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Abstract

Objectives Adenosine concentration significantly increases in tumour microen-

vironment contributing to tumorigenic processes including cell proliferation,

survival, invasion and of special interest in this review angiogenesis.

Key findings This review summarizes the role of pharmacological adenosine

receptor agonist and antagonist in regulating angiogenesis for a better under-

standing and hence a better management of angiogenesis-associated disorders.

Summary Depending upon the pharmacological characteristics of adenosine

receptor subtypes, adenosine elicits anti- or pro-angiogenic responses in stimu-

lated cells. Inhibition of the stimulatory effect of adenosine signalling on angio-

genesis using specific pharmacological adenosine receptor agonist, and

antagonist is a potentially novel strategy to suppress angiogenesis in tumours.

Introduction

Adenosine is an endogenous purine nucleoside consisting

of adenine attached to a ribose sugar molecule.[1] This

ubiquitous molecule is synthesized at both intracellular and

extracellular environments.[2] Within cells, adenosine is

formed by breakdown of adenosine monophosphate

(AMP) through 50-nucleotidase activity. Furthermore, it

can be derived from S-adenosyl homocysteine (SAH) due

to the activity of SAH hydrolase.[3].At extracellular environ-

ment, adenosine is widely generated through degradation

of adenine nucleotide particularly adenosine tri/

diphosphate (ATP/ADP). Conversion of ATP to adenosine

is mediated by two enzymes including ectonucleotide

triphosphate diphosphohydrolase 1 (CD39) converting

ATP to AMP, followed by dephosphorylation of AMP to

adenosine by ecto-50-nucleotidase (CD73).[4] Adenosine is

a multifunctional molecule participating actively in differ-

ent systems including cardiovascular, respiratory, renal

functions, and in inflammatory and immune responses.[5,6]

Regulatory effects of adenosine on these systems is medi-

ated through the activation of four distinct extracellular G

protein-coupled adenosine receptors (ARs) named A1,

A2a, A2b and A3.[7,8] Each subtype initiates specific
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intracellular signalling pathways according to differential

coupling to intracellular G proteins.[9]

Angiogenesis is described as the process of new blood

vessels formation from pre-existing vascular network,

which includes endothelial cell activation, proliferation and

chemotactic-driven migration.[10] Angiogenesis plays a cru-

cial role in many physiological conditions including wound

healing and embryogenesis as well as pathological processes

such as tumour growth and metastasis.[11,12] In healthy tis-

sues, angiogenesis is tightly regulated by both pro-angio-

genic molecules including vascular endothelial growth

factor (VEGF), angiopoietin (ANGPT)-1, platelet-derived

growth factor (PDGF) and anti-angiogenic molecules

including angiostatin and endostatin.[13,14] This review

summarizes the current knowledge on the role of adenosine

and its receptors in angiogenesis process for a better under-

standing and hence a better management of angiogenesis-

associated diseases.

Adenosine signalling pathways

Extracellular adenosine exerts its biological effects through

four ARs with distinct expression profiles, pharmacological

characteristics and associated signalling pathways.[15] It is

known that A1 and A3 ARs are coupled to Gi/o proteins.

Hence, activation of A1 and A3 ARs inhibits adenylyl

cyclase activity, cyclic-AMP (cAMP) production and subse-

quent protein kinase A (PKA) activity.[16] In contrast, A2a

and A2b ARs are coupled to Gs proteins. Activation of A2

subtypes, A2a and A2b, stimulate adenylyl cyclase activity

and enhance cAMP concentration followed by sharp

increase in PKA activity.[17] Moreover, A2b ARs are cou-

pled to Gq/11 protein leading to escalation in inositol

1,4,5-trisphosphate (IP3) and diacylglycerol (DG) produc-

tion[18] in stimulated cells. Here, we summarize role of ARs

in angiogenesis, however, for detailed information about

the general principles of signalling functions of ARs, and

readers are referred to the review of Sheth et al.[19]

Role of adenosine in angiogenesis

Adenosine is a key regulator of angiogenesis. Treating

zebrafish embryos with an adenosine analogue NECA (50-

N-ethylcarboxamidoadenosine) for 72 h increases blood

vessel formation compared with control embryos.[20,21]

