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Abstract
Adenosine (ADO) is an endogenous protective regulator that restores cellular en‐
ergy balance in response to tissue trauma. Extracellular ADO has a half‐life of the 
order of seconds thus restricting its actions to tissues and cellular sites where it is 
released. Adenosine kinase (AK, ATP:adenosine 5′‐phosphotransferase, EC 2.7.1.20) 
is a cytosolic enzyme that is the rate‐limiting enzyme controlling extracellular ADO 
concentrations. Inhibition of AK can effectively increase ADO extracellular concen‐
trations at tissue sites where pathophysiological changes occur. Highly potent and 
selective nucleoside and non‐nucleoside AK inhibitors were discovered in the late 
1990s that showed in vivo effects consistent with the augmentation of the actions of 
endogenous ADO in experimental models of pain, inflammation, and seizure activity. 
These data supported clinical development of several AK inhibitors for the manage‐
ment of epilepsy and chronic pain. However, early toxicological data demonstrated 
that nucleoside and non‐nucleoside chemotypes produced hemorrhagic microfoci in 
brain in an apparent ADO receptor‐dependent fashion. An initial oral report of these 
important toxicological findings was presented at an international conference but a 
detailed description of these data has not appeared in the peer‐reviewed literature. 
In the two decades following the demise of these early AK‐based clinical candidates, 
interest in AK inhibition has renewed based on preclinical data in the areas of renal 
protection, diabetic retinopathy, cardioprotection, and neurology. This review pro‐
vides a summary of the pharmacology and toxicology data for several AK inhibitor 
chemotypes and the resulting translational issues associated with the development 
of AK inhibitors as viable therapeutic interventions.
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1  | INTRODUC TION

It is well established that adenosine (ADO) functions to restore 
energy balance in cells that have been exposed to stressors or 
trauma.1-4 As such, ADO exerts protective effects in a broad spec‐
trum of pathological conditions including inflammation, various 
forms of neuronal hyperexcitability, and/or toxicity including hy‐
poxia, seizures, and chronic pain.5,6 These cellular protective actions 
of ADO support its classification as a “retaliatory” or “homeostatic” 
modulator of cellular activity.7

ADO is only one component of a purinergic signaling cascade 
as its availability is tightly regulated by multiple enzymes and trans‐
porters.2 As illustrated in Figure 1, the intracellular and extracel‐
lular metabolic degradation of ATP to its downstream metabolites 
adenosine diphosphate (ADP), adenosine monophosphate (AMP), 
and ADO generates an ensemble of ligands that act at multiple cell 
surface receptor families termed P1 and P2 receptors.1,8-10 The P1 
receptors are specifically activated by ADO and comprise a family 
of G protein‐coupled receptors (A1, A2A, A2B, A3).

2,6 The P2 recep‐
tor family comprises subfamilies of G protein‐coupled P2Y receptors 
and ligand‐gated P2X receptors.10

2  | BIOCHEMISTRY

Under physiological conditions, cellular uptake and metabolic con‐
version regulates ADO extracellular concentrations. This process is 
rapid (seconds) and restricts ADO actions to local tissues and cellular 
sites where it is released.11,12 Adenosine kinase (AK, ATP:adenosine 

5′‐phosphotransferase, EC 2.7.1.20) is a cytosolic enzyme that cata‐
lyzes the phosphorylation of ADO to AMP and is one of the two 
enzymes responsible for ADO metabolism. ADO deaminase (ADA, 
adenosine aminohydrolase, EC 3.5.4.4) also contributes to ADO con‐
version, but AK‐mediated metabolism of ADO is the primary regu‐
lator under physiologic conditions.13 The mammalian AK enzyme 
has been cloned14,15 and crystallized.16 Differential splicing and 
promoter activity results in two mammalian isoforms of AK, termed 
long and short, that differ based on the length of exon 1.17 These 
isoforms are also differentially localized in the intracellular compart‐
ment with the long form found in the nucleus and the short form in 
the cytoplasm.17 While the physiological significance of the specific 
isoforms remains to be determined, a role for nuclear AK in trans‐
methylation reactions has been proposed.17 Functional AK contains 
two ADO binding sites, a catalytic site with high affinity for ADO and 
a lower affinity regulatory MgATP2‐ binding site.18,19 Extracellular 
ADO concentrations are governed by an ADO‐specific transport 
system that operates as a non‐concentrative, bidirectional, facili‐
tated diffusion transporter. Thus, AK inhibition has the net effect of 
decreasing cellular reuptake of ADO resulting in an increase in the 
local concentration of ADO in the extracellular compartment.20 The 
molecular biology, enzymology, and biochemistry of AK have been 
comprehensively reviewed.17

