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ABSTRACT
Adenosine kinase (ADK, EC: 2.7.1.20) is an evolutionarily ancient ribokinase, which acts as a metabolic regulator by transferring 
a phosphoryl group to adenosine to form AMP. The enzyme is of interest as a therapeutic target because its inhibition is one of the 
most effective means to raise the levels of adenosine and hence adenosine receptor activation. For these reasons, ADK has received 
significant attention in drug discovery efforts in the early 2000s for indications such as epilepsy, chronic pain, and inflammation; 
however, the report of adverse events regarding cardiovascular and hepatic function as well as instances of microhemorrhage in the 
brain of preclinical models prevented further development efforts. Recent findings emphasize the importance of compartmentali-
zation of the adenosine system reflected by two distinct isoforms of the enzyme, ADK-S and ADK-L, expressed in the cytoplasm and 
the cell nucleus, respectively. Newly identified adenosine receptor independent functions of adenosine as a regulator of biochemical 
transmethylation reactions, which include DNA and histone methylation, identify ADK-L as a distinct therapeutic target for the 
regulation of the nuclear methylome. This newly recognized role of ADK-L as an epigenetic regulator points toward the potential 
disease-modifying properties of the next generation of ADK inhibitors. Continued efforts to develop therapeutic strategies to sepa-
rate nuclear from extracellular functions of adenosine would enable the development of targeted therapeutics with reduced adverse 
event potential. This review will summarize recent advances in the discovery of novel ADK inhibitors and discuss their potential 
therapeutic use in conditions ranging from epilepsy to cancer.

1   |   Introduction

The purine ribonucleoside adenosine has early evolutionary or-
igins [1, 2] and assumes a key role as a regulator of metabolic 
activity  [3]. Its physiological functions fall into two broad cat-
egories: it acts as a central component of several biochemical 
pathways [4] and it acts as an endogenous ligand of four types 
of G-protein coupled adenosine receptors (A1R, A2AR, A2BR, 

A3R) [5] (Figure 1). Given its multiple functions as a metabolite 
and signaling molecule, its levels need to be under tight meta-
bolic control. Major sources of adenosine formation include the 
degradation of ATP, ADP, and AMP into adenosine via a sophis-
ticated network of extracellular and intracellular nucleotidases 
including CD39 and CD73 (extracellular) and 5'-nucleotidase (in-
tracellular) [4] (Figure 2). A second major source of adenosine is 
the cleavage of S-adenosylhomocysteine (SAH), a product of the 
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FIGURE 1    |    Main functions of adenosine receptors. A1 and A3 receptors mediate the inhibitory roles of adenosine, whereas A2A and A2B receptors 
mediate the excitatory/stimulatory roles of adenosine. A selection of clinically relevant effects achieved by receptor activation or inhibition is shown.

FIGURE 2    |    Compartmentalization of the adenosine system and major adenosine generating and consuming pathways. Extracellular purine 
turnover affects adenosine receptor (AR) activation, which plays important roles in immune suppression and angiogenesis, and includes adenosine-
producing (ecto-5′-nucleotidase/CD73) and -removing pathways (adenosine deaminase, ADA). Extra- and intracellular levels of adenosine are ex-
changed via equilibrative (ENT) and concentrative (CNT) nucleoside transporters. Intracellular adenosine metabolism depends on the cytoplas-
mic form of adenosine kinase (ADK-S), and the enzymes ADA, cytosolic nucleotidase (cN-I), and adenine phosphoribosyl transferase (APRTase). 
Hydrolysis of S-adenosylhomocysteine (SAH) can be a major source for adenosine and homocysteine (HCy) by SAH hydrolase (SAHH), while S-
adenosylmethionine (SAM) serves as the donor of a methyl group in the transmethylation reactions catalyzed by methyltransferases (MT). One of 
the methyltransferases potentially affected by this mechanism is nicotinamide N-methyltransferase (NNMT) whose inhibition has been linked to 
cancer. In the cell nucleus, adenosine is part of the transmethylation pathway, which adds methyl groups to DNA (DNA-CH3) with DNA methyl-
transferase (DNMT). The nuclear form of adenosine kinase (ADK-L) drives the flux of methyl groups through the pathway leading to increased DNA 
and histone methylation. For the sake of clarity, only the most important enzymes are mentioned.
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transmethylation pathway (see below) into adenosine and homo-
cysteine through SAH hydrolase. The production of adenosine 
needs to be counterbalanced through its metabolic clearance, 
which is controlled by two enzymes: Adenosine deaminase (EC 
3.5.4.4) is a high-capacity, low-affinity enzyme (Km for adenos-
ine of 0.1 mM and an apparent Vmax for NH3 formation 1.5 μmol 
per minute per milligram of protein) that deaminates adenosine 
into inosine as a first step of the purine degradation pathway. 
Adenosine kinase (EC 2.7.1.20) is a low-capacity, high-affinity 
enzyme (Km for adenosine of 0.2–0.4 μM and an apparent Vmax 
of 2.2 μmol of AMP formed per minute per milligram of protein) 
that phosphorylates adenosine into AMP and thus replenishes 
the AMP/ADP/ATP pool [6, 7]. Due to its high affinity for adenos-
ine, under physiological conditions, ADK assumes a role as the 
key metabolic regulator of adenosine [6, 7]. Therefore, ADK has 
emerged as an important therapeutic target to raise tissue levels 
of adenosine in conditions such as epilepsy, chronic pain, and in-
flammation [8–12]. The human Adk gene has a remarkable size 
of 546 kb with a coding sequence of only about 1.1 kb encoding 
two alternatively spliced isoforms of ADK with sequence-derived 
molecular masses of 38.7 (ADK-S) and 40.5 kDa (ADK-L), which 
differ in their N-terminal 21 amino acids [13]. In the following, 
the different functions of ADK and their implications and oppor-
tunities for drug development will be discussed.

