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Abstract
Cyclic adenosine diphosphate ribose and adenosine di-
phosphate ribose (ADPR) play an important role in the
regulation of intracellular Ca2+ release and K+ channel
activity in the coronary arterial smooth muscle. The role
of these signaling nucleotides in the control of vascular
tone has yet to be determined. The present study was
designed to determine whether ADPR produces vasodi-
lation in coronary arteries and to explore the mechanism
of action of ADPR. ADPR (10–60 Ìmol/l) was found to pro-
duce endothelium-independent relaxation in a concen-
tration-dependent manner in isolated and pressurized
small bovine coronary arteries. The ADPR-induced vaso-
dilation was substantially attenuated by adenosine
deaminase (0.2 U/ml), and the P1 purinoceptor antago-
nist 8-(p-sulfophenyl)theophylline (50 Ìmol/l), with maxi-
mal inhibitions of 60 and 80%, respectively. When the
coronary arterial homogenates were incubated with
ADPR, the production of adenosine and 5)-AMP was
detected. The adenosine production was blocked by the
5)-nucleotidase inhibitor, ·,ß-methylene adenosine 5)-di-

phosphate (MADP, 1 mmol/l), which was accompanied
by a corresponding accumulation of 5)-AMP. This 5)-
AMP accumulation was substantially inhibited by the
apyrase inhibitor sodium azide (10 mmol/l). Moreover,
ADPR was hydrolyzed into 5)-AMP by purified apyrase. In
agreement with their inhibitory effect on the adenosine
production, MADP and sodium azide significantly attenu-
ated the vasodilator response to ADPR. The metabolism
of ADPR to adenosine was only detected in cultured cor-
onary arterial smooth muscle cells but not in endothelial
cells. We concluded that ADPR produces vasodilation in
small coronary arteries and that the action of ADPR is
associated with the adenosine production via an apy-
rase- and 5)-nucleotidase-mediated metabolism.

Copyright © 2001 S. Karger AG, Basel

Adenosine diphosphate ribose (ADPR) and cyclic
adenosine diphosphate ribose (cADPR) are endoge-
nous metabolites of nicotinamide adenine dinucleotide
(NAD). ADPR is produced by hydrolysis of NAD by
NAD glycohydrolase or hydrolysis of cADPR by cADPR
hydrolase, and cADPR is formed by cyclizing NAD via
ADP ribosylcyclase [1–4]. Both nucleotides have been
detected in a variety of tissues such as heart, liver, spleen
and brain and in red blood cells, lymphocytes, pituitary
cells and renal epithelial cells, and have been demon-
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strated to mediate cellular signaling [5–9]. It has been
reported that cADPR as a Ca2+-mobilizing second mes-
senger mediates the secretion of insulin in pancreatic ß
cells, the fertilization of eggs and the estrogen response in
the rat uterus [10–12]. Recent studies have indicated that
cADPR also importantly contributes to the effect of nitric
oxide on intracellular Ca2+ mobilization in nonvascular
and vascular tissues [13–18]. In vascular smooth muscle,
the production of cADPR can be decreased by nitric
oxide, thereby resulting in a decrease in intracellular Ca2+

concentration and vasodilation [18].
Compared with cADPR, the biological function of

ADPR as a signaling molecule is less well known. ADPR
is thought to participate in cell signaling primarily
through the nonenzymatic ADP ribosylation, and this
ADP ribosylation has been implicated in a number of bio-
logical events including DNA excision repair and transla-
tional regulation of cellular proteins [19, 20]. Other stud-
ies have demonstrated that ADPR is involved in the regu-
lation of platelet aggregation and the gating of the fertili-
zation channel in ascidian oocytes [21, 22]. A recent study
in our laboratory has indicated that ADPR increases the
activity of Ca2+-activated K+ (KCa) channels in coronary
arterial smooth muscle cells (SMCs), suggesting that this
nucleotide may be a vasodilator in coronary circulation
[23]. Given the importance of NAD/NADH in determin-
ing the tissue redox status, ADPR as a metabolite of NAD
may be involved in the regulation of tissue perfusion and
redox status through its vasodilator effect. The present
study was designed to determine whether ADPR pro-
duces vasodilation in isolated and pressurized small bo-
vine coronary arteries and to explore the possible mecha-
nisms mediating ADPR-induced vasodilation. Based on
the results of arterial preparation, we went on to define
the role of the apyrase- and 5)-nucleotidase-mediated me-
tabolism in the vasodilator effect of ADPR in coronary
arteries.

