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Highlights

e The ‘systemic microvascular paradigm’ has been proposed to explain the
pathophysiological complexities of heterogeneous heart failure with preserved ejection

fraction.

e Extracellular adenosine levels dramatically increase following cardiovascular stress and

pathological insults.

e The nucleoside acts as a ‘retaliatory metabolite’ through the activation of P1 receptors,

which are abundantly expressed in the cardiovascular system.

e Re-admission of adenosine actions may revert countless cardiovascular events, namely

the often-neglected heart failure with preserved ejection fraction.



Resumo

A Insuficiéncia cardiaca com fracdo de ejecdo preservada (ICpFE) representa,
aproximadamente, metade dos casos de insuficiéncia cardiaca nos paises desenvolvidos. O
paradigma da inflamagdo microvascular foi proposto no sentido de explicar a heterogeneidade
associada a apresentagdo desta sindrome. A inexisténcia de terapéuticas eficazes, aliada a falta
de tratamentos modificadores de progndstico, fazem da ICpFE, na atualidade, um dos principais
desafios clinicos. Os niveis enddgenos do nucleésido purinérgico, adenosina, aumentam, de
forma significativa, em resposta a eventos cardiovasculares. Através da ativacdo dos recetores
P1, a adenosina exerce efeitos cardioprotetores, neuromoduladores e imunossupressores. As
suas acles benéficas tém sido demonstradas em estudos pré-clinicos. Neste sentido, o presente
trabalho providencia uma revisdo critica, abrangente e atual das principais vantagens em
manipular as vias de sinalizacdo ativadas pela adenosina na ICpFE, sem descurar os seus efeitos

laterais e a forma como estes podem ser minimizados.



Abstract

Heart failure with preserved ejection fraction (HFpEF) roughly represents half of cardiac
failure events in developed countries. The proposed ‘systemic microvascular paradigm’ has been
used to explain HFpHF presentation heterogeneity. The lack of effective treatments with few
evidence-based therapeutic recommendations makes HFpEF one of the greatest unmet clinical
necessities worldwide. The endogenous levels of the purine nucleoside, adenosine, increase
significantly  following cardiovascular events. Adenosine exerts cardioprotective,
neuromodulatory and immunosuppressive effects through the activation of plasma membrane-
bound P1 receptors abundantly expressed in the cardiovascular system. Its proven benefits have
been demonstrated in preclinical animal tests. Here, we provide a comprehensive and up-to-
date critical review about the main therapeutic advantages of tuning adenosine signalling

pathways in HFpEF, without discounting their side effects and how these can be seized.
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Metodologia

A base de dados MEDLINE-Pubmed foi a ferramenta utilizada para a selecdo das
referéncias bibliograficas. Na sua maioria, a bibliografia é constituida por artigos originais.
Alguns artigos de revisdo foram incluidos por compilarem informacdes necessarias a
compreensdo do tema ou por formularem hipdteses originais em relagdo a fun¢do da adenosina
no sistema cardiovascular. Os artigos 9, 30 e 75 continham figuras que serviram de base a
realizacdo das presentes ilustragdes, no sentido de sintetizar e elucidar a informacdo
apresentada. Quanto as tabelas | e |l, estas compilam informacao relevante acerca do papel da
adenosina no sistema cardiopulmonar e comorbilidades metabdlicas associadas,
respetivamente. A tabela Ill resume o papel benéfico e deletério da ativagdo dos recetores da
adenosina, assim como das enzimas e vias de sinalizacdo intracelular envolvidas no seu
metabolismo, na insuficiéncia cardiaca com fracdo de ejecdo preservada. As figuras 1, 2 e 3
foram elaboradas com recurso ao banco de imagens online Servier Medical Art
(http://smart.servier.com).

No motor de busca foram introduzidas as seguintes palavras-chave, isoladas ou em
combinacdo: adenosine, adenosine receptor, heart failure, preserved ejection fraction,
endothelial dysfunction, cardiac fibrosis, cardiac hypertrophy e cardiac comorbidities. Todos os
artigos considerados relevantes foram incluidos para a realizacdo da revisdo bibliografica
proposta. A pesquisa bibliografica decorreu entre os meses de Agosto de 2020 e Abril de 2021.
Os artigos selecionados, escritos no idioma inglés, foram publicados entre 1929 e 2021.

A organizacdo do trabalho respeita a seguinte estrutura: highlights (conjunto de frases
com o proposito de sintetizar os pontos-chave do artigo), abstract (texto que intenta captar a
atencdo e demonstrar a relevancia do tema), introduc¢do, desenvolvimento e conclusdo.
Pretendeu-se abordar, de forma pragmatica, mas com a devida fundamentac¢do, os avancos
recentes sobre a adenosina na area das Ciéncias Cardiovasculares, com particular enfoque na

sindrome clinica da insuficiéncia cardiaca com fragao de eje¢do preservada.
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Abbreviation list | Lista de abreviaturas

AC — Adenylate cyclase

ADA — Adenosine deaminase

ADK — Adenosine kinase

ADP — Adenosine 5’-diphosphate

Akt — Protein kinase B

AMP — Adenosine 5’-monophosphate

Ang Il — Angiotensin Il

AR — Adenosine receptor

ATP — Adenosine 5’-triphosphate

Ca*" — Calcium

CADO - 2-chloroadenosine

cAMP — Cyclic AMP

CAP — Capadesonon

CCPA — 2-cholor-N6-cyclopentyladenosine

CKD — Chronic kidney disease

CMD — Coronary microvascular dysfunction

CNT - Concentrative nucleoside transport

COPD - Chronic pulmonary obstructive disease
CPA — N6-cyclopentyladenosine

DAG — Diacylglycerol

DM — Diabetes mellitus

DOCA — Deoxycorticosterone acetate

E-NPP — Ecto-nucleotide pyrophosphatases/phosphodiesterases
ENT — Equilibrative nucleoside transporter
E-NTPDase — Ecto-nucleoside triphosphate diphosphohydrolase
Epac — Exchange factor directly activated by cAMP
Erk — Extracellular signal-regulated kinase

GLUT — Glucose transporter

GSK-3B — Glycogen syntheses kinase 3 beta

HF — Heart failure

HFD — High fat diet
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HFpEF — Heart failure with preserved ejection fraction
HSu — High-sucrose

IFN-y — Interferon-gamma

IL = Interleukin

I/R — Ischemia/ reperfusion

K*— Potassium

KO — Knockout

LHD — Left heart disease

LV — Left ventricle

MAPK — Mitogen-activated protein kinase
MCT — Monocrotaline

MI — Myocardial infarction

MIP — Macrophage inflammatory protein
mMTOR — Mechanistic target of rapamycin
NO — Nitric oxide

NOS — Nitric oxide synthase

PAH — Pulmonary arterial hypertension
PH — Pulmonary hypertension

PI3K — Phosphatidylinositol 3-kinase

PKA — Protein kinase A

PKC — Protein kinase C

PLC-B — Phospholipase C beta

ROS — Reactive oxidative species

SAH — S-adenosylhomocysteine

SERCA2a — sarco/endoplasmic reticulum Ca**-ATPase 2a
SGLT2i — Sodium-glucose cotransporter-2 inhibitor
SHR — Spontaneously hypertensive rat
STZ — Streptozotocin

TAC - Transaortic constriction

TGF- B — Transforming growth factor beta
TNF-a — Tumour necrosis factor- alpha
VCAM - Vascular cell adhesion molecule

VSMC — Vascular smooth muscle cell
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1. Introduction

Heart failure (HF) is a clinical syndrome characterized by alterations in the cardiac
structure and/or function; it is associated with a poor quality of life, high rates of hospitalizations
and significant mortality®. HF with preserved ejection fraction (HFpEF) is a subclass of HF defined
by left ventricular ejection fraction equal or above 50%*. Nowadays, it represents up to half of
all cases of HF in the developed world, which at least in part may be explained by the actual
lifestyle and/or prolongation of the life expectancy?. HFpEF has a ‘heterogeneous’ presentation
often coursing with unspecific clinical symptoms (e.g. exercise intolerance and dyspnoea) mostly
because this clinical condition is associated with a wide range of age-related cardiac and non-
cardiac abnormalities; these features challenge its diagnosis and clinical management?.
Notwithstanding the pathophysiological complexities related to HFpEF, associated systemic and
cardiac comorbidities drive most of the molecular and haemodynamic mechanisms implicated
in this disease, with emerging data supporting systemic microvascular inflammation as an
enduring aggravation factor. These findings contrast with HF with reduced ejection fraction (left
ventricular ejection fraction under 40%), where cardiomyocytes loss and their replacement by
fibrotic tissue is the most frequent pathological hallmark®*. In this case, the systolic dysfunction
results in neurohormonal activation of renin-angiotensin-aldosterone system along with
sympathetic stimulation, giving the basis for using angiotensin converting enzyme inhibitors,
mineralocorticoid receptors antagonists and B-blockers as disease-modifying drugst.
Conversely, there is still no proven therapy to impact the course of HFpEF, thus representing
one of the biggest current challenges of cardiovascular medicine®. Thus, unravelling the
dysfunctional signalling pathways associated with HFpEF may shed some light to propose novel
pharmacological to treat this unmet clinical condition.

The purine nucleoside, adenosine, was first identified in 1929 when Drury and Szent-
Gyorgyi successfully extracted a rhythm-influencing adenylic substance from the mammalian
heart and other tissues®. Only in 1972, Geoff Burnstock (born: 10 May 1929, died: 2 June 2020)
coined the term purinergic signalling referring to the extracellular effects of adenosine 5'-
triphosphate (ATP). Following the Burnstock’s pioneering work on the role of ATP-sensitive P2
purinoceptors, also its metabolite, adenosine, has been recognized as an extracellular signalling
molecule through the activation of plasma membrane-bound P1 receptors family expressed in
all organs in the body. In the cardiovascular system, adenosine is considered a ‘retaliatory
metabolite’ because it originates from the catabolism of ATP in stressed cells and normally
decreases cellular energy consumption, while increasing the blood tissue supply’. In view of this,
adenosine-mediated signals have been implicated in many pathophysiological processes.

Nowadays, adenosine receptor ligands are being extensively investigated as promising



druggable compounds, some of which are undergoing clinical trials 8. However, besides the
native nucleoside, only a limited number of adenosine-related drugs are approved for clinical
use®.

Current knowledge points towards adenosine as a ubiquitous signalling mediator of
countless physiological processes throughout the body via the activation of four G protein-
coupled receptors known as P1 receptors [adenosine receptors (ARs): A1AR, A2nAR, AzAR,
A3AR]°. The A1AR and AsAR were first characterized as being negatively coupled to adenylate
cyclase (AC) through G; and G, proteins binding, which normally results in decreased intracellular
cyclic AMP (cAMP) levels. Contrariwise, both high affinity A;aR and low affinity A;sAR couple to
G; proteins and stimulate AC leading to intracellular cAMP accumulation. Despite this too
simplistic view of the canonical coupling of P1 receptors to the AC/cAMP pathway, evidence has
been gathered demonstrating that A;AR, A;zAR and AsAR are also able to activate the
phospholipase C beta (PLC-B) isoform, resulting in increases in inositol 1,4,5-trisphosphate and
intracellular calcium (Ca?*) mobilization; both intracellular Ca?* recruitment and diacylglycerol
(DAG) production synergize to stimulate Ca?*-dependent protein kinase C (PKC) and/or other
Ca?*-associated downstream pathways (Figure 1)°. Interestingly, the cardiovascular (and many
other) effects of adenosine are mediated by a multiplicity of more recently discovered
intracellular signalling cascades, like exchange protein directly activated by cAMP (EPAC),
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), mitogen activated protein kinase
(MAPK)/extracellular signal-regulated kinases (Erk), glycogen syntheses kinase 3 beta (GSK-3pB),
that only marginally intersect with the canonical G-protein coupled modulation of AC and/or
PLC (see Section 3.b. and Figure 2). Due to their relevance to the current knowledge,
involvement of these pathways to adenosine-mediated effects will be further discussed in the

following sections.

2. Generation, transport, and metabolism of adenosine

Adenosine is a purine nucleoside continuously generated from the catabolism of
adenine nucleotides via a cascade of nucleotidases, including the rate limiting enzyme 5'-
nucleotidase, which dephosphorylates 5’-adenosine monophosphate (AMP) to adenosine both
intra- and extracellularly (Figure 1)°. Regarding the fate of intracellular adenosine, it may
(preferentially) re-enter the purines savage pathway by intracellular phosphorylation via
adenosine kinase (ADK) (Km= 2 uM) or may be, alternatively, inactivated to inosine by adenosine
deaminase (ADA) (Km= 17-45 uM) when the phosphorylation pathway is overloaded or

inhibited®. Another possible source of adenosine results from the hydrolysis of S-



adenosylhomocysteine (SAH) by SAH hydrolase, being this the main pathway responsible for the
intracellular levels of adenosine in conditions of adequate oxygen supply!l. Under low oxygen
supply conditions and/or during high energy working loads, the ATP hydrolysis increases
resulting in intracellular adenosine accumulation, which drives its diffusion to the extracellular
medium via equilibrative nucleoside transporters (ENTs), mostly ENT1 and ENT2 encoded by
SLC29A1 and SLC29A2 genes, respectively??'®. NBTI-sensitive (ENT1) and insensitive (ENT2)
transporters are expressed in the vascular endothelium, erythrocytes, inflammatory cells, and
cardiomyocytes!**®, The sensitivity of both transporters to dipyridamole, allowed this drug to
be introduced in the market as coronary vasodilator more than half a century ago, which is still
used nowadays as antithrombotic and vasodilator with promising anti-oxidant properties?®.
Transport of adenosine across the plasma membrane can also occur through concentrative
nucleoside transporters (CNTs) encoded by SLC28A1, SLC28A2 and SLC28A3 genes; these
proteins concentrate adenosine (and other purines and pyrimidines) inside the cells via a Na*-
nucleoside cotransporter'’. While ENTs may have a major role in maintaining nucleoside
homeostasis, CNTs may contribute to adenosine sensing and signal transduction inside the cells
(transceptor function).

