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Dipyridamole enhances ischaemia-induced reactive
hyperaemia by increased adenosine receptor
stimulation
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Background and purpose: Dipyridamole enhances post-occlusive reactive hyperaemia (PORH) in the human forearm vascular
bed. We hypothesize that this effect is completely mediated by increased adenosine receptor stimulation. To test this
hypothesis, the effect of caffeine (an adenosine receptor antagonist) on dipyridamole-induced augmentation of PORH was
explored.
Experimental approach: The forearm vasodilator responses to three increasing periods of forearm ischaemia (2, 5 and 13 min)
were determined during placebo infusion. Forty minutes after the last reperfusion period, this procedure was repeated during
intra-arterial infusion of dipyridamole (7.4 nmol min�1 per 100 ml forearm). At least 2 weeks later, this whole procedure was
repeated, but now in the presence of caffeine (90 mg min�1 per 100 ml volume).
Key results: After 2, 5 and 13 min of ischaemia, the average forearm blood flow increased to 5.6±0.7, 9.7±1.3 and
34.5±2.1 ml min�1 per 100 ml. After infusion of dipyridamole into the brachial artery, these numbers were significantly
increased to 7.7±0.8, 12.5±1.5 and 41.6±3.1 ml min�1 per 100 ml. This response was abolished by the concomitant
infusion of caffeine (6.6±0.5, 10.2±0.6, 35.1±2.2 (caffeine) versus 7.4±0.4, 10.5±0.6, 33.7±2.2 ml min�1per 100 ml
(caffeine/dipyridamole)).
Conclusions and implications: Caffeine prevented the augmenting effect of dipyridamole on PORH. This indicates that
dipyridamole-induced augmentation of PORH is mediated via increased adenosine receptor stimulation as a result of elevated
extracellular formation of adenosine during ischaemia.
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Introduction

Adenosine, an endogenous nucleoside, has a variety of

effects through different subtypes of adenosine receptors

(Rongen et al., 1997; Tabrizchi and Bedi, 2001). Adenosine

reduces platelet aggregation, the inflammatory response and

the release of noradrenaline from vascular sympathetic nerve

endings (Kitakaze et al., 1991; Rongen et al., 1996; Hasko and

Cronstein, 2004). Furthermore, adenosine stimulates the

release of nitric oxide from the endothelium and modulates

vascular wall proliferation (Smits et al., 1995; Burnstock,

2002). These actions of adenosine may act in concert to

prevent atherosclerosis, as has been recently proposed

by observations in ecto-50-nucleotidase-deficient mice

(Zernecke et al., 2006). In addition, adenosine reduces

ischaemia–reperfusion injury in heart, brain and skeletal muscle

(De Jong et al., 2000; Liem et al., 2001; Rongen et al., 2005).

Clinical exploitation of these beneficial actions of adeno-

sine are hampered by the rapid cellular uptake of infused
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adenosine, which limits its availability in the vascular wall

and tissue (Moser et al., 1989; Gamboa et al., 2003;

Bijlstra et al., 2004), and by the significant chemoreflex

activation of the sympathetic nervous system, which may

trigger cardiac arrhythmias, activate platelet aggregation and

induce adverse vascular remodelling when this nucleoside

is infused intravenously (Paul et al., 1990; Smits et al., 1991a;

Rongen et al., 1996). Therefore, alternative approaches

have been developed to fulfil the cardiovascular promises

of adenosine, including pharmacological inhibition of the

transmembrane transport of adenosine by the so-called

equilibrative nucleoside transporters (ENTs) (Rongen et al.,

1995). Indeed, oral treatment with dipyridamole inhibits

cellular adenosine uptake (Gamboa et al., 2005; Riksen et al.,

2005a) and improves clinical outcome in patients with

atherosclerosis (Diener et al., 1996). In addition, treatment

with dipyridamole prevents ischaemia–reperfusion injury

(Strauer et al., 1996; Heidland et al., 2000; Riksen et al.,

2005a). However, it is still a matter of debate whether

these clinical benefits of treatment with dipyridamole are

mediated by endogenous adenosine. In particular, two areas

of uncertainty exist. Firstly, the intracellular concentration

of adenosine rises during ischaemia, which reduces or

may even reverse the adenosine gradient across the cell

membrane. Secondly, dipyridamole may have other actions,

including free radical scavenging, prostacyclin release

and inhibition of phosphodiesterases, that may affect the

incidence of atherothrombosis or ischaemia–reperfusion

injury.