Materials and Methods

Isolated Small Coronary Artery Preparation
Fresh bovine hearts were obtained from a local abattoir. The left

ventricular wall was rapidly dissected and immersed in ice-cold phys-
iological saline solution (PSS) containing the following composition
(mmol/l): NaCl, 119; KCl, 4.7; CaCl2, 1.6; MgSO4, 1.17; NaH2PO4,
1.18; NaHCO3, 24; EDTA, 0.026, and glucose, 5.5, pH 7.4. This
myocardial section was transported immediately to the laboratory.
Small intramural coronary arteries from the left anterior descending
artery were carefully dissected and placed in cold PSS until cannula-
tion (up to 4 h). Segments of small arteries (100–200 mm inner diam-
eter) were transferred to a water-jacketed perfusion chamber and

cannulated with two glass micropipettes at their in situ length, as we
described previously [24]. The outflow cannula was clamped, and the
arteries were pressurized to 60 mm Hg and bathed in PSS that was
equilibrated with 95% O2/5% CO2 and maintained at pH 7.4 and
37°C. After 1 h equilibration, the internal diameter of arteries was
measured with a video system composed of a stereomicroscope (Lei-
ca MZ8), a charge-coupled device camera (KP-MI AU, Hitachi), a
video monitor (VM-1220U, Hitachi), a video measuring apparatus
(VIA-170, Boeckeler Instrument) and a video printer (UP890 MD,
Sony). The arterial images were recorded continuously with a video-
cassette recorder (M-674, Toshiba).

To determine the vasodilator response of ADPR, the arteries
were precontracted by 50 B 10% of their resting diameter with the
thromboxane A2 analogue U46619. Once steady-state contraction
was obtained, cumulative dose response curves of ADPR (10–
60 Ìmol/l) were determined by measuring changes in the internal
diameter. Then, these arteries were either denuded to determine the
dependence of ADPR action on endothelium or treated with adeno-
sine deaminase (ADA, 0.2 U/ml), 8-(p-sulfophenyl)theophylline (8-
PST, 50 Ìmol/l), ·,ß-methylene adenosine 5)-diphosphate (MADP,
100 Ìmol/l) or sodium azide (10 mmol/l) for 15 min to examine the
possible mechanisms mediating ADPR-induced vasodilation. The
endothelium was denuded by perfusion with air bubbles for 3–5 min
[25]. The endothelial denudation was verified by determination of
bradykinin-induced vasodilation after precontraction with U46619.
In contrast to the vasodilator response in endothelium-intact vessels,
bradykinin produced vasoconstriction in denuded arteries. All drugs
were added into the bath solution. Between pharmacological inter-
ventions, the arteries were washed three times with PSS and allowed
to equilibrate in drug-free PSS for 20–30 min. The vasodilator
response was expressed as percent relaxation of U46619-induced
precontraction based on changes in the internal diameter.

Culture of Coronary Arterial Endothelial Cells and SMCs
The bovine coronary arterial endothelial cells (ECs) and SMCs

were cultured as described previously [26]. Briefly, the arteries were
rinsed with medium 199 containing 5% FCS, 2% solution of antibi-
otics (penicillin-streptomycin-amphotericin B), 0.3% gentamycin
and 0.3% nystatin, and cleaned off connective tissues. The lumen of
arteries was filled with 0.25% collagenase in medium 199 and incu-
bated at 37°C for 30 min. The arteries were then flushed with
medium 199, and the detached ECs were collected and cultured in
RPMI 1640 containing 25% FCS, 1% glutamine and 1% antibiotic
solution. The denuded arteries were cut into small pieces, placed into
dishes with the lumen side down and incubated in medium 199 con-
taining 10% FCS, 1% glutamine, 1% antibiotic solution, 0.3% genta-
mycin, 0.3% nystatin and 0.1% tylosin for 3–5 days until SMCs
migrated to the dishes. Once SMC growth had been established, the
vessels were removed, and cells were grown in medium 199 contain-
ing 20% FCS. All cells were maintained in an incubator with 5% CO2
in air at 37°C. The ECs were identified by morphological appearance
(i.e. cobblestone array) and positive staining for von Willebrand fac-
tor antigen. The SMCs were identified by the positive staining with
an anti-·-actin antibody. All studies were performed using the cells of
2–4 passages.