As aforementioned, extracellular adenosine may result from the release of the
nucleoside as such via ENTs and/or through the extracellular breakdown of released adenine
nucleotides, namely ATP, 5’adenosine diphosphate (ADP) and AMP, by a cascade of ecto-
nucleotidases bound to the plasma membrane. Besides originating from damaged cells, adenine
nucleotides may be released from intact cells by vesicular exocytosis, as well as via other
mechanisms involving plasma membrane “pores”, namely ionotropic P2 purinoceptors, ABC
proteins and hemichannels containing connexins and/or pannexins®.

Four members of the ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase)
family, namely, NTPDasel, NTPDase2, NTPDase3, and NTPDase8 and two members of the ecto-
nucleotide pyrophosphatases/phosphodiesterases (E-NPP) family, NPP1 and NPP3, are located
at the plasma membrane and hydrolyse extracellular nucleotides®. NTPDase1 (CD39 or apyrase)
dephosphorylates ATP directly into AMP, with minimal accumulation of ADP. NTPDase2
(ATPase) is a preferential nucleoside triphosphatase that hydrolysis ADP 10 to 15 times less
efficiently than ATP, leading to minimal AMP accumulation. NTPDase3 and NTPDase8 are
functional intermediates between NTPDasel and NTPDase2. In fact, NTPDases are considered a
potential therapeutic target due to their role in coagulation, immune responses, vascular
inflammation, and cancer®. Interestingly, NPP1 and NPP3 phosphorylated product (e.g. AMP)
has a higher binding affinity to this enzyme than substrates do, leading to the inhibition of

nucleoside 5’-monophosphate release?®. The rate limiting enzyme of the ecto-nucleotidase

3



cascade is ecto-5'-nucleotidase/CD73, which dephosphorylates AMP to adenosine and inorganic
phosphate. This enzyme is abundantly expressed in immune (e.g. T and B lymphocytes) and
mesenchymal originated cells?..

Extracellular adenosine levels are tightly regulated by cellular uptake via ENTs and/or by
deamination into inosine by ADA, which is found on the cell surface (ecto-ADA) or as a soluble
form after cleavage of its anchor to the plasma membrane (exo-ADA). Low levels of adenosine
are normally found in biological fluids, but the extracellular concentration of the nucleoside may
substantially increase in stressed cells following ischemia/reperfusion, inflammation, neuronal
activation, and tissue damage??2*. Adenosine in the plasma has a short half-life mainly because
of its rapid inactivation both by blood cells and the vascular endothelium?. Notwithstanding
this, high adenosine levels have been detected in the plasma of patients with heart failure, both
humans?®?” and animals?®. Moreover, the ecto-5'-nucleotidase/CD73 activity increases in the
plasma and ventricular myocardium of chronic HF patients?’. Together, plasma adenosine and
ecto-5"-nucleotidase/CD73 activity may be reliable markers for the diagnosis of severity grade
and follow-up of HF, even though adenosine levels are normally underestimated due to its

extensive inactivation in the blood stream.

3. Adenosine in the cardiovascular system

a. Distribution of adenosine receptors in the cardiovascular system

The A;AR is the most expressed adenosine receptor subtype found in the intact
myocardium and in isolated cardiomyocytes, being particularly abundant in atria. The second
most abundant receptor in the heart is the A;xAR, followed by A;sAR and AsAR, which exhibit
low expression levels in the heart®. Nevertheless, one should remember that this pattern is
mostly influenced by receptors expressed in cardiomyocytes, which occupy up to 85% of the
mammalian heart volume3L. Looking more deeply into the distribution of adenosine receptor in
cardiac cells, this scenario may change with A,;sAR and A2xAR being more abundant in endothelial
cells and cardiac fibroblasts®°. Other tissues and organs influencing the cardiac function are also
enriched in adenosine receptors subtypes. Large amounts of A;AR are found in kidneys, adipose
tissue, pancreas, and brain. The A;AR is highly expressed in peripheral immune cells
(particularly in leucocytes), platelets, smooth muscle fibres and endothelial cells®.

The activity of the low affinity A;sAR has been physiologically neglected mostly because
higher amounts of adenosine are required to activate this receptor even in cells where its

expression is high, like fibroblasts, smooth muscle fibres, endothelial cells, immunocytes, and



platelets3? . However, this assumption is changing given to the fact that evidence showing AsAR
overfunctioning has been gathered in several pathological conditions, including hypoxia,
inflammation, and cell stress, thereby providing support for a meaningful role of this receptor
in health and disease?. Considering the retaliatory nature of adenosine, the A;sAR can be seen
as a ‘dormant’ receptor that ‘wakes up’ because of cells and tissue injury®3. The presence of the
A3AR in cardiomyocytes, vascular smooth muscle cells (VSMCs) and immune cells have been
implicated in its cardioprotective role against ischemia, as well as in the control of blood vessels

tone and remodelling®®.

b. From cardiovascular effects of adenosine to cardioprotection

In the cardiovascular system, adenosine exerts additional protective effects to control
neuronal output and inflammation, while decreasing cardiac metabolism, myocardial
contractility, impulse generation and conduction, and the coronary tone, as well as adrenergic
responsiveness and blood pressure (Figure 2)3°.

Stimulation of A1AR induces negative chronotropism and dromotropism, as this receptor
is highly expressed in the heart conduction system (sinoatrial and atrioventricular nodes, and
the His-Purkinje network)®. In this regard, while adenosine exerts direct inhibitory effects on
chronotropism and dromotropism in atrial cardiomyocytes, it also counteracts B-adrenergic
effects on impulse generation and contractility. The AiAR-induced hyperpolarization of the
supraventricular tissue is accomplished by favouring outward potassium (K*) currents through
opening G protein-coupled inwardly rectifying K* channels (GIRK or KIR3.1/3.4), while
counteracting adrenergic effects through inhibition of Ca?* influx and/or attenuation of
hyperpolarization-activated cyclic nucleotide-gated channel 4 mediating the pacemaker "funny"
(I) currents®*%. These effects lead to bradycardia and atrial hypocontractility. In this respect,
our group demonstrated that adenosine-induced negative atrial inotropism may be partially
counteracted by multiple downstream intracellular pathways ending up to increase the time
available for Ca? influx through Ca,1 (L-type) channels®. Taken together, the
electrophysiological properties of the AiAR justify the use of adenosine in the treatment of
supraventricular tachycardia and to control the rate of ventricular contractions during atrial
fibrillation3"%8,

Adenosine counteracts the sympathetic drive operated by catecholamines on cardiac -
adrenoceptors by decreasing impulse generation and contractility via a mechanism involving
both pre- and post-junctional effects. The positive inotropic action of B-adrenoceptors may be

directly controlled by adenosine via inhibition of cAMP production and protein kinase A (PKA)



activation3%, The A;AR-mediated cardioprotection extends to intracellular organelles, namely
mitochondria through a PKC-mediated reduction of the permeability of mitochondrial transition
pores, stabilization of mitochondrial membrane potential and inhibition of hypoxia-induced
production of reactive oxygen species (ROS), which ends up in the opening of Karp mitochondrial
channels and cytoprotection*!. Activation of A;AR also increases epidermal growth factor
receptor activation through the action of myocardial survival kinases Erk 1/2, Akt*2. Overall,
these properties confer myocardial protection under ischemic pre-conditioning and during
ischemia/reperfusion pathological conditions**°.

While adenosine cardiac actions are mostly focused on activation of the most abundant
A1AR, increasing data suggest the involvement of the A;aAR subtype on myocardial contractile
performance of the nucleoside*® via PKA-dependent increases in intracellular Ca?* #’. However,
activation of A2aAR counteracts the antiadrenergic effects of the A1AR, which is attributable to
the formation of A;AR:AAR heteromers leading to a predominance of a A2aAR pharmacology?®.
Both A2aAR*0 and A;sAR®! have vasodilatory effects mediated by cAMP generation and PKA
activation in VSMCs>. Involvement of K, and Karp channels®?, nitric oxide (NO)**** and
prostanoids®® production, have also been demonstrated. Coupling of A2aAR and AzsAR to such
downstream signalling pathways may entitle adenosine to regulate coronary blood flow and to
protect against chronic ischemia secondary to endothelial dysfunction. Long term stimulation of
these receptors also fosters mitogenic signalling pathways leading to vascular overgrowth and
angiogenesis; these pathways include A;aAR and AzsAR mediated-PI3K/Akt activation and
MAPK/ Erk activation by A;AR>7,

Mounting evidence has been gathered suggesting that A;sAR activation s
cardioprotective and immunosuppressant during early reperfusion after myocardial infarction
(MI). The selective A;sAR agonist, CGS 21680, decreased neutrophils adhesion to the
endothelium and, subsequent, myocardial infiltration, together with a reduction of superoxide
production, in a canine model of ischemia and reperfusion®®. Moreover, other A;AR agonist,
ATL146e, attenuated resident mast cells degranulation in a mouse model of myocardial
ischemia®. Cardioprotection is also accomplished because activation of A;sAR prevents the
infarct-boosting effect of interferon-gamma (IFN-y) produced by CD4+ T cells, as this cytokine
favours reperfusion injury by activating pro-inflammatory macrophages®. Although
preconditioning is hardly feasible in clinical settings, clinical trials are ongoing to test whether
A2»AR agonists can be used in coronary artery disease and MI8. In this context, it is worth noting
that both adenosine and the selective A;sAR agonist, regadenoson, have been clinically

approved for myocardial perfusion imaging®..



Current knowledge suggest that the AxsAR is the only adenosine receptor subtype which
levels are upregulated in ischemic hearts of both mice and humans®?. Activation of the AxAR
controls Period 2 protein, a metabolic master-switch of myocardial adaptation to ischemia,
consequently stabilizing the hypoxia-inducible factor 1o and, thereby, the transduction of
glycolytic enzymes® to provide optimization of oxygen consumption and to protect the
myocardium from infarction reperfusion®. Moreover, both A;sAR and A;AR are associated to
inhibition of mitochondrial GSK-3B phosphorylation, thus preventing the mitochondrial
permeability transition pore opening, which is critical step to afford cardioprotection during
myocardial reperfusion®. Inhibition of ROS production by mitochondria broadens the
cardioprotective effects of the A;sAR in cardiac ischemia by involving multiple PKC-mediated
signalling pathways affecting nitric oxide synthase (NOS), PI3K/Akt and Erk 1/2 enzymatic
activities®™®’.

Only a few studies have been conducted to elucidate the role of the AsAR in cardiac
pathophysiology, most probably because this receptor subtype has low expression levels in
cardiac tissues. This situation may also occur, because the AsAR has unpredictable effects in
rodent models as it behaves like a low affinity receptor for adenosine contrary to the high affinity
for the nucleoside in human tissues®°. Current data suggest that the AsAR limits injury processes
occurring in the ischemic myocardium, while exerting an anti-inflammatory action during cardiac
reperfusion®®. Surprisingly, AsAR agonists cause a biphasic haemodynamic response that is
characterized, initially, by indirect activation of high affinity A,AAR followed by subsequent AzAR-
mediated effects, which prevail after A,AAR become desensitized®. Both in cardiomyocytes and
in intact hearts of rats subjected to ischemia and reperfusion, A;AR agonists reduced the infarct
size by upregulating pro-survival signalling pathways, such as mitogen-activated protein kinase
kinase 1/2- Erk 1/2 and PI13K/Akt, which are known to decrease the activity of caspase-3 used as
a biomarker of cellular apoptosis’™. The cardioprotection associated with the AsAR activation
may also be due to the induction of human coronary smooth muscle cells proliferation via a
mechanism involving PLC activation and downstream transcriptional factors activation, like the

early growth response element 2/3"%,

4. Impact of adenosine in the molecular pathways underlying HFpEF

a. Systemic and cardiac inflammatory breakthrough to cardiac fibrosis
HFpEF is a complex clinical syndrome, which is characterized by a systemic inflammation

background that is evidenced by increased levels of circulating pro-inflammatory markers, such



as interleukin-6 (IL-6) and tumour necrosis-alpha (TNF-a)’2. Paulus et al. hypothesized the
existence of a ‘systemic microvascular paradigm’ regarding HFpEF in which comorbidity-induced
systemic inflammation predisposes and perpetuates systemic microvascular inflammation
(Figure 3)3. The most important comorbidities associated with this systemic inflammatory state
are diabetes mellitus (DM), overweight/obesity, hypertension, chronic obstructive pulmonary
disease (COPD) and chronic kidney disease (CKD)3. Thus, the paradigm of this disease has been
shifted from the traditional ‘overload model’ to the revolutionary ‘microvascular hypothesis’,
where patients are more easily identified by elevated body mass index rather than elevated
blood arterial pressure’.

It, thus, can be argued that systemic and cardiac comorbidities predispose to cardiac
inflammation. Indeed, left ventricular endomyocardial biopsies from patients with HFpEF show
increases in the expression of biomarkers of inflammation and fibrosis, such as vascular cell
adhesion molecule 1 (VCAM-1), CD3, CD11, and CDA45-positive myocardial leucocytes,
transforming growth factor-beta (TGF-B), types | and Il collagen species and extracellular matrix
deposition’®. Cardiac inflammation leads to several molecular mechanisms involved in HFpEF,
such as endothelial dysfunction, fibrosis, concentric hypertrophy and cardiometabolic functional
abnormalities”. These alterations lead to left ventricular diastolic dysfunction, a key defining
feature of HFpEF’, which ultimately may cause unspecified clinical manifestations related to
abnormal haemodynamic (e.g. dyspnoea and fatigue) in association with cardiovascular
structural and function worsening”.

