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Abstract:

This review summarizes current knowledge of adenosine analogues and conjugates with promising therapeutic properties. Adeno-
sine is a signaling molecule that triggers numerous physiological responses. It acts through the adenosine receptors (ARs), belonging
to the family of G-protein-coupled receptors and widely distributed throughout the body. Moreover, adenosine is involved in key
biochemical processes as a part of ATP, the universal energy currency. Thus, compounds that are analogues of adenosine and its con-
jugates have been extensively studied as potential therapeutics. Many inhibitors of ARs are in clinical trials as promising agents in
treatment of inflammation, type 2 diabetes, arrhythmia and as vasodilators used in the myocardial perfusion imaging (MPI) stress
test. Furthermore, adenosine analogues revealed high efficacy as enzyme inhibitors, tested for antitrypanosomal action and as biva-
lent ligands and adenosine-oligoarginine conjugates as inhibitors of protein kinases.
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Abbreviations: AdoMetDC — S-adenosylmethionine decar-
boxylase, AR — receptor for adenosine, 3>AR — B;-adrenergic
receptor, FFA — free fatty acids, GMC — glomerular mesangial
cells, HAT — Human African Trypanosomiasis, IP — ischemic
pre-conditioning, MPI — myocardial perfusion imaging, NEFA
— nonesterified fatty acid, PK — protein kinase, T2D — type 2
diabetes, TG — triglycerides

Introduction

Adenosine (Fig. 1) is an endogenous purine nucleo-
side that plays an important role in the human body. It
is present constitutively at a low level extracellularly
(revised 1 uM), but its concentration increases under
metabolic stress (e.g., hypoxia and ischemia) [56].
Adenosine acts through the adenosine receptor (AR)

belonging to the family of G-protein-coupled recep-
tors. So far, four subtypes of ARs (i.e., adenosine A,
Asa, Ayp and Aj; receptors) have been recognized
[39]. The binding of adenosine to A, and A; receptors
inhibits adenylyl cyclase activity, and binding to A,
and A,p subtypes causes an increase in cAMP concen-
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Fig. 1. Adenosine structure
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Tab. 1. Distribution of adenosine receptor subtypes — high expres-
sion [39, 51, 76]

A Aop Ao As
brain cortex, stratium, nucleus ~ caecum,  testis (rat),
hippocampus, accumbens, colon, mast cells (rat)
spinal cord, olfactory tubercle  bladder
eye, spleen, thymus,
adrenal leukocytes, blood
gland, atria platelets

tration [42]. These membrane receptors are widely
distributed throughout the body (Tab. 1). Numerous
responses are triggered by AR activation, depending
on the stimulated receptor subtype, the type and meta-
bolic state of the tissue. The main role of adenosine is
to maintain homeostasis. Equally important is its neu-
romodulatory action [23, 77]. Adenosine effectively
suppresses pharmacoresistant seizures [62] and pro-
tects myocardium and the cerebrovascular system
from ischemic damage [43]. An anti-inflammatory ac-
tion was observed during acute lung injuries [99].

Besides being a ligand for the ARs, adenosine is in-
volved in key biochemical processes. RNA requires pu-
rine nucleoside substrates for its synthesis. Moreover,
adenosine is a part of ATP, the universal energy cur-
rency, and cAMP, a second messenger molecule [18].

Thus, adenosine has been an important target mole-
cule for the development of new medicines against
numerous diseases. This review describes the latest
achievements in developing compounds containing
the adenosine moiety that are considered potential
drugs. The first group presented is composed of AR
agonists with good selectivity and efficacy. The sec-
ond group consists of adenosine analogues that can be
used in the treatment of parasitic infections. Finally,
the third noteworthy group includes binary drugs
achieved by tethering adenosine to a ligand for a dif-
ferent domain or type of receptor.

Analogues of adenosine acting on
adenosine receptors

Adenosine is a natural agonist for ARs, eliciting dif-
ferent physiological responses, as mentioned before.
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Unfortunately, the clinical utility of adenosine is re-
stricted due to its short half-life in blood and non-
selectivity towards different receptor subtypes. Regard-
less of these limitations, adenosine is used as an antiar-
rhythmic agent in paroxysmal supraventricular tachy-
cardia. To ensure efficacy, adenosine must be injected
as a rapid bolus administered directly into a vein [54].

Receptor selectivity is highly important to mini-
mize side effects and achieve the desired effects.
Therefore, numerous adenosine analogues have been
synthesized. Most of them have relatively good aftin-
ity, but act as a ligand for more than one receptor sub-
type. In recent years, all four receptors were cloned,
and adenosine receptor binding sites were modeled on
the molecular level. As a result, new opportunities to
search for more-selective and efficient agonists be-
came possible.

A, receptor

The A; adenosine receptor is the best-characterized
subtype of the four known ARs. Selective A;AR ago-
nists mediate antiarrhythmic, antinociceptive and
neuro- and cardioprotective effects. Moreover, AjAR
agonists reduce lipolysis in adipose tissue [27, 37].
Agonists with low selectivity may additionally stimu-
late Ay and A,p receptors on blood vessels and cause
lowering of blood pressure [88]. Unfortunately, full
selective agonists can lead to severe cardiovascular
side effects such as hypotension, bradycardia and side
effects in other organs. Such compounds have limited
clinical usefulness [69]. Thus, recent efforts have fo-
cused on developing ligands that will partially stimu-
late the A receptor. So-called partial agonists help to
prevent the desensitization of tissue and exert their ef-
fect at a greater level in tissues with higher density of
receptors [101].

Antiarrhythmic agents

Significant progress was made in the development of
the N°-lipophilic substituted adenosine analogue, teca-
denoson (CVT-510) (N-[3-(R)-tetrahydrofuranyl]-6-
aminopurine riboside) (Fig. 2), with a half-life of ~30
min. Tecadenoson has been shown to be highly selec-
tive for AjAR. Importantly, a significant lowering of
blood pressure has not been observed [27]. It is
a clinical candidate for the treatment of paroxysmal
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supraventricular tachycardia and atrial fibrillation
(phase III and II of clinical trials, respectively) [17,
82]. Data from phase III trials demonstrated the abil-
ity of tecadenoson to convert an abnormally rapid
heart rhythm back to normal without significant side
effects [31]. The mechanism of action involves acti-
vation of the inward rectifying potassium current and
inhibition of the pacemaker current and the L type cal-
cium currents [78].

The addition of a 5’-N-ethyl uronamide moiety as
well as a cyclopentyl substituent at the N° position of
adenosine created selodenoson, another potent agonist
with much longer half-life of 150 min (DTI0009)
(N’-cyclopentyl-5’-(N-ethyl) carboxamidoadenosine)
(Fig. 2). Selodenoson was designed to control heart
rate without lowering blood pressure and decreasing
heart function [6, 86]. The iv formulation for hospital
use is currently in phase II clinical trials for the treat-
ment of atrial fibrillation [44]. All six administered
doses led to a decrease in ventricular rate in comparison
with placebo [86]. The oral formulation has completed
phase I clinical trials [25]. Moreover, the controlled-
release formulation for oral administration has been pat-
ented [10]. This form is convenient for outpatient use for
the chronic management of arrhythmia.

Antinociceptive agents

The stability of adenosine is poor due to its rapid deg-
radation and metabolism by enzymes such as adeno-
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Fig. 2. A;AR agonists under examination as antiarrhythmic agents

sine deaminase and purine nucleoside phosphorylase.
It has been observed that 5’-chloro-5’-deoxyadeno-
sine analogues are more stable in comparison to
adenosine [4]. Based on these findings, a series of
such derivatives have been synthesized. Two analogues,
N°-tetrahydrofuranyl-5’-chloro-5’-deoxyadenosine (Fig.
3) and 5’-chloro-5’-deoxy-(£)-ENBA (5’-chloro-5’-
deoxy-N’~(-endo-norborn-2-yl)adenosine) (Fig. 3) show
high A;AR affinity and selectivity (Tab. 2). 5’-
Chloro-5’-deoxy-(+)-ENBA effectively reduced for-
malin-induced pain in mice [37]. However, it exerted
antinociceptive activity at a higher concentration than
did a less selective compound, (£)-ENBA (N°-(-endo-
norborn-2-yl)adenosine) (Fig. 3).

