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Abstract. Organs are flexible as to which substrates
they will use to maintain energy homeostasis. Under
well-fed conditions, glucose is a preferred substrate
for oxidation. During fasting, fatty acid oxidation will
become a more important energy source. Glucose
oxidation is decreased by fatty acids, a process in
which the pyruvate dehydrogenase complex (PDH)
and its regulator pyruvate dehydrogenase kinase 4
(PDK4) play important roles. It is currently unknown
how energy status influences PDH activity. We show
that AMP-activated protein kinase (AMPK) activa-

tion by hypoxia and AICAR treatment combined with
fatty acid administration synergistically induce PDK4
expression. We provide evidence that AMPK activa-
tion modulates ligand-dependent activation of perox-
isome proliferator-activated receptor. Finally, we
show that this synergistic induction of PDK4 decreas-
es cellular glucose oxidation. In conclusion, AMPK
and fatty acids play a direct role in fuel selection in
response to cellular energy status in order to spare
glucose.

Keywords. Glucose metabolism, pyruvate dehydrogenase, pyruvate dehydrogenase kinase 4, AMP-activated

protein kinase, fatty acids, hypoxia.

Introduction

The pyruvate dehydrogenase complex (PDH) cata-
lyzes the oxidative decarboxylation of pyruvate (E1
component), the transfer of the resulting acetyl group
to CoA (E2 component) and the regeneration of the
oxidized lipoamide (E3 component). The reaction
links glycolysis with oxidative metabolism because the

" These two authors contributed equally to this work.
* Corresponding author.

product acetyl-CoA enters the citric acid cycle. The
reaction at this critical branch point in metabolism is
irreversible and therefore well controlled. The main
regulation occurs by reversible phosphorylation of the
E1l component of PDH, which abolishes enzyme
activity. The PDH complex contains associated regu-
latory enzymes, including pyruvate dehydrogenase
kinase (PDK) and pyruvate dehydrogenase phospha-
tase. The activities of these enzymes determine the
proportion of PDH in its active dephosphorylated
state.
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The regulation of PDH activity plays an important
role in the metabolic flexibility of organs, meaning the
choice of which substrates an organ will use to
maintain energy homeostasis. Under normal, well-
fed conditions, glucose is the preferred substrate for
oxidation. During fasting, however, mitochondrial
fatty acid p-oxidation (FAO) will become a more
important energy source as an alternative for glucose.
This reciprocal relationship between FAO and glucose
oxidation is known as the glucose-fatty acid cycle or
Randle cycle [1]. In normal physiology, the main
function of this cycle is glucose sparing during fasting
when glucose supply is limited and plasma free fatty
acids and FAO are elevated. The Randle cycle plays a
crucial role in the pathophysiology of metabolic
diseases such as type 2 diabetes.

The activity of PDK is regulated by both short- and
long-term mechanisms. Short term regulation includes
activation of PDK by the reaction products of PDH,
i.e. acetyl-CoA and NADH. Thus, high acetyl-CoA/
CoA and NADH/NAD" ratios activate PDK, leading
to an inhibitory phosphorylation of PDH. PDK
activity is inhibited by its substrate pyruvate, but
also the therapeutic compound dichloroacetate.
Long-term regulation of PDK occurs primarily at
the transcriptional level. In mammals there are four
PDKSs, which have different biochemical properties
and are expressed in a tissue-specific manner [2 — 5].
PDK1 was found almost exclusively in rat heart.
Recently, it was described that PDK1 is a target for
hypoxia inducible factor-1a. (HIF-1a.)[6, 7]. As such,
PDK1 plays an indispensable role in the adaptation of
cellular metabolism to hypoxia. PDK3 is abundantly
expressed in rat testis, but its role is relatively unex-
plored. PDK?2 and PDK4 seem to play adaptive roles
in fasting and starvation. PDK?2 is ubiquitously ex-
pressed and its expression increases significantly in
liver and kidney upon fasting. PDK4 expression is
highly responsive is tissues such as heart, skeletal
muscle and kidney. The transcriptional regulation of
PDK4 has been intensively studied over the last years
and functional promoter elements have been identi-
fied for glucocorticoid receptor, peroxisome prolifer-
ator-activated receptor (PPAR), estrogen-related re-
ceptor and FOXO [8 — 10].

