Journal of Cellular Biochemistry 85:651-661 (2002)

Evidence for Selective Induction of Phosphoenolpyruvate
Carboxykinase Gene Expression by Unsaturated and
Nonmetabolized Fatty Acids in Adipocytes
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Abstract Polyunsaturated fatty acids (PUFAs) and 3-thia fatty acids are hypolipidemic and decrease insulin
resistance in Type Il diabetic animals. To exert such an action, these FAs could decrease adipose tissue lipolysis or
increase esterification. Glyceroneogenesis is an important metabolic pathway in adipocytes for re-esterification of FAs
originating from lipolysis and in hepatocytes for triacylglycerol synthesis during fasting. Cytosolic phosphoenolpyruvate
carboxykinase (PEPCK) plays a key role in this pathway. Here we show that the PUFA docosahexaenoic acid (DHA)
stimulates PEPCK mRNA in glucose-deprived adipose tissue explants from fed rats and in 3T3-F442A differentiated
adipocytes. This effect is maximum at 3 h, stable up to at least 11 h of treatment, and affects the transcription of the gene.
PEPCK mRNA half-life is not affected. Among a series of adipocyte transcripts, only the adipocyte lipid binding protein
mRNA is also increased by DHA, although later than the PEPCK mRNA and at a much lower extent. DHA has no effect
on PEPCK gene expression in the H4IIE hepatoma cells in which this gene is responsive to other inducers like CAMP. This
lack of effect is not due to a failure of DHA to act in H4IIE cells since it induces the carnitine palmitoyltransferase 1
(CPT-1) mRNA. Therefore, the DHA effect appears to be cell-selective. Results of experiments using either tetradecylthio
acetic acid and a-bromopalmitate, two nonmetabolized FAs, or a series of inhibitors of FA metabolism show that the FA
effect on PEPCK mRNA is not due to a product of its metabolism. Hence, polyunsaturated and nonmetabolized FAs
stimulate adipose PEPCK, therefore potentially enhancing glyceroneogenesis and reducing FA output. This mechanism
could participate in the hypolipidemic action of PUFAs. J. Cell. Biochem. 85: 651-661, 2002. © 2002 Wiley-Liss, Inc.
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Fatty acids (FAs) are the major metabolic
substrates, which have profound influence in
human health. Most particularly, saturated
and unsaturated long-chain FAs have many

Abbreviations used: 8-CPT-cAMP, 8-(4-chlorophenylthio)
adenosine 3':5'-cyclic monophosphate; Br-palm, a-bromo-
palmitate; AA, arachidonic acid; ALBP/aP2, adipocyte lipid
binding protein; BSA, bovine serum albumin; CPT-1,
carnitine palmitoyltransferase; DHA, docosahexaenoic
acid; DMEM, Dulbecco’s modified Eagle medium; DR1,
direct repeat-1; DRB, 5,6-dichloro-13-p-ribofuranosylbenz-
imidazole; FA, fatty acid; FAAR, fatty acid activated
receptor; FAS, fatty acid synthase; FCS, fetal calf serum;
Glut4, glucose transporter 4; HSL, hormone-sensitive
lipase; LCFA, long-chain fatty acid; L-FABP, liver fatty
acid binding protein; LPL, lipoprotein lipase; NDGA,
nordihydroguaiaretic acid; NEFA, nonesterified fatty acid;
PEPCK, cytosolic phosphoenolpyruvate carboxykinase (EC
4.1.1.32); PPAR, peroxisome proliferator-activated recep-
tor; PPRE, PPAR response element; PUFA, polyun-
saturated fatty acid; RXR, retinoid X receptor; TDGA,
tetradecylglycidic acid; TTA, tetradecylthioacetic acid;
TTP, tetradecylthiopropionic acid; Type II-DM, Type II
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antagonistic properties. For instance, diets rich
in long-chain saturated FAs (LCFAs) favor
hypertriglyceridemia, adipocyte hypertrophy,
atherosclerosis, insulin resistance, and Type II

diabetes melitus; UCP2, uncoupling protein 2; VLDL, very
low density lipoprotein.
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diabetes mellitus (Type II-DM); whereas diets
rich in long-chain polyunsaturated FAs
(PUFAs) have opposite effects and are beneficial
for health . Moreover, synthetic FAs which are
blocked for B-oxidation like the 3-thia FA
tetradecylthio acetic acid (TTA) are hypolipi-
demic in different animal models [Berge and
Hvattum, 1994].

