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Is there a single mechanism for fatty acid regulation
of gene transcription?
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Abstract

Besides their role as energetic molecules, fatty acids (FAs) also act as signals involved in regulating gene expression. This review
focuses on a few examples of FA regulation. The hepatic lipogenic enzyme, fatty acid synthase (FAS) is negatively regulated by
polyunsaturated FAs (PUFAs) which suppress sterol regulatory element-binding protein 1 (SREBP 1) gene expression and nuclear content
in hepatocytes, thereby reducing FAS gene transcription. It was proposed recently that this reduction in SREBP 1 was the result of a PUFA-
induced antagonism of ligand-dependent activation of the liver X nuclear receptor (LXR), known to be an inducer of the SREBP I gene. In
contrast, several genes are turned on by long-chain (LCFAs) and nonmetabolized FAs in a physiologically relevant manner. These include
the acyl-CoA oxidase (AOX), the liver carnitine palmitoyltransferase 1 (L-CPT 1) and the liver fatty acid binding protein (L-FABP).
While induction of AOX gene transcription appears to be PPARa-dependent, that of the L-CPT I gene seems disconnected from PPAR
activation. Results obtained in preadipocytes and in intestine cells are in support of a key role played by the /6 isoform of PPAR in LCFA
induction of the FABP gene. Transcription of the phosphoenolpyruvate carboxykinase (PEPCK) gene is stimulated by unsaturated and
nonmetabolized LCFAs specifically in adipocytes. Our results reported here support the notion that the mechanisms by which PPARYy
activators and FAs induce transcription of the PEPCK gene are distinct. Altogether these data argue that several FA effects are PPAR-
independent. Evidences suggesting that other transcription factors might be involved are debated. It seems now clear that depending upon
the cell-specific context and the target gene, FAs can take very different routes to alter transcription.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Most of the FA-regulated genes encode proteins playing
arole in FA transport or metabolism (Fig. 1). Genes can be
turned on or off by FAs. The corresponding change in the
amount of specific proteins is an adaptive process that the
cells develop in response to variations in FA concentration
in the vicinity of the target tissue. Circulating nonesterified
FAs (NEFAs) arise from white adipose tissue (WAT) as a
consequence of lipolysis from the stored triacylglycerols
during periods of starvation. The major proportion of blood
NEFAs is bound to serum albumin while a much weaker
amount remains unbound and is named free FA (FFA).
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binding protein; BSA, bovine serum albumin; CAT, chloramphenicol
acetyl transferase; CPT 1, carnitine palmitoyltransferase 1; DHA,
docosahexaenoic acid; DRI, direct repeat 1; DRB, 5,6-dichloro-1f-
ribofuranosyl benzimidazole; FA, fatty acid; FAS, fatty acid synthase;
HNF4, hepatic nuclear factor 4; L-PK, liver-type pyruvate kinase; LCFA,
long-chain fatty acid; L-FABP, liver fatty acid binding protein; LXR, liver

X receptor; NEFA, nonesterified fatty acid; Rosi, rosiglitazone; PEPCK,
cytosolic phosphoenolpyruvate carboxykinase (EC 4.1.1.32); PPAR,
peroxisome proliferator activated receptor; PPRE, peroxisome proliferator
response element; PUFA, polyunsaturated fatty acid; RXR, retinoid X
receptor; SREBP 1, sterol regulatory element-binding protein 1; SRE,
SREBP response element; TF, transcription factor; Type II-DM, type 1I
diabetes melitus; TZD, thiazolidinedione.

