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Endothelial and epithelial cells have something in common—
they are both the barrier and bridge between different
environments. Forming a one-cell layer lining of blood ves-
sels, airways, and urinary tract, they are in constant contact
with a wide variety of cells, putting high demands on the
communication skills of these cells. The purinergic signaling
system offers a dynamic and versatile way for local and rapid
intercellular communication and involves three processes:
nucleotide release, enzymatic degradation, and activation of
purinergic receptors. With an impressive number of molecular
members of the system (15 P2 receptor subtypes and in total
16 nucleotide-degrading enzymes), cells have managed to put
purines and pyrimidines as well as their derivatives to use in
an array of different areas, including regulation of flow, secre-
tion, and vascular tone. Indeed, the purinergic signaling sys-
tem is an ancient way of intercellular communication that
most likely could be found in the first most primitive life form
[1]. The scope of this review is to give an overview of exciting
features of purinergic signaling and examples of gaps to fill in
understanding its role in the cells lining the body—the endo-
thelium and the epithelium.

Purinergic signaling—an overview

Extracellular nucleotides exert their paracrine signaling by
binding to P2 receptors present at the cell surface. The P2

receptor family is divided into two groups: P2X receptors,
which are ligand-activated ion channels, and P2Y receptors,
which are G protein-coupled receptors (reviewed in [2]).
Each receptor is characterized by its affinity pattern for
different nucleotides and different cell types display varying
receptor profiles. While P2X receptors respond only to ATP,
P2Y receptors can be activated by other nucleotides such as
ADP, UTP, and UDP. Extracellular nucleotide concentra-
tions are precisely regulated by ecto-enzymes, which cleave
nucleotide tri-/diphosphates. The result of signaling by the
extracellular nucleotides ATP/ADP, UTP/UDP and the
nucleoside adenosine is both acute, for example the rapid
platelet aggregation induced byADP, and chronic, via changes
in gene expression induced by P2 receptor stimulation. Ligand
availability for P2 receptors is regulated by a group of
enzymes termed ectonucleotidases. NTPDase1 (apyrase;
CD39) cleaves ATP to AMP, NTPDase2 (CD39L1) cleaves
ATP to ADP, and 5′-ectonucleotidase (CD73) generates
adenosine from AMP. Adenosine is the end product of
purinergic signaling, acting on adenosine receptors (A1,
A2a, A2b, and A3; also termed P1 receptors) or recycling
by the cell after reuptake through the equilibrating nucleo-
side transporters ENT1 and 2. UTP is believed to be re-
leased simultaneously with ATP via the same mechanism
but at a lower concentration (UTP/ATP, 1:10–100). UTP is
degraded in the same way as ATP, but the biological func-
tion of uridine is poorly understood and no uridine receptor
has been identified. Figure 1 shows an outline of nucleotide
metabolism.

Purinergic tone

All investigators that have tried to measure ATP release
from cells have experienced the remarkable sensitivity of
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cells to mechanical stimulation, a phenomenon that also has
been scientifically documented [3–7]. Renal epithelial cells,
especially Madin–Darby canine kidney (MDCK) cells, a
well-differentiated cell line derived from distal tubule/col-
lecting duct, was found to respond to nucleotide signaling
via P2 receptor activation already 30 years ago [8]. Subse-
quent studies revealed the involvement of purinergic signal-
ing in ionic transport [9] and in setting the basal levels of
cAMP and arachidonic acid [10]. Insel and colleagues
showed that mere tilting of a cell culture plate or changing
the medium of MDCK cells is enough to induce auto/para-
crine ATP-mediated signaling leading to changes in intra-
cellular second messenger availability [11–13]. Additionally,
in non-stimulated MDCK cells, nucleotide release acting
back on P2Y receptors during basal conditions has been
demonstrated to induce slow spontaneous [Ca2+]i oscilla-
tions [14]. Praetorius et al. have subsequently performed
several studies that support a strong influence of constitutive
P2 receptor activation to steady-state renal function
(reviewed in [15]). In addition to the general effect of basal
P2 receptor activity on the cell signaling set point, autocrine
nucleotide signaling has also been shown to participate in
heterologous desensitization of receptors, for example, the
sphingosine-1-phosphate receptors of renal mesangial cells
[16], thereby further influencing the ability of cells to re-
spond to their environment. Spontaneous nucleotide-
mediated signaling contributing to the establishment of the
basal level of activity in different cell types has recently
been reviewed by Corriden and Insel [17].