Type II-DM is characterized by a state of
insulin resistance accompanied with a reduc-
tion in insulin secretion and a large increase in
plasma NEFAs, the latter being one of the most
precocious parameter in the disease [Randle,
1998]. Blood NEFAs mainly originate from the
hydrolysis of triacylglycerols (lipolysis) stored
in adipose tissue, when the energy requirement
is high, for instance during fasting. Therefore, a
dysregulation in the processes of adipose tissue
FA storage (esterification) and/or triacylgly-
cerol lipolysis could favor Type II-DM. Hence
physiopathological repercussions can be ex-
pected from the analysis of the mechanisms by
which saturated FAs and PUFAs influence
adipose tissue metabolism.

Among the routes taken by FAs to alter
metabolism, an important one emerged over
the past 10 years; they act as signaling mole-
cules involved in regulating expression of a
number of genes [Duplus et al., 2000]. To study
FA effect on gene expression in adipose tissue,
most of the works have been made using
cultured adipocyte precursors which, under
LCFA stimulation, are entailed to differentiate
into mature adipocytes via the process named
“adipogenesis” [Grimaldi et al., 1999]. In con-
trast, studies carried out on mature adipocytes
are scarce. A few years ago, we demonstrated
that the phosphoenolpyruvate carboxykinase
(PEPCK) mRNA was induced by the monoun-
saturated FA oleate and by PUFAs in mature
adipocytes of the 3T3-F442A cell line. Since
there is no known post-translational regula-
tion of PEPCK, changes in PEPCK mRNA are
directly reflected in modifications of PEPCK
activity [Forest et al., 1997]. Besides its well-
known involvement in glucose synthesis (glu-
coneogenesis) in liver, PEPCK plays also an
important function in triacylglycerol storage in
adipose tissue [Reshef and Shapiro, 1970] and
probably also in liver [Kalhan et al., 2001]. It
catalyzes the decarboxylation of oxaloacetate
to phosphoenolpyruvate, therefore providing
glycerol-3-phosphate required for FA esterifica-
tion. This metabolic pathway, named glycero-

neogenesis, is required when the glucose supply
to the cell is low, i.e., during fasting, or under
low glucose but high lipid or protein diets
[Ballard et al., 1967; Reshef et al., 1970; Botion
et al., 1995; Kalhan et al., 2001]. In agreement
with the physiological role of the enzyme, high
PEPCK mRNA level is found in adipose tissue
from rats fed a high fat diet [Antras-Ferry et al.,
1995]. Hence, because of the role of PEPCK on
FA metabolism in adipocytes, the FA effect on
the PEPCK gene is physiologically relevant.

In our previous studies, the most potent FA
tested was the docosahexaenoic acid (DHA,
C22:6, ®3) [Antras-Ferry et al., 1995]. This re-
sult appeared of great interest, since ®3 PUFAs
administered in vivo are the most efficient
FAs in reducing plasma NEFA levels in Type
II-DM models [Storlien et al., 1996; Raclot and
Oudart, 1999]. Moreover, DHA is poorly oxidiz-
ed in the mitochondria and in the peroxisomes
[Madsen et al., 1998, 1999; Berge et al., 1999].
The effect of ®3 PUFAs on plasma NEFAs could
be explained by a related increase in PEPCK.

We already showed that FAs stimulate the
transcriptional rate of the PEPCK gene in a
direct manner, i.e., without the need for ongoing
protein synthesis [Antras-Ferry et al., 1994,
1995]. Whether post-transcriptional effects
occur remain an opened question that we decid-
ed to address in the present study. Further-
more, FAs are actively metabolized in cells.
Hence, not only FAs per se but also products of
FA metabolism can act as a relay to affect gene
expression. Since potential FA-regulated genes
are co-expressed in a given tissue, the question
arises as to whether they are regulated in a co-
ordinate manner. Last but not the least, the
same gene can be expressed in various tissues
where different regulations can occur depend-
ing on the cell context. The present work was
engaged to address these issues.

We show that DHA and nonmetabolized FAs
induce PEPCK gene expression in adipocytes,
with no post-transcriptional effect. DHA effect
is direct and affects the transcription of the
gene. Its metabolism is not required. We de-
monstrate also that PEPCK is the sole investi-
gated gene which responds to FAs by arapid and
potent induction of expression. Surprisingly,
DHA induces PEPCK mRNA in adipocytes but
not in H4ITE hepatoma cells, which express and
regulate PEPCK in response to hormones.
Therefore, FA control of PEPCK gene transcrip-
tion appears to be cell-selective.
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MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle’s medium (DMEM),
Ham-F12 medium, new born calf serum, and
fetal calf serum (FCS) were from Life Technol-
ogies (Cergy-Pontoise, France). [a->?P]-dATP,
Hybond-N* blotting membranes and X-ray
films were from Amersham (Les Ulis, France).
Random priming kit and QuikHyb hybridiza-
tion solution were from Stratagene (Amster-
dam). Docosahexaenoic acid (DHA, C22:6) and
arachidonic acid (AA, C20: 4) were from Cay-
man Chemical (Ann Arbor). Essentially FA-
free bovine serum albumin (BSA) (A-6003);
5,6-dichloro-1B-p-ribofuranosyl benzimidazole
(DRB) and all other products were purchased
from Sigma (I'Isle d’Abeau Chesnes, France).
TTA and tetradecyl thiopropionic acid (TTP)
were prepared as previously described.