Antidiabetic agents

A1AR agonists are promising agents in the treatment
of type 2 diabetes (T2D) due to their antilipolytic
properties. Stimulation of A; receptors reduces the
formation and release of free fatty acids (FFA) from
adipocytes, lowers levels of triglycerides (TG) and
enhances insulin sensitivity [26]. Antilipolytic actions
of adenosine were studied using A, receptor knockout
mice. Administration of an adenosine analogue
caused significant reduction of lipolysis in A|R (+/+)
in comparison to AR (—/—) mice [57]. Unfortunately,
full A, receptor agonists cause cardiac side effects,
such as slowing of heart rate. Thus, researchers have
focused on developing partial agonist compounds.
This approach facilitates obtaining tissue selectivity,
so a greater effect is exerted in adipose tissue, which
has a larger receptor reserve in comparison with car-
diac tissue [64]. The compound GR79236 (N-(1S,2S)-
2-hydroxycyclopentyladenosine) (Fig. 4) significantly
lowers nonesterified fatty acid (NEFA) and TG levels
[53]. However, as a full agonist it causes side effects.
Thus, CVT-3619 (2-{6-[((1R,2R)-2-hydroxy-cyclope-
ntyl)aminoJpurin-9-yl1} (4S,5S,2R,3R)-5-[(2-fluorophenyl-
thio)methyl]oxolane-3,4-diol) (Fig. 4), a modified adeno-
sine with a 5’-arylsulfide, has been developed. CVT-
3619 has properties of partial agonist that help to pre-
vent tachyphylaxis. Preclinical studies have shown that
it is a good antilipolytic agent. CVT-3619 efficiently re-
duces level of FFA, improves insulin sensitivity, and re-
duces elevated TG [32]. Data from phase I clinical trials
demonstrated no significant changes in heart rate and
blood pressure caused by orally administered CVT-3619
[24].
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Fig. 3. A;AR agonists as antinociceptive agents

Tab. 2. Binding affinity of selective A; agonists at human A, A,,, A,g, and A, adenosine receptor subtypes [37]

Compound K (nM) Selectivity
A Aol Agg® AP AgalAs Ag/Aq
M-tetrahydrofuranyl-5'-chloro-5-deoxyadenosine 0.59 837 3210 376 1470 637
5'-chlor 5-chloro-(+)-ENBA 0.51 1340 2740 1290 2630 2530
(+)-ENBA 0.54 1270 4930 101 2350 187

a Displacement of [*H]CCPA binding in CHO cells stably transfected with the human recombinant A; adenosine receptor. ® Displacement of
[®BHINECA binding in CHO cells stably transfected with human recombinant A+ or Az adenosine receptors. © K;values were calculated from ICsq
values determined by inhibition of NECA-stimulated adenylyl cyclase activity
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Fig. 4. A;AR agonists as antidiabetic agents
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A, receptor

Ay receptors are a predominant subtype in immune
cells [74]. Moreover, they are expressed in brain,
mainly in the striatum [38], but also in the cortex and
hippocampus. A4 receptors are also present on plate-
lets and vasculature, including the cerebral endothe-
lium and smooth muscle cells [21, 60]. The impor-
tance of A, receptors was studied using AjaR-
knockout mice. AysR (—/—) mice had increased blood
pressure, heart rate and platelet aggregation. Further-
more, they reacted slower to acute pain stimulation
[60]. Therefore, AjaAR stimulation produces, inter
alia, anti-inflammatory, immunosuppressive and hy-
potensive responses [68].

Immunomodulatory agents
Anti-inflammatory actions of adenosine A, receptor

agonists are well described. A,a receptors are present
on inflammatory cells and their activation has an in-
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fluence on neutrophil function. As a result, degranula-
tion of neutrophils and superoxide production is re-
duced. Moreover, A4 receptor agonists decrease pro-
duction of tumor necrosis factor-o. (TNF-a) by mono-
cytes and macrophages and neutrophil-endothelial cell
adherence. In addition, platelet and endothelial cell
activation is decreased [71, 90].

Compounds with such properties have been devel-
oped as potential drugs in the treatment of asthma and
chronic obstructive pulmonary disease [67]. To pre-
vent unwanted cardiovascular effects, in particular
hypotension, topical formulations such as dry powder
for inhalation and vehicle gel have been assessed. It
have been suggested that such forms have an advan-
tage over orally administered agents. Few adenosine
Ay receptor agonists have been evaluated clinically.
UK-432097 (Fig. 5) reached phase II clinical trials as
an agent for the treatment of chronic obstructive pul-
monary disease (dry powder for inhalation) [81];
sonedenoson (MRE0094) (2-[2-(4-chlorophenyl)eth-
oxyJadenosine) (Fig. 5) entered phase II clinical trials
for induction of healing of diabetic foot ulcers (vehi-
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Fig. 5. A,,AR agonists as immunomodulatory agents
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Fig. 6. An A,,AR agonist as a prodrug converted by ecto-5-NT

cle gel) [83]. GW328267X in the inhaled form has
been tested for allergic rhinitis [80] and asthma [66,
67] (Fig. 5). Unfortunately, all trials have been termi-
nated because of unsatisfactory effects. Thus, there is
a need to evaluate factors that contributed to low effi-
cacy during the above clinical trials.

Recently, it has been proposed to develop Ajsa
adenosine receptor agonists as prodrugs by synthesiz-
ing inactive, phosphorylated forms of A, adenosine
agonists [30]. Activation of such compounds requires
the enzyme ecto-5’-nucleotidase (ecto-5’-NT, CD73,
EC 3.1.3.5). The concentration of ecto-5’-NT is higher
in inflamed tissues and facilitates conversion of phos-
phorylated prodrugs in pathological tissues. This ap-
proach may help to achieve desired anti-inflammatory
actions and decrease unwanted side effects, such as
hypotension. A compound with promising properties
is 2-(cyclohexylethylthio)-AMP (Fig. 6), which is
dephosphorylated at good rate to the 2-(cyclohexyl-
ethylthio)adenosine (Fig. 6). However, further studies
are required to improve its affinity and selectivity to
AZA-

Vasodilators

Selective A,5 adenosine receptor agonists are a new
class of coronary vasodilators used in stress perfusion
imaging with radiotracers [47]. The myocardial perfu-
sion imaging stress test is a noninvasive way to assess
blood flow to the heart muscle to detect coronary
artery disease. Regadenoson (Lexiscan, CVT-3416)
(2-{4-[(methylamino)carbonyl]-1 H-pyrazol-1-yl}adeno-
sine) (Fig. 7) is the first FDA-approved selective A,a
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2-(cyclohexylethylthio)adenosine

receptor agonist that is currently in clinical use [8].
Regadenoson is administered intravenously as
a fixed-dose bolus. Its efficacy is comparable to
adenosine, which is the current agent of choice for
pharmacologic stress testing. An important feature of
regadenoson is its low affinity for the A;pAR. A;pAR
is highly expressed in coronary arteries. Their stimu-
lation by regadenoson allows maximal coronary vaso-
dilation with minimal side effects connected with ac-
tivation of receptors in other tissues. Two other selec-
tive Ay adenosine receptor agonists have been tested
as potential agents for MPI. Binodenoson (CorVue,
MRE0470) (2-(cyclohexylmethylidenehydrazino-ade-
nosine) (Fig. 7) has completed phase III clinical trials
and apadenoson (Stedivaze, ATL146e) (Fig. 7) is cur-
rently in phase III clinical trials [16]. Positive results
of completed clinical trials of binodenoson have been
published. In comparison to adenosine, binodenoson
showed fewer and less severe side effects (chest pain,
shortness of breath and flushing). Moreover, there
were no cases of atrioventricular block. The possibil-
ity to administer binodenoson as a single bolus dose is
an advantage [93]. However, the FDA has not yet ap-
proved this compound as a drug. There are some inac-
curacies regarding clinical trial results that need to be
clarified [35]. There are no published results from
phase III clinical trials of apadenoson, but phase I
studies demonstrated good toleration in patients with
asthma and chronic obstructive pulmonary disease
[22].

In conclusion, selective A,x adenosine receptor
agonists are new promising drugs developed as vaso-
dilators for the diagnosis of coronary artery disease
used in the myocardial perfusion imaging stress test.
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Fig. 7. A,pAR agonists as vasodilators

Clinical studies have shown that they are a better al-
ternative for adenosine. Additionally, future use may
include other applications, such as cardiac perfusion,
positron emission tomography, cardiac magnetic reso-
nance imaging and myocardial contrast echocardi-
ography [19].