NEFAs are cleared from the blood and oxidized in per-
ipheral tissues, among which muscles are probably the
most active. In lipogenic tissues like liver and WAT, FAs
can be synthesized de novo (lipogenesis) from glucose
following glycolysis. Liver, WAT and muscle are therefore
major targets for FA regulation of gene expression. Inside
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Glut 4: glucose transport

Pyruvate kinase (L-PK; liver) : glycolysis
Glucose-6-phosphatase (G6Pase) : gluconeogenesis
ATP citrate-lyase (ACL) : lipogenesis

Down-regulation

Fatty acid synthase (FAS): lipogenesis
Spot 14 (S14) : lipogenesis

Stearoyl-CoA -desaturase 1 (SCD1) : A9 desaturation

Leptin

Acyl-CoA -synthetase (ACS) : activation

Acyl-CoA -oxidase (AOX) : peroxisomal R-oxidation

Carnitine palmitoyitransferase 1 (CPT 1) : activation for mitotochondrial R-oxidation
Cytochrome P450A2 (CYP4A2) : microsomal o-oxidation

Phosphoenolpyruvate carboxykinase (PEPCK): glyceroneogenesis

Fatty acid translocase (FAT-CD36) : membrane transport

Fatty acid binding protein (FABP; liver, adipose, intestine) : intracellular transport

Lipoprotein lipase (LPL): hydrolysis of triacyiglycerols from lipoproteins
UpTegulation

Uncoupling proteins 2 and 3 (UCP2, UCP3): energy production

Fig. 1. Nonexhaustive list of FA-regulated genes and role of the corresponding proteins. The original reports describing the regulation by FAs of the genes

mentioned in this figure can be found in references [56,16].

cells, FAs have various destinies. For instance they can be
elongated, desaturated, B-oxidized for energy production,
peroxidized, exchanged with phospholipids, participate in
or interfere with eicosanoid synthesis. Hence, not only FAs
per se but also products of FA metabolism can be the active
molecules. Moreover, some selectivity of FA mobilization
during lipolysis has been described and could account for
variations in gene regulation (reviewed in [1]). The
mechanism(s) by which FAs modulate gene expression
still remains largely unresolved. The purpose of the present
review is to address this important issue. It does not pretend
to be exhaustive and focuses on some clearly demonstrated
transcriptional mechanisms. It discusses the direct vs.
indirect nature of FA action on genes and attempts to
demonstrate that various routes can be taken, arguing
against the common idea that peroxisome proliferator
activated receptors (PPARs) are always involved in this
process.

2. Generalities about gene regulation

Studies aimed at elucidating the mechanisms by which
an effector regulates expression of a specific gene should
always follow the same sequence of analyses. First, the
transcriptional vs. post-transcriptional step of regulation
should be determined (Fig. 2). In a first step, one should
establish the cell or tissue culture system that maintains
in vitro the physiology of the target tissue. Defining how
the steady-state mRNA level changes in response to the
effector is indicative of the physiological state of the

cells but does not give a clue of the transcriptional nature
of the effect. Run-on transcription experiments and trans-
fection experiments with constructs containing the pro-
moter of the target gene fused to a reporter gene, like for
instance chloramphenicol acetyltransferase (CAT) of
luciferase (Luc), should be carried out to address this
question. Very often, inhibitors of gene transcription, like
actinomycin D or 5,6-dichloro-1f-ribofuranosyl benzi-
midazole (DRB) are used instead. However, the risk of
nonspecific and toxic effects linked to this class of
compounds cannot be ruled out. Moreover, the effector
can act indirectly (Fig. 2). In that case, a newly synthe-
sized protein (protein X, Fig. 2) is required, the produc-
tion of which would be prevented by actinomycin D or
DRB acting by turning off transcription of the corre-
sponding gene (gene X, Fig. 2). Such a result would
suppose that FAs act by altering the synthesis of either
a transcription factor or of some other protein with a rapid
turnover and required for the effect. In such circumstance,
the elucidation of the mechanism by which the effector
act should also be shifted towards deciphering the nature
of protein X (eventually a transcription factor—TF) and
determining whether transcription of the gene encoding
this protein is regulated by the effector. In contrast, the
effect is defined as being direct if it is still achieved in the
presence of protein synthesis inhibitors like cyclohexi-
mide, anisomycin or puromycin. Whether direct or not,
post-transcriptional control can also occur. In that case,
pulse-chase experiments or the use of transcription inhi-
bitors could give some indications about the mechanism
(Fig. 2). We chose to focus the present review on FA



E. Duplus, C. Forest/Biochemical Pharmacology 64 (2002) 893-901

895

Transcriptional
A direct

u Run-on n
u Transfections »

Transcriptional
x indirect

£ t
03

v
Effector—

W

e

Post-transcriptional
indireet

o

1 Pulse-chase u

; Post-transeriptional
direct

» Gene X

ey, SENE [P

/P“’"“’"" Inhibitors

L > actinomycin D
Protein X > DRB

mRNA synthesis
AAAR

Inhibitors .
> cycloheximide ™.