The pleiotropic actions of the purine nucleoside, adenosine, in several organic systems
put this retaliatory modulator in good position to participate in most (if not all) the
pathophysiological mechanisms associated with HFpEF, which include systemic microvascular
inflammation and related multi-organ comorbidities, in parallel to the nucleoside effects on
cardiovascular function and myocardial remodelling. Adenosine regulates the activity of the
immune system via self-contained signalling pathways aimed at promoting tissues integrity by
resolving inflammatory insults (Figure 3), although a pro-inflammatory activity has also been
described (reviewed in 7%77),

Activation of the A;AAR is paramount to the anti-inflammatory effect of adenosine; the
coupling of the A;sAR to the canonical AC/cAMP/PKA pathway is downstream associated to
decreases of nuclear factor-kappa B signalling and inhibition of the release of pro-inflammatory
cytokines’. Adenosine signalling in neutrophils either stimulates the expression of adhesion
molecules via A1AR or decreases adhesion of these cells to the vascular endothelium, as well as
the production of superoxide radicals by A;aAR, A2sAR and AsAR activation. Anti-inflammatory

(M2) macrophages overexpress A;sAR, AsAR and AsAR, which activation attenuates the

8



production of pro-inflammatory mediators (TNF-a, IL-6, IL-12, NO, and macrophage
inflammatory protein (MIP)-1a). Activation of A2aAR and A;sAR also favours (1) the release of
the anti-inflammatory cytokine IL-10 by monocytes and macrophages’®’”’, and (2) the switch
from M1 (pro-inflammatory) to M2 (anti-inflammatory) macrophage phenotypes’. On adaptive
immunity, adenosine modulates lymphocytes functions, mainly through A;,AR activation and
related suppressive effects, as it inhibits both IL-4 and IFN-y production by naive CD4+ T cells
and Th1 and Th2 cells’®””. Taken together, increased extracellular adenosine levels caused by

2223 emerges as a putative therapeutic target against inflammatory

inflammatory processes
diseases with encouraging results in preclinical settings’® as well as by analogy to clinical data
concerning rheumatoid arthritis®® and anticancer immunotherapy®.. In this context, adenosine
mediates the anti-inflammatory effects of methotrexate, a gold standard treatment for patients
with rheumatic diseases. By inhibiting certain enzymatic pathways, methotrexate induces
adenosine release allowing the nucleoside to exert its anti-inflammatory effects via A2aAR and
A3AR activation®.

Mice submitted to transverse aortic constriction (TAC), a model of HFpEF, show
significant cardiac inflammation that is initiated by transient myeloid cells infiltration followed
by chronic increase of myocardial T cells (Table 1)®. Noteworthy, chemotaxis and activation of
myocardial T cells are under the immunosuppressive control of adenosine formed by ecto-5'-
nucleotidase/CD73% and AxAR activation®. Indeed, the production of inflammatory cytokines
(IL-3, IL-6, IL-13, IL-17, MIP-1a and MIP-1B) associated with cardiac fibrosis and decreased
contractility is exaggerated by TAC in mice lacking CD73 on T cells, as well as in global CD73
mutants®. These animals exhibit compensatory increases in the enzymatic machinery
participating in adenosine formation (e.g. CD39, pyrophosphatases ENPP1 and ENPP3, and
CD38) and overexpress A2AR in activated T cells infiltrating the injured heart®. Additionally,
overexpression of A,,AR attenuates cardiac inflammation and remodelling, thereby attenuating
cardiac dysfunction (Table 1)®. These data provide compelling evidence that deficient adenosine
formation by T cells lacking CD73 worsens the prognosis of HFpEF, raising the hypothesis that
increasing extracellular adenosine formation from the extracellular catabolism of released
adenine nucleotides and/or direct activation of the A;sAR subtype may overcome HFpEF by
reducing myocardial damage caused by pro-inflammatory cytokines and maladaptive cardiac
remodelling®®. Thus, maintenance of ecto-5'-nucleotidase/CD73 activity may be crucial to
define the pattern of extracellular ATP-derived adenosine formation favouring A2aAR activation

to prevent the pathological changes observed in HFpEF, as also predicted in other cell systems®®.



b. Microvascular dysfunction

The current trend is that coronary microvascular dysfunction (CMD) may be a
cornerstone of the complex molecular pathways driving the clinical manifestations of HFpEF®’,
CMD is inevitably associated with a compromised vasodilatory response and consequently to
the existence of myocardial focal ischemic lesions contributing to diastolic dysfunction of the
left ventricle (LV)®. This feature is further compromised by systemic comorbidities and local
inflammatory states ending up into structural and functional abnormalities of the heart and
blood vessels®”. Diastolic dysfunction, the hallmark of HFpEF, is related to CMD, independently
from the presence of coronary artery disease®’.

Experimental models of diabetes, obesity and metabolic syndromes predict that
systemic inflammation unbalances the equilibrium between endothelium derived relaxing
factors (e.g. NO) and endothelium-derived vasoconstrictors (e.g. endothelin-1), thus increasing
stiffness and vasoconstriction of large vessels at rest3. Endothelial activation favours the
expression of adhesion molecules, trans-endothelial migration of circulating leucocytes, and
release of pro-inflammatory cytokines and ROS, which contribute to perpetuate local
inflammation’®. Moreover, vascular inflammation decreases NO bioavailability’#® resulting in
downstream reduction of soluble guanylate cyclase activity, low levels of cyclic GMP and
decreased activation of protein kinase G, which is normally associated with titin
hypophosphorylation, increased rigidity and myocardial diastolic dysfunction (Figure 3)3.

The vascular endothelium is a key player linking metabolic disorders and HFpEF.
Excessive production of ROS by endothelial Nox2 activation has been associated with other
cardiovascular diseases, such as hypertension and atherosclerosis, which are common
comorbidities of HFpEF®®. In vitro blockage of the A;AR effectively inhibits ROS production by
endothelial Nox2 and attenuates angiotensin Il (Angll)-induced oxidative stress and endothelial
dysfunction, by inhibiting MAPK activation and, consequently, reducing p47°"°* phosphorylation
and binding to Nox2%. Taking together, these findings suggest a potential for A;aAR antagonism
to counteract Angll-induced Nox2 activation in endothelial cells®’. However, contradictory
results urge depending on the vascular territory considered; the A;2AR inactivation displays a
protective role in reducing oxidative damage in neurodegenerative diseases® and in the heart®,
whereas its inactivation increased tracheal ROS production from Nox2%,

In fact, the A;AAR activation is reported to play a major role in endothelium homeostasis,
culminating in increased production of NO by the endothelium, and subsequent vasodilation in
most vascular beds (Figure 3)°*. Nevertheless, a previous study showed that the A;AR
inactivation preserved the endothelium-dependent vasodilation to acetylcholine while reducing

ROS production. This might be explained due to the very low Nox2 expression in the VSMCs, the
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predominant cellular component in the vessel wall®’. Notwithstanding, the fact that the A;AR
is expressed in endothelial cells, its activation operates both endothelium-dependent and -
independent relaxation of blood vessels. Controversy still exists on the receptor subtype (A2aAR
and/or A;sAR) predominating on endothelial cells®>>*%>, Endothelial dysfunction in small penile
vessels underlying erectile dysfunction may be taken as an early surrogate of cardiovascular
disease severity®®. In this context, adenosine regulates smooth muscle tone in human corpora
cavernosa through the activation of high-affinity A;aAR and low-affinity A2sAR located on smooth
muscle fibres and on endothelial cells, respectively®”. Interestingly, corpora cavernosa from men
with vasculogenic impotence is partially resistant to adenosine relaxation due to endothelial
AsAR dysfunction, while keeping almost unaltered relaxation of cavernosal vessels via A24AR on
the smooth muscle layer®. Insufficient adenosine formation linked to deficits in CD73 enzymatic
activity has been associated with age-dependent endothelial dysfunction and NO production
deficits in mice®”, which may strengthen the production of the pro-inflammatory cytokine, IL-6,
and endothelial adhesion molecules, like intercellular adhesion molecule-1 and VCAM-1%.
Another hallmark of CMD in patients with HFpEF is coronary microvascular rarefaction®,
Thus, adenosine-induced angiogenesis via A2aAR, A2AR and AsAR activation may be relevant in

this scenario®®°771,

In addition, it has been reported that activation of the A;AR subtype
increases capillary density and oxygen diffusion distance in dogs submitted to TAC (Table 1)%°.
Interestingly, increased intracellular adenosine levels in human endothelial cells lacking ADK
lead to hypomethylation in DNA promotor regions of pro-angiogenic genes!®. Epigenetic
upregulation of pro-angiogenic genes favour endothelial proliferation in vitro and ischemia
induced-angiogenesis in vivo'®,

Besides its antithrombotic properties, the P2Y1;,R antagonist, ticagrelor, has been
increasingly used in cardiometabolic diseases like DM, most probably because of its
pleiotropic/anti-inflammatory effects, which at least some of them are shared with
adenosine!®®. Interestingly, ticagrelor restores defective ATP release and inhibits adenosine
uptake by red blood cells directly impacting the actions of these two purines (or its metabolites)

101 which might be useful to counteract the development

on immunocytes and endothelial cells
of atherosclerosis and related metabolic syndrome. In this regard, adenosine receptors (namely
the A,xAR subtype) counteract the development of atherosclerosis by providing endothelial /
vascular protection due to the nucleoside anti-inflammatory properties and by modulating the
cholesterol transport in macrophages, as well as the hepatic metabolism of lipids (reviewed in
102) Consistent with these findings, the THEMIS-PCI (The Effect of Ticagrelor on Health Outcomes

in Diabetes Mellitus Patients-Percutaneous Coronary Intervention) sub-study revealed a

reduction of major adverse cardiac events in diabetic patients submitted to percutaneous
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coronary intervention and treated with ticagrelor plus aspirin compared to aspirin
monotherapy!®®. A more comprehensive about the mechanisms underlying ticagrelor-induced
endothelial dysfunction improvement is needed to support indication of this drug for

cardiometabolic diseases®*.

c. Interstitial fibrosis and loss of myocardial compliance

Structural abnormalities in HFpEF involve cardiomyocyte hypertrophy and interstitial
fibrosis>*”>. Under pathological stressful conditions, unopposed actions of pro-fibrotic and pro-
hypertrophic paracrine and neurohormonal signals further aggravate cardiac chambers stiffness
and impaired relaxation. Diastolic dysfunction and inherent increased LV filling pressure fosters
secondary left atria remodelling and dysfunction, further aggravating HFpEF symptoms and
long-term prognosis>*’®. Cardiac fibroblasts are the predominant interstitial cell type in the
adult mammalian heart'®. Thus, it is not surprising that cardiac fibrosis and associated decrease
in myocardial compliance represents a common pathological hallmark in the failing heart®*,

Among all adenosine receptors, A,aAR emerges by its cyclic AMP-dependent anti-fibrotic
action!®, Separating the contribution of both A;aR and AzAR to fibrotic processes has been
difficult due to the lack of selective drugs used in the past'®. As aforementioned, the cardiac
anti-inflammatory/anti-fibrotic role of A2aAR has been translated into disease models of HFpEF

885 and ischemia/reperfusion (I/R)*®%, with evidence suggesting that this receptor might have

an anti-fibrotic role!®>

. Activation of the A;sAR decreased the expression of fibrosis-related genes
and cardiac fibrosis, while improving cardiac remodelling and function, in the
deoxycorticosterone acetate (DOCA)-salt induced hypertensive mice model of cardiac

remodelling (Table 1)¥7

. One may, therefore, hypothesize that the anti-fibrotic effect of
adenosine via A;AR activation is operated either, directly, by inhibiting growth and/or
differentiation of cardiac fibroblast, or, indirectly, through nucleoside-induced
immunosuppressive effects resulting in prevention of pro-fibrotic cells chemotaxis and
inflammatory mediators release. In addition to these possibilities, adenosine deamination to
inosine by third party ADA cell providers (e.g. inflammatory cells) may also play a role in the anti-
fibrotic effect of adenosine, as we recently demonstrated in human subcutaneous fibroblasts%,
Thus, clarification of the mechanism and receptor involved in the anti-fibrotic role of adenosine
in myocardial fibrosis is warranted given to the fact it may exert pro-fibrotic effects in other

organs, such as the liver'® and the skin %, while the opposite is verified with the AR which

inhibits fibrosis in the heart (see below) and promotes fibrosis of the lung (reviewed in ).
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The low affinity AxAR is the most abundant receptor in rat cardiac fibroblasts®,

Therefore, it is not surprisingly that the anti-fibrotic effect of the A;sAR is rather consensual at
least in vitro'!, while questions may arise about the endogenous amounts of the nucleoside
required to activate this low affinity receptor under both normal and pathological conditions.
Nevertheless, it has been shown that intracellular cyclic AMP accumulation prevents TGF-B-, Ang
II-, and endothelin-1-induced collagen synthesis and a-smooth muscle actin expression by
activated cardiac myofibroblasts via EPAC and PI3K dependent pathways!'?. Likewise, fibroblast
proliferation, collagen synthesis, a-smooth muscle actin expression and myofibroblast
differentiation were all attenuated by cyclic AMP-coupled AzsAR activation, thus counteracting
pro-fibrotic stimuli induced by endothelin-1 and Ang Il (Figure 3)''? via a mechanism involving
cAMP and EPAC downstream pathways'*!4. The cyclicAMP/EPAC/PI3K/Akt signalling pathway
was also involved in A;sAR-mediated suppression of fibroblasts growth and a-SMA-expressing
myofibroblast differentiation induced by endothelin-1'*°. In a canine in vivo model of HF it was
found that the EPAC1 content in fibroblasts of left atria exhibiting fibrotic remodelling was
significantly downregulated!'®. Taking together, data suggest A;sAR coupling to the cyclic
AMP/EPAC pathway may provide potential targets to prevent/overcome cardiac fibrosis that
may be required to rescue myocardial compliance.

