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Abstract
A sequence critical for phenobarbital (PB) induction, the PB response unit (PBRU), situated upstream of the rat CYP2B1 and CYP2B2

genes, includes two nuclear receptor binding sites, NR1 and NR2. When NR1 and NR2 are mutated PB responsiveness is abolished. While

no nuclear receptor for which PB is an agonist ligand has yet been identified, PB is a ligand of GABAA receptors and it can displace [3H] 1-

(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinolinecarboxamide (PK 11195) from its binding site on the peripheral benzo-

diazepine receptor (PBR). We assessed CYP2B levels in primary rat hepatocytes following treatment with 10 ligands of either or both of

these receptors. All compounds tested were found to be CYP2B1/CYP2B2 inducers and most were CYP3A inducers. Five had not

previously been described as CYP2B1/CYP2B2 inducers: bicuculline, flunitrazepam, 40-chlorodiazepam (Ro5-4864), N,N-dihexyl-2-(4-

fluorophenyl)indole-3-acetamide (FGIN 1–27) and 7-(dimethylcarbamoyloxy)-6-phenylpyrrolo-[2,1-d][1,5]benzothiazepine (DCPPBT).

Reporter gene analysis demonstrated that CYP2B induction by these agents and other PBR or GABAA receptor ligands is mediated

through the PBRU and the NR1/NR2 sites, suggesting a molecular mechanism similar to that for PB induction. The potencies for PBRU-

dependent induction by 11 ligands of PBR or the GABAA receptor was evaluated. FGIN-127, DCPPBT and PK 11195 exhibited EC50

values for PBRU-dependent transcription activation about three orders of magnitude higher than the reported affinities of the PBR for

these agents, arguing against the involvement of the PBR in PB induction. However the EC50 values found for the agents tested encourage

further investigation on the possible involvement of the GABAA receptor in PB induction.
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1. Introduction

Cytochrome P450s (CYPs) are mainly hepatic hemo-

proteins with monooxygenase activity, many of which
Abbreviations: CAR, constitutively active receptor or constitutive

androstane receptor; DMSO, dimethylsulfoxide; FGIN 1–27, N,N-

dihexyl-2-(4-fluorophenyl)indole-3-acetamide; GABA, g-aminobutyric

acid; GAPDH, glyceraldehyde phosphate dehydrogenase; PB, phenobarbi-

tal; PBR, peripheral benzodiazepine receptor; PBRU, phenobarbital

response unit; PK 11195, 1-(2-chlorophenyl)-N-methyl-N-(1-methylpro-

pyl)-3-isoquinolinecarboxamide; PVDF, polyvinylidene difluoride; PXR,

pregnane X receptor; Ro5-4864, 40-chlorodiazepam; SDS, sodium dodecyl

sulphate; DCPPBT, 7-(dimethylcarbamoyloxy)-6-phenylpyrrolo-[2,1-

d][1,5]benzothiazepine; DBI/ACBP, diazepam binding inhibitor/acyl-

CoA binding protein.

* Corresponding author. Tel.: +1 418 691 5281; fax: +1 418 691 5439.

E-mail address: alan.anderson@bio.ulaval.ca (A. Anderson).

0006-2952/$ – see front matter # 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2004.06.005
are involved in xenobiotic metabolism. While treatment

with high doses of the anticonvulsant phenobarbital (PB)

induces only modestly the transcription of members of

the CYP2C and CYP3A subfamilies, it strikingly induces

transcription of rat CYP2B1 and CYP2B2 [1]. A 163-bp

fragment that has the properties of a multicomponent PB-

dependent transcriptional enhancer was identified by our

group at coordinates �2317/�2155 in the CYP2B2 50-
flank and termed Phenobarbital Response Unit (PBRU)

[2,3]. It includes two nuclear receptor binding sites, NR1

and NR2 [4], and when both of these are mutated PB

responsiveness is abolished in primary hepatocytes [5].

While several observations [6,7] suggest a role for the

orphan nuclear receptor CAR in PB induction of CYP2B

forms, PB is not an agonist ligand of CAR [8,9] suggest-

ing a possible role for an upstream component in the

induction process. However, CAR is known to activate
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transcription in the absence of a ligand [10] and the

failure of CAR-negative mice to respond to PB-like

inducers [11] clearly implies that CAR is essential at

some level for PB induction.

Neurodepressant barbiturates such as PB are known to

bind to the barbiturate/picrotoxin site on GABAA recep-

tor complex [12] where they are thought to exert the

essential of their neurological effects by potentiating

GABA-mediated hyperpolarization of post-synaptic neu-

rons. Interestingly, there appears to be a relation between

the capacity of diverse barbiturates to induce sedation

through this mechanism and their capacity to induce the

synthesis of PB-inducible CYP2B proteins, non-sedative

barbiturates being essentially inactive as CYP2B indu-

cers [13]. GABAA receptors were first characterised in

neurons and are thought to consist of pentamers of five

subunits forming a GABA-gated chloride channel [14]

with allosteric modulatory binding sites for several

drugs, including barbiturates and benzodiazepines

[12]. So far, 19 different subunits, as well as several

isoforms that are products of alternative splicing, have

been identified in mammalian brain, and GABAA recep-

tors have distinct pharmacological properties depending

on which subunit is present [15]. GABAA receptor-like

binding sites are present in rat hepatocytes and their

activation by GABA results in prompt and marked

hyperpolarization of the hepatocyte membranes, an

effect abolished by the GABA antagonist bicuculline

[16]. Recently, the GABAA b3 subunit was detected in

rat hepatocytes [17]. In human lymphocytes, PB can also

displace [3H]PK 11195 from its binding site on the

GABAA receptor-uncoupled PBR [18], a protein with

binding sites for benzodiazepines, isoquinoline carbox-

amides and porphyrins [19]. The PBR is present in outer

mitochondrial membranes of rat hepatocytes [20].

