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Abstract

Adenosine is a purine nucleoside and modulates a variety of physiological functions by interacting with cell-surface adenosine receptors.

Under several adverse conditions, including ischemia, trauma, stress, seizures and inflammation, extracellular levels of adenosine are

increased due to increased energy demands and ATP metabolism. Increased adenosine could protect against excessive cellular damage and

organ dysfunction. Indeed, several protective effects of adenosine have been widely reported (e.g., amelioration of ischemic heart and brain

injury, seizures and inflammation). However, the effects of adenosine itself are insufficient because extracellular adenosine is rapidly taken up

into adjacent cells and subsequently metabolized. Adenosine uptake inhibitors (nucleoside transport inhibitors) could retard the

disappearance of adenosine from the extracellular space by blocking adenosine uptake into cells. Therefore, it is expected that adenosine

uptake inhibitors will have protective effects in various diseases, by elevating extracellular adenosine levels. Protective or ameliorating

effects of adenosine uptake inhibitors in ischemic cardiac and cerebral injury, organ transplantation, seizures, thrombosis, insomnia, pain, and

inflammatory diseases have been reported. Preclinical and clinical results indicate the possibility of therapeutic application of adenosine

uptake inhibitors.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Adenosine is an endogenous purine nucleoside released

from various tissues and organs. Adenosine controls the

supply and demand of energy and modulates a variety of

physiological responses by interacting with specific cell-

surface G-protein-coupled receptors (Collis and Hourani,

1993; Stiles, 1997; Fredholm et al., 2001). Under several

adverse conditions, including ischemia, hypoxia, trauma,

stress, seizures, pain, and inflammation, adenosine produc-

tion is increased due to an increased demand for the energy

supplied by ATP, which is metabolized to AMP and adeno-

sine (Cronstein, 1995; Latini and Pedata, 2001). Indeed, the

activity of 5V-nucleotidase, which metabolizes AMP to

adenosine, is reported to be elevated in adverse conditions

(Kitakaze et al., 1993b; Johnson et al., 1999). The increased

extracellular adenosine protects against excessive tissue

damage or organ dysfunction by interacting with adenosine
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receptors (Ralevic and Burnstock, 1998; Linden, 2001).

However, the elevation of endogenous adenosine levels is

insufficient to exert pharmacological effects because extra-

cellular adenosine usually disappears quickly due to its rapid

uptake into adjacent cells (e.g., erythrocytes and endothelial

cells) and subsequent metabolism (Plagemann et al., 1985;

Moser et al., 1989). In fact, adenosine added to whole blood is

taken up with a half-life of less than 30 s and disappears

within 1 min (Dawicki et al., 1986; Yeung et al., 1991). In

addition, exogenous adenosine and its agonists attenuate

ischemic cardiac and cerebral injury (Von Lubitz et al.,

1988; Toombs et al., 1992), seizures (Murray et al., 1985),

pain (Sawynok et al., 1986), and inflammation (Schrier et al.,

1990) in several animal models. However, their therapeutic

application has been limited by side effects (e.g., hypoten-

sion, renal diuresis, bradycardia, and sedation) resulting from

the systemic pharmacological effects of adenosine (Jacobson

et al., 1992; Williams, 2000).

Adenosine uptake inhibition is an approach to enhance

the pharmacological effects of adenosine in pathophysio-

logical conditions since adenosine uptake is one of the key

events regulating extracellular adenosine concentrations

(Linden, 1997; IJzerman and van der Wenden, 1997).
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Adenosine is taken up from the extracellular space into

adjacent cells through specific transport proteins (nucleoside

transporters) on the plasma membrane (Thorn and Jarvis,

1996). Therefore, adenosine uptake inhibitors (nucleoside

transport inhibitors) could retard the disappearance of ex-

tracellular adenosine, elevate extracellular concentrations of

adenosine, and enhance the protective effects of endogenous

adenosine in tissues and organs undergoing accelerated

adenosine production under adverse conditions (Van Belle,

1993; Baldwin et al., 1999). As a result, adenosine uptake

inhibitors are expected to exhibit ameliorating effects in

various types of disease. In this review, the potential

therapeutic applications of adenosine uptake inhibitors for

various diseases are highlighted.
Fig. 1. Production and metabolism of adenosine under normal (A) and

adverse (B) conditions. ADA: adenosine deaminase, ADO: adenosine,

ADP: adenosine diphosphate, AK: adenosine kinase, AMP: adenosine

monophosphate, ATP: adenosine triphosphate, HYP: hypoxanthine, INO:

inosine, 5V-N: 5V-nucleotidase, NT: nucleoside transporter, SAH: S-

adenosylhomocysteine, SAM: S-adenosylmethionine, UA: uric acid.
2. Adenosine receptors, formation and disposition of

adenosine and nucleoside transporters

2.1. Adenosine receptors and their functions

The receptors activated by adenosine are termed purine

P1 receptors and are different from the receptors activated by

adenine nucleotides (purine P2 receptors; Filtz et al., 1997;

Khakh and Kennedy, 1998; Burnstock and Williams, 2000).

Purine P1 receptors have been further subdivided into four

adenosine receptor subtypes (A1, A2A, A2B and A3; Poulsen

and Quinn, 1998; Olah and Stiles, 2000; Fredholm et al.,

2001). Adenosine A1 receptors are coupled to Gi/o proteins

and inhibit adenylyl cyclase (intracellular cAMP is de-

creased). It has also been reported that adenosine A1

receptors interact with phospholipase C and potassium

channels (Fredholm et al., 2000). Adenosine A2A and A2B

receptors are coupled to Gs proteins and stimulate adenylyl

cyclase (intracellular cAMP is increased). Adenosine A2A

and A2B receptors have a high and a low affinity for

adenosine, respectively. Adenosine A3 receptors have been

documented to be Gi/q coupled and appear to inhibit

adenylyl cyclase and to activate phospholipase C (inositol

triphosphate and diacylglycerol are increased; Fredholm et

al., 2000). Unlike adenosine A1 and A2A receptors, activa-

tion of adenosine A3 receptors requires relatively high

concentrations of adenosine.

Adenosine receptors are distributed throughout the body

and control a variety of physiological functions (Collis and

Hourani, 1993). Adenosine A1 receptors induce cardiac

depression (e.g., bradycardia and negative cardiac inotropy),

vasoconstriction, bronchoconstriction, renal effects (e.g.,

renin release inhibition, glomerular filtration rate attenuation

and antidiuresis), and central nervous system (CNS) effects

(e.g., neurotransmitter release attenuation and sedation). In

contrast, adenosine A2 receptors mediate vasodilatation,

bronchodilation, immunosuppression, and inhibition of

platelet aggregation and neutrophil activation.

