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CHAPTER 2
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Conventional medicine relies on the use of pharmaceuticals and biologics in order
to alleviate symptoms and treat diseases. Traditional drug discovery is based on the
development of molecules which bind in a potent and selective manner on the target
protein, depending on the underlying pathophysiology. Membrane proteins, e.g.
receptors, enzymes, transporters and ion channels, represent currently the largest
category of druggable targets. Although it is believed that they comprise only about
27% of the human proteome?, they are considered to be the target of approximately
60% of the FDA approved drugs?. The two largest families of membrane proteins are
the G protein-coupled receptors (GPCRs) and the Solute Carriers (SLCs).

GPCRs

GPCRs are the largest protein family in the human genome with more than
800 members and are the target of about 34% of the currently marketed drugs®.
This family is further classified into class A (rhodopsin), class B (secretin), class
C (glutamate), frizzled/taste2 and adhesion GPCRs*. Structurally, all family
members share an extracellular N-terminus, followed by a seven transmembrane
domain (TMD) architecture, bridged by three extracellular and three intracellular
loops, leading to a cytoplasmic C-terminus*. GPCRs regulate many physiological
processes by recognizing stimuli/ligands from the extracellular space, undergo a
conformational change and subsequently transduce the corresponding signal into
the cell via a multitude of proteins, such as heterotrimeric G proteins, kinases and
arrestins. Depending on the ligand and the activated GPCR a variety of intracellular
signaling pathways can be activated.

Adenosine Receptors

Adenosine receptors (ARs) belong to the class A family of GPCRs and their
endogenous ligand is adenosine. They are further divided into four subtypes,
namely A,, A,,, A,; and A, ARs and they are known to the greater audience for the
stimulatory effect of coffee (caffeine), chocolate (theobromine) and tea (caffeine,
theophylline), all resulting in antagonism of these receptors. Adenosine’s affinity for
each AR subtype is found to be higher and similar for A,, A,,, and A, ARs, while it
presents a lower affinity for A, ,AR®. As far as the potency is concerned, adenosine
is considered to be less efficacious on the A, receptor, however depending on the
assay used nanomolar concentrations of adenosine could activate all subtypes®.
Each AR subtype shows a distinctive pharmacological profile and tissue distribution.
Activation of A, and A, receptors mainly has an inhibitory effect on adenylate cyclase
(AC) through their interaction with a G, protein, while A,, and A ; AR mainly interact
with a G protein leading to stimulation of this enzyme. In addition to AC, other
pathways have been found relevant to AR activation, including phospholipase C
(PLC), Ca?* and mitogen-activated protein kinases (MAPKs)’.
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Over the years, several attempts have been made to target these receptors
therapeutically. With the exception of adenosine itself and the natural products
caffeine and theophylline the clinical impact has been limited (Table 1, Figure
1). Currently only regadenoson, an A AR agonist for diagnostic purposes and
istradefylline, an A,,AR antagonist for Parkinson’s disease are on the market
(Table 1, Figure 1). In addition, a few theophylline analogues are in the market e.g.
doxofylline, for the treatment of asthma, however the mechanism of action is unclear
and a direct AR implication is unlikely®. However, many clinical trials concerning AR
agonists and antagonists are on-going as recently summarized by Jacobson et al.®
and Borea et al."®.

Table 1: Clinically approved drugs, targeting ARs.

Therapeutic use

Drug
Disease Mechanism of action Ref.
Adenosine? paroxysmal supraventricular A,AR agonist "
tachycardia
myocardial perfusion imaging®
Caffeine? neonatal apnea in preterm infants  ARs antagonist 12
weak PDE inhibitor
Theophylline2 asthma A, A, AAR antagonist 13
PDE-3, PDE-4 inhibitor
Regadenoson myocardial perfusion imaging® A,,AR agonist 14
Istradefylline Parkinson’s disease A,,AR antagonist 15

as adjunctive treatment to
levodopa / carbidopa in adults

anon-selective AR ligands. "Used as diagnostic tool, not therapeutic compound.

The limited presence of AR targeting in the market is partly due to the ubiquitous
presence of ARs in the human body and the adverse effects resulting from their
non-selective activation or inhibition. 3D structures of the receptors are a great ally
in understanding of ligand binding, hence assist the structure-based design of novel
agonists or antagonists. Until now, the 3D structures of the A, and A,, ARs bound
to both agonists and antagonists have been elucidated'®'®, while structural studies
on the A, and A, ARs have yet to be successful. Although emerging techniques
and methods in structural biology have increased the number of solved protein
structures, membrane proteins still prove challenging due to their hydrophobicity, low
expression in native tissue, and their inherent flexibility and instability once extracted
from the membrane?.
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Figure 1: Structures of reference AR agonists and antagonists.

SLCs

SLCs compose the second largest family of membrane proteins and the largest
family of membrane transporters in humans?'. Membrane transporters are the cell
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gatekeepers that regulate the translocation of small molecules, inorganic ions or
other proteins across biological membranes. They are expressed throughout the
body, prominently in the epithelia of major organs and in organs with barrier functions.
It is considered that approximately 10% (~2000) of the human genes are transporter-
related, highlighting the importance of transporters in human physiology and cell
homeostasis?'. Based on the IUPHAR classification system, membrane transporters
can be divided into five groups; the solute carrier (SLC) family, the ATP-binding
cassette transporter (ABC) family and the F-type, V-type and P-type ATPases. For
the purposes of this review, SLCs will be further discussed.

Currently, there are 423 human genes encoding SLCs according to the HUGO
Gene Nomenclature Committee (HGNC), grouped into more than 60 families based
on their amino acid sequence, number of transmembrane a-helical domains (TMDs)
and biological function?2®, By definition, members of each family have at least 20%
or more amino acid sequence identity to at least one other family member, while
they do not exhibit any significant sequence similarity to members of other families?*.

During the past 15 years, the SLC family has grown enormously, as 125 new
SLC genes have been identified. The plethora of genes encoding SLCs and the
vast cellular functions they are implicated to, highlight the importance of the family in
human physiology. In addition, SLCs have been recognized as important therapeutic
targets during pathophysiological conditions. More than 60 FDA approved agents are
associated to SLCs?°. Furosemide (targeting SLC12A1) and tricyclic antidepressants
(targeting SLC6A4 or SLCBA2 or both) are examples of SLC inhibitors, which are
hugely prescribed, while 6-mercaptopurine and acyclovir are SLC substrates,
frequently used in anticancer and antiviral therapies, respectively.