Cell Culture and Treatment

Cells were cultured at 37°C in a humidified
atmosphere of 10% COz, 90% air. 3T3-F442A
cells were grown and differentiated in Dulbec-
co’s modified Eagle’s medium (DMEM) contain-
ing glucose (25 mM), penicillin (200 IU/ml),
streptomycin (50 mg/L), biotin (8 mg/L), and
pantothenate (4 mg/L) with 10% newborn calf
serum. At confluence of the cells, newborn calf
serum was changed to 10% FCS, and insulin
(20 nM) was added to the medium. H4IIE hepa-
toma cells were grown in Ham’s F-12 medium
containing glucose (9 mM), penicillin (200 IU/
ml), and streptomycin (50 mg/L), sodium bicar-
bonate (3.7 g/L) and 10% FCS. Medium was
changed every 2-3 days. Experiments were
performed on mature adipose cells (8—10 days
after confluence) or sub-confluent H4IIE cells.
Twenty-four hours before RNA extraction, cells
were placed in serum-free and hormone-free
medium in the presence of glucose or not.
Treatments with effectors were performed for
1-24 h. When glucose was omitted, medium
was enriched with pyruvate (1 mM) and lactate
(0.1 mM).

Culture of Adipose Tissue Fragments

Male Wistar rats, bred in our laboratory, were
used. They were housed at a constant tempera-
ture of 24°C. Rats weighting approximately
200 g were trained for 14 days to a meal-feeding
regimen (10:00—12:00 h) on a standard diet as
described previously [Antras-Ferry et al., 1995].

They were then either fasted for 24 h or refed for
3 h before sacrifice. Periepididymal fat pads
were immediately removed, cut in small pieces,
washed in Kreb’s buffer (pH 7.4), and treated
with different effectors for 4 h in serum-free,
glucose-free DMEM containing pyruvate (1 mM)
and lactate (0.1 mM).

RNA Extraction and Analysis

RNA from tissue fragments and from cul-
tured cells was extracted by the method of
Chirgwin et al. [1979] and of Chomczynski and
Sacchi [Chomeczynski and Sacchi, 1987], respec-
tively. Total RNA was electrophoresed on a 1%
agarose gel containing 2.2 M formaldehyde and
blotted onto a nylon membrane. The integrity
and relative amounts of RNA were assessed by
Methylene Blue staining. Prehybridization and
hybridization of the blots were carried out using
the Quick Hyb solution (Stratagene). Mem-
branes were hybridized for 1 h at 68°C with
100 pg/ml sonicated salmon sperm DNA and 10°
cpm/ml of cDNA labeled with [0-32P] dATP by
random priming, according to the manufac-
turer’s instuctions. Membranes were washed
twice for 15 min at room temperature in
2xSSC, 0.1% SDS and then for 30 min at
60°C with 0.1X SSC, 0.1% SDS. Specific probes
used were PC116, FLHSL, aP2, mL5, pFAS18,
and CPTIcDNA fragments for, respectively, rat
PEPCK, rat hormone sensitive lipase (HSL),
mouse ALBP/aP2, mouse LPL, rat FAS, and
liver carnitine palmitoyltransferase 1 (L-CPT-
1) mRNAs [Spiegelman et al., 1983; Nepokroeff
et al., 1984; Beale et al., 1985; Kirchgessner
etal.,1987; Esseretal., 1993; Holm et al., 1988].
An oligonucleotide specific for the 18S ribosomal
RNA was 32P-labeled and used as a control, as
described previously [Plee-Gautier et al., 1996].
mRNA signals were quantified using the
Instant Imager (Packard) and were corrected
for differences in RNA loading by comparison
with the signals generated by the 18S ¢cDNA
probe.

