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Abstract AICAR (5-amino-1-β-D-ribofuranosyl-imidaz-
ole-4-carboxamide) is an adenosine analog which improves
the recovery of the heart after ischemia. In some tissues
AICAR enters cells and stimulates AMP-activated protein
kinase (AMPK). We explored the mechanism of cardiopro-
tection in isolated rat hearts. We confirmed that AICAR
(0.5 mM) applied 10 min prior to a 30-min period of
ischemia and present throughout ischemia and reperfusion
caused a substantial improvement in the recovery of
developed pressure on reperfusion. However, adenosine
(100 μM) produced no improvement, suggesting that the
mechanism of action of AICAR was not increased
endogenous adenosine production. Measurements of intra-
cellular sodium concentration ([Na+]i) showed that AICAR
prevented the rapid rise of [Na+]i, which normally occurs
on reperfusion. Inhibitors of the cardiac sodium–hydrogen
exchanger (NHE1) also protect the heart from ischemic
damage and also prevent the rapid rise of [Na+]i on
reperfusion, suggesting that AICAR might cause the
inhibition of NHE1. We tested this possibility on isolated
rat ventricular myocytes in which the recovery of pHi after
NH4Cl exposure provides a measure of NHE1 activity.
AICAR (0.5 μmM) inhibited NHE1 activity in response to
an acid load by about 80%. To test whether the AICAR-
induced inhibition of NHE1 arose through adenosine, we

used the adenosine receptor blocker 8-sulfophenyltheophyl-
line (8-SPT) and found that it had no measureable effect. To
test whether the AICAR-induced inhibition of NHE1 might
occur through the activation of AMPK, we measured the
activity of two isoforms of AMPK. Surprisingly, activity
was reduced, whereas in many other tissues AICAR
increases AMPK activity. Furthermore, this effect of
AMPK was blocked by 8-SPT, suggesting that the
inhibition of AMPK arose through an adenosine-receptor-
related pathway. We conclude that AICAR inhibits NHE1
through an unidentified pathway. This inhibition may make
a contribution to the cardioprotective effects of AICAR.
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Introduction

AICAR [5-amino-1-β-D-ribofuranosyl-imidazole-4-carbox-
amide; 5-aminoimidazole-4-carboxamide (AICA) riboside;
acadesine] is an analog of adenosine that can enter cardiac
cells and has a number of effects on cell metabolism (for
review see Cook and Karmazyn [8] and Mullane [33]). Its
principal effects are to inhibit adenosine kinase and
adenosine deaminase with the net effect that adenosine
production is increased, though only in the ischemic or
metabolically inhibited heart. In some cell types AICAR is
phosphorylated to AICA ribotide (ZMP) (an analog of
AMP) and this analog is capable of stimulating AMP-
activated protein kinase (AMPK) [9, 17]. ZMP may also
enter the de novo pathway for adenosine synthesis and
inhibit AMP deaminase, and both pathways may contribute
to the increase in adenosine and/or ATP levels. However,
there is a dispute as to whether ZMP is produced in the
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heart, with several studies showing effects attributed to
AMP kinase activation [27, 37], but one study showing no
production of ZMP in the heart in contrast to the liver [18].

The earliest studies of AICAR suggested that it might
increase ATP [40] and led to investigations of whether
AICAR might protect the heart from ischemia. For
instance, Galinanes et al. [13, 14] showed that AICAR
provided protection against ischemic damage in the rat
heart both in an acute ischemia/reperfusion model and in a
transplantation model involving prolonged ischemia. These
and other successful animal experiments have led to a series
of clinical trials on the value of AICAR on the incidence of
ischemic damage to hearts following coronary bypass
grafting. Individual trials produced only minor benefits,
which were not statistically significant [31], but a meta-
analysis of five such trials showed that AICAR reduced
both the frequency of myocardial infarcts and early death
after coronary bypass surgery [28].