We have recently shown that dipyridamole augments

forearm post-occlusive reactive hyperaemia (PORH) in

healthy volunteers (Riksen et al., 2007). Although this

observation suggests that under these conditions dipyrida-

mole increases extracellular adenosine levels, we have not

yet ascertained whether endogenous adenosine is

fully responsible for this action of dipyridamole. In the

present study, we show that dipyridamole-induced augmen-

tation of PORH can be completely abolished by caffeine,

a competitive antagonist of A1 and A2 adenosine

receptors (Fredholm and Persson, 1982; Smits et al., 1990;

Biaggioni et al., 1991). This indicates that dipyridamole-

induced augmentation of PORH is mediated through

increased adenosine receptor stimulation as a result

of elevated extracellular formation of adenosine during

ischaemia.

Methods

Subjects

After the study protocol was approved by the Institutional

Review Board of the Radboud University Nijmegen Medical

Centre, eight healthy volunteers (six females; age 19–24

years) with a normal medical history, physical examination

and blood pressure gave written informed consent before

entering the study. All volunteers participated twice with a

minimum study-free interval of 2 weeks. On both days,

volunteers were studied in supine position after at least 24 h

of caffeine abstinence. Experiments were performed in a

temperature-controlled room (24 1C) in the morning after an

overnight fast or in the afternoon after having refrained from

food or fluid intake for 6 h. For each volunteer, the two

studies were performed at the same time of the day.

Measurements made

After local anaesthesia of the skin (xylocaine 2%), a 20 gauge

arterial catheter (Angiocath, Deseret Medical Inc., Sandy,

UT, USA) was inserted into the brachial artery of the non-

dominant arm for intra-arterial drug administration and

blood pressure monitoring. In both arms, forearm blood flow

(FBF) was measured simultaneously with venous occlusion

plethysmography using mercury-in-silastic strain gauges.

These strain gauges (DE Hokanson Inc., Washington, DC,

USA) were connected to a 24-bit A/D (analog/digital)

converter developed by the technical department of the

Radboud University Nijmegen Medical Centre (Fysioflex

System, Nijmegen, The Netherlands). Automatic analysis of

the plethysmographic signal was performed off-line and

manually controlled using MIDAC software. Validation of

this recording system was performed by comparison with

the traditional Hokanson EC4 system (DE Hokanson Inc.)

showing similar FBF results (data not shown). During

measurements of FBF, the hand circulation was excluded

by inflating a wrist cuff to 200 mm Hg to restrict the

measurements to skeletal muscle blood flow as much as

possible (Lenders et al., 1991).

Experimental design

Thirty minutes after cannulation of the brachial artery,

normal saline was infused with concomitant measurement

of baseline FBF for 5 min (Figure 1). Baseline FBF was
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Figure 1 Schematic overview of the experimental protocol, indicating baseline flow measurements, arterial occlusion and reperfusion flow
measurements. Caffeine replaced placebo infusion during the second visit. k Blood sampling for ex vivo determination of adenosine and
uridine transport (only performed during the second visit).
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measured again after 10 min, followed by determining FBF

after three increasing periods of forearm ischaemia (2, 5 and

13 min) recorded during, respectively, 3, 5 and 5 min of post-

occlusive reperfusion time. During the last minute of the

13-min ischaemic episode, the subjects performed rhythmic

hand gripping as a stimulus to maximize forearm vasodila-

tion (Pedrinelli et al., 1987). Between the last flow measure-

ment and subsequent occlusion of the forearm, 5 min of

extra reperfusion allowed the hand circulation to recover

from the wrist cuff inflations. After 40 min, baseline

measurements of FBF were repeated. Subsequently, intra-

arterial infusion of normal saline was replaced by dipyrida-

mole (7.4 nmol min�1 per 100 ml of forearm volume). The

administered dose of dipyridamole has previously been

shown to augment the vasodilator response to adenosine

without relevantly affecting baseline FBF (Bijlstra et al.,

2004).