RESULTS

DHA-Induction of PEPCK Gene Expression
in Rat Adipose Tissue Explants Is Dependent
on the Nutritional Status

We demonstrated previously that DHA was
the most potent FA inducer of PEPCK gene
expression in glucose-deprived 3T3-F442A
adipocytes. To determine whether FAs affect
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PEPCK mRNA in adipose tissue, we assayed
the DHA regulation of this gene in rat periepi-
didymal adipose tissue explants maintained
ex vivo. Explants from either fed or fasted rats
were incubated with DHA complexed to serum
albumin for 4 h in the presence of glucose or not.
PEPCK mRNA from fasted rats is not respon-
sive to DHA, whether explants are cultured in
the presence of glucose or not (Fig. 1). In
contrast, PEPCK mRNA is increased threefold
by DHA when explants obtained from fed
animals are maintained in the absence of
glucose (Fig. 1). Hence, glucose prevents induc-
tion as expected [Antras-Ferry et al., 1995].
Therefore, DHA induction of PEPCK mRNA is
only observed in adipose tissue explants from
fed rats cultured in the absence of glucose.

Adipose tissue contains adipocytes and many
other cell types (preadipocytes, macrophages,
endothelial cells, fibroblasts...). Consequently,
in order to study the mechanism of FA action on
PEPCK gene expression specifically in adipo-
cytes, glucose-deprived differentiated 3T3-
F442A cells were used throughout the rest of
this work.

PEPCK mRNA Is Rapidly Induced by DHA
in a Dose-Dependent Manner

A treatment time of 4 h was chosen to
determine the concentration-response relation-
ship of DHA action on PEPCK gene expression.
At the constant concentration of 40 pM bovine

Adipose tissue explants
-Glucose + Glucose
Cont DHA Cont DHA
b "
Fasted FHECK “ “ ALRD
Rats
185 rRNA
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Fig. 1. Effect of DHA and glucose on PEPCK mRNA in adipose
tissue fragments from fed or fasted rats. Adipose tissue fragments
from fed or fasted rats were incubated for 4 h in serum-free
DMEM with BSA (40 pM) and either 25 mM glucose (+ Glucose)
or 1 mM pyruvate and 0.1 mM lactate (—Glucose). DHA
(320 pM) was complexed to BSA and added (DHA) or not (Cont)
in the medium. RNA extraction and analysis are described in
Materials and Methods. Results of a typical autoradiogram are
shown.

185 rRNA

serum albumin, the DHA-induction of PEPCK
mRNA was concentration-dependent, with a
half-maximum effect (EC50) reached at about
120 uM, and a maximum reached at 320 uM
(Fig. 2). At 640 pM, some toxicity is observed,
rendering results difficult to interpret (data not
shown). Next, we used the maximal concentra-
tion of 320 uM to analyze the time-course of
DHA action. As shown in Figure 3, a fivefold
induction is already observed at 3 h, indicating a
very fast effect which is maintained for eight
additional hours and decreases thereafter. The
basal level is recovered at 24 h.

Moreover, such a strong and rapid stimula-
tion by DHA appears specific to PEPCK mRNA
since FAS, LPL, HSL, and ALBP/aP2 tran-
scripts remain unchanged up to 7 h following
DHA addition (Fig. 3). On a longer term basis,
i.e., at 9 and 11 h, ALBP/aP2 transcript increa-
sestransiently and at a lower level than PEPCK
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Fig. 2. Effect of DHA concentration on PEPCK mRNA in 3T3-
F442A adipocytes. Differentiated cells were maintained for 20 h
in serum-free, glucose-free medium. Medium was then renewed
with the indicated concentrations of DHA complexed to BSA
(40uM). Four hours later, RNA was extracted from two 60-mm
dishes and was analyzed as described in Materials and Methods.
Upper pannel: Results of a typical autoradiogram are shown.
Lower pannel: Data were quantified and normalized for
differences in RNA loading by using the 18S rRNA signal. Data
are expressed as the percentage of PEPCK signal from control
(BSA-treated cells). Each value represents the mean + SEM of
results obtained from three independent experiments.
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Fig. 3. Time-course of DHA action on the expression of
various genes in 3T3-F442A adipocytes. Differentiated cells
were maintained throughout the 24 h experiment in serum-free,
glucose-free medium. BSA (40 pM), either alone (C) or
complexed to DHA (320 uM) was added to the medium for
24,11,9, 7,5, and 3 h before the cells were harvested. RNA was
extracted and analyzed as described in Materials and Methods.
Upper pannel: Results of typical autoradiograms are shown.
Lower pannel: Data were quantified and normalized for
differences in RNA loading by using the 18S rRNA signal. Data
are expressed as the percentage of PEPCK signal from control
(BSA-treated cells). Each value represents the mean 4 SEM of
results obtained from three independent experiments.

mRNA as expected [Amri et al., 1991b]. A
24 h-treatment with DHA results in a decrease
in FAS gene expression (Fig. 3) as described
earlier [Mater et al., 1998].

