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ABSTRACT
In cardiac myocytes, uptake rates of glucose and long-chain fatty
acids (FA) are regulated by translocation of GLUT4 and FA trans-
locase (FAT)/CD36, respectively, from intracellular stores to the
sarcolemma. Insulin and contractions are two major physiological
stimuli able to induce translocation of both transporters and there-
fore enhance the uptake of both substrates. Interestingly, the
cardiovascular drug dipyridamole was able to enhance FA uptake
but had no effect on glucose uptake. The selective stimulatory
effect of dipyridamole on FA uptake was unrelated to its effects on
phosphodiesterase inhibition and on nucleoside transport inhibi-
tion. However, dipyridamole-stimulated FA uptake was abolished
in the presence of sulfo-N-succinimidylpalmitate, which indicated
that FAT/CD36 is involved in the uptake process. Furthermore, the

effect was additive to that of insulin but not to that of the AMP-
elevating agent oligomycin, indicating that dipyridamole stimu-
lates FAT/CD36-mediated FA uptake by activating the AMP-acti-
vated protein kinase (AMPK) signaling pathway. Dipyridamole,
however, neither influenced the intracellular AMP content nor in-
duced activation of AMPK. Finally, dipyridamole was able to in-
duce FAT/CD36 translocation from intracellular storage sites to
the sarcolemma but had no effect on the subcellular distribution of
GLUT4. It is concluded that beyond AMP-activated protein kinase
the contraction-induced and AMPK-mediated signal branches off
into separate mobilization of GLUT4 and of FAT/CD36, and that
dipyridamole activates a yet unidentified target in the FAT/CD36
mobilizing branch.

Dipyridamole is a cardiovascular drug that is currently
being used in the clinic because of 1) its coronary dilatory
properties and 2) its ability to inhibit platelet aggregation
(Humphreys et al., 2002; MacWalter and Shirley, 2002; Pet-
tigrew and Williams, 2002; De Schryver et al., 2003). This is
based, at least in part, on some interesting pharmacological
effects elicited by dipyridamole (DPY) on cardiac myocytes
and other mammalian cells, in that it is recognized to be 1) an
inhibitor of phosphodiesterases V and VI, thereby increasing
intracellular levels of cyclic AMP, and even more potently
cyclic GMP (Komas et al., 1991; Beavo, 1995), and 2) an
inhibitor of nucleoside transport (Hammond et al., 1985).

Furthermore, dipyridamole is known to alter cardiac utiliza-
tion of long-chain fatty acids (FA). Its main action in this respect
is the stimulation of uptake of FA by cardiac myocytes (Abdel-
Aleem et al., 1999, Luiken et al., 2002c). The molecular mech-
anism by which dipyridamole stimulates FA uptake involves a
translocation of the FA transporter FAT/CD36 to the sarco-
lemma (Luiken et al., 2002b). In contrast, the effect of dipyrid-
amole on uptake of glucose, the other main substrate for cardiac
myocytes, is less clear. It has been reported that dipyridamole
inhibits glucose uptake (Steinfelder and Joost, 1988), stimu-
lates glucose uptake (Mainwaring and Mentzer, 1986), or does
not affect glucose uptake (Prasad et al., 1999). At the level of
GLUT4, the main cardiac glucose transporter, dipyridamole
has been found to inhibit its intrinsic activity via a direct inter-
action with the transporter at the sarcolemma (Steinfelder and
Joost, 1988).