The same study protocol was applied on both study days,

except that on the second study day, 0.9% saline was

replaced by caffeine (90 mg min�1 per 100 ml). First, PORH

was determined in the presence of caffeine, followed by

determining the effect of caffeine on dipyridamole-

enhanced PORH (Figure 1). During all procedures, total

intra-arterial infusion rate was kept constant at 100 ml min�1

per 100 ml. Dipyridamole and caffeine infusions were

stopped 10 s after initiation of ischaemia and recommenced

10 s before reperfusion. Previously, we performed a time

control experiment, which revealed a reproducible hyper-

aemic response to the used ischaemic stimuli (Bijlstra et al.,

1996).

Ex vivo determination of nucleoside uptake inhibition

During their second visit, blood from the venous effluent of

the experimental arm was collected in EDTA-containing

vacutainer tubes at baseline and during intra-arterial dipyri-

damole infusion at the end of the experiment for ex vivo

determination of transport inhibition of adenosine and

uridine (Riksen et al., 2005a). Adenosine and uridine are

both specifically transported by ENT, which can be blocked

by dipyridamole. After blood sampling, the blood was

immediately centrifuged, the erythrocytes washed twice in

normal saline and resuspended in morpholinepropane-

sulphonic acid buffer to obtain a 20% solution.

For uridine transport measurements, a 50 ml uridine

solution was added to 100 ml of 10% erythrocytes in

morpholinepropanesulphonic acid buffer to obtain a final

concentration of 10, 30, 100, 200, 400 and 1000 mM. After 3 s,

uridine uptake was completely blocked by 100 ml of 25 mM

dipyridamole, and the erythrocytes were isolated by im-

mediate centrifugation through a dibutyl phthalate layer.

After removal and washing of the upper layer, the erythro-

cytes were lysed with Triton X-100 and treated with

perchloric acid for protein precipitation. After centrifuga-

tion, the uridine concentration in the supernatant was

determined by HPLC (see analytical procedures).

To determine adenosine uptake, adenosine (in a final

concentration of 3 mM) was added to 100ml of 1% erythro-

cytes in Tris-NaCl buffer. After 0, 3, 6, 10 and 15 min,

adenosine uptake and deamination were completely blocked

by high-dose dipyridamole (10 mM) and erythro-9-(2-hydro-

xynon-3-yl)-adenine (8 mM), respectively. Subsequently, the

cells were separated from the supernatant by centrifugation

through a dibutyl phthalate layer, and the adenosine

concentration in the supernatant was determined as

described below.

Analytical procedures

Plasma caffeine concentrations were determined by the use

of reversed-phase HPLC with UV detection set at 273 nm

according to Schreiber-Deturmeny and Bruguerolle (1996).

In the ex vivo nucleoside uptake experiments, uridine

concentration was determined by HPLC with UV detection

set at 254 nm using a Polaris C18 column. For the mobile

phase, 10 mM TBAHS (tetrabutylammoniumhydrogensul-

phate) in 0.1% acetic acid was used. Uridine uptake was

expressed as nmol per min per mg protein in the

membranous fraction, determined according to the well-

documented Lowry assay. The adenosine concentration

was determined with reversed-phase HPLC with UV detection

set at 260 nm. Adenosine was separated by a linear gradient

of 2% acetonitrile (in 10 mM TBAHS, 20 mM NH4H2PO4, pH

6.0) to 35% acetonitrile in 15 min at 1 ml min�1.

