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Background 
 
The concept of purinergic signaling, i.e. ATP acting as an extracellular signaling molecule, was 
put forward in 1972, when evidence was presented in support of ATP as a neurotransmitter in 
non-adrenergic, non-cholinergic (NANC) nerves in the gut, bladder, and some blood vessels [1]. 
After considerable early resistance purinergic signaling is now fully accepted for both neuronal 
and non-neuronal cells [2-5].  

Extracellular receptors for purines and pyrimidines were recognized and currently four 
P1 (adenosine) subtypes, seven P2X ion channel and eight P2Y G protein-coupled receptor 
subtypes have been cloned and characterized [6-9]. Both short-term purinergic signaling in 
neurotransmission, neuromodulation, exocrine and endocrine secretion, platelet aggregation, 
mechanosensory transduction, and long-term (trophic) purinergic signaling of cell proliferation, 
differentiation, migration, and death during development and regeneration has been described 
[10,11]. There is increasing evidence for roles for purinergic signaling in pathological 
conditions [3]. 
  In the vascular system, purinergic signaling is involved in dual control of vascular tone 
and remodeling by ATP released as a cotransmitter from perivascular nerves and released from 
endothelial cells during changes in blood flow (shear stress) and hypoxia to act on both P2X and 
P2Y receptors on endothelial cells to release nitric oxide resulting in vasodilatation [12-18]. 
Uridine adenosine tetraphosphate (Up4A) is also released from endothelial cells in kidney and 
lung to cause endothelium-dependent vasoconstriction, perhaps largely via P2X1 receptors 
[19,20]. 
 
Atherosclerosis and Restenosis 
 
There is growing evidence that ATP signaling is involved in atherosclerosis [14,21-24]. 
Adenosine and ATP have a number of cardiovascular protective effects in addition to 
vasodilatation, including the promotion of endothelial and smooth muscle cell proliferation (see 
Figure 1) and an increase in the expression of vascular endothelial growth factor (VEGF) 
mRNA, which plays an important role in the development of intimal thickening during arterial 
diseases, such as atherosclerosis, and in restenosis after angioplasty, and in the growth of new 
vessels that takes place during wound healing and in tumors [14]. Hypoxia is an important 
stimulus to vascular growth and it is believed that ATP, which is released from endothelial cells 
during hypoxia and its breakdown product adenosine, has important roles as mediators of blood 
vessel growth.  

An early study reported that adenosine produces changes in cyclic AMP and DNA 
synthesis in cultured arterial smooth muscle cells and suggested that this might result in the 
regulation of cell proliferation [25]. The authors speculated that adenosine could be one of 
several regulatory factors in the development of atherosclerosis and might also regulate the 



release of a smooth muscle mitogen, platelet-derived growth factor. There is now supporting 
evidence that adenosine does indeed regulate smooth muscle cell proliferation in angiogenesis 
[26]. Endothelial cell proliferation is mediated by A2A and A2B receptors and some of the 
mitogenic effects are mediated via the modulation of VEGF signaling. There is evidence that 
A2B receptors mediate inhibition of the growth of human aortic smooth muscle cells [27].  

ATP and ADP also mediate cell proliferation via P2 receptors. ATP and ADP stimulate 
DNA synthesis and cell proliferation of porcine aortic smooth muscle cells via activation of P2Y 
receptors [28]. UTP also has powerful mitogenic actions on vascular smooth muscle, and since 
the mitogenic effects of UTP and ATP were approximately equipotent [29,30] this would 
suggest that the receptor involved is either a P2Y2 or P2Y4 subtype. There was upregulation of 
vascular smooth muscle P2Y2 receptors by mitogen-activated protein kinase (MAPK)-dependent 
growth factor, which the authors suggested may be important in atherosclerosis and neointimal 
formation after balloon angioplasty [12]. Upregulation and activation of P2Y2 receptor has been 
shown to mediate intimal hyperplasia in rabbit carotid artery [31], basilar artery [32], and 
diabetic pig coronary artery [33]. It has been proposed that upregulation of P2Y2 receptors may 
be a useful diagnostic indicator for the early stages of atherosclerosis [34]. ATP and ADP have 
also been shown to stimulate endothelial cell migration and proliferation [35,36], probably via 
P2Y receptors. 

Vascular injury represents a critical initiating event in the pathogenesis of various 
vascular diseases. Large amounts of ATP are released from injured cells and, as described 
above, ATP and adenosine have potent actions on smooth muscle and endothelial cell growth, 
migration, proliferation, and death. Atherosclerotic damage results in the disappearance of 
endothelium-dependent responses to ATP [3]. The release of ATP from endothelial cells has 
also been claimed to be impaired in atherosclerotic arteries and long-term supplementation with 
a high cholesterol diet decreases the release of ATP. Clinical trials with clopidogrel and 
ticlopidine (P2Y12 receptor antagonists) in patients with atherosclerotic disease have shown 
significant benefit compared with aspirin. 

Natural killer cells represent the main source of interferon-γ that contributes to 
atherosclerotic plaque progression and instability. ATP release from endothelial cells by shear 
stress and enhanced in inflammatory states [37] might represent protective mechanisms for killer 
cell-mediated plaque formation [38]. 