» anisomycin s
> puromycin .

mRNA degradation
- = = AAAAR

Fig. 2. Direct vs. indirect transcriptional and post-transcriptional regulation of gene expression. Among the steps leading from the regulated gene to the
protein, an effector can modulate transcription rate and/or mRNA stability through direct or indirect routes. Run-on transcription and transfection experiments
allow to determine whether transcription is affected but gives no information about the direct vs. indirect action of the effector. Protein synthesis inhibitors
like cycloheximide, anisomycin or puromycin are employed to discriminate direct and indirect effects. Pulse-chase experiments or transcription inhibitors
(actinomycin D, DRB . ..) are used to get insights into post-transcriptional mechanisms of control.

regulation of genes for which the transcriptional nature of
the effect has been clearly determined.

3. PPARs as FA-activated TF

PPARa, a member of the steroid/thyroid receptor super-
family, was first cloned over a decade ago by Issemann
and Green [2]. It was originally shown that peroxisome
proliferators (PP), xenobiotics and the hypolipidemic
agents fibrates were pharmacological activators for this
new receptor [2]. This discovery was rendered feasible by
the establishment of a transactivation assay in which
recipient cells (usually undifferentiated highly prolifera-
tive cells selected for their high transfection efficiency)
are cotransfected with a PPAR expression vector and a
reporter gene placed under the control of a transcription
unit which contains a response element recognized and
activated by the receptor. To date, three PPAR isoforms
have been cloned: a, /6 (NUC1 or FAAR) and vy, with
tissue-selective expression, ligand-specific activation and
ability to heterodimerize with retinoid X receptors (RXR)
for which three isoforms: o, B, ¥ have also been isolated
(reviewed in [3]). The PPAR/RXR heterodimer interact in
target genes with PPAR response elements (PPREs).
Consensus PPREs are direct repeat (DR) of AGGTCA
separated by one nucleotide (DR1) with a 5’ extension of
AACT for an increased specificity [3]. Using the above-
mentioned transactivation assay, it was demonstrated that
long-chain FAs (LCFAs), whether saturated or not, and
certain prostaglandins (15-deoxy- '*'* prostaglandin J2)
and other eicosanoids (8S-hydroyeicosatetraenoic acid;

leukotriene B4) were PPAR activators [3—7]. These com-
pounds were then proposed as natural ligands for all three
PPARs. By analogy, the PPRESs present in the promoter of
regulated genes were defined as FA response elements.
Among FAs, polyunsaturated FAs (PUFAs) were shown to
be the most potent. Later on it was determined that these
FAs and eicosanoids could indeed directly bind to PPARs
[8-10]. More recently, the X-ray crystal structure of
the ligand binding domain (LBD) of the three PPARs
was determined ([11] and references herein). The LBD
contains a cavity large enough to dock a variety of
hydrophobic ligands with low affinity, in accordance with
the promiscuous binding properties of the PPARs for
eicosanoids and PUFAs. The later indeed occupies a
volume of only about 30% of the pocket. To fit with these
properties, the term of FA sensors has been proposed for
PPARs. Since then, the established dogma is that regu-
lated genes contain one or more PPREs in their promoter
and respond to FAs via PPAR activation. However, recent
data provided evidence that this scheme is probably not so
simple.