Statistical analysis

All ex vivo measurements were performed in duplicate and

averaged for each subject. The ex vivo uridine uptake was

plotted for each subject according to the Michaelis–Menten

kinetics. The calculated Vmax (maximum velocity) for uridine

uptake and the effect of dipyridamole on adenosine uptake

were analysed by paired t-tests.

The last 4 min of baseline FBF measurements were

averaged to one value. All FBF measurements during

the first 3 min of reperfusion were averaged to one value

(FBF3-min). An ANOVA for repeated measures was performed

on FBFpeak (maximum FBF during reperfusion) and FBF3-min

with caffeine, dipyridamole and arterial occlusion time, as

within-subject factors to determine the effect of caffeine on

dipyridamole-enhanced PORH. Results are expressed as

mean±s.e.mean.

Drugs and solutions

All solutions were freshly prepared. Dipyridamole (Boehrin-

ger Ingelheim Espana S.A., Barcelona, Spain) and caffeine

(Genfarma, Maarssen, The Netherlands) were diluted to

reach final syringe concentrations of 7.4 nmol and 90 mg

per 50 ml, respectively.

Results

With the exception of one volunteer on the second study

day (1.5 mg l�1, prior to caffeine infusion), the baseline

serum caffeine concentrations were below 0.4 mg l�1 during

both study days, indicating excellent compliance to the

caffeine-free diet. Baseline FBF did not differ between the two

study visits. Forty minutes after the first set of ischaemic
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challenges, FBF remained slightly elevated on both study

days as compared with baseline, suggesting some residual

vasodilation. Mean arterial pressure slightly increased during

the course of the experiment, but this increase did not

significantly differ between the two visits (Table 1). More-

over, FBF in the non-infused forearm remained constant

throughout the study with the exception of a slight increase

during the 13-min ischaemic episode that was not affected

by dipyridamole or caffeine infusion (data not shown).

Forearm circulation during reperfusion

FBFpeak increased as a function of the severity of the

ischaemic challenge (Figure 2). This vasodilator state during

reperfusion was significantly potentiated by intra-arterial

infusion of dipyridamole (Figure 2a). FBF3-min showed a

similar pattern (Table 1).

Intra-arterial co-administration of caffeine did not

affect reactive hyperaemia in the absence of dipyridamole.

However, the augmenting effect of dipyridamole on FBFpeak

was almost completely abolished by caffeine (Figure 2b).

Similar results were obtained when results are expressed as

FBF3-min (Table 1).

Ex vivo determination of nucleoside uptake inhibition

In one volunteer, the ex vivo determination of uridine uptake

failed due to technical difficulties. In blood drawn from the

remaining seven volunteers, uridine uptake into the erythro-

cytes was significantly inhibited after dipyridamole infusion

compared to baseline. After intra-arterial dipyridamole

infusion, Vmax decreased to about 20% of the control value

(Po0.01; paired t-test; Figure 3). In concordance, the

adenosine concentration in the supernatant, 15 min after

ex vivo addition of adenosine, was significantly higher in

blood drawn during dipyridamole infusion compared to

baseline (Po0.05; Figure 3).

Discussion

The main new finding of this study is that the enhancing

effect of dipyridamole on the vasodilator response to

ischaemia is prevented by the adenosine receptor antagonist

caffeine. This indicates the involvement of adenosine

receptor stimulation by endogenous adenosine in this action

of dipyridamole. In addition, intra-arterial infusion of a low

dose of dipyridamole appeared sufficient to inhibit the ENT

in erythrocytes that were collected from the venous effluent

of the infused forearm, confirming the ENT as a target for

dipyridamole in this experimental set-up. Taken together,

these observations indicate the involvement of adenosine

receptors in the dipyridamole-induced augmentation of

PORH and support the concept of extracellular formation

of adenosine during ischaemia.