SLC29

Nucleoside transporters (NTs) regulate the cellular uptake and efflux of nucleosides,
mediating in that way the physiological process that nucleosides play a critical role
in, i.e. synthesis of nucleic acids, energy metabolism, cAMP signaling pathway.
Two structurally unrelated NT families exist in human and other mammalian cells
and tissues: the SLC28 concentrative nucleoside transporter (CNT) and the SLC29
equilibrative nucleoside transporter (ENT) family. The two families are evolutionarily
unrelated and provide a distinct mechanism of transportation?. The human ENT
family mediates bidirectional Na*-independent transport of the substrates and it has
four family members: hENT1, hENT2, hENT3 and hENT4. Their action is responsible
for the modulation of efficacy of more than 30 chemically diverse FDA approved
drugs?.

hENT1 is one of the major NTs on plasma membranes and it is encoded by the
SLC29A1 gene. It is ubiquitously distributed while its expression levels vary between
tissues?, and it is known to mediate the facilitative diffusion of its substrates down
their concentration gradients. hENT1 contains 456 amino-acid residues and its
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topological structure consists of 11 TMDs with an intracellular amino terminus and
an extracellular carboxyl terminus. Recently the structure of ENT1 in complex with
two structurally distinct compounds has been resolved verifying the topology of the
transporter?. Interestingly, a shared binding pocket between S-(4-Nitrobenzyl)-6-
thioinosine (NBTI) and dilazep (Figure 2) was elucidated. However both compounds
were also binding in one distinct pocket each, suggesting that more than one binding
modes are possible in ENT1. The determination of the 3D structure of ENT1 with two
bound inhibitors will likely facilitate the structure-based design of novel and selective
inhibitors.

Table 2: Representative ENT1 inhibitors.

ENT1 inhibitors Affinity (K)) (nM) Remarks Affinity Ref.
NBTI 0.572 also named NBMPR 33
Dilazep 0.412 Clinically used 33
ENT2 inhibitor
Dipyridamole 142 Clinically used 3
ENT2-3 inhibitor
PDE inhibitor
Lidoflazine 59° Calcium channel inhibitor i
Soluflazine 1.82 Lidoflazine analogue 3
Mioflazine 17° Lidoflazine analogue 34
R75231 0.75° Lidoflazine analogue 36
Draflazine 0.942 Lidoflazine analogue 33
(-)-R75231
Propentofylline 37000 © PDE inhibitor 37
weak A AR antagonist
KF24345 1.32 - 38

[FHINBTI binding assay on 2erythrocytes, °calf lung tissue, °L1210/C2 cells.

ENT1 has been heavily studied as a drug target. Simulating the translocation of
physiological nucleosides, synthetic analogs have been introduced as core strategy
in the fight against cancer and viral infections?. Examples are gemcitabine and
ribavirin. In addition to drug transportation, pharmacological inhibition of hENT1 is a
promising therapeutic strategy for a variety of diseases. Increased ENT1 expression
in some cancers, such as breast cancer®® and pancreatic adenocarcinoma®,
support the use of ENT1 inhibitors as a potential anti-cancer therapy. In addition,
ENT1 inhibition could serve as add-on cancer therapy in combination with anti-
cancer nucleoside drugs transported by other NTs. Such combination therapy would
potentially enhance the effects of anti-cancer nucleoside drugs by preventing cellular
efflux. Lastly, ENT1 inhibition offers potential therapeutic effects by the modulation of
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the extracellular concentration of adenosine and the subsequent AR signaling, which
will be discussed further in the next paragraph®.
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Figure 2: Structure of reference ENT1 inhibitors, representing various chemical scaffolds.
Draflazine is (-)-R75231 and the asymmetric carbon atom is indicated by *.
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Currently, a number of compounds from several chemical classes has been
shown to inhibit ENT1 (Figure 2, Table 2). The most notable amongst them are
the purine nucleoside analogues, such as NBTI, pyrimidopyrimidine analogs like
dipyridamole, dilazep, and lidoflazine analogues represented by draflazine / R75231
and soluflazine. NBTI is one of the first ENT1 inhibitors studied. Based on the
sensitivity of each ENT to NBTI, an initial separation between es (equilibrative,
sensitive; ENT1) and ei (equilibrative, insensitive; ENT2) had been drawn. Dilazep
and dipyridamole are the only two ENT1 inhibitors on the market as vasodilators,
however they are not selective towards ENT 13940,

Interplay between SLCs and GPCRs

Transportation of endogenous and synthetic ligands, hence regulation of their
concentration by SLCs, results in the modulation of their efficacy on a variety of other
targets. A multitude of SLC and GPCR pairs that share an endogenous or synthetic
ligand exist in the human body. Based on these pairs, two distinct therapeutic
strategies could be followed:

- Efficacy enhancement of GPCR targeting drugs. Many GPCR modulators
share structural characteristics with their endogenous ligands resulting in
their translocation by an SLC (or other transporter). Elimination of an agonist /
antagonist would negate their effect on the GPCR. A strategy where a GPCR
ligand and an SLC inhibitor is combined, would prolong the availability of the
GPCR ligand leading to a more pronounced effect. A prominent example is
maraviroc. Maraviroc is a C-C chemokine receptor type 5 (CCR5) antagonist
used in the treatment of HIV infection*!. Maraviroc has also been identified as
the substrate of multiple transporters including the SLCO1B1 which affects
its pharmacokinetics*?. A combination therapy of maraviroc with an SLCO1B1
inhibitor would potentially increase maraviroc’s efficacy, as its uptake will be
decreased and thus its plasma concentration and availability will be increased.

- Indirect targeting of a GPCR. In many cases direct activation of a GPCR with a
synthetic ligand is not an option. An alternative approach is offered by inhibition
of an SLC in close vicinity with the intended GPCR, resulting in a local increase
of the endogenous ligand concentration, hence leading to an increased
pharmacological effect via the GPCR. Several examples of drugs inhibiting an
SLC and indirectly activating a GPCR are on the market. Citalopram, fluoxetine,
fluvoxamine and paroxetine are selective serotonin reuptake inhibitors (SSRIs).
By inhibiting SLC6A4 and as a result the presynaptic clearance of serotonin,
a higher serotonin concentration is present in the synaptic cleft leading to an
increased GPCR signaling*. Similarly, inhibition of other SLC6 family members
(SLCBAZ2; norepinephrine transporter, SLC6A3; dopamine transporter) increase
subsequent GPCR occupancy and signaling. However, the downstream
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pathways by which monoamine reuptake inhibitors exert their antidepressant
actions are not fully revealed yet**. Another example of SLC inhibition and
concomitant GPCR activation is the use of tiagabine. Tiagabine increases the
levels of GABA by the selective inhibition of SLC6A1 on presynaptic neurons and
astrocytes, leading to an increased inhibitory neurotransmission within the CNS
due to activation of GABA, receptors and eventually exerting its antiepileptic
effect®.

As mentioned earlier, ENT1 is one of the main regulators of adenosine’s
translocation, hence its inhibition offers great therapeutic opportunities for indirect
activation of ARs. In combination with the limited number of ARs agonists in the
market, and the clinically approved ENT1 inhibitors, such an approach starts getting
increased attention. Based on the localization of the ARs as well as the disease
mechanism, a broad spectrum of diseases can be targeted. The further focus of this
review is to summarize efforts where ENT1 inhibition offers a therapeutic effect via
indirect activation of ARs, as depicted in Figure 3.

extracellular

A AR

- thrombosis - ischemia

- inflammation - pain
- ischemia - neurodegeneration - thrombosis - ischemia
“:‘; e - diseases - bone regeneration - zl}toimmune
= = Wotuniafel - bone regeneration - acute lung ISCRSES
g - epilepsy - schizophrenia inflammation - glaucoma
g - restless leg - restless leg syndrome g oatcer

syndrome

Figure 3: Graphic representation summarizing the therapeutic effects resulting from indirect
activation of ARs due to ENT1 inhibition.