4. Down regulation of gene transcription
4.1. The liver fatty acid synthase (FAS)

The mechanism by which FAs control transcription of
the gene encoding the hepatic lipogenic enzyme FAS has
made enormous progress lately although the first observa-
tion that feeding mice with linoleate (C18:2 N — 6) greatly
depressed hepatic lipogenesis and FAS was made more
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than 30 years ago [12]. This effect was shown to be
restricted to PUFAs, since palmitate (C16:0) and oleate
(C18:1 N — 9) were inefficient. Blake and Clarke [13] first
showed that the reduction in hepatic FAS mRNA following
the administration to rats of a PUFA-rich diet was caused
primarily by the inhibition of gene transcription. N — 3
and N — 6 PUFAs were both equally efficient. Since
prostanoid inhibitors failed to prevent PUFA action it
was concluded that at least prostanoids are not involved
[14]. In 1998, Worgall et al. [15] demonstrated that the
monounsaturated FA oleate and PUFAs decreased the pool
of mature sterol regulatory element-binding proteins 1 and
2 (SREBP 1 and SREBP 2), therefore down-regulating
transcription of genes having SREBP response element
(SRE) in their promoter. This was shown to be the case for
the FAS and S74 genes, leading to the proposal that dietary
PUFAs would act on the so-called “lipogenic genes” by
suppressing SREBP 1c expression (reviewed in [16]). The
reason for which oleate decreases SREBP lc expression
but has no effect on lipogenic genes remains unclear. Very
recently, Ou et al. [17] deciphered the mechanism by
which unsaturated FAs inhibit transcription of SREBP
Ic. In hepatoma cells, SREBP Ic gene expression is
stimulated by agonists of liver X receptor (LXR), a nuclear
hormone receptor. Unsaturated FAs competitively blocked
activation of LXR by its ligand. Therefore, in that case, the
mechanism of FA action on the lipogenic genes is indirect
and PPARs are not involved.

5. Up regulation of gene transcription

5.1. The liver acyl-CoA oxidase (AOX) and carnitine
palmitoyltransferase (CPT)

The AOX is a peroxisomal enzyme involved in FA
oxidation. Berthou et al. [18] first showed that rats fed a
high fat diet or primary hepatocytes exposed to the non-
metabolized FA, o-bromopalmitate, presented a large
increase in AOX mRNA. Using run-on assays they showed
that o-bromopalmitate acted at the level of gene transcrip-
tion. The promoter-regulatory region of the AOX gene
contains a canonical PPRE which binds avidly the PPAR«
isoform and responds to FAs in transactivation assays in
recipient cells of nonhepatic origin (reviewed in [3]).
Owing to that, it was suggested that PPARa was the
mediator of FA action on this gene. This assumption
was further supported by data obtained with PPAR«-defi-
cient (PPARa —/—) mice [19]. These mice have lost the
ability to respond to a PUFA-rich diet with an increase in
liver AOX mRNA. Moreover, AOX mRNA can barely be
induced by PUFAs in primary hepatocytes prepared from
these PPARo —/— mice. Interestingly, they still respond to
PUFAs by a repression of ‘“lipogenic gene” expression,
confirming that PPARa is not involved in the regulation of
this class of genes.

The situation with the liver carnitine palmitoyltransfer-
ase 1 (L-CPT 1) gene is quite different from that of AOX.
CPT 1 is the regulatory enzyme of mitochondrial B-oxida-
tion. In primary hepatocytes from fetal rats L-CPT 1
mRNA is induced both by fibrates and LCFAs, whether
saturated or not [20]. Activation and metabolism of LCFA
are not required and the effect is indirect [20,21]. Both
agents stimulate the transcription rate of the gene [20].
However, their mechanisms of action are divergent. First,
insulin antagonizes the LCFA-induced transcription of
L-CPT 1 gene but not the PPARa-mediated clofibrate
stimulation. Second, lipooxygenase inhibitors prevent clo-
fibrate action whereas that of LCFAs is maintained. The
final proof that FA action on the L-CPT I gene is not PPAR-
dependent was reported recently [21]. Using a series of
deletions of L-CPT I—Luc constructs transfected into Fao
hepatoma cells, Louet ef al. [21] demonstrated the exis-
tence of a LCFA-responsive region in the first intron of the
gene, distinct from the well-known PPRE contained in the
promoter. The response element remains to be located.
Taken altogether these results show that LCFAs regulate
transcription of the L-CPT I gene through a PPARa-
independent process although this gene is also responsive
to fibrates.

