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Abstract-Phenobarbital is a potent inducer of several liver-specific genes such as those encoding 
detoxication enzymes, including cytochromes P450. However, the mechanisms of action of the bar- 
biturate are poorly understood. Since both, phenobarbital and glucocorticoids, are capable of inducing 
the same cytochrome P450 species, we asked whether the glucocorticoid receptor could participate to 
the phenobarbital induced responses. The results presented here show that phenobarbital was able to 
induce a two-fold increase in the affinity of the glucocorticoid receptor for the binding of dexamethasone, 
as well as a 30% increase of the receptor number in Reuber rat hepatoma cells of the Fao line. 
These effects may have a biological significance since they were paralleled by an enhancement of the 
dexamethasone-induced tyrosine aminotransferase activity, a glucocorticoid inducible function in rat 
hepatoma cells and in rat liver. To our knowledge, phenobarbital is the first compound shown to be 
able to induce. in intact cells. an increase in the affinity of the glucocorticoid receptor for the binding 
of its ligand. 

Phenobarbital (PB(I) has been shown to induce an 
increase in the expression of a large number of liver- 
specific genes such as those encoding detoxication 
enzymes involved in xenobiotic metabolism [l]. PB 
is able to act at both the transcriptional and post- 
transcriptional levels [2]. In addition, the possibility 
that PB acts directly via a specific receptor is rather 
unlikely since millimolar doses of the compound are 
necessary to induce the observed effects. The fact 
that some barbiturate analogs that evoke the same 
biological responses as PB are able to bind a cytosolic 
component in mouse liver makes it possible that such 
compounds act directly through a specific receptor 
molecule [3]. However, such binding has not been 
observed in rat liver [4]. Up to now, none of the 
mechanisms of PB-induced modulation of cellular 
functions has been elucidated, due to an acute lack 
of suitable in vitro mammalian cell systems respon- 
sive to the barbiturate. 

A way of approaching the mechanism(s) of action 
of PB comes from the observation that PB and 
steroid compounds can induce the expression of the 
same genes in rat hepatoma cells and in rat primary 
hepatocytes. Indeed, it has recently been shown that 
in Reuber rat hepatoma cells of the Fao line, accumu- 
lation of the mRNA encoding cytochrome P450-PB 1 
can be enhanced about lO-15-fold by dexamethasone 
(DXM) and PB, respectively [5]. Furthermore, PB, 

t Author to whom correspondence should be addressed. 
I/ Abbreviations: Ah, aromatic hydrocarbon; dioxin, 

2,3,7,8-tetrachlorodibenzo-p-dioxin; DXM, dexametha- 
sane; GR. elucocorticoid receptor; GRE, glucocorticoid 
response element; PB, phendbarbital; PBS, phosphate 
buffered saline; P450, cytochrome P450; TATase, tyr- 
osine aminotransferase (EC 2.6.1.5); TPA, 12-O-tetra- 
decanoylphorbol 13-acetate. 

DXM, pregnenolone 16-acarbonitrile and cortico- 
sterone are able to induce the expression of the rat 
P45Op gene in primary rat hepatocytes [6]. In this 
case, it was shown that PB was able both to increase 
the synthesis and to decrease the degradation of 
the cytochrome P45Op protein [7]. Thus, there are 
similarities in the responses induced by PB and syn- 
thetic or natural steroids, with respect to the 
expression of P4SO genes. 

The regulation of expression of DXM-responsive 
genes mostly involves interaction of glucocorticoid 
receptor (GR)-ligand complexes with DNA 
sequences named glucocorticoid response elements 
(GREs) generally located in the 5’ non-coding 
regions of these genes [8]. In steroid treated tissues 
or cultured cells, GREs are bound by GR-ligand 
complexes. The final effect is either positive or nega- 
tive on the transcriptional activity of these genes [9]. 
With the notable exception of P450 genes, DXM and 
PB usually affect the expression of distinct genes. In 
addition, half-maximal induction of P45Os by gluco- 
corticoids requires higher doses than induction of 
other steroid-responsive genes such as that encoding 
the tyrosine aminotransferase (TATase) activity 
[lo]. Although it seems unlikely that induction of the 
P450 and TATase gene involve the same mechanism, 
the possibility that the glucocorticoid receptor par- 
ticipates to the induction process of P450 genes by 
PB remains an open question. 