Several selective agonists and antagonists for adenosine

A1, A2A and A3 receptor subtypes are now available
(Jacobson and van Rhee, 1997; Van Muijlwijk-Koezen et

al., 2001; De Ligt and IJzerman, 2002; Cristalli et al., 2003).

2.2. Formation and disposition of adenosine in normal and

adverse conditions

Under physiological conditions, adenosine is mainly

formed intracellularly from S-adenosylhomocysteine by S-

adenosylhomocysteine hydrolase and phosphorylated to

AMP by adenosine kinase (Fig. 1A; Geiger et al., 1997;

Latini and Pedata, 2001). In these circumstances, intracel-

lular adenosine concentrations are under enzymatic control

and kept low.

In several adverse situations, including ischemia, hypox-

ia, trauma, stress, seizures, pain, and inflammation, adeno-

sine is mainly produced by the breakdown of ATP and

extracellular concentrations of adenosine are increased (Fig.

1B; Kowaluk et al., 1998; Latini and Pedata, 2001). Under

adverse conditions, 5V-nucleotidase activity is elevated

(Kitakaze et al., 1993b; Johnson et al., 1999), and the

increase in extracellular adenosine concentrations can be

attenuated by a 5V-nucleotidase inhibitor (Headrick et al.,

1992; Minamino et al., 1995). This route for adenosine

production appears to be especially active during periods

when cellular energy demands are high and the oxygen



Fig. 2. Effects of adenosine uptake inhibitors on the action and metabolism

of adenosine under adverse conditions. ADA: adenosine deaminase, ADO:

adenosine, ADP: adenosine diphosphate, AMP: adenosine monophosphate,

ATP: adenosine triphosphate, INO: inosine, 5V-N: 5V-nucleotidase, NT:
nucleoside transporter.
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supply is low. Increased adenosine readjusts the energy

supply-to-demand ratio, increases organ blood flow by

vasodilatation, and exerts various kinds of protective effects

(Ralevic and Burnstock, 1998; Linden, 2001). However, the

increased extracellular adenosine is rapidly taken up into

cells by nucleoside transporters and predominantly metab-

olized to inosine by adenosine deaminase (Plagemann et al.,

1985; Geiger et al., 1997).

2.3. Nucleoside transporters

Adenosine is transported across cell membranes by

nucleoside transporters (Cass et al., 1999; Cabrita et al.,

2002), and these transporters play a key role in the

regulation of extracellular adenosine concentrations. Nucle-

oside transporters are subdivided into two main categories

based on their functional characteristics and molecular

structure (Cass et al., 1998; Casado et al., 2002): (i)

equilibrative (passive, facilitated diffusion) nucleoside

transporters (termed ENTs) that transport nucleosides

across cell membranes in either direction depending on

intra- and extracellular nucleoside concentrations, and (ii)

concentrative (active, sodium ion-dependent) nucleoside

transporters (termed CNTs) that promote the influx of

nucleosides into cells against their concentration gradient,

using energy derived from the sodium ion gradient that

exists across plasma membranes. The equilibrative nucleo-

side transporters are found throughout the body. In contrast,

the concentrative nucleoside transporters are found in

specialized tissues or organs (e.g., small intestine epitheli-

um, choroids plexus, macrophages, splenocytes, the

kidneys, the liver, and the brain; Griffith and Jarvis,

1996; Cass et al., 1998).

Equilibrative nucleoside transporters are further subdi-

vided into two subtypes (Yao et al., 1997; Hyde et al.,

2001), equilibrative-sensitive (es) nucleoside transporters

(equilibrative nucleoside transporter 1: ENT1) and equili-

brative-insensitive (ei) nucleoside transporters (equilibrative

nucleoside transporter 2: ENT2), based on their differential

sensitivity to inhibition by the nucleoside analogue, S6-(4-

nitrobenzyl)mercaptopurine riboside (NBMPR, nitroben-

zylthioinosine). The es nucleoside transporters are potently

inhibited by NBMPR at low nanomolar concentrations,

whereas the ei nucleoside transporters are inhibited only

by micromolar concentrations. Many cell types express both

es and ei nucleoside transporters simultaneously, but the es

nucleoside transporters are far more abundant (Buolamwini,

1997). Although equilibrative nucleoside transporters have

been divided into just two subtypes as shown above (ENT1

and ENT2), variations in their kinetic and sequential proper-

ties suggest the possible presence of an additional trans-

porter isoform (ENT3; Hyde et al., 2001).

Concentrative, sodium ion-dependent nucleoside trans-

porters can be subdivided into five subtypes based on their

substrate selectivity and inhibitor sensitivity (Wang et al.,

1997; Ritzel et al., 2001): N1/cif (concentrative, inhibitor-
insensitive, accepting formycin B as a substrate but not

thymidine), N2/cit (concentrative, inhibitor-insensitive,

accepting thymidine as a substrate but not formycin B),

N3/cib (concentrative, inhibitor-insensitive, with broad sub-

strate specificity), N4/cit (like N2 but it also accepts

guanosine as a substrate), and N5/cs (concentrative, inhib-

itor-sensitive).

Among these transporters, most studies have focused on

the role of es nucleoside transporters because these trans-

porters are widely expressed throughout the body and have

functions in many cells (Griffith and Jarvis, 1996; Buolam-

wini, 1997).
3. Adenosine uptake inhibitors (nucleoside transport

inhibitors)

3.1. Mechanism of action

Since equilibrative nucleoside transporters are predom-

inant in many cells, either influx or efflux of adenosine can

occur depending on the direction of its existing concen-

tration gradient (Griffith and Jarvis, 1996; Buolamwini,

1997). Under various adverse conditions, adenosine could

be taken up from the extracellular space into cells because

of the increase in extracellular adenosine formation by

ATP degradation and the increase in extracellular adeno-

sine concentrations (Headrick et al., 1992; Kitakaze et al.,

1993b). Under these conditions, adenosine uptake inhib-

itors are expected to retard the disappearance of extracel-

lular adenosine by blocking nucleoside transporters and to

enhance the pharmacological effects of adenosine interact-

ing with cell-surface adenosine receptors (Fig. 2). As a

consequence of the increase in extracellular adenosine,

adenosine uptake inhibitors would amplify the protective
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effects of adenosine against several diseases. Adenosine

uptake inhibitors may have fewer side effects than aden-

osine and adenosine receptor agonists since endogenous

adenosine levels are selectively elevated by adenosine

uptake inhibitors in tissues or organs undergoing acceler-

ated adenosine formation (Van Belle, 1993; Linden, 1997).

