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Abstract Glucocorticoids exert pleiotropic effects, among which negative regulation of transcription has been
recognized as of crucial importance. While glucocorticoids induce phosphoenolpyruvate carboxykinase (PEPCK) gene
expression in liver cells, it represses gene activity in adipose cells. We used the 3T3-F442A adipocytes to analyze the
underlying mechanisms. In these cells, the synthetic glucocorticoid dexamethasone exerts a dominant repression either
on basal or on b-agonist stimulation of PEPCK gene expression. To determine whether glucocorticoid action required
protein synthesis, we employed cycloheximide, anisomycin, and puromycin, three different translation inhibitors. None
of these affected induction by isoprenaline or repression by dexamethasone of isoprenaline stimulation. In contrast,
dexamethasone inhibitory action on basal PEPCK mRNA was totally prevented by the three translation inhibitors. Time
courses of glucocorticoid action on basal and on induction by b-agonist were similar. Half-maximal effect of
dexamethasone on isoprenaline-induced PEPCK mRNA was obtained at about 10 nM, a tenfold higher concentration
than that observed for the reduction of basal mRNA. Using the transcription inhibitor DRB, we showed that
dexamethasone did not alter mRNA half-life, while isoprenaline strongly stabilized mRNA. In a 3T3-F442A stable
transfectant bearing 22,100 base pairs of the PEPCK promoter fused to the chloramphenicol acetyltransferase (CAT)
gene, isoprenaline stimulated CAT activity, whereas dexamethasone reduced basal and isoprenaline-induced CAT
expression. Hence, b-agonists exert both transcriptional and posttranscriptional regulation, while glucocorticoid action
is purely transcriptional. However, mechanisms of glucocorticoid repression of basal and of b-agonist stimulation
appear different. J. Cell. Biochem. 66:386–393, 1997. r 1997 Wiley-Liss, Inc.
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Cytosolic phosphoenolpyruvate carboxyki-
nase (GTP) (EC 4.1.1.32) (PEPCK) catalyzes
the conversion of oxaloacetate to phosphoenol-
pyruvate. This step is critical for adipose glyc-
eroneogenesis and for hepatic gluconeogenesis
[Rongstad, 1979; Reshef et al., 1969, 1970].
PEPCK activity and mRNA are elevated in
liver and in adipose tissue when the supply of
glucose is limited (e.g., during starvation). Un-
der this circumstance, PEPCK activity is re-

quired for hepatic glucose production and for
synthesis of glycerol-3-phosphate from pyru-
vate, lactate, or amino acids in adipocytes. Glyc-
erol-3-phosphate is necessary for esterification
of fatty acids into triacylglycerol. Starvation is
correlated to elevated concentrations of cyclic
AMP–inducing hormones (glucagon, epineph-
rine, etc.), which are strong and rapid inducers
of PEPCK gene expression in liver and in adi-
pose tissue both in vivo [Hopgood et al., 1973;
Meyuhas et al., 1976] and in cultured cells
[Lamers et al., 1982; Franckhauser et al., 1995].
In hepatic cells, glucocorticoids are stimulatory
[Lamers et al., 1982; Sasaki et al., 1984; Nebes
and Morris, 1987]. In contrast, in adipocytes,
glucocorticoids repress PEPCK gene expression
and inhibit stimulation by cAMP [Franck-
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rue Jules Hetzel, 92190 Meudon, France.
Received 21 January 1997; accepted 22April 1997

Journal of Cellular Biochemistry 66:386–393 (1997)

r 1997Wiley-Liss, Inc.



hauser et al., 1995]. This opposite regulation of
the PEPCK gene by glucocorticoids is intrigu-
ing at first glance. It is, however, physiologi-
cally relevant. Glucocorticoids are stress hor-
mones, and stress is a situation during which
energy must be available to tissues like muscle.
Under such circumstances, glucose output from
the liver and fatty acid release from adipose
tissue are greatly enhanced. Adipocyte fatty
acid esterification is restrained. The glucocorti-
coid effects are thus in good agreement with the
different roles of PEPCK in liver and in adipose
tissue. In adipose and hepatic cells, regulation
by glucocorticoids is transcriptional, at least in
part, and the promoter regulatory region of the
gene is implicated [Franckhauser et al., 1995;
Granner et al., 1991]. The mechanism underly-
ing this complex feature of cell type–dependent
opposite control of a single gene by glucocorti-
coids can be addressed by analyzing PEPCK
gene transcriptional regulation.
Another potential way by which hormones