Although AICAR exerts beneficial effects on recovery
from ischemia, the mechanisms involved remain uncertain.
The early suggestion that the benefits arose from improved
levels of ATP have not been confirmed [14, 30, 34].
Instead, it has been proposed that the benefits arise from the
increased production of adenosine [16] and are secondary
to the cardioprotective effects of adenosine. In support of
this theory, it has been shown that the protective effects of
AICAR were blocked by the adenosine receptor blocker 8-
sulfophenyltheophylline (8-SPT) [21, 33, 46]. While this
may be the mechanism of cardioprotection in some species,
in the rat heart there is a dispute as to whether adenosine is
cardioprotective, with studies both demonstrating [12, 26]
and failing to demonstrate [6, 25] cardioprotection (for
review, see Ganote and Armstrong [15]). Thus, it is
possible that other mechanisms of action of AICAR may
be important in the rat heart.

In the present study, we reinvestigated the actions of
AICAR in a model of ischemic/reperfusion damage in the
isolated rat heart, with the aim of determining the
mechanism of cardioprotection.

Materials and methods

The experiments were performed on hearts from female
Sprague–Dawley rats and were approved by the Animal
Ethical Committee of the University of Sydney. Rats (200–
250 g) were anesthetized with pentobarbitone (100 mg/kg)
and the hearts were excised and perfused at a constant flow
rate of 10 ml/min (12–15 ml/min/g wet weight) with
Tyrode’s solution at 37°C. The perfusate had the following
composition (in mM): NaCl 119, KCl 4, NaH2PO4 1.2,
MgSO4 1.2, NaHCO3 25, CaCl2 1, and glucose 11. The
solutions were equilibrated with 95% O2/5% CO2 to give a

pH of 7.4. AICAR was obtained from Toronto Research
Chemicals, Canada; other drugs used in this study
(adenosine and 8-SPT) were obtained from Sigma-Aldrich.
All drugs were dissolved in a concentrated stock solution in
water immediately prior to use.

Langendorff-perfused hearts

Hearts were continuously stimulated at 2 Hz after the
sinoatrial node was excised and the atrio-ventricular node
was crushed. The low rate of stimulation was chosen to
minimize the consequences of the low O2 content of the
perfusate, which lacks hemoglobin [1]. Isovolumic left
ventricular developed pressure (LVDP) was monitored with
a balloon in the left ventricle. Ischemia was produced by
stopping perfusion inflow to the heart while the heart was
maintained at 37°C. The standard period of ischemia was
30 min and was followed by 30 min of reperfusion.

AICAR was added to the perfusate 10 min before the
period of ischemia and the same perfusate was used for
reperfusion—thus, AICAR was present before, during, and
after the 30 min of ischemia. In preliminary experiments,
we determined that the beneficial effects of AICAR on
recovery from ischemia were near-maximal at 0.5 mM, and
this concentration was subsequently used in the main study.
Adenosine was administered using this protocol and using a
separate protocol in which adenosine was only present for
between 15 and 5 min before the start of the ischemia.

During ischemia, the LVDP declined rapidly and a
contracture developed. We measured the peak of this
ischemic contracture (mm Hg) and estimated the onset
time from the time after the start of ischemia for the
contracture to reach 10% of its maximum. Recovery from
ischemia was assessed by magnitude of the LVDP
measured after 30 min of reperfusion and was expressed
as percent of the preischemia LVDP. Recovery was also
assessed from the magnitude of the reperfusion contrac-
ture measured as the increase in diastolic pressure from
the end of ischemia to the peak during reperfusion
(mm Hg).