The sensitivity of cells to glucocorticoids has been 
shown to be dependent upon the number of receptors 
[ 111. This number can be increased by CAMP in HTC 
rat hepatoma cells [12]. Moreover, the quantity of 
available receptors appears to be limiting since its 
increase is paralleled by an increase in expression of 
DXM-inducible genes in these cells. 
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The number of a different steroid-like receptor 
species, the dioxin receptor (Ah receptor), can be 
increased in rat liver cytosol. upon treatment of 
animals with PB [13, 141. Since both the gluc- 
ocorticoid- and the Ah-receptors exhibit many struc- 
tural and functional similarities [15]. we asked 
whether PB would also be able to modulate the 
number of glucocorticoid receptors in liver derived 
cells. For this purpose. we took advantage of the 
availability of PB-responsive cells from the Reuber 
rat hepatoma. 

MATERIALS AND METHODS 

Chemicals. Dexamethasone phosphate (DXM) 
was kindly provided by Roussel-Uclaf, Romainville. 
Labeled [‘HIDXM (88 Ci/mmol) was purchased 
from Amersham. Phenobarbital (PB) was from 
Specia. 

Cell culture. The Fao cells. derived from H4IIEC3 
Reuber rat hepatoma cells, express several liver- 
specific functions [16]. The cells were grown in NCTC 
135/Ham’s F12 (1: 1. v/v) medium supplemented by 
5% foetal calf serum, in 5% CO, atmosphere, as 
described by Wiebel et al. [17]. They were plated in 
75 cm’ plastic flasks; the medium was changed every 
day and the cells were used after 5 days of culture. 

Cell line H56-26 was isolated from H56 cell clone 
which is a spontaneous dedifferentiated derivative 
of the H4IIEC3 cell line [16]. The growth of H56 
cells is inhibited by DXM [IX]. H56-26 is a DXM- 
resistant subclone of H.56 cells which contains a 
drastically reduced level of GR-less than 10% of 
the parental clone [19]. The cells were grown in 
Ham’s F12 medium supplemented by 5% foetal calf 
serum, in 5% CO2 atmosphere. 

Analysis of[‘H]DXM uptake. The specific binding 
of [“H]DXM to Fao cells was measured by a whole 
cell binding assay (201. Cells were grown in 24-well 
plates. The medium was removed and [‘HIDXM was 
added at final concentrations ranging from 1 to 30 nM 
in Minimum Essential Medium supplemented with 
0.1% bovine serum albumin. Experiments were car- 
ried out on duplicate plates, in the presence of a 100- 
fold molar excess of unlabeled DXM to assess non- 
specific binding. After a 1 hr incubation period at 
37”, the medium was removed and replaced by 1 mL 
phosphate buffered saline (PBS) for 30 min at room 
temperature. The cells were subsequently washed 
three times with 1 mL of ice-cold PBS. Finally, 
0.5 mL ethanol was added to extract the labeled 
steroid. Following a further 30min incubation at 
room temperature, the radioactivity was counted in 
3 mL Beckman “ready gel” scintillation fluid, with a 
35% efficiency. 

Assay of tyrosine aminotransferase activity. Cells 
were washed with PBS, and collected after tryp- 
sinization into PBS containing 0.2 mM pyridoxal 
phosphate, 1 mM EDTA, 5 mM cu-ketoglutarate. 
Cells were lysed by three cycles of freezing-thawing. 
Following centrifugation, the cytosolic fraction was 
assessed for TATase activity according to the method 
of Diamondstone [21]. Protein concentration was 
determined by using the Biorad protein assay kit. 
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Fig. 1. Uptake of [“H]DXM in Fao cells treated with 
2 mM PB (m) or untreated (0). Monolayer cultures were 
incubated for 1 hr at 37” with various concentrations of 
[‘HJDXM plus or minus a lOO-fold molar excess of 
unlabelled DXM to assess non-specific binding. The specific 
binding was determined by subtracting from the total bind- 
ing (m. 0) the non-specific binding which is the same in 
PB-treated as in control cells (A). The results presented 
correspond to the mean values of 10 independent experi- 
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Fig. 2. Uptake of [‘H]DXM in the hepatoma cell line H56- 
26. The cells have been treated (m) or not (0) by 2 mM 
PB. Monolayer cultures were incubated for 1 hr at 37” with 
various concentrations of [‘H]DXM plus or minus a lOO- 
fold molar excess of unlabelled DXM to assess non-specific 
binding. The specific binding was determined by subtracting 
from the total binding (4, 0) the non-specific binding 
which is the same in PB-treated as in control cells (A). The 
results presented correspond to the mean values of six 

independent experiments. 