Notwithstanding the fact that A;sAR agonists exhibit cardiac anti-fibrotic effects in vitro,
these findings were not consistently translated into in vivo data, most probably due to the dual
action of this receptor in cardiac inflammation??. Available data suggests that A2aAR activation
before ischaemia followed by reperfusion may have a cardioprotective effect, most likely
because of the inhibition of pro-inflammatory/pro-fibrotic cytokines release via PI3K/Akt
pathway!”11°. Moreover, complex interplay between A;AR and AsAR subtypes is also possible,
given to the fact that apparently the A;AR-operated cardiac protection relies on A;sAR
overexpression by a PKC-dependent pathway during ischemia and preconditioning®,
Nevertheless, in contrast to the A;xAR, there is no consensus about the putative beneficial roles
of the A;sAR on the remodelling phase after MI1'?%; with studies demonstrating a protective role
of either A2AR blockage!?1?2 or activation!? after MI. Blockage of AsAR after Ml occurrence
seems to attenuate PKC-6/p38-MAPK-mediated secretion of pro-inflammatory and pro-fibrotic
mediators, like TGF-B, TNF-a and IL-6¥2%122124 On the other hand, deletion of A;AR did not
change fibrosis in the remodelling phase after Ml, probably due to opposing pro- and anti-
inflammatory stimulus'?®. Specifically, deletion of A;AR increased cardiac immune cells
infiltration, while downregulated the expression of IL-6 further counteracting inflammation. The
downregulation of IL-6 transcripts supports the preponderant role of A;AR under these

conditions!®. In fact, the injured heart depends mostly on the low-affinity A2sAR probably due
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to functional inactivation of the A;xAR through dimerization?®. It is worth noting that AsAR may
couple to both Gs and Gq proteins, as well as to other G proteins; its preferential coupling to a
certain G protein dependents on multiple factors, including the cell type, receptor expression
levels, and chemical nature of the agonist - ‘biased receptor’ function (reviewed in 33). Thus, the
A2AR may be functionally polymorphic exerting either pro-inflammatory or anti-inflammatory
roles depending on organ systems. As such activation of the A;sAR by high endogenous levels of
adenosine promotes chronic inflammation in asthma®?” and COPD*?, Thus, clarification of the
precise mechanisms involved in pro- vs. anti-fibrotic effects of the As;AR in the heart is still
needed to correctly infer any benefit derived from the manipulation of the activity of this

receptor in patients with HFpEF.

d. Cellular structural changes

Overload pressure, oxidative stress and tissue injury, as well as the influence of
neurohormonal and inflammatory mediators, like Ang I, endothelin-1, catecholamines, growth
factors and TNF-a, foster ventricular hypertrophy (reviewed in 1?°). While cardiac hypertrophy
may be considered a physiologically adaptive response to external insults, over time it becomes
pathological resulting in progression to HF*1%°,

The myocardial adenosine content highly increases in hypertrophied hearts?*?’. Given
that the nucleoside counteracts the activity of many neurohumoral factors involved in cardiac
hypertrophy, namely endothelin-1'%, renin-angiotensin-aldosterone system®! and TNF-a'*?,
and it inhibits noradrenaline release from overactivated sympathetic nerves 33, it was
hypothesized that adenosine may exert an anti-hypertrophic action and, in this sense,
counteract cardiac dysfunction®*. Indeed, inhibition of adenosine uptake with dipyridamole
increased myocardial adenosine levels, which significantly ameliorated LV filling and pulmonary
congestion, while attenuating B-adrenergic dysfunction, in rats with pressure overload cardiac
hypertrophy due to abdominal aortic constriction (Table 1)'*. Conversely, inhibition of
adenosine formation from released adenine nucleotides in CD73 deficient mice promoted
myocardial hypertrophy, LV dilation and LV dysfunction (Table 1) after aortic constriction, but
not in healthy animals'®. These findings strengthen the theory that adenosine may exert a
cardioprotective role in conditions of chronic systolic overload through activation of the
mechanistic target of rapamycin (mTOR)/ p70S6K pathway*3®.

It, thus, seems that A1AR play a chief role in the putative anti-hypertrophic action of
adenosine in the heart®3*137 The enzymatically stable A;AR agonists, 2-chloroadenosine

(CADO) and Né-cyclopentyladenosine (CPA), significantly reduced the plasma concentrations of
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noradrenaline, renin, and brain natriuretic peptic (a molecular marker of cardiac hypertrophy)
in a mice model of TAC-induced HF (Table 1)*3%. When used in vivo, these drugs also effectively
attenuated cardiomyocytes hypertrophy and fibrosis in interstitial and perivascular spaces
through A;AR activation, resulting in improved cardiac function and reduced pulmonary
congestion®*, Both CADO and CPA attenuated protein synthesis induced by activation of Gg-
protein-coupled receptors for Angll, endothelin-1, and noradrenaline, as well as the PKA-
mediated hypertrophic actions of isoproterenol in neonatal rat cardiomyocytes!4. Interestingly,
in vivo stimulation of aj-adrenoceptor with phenylephrine upregulated A;ARs expression.
Activation of overexpressed A;AR with CPA counteracted the hypertrophic phenotype caused
by phenylephrine, but the same was not verified concerning cardiac hypertrophy/ fibrosis
caused by Angll and IGF1 (Table 1)'¥. These findings suggest that different signalling pathways
operate maladaptive cardiac responses to distinct neurohumoral agents, namely Angll and
phenylephrine!®’.

Adenosine counteraction of cyclic AMP accumulation induced by [(-adrenoceptors
stimulation (anti-adrenergic effect), has been proposed to explain the anti-hypertrophic effect
of the nucleoside (Figure 3)*3%, while regulation of G protein signalling 4 which attenuates Gq
induced hypertrophy could explain its opposing effect regarding cardiac hypertrophy caused by
the aj-adrenoceptor agonist'®*. A;AR-receptor-mediated interference on intracellular Ca®
handling may also play a role against myocytes hypertrophy probably by downregulating the

calcineurin pathway?!3®

. As a matter of fact, sustained B-adrenergic activation increases
interstitial fibrosis and myocyte hypertrophy, two features of myocardial remodelling and HF**°,
Upon B-adrenergic stimulation, cardiomyocytes let intracellular cAMP flow to the extracellular
space via the ATP-binding cassette sub-family C member 4 transporter where it may act as an
important paracrine cardioprotective signalling molecule. Once in the extracellular space, cAMP
may be enzymatically converted to AMP by ecto-phosphodiesterases, which will then be
dephosphorylated to adenosine by ecto-5'nucleotidase/CD73. In this sense, one may
hypothesize that myocardial hypertrophy due to B-adrenoceptors overactivation may be
partially counteracted by extracellular adenosine yields through activation of A;AR negatively
coupled to the AC while delivering anti-fibrotic signals to cardiac fibroblasts through A,AR

)1%. Thus, the anti-adrenergic effect of adenosine may serve as an

activation (Figure 3
endogenous local B-blocker by limiting intracellular cAMP formation with inherent beneficial
cardiac effects. As a matter of fact, capadesonon (CAP), a partial A;AR agonist, decreased
myocardial hypertrophy and fibrosis, while increasing capillary density and oxygen supply, which

)99

significantly improved LV function in dogs with advanced HF (Table 1)*. All together these
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evidences suggest that A;AR may be a potential target to prevent transition from compensated
myocardial hypertrophy to irreversible HF.
In addition to the Aj;AR-mediated anti-hypertrophic effect of adenosine, A;aAR

85107 and decreased

overexpression or agonist activation attenuated cardiomyocyte hypertrophy
hypertrophy-associated genes encoding B-myosin heavy chain and atrial natriuretic peptide
along with their transcription activator protein GATA-4 in mice with pressure-induced HF
secondary to TAC®. These cardioprotective A;AR-mediated effects are associated with
attenuation of the inflammatory response via MAPK- and PKC-operated pathways
independently of PKA activation®.

Considering the prominent cardioprotective role to adenosine against chronic cardiac
pressure overload, unexpected results were obtained using AsAR knockout (KO) mice as these
animals exhibited partial resistance to TAC-induced LV hypertrophy, fibrosis, and oxidative stress
(Table 1)**°, Hemodynamically, AsAR KO mice exhibited higher ejection fractions and smaller LV
end-systolic diameters compared to wild type animals; the plasma levels of the atrial natriuretic
peptide detected in the AsAR KOs were also lower compared to controls confirming less cardiac
hypertrophy. Authors interpreted their findings by suggesting that AsAR activation might
potentiate the inflammatory response triggered by cardiac pressure overload, thus favouring LV

140 in line with the paradigm recently advocated to explain

hypertrophy and cardiac dysfunction
HFpEF. In this context, it was interesting to verify that selective blockage of AsAR with MRS1911
potentiated the anti-hypertrophic effect of CADO in cardiomyocytes treated with
phenylephrine, strengthening the idea that activation of the AsAR might have a deleterious
effect in cardiac remodelling following chronic pressure overload'®. The effects obtained with
the A3AR antagonist were remarkably similar to those verified upon reducing the activation of
MAPK and PI3K-Akt signalling pathways'*°, which are often activated in response to extracellular

stress, such as oxidative stress and inflammation?*?°

. While confirmation of the protective role of
A3AR blockage on the inflammatory component attenuating pressure overload cardiac
remodelling requires the use of more potent and selective drugs, it is also worth noting that the
adenosine deamination metabolite, inosine, may exert opposite effects to adenosine and is a
potent AsAR agonist, which may accumulate in tissues infiltrated by ADA-bound inflammatory
cells?®®, This concept raises new lines of research using multi-target drugs designed to increase
local adenosine levels while decreasing inosine formation (e.g. ADA inhibitors also blocking
adenosine cellular uptake, like the lymphocytotoxic drug 2'-deoxycoformycin or pentostatin)

applied in combination with enzymatically stable adenosine receptor agonists and/or

antagonists.
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There is evidence that adenosine may also exert cardioprotective actions in the heart
via non-receptor-mediated mechanisms. In support of a role for intracellular adenosine
metabolism in regulating hypertrophy, it has been demonstrated that ADK inhibitors, such as
iodotubercidin and ABT-702, completely reversed the anti-hypertrophic actions of adenosine
and its enzymatically stable analogue, CADO, in phenylephrine-induced hypertrophic neonatal
rat cardiomyocytes'#!; data identified ADK as an important mediator of adenosine attenuation
of cardiomyocyte hypertrophy acting, at least in part, through inhibition of Raf signalling to
MTOR/p70S6k. The role of ADK in the anti-hypertrophic effect of adenosine has also been
demonstrated in vivo in a KO mice model of cardiac pressure overload induced by TAC (Table
)42, ADK enzymatic activity dampened cardiac growth signalling (by mTOR complex 1 and Erk),
as well as the excessive microtubule stabilization/detyrosination4?. Overall, these data points
towards a novel ADK-dependent adenosine receptor-independent mechanism to protect
against adverse hypertrophy remodelling and excessive cardiomyocyte microtubule

stabilization.

e. Cardiometabolic dysfunction

Mechanisms underlying impaired myocardial energetics in HF can be divided into three
subgroups: 1) abnormal mitochondrial structure and function; 2) change in substrate utilization;
and 3) intracellular Ca?* overload®,

The failing heart is characterized by abnormal mitochondrial structure and function
including hyperplasia and reduced organelle size, poor organelle respiration, reduced
mitochondrial membrane potential and opening membrane permeability pores. Therefore, ATP
synthesis is reduced because of impaired electron transport chain and excessive ROS generation
by mitochondria is also observed!*. Association between A;AR activity and mitochondrial
dysfunction has been observed in HF (Figure 3)%. Treatment with the partial A1AR agonist, CAP,
caused a near normalization of mitochondrial dysfunction in animal models of HF (Table 1)*°. CAP
decreased the opening rate of mitochondrial permeability transition pores resulting in reduced
apoptosis and normalization of citrate synthase expression, used as a marker of unaltered
mitochondrial function®. Likewise, the A;AR agonist, 2-choloro-N°-cyclopentyladenosine
(CCPA), reduced the permeability of mitochondrial transition pores in rat cardiomyocytes
submitted to hypoxia through a mechanism involving PKC activation, stabilization of
mitochondrial membrane potential and inhibition of ROS production, culminating with the

opening of Kare mitochondrial channels'*, The low affinity A;sAR has also been associated with
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the reduction of the production of mitochondrial ROS via a mechanism involving PI3K, Erk and
NOS in adult rabbit cardiomyocytes'*.

Due to abnormal mitochondrial structure and function with consequent impairment of
the electron transport chain, there is a switch in the cellular energetics in the failing heart from
a preferential metabolism of fatty acids to glucose. This shift in the cellular energetics to
anaerobiosis in order to spare oxygen consumption is potentiated by A;AR activation, as these
receptors have been shown to restore the plasma membrane expression of glucose transporters
1 (GLUT)-1 and 4 (GLUT-4) to normal levels (Table 1) and to decrease levels of free fatty
aCid5146'147.

Intracellular Ca%* overload in HF results, among other mechanism, from an abnormal
function of the sarco/endoplasmic reticulum Ca%*-ATPase (SERCA) 2a, which normally pumps
Ca?* from the cytosol into the sarcoplasmic reticulum during diastole; as a consequence, active
muscle relaxation is impaired and ventricular cardiomyocyte stiffness becomes an issue’.
Activation of A;AR with CAP ameliorated SERCA2a function, which by restoring the buffering
Ca?* capacity of the sarcoplasmatic reticulum indirectly facilitates the diastolic relaxation of
cardiomyocytes, while also restraining intracellular Ca?* overload before the next contraction
(Table 1)*°. On the other hand, although the activation of the A;sAR increases intracellular Ca?*
transients during systolic activity, they rapidly subside during diastole in a mouse model of

cardiac pressure overload due to TAC®, through a PKA dependent mechanism (Table 1)%.

5. Important comorbidities in HFpEF

a. Diabetes mellitus and metabolic syndrome

Diabetes mellitus (DM) is frequently associated to the occurrence and severity of HF in
clinical practice; roughly 30-40% of patients with HFpEF are also affected by this
endocrinopathy'®®. According to the clinical trial RELAX (Phosphodiesterase-5 Inhibition to
Improve Clinical Status and Exercise Capacity in Diastolic Heart Failure), diabetic HFpEF patients
were younger, mostly males, and affected by other comorbidities, namely obesity,
hypertension, renal dysfunction, pulmonary disease and vascular disease'®®. HFpEF patients
with DM have worse prognosis concerning morbidity and mortality, which may be related to a
more severe disease phenotype associated with higher filling pressures'®.