Preparation of Coronary Arterial and SMC Homogenates
Small bovine coronary arteries were dissected as described above.

The dissected arteries were cut into very small pieces and homoge-
nized with a glass homogenizer in ice-cold HEPES buffer containing
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(mmol/l): Na-HEPES, 25; sucrose, 255; EDTA, 1; phenylmethylsul-
fonyl fluoride, 0.1. After centrifugation at 1,000 g for 10 min at 4°C,
the supernatants containing the membrane protein and cytosolic
components, termed homogenates, were frozen in liquid N2 and
stored at –80°C until used [24]. The SMC or EC homogenates were
prepared using the same procedure. Total protein concentrations of
the homogenates were measured with a Bio-Rad protein assay kit
according to the procedures described by the manufacturer.

HPLC Analysis of Adenosine and 5)-AMP
To examine the conversion of ADPR to adenosine by coronary

arteries, the coronary arterial, SMC or EC homogenates (100 Ìg pro-
tein) were incubated with 0.01–1 mmol/l ADPR and 100 Ìmol/l ery-
thro-9-(2-hydroxy-3-nonyl)adenosine (EHNA), an adenosine de-
aminase inhibitor, at 37°C for 1 h in an assay buffer containing
(mmol/l): HEPES, 10; NaCl, 148; KCl, 5; CaCl2, 1.8; MgCl2, 1.0, and
glucose, 5.5, pH 7.4. The reaction mixture was then rapidly frozen in
liquid N2 to terminate the reaction. To address the metabolic path-
way of ADPR, either the selective 5)-nucleotidase inhibitor MADP
(0.1–1,000 Ìmol/l) or the apyrase inhibitor sodium azide (1–
10 mmol/l) [27] was incubated with the homogenates 5 min before
addition of ADPR. The metabolism of ADPR to 5)-AMP by purified
apyrase was determined by incubating this enzyme (15 Ìg protein)
with 0.01–10 mmol/l ADPR and 100 Ìmol/l EHNA at 37 °C for 1 h.
To determine the localization of the apyrase-mediated ADPR metab-
olism, the confluent ECs or SMCs (1–2 ! 106 cells) were washed and
incubated in PSS containing 1 mmol/l ADPR and 100 Ìmol/l EHNA
for 2 h. The cells were then pelleted by a brief centrifugation, the
supernatants rapidly frozen in liquid N2. Before HPLC analysis, the
reaction mixtures or supernatants were filtered with an Amicon
microultrafilter to remove the proteins.

The HPLC system included a Hewlett-Packard 1090L solvent
delivery system and a 1040A photodiode array detector with a 20-Ìl
flow cell (Hewlett-Packard, Avondale, Pa., USA). Data were col-
lected and analyzed with a Hewlett-Packard Chemstation. Nucleo-
tides were separated on a Supelcosil LC-18T (3 Ìm, 4.6 ! 150 mm)
with a Supelcosil LC-18 guard column (5 Ìm, 4.6 ! 20 mm; Supelco,
Bellefonte, Pa., USA). A gradient system with two solvents was
applied. Solvent A consisted of 5% acetonitrile in 5 mmol/l potas-
sium dihydrogen phosphate buffer containing 5 mmol/l tetrabu-
tylammonium hydrogen sulfate (pH 5.5). Solvent B consisted of 50%
acetonitrile in the same buffer. The elution run began with 100%
solvent A for 4 min, then a linear gradient was established from
100% solvent A and 0% solvent B to 0% solvent A and 100% solvent
B during the next 12 min. The elution was then kept isocratic with
100% solvent B for another 8 min till completed. During the next
5 min the mobile phase was restored to 100% solvent A. A new sam-
ple was introduced after a further 10-min re-equilibration with 100%
solvent A. The injection volume was 20 Ìl. The flow rate was
0.8 ml/min. The column eluate was monitored at 254 nm. The peak
identities were confirmed by comigration with known standards and
absorbance spectra compared with the known standards. Quantita-
tive measurements were performed by comparing the peak area of
the products in the samples with known concentrations of standards
[23].