At least seven other PBR or GABAA receptor ligands

have been shown by different groups to be PB-like

inducers. These include picrotoxin [21], a GABAA recep-

tor negative modulator, carbamazepine [22] and several

benzodiazepines, such as clonazepam and diazepam

[23], midazolam [24] and zolazepam [25], which bind

to both PBR and GABAA receptor with different affi-

nities. PK 11195 is an isoquinoline carboxamide deri-

vative that binds to PBR with low nanomolar affinity

[19], and at micromolar concentrations it allosterically

perturbs t-butylbicyclophosphorothionate effects at

GABAA receptors [26]. It is also a PB-like inducer

[27]. Inversely, amitriptyline and the polychlorinated

biphenyl mixture Aroclor 1254, known PB-like inducers,

modulate GABA-stimulated chloride influx via the

GABAA receptor [28,29].

These results led us to ask whether other ligands of

either PBR or the GABAA/central benzodiazepine receptor

induce CYP2B1 and CYP2B2. By transfecting luc reporter

constructs into primary rat hepatocytes, we also tested

whether induction by ligands of these receptors was
mediated by the PBRU and the NR1 and NR2 sites, which

would indicate a molecular mechanism of induction simi-

lar to that for PB. Finally, we evaluated the potency of these

ligands to induce transcription via the PBRU to see if it

fitted reported values of affinity for either the GABAA

receptor or PBR.
2. Materials and methods

2.1. Plasmid constructs

The pGL3-2B2X vector, based on the pGL3 basic vector

(Promega), was used for transfection analysis. It contains

2.5 kb of the CYP2B2 50-flank, including the natural

promoter and the PBRU, subcloned upstream of the luc

gene [5]. A construct from which the PBRU was deleted

(pGL3-2B2X-DPBRU) and a double mutant in which both

the NR1A and NR2B half sites were mutated (pGL3-

2B2X-NR1a/NR2b) were also used [5].

2.2. Isolation and culture of primary hepatocytes,

transfection and treatments with PBR or GABAA

receptor ligands

Methods and materials for hepatocyte isolation and

culture in serum-free medium, as well as those for

liposome-mediated transfection, were as described in

Paquet et al. [5], except that six-well (10 cm2) Falcon

plates (VWR) were used instead of 60 mm petri dishes.

Cells (1.8 � 106 per well) were plated in serum-free

modified Chee’s medium [30] containing gentamicin

(50 mg/ml) and incubated for 3 h to permit attachment.

The cells were then washed (6.7 mM KCl, 142 mM NaCl,

10 mM Hepes, pH 7.6) and incubated for an additional

4 h in medium devoid of antibiotics and transfected. Each

well received 1 mg of luc reporter construct and 5 ng of

internal control plasmid (bearing the Renilla luc gene

under control of the cytomegalovirus promoter/enhan-

cer) in 15 ml of lipofectin reagent (Invitrogen). After

15 h, lipofectin-containing medium was removed, cells

were washed twice and incubated an additional 24 h in

presence of antibiotic. Cells were then incubated for 48 h

in medium containing one of the tested agents; medium

was changed after a 24 h period. Cells were finally

harvested and luciferase activity was assayed using the

dual-luciferase kit (Promega). PB stock solution was

prepared by directly dissolving PB in culture medium,

whereas stock solutions of other compounds were pre-

pared by dissolving in DMSO. For isolation of proteins

for Western blot analysis, the procedure was similar

except that the transfection step was omitted. Diazepam,

flunitrazepam, Ro5-4864, PK 11195, carbamazepine,

picrotoxin, (+)-bicuculline and clonazepam were from

Sigma–Aldrich Canada. DCPPBT and FGIN-1–27 were

from Tocris Cookson and PB was from BDH.
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Fig. 1. Induction of CYP2B1/CYP2B2 and CYP3A proteins in primary rat

hepatocytes by PBR or GABAA receptor ligands. Hepatocytes were treated

for 48 h with one of ten compounds (100 mM PB, 10 mM PK 11195, 2 mM

Ro5-4864, 10 mM DCPPBT, 30 mM carbamazepine, 10 mM bicuculline,

10 mM picrotoxin, 10 mM clonazepam, 10 mM flunitrazepam or 10 mM

FGIN 1–27) and cell lysates were then assessed by Western blot analysis for

the presence of CYP2B proteins (A). The membrane was then stripped and

assessed for the presence of CYP3A1 (B); then it was stripped again and

assessed for the presence of GAPDH as a loading control (C). Untreated and

DMSO-treated controls are presented in the two first lanes. In (A), CYP2B1

and CYP2B2 (upper band) are not resolved; the lower band represents the

constitutive form CYP2B3 [32]. Fold-induction values for CYP2B1/

CYP2B2 were estimated in (A), with Scion Image analysis software using

CYP2B3 as a loading control, as follows. PB: 11.1-fold; PK 11195: 13-fold;