Intracellular sodium measurements

[Na+]i was measured using the fluorescent indicator
sodium-binding benzofuran isophthalate (SBFI) loaded in
its membrane-permeable acetoxymethyl (AM) ester form.
The hearts were placed in a chamber mounted on the stage
of an inverted microscope modified for fluorescence
measurements. Briefly, after measuring the autofluores-
cence, the hearts were loaded for 40–60 min by perfusion
with SBFI–AM. After loading, the hearts were illuminated
by rapidly alternating light at 340 and 380 nm using a
spinning wheel device, and fluorescence was recorded at
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530 nm. The fluorescence signals from SBFI were
converted to [Na+]i using established calibration methods;
correction was made for the changes in autofluorescence
that occur during ischemia. We have previously established
that this method measures [Na+]i in the epicardium and
myocardium to a depth of about 0.1 to 0.2 mm. Full details
of the methods for the use of SBFI have been published
[35]. The [Na+]i was measured at the end of the control
period and at the end of the 30-min ischemia, and the rise in
[Na+]i during ischemia was calculated as the difference. On
reperfusion, [Na+]i rises rapidly, reaching a peak at about
5 min, e.g., Fig. 2a. When present, we measured the peak
[Na+]i; when this peak was absent, e.g., Fig. 2b, the [Na+]i
after 5 min of reperfusion was measured. The change in
[Na+]i on reperfusion was the difference between [Na+]i at
the end of ischemia and the value after 5 min of
reperfusion.

Isolated ventricular cells

Ventricular myocytes were used for the measurements of
sodium–hydrogen exchanger (NHE1) activity. Myocytes
were isolated from Langendorff-perfused rat hearts using
standard methods with low extracellular calcium and
collagenase [5]. The cells were loaded with a pH-sensitive
fluorescence dye, seminaphthorhodafluors–AM (5 μM for
20 min at 22–24°C). Healthy cells were selected for
experimentation based on morphology (distinctive rod
shape, well-defined cell edges, and clear striations) and
function (absence of spontaneous contractions and brisk
response to electrical stimulation in Ca2+-containing solu-
tion). The isolated cells were used at room temperature
(23°C) and in a nominally bicarbonate-free solution
(buffered with 4-2-hydroxyethyl-1-piperazineethanesul-
fonic acid). Under these conditions it is known that
NHE1 is the most important pathway causing recovery
from an acid load [24]. Healthy cells were exposed to
NH4Cl (20 mM) for 2 min, which causes an alkalosis.
Upon removal of NH4Cl, the cells rapidly become acidotic,
and the rate of recovery from acidosis is a measure of
NHE1 activity [24]. NHE1 activity was measured by the
rate of change of pHi between 6.8 and 6.9 and multiplying
this value by the pH buffering of the cell [3] (for details, see
Leem et al. [24]). The value of proton efflux (JH) obtained
by this method was typically 0.5–1.0 mM/min. The effects
of various drugs on NHE1 activity were determined by
comparing JH in the same cell for a control exposure to
NH4Cl and a second exposure in the presence of the drug.
Typically, the exposures to NH4Cl were 20 min apart, and
preliminary experiments showed that the repeated determi-
nation of JH at 20-min intervals gave constant results. In
preliminary experiments, we tested the effects of 50, 100,
500, 1,000, and 2,000 μM AICAR on JH and found that

500, 1,000, and 2,000 μM all inhibited NHE1 by ≥75%,
and we therefore used 500 or 1,000 μM for subsequent
experiments.

Activity of AMP kinase

Rat hearts were perfused for 20 min with standard
Tyrode’s solution and then perfused with various drugs
for 10 min. The hearts were then rapidly frozen in liquid
N2 and homogenized in the following buffer: 50 mM
Tris–HCl, pH 7.5, 1 mM EDTA, 1 mM ethylene glycol
bis(2-aminoethyl ether)-N,N,N′N′-tetraacetic acid, 50 mM
NaF, 5 mM Na pyrophosphate, 10% glycerol, 1% Triton-X-
100, 10 μg/ml trypsin inhibitor, 2 μg/ml aprotinin, 1 mM
benzamidine, and 1 mM phenylmethylsulphonylfluoride.
The homogenate was briefly centrifuged to remove cell
debris, and the supernatant was immunoprecipitated with
AMPK-isoform-specific antibodies. These antibodies were
prepared locally (for details, see Chen et al. [7]). The
AMPK activities in the immune complexes were measured
in the presence of 200 μM AMP. Activities were calculated
as picomoles of phosphate incorporated into the SAMS
peptide [ACCα (73–87)A77] per minute per milligram of
total protein subjected to immunoprecipitation (for details,
see Chen et al. [7]).