Similarly, it has been shown that NECA enhances angiogen-

esis and neovascularization in transplanted human ovarian

tissue in comparison with control group.[22] Moreover,

Koszalka et al.[23] showed that CCPA, CGS-21680 and IB-

MECA, specific agonists of A1, A2 and A3 ARs, respec-

tively, significantly inhibited B16F10 melanoma growth in

CD73 knockout mice in early stage. However after 14 days,

all agonists increased angiogenesis in B16F10 melanoma

mainly through increasing expression of pro-angiogenic

factors. Consistently, Wang et al.[24] showed that adenosine

enhances cell growth and induces tube formation in human

umbilical vein endothelial cells (HUVECs). Moreover,

chronic elevation in adenosine concentration potently

increases angiogenesis by upregulating the expression of

CXCL1, mouse functional homologue of human IL-8, in

the lung of adenosine deaminase-deficient mice. Further

studies showed that adenosine deaminase replacement

enzyme therapy abrogates adenosine-induced pulmonary

angiogenesis in these mice, supporting the role of adeno-

sine in angiogenesis.[25]

Agonist/antagonists of A2 adenosine
receptor subtypes, A2a and A2b, in
angiogenesis

There are studies investigating the pro-angiogenic func-

tions of adenosine under hypoxic conditions. In line with

this, Ryzhov et al.[26] showed that under hypoxic condi-

tions and in the presence of adenosine deaminase, only

VEGF is overexpressed; however, in the presence of NECA,

the secretion of both VEGF and IL-8 is stimulated in

human mammary epithelial cells (HMEC-1). Moreover,

co-administration of AR antagonists with NECA inhibits

VEGF expression and leads to 46% reduction in neovascu-

larization in a mouse ischaemic hindlimb model. In

another study, it was shown that hypoxia differentially reg-

ulates the expression of AR on endothelial cells. Hypoxia

decreases A2a AR mRNA from 1.56 � 0.3% to

0.16 � 0.01% of beta-actin expression while it upregulates

A2b AR mRNA from 0.08 � 0.01% to 0.27 � 0.05% in

HUVECs. Consistently, NECA could increase angiogenic

factors in hypoxic HUVECs or bronchial smooth muscle

cells (BSMCs). Moreover, CVT-6694, a selective A2b AR

antagonist, inhibits NECA-induced pro-angiogenic

properties.[27]

Furthermore, it has been shown that A2a AR has pro-

angiogenic properties and increases tube formation in

human lung endothelial cells. This angiogenic function of

A2a AR is regulated by hypoxia and hypoxia-inducible fac-

tor 2alpha (HIF-2a).[28] To further investigate the role of

A2a AR in angiogenesis, Liu et al.[29] showed that inactiva-

tion of A2a AR attenuates only oxygen-induced retinopathy

angiogenesis not normal retinal vascularization by inhibit-

ing hypoxia-induced retinal VEGF overexpression, sup-

porting the therapeutic potency of A2a AR antagonists for

retinopathy of prematurity.

Consistent with the regulatory role of A2 ARs subtypes,

A2a and A2b, on angiogenesis, Emens et al.[30] demon-

strated that adenosine-induced A2 subtypes activation elicit

pro-angiogenic signalling functions by increasing produc-

tion of thrombospondin-1 (TSP-1), a matricellular protein
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and activation of cAMP/PKA pathway in macrophages

(Figure 1). Consistently, they found that treatment of

macrophages with either PKA inhibitor or anti-TSP-1 anti-

body abrogates adenosine-induced vascularization and

angiogenesis, supporting the role of these molecules in the

pro-angiogenic effects of adenosine. In contrast with these

findings, Desai et al.[31] showed that activation of A2a AR

stimulates angiogenesis by suppression of TSP-1 secretion.

They also reported that A2a AR agonists including CGS-

21680 or MRE0094 decrease TSP-1 protein secretion and

stimulate vascular tube formation in a dose-dependent

manner, which is totally abrogated in the presence of

ZM241385, A2a AR antagonist.