These two examples of FA regulation, AOX and L-CPT
1, illustrate the fact that the same cells use different
mechanisms to stimulate gene transcription in response
to LCFAs. It should be mentioned in addition that LCFA
induction of the L-CPT I gene is not restricted to hepa-
tocytes since it was also demonstrated in the pancreatic -
cell line INS-1 [22].

5.2. The fatty acid binding proteins (FABPs)

The FABPs are small cytosolic proteins that bind LCFAs
with high affinity. These proteins play a crucial role in FA
trafficking and in protection of cells against the adverse
effects of FFAs [23,24]. Tissue-specific isoforms of FABPs
are expressed. The mouse adipocyte FABP (ALBP) gene,
named aP2, was cloned a couple of decades ago. It is
selectively expressed in adipose tissue and is switched on
during the process of adipocyte differentiation (adipogen-
esis) (reviewed in [25]). Spiegelman’s laboratory demon-
strated the existence in this gene of an adipocyte-specific
enhancer located around —5 kilobase pairs (kbp) relative to
the transcription initiation site [26]. Two elements in this
enhancer have a DR1-type sequence and bind a PPARy2/
RXRa heterodimer [27]. In 1991, Amri ef al. showed that
FAs induced ALBP/aP2 gene transcription in preadipose
cells [28,29]. Saturated and unsaturated LCFAs are equi-
potent as is a-bromopalmitate, showing that metabolism is
not required [30]. The stimulation of aP2 gene expression
is blocked by cycloheximide, indicating the occurrence of
either an indirect mechanism or the involvement of other
proteins, not directly working with the PPAR, required for
a full activity of the promoter. The o-bromopalmitate has



E. Duplus, C. Forest/Biochemical Pharmacology 64 (2002) 893-901 897

adipogenic properties but is an inefficient PPARYy activator.
In contrast, it was classified as a good PPARP/d activator
(reviewed in [31]). The same is true for LCFAs. Grimaldi’s
laboratory demonstrated that genetically engineered fibro-
blasts overexpressing PPARB/S and exposed to LCFAs
then to TZDs displayed an induction of PPARY2 and of
the aP2 gene followed by terminal differentiation [32]. A
transactivation-deficient form of PPARP/d which was
mutated in the AF2 domain, severely blunted these effects
[33]. Hence, PPARP/S appeared to play a central role in
FA-controlled adipogenesis and ALBP/aP2 induction.

Similarly, the liver FABP (L-FABP) is induced by
LCFAs in hepatoma cells and in small intestine [34,35].
In both cases, an indirect mechanism appears to prevail. In
small intestine, like in preadipocytes, PPARB/6 seems to
play the key role in LCFA induction [36].

5.3. The adipocyte phosphoenolpyruvate carboxykinase
(PEPCK)

Results reporting FA regulation of gene transcription in
mature adipocytes are scarce. In 1994 we demonstrated
that oleate was a strong and rapid inducer of PEPCK
mRNA in 3T3-F442A adipocytes [37]. This effect is direct
and not due to a product of FA metabolism, affects the
transcription rate of the gene and is restricted to unsatu-
rated FAs, either monounsaturated or polyunsaturated [38].
More puzzling was the observation that among a series of
reported potential target genes for direct FA regulation,
PEPCK appeared quite unique in adipocytes [25,38,39].
Another puzzling observation was the cell-specific nature
of FA action. Indeed, PEPCK mRNA is not affected by FAs
in hepatoma cells whereas it is increased by other effectors,
like cAMP or glucocorticoids [39]. This lack of effect is
not due to a failure in FA action in these cells since the
same treatment induces L-CPT 1 mRNA as expected.