Table 1 FBF3-min and MAP3-min at baseline and after ischaemia

MAP3�min

(mm Hg)
FBF3-min

(ml min�1

per 100 ml)

Visit 1
(placebo)

Visit 2
(caffeine)

Visit 1
(placebo)

Visit 2
(caffeine)

# w # $

Base 1 82.3±2.3 81.8±3.3 2.5±0.5 2.8±0.4
Base 2 82.6±1.8 83.6±3.3 2.4±0.5 3.1±0.4
2 min ischaemia 82.3±1.6 84.2±3.6 5.6±0.7 6.6±0.5
5 min ischaemia 83.4±1.6 84.7±3.9 9.7±1.3 10.2±0.6
13 min ischaemia 83.8±1.7 83.9±3.6 34.5±2.1 35.1±2.2
Base 3 85.1±1.6a 86.8±3.9a 3.0±0.6a 3.7±0.5a

Dipy 85.8±1.7a 87.9±3.9a 3.4±0.5a 3.7±0.4a

2 min ischaemia 86.2±1.6 86.7±3.7 7.7±0.8 7.4±0.4
5 min ischaemia 86.2±1.7 86.5±3.8 12.5±1.5 10.5±0.6
13 min ischaemia 87.1±2.6 85.5±3.7 41.6±3.1 33.7±2.2

Abbreviations: Dipy, baseline during dipyridamole infusion; FBF, forearm

blood flow; FBF3-min and MAP3-min, average of 3 min of reperfusion; MAP,

mean arterial pressure.

Data are mean±s.e.mean.
aPo0.05 versus base 1 and base 2; #Po0.05 for the effect of dipyridamole;
wP40.1 for the interaction between caffeine and dipyridamole points to both

P40.1 and Po0.01 and $Po0.01 for the interaction between caffeine and

dipyridamole.
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Figure 2 Peak forearm blood flow (FBFpeak) after ischaemia. Data are mean±s.e.mean. (a) placebo versus dipyridamole and (b) caffeine
versus caffeine/dipyridamole. P-value indicates level of significance for the effect of dipyridamole on peak FBF after ischaemia (a and b) and the
interaction between caffeine and dipyridamole (a versus b, ANOVA for repeated measures).
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Carlsson et al. (1987) previously observed an increased

PORH after intravenous infusion of dipyridamole that was

inhibited by intravenous theophylline. Although the con-

clusions of the authors fit well with our observations, this

study of Carlsson et al. is difficult to interpret, as both drugs

have important effects on blood pressure and heart rate

when infused intravenously (Smits et al., 1991b). Unfortu-

nately, they did not report any recordings of blood pressure

or heart rate in this study. Drug-related changes in blood

pressure could have interfered with their measurements of

PORH. Our present study, however, used intra-arterial

infusions of both dipyridamole and caffeine at doses that

do not induce any significant change in arterial blood

pressure. Therefore, the presently observed interaction

between caffeine and dipyridamole is not confounded by

systemic haemodynamic changes. In addition, Carlsson et al.

(1987) used the air-filled latex rubber cuff to measure FBF as

opposed to strain gauge plethysmography used in the

present study. With this technique, they could not observe

a contribution of hand circulation to recorded FBF, nor an

incremental effect of prolonged occlusion time (45 min) on

peak post-occlusive flow. Both observations of Carlsson et al

(1987) contrast with studies using strain gauge plethysmo-

graphy (Pedrinelli et al., 1987; Lenders et al., 1991). We

believe that the FBF detected with air-filled latex rubber cuffs

is less reliable than strain gauge plethysmography as used in

our study. Finally, inclusion of the hand in the experimental

preparation, as in the experiments of Carlsson et al.,

increases the contribution of cutaneous blood flow to the

measured changes in FBF. In the skin, adenosine-induced

vasodilatation via A2 adenosine receptors is significantly

reduced by simultaneous stimulation of A1 adenosine

receptors (Stojanov and Proctor, 1990). As the contribution

of A1 (vasoconstriction) and A2 (vasodilation) receptors may

differ between cutaneous and skeletal muscle blood flow, we

prefer to limit our measurements to the skeletal muscle

circulation as much as possible.