(A) Under physiological conditions, ENT1 equilibrates the concentration of adenosine (
circles) across cell membranes. (B) ENT1 inhibitors (blue triangle) disrupt the physiological
function of the transporter, hence modulate the concentration of endogenous adenosine. The
increased extracellular concentration of adenosine results in activation of ARs, which could
offer a multitude of therapeutic effects depending on the subtype.
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ENT1 - AIAR
Ischemia.

Ischemia is characterized by a restricted blood flow to a tissue, resulting in an
oxygen deficiency, a lack of nutrients and an insufficient clearance of metabolic
waste. Under ischemic conditions, an augmented adenosine production is
witnessed“®. In addition, adenosine plays an important role in ischemic pre- and post-
conditioning. Pre-conditioning (PreC) is the mechanism of short periods of ischemia
and reperfusion, protecting the organ from injury during a subsequent prolonged
period of ischemia*’. Similarly, post-conditioning (PostC) is the mechanism of short
ischemia / reperfusion periods immediately after the long ischemic event. In all
cases, adenosine is activating ARs leading to their increased signaling. Especially
activation of A /AR is generally accepted to play a neuroprotective role during
ischemia and reperfusion injury. However, the use of selective A AR agonists has
been proven a non-viable approach due to the undesirable peripheral secondary
effects of hypotension, sedation and bradycardia*®+°. In order to avoid these side
effects, yet benefitting from protective A,AR activation, the inhibition of ENT1, thus
the decrease in endogenous adenosine elimination and indirect activation of A AR,
was proposed as an alternative. Specifically, research on ENT1 inhibitors for cardiac
and cerebral ischemia will be further discussed.

Cardiac ischemia. The effect of ENT1 inhibitors to enhance the protective role of
adenosine in cardiac ischemia and reperfusion has long been established. Many
different ENT1 inhibitors have been tested in vivo on a variety of animal models,
and in the clinic. Treatment with dilazep (0.2 mg/kg, iv infusion) on PreC rabbit
hearts, prolonged the infarct size-limiting effect of PreC when ischemia lasted for
30 min, while it failed to retrieve PreC protection in the 50 min occlusion group®,
showing a time limiting cardioprotective effect. Perfused hearts from guinea pigs
treated with dipyridamole (4 mg/kg/day, p.o.) for 2, 3 or 6 weeks showed a sustained
protection against ischemia-reperfusion injury, as assessed by the recovery
of left ventricular developed pressure, left ventricular end-diastolic pressure
and creatine kinase release®. Treatment with the selective A AR antagonist,
8-cyclopentyl-1,3-dipropylxanthine (DPCPX; 200 nM) reversed the positive effect of
dipyridamole, a reversal not observed with the A,,/A AR antagonist, 3,7-dimethyl-1-
propargylxanthine (10 mM). Lidoflazine (1 mg/kg, iv), administered before the event
of global ischemia in dogs, increased the myocardial adenosine levels 3.5 times and
assisted significantly in the functional recovery compared to the control group®. The
protective effect of lidoflazine was significantly attenuated by its co-administration
with aminophylline (7 mg/kg, iv), an AR antagonist. Several analogues of lidoflazine,
such as soluflazine, R75231 and draflazine have also been identified to cause
cardioprotection®%, It should be noted that although the effects of lidoflazine and
its analogues are predominantly exerted via ENT1 inhibition, there are studies
reporting that cardioprotective effects of lidoflazine and R75231 are mediated by
their interaction with calcium channels®.




36 Chapter 2

Next to only ENT1 inhibitor administration, a combination of ENT1 and adenosine
deaminase (AD) inhibitors has been tested in order to diminish adenosine
catabolism and removal, hence even further elevating its extracellular levels. In
a study performed on open-chest dogs undergoing a 15-minute coronary artery
occlusion and 4 hours of reperfusion, administration of NBTI and erythro-9-(2-
hydroxy-3-nonyl)adenine (EHNA; an AD inhibitor) lead to a significant and sustained
attenuation of postischemic myocardial dysfunction. The enhanced recovery was
attributed to myocardial adenosine as its levels were significantly increased, while
no significant difference was measured in ATP levels, indicating that ATP repletion
is not responsible for the positive effect’. Further studies on dogs treated with the
same combination of ENT1 and AD inhibitors tested under various conditions (such
as PreC, PostC, hypothermic and warm cardioplegia), showed a protective effect
associated with elevation of adenosine concentrations®-€0.

ENT1’s contribution to cardioprotection in in vivo animal models, has also been
evaluated via its removal. ENT1-null mouse hearts were examined in response to
ischemia (30 min coronary occlusion followed by 2 h reperfusion) and found to have
significantly less myocardial infarction compared to wild-type (WT) littermates®’.
Subsequently, cardiomyocytes isolated from ENT1-null adult mice and from WT
littermates were evaluated on their expression on ENTs and ARs. Similar expression
profiles were found for all proteins, except for ENT1 as expected, between the two
cell lines, hence no compensatory mechanism was activated on ENT1-null mice®'.

The effect of ENT1 inhibition on cardioprotection was also evaluated in man.
Lidoflazine’s myocardial protection after ischemia has been shown in many
cases®?®. Hence it has been used in clinical centers for its myocardial protective
effects during coronary artery surgery®*. Alow dose of dipyridamole (15 mg in 30 min,
iv infusion) given prior to exercise, increased the exercise tolerance in patients with
chronic stable angina, as evaluated in a double-blind, placebo controlled study. The
effect was attributed to PreC of the myocardium and hypothesized to be mediated
via adenosine / A/AR®. In addition, pretreatment with dipyridamole (0.5 mg/kg,
intracoronary infusion) of patients undergoing percutaneous transluminal coronary
angioplasty significantly preserved systolic and diastolic ventricular performance,
hence reduced the risk of the angioplasty procedure®®. However, in a recent trial
in patients undergoing elective coronary artery bypass surgery, dipyridamole did
not limit myocardial ischemia and reperfusion injury, as evaluated via postoperative
plasma hs-troponin | release®’.

In the majority of the cases, ENT1 inhibition resulted in a significant protective
effect for the ischemic tissue. The effect was proven to be adenosine-related and
mediated via adenosine receptors. Based on the current knowledge on AR and
ischemic protection it is well supported that the increased extracellular adenosine
levels mainly activate A AR in cardio-ischemic injury. However, it would be beneficial
to follow a more pharmacological approach, using selective AR antagonists, to study
the positive effect of ENT1 inhibitors and its underlying mechanism. Although A,AR
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is mediating the initial responses of adenosine during ischemia, one should not
neglect the protective role of the other ARs®. Activation of A, AR offers an additional
protection via inhibition of platelet aggregation and attenuation of inflammation
(see in ENT1-A,, AR section), hence potentially (further) decreasing post-ischemic
damage. In addition, adenosine activation of both A, AR and A,AR results in
vasodilation ameliorating post-ischemic blood-flow®®. Experiments in ENT1 knockout
mice support the hypothesis of A,,/ A,,AR’s protective role via an increase of CAMP
levels after hypoxic challenge of cardiomyocytes™. Finally, A AR together with A AR
contributes to preconditioning by enhancing the activity of K., channels™ 2.