Therefore, it is expected that adenosine uptake inhibitors

present a novel therapeutic approach to the treatment of

various diseases.

3.2. Representative adenosine uptake inhibitors

Many of the currently available adenosine uptake inhib-

itors (Fig. 3) are highly selective for es nucleoside trans-

porters. Interference by adenosine uptake inhibitors with

nucleoside transporters can be studied in displacement

studies of [3H]NBMPR binding to membranes or cells

harvested from tissues and organs (Table 1). The adenosine

uptake inhibitory activity of compounds has been evaluat-

ed by measuring the disappearance of adenosine added to a

cell suspension (e.g., erythrocytes and cardiomyocytes) or

whole blood in vitro (Table 1). In addition, for some

compounds, ex vivo inhibition of adenosine uptake is

determined by measuring the disappearance of adenosine
Fig. 3. Chemical structures of representative adenosine uptake inh
added to blood taken after systemic administration of

compounds.

3.2.1. NBMPR

NBMPR, a nucleoside analogue, is one of the most

potent and specific inhibitors of es nucleoside transporters

([3H]NBMPR binding inhibition Ki = 10� 9 M level;

Verma and Marangos, 1985; Conant and Jarvis, 1994)

and inhibits adenosine uptake in washed erythrocytes with

IC50 values of 10� 9–10� 8 M (Baer et al., 1990). The

introduction of [3H]NBMPR has greatly facilitated the

characterization of es nucleoside transporters, and

NBMPR is an important tool for the study and character-

ization of nucleoside transporters (Shi et al., 1984; Cas-

tillo-Melendez et al., 1996).

3.2.2. Dipyridamole

Dipyridamole, a pyrimidopyrimidine derivative, is used

clinically as a coronary vasodilator and a platelet aggrega-

tion inhibitor (Picano and Michelassi, 1997; De Schryver et

al., 2003). Dipyridamole inhibits both es and ei nucleoside

transporters (Dunwiddie and Diao, 2000; Ward et al., 2000).

It has been reported that dipyridamole inhibits [3H]NBMPR

binding to membranes or cells with Ki values of 10� 9–
ibitors. NBMPR: S6-(4-nitrobenzyl)mercaptopurine riboside.



Table 1

Characteristics of representative adenosine uptake inhibitors

Inhibitors [3H]NBMPR binding inhibition Ki

(membranes or cells)

Adenosine uptake inhibition IC50

(cellsa)

Comments or remarks

NBMPR 10� 9 M 10� 9–10� 8 M [3H]NBMPR is widely used.

Dipyridamole 10� 9–10� 7 M (rat 10� 6 M) 10� 7 M Clinically used. High doses are required for adenosine uptake

inhibitory activity after oral administration.

Dilazep 10� 10–10� 9 M (rat 10� 7 M) 10� 9 M Clinically used. Oral adenosine uptake inhibitory activity is weak.

Lidoflazine 10� 7 M 10� 7 M A prototype.

Mioflazine 10� 8 M 10� 8–10� 6 M

Soluflazine 10� 8 M 10� 8–10� 6 M A water-soluble mioflazine analogue.

R75231 10� 10 M – Orally active.

Draflazine 10� 10 M – The (� )-enantiomer of R75231.

Nimodipine 10� 7–10� 6 M 10� 7–10� 6 M Clinically used. Calcium channel antagonistic activity seems to be

predominant for its clinical effects.

Diazepam 10� 5–10� 4 M –

Clonazepam 10� 4 M –

Midazolam 10� 6 M –

Iodotubercidin 10� 6 M – An adenosine kinase inhibitor.

Propentofylline 10� 5–10� 4 M 10� 6–10� 4 M An adenosine A1 receptor antagonist.

Cilostazol (IC50 = 10
� 5 M) 10� 6 M Clinically used. A dual inhibitor of adenosine uptake and

phosphodiesterase type 3.

KF24345 10�10–10� 9 M 10� 8–10� 7 M Orally active.

NBMPR: S6-(4-nitrobenzyl)mercaptopurine riboside.

Referenced from Marangos et al. (1982), Patel et al. (1982), Verma and Marangos (1984), Williams et al. (1984), Heaton and Clanachan (1987), Parkinson and

Fredholm (1991), Fredholm et al. (1992), IJzerman et al. (1992), Deckert et al. (1993), Conant and Jarvis (1994), Parkinson and Geiger (1996), Liu et al.

(2000), Seubert et al. (2000) and Noji et al. (2002b) for [3H]NBMPR binding inhibition studies, Striessnig et al. (1985), Van Belle et al. (1986), Baer et al.

(1990), Yeung et al. (1991), Parkinson et al. (1993), Noji et al. (2002b) and Sun et al. (2002) for adenosine uptake inhibition studies.
a Expressing nucleoside transporters.
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10� 7 M (Marangos et al., 1982; Verma and Marangos,

1985; Heaton and Clanachan, 1987) and inhibits adenosine

uptake in whole blood with IC50 values of 10
� 7 M (Yeung

et al., 1991). Because of its short-lasting action and poor

oral bioavailability, a high dosage of dipyridamole is re-

quired for effective inhibition of nucleoside transport in vivo

(Van Belle and Janssen, 1991). Although one of its principal

pharmacological mechanisms is adenosine uptake inhibi-

tion, dipyridamole also has other pharmacological actions

including phosphodiesterase inhibition (Harker and Kadatz,

1983; Dogne et al., 2002).

3.2.3. Dilazep

Dilazep is a symmetrical alkyl- and cycloalkyldiamine

aromatic ester (Qian et al., 1984; IJzerman and van der

Wenden, 1997). It is equipotent with NBMPR as an es

nucleoside transport inhibitor ([3H]NBMPR binding inhibi-

tion Ki = 10
-10–10� 9 M; Verma and Marangos, 1985; Con-

ant and Jarvis, 1994) and inhibits adenosine uptake into

erythrocytes with IC50 values in the 10� 9 M range (Baer et

al., 1990). Although dilazep also inhibits adenosine uptake

ex vivo (by intravenous or intraperitoneal administration),

its inhibitory activity on adenosine uptake following oral

administration is weak (Baer et al., 1991; Van Belle and

Janssen, 1991). The symmetry of the molecule is important

for adenosine uptake inhibition since ‘‘half’’ molecules are

not active (IJzerman and van der Wenden, 1997). When the

effects of dilazep on the CNS are examined, it has to be

injected into the brain because of its poor CNS activity
following systemic administration (Dar, 1989). Like dipyri-

damole, dilazep is also clinically used as a coronary vaso-

dilator and a platelet aggregation inhibitor (Marzilli et al.,

1984; Nakamura et al., 2000).

