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Abstract:

Purinergic signalling is important both in short-term control of vascular tone and in longer-term control of cell proliferation,
migration and death involved in vascular remodelling. There is dual control of vascular tone by ATP released from perivascular
nerves and by ATP released from endothelial cells in response to changes in blood flow (shear stress) and hypoxia. Both ATP and its
breakdown product, adenosine, regulate smooth muscle and endothelial cell proliferation. The involvement of these regulatory
mechanisms in pathological conditions, including hypertension, atherosclerosis, restenosis, diabetes and vascular pain, are

discussed.
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Introduction

The concept of purinergic signalling, i.e. ATP acting
as an extracellular signalling molecule, was proposed
by Burnstock in 1972 when evidence was presented
that ATP was the neurotransmitter in non-adrenergic,
non-cholinergic neuromuscular transmission in the
gut and urinary bladder [21]. Later, it was recognised
as a cotransmitter in sympathetic, parasympathetic,
sensory-motor and enteric nerves [10]. There was early
resistance to this concept (see [12, 22, 26]), but the roles
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of nucleotides and nucleosides as extracellular signal-
ling molecules are now well established in both neural
and non-neural tissues [2, 18, 27]. P1 receptors for
adenosine, of which four subtypes (A, Ay, Ay, and
A3) have been cloned and characterised, have been
distinguished from P2 receptors for ATP/ADP/UTP
[8], and P2 receptors have been divided into P2X
ligand-gated ion channel and P2Y G protein-coupled
receptor families. Seven subtypes of P2X receptors
and 8 subtypes of P2Y receptors have been cloned and
characterized [19, 79]. The majority of studies involv-
ing purinergic signalling have been concerned with
short-term events, such as neurotransmission or secre-
tion. However, there is growing interest in the long-
term trophic actions of extracellular nucleotides and
nucleosides on cell proliferation and death [1, 75].
ATP and adenosine are very much involved in the
mechanisms underlying local control of vessel tone
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[14, 15, 28] as well as cell migration, proliferation,
differentiation, and death during angiogenesis, athero-
sclerosis, and restenosis following angioplasty [19,
39, 40].

Short-term purinergic signalling
regulating vascular tone

In the vascular system, short-term purinergic signal-
ling events associated with the control of vascular
tone by ATP released from nerves and endothelial
cells have been clearly demonstrated [11, 24, 28] (see
Fig. 1).

ATP released as a cotransmitter with noradrenaline
(NA) from perivascular sympathetic nerves acts
mainly on P2X; receptors on medial vascular smooth
muscle to produce constriction, whereas ATP released
as a cotransmitter from sensory-motor nerves during
‘axon reflex’ activity dilates some vessels [28].

ATP released from endothelial cells during changes
in blood flow (producing shear stress) or hypoxia acts
on P2 receptors on endothelial cells to release nitric
oxide (NO), resulting in relaxation [4, 24]. P2Y re-
ceptors are dominant in some vessels activated selec-
tively by ADP [79], in other vessels P2Y, receptors
are present that are activated equally by ATP and the
pyrimidine UTP [72]. UTP has also been shown to be
released from endothelial cells by shear stress [85].
Endothelial cells also express other types of puriner-
gic receptors (P2Y, and P2Y) [78]; and yet another
P2Y receptor subtype (P2Y;) is present on endothe-
lial cells of human mammary artery and umbilical
vein [104]. Endothelial cells of arteries and veins ex-
press different levels of P2X, receptors — high levels
on saphenous veins and low levels on mammary arter-
ies, although the function of this receptor was un-
known [81]. However, Yamamoto et al. [107] re-
ported that, in some blood vessels, P2X, receptors in-
duced vascular dilatation in an NO-dependent
manner. This finding contrasts with another study that
examined P2X; receptors on the endothelium of rat
mesenteric arteries. P2X; receptors mediated endoth-
elial-dependent vasodilation, but a NO synthase in-
hibitor had no effect on dilation [50]. P2X, and P2X
receptors (perhaps as heteromultimers) were reported
to be associated with VE-cadherin in human endothe-
lial cells, suggesting a role for these receptors in
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Fig. 1. Schematic diagram illustrating the main receptor subtypes for
purines and pyrimidines present in blood vessels involved in control
of vascular tone. ATP is released as a cotransmitter with noradrena-
line (NA) and neuropeptide Y (NPY) from sympathetic nerves in the
adventitia to act at smooth muscle P2X, receptors and, in some ves-
sels, P2X,, P2X, and P2Y, and P2Y receptors, resulting in vasocon-
striction; ATP is released with calcitonin gene related peptide (CGRP)
and substance P (SP) from sensory-motor nerves during “axon re-
flex” activity to act on smooth muscle P2Y receptors, resulting in ei-
ther vasodilatation or vasoconstriction. P1 (A,) receptors on nerve
terminals of sympathetic and sensory nerves mediate adenosine
(arising from ecto-enzymatic breakdown of ATP) modulation of trans-
mitter release. P2X, 5 receptors are present on a subpopulation of
sensory nerve terminals. P1 (A,) receptors on vascular smooth mus-
cle mediate vasodilatation. Endothelial cells release ATP and UTP
during shear stress and hypoxia to act on P2Y,, P2Y, and sometimes
P2Y,, P2Y,, and P2X, receptors, leading to the production of nitric
oxide (NO) and subsequent vasodilatation. ATP, after its release from
aggregating platelets, also acts, together with its breakdown product
ADP, on these endothelial receptors. Blood-borne platelets possess
P2Y, and P2Y,, ADP-selective receptors as well as P2X, receptors,
whereas immune cells of various kinds possess P2X; as well as P1,
P2X,, P2Y, and P2Y, receptors. (Figure is modified from Burnstock
G: J Auton Pharmacol, 1996, 16, 295-302 with permission from
Blackwell Science Ltd, UK)

modulating adhesion junctions between endothelial
cells [46].