DHA Effect on PEPCK Gene Expression
Is Transcriptional and Does not Affect
mRNA Half-Life

DHA induction of PEPCK mRNA can be the
result of an increased transcription rate of
the gene and/or of an enhancement in mRNA
stability. To address these questions, 3T3-
F442A adipocytes were first exposed to the
Class II genes transcription inhibitor DRB for
30 min before DHA treatment. DRB hasno effect
on the basal PEPCK mRNA but does prevent
DHA induction (Fig. 4, insert). This result,
combined with the observation that the protein
synthesisinhibitor cycloheximide does not affect
DHA induction of the PEPCK mRNA (not
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Fig. 4. DHA action on PEPCK mRNA half-life and influence of
the transcription inhibitor DRB on DHA induction in 3T3-
F442A adipocytes. Differentiated cells were maintained for 20 h
in serum-free, glucose-free medium. Medium was then renewed
either with BSA (40 uM) alone (Cont) or complexed to DHA
(320 pM). Three hours later, DRB (25 pg/ml) was added (DRB;
DHA 4+ DRB) or not (Cont; DHA). Cells were harvested at
different times relative to DRB addition. Insert: differentiated
cells were maintained for 20 h in serum-free, glucose-free
medium, then medium was renewed with BSA (40 uM) either
alone (Cont) or with 25 pg/ml 5,6-dichloro-1p-ribofuranosyl
benzimidazole (DRB) for a 30 min preincubation. DHA
(320 uM) was then added in the medium for 4 h with or without
DRB. RNA was extracted and analyzed as described in
Materials and Methods. Data were quantified and normalized
for differences in RNA loading by using the 18S rRNA signal.
Data are expressed as the percentage of PEPCK signal
from control (BSA-treated cells). Each value represents the
mean+SEM of results obtained from three independent
experiments.

shown), is consistent with a direct and tran-
scriptional action of DHA on the PEPCK gene.

To investigate the possibility that PEPCK
mRNA half-life could be affected by FAs, we
treated 3T3-F442A adipocytes with 320 pM
DHA for 3 h, then with DRB. We followed the
decrease over time of the PEPCK mRNA signal
by Northern blotting. Adipocyte PEPCK mRNA
decreases with identical rates in the presence
and absence of DHA, showing that half-life is
not affected by the treatment (Fig. 4). Hence,
DHA specifically affects the transcriptional rate
of the gene.
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Involvement of DHA Metabolism in PEPCK
mRNA Induction

DHA action can be due to FA per se or to a
metabolite. Indeed, DHA like most FAs can be
metabolized. As shown in Figure 5, DHA can be
either B-oxidized or give rise to peroxidation
products. Like arachidonic acid (AA, C20:4),
DHA is involved in leukotriene and prostanoid
synthesis or interferes with it [Corey et al.,
1983; Smith, 1989]. To identify the potential
involvement of a DHA-derived metabolite on
PEPCK gene expression in adipocytes, inhibi-
tors of the metabolic pathways were used.

The FA tetradecylglycidic acid (TDGA)
inhibits the CPT-1 activity in the inner mito-
chondria membrane leading to inhibition of FA
B-oxidation [Skorin et al., 1992]. At 1 and 5 uM,
TDGA has no effect on PEPCK mRNA (Fig. 6A).
At 25 uM, TDGA induces PEPCK mRNA with
the same magnitude as that obtained with
320 uM DHA (Fig. 6A). However, PEPCK gene
induction by DHA is enhanced by TDGA at 5
and 25 pM, suggesting that -oxidation of DHA
in mitochondria is not required for the effect.
To ascertain the latter conclusion, we used
nonf-oxidizable FAs, the tetradecylthioacetic
acid (TTA) [Berge and Hvattum, 1994], and
a-bromopalmitate [Grimaldi et al., 1992]. TTA
is a saturated FA in which a sulfur atom is
substitutive of the three methylene group. In
vivo and in vitro, TTA has PUFA-like proper-
ties, e.g., hepatic peroxisome and mitochondria
proliferation and reduction in the plasma con-
centration of nonesterified FAs, triacylglycerol,
and cholesterol [Skorve et al., 1990]. As shown
in Figure 6B, TTA induces PEPCK mRNA in a
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Fig. 5. Metabolic pathways of DHA and action of inhibitors.
DHA can be B-oxidized or lead to peroxidation products. Like
arachidonic acid (AA) hydrolized from membrane phospholi-
pids (PL), DHA can give rise to prostanoids or leukotrienes
synthesized respectively by the cyclooxygenases (COX) or the
lipooxygenases (LIPOX). Inhibitors of the different pathways are
shown: tetradecylglycidic acid (TDGA), vitamine E (Vit. E),
nordihydroguaiaretic acid (NDGA), and aspirin (ASP).
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Fig. 6. Influence of TTA and TDGA on DHA action on PEPCK
mRNA in 3T3-F442A adipocytes. Differentiated cells were
maintained for 20 h in serum-free, glucose-free medium.
Medium was then renewed. A: Cells were pretreated with BSA
(40 uM) either alone (C) or with TDGA at the indicated
concentrations for 30 min. DHA (320 uM) was then added for
4 h in the presence or not (C) of TDGA at the indicated
concentrations. B: Cells were treated with BSA (40 pM) either
alone (C) or complexed with TTA (A), TTP (P), or DHA at the
indicated concentrations for 4 h. C: Cells were treated with BSA
(170 puM) either alone (C) or complexed to a-bromopalmitate
(Br-palm) for the indicated times. RNA was extracted and
analyzed as described in Materials and Methods. Results of a
typical autoradiogram are shown.