3.2.4. Lidoflazine and its derivatives

This group includes the classical calcium channel

antagonists, lidoflazine (the lead compound), and its

analogues, mioflazine, soluflazine (a fully water-soluble

mioflazine analogue), 2-(aminocarbonyl)-N-(4-amino-2,6-

dichlorophenyl)-4-[5,5-bis(4-fluorophenyl)pentyl]-1-pipera-

zineacetamide (R75231) and its enantiomer, draflazine (the

(� )-enantiomer of R75231). They inhibit [3H]NBMPR

binding to membranes or cells with Ki values of 10� 10–

10� 7 M (Conant and Jarvis, 1994; IJzerman et al., 1992)

and also inhibit adenosine uptake into erythrocytes from

various species (IC50 = 10
� 8–10� 6 M; Van Belle et al.,

1986; Baer et al., 1990). In addition, R75231 inhibits ex

vivo adenosine uptake in animals, and the oral activity of

R75231 seems to be good compared with that of dipyri-

damole and dilazep (Baer et al., 1991; Van Belle and

Janssen, 1991). Cardioprotective effects of R75231 have

been widely reported.

3.2.5. Dihydropyridines

Several dihydropyridine calcium channel antagonists

have been shown to inhibit es nucleoside transporters.

Nimodipine, which is clinically used in subarachnoid hem-

orrhage to prevent vasospasm and subsequent ischemic
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damage (Koos et al., 1985), inhibits site-specific [3H]

NBMPR binding to human brain membranes with Ki values

of 10� 7–10� 6 M (Deckert et al., 1993). Nimodipine also

inhibits adenosine transport in human erythrocytes with IC50

values of 10� 7–10� 6 M (Striessnig et al., 1985). It is

widely believed that the clinical effects of nimodipine are

mediated by an inhibitory action on calcium influx through

voltage-gated L-type channels (Scriabine et al., 1989);

however, adenosine uptake inhibition may be also a relevant

mechanism for the clinical effects of nimodipine, at least in

part (Deckert and Gleiter, 1994). Non-dihydropyridine cal-

cium antagonists (e.g., verapamil and diltiazem) do not

inhibit nucleoside transport (Striessnig et al., 1985).

3.2.6. Benzodiazepines

Benzodiazepines (e.g., diazepam, clonazepam and mid-

azolam) have been shown to be relatively weak nucleo-

side transport inhibitors ([3H]NBMPR binding inhibition

Ki = 10
� 6–10� 4 M; Patel et al., 1982; Williams et al.,

1984; Seubert et al., 2000).

3.2.7. Iodotubercidin

Iodotubercidin, an adenosine kinase inhibitor, is reported

to inhibit [3H]NBMPR binding to cells (Ki = 10
� 6 M level;

Parkinson and Geiger, 1996).

3.2.8. Propentofylline

Propentofylline, a xanthine derivative and an adenosine

A1 receptor antagonist, has been shown to be a relatively

weak nucleoside transport inhibitor ([3H]NBMPR binding

inhibition Ki = 10
� 5–10� 4 M; Parkinson and Fredholm,

1991; Fredholm et al., 1992). In addition, propentofylline

inhibits adenosine uptake into cultured cells expressing

equilibrative nucleoside transporters with IC50 values of

10� 6–10� 4 M (Parkinson et al., 1993). Since propentofyl-

line can cross the blood–brain barrier, its neuroprotective

effects in cerebral ischemia have been examined (Parkin-

son et al., 1994; Sweeney, 1997). Adenosine uptake

inhibition is thought to contribute in part to the neuro-

protective effects of propentofylline.

3.2.9. Cilostazol

The quinolinone derivative cilostazol, which is in clinical

use, is a dual inhibitor of phosphodiesterase type 3 and

adenosine uptake (Elam et al., 1998; Liu et al., 2001).

Cilostazol inhibits [3H]NBMPR binding to membranes

(IC50 = 10
� 5 M level; Liu et al., 2000) and also inhibits

adenosine uptake into cells (IC50 = 10
� 6 M level; Sun et al.,

2002).

3.2.10. KF24345

The quinazoline derivative 3-[1-(6,7-diethoxy-2-morpho-

linoquinazolin-4-yl)piperidin-4-yl]-1,6-dimethyl-2,4

(1H,3H)-quinazolinedione hydrochloride (KF24345) is a

recently identified adenosine uptake inhibitor. KF24345

inhibits [3H]NBMPR binding to membranes or cells with
Ki values of 10
�10–10� 9 M (Hammond and Archer, 2004)

and also inhibits adenosine uptake into cells with IC50

values of 10� 8–10� 7 M (Noji et al., 2002b). In addition,

KF24345 causes a long-lasting inhibition of adenosine

uptake following oral administration in mice (Noji et al.,

2002b).
4. Potential therapeutic applications of adenosine uptake

inhibitors

4.1. Ischemic injury

Under ischemic (hypoxic) conditions, adenosine produc-

tion is markedly increased and extracellular adenosine

concentrations are elevated in ischemic areas (Kitakaze et

al., 1993b; Sweeney, 1997). Adenosine uptake inhibitors

block adenosine uptake from the extracellular space, in-

creasing local concentrations of extracellular adenosine and

thereby amplifying the protective effects of endogenous

adenosine in ischemic organs (Wardas, 2002).

4.1.1. Ischemic cardiac injury

Adenosine exerts protective effects in the ischemic and

reperfused myocardium by several mechanisms (Ely and

Berne, 1992; Kitakaze et al., 1993a; Bullough et al., 1995;

Mullane and Bullough, 1995). (1) Adenosine minimizes the

workload of the heart and its oxygen demand during

ischemia by decreasing the heart rate, depressing sinoatrial

node activity, and attenuating atrioventricular nodal conduc-

tion through adenosine A1 receptor pathways and subse-

quent activation of ATP-sensitive potassium channels. (2)

Adenosine causes coronary vasodilatation and increases

myocardial oxygen supply through the activation of aden-

osine A2A receptors on vascular smooth muscle and endo-

thelial cells. (3) Adenosine inhibits neutrophil activation

(e.g., oxygen radical production and adhesion to endothelial

cells) and platelet aggregation, preserving endothelial cell

integrity and limiting the vascular injury. These mechanisms

help to restore the balance between oxygen supply and

demand, and so adenosine ultimately decreases reperfused

myocardial damage, attenuates reversible post-ischemic

ventricular dysfunction, and reduces myocardial infarct size.