Statistics

All data are expressed as mean±SEM. The comparison
between treatment groups was made by one-way ANOVA
using the Student–Newman–Keuls correction for multiple
comparisons. Statistical significance was taken as P<0.05.
The statistical significances of selected comparisons are
given in the text and in the figures.

Results

Langendorff-perfused hearts

Figure 1a shows representative results of left ventricular
developed pressure from a rat heart subjected to 30 min of
ischemia followed by reperfusion. In control hearts (n=10),
an ischemic contracture developed after 18±3 min and
reached a magnitude of 56±5 mm Hg. The LVDP recovered
to 12±2 mm Hg after 30 min reperfusion, which was 13±2% of
the control (preischemic) LVDP. The reperfusion contracture
was 68±8 mmHg. When AICAR (0.5 mM) was applied to the
perfused heart (Fig. 1b), it generally had little effect on the
LVDP during the control period, apart from a small transient
fall probably caused by a transient temperature difference
associated with the solution change. In AICAR-treated hearts
(n=6), there was no significant effect of AICAR on the LVDP
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after 10 min of control perfusion. In the AICAR-treated hearts
the onset of the ischemic contracture was not significantly
different from that of the controls (19±4 min), but the
magnitude of the ischemic contracture (79±6 mm Hg) was
significantly larger than that of the controls (P<0.02). The
recovery of LVDP after 30 min of reperfusion was greatly
improved to 65±10 mm Hg or 70±11% of the control value
(P<0.001), and the reperfusion contracture (measured from the
end of ischemia to the peak during reperfusion) was reduced to
33±11 mm Hg (P<0.02). Thus, AICAR produces a large
improvement in postischemic recovery in agreement with
many previous reports.

Given the proposal that AICAR might improve postis-
chemic performance by increasing adenosine production
[16], we reinvestigated the effects of adenosine on
performance postischemia/reperfusion. In three hearts,
100 μM adenosine was applied for 10 min before ischemia
and remained present during ischemia and reperfusion. In
these hearts, the recovery of developed pressure was not
significantly different from that of the control hearts
(11±6 mm Hg or 12±5% of control), and the reperfusion
contracture was also unchanged (61±6 mm Hg). We also
applied adenosine only in the “preconditioning period,” i.e.,
for 10 min from 15 to 5 min before the ischemia. In three
experiments, the LVDP on recovery from ischemia was not
significantly different from that of control (15±6 mm Hg),
and the reperfusion contracture was also not significantly
different from that of control (59±10 mm Hg). There is a
dispute in the literature about whether adenosine improves

ischemic recovery in the rat heart (see “Discussion”), but
our data are similar to those of others, which show no effect
of adenosine on ischemic recovery [6, 25].

In a separate series of experiments, we measured the
intracellular sodium concentration ([Na+]i) during ischemia
and reperfusion. Under control conditions (Fig. 2a), there
was only a small rise of [Na+]i during 30 min of ischemia
but a pronounced rise of [Na+]i during the first few minutes
of reperfusion. We have previously shown that inhibitors of
NHE1 abolish the rise of [Na+]i on reperfusion, establishing
that the influx of Na+ arises from the activity of NHE1 as the
protons accumulated during ischemia are removed [35, 42,
45]. In control experiments (n=6), the increase of [Na+]i
during ischemia was 3.1±0.9 mM and the increase of [Na+]i
during the early part of reperfusion was 11.9±2.5 mM. When
AICAR was applied throughout ischemia and reperfusion
(Fig. 2b), the increase of [Na+]i during ischemia was still
present but the rise on reperfusion was abolished. In the
AICAR-treated hearts (n=5), the increase of [Na+]i during
ischemia was 2.5±0.9 mM, which was not significantly
different from the control value (P>0.5), but the increase of
[Na+]i on reperfusion was absent (increase −1.2±1.3 mM),
which was significantly different from the control
value (P<0.005).