dose-dependent manner, with a magnitude
similar to that obtained with DHA. In contrast,
the control 4-thia FA, tetradecylthiopropionic
acid (TTP) which is B-oxidizable, stimulates
PEPCK mRNA with a much lower magnitude
than TTA (Fig. 6B). a-bromopalmitate is an
inhibitor of FA oxidation. Figure 6C shows that
this modified FA is also a strong inducer of
PEPCK mRNA as soon as at 2 h of treatment.
Taken together, these results show that f-
oxidation is not required for FA action on
PEPCK gene expression in adipocytes.

The potential involvement of peroxidation
products was investigated using vitamin E, an
antioxidant which inhibits the peroxidative
processes. Vitamin E does not prevent DHA
stimulation (Fig. 7A). Furthermore, we found
no peroxidation products in stimulated-cells
(not shown). Conclusively, peroxides are not
involved in DHA action in these cells. Last
but not the least, nordihydroguaiaretic acid
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Fig. 7. Influence of vitamin E, NDGA, and aspirin on DHA or
arachidonic acid action on PEPCK mRNA in 3T3-F442A
adipocytes. Differentiated cells were maintained for 20 h in
serum-free, glucose-free medium. Medium was then renewed.
A: Cells were treated with BSA (40 uM) either alone (—) or
complexed to DHA (320 pM) in the presence of 70 pM vitamin E
(Vit. E) or not (). B: Cells were pretreated with BSA (40 uM)
either alone or with NDGA (60 uM) or 200 pM aspirin (ASP) for
30 min. DHA (320 uM) or 320 uM arachidonic acid (AA) was
then added for 4 h in the presence or not of NDGA or ASP. RNA
was extracted and analyzed as described in Materials and
Methods. Results of a typical autoradiogram are shown.

(NDGA) and aspirin were used to inhibit lipo-
oxygenases and cyclo-oxygenases, respectively
[Della Loggia et al., 1988]. These two enzyme
systems control leukotriene and prostanoid
synthesis, respectively. Pretreatment of 3T3-
F442A adipocytes with either NDGA or aspirin
does not affect DHA-induced increase in
PEPCK mRNA (Fig. 7B). The AA also stimu-
lates PEPCK mRNA as expected [Forest et al.,
1997] and its effect is not prevented by NDGA
or aspirin (Fig. 7B). These results indicate
that DHA or AA action is not the result of an
interference with prostanoid or leukotriene
production.

DHA Induction of PEPCK Gene Expression
Does not Occur in Hepatoma Cells

The PEPCK gene is also expressed in hepa-
tocytes where the enzyme is gluconeogenic but
also probably glyceroneogenic as expected from
recent work [Kalhan et al., 2001]. It has been
shown that FA can control the expression of
several genes involved in lipid metabolism in
the liver [Jump and clarke, 1999]. DHA action
on the PEPCK gene was investigated in the

HAIIE rat hepatoma cells. The latter cells were
treated with DHA or with the cAMP analog, 8-
CPT-cAMP for 4 h, either in the presence of
glucose or not. As shown in Figure 8, DHA has
no effect on PEPCK mRNA in this cell type
whether glucose is present or not. In contrast,
8-CPT-cAMP increases PEPCK mRNA in
HAIIE cells, as expected [Sasaki et al., 1984],
showing that this gene is responsive to other
inducers in those cells (Fig. 8). As expected also
from earlier studies performed in hepatocytes,
DHA induces the CPT-1 mRNA in H4IIE cells,
demonstrating that the FA was active in these
experiments. Hence, DHA action on the PEPCK

- Glucose +Glucose
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Cont DHA cAMP Cont DHA cAMP