It has also been demonstrated that adenosine contributes to

preconditioning, a process by which transient ischemia

protects tissues or organs from damage during subsequent

prolonged ischemia (Liang and Jacobson, 1999; Baxter,

2002). This protective action is mediated by adenosine A1

and A3 receptor pathways, and ATP-sensitive potassium

channels seem to contribute to preconditioning as an end-

effector (de Jong et al., 2000; Mubagwa and Flameng,

2001).

NBMPR (intracoronary infusion in the 10� 5 M concen-

tration range), administered with the adenosine deaminase

inhibitor erythro-9-(2-hydroxy-3-nonyl)-adenine, augments

myocardial adenosine levels during ischemia and improves
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postischemic recovery of hemodynamic function in dog

hearts (Zughaib et al., 1993). Perfused hearts from guinea

pigs treated with dipyridamole (oral intake at 4 mg/kg/day)

show a sustained protection against ischemia–reperfusion

injury (Figueredo et al., 1999). Dilazep (intravenous infu-

sion at 0.2 mg/kg) prolongs the size-limiting effects of

ischemic preconditioning on infarcts in rabbit hearts (Yama-

saki et al., 2000).

Effects of lidoflazine derivatives on ischemic cardiac

injury have been widely reported. Lidoflazine (intravenous

administration at 1 mg/kg) increases myocardial adenosine

concentrations and protects the heart against ischemia–

reperfusion injury in dogs (Chang-Chun et al., 1992). The

effects of lidoflazine are attenuated by aminophylline, an

adenosine receptor antagonist, suggesting that the protective

effects of lidoflazine are mediated by adenosine receptors.

The possibility that lidoflazine may be beneficial as a

cardioprotective agent during coronary artery surgery has

also been reported in humans (De Hert et al., 1997).

Soluflazine (in the 10� 7 M concentration range) induces

adenosine accumulation during ischemia and improves

functional recovery after ischemia in isolated cat hearts

(Van Belle et al., 1989). R75231 (intracoronary infusion at

0.6–1.4 mg or intravenous administration at 0.1 mg/kg)

increases the tissue adenosine content, coronary blood flow,

and hyperemia after coronary artery occlusion, improves

functional recovery after ischemia, and decreases myocar-

dial infarct size in several animal models of ischemia and

reperfusion (Kirkeboen et al., 1992; Galinanes et al., 1993;

Kirkeboen et al., 1994; Martin et al., 1997). The in vivo

dosage of R75231 used in these studies is one that com-

pletely inhibits adenosine uptake ex vivo (Van Belle and

Janssen, 1991; Galinanes et al., 1993; Martin et al., 1997).

In addition, R75231 (intravenous administration at 0.05 mg/

kg) enhances the infarct size-limiting effects of ischemic

preconditioning in rabbits (Itoya et al., 1994). Although the

effects of R75231 are thought to be mediated predominantly

by the action of endogenous adenosine, there are some

reports showing that the cardioprotective effects of R

75231 are mediated by its action as a calcium antagonist

(Grover and Sleph, 1994). Draflazine (in the perfusate to the

heart in micromolar concentrations) protects the heart (e.g.,

functional recovery and creatine kinase release reduction)

against ischemia–reperfusion injury in pigs (Sommerschild

et al., 1997).

4.1.2. Ischemic cerebral injury

As is the case with ischemic cardiac injury, adenosine

also exhibits protective effects against cerebral ischemia. It

has been reported that stimulation of adenosine A1 receptor

decreases the morbidity and mortality associated with focal

or global brain ischemia (Von Lubitz, 1999; Phillis and

Goshgarian, 2001). Inhibition of transmitter release and

neuronal excitability, hyperpolarization of neurons, and

blockade of sodium ion channels are thought to contribute

to the protective effects of adenosine (Von Lubitz, 2001;
Dalpiaz and Manfredini, 2002). These actions could atten-

uate excitotoxic damage by limiting sodium ion entry and

by reducing metabolic demand, which would help to pre-

serve ATP stores. In addition, by acting through adenosine

A2A receptor pathways, adenosine ameliorates post-ische-

mic cerebral blood flow, inhibits platelet aggregation and

neutrophil adhesion, and decreases post-ischemic cerebral

damage (Pedata et al., 2001; Von Lubitz, 2001). Although it

has been reported that adenosine A2A receptor antagonists

protect against cerebral ischemic damage, this effect seems

to be only expressed temporally in the acute phase of

cerebral ischemia and with topical application of adenosine

A2A receptor antagonists. This effect is in addition to the

protective effects of peripheral adenosine A2A receptor

activation against reperfusion injury (Pedata et al., 2001).

NBMPR (intracortical infusion at 10� 4 M level) in-

creases cortical interstitial adenosine levels during ischemia

and reperfusion and ameliorates the effects of postischemic

hypoperfusion in pigs (Gidday et al., 1996). Dipyridamole

(perfusion into the frontal cortex in concentrations in the

10� 4 M range) increases cerebral extracellular adenosine

levels following ischemia and is suggested to protect the

brain against ischemic insult (Park and Gidday, 1990; Seif-

El-Nasr and Khattab, 2002). Since dipyridamole does not

appear to cross the blood–brain barrier, its possible CNS

activity following its systemic administration may be me-

diated by the inhibition of adenosine permeation through the

blood–brain barrier (Sinclair et al., 2001).

The protective effects of propentofylline have been

widely reported in ischemic cerebral injury. Propentofylline

(administration into the hippocampus at 10� 5–10� 2 M or

intraperitoneal administration at 10–20 mg/kg) enhances

the ischemia-evoked increase in adenosine levels in the

hippocampus, decreases glutamate release in the hippocam-

pus following ischemia, and attenuates cerebral injury

caused by ischemia in several animal models (Andine et

al., 1990; Dux et al., 1990; Miyashita et al., 1992; Kano et

al., 1994; Gidday et al., 1995). Propentofylline (intraperito-

neal administration at 20 mg/kg) also potentiates the pro-

tective effect of preconditioning against ischemia in gerbil

brains (Kawahara et al., 1998). The protective effects of

propentofylline are abolished by theophylline, an adenosine

receptor antagonist.