Statistics
Data are presented as means B SEM. The significance of the dif-

ferences in mean values between and within multiple groups was
examined using an analysis of variance for repeated measures fol-

Fig. 1. ADPR-induced vasodilation in bo-
vine coronary small arteries precontracted
with the thromboxane A2 analogue U46619.
EC (+) = Endothelium-intact; EC (–) = endo-
thelium-denuded.

lowed by Duncan’s multiple range test (Sigmastat). Student’s t test
was used to evaluate statistical significance of the differences be-
tween two paired observations. p ! 0.05 was considered statistically
significant.

Results

Effect of ADPR on Arterial Diameters in
Endothelium-Intact and -Denuded Small Coronary
Arteries
As shown in figure 1, ADPR (10–60 Ìmol/l) produced

a concentration-dependent vasodilation in U46619-pre-
contracted small bovine coronary arteries. A complete
relaxation was observed at 60 Ìmol/l ADPR with an IC50

of 30 Ìmol/l. Removal of vascular endothelium had no
effect on the vasodilator response to ADPR.

Effect of ADA and 8-PST on ADPR-Induced
Vasodilation
To determine whether ADPR-induced vasodilation is

associated with the production of adenosine, the arteries
were pretreated with ADA (0.2 U/ml), an enzyme degrad-
ing adenosine. As shown in figure 2a, ADA markedly
attenuated the vasodilator response to ADPR. In the pres-
ence of ADA, ADPR (60 Ìmol/l) only produced 30% relax-
ation, which is much less than 90% relaxation in ADA-
untreated arteries. To further confirm the role of adenosine
and activation of purinergic receptors in ADPR-induced
vasodilation, we tested the effect of the P1 purinoceptor
antagonist 8-PST on the ADPR-induced coronary vasodi-
lation. Pretreatment of the arteries with 8-PST (50 Ìmol/l)
substantially blocked the vasodilator response to ADPR
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Fig. 2. Effect of ADA and the adenosine
receptor antagonist 8-PST on ADPR-in-
duced vasodilation in bovine coronary small
arteries. a Effect of ADA (0.2 U/ml) on
ADPR-induced vasodilation. b Effect of 8-
PST (50 Ìmol/l) on ADPR-induced vasodi-
lation. * p ! 0.05 versus control.

Fig. 3. Metabolism of ADPR to 5)-AMP and
adenosine by bovine coronary arteries. a Re-
verse-phase HPLC depicting conversion
from ADPR to 5)-AMP and adenosine by
coronary arterial homogenates. b Conver-
sion rate of ADPR to adenosine. * p ! 0.05
versus control.

Fig. 4. Effect of MADP, a 5)-nucleotidase
inhibitor, on the metabolism of ADPR
(1 mmol/l) to 5)-AMP and adenosine in bo-
vine coronary arteries. a Effect of MADP on
the production of adenosine. b Effect of
MADP on the production of 5)-AMP. * p !
0.05 versus control.

(fig. 2b), at a dose that blocked the adenosine-induced
vasodilation. ADA and 8-PST had no effect on the basal
vascular diameter and the vasodilation induced by brady-
kinin, an endothelium-dependent vasodilator.

Production of Adenosine from ADPR in Coronary
Arteries
The coronary arterial homogenates were incubated

with 1 mmol/l ADPR as a substrate and EHNA as an
inhibitor of adenosine degradation. A typical HPLC chro-
matogram depicting the production of adenosine is pre-
sented in figure 3a. A peak with a retention time of
6.6 min in the reaction filtrates was detected and coeluted
with synthetic adenosine. A small peak with a retention
time of 9.4 min was confirmed as 5)-AMP. The peak at
15.8 min coeluted with ADPR, indicating presence of
unreacted ADPR. The peak at 18.3 min coeluted with
EHNA. Figure 3b summarizes the data showing the con-
version rate of ADPR to adenosine by coronary arterial
homogenates. There was a concentration-dependent pro-

duction of adenosine from ADPR, with a maximal con-
version rate of 0.59 B 0.06 nmol/min/mg protein. 5)-
AMP was also detected in the reaction mixture with a rate
of 0.052 B 0.004 nmol/min/mg protein, which repre-
sented a remaining amount of 5)-AMP under the actions
of endogenous 5)-nucleotidase. In the absence of EHNA,
the production of adenosine was also detected when the
arterial homogenates were incubated with ADPR (data
not shown).