RESULTS 

PB increases the uptake of [3H]DXM in Fao hepa- 
toma cells 

Glucocorticoid binding sites were determined by 
whole cell binding assays. Cells were treated with 
2 mM PB for 3 days, before [3H]DXM was added at 
increasing concentrations. The saturation binding 
curves obtained (Fig. 1) showed that PB treatment 
led to an increase in glucocorticoid binding capacity. 
This effect could reflect an increase either in the 
number of receptors or in their ligand binding capa- 
city. In rat hepatoma cells that contain almost no 
GR, no specific binding of [3H]DXM could be 
detected, regardless of PB treatment (Fig. 2). 
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Fig. 3. Representative Scatchard plots comparing binding 
of [W]DXM in whole Fao cells treated by 2 mM PB (a) 
ot untreated (0). B designates the quantity of [3H]DXM 
specifically bound expressed as fmol/lOO pg cellular 

Fig. 4. Dose-response curves of TATase induction by DXM 
in Fao cells treated with PB (m) ot untreated (Cl). TATase 
activity was determined in Fao cells incubated for 3 days 
in presence (B) or absence (0) of PB (2 mM) and by adding 
increasing concentrations of DXM during the last 18 ht of 
incubation. Each value corresponds to the mean of eight 

protein, U the free steroid concentration (nM). different experiments. 

PB increases the binding capacity of DXM in Fao 
hepatoma ceils 

Scatchard representation [22] of [3H]DXM bind- 
ing in Fao cells showed linear plots suggesting that 
only a single major class of ligand binding sites 
existed (Fig. 3). In untreated cells, the K* value was 
8nM and the number of 3H]DXM binding sites 
was approximately 34 fmol i[ 100 pg total cell protein 
(Table 1). These values were in close agreement with 
those previously reported by others [23]. In PB- 
treated cells, a decrease of the Kd value to 4 nM and 
a slight increase (30%) in the number of binding sites 
to 45 fmol/l~ pg total cell protein were observed. 
No significant variations in the GR-mRNA level 
were detected in PB treated cells {data not shown). 

The PB-induced increase in the binding apnity of 
[ 3H]DXM precedes the enhancement of [ H]DXM 
binding sites 

In order to analyse the kinetics of the PB response, 
Fao cells were incubated with PB (2 mM) for various 
periods of time before the binding capacity of 
f3H]DXM was determined. The effect of PB became 
detectable only after an incubation of 18 hr, time at 
which a decrease of the Kd value to 5.6 nM was 
already apparent, while the number of [3H]DXM 
binding sites remained unchanged (Table 1). 

PB potent~ates the inducib~lity of the TA Tase gene by 
DXM 

In order to determine whether the effects of PB 

over the GR would be paralleled by an increase in 
the expression of a liver function positively regulated 
by DXM, we have analysed DXM-induced TATase 
activity in cells pre-treated or not by PI3 (2 mM) for 
3 days (Fig. 4). PB alone was able to induce a 
two-fold increase in TATase activity (from 50 to 
100 mUnits/mg total cell protein). Such an enhance- 
ment was not observed for an incubation time of 
18 hr (data not shown). This finding suggests that the 
effects of PB on TATase activity were a consequence 
of the action of PB on the GR. It can be hypothesized 
that the increase in TATase activity following PB 
treatment could reflect the binding of an endogenous 
steroid compound to the modified GR. The increase 
in TAT activity was fully prevented by the addition 
of RU486, a potent antagonist of DXM [24] which 
bind the GR with a high affinity in both PB-treated 
and untreated cells (data not shown). 

An 18 hr-treatment of the cells with DXM alone, 
induced a six-fold increase in TATase activity. When 
cells were treated by a combination of PB (for 3 
days) and DXM (for the last 18 ht), the TATase 
activity underwent another two-fold increase, giving 
a specific activity of 600 mUnits/mg total cell protein. 
In addition, the half-maximal response in TATase 
activity following DXM treatment was obtained for 
lower concentrations of DXM when cells had been 
pre-treated by PB, as compared to untreated cells 
(5 nM DXM versus 10 nM DXM). 