L-CPT1 .*. o .‘”. o ATk
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Fig. 8. Effect of glucose and DHA or cAMP on PEPCK and
CPT-1 mRNAs in H4IIE hepatoma cells. Sub-confluent cells
were maintained for 20 h in serum-free medium with either 9
mM glucose (+ Glucose) or T mM pyruvate and 0.1 mM lactate
(—Glucose). Medium was then renewed with BSA (40 uM) either
alone (Cont) or complexed to DHA (320 pM) or 100 pM 8-
(4-chlorophenylthio) adenosine 3':5'-cyclic monophosphate
(cAMP). RNA was extracted and analyzed as described in
Materials and Methods. Upper panel: Results of a typical
autoradiogram are shown. Lower panel: Data were quantified
and normalized for differences in RNA loading by using the 185
rRNA signal. Data are expressed as the percentage of PEPCK or
L-CPT-1 signal from control (BSA-treated cells). Each value
represents the mean+SEM of results obtained from three
independent experiments.
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gene appears to be strongly dependent on cell
context.

DISCUSSION

DHA induces a robust and rapid increase in
PEPCK mRNA in rat periepididymal adipose
tissue fragments and in 3T3-F442 differen-
tiated adipocytes. The induction is dose-depen-
dent with an EC50 around 120 uM, in good
agreement with NEFA concentrations found in
human plasma, varying between 0.1 and 2 mM
depending upon the nutritional status and the
physiopathological condition of the individual.
None of the other transcripts tested in this
study is responsive to DHA at early times of
treatment, up to 7 h. Only ALBP/aP2 mRNA
shows some induction at longer times of treat-
ment, although the magnitude of increase
remains far from that of PEPCK mRNA. Others
reported previously that rats fed chronically a
DHA-enriched diet show, in the post-absorptive
state, adecrease in FAS, HSL, LPL, and PEPCK
mRNAs specifically in peritoneal adipose tissue
compared to the subcutaneous adipose depot
[Raclot et al., 1997]. This discrepancy between
these results and ours can be explained by (1) a
different FA action depending upon the locali-
zation of adipose depots and, (2) a long-term in
vivo effect compared to a short-term and direct
in vitro action in our case. In 1995, we showed
that fasted rats refed for 3 h with a high fat diet
maintained PEPCK mRNA close to 100% in
adipose tissue while a high carbohydrate diet
induced a drasticfall [Antras-Ferry et al., 1995].
This result is in good agreement with our
present study in which DHA effect is analyzed
between 3 and 24 h after treatment.

The ALBP/aP2 transcript is augmented by
oleate or by the nonmetabolizable a-bromopal-
mitate [Grimaldi et al., 1992; Antras-Ferry
et al., 1995]. A two- to threefold increase in 4—
24 h can be detected only in glucose-deprived
cells. Run-on transcription experiments clearly
demonstrated the transcriptional nature of the
effect [Amri et al., 1991]. However, in the
absence of data using inhibitors of protein syn-
thesis, one cannot exclude the occurrence of an
indirect effect. A similarly weak increase in LPL
mRNA by linoleate or a-bromopalmitate has
also been observed in long-term (24 h) treated
Ob1771 adipocytes [Amri et al., 1996]. In these
experiments, however, LPL gene transcription
has not been determined, and a post-transcrip-

tional action of FA cannot be excluded. There is
no evident interpretation for the difference
between this reported increase in LPL mRNA
and our results showing no effect of FAs. The
fact that different cell lines and distinct FAs
have been used could explain the discrepancy.

Our previous and present results show that
FA induction of the PEPCK gene is direct and
strictly transcriptional, i.e., does not require
protein synthesis and does not change mRNA
half-life. Induction of PEPCK activity follows
[Forest et al., 1997]. Because of the glyceroneo-
genic role of PEPCK, such a stimulatory action
of FAs is physiologically relevant. First, after a
hyperlipidic diet, FAs from LPL-hydrolyzed
lipoproteins can be more easily stored as
triacylglycerols in adipocytes when glycerol-3-
phosphate synthesis is stimulated. Second, the
increase in PEPCK activity, which results in
glycerol-3-phosphate production during fast-
ing, allows an enhancement in FA re-esterifica-
tion, thereby controlling the output of FAs
originating from lipolysis. PEPCK is also ex-
pressed in liver and hepatoma cells. However, it
is not responsive to DHA in H4IIE hepatoma
cells, in contrast to what is shown in adipocytes.
In these cells, PEPCK probably exerts a dual
function, gluconeogenic and glyceroneogenic,
as in liver [Kalhan et al., 2001]. Hence, a DHA-
induced enhancement of glucose and triacyl-
glycerol synthesis in liver, through PEPCK
induction during fasting, would augment gly-
cemia and VLDL production, therefore would be
contradictory to the observed beneficial effect of
DHA on these parameters. Indeed, our results
showing that DHA induces adipose PEPCK are
consistent with the observation that PUFAs in
general and DHA in particular are hypolipi-
demic, increase glucose disposal, and reduce
insulin resistance [Storlien et al., 1998]. The
fact that the hypolipidemic TTA also stimulates
adipose PEPCK reinforces this point.