There are currently two known pathways for the produc-

tion of adenosine (Figure 4), namely dephosphorylation of

50-AMP and hydrolysis of S-adenosylhomocysteine (SAH)

(Schutz et al., 1981). The rate of dephosphorylation of

50-AMP and hydrolysis of SAH depends on the enzyme

activity of 50-nucleotidase and SAH hydrolase and plasma

homocysteine concentration (Ueland, 1982; Darvish et al.,

1996; Riksen et al., 2005b). 50-Nucleotidase is located both in
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Figure 3 The ex vivo fall in supernatant adenosine concentration as a result of uptake into erythrocytes and uridine uptake into erythrocytes
with and without dipyridamole. (a) Concentration of adenosine as measured in the supernatant up to 15 min after ex vivo addition of
adenosine to whole blood that was sampled at baseline and during intra-arterial infusion of dipyridamole (n¼8). (b) Uridine uptake as a
function of uridine concentration as measured in blood that was collected at baseline and during intra-arterial dipyridamole infusion (n¼7).
Vmax: 158±20 and 34±8 nmol per min per mg protein in absence and presence of dipyridamole, respectively. Data are mean±s.e.mean.
Vmax, maximum velocity.
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Figure 4 A schematic presentation of adenosine metabolism.
Under normal, well-oxygenated conditions, adenosine kinase (AK)
and adenosine deaminase (ADA) activity results in an adenosine
concentration gradient across the cell membrane that favours
diffusion of adenosine into the cell. This diffusion is facilitated by
the equilibrative nucleoside transporter (ENT) and inhibited by
dipyridamole. In this study, we provide pharmacological evidence
that dipyridamole augments the role of extracellular adenosine in
post-occlusive hyperaemia. These observations indicate that during
hypoxic conditions, diffusion of adenosine remains directed towards
the cytosol and therefore support an extracellular source of
adenosine during ischaemia. AMPD, AMP deaminase; IMP, inosine
monophosphate; SAH, S-adenosylhomocysteine.
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the cytosol and on the extracellular surface of various cell

types (so-called ecto-50-nucleotidase). During well-oxyge-

nated conditions, approximately 90% of adenosine is

produced within the cell and is almost entirely derived from

SAH (Kroll et al., 1992; Deussen et al., 1999). Owing to the

effective intracellular rephosphorylation of adenosine to 50-AMP

by adenosine kinase, the cytosolic adenosine concentration

remains very low within the cell resulting in a transmem-

brane concentration gradient driving extracellular adenosine

into the cytosol (Kroll et al., 1993; Deussen et al., 1999).

Nucleoside transporters facilitate this diffusion of adenosine

across the cell membrane and are responsible for the short

half-life of circulating adenosine. The pharmacological

actions of ENT inhibitors in well-oxygenated tissues confirm

the important role of this transporter in the kinetics of

extracellular adenosine (Rongen et al., 1995; Riksen et al.,

2005c).

Although the increase in intravascular adenosine concen-

trations during ischaemia has been well documented (Costa

et al., 1999; Saito et al., 1999), controversy exists about the

origin of this additional extracellular adenosine. Hypoxia

causes an inhibition of adenosine kinase, the enzyme

responsible for rephosphorylation of adenosine, in the

guinea pig heart (Decking et al., 1997). This reduces the

metabolism of intracellular adenosine, which may reduce or

even reverse the transmembrane concentration gradient.