For the maintenance of mechanical activity, the heart is
entirely dependent on the uptake of both glucose and FA.
Glucose uptake by cardiac myocytes is completely accounted
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for by the facilitative action of both GLUT1 and GLUT4. Of
these glucose transporters, GLUT4 is the predominant
cardiac isoform; it is �3-fold more abundantly expressed in
the heart than is GLUT1 (Fischer et al., 1997). FA uptake
by cardiac myocytes is mainly mediated by the facilitative
action of FAT/CD36 (Coburn et al., 2001; Brinkmann et al.,
2002). In nonstimulated cardiac myocytes, a substantial
portion of FAT/CD36 is stored in intracellular membrane
compartments. Insulin, which is known to translocate
GLUT4 from intracellular compartments to the cell sur-
face (Kandror and Pilch, 1996), has recently also been
shown to induce the translocation of FAT/CD36 to the
sarcolemma in different muscle tissues (Luiken et al.,
2002a,b). This insulin-induced translocation is sensitive to
inhibition by wortmannin and LY-294002, indicating a
dependence on activated phosphatidylinositol-3 kinase
(PI3K). Other factors, such as hypoxia/ischemia, mitochon-
drial inhibitors, and an increase in contractile activity,
known to induce GLUT4 translocation, have all been found
to activate a PI3K-independent pathway involving AMP-
activated protein kinase (AMPK) (Hayashi et al., 1998;
Winder, 2000; Hue et al., 2002). The involvement of AMPK
in the translocation of GLUT4 has been further substan-
tiated by using the cell-permeable adenosine analog
AICAR. AICAR’s phosphorylated product (ZMP) has been
recognized as a suitable activator of AMPK; consequently,
AMPK has been shown to induce GLUT4 translocation
that is sensitive to inhibitors of adenosine kinase (Hayashi
et al., 1998; Russell et al., 1999). Recently, we have found
that contractions, AICAR and the mitochondrial inhibitor
oligomycin all stimulate FA uptake via translocation of
FAT/CD36 independently of PI3K (Luiken et al., 2003).
Clearly, FAT/CD36 can be mobilized from intracellular
stores by two independent pathways, one inducible by
PI3K and the other by AMPK. Thus, regulation of FA
uptake and regulation of glucose uptake share 1) a com-
mon mechanism (i.e., transporter translocation), 2) induc-
tion by the same physiological stimuli, and 3) common
signaling components.

The ability of dipyridamole to stimulate FAT/CD36 trans-
location in combination with the fact that it has not been
documented that dipyridamole influences GLUT4 recycling
makes it a potentially interesting compound to separate FAT/
CD36 translocation from that of GLUT4. For this, we inves-
tigated the parallel effects of dipyridamole on FA uptake/
FAT/CD36 translocation and on glucose uptake/GLUT4
translocation in the absence and presence of physiological
and pharmacological modulators of PI3K and AMPK signal-
ing. We also included the inhibitory action of dipyridamole on
nucleoside transport in these studies, because it has been
shown that adenosine accumulates inside cardiac myocytes
in the presence of this compound (Van Belle, 1993). Adeno-
sine, through conversion into AMP by adenosine kinase,
could theoretically activate AMPK, thereby offering a poten-
tial action mechanism for dipyridamole. The results show
that dipyridamole stimulates FAT/CD36-mediated FA up-
take by activating the AMPK signaling pathway without
increasing GLUT4-mediated glucose uptake. These observa-
tions make dipyridamole an interesting tool to identify the
molecular components uniquely involved in FAT/CD36 traf-
ficking.

Materials and Methods
Isolation of Cardiac Myocytes. Cardiac myocytes were isolated

from male Lewis rats (200–250 g) using a Langendorff perfusion
system and a Krebs-Henseleit bicarbonate medium supplemented
with 11 mM glucose, and equilibrated with a 95% O2/5% CO2 gas
phase (medium A) at 37°C as described previously (Luiken et al.,
1997). After isolation, the cells were washed twice with medium A
supplemented with 1.0 mM CaCl2 and 2% (w/v) BSA (medium B) and
then suspended in 15 ml of medium B. The isolated cells were
allowed to recover for approximately 2 h at room temperature. At the
end of the recovery period, cells were washed and suspended in
medium B. Only when �80% of the cells had a rod-shaped appear-
ance and excluded trypan blue were they used for subsequent tracer
uptake studies.