Adenosine produced after breakdown of released
ATP from nerves and endothelial cells causes vaso-
dilatation via smooth muscle P1 (usually A, subtype)
receptors. ATP release from red blood cells is in-
creased in pathological conditions such as subarach-
noid hemorrhage, largely because there is widespread
blood cell lysis [92]. This leads to transient constric-
tion of arterioles via P2X receptors and sustained con-
striction of large cerebral vessels, largely through
P2Y, receptors. The differences in purinergic receptor
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distribution between macro- and microvessels in the
cerebral circulation are likely to have important con-
sequences in pathological conditions.

Long-term purinergic signalling involved
in proliferation of smooth muscle and
endothelial cells

Smooth muscle

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
[57]. 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 (PDGF), from platelets. There is now good evi-
dence that adenosine, an ectoenzymatic breakdown
product of ATP, does regulate smooth muscle cell pro-
liferation, but its properties differ from those for ATP
and ADP. Adenosine inhibits vascular smooth muscle
cell proliferation by A,g receptor activation via the
elevation of cyclic AMP [37] and a selective A, re-
ceptor agonist, 2-octynyladenosine, reduced neointi-
mal thickening in a rat femoral artery injury model
[95].

ATP and ADP stimulate DNA synthesis and cell
proliferation of cultured porcine artery vascular
smooth muscle cells, an action that was shown to be
mediated by P2Y receptors [103]. It was speculated
that this mechanism was involved in the regulation of
vascular smooth muscle cell proliferation during em-
bryonic and early postnatal development, after injury,
and in arteriosclerosis. It was further suggested that
the ATP released from endothelial cells causes not
only autocrine mitogenic stimulation of the endothe-
lial cells themselves but also paracrine stimulation of
the smooth muscle cells that migrate to the intima af-
ter injury. Exogenous ATP and UTP also induce a lim-
ited cell cycle progression in arterial smooth muscle
cells as well as having powerful mitogenic actions,
probably via P2Y, or P2Y, receptors [41, 68, 71].

Sympathetic nerves have been shown to exert a tro-
phic influence on vascular smooth muscle [3, 90].
From her studies of pulmonary artery denervated of
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sympathetic nerves, Bevan [3] concluded that sympa-
thetic transmitters exert slow trophic as well as fast
signalling actions on cell growth and division by in-
fluencing protein, DNA, and RNA synthesis. Since
ATP as well as NA and neuropeptide Y (NPY) are
known to be released as cotransmitters from sympa-
thetic nerves [15], this was consistent with the possi-
bility that ATP and/or its breakdown product, adeno-
sine, might be involved in these trophic actions.

ADP contributes significantly in synergy with the
peptide growth factors PDGF, epidermal growth fac-
tor, and transforming growth factor-f3, to the platelet-
induced proliferation of vascular smooth muscle [33].
The mitogenic effect of ATP on vascular smooth mus-
cle cells is synergistic with other mitogens, including
insulin and insulin-like growth factor-1 [103]. In
a study of the mechanisms involved in ATP-induced
proliferation of vascular smooth muscle cells [108], it
was shown that P2Y receptor activation of smooth
muscle was coupled to a pertussis toxin-insensitive
G, protein, triggering phosphoinositide hydrolysis
and subsequent activation of PKC, Raf 1 and MAPK.
A later study presented evidence indicating that ATP-
stimulated vascular smooth muscle cell proliferation
requires independent ERK and phosphatidylinositol
3-kinase—signalling pathways [105]. There are 2 phe-
notypes of smooth muscle: the contractile phenotype
and the synthetic (proliferative) phenotype [30]. In
a study of cultures expressing these 2 phenotypes us-
ing quantitative reverse transcription-polymerase
chain reaction, it was shown that P2X; receptors were
strongly expressed in the contractile phenotype. In the
synthetic (proliferative) phenotype, the mitogenic
P2Y, and P2Y, receptor transcripts were upregulated
342- and 8-fold, respectively, whereas the contractile
P2X, receptor was totally down-regulated, while the
P2Y, and P2Y receptors were unchanged [40]. Fur-
thermore, MAPK kinase-dependent growth factor in-
duced the upregulation of P2Y, receptors in vascular
smooth muscle cells, which the authors suggested
may be of importance in atherosclerosis and neointi-
mal formation after balloon angioplasty [53].

Endothelial cells

Long-term administration of adenosine was reported
to induce capillary endothelial cell proliferation in the
heart [54]. Adenosine has also been shown to induce
dose-dependent proliferation of endothelial cells ob-
tained from the aorta [98], from coronary vessels
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[111] and from human umbilical veins [42]. It has also
been shown to stimulate canine retinal microvascular
endothelial cell migration and tube formation [67].
The action of adenosine in producing endothelial cell
proliferation is mediated by A,, and A,p receptors
partly by the modulation of vascular endothelial
growth factor (VEGF) [48, 88]. The addition of an an-
tisense oligonucleotide complementary to the A,y re-
ceptor mRNA inhibited VEGF production. Augmen-
tation by adenosine of the expression of VEGF has
been described in cerebral [43] and retinal [94] micro-
vascular endothelial cells. The selective A,p receptor
antagonists enprofylline and 3-isobutyl-8-pyrro-
lidinoxanthine inhibited 5’-(N-ethylcarboxamido)-
adenosine-stimulated proliferation of human retinal
endothelial cells, ERK activation, cell migration, and
capillary tube formation [47].

ADP was shown to be one of several agonists that
induced cultured endothelial cell migration and prolif-
eration [70]. Angiogenesis (or neovascularization) be-
gins with the migration of endothelial cells, originat-
ing from capillaries, into the tissue being vascular-
ized. ADP and, to a lesser extent, adenosine and
adenine showed strong chemotactic activity and were
postulated to be angiogenesis factors in vivo [96].
Adenine nucleotides were shown to have a mitogenic
action on aortic endothelial cells, probably via P2Y
receptors [97]. ATP has also been shown to produce
proliferation of cultured bovine corneal endothelial
cells [31]. The source of the purines involved in these
trophic actions is largely from the endothelial cells,
suggesting an autocrine mechanism [66]. ADP re-
leased from aggregating platelets may also play a role
[99]. Stretch-induced changes in endothelial cell
shape [106] and changes produced by hypoxic stress
may be mediated by the ATP (and adenosine after ec-
toenzymatic breakdown) released from endothelial
cells under both these conditions (see [5]).