Cerebral ischemia. Similar to cardiac ischemia, in cerebral ischemia adenosine
exhibits protective effects, mainly attributed to A AR. Activation of A AR results in
the inhibition of Ca?* influx, and a lower presynaptic release of neurotransmitters,
including glutamate. The latter leads to overstimulation of NMDA receptors, and a
reduction of neuronal excitability by increasing the K* and CI- ion concentrations*.
However, recently A,,AR has also been associated with therapeutic effects in
cerebral ischemia. In the initial phase of ischemia, A,,AR antagonists may be
protective via controlling precocious excitotoxicity, while in a later stage activation
of peripheral A, AR is offering protection by controlling immune blood cell infiltration
and inflammation“®.

Indirect activation of A /AR via ENT1 inhibition has been studied and found
protective in cases of cerebral ischemia. Data supportive to the beneficial effect of
neuronal ENT1 has been presented in the study of Zhang and colleagues™. Initial
experiments showed that exogenous adenosine (10 — 100 yM; simulating hypoxic
conditions) produced a significantly higher inhibitory effect in hippocampal slices
from WT mice than transgenic mice with neuronal expression of hENT1 (ENT1-
rich). The presence of DPCPX (1 uM) reversed adenosine’s inhibitory effects
in both WT and ENT1-rich slices, validating the A /AR-mediated effects. Under
hypoxic / oxygen-glucose deprived conditions the same trend was monitored. WT
slices presented a higher inhibition of excitatory neurotransmission than ENT1-rich
mice, while treatment with NBTI (100 nM) abrogated these differences. Altogether
these data indicate that neuronal ENT1 reduces the hypoxia/ischemia-induced
increase in extracellular adenosine concentrations and that its inhibition restores the
beneficial effects of adenosine in cerebral ischemia. Similar results were observed
in a different study using WT and ENT1-rich mice™. Endothelin-1 (1 pL; 400 pmol;
intracortical injection) induced greater ischemic injury in ENT1-rich mice compared
to WT, as measured by cerebral blood flow and infarct size, indicating that hENT1-
mediated adenosine removal reduces the protective effect of adenosine. Finally,
in a recent study the effects of PreC on neuroprotection were investigated on a
mouse model (C57BL/6)7. After five identical episodes of hypoxic exposure every 3
days no neuroprotection was observed. However a reduced cerebral blood flow in
the ischemic region and a significant increase in ENT1 expression was measured
resulting in a decreased extracellular adenosine concentration. Inhibition of ENT1
with propentofylline (10 mg/kg and 20 mg/kg; i.p.) increased the cerebral blood flow
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and re-established neuroprotection, highlighting the increased therapeutic effect that
ENT1 inhibitors could have. By increasing adenosine uptake, propentofylline lead to
increased adenosine levels, which subsequently activated primarily A AR, although
A,,AR was still implicated.

It is interesting to note that there are indications of a compensation / protection
mechanism in cerebral ischemia models. A study on hypoxia and glucose deprivation
has revealed that these conditions can modulate expression of NTs in rat astrocytes
in primary culture”. One hour of hypoxia and glucose deprivation resulted in an
increase in adenosine and ATP concentrations in culture medium, as well as a
decrease in rENT1 expression in astrocytes. In addition, when hypoxia and glucose
deprivation was followed by 1 h recovery period, both rENT1 and rENT2 expression
were decreased, resulting in lower uptake of [*H]adenosine by equilibrative
mechanisms compared to cultures from the control group. Hence, administration
of ENT1 inhibitors, or dual inhibitors of ENT1 and ENT2, could support this
compensatory mechanism and potentially enhance further the protective effect of
adenosine during cerebral ischemia.

Pain

The role of adenosine in nociception has been well established over the last
decades. Adenosine has been found to modulate pain in the periphery, spinal cord
and brain primarily via A,AR. Additional direct and indirect effects on pain transmission
both in periphery and CNS have been described in recent years, implicating A,,,
A,; and A, ARs”". Hence activation of ARs represents a non-opiate target for pain

management.

Several examples of ENT1 inhibition and pain-inhibiting actions are described in
the literature. Dilazep (25 nmol, i.t.) induced antinociception in mice, as evaluated
in the mouse tail-flick assay’®. In the same study, co-administration of NBTI (12.5
nmol), dipyridamole (5 nmol) or dilazep (10 nmol) with adenosine hemisulfate (110
nmol) significantly potentiated and prolonged the antinociceptive effect of adenosine.
Moreover, the analgesic activity of ENT1 inhibition is supported by experiments with
propentofylline (10 mg, i.t) in nerve-injured rats’, and dipyridamole (5 mg/kg, i.p.) upon
chronic stress-induced hyperalgesia in rats®. In the latter case, involvement of the
adenosinergic system was proved by DPCPX (0.8 mg/kg, i.p.) reversing the positive
effect. Pertinent to previously published data, draflazine, dilazep, dipyridamole,
lidoflazine, soluflazine, and KF24345 were found to be efficient in a thermal
hyperalgesia model of inflammatory pain in guinea pigs®'. Further investigation of
draflazine (10 mg/kg, subcutaneous administration) in other thermal and mechanical
hyperalgesia models, completely abolished hypersensitivity. These draflazine-
induced antihyperalgesic effects were reversed by A, AR, A AR and non-selective AR
antagonists, (cyclopentyl-theophylline, 40 mg/kg; 3,7-dimethyl-1-propargylxanthine,
10 mg/kg; caffeine, 40 mg/kg respectively, i.p.), revealing an adenosine-mediated
analgesic effect?’. Except for well described ENT1 inhibitors, amitriptyline®? and
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prostatic acid phosphatase®® have been found to produce antinociception at least
partially by increasing endogenous adenosine levels. In both cases, the effect was
suppressed by adenosine antagonists.

Although there is a limited number of clinical trials on the analgesic effects of
ENT1 inhibitors, dipyridamole has shown a beneficial profile in clinical settings.
When evaluated for its analgesic effect in an open label trial, dipyridamole was
effective in seven out of fifteen patients with chronic pain, opening the road for further
investigation®; while its combination with a low dose of prednisolone ameliorated
pain and functionality in patients with osteoarthritis®. Overall, there are plenty of
data indicating that ENT1 inhibitors have therapeutic potential in pain management
by potentiating adenosine’s analgesic effects, hence, enabling a desirable decrease
in the use of opiates.

Epilepsy

Epilepsy is acommon and chronic neurological disorder characterized by recurrent
seizures, and affects around 50 million people worldwide®. Multiple antiepileptic
drugs are available, however about 20-30% of the patient population remains
unresponsive to existing pharmacotherapy®. Adenosine is known to be an inhibitory
neuromodulator that exhibits antiepileptic effects in the central nervous system
(CNS) mainly via A,AR®. Activation of A AR is known to inhibit glutamate release
and subsequently suppress neuronal excitability and epileptic seizures®°'. ENT1
has also been shown to critically modulate the glutamatergic synaptic transmission
by regulating the concentration of adenosine®. Hence, the increase of extracellular
adenosine concentrations offers an interesting approach for drug resistant epilepsy.