Substrate Utilization by Cardiac Myocytes. Cells (2.0 ml; 5–8
mg wet mass/ml), suspended in medium B without glucose, were
preincubated in capped 20-ml incubation vials for 15 min at 37°C
under continuous shaking. To study palmitate uptake, 0.5 ml of the
[1-14C]palmitate/BSA complex was added at the start of the incuba-
tions so that the final concentration of palmitate amounted to 100
�M with a corresponding palmitate/BSA ratio of 0.3. This palmitate/
BSA complex was prepared as described previously (Luiken et al.,
1997). To study deoxyglucose uptake, [3H]deoxyglucose was added at
the start of the incubations in 0.6 ml of medium B without glucose to
a final concentration of 100 �M. Cellular uptake of palmitate (3-min
incubation) and of deoxyglucose (3-min incubation) was determined
upon washing the cells three times for 2 min at 100g in an ice-cold
stop solution containing 0.2 mM phloretin as described previously
(20). The washing procedure did not affect cellular integrity as eval-
uated by microscopic inspection.

Oligomycin (30 �M), insulin (10 nM), dipyridamole (�500 �M),
amrinone (500 �M), zaprinast (100 �M), nitrobenzylthioinosine (100
�M), wortmannin (200 nM), and adenosine (�1.0 mM) were added to
the cell incubations 15 min before addition of radiolabeled substrate.
5-Iodotubercidin (20 �M) was added 90 min before any other addi-
tion. Cell suspensions were incubated with sulfo-N-succinimidyl-
palmitate (SSP; 400 �M) for 15 min, washed to remove unbound
SSP, and resuspended in medium B before addition of radiolabel.
Stock solutions of oligomycin, dipyridamole, amrinone, zaprinast,
nitrobenzylthioinosine, wortmannin, SSP, and 5-iodotubercidin were
prepared in DMSO, which never exceeded a final concentration of
0.5% in the cell suspensions. At this concentration, DMSO did not
affect cellular substrate utilization. All agents were added at the
minimal concentration at which they exerted the maximal effect.
None of these agents, alone or in combination and including SSP,
were found to affect the percentage of cells that 1) were rod-shaped
and 2) excluded trypan blue, as parameters of cellular integrity.

Measurement of Adenosine Phosphates in Cardiac Myo-
cytes. Cardiac myocytes (12–15 mg wet mass/ml) were incubated in
medium B in the absence and presence of additions for 15 min. Then,
they were centrifugated in a microcentrifuge at 2000 rpm. Upon
removal of the supernatant, the cell pellet was extracted with 250 �l
of 3 M perchloric acid and neutralized with 1 M KHCO3. Thereafter,
the cellular content of adenosine phosphates was determined by
high-performance liquid chromatography as described previously
(Van der Vusse et al., 1984).

Measurement of Activation of AMP Kinase. Cardiac myocytes
(8–12 mg wet mass/ml) were incubated in medium B in the absence
and presence of additions for 15 min. At the end of the incubation, an
aliquot was quickly transferred to one third volume of sample buffer
containing 62.5 mM Tris-HCl, pH 6.8, 2 mM EDTA, 20 mM dithio-
threitol, and 7.5% (w/v) SDS, and used for SDS-polyacrylamide gel
electrophoresis. Subsequently, Western blotting was performed with
an antiserum specific for the serine79-phosphorylated acetyl-CoA
carboxylase according to the manufacturer’s instructions.

Subcellular Fractionation of Cardiac Myocytes. Cardiac
myocytes (2.25 ml; 20–25 mg wet mass/ml) were incubated for 15 min
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in medium B in the absence and presence of additions. At the end of
the incubation, the total volume of cell incubations was quickly
transferred to a tightly fitting 5-ml Potter-Elvejhem glass homoge-
nizer on ice containing 1 ml of ice-cold H2O, after which NaN3 was
added to a final concentration of 5 mM to stop ATP-dependent
vesicular trafficking events. Immediately thereafter, cell suspen-
sions were homogenized with 10 strokes. Subsequently, fractionation
was carried out as described previously (Fischer et al., 1995; Luiken
et al., 2002b). For determination of the GLUT4 and FAT/CD36
content in the plasma membrane (PM) and in low-density micro-
somes (LDM), aliquots of the membrane fractions were separated
with SDS-polyacrylamide gel electrophoresis and Western blotting
(Luiken et al., 2002b). To detect FAT/CD36, we used a monoclonal
antibody (MO25) directed against human CD36; for detection of
GLUT4, a polyclonal IgG antiserum was applied. Signals obtained by
Western blotting were quantified by densitometry.