These characteristics of FA control of PEPCK gene
expression are quite in accordance with the role the enzyme
plays in adipocytes. It was described more than 30 years
ago as the key enzyme in glyceroneogenesis, a metabolic
pathway which allows reesterification of FAs during lipo-
lysis, therefore restraining FA output [40]. These results
provided experimental evidence for the existence of a futile
cycle in adipocytes, combining energy storage and release
in fasting situations. Indeed, lipolysis and glyceroneogen-
esis are activated during fasting, a physiological situation
during which glucose supply to the tissue is limited and
glycolysis is reduced. This is consistent with our results
showing that PEPCK mRNA induction by FAs in adipose
tissue explants from rats and in 3T3-F442A adipocytes is
repressed by glucose [37-39]. Although PEPCK is prob-
ably also glyceroneogenic in liver [41] the absence of
hormone-sensitive lipolysis in hepatocytes argues for the
lack of FA action on PEPCK in such cells.

Among a series of tested FAs, the very long-chain PUFA
docosahexaenoic acid (DHA) is by far the most efficient

TZD (rosiglitazone)

PEPCK
gene

| Adipocyte-specific element ]

Fig. 3. A single element in the PEPCK gene mediates thiazolidinedione
action specifically in adipocytes. The PEPCK gene promoter contains two
DR1—type elements able to bind a PPARY/RXRa heterodimer. Only one
of these, PCK2, centered at —993 bp relative to the transcription start site,
is the specific TZD-responsive element. PCK2 is also the adipocyte-
specific element, the deletion of which prevents the expression of PEPCK
in adipose tissue [43,57].

stimulator of PEPCK mRNA in adipocytes [38]. DHA is
one of the best ligands for PPARs. The PEPCK gene
promoter contains two distinct PPAR binding sites,
PCK1 and PCK2 (Fig. 3) [42]. PCK2 is specifically bound
by PPARYy from adipocyte nuclear extracts in gel shifts
experiments [43—45] and is solely required for induction of
the gene by the TZD class of compounds in transfection
experiments (Fig. 3) [45]. These results plus the observa-
tion that neither PPAR activators nor DHA, affect PEPCK
gene expression in hepatoma cells led us to hypothesize
that PPARy was the mediator of FA action on this gene
[39,45]. To address this question, we transiently trans-
fected 3T3-F442A adipocytes with the —2086 to +69 base
pairs (bp) of the PEPCK gene promoter linked to the CAT
gene (pPL1-CAT) and treated the transfected cells for 24 hr
with either rosiglitazone (rosi), 1 pM or DHA, 320 pM in
serum-free, glucose-deprived culture medium, in the pre-
sence of bovine serum albumin (BSA), 40 uM. We
reported previously that, under these conditions, both
agents nicely induce PEPCK mRNA in nontransfected
cells [38,46]. We controlled that this was also the case
with the transfected cells (not shown). Surprisingly, while
rosi increased CAT activity about 3- to 4-fold, as expected,
DHA had no effect (Fig. 4). We tested several additional
conditions, varying DHA concentration in the presence of
BSA or of 10% serum, changing the length of treatment
(1548 hr) or the period of DHA addition, i.e. either
immediately following transfection or after a 24-hr lag;
all this unsuccessfully.

The PPAR concentration could be limited in transfected
adipocytes. To preclude such possibility, we transiently
transfected 3T3-F442A adipocytes with pPL1 in the pre-
sence of varying concentrations of RXRa and either
PPARa, PPARf/6 or PPARY expression vectors (gifts from
Dr. Paul A. Grimaldi, Centre de Biochimie). We then
treated the cells with bezafibrate as PPARa and /o acti-
vator or with rosi, in parallel to DHA. All of the PPAR
expression vectors increased basal CAT activity 2- to 3-
fold, which was additionally stimulated by the respective
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experiments. Results of CAT activity in each transfectant are reported.

ligand, as expected (not shown). However, in none of these
conditions had DHA any effect (not shown).