2   |   Adenosine Kinase (ADK)

2.1   |   ADK—Regulator of Energy Homeostasis

Due to its link to ATP and energy homeostasis, adenosine has 
been termed a “retaliatory metabolite” [3]. This concept makes 
sense from an evolutionary perspective. One of the most im-
portant challenges at the origin of life was the development of 
a simple regulatory system that adjusts energy demands to en-
ergy supplies. Thus, any drop in ATP, reflecting an energy crisis, 
would produce more adenosine, which then acts globally to sup-
press processes that consume energy. In line with this principle, 
adenosine promotes sleep and stops epileptic seizures. From an 
energetic standpoint, an epileptic seizure manifests as a physio-
logical state of excessive energy consumption, resulting in a ro-
bust increase in adenosine, which acts as the brain's endogenous 
seizure terminator as a means to conserve energy [6, 7, 14, 15]. 
ADK, as a key regulator of adenosine, has early evolutionary or-
igins that trace back to bacterial ribokinases before the advent of 
the adenosine receptors [16, 17]. Thus, an early substrate cycle 
between adenosine and AMP catalyzed by 5'-nucleotidase and 
ADK might have formed an evolutionarily ancient system for 
the regulation of ambient levels of adenosine [18]. Ongoing sub-
strate cycling would enable minor changes in ADK activity to 
rapidly translate into major changes in adenosine concentration.

Several mechanisms contribute to the unique properties of ADK 
to act as a regulator of energy homeostasis. Based on the cat-
alyzed reaction: adenosine + ATP ➔ AMP + ADP, the enzyme 
binds all energy metabolites and is directly regulated by its 
substrates ATP, ADP, AMP, and adenosine [6, 7]. Importantly, 
ADK is inhibited by its own substrate adenosine. This implies 
that once adenosine levels reach a certain threshold, the enzyme 
shuts down, enabling it to further potentiate a rapid adenosine re-
sponse when needed. Studies on Leishmania ADK have revealed 

an interesting regulatory mechanism [19]. In Leishmania, the 
enzyme exists as an active monomer, stabilized by a cyclophilin, 
and an inactive aggregate, which can either feed into a degrada-
tion pathway or be brought back to the active monomeric form 
through interaction with the cyclophilin. Importantly, ADP in-
duces aggregate formation and inactivation of the enzyme [19]. 
Thus, any energy crisis leading to a drop in ATP will result in 
the formation of more ADP and thereby promote aggregation 
and rapid inactivation of the enzyme and the accumulation of 
adenosine. Through this unique mechanism and the inhibitory 
properties of adenosine, ADK is uniquely suited to rapidly adjust 
energy demands to energy supplies.

An additional mechanism through which ADK is linked to en-
ergy homeostasis is through AMPK, which serves to monitor the 
cellular energy charge and which is able to act as a switch to 
regulate ATP concentrations under conditions of energy stress, 
which reduce ATP levels [20]. Because ATP levels are 100 000 
fold higher than adenosine levels, AMPK responds primarily to 
a drop in ATP [21]. However, extracellular adenosine can also 
act as a substrate for AMPK activation, following its intracellu-
lar transport and phosphorylation by ADK [22]. The adenosine 
analog AICAR (5-aminoimidazole-4-carboxamide ribonucleo-
side) is a well characterized activator of AMPK. Its intracellular 
uptake through nucleoside transporters is followed by phosphor-
ylation through ADK to form zeatin riboside-5-monophosphate 
(ZMP), which mimics the stimulatory action of AMP on AMPK 
[23]. This mechanism is of translational interest because AICAR 
is known to exhibit protective effects on the vasculature and va-
sorelaxation through activation of AMPK. It was recently shown 
that this process requires ADK and the formation of AMPK-
activating ZMP [24]. Thus, ADK has a dual role in fine-tuning 
energy homeostasis.

(i) Directly through the regulation of adenosine and (ii) through 
modulation of AMPK.