3  | PHYSIOLOGY

The dynamic intracellular regulation of ADO by AK supports a 
mechanistic hypothesis that the intracellular blockade of AK may 
effectively enhance extracellular ADO concentrations in cells 

F I G U R E  1  The Purinergic Cascade. 
Intracellular and extracellular 
concentrations of ATP, ADP, AMP, and 
ADO are highly regulated by multiple 
intracellular and extracellular enzymes. 
The phosphorylation of intracellular 
ADO to AMP is mediated primarily by the 
action of AK. The sequential hydrolysis of 
ATP to ADO via the CD39/CD73 pathway 
can lead to physiologically relevant 
extracellular ADO concentrations in 
certain pathological situations such as 
inflammation17,27
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undergoing accelerated ADO release21 and this process may be 
more pronounced at tissue sites where pathophysiological changes 
result in ADO release.22,23 Proof of this concept has been demon‐
strated in hippocampal and spinal cord slices in vitro24,25 and in 
vivo following peripheral inflammation26 and during excitotoxic 
insults to rat striatum in vivo using microdialysis techniques.23 
These latter reports provide compelling evidence that systemi‐
cally administered AK inhibitors can elicit “a site and event spe‐
cific” enhancement of endogenous ADO levels.22,23 Furthermore, 
AK inhibitors can amplify the actions of ADO independent of a 
single ADO receptor subtype. This action may be of potential ad‐
vantage in cases where a multiplicity of ADO receptor subtypes is 
involved in the protective actions of ADO, such as in inflammation 
or chronic pain.2,6

4  | ADO ‐BA SED DRUG DISCOVERY

The beneficial actions of ADO across a multitude of organ systems 
coupled with robust effects in experimental models of pathophysi‐
ology have served as a basis for rational drug design of ADO‐based 
interventions spanning at least eight decades.27 ADO‐based drug 
discovery research has encompassed virtually all peripheral and 
central nervous system diseases and significant pharmaceutical 
company efforts have been devoted to the potential treatment of 
cardiovascular and neurodegeneration diseases.6,8,9,28,29 Despite 
many years of “drug‐hunting” research directed at ADO‐mediated 
interventions, few drugs have advanced into clinical use. Only one 

drug is currently approved for use in the United States, an A2A re‐
ceptor agonist for diagnostic cardiac imaging.30 Additionally, an 
A2A receptor antagonist has been approved in Japan for the man‐
agement of Parkinsonian symptoms.30 A primary limiting factor in 
the advancement of ADO‐based therapeutics is the fact that ADO 
modulation is highly relevant in essentially all organ systems such 
that mechanism‐based peripheral or central side‐effects or tolerabil‐
ity issues are difficult to avoid or modulate.6,27 Given the ubiquity of 
homeostatic ADO modulation of physiological systems, the hypoth‐
esis regarding the site and event specificity afforded by inhibition 
of AK22,23 represented a viable therapeutic approach that offered 
the potential for improved benefit/risk profile as compared to di‐
rect‐acting agonists.28

Multiple classes of potent and selective nucleoside and non‐
nucleoside inhibitors (Figure 2) of AK have been generated as a 
result of rational drug design and optimization of novel screening 
leads in the late 1990s.5,31-33 In addition to their potent affinity 
to inhibit AK, many of these chemotypes offer improved cellular 
penetration compared to ribose‐containing prototypic inhibitors 
such as 5′‐deoxy‐5′amino ADO (NH2d‐ADO) (Table 1) and retain 
nanomolar potency to inhibit AK in intact cells. Representative 
AK inhibitors of each class (ie, ABT‐702 and A‐286501) where 
shown to reversibly and competitively block the ADO recogni‐
tion site in the enzyme and noncompetitively interact with the 
MgATP2‐ site.34,35 These compounds showed equivalent potency 
in inhibiting both long and short forms of human AK and AK from 
multiple mammalian species including mouse, rat, dog, and mon‐
key (Table 2). Crystallography studies have shown that nucleoside 