General stimuli of purinergic signaling

An interesting characteristic of nucleotide signaling that
correlates well with its ability to control the set point of cell
activity is the profile of stimuli for nucleotide release. Stim-
uli that are known to cause purinergic activation through

ATP release are general physiological cues such as stretch,
osmosis, hypoxia, pH, high glucose, and pathogen interac-
tion [18–20]. Taken together, these features indicate a cen-
tral role for the purinergic signaling system in the stress
response of cells.

The unknown mechanism of release

The mechanism of nucleotide release is subject to great
controversy [21]. There are substantial evidence for vesicu-
lar release from neuronal [22] and endocrine tissues [23].
Vesicular release has likewise been suggested to occur in
non-excitable cells such as endothelial cells [24] and osteo-
blasts [25], but non-vesicular release is thought to contribute
in a major way to ATP release in many cell types. The
molecular identity of the ATP release channel is unknown,
but potential candidates include large anion channels, cystic
fibrosis transmembrane conductance regulator (CFTR), and
hemichannels like connexins and pannexin-1, which have
been suggested to form ATP-releasing units together with
the ATP-gated ion channel P2X7 [26–28]. A detailed dis-
cussion regarding this subject is beyond the scope of this
review. Please refer to comprehensive review articles on the
subject [18, 26, 29].

Fluids and flow

Epithelial transport and clearance

Endothelial and epithelial cells are uniquely exposed to
environmental stress and serve to protect the underlying
tissues as well as mediate and filter communication over
the basal membrane. One such protective mechanism is the
ability of epithelial cells to induce luminal fluid accumula-
tion through increased secretion of Cl− and K+ as well as
decreased Na+ reabsorption. As described by Leipziger in
his comprehensive review on purinergic signaling in epithe-
lial transport [30], the involvement of P2 receptors in Cl−

secretion over the epididymis epithelium was one of the first
functions found for P2 receptors after their discovery [31].
From this point on, evidence has been presented showing an
important role for purinergic signaling in most epithelial
tissues. The role for purinergic signaling in the transport of
different ions has recently been reviewed in detail by Novak
[27]. See Fig. 2 for an overview of the pathways discussed
in this section.

Purinergic regulation of ENaC

P2Y2-mediated inhibition of electrogenic Na+ absorption by
reducing the activity of the epithelial Na+ channel (ENaC) is
one of the most well-studied ATP-dependent phenomena
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Fig. 1 Nucleotide metabolism in a nutshell. UTP is identically re-
leased and degraded
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and has been found in both gastrointestinal [32], respiratory
[33–36], and renal epithelium [37–39]. Since the P2Y2
receptor has equal affinity for both ATP and UTP, both these
mediators can activate the receptor. The ENaC passively
transports Na+ ions over the epithelial barrier, a process
driven by the electrochemical gradient created by the activ-
ity of the basolateral Na+/K+-ATPase. The activity of the
ENaC can be influenced by affecting expression [40], mem-
brane trafficking, and channel open probability [41].

The most studied mechanism of ENaC activity involves
membrane trafficking of the protein [42], but a recent study of
the P2Y2 receptor-mediated inhibitory response suggests that
purinergic control is conveyed by changes in channel open
probability rather than plasma membrane levels of the protein
[39]. The way that P2Y2 receptor activation influences ENaC
activity has previously been attributed to PLC activation and
PIP2 depletion [43]. Recently, a role for increased intracellular
Cl− concentration via the basolateral Na+K+2Cl− cotransporter
has been suggested in the P2Y2-dependent regulation of
ENaC activity [44]. This pathway is only accessible for api-
cally located P2Y2 receptors, while basolateral activation has
considerably smaller effect size and involves a different sig-
naling mechanism that also can be employed by apical recep-
tors [44]. There are studies from several epithelial tissues
describing increased activation of the ENaC after P2Y recep-
tor stimulation, but this is thought to be due to indirect effects
of the purinergic degradation product adenosine and effects on
other ion channels [27]. A series of experiments in renal
epithelial cell lines have however shown an increased activity
in the ENaC via basolateral stimulation of the P2X4 receptor
leading to enhanced Na+ reabsorption [45]. This mechanism
has been demonstrated to be employed by aldosterone [46]
and points out a fascinating versatility of purinergic signaling
that need further investigation and perhaps also can be

extended to other potentially polarized cells, such as endothe-
lial cells.