The role of adenosine in insulin resistance and obesity has been recently reviewed by
our group®. Adenosine, via A;AR activation, supresses lipolysis and plasma free fatty acids;

increases lipogenesis and adipogenesis; it also regulates insulin sensitivity and glucose tolerance,
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indirectly interfering with myocardial substrate handling®*!>2, Moreover, it has been recently
shown that adenosine, via ADA acting on RNA 1, may control appetite signalling and modulation
along with limiting obesity and insulin resistance (Table 11)'4. ADA acting on RNA 1-deficient
heterozygous mice fed with a high fat diet (HFD) for 12 weeks exhibited a lean phenotype
compared to wild type controls which became obese within the same time period; the lean
phenotype was associated with reduced fat mass, together with less severe dyslipidaemia and
insulin resistance parameters'¥’. Under the same experimental conditions, ADA acting on RNA
1-deficient heterozygous mice submitted to HFD showed decreased food intake, decreased
gastric ghrelin expression, and attenuated the reduction of serum peptide YY levels?,
Altogether these findings suggest that ADA acting on RNA 1 may contribute to diet-induced
obesity by modulating genes related to appetite control, such as ghrelin ("hunger hormone")
and peptide YY ("satiety hormone")¥,

In mice with streptozotocin (STZ)-induced diabetes, activation of the AjAR with CPA
decreases plasma glucose, cholesterol, and triglyceride levels, and improves glucose utilization
in peripheral tissues by increasing its uptake and glycogen synthesis by target cells (Table I1)1%3,
In this context, A;AR agonists have been proposed for the treatment of type 2 DM and obesity.
Several A;AR agonists have been evaluated in clinical trials for type 2 DM with proven ability to
increase insulin sensitivity. The first A;AR full agonists undergoing clinical trials, ARA and
GR79236, were successful in improving insulin sensitivity, but failed their goals due to
undesirable cardiovascular side effects'>*. GS-9667 (previously known as CVT-3619), a highly
selective partial A1AR agonist, reduced plasma free fatty acids and was well-tolerated both in
healthy non-obese and obese subjects, without showing any signs of receptor desensitization or
rebound problems on suspension (Table 11)**6, This is not surprising given to the fact that A;AR
are highly much more abundant in adipocytes than in the atrioventricular node>>*6,

Activation of the low affinity A;sAR has been given a special attention as a putative
therapeutic target for obesity due to its ability to inhibit adipogenesis, increase lipolysis, improve
insulin signalling and decrease white adipose tissue mass, which are key pathological features
underlying obesity development>7158, Activation of A;xAR also increases lipolysis; this receptor
is by far more expressed in the brown adipose tissue compared to the white adipose tissue,
which might explain why it favours thermogenesis and browning of the white adipose tissue®°,
These findings together with the anti-inflammatory potential of A;sAR activation, put this
receptor in good position to counteract insulin resistance®. Previous results using the DOCA-
salt induced hypertensive mice model of cardiac remodelling showed that A,;sAR activation
promotes the release of fibroblast growth factor 21 by brown adipocytes, which presence seems

to be crucial to combat hypertensive cardiac remodelling (Table 1)}*’. Confounding data,
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however, emerged from studies where the chronic consumption of caffeine reduced the risk of
insulin resistance and type 2 DM, It is worth noting that caffeine is the most widely
psychoactive substance consumed worldwide and it acts mainly through the antagonism of
adenosine receptors under moderate consumption of caffeine-containing beverages. A recent
study carried out in Wistar rats of both gender fed either with a normalized chow or with a high-
sucrose (HSu) diet showed for the first time that chronic adenosine receptor blockage with
caffeine favoured insulin resistance in control animals, while restored insulin sensitivity in
animals treated with the HSu diet (Table 11)!°. These authors also made clear that whole-body
insulin sensitivity is under the control of both A,aAR and/or A;sAR given to the fact that selective
blockage of each one of these receptors rescued impaired insulin sensitivity in skeletal muscles,
both in males and females. Concerning the adipose tissue, chronic A;AR antagonism decreased
fat accumulation, whereas the opposite was observed upon blockage of A>aAR and/or AsRAR; in
this respect, gender differences were found with A;AR blockage being more effective in females,
while antagonism of the A.aR was more powerful in males. Overall, these findings indicate that
the effect of adenosine against insulin resistance via A>aAR and/or A;AR is more prominent in
skeletal muscles rather than in the adipose tissue where the A;AR seems to predominate®®®,
Accumulating evidence suggest a role for adenosine in endothelial homeostasis
maintenance. Due to its high affinity for the nucleoside, ADK is a key intracellular enzyme that
is responsible for maintaining low intracellular adenosine levels while consistently driving the
nucleoside to the purine nucleotides salvage pathway'®!. Deletion of ADK, leading to increased
intracellular adenosine accumulation and subsequent outflow of the nucleoside from cells, was
found to increase B-cell replication, thereby protecting against HFD-induced glucose
intolerance'®. Endothelial ADK was significantly upregulated in mice submitted to HFD;
conversely, endothelial-specific ADK deficiency protected mice from HFD-induced insulin
resistance and metabolic syndrome probably by increasing adenosine translocation to the
extracellular milieu where it can activate plasma-membrane bound receptors, including
endothelial A;AR, which downstream contributes to phosphorylate NOS 3 fostering NO
production and NO-related protective anti-inflammatory effects due to vasodilation and
angiogenesis (Table 11)!%, The anti-inflammatory potential of ADK inhibition is also associated
with reduced leucocyte adhesion to the endothelium, further contributing to regulation of

glucose homeostasis and insulin sensitivity!%4,

b. Renal dysfunction
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Upon population aging and incorrect lifestyle habits the prevalence of HFpEF and CKD is
dramatically increasing®>1%, HFpEF has been considered a “vicious cycle” disorder of kidney and
cardiovascular function disequilibrium, as the presence of either HFpEF or CKD may accelerate
the pathological progression of each other. Both disease conditions have overlapping
comorbidities, including association with hypertension, diabetes and obesity, and share
common underlying features, like hypervolemia, systemic inflammation and endothelial
dysfunction'®.

Adenosine has been reported to reduce urinary protein excretion!®’, an earlier marker
of underlying kidney injury causing renal dysfunction'®, by acting at the kidney level (reviewed
in 1%9). Specifically, adenosine controls renin release, glomerular filtration rate, tubuloglomerular
feedback mechanism and vascular tone through all four P1 receptor subtypes.

The A;AR plays an important role in renal physiology, as it controls afferent arteriole
vasoconstriction, reabsorption of sodium in the proximal tubule and the tubuloglomerular
feedback; through inhibition of renin release from justaglomerular cells along with renal
arteriole vasodilation, adenosine reduces renal blood flow lowering the glomerular filtration
pressure 1%, Reduction of the glomerular filtration pressure by A:AR activation is protective on
its own against kidney damage caused by metabolic diseases, such as diabetes and
hypertension, which are common comorbidities of HFpF*¢®1%°, The promising favourable effects
of sodium-glucose cotransporter-2 inhibitors (SGLT2i), like empagliflozin, on diabetes-related
hyperglycaemia, obesity and hypertension may be at least in part mediated by the reduction of
glomerular hyperfiltration via activation of A;AR receptors and TGF-mediated afferent arteriolar
vasoconstriction, independently of their ability to lower the plasma glucose levels’®. SGLT2i use
provide a new perspective for the cardio- and reno-protective role of A;AR activation as it
decreases the intraglomerular pressure and prevents hyperfiltration, which may counteract CKD
progression and impaired renal function indirectly ameliorating the cardiovascular outcome 7°,
Moreover, renal activation of A;AR reduces the metabolic demand, tubular cell apoptosis and
inflammatory reactions in mice models of I/R (Table I1)17%172, strengthening the reno-protective
effects of A1AR agonists.

The ability of A;AR antagonists to induce natriuresis without compromising the
glomerular filtration rate suggests that this approach may be beneficial to control volume
overload disorders, such as HF'’3, The selective A;AR antagonist, rolofylline, increased diuresis
in patients with acute HF and enhanced diuresis and renal plasma flow in patients with chronic
HF (Table 11)}"417> However, in the large phase lll clinical trial PROTECT, rolofylline reduced fluid
retention, but did not prevent the worsening of renal dysfunction in acute HF patients’®, In fact,

despite the putative benefits in controlling hypertension and volume overload, inhibition of the
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A:AR activity may be detrimental for glomerular architecture and function, as it increases
intraglomerular pressure by antagonizing preglomerular vasoconstriction operated by A;AR”.

Notwithstanding this, long-term dual blockage of A1AR / AsAR with the orally-available
drug tonapofylline (BG9928) reduced glomerulosclerosis in ZSF; rats used as an animal model of
HFpEF related to metabolic syndrome!”’. Diabetic nephropathy is associated with reduced
nitrergic vascular innervation, NO bioavailability and VEGF-NO uncoupling leading to excessive
endothelial cell proliferation, stimulation of macrophage chemotaxis and VSMCs growth, which
ultimately causes glomerular hypertrophy favouring proteinurial’®. Taking these findings
together, it may well be that the renoprotective effect of BG9928 in preventing
glomerulosclerosis may be undertaken by the A;sAR antagonism!”’. Indeed, isolated renal
fibroblasts treated with the A,;sAR agonist, BAY-606583, increased the release of pro-
inflammatory and pro-fibrotic mediators'’®. On the other hand, blockage of the A;sAR with
MRS1754 significantly decreased albuminuria and improved the renal function in STZ-induced
diabetic mice; the antagonism of overexpressed A;sAR normalized VEGF-A upregulation in these
animals, while enhancing NO production and decreasing the occurrence of glomerulosclerosis
lesions (Table I1)8°,

In a recent study performed in a rat model of HF secondary to renal injury the
mineralocorticoid receptor antagonist, spironolactone, significantly up-regulated the A AR
expression, inhibited endothelial-to-mesenchymal transition and attenuated cardiorenal
fibrosis, both in vivo and in vitro (Table 11)*8. These outcomes suggest the A;,AR as a potential
therapeutic target for the cardiorenal syndrome®®, In addition to the anti-fibrotic role of the
AAR, its ability to dilate the efferent arteriole may be renoprotective role by reducing the
glomerular pressure’®. Long-term administration of the selective A2AR agonist, CGS21680,
reduces diabetes-induced glomerular hyperfiltration in STZ-induced diabetic mice through a
mechanism depending on NO production (Table 11)!¥. The anti-inflammatory role of A;AR
activation was reflected by a decreased number of infiltrating immune cells and in the reduction
of urinary pro-inflammatory cytokines along with reduced albuminuria®®. These results were
corroborated by a different research group using the same animal model, who proved that
selective AzsAR activation with CGS21680 prevents proteinuria and glomerular damage by
activating T regulatory cells resulting in reduced macrophage infiltration and TNF-a secretion
(Table 11)!8, Likewise, inhibition of ADK leading to adenosine overflow to the extracellular milieu
had a protective role against renal failure in STZ-induced diabetic mice by decreasing renal
inflammation and oxidative stress lesions and by restoring glomerular filtration and permeability

(Table 11)'®, These effects were consistent with the reduction in renal macrophage infiltration,
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nuclear factor-kB phosphorylation and monocyte chemoattractant protein-1 excretion, along
with increased endothelial NOS expression and MAPK phosphorylation®®.

In a model of hypertensive-diabetic nephropathy using spontaneously hypertensive
(SHR) rats treated with STZ, the enzymatically-stable adenosine analogue, CADO, improved
glucose metabolism (decreased hyperglycaemia and glycosuria), renal function (decreased
proteinuria), and renal fibrosis (decreased glomerular collagen deposition), along with
decreased renal oxidative stress (Table 11)'®; authors interpreted these findings as being
mediated by renal A;AR activation, given that this receptor, but not A1AR nor AAR,
immunoreactivity was upregulated in superficial glomeruli, proximal tubules, and distal tubules
of the kidneys of this animal model*®®. The use of the hypertension-inducing adenosine receptor
antagonist, 1,3-dipropyl-8-sulfophenylxanthine aggravated renal fibrosis, but did not alter the
global metabolic status and renal function, most probably due to selective preservation of tonic
activation of AsAR, given that downregulation of this receptor by long term activation is
considered protective against renal fibrosis’®®. Taken together, these results emphasize the
protective role of adenosine in hypertensive-diabetic nephropathy through dynamic expression
of its receptors, which may be fine-tuned by A,AAR upregulation and AsAR downregulation, thus
prompting for a novel therapeutic target for this disease conditions&®,

As a matter of fact, AsAR overexpression may be a therapeutic target to abrogate
progression of diabetic nephropathy in db/db leptin receptor deficient mice, the most widely
used animal model of type 2 DM exhibiting increased body weight, impaired glucose tolerance,
and LV hypertrophy leading to HFpEF, while showing no changes in blood pressure. Chronic
administration with LJ-2698 (a novel orally-active and highly selective AsAR antagonist) to these
animals was more efficient in preventing diabetic nephropathy progression than the widely used
AT, receptor antagonist, losartan (Table 11)*¥’. Moreover, inhibition of renal lipid accumulation
with increases in PGCla, a key regulator of mitochondrial biogenesis, were obtained upon
treating these animals with either LJ-2698 or losartan, further supporting the renoprotective
effects of selective AsAR antagonism?®’. Whether the combination of A;AR and AT; receptor

antagonists exerts synergic renoprotective effects requires investigation in future studies®.

c. Pulmonary disease
Left heart disease (LHD)-induced pulmonary hypertension (PH) (PH-LHD), the WHO
group 2 of PH, tend to be more symptomatic and to have worse prognosis when compared to
patients with LHD alone®®, Specifically, PH associated with diastolic dysfunction, also referred

as PH secondary to HFpEF (PH-HFpEF) is the most common endophenotype attributable to
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LHD®, Diastolic dysfunction coupled with LA changes in HFpEF result in a passive backward
transmission of increased LV filling pressure with consequent increases in pulmonary
congestion®®®, As aforementioned, studies in animal models of HFpEF induced by cardiac
pressure overload revealed a putative beneficial role of adenosine in improving cardiac structure

134,189

and function alterations and, thereby, attenuating cardiac dysfunction while decreasing

133 Major benefits of adenosine in this endeavour result from A;AR and

pulmonary congestion
A22AR activation®28>107 gssociated or not with A;AR antagonism*°, which may also ameliorate
symptoms and prognosis of HFpEF caused by cardiac pressure overload.