There is increasing evidence that cell proliferation
and programmed cell death (apoptosis) are linked
[35]. For example, VEGF turns on cell proliferation,
but inhibits apoptosis [69]. Distinct signal transduc-
tion cascades, composed of at least 3 protein kinases,
mediate cell proliferation and differentiation, growth
arrest, and apoptosis [73]. In diseases such as carcino-
genesis, degenerative disorders, and ischemia/reper-
fusion injury, there is an imbalance between cell divi-
sion and cell death. Extracellular ATP and adenosine
have been shown to cause apoptosis of pulmonary ar-
tery endothelial cells [34]. It has been speculated that

ATP released from cells undergoing cytolysis or de-
granulation may cause endothelial cell death, perhaps
by inhibition of methyltransferase activity and that
this may be important in acute vascular injury or in
limiting angiogenesis [84]. ATP converts necrosis to
apoptosis in oxidant-injured bovine pulmonary artery
endothelial cells [65]. In a study of porcine aortic en-
dothelial cells, extracellular ATP and ADP, probably
acting through P2X; receptors, were shown to acti-
vate nuclear factor-kB, a transcription factor, and in-
duce apoptosis [102].

Purinergic signalling in vascular
diseases

The migration, proliferation, and death of vascular
smooth muscle and endothelial cells play an impor-
tant role in the development of intimal thickening dur-
ing arterial diseases, such as arteriosclerosis and res-
tenosis after angioplasty, and in the growth of new
vessels that takes place during wound healing and in
tumors [45, 83, 87]. ATP, ADP, UTP, and adenosine
play pivotal signalling roles in these long-term events
[23, 38, 39, 74, 80].

Hypertension

ATP plays a significant cotransmitter role in sympa-
thetic nerves supplying hypertensive blood vessels.
The purinergic component is increased in spontane-
ously hypertensive rats (SHR) [6, 101]. The increase
in sympathetic nerve activity in hypertension is well
established, and there is an associated hyperplasia and
hypertrophy of arterial walls [58]. Also, sympathetic
neurons innervating the vasculature are dependent on
nerve growth factor (NGF) in development, and an in-
crease in NGF gene expression and protein has been
described in spontaneously hypertensive rats (SHR)
[109]. o,B-Methylene ATP has been shown to in-
crease NGF secretion by vascular smooth muscle
cells in SHR [91]. ATP is a rapidly acting hypotensive
agent that compares favourably with sodium nitro-
prusside [63]. ATP-MgCl, is a safe, effective, and
preferential pulmonary vasodilator in children with
pulmonary hypertension secondary to congenital
heart defects; it has also been used for treating pulmo-
nary hypertension after cardiac surgery [7]. ATP ex-
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erts mitogenic actions on human pulmonary artery
smooth muscle cells, which may be relevant to the pa-
thophysiological basis of severe pulmonary hyperten-
sion [59, 110]. Eicosapentaenoic acid, one of the ac-
tive components in fish oil that has antihypertensive
effects, increases the release of ATP from vascular en-
dothelial cells, leading to reduction of the blood pres-
sure rise characteristic of aging [51]. P2X, receptors
are localized in the syncytiotrophoblast, stroma, and
foetal capillary endothelial cells of human placenta.
Placental P2X, receptors are significantly upregulated
in mild preeclampsia [82].

Angiogenesis

The growth of new blood vessels takes place in patho-
logical events such as tumor growth, wound healing,
psoriasis, and the ischemic retinopathies that occur in
diabetes and sickle cell disease. In the adult, the de-
velopment of new blood vessels, or neovasculariza-
tion, occurs by budding from existing blood vessels
and is referred to as angiogenesis (as distinct from
vasculogenesis, which occurs in embryogenic devel-
opment by vessel formation from mesenchyme pre-
cursor cells or angioblasts). Peptide growth factors
such as fibroblast growth factor, transforming growth
factor-a,, and VEGF are clearly involved in angio-
genesis, but purines and pyrimidines also contribute
to this process [86]. In rheumatoid arthritis, new cap-
illary blood vessels invade the joint and destroy the
cartilage. In diabetes, new capillaries in the retina in-
vade the vitreous body, bleed, and cause blindness,
and tumor growth and metastasis are angiogenesis de-
pendent [44]. Anginal patients treated chronically
with dipyridamole to increase adenosine levels
showed an increase in coronary angiogenesis [76],
and dipyridamole has also been used for the preven-
tion of stroke [36]. The former action may involve
a preferential effect of adenosine on endothelial cells,
since smooth muscle proliferation was inhibited in
rabbits pre-treated with dipyridamole [55].

Atherosclerosis

Vascular injury represents a critical initiating event in
the pathogenesis of various vascular diseases, includ-
ing organ transplantation, sepsis, and atherosclerosis,
and the events that follow, i.e., vascular cell growth,
migration, proliferation, and death. Since large
amounts of ATP are released from injured cells and
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because ATP and its breakdown product, adenosine,
have potent actions in smooth muscle and endothelial
cell growth, migration, proliferation, and death, the
possibility that purines are one of the factors involved
in the development of vascular disease has been con-
sidered. Various models of vascular injury have been
introduced, including denudation of the endothelium
by mechanical injury (balloon or nylon catheters),
diet-induced hypercholesterolemic injury, or immune
injury. A limited number of studies have been carried
out to examine the possible roles of purines in the de-
velopment of the pathology of vessels.

Atherosclerotic damage results in the disappear-
ance of endothelium-dependent vasodilator responses
to ATP [77, 100], whereas the relaxing action of
smooth muscle is unimpaired. The release of ATP
from endothelial cells has been claimed to be im-
paired in atherosclerotic rat caudal arteries [89].
Long-term supplementation with a high cholesterol
diet decreases the release of ATP from the caudal ar-
tery of aged rats [52]. Changes in the dual nervous
and endothelial control of blood flow in hypocholes-
teraemic rabbits have been described [29].