Table 1. Time-course of the effects of PB treatment (2 mM) on [3H]DXM binding in Fao ceils 

PB treatment 
(hr) 0 3 6 

KdtnM) 8 Y!Z 0.3 8 _t 0.2 8 + 0.2 5.hY0.2 4 z20.2 
DXM bound 

(fmol/lOO pg protein) 34 2 3 34 -+ 3 34 ? 5 37 + 2 45 k 4 

The specific [3H]DXM binding was measured in whole cell binding assays as described in the 
legend to Fig. 1. Scatchard analyses were performed and the binding parameters were calculated. 
Values are the mean + SD of three separate experiments. 
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DISCUSSION 

The results presented here show that the affinity 
of a steroid receptor for its ligand can be increased 
in liver-derived Reuber rat hepatoma cells following 
treatment with PB. The increase in affinity was 
already apparent after IX hr and was maximal after 
3 days of exposure to the barbiturate. In addition, 
PB was able to induce a 30% increase in the overall 
receptor number upon 3 day exposures. These effects 
may have a biological significance since PB was able 
to potentiate the induction by DXM of a positively 
regulated liver function, the TATase activity. 
Indeed, half-maximum induction of the activity was 
obtained for a two-fold lower DXM concentration 
in PB-treated cells as compared to untreated cells. 
In addition, the maximum DXM-induced TATase 
activity was higher following PB treatment. The 30% 
increase of the receptor number is not likely to 
account for the two-fold increase in TATase activity, 
since a similar effect over TATase expression had 
been shown to require a two-fold increase in the 
receptor number in rat hepatoma cells [li]. There- 
fore, the observed increase in DXM-induced 
TATase activity following PB treatment may essen- 
tially reflect the increase in affinity of the GR for 
DXM. If this assumption is correct, it should be 
concluded that the glucocorticoid-receptor com- 
plexes would have a higher potency toward tran- 
scriptional activation in PB-treated versus untreated 
cells. 

The possibility that the GR participates to the 
induction of P450 genes by PB remains to be inves- 
tigated. We are currently testing this hypothesis by 
using glucocort~coid agonists and antagonists. 

The kind of modification that led to the observed 
increase in affinity of the GR for its ligand is 
unknown; it probably required several steps, since 
no effect could be detected before 16 to 18 hr. The 
increase in the receptor number, apparent at 72 hr, 
could reflect a stabilization of the protein possibly 
related to the nature of the modification that led to 
the increase in affinity. 

PB is a tumor promoting agent such as 12-U- 
tetradecanoylphorbol13-acetate (TPA) which is able 
to activate protein kinase C [25], Moreover, TPA 
has been shown to potentiate the induction of the 
TATase activity by DXM in rat liver and in rat 
hepatocytes [26]. This effect was restricted to TPA 
since other phorbol esters which are not tumor pro- 
moters and are unable to induce protein kinase C 
activity were inefficient. Therefore, it was suggested 
that TPA could affect the degree of pbosphorylatio~ 
of the GR via a specific kinase activity. Indeed GR 
are phosphoproteins, and their conversion from the 
non-hormone-binding to the hormone-binding form 
requires ATP or ADP 1271. We do not know if PB 
is able to induce a kinase activity in rat hepatoma 
cells; nevertheless it is tempting to speculate that 
the barbiturate could induce additional and/or new 
phosphorylations of the GR which in turn could be 
responsible of the observed PB-induced increase in 
affinity of the receptor for DXM. 

In the absence of ligand, the GR and Ah-receptors 
are part of distinct cytosolic protein complexes that 
mostly contain a core protein of 90 kD which is a 

heat shock protein. Fixation of the ligand is 
accompanied by a dissociation of the 90 kD heat 
shock protein from the complex [28]. Since PB is 
able to modify the number and/or the affinity of both 
the GR and the Ah receptors, the molecular events 
implicated could conceivably involve modifications 
in the complexes formed between these receptors 
and the 90 kD species. Further experiments are 
needed to test this possibility. 

To our knowledge, PB is the first agent shown to 
be able to modify the affinity of the GR for its ligand. 
Our results are thus in favour of the hypothesis that 
CR, or closely related members of the same family 
of receptors, participate in a “non-classical” way to 
the response of liver cells to PB. Presently, we do 
not know whether the modification evidenced here 
reAects a general effect that PB would be able to 
exert over several members of the superfamily of 
steroid receptors. We do not know if this effect 
depends on tissue-specific constraints. Transfection 
of expression vectors coding for these receptors, in 
either liver or non-liver derived cells, may allow to 
directly address these questions. 
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