Adenosine levels in the pulmonary circulation are pathologically low in patients with
WHO group 1 pulmonary arterial hypertension (PAH) as a consequence of local endothelial
dysfunction and increased inactivation by ADA, possibly indicating that adenosine A;AR and

A22AR activation deficits unbalanced by inosine-mediated AsAR tonel®

may contribute to
maladaptive lung disease!®. In contrast to other vascular beds where adenosine has potent
vasodilatory actions, in the pulmonary circulation the nucleoside exerts dual opposing effects
depending on the vascular tone®. Under low pressure conditions, adenosine fosters
vasoconstriction through A;AR activation, whereas upon increasing the vascular tone, as
observed in PH, the A;AR subtypes acquire more relevance to promote vasodilatation.

Among all adenosine receptor subtypes, the A,nAR gathered the most attention
concerning PAH treatment given to the fact that A,aAR KO mice exhibit structural and functional
abnormalities similar to PAH%1%3 and overexpress RhoA and ROCK at mRNA and protein levels,
which are known to be involved in pulmonary vascular remodelling and PAH pathophysiology
(Table 11)1%3, In mice with PAH induced by monocrotaline (MCT), activation of A;AR reduced
pulmonary endothelial dysfunction and vascular remodelling, while increasing pulmonary
vasodilation and the LV stroke volume (Table 1)}*'*, The way adenosine builds its positive
influence on RV hypertrophy and dysfunction may be indirectly related to the counteracting
effects of the A;aAR on increased pulmonary resistance (Table 1), Synergism between the
A2,AR agonist, LASSBio-1359, and the phosphodiesterase type 5 inhibitor, sildenafil, has been
observed in the treatment of rats with PAH; combination of low doses of these two compounds
decreased pulmonary endothelial dysfunction and RV overload, hypertrophy and dysfunction
(Table 1)**8, opening a new avenue for the use of LASSBio-1359 in combination with sildenafil in
PAH patients refractory to monotherapy with the phosphodiesterase type 5 inhibitor%,
Additionally, the anti-inflammatory actions of A;aAR agonists may improve cardiopulmonary
homeostasis as discussed above. Although stress tests with the A,AAR agonist, regadenoson,
showed no major adverse effects in PAH patients, clinical trials to evaluate its therapeutic

potential are still needed in these patients??’.
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Immunolocalization studies demonstrated infiltration of the RV myocardium by A;sAR -
positive fibroblasts and macrophages in rats with MCT-induced PAH%, This result is compatible
with adenosine being able to downregulate pro-inflammatory and pro-fibrotic stimuli, thus
contributing to mechanical adaptation of RV in response to cardiac pressure overload!®®. COPD,
a highly prevalent pulmonary comorbidity in patients with HFpEF, is also linked to PH
development. Interestingly, COPD patients with PH exhibit increased pulmonary vascular
remodelling and mastocyte-induced airway hyperactivity associated with A;sAR overexpression
(Table 1)¥*°. Notwithstanding this, the role of the low affinity A;AR in cardiopulmonary
pathophysiology lacks comprehensive studies before inferring any beneficial effects from
targeting this receptor to improve RV failure secondary to PAH (reviewed in 33). Besides
controversial studies claiming deleterious effects of A;sAR in cardiopulmonary pathophysiology
others (fewer) emphasize some beneficial effects from AzAR activation®,

Considering that most studies available so far about the role of the AxAR in
cardiopulmonary function rely on animal models of PAH, care must be taken before
extrapolating the therapeutic effects of this receptor in PH-HFpEF. While the vast majority of
PH-HFpEF patients develop HF secondary to pulmonary venous congestion (isolated post-
capillary PH)'®, studies have shown that many patients with HFpEF also present with coexisting
pulmonary vascular disease due to a metabolic syndrome-induced low grade inflammatory
status?®, Together with the control of actual lifestyle trend leading to increased prevalence of
cardiometabolic diseases, development of novel therapeutic strategies towards combined pre-
and post-capillary PH is an unmet clinical need®®. Through its cardiovascular protective effects
and role in metabolic diseases, together with aforementioned effects in PAH, adenosine
signalling stands as a putative novel target to manage PH-HFpEF, providing that data from

preclinical studies translate correctly to clinical trials in humans.

6. Targeting adenosine signal nuances in the treatment of HFpEF

Adenosine handling, metabolism and signalling is implicated in cardiac remodelling and
progression to HF (Table Ill). Indeed, increased cardiac and plasma adenosine levels are
hallmarks of severity in patients with HF, which might result from decreased cellular energy
charge, shift to anaerobic metabolism, plasma membrane damage and decrease ADA
activity?®?’. Excessive adenosine endogenous tone may lead to downregulation of adenosine
receptor genes, namely A;xAR, A2sAR and AsAR, in the failing heart?®?’. Alterations in adenosine
signalling might contribute to the pathological changes detected in failing hearts; given that

adenosine receptors regulate numerous molecular pathways implicated in the pathophysiology
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of HF, increased endogenous adenosine levels may reflect an adaptive mechanism to counteract
adenosine signalling impairment?®?’, This is confirmed because increases in the myocardial
concentration of adenosine obtained by inhibiting the nucleoside cellular uptake is protective
against cardiac remodelling and B-adrenergic dysfunction, thereby counteracting progression to
HF135.

As already outlined, all adenosine receptor subtypes may be involved, in one way or
another, in the pathophysiology of HFpEF and related comorbidities (Figures 2 and 3). Data
indicate that A;AR provides cardioprotective effects due to reversal of cardiac
hypertrophy/remodelling, improvement of mitochondrial function, enhancement of SERCA2a
activity and Ca?* handling, increases in capillary density and oxygen diffusion distance,
modifications in substrate utilization, and enhancements in skeletal muscle performance. In
addition, A;AR activation has been associated to anti-ischemic properties by decreasing
catecholamine release and B-adrenergic overactivation**?%1, Activation of A;AR also improves

the metabolic profile!*®

and attenuates renal metabolic demand and glomerular filtration
pressure’®, It is, therefore, not surprising that the most expressed adenosine receptor in the
heart, the A;AR, has been the most widely studied receptor in cardiovascular, renal and
metabolic diseases, both at preclinical and clinical levels®431%4292 However, the anti-adrenergic

203
’

cardioprotective effects of the A1AR may be partially counteracted by A;xAR activation®®, as

detected in cardiac pressure overload®® and hypertensive animals?®,

However, clinical application of A;AR full agonists may present some limitations related
to off-target side effects, either cardiac (bradycardia up to atrioventricular block, negative
dromotropy and inotropy) and extra-cardiac (functional depression of the central nervous
system, inhibition of diuresis by reduction in glomerular filtration rate and related
vasoconstriction of afferent arteriole, lipolysis and decreased glucose tolerance)**?%!, Another
potential limitation of chronic administration of A;AR full agonists is receptor desensitization?°.,
Mounting preclinical evidence now suggest that partial A1AR agonists may have a more
favourable haemodynamic profile with minimal side effects in terms of heart rate,
atrioventricular conduction, blood pressure and renal function, along with no evidence of

43,201 agreeing with our prediction that adenosine

adenosine-mediated negative inotropism
acting via the AjAR is a chronoselective atrial depressant®. These findings prompted for the
development of clinical trials with A;AR partial agonists for HF either with reduced ejection
fraction or HFpEF patients?®®. Data from two small pilot studies demonstrate that the novel
orally-available partial A;AR agonist, neladesonon, seems to be safe with no atrioventricular,

neurological, and renal side effects in patients with HF with reduced ejection fraction?®, but no

beneficial early changes in the cardiac function were observed (Table 1)?°. Data from a phase Il
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double-blinded placebo-controlled clinical trial (PANACHE), designed to explore the effects of
neladesonon on exercise capacity among 300 patients with HFpEF, has been recently provided
(Table 1)22, Neladesonon did not had a significantly impact on exercise capacity, which was
interpreted given to the fact that enrolled HFpEF patients had lower than normal prevalence of
coronary artery disease together with a higher prevalence of patients using B-blockers that may
abrogate the antiadrenergic effects of the A;AR partial agonist?®2. Although the results were
disappointing, a low incidence of major adverse effects were observed in patients under

neladesonon treatment?®

, except a dose-dependent decline in renal function and heart rate,
reflecting the previously mentioned vulnerable balance between adenosine receptor agonists
and antagonists in HF?%2,

Data from preclinical studies also ascribed cardioprotective roles to the A;AAR subtype.
Activation of A;sAR attenuate cardiac, renal and pulmonary damage due to its ability to
counteract inflammation, in addition to its vasodilation and angiogenic properties, while
increasing cardiac inotropism without interfering with Ca?* homeostasis®®. Positive cardiac
repercussions against hypertensive remodelling resulting from A,AAR activation may be owe to
amelioration of insulin resistance associated with its effects on brown adipocytes and
inflammation”*0, Controversy still exists regarding the effect of the A;aAR on the whole body
insulin sensitivity, since antagonism this receptor in skeletal muscles attenuated whole-body
insulin resistance®, Like that observed for the A;AR subtype, the anti-adrenergic effect of the
A2AR is also impaired in hypertensive animals?®*. The chronic use of selective A;xAR agonists
are also not free of cardiovascular side effects, like arterial hypotension and tachycardia.
Additionally, these compounds may have residual actions on other adenosine receptor
subtypes. This pushed forward a new era of nucleoside-5-monophosphates as prodrugs of
A2xAR activators, which require ecto-5'-nucleotidase/CD73 activation in close proximity to
receptor sites?®”2%, providing that the adenosine forming enzyme is available and functional.

Conflicting evidence exists regarding A;sAR-mediated cardioprotection, as well as its

112-114

pulmonary effects (Table I11)!8. While activation of A;AR may counteract fibrosis and

ischemic preconditioning?® in the heart, other studies suggest that this low affinity adenosine

124122 55 well as in renal

receptor may be deleterious in ischemic cardiac remodelling
fibrosis'’”18, Like A2aAR, the action of the A2AR in DM and obesity is also controversial*®®. The
same occurs regarding the least expressed AsAR in the heart (Table 111)°. The AsAR may be
cardioprotective against reperfusion®®7° by promoting angiogenesis’®, but it may aggravate
pathological structural changes in the heart'*® and kidney?°,

Manipulation of endogenous adenosine inactivation, through cellular uptake and/or

ADA, may be a valuable strategy to increase the extracellular concentration of the nucleoside
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and, thereby, its receptors activation. Inhibition of ENT by dipyridamole attenuates cardiac
remodelling and LV dysfunction, prevents B-adrenergic dysfunction and induces coronary
vasodilation®21%, Downregulation of ADA activity counteracts diet-induced obesity and insulin
resistance through decreases in food intake!¥’. The adenosine deamination metabolite, inosine,
may exert opposite effects to adenosine in the heart via A3AR receptors, which activation is
strengthen when tissues become infiltrated by ADA-bearing inflammatory cells'®. This concept
raises new lines of research using multi-target drugs designed to increase local adenosine levels
while decreasing inosine formation (e.g. ADA inhibitors also blocking adenosine cellular uptake,
like the lymphocytotoxic drug 2'-deoxycoformycin or pentostatin) applied in combination with
enzymatically stable adenosine receptor agonists and/or antagonists'®,

Regulating intracellular adenosine concentration by manipulating ADK, a key
intracellular enzyme that is responsible for maintaining low intracellular adenosine levels, thus
favouring extracellular adenosine uptake by the cells, may also be a putative strategy to increase
the extracellular levels of the nucleoside (Table ). As a matter of fact, inhibition of ADK may be
cardioprotective due to increases in the extracellular levels of the adenosine which stimulates
angiogenesis, promotes insulin sensitivity, and attenuates inflammation and oxidative
stressl00183185. contrariwise, when this enzyme is fully operative reduction of the extracellular
levels of the nucleoside may be deleterious as it abrogates the anti-hypertrophic effect of
adenosine*142,

Aforementioned data suggest that before translating the putative preclinical benefits of
manipulating the adenosinergic signals to the therapeutic armamentarium, one must keep in
mind that adenosine production and/or inactivation, receptor subtype expression dynamics,
and downstream intracellular messenger pathways might change in a moment-to-moment basis
according to the tissue, pathological situation and stage of each disease condition. Another
pitfall in our current knowledge is due to the relatively complex pathophysiology of HFpEF owing
to a limited number of animal models that reflect entire features of the human pathology, thus
further challenging translation of preclinical data to clinical settings®'’. Nevertheless, the beauty
of targeting the adenosinergic system is that it can differentially control not only heart structure
and function abnormalities, but also most of the co-morbidities concurring with HFpEF in terms

of precipitating causes and/or aggravating factors.

7. Conclusion
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Taken together, these preclinical and clinical evidences shed some lights on the
adenosine role in molecular mechanisms and comorbidities related to HFpEF. Adenosine was
found to counteract cardiac pathophysiological mechanisms implicated in this clinical syndrome,
namely cardiac inflammation and microvascular dysfunction, especially via A;ARs, in addition to
extracellular and cellular structural abnormalities, and energy metabolism and Ca?* handling,
being these effects more under A;AR and A,AR control. Consequently, adenosine also
counteracts cardiac remodelling and related diastolic dysfunction, the pathological hallmark of
this clinical syndrome. Considering the new paradigm of a systemic microvascular dysfunction
as a perpetuating factor for myocardial dysfunction, adenosine receptors, enzymatic machinery
and downstream intracellular messenger pathways surge as a promising treatment target, in
part because it is also implicated in a wide range of pathophysiological process related to HF
comorbidities, such as diabetes and metabolic syndrome, along with kidney and pulmonary

dysfunction.
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Quando fazes o bem, nasce dentro de ti um maravilhoso sentimento
(...) sim, é a isto mesmo que aspiro sentir.

Rabi Harold Kushner

30



Appendix | Apéndice

Table I: Results of adenosine receptors agonism/antagonism in heart failure with preserved ejection fraction and pulmonary hypertension. Different
agonists and antagonists were used to assess adenosine effects on cardiovascular diseases. The grey area corresponds to studies carried out in human patients.