We now show that AMP-activated protein kinase
(AMPK) activation and fatty acids synergistically
induce PDK4 expression. AMPK is a sensor and
regulator of cellular energy balance [11]. AMPK is
activated by AMP, which is a signal for low energy
status, but also by other signaling pathways, such as
adiponectin signaling. Activated AMPK initiates a
signaling cascade aimed at restoring cellular energy
levels. A principal event is the phosphorylation of
acetyl-CoA carboxylase (ACC), which converts ace-
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tyl-CoA in malonyl-CoA. Malonyl-CoA is an inhib-
itor of carnitine palmitoyltransferase 1 (CPT1), the
first enzyme in the carnitine shuttle that is necessary
for the import of acyl-CoAs into mitochondria. As
such, CPT1 catalyzes a rate-limiting step in the FAO
pathway. Therefore, AMPK activation aims to in-
crease energy production by FAO. The crosstalk
between fatty acid and energy status signaling in
regulation of PDK4 expression is completely novel,
and further increases the cells’ reliance on fatty acids
as energy source.

Materials and methods

Materials. The rabbit polyclonal anti-HIF-1a anti-
body was obtained from Novus Biologicals (NB100-
449SS, Littleton, CO). A mouse monoclonal against
phosphorylated acetyl-CoA carboxylase (ACC,
Ser79) was obtained from Millipore (Upstate Bio-
technology, #05-673, Amsterdam Zuidoost, The
Netherlands). The rabbit polyclonal anti-ACC anti-
body was purchased from Cell Signaling Technology
(Danvers, MA). Actinomycin D was obtained from
MP Biomedicals (Eindhoven, The Netherlands) and
dissolved in methanol. Compound C was purchased
from Calbiochem (VWR International B.V., Amster-
dam, The Netherlands) and dissolved in DMSO. 5-
Aminoimidazole-4-carboxamide-1-f3-D-ribofurano-
side (AICAR), oleate, creatine, L-carnitine, taurine
and laminin were from Sigma (Zwijndrecht, The
Netherlands). [U-"*C]-glucose was from GE health-
care (Diegem, Belgium). Expression plasmids
(pcDNA3, Invitrogen) encoding AMPKal,
AMPKpP1 and AMPKy1l were provided by Dr. D.
Carling [12].

Cell culture. Fao cells (rat hepatoma cells, a gift from
Dr. Latruffe, Universit¢ de Bourgogne, Dijon,
France) were cultured in minimal essential medium
(MEM) medium (+Earle’s, +25mM HEPES, -L-
glutamine) supplemented with 10% fetal bovine
serum, L-glutamine, non-essential amino acids, pen-
icillin, streptomycin and fungizone (all from Invitro-
gen, Breda, The Netherlands) and incubated in a
humidified CO, incubator at 37 °C.

Cardiomyocyte isolation and culture. Cardiac myo-
cytes were isolated from an adult rat heart as
described by Luiken et. al [13]. Directly after iso-
lation, cells were suspended in MKR-buffer (modi-
fied-Krebs-Ringer buffer in mM: 117 NaCl, 2.6 KCl,
1.2 KH,PO,, 1.2 MgSO,, 10 NaHCO;, 10 HEPES)
supplemented with 2 mM D-glucose and 0.45 % fatty
acid free BSA (MP Biomedicals) and plated on
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laminin-coated (1 pg/ml) glass coverslips in six- well
plates at a density of 10 000 cells/cm?. Cells were left to
attach for 1 hour at 37 °C and 5% CO,. After
attachment, cells were washed with MKR-buffer and
treatments were started.

