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Previous studies, by using Northern blotting analyses, showed that phenobarbital (PB) affects the steady-state mRNA levels of glutathione S-trans-
ferase (GST) subunits 1/2, 3/4 and 7 in both conventional cultures of adult rat hepatocytes and co-cultures, with rat liver epithelial cells [Vanden-
berghe ct al., 1989, FEBS Lett. 251, 59-64; Morel et al., 1989, FEBS Lett. 258, 99-102]. To determine whether PB acts at the transcriptional level,
nuclear ‘run-on' experiments using cDNA probes hybridizing to GST subunits 1/2, 3/4 and 7 mRNA were performed on purified nuclei isolated
from control and PB treated hepatocytes seeded under conventional and co-culture conditions. Data from this study demonstrate that the increase
in steady-state mRNA levels observed in both conventional culture and co-culture after 4 days PB exposure results from an increased transcriptional
activity of the GST genes. However, a substantial increase in steady-state mRNA levels in the absence of a commensurate increase in transcriptional
activity at 12 days of co-culture, indicates that the barbiturate has also a stahilizing effect in vitro on the GST mRNAs.

Glutathione S-transferase; Gene transcription; Rat hepatocyte; Primary culture; Phenobarbital

1. INTRODUCTION

Phenobarbital (PB) has previously been reported to
alter the expression, regulation and activity of several
liver drug metabolizing enzymes [1-3]. Most attention
has been paid to its effect on cytochrome P-450 [4-6],
UDP-glucuronyltransferase [7,8] and glutathione S-
transferase enzymes [9-11}], However, it is yet not clear
how this compound affects the regulation of expression
of these enzymes. It is not known whether PB induction
of transcriptional and translational activities involves
one or more receptors [12,13].

It has been shown that PB does not elevate all
cytochrome P-450 enzymes to the same extent.
Cytochrome P-450 I[IB; and IIB; are the major liver en-
zymes to be induced [14,15]. The rapid increase in the
rates of transcription and the appearance of elevated
levels of nuclear pre-mRNA and cytoplasmic mRNAs
unequivocally demonstrated that PB elevates levels of
cytochrome P-450 11B; and IIB; primarily by augmen-
ting the rate of transcription of the respective genes
[16-18]. Recent work on cultured hepatocytes [19]
showed for the first time that PB elevation of
cvtochrome P-450 IIB; and 1I1B; mRNA levels is the
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result from an increased transcriptional activity as
found for the intact liver.

Liver glutathione S-transferase subunits 1 and 3
especially are also induced by PB treatment {[11].
Recently, Pickett et al. [20] reported that the increase of
GST mRNA in total liver after PB addition results from
an elevated GST gene transcription. In cultured
hepatocytes, PB treatment induces the GST enzymatic
activity [21,22]. It was shown in previous study [21]
that, by supplementing the culture medium with 3.2
mM PB, concentrations of individual GST subunits and
GST stcady-state mRNA levels were changed.
However, no information is available on the reguiation
of GST gene expression by PB in cultured hepatocytes.
Therefore the aim of this study was to determine
whether the changes observed in mRNA levels are due
to altered stability of the mRNAs in the presence of PB
or to changes in the rate of gene transcription.

In order to analyze the transcriptional activity of
GST 1/2 (alpha family), 3/4 (mu family) and 7 (pi fami-
ly) genes, a nuclear ‘run-on’ experiment was performed
on nuclei isolated from 4-day conventional cultures and
4- and 12-day co-cultures of adult rat hepatocytes, both
with and without 3.2 mM PB treatment.

2. METHODS

2.1. Cell isolation and culture
Rat hepatocytes were isolated from Sprague-Dawley rats (180-200
g) as described by Guguen et al. [23]. They were seeded in conven-
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tional culture and in co-culture with rat liver epithelial cells, as
described previously [24]. The culture medium consisted of 75%
minimal essential medium and 25% Medium 199, containing 1 mg/ml
bovine serum albumin, 10 xg/ml bovine insulin and 10% fetal calf
serum (control medium). Four hours after cell seeding, the miedium
was first renewed and supplemented with 7% 107> M and 7x 10" M
hydrocortisone hemisuccinate in conventional cultures and co-
cultures respectively. PB (3.2 mM) was added to the culture medium
4 h after cell seeding for conventional cultures and in co-culture when
confluency was reached between parenchymal and epithelial cells (ap-
proximately after 1 day). Thereafter, PB was added every day when
renewing the medium.