Isolated ventricular myocytes

The rise of [Na+]i on reperfusion is caused by the activity of
NHE1-removing protons and causes Na+ influx [35, 42, 45].
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NHE1 inhibitors eliminate this rise and, because AICAR
also inhibited this rise, we tested the hypothesis that AICAR
might inhibit NHE1. We therefore measured the activity of
NHE1 in the presence and absence of AICAR using
standard acid loading techniques in isolated rat ventricular
myocytes. Figure 3a shows representative records of
intracellular pHi during the application of NH4Cl and the
acidosis which occurs on its removal. The recovery of pHi

from this acidosis is largely caused by the activity of NHE1,
as is established in Fig. 3a when the NHE1 inhibitor
cariporide (20 μM) was applied. Note that this largely
abolished pHi recovery; however, normal recovery occurs
rapidly when the inhibitor is removed (not shown).
Figure 3a shows the effect of AICAR (0.5 mM). Note that
it also largely inhibits NHE1 activity. Figure 3b shows
group data and statistics for the activity of NHE1, expressed
as the percent of control JH during recovery from the acid
load. NHE1 activity was inhibited by 20 μM cariporide to
8±2% of the control level (n=6), while 0.5 mM AICAR
inhibited NHE1 activity to 21±2% (n=7). These effects of
AICAR were reversible and repeatable.

Given that AICAR inhibits NHE1, we attempted to
define the mechanism. Several studies have shown that the
cardioprotective effects of AICAR can be prevented by
adenosine receptor blockers such as 8-SPT, suggesting that
adenosine release and binding to its receptor is an
intermediate in the process [21, 33, 46]. In the above
studies, AICAR and 8-SPT were infused into intact
animals, leading to plasma levels of around 20 and 5 μM,
respectively. In the isolated rat heart, the near-maximal
cardioprotective effects of AICAR and the inhibition of
NHE1 were both observed at around 0.5–1.0 mM, so we

tested whether 50 μM 8-SPT was capable of inhibiting the
effects. Figure 4a shows data from isolated rat ventricular
cells demonstrating (in panel 2) that AICAR inhibits NHE1
(compare panels 1 and 2), and further, that 8-SPT has no
effect on this inhibition (compare panels 2 and 3). These
results are confirmed in the group data (Fig. 4b), which
show that 50 μM 8-SPT had no effect on NHE1 activity
alone, nor did it affect the inhibition caused by 1 mM
AICAR. We conclude that blocking adenosine receptors
does not affect the inhibition of NHE1 activity caused by
AICAR.

AMP-activated kinase

AICAR has been widely used for its ability to enter the cell,
become phosphorylated to ZMP, and stimulate AMPK [7,
17, 37]. Because AICAR inhibited NHE1, we considered
the possibility that it might activate AMPK and sought to
test this by direct measurements. AMPK activities were
measured in AMPK-isoform-specific antibody immunopre-
cipitate complexes and we confirmed earlier reports [29]
that both ischemia and anoxia (O2 replaced by N2)
increased AMPK activity (data not shown). However,
AICAR treatment inhibited rather than increased both
alpha1 and alpha2 AMPK activity (Fig. 5a,b; control hearts
n=8; AICAR-treated hearts n=6). A previous report by
Longus et al. [27] also failed to show a stimulation of
AMPK in the heart during AICAR exposure. We also
measured phosphorylation of the Thr-172 site on AMPK
and found it decreased by 30% in the presence of AICAR
(data not shown), confirming that AMPK activity was
reduced by AICAR. Because 8-SPT is capable of reversing
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some actions of AICAR, we tested whether it influenced
the inhibition of AMPK activity produced by AICAR.
Figure 5 shows that for both α1 and α2 AMPK activity, 8-
SPT (50 μM) did not alter AMPK activity but prevented the
inhibitory action of AICAR (AICAR+8-SPT-treated hearts
n=4; 8-SPT-treated hearts n=4).

