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Introduction 
Adenosine is an endogenous autacoid that exerts a variety of physiological 

effects by interacting with cell surface G-protein-coupled receptor subtypes, 

namely A 1 , A 2A , A 2B , and A 3 adenosine receptors (ARs) ( Borea et al., 

2018 ). Numerous experimental evidence suggests that A 1 AR represents a 

promising therapeutic drug target for different pathological conditions of the 

central nervous system, cardiovascular disorders, and metabolic diseases (

Burnstock, 2018 ). Through activation of pre- and post-synaptic A 1 ARs, 

adenosine plays an important role as an endogenous neuroprotective 

modulator mainly by inhibiting the excessive release of excitatory 

neurotransmitters like glutamate, an effect that also underlies the 

anticonvulsant action of adenosine. The A 1 AR agonists have been 

recognized as promising antinociceptive agents in several preclinical models 

of chronic and neuropathic pain ( Borea et al., 2016 ). The adenosinergic 

system also regulates mechanisms related to psychiatric disorders, where A 

1 ARs mediates antidepressant and anxiolytic-like effects. In the heart, 

adenosine acts as a cytoprotective modulator in response to stress, mostly 

via A 1 ARs. Activation of myocardial A 1 ARs has been shown to exert 

beneficial effects against ischemic cardiac injury, arrhythmogenesis, 

coronary and ventricular dysfunction, and ventricular remodeling ( Dinh et 

al., 2017 ). Given the role of A 1 AR stimulation to inhibit lipolysis, improve 

insulin sensitivity and inhibit insulin release, A 1 AR agonists have the 

potential to be useful for metabolic disorders such as type 2 diabetes, 

obesity, and hyperlipidemia ( Dhalla et al., 2009a ). From these premises, 

pharmacological agents that activate A 1 ARs should have huge potential for 
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therapeutic use in different pathological conditions. Toward this goal, various

selective agonists of the A 1 ARs are available, and some have already 

entered early-phase clinical trials. Nonetheless, the transition of A 1 AR full 

agonists into the clinic as effective drugs has been severely hampered due 

to low efficacy, receptor desensitization, and safety issues related to off-

target effects. Common side effects include bradycardia, atrioventricular 

blocks, vasoconstriction, sedation, and antidiuretic effects. As an alternative 

strategy, A 1 AR partial agonists and positive allosteric modulators have been

found to be equally effective while avoiding severe adverse effects and 

receptor downregulation/desensitization. Pharmacologic and preclinical data 

have revealed that, as compared to full agonists, A 1 AR partial agonists 

exert minimal effects on blood pressure, heart rate, alertness, and renal 

function ( Greene et al., 2016 ). Partial agonists can be used to trigger only 

some of the physiological effects of A 1 AR activation and usually display 

greater tissue or organ selectivity, because of the differential receptor 

expression level. Furthermore, in the case where the beneficial effect is 

maintained, partial agonism is a suitable approach to circumvent A 1 AR 

desensitization. An option perhaps even more interesting to avoid the issues 

associated with the use of A 1 AR full agonist, is positive allosteric modulation

( Romagnoli et al., 2015 ). Allosteric binding regions typically display greater 

sequence divergence across the receptor subtypes, providing increased 

selectivity for allosteric than orthosteric binding ligands. Moreover, positive 

allosteric modulators can enhance the responsiveness of A 1 ARs to 

endogenous adenosine within the local regions of its elevated production. 

This is particularly prominent for the adenosinergic system, because of the 
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rapid increase of extracellular adenosine concentration in pathological 

conditions such as ischemia, trauma, inflammation, pain, and seizures. 

Positive allosteric modulators can therefore selectively “ tune” tissue 

responses in the function of specific adenosine levels. Orthosteric agonists, 

which continuously and indiscriminately stimulate the receptors, cannot 

achieve this type of spatial and temporal specificity of action typical of 

allosteric modulators. Given their numerous advantages over full agonists, 

the development of partial agonists and positive allosteric modulators offer 

therefore the possibility to exploit the great therapeutic potential of A 1 AR 

activation, facilitating the transition from basic research to clinical practice. 

This opinion article discusses the most interesting results obtained in 

preclinical and clinical studies using A 1 AR partial agonists and positive 

allosteric modulators. 