To further support the regulatory role of A2a AR in

angiogenesis, Montesinos et al.[32] showed that CGS-21680,

a selective A2a AR agonist, significantly enhances angiogen-

esis and wound repair only in wild-type not in A2a AR

knockout mice. Consistent with these findings, administra-

tion of CGS-21680, an A2a AR agonist, increases neovascu-

larization in three-day-old wounds, while has no effect on

six-day-old counterparts, suggesting that A2a AR promotes

neovascularization and angiogenesis merely in the early

stages of wound repair in mice.[33] Moreover, A2a AR acti-

vation induces the phenotypic switch of macrophages into

the angiogenic ‘M2-like’ phenotype and increases expres-

sion of VEGF, IL-10 and nitric oxide synthase (iNOS) in

macrophages.[34,35] To further investigate the regulatory

role of the A2a AR in angiogenesis, Pinhal-Enfield et al.[36]

showed that agonists of Toll-like receptors 2, 4, 7, 9 upreg-

ulate VEGF production only in the presence of A2a but not

A1 AR agonists.

There are several studies supporting the pivotal role of

A2b ARs on angiogenesis by increasing expression levels of

angiogenic factors including VEGF, IL-8, in microvascular

endothelial cells.[37] In line with this, it has been shown that

only IPDX, an A2b AR antagonist, not SCH58261 or

MRS1191, the selective A2a and A3 AR antagonists, respec-

tively, inhibits overexpression of VEGF and IL-8 in stimu-

lated cells.[37] Consistently, administration of a selective

A2b AR agonist, Bay60-6583, increases VEGF-A expression

by activating signal transducer and activator of transcrip-

tion 3 (STAT3) pathway, whereas administration of

PSB1115, an inhibitor of A2b AR, downregulates VEGF-A

expression in melanoma mice model.[38]

Furthermore, A2b AR also regulates expression of other

angiogenic factors including endothelial nitric oxide syn-

thase (eNOS) in endothelial cells. In line with this, Du

et al.[39] showed that NECA-induced A2b AR activation

increases VEGF and eNOS expression by activating cAMP-

PKA-CREB and PI3K/AKT signalling pathways, respec-

tively, in human microvascular endothelial cells. Inhibition

of A2b AR using either A2b AR antagonist, MRS1754 or

A2b AR gene silencing suppressed NECA-induced VEGF

and eNOS overexpression, supporting the critical role of

A2b AR in NECA-induced angiogenesis. Similarly, Rizvi

et al.[40] showed that stimulatory effect of NECA on angio-

genesis is inhibited in the presence of MRS-1706, a selective

A2b AR antagonist in zebrafish embryos. These results

clearly support the stimulatory effect of A2a and A2b ARs

in angiogenesis, supporting the therapeutic potency of A2

AR subtype antagonists in suppressing angiogenesis in

angiogenesis-associated disorders.

Figure 1 Schematic representation of adenosine-mediated signalling responses in angiogenesis. Specific pharmacological adenosine receptor

agonist and antagonist regulate angiogenesis in angiogenesis-associated disorders. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2017 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 70 (2018), pp. 191–196 193

Amirhossein Bahreyni et al. Role of AR agonist/antagonist in angiogenesis



Conclusion

Adenosine as an omnipresent metabolite is involved in dif-

ferent processes, and any dysregulation in the generation of

this molecule could contribute to the pathogenesis of cer-

tain diseases from cancer[2,41] to inflammatory disor-

ders.[42,43] Recently, adenosine and its receptors attracted

tremendous attention in cancer pathology and provide new

research area in therapy purposes. Increased level of adeno-

sine in tumour microenvironment regulates tumour

growth by modulating tumorigenic processes including

angiogenesis. There are studies showing that adenosine

analogues[44] and ARs potently modulate angiogenesis,

supporting the clinical significance of these molecules in

cancer treatment.