2.2   |   ADK—Regulator of Transmethylation

Transmethylation involves the transfer of a methyl group from S-
adenosylmethionine (SAM) to a highly diverse group of acceptor 
molecules, including, for example, phosphatidylethanolamine, 
dopamine, and DNA. The resulting product SAH is cleaved by 
SAH hydrolase into homocysteine and adenosine. Importantly, 
the thermodynamic equilibrium of the SAH hydrolase reaction 
lies on the side of SAH formation. Thus, the reaction can only 
proceed if the products homocysteine and adenosine are effec-
tively removed. Homocysteine feeds back into the methionine 
cycle catalyzed by methionine synthase, whereas adenosine is 
effectively phosphorylated by ADK and moved back into the 
adenosine cycle (Figure 3). Reduced activity of methionine syn-
thase or ADK results in the accumulation of SAH, which acts 
as an inhibitor of methyltransferases [25]. A key role of ADK as 
a regulator of transmethylation reactions is supported by find-
ings in gene knockout models and in human mutations of the 
Adk gene. The genetic disruption of the Adk gene in mice and 
in plants led to remarkably similar defects in the transmethyl-
ation pathway, resulting in developmental abnormalities and 
stunted growth in mice and plants, and in hepatic steatosis in 
mice [25, 26]. Similarly, humans with mutations in the Adk gene 
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presented with transmethylation defects, stunted growth, and 
developmental abnormalities [27]. Thus, the chronic therapeutic 
long-term use of ADK inhibitors could cause hypermethionin-
emia and cause liver pathology. A recent case report suggested 
therapeutic benefits of methionine restriction in a patient with 
inborn ADK deficiency [28]. Because ADK is an essential en-
zyme for the maintenance of transmethylation reactions, its ex-
pression is tightly linked to methylation. Thus, the liver, which 
is the major transmethylation organ of the body and which is 
responsible for the production of methylated lipids, such as 
the methylation of phosphatidylethanolamine to phosphatidyl-
choline, is also the organ with the highest expression levels of 
ADK. In the cell nucleus, ADK-L plays a newly identified role 
as a regulator of DNA methylation [29, 30]. DNA methylation is 
an important component of the cell cycle. During the S-phase, 
all newly formed DNA needs to be methylated, a process which 
requires a high flux rate of methylation reactions during a brief 
time span. Therefore, one role of ADK-L in the nucleus is to 
support DNA methylation in replicating cells. In support of this 
recently identified function of ADK, ADK-L expression in the 
brain is restricted only to dividing and plastic cells, whereas 
mature neurons, which no longer divide, do not express ADK-L 
[31–34]. Therefore, ADK-L emerges as a novel therapeutic target 
for the regulation of DNA methylation [30, 35].

2.3   |   ADK—Regulator of Extracellular Adenosine

Extra- and intracellular levels of adenosine are equilibrated 
through ubiquitous equilibrative (ENT) and concentrative 
(CNT) nucleoside transporters [36]. Therefore, intracellular 
ADK is enabled to play a major role in regulating extracellular 

levels of adenosine and hence adenosine receptor activation 
[4]. Accordingly, increasing ADK-S expression in the brain of 
mice through transgenic or viral tools was shown to reduce the 
tissue tone of adenosine and thereby trigger seizures through 
reduced activation of inhibitory A1Rs and to increase the sus-
ceptibility to neuronal injury [37–42]. Conversely, the ADK in-
hibitor 5-iodotubercidin (5-ITU) suppressed epileptic seizures 
in mice, a therapeutic effect that could be reversed by blocking 
the A1R with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) [43]. 
In line with these findings, it was shown that ADK expression 
in astrocytes is primarily responsible for the regulation of basal 
synaptic adenosine levels and seizure activity, whereas activity-
dependent adenosine release in the hippocampus was not under 
the control of ADK [37]. This makes sense because mature neu-
rons normally do not express ADK [33, 34], a likely prerequisite 
that permits activity-dependent adenosine release by neurons 
[44]. Together, these findings are in line with a compartmental-
ization of the adenosine system into distinct pools of adenosine: 
a global tissue tone of adenosine, controlled by astroglial ADK, 
that provides tonic network inhibition through activation of 
A1Rs, and an independent synaptic pool of adenosine that per-
mits plasticity changes on the individual synaptic level through 
activation of pre-and postsynaptic A2ARs [45].

2.4   |   ADK—A Tale of Two Isoforms

Compartmentalization of the adenosine system is further re-
fined by the existence of two distinct isoforms of ADK derived 
from the same unique Adk gene through alternative splicing and 
alternative promoter use [46]. The short isoform ADK-S is lo-
cated in the cytoplasm, whereas the long isoform ADK-L differs 
only by the attachment of a 21 amino acid N-terminal nuclear 
localization signal that directs ADK-L expression to the cell nu-
cleus [46]. This compartmentalization of ADK expression allows 
ADK-S to regulate intra- and extracellular levels of adenosine 
and hence adenosine receptor activation, whereas intranuclear 
ADK-L plays a specific role in the regulation of nuclear trans-
methylation pathways, which affect DNA and histone methyl-
ation [4, 6, 7]. In line with the compartmentalization of ADK 
expression, transgenic mice expressing the cytoplasmic isoform 
ADK-S in the brain, in the absence of ADK-L, were character-
ized by an adenosine deficiency phenotype and seizures due to 
reduced activation of A1Rs [47]. Conversely, overexpression of 
ADK-L was shown to increase global DNA methylation [30].