Adenosine receptor manipulation

ég:g;i:: Pharmacological tool Model and species Outcome Comments Refs
Agonist Antagonist Other
Dipyridamole Sprague—Dawley T Myocardla'l ade'nosme Ieygls A1AR desensitization is in line with an
(Adenosine uptake rats (abdominal \ Chamber dilatation, LV*filling increased exposition to adenosine in 135
blocker) aortic banding) abnormalities and pulmonary congestion vivo
Prevented B-adrenergic desensitization
N CD73 exclusively on T cells
. M T cell enzymatic m:'\c/]P:!]ery for formation of Transient 4 in infiltration of
CD73 KO and CD4 (transv'\::zz aortic {J Cardiac function and M cardiac fibrosis in anmdogr)]s:s»;zfes’nfr’?\ngflzi/t:if;x?:'Id' cBecIIzH?I'- 83
D73 KO constriction) both CD73 KO and CD4 CD73 KO mice helper cells, and regulatory T ceIIs:
1 Proinflammatory cytokines in CD73 KO !
mice
TMA2AR on T cells
Mice Cardiac dysfunction was not present in
CD73-KO (transaortic 1 Myocardial hypertrophy healthy animals. Attenuation of 136
e /M LV dilation and LV dysfunction myocardial hypertrophy is due to
Heart failure constriction) mTOR®/p70S6K activation
with Mi In rat neonatal cardiomyocytes, ADK
preserved ADK-KO (translzjzrtic M LV hypertrophy and dysfunction activity dampened cardiac growth 142
ejection . /M Pulmonary congestion signalling and excessive microtubule
fraction constriction) stabilization/detyrosation
{ Plasma concentrations of noradrenaline,
H h
CADOS . c;erzli;carr:jpBe':ttophy RGS-4 is an inhibitory factor of
- R ) . hypertrophy due to attenuation of G-
{ Interstitial and perivascular fibrosis . . . .
(non selective) C57BL/6 mice 1 Gene expression of RGS'-4 protein mediating signalling
(transaortic {J' Myocardial dysfunction and pulmonary 134
constriction) congestion
A1AR These effects were abolished by
CPA J Cardiac hypertrophy DPCPX*. Studies with CPA and DPCPX to
(selective ) { Myocardial dysfunction evaluate the role of A1AR on cardiac
fibrosis were not performed
CPA C57BL/6 mice f‘gegd‘f'at'on of dAllﬁR CPA did not attenuate Angll'or IGF™1- |
(selective) (phenylephrine) ardlac remodefiing induced cardiac hypertrophy

J Oxidative stress
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{ Cardiac remodelling
M LV function

CAP" Dogs /N Capillary density and oxygen diffusion
(partial) (microembolization- distance 99
P induced HF°) J' Rate of MPTPP opening
Normalized SERCAY-2a activity and expression
of UCP™-2 and -3 and GLUT®-1 and -4
1 ptatlents with No 2" or 3" degree atrioventricular block S : :
HFrEF* treated on B- . Significant early changes in cardiac
occurred on 48-hours Holter monitoring .
Neladenoson blockers therapy function were not detected.
(selective . . No 2" or 3 degree atrioventricular -block No significant change in renal function 206
. 31 patients with . . .
partial) occurred on 48-hours Holter monitoring. and neurological side effects were
HFrEF“ on B-
No effects were observed in heart rate and detected
blockers therapy
blood pressure
No significant dose-response regarding to the
change in exercise capacity.
Neladenf)son 261 patientswith No sgnlflcant |mprovement. in markers of
(selective HEDEF cardiac structure and function related to 202
partial) P HFpEF progression.
Dose-dependent declines in renal function and
heart rate were observed
. Attenuation of {, cardiac function . GATA-4 controls several genes that are
Overexpressed Mice \ Inflammatory factors genes expression upregulated in cardiac hypertroph
P (transverse aortic J B-MHC', ANP¥, and GATA-4 gene . P g . vp p v 85
A2AR constriction) expression including B-MHC, cardiac troponin-C,
ial i ic f: NCX* A1AR
A2nAR N Intracellular calcium homeostasis atrial natriuretic factor, NCX*and As
- . X . iBAT surgery depletion induces
CGS21680 C57BJ/6) mice { Cardiac inflammation, fibrosis, significantly cardiac remodelling
. hypertrophy, and dysfunction . . 107
(selective) (DOCAY- salt)  iBAT-derived FGF21' refractory to the cardioprotective
function of CGS21680
A i fLV h h
Mice  Cardiac remodeling drsfonetion by reduding actation of
AsAR - AsAR KO (transaortic { Oxidative stress Y n by 8 & X . 140
o . the MAPK' and PI3K-Akt"" signalling
constriction) JANP and LV dysfunction
pathways
Mice N RVSPY and Fulton index RhoA and ROCK are signalling pathways
- A22AR KO (hypoxia) N Thickness in pulmonary resistance vessels related to pulmonary vascular 193
pul P M RhoA and ROCK expression remodelling and PAHY generation
ulmonary
hypertension A2AR D PAVil vasorelaxation and flow
LASSBio-1359 Wistar rats { Pulmonary vascular remodelling 194

(selective)

(MCTY-IPHM")

{ RV*remodelling and RVSP
/M LV stroke volume and cardiac output

32




/M Exercise tolerance
M PA vasorelaxation and flow
{ Pulmonary vascular remodelling

A22AR agonism attenuates RV

PH¥iipatients

N AzsAR gene and protein expression

LASSBio-1386 Wistar rats { RV remodelling and RVSP dysfunction indirectly by counteracting 195
(selective) (MCT-IPHM) /M LV stroke volume and cardiac output structural and functional changes in
N eNOSx* and A2aAR expression in lungs pulmonary vasculature
™ A2xAR and SERCA2a expression in RV
N Ca?*-ATPase activity in RV
. . X . { Endothelial dysfunction Monotherapy with low doses of
LASSBio-1359+ SeleCtlve.AZAAR Sllden?f,ll Wistar rats { RV overload, hypyertrophy, and LASSBio-1359 oprySiIdenafiI did not have 196
agonist (PDES5¥) (MCT-IPHM) . . .
dysfunction an impact in these outcomes
13 COPD*i with or N Pulmonary vascular remodelling in COPD-
A2AR without PH patients 199

Abbreviations: LV® — Left ventricle; AR® — Adenosine receptor; KO — Knockout; AMP? — 5’-adenosine monophosphate; mTOR® — Mechanistic target of
rapamycin; ADK' — Adenosine kinase; CADO® — 2-chloroadenosine; BNP" — B-type natriuretic peptide; RGS' — Regulator of G protein signalling; CPA — N6-
cyclopentyladenosine; DPCPX* — 8-Cyclopentyl-1,3-dipropylxanthine; Angll' — Angiotensin II; IGF™ — Insulin growth factor; CAP" — Capadesonon; HF° — Heart
failure; MPTPP — Membrane permeability pores; SERCA? — sarco/endoplasmic reticulum Ca2+-ATPase; UCP'- Uncoupling protein; GLUT®*— Glucose transporter
type; HFrEF*— Heart failure with reduced ejection fraction; HFpEF'— Heart failure with preserved ejection fraction; B-MHCY — myosin heavy chain-beta; ANPY —
Atrial natriuretic peptide; NCX*~ Sodium-calcium exchanger; DOCAY— Deoxycorticosterone acetate; iBAT— interscapular brown adipose tissue;FGF21* —
Fibroblast growth factor 21; MAPK" — mitogen-activated protein kinase; PI3K-Axt' — phosphoinositol-3 kinase- protein kinase B; RVSP"- Right ventricle systolic
pressure; PAH' — Pulmonary arterial hypertension; MCT — Monocrotaline; IPHM"'—Induced pulmonary hypertension model; PA"" — Pulmonary artery; RV* —
Right ventricle; eNOS* — Endothelial nitric oxide synthase; PDE5i* — Phosphodiesterase type 5 inhibitor; COPD*! — Chronic obstructive pulmonary disease; PH
Xit — pulmonary hypertension.
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Table II: Results of adenosine receptors agonism/antagonism in diabetes mellitus/obesity and chronic kidney disease. Different agonists/antagonists were
used to assess its effects on HFpEF comorbidities. The grey area corresponds to studies carried out in human patients.

Adenosine

Adenosine receptor manipulation

Model and

Restored glomerular permeability and
filtration function

The increased eNOS" expression
counteracts renal oxidative stress

Pharmacological tool R Outcome Comments Refs
receptors species
Agonist Antagonist Other
ADAR1 V Fat mrzss?;tgrzcs:gpljgnn:t:?: insulin No difference was shown on fat mass in
. Mice (HFDP) K P R ) ADAR1 deficient mice under chow diet 147
deficiency { Food intake and gastric ghrelin compared to HED
N Serum peptide YY P
{ Plasma glucose, cholesterol, and
. triglyceride . .
PAY W Pl | | ffi
A1AR® ¢ . |s.ta.r ran M Glucose uptake into peripheral asma glucose 0\‘Ner|r.1g effect m?d.latEd 153
(selective) (STZ# injection) tissues by endogenous insulin was negligible
N Uptake and glycogen synthesis
GS-9667 55 non-obese J Plasma FFAf
. and 23 Well-tolerated Partial A1AR agonism was aimed to reduce
A1AR (selective, . . R 146
) overweight/ No desensitization or rebound side effects
. partial) ;
Diabetes obese patients
mellitus, Ad i t ite effect
Duesity SCHS8261 and MRS1754 decreased | (LB 0 rolor
A1AR DPCPX# insulin sensitivity in control animals resista\r:t states
A2rAR SCH58261 Wistar rats and improved insulin sensitivity in the . K .
b . Under context of insulin resistance, A2 AR 160
AAR MRS1754 (HSuh diet) skeletal muscle of HSu animals. R
. . . . in the skeletal muscle, rather than on
(respectively) (all selective) DPCPX reverted the increase in total . X . R .
. . i adipose tissue, is the main mediator of
and visceral fat induced by HSu diet. R . L
whole-body insulin sensitivity
M Glucose tolerance and insulin
sensitivity Feeding mice with a HFD enhanced
' . { Metabolic syndrome expression of endothelial ADK.
MRS1754 ADK' M
AAR (seI:cti\?e) deficienc (H:Z‘)E) /M Intracellular adenosine A28AR antagonism abolished NOS3 163
4 N NO/ production due to P NOS3 expression, but was not associated with
activity and modulation of NOS3 by increased phosphorylation of NOS3
A2AR
M .Hyp.erglycemm The reduced renal inflammation is
{ Albuminuria and markers of . . L
BT702 lomerular iniur consistent with the reduction in renal
Renal C57BL/6 mice g o ury macrophage infiltration, NF-kB'
R (ADK L {' Renal oxidative stress and . . 185
disease TR (STZ injection) . phosphorylation and MCP-1™ excretion
inhibition) inflammatory parameters
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Attenuated glomerular damage is
attributed to increased MAPK°
phosphorylation

1 Renal function

CCPA? { inflammatory markers, necrosis
(selective) C57BL/6 mice y 7 ’
and apoptosis
(renal I/R . 171
. { Renal function
DPCPX injury) .
. N Inflammatory markers, necrosis,
(selective) .
and apoptosis
HSP27 is an anti-apoptotic molecule as it
2 HSP274 expression is associated with an increased resistance
CCPA 2 Renal fu:ction to stressful conditions, such as oxidative
(selective) C57BL/6 mice { Pro-inflammatory cytokines stress and exposure to toxic drugs
(renal I/R U Caspase 3 a\c/ti\\//it A1AR- mediated renal protection, anti- 172
injury) P ¥ inflammatory and anti-apoptotic effects
A1AR were removed by inhibition of HSP27
DPCPX N Natriuresis and diuresis
(selective) { HSP27 expression
32 patients
with . . . .
KW-3902 congestive HE® 4 GFRtand renal plasma flow The increased in GFR persisted more time 174
(rolofylline) and renal than the predicted by pharmacokinetics
impairment
146 patients
ith vol .
KW-3902 (\)A\’/Ierlc\)l;)du:r]:i A1AR antagonism enhances the response
. . N Urine output to loop diuretics 175
(rolofylline) an estimated
CrCI" of 20-80
mL/min
{4 Albuminuria
. N Renal function In diabetic mice kidney, there was a
28 . L -AY expression significant increase in -A and Az,
AAR (';":::Cljf; gé%r:/ Sc:?;e) & VEGF-AY i ignificant i in VEGF-Aand AAR | 180
I N NO production gene expression
{ Glomerulosclerosis
Spironolactone Sorague- ™ AnAR
ZM241385 (mineralocorti Daalleg rats { EndMT" process ZM241385 exacerbated cardiorenal 181
(selective) coid receptor (iso re:aline) { Cardiac and renal fibrosis and remodelling and dysfunction
antagonist) P dysfunction
A22AR
CGS21680 Sprague- { Glomerular hyperfiltration A22AR stimulation did not decrease
. Dawley rats { Albuminuria filtrated fraction during NOS inhibition, 182
(selective)

(STZ injection)

J Immune cells infiltration

demonstrating that A2aAR-mediated
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{ Urine excretion of pro- vasodilatation of efferent arterioles to be
inflammatory cytokines NO dependent

{ Proteinuria and glomerular

cas21680 ooy ot damage exers renoprotecive sffecisvia ananti- | 184
(selective) . 'y . J TNF-a" secretion and macrophages . P .
(STZ injection) infiltration inflammatory mechanism
J Hyperglycaemia and glycosuria
CADO* J Proteinuria
(non J Collagen deposition and oxidative
selective) stress in the renal glomeruli
N Immunoreactivity against A;,AR
- SHRY-STZ rats 186
Treatment with DPSPX did not altered the
, ;
DPSPX  Renal fibrosis global metabolic §tatus and renal
(non function.