Apoptotic cell death is recognized to occur in
a number of vascular diseases, including atherosclero-
sis, restenosis, and hypertension [69]. Vascular endo-
thelial 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 that occurs during
changes in blood flow leads to a substantial release of
ATP (and UTP) from endothelial cells [24], and these
purines might mediate alterations in the balance be-
tween proliferation and apoptosis [60]. Occupation of
P2X receptors leads to the production of proinflam-
matory cytokines [35] and tumor necrosis factor-a
markedly increases endothelial cell apoptosis via the
activation of caspase 3 [69].

Restenosis

In restenosis following balloon angioplasty, there is
a peak in the proliferation and apoptosis of vascular
smooth muscle cells at ~14 days [49]. The first bal-
loon inflation during coronary angioplasty is a pre-
conditioning stimulus leading to a decrease in ische-
mia during later inflations; intracoronary adenosine
administration before coronary angioplasty modifies
the preconditioning effect of the first inflation [62].
Further studies show that adenosine preconditions hu-
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man myocardium against ischemia in vivo [64]. Ische-
mia and hypoxia lead to a substantial release of ATP
from endothelial cells [5] and ATP and adenosine are
released from hypoxic heart and skeletal muscle [13].

Diabetes

Along with its stimulating effect on bovine retinal
capillary endothelial cells, adenosine has been shown
to have an inhibitory effect on retinal pericytes, and it
has been hypothesized that this dual function plays
a role in the pathological neovascularisation process
that takes place in diabetes [56]. Diabetic microangio-
pathy has been implicated as a fundamental feature of
the pathological complications of diabetes, including
retinopathy, neuropathy, and foot ulceration [61].

Vascular pain

P2X5 receptors are found on nociceptive sensory
nerve fibres and local release of ATP activates these
fibres sending messages to the pain centres in the
brain (see [20]). Burnstock speculated in 1996 [9] that
vascular pain, such as angina, migraine, ischemic
muscle pain, lumbar pain and pelvic pain, may in-
volve purinergic signalling. It was suggested that fol-
lowing local vasospasm, ATP released from
microvessel endothelial cells during the reactive hy-
peraemia that follows and is known to be associated
with pain, reaches P2X;5 receptors on the nociceptive
sensory fibres in the adventitia to initiate pain. This
concept was first proposed for the pain occurring in
migraine [17, 25]. In anginal pain, cardiac myocytes
as well as coronary microvessel endothelial cells may
be the source of ATP and adenosine reaching puriner-
gic nociceptors [32, 93].

References:

1. Abbracchio MP, Burnstock G: Purinergic signalling: pa-
thophysiological roles. Jpn J Pharmacol, 1998, 78,
113-145.

2. Abbracchio MP, Williams M (Ed.): Handbook of Experi-
mental Pharmacology: Purinergic and Pyrimidinergic
Signalling. Springer, Berlin, 2001.

3. Bevan RD: Influence of adrenergic innervation on vascu-
lar growth and mature characteristics. Am Rev Respir
Dis, 1989, 140, 1478-1482.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Bodin P, Burnstock G: ATP-stimulated release of ATP by

human endothelial cells. J Cardiovasc Pharmacol, 1996,
27, 872-875.

. Bodin P, Burnstock G: Purinergic signalling: ATP release.

Neurochem Res, 2001, 26, 959-969.

. Brock JA, Van Helden DF: Enhanced excitatory junction

potentials in mesenteric arteries from spontaneously hy-
pertensive rats. Pfliigers Arch Eur J Physiol, 1995, 430,
901-908.

. Brook MM, Fineman JR, Bolinger AM, Wong AF, Hey-

mann MA, Soifer SJ: Use of ATP-MgCl, in the evalua-
tion and treatment of children with pulmonary hyperten-
sion secondary to congenital heart defects. Circulation,
1994, 90, 1287-1293.

. Burnstock G: A basis for distinguishing two types of pu-

rinergic receptor. In: Cell Membrane Receptors for
Drugs and Hormones: A Multidisciplinary Approach.
Ed. Straub RW, Bolis L, Raven Press, New York, 1978,
107-118.

. Burnstock G: A unifying purinergic hypothesis for the

initiation of pain. Lancet, 1996, 347, 1604-1605.
Burnstock G: Do some nerve cells release more than one
transmitter? Neuroscience, 1976, 1, 239-248.

Burnstock G: Dual control of local blood flow by pu-
rines. Ann NY Acad Sci, 1990, 603, 31-44.

Burnstock G: Historical review: ATP as a neurotransmit-
ter. Trends Pharmacol Sci, 2006, 27, 166—-176.
Burnstock G: Hypoxia, endothelium and purines. Drug
Dev Res, 1993, 28, 301-305.

Burnstock G: Integration of factors controlling vascular
tone. Overview. Anesthesiology, 1993, 79, 1368—1380.
Burnstock G: Local purinergic regulation of blood pres-
sure. (The First John T. Shepherd Lecture). In: Vasodila-
tation: Vascular Smooth Muscle, Peptides, Autonomic
Nerves, and Endothelium. Ed. Vanhoutte PM, Raven
Press, New York, 1988, 1-14.

Burnstock G: Noradrenaline and ATP as cotransmitters
in sympathetic nerves. Neurochem Int, 1990, 17, 357-368.
Burnstock G: Pathophysiology of migraine: a new hy-
pothesis. Lancet, 1981, 317, 1397-1399.

Burnstock G: Physiology and pathophysiology of pu-
rinergic neurotransmission. Physiol Rev, 2007, 87,
659-797.

Burnstock G: Purine and pyrimidine receptors. Cell Mol
Life Sci, 2007, 64, 1471-1483.

Burnstock G: Purine-mediated signalling in pain and vis-
ceral perception. Trends Pharmacol Sci, 2001, 22, 182—-188.
Burnstock G: Purinergic nerves. Pharmacol Rev, 1972,
24, 509-58]1.