Multiple initial studies using ENT1 inhibitors to subsequently activate adenosine
receptors have been performed. Dipyridamole has been found to inhibit excitatory
transmission in slices of rat hippocampus®%, while soluflazine decreased
electrophysiological activity in slices of guinea pig hippocampus®. Dilazep
(0.5 nmol, focal administration) has been shown to enhance the adenosine
induced anti-convulsant effect in rats®”. In addition, dilazep (0.5-50 nmol, focal
administration) provided a potent and efficacious protection against seizures without
the co-administration of exogenous adenosine. The use of the AR antagonist,
8-(p-sulfophenyl)-theophylline, had the opposite profile, by showing a pro-convulsant
effect”. In all cases the effect was attributed to the elevated endogenous adenosine
concentration resulting from ENT1 inhibition. However, based on current knowledge,
the controls or the concentrations used cannot confirm an A AR specific signal in
all cases, rather than a general AR mediated one. More recent efforts using NBTI
confirm that ENT1 inhibition mimics the effects of adenosine on reducing the
epileptiform discharge on the hippocampus of epileptic rats®. This protective effect
was partially antagonized by the selective A/AR antagonist DPCPX. In a similar
study, NBTI also attenuated seizure severity and prolonged onset latency®. Finally,
further research has also shown that ENT1 expression on patient and rat epileptic
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brain is increased®'®, while A AR expression is decreased'®, supporting the
hypothesis that targeting the purinergic system could be a viable solution to achieve
an antiepileptic effect.

Insomnia

It is well established that adenosine is one of the neuromodulators governing
sleep™!. Increased extracellular adenosine levels in the basal forebrain (BF) have
been found to promote sleep, while after its initiation adenosine levels decrease. In
addition, during prolonged periods of sleep deprivation, an increase in adenosine
levels is monitored leading to the initiation of a new period of sleep, while AR
antagonists are extensively used to maintain wakefulness. The most well-known
example is coffee consumption. Accumulated findings support that mainly A, and
A,, ARs are involved in sleep induction. In animal models, activation of A|/AR in
BF, tuberomammillary nucleus, and lateral hypothalamus induces sleep, whereas
its activation in the lateral preoptic area promotes wakefulness'®. Similarly, A,,AR
agonists administered to the brain induce sleep, while the wakefulness inducing effect
of caffeine was seen in AR KO, but not in A,,R KO mice'®. Hence, ARs activation
by AR agonists, or by increased extracellular adenosine levels, i.e. inhibition of
adenosine metabolism and clearance, seems a viable approach to treat insomnia or
other sleep disorders.

With respect to the role of NTs in sleep regulation, studies in rats subjected to
6 h sleep deprivation showed that ENTT mRNA levels in the cortex and BF were
unchanged but NBTI binding was reduced in the latter'®. According to the authors, the
effect is consistent with a site-specific decrease in adenosine transport, suggesting a
unique role of BF in the regulation of vigilance state during prolonged wakefulness.
In addition, a dramatic reduction in rat cortical CNT2 mRNA has been monitored
during sleep deprivation, suggesting a transcriptional regulation of CNT2 expression
as a modulator of adenosine uptake'.

Pharmacological modulation of ENT1 activity has shown results consistent with
the adenosinergic hypothesis of sleep regulation. NBTI injection (1 uM) into the BF
and thalamus of cats increased adenosine levels, and induced both slow wave and
rapid eye movement (REM) sleep'®. In another rat model, the same compound
(10 uM) decreased the discharge rate of BF neurons during waking and non-rapid
eye movement sleep in rats, in the same manner as adenosine (300 uM)'%. When
administered in the lateral preoptic area, NBTI exerted the opposite effect. The
awakening effect of NBTI was hypothesized to be mediated via the activation of
A,, AR Such studies indicate that the pharmacological targeting of ENT1 in specific
brain regions could result in possible restoration of a normal sleep—wake pattern,
and thus offer a viable treatment for sleep-related conditions such as insomnia and
narcolepsy. Next to NBTI, lidoflazine analogues have also shown sleep inducing
effects. Soluflazine (50 nmol, i.c.v. injection) and mioflazine (2.5 mg/kg, p.o.)
increased sleep in rats, and significantly decreased wakefulness and increased slow
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wave sleep in dogs, respectively'®1 |n the latter case, the subsequent activation of
ARs and mediation to the sleep-inducing effect was verified by the use of caffeine (2.5
and 10 mg/kg, p.o.). Finally, pre-treatment with dipyridamole (40 mg/kg, intravenous
administration) produced significantly faster onset and longer duration of sleep in
mice, compared to only anesthetics (thiopentone, 50 mg/kg or propofol, 150 mg/kg
or midazolam, 100 mg/kg, intravenously) or anesthetics combined with adenosine
(10 mg/kg, intravenously) or 2-chloroadenosine(0.25 mg/kg, intravenously)°.

Restless leg syndrome (RLS)

RLS, also called Willis-Ekbom Disease is a neurological sensorimotor disorder
characterized by a restlessness feeling and urge to move (akathisia), and periodic
leg movements during sleep (PLMS)'". On moderate and severe cases of RLS,
an enhanced arousal state is also present. It is considered a prevalent disorder
as about 5-10% of the general population suffers from RLS symptoms"2'3, RLS
is associated with abnormalities in brain iron homeostasis (brain iron deficiency;
BID) which appear to cause a hyperglutamatergic and hyperdopaminergic state,
involved in the enhanced arousal and in akathisia and PLMS, respectively'.
However, recent studies reveal a possible third mechanism that could link BID with
the aforementioned states: a hypoadenosinergic state. A recent review by Ferré
et al.""® discusses the regulation of dopaminergic and glutamatergic system by A,
and A,, ARs, as well as experimental data showing downregulation of A/ ARs in BID
animal models, offering the link for a putative unified pathophysiological mechanism
for akathisia, PLMS and arousal state of RLS. In order to restore the adenosinergic
state, researchers have focused on inhibiting ENTs, thus increasing extracellular
adenosine and subsequently cause an increase in tonic A|AR activation™®.

In initial experiments in a reserpinized mouse model'S, systemically administered
SKF81297 (5 mg/kg, i.p.; D,R agonist) and quinpirole (5 mg/kg i.p.; D,R agonist)
simulate the hyperdopaminergic state. Dipyridamole (30 mg/kg and 100 mg/kg,
i.p.), used as a corrector of the hypoadenosinergic state, significantly decreased
the locomotor activating effect of the dopamine receptor agonists, while caffeine
(30 mg/kg, i.p.) significantly potentiated the locomotor activation induced by either
agonist. In all cases, the dipyridamole effect was abrogated by caffeine, showing
the direct implication of ARs, specifically A, and A,, ARs, as they form heteromers
with D,R and D,R respectively'®. Next to in vivo mice experiments, dipyridamole’s
efficacy in idiopathic RLS on humans was evaluated in a clinical trial™é. Dipyridamole
(initially 100 mg, uptitration to 400 mg when necessary, once per day for eight weeks)
showed significant therapeutic effects on sensory and motor symptoms, as well as
sleep, supporting the hypothesis of an underlying adenosinergic mechanism in RLS.
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ENT1-A_AR

Platelet aggregation / Thrombosis

Platelet aggregation is an important process of hemostasis, resulting in a formation
of blood clot (thrombus) at the site of injury in order to stop bleeding. However, under
pathophysiological conditions a thrombus can form in a non-injured vessel, or it could
get released (embolus) and travel in the body causing thrombosis in a distant site
from its point of origin. Many diseases, including stroke, pulmonary embolism, heart
and peripheral vascular disease are characterized by pathophysiological thrombosis.
Adenosine blocks platelet aggregation via inhibition of platelet activation. By
activating AR, mainly A, AR, adenosine leads to stimulation of AC in platelets, hence
elevation of the intracellular concentration of the potent platelet activation inhibitor
and second messenger, cyclic adenosine monophosphate (CAMP)'"7. In addition
to A, AR, evidence that A, AR is implicated in the antiplatelet effect of adenosine
has been found. /n vivo experiments have shown that platelet A,_,AR expression is
upregulated under stress, e.g. after injury and systemic inflammation, contributing to
adenosine-mediated platelet aggregation'®. Due to the high expression of ENT1 on
erythrocytes, adenosine is quickly removed from blood, resulting in the decrease of
adenosine’s effect. Cognizant of that, ENT1 inhibitors have been studied as potential
anti-platelet aggregation therapy'°.