A,g receptor

Ajp is a low-affinity receptor subtype activated only
in pathological conditions such as hypoxia or inflam-
mation when adenosine concentration increases from
nanomolar to micromolar levels [36]. The physiologi-
cal effects of AypAR activation are poorly character-
ized due to difficulties with developing potent and se-
lective ligands. However, studies on A,gAR-knockout
mice helped to establish the role of these receptors
i.e., in hypoxia and ischemic pre-conditioning. The
results showed that A,gAR-deficient mice had in-
creased vascular permeability and increased hypoxia-
induced neutrophil infiltration, indicating a protective
role of AypAR agonists in hypoxia-induced inflamma-
tion [7, 29]. Ischemic pre-conditioning (IP) is a pro-
cess in which repeated brief episodes of sublethal
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ischemia are followed by reperfusion. In 1986, Murry
and colleagues found that IP protects the myocardium
from the effects of a prolonged ischemic insult [72].
Recent studies showed that IP induces A,gAR expres-
sion in heart, lung and kidney. Replacing IP with an
A,sAR agonist protects these organs against injuries
caused by prolonged ischemia [7]. Additionally, intes-
tinal inflammation associated with gastrointestinal
ischemia/reperfusion injury can be attenuated by stimu-
lation of A,greceptors [44]. A,p receptor agonists also
have therapeutic potential as drugs in the treatment of
coronary artery disease by inhibiting platelet aggrega-
tion and vasodilative effects [7, 13]. Elevated levels
of extracellular adenosine in the lung are observed in
acute lung injury. Studies on murine models of venti-
lator-induced lung injury and on A,gAR knockout mice
suggested that stimulation of A, receptors during
acute lung injury may be of therapeutic benefit [7].
However, the role of A,gAR in chronic conditions,
such as chronic obstructive pulmonary disease (COPD)
and asthma, remains unclear. To elucidate the role of
adenosine in chronic inflammation, mice deficient in
adenosine deaminase, the enzyme responsible for de-
amination of adenosine to inosine, were studied. Mice
lacking this enzyme have elevated levels of adenosine
and experience adenosine-dependent pulmonary fibro-
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sis. Treatment with A,gAR antagonists resulted in at-
tenuated inflammation [7, 91]. To confirm pathologi-
cal role of A, receptors, mice deficient in adenosine
deamination and A,p receptors were examined. Inter-
estingly, double knockout mice had enhanced pulmo-
nary inflammation and airway destruction [7, 98].

Ajp 1s the main subtype of adenosine receptors ex-
pressed in the gastrointestinal tract and is acted upon
by extracellular adenosine during intestinal inflamma-
tion. It has been suggested that A,gAR agonists play
a protective role in such conditions as Crohn’s disease
or ulcerative colitis [7, 40]. Furthermore, there is evi-
dence of role for AypAR in colonic motility. Agonists
may be of therapeutic use in the treatment of constipa-
tion [20]. Contrasting results were demonstrated in
studies on A,gAR knockout mice in murine models of
colitis. Instead of aggravating inflammation as ex-
pected, diarrhea induced by colitis and inflammatory
cell infiltration were attenuated [7, 55]. Moreover,
A,sAR activation inhibits growth of glomerular me-
sangial cells (GMC). This effect can be clinically use-
ful in protection against glomerular remodeling con-
nected with glomerulosclerosis, renal disease and ab-
normal GMC growth associated with hypertension
and diabetes [28]. Other studies have indicated that
adenosine agonists of A,gAR have a potential role in
the treatment of erectile dysfunction [92] and stimula-
tion of hair growth through fibroblast growth factor-7
gene expression in dermal papilla cells [46].
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Recently, a few potent adenosine analogues that
activate A,p receptors have been synthesized. From
a series of 2-N°, 5’-substituted adenosine derivatives,
MRS3997 (2-[3”-(6”-bromo-indolyl)ethyloxy]adenosine)
(Fig. 8) revealed promising properties as a full agonist
of AzA and AZBAR (AzA EC5() =39.7 HM, AZB EC50 =
109 nM) and as a partial agonist of A; and A3;AR [5].
Of note is compound 18 (1-deoxy-1-{6-[N’- (furan-2-
carbonyl) hydrazino]-9H-purin-9-yl}-N-ethyl--D-ribo-
furanuronamide) (Fig. 8). This fairly selective compound
is a potent agonist, with an ECs, value in the nanomolar
range (hA1l, hA2A Ki 1000 nM; hA,z ECsy = 82 nM;
hA; Ki > 5000 nM) [12].

A receptor

Selective A;AR activation has cardioprotective [63]
and cerebroprotective effects [94]. Agonists of A;AR
are currently involved in numerous clinical trials as
anti-inflammatory, anti-tumor and hepatoprotective
agents [49].

The first selective Aj; agonists were IB-MECA
(N°~(3-iodobenzyl-5’-N-methylcarboxamidoadenosine)
(CF101) (Fig. 9) and its 2-chloro analogue (Cl-IB-
MECA) (CF102) (Fig. 9). AsARs are overexpressed
in patients with inflammatory diseases, such as rheu-
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Fig. 8. Structures of the potent A,z AR agonists
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matoid arthritis, psoriasis and Crohn’s disease [73].
Based on these findings, IB-MECA was proposed as
a compound that can be used to treat immune-
mediated inflammatory diseases. Data from a phase 11
clinical trial involving treatment of plaque-type pso-
riasis with oral IB-MECA demonstrated its safety,
good toleration and efficacy. Due to satisfactory re-
sults, preparatory work for phase III trials has been
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Fig. 9. Structures of the potent and selective Az AR agonists

initiated. A phase Ila study has been conducted in pa-
tients with rheumatoid arthritis who do not respond
methotrexate therapy [3, 85]. IB-MECA administered
twice daily for 12 weeks resulted in an improvement
of disease signs and symptoms and was safe and well
tolerated [87]. Furthermore, results from a phase II
clinical trial that aimed to explore the safety and effi-
cacy of IB-MECA in patients with moderate to severe
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dry eye syndrome demonstrated that IB-MECA given
orally significantly improved corneal staining, tear
break-up time and tear meniscus. Moreover, it was
well tolerated [9]. Another finding from this study
was a decrease in the intra ocular pressure. Based on
this fact, preparation of a phase II clinical trial with
orally administered IB-MECA for the treatment of
glaucoma has been initiated [15].

CI-IB-MECA is in phase I/II trials as an anti-cancer
agent in patients with advanced hepatocellular carci-
noma and in phase I/II trials in patients with chronic
hepatitis C (Tab. 3) [1, 2]. The anti-tumor mechanism
of action includes induction of apoptosis of hepatocel-
lular carcinoma and deregulation of the Wnt and
NF-«B signaling pathways [11]. In addition, preclini-
cal studies have suggested that Cl-IB-MECA is active
against HCV via inhibition of NS5, an RNA-
dependent RNA polymerase [16]. CI-IB-MECA is
also a promising drug for the treatment of lung in-

flammation. Recent studies have shown this com-
pound attenuates LPS-induced microvascular perme-
ability. In pulmonary microvascular endothelial cells,
CI-IB-MECA reduced LPS-induced cytoskeletal re-
modeling and cell retraction [95]. IB-MECA and ClI-
IB-MECA have good selectivity towards the adeno-
sine Aj receptor subtype in rats. However, selectivity
against other subtypes is depressed when assessed on
human receptors. The first selective agonist toward
human A;AR was CP-608039 ((2S,35,4R,5R)-3-
amino-5-{6-[5-chloro-2-(3-methylisoxazol-5-ylmethoxy)-
benzylamino |purin-9-yl}-4-hydroxytetrahydrofuran-2-
carboxylic acid methylamide) (Fig. 9) [2]. This N°-su-
bstituted adenosine 5’-N-methyl uronamide, together
with CP-532903 (N’-(2,5-dichlorobenzyl)-3’-aminoade-
nosine-5’-N-methylcarboxamide) (Fig. 9), has been in-
vestigated as a cardioprotective agent [96]. Therapeu-
tic activity of CP-532903 was investigated using an in
vivo mouse model of infarction and on an isolated

Tab. 3. Status of clinical trials of adenosine receptor agonists [1-3, 6, 9, 15, 17, 67. 80-85, 89]

Compound Condition

Status

tecadenoson

atrial fibrillation

paroxysmal supraventricular tachycardia

phase IIl — completed

phase Il — completed

selodenoson atrial fibrillation — ivformulation phase Il — completed
—oral formulation phase | — completed

CVT-3619 cardiometabolic diseases phase | — completed

UK-432097 chronic obstructive pulmonary disease phase Il — terminated
(dry powder for inhalation)

sonedenoson healing of diabetic foot ulcers (vehicle gel) phase Il — terminated

GW328267X allergic rhinitis phase Il — terminated
asthma

regadenoson coronary artery disease (MPI studies) in clinical use

binodenoson coronary artery disease (MPI studies)

phase IIl — completed

apadenoson coronary artery disease (MPI studies) phase IIl — completed

IB-MECA plaque psoriasis phase Il — completed
osteoarthritis of the knee phase Il — entering
ocular hypertension, glaucoma phase Il — entering
keratoconjunctivitis sicca phase Il — completed
rheumatoid arthritis phase Ilb — entering

CI-IB-MECA hepatocellular carcinoma phase I/Il — entering

chronic hepatitis C

phase I/Il — entering

610
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heart model of global ischemia/reperfusion injury.
The results confirmed the protective role of CP-
532903 on ischemic myocardium by activation of the
Aj; adenosine receptors. The mechanism involves
opening sarcolemmal Kpp channels [96]. CP-608039
revealed good human Aj; vs. A receptor selectivity
(1260-fold) but poor selectivity towards animal recep-
tors. Satisfactory selectivity for human and animal re-
ceptors makes CP-532903 a useful agent for preclini-
cal trials.