Most data from animal studies point towards an important

role for 50-nucleotidase in the formation of extracellular

adenosine during ischaemia (Frick and Lowenstein, 1976;

Headrick et al., 1992; Kitakaze et al., 1993, 1994), although

some data are equivocal (Skinner and Marshall, 1996)

possibly due to interspecies differences and variation in

experimental set-up. An important issue in this regard is

whether the 50-nucleotidase-mediated formation of adeno-

sine during ischaemia occurs within the cell by cytosolic

50-nucleotidase or in the extracellular matrix by ecto-

50-nucleotidase. The answer to this question determines the

clinical utility of ENT inhibitors to augment extracellular

adenosine during ischaemia: cytosolic formation of adeno-

sine during ischaemia requires a functional ENT to increase

extracellular adenosine and subsequent stimulation of

adenosine receptors, whereas the ENT would limit extra-

cellular adenosine concentrations when this nucleoside is

formed in the extracellular matrix during ischaemia.

We have previously shown that dipyridamole augments

PORH (Riksen et al., 2007). As dipyridamole blocks adeno-

sine transport across the cell membrane, the enhancing

effect on PORH suggests an increased extracellular adenosine

formation during ischaemia. However, apart from ENT

inhibition, dipyridamole has several other actions, such

as inhibition of several phosphodiesterase isoenzymes

(Fujishige et al., 1999; Gardner et al., 2000). This can lead

to upregulation of cAMP or cGMP-dependent pathways

triggered by endogenous substances such as prostacyclin or

nitric oxide. Alternatively, increased intracellular adenosine,

resulting from cytosolic formation of adenosine during

ischaemia in the presence of ENT blockade, might in theory

stimulate cellular processes leading to vasodilation without

affecting membrane-bound adenosine receptors. These

actions of dipyridamole could augment PORH without

increasing adenosine levels in the extracellular matrix. Thus,

to understand the action of dipyridamole on PORH, it is

of importance to ascertain the involvement of adenosine

receptor stimulation. Therefore, we used caffeine as a

competitive antagonist of A1 and A2 adenosine receptors

(Fredholm and Persson, 1982; Smits et al., 1990; Biaggioni

et al., 1991). We observed that caffeine completely prevented

the augmenting effect of dipyridamole on PORH. In our

experimental set-up, caffeine did not affect PORH in the

absence of dipyridamole, supporting a specific interaction

between dipyridamole and caffeine. In addition, we found

that the dose and mode of administration of dipyridamole

used here indeed inhibited nucleoside transport in the

infused forearm, indicating that the ENT is effectively

blocked. We interpret these findings as proof of the concept

that ischaemia induces extracellular formation of adenosine

resulting in stimulation of adenosine receptors without

dependence on intracellular sources of adenosine.

Several potential limitations in our study have to be

addressed. As in all volunteers caffeine was administered

during the second visit, an order effect could have interfered

with our findings. However, an experiment-free interval of 2

weeks is expected to be sufficient to exclude any possible

carry over effect. This is further supported by similar baseline

blood pressure and FBF and a comparable hyperaemic

response to the first set of ischaemic challenges on the two

study days. FBF did not return to baseline after a 40-min

equilibration period. Caffeine infusion did not influence

baseline FBF resulting in a similar baseline FBF prior to the

second set of ischaemic challenges on the two study days.

Therefore, this small residual vasodilation does not explain

the absence of dipyridamole-enhanced reactive hyperaemia

in the presence of caffeine.

In conclusion, we have shown an enhancing effect of

dipyridamole on PORH. This effect could be abolished by

the administration of the adenosine receptor antagonist

caffeine. This observation indicates the critical involvement

of adenosine receptors in dipyridamole-enhanced PORH.

From this observation, we conclude that increased levels of

extracellular adenosine during ischaemia result from extra-

cellular adenosine formation. This study supports the use of

dipyridamole to exploit the beneficial actions of endogenous

adenosine. However, our study suggests that this beneficial

effect of dipyridamole may be offset by the concomitant use

of caffeine. As both caffeine and dipyridamole are distributed

worldwide, the combined use of these products is likely to

occur. Therefore, future studies should focus on the clinical

implication of this interaction, which may ultimately lead to

improved tailoring of drug therapy.
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