Treatments. In order to obtain a hypoxic culture
environment, cells were placed in the Modular
Incubator Chamber (MIC-101, Billups-Rothenberg,
Del Mar, CA). The chamber was gassed with 95 % N,
and 5% CO, for 15 minutes at a constant pressure of
0.5 pounds per square inch (PSI). This equals a flow
rate of approximately 31.7 L/min. Afterwards the
chamber was sealed and placed at 37 °C. This
procedure was repeated after 1 hour of incubation.
At the end of the treatment, O, concentration in
culture medium of water was assessed using a Clark
type oxygen electrode. O, saturation measured was
always between 25 % and 19 % of the maximal oxygen
saturation at room temperature. The environment in
the incubator is expected to be more hypoxic, since the
transfer of the medium to the electrode allows oxygen
diffusion.

For treatment of Fao cells, the cells received fresh
MEM medium containing BSA, AICAR, oleate or
their combination, at concentrations indicated in the
figures. Oleate was prepared as a 2 mM stock solution
MEM medium containing 2% BSA fatty acid free
(Sigma).

For cardiomyocyte treatment, the cells received
medium 199 + CCT (in mM: 5 creatine, 2 L-carnitine,
5 taurine) + 100 U/ml penicillin and 100 pg/ml
streptomycin containing BSA, AICAR, oleate or
their combination, at concentrations indicated in the
figures. Oleate was prepared as a 2 mM stock solution
in medium 199 containing 2% BSA fatty acid free
(Sigma).

Expression analysis. Total RNA was extracted from
frozen tissue samples or cells using Trizol reagent
(Invitrogen). cDNA was synthesized from total RNA
with the SuperScript First-Strand Synthesis System
(Invitrogen) and random hexamer primers. The real-
time PCR measurement of individual cDNAs was
performed using SYBR green dye to measure duplex
DNA formation with the Roche Lightcycler 480
system. The expression data were normalized by
calculating the ratio with cyclophilin B (Ppib), a
housekeeping gene. The sequences of the primer sets
are available upon request.

Immunoblot analysis. Equal amounts of total Fao cell
protein were separated by SDS-PAGE (7% for HIF-
la and 7% for ACC) and transferred onto nitro-
cellulose by semi-dry blotting. For immunoblotting of
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ACC, TM ureum was added to the Laemmli sample
buffer, the stacking and running gel.

Luciferase reporter assay for PPAR transactivation.
The PPAR response element (PPRE) derived from rat
AcoxI was cloned three times in tandem in a pGL3
vector (Promega) that also encodes a TK minimal
promoter by using Sacl and Xhol restriction sites [14,
15]. Fao cells plated in 48 well plates were transiently
transfected with 0.6pg plasmid (0.3pg pGL3-PPRE3x
with 0.3pg pCMV-B-galactosidase (Clontech) in Fig-
ure 4A — C; 0.15pg pGL3-PPRE3x combined with
0.15ng  pcDNA3-AMPKal, 0.15pg pcDNA3-
AMPKpP1, 0.15pg pcDNA3-AMPKyl or 0.45ug
pcDNA3 as the empty vector control in Figure 4D,
E) in MEM medium without fetal bovine serum using
lipofectamine 2000 (Invitrogen), according to the
instructions of the manufacturer. Cells were incubated
for 24 hours with MEM medium supplemented with
0.4% BSA and compounds at the concentrations
indicated in the figure. Luciferase and 3-galactosidase
assays were performed as described [16].

Glucose oxidation. Glucose oxidation was assessed by
measuring the production of “CO, from [U-"*C]-
glucose. Fao cells were seeded in a T25 culture flask.
CO, production was measured during 24 hours of
incubation in culture medium as described above with
1uCi of [U-"*C]-glucose as the tracer.