can regulate gene expression is through modifi-
cations of mRNA half-life. In hepatoma cells, a
stabilizing effect of cAMP on PEPCK mRNA
has been extensively described, and the regula-
tion of several RNA-binding proteins by cAMP
has been reported [Hod and Hanson, 1988;
Christ et al., 1991; Christ and Nath, 1993;
Nachaliel et al., 1993]. The situation is the
subject of controversy regarding glucocorti-
coids. Indeed, these agents have been reported
to induce a stabilization of PEPCK mRNA [Pe-
tersen et al., 1989] and to have no effect [Hod,
1994].
In the present study, we have evaluated the

potential posttranscriptional effect of glucocor-
ticoids and of b-agonists in adipocytes. We dem-
onstrate that, in addition to inducing transcrip-
tional effect,b-agonists stabilize PEPCKmRNA,
while the repressing effect of glucocorticoids is
purely transcriptional.We show also that gluco-
corticoids act through different mechanisms to
reduce basal PEPCK gene expression and to
repress stimulation by b-agonists.

MATERIALS AND METHODS
Cell Culture

3T3-F442A cells were grown and differenti-
ated exactly as described [Franckhauser et al.,
1995]. All experiments were achieved on differ-
entiated adipocytes. Dexamethasone or iso-
prenaline treatmentswere carried out in serum-
free medium.

PEPCK mRNA Analysis

Total RNAwas extracted using the method of
Chomczynski and Sacchi [1987] and separated
by agarose gel electrophoresis as described
[Franckhauser et al., 1995]. After transfer onto
a nylon membrane (Hybond N1; Amersham,
Braunschweig, Germany), RNAwas hybridized
with a 32P-labelled PEPCK cDNAprobe (PC116)
[Beale et al., 1985] or a 18S oligonucleotide
[Franckhauser et al., 1995] using the Quick
Hyb hybridization solution (Stratagene, La
Jolla, CA) according to the manufacturer’s rec-
ommendations. Membranes were exposed to
X-ray film (XAR5; Kodak, Rochester, NY), and
signals were quantified by scanning densitom-
etry.

Stable Transfections and Analysis of CAT Activity

The generation of the FL15 stable transfec-
tant has been described previously [Franck-
hauser et al., 1995]. Briefly, 3T3-F442A grow-
ing adipoblasts (1.7 3 103 cells/cm2) were
cotransfected with 2 µg of pSV2-NEO (SV40
promoter driving expression of the NEO gene
which confers resistance to the antibiotic gene-
ticin) (G418; Gibco Laboratories, Grand Island,
NY) and 20 µg of pPL1-CAT (22,100 to 169 bp
of the PEPCK gene promoter fused to the chlor-
amphenicol acetyltransferase (CAT) gene) by
the calcium phosphate/DNA method. G418-
resistant colonies were isolated and analyzed
as described [Franckhauser et al., 1995]. CAT
activity was measured on cell homogenates by
the method of Seed and Sheen [1988]. One unit
of CAT converts 1 µmole of chloramphenicol to
butyryl-chloramphenicol per minute at pH 7.8
and 37°C.

RESULTS
Requirement for Protein Synthesis in
Glucocorticoid and b-Agonist Action

We previously showed that b-agonists and
glucocorticoids oppositely regulated PEPCK
mRNA expression in 3T3-F442A adipocytes
[Franckhauser et al., 1995]. To decipher the
mechanisms by which these hormones modu-
lated PEPCK mRNA, we treated 3T3-F442A
adipocytes with dexamethasone or isoprenaline
with orwithout various protein synthesis inhibi-
tors. We chose cycloheximide, anisomycin, and
puromycin, three inhibitors with different sites
of action [Vazquez, 1979]. As expected from our
previous studies [Franckhauser et al., 1995],

Glucocorticoids and PEPCK in Adipocytes 387



isoprenaline stimulated PEPCK mRNA about
threefold in 4 h, whereas dexamethasone
strongly reduced basal PEPCK mRNA and at
least partially inhibited the isoprenaline-in-
duced increase (Fig. 1A,B). Cycloheximide or
anisomycin had no effect on basal PEPCK
mRNA, while puromycin reduced it about two-
fold (Fig. 1B). This specific effect of puromycin
might be the result of its site of action. Puromy-
cin induces polysome dissociation, a mecha-
nism which could favor RNA instability. None
of these inhibitors affected isoprenaline induc-
tion or dexamethasone repression of isoprena-
line stimulation. In contrast, the inhibitory ac-
tion that dexamethasone exerted on basal
PEPCK mRNA was prevented by the three
translation inhibitors (Fig. 1B). Therefore, re-
pression by glucocorticoids of basal PEPCK
mRNA expression requires protein synthesis,
whereas inhibition of induction by b-agonist is
direct.