3   |   Role of ADK in the Brain

Adenosine is a broad modulator of brain activity whereby 
adenosine-based activation of A1 receptors provides an inhibi-
tory environment which increases seizure thresholds and which 
is neuroprotective [48]. This inhibitory environment permits 
enhanced salience for A2A receptor mediated excitatory func-
tion on the synaptic level, which is of importance for plasticity 
phenomena [45]. The role of adenosine in the brain has most 
extensively been studied within the context of epilepsy, stroke, 
and sleep [48]. It is now well recognized that epilepsy is a dis-
order with metabolic derangements that affect energy homeo-
stasis and utilization [49]. As outlined above, adenosine and its 
regulating enzyme ADK play a major role in maintaining an 

FIGURE 3    |    DNA methylation catalyzed by DNA methyltransferas-
es (DNMT) is biochemically linked to the methionine and adenosine 
cycles. Methyl groups are supplied by S-adenosylmethionine (SAM), 
which after the donation of a methyl group to DNA, is converted into 
S-adenosylhomocysteine (SAH). The SAH hydrolase (SAHH) reaction 
which can cleave SAH into adenosine (ADO) and homocysteine (HCY) 
is bidirectional, with the thermodynamic equilibrium on the site of 
SAH formation. SAH, in turn, is an inhibitor of DNMTs. The SAH re-
action can proceed only toward cleavage and permit DNA methylation 
if the products ADO and HCY are effectively removed. SAH feeds into 
the methionine cycle and is converted by methionine synthase (MS) 
converts HCY into methionine (MET), which upon reaction with ATP, 
replenishes the pool of SAM. ADO is removed by adenosine kinase 
(ADK), which feeds adenosine back into the adenosine cycle, which re-
plenishes ATP via AMP and ADP.
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energy balance and for these reasons, metabolic derangements 
in epilepsy are associated with maladaptive overexpression of 
ADK, resulting in chronic adenosine deficiency and seizures in 
the epileptic brain [49]. Consequently, metabolic interventions 
including restoration of normal ADK function are of interest for 
the treatment and prevention of epilepsy [49]. ADK, as a major 
regulator of ambient adenosine, is also implicated in the regu-
lation of sleep, and mice with increased expression of ADK in 
the brain have profound sleep alterations [50]. In line with these 
findings, ADK inhibitors are sedative and have sleep inducing 
properties.

3.1   |   ADK—Target for Drug Development

Extracellular adenosine provides a broad range of benefits 
through activation of ARs. Those include seizure suppression, 
neuroprotection, anti-inflammatory activity, and pain control 
[51]. Because intracellular ADK regulates extracellular ade-
nosine and because several pathologies, including epilepsy and 
neurodegenerative conditions, are characterized by maladap-
tive overexpression of ADK [52], there is a strong rationale for 
the development of ADK inhibitors to enhance extracellular 
adenosine in a site- and event-specific manner [9, 10]. In line 
with this rationale, the early 2000s have seen widespread drug 
discovery and development efforts to establish ADK inhibi-
tors as a novel therapeutic approach for the treatment of ep-
ilepsy, chronic pain, and inflammatory conditions [8, 10, 53]. 
Although the first generation of ADK inhibitors was highly 
efficacious in preclinical studies of the indications mentioned 
above, further drug development efforts were halted due to 
risks of adverse events, including liver toxicity and microhe-
morrhage foci in the brain [54]. It is important to point out 
that past drug discovery efforts were based on screens to iden-
tify compounds that increase extracellular adenosine and en-
hance adenosine receptor signaling. This strategy created an 
implicit bias for the identification of compounds exerting their 
biological activities primarily through inhibition of ADK-S. 
In addition, the therapeutic indications of epilepsy, chronic 
pain, and inflammation would require sustained long-term 
treatment, which increases the risk of chronic toxicities and 
adverse events.

3.2   |   ADK-Based Therapeutics in Epilepsy

Adenosine acts as the brain's endogenous anticonvulsant and 
seizure terminator; seizures normally stop because seizures 
lead to the generation and release of adenosine, which attenu-
ates neurotransmission through presynaptic and postsynaptic 
adenosine A1Rs [14, 15, 55]. In line with this protective role of 
adenosine, adenosine augmentation therapies (AATs) constitute 
a rational approach for seizure control [56], an approach first 
demonstrated in  vivo through the implantation of adenosine-
releasing polymers into the brain ventricles of kindled rats [57]. 
In addition, ADK is pathologically upregulated in the epileptic 
brain; therefore, ADK has been identified as a target for the 
prediction and prevention of epileptogenesis in mice [58–61]. 
Recent advances in our understanding of the role of the two dif-
ferent ADK isoforms in health and disease have led to renewed 
interest in the identification of novel ADK inhibitors [35, 62]. 