Burnstock G: Purinergic signalling. Br J Pharmacol (5th
Anniversary Issue), 2006, 147, S172-S181.

Burnstock G: Purinergic signalling and vascular cell pro-
liferation and death. Arterioscler, Thromb Vasc Biol,
2002, 22, 364-373.

Burnstock G: Release of vasoactive substances from en-
dothelial cells by shear stress and purinergic me-
chanosensory transduction. J Anat, 1999, 194, 335-342.
Burnstock G: The role of adenosine triphosphate in mi-
graine. Biomed Pharmacother, 1989, 43, 727-736.
Burnstock G: 50 Years of passionate commitment. Cell
Mol Life Sci, 2004, 61, 1693-1696.

Pharmacological Reports, 2008, 60, 12-20 17



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

18

Burnstock G, Knight GE: Cellular distribution and func-
tions of P2 receptor subtypes in different systems. Int
Rev Cytol, 2004, 240, 31-304.

Burnstock G, Ralevic V: New insights into the local
regulation of blood flow by perivascular nerves and en-
dothelium. Br J Plast Surg, 1994, 47, 527-543.
Burnstock G, Stewart-Lee AL, Brizzolara AL, Tomlin-
son A, Corr L: Dual control by nerves and endothelial
cells of arterial blood flow in atherosclerosis. In: Athero-
sclerotic Plaques. Ed. Wissler RW, Bond MG, Mercuri
M, Tanganelli P, Plenum Press, New York, 1991,
285-292.

Campbell GR, Campbell JH: Smooth muscle phenotypic
changes in arterial wall homeostasis: implications for the
pathogenesis of atherosclerosis. Exp Mol Pathol, 1985,
42, 139-162.

Cha SH, Hahn TW, Sekine T, Lee KH, Endou H:
Purinoceptor-mediated calcium mobilization and cellular
proliferation in cultured bovine corneal endothelial cells.
Jpn J Pharmacol, 2000, 82, 181-187.

Crea F, Pupita G, Galassi AR, el Tamimi H, Kaski JC,
Davies G, Maseri A: Role of adenosine in pathogenesis
of anginal pain. Circulation, 1990, 81, 164-172.
Crowley ST, Dempsey EC, Horwitz KB, Horwitz LD:
Platelet-induced vascular smooth muscle cell prolifera-
tion is modulated by the growth amplification factors se-
rotonin and adenosine diphosphate. Circulation, 1994,
90, 1908-1918.

Dawicki DD, Chatterjee D, Wyche J, Rounds S: Extra-
cellular ATP and adenosine cause apoptosis of pulmo-
nary artery endothelial cells. Am J Physiol, 1997, 273,
L485-1494.

Di Virgilio F: Dr. Jekyll/Mr. Hyde: the dual role of extra-
cellular ATP. J Auton Nerv Syst, 2000, 81, 59-63.
Diener HC, Cunha L, Forbes C, Sivenius J, Smets P,
Lowenthal A: European Stroke Prevention Study. 2.
Dipyridamole and acetylsalicylic acid in the secondary
prevention of stroke. J Neurol Sci, 1996, 143, 1-13.
Dubey RK, Gillespie DG, Mi Z, Jackson EK: Adenosine
inhibits growth of human aortic smooth muscle cells via
A,p receptors. Hypertension, 1998, 31, 516-521.
Erlinge D: Extracellular ATP: a growth factor for vascu-
lar smooth muscle cells. Gen Pharmacol, 1998, 31, 1-8.
Erlinge D, Burnstock G. P2 receptors in cardiovascular
physiology and disease. Purinergic Signalling 2007;
[Epub ahead of print October 2007].

Erlinge D, Hou M, Webb TE, Barnard EA, Moller S:
Phenotype changes of the vascular smooth muscle cell
regulate P2 receptor expression as measured by quantita-
tive RT-PCR. Biochem Biophys Res Commun, 1998,
248, 864-870.

Erlinge D, You J, Wahlestedt C, Edvinsson L: Charac-
terisation of an ATP receptor mediating mitogenesis in
vascular smooth muscle cells. Eur J Pharmacol, 1995,
289, 135-149.

Ethier MF, Chander V, Dobson JG Jr: Adenosine stimu-
lates proliferation of human endothelial cells in culture.
Am J Physiol, 1993, 265, HI31-H138.

Fischer S, Sharma HS, Karliczek GF, Schaper W: Ex-
pression of vascular permeability factor/vascular endo-
thelial growth factor in pig cerebral microvascular endo-

Pharmacological Reports, 2008, 60, 12-20

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

thelial cells and its upregulation by adenosine. Brain Res
Mol Brain Res, 1995, 28, 141-148.

Folkman J, Shing Y: Angiogenesis. J Biol Chem, 1992,
267,10931-10934.

Gibbons GH: Autocrine-paracrine factors and vascular
remodeling in hypertension. Curr Opin Nephrol Hyper-
tens, 1993, 2, 291-298.

Glass R, Loesch A, Bodin P, Burnstock G: P2X,and
P2X, receptors associate with VE-cadherin in human en-
dothelial cells. Cell Mol Life Sci, 2002, 59, 870-881.
Grant MB, Davis MI, Caballero S, Feoktistov I, Biag-
gioni I, Belardinelli L: Proliferation, migration, and ERK
activation in human retinal endothelial cells through
A(2B) adenosine receptor stimulation. Invest Ophthal-
mol Vis Sci, 2001, 42, 2068-2073.

Grant MB, Tarnuzzer RW, Caballero S, Caballero S,
Ozeck MJ, Davis MI, Spoerri PE et al.: Adenosine re-
ceptor activation induces vascular endothelial growth
factor in human retinal endothelial cells. Circ Res, 1999,
85, 699-706.

Han DK, Haudenschild CC, Hong MK, Tinkle BT, Leon
MB, Liau G: Evidence for apoptosis in human athero-
genesis and in a rat vascular injury model. Am J Pathol,
1995, 147, 267-277.

Harrington LS, Mitchell JA: Novel role for P2X receptor
activation in endothelium-dependent vasodilation. Br

J Pharmacol, 2004, 143, 611-617.