Statistics. Data are expressed as mean +/- SD. Differ-
ences between vehicle and treated cells were analyzed
by a paired ¢ test or oneway ANOVA followed by a
Dunnett post hoc test (* denotes P < 0.05 and **
denotes P < 0.01) using SPSS. The Dunnett post hoc
test was performed with the + AICAR + oleate or
hypoxia + oleate condition as control category.

Results

Synergistic induction of PDK4 expression by hypoxia
and fatty acids. To identify potential effects of cellular
energy status and fatty acid supply on PDK4 expres-
sion, Fao cells were cultured under normoxic and
hypoxic conditions in the presence and absence of
oleate. The principal events during hypoxia are
stabilization of HIF-1o protein and lactate production
due to decreased mitochondrial respiration. Immuno-
blotting confirmed the presence of HIF-la protein
after the hypoxia treatment (Fig. 1A). The presence of
oleate did not affect HIF-1a levels during normoxia
and hypoxia (Fig. 1A). Hypoxia treatment also caused
lactate production (Fig. 1B).
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Figure 1. Synergistic induction of PDK4 expression by hypoxia and fatty acids. (A) Immunoblot analysis of Fao cell lysates using a HIF-1a
antibody. Oleate concentration was 100uM. The * indicates an aspecific protein band. (B) Lactate concentration in the culture medium
after 8 hours of incubation. Due to the FCS, initial lactate concentration in the medium was 1.19 mmol/L. Thus under normoxic condition
Fao cells consume lactate, whereas during hypoxia there is lactate production. (C) Expression levels of selected HIF-1a target genes. (D)
Expression levels of selected PPAR target genes. All incubations (B, C and D) were performed in triplicate. The data of one representative
experiment are shown. (E) Dose response of the induction of PDK4 expression by oleate (25, 50 and 100uM) under normoxia and hypoxia.
Induction of PDK4 by octanoate (400uM). All incubations were performed in duplicate.
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We analyzed expression of genes involved in the
hypoxia response and fatty acid metabolism. Hypoxia
increased the expression of two classic markers of the
hypoxic response, vascular endothelial growth factor
(VEGF) and glucose transporter 1 (Glutl) (Fig. 1C).
The expression of both genes was not affected by the
presence of oleate. The expression of genes involved
in FAO, medium chain acyl-CoA dehydrogenase
(MCAD), CPT1a, carnitine acylcarnitine translocase
(CACT) and acyl-CoA oxidase (ACOX1), was upre-
gulated by the addition of oleate under normoxia
(Fig. 1D and not shown). Many genes encoding
enzymes of FAO, including CPTla, MCAD and
ACOXI1, have functional PPAR response elements
in their promoter [17 — 22]. The induction by oleate is
therefore most likely caused by the ligand-dependent
activation of PPAR by elevated free fatty acid levels.
Hypoxia prevented the upregulation of the expression
of these genes. Interestingly, the ligand-dependent
induction of another PPAR target gene, PDK4, was
strongly stimulated by hypoxia (Fig. 1D). Hypoxia
alone did not affect PDK4 expression levels. The
induction of PDK4 expression by hypoxia and oleate
was dose dependent. Another fatty acid, octanoate,
had a similar effect as oleate on PDK4 expression
(Fig. 1E).

Hypoxia mimetics do not reproduce the effect of
hypoxia on PDK4 expression. To define whether HIF-
la activation plays a role in the induction of PDK4
expression by fatty acids, we used CoCl,. CoCl, mimics
the hypoxia response by substituting iron, which
inhibits the action of a prolyl hydroxylase and
subsequently stabilizes HIF-1a. CoCl, indeed stabi-
lized HIF-1a (Fig. 2A). CoCl, itself also increased
PDK4 expression, but this induction was independent
of the presence of oleate (Fig. 2B). Two other hypoxia
mimetics, desferrioxamine (iron chelator) and dime-
thyloxalylglycine (2-ketoglutarate analog), also failed
to reproduce the effect of hypoxia on PDK4 expres-
sion (data not shown). These results suggest that HIF-
la does not play a role in the induction of PDK4 by
hypoxia and oleate.