Ro5-4864: 9.8-fold; DCPPBT: 5.6-fold; carbamazepine: 8.6-fold; bicucul-

line: 11.4-fold; picrotoxin: 12.4-fold; clonazepam: 10.4-fold; flunitraze-

pam: 8.2-fold; FGIN 1–27: 5.6-fold. For CYP2B1/CYP2B2, similar results

were obtained in five Westerns (except for FGIN 1–27, which was tested

three times) using two sets of cellular extracts. For CYP3A1, similar results

were obtained in two Westerns using two sets of cellular extracts.
2.3. Immunochemical detection of CYP proteins

Hepatocytes were harvested at 4 8C directly in the gel-

loading buffer (125 mM Tris–HCl pH 6.8, 20% glycerol,

1.5 M 2-mercaptoethanol, 6% SDS, 0.005% bromophenol

blue), frozen, boiled for three minutes and loaded on a SDS

acrylamide gel. Electrophoresis was carried out for 7 h

(80 V for the stacking gel; 200 V, 45 mA for the running

gel) using Laemmli’s buffer (25 mM Tris, 200 mM gly-

cine, 0.01% SDS pH 8.3). Proteins were then electrotrans-

ferred overnight at 4 8C to a PVDF membrane (Hybond-P

Amersham Pharmacia) according to the manufacturer’s

instructions. On each gel, molecular markers were run

in parallel to the samples. The electrotransfer and electro-

phoresis apparatus were from Bio-Rad. After a 1 h incuba-

tion in blocking buffer (5% fat free dried milk, 20 mM

Tris–HCl pH 7.6, 137 mM NaCl, 0.1% Tween 20) and a

rinse, membranes were incubated for 1 h with a 1:10,000

dilution of anti-PB4 antibody in TBS-Tween (20 mM Tris–

HCl pH 7.6, 137 mM NaCl, 0.1% Tween 20). The anti-PB4

polyclonal rabbit antibody [31], a gift from David Wax-

man, recognises both PB-inducible CYP2B1 and CYP2B2

and the constitutive CYP2B3 [32]. Immunodetection was

carried out using an enhanced chemiluminescence detec-

tion kit (Lumi-Light Western blotting substrate from

Roche Diagnostics) with horseradish peroxidase-labeled

donkey anti-rabbit immunoglobulin as a secondary anti-

body (1:10,000 dilution). For detection of CYP3A1, the

PVDF membrane was stripped according to the manufac-

turer’s instructions and subjected again to the detection

protocol using a rabbit polyclonal anti-CYP3A1 primary

antibody (Research Diagnostics). Finally, as a loading

control, the membrane was stripped once more and

subjected again to the detection protocol using a rabbit

polyclonal anti-GAPDH primary antibody (Novus Biolo-

gicals).
3. Results

Homogenates of hepatocytes treated with vehicle, PB,

PK 11195, Ro5-4864, DCPPBT, carbamazepine, bicucul-

line, picrotoxin, clonazepam, flunitrazepam and FGIN 1–

27 were assessed by Western blot analysis for the presence

of CYP2B proteins (Fig. 1A). While the intensity of the

lower band, representing constitutive CYP2B3 protein,

appeared nearly constant in all samples (as did the GAPDH

loading control in Fig. 1C), the intensity of the upper band,

which represents both CYP2B1 and CYP2B2, was clearly

greater following treatment with all PBR or GABAA

receptor ligands tested. As expected, CYP2B1/CYP2B2,

undetectable in controls, were strikingly induced (8.6- to

12.4-fold) following treatment with PB, carbamazepine,

picrotoxin and clonazepam. The GABA-binding antago-

nist bicuculline induced CYP2B1/CYP2B2 to a similar

extent (11.4-fold), as did flunitrazepam (8.2-fold), a classic
benzodiazepine drug with nanomolar affinity for both the

PBR and GABAA receptors [33]. FGIN 1–27 and

DCPPBT, both characterised as specific nanomolar affinity

PBR ligands [34,35], led to a more modest induction (5.6-

fold) of CYP2B1/CYP2B2. Finally, the atypical benzodia-

zepine Ro5-4864, which binds with an affinity in the low

nanomolar range to rodent PBR [19] and which, like PK

11195, also binds to GABAA receptors with much lower

affinity [26,36,37] induced CYP2B1/CYP2B2 by about

10-fold.

Rat CYP3A1 is known to be modestly induced by PB-

like inducers [1]. The membrane used in Fig. 1A was

stripped and tested for the presence of CYP3A1 (Fig.