Hashimoto M, Shinozuka K, Shahdat HM, Kwon YM,
Tanabe Y, Kunitomo M, Masumura S: Antihypertensive
effect of all-cis-5,8,11,14,17-icosapentaenoate of aged
rats is associated with an increase in the release of ATP
from the caudal artery. J Vasc Res, 1998, 35, 55-62.
Hashimoto M, Shinozuka K, Tanabe Y, Shahdat HM,
Gamoh S, Kwon YM, Tanaka Y et al.: Long-term sup-
plementation with a high cholesterol diet decreases the
release of ATP from the caudal artery in aged rats. Life
Sci, 1998, 63, 1879-1885.

Hou M, Moller S, Edvinsson L, Erlinge D: MAPKK-
dependent growth factor-induced upregulation of P2Y,
receptors in vascular smooth muscle cells. Biochem Bio-
phys Res Commun, 1999, 258, 648—652.

Hudlicka O, Brown M, Egginton S: Angiogenesis in
skeletal and cardiac muscle. Physiol Rev, 1992, 72,
369-417.

Ingerman-Wojenski CM, Silver MJ: Model system to
study interaction of platelets with damaged arterial wall.
I1. Inhibition of smooth muscle cell proliferation by
dipyridamole and AH-P719. Exp Mol Pathol, 1988, 48,
116-134.

Jackson JA, Carlson EC: Inhibition of bovine retinal
microvascular pericyte proliferation in vitro by adeno-
sine. Am J Physiol, 1992, 263, H634-H640.

Jonzon B, Nilsson J, Fredholm BB: Adenosine receptor-
mediated changes in cyclic AMP production and DNA
synthesis in cultured arterial smooth muscle cells. J Cell
Physiol, 1985, 124, 451-456.

Julius S, Nesbitt S: Sympathetic overactivity in hyper-
tension. A moving target. Am J Hypertens, 1996, 9,
113S-120S.

Kédpa P, Jahnukainen T, Gronlund J, Rautanen M, Halk-
ola L, Valimaki I: Adenosine triphosphate treatment for



Purinergic control of vascular tone and remodelling
Geoffrey Burnstock

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

meconium aspiration-induced pulmonary hypertension in
pigs. Acta Physiol Scand, 1997, 160, 283-289.

Kaiser D, Freyberg MA, Friedl P: Lack of hemodynamic
forces triggers apoptosis in vascular endothelial cells.
Biochem Biophys Res Commun, 1997, 231, 586—590.
Kamal K, Du W, Mills I, Sumpio BE: Antiproliferative
effect of elevated glucose in human microvascular endo-
thelial cells. J Cell Biochem, 1998, 71, 491-501.
Kerensky RA, Kutcher MA, Braden GA, Applegate RJ,
Solis GA, Little WC: The effects of intracoronary adeno-
sine on preconditioning during coronary angioplasty.
Clin Cardiol, 1995, 18, 91-96.

Kien ND, White DA, Reitan JA, Eisele JH Jr: Cardiovas-
cular function during controlled hypotension induced by
adenosine triphosphate or sodium nitroprusside in the
anesthetized dog. Anesth Analg, 1987, 66, 103—110.
Leesar MA, Stoddard M, Ahmed M, Broadbent J, Bolli
R: Preconditioning of human myocardium with adeno-
sine during coronary angioplasty. Circulation, 1997, 95,
2500-2507.

Lelli JL Jr., Becks LL, Dabrowska MI, Hinshaw DB:
ATP converts necrosis to apoptosis in oxidant-injured en-
dothelial cells. Free Radic Biol Med, 1998, 25, 694-702.
LeRoy EC, Ager A, Gordon JL: Effects of neutrophil
clastase and other proteases on porcine aortic endothelial
prostaglandin 12 production, adenine nucleotide release,
and responses to vasoactive agents. J Clin Invest, 1984,
74,1003-1010.

Lutty GA, Mathews MK, Merges C, McLeod DS:
Adenosine stimulates canine retinal microvascular endo-
thelial cell migration and tube formation. Curr Eye Res,
1998, 17, 594-607.

Malam-Souley R, Seye C, Gadeau AP, Loirand G, Pillois
X, Campan M, Pacaud P et al.: Nucleotide receptor P2u
partially mediates ATP-induced cell cycle progression of
aortic smooth muscle cells. J Cell Physiol, 1996, 166,
57-65.

Mallat Z, Tedgui A: Apoptosis in the vasculature:
mechanisms and functional importance. Br J Pharmacol,
2000, 130, 947-962.

McAuslan BR, Reilly WG, Hannan GN, Gole GA:
Angiogenic factors and their assay: activity of formyl
methionyl leucyl phenylalanine, adenosine diphosphate,
heparin, copper, and bovine endothelium stimulating fac-
tor. Microvasc Res, 1983, 26, 323-338.

Miyagi Y, Kobayashi S, Ahmed A, Nishimura J, Fukui
M, Kanaide H: P,y purinergic activation leads to the cell
cycle progression from the G; to the S and M phases but
not from the Gy to G; phase in vascular smooth muscle
cells in primary culture. Biochem Biophys Res Commun,
1996, 222, 652—658.

Motte S, Communi D, Pirotton S, Boeynaems JM: In-
volvement of multiple receptors in the actions of extra-
cellular ATP: the example of vascular endothelial cells.
Int J Biochem Cell Biol, 1995, 27, 1-7.

Neary JT: MAPK cascades in cell growth and death.
News Physiol Sci, 1997, 12, 286-293.

Neary JT, Abbracchio MP: Trophic roles of purines and
pyrimidines. In: Handbook of Pharmacology: Purinergic
and Pyrimidinergic Signalling. Ed. Abbracchio MP, Wil-
liams M, Springer, Berlin, 2001, 305-338.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Neary JT, Rathbone MP, Cattabeni F, Abbracchio MP,
Burnstock G: Trophic actions of extracellular nucleotides
and nucleosides on glial and neuronal cells. Trends Neu-
rosci, 1996, 19, 13—18.