4.2. Organ transplantation

Adenosine has been reported to be beneficial in organ

transplantation, acting by mechanisms similar to those for

its action against ischemia and reperfusion injury (Southard

and Belzer, 1995; Lemasters and Thurman, 1997). Adeno-

sine improves postischemic functional recovery and pre-

serves transplanted organs. These usages have been

extensively studied in cardiac muscle, and it has been

reported that exogenously supplemented adenosine in car-

dioplegic solutions improves the recovery of cardiac func-

tion after ischemia and long-term cardiac preservation
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(Petsikas et al., 1990; Galinanes and Hearse, 1992). In

addition, adenosine has been shown to be necessary for

better performance of University of Wisconsin and St.

Thomas’ Hospital solutions in preserving the heart (de Jong

et al., 1990; Lasley and Mentzer, 1994).

NBMPR (in cardioplegic solution at 10� 9–10� 6 M)

increases the adenosine content at the end of storage,

increases coronary blood flow, and improves functional

recovery of cold-stored human and rat hearts (Yang et al.,

1994; Fremes et al., 1995). An adenosine A1 receptor

antagonist, 1,3-dipropyl-8-cyclopentylxanthine, blocks the

effects of NBMPR, suggesting that the protective effects of

NBMPR are mediated by adenosine A1 receptor pathways.

R75231 (in cardioplegic solution in concentrations in the

10� 6 M range) prevents ATP depletion, adenosine break-

down, and hypoxanthine accumulation during cold storage

of dog hearts, and is effective in their long-term preservation

(Flameng et al., 1991; Masuda et al., 1992; Mollhoff et al.,

1992). It has also been suggested that R75231 could be

beneficial for the preservation of liver and kidney trans-

plants (Booster et al., 1995; Todo et al., 1997).

4.3. Seizures

Adenosine is an endogenous homeostatic neuroprotec-

tive agent (Fredholm, 1997; Ribeiro et al., 2003). Consistent

with its role as an inhibitory neuromodulator, adenosine

exhibits anticonvulsant effects (Foster et al., 1994; Dunwid-

die, 1999). In addition, exogenously administered adenosine

receptor agonists decrease seizure activity (Dunwiddie and

Masino, 2001). The anticonvulsant effects of adenosine

appear to be mediated primarily by adenosine A1 receptors.

Adenosine stabilizes the membrane potential and attenuates

synaptic transmission in the CNS without itself acting as a

neurotransmitter (Knutsen and Murray, 1997). These actions

of adenosine, mediated mainly by adenosine A1 receptors,

inhibit neurotransmitter release, especially the release of

excitatory amino acids such as glutamate. Therefore, aden-

osine could attenuate neuronal excitability and ultimately

decrease neuronal cell death.

Dipyridamole (at 10� 6–10� 5 M) decreases excitatory

synaptic transmission and epileptiform activity in the rat

hippocampus (Mitchell et al., 1993; Tancredi et al., 1998;

Narimatsu and Aoki, 2000). The depressive activity of

dipyridamole is antagonized by caffeine (a nonselective

adenosine receptor antagonist) or 1,3-dipropyl-8-cyclopen-

tylxanthine (an adenosine A1 receptor antagonist), suggest-

ing that dipyridamole exerts its effects through adenosine A1

receptor pathways. Soluflazine (at 10� 6 M level) depresses

electrophysiological activity and epileptogenetic events in

guinea pig hippocampal slices by increasing endogenous

adenosine levels (Ashton et al., 1987, 1988). In addition,

midazolam (at 10� 6 M level) depresses excitatory synaptic

transmission in rat hippocampal slices, and it is suggested

that the effects of midazolam could contribute to the

therapeutic applications, including those for epilepsy, of
benzodiazepines (Narimatsu and Aoki, 1999). The effects

of midazolam are reversed by aminophylline (an adenosine

receptor antagonist).

4.4. Thrombosis

Adenosine inhibits platelet aggregation and attenuates

tissue factor expression on endothelial cells induced by

various stimuli (e.g., tumor necrosis factor-a, thrombin

and phorbol 12-myristate 13-acetate), acting mainly through

adenosine A2A receptor pathways (Anfossi et al., 1995;

Deguchi et al., 1998; Pasini et al., 2000). Since platelet

activation and tissue factor expression on endothelial cells

play a pivotal role as initiating events in arterial thrombosis

(Leff et al., 1997; Deguchi et al., 1998), the inhibitory

effects of adenosine on platelet and endothelial cell activa-

tion are thought to be beneficial for the treatment of

thrombosis.

Anti-thrombotic effects of dipyridamole and dilazep,

which are clinically used as anti-platelet drugs, have been

reported. Dipyridamole inhibits platelet aggregation in

human whole blood in vitro (at 10� 5 M level; Gresele

et al., 1986) and exhibits anti-thrombotic effect in rats

(intravenous administration at 1 mg/kg; Takiguchi et al.,

1992). The anti-platelet action of dipyridamole is reversed

by adenosine deaminase. Dilazep (at 10� 5–10� 4 M)

inhibits tissue factor activity and its expression induced

by stimuli in human umbilical vein endothelial cells and

monocytes (Deguchi et al., 1997). 8-( p-Sulfophenyl) the-

ophylline, an adenosine receptor antagonist, partially coun-

teracts the inhibitory effects of dilazep, which suggests that

the effects of dilazep are mediated by endogenous adeno-

sine, at least in part. Cilostazol has been reported to inhibit

platelet aggregation elicited by chemical or physical stim-

uli in vitro (IC50 = 10
� 6–10� 5 M; Minami et al., 1997;

Sun et al., 2002) and exhibits anti-thrombotic effects in

vivo (by oral intake at 30 mg/kg� 2/day; Kohda et al.,

1999). Cilostazol is clinically used for the treatment of

intermittent claudication or lower extremity peripheral

arterial occlusive disease (Liu et al., 2000, 2001). The

vasodilatation and inhibition of platelet aggregation caused

by cilostazol are thought to contribute to its beneficial

clinical effects (Schror, 2002).

4.5. Arrhythmia

Adenosine slows the heart rate (negative chronotropic

effect on cardiac pacemakers) and atrioventricular nodal

conduction (negative dromotropic effect on myocardium)

through adenosine A1 receptor pathways (Pelleg, 1993).

Potassium ion channel activation, outward potassium ion

current induction, and hyperpolarization in the sinus node

and atrioventricular node are thought to contribute to the

negative chronotropic and dromotropic effects of adenosine

(Wilbur and Marchlinski, 1997). In addition, it has been

reported that adenosine antagonizes the stimulatory effects
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of h-adrenoceptor agonists (Belardinelli et al., 1997). From
these observations, adenosine is expected to exhibit anti-

arrhythmic effects such as termination of paroxysmal sup-

raventricular tachycardia and catecholamine-dependent ven-

tricular tachycardia (Belardinelli et al., 1997). Indeed,

adenosine was introduced into the clinical setting as an

anti-arrhythmic drug for the acute management of re-entrant

supraventricular tachycardia. However, adenosine causes

bradyarrhythmia and atrial fibrillation (Belardinelli et al.,

1997; Pelleg et al., 2002).