2.2. 'Run-on’ transcription in isolated nuclei and hybridization

Nuclei were isolated from freshly isolated, conventional and co-
cultured hepatocytes by the method of Becker et al. [26], suspended
in 50% glycerol, 5§ mM MnCl;, 1 mM MgCl;, § mM dithiothreitol, 20
mM Tris, pH 7.4, frozen in liquid nitrogen and stored at - 80°C.
Concerning the co-cultures, hepatocytes and epithelial cells were not
separated for nuclei preparation.

Transcription in isolated nuclei, isolation of *?P-labelled RNA, and
hybridization to nitrocellulose filters were performed as described
previously [27] with some modifications. Briefly, isolated nuclei
(5 x 10%) were incubated in a reaction mixture consisting of 50 mM
HEPES (pH 8.0), 150 mM NH4C1, 1 mg/ml nuclease-free BSA, 1
mM MnCl;, 12,5% glycerol, 0.1 mg/ml heparin, 3.5 mM MgCl;, 1 x4l
(60 U) RNasin, 0.25 mM dithiothreitol, 6.5 mM ATP, GTP, CTP and

FEBS LETTERS

June 1991

UTP, 100 4Ci of [a-*?PJUTP for 20 min at 25°C. The mixture was ad-
justed to final concentrations of § mM Tris (pH 7.5), 5 mM MgCh,
5 mM CaCls, and 1 2l (1 U) RQ1 DNase was added before incubating
the mixture for 5 min at 37°C. After treatment with proteinase K (150
#g/ml) at 37°C for 30 min, RNA was isolated by phenol/chloroform
extraction followed by trichloroacetic acid and ethanol precipitation
in the presence of 0.05 mg/ml transfer RNA., After another treatment
with RQl DNase as above, RNA was again isolated by
phenol/chloroform extraction followed by ethanol precipitation as
above, and hybridized at 42°C for 72 h in §5% formamide, 4 x SSC,
0.1 M sodium phosphate (pH 6.8), 5 X Denhardt’s solution, 0.1%
SDS, 100 xg/ml salmon sperm DNA, and 10% dextran sulphate to
0.25 pmol of each of the following nitrocellulose-bound DNA species:
(a) albumin genomic subclones ‘B’, ‘C* and ‘D’ [28]; (b) GST ¢DNA
pGSTr 155 [29); (c) GST ¢DNA IT9L; (d) GST ¢cDNA pGSTr 7 [30};
() GAPDH cDNA pRGAPDH-13 [31]; (f) pUC 18; and (g) pBR 322.
Filters were washed 3 times in 1 x8SC, 0.1% SDS at 65°C and then
twice in 0.1 % SSC, 0.1% SDS and associated radiolabel was visualiz-
ed by fluorography and assessed by optical densitometry. Den-
sitometric signals were converted to relative transcription rates by
subtracting the background signal (pUC 18 or pBR 322) and correc-
ting for the fraction of primary transcripts hybridizable to the recom-
binant genomic DNA. Corrected signals for the GSTs were normaliz-
ed relative to the corrected pRGAPDH-13 signal for the respective
filter. To enable an indirect comparison of transcription rates of
GSTs, the corrected and normalized values were divided by the
respective gene length giving the relative proportion of transcripts
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Fig. 1. Effect of phenobarbital on the GST 1/2, 374 and 7 mRNA expression in conventionally cultured adult rat hepatocytes. RNA was isolated

from control (C) and phenobarbital (PB) treated hepatocytes, maintained in conventional culture for 2, 4 and 6 days and compared 10 the leve!

of freshly isolated hepatocytes (FIH). *2P-labelled cDNA probes were hybridized to mRNA encoding GST subunits 172 (A), 3/4 (B) and 7 (C) as
described in section 2,
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produced per unit of gene, to the number of GAPDH transcripts
produced per unit of time.

3. RESULTS

3.1, Effect of PB on transcriptional activity of GST
1/2, 3/4 and 7 genes in cultured hepatocytes

Measurements of GST mRINAs in both conventional
cultures and co-cultures with and without PB exposure
have already been reported and are summarized in
Figs. 1 and 2.

To determine whether changes in steady-state levels
of GST 1/2, 3/4 and 7 mRNA from conventional and
co-cultured hepatocytes after PB treatment are due to
altered stability of the mRNAs in the presence of PB or
due to a change in the rate of gene transcription, GST
gene transcription was analyzed by a nuclear ‘run-on’
assay. Nuclei were prepared from freshly isolated,
4-day conventionally cultured and 4- and 12-day co-
cultured hepatocytes. Slot blots representative of
transcriptional activity are illustrated in Fig. 3. Resuits,
quantified by densitometry, are presented in Table I.
The relative rates of transcription of the GST 1/2, 3/4
and 7 genes were calculated relative to transcription of

A
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the constitutive gene GAPDH, after subtracting the
background signal. Albumin gene transcription rate, in-
cluded as a control, does not appear to be affected by
PB treatment (Fig. 3).