Picano E, Michelassi C: Chronic oral dipyridamole as

a ‘novel’ antianginal drug: the collateral hypothesis. Car-
diovasc Res, 1997, 33, 666-670.

Ragazzi E, Chinellato A, De Biasi M, Pandolfo L, Pros-
docimi M, Norido F, Caparrotta L et al.: Endothelium-
dependent relaxation, cholesterol content and high en-
ergy metabolite balance in Watanabe hyperlipidemic rab-
bit aorta. Atherosclerosis, 1989, 80, 125-134.

Ralevic V: Roles of purines and pyrimidines in endothe-
lium. In: Handbook of Experimental Pharmacology, Vol-
ume 151/I1. Purinergic and Pyrimidinergic Signalling II
— Cardiovascular, Respiratory, Immune, Metabolic and
Gastrointestinal Tract Function. Ed. Abbracchio MP,
Williams M, Springer, Berlin, 2001, 101-120.

Ralevic V, Burnstock G: Receptors for purines and py-
rimidines. Pharmacol Rev, 1998, 50, 413-492.

Ralevic V, Burnstock G: Involvement of purinergic sig-
nalling in cardiovascular diseases. Drug News Perspect,
2003, 16, 133-140.

Ray FR, Huang W, Slater M, Barden JA: Purinergic re-
ceptor distribution in endothelial cells in blood vessels:

a basis for selection of coronary artery grafts. Athero-
sclerosis, 2002, 162, 55-61.

Roberts VHIJ, Brockman DE, Pitzer BA, Webster R,
Myatt L: P2X, purinergic receptor protein expression is
upregulated in placenta from preeclamptic pregnancies.
J Soc Gynecol Investig, 2005, 12, P363A.

Ross R: The pathogenesis of atherosclerosis: a perspec-
tive for the 1990s. Nature, 1993, 362, 801-809.

Rounds S, Yee WL, Dawicki DD, Harrington E, Parks N,
Cutaia MV: Mechanism of extracellular ATP- and
adenosine-induced apoptosis of cultured pulmonary ar-
tery endothelial cells. Am J Physiol, 1998, 275,
L379-L388.

Satag B, Bodin P, Shacoori V, Catheline M, Rault B,
Burnstock G: Uptake and flow-induced release of uridine
nucleotides from isolated vascular endothelial cells. En-
dothelium, 1995, 2, 279-285.

Satterwhite CM, Farrelly AM, Bradley ME: Chemotac-
tic, mitogenic, and angiogenic actions of UTP on vascu-
lar endothelial cells. Am J Physiol, 1999, 276,
H1091-H1097.

Schachter M: Endothelium and smooth muscle: trophic
interactions and potential for therapeutic intervention.

J Hum Hypertens, 1990, 4, 17-21.

Sexl V, Mancusi G, Baumgartner-Parzer S, Schutz W,
Freissmuth M: Stimulation of human umbilical vein en-
dothelial cell proliferation by A2-adenosine and beta 2-
adrenoceptors. Br J Pharmacol, 1995, 114, 1577-1586.
Shinozuka K, Kitagawa S, Kunitomo M, Yamaguchi Y,
Tanabe Y, Fujiwara M, Hattori K: Release of endogenous
ATP from the caudal artery in rats with arteriosclerosis.
Eur J Pharmacol, 1994, 292, 115-118.

Southwell BR, Chamley-Campbell JH, Campbell GR:
Tropic interactions between sympathetic nerves and vas-
cular smooth muscle. J Auton Nerv Syst, 1985, 13,
343-354.

Pharmacological Reports, 2008, 60, 12-20 19



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

20

Spitsbergen JM, Stewart JS, Tuttle JB: Altered regulation
of nerve growth factor secretion by cultured VSMCs
from hypertensive rats. Am J Physiol, 1995, 269,
H621-H628.

Sprague RS, Ellsworth ML, Detrich HH: Nucleotide re-
lease and purinergic signaling in the vasculature driven
by the red blood cell. Curr Top Membr, 2003, 54,
243-268.

Sylvén C: Mechanisms of pain in angina pectoris — a critical
review of the adenosine hypothesis. Cardiovasc Drugs
Ther, 1993, 7, 745-759.

Takagi H, King GL, Ferrara N, Aiello LP: Hypoxia regu-
lates vascular endothelial growth factor receptor
KDR/FIk gene expression through adenosine A2 recep-
tors in retinal capillary endothelial cells. Invest Ophthal-
mol Vis Sci, 1996, 37, 1311-1321.

Takiguchi Y, Nagano M, lkeda Y, Nakashima M: Early
administration of YT-146, an adenosine A2 receptor ago-
nist, inhibits neointimal thickening after rat femoral ar-
tery endothelium injury. Eur J Pharmacol, 1995, 281,
205-207.

Teuscher E, Weidlich V: Adenosine nucleotides, adeno-
sine and adenine as angiogenesis factors. Biomed Bio-
chim Acta, 1985, 44, 493-495.

Van Coevorden A, Roger P, Boeynaems J-M: Mitogenic
action of adenine nucleotides and nucleosides on aortic
endothelial cells. Thromb Haemost, 1989, 62, 190.

Van Daele P, Van Coevorden A, Roger PP, Boeynaems
JM: Effects of adenine nucleotides on the proliferation of
aortic endothelial cells. Circ Res, 1992, 70, 82-90.
Vanhoutte PM, Rubanyi GM, Miller VM, Houston DS:
Modulation of vascular smooth muscle contraction by
the endothelium. Annu Rev Physiol, 1986, 48, 307-320.
Verbeuren TJ, Jordaens FH, Zonnekeyn LL, Van Hove
CE, Coene MC, Herman AG: Effect of hypercholestero-
lemia on vascular reactivity in the rabbit. L.
Endothelium-dependent and endothelium-independent
contractions and relaxations in isolated arteries of control
and hypercholesterolemic rabbits. Circ Res, 1986, 58,
552-564.