Several new findings discussed here are expected to broaden the 
potential future use of ADK-based therapeutics.

Whereas past drug development efforts had focused on the 
chronic use of ADK inhibitors as symptomatic treatments, new 
research suggests that the transient short-term use of ADK in-
hibitors has lasting disease-modifying properties. Thus, a tran-
sient dose of the nonselective ADK inhibitor 5-ITU (1.6 mg/
kg i.p. b.i.d.) given for only 5 days beginning 3 days after an 
epilepsy-triggering status epilepticus in mice led to > 95% sei-
zure reduction in 59% of the 5-ITU treated mice as evaluated 
5 to 8 weeks after the transient dose of 5-ITU [63]. These data 
demonstrate lasting disease-modifying beneficial effects of 
transient ADK blockade, which are likely based on an epigenetic 
mechanism [30]. Several studies support the role of epigenetic 
mechanisms in the etiology of epilepsy development [64–68]. 
In line with these findings, epigenetic reprogramming through 
transient intervention has been shown to exert lasting disease-
modifying effects [30, 64]. For example, the polD1 gene was 
found to be hypermethylated in a rat model of temporal lobe 
epilepsy, whereas a transient treatment with adenosine for only 
10 days yielded a lasting reversal of the DNA methylation status 
at distinct methylation sites identified by reduced representation 
bisulfite sequencing [30]. These findings imply that transient 
side effects of ADK inhibitors such as sedation might be accept-
able if long-term benefit is to be expected.

Because lasting disease modifying effects of adenosine are based 
on an epigenetic mechanism governed by ADK-L [30] and be-
cause cardiovascular and sedative side effects of adenosine can be 
linked to increased activation of adenosine receptors [4], there is 
a strong rationale for the development of ADK inhibitors that tar-
get DNA and histone methylation by blocking ADK-L [35]. Novel 
inhibitors with preferential inhibition of ADK-L over ADK-S 
are expected to capitalize on desired epigenetic reprogramming 
while minimizing adenosine receptor mediated side effects. 
Preferential inhibition, as opposed to target selectivity, would be 
sufficient to shift the equilibrium between desired effects (medi-
ated by both isoforms) and side effects (linked to ADK-S) toward 
increased benefits with reduced side effect potential.

Accordingly, as noted above, a lead compound—MRS4203—
was identified whose synthesis prioritizes the south over the 
north configuration of (N)-methano-carba-7-deaza-adenosine 
analogs of the ADK inhibitor 5-ITU [35]. It was found to exert 
potent ADK inhibition with a maximal inhibitory concentration 
(IC50) value of 88 nmol/L and, interestingly, at a concentration 
of 26 nmol/L, greater than one-half of global DNA methylation 
was reduced in ADK-L genetically engineered cells which do not 
express ADK-S (unpublished findings). A pertinent advantage is 
the side effect profile of the newly modeled drug compared to its 
parent molecule. Initial findings suggest that MRS4203, when 
compared to the non-selective parent molecule 5-ITU, was not 
associated with major sedative side effects. While more work is 
needed to understand the pharmacokinetics, metabolism, drug 
interactions, toxicity, efficacy, and tolerability of MRS4203, its 
preferential activity on ADK-L might be the basis for the avoid-
ance of adverse effects associated with ADK-S inhibition, such 
as sedation and cardiovascular side effects. The molecular and 
structural basis for preferential activity on either ADK-S or 
ADK-L is currently unknown; however, the complexity of the 
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nuclear pore might provide a filter for drug penetration into 
the nucleus by certain compounds [69–73]. In addition, in vivo 
ADK is known to form tight associations with other proteins. 
These protein–protein interactions play a role in the regulation 
of enzyme activity [19, 74]. Differences in cytosolic versus nu-
clear protein interaction partners may explain different kinetic 
properties of the enzyme isoforms in vivo. An alternative to the 
use of small molecule inhibitors is antisense oligonucleotides 
(ASOs), which can use sequence-derived motifs to confer target 
selectivity.

3.3   |   Lessons Learnt From the Clinical Use 
of Metabolic Therapies

Because ADK inhibitors are currently not in clinical use, it is 
not possible to gain clinical insights into the potential benefits 
of ADK manipulation. However, metabolic therapies, which are 
in widespread clinical use, might provide answers. Metabolic 
therapies work through a combination of various mechanisms, 
which converge in lasting disease-modifying properties through 
metabolic and epigenomic reprogramming [49]. Metabolic 
therapies are best known through the use of the high-fat, low-
carbohydrate ketogenic diet (KD), which has been in use for 
the treatment of epilepsy for more than 100 years and which 
is currently experiencing a surge in use to treat multiple con-
ditions including psychiatric conditions, diabetes, and cancer 
[75, 76]. Importantly, clinical reports show that a transient use 
of KD therapy in children with epilepsy can yield lasting sei-
zure freedom after discontinuation of the diet [77–79]. Likewise, 
rodent models of epilepsy have demonstrated lasting disease-
modifying effects of KD therapy mediated through an epigenetic 
mechanism [64, 80]. In line with these findings, multiple stud-
ies have shown that KD therapy elevates adenosine [47, 80–84] 
and reduces adenosine kinase expression [47]. Together, these 
findings support the hypothesis that lasting disease-modifying 
effects after discontinuation of KD therapy in the clinic can best 
be explained through an epigenetic mechanism mobilized by an 
increase in adenosine.