When compared with freshly isolated hepatocytes,
transcription of the GST 1/2 genes in 4-day-old conven-
tional cultures (control) was substantially reduced,
while a lesser reductionn was observed for the GST 3/4
genes. In contrast, transcription of the GST 7 gene was
strongly induced (Table I). The pattern in co-culture
(control) after 4 days more closely resembled that seen
with freshly isolated hepatocytes, although a reduction
of GST 1/2 transcription and an induction of GST 7
transcription were evident.

After 4 days of treatment, PB induces transcription
of all GST gene families investigated in co-cultures,
while in conventional cultures transcription of GST 1/2
and GST 3/4 is increased, but transcription of GST 7 is
suppressed. In long term (l12-day) co-cultures,
transcription of all GST genes is still demonstrable. By
this time, the effect of PB on GST gene transcription is
minimal. GST 1/2 gene transcription, in the presence of
PB, is not detectable anymore, GST 3/4 and 7 genes are
transcribed at a level only slightly higher compared to

FiH 4

FIH A

PB C P8 C B PB

FiH 4 8

12 16

DAYS OF CULTURE

Fig. 2. Effect of phenobarbital on the GST 1/2, 3/4 and 7 mRNA expression in co-cultured adult rat hepatocytes. RNA was isolated from control
(C) and phenobarbital (PB) treated hepatocyvies, maintained in ¢co-culture for 4, 6, 12 and 16 days and compared to the level of freshly isolated
hepatoeytes (FIH). *2P-labelled c1DNA probes were hybridized to mRNA encoding GST subunits 1/2 (A), 3/4 (B) and 7 (C) as described in section 2,
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Fig. 3. Effect of phenobarbital on the GST gene transcriptional ac-
tivity of conventionally and co-cultured adult rat hepatocytes.
Transcriptional analysis in nuclei, isolated from freshly isolated
hepatocytes (FIH), 4-day conventionally cultured hepatocytes (4
DAYS CV. C.), 4-day (4 DAYS CO-C.) and 12-dav co-cultured
hepatocytes (12 DAYS CO-C.), comparing control (C) and phenobar-
bital (PB) treated cells. Nuclei were isolated, and nascent RNA chains
were elongated in vitro and hybridized to immobilized DNA from the
following genes: albumin (ALB), glutathione S-transferase subunits 1
and 2 (GST 1/2), glutathione S-transferase subunits 3 and 4 (GST
3/4), glutathione S-transferase subunit 7 (GST 7), glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH), pUC and pBR.

the controls. These results on GST gene transcription at
12 days of co-culture, when PB treated, do not explain
the elevation in GST steady-state mRNA levels obtain-
ed under analogous culture conditions (Fig. 2).

Rat liver epithelial cells, used to set up the co-
cultures, demonstrate some transcriptional activity of
the GST 3/4 and 7 genes, however these levels are not
influenced by PB treatment (results not shown).

4. DISCUSSION

Previous studies have demonstrated that treatment
with PB, in vivo [11,32] or in vitro [22], increases rat
liver GST enzymatic activity. The increase in vivo is
caused by an increased amount of GST proteins | and
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3 especially [11], which is a result of an increased
translational activity [13]. The amount of mRNA en-
coding GST subunits I, 3 and 4 is increased to max. 8,
6 and 5 times respectively after 24 h of PB treatment
[20]. GST 1/2 and 3/4 gene transcriptional activity is in-
creased to max. 5 and 3 times respectively after 8 h of
PB treatment [20]. Much less information is available
on the effect of PB on GST gene expression and regula-
tion in cultured adult rat hepatocytes.

Using 1-chloro-2,4-dinitrobenzene as a substrate,
GST activity increases of up to 300% and 100% in con-
ventional culture and co-culture respectively [21] were
observed when 3.2 mM PB was added daily to the
hepatocyte cultures. The increase in GST activity in
vitro is due to an increase of GST subunits I, 3 and
especially 7, in both culture systems [21]. Northern blot
experiments indicate that induction of individual GST
subunits by PB treatment in vitro, results from a cor-
responding increase in the amount of mRNA encoding
the GST subunits [21,25]. Nuclear ‘run-on’ experiments
were done to establish whether the elevation in GST
1/2, 3/4 and 7 mRNA levels is due to transcriptional ac-
tivation or post-transcriptional changes. In conven-
tional culture, correlation between the increase in
steady-state mRNA levels, encoding the different GST
subunits, and elevation of hybridization signal from
transcription assay suggests that PB added to the
cultured hepatocytes, activates transcriptional activity
of the GST genes.