AMPK activation mimics the effect hypoxia on PDK4
expression. Besides the stabilization of HIF-1a,
hypoxia also decreases cellular energy status due to
an inhibition of mitochondrial oxidative metabolism.
As a result, AMP levels increase and AMPK is
activated. To test whether AMPK activation could
mediate the induction of PDK4 by hypoxia and oleate,
we treated Fao cells with AICAR in the presence and
absence of oleate. AICAR treatment did not stabilize
HIF-1a (Fig. 1A). In contrast, both AICAR and
hypoxia treatment did lead to phosphorylation of
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ACC, which is a downstream target of AMPK
(Fig. 2C). The oleate-dependent induction of PDK4
expression was strongly stimulated by AICAR
(Fig. 2D). In contrast, AICAR did not increase the
ligand-dependent induction of mitochondrial thioes-
terase 1 (MTE1)[23], another PPAR target gene
(Fig. 2D). AICAR alone did not affect PDK4 expres-
sion levels, thus perfectly reproducing the effects of
hypoxia.

Most effects of AMPK activation are at the level of the
proteome. To show that the effect of AICAR on
PDK4 was transcriptional, we inhibited transcription
using actinomycin D. Actinomycin D completely
prevented the induction of PDK4 expression by
AICAR and oleate, indicating that it is a transcrip-
tional event (Fig. 2E). Actinomycin D itself had no
effect on the expression of the housekeeping gene
cyclophilin B, as demonstrated by a comparison of the
Ct-values of treated and untreated samples (data not
shown).

To add strength to the observation that AMPK
mediates the effect of hypoxia on the induction of
PDK4 expression by oleate, we used compound C,
which is an AMPK inhibitor [24]. Compound C
prevented the induction of PDK4 expression by
hypoxia and oleate, indicating that AMPK mediates
this response (Fig.2F). A separate experiment
showed that compound C was able to prevent
AMPK signaling (data not shown).

Synergy of AMPK and fatty acids on PDK4 expres-
sion in primary cardiomyocytes. In order to reproduce
our results obtained in Fao cells, we decided to make
use of rat primary cardiomyocytes, since PDK4 is
expressed abundantly in the (rat) heart. We treated
cardiomyocytes with AICAR in the presence and
absence of oleate and quantified the expression of
PDK4, MTE1, MCAD and UCP3. The oleate-de-
pendent increase in the transcription of PDK4 was
strongly stimulated by AICAR (Fig. 3). In contrast,
MTE1 and MCAD expression was not significantly
stimulated by AICAR in the presence of oleate
(Fig. 3). UCP3 expression in cardiomyocytes was
increased in response to AICAR treatment, consis-
tent with other reports on skeletal muscle [25]. The
combination of AICAR and fatty acids increased
expression even further. Interestingly, fatty acids
alone had no effect. Our results in primary cardio-
myocytes indicate that the synergy of AMPK activa-
tion and fatty acids on PDK4 expression is a physio-
logically relevant mechanism.

AMPK activation increases ligand-dependent PPAR
activation. Although PDK4 is the only PPAR target
gene that responded synergistically to hypoxia and
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Figure 2. AMPK activation mimics the effect hypoxia on PDK4 expression. (A) Immunoblot of Fao cell lysates using a HIF-1a antibody.
The hypoxia mimetic CoCl, was used at 100uM. Oleate concentration was 100uM. The * indicates an aspecific protein band. (B) Expression
levels of PDK4 and HIF-1a target genes (Glutl and VEGF). (C) Immunoblot analysis of Fao cell lysates using antibodies against ACC and
phosphorylated ACC. The AICAR concentration was 2mM, the oleate concentration was 100uM. (D) Expression analysis of selected
PPAR target genes (PDK4 and MTE1). (E) Expression analysis of PDK4 after inhibition of transcription using 1pug/mL actinomycin D. (F)