3.4   |   Lessons Learnt From Neurostimulation

Neurostimulation strategies using implanted devices are in-
creasingly used in the clinic to treat a variety of conditions 
including epilepsy, Parkinson's disease, and psychiatric condi-
tions. Among these therapies, deep brain stimulation [85–88] 
and vagus nerve stimulation (VNS) [89–91] are used most fre-
quently. Converging lines of evidence suggest that neurostim-
ulation triggers the release of adenosine [92–94]. Interestingly, 
genetic variations of the Adk gene have been identified as a 
predictable biomarker for the efficacy of VNS treatment. It was 
found that following VNS treatment, all patients in the study 
population with minor allele homozygosity in certain Adk sin-
gle nucleotide polymorphisms (SNPs) [homozygous rs11001109 
(AA) and rs946185 (AA); minor allele rs7899674 (CG + GG)] 
achieved at least 50% seizure reduction while 40% of the patients 
achieved seizure freedom [95]. Interestingly, the same SNP in 
the Adk gene was identified as a predictor for increased risk 
of developing posttraumatic epilepsy after a brain injury [96]. 
While these discoveries highlight a pertinent role of ADK for 

electrical neuromodulation approaches, they support the notion 
that the enzyme is intricately involved in the pathogenesis of 
epilepsy.

3.5   |   Lessons Learnt From Gene Therapy

Gene therapy involving RNA-based therapeutic agents includ-
ing anti-sense oligonucleotides (ASOs) is limited in their pro-
pensity to cross the blood–brain barrier [97–99]. Recently, a 
novel anti-epileptic drug delivery strategy to target ADK has 
been proposed, which involves a nucleic acid-based nano-
antiepileptic compound (tFNA-ADKASO@AS1) whose moi-
eties consist of a tetrahedral framework nucleic acid (tFNA), 
incorporating an antisense oligonucleotide targeting ADK 
(ADKASO) and a peptide designed to target A1 receptors in 
astrocytes (AS1) [100]. Through this approach by silencing 
astroglial ADK, it was possible to therapeutically augment 
endogenous adenosine while still maintaining a favorable 
neuro-toxic profile in addition to superior blood-brain barrier 
penetration. Strikingly, in mice with kainic acid-induced epi-
lepsy, this strategy resulted in a robust reduction in recurrent 
spontaneous epileptic spike frequency and the attenuation 
of unregulated mossy fiber sprouting. Additional studies are 
needed to evaluate the long-term translational benefits of this 
novel gene therapeutic approach.

4   |   The Role of Adenosine and ADK in Cancer

Because of its early evolutionary origin, it is not surprising 
that adenosine and its dysfunction are implicated in a broad 
spectrum of pathologies. Commonalities between adenosine 
dysfunction in epilepsy, Alzheimer's disease, and Parkinson's 
disease have already been mentioned, but adenosine also plays 
a well-recognized role in apparently disparate conditions, such 
as cancer. Both epilepsy and cancer present as plasticity dis-
orders, in which cells assume a more premature, more plastic 
state, which enables aberrant neurogenesis (in epilepsy) or cell 
proliferation (in cancer) and in general a more plastic behavior 
of cells that enables morphological restructuring of the brain (in 
epilepsy) and metastasis (in cancer). In the following, we will 
discuss the implication of the extracellular and intranuclear ad-
enosine system in cancer.