Pain and Central Nervous System Disorders 
One of the few studies describing the antinociceptive effect of A 1 AR partial 

agonists evaluated MCPA and 2′dCPA in the chronic constriction injury model 

of neuropathic pain. Despite the two partial agonists showed an anti-

hyperalgesic effect comparable to that of the full agonist 5′dCPA, their anti-

nociceptive effect was lower due to the poor distribution to the site of action 

( Schaddelee et al., 2005 ). A greater number of investigations on pain have 

instead been performed employing A 1 AR positive allosteric modulators. The

first A 1 AR positive allosteric modulators were characterized by Bruns and 

Fergus in 1990, the most selective of which was PD 81, 723 ( Bruns and 

Fergus, 1990 ). A few years later, T62, a derivative of PD 81, 723, was tested

on mechanical hypersensitivity after spinal nerve ligation ( Pan et al., 2001 ).
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The reduction of hyperalgesia by intrathecal injection of T62, consistent with 

ongoing spinal adenosine release in this model of neuropathic pain, 

represents the first proof of concept of the potential antinociceptive effect of 

A 1 AR positive allosteric modulators. In a subsequent study, Li and 

colleagues hypothesized the involvement of a spinal noradrenergic 

activation in the anti-allodynic effect of T62 ( Li et al., 2002 ). The 

antinociceptive effect of T62 was then demonstrated in carrageenan-induced

inflammatory ( Li et al., 2003 ) and incision-induced postoperative pain (

Obata et al., 2004 ). Afterward, we characterized a new series of A 1 AR 

positive allosteric modulators, among which the thiophene C-5 aryl 

derivative TRR469 was selected for further studies ( Romagnoli et al., 2012 ).

TRR469 was revealed to be a more potent allosteric modulator of A 1 ARs 

compared to T62 or PD 81, 723, being able to increase by 33 fold the affinity 

of adenosine and showing an allosteric cooperativity factor ( α ) of 26. 3 

compared to 2. 5 for T62 and 1. 9 for PD 81, 723 ( Vincenzi et al., 2014 ). 

When tested for its antinociceptive action, TRR469 demonstrated to be 

efficacious in the formalin and writhing tests as well in the streptozotocin-

induced diabetic neuropathic pain model. Furthermore, TRR469 did not 

display locomotor or cataleptic side effects, as opposed to the direct 

activating A 1 AR full agonist CCPA ( Vincenzi et al., 2014 ). In the same 

years, Imlach and colleagues evaluated the actions of the novel A 1 AR 

positive allosteric modulator VCP171 on excitatory and inhibitory 

neurotransmission at spinal cord superficial dorsal horn synapses in a rat 

partial nerve-injury model of neuropathic pain. Electrophysiological studies 

showed that VCP171 inhibits eEPSC amplitude of nerve-injury animals in both
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lamina I and lamina II neurons ( Imlach et al., 2015 ). These results, together 

with the enhanced adenosine tone at excitatory synapses in the dorsal horn 

after nerve injury, suggest that A 1 AR positive allosteric modulators can be 

effective treatments for neuropathic pain. 

In addition to its antinociceptive effects, the A 1 ARs positive allosteric 

modulator TRR469 was also investigated as an anxiolytic agent. In mice, the 

administration of TRR469 resulted in robust anxiolytic-like effects in the 

elevated plus maze, the dark/light box, the open field, and the marble 

burying tests. Interestingly, the magnitude of the anxiolytic action of the 

novel A 1 AR positive allosteric modulator was comparable to that obtained 

with benzodiazepine diazepam ( Vincenzi et al., 2016 ). However, in contrast 

to diazepam, TRR469 did not potentiate the sedative effect and locomotor 

disturbances elicited by ethanol. 

Some studies suggested the use of partial agonists and positive allosteric 

modulators of A 1 ARs as an alternative strategy to exploit the therapeutic 

potential of A 1 AR activation against cerebral ischemic injury. 2′dCCPA and 

3′dCCPA, two A 1 AR partial agonists, protected SH-SY5Y from oxygen-

glucose deprivation-induced cell viability reduction. In the same study, both 

compounds elicited a significant recovery of synaptic transmission in mice 

hippocampal slices following the application of oxygen-glucose deprivation (

Martire et al., 2019 ). Regarding positive allosteric modulators, the effect of 

PD 81, 723 was evaluated on hippocampal injury and Morris water maze 

performance following hyperglycemic cerebral ischemia and reperfusion. 

Despite a high dose did not exert any effects, a lower dose of PD 81, 723 
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resulted in a significant reduction of hippocampal injury and improvement of 

Morris water maze performance. The authors suggested that the presence of

the allosteric modulator enhanced the neuroprotective action of the 

endogenously produced adenosine during hyperglycemic ischemia ( Meno et 

al., 2003 ). More recently, we elucidate the role of adenosine in glutamate-

induced injury in PC12 cells demonstrating that its endogenous presence is a

necessary condition for the onset of cytotoxicity. This effect was attributed to

the activation of Gs protein-coupled A 2A and A 2B ARs and counteracted by A

1 ARs stimulation. Thank to its capability to increase adenosine affinity for A 1

AR subtypes, the positive allosteric modulator TRR469, as opposed to CCPA, 

completely abrogated glutamate-mediated cell injury ( Vincenzi et al., 2020

). 