The purity of the fractions obtained by this fractionation proce-
dure was previously checked (Fischer et al., 1995). Specifically, the
PM fraction is 13.5-fold enriched with ouabain-sensitive p-nitrophe-
nyl-phosphatase, whereas the specific activity of the sarcoplasmatic
EGTA-sensitive Ca2�-ATPase was 3.6-fold decreased. In addition, no
activity of p-nitrophenyl-phosphatase or of Ca2�-ATPase could be
detected in the LDM fraction, indicating that this fraction was de-
void of plasma membrane and of sarcoplasmic reticulum. Further-
more, caveolin-3 was found to be 2.9-fold more abundant in the PM
fraction than in the LDM fraction (data not shown).

Other Procedures. Cellular wet mass was obtained from cell
samples taken during the incubation period and determined after
centrifugation for 2 to 3 s at maximal speed in a microcentrifuge and
subsequent removal of the supernatant. Protein was quantified with
the bicinchoninic acid protein assay (Pierce, Rockford, IL) according
to manufacturer’s instructions.

Materials. [1-14C]palmitic acid was obtained from Amersham
Biosciences (Little Chalfont, Buckinghamshire, UK). BSA (fraction
V, essentially FA free) phloretin, dipyridamole, nitrobenzylthioi-
nosine, oligomycin, adenosine, insulin, and wortmannin were all
obtained from Sigma (St. Louis, MO). 5-Iodotubercidin was pur-
chased from Biomol (Plymouth Meeting, PA). Collagenase type 2 was
purchased from Worthington (Lakewood, NJ). BCA protein assay
reagent kit was from Pierce (Rockford, IL). Antibody MO25 was a gift
from Dr. N. N. Tandon (Thrombosis and Vascular Biology Labora-
tory, Otsuka America Pharmaceutical, Inc., Rockville, MD). Antibod-
ies directed against GLUT4 were obtained from Sanver Tech (Heer-
hugowaard, the Netherlands). Anti-phosphoacetyl-CoA carboxylase
was obtained from Brunschwig Chemie (Amsterdam, the Nether-
lands). SSP is routinely synthesized in our laboratory, as has been
described previously (Coort et al., 2002). Its purity was confirmed
with infrared spectroscopy (kindly performed by Dr. van Genderen,
Eindhoven Technical University).

Data Presentation and Statistics. All data are pre-
sented as means � S.E.M. for the indicated number of myo-
cyte preparations. Statistical difference between groups of
observations was tested with a paired Student’s t test. P
values � 0.05 were considered significant.

Results
Effects of Dipyridamole on Substrate Uptake. Dipy-

ridamole has previously been shown to enhance FA uptake
by cardiac myocytes (Abdel-Aleem et al., 1999; Luiken et al.,
2002c). We have applied dipyridamole to cardiac myocytes at
a variety of concentrations up to 500 �M. Within this con-
centration range, dipyridamole did not alter the number of
cardiac myocytes that were rod-shaped or excluded trypan
blue, indicating that cellular integrity was not affected (see
Materials and Methods). When studying FA uptake as a

function of the concentration of dipyridamole, this compound
seemed to be optimally increasing FA uptake at 100 �M (Fig.
1). At this concentration of dipyridamole, the intracellular
ATP concentration was measured to be 1.25 � 0.35 �mol/g of
wet mass, which is not significantly different from non-
treated myocytes (ATP concentration, 1.47 � 0.27 �mol/g of
wet mass), indicating that cell viability remained unchanged.