The signalling function of adenosine on angiogenesis is

diverse and depends upon AR subtypes (Figure 1). Sig-

nalling of A1 and A2a and A2b ARs is mostly pro-angio-

genic. Regarding the pro-angiogenic effect of A1AR, Clark

et al.[45] showed that activation of A1 AR with CPA, an A1

AR selective agonist, increased blood vessel number up to

40% in chicken chorioallantoic membrane (CAM) model,

which was abrogated in the presence of WRC-0571, an A1

AR antagonist. They also found that CPA-induced release

of VEGF from mononuclear cells and CPA-pretreated med-

ium of human mononuclear cells stimulated capillary for-

mation by 48%, supporting the stimulatory effect of A1 AR

on angiogenesis. However, signalling of A3 AR is complex

and in some cases contradictory. For instance, activation of

A3 AR by a selective agonist, IB-MECA, increases

expression of angiogenic factors including angiopoietin 2

in melanoma and human mast cell line, HMC-1.[46] Simi-

larly, Gessi et al.[47] showed that Cl–IB–MECA, an A3 AR

agonist, increases expression of HIF-1a and VEGF in differ-

ent cell types including human colon carcinoma cells,

human melanoma cells and glioblastoma cell lines, which is

abrogated in the presence of A3 AR antagonist,

MRE3008F20.[48,49] In contrast with these findings, it has

been shown that downregulation of the A3 AR enhances

expression of pro-angiogenic mediators including VEGF

and IL-8 in human mast cells.[50] Similarly, using thio-Cl-

IB-MECA, a novel A3 AR agonist, suppresses migration

and tube formation by regulating PI3K/AKT/mTOR and

ERK signalling in endothelial cells.[51]

These studies clearly support the complexity of adeno-

sine signalling on angiogenesis. It is recommended that fur-

ther investigation be performed in this regard to determine

the molecular mechanism and the exact role of each AR sig-

nalling in angiogenesis. The information gained from all

these studies helps to design novel selective AR agonists or

antagonists and has great clinical significance in terms of

the treatment of angiogenesis-associated disorders includ-

ing malignant tumours.

Declarations

Conflict of interest

The Authors declare that they have no conflicts of interest

to disclose.

References

1. Eltzschig HK. Adenosine: an old drug

newly discovered. J Am Soc Anesthesiol

2009; 111: 904–915.

2. Bahreyni A et al. Role of adenosine

signaling in the pathogenesis of breast

cancer. J Cell Biol 2017; https://doi,

org/10.1002/jcp.25944. [Epub ahead

of print].

3. Silva L et al. Insulin/adenosine axis

linked signalling. Mol Aspects Med

2016; 55: 45–61.

4. Young A et al. Targeting cancer-derived

adenosine: new therapeutic approaches.

Cancer Discov 2014; 4: 879–888.

5. Gessi S et al. Adenosine receptor target-

ing in health and disease. Expert Opin

Investig Drugs 2011; 20: 1591–1609.

6. Chen J-F et al. Adenosine receptors as

drug targets—what are the challenges?

Nat Rev Drug Discovery 2013; 12:

265–286.

7. Fredholm BB. Adenosine—a physio-

logical or pathophysiological agent? J

Mol Med 2014; 92: 201–206.

8. Idzko M et al. Extracellular nucleotide

and nucleoside signaling in vascular

and blood disease. Blood 2014; 124:

1029–1037.

9. Fredholm BB et al. International

Union of Basic and Clinical Pharma-

cology. LXXXI. Nomenclature and

classification of adenosine receptors—

an update. Pharmacol Rev 2011; 63:

1–34.

10. Todorova D et al. Extracellular vesi-

cles in angiogenesis. Circ Res 2017;

120: 1658–1673.

11. DiPietro LA. Angiogenesis and scar

formation in healing wounds. Curr

Opin Rheumatol 2013; 25: 87–91.

12. Folkman J ed. Role of angiogenesis in

tumor growth and metastasis. Semin

Oncol 2002; 29: 15–18: Elsevier.

13. Carmeliet P, Jain RK. Molecular

mechanisms and clinical applications

of angiogenesis. Nature 2011; 473:

298–307.

14. Mao H et al. Low-density lipoprotein

receptor-related protein-1 signaling in

angiogenesis. Front Cardiovasc Med

2017; 4: 34.

15. Fredholm BB et al. International

Union of Pharmacology. XXV.

Nomenclature and classification of

adenosine receptors. Pharmacol Rev

2001; 53: 527–552.

16. Salsoso R et al. Adenosine and

preeclampsia. Mol Aspects Med 2017;

55: 126–139.