. Immunoreactivity against AsAR .
selective) v yag 3 The downregulation of AsAR may reflect a

renoprotective mechanism
J Albuminuria and glomerular
hypertrophy

] L . These effects were on the same range of
{ Renal fibrosis, inflammation, and &

- 7BLKS/J- | n
AsAR u 68?8 = 5/) oxidative stress . osarta . . 187
(selective) db/db L . PCG1a is key regulator of mitochondrial
{J Lipid accumulation > .
biogenesis

M PCGla?
I A24AR expression

Abbreviations: ADAR1?— ADA acting on RNA 1; HFD"- High fat diet; AR® — Adenosine receptor; CPA¢ — N6-cyclopentyladenosine; STZ®— Streptozotocin; FFA™-
Free fatty acid; DPCPX& — 8-Cyclopentyl-1,3-dipropylxanthine; HSu" — High-sucrose; ADK' — Adenosine kinase; NO! — Nitric oxide; NOS* — Nitric oxide synthase;
NF-kB'= Nuclear factor-kappa B; MCP-1™— Monocyte chemoattractant protein-1; eNOS"— Endothelial nitric oxide synthase; MAPK°— Mitogen-activated protein
kinases; CCPAP— 2-Chloro-N6-cyclopentyladenosine; HSP27 %— Heat shock protein 27; CrCl'— Clearance of creatinine; HF*— Heart failure; GFR *— Glomerular
filtration rate; VEGF-A" — Vascular endothelial growth factor-A; EndMT' — Endothelial-to-mesenchymal transition; TNF-a*— Tumour necrosis factor- alpha;
CADO* — 2-chloroadenosine; SHRY — Spontaneously hypertensive rat; DPSPX* — 1,3-dipropyl-8-sulfophenylxanthine.
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Table lll: Pros and cons of targeting adenosine receptors, enzymes and metabolism in molecular pathways underlying heart failure with preserved ejection
fraction and cardioprotection.

Adenosine Pharmacological approach
signalling Refs
manipulation Activation Inactivation
Protective role
Decreased cardiac hypertrophy and dysfunction 99, 134, 137
Counteracted B-adrenergic effects on cardiac remodelling through inhibition of cAMP®
X . . . R 133,138
stimulated-PKAC activation and inhibition of noradrenaline release from cardiac nerves
Attenuated mitochondrial dysfunction by decreased opening rate of mitochondrial pores 99
Change in energy substrate utilization with increased expression plasma membrane 99
expression of GLUT?-1 and -4
A1AR? Ameliorated SERCA2a¢ function and improved intracellular calcium handling 99
Myocardial protection under ischemic preconditioning and ischemia 43-45
Increased capillary density and oxygen diffusion distance 99
Improved metabolic profile through regulating insulin sensitivity and glucose tolerance 146,151,153
Attenuated kidney metabolic demand, tubular cell apoptosis and inflammatory reaction, 171. 172
along with a reduction of the glomerular filtration pressure ’
. . o 52, 53,54,
A2rAR Endothelial dependent and independent coronary vasodilation 55
A28AR
2 Angiogenic properties 56,57
Decreased cardiac inflammation, fibrosis, hypertrophy and dysfunction 107
Enhanced intracellular calcium homeostasis 85
Enhanced cardiac contractility 46
Cardioprotection during early reperfusion after MIf 58-60
A2rAR Improved lipolysis, browning process of white adipose tissue, and insulin signalling; 150
decreased levels of free fatty acids
Decreased renal inflammation, fibrosis and oxidative stress 169 181-
Attenuated glomerular hyperfiltration !
. 184,186
Improved renal function
Decreased pulmonary vascular remodelling 194-196
Attenuated right ventricle hypertrophy and dysfunction
Attenuated cardiac fibrosis in vitro 112-114
A2sAR
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Reduced infarct size under ischemic preconditioning 209
Decreased adipogenesis, increases lipolysis and improved insulin signalling 157,158
Decreased pulmonary artery pressure and proliferation of smooth muscle fibers 33
AAR Stimulated angiogenesis 71
: Exerted cardioprotective effects during reperfusion phase after Ml 68-70
Increased plasma adenosine
. Significantly improved LV" filling and decreased pulmonary congestion 135
ENT Attenuated B-adrenergic dysfunction
Coronary vasodilation 210
D73 Increased cardiac inflammation, fibrosis, hypertrophy, and dysfunction 83,136
Increased infarct size under ischemic preconditioning 209
ADK! Attenuated the adenosine mediated anti-hypertrophic effect 141,142
Deleterious role
o o 174,175,
A1AR Increased natriuresis and diuresis 176 >
A22AR . . - . .
AuAR Rescue the whole-body insulin sensitivity under high-sucrose diet 160
2B,
Attenuated the post-MlI cardiac remodelling 121,122
AAR Attenuated glomerulosclerosis and improved renal function 177,180
Attenuation of pulmonary vascular remodelling and hypertension 185
Attenuated cardiac hypertrophy, fibrosis and oxidative stress and dysfunction 140
AsAR Decreased renal fibrosis, inflammation, oxidative stress, and lipid accumulation 186
Decreased glomerular damage
Epigenetic upregulation of pro-angiogenic genes and consequent endothelial 100
proliferation and ischemia-induced angiogenesis
ADK Protection against the high fat diet induced insulin resistance and metabolic 163
syndrome, in part due to its endothelial anti-inflammatory effects
Decreased renal inflammation and oxidative stress 185
Attenuated glomerular damage
) Attenuated the diet-induced obesity and insulin resistance through decreased food
ADA intake 147

Abbreviations: AR*— Adenosine receptor; cAMP? — cyclic 5’-adenosine monophosphate; PKA®— protein kinase A; GLUTY — Glucose transporter type; SERCA® —
sarco/endoplasmic reticulum Ca?'— ATPase; MIf — Myocardial infarction; ENT®— Equilibrative nucleoside transporters; LV"— Left ventricle; ADK'— Adenosine
kinase; ADAI— Adenosine deaminase.
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Figure 1:
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5’ AMP &= 1 ADENOSINE == Inosine
cytosolic ADA

5’ nucleotidases

ATP
Inflammation

Ischaemia
B-Adrenergic stimulation

1 ADENOSINE

QADA
| Inosine

ATP cAMP

|

PIP;

PKA | | / \
PKC «— Ca?*

PIP;

PKC «— Ca?* I

Schematic representation of adenosine biosynthesis and complex signalling pathways induced by adenosine receptors activation. Adenosine is a purine
nucleoside continuously generated from the catabolism of adenine nucleotides via a cascade of nucleotidases. Regarding the fate of intracellular adenosine,
it may (preferentially) re-enter the purines savage pathway by intracellular phosphorylation via adenosine kinase (ADK) or it is inactivated to inosine by
adenosine deaminase (ADA). The main source of adenosine results from the hydrolysis of S-adenosylhomocysteine (SAH) by SAH hydrolase. Under low oxygen
availability and/or during high working loads energy, recruitment from ATP hydrolysis increases favouring intracellular adenosine accumulation, which
promotes its diffusion to the extracellular medium via equilibrative nucleoside transporters (ENTs) and concentrative nucleoside transporters (CNTs).
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Extracellular adenosine may also result from the extracellular breakdown of released adenine
nucleotides, namely 5’-adenosine triphosphate (ATP), ADP (5’adenosine diphosphate) and AMP (5’-
adenosine monophosphate), by a cascade of ecto-nucleotidases bound to the plasma membrane.
CD39 dephosphorylates ATP directly into AMP; the rate limiting enzyme of the ecto-nucleotidase
cascade is ecto-5'-nucleotidase/CD73, which dephosphorylates AMP to adenosine and inorganic
phosphate. Extracellular adenosine levels are tightly regulated by cellular uptake via ENTs and/or
by deamination into inosine by ADA. Adenosine activates four G protein-coupled receptor (GPCRs)
known as P1 receptors (adenosine receptors (ARs): A;AR, A2aAR, AsAR, A3AR). In brief, A;AR and
A3AR are negatively coupled to adenylate cyclase (AC) through binding to G; and G, proteins,
resulting in decreased intracellular cyclic AMP (cAMP) levels. Both A;xAR and AzsAR are coupled to
Gs proteins and stimulate AC leading to increases in cAMP accumulation. Despite the canonical
positive and negative coupling to the AC/cAMP system, A;AR, A2AR and A3AR are also entitled to
activate phospholipase C-beta (PLC- B) isoform, resulting in increased inositol 1,4,5-trisphosphate
(IP3) and intracellular Ca* mobilization; intracellular Ca** and diacyglycerol (DAG) production
contribute to stimulate Ca?*-dependent protein kinase C (PKC) and/or downstream Ca?*-dependent
pathways. Adapted from Borea et al. (2018)°. lllustration used elements from Servier Medical Art
(http://smart.servier.com).

Abbreviations: AC — Adenosine cyclase; ADA — Adenosine deaminase; ADP — 5’adenosine
diphosphate; ADK — Adenosine kinase; AMP — 5’-adenosine monophosphate; AR — Adenosine
receptor; ATP — 5’-adenosine triphosphate; cAMP — cyclic AMP; CNT — Concentrative nucleoside
transporter; DAG — Diacyglycerol; ENT — Equilibrative nucleoside transporter; GCPR — G protein-
coupled receptor; IP3 — inositol 1,4,5-trisphosphate; PKA — protein kinase A; PKC — protein kinase
C; PLC- B — Phospholipase C- beta; SAH — S-adenosylhomocysteine.
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Figure 2:
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Schematic representation of cardiovascular effects of adenosine and related signalling
pathways. In the cardiovascular system, adenosine exerts protective effects to control neuronal
output and inflammation, while decreasing cardiac metabolism, myocardial contractility,
impulse generation and conduction, and the coronary tone, as well as adrenergic
responsiveness. These effects depend on the cellular type involved. The A;AR activation
mediates cardioprotective effects by reversing cardiac hypertrophy/remodelling, improving
mitochondrial function, enhancing SERCA2a activity and improving Ca?* handling; also, an anti-
ischemic effect by decreasing catecholamine release and counteracting [-adrenergic
dysfunction is associated with A;AR activation. Activation of A.aAR activation attenuates
inflammation, fibrosis and hypertrophy, in addition to vasodilation and angiogenesis. Despite
the AzAR activation-related vasodilation, angiogenesis, and protection from ischemic
preconditioning, conflicting evidence exists regarding its role in ischemia and related cardiac
remodelling. The AsAR activation also exhibits contradictory results; it has cardioprotective
effects regarding angiogenesis and in reperfusion setting while may aggravate cardiomyocytes
hypertrophy. The arrows and bars indicate the effect mediated by the activation or inactivation
of the adenosine receptors, respectively. The dashed bars indicate the effect indirectly blocked
by adenosine receptor activation. lllustration used elements from Servier Medical Art
(http://smart.servier.com).

Abbreviations: AR — Adenosine receptor; AKT — Protein kinase B; Ca,1 channel — L-type calcium
channel subunit 1; DAG— Diacyglycerol; EGR — Early Growth Response; EPAC — Exchange protein
directly activated by cAMP; ERK — Extracellular signal-regulated protein kinase; GIRK and
KIR3.1/3.4 — G protein coupled inwardly rectifying K* channels; GSK-3 — Glycogen synthase
kinase-3; HCN channels — Hyperpolarization-activated cyclic nucleotide-gated channel; HIF-1a —
Hypoxia-inducible factor- alpha; IPs— Inositol 1,4,5-trisphosphate; Ir— “funny” hyperpolarization-
activated current; Karp — ATP-sensitive K* channel; Ky — voltage-gated K* channels; MAPK —
Mitogen activated protein kinase; MEK — Mitogen-activated protein kinase kinase; MPTP —
Mitochondrial permeability transition pores; mTORC1 — Rapamycin complex 1; NF-kB — Nuclear
factor-kB; NO — Nitric oxide; Per2 — Period 2; PI3K — Phosphoinositol-3 kinase; PKA — Protein
kinase A; PKC—Protein kinase C; PLC —Phospholipase C; ROS — Reactive oxygen species; SERCA2a
— Sarco/endoplasmic reticulum Ca?*-ATPase 2a.
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Figure 3: I
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Schematic representation of the cardiac pathophysiology of HFpEF and the related role of
adenosine. HFpEF is a state of systemic inflammation evidenced by increased levels of
circulating pro-inflammatory markers. The most important comorbidities inducing a systemic
inflammatory state are diabetes mellitus, metabolic syndrome, pulmonary disease and kidney
disease. Microvascular dysfunction is proposed as the cornerstone of the complex molecular
pathways that drive clinical manifestations in HFpEF. Structural abnormalities in HFpEF consist
mainly on cardiomyocyte hypertrophy and interstitial fibrosis and develop as a consequence of
pathophysiological myocardial stressful inflammatory and pressure insults. Together with
abnormal mitochondrial structure and function, and intracellular calcium overload, these
pathological changes ultimately lead to LV diastolic dysfunction, an hallmark of HFpEF.
Adenosine was found to counteract cardiac pathophysiological mechanisms implicated in this
clinical syndrome, such as cardiac inflammation and microvascular dysfunction, via A,AR
activation, extracellular and cellular structural abnormalities, through A,AR and A;AR activation,
and energy metabolism and calcium handling, via A1AR activation. Consequently, adenosine also
counteracts cardiac remodelling and related diastolic dysfunction, the pathological hallmark
that clinically manifested by a congestive phenotype. Moreover, adenosine receptors play a role
in cardiometabolic comorbidities related to this clinical syndrome, specially through A;AR and
A2xAR activation. The arrows and bars indicate the effect mediated by the activation or
inactivation of the adenosine receptors, respectively. Adapted from Lam et al. (2018)” and
Headrick et al. (2013)%. |lllustration used elements from Servier Medical Art
(http://smart.servier.com).

Abbreviations: ABCC4 — ATP-binding cassette sub-family C member 4; AR — Adenosine receptor;
cAMP — cyclic adenosine monophosphate; cGMP — cyclic guanosine monophosphate; Epac —
exchange factor directly activated by cAMP; FFA — Free fatty acid; GLUT — Glucose transporter;
MPTP — mitochondrial permeability transition pores; NO — Nitric oxide; PI3K — Phosphoinositol-
3 kinase; PKA — Protein kinase A; PKC — Protein kinase C; PKG — Protein kinase G; SERCA2a —
sarco/endoplasmic reticulum Ca*-ATPase 2a; SMA — Smooth muscle actin; VSMC — Vascular
smooth muscle cell.
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