At 100 �M, the stimulatory effect of dipyridamole on FA
uptake amounted to 2.0-fold, whereas simultaneous uptake
of deoxyglucose was slightly (32%) inhibited (Fig. 2). In con-
trast, other manipulations to stimulate FA uptake also stim-
ulated deoxyglucose uptake (Fig. 2). In this respect, oligomy-
cin stimulated FA uptake and deoxyglucose uptake to the
same extent (2.0-fold), whereas insulin had a greater stimu-
latory effect on deoxyglucose uptake (2.7-fold stimulation)
than on FA uptake (1.6-fold stimulation).

To explore the possibility that the stimulatory effect of
dipyridamole on FA uptake was caused by its inhibitory
action on phosphodiesterases and on nucleoside transport, it
was determined whether amrinone (phosphodiesterase III
inhibitor resulting in accumulation of cyclic AMP; Endoh et
al., 1982), zaprinast (phosphodiesterase V inhibitor resulting
in accumulation of cyclic GMP; Gong et al., 1997), adenosine
(theoretical substrate for AMP formation resulting in AMPK
activation), and nitrobenzylthioinosine (nucleoside transport
inhibitor; Hammond et al., 1985) were able to influence FA
uptake into cardiac myocytes (Fig. 3A). However, none of
these agents had an effect on FA uptake.

A further attempt to unravel the mechanism of dipyri-
damole’s stimulatory action on FA uptake was carried out by
investigating its effect in combination with other compounds
that influence FAT/CD36-mediated FA uptake (Fig. 3B). Ad-
dition of the specific FAT/CD36 inhibitor SSP completely
prevented the stimulatory effect of dipyridamole on FA up-
take. Pharmacological activation of AMPK signaling by oli-

Fig. 1. Dose-dependent effect of dipyridamole on FA uptake by cardiac
myocytes. Cardiac myocytes were incubated for 15 min with various
concentrations of dipyridamole. Data are means � S.E.M. of three exper-
iments carried out with different cardiomyocyte preparations. *, P � 0.05;
significantly different from myocytes without additions.
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gomycin, a potent inhibitor of mitochondrial F1F0-ATPase,
resulted in a 2.0-fold increase in FA uptake, but the addition
of dipyridamole did not further increase FA uptake rates. In
contrast, whereas insulin stimulated FA uptake (�2-fold),
the addition of DPY stimulated FA uptake further by 1.6-
fold. In fact, the absolute stimulatory action of dipyridamole
on FA uptake was similar in the absence (�18.6 nmol/min/g
of cell wet mass) and presence (�22.5 nmol/min/g of cell wet
mass) of insulin (Fig. 3B). Blockade of PI3K activity upon the
addition of wortmannin neither affected FA uptake into car-
diac myocytes under nonstimulated conditions nor affected
dipyridamole-stimulated FA uptake. The adenosine kinase
inhibitor 5-iodotubercidin neither influenced FA uptake un-
der nonstimulated conditions nor inhibited the stimulatory
action of dipyridamole (Fig. 3B). In parallel cardiac myocyte
incubations, we found 5-iodotubercidin able to completely
block the effect of AICAR on AMPK activation (see next
section), indicating that AICAR was not converted into ZMP
and that adenosine kinase was indeed not active.

Effects of Dipyridamole on Intracellular AMP/ATP
Ratio and on AMPK Activation. The nonadditivity of the
effect of dipyridamole with oligomycin on FA uptake into
cardiac myocytes indicates that dipyridamole acts on a com-
ponent in the AMPK signaling pathway. Therefore, we tested
the ability of dipyridamole to alter the intracellular AMP/
ATP ratio and to induce phosphorylation of acetyl-CoA car-
boxylase, which is a sensitive marker of activation of AMPK
activation (Park et al., 2002). Similar to insulin (but in con-
trast to oligomycin, which enhanced the AMP/ATP ratio by
2.4-fold and the phosphorylation of acetyl-CoA carboxylase
by 8.6-fold), dipyridamole had no effect on both parameters of
contraction signaling (Fig. 4).