FAs might act on the PEPCK gene via the first intron, like
they do on the L-CPT 1 gene in hepatocytes. We made a
construct containing —2086 to +274 bp of the rat PEPCK
gene, therefore comprising the first exon and the first intron,
fused to the CAT gene (pPL1-Intl) (Fig. 4). After transient
transfection in 3T3-F442A adipocytes, pPLI1-Intl
responded to rosi with the same magnitude as pPL1, but
not to DHA (Fig. 4). We reasoned that FA effect on the
PEPCK transgene construct might require its integration
into chromatin. We made a series of stable 3T3-F442A
transfectants with pPL1. In most of these transfectants,
CAT activity is increased by rosi, although to various
extents (not shown), while only two (FL15 and FL18)
showed a weak response to DHA (2- to 3-fold), in contrast
to the 12- to 40-fold induction by rosi in the same cells
(Fig. 4).

Altogether these results converge to the conclusion that
the mechanism of FA action on the PEPCK gene in
adipocytes is different from that of TZD. We have shown
that the later involves PPARy and PCK2. Hence, although
the exact mechanism of FA action on this gene still remains
unknown, we can make the assertion that it is not as simple
as requiring PPAR activation.

6. Overview of potential FA-sensor proteins

Besides PPARs, SREBP 1 and LXR, other transcription
factors have been implied in FA effect on genes (Fig. 5).

Among these, the orphan hepatic receptor hepatocyte
nuclear factor 4 (HNF4) was shown to bind FA-CoA
[47]. In transient transfection assays, oleate and PUFAs
inhibit HNF4 transactivation potential on a construct con-
taining the human apolipoprotein CIII gene promoter [47].
In contrast and unexpectedly, the saturated LCFA palmitate
is stimulatory. This potential involvement of HNF4 in
PUFA action has recently gained some physiological sup-
port. The expression of glucose-6 phosphatase, a key
enzyme in gluconeogenesis, is repressed by PUFAs [48].
It was shown that the promoter-regulatory region of this
gene contained HNF4 binding sites and that PUFAs spe-
cifically inhibited HNF4 binding to its cognate response
elements, thereby suppressing its transactivation potency.
In that case, PUFA-CoA thioester appeared to be the active
moiety.

A similar situation was described with the thyroid hor-
mone receptor (TR). The natural ligand for TR is triio-
dothyronine (T3). Studies indicated that FAs and their CoA
esters could inhibit T3 binding to its receptor, thereby
providing a potential mechanism for the FA repression of
T3-dependent genes [49,50]. This observation is quite
interesting since it was shown that TR and PPARs can
compete for limiting amounts of their heterodimerization
partner RXR [51]. The observation that PUFAs and more
specifically DHA binds to all three RXR isoforms and
transactivate RXR-responsive genes places also this tran-
scription factor as a likely candidate for PUFA regulation
[52]. Further work is required to ascertain these hypotheses.

The mechanism by which FAs repress glucose-induced
L-PK gene transcription made some recent progress.
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by saturated FAs. In that case, PUFA-CoA ester is the active moiety. RXR, the dimerization partner for PPARs, TR and other nuclear receptors, was also

shown as being a PUFA-binding protein.

Uyeda and colleagues cloned a new transcription factor,
the carbohydrate response element binding protein
(ChREBP), a mediator of the glucose stimulation of L-
PK gene transcription [53]. They demonstrated that the
ChREBP was the target for short-chain FA and LCFA
repression of glucose-induced transcription and deter-
mined that the AMP-activated protein kinase (AMPK)
was involved in this process [54].

Last but not least, the FABP itself could be involved in
FA control of gene transcription. As already mentioned,
FABPs bind FAs and facilitate their trafficking within cells.
This protein could thus target and deliver FAs to their site
of action. In support of this, Wolfrum et al. [55] showed
recently that L-FABP and PPAR« colocalize in the nucleus
of primary hepatocytes and that both proteins interact
directly in a ligand-dependent manner.

7. Conclusions

From several recent observations, it can be now inferred
that the dogma stating that FA regulation of gene tran-
scription is a simple PPAR-mediated process, should be
revisited. In many instances the effects of PPAR ligands are
disconnected from those of FAs. Indeed, there is no single
mechanism for FA regulation of gene transcription.
Depending upon the cell-specific context and the target
gene, FAs can take very different routes to alter transcrip-
tion. Several transcription factors different than PPARs are
likely candidates and it can be assessed that new pathways
of control will be soon discovered in this quickly evolving
field.
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