Effect of MADP on the Metabolism of ADPR in
Coronary Arteries
To determine the enzymatic activity responsible for

the conversion of ADPR to adenosine, we examined the
effect of 5)-nucleotidase inhibition on the adenosine pro-
duction from ADPR. The coronary arterial homogenates
were incubated with the 5)-nucleotidase inhibitor MADP
(0.1–1,000 Ìmol/l), and the production of adenosine and
5)-AMP from ADPR was measured. A high concentration
of ADPR (1 mmol/l) was used to maximize the activity of
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Fig. 5. Effect of sodium azide, an apyrase
(ecto-ATP diphosphohydrolase) inhibitor,
on the metabolism of ADPR (1 mmol/l) to
5)-AMP in bovine coronary arteries. * p !
0.05 versus control.

Fig. 6. Kinetic study of conversion of ADPR
to 5)-AMP by purified apyrase. a Concentra-
tion-dependent conversion of ADPR to 5)-
AMP. b Lineweaver-Burk plot of the data
from a. 1/V = 1/conversion rate of 5)-AMP;
1/S = 1/[ADPR].

Fig. 7. Effect of MADP and sodium azide on
ADPR-induced vasodilation in bovine cor-
onary small arteries. a Effect of MADP
(100 Ìmol/l) on ADPR-induced vasodilation.
b Effect of sodium azide (10 mmol/l) on
ADPR-induced vasodilation. * p ! 0.05 ver-
sus control.

enzymes responsible for the production of adenosine.
MADP concentration-dependently inhibited the produc-
tion of adenosine from ADPR, which was accompanied
by a concentration-dependent increase in 5)-AMP, an
intermediate metabolite of ADPR in the reaction mixture
(fig. 4). Similarly, concanavalin A, another inhibitor of 5)-
nucleotidase, decreased the production of adenosine and
increased the 5)-AMP production from ADPR in a con-
centration-dependent manner (data not shown).

Effect of Sodium Azide on the Metabolism of ADPR
in Coronary Arteries
To further explore the mechanism by which ADPR is

converted to 5)-AMP, then to adenosine in the coronary
arteries, we examined the effect of the apyrase inhibitor
sodium azide on the production of 5)-AMP when coro-
nary arterial homogenates were incubated with ADPR. As
shown in figure 5, sodium azide (1–10 mmol/l) concentra-
tion-dependently inhibited the production of 5)-AMP
from ADPR in coronary arterial homogenates, with 60%

inhibition at the highest concentration of sodium azide
studied.

Kinetic Study on the Production of 5)-AMP from
ADPR by Purified Apyrase
To confirm the activity of apyrase in converting ADPR

to 5)-AMP, the purified apyrase (15 Ìg protein) was incu-
bated with ADPR and the production of 5)-AMP was
detected. Apyrase was found to catalyze the conversion of
ADPR to 5)-AMP. The Km and Vmax of this enzyme using
ADPR as a substrate were 0.58 mmol/l and 18.6 nmol/
min/mg protein, respectively (fig. 6).

Effect of MADP and Sodium Azide on ADPR-Induced
Vasodilation
To confirm that ADPR-induced vasodilation was me-

diated by the production of adenosine via 5)-nucleotidase
and apyrase, the arteries were pretreated with MADP
(100 Ìmol/l) or sodium azide (10 mmol/l). As shown in
figure 7, MADP and sodium azide significantly attenuat-
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ed the vasodilator response to ADPR. The inhibition of
ADPR-induced vasodilation by MADP and sodium azide
correlated well with their inhibitory action on the produc-
tion of adenosine or 5)-AMP from ADPR.

Production of Adenosine from ADPR by the Coronary
Arterial SMCs and ECs
To further localize the enzyme activity catalyzing the

conversion of ADPR to adenosine, cultured coronary
arterial SMCs and ECs or homogenates were incubated
with ADPR, and the adenosine level in the incubation
media or reaction mixture was measured. Adenosine was
found to accumulate in the incubation media of ADPR-
treated SMCs, and the conversion rate was 0.29 B 0.04
nmol/min/105 cells. However, there was no detectable
adenosine or 5)-AMP in the incubation media of ADPR-
treated ECs. For SMC homogenates, the conversion rate
of adenosine was 0.28 B 0.01 nmol/min/mg protein.