1B). CYP3A1 induction by most agents tested (PK

11195, Ro5-4864, picrotoxin, clonazepam, flunitrazepam,

FGIN 1–27 and DCPPBT) was far greater than that,

marginal at best, obtained with PB, bicuculline and carba-

mazepine. Flunitrazepam, FGIN 1–27 and DCPPBT were

all weaker than PB in inducing CYP2B1/CYP2B2 yet

stronger in inducing CYP3A1. Hence, there was a lack

of parallelism between induction of CYP2B1/CYP2B2, on

the one hand, and CYP3A1, on the other.

Homogenates of primary hepatocytes transfected with

one of three reporter vectors and treated with either PB, PK

11195, Ro5-4864, carbamazepine, bicuculline, FGIN 1–27

(Fig. 2), or picrotoxin or DCPPBT (data not shown), were

assessed for luciferase activity. Following treatment with
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Fig. 2. Induction of PBRU-driven reporter gene transcription by GABAA

and PBR receptor ligands. Primary rat hepatocytes were transfected in

duplicate with one of three reporter vectors and treated for 48 h with one of

six substances (100 mM PB, 10 mM PK 11195, 10 mM Ro5-4864, 50 mM

carbamazepine, 10 mM bicuculline, or 10 mM FGIN 1–27). The reporter

constructs used were pGL3-2B2X (labeled X), which contains an intact

PBRU; pGL3-2B2X-DPBRU, from which the PBRU was deleted; and

pGL3-2B2X-NR1a/NR2b, in which NR1A and NR2B hemisites were

mutated. Luciferase activity relative to that obtained for the untreated

control with the X construct, which was set at 1, is presented for a

representative experiment with each substance. White bars represent

untreated cells and black bars represent treated cells. Data grouped in

the same panel were obtained with the same hepatocyte preparation.

Substances were tested from two to five times. Induction for PB varied

from 18- to 27-fold with the different hepatocyte preparations used. Since

these experiments were done before completion of the dose-effect assays

(Table 1), the dose used for treatments with Ro5-4864 was not optimal,

yielding a lower level of induction compared to that obtained in Western

blots (Fig. 1). For all substances tested, including PB, doses higher than the

optimal dose-effect range yielded lower fold induction values.

Table 1

Potencies of 11 substances known to bind to the GABAA receptor, the PBR

or both to induce PBRU-dependent transcription

Substance EC50

Phenobarbital (mM) 43 � 11

Clonazepam (mM) 5.4 � 3.9

Diazepam (mM) 6.4 � 4.3

Carbamazepine (mM) 10.6 � 1.7

Flunitrazepam (mM) 5.7 � 0.5

Picrotoxin (mM) 10.0 � 4.1

(+)-Bicuculline (mM) 7.8 � 5.7

PK 11195 (mM) 2.7 � 0.6

Ro5-4864 (nM) <620

DCPPBT (mM) 9.4 � 0.3

FGIN 1–27 (mM) 3.5 � 2.1

EC50 values represent the concentration for half maximal activation of

transcription of a luc expression vector, the transcription of which is under

the control of 2.5 kb of the CYP2B2 50-flank, including the natural promoter

and the PBRU. Primary rat hepatocytes transiently transfected with this

vector were treated for 48 h in serum free medium containing six different

concentrations of each substance and luciferase activity was assessed using

the Promega dual luciferase kit. EC50 values were evaluated by applying

non-linear regression to the data points and represent the average (�S.D.,

except for Ro5-4864) of two to six experiments.
these substances, induction of luciferase was obtained in

cells transfected with the pGL3-2B2X construct (which

contains an intact rat CYP2B2 PBRU) while induction was

essentially absent in cells transfected with either the pGL3-

2B2X-DPBRU vector or the pGL3-2B2X-NR1a/NR2b

vector (in which one half site of both NR1 and NR2 is

mutationally inactivated). Thus, the PBRU and its NR1 and

NR2 sites have an essential role for induction of the luc

reporter following treatment with PBR or GABAA receptor

ligands.

Table 1 presents potencies of 11 PBR or GABAA

receptor ligands for induction of luc transcription as

determined with the pGL3-2B2X reporter vector. PB

had the lowest potency to induce transcription and most

of the substances tested showed relatively low inducing

potencies, with EC50 values in the micromolar range. Ro5-

4864 had the highest potency with EC50 values in the high

nanomolar range.
4. Discussion

There is a high proportion of PB-like inducers among

PBR and GABAA receptor ligands. Our results showed that

five such ligands not previously known to be PB-like

inducers increase CYP2B1/CYP2B2 levels in primary

rat hepatocytes. Seven of the agents tested also increased

levels of PB-inducible CYP3A1 (Fig. 1). Lack of paralle-

lism between induction of CYP2B1/CYP2B2 and CYP3A

is observed in Fig. 1, where the three weakest CYP2B

inducers were the strongest CYP3A1 inducers. This is

consistent with the view that CYP2B and CYP3A proteins

are induced by different mechanisms [7]. Also, eight PBR
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and GABAA receptor ligands were tested for inducing

transcription using a reporter vector in which transcription

of the luc gene is under control of 2.5 kb of the natural

CYP2B2 50-flank. The results obtained (Fig. 2) indicate that

these compounds induce CYP2B proteins at the transcrip-

tional level and that this induction is, as for PB, mediated

through the NR1 and NR2 sites of the PBRU, suggesting a

common induction mechanism for all of these substances.