Time Course and Dose-Dependent Effects
of Glucocorticoids on Induction of PEPCK

mRNA by b-Agonists

We reported previously that glucocorticoids
reduced basal PEPCK mRNA in 3T3-F442A
adipocytes, with a maximum of 80% in 4 h
[Franckhauser et al., 1995]. We wondered
whether glucocorticoidswould prevent isoprena-
line induction in a similar time course. We
treated 3T3-F442A adipocytes with isoprena-
line and dexamethasone and compared the
PEPCK mRNA signal to that obtained from
cells incubated with isoprenaline alone. Dexa-
methasone prevented over at least 8 h the stimu-
lation of PEPCK mRNA expression induced by
isoprenaline (Fig. 2). We chose a 4 h treatment
time to analyze the concentration dependence
of the dexamethasone effect on the stimulation
by isoprenaline. Dexamethasone produced a
dose-dependent decrease in PEPCKmRNAwith
a half-maximal effect of at least 10 nM (Fig. 3),
a concentration higher than the 1 nM value
observed previously for the reduction of basal
PEPCKmRNA [Franckhauser et al., 1995].

Transcriptional and Posttranscriptional Effects of
Glucocorticoids and b-Agonists on PEPCK Gene

Expression in 3T3-F442A Adipocytes

Using transcription run-on experiments, we
demonstrated previously that b-agonist and glu-
cocorticoid actions on PEPCK gene expression
in 3T3-F442A adipocytes were transcriptional,

at least in part. The observed changes of PEPCK
mRNAmay also be the consequence of a change
in mRNA stability. To test this hypothesis, we
measured the PEPCK mRNA half-life in hor-
mone-treated adipocytes. For that purpose, we
exposed 3T3-F442Aadipocytes to the transcrip-
tion inhibitor 5,6-dichloro-1b-ribofuranosyl
benzimidazole (DRB) after a 1 h pretreatment
with isoprenaline or dexamethasone. PEPCK
mRNA concentration was followed as a func-
tion of time. In control cells PEPCK mRNA
declined with a half-life of about 5 h (Fig. 4).
Isoprenaline strongly stabilized PEPCKmRNA
that reached a half-life of about 75 h. In con-
trast, dexamethasone did not affect PEPCK
mRNAhalf-life in the basal or stabilized states.
Hence, the glucocorticoid inhibitory effect ap-
peared entirely transcriptional. To ascertain
the transcriptional nature of the dexametha-
sone and b-agonist effects, we made use of a
previously described 3T3-F442Astable transfec-
tant, FL15, bearing 22,100 to 169 bp of the
PEPCK gene promoter region fused to the CAT
gene [Franckhauser et al., 1995]. FL15 cells
were allowed to differentiate into adipocytes
and then were treated for 10 h with dexametha-
sone or isoprenaline or both before measuring
CAT. Variations in CAT activity directly reflect
the hormonal modulation of the PEPCK pro-
moter. As shown in Figure 5, dexamethasone
reduced basal CAT expression by 40%. Isoprena-
line stimulated CAT activity about 21-fold, and
dexamethasone partly inhibited (60%) this in-
duction. Hence, glucocorticoids and b-agonists
clearly modulate transcription of the PEPCK
gene and act via the promoter region of the
gene.

DISCUSSION

In contrast to hepatocytes, adipocytes re-
spond to glucocorticoids by a large decrease in
PEPCK mRNA (Fig. 1) and gene transcription
[Franckhauser et al., 1995] through a mecha-
nism involving the glucocorticoid receptor
[Franckhauser et al., 1994; Franckhauser-
Vogel et al., 1997] and the 58-flanking of the
gene (Fig. 5). The absence of a dexamethasone
effect on the PEPCK mRNA half-life in adipo-
cytes (Fig. 4) demonstrates that themechanism
of glucocorticoid action is purely transcrip-
tional. This fact is in good agreement with our
former observation that the transcription rate
of the gene is potently reduced by dexametha-
sone in the same cells [Franckhauser et al.,
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Fig. 1. Influence of translation inhibitors on hormonal control
of PEPCK mRNA expression. Cells were pretreated 30 min with
10 µM cycloheximide, 30 µM anisomycin, or 1 mM puromycin
and then treated 4 h with the same inhibitor and either 100 nM
isoprenaline or 100 nM dexamethasone in serum-free medium.

Total RNAwas prepared and analyzed as described in Materials
and Methods. A: Results of typical autoradiograms. B: Data
presented in Awere quantified relative to the corresponding 18S
RNA signals by scanning densitometry. Values are in % of
control, untreated cells.