Dilazep was found to block the expression and activity of tissue factor on human
umbilical vein endothelial cells (HUVECs) and monocytes'?. Tissue factor is
important in the initiation of thrombin formation. The inhibitory effect of dilazep was
partially reversed by the AR antagonist 8-(p-sulfophenyl)-theophylline, supporting the
hypothesis that the anticoagulant effect was partly mediated by adenosine and ARs.
Based on current knowledge this antagonist is not very potent on A, AR, offering an
alternative explanation for the partial reverse of the dilazep effect. Dilazep and NBTI
exhibited their antiplatelet effect in more studies, however no action was taken to
prove an AR-mediated effect'?!122,

Dipyridamole was initially found to increase extracellular levels of adenosine.
When tested in healthy volunteers, an 80% inhibition of adenosine uptake in platelets
was monitored after dipyridamole (100 mg, instant form, four times daily and 200 mg,
slow release preparation, twice daily, for 3 days) treatment'?, while a 60% increase
in plasma adenosine level was measured in a similar set-up (after dipyridamole
(100 mg, four times daily, for 5 days, p.o.) treatment)'?*. At the same time, many
studies demonstrated that dipyridamole inhibits platelet aggregation'126, Gresele
et al. showed that dipyridamole’s antiplatelet effect was reversed by AD and partially
reversed by 5’-deoxy-5"-methylthioadenosine and theophylline, two AR antagonists,
supporting the hypothesis that NT inhibition leads to an antiplatelet effect via the
increase of extracellular adenosine and the subsequent signaling of AR"°. An in
vitro study on whole blood of healthy volunteers showed the antiplatelet effect of
dipyridamole, an effect that was abolished by ZM 241385, verifying that A, AR is



ENT1 and Adenosine Receptors: Partners in treatment 43

mediating the inhibitory effect on platelet aggregation'?”. Recently the antithrombotic
effect of dipyridamole has also been demonstrated in antiphospholipid syndrome, an
immune system disorder that causes an increased risk of blood clots'?. Dipyridamole
mitigated venous thrombosis in mice and phenocopies the effect of CGS 21680 (an
A,,AR agonist) via activation of the adenosine A, receptor. However, it should be
noted that dipyridamole is not a very selective ENT inhibitor'?°. It also inhibits various
phosphodiesterase (PDE), leading to an alternative or additional way to increase
intracellular levels of cAMP in platelets to exert its antiplatelet effect’*°. An effect
similar to the one of dipyridamole was obtained by the combination of RE 102 BS, a
dipyridamole derivative, with a PDE inhibitor (MX-MB 82 or enprofylline)"®,

Inflammatory diseases

Adenosine is involved in the regulation of the immune system by calibrating the
activity of various immune cells and finally assisting in the resolution of inflammation®'.
As reviewed by Antonioli et al.'®2, pharmacological modulation of all AR subtypes with
selective agonists or antagonists, has been found a viable tool against various immune
and / or inflammatory diseases. However, compelling evidence illustrates A, AR to
be the primary target of the adenosinergic system to promote the anti-inflammatory
response in specific cells, as proven in various models of inflammation®213, Over
the years many efforts have made into using A,,AR specific agonists for various
inflammatory disorders, including asthma, chronic obstructive pulmonary disease
(COPD), glomerulonephritis and ischemia-reperfusion in kidney'32.

An alternative approach to the activation of A,,AR has been tested by many
researchers. Elevation of endogenous extracellular adenosine concentration via the
inhibition of ENT1, has been proposed for the reduction of inflammatory responses.
In inflammatory retinopathy such an alternative could be a viable approach.
(=)-Cannabidiol (CBD) in nanomolar concentrations has been found to inhibit ENT1
in murine microglia and macrophages'+. When lipopolysaccharide (LPS)-treated
mice were treated with a low dose of CBD, a decrease in the proinflammatory Tumor
Necrosis Factor-a (TNFa) production was measured. This effect was counteracted
with administration of ZM 241385 (10 mg/kg, i.p.) and abolished in A,,AR™ mice,
while no change was monitored with the administration of DPCPX (3 mg/kg, i.p.),
indicating an A,, and not an A, AR effect™. Similar results have been reported by
Liou et al. in the retinas of LPS-treated rats and retinal microglial cells'*, showing
that the effect is adenosine-related and not cannabinoid receptor-mediated’.

When tested for another inflammation-related model, i.e. murine collagen-induced
arthritis, CBD appeared to exert immunosuppressive and anti-inflammatory actions
as well. CDB-treated mice (optimal effects at 5 mg/kg per day i.p. or 25 mg/kg per
day, p.o.) were protected against severe damage of the joints, while decreased type
Il collagen and IFN-y production was found in ex vivo draining lymph node cells
from CBD-treated mice'®”. When the study was performed there was no knowledge
of CDB inhibiting ENT1, hence the adenosinergic hypothesis was not tested. With
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the current knowledge one would hypothesize that these effects are adenosine- and
A,,AR-related.

KF24245 is a potent ENT1 inhibitor and causes an A, AR-mediated anti-
inflammatory response. Noji et al., administered KF24245 (10 mg/kg, p.o.) to LPS-
treated mice and a significant reduction in TNFa in serum was monitored. The effect
was reversed only by ZM 241385 (3 mg /kg)'®. Once the same ENT1 inhibitor was
tested on acute pancreatitis, a decrease in mortality and severity of the disease
was recorded. Two different experimental models of acute pancreatitis in mice
were used, i.e. induced by choline-deficient and ethionine-supplemented diet'®
and cerulein-induced'?. In the former study, KF24245 (10 mg/kg, p.o.) showed
protection against hyperamylasemia, acinar cell injury and serum tumor necrosis
factor-a elevation and eventually decreased mortality, which was abolished by ZM
241385 (3 mg/kg, p.0.)'. The latter study confirmed the therapeutic potential of the
ENT1 inhibitor for acute pancreatitis, as the cerulean-induced increase of serum
amylase and lipase, interstitial edema, polymorphonuclear cell infiltration, and acinar
cell necrosis in the pancreas were reversed by KF24345 (10 mg/kg p.o.)"°. A similar
decrease of serum amylase was observed for draflazine (R75231; 300 mg/kg, p.o.)
and dipyridamole (1,000 mg/kg, p.o.)'. Except for animal-based inflammation
models, the dipyridamole response has also been studied during experimental
human endotoxemia. The subjects, receiving dipyridamole (200 mg, slow release,
twice daily), had an increased circulating endogenous adenosine concentration due
to ENT1 blockade on erythrocytes, resulting in an anti-inflammatory response and a
faster decline in proinflammatory cytokines'.