By using this same system of transient transfection in

primary hepatocytes, EC50 values were determined for

PBRU-dependent transcriptional activation by 11 PBR

and GABAA ligands.

One possible explanation for these results is that CYP

induction by all tested substances is a consequence of their

direct binding to nuclear receptors [7]. Arguing in this

sense, the orphan nuclear receptor PXR, for which the PB-

like inducer 1,4-bis[2-(3, 5-dichloropyridyloxy)]benzene

(TCPOBOP) is an agonist ligand in mouse [8], activates the

transcription of both CYP3A and CYP2B genes upon

binding of various xenobiotics [38]. Also, several lines

of evidence imply an essential role of the nuclear receptor

CAR in PB-dependent induction of CYP2B genes [6,11].

CAR and PXR were also shown to bind each other’s

response elements [39]. The involvement of two different

nuclear receptors could provide an explanation for the lack

of parallelism observed between induction of CYP2B and

CYP3A proteins (Fig. 1). In this view, molecules that are

stronger inducers of CYP3A than of CYP2B1/CYP2B2

proteins would also be more effective agonists for the

receptor mainly involved in activation of CYP3A transcrip-

tion than for that mainly involved in activation of CYP2B

transcription. This situation would be reversed for PB,

which is a poor CYP3A inducer and a strong CYP2B

inducer. According to this model, up to four different

cellular receptors (PBR, GABAA receptor and two nuclear

receptors) would share as activators or ligands a vast group

of chemicals with various structures. If this hypothesis

were valid, one could argue that some nuclear receptors

have developed a flexible ligand binding pocket in order to

mimic the binding capacities of multimeric membrane

bound receptor complexes (such as GABAA receptor

and PBR) with multiple binding sites for diverse classes

of chemicals. In accordance with this, PXR is known to be

activated by many structurally diverse chemicals [40]. By

recognising lipophilic exogenous compounds binding to

membrane bound receptors and limiting the duration of

their potentially adverse effects via the induction of key

P450 enzymes that promote their elimination from the

organism, such receptors may have conferred a selective

advantage to their bearers.

A second possible explanation is that the binding of

these compounds to the GABAA receptor or PBR is

causally involved in a process upstream of transcription

activation of CYP2B and CYP3A genes by nuclear recep-

tors via the PBRU and PXR response elements. PB was

reported to displace [3H]PK 11195 from its binding site on
PBR with an IC50 around 1 mM [18], a concentration

commonly used for PB-induction of CYP2B proteins in

hepatocytes. However, no study has yet determined if this

property is conserved in rat hepatocytes, an important

concern knowing the great variability of PBR pharmaco-

logical properties between species and tissues [19]. PK

11195, a nanomolar affinity ligand of rat PBR, is a strong

CYP2B1/CYP2B2 and CYP3A inducer [27]. Our work

now adds three more nanomolar affinity PBR ligands, Ro5-

4864, FGIN 1–27 and DCPPBT, to the list of CYP2B1/

CYP2B2 inducers. However, the observation that three of

these four compounds exhibited EC50 values for PBRU-

dependent transcription activation in the micromolar range

(Table 1) (about three orders of magnitude higher than the

reported affinity of PBR for these agents [19,34,35]) argues

against the possibility that PBR is involved in transcrip-

tional activation of PB-inducible CYP2B genes.

While the reported affinities of the GABAA receptor for

PB, picrotoxin and bicuculline correspond rather well to

the EC50 values presented in Table 1, nanomolar affinities

of most GABAA receptor subtypes for benzodiazepines are

substantially different from their potencies in inducing

PBRU-dependent transcription, which rather stand in the

low micromolar range. This observation appears, at first

glance, to argue against the implication of GABAA recep-

tor in PB-like induction of CYP2B1/CYP2B2. However,

the existence of a nanomolar affinity benzodiazepine bind-

ing site on GABAA receptors was shown to require the

presence of both an a and a g subunit [41,42]. In a study to

evaluate which GABAA receptor subunit is present in rat

hepatocytes, only the b3 subunit could be detected [17],

providing evidence that the nanomolar affinity benzodia-

zepine binding site is not present in these cells. Further-

more, it has been observed that many benzodiazepines can

bind the picrotoxin/barbiturate binding site (which is

thought to be conserved even on b homopentamers

[41]) on various GABAA receptor subtypes, albeit with

much lower affinity (typically in the micromolar range)

than the nanomolar affinity benzodiazepine binding site

[36,43]. Interestingly, such low affinity values would cor-

respond better to the EC50 values presented in Table 1. This

low affinity benzodiazepine binding site appears to be

present on b3 homopentameric GABAA receptors, as a

new low affinity [3H]flunitrazepam binding site is present

in Ad293 cells transfected with a rat GABAA receptor b3

subunit expression vector (C. Roberge and A. Anderson,

unpublished observations).

Furthermore, Ro5-4864 and PK 11195, generally

described as specific PBR ligands, were also shown to

bind some GABAA receptor subtypes with affinities in the

high nanomolar to micromolar range, respectively [26,37].