Cardiovascular System Diseases 
Full agonists of the A 1 ARs reduce heart rate, atrioventricular conduction, 

and at high doses can cause atrioventricular block. In contrast with full 

agonists, partial A 1 AR agonists are less likely to cause undesirable side 

effects and emerged as promising candidates for heart failure ( Albrecht-

Küpper et al., 2012 ; Greene et al., 2016 ). The rationale behind the 

beneficial effect of A 1 AR activation is mainly related to the preservation of 

mitochondrial function of cardiomyocytes in ischemia/reperfusion injury (

Dinh et al., 2017 ). Two of the most studied A 1 AR partial agonists for the 

treatment of heart diseases are capadenoson and its derivative neladenoson 

bialanate. Capadenoson has undergone two phase IIa clinical trials, initially 

in patients with atrial fibrillation and subsequently in patients with stable 

angina where it lowered exercise heart rate at comparable maximum 
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workload and improved total exercise time and prolongation of time to 

ischemia ( Tendera et al., 2012 ). In an animal model of ischemic heart 

failure, capadenoson improved left ventricular functions and prevented 

maladaptive ventricular remodeling without causing atrioventricular block (

Sabbah et al., 2013 ). Starting from capadenoson, Meibom and colleagues 

evaluated identified neladenoson bialanate, a prodrug of an A 1 AR agonist 

tailored to a specific partiality range, thereby optimizing the therapeutic 

window ( Meibom et al., 2017 ). In two early pilot studies, the treatment of 

heart failure patients with reduced ejection fraction with neladenoson 

bialanate appeared to be safe without atrioventricular conduction disorders 

or neurological side effects ( Voors et al., 2017 ). Recently, two phase IIb 

clinical trials were conducted to assess the dose-response effect of 

neladenoson bialanate on cardiac structure and function, clinical outcome, 

and safety in patients with heart failure with reduced ejection fraction (

Voors et al., 2019 ) or preserved ejection fraction ( Bertero and Maack, 2019

). Unfortunately, no dose-dependent changes in the primary or secondary 

endpoints were observed in patients randomized to neladenoson compared 

with placebo. Among patients with heart failure with preserved ejection 

fraction, there was no significant dose-response relationship detected for 

neladenoson concerning the change in exercise capacity from baseline to 20 

weeks ( Shah et al., 2019 ). The lack of effect of these partial agonists 

underlines the need to find new ways to exploit the potential of A 1 ARs. A 

recent and interesting structure modification in capadenoson derivatives 

yielded the covalent partial agonist LUF774, which may serve as a prototype 

for a novel therapeutic approach ( Yang et al., 2020 ). As for positive 
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allosteric modulators, no clinical trials have been conducted for heart 

diseases to date. However, in one of the few preclinical studies, the positive 

allosteric modulator of the A 1 ARs VCP333 improved cardiac function and 

reduced myocardial cell death following ischemia-reperfusion injury in 

murine isolated heart ( Butcher et al., 2013 ). 

Metabolic Diseases 
The evidence from numerous studies indicates that A 1 ARs are potent 

inhibitors of adipose tissue lipolysis. From a clinical point of view, the 

availability of pharmacological agents that inhibit lipolysis and lower 

circulating free fatty acid levels may be useful in the treatment of type 2 

diabetes. In this context, various preclinical studies have been carried out 

employing CVT-3619, an A 1 AR partial agonist. In rats, CVT-3619 

significantly reduced plasma free fatty acid levels at doses that did not elicit 

cardiovascular side effects ( Dhalla et al., 2007a ). In subsequent studies, 

CVT-3619 treatment lowered circulating free fatty acid and triglyceride 

concentrations and improves insulin sensitivity and glucose clearance in 

animals with dietary-induced forms of insulin resistance ( Dhalla et al., 2007b

; Shearer et al., 2009 ) and in diabetic rats ( Dhalla et al., 2009b ). Under the 

name of GS-9667, CVT-3619 was tested in two clinical studies to evaluate its 

efficacy and safety. In healthy non-obese and obese subjects, the A 1 AR 

partial agonist GS-9667 reduced plasma free fatty acid levels, exhibited 

linear kinetics, and was well-tolerated, representing therefore a promising 

therapy for type 2 diabetes and dyslipidemia ( Staehr et al., 2013 ). 
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Conclusion 
Activation of A 1 ARs has huge untapped therapeutic potential. 

Unfortunately, their ubiquitous distribution together with receptor 

desensitization and off-target effect of A 1 AR full agonists has greatly 

hindered their exploitation in the clinic. Different pharmacological 

approaches such as partial agonists and positive allosteric modulators could 

offer significant advantages over A 1 AR full agonists. Despite the promising 

preclinical evidence, no clinical trials have so far been performed on A 1 AR 

positive allosteric modulators. We think that these compounds, especially 

the most potent ones like TRR469 or VCP171, could represent in the future a 

possible way to improving translation from promising preclinical results to 

clinical success. 
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