The nature of the DHA signal to the PEPCK
gene is presently unknown. Because palmitate
is not efficient [Antras-Ferry et al., 1995] and
because TDGA does not prevent DHA action,
the hypothesis that a mitochondrial B-oxidative
product of this FA is involved can be inferred.
Furthermore, TTA and bromopalmitate are
potent inducers although nonp-oxidizable.
DHA could act via the production of peroxida-
tion derivatives as it has been described for the
PUFA inhibition of FAS gene expression in
hepatocytes [Foretz et al., 1999]. This is not the



Regulation of PEPCK by Docosahexaenoic Acid and Tetradecylthio Acetic Acid 659

case here since vitamin E does not impair DHA
stimulation. Furthermore, oleate is a strong
inducer of PEPCK, although barely sensitive to
peroxidation. One of the modes of action of FAs
on gene expression could be via an alteration in
eicosanoid synthesis. Indeed, DHA has been
reported to affect prostaglandin and leuko-
triene production and to competitively inhibit
cyclo-oxygenase from working on arachidonic
acid [Corey et al., 1983; Smith, 1989]. However,
neither aspirin nor NDGA, which inhibit res-
pectively the synthesis of prostaglandins and
that of leukotrienes, have any effect on PEPCK
mRNA. They do not modify AA or DHA stimul-
ation of PEPCK gene expression, strongly
suggesting that the AA-derived eicosanoids
are not involved in FA action in our case.
Altogether, these results strongly suggest that
the effect of DHA on PEPCK gene transcription
is not due to a product of its metabolism but to
the FA per se.

One of the proposed mechanisms of PUFA
induction of gene transcription is via the
activation of a nuclear receptor [Rao and Reddy,
1987]. In that respect, the peroxisome prolif-
erator activated receptors (PPARs) are good
candidates [Wahli et al., 1999]. To date, three
isoforms have been cloned: PPAR a, 6 (=f=
NUC1=FAAR), and vy, with tissue-selective
expression, ligand-specific activation, and abil-
ity to heterodimerize with retinoid X receptors
(RXR). In in vitro assays, the three PPAR
isoforms clearly bind various FAs with some
specificity, PUFAs having a good affinity
[Forman et al., 1997; Kliewer et al., 1997; Krey
et al., 1997]. The PPAR/RXR heterodimer inter-
acts in target genes with peroxisome pro-
liferator response elements (PPREs). PPREs
are direct repeat of AGGTCA separated by one
nucleotide (DR1) with a 5’ extension of AACT for
an increased specificity. Two such DR1-type
elements, gAF1/PCK1 and PCK2, have been
characterized in the PEPCK gene [Lucas et al.,
1991; Tontonoz et al., 1995a]. They are potential
targets for DHA induction. Moreover, TTA and
a-bromopalmitate are respectively PPARa and
PPARS activators [Raspe et al., 1999; Jehl-
Pietri et al., 2000]. However, if one of the PPARSs
is indeed the relay of DHA stimulation of the
PEPCK gene, it is unlikely that PPARa and &
areinvolved, since PEPCKisnot an FA target in
HA4IIE hepatoma, which express these two
PPAR isoforms [Lee et al., 1997]. Studies with
primary hepatocytes reinforce this point

[Daviesetal.,2001]. APPARy2isoform of PPARYy
has been cloned by Spiegelman and co-workers
[Tontonoz et al., 1994]. We showed recently that
the PCK2 element in the PEPCK gene is strictly
required to mediate PPARy-specific ligand
induction of PEPCK gene transcription in
adipocytes [Glorian et al., 2001]. PPARy2 is
expressed selectively in adipocytes and, there-
fore, could be the FA-responsive receptor in
adipose tissue. This hypothesis is in accordance
with the observation that PPARy is rapidly
diminished in adipose tissue of fasted rats in
which we show that PEPCK gene expression is
not responsive to DHA [Vidal-Puig et al., 1996].
It will be of great value to investigate this
point since it raises the question of whether
unsaturated FAs exert a selective action on the
adipose-specific isoform of PPAR. Anyhow, this
striking cell-specific and gene-selective action of
DHA on the PEPCK gene places this gene, its
product, and glyceroneogenesis on a central role
in adipocytes.
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