F I G U R E  2  Chemical structures of different classes of AK inhibitors
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and non‐nucleoside AK inhibitors bind AK in distinctly different 
conformations that result in a significant rearrangement of the 
protein's large and small domains.36

Different classes of orally bioavailable and CNS‐penetrant AK 
inhibitors have been shown to be systemically active in diverse 
experimental models of pain, inflammation, and seizure activ‐
ity.5,34-37 Pharmacological analysis of these protective effects using 
ADO (P1) receptor antagonists provides mechanistic support that 

AK inhibition leads to increased endogenous ADO concentrations 
that activate different ADO receptor subtypes and is the under‐
lying mechanism mediating the effects of AK inhibitors in vivo.5 
Importantly, systemically administered AK inhibitors were found to 
exert therapeutic effects (ie, anti‐hyperalgesia) at 3‐ to 10‐fold lower 
doses than those causing alterations in psychomotor performance 
(eg, exploratory motor activity or rotorod performance) and cardio‐
vascular (eg, blood pressure and heart rate) as compared to direct‐
acting agonists (Table 3).

5  | SAFET Y ISSUES

The preclinical profile of AK inhibitors to alleviate hyperexcitability 
in experimental models of seizure disorders and chronic pain without 
producing untoward effects on classic ADO‐mediated central and 
peripheral endpoints provided sufficient preclinical proof of concept 
to advance novel AK inhibitors into early clinical development for 
the management of epilepsy and pain.5 GP‐3269 (Metabasis/Gensia) 
and ABT‐702 (Abbott Laboratories) (Figure 1) are two orally bioavail‐
able and centrally penetrant potent AK inhibitors that were con‐
sidered viable clinical candidates during the late 1990s.5 However, 

TA B L E  1  Pharmacological activity and selectivity of AK inhibitors

IC50 nmol/L (±SEM)

Target AK Intact Cell A1 A2A A3 NBTI ADA

AK inhibitor

NH2dADO 15 ± 7 6630 ± 880 >10,000 >10,000 ND >10,000 ND

5′d‐5IT 0.9 ± 0.1 68.1 ± 7.5 >10,000 >10,000 >10,000 >10,000 >10,000

A‐134974 0.06 ± 0.07 45 ± 9 >10,000 >10,000 >10,000 >10,000 >10,000

A‐286501 0.5 ± 0.1 12 ± 1 >10,000 >10,000 >10,000 >10,000 >10,000

ABT‐702 1.7 ± 0.5 51 ± 8 >10,000 2110 ± 1000 >10,000 2220 ± 370 >10,000

Note: Data from 34,35,37,38. ND, not determined. All data were derived from rat brain except A3 which is from recombinant human receptors expressed 
in HEK293 cells.

TA B L E  2  K inhibitor potencies across mammalian species

IC50 nmol/L (±SEM)

  5′d‐5IT A‐286501 ABT‐702

Human 0.8 ± 0.4 1.4 ± 0.2 3.0 ± 0.8

hrAKlong 3.0 ± 2.4 1.9 ± 0.1 1.4 ± 0.2

hrAKshort 1.4 ± 0.3 1.4 ± 0.5 1.2 ± 0.1

Monkey 1.6 ± 0.2 4.6 ± 0.8 1.2 ± 0.4

Dog 2.3 ± 1.0 1.5 ± 0.1 1.3 ± 0.4

Rat 1.4 ± 0.3 0.7 ± 0.1 1.7 ± 0.7

Mouse 1.7 ± 0.7 0.6 ± 0.1 0.8 ± 0.1

Note: Data from 34,35.

TA B L E  3  Potency of AK inhibitors and ADO agonists to attenuate thermal hyperalgesia and motor performance in rats

ED50 (µmol/kg,i.p.)