1995]. In contrast to glucocorticoids, cAMP-
producing agents like isoprenaline strongly sta-
bilize PEPCK mRNA in 3T3-F442A adipocytes
(Fig. 4). A similar situation occurs in hepatoma
cells in which cAMP is also a stabilizer [Hod
and Hanson, 1988]. Hence, in both cell types,
cAMP exerts a posttranscriptional effect in ad-
dition to a well-characterized transcriptional
stimulation (Fig. 5) [Lamers et al., 1982; Franck-
hauser et al., 1995; Sasaki and Granner, 1988].
Such a stabilizing effect of cAMP may be the

Fig. 4. Posttranscriptional action of dexamethasone and iso-
prenaline on PEPCK mRNA. 3T3-F442A adipocytes were main-
tained 36 h in serum-free medium before harvesting. Cells were
pretreated for 1 h with no hormone (Cont), 100 nM dexametha-
sone (Dex), 100 nM isoprenaline (Iso), or both (Iso 1 Dex), and
then 100 µM DRB was added for various times. Total RNA was
prepared at the indicated times and analyzed as described in
Materials and Methods. Data are presented as the percentage of
signal at the time of addition of DRB and represent the mean 6

s.e.m. of at least three independent experiments.

Fig. 5. Hormonal modulation of CAT activity in stably trans-
fected PEPCK-CAT/3T3-F442A adipocytes. The stably trans-
fected FL15 cells were allowed to differentiate 7 days as de-
scribed [Franckhauser et al., 1995]. Adipocytes were then
maintained 14 h in serum-free medium and treated for 10 h with
no hormone (Cont), 100 nM dexamethasone (Dex), 100 nM
isoprenaline (Iso), or both (Iso 1 Dex). CAT activity was mea-
sured on cell homogenates as previously described [Franck-
hauser et al., 1995]. Data are presented in % of control and
represent the mean 6 s.e.m. of results obtained from three
independent experiments. Inset:Magnification of data obtained
from control and dexamethasone-treated cells.

Fig. 2. Time course of glucocorticoid action on PEPCK mRNA
induction by b-agonists. 3T3-F442A adipocytes were treated for
various times with 100 nM isoprenaline alone (Iso) or simulta-
neously with 100 nM isoprenaline and 100 nM dexamethasone
(Iso 1 Dex). Total RNAwas prepared at the indicated times and
analyzed as described in Materials and Methods. Results are
presented in % of signal from nontreated cells (control). Data
represent the mean 6 s.e.m. of results obtained from three
independent experiments.

Fig. 3. Dose-dependent effect of glucocorticoids on PEPCK
mRNA induction by b-agonists. 3T3-F4422A adipocytes were
treated 4 h with 100 nM isoprenaline and various concentra-
tions of dexamethasone. Total RNA was prepared and analyzed
as described in Materials and Methods. Results are presented in
% of signal from isoprenaline-treated cells. Data represent the
mean 6 s.e.m. of results obtained from three independent
experiments.
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result of the interaction of RNA-binding pro-
teins with the 38-end of the PEPCK mRNA
[Christ et al., 1991; Christ and Nath, 1993] or
the inhibition by cAMP of a destabilizing pro-
tein [Nachaliel et al., 1993].
Asurprising observation arises from our pres-

ent study: the PEPCK mRNA half-life in 3T3-
F442A adipocytes is about 5 h, a much longer
time than the 50 min reported for hepatoma
cells treated with DRB [Hod, 1994]. This would
be consistent with the observation that PEPCK
protein half-life is longer in adipose tissue than
in liver [Hopgood et al., 1973]. However, a stabi-
lizing effect of DRB on mRNAs has previously
been described [Shyu et al., 1989]. If such an
effect applies to the PEPCK mRNA, then the
PEPCK mRNA half-life would be overesti-
mated, providing an explanation for the ob-
served 80% decrease produced by dexametha-
sone in 3T3-F442A adipocytes at 4 h of
treatment (Fig. 1) [Franckhauser et al., 1995].
In addition to their lowering effect on basal