To verify that 5-iodotubercidin was blocking adenosine ki-
nase but not influencing FA uptake, we could demonstrate in
parallel incubations that AICAR was able to induce phosphor-
ylation of acetyl-CoA carboxylase by 5.7 � 1.6-fold (P � 0.05) in

the absence of 5-iodotubercidin and had a minor and nonsignif-
icant effect on phosphorylation of this enzyme in the presence of
5-iodotubercidin (increase 1.3 � 0.2-fold) (n � 4).

Effects of Dipyridamole on Transporter Transloca-
tion. Despite the fact that dipyridamole does not induce the
activation of AMPK, the nonadditivity of the effects of dipy-
ridamole and oligomycin on FA uptake into cardiac myocytes
suggests that dipyridamole, just like oligomycin (Luiken et
al., 2003), induces translocation of FAT/CD36 from a contrac-
tion-responsive storage compartment to the sarcolemma. In-

Fig. 2. Effects of insulin, oligomycin and dipyridamole on substrate
uptake by cardiac myocytes. Cell suspensions were incubated in the
absence of additions (Ctrl) or presence of 10 nM insulin, 30 �M oligomy-
cin (Oli), or 100 �M DPY for 15 min before execution of palmitate uptake
studies (3 min) or deoxyglucose uptake studies (3 min). Data are means �
S.E.M. of four to six experiments carried out with different cardiomyocyte
preparations. *, significantly different from myocytes without additions
(Ctrl).

Fig. 3. Onto the mechanism of the effect of dipyridamole on FA uptake
into cardiac myocytes. A, effect of phosphodiesterase inhibitors, adeno-
sine, and a nucleoside transport inhibitor on FA uptake by cardiac myo-
cytes. Before determination of FA uptake, cell suspensions were incu-
bated for 15 min in the absence of additions (Ctrl) or presence of 100 �M
DPY, 500 �M amrinone (Amr), 100 �M zaprinast (Zap), 300 �M adeno-
sine (ADO) or 100 �M nitrobenzylthioinosine (NBTI) before execution of
palmitate uptake studies (3 min). B, modulation of the stimulatory effect
of dipyridamole on FA uptake by insulin, oligomycin, and protein inhib-
itors. In the case of SSP, cell suspensions were preincubated with DMSO
(basal) or with 400 �M SSP (dissolved in DMSO), after which the cells
were washed twice with medium B. In the case of 5-iodotubercidin (iTu),
cells were suspended in DMSO (basal) or 10 �M iTu (dissolved in DMSO)
for 90 min before preincubation with 100 �M DPY. In the case of the other
compounds used in combination with dipyridamole [i.e., 30 �M oligomy-
cin (Oli), 200 �M wortmannin (Wort), or 10 nM insulin (Ins)], cells were
incubated in the absence or presence of DPY before determination of
palmitate uptake (3 min). Data are means � S.E.M. of four to eight
experiments carried out with different cardiomyocyte preparations. *,
P � 0.05; significantly different from myocytes without additions (Ctrl).
**, P � 0.05; significantly different from corresponding basal myocytes.
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cubation of cardiac myocytes for 15 min in the presence of
oligomycin and dipyridamole decreased the content of FAT/
CD36 in the LDM fraction by 42% and 46%, respectively.
These agents simultaneously increased the content of FAT/
CD36 in the PM fraction to a similar magnitude of 1.5-fold
(Fig. 5). Oligomycin had comparable effects on subcellular
distribution of GLUT4 (i.e., a decrease by 54% in the LDM
fraction and an increase by 1.7-fold in the PM fraction).
However, dipyridamole, unlike its stimulation of transloca-
tion of FAT/CD36 to the sarcolemma, was unable to modulate
the subcellular distribution of GLUT4 (Fig. 5).

