed CAR, then, could be re-activated by
B or other PB-type inducers (15). Our studies and
thers, however, suggested that 16-androstenes may
ot be true endogenous modulators since treatment
ith high doses of androstenol did not affect CAR ac-

ivity in the mouse primary hepatocytes as well as in
ats. Recently, we screened various steroids using the
AR-mediated activation of NR1-tk-luciferase reporter
ene in the transfected HepG2 cells (37). Progesterone
nd androgens turned out to CAR repressors at mM
rders of magnitude. Active estrogens (estradiol and
strone at mM concentrations) are effective activators
f the repressed CAR. In mice, the endogenous levels of
strogen appeared not to regulate CAR in the female
ice, but treatment with estradiol at pharmacological

oses caused accumulation of CAR in the nucleus. En-
ogenous levels of androgens prevented the nuclear
ccumulation of CAR in the male mice. The regulation
f CAR by androgens, estrogens, and progesterone
rings new insight into the roles of the receptor in the
ndocrine modulation of PB induction in livers in vivo.

UTURE PROSPECTIVES

1. Mechanism of nuclear translocation: Except for
vidence that OA represses the nuclear translocation
f CAR, the cellular and molecular mechanism of the
ranslocation has not been understood. Our recent
tudies have indicated that the AF2 (ligand-dependent
ctivation function domain) of the CAR molecule is not
equired for the PB-induced nuclear translocation. In-
tead, a Leu-X-X-Leu-X-X-Leu motif on the helix 10
ppears to be essential for the translocation (Zelko et
l., submitted). This is in sharp contrast to the nuclear
ranslocation of steroid receptors: for instance, muta-
ion of the AF2 domain abrogated the agonist-
ependent nuclear translocation of VDR (38). Through
fforts to define the roles of the motif, we may be able
o better understand the nuclear translocation of CAR
n response to PB exposure.

2. Nuclear activation of CAR: Is CAR always active
nce the receptor is localized in the nucleus? The an-
wer to this question may be NO. We often observed
hat the presence of nuclear CAR is not accounted for
y an equivalent increase of CYP2B mRNA in livers.
or example, the nuclear levels of CAR in control lean
ucker (fal1) rats were higher than that in PB-treated
bese Zucker (falfa) rats. However, no CYP2B mRNA
as detected in the control lean rats, while the mRNA
5

nd Negishi, in preparation). Treatment with KN-93
nd KN-62, both calcium/calmodulin-dependent kinase
CaMK) inhibitors inhibited the CAR-mediated trans-
ctivation of the NR1-tk-luciferase reporter gene in the
B-treated primary hepatocytes, while they did not
epress the nuclear translocation of CAR in the hepa-
ocytes. Moreover, treatment with KN-93 alone accu-
ulated CAR in nucleus of the mouse primary hepa-

ocytes, without inducing CYP2B10 mRNA (39). The
uclear activation of CAR is a distinct step in the PB

nduction process that may be regulated by CaMK
Fig. 2).

3. Roles of human CAR: Whereas human CAR
hares many common characteristics with its rodent
ounterparts, it also displays its own specificity. Simi-
ar to rodent receptors, human CAR translocates into
ucleus in response to PB and binds to PBREM. Unlike
he rodent receptors, human CAR is not inhibited by
he known repressors: androstenol, progesterone, an-
rogens, and CaMK inhibitors. Because of this, PB
esponsiveness of human CAR has not been demon-
trated convincingly in the transfected cells in vitro.
inding the mechanism by which human CAR can be
egulated in response to PB is an urgent issue in order
o determine its role in PB induction.

4. PB binding site: Although the nuclear receptor
AR is now known to regulate PB induction, the key
uestion has not yet been answered. Does PB bind
irectly to the CAR? Even if, in fact, the direct binding
ccurs, is only binding necessary for the CAR-mediated
nduction by PB? Fluorescence resonance energy trans-
er and coactivator binding assays have failed to dem-
nstrate the direct PB binding to mouse and human
ARs (31, 32). There is ample evidence that PB might
ct on other proteins than CAR in order to elicit the
ultiple signal transduction pathways that regulate
AR. If CAR turns out to be not the direct target of PB,
arious membrane receptors such as G-protein-
oupling receptors may be alternate places to look for
B binding sites.
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