17. Bynoe MS et al. Adenosine receptor

signaling: a key to opening the blood–

© 2017 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 70 (2018), pp. 191–196194

Role of AR agonist/antagonist in angiogenesis Amirhossein Bahreyni et al.

https://doi,org/10.1002/jcp.25944
https://doi,org/10.1002/jcp.25944


brain door. Fluids Barriers CNS 2015;

12: 20.

18. Vecchio EA et al. Targeting adenosine

receptors for the treatment of cardiac

fibrosis. Front Pharmacol 2017; 8: 243.

19. Sheth S et al. Adenosine receptors:

expression, function and regulation.

Int J Mol Sci 2014; 15: 2024–2052.

20. Nathan JR et al. Expression of adeno-

sine receptors and vegf during angio-

genesis and its inhibition by

pentoxifylline – a study using zebra-

fish model. Biomed Pharmacother

2016; 84: 1406–1418.

21. Azuaje F et al. Proof-of-principle

investigation of an algorithmic model

of adenosine-mediated angiogenesis.

Theor Biol Med Model 2011; 8: 7.

22. Hormozi M et al. 50-(N-ethylcarboxa-
mido) adenosine improves angiogenesis

in transplanted human ovarian tissue.

Fertil Steril 2011; 95: 2560–2563.e1–5.

23. Koszalka P et al. Specific activation of

A3, A2A and A1 adenosine receptors

in CD73-knockout mice affects

B16F10 melanoma growth, neovascu-

larization, angiogenesis and macro-

phage infiltration. PLoS ONE 2016;

11: e0151420.

24. Wang Y, Shao JH. [Effect of adeno-

sine on three dimensional tube forma-

tion and angiogenesis of human

umbilical vein endothelial cell

(HUVEC) in vitro]. Zhongguo ying

yong sheng li xue za zhi = Zhongguo

yingyong shenglixue zazhi = Chin J

Appl Physiol 2005; 21: 160–162.

25. Mohsenin A et al. Enhanced CXCL1

production and angiogenesis in ade-

nosine-mediated lung disease. FASEB

J 2007; 21: 1026–1036.

26. Ryzhov S et al. Role of adenosine

receptors in the regulation of angio-

genic factors and neovascularization

in hypoxia. J Pharmacol Exp Ther

2007; 320: 565–572.

27. Feoktistov I et al. Hypoxia modulates

adenosine receptors in human

endothelial and smooth muscle cells

toward an A2B angiogenic phenotype.

Hypertension (Dallas, Tex: 1979) 2004;

44: 649–654.

28. Ahmad A et al. Adenosine A2A recep-

tor is a unique angiogenic target of

HIF-2alpha in pulmonary endothelial

cells. Proc Natl Acad Sci USA 2009;

106: 10684–10689.

29. Liu X-L et al. Genetic inactivation of

the adenosine A(2A) receptor attenu-

ates pathologic but not developmental

angiogenesis in the mouse retina.

Invest Ophthalmol Vis Sci 2010; 51:

6625–6632.

30. Ernens I et al. Adenosine stimulates

angiogenesis by up-regulating pro-

duction of thrombospondin-1 by

macrophages. J Leukoc Biol 2015; 97:

9–18.

31. Desai A et al. Adenosine A2A receptor

stimulation increases angiogenesis by

down-regulating production of the

antiangiogenic matrix protein throm-

bospondin 1. Mol Pharmacol 2005; 67:

1406–1413.

32. Montesinos MC et al. Adenosine pro-

motes wound healing and mediates

angiogenesis in response to tissue injury

via occupancy of A(2A) receptors. Am J

Pathol 2002; 160: 2009–2018.

33. Montesinos MC et al. Adenosine A

(2A) receptor activation promotes

wound neovascularization by stimulat-

ing angiogenesis and vasculogenesis.

Am J Pathol 2004; 164: 1887–1892.

34. Ferrante CJ et al. The adenosine-

dependent angiogenic switch of

macrophages to an M2-like phenotype

is independent of interleukin-4 recep-

tor alpha (IL-4Ralpha) signaling.

Inflammation 2013; 36: 921–931.