However, ENT1 inhibition is not a viable strategy for all inflammatory diseases. In
cases of chronic lung diseases as asthma or COPD, a selective A, AR activation is
needed. It has been well documented that inhalation of adenosine in these diseases
causes severe dyspnea and bronchospasm™2. In addition, inhaled dipyridamole
induces increased airway sensitivity in asthmatic patients, while intravenous
administration results in bronchospasm or intolerable dyspnoea in emphysema and
COPD patients™3.

Huntington’s disease (HD)

HD is an inherited neurodegenerative disease caused by a CAG (cytosine-
adenine-guanine) trinucleotide expansion in the huntingtin gene and phenotypically
characterized by progressive chorea, cognitive impairments and emotional
disturbances. One of the many disturbances observed in the brains affected by
HD is the impairment of the adenosine homeostasis'. Extracellular adenosine
levels measured in the brain of rodent models simulating HD have been found
to be abnormal'*'%, Hence, the adenosinergic system and especially A, AR
attracted the interest of many research teams investigating HD. The high A, AR
expression in the striatum', a brain region affected in HD, the link between at
least one A,,AR polymorphism (rs5751876) with an early onset of the disease'¥,
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as well as the decline in motor performances and survival of a mouse model once
A,,AR is genetically removed'*, constitute A,, AR a relevant target. Although A, AR
antagonists show promising results towards neuroprotection, with istradefylline used
clinically in Parkinson’s disease, their use in HD seems controversial, while agonists
show promising results’. Due to the lack of A, AR agonists in the clinic ENT1
inhibition was proposed as an alternative approach. Both targets are located in the
striatum7.15' hence blocking ENT1 would elevate extracellular levels of adenosine
which subsequently will activate A,,AR. Such an approach is also supported by the
significantly upregulated expression of ENT1 in the striatum of HD mice models,
as well as in postmortem prefrontal cortex from HD human patients with a grade 2
Vonsattel neuropathological severity, but not in more severe HD stages (Vonsattel
severity score 3 and 4)'“®. Thus inhibition of ENT1, especially in the early stages of
the disease, appears to be an interesting intervention to restore the low adenosine
tone in HD and possibly reduce the progression of the disease or to significantly
delay the age of onset'.

Studies performed on an HD mouse model (R6/2) have shown that intrastriatal
administration of NBTI (10 pM) and co-administration of NBTI (10 pM) and
dipyridamole (10 uM), increased extracellular adenosine levels in the striatum and
lead to a prolonged adenosine increase, respectively'®, proving that elevation of
adenosine levels via ENT1 inhibition is a viable. Further genetic removal of the
target enhanced the survival of R6/2 mice by 7.9%, while chronic inhibition (JM
1907; a low affinity ENT1 inhibitor; 0.11 mg/kg/day for 6 weeks) resulted in both
enhancement of survival by 5.7% and amelioration of motor coordination. Except for
ENT1 inhibition and the resulted A, AR activation, many researchers are focusing
their efforts on molecules with a dual action on both targets'+'%. A typical example
is Nb-(4-hydroxybenzyl)adenine riboside (T1-11). T1-11 binds to the binding pockets
of both A,,AR and ENT1 with a low affinity, and its in vivo effects are consistent
with A,,AR activation and ENT1 inhibition™*. Interestingly, when added (0.05 mg/
ml) to the drinking water of an HD mouse model (R6/2), reduction in the formation
of striatal Htt aggregates, improvement in the progressive deterioration in motor
coordination and increase in the level of brain derived neurotrophic factor (BDNF)
were monitored'™*. Although, based on theoretical reasoning, administration of a
selective (T1-11) and non-selective (adenosine) agonist competing for the same
target (A,,AR) is not a logical intervention, it has been proven to be effective in the
case of these dual-action compounds.

Other

Except for the aforementioned pathophysiological conditions, there are other
examples of diseases where ENT1 inhibition and subsequent A, AR activation could
be beneficial.

Bone regeneration. The global burden of bone defects worldwide has been
calculated to be immense. Fractures occurring as a result of osteoporosis, defects
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from bone tumors, facial fractures and dental pathology resulting in loss of the bone
that structurally supports dentition / teeth, are some of the diseases making the need
for bone regeneration treatment imperative'’. Recently, ARs (A, and A,;) activation
has gained attention regarding bone metabolism and formation, with A, AR to be the
main target for regeneration'®. Direct activation of A,,AR with CGS21680 (1 uM), as
well as indirect activation, i.e. with increased adenosine concentration resulting from
treatment with dipyridamole (1 uM), promoted bone regeneration in a C57BI/6 mice's°.
Antagonism with ZM 241385 (1 uM) or depletion of A,, AR abrogated the regenerative
effect, validating in all cases an A,,AR-mediated response. In addition, dipyridamole
significantly augmented the repair and regeneration of craniofacial bone'®, critical-
sized long bone'®" and calvarial bone'®? by 3D-printed bioactive ceramic scaffolds
(immersed in 100 pM dipyridamole) in rabbits and sheep, respectively.

Schizophrenia. Schizophrenia is a chronic mental iliness affecting about 1% of the
general population. Management of its positive, negative and cognitive symptoms is
an unmet goal. The predominant concept on the genesis of schizophrenia symptoms
is focusing on abnormalities in the dopaminergic and glutamatergic system, with
an increased interest on GABAergic dysfunctions. Adenosine has been proposed
as a potential modulator that could normalize both dopaminergic and glutamatergic
transmission via A, and A,, ARs'®. Special attention has been drawn on activation
of A,,AR pre-synaptically in addition to the manipulation of extracellular levels of
adenosine via adenosine kinase'®*. The approach examining the therapeutic effect
of extracellular adenosine has been tested in a clinical set up, not via adenosine
kinase but by inhibition of ENT1 with dipyridamole. An 8 week clinical study by
Akhondzadeh et al. has shown that a combination of dipyridamole (75 mg/day)
and haloperidol (20 mg/day) results in a further significant decrease in positive and
general psycho-pathological symptoms, as well as in PANSS total scores compared
to haloperidol alone'®. The therapeutic effect has been attributed to the antagonistic
effects of adenosine on the dopaminergic system, especially on D, receptor. However
this theory was challenged by Brunstein et al.'®®. The alternative theory was also
adenosine-mediated, but adenosine’s action was considered to be via A /AR and
another neurotransmitter system, possibly glutamate, as the dopaminergic activity
should have been abolished by haloperidol. In any case, the availability of ENT1
inhibitors in the clinic facilitates the investigation of adenosine’s therapeutic effects
and offers great opportunities to understand its involvement in the disease.

ENT1-A, AR

Although A, is the least studied of the ARs, its activation as a result of ENT1
inhibition has been described to lead to additive positive effects in a number of
diseases, as discussed in the cases of cardiac ischemia, pain, platelet aggregation
and bone regeneration. Next to these pathophysiological conditions, A,,AR has
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been found to play an important and primary role in renal and hepatic ischemia and
reperfusion injury as well as in acute lung inflammation.