  Thermal hyperalgesia Locomotor activity Rotorod activity Locomotor/hyperalgesia Rotorod/Hyperalgesia

ADO receptor agonist

CPA 0.7 3 30 4.3 43

CGS 21680 1 2 >30 2 >30

NECA 0.3 0.5 7 1.7 23

AK inhibitor

5′d‐5IT 0.2 0.7 15 3.5 75

A‐134974 1.0 16 >30 16 >30

ABT‐702 0.7 7 >100 10 >100

A‐286501 2 20 70 10 35

Note: Data from.35 Locomotor activity, exploratory motor activity 0‐30 min; Rotorod, 60 min pretreatment; Thermal Hyperalgesia, carrageenan‐in‐
duced hyperalgesia.
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advancement of both compounds into clinical studies was stopped 
at an early stage due to the discovery of compound‐ and mechanism‐
based toxicological signals.33,39 Some of these findings for a nucleo‐
side‐based AK inhibitor were presented during an oral presentation 
at an international purine meeting33 and subsequently referenced by 
multiple investigators17,40-42 but elaboration of these findings and 
their implications for further clinical development of AK inhibitors 
has not been discussed previously. It is also noteworthy that the 
two drug discovery programs that generated these novel AK inhibi‐
tors were independently disbanded shortly after the discovery of 
these initial toxicology findings. Over the next decade and a half, 
further research on the development of AK inhibitors was largely ab‐
sent until recently when new pharmacological17,43-45 and medicinal 
chemistry studies of AK inhibitors have been reported.41,46

6  | TOXICOLOGY SUMMARY

Early toxicological studies revealed that the non‐nucleoside AK in‐
hibitor, ABT‐702, possessed clastogenic activity that was idiosyn‐
cratic to this molecule but not to other members of this class of 
pyridopyrimidine AK inhibitors.39,47 While not clastogenic, the clini‐
cal development of nucleoside‐based AK inhibitors including clini‐
cal candidates structurally related to GP‐3269 was also stopped due 
to toxicological signals discovered in subchronic dosing studies.33 
Histopathological analysis of tissues from 1‐month toxicological 
studies of GP‐3269 indicated the presence of brain microhemor‐
rhage foci in rats and dogs. These effects were evidenced from both 
multiple‐dose studies as well as after the administration of a sin‐
gle high dose of GP‐3269 (≥100 mg/kg, p.o.). Similar toxicological 
endpoints were observed following dosing (1000 mg/kg, p.o.) of a 
structurally distinct pyridopyrimidine‐derived AK inhibitor (per‐
sonal communication). Importantly, these preliminary toxicology 
data were shared between both drug discovery groups due to the 
obvious safety concerns and additional studies were undertaken 
by each group to follow‐up and confirm these data. While ABT‐702 
was not found to produce brain microhemorrhage foci in several sin‐
gle and multiple‐dose toxicology studies, other structurally similar 
pyridopyrimidine AK inhibitors produced results similar to those ob‐
served for GP‐3269. Separate experimental data indicated that both 
furanose and carbocyclic containing nucleoside AK inhibitors5 pro‐
duced neurovascular toxic effects similar to GP‐3269, and an inac‐
tive enantiomer of one ribose‐containing nucleoside AK inhibitor did 
not produce these signals. Additionally, in at least one experiment, 
systemic pre‐ and post‐treatment of the nonselective ADO receptor 
antagonist, theophylline, prevented the formation of AK inhibitor‐in‐
duced brain microfoci (personal communication).

These toxicological findings, while preliminary in nature, in‐
dicate that systemic administration of chemically diverse classes 
of potent AK inhibitors produce neurovascular toxic effects that 
can be evident after a single administration of a supra‐therapeu‐
tic high dose. These effects were demonstrated in both rats and 
dogs. These effects also appear to be mechanistically related to 

AK inhibition since an inactive enantiomer failed to produce simi‐
lar effects. However, the observed neurovascular toxic effects of 
AK inhibition do not seem to be attributable to the intrinsic inhi‐
bition of AK activity per se since AK inhibitor brain microhemor‐
rhage could be blocked by administration of a nonselective ADO 
receptor antagonist. Collectively, these findings suggest that sys‐
temic administration of AK inhibitors increases brain ADO concen‐
trations leading to an, as yet undefined, ADO receptor‐mediated 
toxicity.