Vidal M, Hicks PE, Langer SZ: Differential effects of
o,B-methylene ATP on responses to nerve stimulation in
SHR and WKY tail arteries. Naunyn Schmiedebergs
Arch Pharmacol, 1986, 332, 384-390.

Pharmacological Reports, 2008, 60, 12-20

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

von Albertini M, Palmetshofer A, Kaczmarek E, Koziak
K, Stroka D, Grey ST, Stuhlmeier KM et al.: Extracellu-
lar ATP and ADP activate transcription factor NF-kappa
B and induce endothelial cell apoptosis. Biochem Bio-
phys Res Commun, 1998, 248, 822—829.

Wang DJ, Huang NN, Heppel LA: Extracellular ATP and
ADP stimulate proliferation of porcine aortic smooth
muscle cells. J Cell Physiol, 1992, 153, 221-233.

Wang L, Karlsson L, Moses S, Hultgardh-Nilsson A, An-
dersson M, Borna C, Gudbjartsson T et al.: P2 receptor
expression profiles in human vascular smooth muscle
and endothelial cells. J Cardiovasc Pharmacol, 2002, 40,
841-853.

Wilden PA, Agazie YM, Kaufman R, Halenda SP: ATP-
stimulated smooth muscle cell proliferation requires in-
dependent ERK and PI3K signaling pathways. Am

J Physiol, 1998, 275, H1209-H1215.

Yamada T, Naruse K, Sokabe M: Stretch-induced mor-
phological changes of human endothelial cells depend on
the intracellular level of Ca®* rather than of cAMP. Life
Sci, 2000, 67, 2605-2613.

Yamamoto K, Sokabe T, Matsumoto T, Yoshimura K,
Shibata M, Ohura, N, Fukuda T et al.: Impaired flow-
dependent control of vascular tone and remodeling in
P2X,-deficient mice. Nat Med, 2006, 12, 133-137.

Yu SM, Chen SF, Lau YT, Yang CM, Chen JC: Mecha-
nism of extracellular ATP-induced proliferation of vas-
cular smooth muscle cells. Mol Pharmacol, 1996, 50,
1000-1009.

Zettler C, Rush RA: Elevated concentrations of nerve
growth factor in heart and mesenteric arteries of sponta-
neously hypertensive rats. Brain Res, 1993, 614, 15-20.
Zhang S, Remillard CV, Fantozzi I, Yuan JX: ATP-
induced mitogenesis is mediated by cyclic AMP re-
sponse element-binding protein-enhanced TRPC4 ex-
pression and activity in human pulmonary artery smooth
muscle cells. Am J Physiol Cell Physiol, 2004, 287,
C1192-C1201.

Ziche M, Parenti A, Morbidelli L, Meininger CJ,
Granger HJ, Ledda F: The effect of vasoactive factors on
the growth of coronary endothelial cells. Cardiologia,
1992, 37, 573-575.

Received:
November 9, 2007; in revised form: November 18, 2007.



	2 	EDITORIAL Œ 
	MAJOR ENDOTHELIAL MEDIATORS
	3	REVIEW Œ Prostacyclin among prostanoids.
	Ryszard J. Gryglewski



	12	REVIEW Œ Dual control of vascular tone and remodelling by ATP released from nerves and endothelial cells.
	Geoffrey Burnstock

	21	REVIEW Œ NADPH oxidase-derived reactive oxygen species in the regulation of endothelial phenotype.
	Rafa³ Dworakowski, Sara P. Alom-Ruiz, Ajay M. Shah

	29	Renal vascular cytochrome P450-derived eicosanoids in androgen-induced hypertension.
	Harpreet Singh, Michal L. Schwartzman

	38	REVIEW Œ Biliverdin reductase: new features of an old enzyme and its potential therapeutic significance.
	Urszula M. Florczyk, Alicja Jozkowicz, Jozef Dulak

	49	MINIREVIEW Œ Gender and the endothelium.
	Karolina Kublickiene, Leanid Luksha

	ENDOTHELIAL REGULATION OF CARDIOVASCULAR SYSTEM
	61	Distinct hydrogen peroxide-induced constriction in multiple mouse arteries: potential influence of vascular polarization.
	Noelia Ardanaz, William H. Beierwaltes, Patrick J. Pagano


	68	REVIEW Œ Gap junctions synchronize vascular tone within the microcirculation.
	Volker J. Schmidt, Stephanie E. Wölfle, Markus Boettcher, Cor de Wit

	75	REVIEW Œ Microparticles are vectors of paradoxical information in vascular cells including the endothelium: role in health and diseases.
	Ferhat Meziani, Angela Tesse, Ramaroson Andriantsitohaina

	85	REVIEW Œ Infection and atherosclerosis. An alternative view on an outdated hypothesis.
	Frank R. Stassen, Tryfon Vainas, Cathrien A. Bruggeman

	93	Biscoclaurine alkaloid cepharanthine protects DNA in TK6 lymphoblastoid cells from constitutive oxidative damage.
	H. Dorota Halicka, Masamichi Ita, Toshiki Tanaka, Akira Kurose, Zbigniew Darzynkiewicz

	101	REVIEW Œ Platelet interaction with progenitor cells: vascular regeneration or injury?
	Konstantinos Stellos, Stephan Gnerlich, Bjoern Kraemer, Stephan Lindemann, Meinrad Gawaz

	109	REVIEW Œ Regulation of endothelial prostacyclin synthesis by Protease-activated receptors: mechanisms and significance.
	Caroline P.D. Wheeler-Jones

	119	REVIEW Œ Endothelial dysfunction in heart failure.
	Johann Bauersachs, Julian D. Widder

	127	1-Methylnicotinamide (MNA) prevents endothelial dysfunction in hypertriglyceridemic and diabetic rats.
	Magdalena Bartuœ, Magdalena £omnicka, Renata B. Kostogrys, Piotr Ka�mierczak, Cezary Watala, Ewa M. S³ominska, Ryszard T. Smoleñski, Pawe³ M. Pisulewski , Jan Adamus, Jerzy Gêbicki, Stefan Chlopicki
	146	Note to Contributors



	content
	cont
	contents_3'2005