Such affinities would fit well with the EC50 values pre-

sented in Table 1. Thus, with the exception of the recently

developed FGIN 1–27 and DCPPBT, all tested substances

have previously been reported to bind GABAA receptors

with affinities grossly matching EC50 values from Table 1.
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This observation encourages further studies to determine

whether binding of PB-like inducers to hepatic GABAA

receptors is causally involved in CYP2B1/CYP2B2 induc-

tion. However, if the GABAA receptor were involved in

CYP2B induction, this effect would apparently not be

related to the potentiation of GABA-induced chloride

currents by GABAA modulatory ligands since both positive

(barbiturates, benzodiazepines) and negative (picrotoxin)

allosteric modulators or antagonists (bicuculline) of

GABA-induced chloride currents appear to be CYP2B

inducers. In any event, it is striking that all GABAA

receptor ligands tested were found to be inducers of

CYP2B1/CYP2B2 in primary rat hepatocytes.

If the GABAA receptor is involved in PB-induction,

signal transduction would have to take place between the

receptor located at the cell membrane and the nucleus. In

such a case, the diazepam binding inhibitor/acyl-CoA

binding protein (DBI/ACBP), a short protein interacting

with both PBR and GABAA receptors [19] would be an

interesting candidate for a second messenger. It has been

observed in the nucleus of rat hepatocytes and it has been

proposed to modulate the activity of nuclear receptors

[44,45]. An alternative possibility relates to the existence

of two protein kinase A phophorylation sites (serine 408

and serine 409) on GABAA b3 subunits, the phosphoryla-

tion of which enhances GABA-induced chloride currents

[46]. cAMP analogs abolish induction by PB [47] and so do

serine/threonine phosphatase inhibitors [48]. The latter

observation suggests that induction by PB-type inducers

may require dephosphorylation at an unknown site. Serine

408 and serine 409 of the GABAA b3 subunits would be

interesting candidates for this unknown dephosphorylation

site.

In summary, we have shown that bicuculline, Ro5-4864,

flunitrazepam, FGIN 1–27 and DCPPBT, five compounds

not previously known as CYP inducers, are CYP3A1 and/

or CYP2B1/CYP2B2 inducers in primary rat hepatocytes.

We also demonstrated the essential role of the PBRU and of

intact NR1 and NR2 sites for induction of CYP2B2 PBRU-

driven luc transcription in a reporter vector following

treatment with eight PBR or GABAA receptor ligands,

suggesting a molecular mechanism similar to that for PB

induction. Finally, we evaluated potencies of 11 such

compounds for PBRU-dependent transcription activation.

Comparison of the values obtained with reported values of

the affinity of GABAA receptor subtypes for these sub-

stances encourages further studies to determinate whether

binding of PB-like inducers to hepatic GABAA receptors is

causally involved in CYP2B1/CYP2B2 induction.
Acknowledgements

We thank Dr. David Waxman for kindly providing us

with the anti-CYP2B antibody. This work was supported

by the Canadian Institutes of Health Research. C. Roberge
and M.-J. Beaudet were supported by graduate fellowships

from the CRSNG and the FRSQ, respectively.

References

[1] Correia AC. Rat and human liver cytochromes P450. In: Ortiz de

Montellano PR, editor. Cytochromes P450: structure, mechanism and

biochemistry. New York: Plenum Press; 1996. p. 607–30.

[2] Trottier E, Belzil A, Stoltz C, Anderson A. Localization of a pheno-

barbital responsive element (PBRE) in the 50-flanking region of the rat

CYP2B2 gene. Gene 1995;158:263–8.

[3] Stoltz C, Vachon M-H, Trottier E, Dubois S, Paquet Y, Anderson A.

The CYP2B2 phenobarbital response unit contains an accessory factor

element and a putative glucocorticoid response element essential for

conferring maximal phenobarbital responsiveness. J Biol Chem

1998;273:8528–36.

[4] Honkakoski P, Negishi M. Characterization of a phenobarbital-respon-

sive enhancer module in mouse P450 Cyp2b10 gene. J Biol Chem

1997;272:14943–9.

[5] Paquet Y, Trottier E, Beaudet MJ, Anderson A. Mutational analysis of

the CYP2B2 phenobarbital response unit and inhibitory effect of the

constitutive androstane receptor on phenobarbital responsiveness. J

Biol Chem 2000;275:38427–36.

[6] Honkakoski P, Zelko I, Sueyoshi T, Negishi M. The nuclear orphan

receptor CAR-retinoid X receptor heterodimer activates the pheno-

barbital-responsive enhancer module of the CYP2B gene. Mol Cell

Biol 1998;18:5652–8.

[7] Handschin C, Meyer UA. Induction of drug metabolism: the role of

nuclear receptors. Pharmacol Rev 2003;55:649–73.

[8] Tzameli I, Pissios P, Schuetz EG, Moore DD. The xenobiotic com-

pound 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene is an agonist

ligand for the nuclear receptor CAR. Mol Cell Biol 2000;20:

2951–2958.

[9] Moore LB, Parks DJ, Jones SA, Bledsoe RK, Consler TG, Stimmel JB,

et al. Orphan nuclear receptors CAR and PXR share xenobiotic and

steroid ligands. J Biol Chem 2000;275:15122–7.