7  | IMPLIC ATIONS AND LIMITATIONS

Data are unavailable to address many of the mechanistic details (eg, 
relative brain penetration, pharmacokinetic parameters or kinetics 
of AK inhibition, and/or changes in extracellular ADO concentra‐
tions in vivo) associated with the observed toxicity of these potent 
and selective AK inhibitors. It also remains unknown why similar 
neurotoxic effects were not observed for ABT‐702, yet the toxic 
effects of AK inhibitors appear to be a class effect since multiple 
different chemotypes produced similar effects. The presence of ap‐
parent vascular lesions in peripheral organs was detected in toxicol‐
ogy studies of ABT‐702 but these effects were only present at high 
therapeutic multiples of plasma concentrations required for antino‐
ciception (unpublished observations). It should also be noted that 
genetic deletion of the AK gene in mice resulted in postnatal death 
of the offspring which was attributed to deleterious effects on ther‐
moregulation, respiration, and liver toxicology.17 Additionally, some 
ribose‐containing AK inhibitors have also been reported to be lethal 
following chronic administration of antinociceptive doses in rats.48

The findings described above are based on the author's notes, 
personal communications, and the limited available literature and 
thus should be considered anecdotal. That said, these toxicological 
findings were observed by two independent groups. Both the se‐
verity of the potential harms and lack of reliable clinical biomark‐
ers or predictability in humans led both drug discovery groups to 
independently discontinue further research efforts to develop 
AK inhibitors as therapeutic agents. Taken together, the available 
information regarding the toxicology readouts produced by po‐
tent and selective pharmacological blockade of AK indicates that 
continued optimization of these or similar molecules is unlikely to 
yield therapeutically useful interventions. Several groups have re‐
newed research into the structure activity relationships of struc‐
turally novel AK inhibitors.41,43,46 However, these new AK inhibitor 
chemotypes do not appear to either pharmacologically or enzy‐
matically differentiate from the previously described highly potent 
AK inhibitors.5 Furthermore, all known small molecule AK inhibi‐
tors do not differentiate between short and long forms of AK and 
further research is needed to determine if selective modulation of 
cytoplasmic or nuclear AK is biochemically feasible or would lead 
to physiologically important effects unrelated to downstream ac‐
tivation of ADO receptors.17 One potential experimental approach 
to address such questions might be the further interrogation of 
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the recently reported quad‐knockout mouse which lacks all four 
ADO receptors.49 Notably, ADO and direct (subtype selective ag‐
onists) or indirect (AK inhibitor) ADO activation can lead to hypo‐
thermia.49 This well‐characterized physiologic response of ADO is 
abolished in the ADO receptor quad‐knockout mouse.49

As shown in Figure 1, extracellular ADO formation can also occur 
via sequential nucleotide hydrolysis by CD39 and CD73. Together with 
the modulatory actions of AK and ADA, extracellular concentrations 
of ADO increase to as high as 30 µM following tissue trauma or cellular 
necrosis.27 However, the diversity of purine metabolic pathways can 
also lead to context‐specific protective or deleterious effects depend‐
ing on the degree and variety of changes to individual intracellular and 
extracellular metabolic enzymes.27 The function and biochemistry of 
the many ectonucleotidase isoforms have been expertly reviewed.50

Therapeutic clinical validation also known as interventional 
proof of concept is dependent on both confidence in the biologi‐
cal target coupled with confidence in the interventional strategy.51 
Drug discovery research over the last several decades has led to the 
generation of many potent and selective ligands for exploration of 
ADO‐mediated cellular signaling.6,30 However, efficient leveraging 
of these advances in ADO pharmacology for clinical benefit has 
repeatedly been hampered by the ubiquitous and fundamental in‐
volvement of ADO in virtually all physiological systems.1,6,10,27,49,52 
The findings reviewed here indicate that AK‐mediated increases in 
extracellular ADO leading to a downstream ADO receptor activa‐
tion as an interventional strategy does not appear to be therapeu‐
tically feasible. It remains unknown if selective AK modulation of 
intracellular biochemical mechanisms that is independent of extra‐
cellular ADO receptor activation17 would lead to new therapeutic 
strategies. The findings reviewed here highlight the importance of 
communicating important safety issues that led to the termination 
of a promising drug discovery approach so that other investigators 
can be appropriately guided as alternative therapeutic interventions 
are explored.
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