Discussion

In the present study, we demonstrated that ADPR pro-
duced a concentration-dependent vasodilation in small
resistant coronary arteries. Removal of the endothelium
had no effect on the vasodilator response to ADPR in this
coronary arterial preparation. These results provide the
direct evidence that ADPR is a potent vasodilator in
small coronary arteries and this ADPR-induced vasodila-
tion is endothelium independent. To our knowledge, little
is known regarding the effect of ADPR on coronary arteri-
al tone. However, previous studies have shown that the
precursor of ADPR, NAD, lowers blood pressure, relaxes
smooth muscle from isolated guinea pig taenia coli and
dilates dog coronary and rat mesenteric arteries [28–31],
but it is unknown whether these effects of NAD are asso-
ciated with the formation of ADPR. Recently, we have
reported that nicotinamide, a co-product of ADPR from
NAD hydrolysis, produced a significant coronary vasodi-
lation, but nicotinamide-induced vasodilation does not
appear to be related to the effect of ADPR, rather than to
the blockade of cADPR-induced intracellular Ca2+ mobi-
lization [32]. The findings in the present study indicate
that ADPR dilates coronary arteries, which may contrib-
ute to the vasodilator effect of NAD in coronary circula-
tion. Since ADPR has been reported to produce vasodila-
tion in rat mesenteric arteries, it is possible that this
nucleotide may serve as a common vasodilator in sys-
temic circulation and different organs to regulate a circu-
latory adaptive response to tissue metabolic activity.

In previous studies, the vasodilator effects of NAD
were found to be associated with the production of adeno-
sine and activation of P1 purinoceptors in vascular SMCs
[31]. Since ADPR is a metabolite of NAD and they are
structurally similar, we hypothesized that adenosine pro-
duction and activation of P1 purinoceptors may contrib-
ute to ADPR-induced coronary vasodilation. The present
study provides three lines of evidence to support this
hypothesis. First, addition of adenosine deaminase into
the arterial bath substantially blocked ADPR-induced
coronary vasodilation. Second, blockade of P1 purinocep-
tor by 8-PST completely abolished the vasodilator re-
sponse to ADPR. It is clear that activation of P1 purino-
ceptors is importantly involved in ADPR-induced coro-
nary vasodilation. However, a previous study demon-
strated that blockade of P2Y purinoceptors but not P1

purinoceptors attenuated the ADPR-induced decrease in
perfusion pressure in the isolated perfused mesenteric
bed, suggesting that P2Y purinoceptors are activated by
ADPR in mesenteric vessels [31]. The reason for this dis-
crepancy is unknown. It is possible that the different vas-
cular beds express different purinoceptors that are re-
sponsible for the vasodilator response to ADPR. More-
over, we used the isolated arterial preparation to study the
effect of ADPR, which avoided the possible indirect
effects of ADPR via other tissues surrounding the vessels
in the perfused mesenteric bed used in that previous study
[31]. Finally, using HPLC analysis, we detected the con-
version of ADPR into adenosine by coronary arterial
homogenates and cultured coronary arterial SMCs. This
provides direct evidence that coronary arterial smooth
muscle can convert ADPR into adenosine. It is well
known that adenosine dilates coronary arteries through
activation of P1 purinoceptors including A2 receptor [33,
34].

Another important aspect of the present study is the
demonstration of a metabolic pathway responsible for the
metabolism of ADPR to adenosine in the coronary arter-
ies. First, we examined the role of 5)-nucleotidase in the
conversion of ADPR into adenosine since 5)-nucleotidase
represents an important enzymatic pathway responsible
for adenosine production. It has been reported that 5)-
nucleotidase, especially ecto-5)-nucleotidase, is expressed
in a variety of vascular and nonvascular tissues, and it
dephosphorylates 5)-AMP to produce adenosine [35–40].
In the present study, we found that incubation of coronary
arterial homogenates with ADPR resulted in the produc-
tion of adenosine, and the adenosine production was
blocked by the 5)-nucleotidase inhibitor MADP, suggest-
ing that 5)-nucleotidase is involved in the conversion of
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ADPR into adenosine. Since inhibition of 5)-nucleotidase
is accompanied by the accumulation of 5)-AMP, we next
determined the enzyme activity catalyzing the conversion
of ADPR to 5)-AMP. Apyrase, which is also known as ecto-
ATP-diphosphohydrolase, is a membrane-bound enzyme
present in a large variety of tissues including brain, heart,
nonvascular and vascular smooth muscle [41–46]. It cata-
lyzes the hydrolysis of ATP and ADP to 5)-AMP. We
hypothesized that this apyrase may also be responsible for
the conversion of ADPR into 5)-AMP in coronary arteries,
as ADPR and ADP share the similar purine nucleotide
structure. To test this hypothesis, we examined the effect of
apyrase inhibition by sodium azide on the accumulation of
5)-AMP in the reaction mixture of coronary arterial ho-
mogenates with ADPR in the presence of 5)-nucleotidase
inhibitor. As expected, inhibition of apyrase significantly
blocked the accumulation of 5)-AMP in the reaction mix-
ture. This supports the view that apyrase accounts for the
conversion of ADPR into 5)-AMP, which is then metabo-
lized into adenosine by 5)-nucleotidase. Using purified
apyrase, we demonstrated that this enzyme hydrolyzed
ADPR into 5)-AMP with a Km of 0.58 mmol/l, which is
generally in agreement with the Km for ADP [36, 37]. Tak-
en together, these results indicate that ADPR is metabo-
lized into 5)-AMP by apyrase and 5)-AMP is further
metabolized into adenosine by 5)-nucleotidase in coronary
arteries. This represents a novel enzymatic pathway for
adenosine production in coronary circulation.