R75231 (intravenous administration at 0.1 mg/kg)

decreases the incidence of ventricular fibrillation after

coronary artery occlusion in open-chest pigs (Wainwright

et al., 1993). Draflazine (infused in isolated guinea pig

hearts at 10� 7 M level) depresses atrioventricular nodal

conduction, and its effects are reversed by 8-cyclopentylth-

eophylline (an adenosine A1 receptor antagonist), which

suggests the involvement of endogenous adenosine acting at

adenosine A1 receptors (Kollias-Baker et al., 1994; Dennis

et al., 1996). In addition, dipyridamole (300 mg/day for 2 to

4 weeks) increases serum adenosine concentrations and

suppresses catecholamine- and calcium ion influx-sensitive

ventricular arrhythmia without changing the heart rate in

humans (Kobayashi et al., 1996).

4.6. Insomnia

The idea that adenosine plays a role in sleep is a natural

extension of the observation that adenosine receptor antag-

onists such as caffeine promote wakefulness and disrupt

normal sleep. Endogenous adenosine levels in the basal

forebrain are increased during prolonged wakefulness and

adenosine receptor agonists generally promote sleep, where-

as adenosine receptor antagonists reduce sleep (Dunwiddie

and Masino, 2001). Adenosine decreases the activity of the

wakefulness-promoting cell group, especially the choliner-

gic cells in the basal forebrain, through adenosine A1

receptor pathways (Basheer et al., 2000). This action of

adenosine is thought to contribute to its sleep-promoting

effects. Prolonged wakefulness induces local energy deple-

tion in the cholinergic basal forebrain, which increases

extracellular adenosine concentrations (Porkka-Heiskanen

et al., 2002). Increased extracellular adenosine concentra-

tions promote sleep and then are decreased during sleep.

Attenuation of the inhibition of the wakeful-active cell

group by the decrease in adenosine levels leads to the

initiation of a new period of wakefulness (Porkka-Heiska-

nen, 1999).

NBMPR (topical application to the cholinergic basal

forebrain at 10� 6–10� 5 M) increases adenosine concen-

trations in the basal forebrain, decreases the discharge rate

of the basal forebrain neurons, and promotes sleep in

animals (Porkka-Heiskanen et al., 1997; Alam et al.,

1999). Soluflazine (intracerebroventricular administration

in concentrations in the 10� 8 M range) increases sleep in

rats (O’Connor et al., 1991). Mioflazine (oral administration
at 2.5 mg/kg) decreases wakefulness and increases slow-

wave sleep in dogs (Wauquier et al., 1987). The sleep-

improving effects of mioflazine are antagonized by caffeine.

4.7. Pain

Adenosine exerts multiple effects on pain transmission

both at spinal and peripheral sites (Dickenson et al., 2000).

In the spinal cord, adenosine provides pain relief through

adenosine A1 receptor pathways in acute nociceptive,

inflammatory, and neuropathic pain tests (Sawynok,

1998). Adenosine attenuates both presynaptic and postsyn-

aptic activities through the activation of ATP-sensitive

potassium ion channels, hyperpolarization, and inhibition

of calcium ion conductance (Sawynok, 1997). As a result,

the release and activity of substance P, calcitonin gene-

related peptides and glutamate at nerve terminals are

attenuated, and these inhibitory activities of adenosine

are thought to contribute to its anti-nociceptive effects

(Sollevi, 1997; Sawynok and Liu, 2003). In addition, it

has been reported that spinally released adenosine acts as a

mediator of anti-nociception by opioid and 5-hydroxytryp-

tamine (Sawynok, 1997; Sollevi, 1997), whereas peripheral

adenosine exhibits pro-nociceptive effects (Burnstock and

Wood, 1996). Therefore, systemically administered adeno-

sine and its agonists have the potential to exhibit both anti-

nociceptive and pro-nociceptive effects based on the route

of administration. If these agents relieve pain when sys-

temically administered, this probably reflects a spinal site

of action (Sawynok, 1997).

Dilazep (intrathecal administration at 10� 8 nmol) indu-

ces anti-nociception in mice (Keil and Delander, 1995).

Dilazep is thought to inhibit spinal adenosine uptake and

thus increases the extracellular adenosine concentrations,

inducing anti-nociception.

4.8. Inflammatory diseases

Adenosine is released at sites of inflammation and acts as

an endogenous anti-inflammatory agent (Cronstein, 1994,

1995). Adenosine A2A receptor pathways have an important

role in the anti-inflammatory effects of adenosine (Ohta and

Sitkovsky, 2001; Sitkovsky, 2003). Adenosine inhibits neu-

trophil functions (e.g., oxygen radical production, rolling,

adhesion to vascular endothelium, injury to endothelial

cells, phagocytosis, and arachidonic acid release; Cronstein

et al., 1986; Revan et al., 1996; Cronstein, 1997; Krump and

Borgeat, 1999), macrophage functions (e.g., production of

pro-inflammatory cytokines including tumor necrosis factor-

a; Parmely et al., 1993; Bouma et al., 1994; Rosengren and

Firestein, 1997), and endothelial cell activation (e.g., cyto-

kine release and adhesion molecule expression; Bouma et

al., 1996). In addition, it has been reported that adenosine

agonists exert anti-inflammatory effects in vivo (Schrier et

al., 1990; Le Vraux et al., 1993). Furthermore, adenosine

mediates the anti-inflammatory effects of methotrexate and
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sulfasalazine, which are clinically used for the treatment of

inflammatory diseases (Cronstein et al., 1993; Gadangi et

al., 1996).

It has been reported that dipyridamole and KF24345

inhibit inflammatory events both in vitro and in vivo (Le

Vraux et al., 1993; Noji et al., 2002b). In addition, dipyr-

idamole and KF24345 exert protective effects in models of

inflammatory disease, as shown below.

4.8.1. Glomerulonephritis

Glomerulonephritis is an inflammatory disease of the

kidneys, characterized by the accumulation of extracellular

matrix within the damaged glomeruli, impaired filtration,

and proteinuria (Bruijn et al., 1988; Stratta et al., 1999).