The adenosine system plays a well-recognized role in cancer 
biology, where extracellular adenosine contributes to the sup-
pression of immune functions in the tumor microenvironment 
and stimulates angiogenesis. For these reasons, extracellu-
lar adenosine-producing enzymes and A2AR antagonists are 
promising therapeutic targets as immune checkpoint regu-
lators [101, 102]. However, as indicated above, the adenosine 
system is highly compartmentalized, and intracellular ADK 
contributes to the regulation of extracellular adenosine levels. 
Gaps in knowledge that impede the development of effective 
adenosine-based therapeutics include a lack of distinction be-
tween adenosine receptor-dependent and -independent effects 
of adenosine and the current focus on extracellular adenosine 
without consideration of intracellular metabolism and com-
partmentalization [4]. Adenosine plays three distinct roles in 
cancer biology [4, 103].
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1.	 Extracellular adenosine, regulated by extracellular 
adenosine-producing enzymes such as CD39 and CD73, 
as well as by intracellular metabolism through ADK 
(Figure 2) acts as an important immune checkpoint reg-
ulator [104]. Tumor cells produce and release copious 
amounts of adenosine into the tumor microenvironment 
and thereby block immune function and promote angio-
genesis via increased activation of the A2AR. Therefore, 
therapeutic strategies that reduce adenosine production, 
increase adenosine metabolism, or block A2AR activation 
have therapeutic merit [41, 105–107]. Because increases 
in adenosine-producing CD73 and enhanced A2AR sig-
naling are considered potent suppressors of anti-tumor 
responses [108], multiple phase I and II clinical trials 
are underway to study the therapeutic effectiveness of 
CD73 antibodies and small molecule A2AR blockers [4, 
103, 109]. With the goal to restore immune functionality 
and to facilitate antitumor immunity, CD73 is commonly 
targeted with antibodies, for example, with the mono-
clonal antibody oleclumab (MEDI9447) which has been 
used in multiple clinical trials for a variety of advanced 
solid cancers including breast cancer [110–119]. The sec-
ond most common approach for blocking the ADO path-
way is inhibitors of the A2ARs, an approach that yielded 
multiple clinical trials [4, 103, 109]. While data from both 
approaches are still limited, adenosine pathway blockers 
appear to be well tolerated and show moderate efficacy 
in a subset of patients. While the results are encourag-
ing, they also indicate possible avenues for improved re-
sponses, which could be realized by targeting the ADO 
system more comprehensively by including the manipu-
lation of intracellular adenosine metabolism via ADK. In 
line with a role of adenosine in cancer biology, ADK ap-
pears to be dysregulated at least in several types of can-
cer [120, 121]. Based on this rationale, ADK emerges as a 
target for the development of novel cancer therapeutics. 
For example, a therapeutic increase in ADK-S, as could 
be achieved by an ADK-S gene therapy, would turn a can-
cer cell into a metabolic sink for adenosine by driving 
the influx of adenosine from the extracellular space into 
the cell [103]. This strategy could theoretically deprive a 
cancer of its ability to suppress immune functions while 
limiting its potential for angiogenesis. Thus, in hepato-
cellular carcinoma (HCC) it was shown that adenosine 
accumulation through effects of hypoxia-inducible factor 
1 (HIF-1) in response to the hypoxic tumor microenviron-
ment could promote liver cancer development [122]. The 
increase in adenosine concentration was associated with 
an increase in immunosuppressive effects on T cells and 
myeloid cells, which play a protective anti-inflammatory 
and pro-immunogenic role [102]. Consequently, in HCC, 
it has been reported that mice treated with adenosine 
receptor antagonists and anti-PD-1 (programmed cell 
death protein 1) monoclonal antibodies experienced pro-
longed survival [122].

2.	 A beneficial effect of extracellular adenosine from a thera-
peutic standpoint is the promotion of apoptosis [123, 124]. 
Thus, extracellular adenosine has the capability to combine 
detrimental (suppression of immune function, promotion 
of angiogenesis) with beneficial (induction of apoptosis) 

effects, which need to be considered for therapy develop-
ment. With respect to the pro-apoptotic function of adeno-
sine, it was shown that adenosine suppressed the growth of 
SW620 and SW480 cells through G2/M phase arrest while 
inducing apoptosis [125]. It was further shown that aden-
osine can trigger cell death in colon cancer cells via the 
tumor necrosis factor pathway [125]. This finding suggests 
that ADK inhibitors as cancer therapeutics might be ben-
eficial by promoting adenosine-induced apoptosis. Various 
studies have reported a role of adenosine in inducing ap-
optosis in breast cancer cell lines [126, 127] Tsuchiya et al. 
found that an MCF-7 human breast cancer cell line treated 
with the ADK inhibitor ABT-702 showed adenosine-
induced apoptosis in a receptor-independent manner 
[127]. It was shown that adenosine by itself could trigger 
the intrinsic apoptotic pathway after its transportation 
from the extracellular to the intracellular compartment. 
Apoptosis in MCF-7 cells was associated with the accu-
mulation of apoptosis-inducing factor (AIF)-homologous 
mitochondrion-associated inducer of death (AMID) in the 
nucleus through a caspase-independent mechanism [127]. 
More recent investigations on the effect of ADK in breast 
cancer, however, have shown that while ADK downregu-
lation could potentially suppress breast cancer cell prolifer-
ation and viability, the two different isoforms of ADK may 
play different roles in tumorigenesis and cancer develop-
ment [120].