Chloride secretion

The predominance of the P2Y2 receptor in the secretory
behavior of epithelial cells has been shown also for the gas-
trointestinal [32] and respiratory tracts [35]. Using a knockout
model for the P2Y2 receptor, Cressman et al. demonstrated
impaired Cl− secretion in airway and gallbladder epithelium,
but not in tissue from the jejunum [47]. Other receptors have
also been shown to regulate chloride conductance including
P2Y4 in intestinal epithelia [48, 49] and the UDP receptor
P2Y6 in bronchial epithelium [50]. P2Y2 receptor-induced
Cl− secretion results from increased intracellular Ca2+ concen-
tration leading to activation of Ca2+-activated Cl− channels.
The fact that ATP/UTP can stimulate Cl− secretion indepen-
dently of the CFTR has led to trials using this mechanism to
treat cystic fibrosis patients with a stable UTP analog (Defu-
sonol) [51]. Even thoughATP/UTP does not depend on CFTR
in order to induce Cl− secretion, P2Y receptor signaling has
been demonstrated to influence CFTR activity in airway epi-
thelia [50, 52] as well as in submandibular gland ducts [53]. In
the latter case, P2Y2 receptor stimulation was found to con-
tribute to chloride absorption via activation of luminal CFTR.

Mucociliary clearance

In respiratory epithelium, nucleotides such as ATP not only
stimulate ion and fluid secretion, but also increase ciliary
beat frequency [54] and mucin production in goblet cells
[55], thereby affecting all parts of the mucociliary clearance
system (reviewed by Lazarowski and Boucher [56]). Apical
P2Y2 receptor stimulation is involved in the regulation of all
processes, with a smaller contribution of P2Y6 and P2X4
receptors, as well as the adenosine receptor A2b. P2Y2
receptor stimulation leads to an increase in intracellular
Ca2+ concentrations, which mediate both increased mucin
secretion from goblet cells and increased ciliary beat fre-
quency. The concentration of nucleotides in the airway
surface liquid has been shown to reach physiological con-
centrations, and functional studies have confirmed that ATP
conveys mucociliary clearance response as a result of in-
creased ATP due to mechanical or pathogenic stress
[57–59]. Control of ciliary movement is an example of
crosstalk between sodium concentrations and purinergic
signaling molecules, since extracellular sodium can regulate
ciliary movement by interfering with a P2X receptor (prob-
ably P2X4) [60].

In conclusion, purinergic signaling has a wide influence on
epithelial ion transport throughout the body. In most tissues,
the ATP/UTP receptor P2Y2 has been demonstrated to be the
most important contributor. The functional importance of
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Fig. 2 Examples of pathways employed by purinergic signaling in
epithelia in the regulation of ion transport

Purinergic Signalling (2012) 8:599–608 601



purinergic control of epithelial transport is twofold. Constitu-
tive release of nucleotides out into the surface liquids of
different epithelia due to mechanical or chemical stimuli con-
tributes to local balance, while high concentrations of luminal
nucleotides elicited by the pathogenic insult caused by a res-
piratory or gastrointestinal infection lead to increased secretion
and motility, thereby supplying epithelial protection.