Other adenosine analogues include MRS3558
((I’R,2’R,3’S,4’R,5’S)-4-(2-chloro-6-[(3-chlorophenyl-
methyl)aminoJpurin-9-yl)-1-(methylaminocarbonyl)
bicyclo[3.1.0]hexane-2,3-diol) (Fig. 9) [48] and ZR1121
(Fig. 9) [100]. Both compounds have improved po-
tency and selectivity and can be potential drugs acting
through Aj receptor (Tab. 4). A recent study showed
that MRS3558 is more potent than IB-MECA in at-
tenuating reperfusion lung injury [70].

Adenosine analogues as enzyme
inhibitors

Antitrypanosomal agents

Human African Trypanosomiasis (HAT), also known
as sleeping sickness, is caused by a parasitic proto-
zoan Trypanosoma brucei that is transmitted by tsetse
flies. Currently available drugs are either highly toxic
or have to be administered intravenously, which limits
their usefulness. Adenosine analogues are a new alter-

native for treatment of HAT, by inhibiting S-adeno-
sylmethionine decarboxylase (AdoMetDC), an enzy-
me taking part in the rate-limiting step of polyamine
biosynthesis [45]. Polyamines such as spermidine and
spermine are essential for survival of eukaryotes [79].
AdoMetDC differs significantly from the human en-
zyme, making it an excellent target for antitrypanoso-
mal agents. Trypanosomatid AdoMetDC is activated
by heterodimer formation with a catalytically dead ho-
molog, prozyme. This mechanism for controlling Ado-
MetDC activity is unique to trypanosomatidis [97].

In 2009, a new potent AdoMetDC inhibitor was re-
ported [45]. The modification of MDL73811 (5°-{[(Z)-
4-amino-2-butenyl|methylamino}-5’-deoxyadenosine),
5’-[(4-amino-2-butenyl)methylamino]-5°-deoxyadenosine
(Fig. 10), which was the first effective inhibitor, gave
an adenosine analogue, Genz-644131 (8-methyl-
5’-{[(Z)-4-aminobut-2-enyl]-(methylamino)} adenosine)
(Fig. 10), with improved properties in comparison to
the parent compound [14]. The blood brain barrier
penetration was increased as well as growth inhibition
of T. brucei. However, it was not curative in the cen-
tral nervous system stage of the disease. Nonetheless,
Genz-644131 is a promising lead compound for the
development of effective nontoxic trypanocides.

Adenosine conjugates

The development of bivalent ligands is a promising
approach to design drugs that act simultaneously on
two active sites on a receptor dimer or on two differ-

Tab. 4. Binding affinity of selective A, agonists at human A, A,,, Ay, and A, adenosine receptor subtypes

Compound K (nM) Selectivity
M Aoa A A3 Av/Ag
IB-MECA 3.98 510 2040 0.215 18.5
CIl-IB-MECA 5.26 NI NI 0.637 8.26
ZR1121 558 4963 NI 0.748 746
MRS3558 260 2300 10000 0.29 896
CP-608,039 7300 5.8 1260
CP-532,903 4800 23 210

2Nl Inhibition at 100 pM is less than 50% or no inhibition observed. Data for IB-MECA, CI-IB-MECA, ZR1121 are from [101], MRS3558 from [74]

and CP-608,039 and CP-532,903 are from [69]
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Fig. 10. Structures of MDL73811 (25) and Genz-644131 (26)

ent receptors. The bivalent ligand is composed of two
pharmacophores linked by a tether [61]. The results of
certain studies suggest that activity and affinity of
such a moiety can be enhanced [59]. Examples of
adenosine conjugates are inhibitors of protein kinases
and linked agonists of the adenosine A; receptor and
[B,-adrenergic receptor (B,AR).

Inhibitors of protein kinases

Protein kinases (PKs) catalyze phosphorylation of
substrate proteins, thus regulating their activity. These
enzymes play a significant role in many processes,
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and in recent years have become an important target
for drugs in the treatment of cancer and other diseases
[33]. PKs have two active sites: the first binds ATP and
the second binds substrate proteins (Fig. 11a) [75].
Therefore, efforts have been directed to find either
competitive ATP inhibitors or compounds that block
the binding of substrate protein. Both approaches have
disadvantages, such as problems with selectivity and
bioavailability [34]. To overcome these obstacles, re-
searchers have proposed to develop dual inhibitors that
connect ATP-like and peptide-like moieties.
Adenosine-oligoarginine conjugates have promis-
ing properties. Optimization of the linker between the
adenosine derivative and arginine and the number of
arginine moieties gave a few compounds with nano-
molar to subnanomolar inhibitory concentrations of

NH,
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O I
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NH I (D-Arg)gNH;
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N
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Fig. 11. Scheme of the protein kinase domain with a bound bisubstrate inhibitor (a) and structure of compound 27 (b)
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basophilic PKs [58]. Compound 27 (Fig. 11b), with
the best inhibitory potency, is an adenosine-4’-
dehydroxymethyl-4’-carboxylic acid attached through
linker to six D-arginine residues. The linker consists
of two 6-aminohexanoic acid linkers separated with
D-lysine. The ICs, values for inhibiting protein kinase
A and B (isoform type y) are 5.32 nM and 14.6 nM,
respectively. Interestingly, when oligoarginine or
adenosine were tested separately, they showed very
weak or no inhibitory potency [65]. In conclusion,
biligand inhibitors are of great interest as potential
drugs against diseases connected with protein kinase
activity, such as cancer, diabetes and Alzheimer’s dis-
ease. Moreover, PK inhibitors may be useful as diag-
nostic tools in PK-related diseases [57].

Bivalent ,-adrenergic and adenosine A,
receptor ligands

B>AR and adenosine A, receptors belong to the family
of G protein-coupled receptors, and both of them af-
fect the concentration of cAMP. Stimulation of B,ARs
inhibits adenylate cyclase, while activation of AjARs
stimulates this enzyme. In some cell types, simultane-
ous activation of these receptors may have physio-
logical consequences [52].

To examine 3,AR/A AR cross talk, bivalent ligands
have been synthesized. The most active was compound
28  (N-(2-hydroxy-5-(1-hydroxy-2-(6-(N’-adenosinyl)
hexylamino)-ethyl)phenyl)formamide) (Fig. 12), which
is based on adenosine and formoterol moieties linked
through a hexyl spacer [52]. Data have shown that
linking two different pharmacophores retained the ac-
tivity at both receptors. In comparison to CPA and
(-)-isoproterenol, selective agonists of AjAR and

OH
HN\/\/\/\NH
NN
74
<N | N/)
How NH-CHO
OH OH 28

Fig. 12. The bivalent ligand of B,AR and A AR

B>AR, respectively, affinities were slightly lower. The
potency of the conjugate was in the nanomolar range
(ECso B2AR = 6 nM). Three times this concentration
was needed (20 nM) to obtain the same effect by
(-)-isoproterenol. The synthesis of this type of biva-
lent conjugate is an interesting approach in the devel-
opment of partial agonists that act through stimulation
of two interacting receptors.

Conclusion

Adenosine is a nucleoside signaling molecule that
takes part in numerous processes in the human body.
Thus, the therapeutic potential of adenosine analogues
and conjugates has been extensively studied in recent
years. Many adenosine receptor agonists with antiar-
rhythmic, antidiabetic, immunomodulatory, anti-tumor,
hepatoprotective and vasodilatory actions have re-
vealed very promising properties and are in clinical
trials. Regadenoson (Lexiscan), the selective Aja re-
ceptor agonist, was approved by the FDA and is cur-
rently in clinical use as a coronary vasodilator used in
stress perfusion imaging. In designing antitrypanoso-
mal agents, the fact that human and parasitic enzymes
differ significantly was manipulated. As a result,
Genz-644131, a new potent AdoMetDC inhibitor, was
synthesized. Bivalent ligands, such as adenosine-oli-
goarginine conjugates, are potent inhibitors of protein
kinases. Moreover, bivalent 3,-adrenergic and adeno-
sine A, receptor ligands were synthesized to under-
stand the cross talk between these two receptors.