3.	 Adenosine concentrations in the cell nucleus depend on 
adenosine production during the S-phase of the cell cycle 
and on metabolic clearance through ADK-L. Therefore, 
ADK-L acts as a regulator of the cell cycle and modula-
tor of DNA and histone methylation modifications [4, 30, 
103, 128, 129]. The epigenetics of cancer, which includes 
changes in DNA and histone methylation signatures, as 
well as their interplay, plays a key role in driving the high 
proliferative rate of cancer cells [11, 130–135]. A direct role 
for ADK-L in the regulation of cell growth and differentia-
tion is supported by findings in the brain. In the adult brain, 
ADK-L is only expressed in cells capable of dividing and re-
generating, whereas mature (non-dividing neurons) cease 
to express ADK-L [6, 7, 34]. During brain development (i.e., 
during a transition from growth and plasticity to terminal 
differentiation) there is a coordinated shift from ADK-L to 
ADK-S expression [33, 34]. We propose that high levels of 
ADK-L promote cell proliferation and maintenance of a de-
differentiated cell fate. Therefore, small molecule drugs or 
antisense oligonucleotides designed to target ADK-L have 
potential as possible therapeutics for cancer.

5   |   Adenosine and ADK in Inflammation

An inflammatory micro-environment can promote tumorigen-
esis through increased production of reactive oxygen species 
(ROS) which can have a debilitating effect on mismatch repair 
enzymes [136]. In chronic inflammatory vasculopathies such as 
atherosclerosis, the role of ADK inhibition has been explored. 
In an experiment investigating the role of ADK homeostasis in 
foam cell formation and subsequent development of athero-
sclerotic plaques, it was discovered that mice lacking ADK in 
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myeloid cells had a reduced propensity to form plaques through 
epigenetic regulation of cholesterol flux [137]. In acute inflam-
matory conditions like acute kidney injury, secondarily medi-
ated by hypoxia following ischemia–reperfusion, the degree of 
acute tubular necrosis was directly proportional to the extent of 
ADK expression [138]. It was posited that ADK inhibition could 
ameliorate ischemia reperfusion-induced kidney injury by in-
creasing tissue adenosine levels while reducing oxidative stress 
[138]. Likewise, in conditions such as diabetic nephropathy, 
diabetic retinopathy, and ischemic cerebrovascular disease, the 
protective role of ADK inhibitors in increasing adenosine levels 
has been described [129, 139, 140]. Most recently, in a mouse 
model of calcium chloride and angiotensin II-induced abdomi-
nal aortic aneurysm (AAA) it was reported that the ADK inhib-
itor ABT702 displayed a protective role [141]. A virus-induced 
ADK knockdown in human vascular smooth muscle cells led 
to decreased expression of inflammatory genes involved in 
an AAA through an adenosine-receptor-independent mech-
anism [141]. These findings point to the wide-ranging role of 
adenosine and ADK inhibitors in the inflammatory process, 
which includes adenosine receptor-independent epigenetic 
mechanisms.

6   |   Conclusions and Outlook

It has become clear that the adenosine system is highly com-
partmentalized into extracellular, intracellular, and intranuclear 
compartments. Increasing extracellular adenosine and the re-
sulting activation of adenosine receptors is of therapeutic value 
for the treatment of symptoms in epilepsy, pain, and inflam-
mation; however, adenosine receptors can also mediate side ef-
fects of therapeutic adenosine augmentation (Figure 1). A novel 
concept is the consideration of additional adenosine receptor 
independent functions of adenosine as a biochemical metabo-
lite, most notably as a product of methylation reactions, which 
include DNA methylation. These findings add to the complex-
ity of the adenosine system, offer novel therapeutic strategies in 
the realm of disease modification, but also pose new challenges. 

The ubiquitous nature of adenosine metabolism and signaling 
offers wide-ranging therapeutic implications for multiple organ 
systems and disease states (Figure  4). Being a central node of 
the evolutionary ancient adenosine system, ADK has recently 
received increased attention as a therapeutic target for a wide 
range of conditions ranging from epilepsy to cancer. Gaps in 
knowledge and a lack of distinction between the different com-
partments of adenosine (extracellular, intracellular, intranu-
clear) impeded the development of effective therapeutics in the 
past. Novel tools such as gene therapy or antisense oligonucle-
otide might be able to target the adenosine system more effec-
tively in a cell-type selective or cellular compartment selective 
manner. One proposed strategy to separate intracellular from 
extracellular effects of adenosine would be the combination of 
an ADK inhibitor with an adenosine transport inhibitor with the 
goal to trap the increased adenosine inside the cell, without af-
fecting extracellular adenosine.

Gaps for the future clinical translation of ADK based therapeu-
tics include: (i) With the exception of metabolic therapies and 
strategies to target the adenosine pathway in cancer, there is a 
paucity of supporting clinical data available; (ii) although mixed 
ADK inhibitors with preferential activity on ADK-L are ex-
pected to be therapeutically beneficial, from a medicinal chem-
istry perspective, it will be challenging to develop a selective 
inhibitor for each of the isoforms of ADK; (iii) although some 
of the target genes affected by therapeutic adenosine augmen-
tation or by metabolic strategies have been identified, a deeper 
understanding of the epigenetic landscape affected by therapeu-
tic manipulations is needed. The development of therapeutics to 
reconstruct metabolic mechanisms in disease is a new frontier 
in therapy development that offers treatment of intractable con-
ditions in a more holistic manner.
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