Integrity of the endothelial barrier function

The protective role of purinergic signaling is valid also for
the endothelium where both ATP and adenosine have been
demonstrated to stabilize endothelial barrier function by
reducing paracellular transport of water and macromole-
cules—a process that is of great importance to the clinical
manifestation of, for example, acute lung injury. Inflamma-
tory stressors mediate increased endothelial permeability by
activating G protein-coupled receptors that increase intra-
cellular Ca2+ concentrations. Several lines of evidence sug-
gest that ATP protects from endothelial leakage of water,
macromolecules, and immune cells [61–66]. Kolosova et al.
showed that the integrity of the endothelial barrier in human
pulmonary endothelial cell monolayers was enhanced by
ATP acting on P2 receptors leading to cAMP-independent
activation of PKA [65]. Also, adenosine protects against
endothelial barrier dysfunction by increasing cAMP levels
via the A2b receptor. This pathway is activated by hypoxia
and also involves upregulation of the ATP-degrading
enzymes CD39 and CD73, leading to increased hydrolysis
of ATP and AMP to adenosine [67]. The positive effect of
ATP on endothelial barrier integrity has been confirmed in
vivo where the stable ATP analog ATPγS was shown to
protect against vascular leak, immune cells, and gap junc-
tion disruption in a mouse model of lipopolysaccharide
(LPS)-induced injury [66].

Flow-mediated responses

Both endothelial cells and epithelial cells are in different
ways exposed to flow. The endothelial flow response
matches blood supply with local need of oxygen and
nutrients. Renal epithelial cells have flow-sensing mecha-
nisms that convey changes in epithelial transport to maintain
salt and water balance by modulation of urinary excretion.
Both endothelial and renal epithelial cells contribute to the
regulation of blood pressure, partly as a consequence of
their ability to respond to flow.

Flow-sensing mechanisms of renal tubular epithelial cells

Renal epithelial cells are flow-sensing cells that are exposed
to fluid moving along the apical membrane. Contrary to
endothelial cells, these cells have primary cilia to sense flow

changes, but can also react to lateral stretch of the epithelial
cell layer [68]. The involvement of nucleotides in both of
these mechanisms has been elucidated in a series of experi-
ments by Praetorius and colleagues (reviewed in [15]). Flow
causes bending of the cilia leading to influx of Ca2+ via a
complex of mechanosensitive transient receptor potential
(TRP) channels (TRPV4/TRPP2) [69, 70]. In turn, this
induces bilateral release of nucleotides that can activate both
apically and basolaterally located P2 receptors in tubular
epithelial cells [71]. The flow-mediated response is sug-
gested to create a link between tubular flow and ion trans-
port processes by increasing the inhibitory tone of epithelial
transport described above [15, 72]. Nucleotide release into
the luminal flow of the renal tubule can also be induced by
hormones, such as AVP [73]. The released nucleotides are
thought to follow the direction of flow and also affect P2
receptors in more distal parts of the nephron where the
signal is finally disrupted by degrading enzymes, f ex
CD73 [15, 74, 75].

Direction and mechanism of the endothelial flow response

In blood vessels, spreading of the flow-mediated purinergic
signal occurs in a different way than in the nephron. Hyp-
oxia and acidosis cause release of dilatory ATP on the
venular side of the capillary bed, but to increase blood flow
to the tissue the arterioles upstream need to be dilated. Ells-
worth et al. have demonstrated that addition of ATP to the
venular side binds to purinergic receptors located on the
vascular endothelium and induces a vasodilation that is
conducted upstream increasing oxygen supply to the region
of tissue supplied by the vessel [76].

Winter and Dora developed a system with triple cannu-
lation of isolated arteries to enable focal application of
purine and pyrimidine nucleotides to the endothelium,
avoiding potential actions of these agents on the smooth
muscle. Nucleotides were locally infused through one
branch of a bifurcation, causing near maximal local dilata-
tion. Dilatation then spreads rapidly backwards to the adja-
cent feed artery and upstream against the direction of
luminal flow and increases flow into the feed artery. The
data demonstrate that direct luminal stimulation of P2Y
receptor on the endothelium of rat mesenteric arteries leads
to marked spreading retrograde dilatation, suggesting that
circulating purines and pyrimidines act as important regu-
lators of blood flow [77]. Since released nucleotides cannot
be expected to travel upstream on the luminal side, this
retrograde response suggests that the endothelium also has
polarized purinergic signaling similar to that of renal epi-
thelial cells where released nucleotides can give opposite
effects depending on signal localization.