Discussion

AICAR inhibits the NHE1, which contributes
to cardioprotection in the isolated rat heart

The recovery of intracellular pH (pHi) after an intracellu-
lar acid load in a HCO −

3 -free solution is generally
attributed to the NHE1 [3, 24]. In the heart, NHE1 is the
main isoform [20], and it is selectively inhibited by
cariporide [38]. Thus, the fact that 20 μM cariporide
inhibits proton extrusion to 8±2% of the control level
(Fig. 3) confirms that NHE1 is the main mechanism of
proton extrusion under these circumstances. We show that

AICAR (0.5 mM) reduces proton extrusion to 21±2%,
which provides good evidence that AICAR blocks NHE1.
We have not explored the concentration sensitivity of
AICAR on NHE1 activity extensively, but our preliminary
data, which covered a wide range of AICAR concentration,
suggests that 50% inhibition occurs at around 50 μM (data
not shown).

The data from the isolated perfused hearts is also
consistent with this interpretation. The rise of [Na+]i during
ischemia and/or reperfusion is thought to be caused by the
activity of NHE1, which contributes to the removal of the
accumulated protons by exchanging them for extracellular
Na+ [20]. It is known, for instance, that in the presence of
NHE1-blockers, the rise of [Na+]i on reperfusion is
decreased [2, 35, 45], the recovery of pHi is slowed [43],
and the mechanical recovery of the heart is greatly
improved [19, 45]. The improvement of mechanical
recovery by blockers of NHE1 is generally attributed to
the “coupled exchanger” theory, which proposes that,
during reperfusion, Na+ entry by NHE1 will reduce the
inward driving force for Na+. As a consequence, the
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sodium/calcium exchanger causes a large influx of Ca2+

[20]. The consequent rise of [Ca2+]i is thought to activate
proteases and enter mitochondria, leading to the cell
damage [4]. In the present study we show that AICAR
both improves recovery from ischemia and eliminates the
rise of [Na+]i on reperfusion. Coupled with the evidence
from ventricular cells that AICAR blocks NHE1, it is clear
that AICAR is capable of contributing to cardioprotection
by this mechanism.

A number of studies have demonstrated an inverse
correlation between Na+ influx on reperfusion and degree
of mechanical recovery on reperfusion [32, 41, 44]. Our
previous study [44] used a model of ischemia identical to
that of the present study and showed a strong correlation
between peak [Na+]i on reperfusion and percent of
recovery of LVDP under five different experimental

conditions (see Fig. 4 in Xiao and Allen [44]). The
strength of this correlation suggests that the level of [Na+]i
can explain most of the variation in the degree of
recovery. If we plot the [Na+]i on reperfusion in AICAR
(8.7±0.4 mM) against the recovery of LVDP (70±11%), it
lies very close to the line of best fit. This provides
further quantitative support for the argument that the
inhibition of NHE1 by AICAR makes a large contribution
to the cardioprotection that is observed in our experiments.

AICAR also produced an increase in the magnitude of
the ischemic contracture. The ischemic contracture is a
rigor contracture occurring when ATP reaches low values
[11]. Longus et al. [27] have shown that AICAR stimulates
glycogenolysis by a non-AMPK-dependent pathway, so,
conceivably, more rapid consumption of glycogen during
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the early exposure to AICAR causes a larger depletion of
ATP and a larger rigor.

Does AICAR produce cardioprotection clinically
by blocking NHE1?

In a clinical setting, AICAR is administered at doses which
result in serum concentrations between 10–20 μM [31], but
the mechanism of the observed cardioprotection remains
uncertain. At a concentration of 500 μM, we observed
around 80% NHE1 inhibition and, assuming a Ki of 50 μM,
one would predict only a 20–30% inhibition of the
exchanger at the concentration used in clinical trials. This
suggests that if the sensitivity of the NHE1 to AICAR were
the same in humans as it is in the isolated rat heart, then the
contribution of NHE1 inhibition by AICAR in clinical trials
would be modest at best.