Apoptotic cell death is recognized to occur in a number of vascular diseases, including 
atherosclerosis, restenosis, and hypertension [39,40]. ATP releases histamine from mast cells 
and releases inflammatory cytokines such as interleukin-1 from immune cells via P2X7 
receptors. In addition, occupation of P2Y receptors leads to prostaglandin and cyclo-oxygenase-
2 (COX-2) synthesis [41], both involved in inflammatory processes. ATP-induced COX-2 
expression is via p42/p44, MAPK, p38, and NF-κB in vascular smooth muscle cells and the 
authors suggest that nucleotides may promote atherosclerosis via these mechanisms [42]. 
Vascular endothelial cells are continuously exposed to variations in blood flow, which plays an 
important role in vessel growth or regression and in the local development of atherosclerosis. 
The shear stress leads to a substantial release of ATP and UTP from endothelial cells [43], and 
these purines might mediate alterations in the balance between proliferation and apoptosis. 

The pattern of vascular connexins is altered during atherosclerotic plaque formation and 
in restenosis affecting gap-junctional communication between smooth muscle cells, and 
genetically modified connexin expression alters the course of atherosclerosis and restenosis [44]. 
Connexin hemichannel formation has been shown to be regulated by ATP [45,46]. 



In restenosis following balloon angioplasty, there is a peak in the proliferation and 
apoptosis of vascular smooth muscle at about 14 days [47]. The first balloon inflation during 
coronary angioplasty is a preconditioning stimulus leading to a decrease in ischemia in later 
inflations; intracoronary adenosine administration before coronary angioplasty modifies the 
preconditioning effect of the first inflation [48].  

Saphenous vein, internal mammary, and radial arteries have been used as grafts for 
coronary bypass surgery; the level of endothelial P2Y2 receptors is comparable in all three 
vessels, but endothelial P2X4 receptors vary from high in saphenous vein to significantly lower 
in the other two vessels. It has been suggested that P2X4 receptors play a more significant role in 
intense proliferation in arteriosclerosis and restenosis than P2Y2 receptors, as reflected by the 
susceptibility of saphenous vein grafts to atherosclerosis compared with internal mammary 
arteries [49]. In another study, P2X1 and P2Y6 receptors mediated more prominent contractions 
in the saphenous vein compared with the internal mammary artery; it has been suggested that 
selective antagonists to these receptors may prevent vasospasm and restenosis in the saphenous 
vein during and after revascularization surgery [50]. A novel role for P2Y2 receptors in the 
development of atherosclerosis has been suggested, whereby UTP induces vascular cell adhesion 
molecule-1 expression in coronary artery endothelial cells that mediate the recruitment of 
monocytes [51]. Deletion of ecto-5’-nucleotidase (CD73), which leads to increase in 
extracellular ATP and reduction of adenosine, is characterized by enhanced platelet activation 
and increased adherence of monocytes to the endothelium. It has been shown that CD73-derived 
adenosine acts as an endogenous modulator protecting against vascular inflammation and 
monocyte recruitment, thus limiting the progression of atherosclerosis [52]. A recent paper has 
shown that P2 receptors play an important role in homocysteine-induced atherosclerosis [53].  

Newly developing vascular endothelia express very high levels of the ectonucleotidase, 
NTPDase1, also seen under hypoxic conditions [54]. Angiogenesis requires the dynamic 
interaction of endothelial cell proliferation and differentiation with orchestrated interactions 
between extracellular matrix and surrounding cells (such as vascular smooth muscle and/or 
pericytes). Such interactions could be coordinated by interplay between nucleotide release, P2 
receptor modulation, and altered NTPDase expression [55]. Atherosclerosis is an inflammatory 
disease induced by hypercholesterolemia and increase in NTPDase (CD39, apyrase) and 
subsequent ATP and ADP hydrolysis has been shown in platelets of hypercholesteremic patients 
[56]. The authors suggest that this might be beneficial in reducing thrombus formation, but may 
also contribute to future fatal events such as unstable angina and myocardial infarction. 

In conclusion, the long-term (trophic) roles of purinergic signaling in vascular smooth 
muscle and endothelial cell proliferation and death have been implicated in atherosclerosis and 
restenosis and suggest the exploration of therapeutic strategies in relation to these events 
[3,17,57-61]. 
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Figure 1. Schematic diagram of long-term (trophic) actions of purines released from nerves, 
platelets, and endothelial cells (which also release UTP) acting on P2 receptors to stimulate or 
inhibit cell proliferation. ATP released as a cotransmitter from sympathetic nerves and sensory-
motor nerves (during axon reflex activity) stimulates smooth muscle cell proliferation via P2Y2 
and/or P2Y4 receptors via a mitogen activated protein kinase (MAPK) cascade, whereas 
adenosine resulting from enzymatic breakdown of ATP acts on P1 (A2) receptors to inhibit cell 
proliferation (via elevation of cAMP). ATP and UTP released from endothelial cells stimulate 
endothelial and smooth muscle cell proliferation via P2Y1, P2Y2 and P2Y4 receptors. Adenosine 
resulting from ATP breakdown acts on P1 (A2) receptors to stimulate endothelial cell 
proliferation and regulate the release of platelet-derived growth factor (PDGF) from platelets. 
NA, noradrenaline; CGRP, calcitonin gene-related peptide; SP, substance P. (Reproduced from 
[14] with permission from Lippincott, Williams and Wilkins). 