[10] Baes M, Gulick T, Choi HS, Martinoli MG, Simha D, Moore DD. A

new orphan member of the nuclear hormone receptor superfamily that

interacts with a subset of retinoic acid response elements. Mol Cell

Biol 1994;14:1544–51.

[11] Wei P, Zhang J, Egan-Hafley M, Liang S, Moore DD. The nuclear

receptor CAR mediates specific xenobiotic induction of drug meta-

bolism. Nature 2000;407:920–3.

[12] Olsen RW. GABA-benzodiazepine-barbiturate receptor interactions. J

Neurochem 1981;37:1–13.

[13] Rice JM, Diwan BA, Hu H, Ward JM, Nims RW, Lubet RA. Enhance-

ment of hepatocarcinogenesis and induction of specific cytochrome

P450-dependent monooxygenase activities by the barbiturates allo-

barbital, aprobarbital, pentobarbital, secobarbital and 5-phenyl- and 5-

ethylbarbituric acids. Carcinogenesis 1994;15:395–402.

[14] Nayeem N, Green TP, Martin IL, Barnard EA. Quaternary structure of

the native GABAA receptor determined by electron microscopic image

analysis. J Neurochem 1994;62:815–8.

[15] Sieghart W. Structure and pharmacology of gamma-aminobutyric

acidA receptor subtypes. Pharmacol Rev 1995;47:181–234.

[16] Minuk GY, Bear CE, Sarjeant EJ. Sodium-independent, bicuculline-

sensitive [3H]GABA binding to isolated rat hepatocytes. Am J Physiol

1987;252:642–7.

[17] Erlitzki R, Gong Y, Zhang M, Minuk G. Identification of g-amino-

butyric acid receptor subunit types in human and rat liver. Am J

Physiol Gastrointest Liver Physiol 2000;279:733–9.

[18] Ferrarese C, Marzorati C, Perego M, Bianchi G, Cavarretta R,

Pierpaoli C, et al. Effect of anticonvulsant drugs on peripheral

benzodiazepine receptors of human lymphocytes. Neuropharmacol-

ogy 1995;34:427–31.



C. Roberge et al. / Biochemical Pharmacology 68 (2004) 1383–1389 1389
[19] Gavish M, Bachman I, Shoukrun R, Katz Y, Veenman L, Weisinger G,

et al. Enigma of the peripheral benzodiazepine receptor. Pharmacol

Rev 1999;51:629–50.

[20] Woods MJ, Zisterer DM, Williams DC. Two cellular and subcellular

locations for the peripheral-type benzodiazepine receptor in rat liver.

Biochem Pharmacol 1996;51:1283–92.

[21] Yamada H, Fujisaki H, Kaneko H, Ishii Y, Hamaguchi T, Oguri K.

Picrotoxin as a potent inducer of rat hepatic cytochrome P450

CYP2B1 and CYP2B2. Biochem Pharmacol 1993;45:1783–9.

[22] Tateishi T, Asoh M, Nakura H, Watanabe M, Tanaka M, Kumai T,

et al. Carbamazepine induces multiple cytochrome P450 subfamilies

in rats. Chem Biol Interact 1999;117:257–68.

[23] Nims RW, Prough RA, Jones CR, Stockus DL, Dragnev KH, Thomas

PE, et al. In vivo induction and in vitro inhibition of hepatic cyto-

chrome P450 activity by the benzodiazepine anticonvulsants clona-

zepam and diazepam. Drug Metab Dispos 1997;25:750–6.

[24] Hoen PA, Bijsterbosch MK, van Berkel TJ, Vermeulen NP, Comman-

deur JN. Midazolam is a phenobarbital-like cytochrome P450 inducer

in rats. J Pharmacol Exp Ther 2001;299:921–7.

[25] Wong A, Bandiera SM. Induction of hepatic cytochrome P450 2B and

P450 3A isozymes in rats by zolazepam, a constituent of Telazol(R).

Biochem Pharmacol 1998;55:201–7.

[26] Gee KW, Brinton RE, McEwen BS. Regional distribution of a

Ro54864 binding site that is functionally coupled to the gamma-

aminobutyric acid/benzodiazepine receptor complex in rat brain. J

Pharmacol Exp Ther 1988;244:379–83.

[27] Yamada H, Matsuki Y, Yamaguchi T, Oguri K. Effect of a ligand

selective for peripheral benzodiazepine receptors on the expression of

rat hepatic P-450 cytochromes: assessment of the effect in vivo and in a

hepatocyte culture system. Drug Metab Dispos 1999;27:1242–7.

[28] Malatynska E, Miller C, Schindler N, Cecil A, Knapp A, Crites G, et

al. Amitriptyline increases GABA-stimulated 36Cl� influx by recom-

binant (a1 g2) GABAA receptors. Brain Res 1999;851:277–80.

[29] Inglefield JR, Shafer TJ. Perturbation by the PCB mixture Aroclor

1254 of GABAA receptor-mediated calcium and chloride responses

during maturation in vitro of rat neocortical cells. Toxicol Appl

Pharmacol 2000;164:184–95.

[30] Waxman DJ, Morrissey JJ, Naik S, Jauregui HO. Phenobarbital

induction of cytochromes P-450: high-level long-term responsiveness

of primary rat hepatocyte cultures to drug induction, and glucocorti-

coid dependence of the phenobarbital response. Biochem J 1990;271:

113–139.