To further explore the role of this enzymatic pathway
in the adenosine production and ADPR-induced vasodi-
lation, we determined the effect of 5)-nucleotidase and
apyrase inhibition on the vasodilator response to ADPR
in coronary arteries. We found that the inhibition of aden-
osine production by MADP or sodium azide significantly
attenuated the ADPR-induced vasodilation in coronary
arteries. These functional data further confirm the con-
tributing role of 5)-nucleotidase and apyrase in the adeno-
sine production from ADPR in coronary arteries.

Since ADPR-induced vasodilation is endothelium in-
dependent, it appears that the conversion of ADPR into
adenosine is primarily localized in the vascular smooth
muscle. To test this view, we examined adenosine produc-
tion from ADPR in cultured coronary vascular SMCs and
ECs. We found that the conversion of ADPR into adeno-
sine occurred primarily in the vascular SMCs but not the
ECs. This is consistent with the small arterial studies indi-
cating the endothelium-independent vasodilator effect of
ADPR. In addition, detection of adenosine in the incuba-
tion medium when cells were incubated with ADPR sug-
gests that adenosine is produced extracellularly, which is

further supported by our finding that ADPR-induced
vasodilation was blocked by the adenosine receptor antag-
onist 8-PST and ADA (which is not cell permeable).
Numerous studies have indicated that tissue interstitial
adenosine exerts its physiological regulatory role on vas-
cular tone [47, 48]. Taken together, these results suggest
that vascular SMCs may contribute importantly to the
conversion of ADPR into adenosine, and adenosine then
serves as an autocrine to relax these cells, thereby produc-
ing vasodilation.

The present study did not attempt to determine the
physiological significance of this novel pathway for aden-
osine production. However, it has been shown that adeno-
sine as an important protective factor participates in the
adaptation to ischemia and reperfusion in different tis-
sues, especially the myocardium [49–52]. Adenosine pro-
duced in the coronary vascular cells including SMCs has
been indicated to contribute to the regulation of coronary
blood flow and the protection of the ischemia/reperfusion
injury of the heart [33, 34, 53, 54]. 

Since tissue NAD could be increased during ischemia
and reperfusion by changing the NAD transport mecha-
nism or tissue redox status [55, 56], ADPR may be
increasingly produced in the tissues under these circum-
stances. By the action of apyrase and 5)-nucleotidase,
ADPR can be converted into adenosine. Adenosine then
dilates arteries and increases blood flow to the tissue,
thereby protecting the tissues or cells from hypoxic and
ischemic injury [33, 34]. Interestingly, this adenosine pro-
duction occurs primarily in vascular SMCs. It may repre-
sent an autoregulatory mechanism in vascular smooth
muscle in response to tissue ischemia/reperfusion or oxi-
dant stress.

In summary, the present study demonstrated that
ADPR produces endothelium-independent vasodilation
in small coronary arteries and the vasodilator action of
ADPR is largely dependent on the adenosine production
by vascular smooth muscle via the apyrase and 5)-nucleo-
tidase metabolism. The conversion of ADPR into adeno-
sine represents another novel metabolic pathway for
adenosine production in coronary circulation, which may
importantly contribute to the myocardial protection dur-
ing ischemia and reperfusion through improving tissue
perfusion and oxygenation.
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