Shear stress and hypoxia are important stimuli of both ATP
and UTP release from endothelial cells [78]. The P2X4
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receptor is the highest expressed P2 receptor in endothelium
[79, 80]. By using antisense oligonucleotides, the P2X4 re-
ceptor was shown to be important for shear stress-dependent
Ca2+ influx via an ATP-dependent mechanism [81]. This
indicates that ATP and P2 receptors may be of importance
for shear stress-mediated effects which is in agreement with
the well-established release of ATP from endothelial cells
during shear stress [82]. Vessel dilation induced by acute
increases in blood flow is markedly suppressed in
P2X4−/−mice, indicating that endothelial P2X4 channels are
crucial to flow-sensitive mechanisms that regulate blood pres-
sure and vascular remodeling [83]. The importance of the
presence of ATP for flow-induced vasodilation has been con-
firmed in rat mesenteric arteries [84]. If ATP was not present in
the lumen, the flow-induced vasodilation was reduced by half.
Interestingly, the effect of ATP could be mimicked by UTP,
indicating that P2Y receptors could be of similar importance as
the P2X4 receptor for shear-induced vasodilatation. P2X4−/−
mice have higher blood pressure and excrete smaller amounts
of NO products in their urine than do wild-type mice [83].

Nucleotides are released from intracellular compartments
during shear stress, but there is also evidence for cell surface
ATP synthase to be involved in shear stress-induced ATP
release [85]. Immunofluorescence staining of human pul-
monary arterial endothelial cells showed that cell surface
ATP synthase is distributed in lipid rafts/caveole and critical
for shear stress-induced ATP release.

Blood pressure control

The ability of purines to modulate vascular patency as
well as their effect on renal Na+ absorption indicates a
central role for them in the control of blood pressure.
Increased blood pressure is one of the phenotypes found
in the P2Y2−/− mouse model and correlated with pre-
vious findings of the inhibitory effects of this receptor
on electrogenic Na+ reabsorption in the kidney tubuli.
Moreover, several in vivo studies have revealed altered
P2 receptor expression in the kidney during hyper- and
hypovolemia and after ischemic reperfusion injury. Re-
cent advances in the understanding of these mechanisms
have elucidated the connection between this local mech-
anism and hormonal control. The antidiuretic hormone
vasopressin has been shown to induce tubular nucleotide
secretion from the medullary thick ascending limb of
murine nephrons and is suggested to function has a
local transport-opposing feedback system in response
to transport-activating hormones [73]. As described in
a previous chapter, purinergic signaling counteracts
aldosterone-mediated Na+ reabsorption via a P2Y2-
mediated mechanism. Also, the aldosterone-controlled
thiazide-sensitive NaCl cotransporter has been demon-
strated to be under purinergic control [86]. In a recent

in vivo study, where P2Y2−/− mice were fed a high-
Na+ diet, Pochynyuk et al. showed that P2Y2 receptors
are important in maintaining NaCl homeostasis and
blood pressure regulation. Indeed, a single-nucleotide
polymorphism in the P2Y2 gene has been found to be
associated with essential hypertension [87].

In the systemic circulation, P2 receptor-mediated blood
pressure regulation is the net result of balancing contractile
and dilatory effects. ATP and UTP released on the luminal
side of endothelial cells and from erythrocytes stimulate
vasodilatation in contrast to release from sympathetic nerves
on the adventitial side, which results in vasoconstriction.
The most important dilatory P2Y receptors on the endothe-
lium are the P2Y1 and P2Y2 receptors, although a small
dilatory effect of P2Y6 has also been shown [88].

Diadenosine polyphosphates such as AP4A, AP5A, and
AP6A are combinations of two adenosine molecules
connected with four to six phosphate groups. They have
been identified as vasocontractile agents [89], probably via
actions on P2X1 and P2Y2 receptors. AP5A and AP6A are
stored at higher levels in platelets from patients with hyper-
tension and may contribute to their increased peripheral
vascular resistance [90]. UP4A is a novel endothelium-
derived vasoconstrictive factor more potent than endothelin
in renal vasoconstriction [91]. It is released upon stimulation
of the endothelium by acetylcholine, thrombin, and mechan-
ical stress and can be cleaved into either ATP or UTP to
stimulate both P2X1 and P2Y2 receptors on VSMC resulting
in increased blood pressure [91]. Figure 3 illustrates and
summarizes the influence of purinergic signaling in the
vasculature.