In summary, adenosine analogues and conjugates
are of great importance and have multiple potential
applications as drugs for treating cardiac, immune and
other diseases.

References:

1. A Phase 1-2 Study of CF102 in Patients With Advanced
Hepatocellular Carcinoma — Full Text View — Clinical-
Trials.gov [Internet]. [cited 2010/07/27]. Available from:
http://clinicaltrials.gov/ct2/show/NCT00790218?term
=CI-IB-MECA&rank=1.

2. A Phase 1/2 Study of CF102 in Patients With Chronic
Hepatitis C Genotype 1 — Full Text View — ClinicalTri-
als.gov [Internet]. [cited 2010/07/27]. Available from:

Pharmacological Reports, 2011, 63, 601-617 613



10.

12.

13.

14.

15.

16.

614

http://clinicaltrials.gov/ct2/show/NCT00790673?term=
CIl-IB-MECA &rank=2.

. A Study of the Efficacy and Safety of CF101 to Patients

With Osteoarthritis of the Knee — Full Text View — Clini-
calTrials.gov [Internet]. [cited 2010/07/27]. Available
from: http://clinicaltrials.gov/ct2/show/NCT00837291?
term=IB-MECA &rank=2.

. Abdel-Hamid M, Novotny L, Hamza H: Stability study

of selected adenosine nucleosides using LC and LC/MS
analyses. J Pharm Biomed Anal, 2000, 22, 745-755.

. Adachi H, Palaniappan KK, Ivanov AA, Bergman N,

Gao ZG, Jacobson KA: Structure-activity relationships
of 2,N(6),5’-substituted adenosine derivatives with po-
tent activity at the A2B adenosine receptor. ] Med Chem,
2007, 50, 1810-1827.

. Aderis Pharmaceuticals — News — Press Releases [Inter-

net]. [cited 2010/08/02]. Available from: http:/www.aderis.com/
news/releases.asp?display=detail&id=27

. Aherne CM, Kewley EM, Eltzschig HK: The resurgence

of A2B adenosine receptor signaling. Biochim Biophys
Acta, 2011, 1808, 1329-1339.

. Al Jaroudi W, Iskandrian AE: Regadenoson: a new myocar-

dial stress agent. ] Am Coll Cardiol, 2009, 54, 1123-1130.

. Avni I, Garzozi HJ, Barequet IS, Segev F, Varssano D,

Sartani G, Chetrit N et al.: Treatment of dry eye syn-
drome with orally administered CF101: data from

a phase 2 clinical trial. Ophthalmology, 2010, 117,
1287-1293.

Aurora J; Gill MS; Ong KKH: Pharmaceutical formula-
tion for controlled release of selodenoson. Patent Appli-
cation W0O2005025545, 2005.

. Bar-Yehuda S, Stemmer SM, Madi L, Castel D, Ochaion

A, Cohen S, Barer F et al.: The A3 adenosine receptor
agonist CF102 induces apoptosis of hepatocellular carci-
noma via de-regulation of the Wnt and NF-kappaB signal
transduction pathways. Int J Oncol, 2008, 33, 287-295.
Baraldi PG, Preti D, Tabrizi MA, Fruttarolo F, Romag-
noli R, Carrion MD, Cara LCL et al.: Synthesis and bio-
logical evaluation of novel 1-deoxy-1-[6-[((hetero)aryl-
carbonyl)hydrazino]- 9H-purin-9-yl]-N-ethyl-3-D-
-ribofuranuronamide derivatives as useful templates for
the development of A,p adenosine receptor agonists.
JMed Chem, 2007, 50, 374-380.

Baraldi PG, Tabrizi MA, Fruttarolo F, Romagnoli R,
Preti D: Recent improvements in the development of
Aop adenosine receptor agonists. Purinergic Signal,
2009, 5, 3-19.

Barker RH, Liu H, Hirth B, Celatka CA, Fitzpatrick R,
Xiang Y, Willert EK et al.: Novel S-adenosylmethionine
decarboxylase inhibitors for the treatment of human
African trypanosomiasis. Antimicrob Agents Chemother,
2009, 53, 2052-2058.

Can-Fite BioPharma. Can-Fite BioPharma Receives
Israeli MoH Approval to Conduct a Phase II Clinical
Trial Evaluating the Efficacy of CF101 in Patients with
Glaucoma [Internet]. [cited 2010/08/02]. Available from:
http://www.canfite.com/pr/2010-05-23%20
CF101%20Glaucoma%20MOH%20approval%20-
%20English.pdf, Press Release.

Can-Fite BioPharma. Can-Fite’s Drug CF102 Signifi-
cantly Decreased Viral Load of HCV in a Patient with

Pharmacological Reports, 2011, 63, 601-617

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Liver Cancer. [Internet]. [cited 2010/07/27]. Available
from: http://www.canfite.com/pr/2010-05-30%20
CF102HCC%20anti-viral%20-%20English.pdf.
Cappellacci L, Franchetti P, Vita P, Petrelli R, Lavecchia
A, Costa B, Spinetti F et al.: 5’-Carbamoyl derivatives
of 2’-C-methyl-purine nucleosides as selective A
adenosine receptor agonists: affinity, efficacy, and selec-
tivity for A receptor from different species. Bioorg
Med Chem, 2008, 16, 336-353.

Cavalli A, Bolognesi ML: Neglected tropical diseases:
multi-target-directed ligands in the search for novel lead
candidates against Trypanosoma and Leishmania. ] Med
Chem, 2009, 52, 7339-7359.

Cerqueira MD: Advances in pharmacologic agents in
imaging: new A2A receptor agonists. Curr Cardiol Rep,
2006, 8, 119-122.

Chandrasekharan BP, Kolachala VL, Dalmasso G,
Merlin D, Ravid K, Sitaraman SV, Srinivasan S:
Adenosine 2B receptors (A2gAR) on enteric neurons
regulate murine distal colonic motility. FASEB J, 2009,
23,2727-2734.

Chen JF, Huang Z, Ma J, Zhu J, Moratalla R, Standaert
D, Moskowitz MA et al.: Ay adenosine receptor defi-
ciency attenuates brain injury induced by transient focal
ischemia in mice. J Neurosci, 1999, 19, 9192-9200.
Clinical Data, Inc. Reports Results Of Phase I Studies
Of Stedivaze™ Demonstrating Safety And Tolerability
In Patients With Asthma And COPD [Internet]. [cited
2010/07/20]. Available from: http://www.pgxhealth.com/
development/stedivaze.cfm.

Cunha RA: Adenosine as a neuromodulator and as a ho-
meostatic regulator in the nervous system: different
roles, different sources and different receptors. Neuro-
chem Int, 2001, 38, 107-125.

CV Therapeutics Reports Phase 1 Data Showing Proof
of Concept for CVT-3619, a Novel Potential Treatment
for Cardiometabolic Diseases — Drugs.com MedNews
[Internet]. [cited 2010/07/27]. Available from: http://www.
drugs.com/clinical trials/cv-therapeutics-reports-
phase-1-data-showing-proof-concept-cvt-3619-novel-pot
ential-cardiometabolic-6834.html#ixzz0u9e31JY7.
Devine SM, Scammells PJ: An efficient convergent syn-
thesis of adenosine-5’-N-alkyluronamides. Tetrahedron,
2008, 64, 1772-1777.

Dhalla AK, Santikul M, Smith M, Wong MY, Shryock
JC, Belardinelli L: Antilipolytic activity of a novel par-
tial A adenosine receptor agonist devoid of cardiovascu-
lar effects: comparison with nicotinic acid. J Pharmacol
Exp Ther, 2007, 321, 327-333.

Dhalla AK, Shryock JC, Shreeniwas R, Belardinelli L:
Pharmacology and therapeutic applications of Aj adeno-
sine receptor ligands. Curr Top Med Chem, 2003, 3,
369-385.

Dubey RK, Gillespie DG, Mi Z, Jackson EK: Adenosine
inhibits PDGF-induced growth of human glomerular me-
sangial cells via Asp receptors. Hypertension, 2005, 46,
628-634.