Expression analysis of PDK4 after inhibition of AMPK activation by hypoxia using 12.5uM compound C. All incubations (B, D, E and F)
were performed in triplicate.
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AICAR, we reasoned that PPARa or PPARf were
the most likely candidate mediators of this effect. Fao
cells express PPARa and at lower levels PPARP,
PPARY is not expressed (data not shown and [26]).
This explains why Fao cells respond better to Wy-
14643, a specific PPARa ligand, when compared to
GW501516, a specific PPARP ligand (data not
shown). To test if PPAR can mediate the effect
AICAR, we employed a PPAR transactivation assay
with a synthetic promoter consisting of the thymidine
kinase minimal promoter and the PPRE derived from
rat Acoxl three times in tandem driving luciferase
expression. This construct was transiently transfected
to Fao cells. These Fao cells were subsequently treated
with AICAR in the presence and absence of oleate.
The ligand-dependent induction of luciferase was
stimulated by AICAR (Fig. 4A). In contrast, AICAR
alone did not increase luciferase activity (Fig.4A),
again perfectly mimicking the effects on PDK4
expression. To provide further evidence for a role of
PPAR in this ligand-dependent induction, we used 2
synthetic PPAR agonists, bezafibrate, a PPAR pan-
agonist (Fig. 4B) and Wy-14643 (Fig. 4C). AICAR is
able to increase the ligand-dependent induction by
both compounds (Fig. 4B, C). AICAR did not affect
the ligand-dependent induction by GW501516 (data

Relative expression level

not shown), indicating that in Fao cells PPARo may
primarily mediate the effects of AMPK activation.
Given that pharmacological activators and inhibitors
can have non-specific or off-target effects, we further
investigated the role of AMPK using molecular bio-
logical tools. We used the PPAR luciferase reporter
system and transfected Fao cells with plasmids encod-
ing AMPKal, AMPKf1 and AMPKYy1. Cotransfec-
tion of these AMPK subunits not only potentiated the
effect of AICAR, but also increased basal luciferase
reporter activity and the oleate- and bezafibrate-
stimulated luciferase activity (Fig.4D, E). These
results prove that we are looking at specific effects
of AMPK activity and not off-target AICAR effects.
Similar results have been obtained after transfection
of AMPKa2, 1 and vyl, AMPKal alone, and
AMPKo?2 alone (data not shown).

AMPK activation and oleate synergistically decrease
glucose oxidation. We measured glucose oxidation
rates in Fao cells after treatment of cells with AICAR
and oleate. Oleate decreased glucose oxidation by
48 % when compared with untreated cells (from 1.08
nmol/mg.h to 0.56 nmol/mg.h). AICAR, by itself,
already decreased oleate oxidation by 79% (0.22
nmol/mg.h), but the combination of oleate and
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AICAR had the most pronounced effect, decreasing
glucose oxidation by 94 % (Fig. 5A, 0.06 nmol/mg.h).
We combined the data of three independent experi-
ments and normalized the data to the incubations
without oleate (Fig. SB). This shows that oleate alone
decreased glucose oxidation by 37 %, whereas in the

80 100 120 140 ing8to 10 incubations.

40 60

% of - oleate

combination of oleate with AICAR this effect was
more than doubled (67 %, Fig. 5B).