Blood pressure control under pathological conditions

Red blood cell release of ATP is important for the
regulation of pulmonary resistance [92], and patients
with pulmonary hypertension have impaired release of
ATP from red blood cells [93]. Endothelium-dependent
relaxation to ATP has been shown in human pulmonary
arteries [94].

In extreme conditions such as circulatory or septic
shock with acidosis and hypoxia, high ATP levels could
be deleterious, leading to a drop in blood pressure [95].
At levels above 100 μM, ATP concentrations may ex-
ceed the catalytic capacity of ectonucleotidases and,
could in fact, stimulate ATP release by increasing per-
meability of the red blood cell (RBC) [95], probably via
P2X7 receptors [96]. ATP can also release ATP from
endothelial cells [97]. At high concentrations of ATP, a
self-sustaining process may thus be instigated which
may contribute to the irreversible stage of circulatory
shock that can develop rapidly in severely ill patients.
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Intercellular communication in tissue perfusion

Studies of purinergic signaling in red blood cells, especially
the work by Sprague and Ellsworth, have revealed an in-
triguing communication between the cells of the blood and
of the vascular wall. The matching of oxygen supply with
demand requires a mechanism that increases blood flow in
response to decreased tissue oxygen levels. Several reports
suggest that the RBC acts as a sensor for hypoxia and
different mechanisms have been suggested by which the
deoxygenated RBC stimulates vasodilatation [98–101].
RBCs contain millimolar amounts of ATP and possess the
membrane-bound glycolytic enzymes necessary for its pro-
duction [93, 102, 103]. ATP is released in response to
reductions in oxygen tension and pH [99, 100]. It has been
shown in vitro that vessels dilate in response to low O2

levels only when blood vessels are perfused with RBCs
[104]. ATP is released in working human skeletal muscle
circulation depending on the number of unoccupied hemo-
globin O2-binding sites [99, 100]. The released ATP then
binds to P2Y receptors on the endothelium and stimulates
vasodilatation. Thus, the RBC may function as an O2 sensor,
contributing to the regulation of blood flow and O2 delivery,
by releasing ATP depending on the oxygenation state of
hemoglobin.

ADP activates a negative feedback pathway for ATP
release from human RBCs via P2Y13 receptors [105]. Be-
cause blood consists of approximately 40% RBCs, contain-
ing a 1,000-fold higher ATP concentration than plasma
(millimole per liter vs. micromole per liter), even a minor
release of ATP from the high intracellular concentrations
could have major circulatory effects. A negative feedback

system may therefore be of great physiological importance
to mitigate ATP release.

The tubuloglomerular feedback (TGF) mechanism is im-
portant for the regulation of the glomerular filtration rate
(GFR) and serves as a beautiful example of purinergic
signaling in intercellular communication. In the distal tu-
bule, a specialized epithelial cell type, the macula densa
cells, which have the capability to sense the luminal NaCl
concentration of the tubule, communicates with the juxta-
glomerular cells in the wall of the afferent and efferent
arterioles. An increase in NaCl concentration initiates a
signal that causes afferent arteriole constriction, which con-
fers decreased GFR. Afferent arteriole constriction can be
induced by purinergic signaling by both direct effect of ATP
via P2X1 receptors and by adenosine acting on A1 receptors
of the vascular smooth muscle [106]. Autoregulatory
responses of the afferent arteriole have been shown to in-
volve P2X1 function since this response is impeded in mice
deficient of this receptor [107]. While there is no evidence
for the involvement of adenosine in this response [107], the
relative contribution of TGF-mediated afferent arteriole va-
soconstriction has been a matter of controversy [108]. Work
done by several groups has pointed out the importance of
adenosine in the TGF response. TGF responses were found
to be abolished in A1 receptor knockout mice [109, 110] as
well as in mice deficient of the AMP-degrading enzyme
CD73 that is necessary for formation of ATP-derived aden-
osine [111, 112]. This leads us to the more detailed mech-
anism of the TGF response. It has long been known that the
specialized epithelial cells of the macula densa are able to
convey vasoactive responses in the afferent arteriole via
release of one or several substances. Experiments using
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isolated nephron preparations have demonstrated ATP re-
lease from over the basolateral membrane of macula densa
cells in response to elevated NaCl concentrations in the
tubular fluid [113]. ATP release was detected using biosen-
sor cells that were monitored using patch clamp or Fura-2
loading. Recently, a similar study revealed direct NaCl-
independent flow sensing of macula densa cells mediated
by bending of primary cilia [114].