Eckle T, Faigle M, Grenz A, Laucher S, Thompson LF,
Eltzschig HK: A2B adenosine receptor dampens hypoxia-
induced vascular leak. Blood, 2008, 111, 2024-2035.



Adenosine analogues and conjugates
Monika Samsel and Krystyna Dzierzbicka

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

El-Tayeb A, Igbal J, Behrenswerth A, Romio M,
Schneider M, Zimmermann H, Schrader J, Miiller CE:
Nucleoside-5’-monophosphates as prodrugs of adenosine
Apa receptor agonists activated by ecto-5’-nucleotidase.
J Med Chem, 2009, 52, 7669-7677.

Ellenbogen KA, O’Neill G, Prystowsky EN, Camm JA,
Meng L, Lieu HD, Jerling M et al.: Trial to evaluate the
management of paroxysmal supraventricular tachycardia
during an electrophysiology study with tecadenoson. Cir-
culation, 2005, 111, 3202-3208.

Elzein E, Zablocki J: A1 adenosine receptor agonists and
their potential therapeutic applications. Expert Opin In-
vestig Drugs, 2008, 17, 1901-1910.

Enkvist E, Kriisa M, Roben M, Kadak G, Raidaru G,

Uri A: Effect of the structure of adenosine mimic of
bisubstrate-analog inhibitors on their activity towards
basophilic protein kinases. Bioorg Med Chem Lett, 2009,
19, 6098-6101.

Enkvist E, Lavogina D, Raidaru G, Vaasa A, Viil I,

Lust M, Viht K, Uri A: Conjugation of adenosine and
hexa-(D-arginine) leads to a nanomolar bisubstrate-
analog inhibitor of basophilic protein kinases. ] Med
Chem, 2006, 49, 7150-7159.

FDA Cardiorenal Panel Votes against Binodenoson
[Internet]. CardioBrief, 2009, [cited 2010/07/20] Avail-
able from: http://cardiobrief.org/2009/07/28/fda-
cardiorenal-panel-votes-against-binodenoson

Feoktistov I, Biaggioni I: Adenosine Asp receptors.
Pharmacol Rev, 1997, 49, 381-402.

Franchetti P, Cappellacci L, Vita P, Petrelli R, Lavecchia
A, Kachler S, Klotz KN et al.: N6-Cycloalkyl- and N6-
bicycloalkyl-C5’(C2’)-modified adenosine derivatives

as high-affinity and selective agonists at the human A
adenosine receptor with antinociceptive effects in mice.
J Med Chem, 2009, 52, 2393-2406.

Fredholm BB, Svenningsson P, Striatal adenosine Asa
receptors — where are they? What do they do? Trends
Pharmacol Sci, 1998, 19, 46-47.

Fredholm BB, [Jzerman AP, Jacobson KA, Klotz KN,
Linden J: International Union of Pharmacology. XXV.
Nomenclature and classification of adenosine receptors.
Pharmacol Rev, 2001, 53, 527-552.

Frick JS, MacManus CF, Scully M, Glover LE, Eltzschig
HK, Colgan SP: Contribution of adenosine A2B recep-
tors to inflammatory parameters of experimental colitis.
J Immunol, 2009, 182, 4957-4964.

Gadgil S, Wheeler W, Mcdonald S, O’Dell S: Method of
treating atrial fibrillation or atrial flutter. Patent Applica-
tion WO2004100964, 2004.

Gessi S, Varani K, Merighi S, Fogli E, Sacchetto V,
Benini A, Leung E et al.: Adenosine and lymphocyte
regulation. Purinergic Signal, 2007, 3, 109—-116.

Hack B, Witting PK, Rayner BS, Stocker R, Headrick
JP: Oxidant stress and damage in post-ischemic mouse
hearts: effects of adenosine. Mol Cell Biochem, 2006,
287, 165-175.

Hart ML, Jacobi B, Schittenhelm J, Henn M, Eltzschig
HK: Cutting Edge: A2B adenosine receptor signaling pro-
vides potent protection during intestinal ischemia/reperfu-
sion injury. J Immunol, 2009, 182, 3965-3968.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hirth B, Barker RH, Celatka CA, Klinger JD, Liu H,
Nare B, Nijjar A et al.: Discovery of new S-adenosyl-
methionine decarboxylase inhibitors for the treatment
of Human African Trypanosomiasis (HAT). Bioorg Med
Chem Lett, 2009, 19, 2916-2919.

Iino M, Ehama R, Nakazawa Y, Iwabuchi T, Ogo M,
Tajima M, Arase S: Adenosine stimulates fibroblast
growth factor-7 gene expression via adenosine A2b
receptor signaling in dermal papilla cells. J Invest Der-
matol, 2007, 127, 1318-1325.

Iskandrian AE: A new generation of coronary vasodila-
tors in stress perfusion imaging. Am J Cardiol, 2007, 99,
1619-1620.

Jacobson KA, Gao ZG, Tchilibon S, Duong HT, Joshi
BV, Sonin D, Liang BT: Semi-rational design of
(north)-methanocarba nucleosides as dual acting A and
Az adenosine receptor agonists: novel prototypes for car-
dioprotection. J Med Chem, 2005, 48, 8103-8107.
Jacobson K, Joshi B, Wang B, Klutz A, Kim Y, Ivanov
A: Modified nucleosides as selective modulators of
adenosine receptors for therapeutic use. In: Moditfied
Nucleosides: in Biochemistry, Biotechnology and Medi-
cine. Ed. Herdewijn PD, Wiley-VCH, Weinheim, 2008,
433-449.

Johansson SM, Lindgren E, Yang JN, Herling AW, Fred-
holm BB: Adenosine A receptors regulate lipolysis and
lipogenesis in mouse adipose tissue-interactions with in-
sulin. Eur J Pharmacol, 2008, 597, 92—-101.
Kaelin-Lang A, Lauterburg T, Burgunder JM: Expres-
sion of adenosine A2a receptors gene in the olfactory
bulb and spinal cord of rat and mouse. Neurosci Lett,
1999, 261, 189-191.

Karellas P, McNaughton M, Baker SP, Scammells PJ:
Synthesis of bivalent -adrenergic and adenosine A
receptor ligands. J Med Chem, 2008, 51, 6128-6137.
Kiesman W, Elzein E, Zablocki J: A1 adenosine receptor
antagonists, agonists, and allosteric enhancers.In:
Adenosine Receptors in Health and Disease. Eds. Wilson
CN, Mustafa SJ, Springer-Verlag, Berlin, Heidelberg,
2009, Vol. 193, 25-58.

Koglin J, Stablein A, von Scheidt W: Supersensitivity
mismatch of adenosine in the transplanted human heart:
chrono- and dromotropy vs. inotropy. Transpl Int, 1996,
9,9-14.

Kolachala V, Ruble B, Vijay-Kumar M, Wang L,
Mwangi S, Figler H, Figler R et al.: Blockade of adeno-
sine App receptors ameliorates murine colitis. Br J Phar-
macol, 2008, 155, 127-137.

Kumar V, Sharma A: Adenosine: an endogenous modu-
lator of innate immune system with therapeutic potential.
Eur J Pharmacol, 2009, 616, 7-15.

Lavogina D, Enkvist E, Uri A: Bisubstrate inhibitors of
protein kinases: from principle to practical applications.
ChemMedChem, 2010, 5, 23-34.

Lavogina D, Lust M, Viil I, Kénig N, Raidaru G,
Rogozina J, Enkvist E et al.: Structural analysis of
ARC-type inhibitor (ARC-1034) binding to protein
kinase A catalytic subunit and rational design of bisub-
strate analogue inhibitors of basophilic protein kinases.
JMed Chem, 2009, 52, 308-321.

Pharmacological Reports, 2011, 63, 601-617 615



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

616

LeBoulluec KL, Mattson RJ, Mahle CD, McGovern RT,
Nowak HP, Gentile AJ: Bivalent indoles exhibiting sero-
tonergic binding affinity. Bioorg Med Chem Lett, 1995,
5, 123-126.

Ledent C, Vaugeois JM, Schiffmann SN, Pedrazzini T,
El Yacoubi M, Vanderhaeghen JJ, Costentin J et al.: Ag-
gressiveness, hypoalgesia and high blood pressure in
mice lacking the adenosine A2a receptor. Nature, 1997,
388, 674-678.

Leopoldo M, Lacivita E, Colabufo NA, Niso M, Berardi
F, Perrone R: Bivalent ligand approach on 4-[2-(3-
methoxyphenyl)ethyl]-1-(2-methoxyphenyl)piperazine:
synthesis and binding affinities for 5-HT7 and 5-HT ;s
receptors. Bioorg Med Chem, 2007, 15, 5316-5321.