The formation of immune complexes within the glomeru-

lus is a key initiating pathophysiological event, and leu-

kocytes are involved in the glomerular injury (O’Meara

and Brady, 1997). The complement system, platelet-acti-

vating factor, chemokines, and cytokines are also involved

in the pathogenesis of glomerulonephritis (Camussi, 1994;

O’Meara and Brady, 1997). In addition, the initial insult-

induced loss of nephron units may lead to an increase in

glomerular pressure and to hyperfiltration in the remaining

nephrons. These events can aggravate glomerulosclerosis

and result in a further loss of nephron units (Jackson,

1997). The anti-inflammatory effects and the renal hemo-

dynamic effects of adenosine (e.g., preglomerular vessel

constriction, postglomerular vessel relaxation, tubuloglo-

merular feedback system mediation, renal renin release

attenuation, and subsequent reduction of intraglomerular

pressure) could ameliorate the severity of glomerulonephri-

tis (Osswald et al., 1980; Murray and Churchill, 1985;

Churchill and Bidani, 1987; Agmon et al., 1993). Indeed,

2chloro-adenosine, an adenosine receptor agonist, abol-

ishes proteinuria in rats with glomerulonephritis (Poelstra

et al., 1993).

Dipyridamole (intraperitoneal administration at 10

mg� 2/day to 140–160-g rats for 4 weeks) attenuates

proteinuria in experimental glomerulonephritis (Izumino et

al., 1986). In addition, KF24345 (oral administration at 10

mg/kg/day for 5 weeks) attenuates proteinuria and glomer-

ular pathophysiological changes associated with glomerulo-

nephritis in mice (Noji et al., 2002a).

4.8.2. Acute pancreatitis

Acute pancreatitis is a disease characterized by necrosis,

vacuolization, and edema of the pancreas, and elevated

activities of serum amylase and lipase (Steinberg and

Tenner, 1994; Saluja and Steer, 1999). Several mediators,

such as activated pancreatic enzymes (Leach et al., 1991),

chemokines and cytokines (Denham et al., 1997; Grady et

al., 1997), transcriptional factors (Steinle et al., 1999),

platelet-activating factor (Konturek et al., 1992), and free

radicals (Niederau et al., 1992), are assumed to be involved

in the pathogenesis of acute pancreatitis; however, the

mechanisms underlying the pathogenesis and progression
of the disease are complex and not fully understood. In

severe cases, the pancreatic damage may subsequently lead

to serious complications (e.g., systemic inflammatory re-

sponse syndrome and multiple organ dysfunction syndrome)

with a high mortality (Banks, 1993; Steer, 1993).

The anti-inflammatory effects and the hemodynamic

effects in the pancreas (e.g., the amelioration of pancreatic

ischemia based on pancreas vasodilatation; Quere et al.,

1997) of adenosine could protect against pancreatic damage.

In addition, as shown above, adenosine directly inhibits the

activation of neutrophils and macrophages, which play a

key role in the development of serious systemic complica-

tions in acute pancreatitis (Niederau et al., 1991; Ogawa,

1998). Therefore, adenosine is thought to protect the pan-

creas against, and to inhibit the progression of, the serious

complications of acute pancreatitis. Indeed, an adenosine-

based therapeutic strategy in multiple organ failure has been

reported (Hasko et al., 2002).

KF24345 (oral administration at 10 mg/kg) attenuates the

pancreas injury of mild acute pancreatitis and decreases

mortality in mice with severe acute pancreatitis (Noji et al.,

2002c,d). The mortality-decreasing effects of KF24345 are

blocked by 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-

a][1,3,5]triazin-5-ylamino]ethyl)phenol, a selective adeno-

sine A2A receptor antagonist, suggesting that KF24345

inhibits the development of serious systemic complications

in acute pancreatitis mainly through adenosine A2A receptor

pathways.

4.9. Others

In addition to regulating the transmembrane movements

and physiological actions of adenosine, nucleoside trans-

porters control the entry of other nucleosides and nucleoside

analogues (Griffiths et al., 1997). Analogue drugs used for

cancer chemotherapy (e.g., cladribine, fludarabine, cytara-

bine, and gemcitabine) are substrates for both equilibrative

and concentrative nucleoside transporters (Baldwin et al.,

1999).

Compounds that inhibit equilibrative nucleoside trans-

porters are used together with chemotherapeutic nucleoside

analogues. In cells that possess only equilibrative nucleoside

transporters, intracellular concentrations of free nucleoside

drugs will be less than or equal to the extracellular concen-

trations of the drugs. Even if equilibrative nucleoside

transport inhibitors are applied to these types of cells, they

would only inhibit the cellular uptake of nucleoside drugs,

and intracellular concentrations of cytotoxic nucleoside

drugs would not be higher than their extracellular concen-

trations. Concentrative nucleoside transporters might be

most abundant in tumor cells. In cells that possess both

equilibrative and concentrative nucleoside transporters, the

intracellular free drug concentrations will represent a bal-

ance between concentrative uptake, metabolism, and equi-

librative nucleoside transporter-mediated efflux. In these

cells, equilibrative nucleoside transport inhibitors would



T. Noji et al. / European Journal of Pharmacology 495 (2004) 1–16 11
enhance the intracellular accumulation of cytotoxic nucleo-

side drugs, which are taken up into cells by concentrative

nucleoside transporters. Therefore, it is expected that equi-

librative nucleoside transport inhibitors (adenosine uptake

inhibitors) could potentiate the cytotoxic effects of antime-

tabolite nucleoside analogues (anticancer chemotherapy

agents) without affecting normal cells. It has been reported

that dipyridamole enhances the cytotoxicity of thymidylate

synthase inhibitors and antifolate agents (Chan and Howell,

1990; Curtin et al., 1999; Smith et al., 2001).
5. Conclusion

Various kinds of adenosine uptake inhibitors are current-

ly available and have been used to characterize adenosine

uptake sites in tissues or organs and to examine the role of

adenosine in physiological functions or disease pathogene-

sis. In addition, abundant evidence has accumulated that

adenosine uptake inhibitors may have therapeutic applica-

tions in various diseases. Adenosine uptake inhibitors are

able to enhance the protective effects of endogenous aden-

osine released at sites of tissue or organ damage, potentially

obviating the undesirable side effects associated with sys-

temic administration of direct-acting adenosine receptor

agonists. Protective or ameliorating effects of adenosine

uptake inhibitors in ischemic cardiac and cerebral injury,

organ transplantation, seizures, thrombosis, arrhythmia, in-

somnia, pain, and inflammatory diseases have been

reported. Adenosine uptake inhibitors are expected to ex-

hibit protective and ameliorating effects against various

clinical diseases.
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