The strong decrease of glucose oxidation by AICAR
alone might be explained by stimulation of mitochon-
drial fatty acid oxidation by AMPK-mediated ACC
phosphorylation. An alternative explanation might be
offered by recently reported AMPK-independent



Cell. Mol. Life Sci. ~ Vol. 66, 2009

Fatty acid metabolism

Glucose metabolism

Research Article 1291

Figure 6. A scheme depicting
major metabolic effects of
AMPK activation and fatty
acids. AMPK activation relieves
repression of CPT1 by malonyl-
CoA by phosphorylation and in-
activation of ACC. At the same
time, fatty acids and AMPK
decrease glucose oxidation by a
synergistic effect on the expres-
sion levels of PDK4.

l Fatty acids : Glucose Fatty acids
ACC ;
Acetyl-CoA —> Malonyl-CoA v ¥
Acylcarnitine Acyl-CoA Pyruvate
e | e e Iy QI
CPT1
4 N
4 N
Y Y
Acylcarnitine ——> Acyl-CoA ; Pyruvate
Y
Acetyl CoA
(S J
- J

effects of AICAR. AICAR is able to inhibit glucose
phosphorylation and oxidative phosphorylation in
hepatocytes [27, 28]. Our data, however, strongly
suggest that fatty acids synergize with AMPK to
decrease glucose oxidation.

Discussion

AMPK activation has a wide impact on cellular
metabolism. One of the best-characterized effects is
the decrease in the activity of cellular biosynthetic
pathways. Principal targets for phosphorylation by
AMPK are 3-hydroxy-3-methylglutaryl-CoA reduc-
tase and ACC, which leads to a decrease in the
biosynthesis of sterols and fatty acids, respectively.
More importantly, the decreased activity of ACC also
leads to a decrease in cellular malonyl-CoA levels.
Malonyl-CoA is an inhibitor of CPT1, the first enzyme
in the carnitine shuttle that is necessary for the import
of acyl-CoAs into mitochondria (Fig. 6). CPT1 cata-
lyzes the rate-limiting step in the FAO pathway [29].
Therefore, the lower malonyl-CoA levels resulting
from activated AMPK signaling promote increased
FAO aimed to restore cellular energy status.

PPARSs are other important mediators in tissue fuel
selection. PPARs include PPARa (NR1C1), PPARf/S
(NR1C2) and PPARY (NR1C3) and belong to the
nuclear receptor family of transcription factors.

PPARs function as ligand-activated transcription
factors, which are activated by (dietary) fatty acids
such as oleate. PPARa controls the expression of
many enzymes of the FAO pathway and mediates the
response to fasting [30, 31]. Many studies have shown
that PDK4 is also a PPAR target gene. For example,
PDK4 expression is upregulated by natural (fatty
acids [9, 32]) and synthetic PPAR ligands (PPARa,
Wy-14643 [9] and PPARP/S, GW501516 [33]). Impor-
tantly, the Wy-14643- and fasting-induced increase in
PDK4 expression was absent in PPARa” mice [34]
and the GW501516-mediated increase was absent in
PPARP’ primary muscle cells [35]. More recently, a
potential PPRE in the PDK4 promoter was charac-
terized [36]. PDK4 is able to phosphorylate and
inactivate PDH and therefore decrease glucose oxi-
dation, which allows increased FAO. We now provide
evidence that PDK4 expression is synergistically
induced by AMPK and fatty acids (Fig. 6). AMPK
activation by hypoxia or AICAR has no effect on
PDK4 expression by itself, but increases the ligand-
dependent activation of PDK4 by fatty acids (oleate
but also octanoate, Fig. 1E).