Li T, Steinbeck JA, Lusardi T, Koch P, Lan JQ, Wilz A,
Segschneider M et al.: Suppression of kindling epilepto-
genesis by adenosine releasing stem cell-derived brain
implants. Brain, 2007, 130, 1276-1288.

Liang BT, Jacobson KA: A physiological role of the
adenosine A3 receptor: sustained cardioprotection.

Proc Natl Acad Sci USA, 1998, 95, 6995-6999.

Liang HX, Belardinelli L, Ozeck MJ, Shryock JC: Tonic
activity of the rat adipocyte Aj-adenosine receptor. Br

J Pharmacol, 2002, 135, 1457-1466.

Loog M, Uri A, Raidaru G, Jéarv J, Ek P: Adenosine-5’-
carboxylic acid peptidyl derivatives as inhibitors of pro-
tein kinases. Bioorg Med Chem Lett, 1999, 9, 1447—-1452.
Luijk B, van den Berge M, Kerstjens HAM, Postma DS,
Cass L, Sabin A, Lammers JWJ: Effect of an inhaled
adenosine Ap agonist on the allergen-induced late asth-
matic response. Allergy, 2008, 63, 75-80.

Mantell S, Jones R, Trevethick M: Design and applica-
tion of locally delivered agonists of the adenosine A2A
receptor. Expert Rev Clin Pharmacol, 2010, 3, 55-72.
Mantell SJ, Stephenson PT, Monaghan SM, Maw GN,
Trevethick MA, Yeadon M, Walker DK et al.: SAR of

a series of inhaled Aja agonists and comparison of in-
haled pharmacokinetics in a preclinical model with clini-
cal pharmacokinetic data. Bioorg Med Chem Lett, 2009,
19, 4471-4475.

Mathot RA, van Schaick EA, Langemeijer MW, Soudijn
W, Breimer DD, Ijzerman AP, Danhof M: Pharmaco-
kinetic-pharmacodynamic relationship of the cardiovas-
cular effects of adenosine A1 receptor agonist N6-cyclo-
pentyladenosine in the rat. ] Pharmacol Exp Ther, 1994,
268, 616-624.

Matot I, Weiniger CF, Zeira E, Galun E, Joshi BV, Jacob-
son KA: Az adenosine receptors and mitogen-activated
protein kinases in lung injury following in vivo reperfu-
sion. Crit Care, 2006, 10, R65.

Moore CC, Martin EN, Lee GH, Obrig T, Linden J,
Scheld WM: An A4 adenosine receptor agonist,
ATL313, reduces inflammation and improves survival
in murine sepsis models. BMC Infect Dis, 2008, 8, 141.
Murry CE, Jennings RB, Reimer KA: Preconditioning
with ischemia: a delay of lethal cell injury in ischemic
myocardium. Circulation, 1986, 74, 1124-1136.
Ochaion A, Bar-Yehuda S, Cohen S, Barer F, Patoka R,
Amital H, Reitblat T et al.: The anti-inflammatory target
Az adenosine receptor is over-expressed in rheumatoid

Pharmacological Reports, 2011, 63, 601-617

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

arthritis, psoriasis and Crohn’s disease. Cell Immunol,
2009, 258, 115-122.

Ohta A, Sitkovsky M: The adenosinergic immunomodu-
latory drugs. Curr Opin Pharmacol, 2009, 9, 501-506.
Parang K, Cole PA: Designing bisubstrate analog inhibi-
tors for protein kinases. Pharmacol Ther, 2002, 93,
145-157.

Pereira GS, Rossato JI, Sarkis JJF, Cammarota M, Bonan
CD, Izquierdo I: Activation of adenosine receptors in
the posterior cingulate cortex impairs memory retrieval
in the rat. Neurobiol Learn Mem, 2005, 83, 217-223.
Poulsen SA, Quinn RJ: Adenosine receptors: new oppor-
tunities for future drugs. Bioorg Med Chem, 1998, 6,
619-641.

Prystowsky EN, Niazi I, Curtis AB, Wilber DJ, Bahnson
T, Ellenbogen K, Dhala A et al.: Termination of paroxys-
mal supraventricular tachycardia by tecadenoson
(CVT-510), a novel Al-adenosine receptor agonist. ] Am
Coll Cardiol, 2003, 42, 1098-1102.

Reguera RM, Tekwani BL, Balana-Fouce R: Polyamine
transport in parasites: a potential target for new antipara-
sitic drug development. Comp Biochem Physiol C Toxi-
col Pharmacol, 2005, 140, 151-164.

Rimmer J, Peake HL, Santos CMC, Lean M, Bardin P,
Robson R, Haumann B et al.: Targeting adenosine recep-
tors in the treatment of allergic rhinitis: a randomized,
double-blind, placebo-controlled study. Clin Exp Al-
lergy, 2007, 37, 8-14.

Safety and Efficacy of UK-432,097 In Chronic Obstruc-
tive Pulmonary Disease. — Full Text View — Clinical Tri-
als.gov [Internet]. [cited 2010/07/27]. Available from:
http://clinicaltrials.gov/ct2/show/
NCT00430300?term=uk-432%2C097&rank=1.

Safety Study of Tecadenoson to Treat Atrial Fibrillation
— Full Text View — ClinicalTrials.gov [Internet]. [cited
2010/07/27]. Available from: http://clinicaltrials.gov/
ct2/show/NCT00713401?term=tecadenoson&rank=1.
Safety and Efficacy Study of MRE0094 to Treat Large,
Single or Multiple, Chronic, Neuropathic, Diabetic Foot
Ulcers — Full Text View — ClinicalTrials.gov [Internet].
[cited 2010/07/27]. Available from: http://clinicaltrials.gov/
ct2/show/NCT00318214?term=MRE0094%27 &rank=1.
Safety and Efficacy Study of MRE0094 to Treat
Chronic, Neuropathic, Diabetic Foot Ulcers — Full Text
View — ClinicalTrials.gov [Internet]. [cited 2010/07/27].
Available from: http://clinicaltrials.gov/
ct2/show/NCT00312364?term=MRE0094 &rank=2.
Safety and Efficacy of Daily CF101 Administered Orally
in Subjects With Elevated Intraocular Pressure — Full
Text View — ClinicalTrials.gov [Internet]. [cited
2010/07/27]. Available from: http://clinicaltrials.gov/
ct2/show/NCT01033422?term=IB-MECA&rank=1.
Savelieva I, Camm J: Anti-arrhythmic drug therapy for
atrial fibrillation: current anti-arrthythmic drugs, investi-
gational agents, and innovative approaches. Europace,
2008, 10, 647-665.

Silverman MH, Strand V, Markovits D, Nahir M, Reit-
blat T, Molad Y, Rosner I et al.: Clinical evidence for
utilization of the A3 adenosine receptor as a target to
treat theumatoid arthritis: data from a phase II clinical
trial. ] Rheumatol, 2008, 35, 41-48.



Adenosine analogues and conjugates
Monika Samsel and Krystyna Dzierzbicka

88.

89.

90.

91.

92.

93.

94.

95.

Sorbera L, Castaner J, Martin L, Bayes M: Tecadenoson.
Drugs Fut, 2002, 27, 846.

Study of the Safety and Efficacy of Apadenoson for
Detection of Myocardial Perfusion Defects Using
Single-Photon Emission Computed Tomography
(SPECT) Myocardial Perfusion Imaging (MPI) — Full
Text View — ClinicalTrials.gov [Internet]. [cited
2010/07/27]. Available from: http://clinicaltri-
als.gov/ct2/show/ NCT00990327?term=apadeno-
son&rank=1.

Sullivan GW:Adenosine A2A receptor agonists as anti-
inflammatory agents. Curr Opin Investig Drugs, 2003, 4,
1313-1319.

Sun CX, Zhong H, Mohsenin A, Morschl E, Chunn JL,
Molina JG, Belardinelli L et al.: Role of Ayg adenosine re-
ceptor signaling in adenosine-dependent pulmonary inflam-
mation and injury. J Clin Invest, 2006, 116, 2173-2182.
Tostes RC, Giachini FRC, Carneiro FS, Leite R, Inscho
EW, Webb RC: Determination of adenosine effects and
adenosine receptors in murine corpus cavernosum.

J Pharmacol Exp Ther, 2007, 322, 678-685.

Udelson JE, Iteld BJ, Weiland FL, Foster JB, Bonow
RO, Ficaro EP, Gibbons R et al.: Double-blinded com-
parison of the side effects associated with pharmacologic
stress induced with binodenoson and adenosine. J Nucl
Cardiol, 2008, 15, S17-S18.