[31] Waxman DJ. Rat hepatic cytochrome P-450 isoenzyme 2c. Identifica-

tion as a male-specific, developmentally induced steroid 16a-hydro-

xylase and comparison to a female-specific cytochrome P-450

isoenzyme. J Biol Chem 1984;259:15481–90.

[32] Desrochers M, Christou M, Jefcoate C, Belzil A, Anderson A. New

proteins in the rat CYP2B subfamily: presence in liver microsomes of

the constitutive CYP2B3 protein and the phenobarbital-inducible

protein product of alternatively spliced CYP2B2 mRNA. Biochem

Pharmacol 1996;52:1311–9.

[33] Martini C, Lucacchini A, Hrelia S, Rossi CA. Central- and peripheral-

type benzodiazepine receptors. In: Biggio G, Costa E, editors. Gabaer-

gic transmission and anxiety. New York: Raven Press; 1986. p. 1–10.
[34] Romeo E, Auta J, Kozikowski AP, Ma D, Papadopoulos V, Puia G, et

al. 2-Aryl-3-indoleacetamides (FGIN-1): a new class of potent and

specific ligands for the mitochondrial DBI receptor (MDR). J Phar-

macol Exp Ther 1992;262:971–8.

[35] Fiorini I, Nacci V, Ciani SM, Garofalo A, Campiani G, Savini L, et al.

Novel ligands specific for mitochondrial benzodiazepine receptors: 6-

arylpyrrolo[2,1-d][1,5]benzothiazepine derivatives. Synthesis, struc-

ture–activity relationships, and molecular modeling studies. J Med

Chem 1994;37:1427–38.

[36] Bowling AC, DeLorenzo RJ. Micromolar affinity benzodiazepine

receptors: identification and characterization in central nervous sys-

tem. Science 1982;216:1247–50.

[37] Lan NC, Chen JS, Johnson D, Gee KW. Differential effects of 40-

chlorodiazepam on expressed human GABAA receptors. J Neurochem

1995;64:684–8.

[38] Savas U, Griffin KJ, Johnson EF. Molecular mechanisms of cyto-

chrome P-450 induction by xenobiotics. An expanded role for nuclear

hormone receptors. Mol Pharmacol 1999;56:851–7.

[39] Xie W, Barwick JL, Simon CM, Pierce AM, Safe S, Blumberg B, et al.

Reciprocal activation of xenobiotic response genes by nuclear recep-

tors SXR/PXR and CAR. Genes Dev 2000;14:3014–23.

[40] Jones SA, Moore LB, Shenk JL, Wisely GB, Hamilton GA, McKee

DD, et al. The pregnane X receptor: a promiscuous xenobiotic

receptor that has diverged during evolution. Mol Endocrinol 2000;

14:27–39.

[41] Pritchett DB, Sontheimer H, Gorman CM, Kettenmann H, Seeburg

PH, Schofield PR. Transient expression shows ligand gating and

allosteric potentiation of GABAA receptor subunits. Science

1988;242:1306–8.

[42] Pritchett DB, Sontheimer H, Shivers BD, Ymer S, Kettenmann H,

Schofield PR, et al. Importance of a novel GABAA receptor subunit

for benzodiazepine pharmacology. Nature 1989;338:582–5.

[43] Leeb-Lundberg F, Napias C, Olsen RW. Dihydropicrotoxinin binding

sites in mammalian brain: interaction with convulsant and depressant

benzodiazepines. Brain Res 1981;216:399–408.

[44] Faergeman NJ, Knudsen J. Role of long-chain fatty acyl-CoA esters in

the regulation of metabolism and in cell signalling. Biochem J

1997;323:1–12.

[45] Elholm M, Garras A, Neve S, Tornehave D, Lund TB, Skorve J, et al.

Long-chain acyl-CoA esters and acyl-CoA binding protein are

present in the nucleus of rat liver cells. J Lipid Res 2000;41:

538–45.

[46] McDonald BJ, Amato A, Connolly CN, Benke D, Moss SJ, Smart TG.

Adjacent phosphorylation sites on GABAA receptor b subunits deter-

mine regulation by cAMP-dependent protein kinase. Nat Neurosci

1998;1:23–8.

[47] Sidhu JS, Omiecinski CJ. cAMP-associated inhibition of phenobarbi-

tal-inducible cytochrome P450 gene expression in primary rat hepa-

tocyte cultures. J Biol Chem 1995;270:12762–73.

[48] Honkakoski P, Negishi M. Protein serine/threonine phosphatase

inhibitors suppress phenobarbital-induced Cyp2b10 gene trans-

cription in mouse primary hepatocytes. Biochem J 1998;330:

889–95.


	GABAA/central benzodiazepine receptor and peripheral �benzodiazepine receptor ligands as inducers of �phenobarbital-inducible CYP2B and CYP3A
	Introduction
	Materials and methods
	Plasmid constructs
	Isolation and culture of primary hepatocytes, transfection and treatments with PBR or GABAA �receptor ligands
	Immunochemical detection of CYP proteins

	Results
	Discussion
	Acknowledgements
	References