We used a PPAR luciferase reporter assay to provide
further evidence for a role for PPAR and AMPK. In
this system, AICAR increased the ligand-dependent
activation by the natural PPAR ligand oleate and by
the synthetic PPAR agonists bezafibrate and Wy-
14643. GW501516, a synthetic PPAR[ agonist did not
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have this effect, arguing that in Fao cells the effect of
AMPK activation may be primarily mediated by
PPARa. Moreover, cotransfection of the a, 3 and vy
AMPK subunits potentiated the effect of AICAR, but
also increased basal luciferase reporter activity and
the oleate- and bezafibrate-stimulated luciferase ac-
tivity. Although this does not provide a detailed
molecular mechanism for the effect of AMPK activa-
tion on PPAR, we speculate that it might be mediated
via direct or indirect PPAR phosphorylation. Many
studies have shown that phosphorylation modulates
PPARGa activity (reviewed in [37]). N-terminal serine
phosphorylation by ERK-MAPK, JNK, and p38
MAPK, increases ligand-dependent transcriptional
activity. In one study, AMPK was activated in C2C12
myotubes by adiponectin [38]. This resulted in acti-
vated p38 MAPK, and consequently increased ligand-
dependent PPARa activity. This effect was completely
abolished in S6/12/21 A mutant PPARa [38]. Another
study showed that AICAR was able to stimulate FAO
in skeletal muscle by activating PPARa [39]. Besides
PPARa, PPARP/d is another possible candidate
mediator for the effects of AMPK and fatty acids.
As of this moment, PPARP/d phosphorylation has
been poorly studied [37]. Recently, Narkar et al. [35]
described molecular crosstalk between (exercise-)
activated AMPK and PPAR( in skeletal muscle.
Using luciferase reporter assays, they show that
AMPK increase basal and ligand-dependent PPARf
activation. They furthermore show that AMPK acti-
vation does not lead to phosphorylation of PPARf
and that AMPK and PPARP directly interact with
each other. They conclude that AMPK may be present
in a transcriptional complex with PPARp, where it can
potentiate receptor activity via direct protein-protein
interaction and/or by phosphorylating coactivators
such as PGCla [35].

It is remarkable that PDK4 was the only one of the
tested PPAR targets that responded to AMPK
activation. The other tested PPAR targets were
apparently unresponsive. Therefore, it seems that
not all PPAR targets are as sensitive to changes in the
ligand-dependent transactivation. One could argue
that this is caused by specific properties of the PPREs
present in each promoter. Our luciferase reporter
assay using the PPRE from the unresponsive Acox1
would argue against this explanation. An alternative
explanation could be that other elements in the
promoter of non-responding genes antagonize the
effects of AMPK on ligand-dependent PPAR activa-
tion.

An increase in PDK4 expression by itself is not
sufficient to phosphorylate and inactivate PDH.
PDKs are activated by acetyl-CoA, the product of
the PDH reaction and FAO. Therefore, our results

Regulation of PDK4 expression

indicate that the synergistic induction of PDK4
expression by AMPK and fatty acids leads to a PDH
complex that is much more sensitive to inhibition by
acetyl-CoA produced by the oxidation of fatty acids.
Indeed, we show that the decrease in glucose oxida-
tion after the addition of fatty acids is greater when
cells are also treated with AICAR. Combined, our
results suggest that cells prefer to correct their cellular
energy status by increasing FAO rather than glucose
oxidation.

We show that the effect of AMPK activation on
ligand-dependent activation of PDK4 expression is
not only present in Fao cells, a rat hepatoma cell line,
but also in primary cardiomyocytes. This suggests that
it represents a physiologically relevant mechanism.
AMPK activation has multiple effects on cardiac
myocytes. As in skeletal myocytes, it leads to GLUT4
translocation to the sarcolemma, promoting glucose
uptake. At the same time, fatty acid translocase
(FAT)/CD36 also translocates to the sarcolemma,
enhancing the uptake of fatty acids [40]. This further-
more demonstrates that AMPK regulates cardiac
fatty acid use.

Our data might offer an explanation for the remark-
able finding that, in heart, PDK4 is very often one of
the genes that displays the largest changes in expres-
sion levels in response to metabolic disease or
conditions that affect hepatic or cardiac metabolism.
For example, PDK4 was elevated in animal models for
physiological and pathological cardiac hypertrophy
[41], diabetic cardiomyopathy [42, 43] and FAO
defects [44, 45].

To summarize, AMPK and fatty acids synergistically
induce PDK4 expression and decrease cellular glu-
cose oxidation. We conclude that AMPK and fatty
acids play a direct role in fuel selection in response to
cellular energy status in order to spare glucose.
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