Von Lubitz DK, Lin RC, Popik P, Carter MF, Jacobson
KA: Adenosine A3 receptor stimulation and cerebral
ischemia. Eur J Pharmacol, 1994, 263, 59-67.

Wagner R, Ngamsri KC, Stark S, Vollmer I, Reutershan
J: Adenosine receptor A3 is a critical mediator in LPS-

96.

97.

98.

99.

100.

101.

induced pulmonary inflammation. Am J Physiol Lung
Cell Mol Physiol, 2010, 299, L502—-512.

Wan TC, Ge ZD, Tampo A, Mio Y, Bienengraeber MW,
Tracey WR, Gross GJ et al.: The A3 adenosine receptor
agonist CP-532,903 [N6-(2,5-dichlorobenzyl)-3’amino-
adenosine-5’-N-methylcarboxamide] protects against
myocardial ischemia/reperfusion injury via the sarcolem-
mal ATP-sensitive potassium channel. J Pharmacol Exp
Ther, 2008, 324, 234-243.

Willert EK, Phillips MA: Regulated expression of an es-
sential allosteric activator of polyamine biosynthesis in
African trypanosomes. PLoS Pathog, 2008, 4, ¢1000183.
Zhou Y, Mohsenin A, Morschl E, Young HWJ, Molina
JG, Ma W, Sun CX et al.: Enhanced airway inflamma-
tion and remodeling in adenosine deaminase-deficient
mice lacking the A2B adenosine receptor. J Immunol,
2009, 182, 8037-8046.

Zhou Y, Schneider DJ, Blackburn MR: Adenosine sig-
naling and the regulation of chronic lung disease. Phar-
macol Ther, 2009, 123, 105-116.

Zhu BT: Mechanistic explanation for the unique pharma-
cologic properties of receptor partial agonists. Biomed
Pharmacother, 2005, 59, 76-89.

Zhu R, Frazier CR, Linden J, Macdonald TL: N6-ethyl-
2-alkynyl NECAs, selective human A3 adenosine recep-
tor agonists. Bioorg Med Chem Lett, 2006, 16,
2416-2418.

Received: May 26, 2010; in the revised form: October 19, 2010;
accepted: November 18, 2010.

Pharmacological Reports, 2011, 63, 601-617 617



	601	Review Œ Therapeutic potential of adenosine analogues and conjugates.
	Monika Samsel, Krystyna Dzierzbicka

	618	Review Œ Role of vinpocetine in cerebrovascular diseases.
	Sazal Patyar, Ajay Prakash, Manish Modi, Bikash Medhi

	629	Review Œ Treatment of inflammatory bowel disease (IBD).
	Anand B. Pithadia, Sunita Jain

	643	Review Œ Activity of essential phospholipids (EPL) 
from soybean in liver diseases.
	Karl-Josef Gundermann, Ann Kuenker, Erwin Kuntz, Marek Dro�dzik

	660	Thymoquinone produced antianxiety-like effects in mice through modulation of GABA and NO levels.
	Neeraj Gilhotra, Dinesh Dhingra

	670	AM251, cannabinoids receptors ligand, improves recognition memory in rats.
	Izabela Bialuk, Maria
M. Winnicka

	680	Effect of nitric oxide synthase inhibitors on benzodiazepine withdrawal in mice and rats.
	Sylwia Talarek, Joanna Listos, Sylwia Fidecka

	690	Nefopam enhances the protective activity of antiepileptics against maximal electroshock-induced convulsions in mice.
	Miros³aw Czuczwar, Katarzyna Czuczwar, Jacek Ciêszczyk, Jacek Kiœ, Tomasz Saran, Jarogniew J. £uszczki, Waldemar A. Turski

	697	Riluzole prevents morphine-induced apoptosis 
in rat cerebral cortex.
	Kambiz Hassanzadeh, Leila Roshangar, Bohlool Habibi-asl, Safar Farajnia, Esmael Izadpanah, Mahboob Nemati, Modabber Arasteh, Sadollah Mohammadi

	708	Anti-apoptotic effect of phloretin on cisplatin-induced apoptosis in HEI-OC1 auditory cells.
	Byung-Min Choi, Xiao Yan Chen, Shang Shang Gao, Rizhe Zhu, Bok-Ryang Kim

	717	Activation of orexin/hypocretin type 1 receptors stimulates cAMP synthesis in primary cultures of rat astrocytes.
	Agata Woldan-Tambor, Kaja Biegañska, Anna Wiktorowska-Owczarek, Jolanta B. Zawilska

	724	No protective effect of curcumin on hydrogen peroxide-induced cytotoxicity in HepG2 cells.
	Xiuping Chen, Zhangfeng Zhong, Zengtao Xu, Lidian Chen, Yitao Wang

	733	Prevention of the wortmannin-induced inhibition of phosphoinositide 3-kinase by sulfhydryl reducing agents.
	Minoru Isosaki, Hitoshi Nakayama, Yoji Kyotani, Jing Zhao, Sayuko Tomita, Hiroyasu Satoh, Masanori Yoshizumi

	740	Effects of angiotensin-converting enzyme inhibitors beyond lowering blood pressure Œ are they
important for doctors?
	Micha³ Holecki, Jan Szewieczek, Jerzy Chudek

	752	Administration of L-carnitine and mildronate improves endothelial function and decreases mortality in hypertensive Dahl rats.
	Reinis Vilskersts, Janis Kuka, Baiba Svalbe, Helena Cirule, Edgars Liepinsh, Solveiga Grinberga, Ivars Kalvinsh, Maija Dambrova

	763	Hemostatic effects of bezafibrate and w-3 fatty 
acids in isolated hypertriglyceridemic patients.
	Robert Krysiak, Anna Gdula-Dymek, Bogus³aw Okopieñ

	772	N-phenylmaleimide derivatives as mimetic agents of the pro-inflammatory process: myeloperoxidase activation.
	Vânia F. Noldin, Silvana V.G. Vigil, Rafael De Liz, Valdir Cechinel-Filho, Tânia S. Fröde, Tânia B. Creczynski-Pasa

	781	Puerarin inhibits iNOS, COX-2 and CRP expression via suppression of NF-kB activation in LPS-induced RAW264.7 macrophage cells.
	Wenzhi Hu, XiangjunYang, Cao Zhe, Qin Zhang, Lie Sun, Kejiang Cao

	790	Naturally appearing N-feruloylserotonin isomers suppress oxidative burst of human neutrophils at the protein kinase C level.
	Rado Nosá¾, Tomáı Pereèko, Viera Janèinová, Katarína Drábiková, Juraj Harmatha, Klara Sviteková

	799	Primary and secondary clarithromycin, metronidazole, amoxicillin and levofloxacin resistance to Helicobacter pylori in southern Poland.
	El¿bieta Karczewska, Izabela Wojtas-Bonior, Edward Sito, Ma³gorzata Zwoliñska-Wcis³o, Alicja Budak

	808	Frequency of the C1236T, G2677T/Aand C3435T MDR1 gene polymorphisms in the Serbian population.
	Maja Milojkovic, Slavica Stojnev, Ivan Jovanovic, Srdjan Ljubisavljevic, Vladisav Stefanovic, Raute Sunder-Plassman

	815	Influence of ABCB1, CYP3A4*18B and CYP3A5*3 polymorphisms on cyclosporine A pharmacokinetics in bone marrow transplant recipients.
	Feng Qiu, Xiao-Jing He, Ya-Xin Sun, Jesse Li-Ling, Li-Mei Zhao

	826	Association of transcription factor 7-like 2 (TCF7L2) gene polymorphism with posttransplant diabetes mellitus in kidney transplant patients medicated with tacrolimus.
	Mateusz Kurzawski, Krzysztof Dziewanowski, Karolina Kêdzierska, 
Anna Wajda, Joanna Lapczuk, Marek Dro�dzik

	SHORT COMMUNICATIONS
	834	N-palmitoylethanolamide, an endocannabinoid, 
exhibits antidepressant effects in the forced swim test and the tail suspension test in mice.
	Hai-Ling Yu, Xian-Qing Deng, Ying-Jun Li, Ying-Chun Li, Zhe-Shan Quan, Xian-Yu Sun


	840	Effect of neuraminidase treatment on persistent epileptiform activity in the rat hippocampus.
	
Elena Isaeva, Irina Lushnikova, Alina Savrasova, Galina Skibo, Gregory L Holmes, Dmytro Isaev
	846	Note to Contributor


	content
	cont
	contents_3'2005
	contents