Discussion
The main purpose of this study was to assess the use of

dipyridamole as a tool to examine the regulation of FAT/
CD36 translocation and its relationship with GLUT4 trans-
location. The novel findings of this study are that 1) dipyrid-
amole stimulates FA uptake by inducing contraction-
inducible, but not insulin-inducible, FAT/CD36 translocation
through interaction with an unknown component down-
stream from AMPK, and 2) dipyridamole is able to divorce
FAT/CD36 translocation from GLUT4 translocation. These
findings indicate the potential of dipyridamole to study the
regulation of cardiac substrate preference at the level of
trafficking of substrate transporters.

Action of Dipyridamole on Contraction-Inducible
FAT/CD36 Translocation. To unravel the molecular mech-
anism by which dipyridamole stimulates FA uptake, we in-
vestigated whether the known ability of dipyridamole to
block phosphodiesterases and nucleoside transporters was
involved in stimulating FA uptake. Cyclic AMP elevation by

amrinone and cyclic GMP elevation by zaprinast did not
influence FA uptake into cardiac myocytes, indicating that
the stimulatory action of dipyridamole on FA uptake is not
related to inhibition of phosphodiesterases. Inhibition of nu-
cleoside transport and concomitant intracellular accumula-
tion of adenosine was ruled out as a contributing factor to
dipyridamole-induced FA uptake on basis of three lines of
evidence: 1) the well-established nucleoside transport inhib-
itor nitrobenzylthioinosine, which, like dipyridamole, causes
adenosine accumulation in cardiac myocytes (Kalsi et al.,
1998), did not influence FA uptake; 2) adenosine added at
concentrations up to 1 mM did not stimulate FA uptake; 3)
inhibition of conversion of adenosine into AMP by inclusion of
the adenosine kinase inhibitor 5-iodotubercidin did not in-
hibit dipyridamole-induced FA uptake.

The stimulatory action of dipyridamole on FA uptake oc-
curred at the level of FAT/CD36, based on the ability of the
specific FAT/CD36 inhibitor SSP (Coort et al., 2002) to block
dipyridamole-inducible FA uptake (Fig. 3B; see also Luiken
et al., 2002c). By using heart-derived, giant sarcolemmal
vesicles, we were previously able to exclude a direct interac-
tion of dipyridamole with FAT/CD36. In this preparation, in
which the amount of FAT/CD36 at the surface is fixed and
not subject to regulation, FA uptake was not inducible by
dipyridamole (Luiken et al., 2002c).

The following observations were instrumental in pinpoint-
ing the effect of dipyridamole on FA uptake to its ability to
induce translocation of FAT/CD36 from contraction-inducible
stores: 1) in the presence of oligomycin (Fig. 3B) or AICAR
(data not shown), dipyridamole was not effective, indicating

Fig. 4. Influence of insulin, oligomycin, and dipyridamole on intracellular
nucleoside phosphates in and AMPK activation in cardiac myocytes.
Cardiac myocytes were incubated for 15 min in the absence (Ctrl) or
presence of 10 nM insulin (Ins), 30 �M oligomycin (Oli), or 100 �M
dipyridamole (DPY). Intracellular levels of AMP and ATP were deter-
mined as described under Materials and Methods, from which the AMP/
ATP ratio was calculated (left). Phosphorylation of acetyl-CoA carboxy-
lase was detected at 280 kDa (i.e., the major isoform of this enzyme in
heart) (right). However, in the oligomycin-treated cells, a second lower
band is apparent, corresponding to the 265-kDa isoform. Data are
means � S.E.M. of three to six experiments carried out with different
cardiomyocyte preparations. *, P � 0.05; significantly different from
myocytes without additions (Ctrl).