Renal and Hepatic ischemia and reperfusion injury

As in the case of cardiac ischemia, adenosine also exhibits protective effects
against renal and hepatic ischemia. Currently, there are emerging data showing
that adenosine signaling through A,_AR plays a protective role in renal, hepatic and
intestinal ischemia in animal models'®7-1%. Grenz et al. studied the potential protection
of all four ARs in mice renal ischemia and only in the cases of A,,AR knock out (KO)
mice or selective A,;AR antagonism, the protection from ischemia was abolished.
In agreement with that, selective A, AR activation after ischemia showed improved
renal function'®®, Similarly, Chouker et al. using KO mice, demonstrated hepatotoxic
protection via the A_,AR. Their observations were verified by the use of a selective
agonist and antagonist, concluding A, AR offers a protective role in warm liver
ischemia and reperfusion injury®°,

Cognizant of the above, ENT1 inhibitors were evaluated for their renal and ischemic
protective role. Mice pre-treated with dipyridamole (0.25mg/25g) experienced less
severe hepatic injury after ischemia due to elevated adenosine levels. Further
investigation revealed that the ENT1-dependent liver protection was mediated
via A,,AR'™. Next to the traditional dipyridamole use, rapadocin, a novel ENT1
inhibitor, protected against ischemic reperfusion injury in vivo. Mice administered
with rapadocin (4 mg/kg) had significantly lower levels of creatinine and urea
nitrogen in blood compared to vehicle treated mice, indicating the protective role
of rapadocin''. Further investigation revealed that the adenosine protective effect
was A,.AR specific, as co-administration of rapadocin and PSB 1115, an A,,AR
antagonist, abrogated the protective effect'”'. Other AR subtypes, namely A, and
A_,, have been described to mediate the dipyridamole (10 and 30 mg/kg, i.p.) effect

2A7
in ischemia reperfusion-induced acute kidney injury (AKI) in rats'2.

Acute lung inflammation

As stated under the inflammatory diseases in the ENT1-A, AR section, an increase
in extracellular adenosine concentrations and subsequent A,,ARs activation is
beneficial in inflammation, repair, and remodeling processes. However, such an
approach is not viable in chronic respiratory diseases. Long term elevated adenosine
levels would activate A,, A,; and A, ARs, promoting a pro-inflammatory state that
contributes to the development and progression of chronic lung diseases'”. To the
contrary, in a case of acute lung injury adenosine has an anti-inflammatory, tissue-
protective role mainly via activation of A, and A, ARs™™.

In a mechanical-induced acute lung injury (ALI) model in mice, dipyridamole (1
mg/kg, i.p.) was associated with significant increases in ALl survival time (395 min
vs 277 min for their littermates)'”s. The protective effect was abolished in mice with
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alveolar epithelial A,; gene deletion, indicating that the lung anti-inflammatory result
was A AR-mediated. Interestingly, the protective effect under ALI was repeated only
in case of ENT2 depletion, as it was evaluated by the improved gas exchange during
ALI in conjunction with elevated adenosine levels in the bronchoalveolar fluid. ENT1
depletion did not result in similar effects. Hence in alveolar space ENT1 inhibition is
not relevant or enough to increase adenosine levels and induce the protective A, ,AR
effects. Additionally, on a Pseudomonas aeruginosa infection-induced ALI mice
model, NBTI treatment (2 mg/kg) resulted in elevated lung adenosine levels, leading
to attenuation of ALI, as assessed by lung wet-to-dry weight ratio, bronchoalveolar
lavage (BAL) protein levels, BAL inflammatory cell counts, pro-inflammatory cytokines,
and pulmonary function'”. However, ENT1 knock-out only partially attenuated the
disease. Finally, the protective effected of NBTI was counteracted when specific A,,
and A, ARs antagonists, ZM 241385 and PSB 1115, respectively, indicating that the
protective effect is resulting from the activation of these specific ARs"®.

ENT1-AAR

A, is an AR subtype that is less studied and its actions are not yet fully understood
compared to A, and A,, subtypes. Part of its “mystery” is that A,AR presents a dual
nature under different pathophysiologic conditions. Depending on the investigated
system, it appears to have a protective and harmful role under ischemic conditions,
both a pro- and anti-inflammatory character, as well as a pro- and anti-tumoral
effect'””. As its role was not conclusive, the most challenging task for scientists has
been to decipher in which cases a selective A,AR agonist or antagonist would be
the optimal choice. Currently, there is a strong inclination towards agonists, with
some of them being under clinical studies and showing potential in the treatment
of autoimmune diseases (rheumatoid arthritis, psoriasis), glaucoma and cancer'”’.

Since the role of the receptor itself is still under investigation, clinical applications of
ENT1 inhibitors as indirect activators of A,AR have yet to be realized. As mentioned
earlier, A /AR is implicated in PreC in ischemia'”® and in pain regulation. However to
our knowledge, indirect activation of A,AR via an increase in the levels of extracellular
adenosine following ENT1 inhibition, has not been investigated.

Conclusions and Future Prospects

GPCRs and SLCs are the two largest membrane protein families expressed
ubiquitously in the human body, exerting a multitude of actions to support human
physiology. Modulating their actions in a diseased state offers treatment to many
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pathophysiological conditions, as proven by the increased number of drugs targeting
them. However, in many cases direct targeting of GPCRs is not the most efficacious
solution or not even a viable one due to the lack of suitable drugs, i.e. safe, effective
and selective small molecules. Taken into account the numerous SLC and GPCR
pairs that share an endogenous or synthetic ligand, two concepts have raised; the
“enhancement of GPCR targeting drugs’ efficacy” and the “indirect targeting of a
GPCR”. The latter one, has been further explored and discussed in this chapter.

Targeting ENT1 for a subsequent effect through ARs is a characteristic
example of such an indirect targeting. The two approved ENT1 inhibitors, dilazep
and dipyridamole, exert their vasodilator actions via ARs. During the last thirty
years, accumulating evidence shows that ENT1 inhibitors could have therapeutic
applications in diverse diseases, ranging from cardiovascular to neurodegenerative
and psychiatric diseases. In this review the ameliorating effects of ENT1 inhibitors
in cardiac/cerebral/renal and hepatic ischemia, pain, epilepsy, insomnia, RLS,
thrombosis, acute/chronic inflammatory diseases and HD were described as the
consequence of an increase in extracellular adenosine concentrations in the target
tissue leading to a concomitant activation of ARs expressed there.

Given the positive results arising from ENT1 inhibition in the examined cases
and the lack of AR drugs on the market, one could be as bold as arguing that all
diseases implicating ARs could be revised and re-examined with ENT1 inhibitors.
In the majority of cases more than one AR subtype is mediating the therapeutic
effect, showing the cooperativity between various mechanisms. However, in those
cases where a specific AR effect needs to be achieved in order to avoid possible
side effects resulting from the other ARs, the example of research on muscarinic
receptors could be followed'. Thus, ENT1 inhibitors could be administered in
combination with selective antagonists to block activation of the unwanted ARs. In
such an effort, special attention has to be paid to the implications of A,; and A, AR
involvement, as indirect activation of these receptors is still an unexplored territory.
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