Regeneration and inflammation

Another feature of the cellular lining of our body is its
capacity to regenerate and respond to injury. Physiological
regeneration results from a balance of controlled cell death
and cell proliferation. There are several examples of puri-
nergic signaling playing a significant role in this process. In
the tips of duodenal villi, the apoptosis-related P2X7 recep-
tor has been found to be expressed, indicating a role in the
regeneration process of these cells [30, 115]. In addition to
stimulating P2X7 receptor activation leading to cell death,
ATP also stimulates P2Y receptor expression in both epi-
thelial and endothelial tissue and subsequent cell prolifera-
tion [116, 117]. Inflammatory mediators have also been
demonstrated to potentiate proliferation by increasing
P2Y2 receptor expression [116], implicating a role of puri-
nergic signaling in the healing process following injury. A
recent study elegantly demonstrated that ATP released from
injured cells promotes extravasation of neutrophils into the
specific area of inflammation, thereby letting them escape
through the blood vessels of healthy tissue and find their
way to the right location [118].

In mucosal defense, purinergic signaling has been impli-
cated as mediators of the Th2 response to the airborn allergen
Alternaria alternata in a murine model of airway inflamma-
tion [119]. This response involved release of ATP and activa-
tion of P2Y2 receptors on airway epithelial cells.

Chronic vascular inflammation is a hallmark of metabolic
cardiovascular disease such as diabetes and atherosclerosis.
Nilsson et al. showed that high glucose activates the pro-
inflammatory Ca2+-dependent transcription factor nuclear fac-
tor of activated T cells (NFAT) in intact murine vessels [120].
Hyperglycemia-induced NFATactivation via extracellular nu-
cleotide signaling has been confirmed in arteries in vivo where
it leads to increased expression of the diabetes-related matrix
cytokine osteopontin [121]. This mechanism was dependent
on nucleotide signaling and mediated by the P2Y6 receptor
[120]. Recently, a study investigating the P2 receptor expres-
sion response to inflammatory stimuli has revealed selective
induction of endothelial P2Y6 receptor shown to promote
vascular inflammation [122]. This was confirmed in vivo, as
LPS-induced vascular inflammation was attenuated in P2Y6
−/− mice [122]. A similar response has been demonstrated in
intestinal inflammation [123]. It is noteworthy that one of the

most highly expressed P2Y receptors of endothelial cells is the
P2Y11 receptor, which has no known function in regulation of
vessel patency, but might be involved in the inflammatory
response of this tissue. Roles for this receptor have previously
been discovered in neutrophils where it acts as a survival
factor and in dendritic cell where it mediates release of IL-
8 [124].

Conclusion

The many diverse and physiologically relevant functions
of purinergic signaling suggest that this system is an
ancient way for organisms to maintain homeostasis dur-
ing stress. Considering that the most common diseases of
our time—diabetes, cardiovascular disease, hypertension,
and asthma—are not primarily caused by a pathogenic
insult to our body, but rather derive from homeostatic
disturbances, nucleotide-mediated responses are at the
core of both pathogenesis and potential treatment. Much
focus has been given to identification and investigations
of P2 receptors, but a big part of the purinergic puzzle
lies in the degrading ectonucleotidases that regulate which
ligand is available for binding. The recent discovery of novel
nucleotides, such as Up4A, further widens the signaling
possibilities. What this review aims at illustrating, is that
epithelial and endothelial cells, although different, share
many functions and mechanisms that can serve as inspi-
ration in our continuous work towards understanding
purinergic signaling in the pathology and physiology of
the human body.
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