Fig. 5. Effect of oligomycin and dipyridamole on subcellular distribution
of FAT/CD36 and GLUT4 in cardiac myocytes. Cardiac myocytes were
incubated for 15 min in the absence (Basal) and presence of 30 �M
oligomycin (Oli) or 100 �M DPY, after which NaN3 was added to a final
concentration of 5 mM to stop ATP-demanding processes. Immediately
hereafter, cells were frozen in liquid nitrogen, and upon thawing, were
subjected to subcellular fractionation. The collected fractions were ana-
lyzed on the relative contents of GLUT4 (45 kDa) and FAT/CD36 (88
kDa). Transporter content was expressed as multiple of control (Basal) in
the corresponding fraction. Data are means � S.E.M. of four experiments
carried out with different cardiomyocyte preparations. Representative
Western blots are shown. *, P � 0.05; significantly different from myo-
cytes in the absence of additions (Basal).
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that this compound is activating AMPK signaling; 2) dipy-
ridamole, like oligomycin and insulin, is able to decrease the
FAT/CD36 content in intracellular membrane compartments
and simultaneously increase its content in the sarcolemma,
indicating that this compound operates through induction of
translocation of FAT/CD36. A possible interaction of dipyrid-
amole with insulin-inducible FAT/CD36 translocation was
excluded by the observations that 1) dipyridamole retained
its full stimulatory effect on FA uptake in the presence of
insulin and 2) inhibition of PI3K, a key enzyme in the insulin
signaling pathway, did not block dipyridamole-inducible FA
uptake.

The next goal was to locate the action of dipyridamole
along the AMPK signaling pathway. The observations that
dipyridamole neither elevated the intracellular AMP/ATP
ratio nor enhanced the phosphorylation state of acetyl-CoA
carboxylase indicated that the action of dipyridamole on con-
traction signaling is downstream of AMPK. Because the sig-
naling events downstream of AMPK leading to translocation
of FAT/CD36 are at present completely unknown, there is no
list of candidate proteins at hand that could serve as target
for dipyridamole to induce FAT/CD36 translocation.

Mechanism of Separation of FAT/CD36 Transloca-
tion from GLUT4 Migration by Dipyridamole. Unlike its
stimulatory action on FA uptake and FAT/CD36 transloca-
tion, dipyridamole neither stimulates glucose uptake nor in-
duces GLUT4 translocation. The slight inhibitory effect of
dipyridamole on glucose uptake is in line with an earlier
observation made in adipocytes that dipyridamole is directly
interacting with glucose transporters, thereby decreasing

their intrinsic activity (Steinfelder and Joost, 1988). The
selective recruitment of FAT/CD36 suggests that 1) FAT/
CD36 and GLUT4 are stored in distinct intracellular com-
partments or, on the other hand, that 2) FAT/CD36 and
GLUT4 are stored in the same compartment but recruited by
different signaling mechanisms. In the latter case, there
must be a sorting mechanism present that is able to excise
either GLUT4- or FAT/CD36-containing transport vesicles
from the storage compartment shared by FAT/CD36 and
GLUT4.

Because dipyridamole acts downstream of AMPK and at
the same time is selective for FAT/CD36 recruitment, it fol-
lows that downstream of AMPK the contraction-induced sig-
nal transduction pathways branches off into two pathways,
one leading to mobilization of intracellularly stored GLUT4
and the other to mobilization of intracellularly stored FAT/
CD36. It also pinpoints the intracellular target of dipyridam-
ole not only downstream of AMPK but also downstream of
this branchpoint in AMPK signaling (i.e., at the pathway
specifically leading to FAT/CD36 translocation). These novel
insights are schematically depicted in Fig. 6.

Conclusion. The ability of dipyridamole to selectively re-
cruit FAT/CD36 to the sarcolemma may help to unravel
signaling proteins downstream of AMPK that are solely ded-
icated to FAT/CD36 trafficking without affecting GLUT4.
Furthermore, this ability may make dipyridamole of poten-
tial clinical interest. For instance, it is conceivable that in
cases in which AMPK signaling is impaired (by genetic or
other causes), enhanced cardiac pump function would not be
efficiently accompanied by an increase in substrate utiliza-
tion. Then, dipyridamole could be useful as therapeutic agent
to bypass the defect in AMPK activity and restore cardiac FA
uptake.
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