Mechanism of action of AICAR on NHE1 activity

The regulation of the activity of NHEs is a complex and
poorly understood topic [39]. The protein has a large
intracellular tail with multiple sites for phosphorylation
and two Ca/calmodulin binding sites. Many kinases have
been implicated in NHE1 activation, e.g., protein kinase C,
protein kinase D, mitogen-activated protein kinase, p90rsk,

and p38 kinase. There are also several protein binding sites
believed to be involved in the regulation of activity [36].
The pharmacological inhibitors of NHE1, amiloride and its
derivatives and cariporide and it derivatives, contain a
pyrazinoylguanidine or a benzoyl guandinium group [22,
39]. AICAR does not have such a structure and is
probably not inhibiting NHE1 by a direct pharmacological
interaction.

Given the suggestion that adenosine production might
be involved in the mechanism of AICAR, we tested
whether exogenous adenosine produced comparable
effects to AICAR. We observed no effects of adenosine
on the recovery from ischemia. The literature on this topic
is quite variable. Several studies have found that in the
rat, in contrast to the rabbit and the dog, adenosine
provides no protection from ischemic damage [6, 25],
while other studies have observed adenosine protection in
the rat [12, 26]. One possible explanation for the failure of
exogenous adenosine would be the breakdown and/or
rapid uptake of adenosine by endothelial cells [23].
However, against this possibility is the observation that
8-SPT, a nonspecific blocker of adenosine receptors, is
incapable of blocking preconditioning in the rat [25] (for
recent review, see Ganote and Armstrong [15]). Based on
our data, we think it unlikely that endogenous adenosine is
involved in the effects of AICAR, but clearly, further
study is needed.

Given our observation that AICAR inhibits NHE1, we
also tested the possibility that adenosine might be involved
in this action. We used the nonspecific adenosine inhibitor
8-SPT, which blocks both A1 and A2 adenosine receptors
with a Ki of around 5 μM [46]. Previous studies have
confirmed that 5 or 50 μM 8-SPT effectively blocks
adenosine-dependent effects [33, 36]. In the present study
we found that 50 μM 8-SPT alone did not affect NHE1
activity and did not affect the inhibitory action of AICAR
on NHE1 activity. We conclude that the inhibition of NHE1
by AICAR is not caused by the release of adenosine acting
through adenosine receptors.

Because AICAR in many cell types activates AMPK, we
were interested in the possibility that the activation of
AMPK by AICAR could underlie the inhibition of NHE1
[9, 17]. It is known that ischemia activates cardiac AMPK
[29], and we confirmed this finding (data not shown).
However, surprisingly, AICAR inhibited AMPK activity by
around 60–70% (Fig. 5). Given the suggestion that
adenosine receptors underlie some of the actions of
AICAR, we tested whether this action was inhibited by 8-
SPT, and the results show that, in the presence of 8-SPT,
the inhibition of AMPK by AICAR was abolished. This
result suggests that a pathway downstream of the adenosine
receptor regulates AMPK activity, a concept that is
supported by a recent study showing that extracellular
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Fig. 5 Activity of AMPK measured by incorporation of phosphate
into the SAMS peptide (see “Materials and methods”). a Activity of
the α1-isoform of AMPK. Bars show mean±SEM. ** significantly
less than control, P<0.002, ANOVA, n=8 (control), n=6 (AICAR),
n=4 (AICAR+8-SPT), and n=4 (8-SPT). b Activity of the α2-isoform
of AMPK. Bars show mean±SEM. * significantly less than control,
P<0.02, ANOVA, n=8 (control), n=6 (AICAR), n=4 (AICAR+8-SPT),
and n=4 (8-SPT)
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adenosine can activate AMPK [10]. But this pathway seems
unlikely to be involved in the inhibition of NHE1 or in the
cardiprotection because neither of these pathways appears
to involve adenosine.

Conclusions

AICAR (500 μM) inhibits NHE1, and in the isolated rat
heart this inhibition contributes substantially to the cardio-
protection exerted by AICAR following a period of
ischemia. In human trials of AICAR as a cardioprotective
agent, the concentrations used are substantially smaller
(10–20 μM) and the inhibition of NHE1 seems unlikely to
be more than a minor component of the mechanism of
action. The mechanism of AICAR in inhibiting NHE1 is
not clear, but it does not appear to operate through the
release of adenosine or through the activation of AMPK.
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