While a correlation between transcription and steady-
state mRNA levels exists in short-term (4-day) co-
cultures, the continued increase in steady-state mRNA
levels after 12 days in the presence of PB, cannot be ac-
counted for by an increase in transcriptional activity of
the corresponding GST gene. In fact, transcriptional
activity is decreased (1/2 genes) or stabilized (3/4 and 7
genes) at this stage. In contrast, control co-cultures
display an appropriate correlation between mRNA
levels and transcription. Therefore these results strong-
ly suggest that PB has increased the stability of the GST
mRNA:s.

Pickett et al. [20] concluded from in vivo experiments
that transcriptional activity of GST genes is sufficient
to account for the elevation in mRNA caused by PB ad-
ministration, suggesting regulation by this xenobiotic at
the transcriptional level. However, Francis et al. [12]
described that administration in vivo of PB enhanced
the half-life of GST 1 and 2 mRNA by nearly two-fold,
indicating that the induction of these GSTs may essen-
tially involve stabilization of the mRNAs,

Mechanisms responsible for transcriptional activa-
tion of GSTs are still not well described. Transcrip-
tional regulation is primarily determined by specific in-
teractions between framns-acting factors and their cis-
active DNA elements [33]. Telakowski-Hopkins ct al.
{34] found that the GST Ya (GST !) subunit structural
gene contains at least one cis-acting regulatory element
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Table 1
GST transcription in isolated nuclei prepared from conventionally and co-cultured adult rat hepatocytes

Vector signal

Hybridization signal* (corrected towards
vector)

Relative rate** of
transcription

puUC pBR  GST1/2 GST 3/4 GST7

GAPDH GST 1/2 GST 3/4 GST7

F.I.H. 0.23 0.25 0.20 0.08 N.D. 1.16 0.44 0.21 N.D.
4 Days conventional culture

Control 0.42 0.43 0.05 0.07 1.05 1.78 0.07 0.12 0.83
PB 0.24 0.28 0.10 0.98 1.95 0.13 1.60 0.08
4 Days co-culture

Control 0.10 0.04 0.15 0.07 0.18 1.49 0.25 0.15 0.17
PB 0.13 0.13 0.20 0.18 0.37 0.97 0.53 0.58 0.54
12 Days co-culture

Control 0.67 0.90 0.14 0.35 1.17 3.29 0.11 0.34 0.50
PB 0.98 1.60 N.D. 0.42 46 3.08 N.D. 0.43 0.67

All numerical values refer to optical density units. FIH refers to the values obtained from freshly isolaied

hepatocytes.

* Data have been corrected for non-specific hybridization by subtraction of vector signal. **GST densitometric
signals were corrected for the fraction of primary gene transcripts hybridyzable to the genomic DNA, normalized
relative to GAPDH, and convertzd to relative rates of transcription as described in section 2.

(xenobiotic responsive element, XRE) required for in-
ducible expression by xenobiotics such as
3-methylcholantrene or #-napthaflavone. This finding
was recently confirmed by Rushmore et al. [35]. Fur-
ther investigations did not answer the question of
whether (he Ah or dioxin receptor directly interacts
with specific sequences in the 5’ flanking region of the
GST Ya gene [34] as is the case for cytochrome P;-450
and P-450c genes [36,37].

In co-culture, but not in conventional culture, PB in-
duces the expression of GST subunit 7. The increase in
mRNA is a result both of an increased transcriptional
activity and an increased stability of the mRNA in the
presence of PB. Indeed, the elevation in GST 7 mRNA
at 12 days co-culture cannot be explained by elevation
in transcriptional activity alone. The reason for the re-
expression and inducibility of liver GST 7 in vitro is
unknown at present. However, since in cultured
hepatocytes, the re-expression of subunit 7 is inhibited
by dimethylsulphoxide [38,39], the question arises
whether some correlation exists between the expression
and inducibility of subunit 7 and its high GSH perox-
idase activity. Probably as a result of an increased ex-
posure to free radicals after PB treatment, cultured
hepatocytes respond by increasing their GSH perox-
idase capacity.

In conclusion, this report is the first to describe the
effect of PB or: the regulation of GST gene expression
in cultured adult rat hepatocytes. Increased levels of
GST 1/2, 3/4 and 7 mRNA in cultured hepatocytes,
after PB treatment in vitro, are a result of increased
transcriptional activity of the GST genes at an early
stage of culture. In long-term cultures, there is evidence
of increased stability of the GST mRNAs, since the

steady-state level is substantially increased without a
commensurate increase in transcriptional activity.
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