PEPCK mRNA, glucocorticoids repress b-ago-
nist induction with an equivalent time course
(Fig. 2) [Franckhauser et al., 1995]. This repres-
sion is also purely transcriptional (Fig. 4)
[Franckhauser et al., 1995] and involves the
glucocorticoid receptor as determined by the
inhibitory action exerted by the glucocorticoid
antagonist RU 38486 [Franckhauser-Vogel et
al., 1997]. However, two strong arguments indi-
cate thatdifferentmechanismsmediate the reduc-
tion by glucocorticoids of basal and of isoprena-
line-inducedtranscription.First, theconcentration
of dexamethasone required for producing the
half-maximal effect shows a one order of magni-
tude difference (Fig. 3) [Franckhauser et al.,
1995]. Second, inhibition of b-agonist–induced
stimulation is direct, whereas reduction of basal
transcription requires protein synthesis, sug-
gesting that a glucocorticoid-induced transcrip-
tion factor is involved in the latter mechanism
(Fig. 1). This transcription factor could be the
C/EBPd isoform of the CCAAT enhancer bind-
ing protein (C/EBP) family because 1) it is rap-
idly induced by glucocorticoids in adipocytes
[MacDougald et al., 1994], 2) C/EBP isoforms
are implicated in the liver expression of PEPCK
[Park et al., 1993], and 3) several C/EBP bind-
ing sites are present in the PEPCK promoter
[Park et al., 1990; O’Brien et al., 1994]. Among
the latter, the cAMP response element (CRE),
the P3I sequence, and the accessory factor 2
element (AF2) appear potentially important.

Indeed, in hepatic cells, the former two are
implicated in the cAMP response and the latter
in glucocorticoid stimulation [Park et al., 1990;
Liu et al., 1991; Imai et al., 1990]. Moreover, the
CRE is also an element involved in basal tran-
scription in hepatoma cells [Quinn et al., 1988;
Xing and Quinn, 1993]. If this situation also
prevails in adipocytes, one could imagine that
C/EBPd would impede basal transcription.
The AF2 element is part of the complex re-

gion, the glucocorticoid response unit (GRU),
the integrity of which is required for the full
induction of the PEPCK gene by dexametha-
sone in hepatoma cells [Imai et al., 1990]. The
GRU encompasses two glucocorticoid receptor
binding sites (GREs) located around 2400 bp of
the promoter and two elements upstream of the
GREs: an element named AF1 and the AF2
sequence.Asequence namedAF3, located down-
stream of the GREs, recently has been shown to
be an accessory factor element required for a
complete glucocorticoid response [Scott et al.,
1996]. The AF1 element is able to bind a reti-
noic X receptor (RXR) in heterodimer with ei-
ther a retinoic acid receptor (RAR) or a peroxi-
some proliferator activated receptor (PPAR)
[Hall et al., 1992; Tontonoz et al., 1995]. Two
orphan members of the nuclear receptor family,
hepatic nuclear factor-4 (HNF-4) and chicken
ovalbumin upstream promoter-transcription
factor (COUP-TF), also interact with the AF1
sequence and function as accessory factors in
the hepatic glucocorticoid response [Hall et al.,
1995]. However, 3T3-F442A adipocytes tran-
siently transfected with pPL1-CAT in which
the AF1 sequence has been inactivated by
site-directed mutagenesis respond to dexa-
methasone with a repression of basal and of
isoprenaline-induced CAT expression [Franck-
hauser-Vogel et al., 1997]. This shows that the
AF1 element is not the target for the effect of
glucocorticoids in adipocytes. Whether the
GREs, AF2, or AF3 sequences are functional in
adipocytes is unknown at present.
The adipocyte-specific inhibitory effect of glu-

cocorticoids on the stimulation of PEPCK gene
expression by b-agonists is independent of ongo-
ing protein synthesis (Fig. 1). The observation
that GR can interact physically with the CRE
binding protein (CREB) [Imai et al., 1993] pro-
vides a potential mechanism by which glucocor-
ticoids can repressb-agonist–induced transcrip-
tion in a protein synthesis–independent fashion.
In hepatoma cells, the CRE at about 290 bp is
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implicated in the full positive response of the
PEPCKgene to glucocorticoids [Xing andQuinn,
1993; Imai et al., 1993]. In a similar way, in
AtT-20 cells the CRE present in the corticotro-
pin-releasing hormone gene promoter mediates
both positive cAMP regulation and glucocorti-
coid repression of cAMP-stimulated transcrip-
tion probably via an interaction between GR
and CREB [Guardiola-Diaz et al., 1996].
Glucocorticoids modulate transcription of

many genes. Among these, an increasing num-
ber are shown to be under negative control, and
the precise underlying mechanisms appear di-
verse, complex, and still unresolved. Our dem-
onstration that transcription of the PEPCKgene
is repressed by glucocorticoids in a cell-specific
fashion and that reduction of basal transcrip-
tion and inhibition of stimulation follow two
different regulatory pathways highlights the
suitability of this gene as a valuable model for
deciphering the mechanisms of glucocorticoid
negative action.
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