35. Grinberg S et al. Suppression of

PLCbeta2 by endotoxin plays a role in

the adenosine A(2A) receptor-

mediated switch of macrophages from

an inflammatory to an angiogenic

phenotype. Am J Pathol 2009; 175:

2439–2453.

36. Pinhal-Enfield G et al. An angiogenic

switch in macrophages involving syn-

ergy between Toll-like receptors 2, 4,

7, and 9 and adenosine A(2A)

receptors. Am J Pathol 2003; 163:

711–721.

37. Feoktistov I et al. Differential expres-

sion of adenosine receptors in human

endothelial cells: role of A2B receptors

in angiogenic factor regulation. Circ

Res 2002; 90: 531–538.

38. Sorrentino C et al. Myeloid-derived

suppressor cells contribute to A2B

adenosine receptor-induced VEGF

production and angiogenesis in a

mouse melanoma model. Oncotarget

2015; 6: 27478–27489.

39. Du X et al. Adenosine A(2B) receptor

stimulates angiogenesis by inducing

VEGF and eNOS in human microvas-

cular endothelial cells. Exp Biol Med

2015; 240: 1472–1479.

40. Rizvi YQ et al. Interactions of PPAR-

alpha and adenosine receptors in

hypoxia-induced angiogenesis. Vascul

Pharmacol 2013; 59: 144–151.

41. Bahreyni A et al. Adenosine: an

endogenous mediator in the patho-

genesis of gynecological cancer. J Cell

Biol 2017; https://doi.org/10.1002/jcp.

26056. [Epub ahead of print].

42. Bahreyni A et al. Therapeutic potentials

of adenosine receptors agonists and

antagonists in colitis; current status and

perspectives. J Cell Physiol 2017; https://

doi.org/10.1002/jcp.26073. [Epub ahead

of print].

43. Ebrahimi S et al. Role of thrombin in

the pathogenesis of central nervous

system inflammatory diseases. J Cell

Physiol 2017; 232: 482–485.

44. Igarashi J et al. Involvement of S1P1

receptor pathway in angiogenic effects

of a novel adenosine-like nucleic acid

analog COA-Cl in cultured human

vascular endothelial cells. Pharmacol

Res Perspect 2014; 2: e00068.

45. Clark AN et al. A1 adenosine receptor

activation promotes angiogenesis and

release of VEGF from monocytes. Circ

Res 2007; 101: 1130–1138.

46. Feoktistov I et al. Mast cell-mediated

stimulation of angiogenesis: coopera-

tive interaction between a2b and a3

adenosine receptors. Circ Res 2003;

92: 485–492.

47. Gessi S et al. Adenosine receptors in

colon carcinoma tissues and colon

tumoral cell lines: focus on the A3

adenosine subtype. J Cell Physiol 2007;

211: 826–836.

48. Merighi S et al. A3 adenosine recep-

tors modulate hypoxia-inducible fac-

tor-1a expression in human a375

melanoma cells. Neoplasia 2005; 7:

894–903.

49. Merighi S et al. Adenosine modulates

vascular endothelial growth factor

© 2017 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 70 (2018), pp. 191–196 195

Amirhossein Bahreyni et al. Role of AR agonist/antagonist in angiogenesis

https://doi.org/10.1002/jcp.26056
https://doi.org/10.1002/jcp.26056
https://doi.org/10.1002/jcp.26073
https://doi.org/10.1002/jcp.26073


expression via hypoxia-inducible fac-

tor-1 in human glioblastoma cells.

Biochem Pharmacol 2006; 72: 19–31.

50. Rudich N et al. Down-regulation of

the A3 adenosine receptor in human

mast cells upregulates mediators of

angiogenesis and remodeling. Mol

Immunol 2015; 65: 25–33.

51. Kim GD et al. Thio-Cl-IB-MECA, a

novel A(3) adenosine receptor agonist,

suppresses angiogenesis by regulating

PI3K/AKT/mTOR and ERK signaling

in endothelial cells. Biochem Biophys

Res Comm 2013; 437: 79–86.

© 2017 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 70 (2018), pp. 191–196196

Role of AR agonist/antagonist in angiogenesis Amirhossein Bahreyni et al.


