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The aim of this study is to analyze the expression of purinergic receptors in the heart after ischemia–reperfusion,
and their possible role in ischemia–reperfusion injury. Rat hearts were perfused according to the Langendorff
technique and subjected to 30 min ischemia followed by 15 min reperfusion. Ischemia–reperfusion reduced
the gene expression and protein content of purinergic receptors of the P2Y2 subtype, and increased the gene ex-
pression and protein content of the P2X7 subtype. Treatment with the agonist of the P2Y2 subtype 2-thio-UTP
and with the antagonist of the P2X7 subtype Brilliant Blue improved myocardial function parameters, reduced
cell death and increased the myocardial expression of antiapoptotic markers after ischemia–reperfusion. These
results suggest that themyocardial expression of the protective P2Y2 subtype of purinergic receptors is reduced,
whereas that of the harmful subtype P2X7 subtype is increased during coronary ischemia–reperfusion. This may
contribute to myocardial injury in this condition.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Cardiac ischemia is one of themost important diseases in developed
countries. Cell injury during ischemia and posterior reperfusion may be
mediated by oxidative stress and calcium overload, leading to necrosis
and/or apoptosis and impairment of cardiac function [23]. Several strat-
egies are being developed to reduce cell death [23], but at this moment
none has successfully provided a cardioprotective therapy that can be
applied to clinical practice. This may be attributed, in part, to the fact
that the mechanisms of ischemia–reperfusion injury are still incom-
pletely understood. Ischemia–reperfusion may affect both myocardial
function and coronary vascular function injury [16]. Coronary vascular
dysfunction may enhance myocardial impairment by interfering with
blood flow recovery during reperfusion, and myocardial injury may
compromise coronary blood flow by compression of blood vessels
and/or release of vasoactive factors.

Purinergic signalling has attracted intense attention, with an expo-
nential growth of publications in the last twenty years [1]. Purinergic
P2 receptors are activated by extracellular nucleotides, such as ATP
and UTP, and may be involved in neurotransmission, epilepsy, pain, he-
mostasis and gastrointestinal function [2]. As purinergic receptors are
aculty ofMedicine, Universidad
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expressed in myocardial tissue [21,31] and coronary blood vessels [19,
26,34], and ATP and UTP are released during myocardial ischemia [32,
33], it is probable that they alsomay play a role in ischemia–reperfusion
pathophysiology.

Both P2X and P2Y families of purinergic receptors have been ex-
plored for their implication in myocardial ischemia, but the results are
inconclusive. P2Y2 subtype has been shown to be protective during is-
chemia–reperfusion inmouse heart [4,32] and cultured cardiomyocytes
[12]. However, in other study P2Y2 receptors increased cell death dur-
ing hypoxia in cultured cardiomyocytes, whereas P2Y4 were protective
[5]. Regarding the P2X subtypes, it has been found that overexpression
of the P2X4 subtype may improve myocardial ischemia in mouse [27].
P2X7 receptors may be detrimental in mouse heart [20], and cultured
cardiomyocytes [5], however a P2X7 agonist may be protective in rat
[30].

Although expression of purinergic receptors has been studied
in control conditions, it is not known whether this expression may be
altered during ischemia–reperfusion. The hypothesis of this study is
that changes in the expression and/or activity of protective or harmful
receptors may contribute to themechanisms of injury in this condition.
The protein levels of the subtypes which are expressed at significant
levels in the rat heart (P2Y1, P2Y2, P2Y14, P2X4, P2X5 and P2X7 [21])
have been assessed after ischemia–reperfusion in the rat heart. As
P2Y2 and P2X7 receptors were altered during ischemia–reperfusion,
the effects of specific agonists and antagonists of these subtypes on
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myocardial function, cell death and markers of apoptosis and anti-
apoptosis were also studied.

2. Methods

2.1. Experimental set-up

In the present study male Sprague–Dawley rats were used
(300–350 g body weight). All the experiments were conducted in ac-
cordance with the Guide for the Care and Use of Laboratory Animals
(National Research Council of the National Academies, Eight Edition,
2011) and with all relevant laws and regulations, and reported in com-
pliancewith ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines. The use of these animals was also approved by the Animal
Care and Use Committee of the Universidad Autónoma de Madrid. The
hearts were removed from the rats under anesthesia with i.p. sodium
pentobarbital (100 mg/kg) and following i.v. injection of heparin
(1000 UI). Next, the ascending aorta was cannulated and the heart
was subjected to retrograde perfusion with Krebs–Henseleit buffer
(115 mM NaCl, 4.6 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM
CaCl2, 25 mM NaHCO3 and 11 mM glucose) equilibrated with 95%
oxygen and 5% carbon dioxide to a pHof 7.3–7.4. Perfusionwas initiated
in a Langendorff heart perfusion apparatus at a constant flow rate of
11–15 ml/min to provide a basal perfusion pressure of approximately
70 mm Hg. Both the perfusion solution and the heart were maintained
at 37 °C. Coronary perfusion pressure was measured through a lateral
connection in the perfusion cannula and left ventricular pressure
was measured using a latex balloon inflated to a diastolic pressure of
5–10mmHg, both connected to ICUMedical transducers. Left ventricu-
lar developed pressure (systolic left ventricular pressureminus diastolic
left ventricular pressure), left ventricular end-diastolic pressure, the
first derivative of the left ventricular pressure curve (dP/dt) and heart
rate were calculated from the left ventricular pressure curve. These
parameters were recorded on a computer using the PowerLab/8e data
acquisition system (AD instruments, Colorado Springs CO).

2.2. Experimental procedure

After a 30min equilibration periodwith constant flow perfusion, the
hearts were exposed to global zero-flow ischemia for 30 min at 37 °C,
and reperfused for 15 min at the same flow rate used before ischemia.
Time-control hearts were perfused during the same total duration
(75 min) without ischemia. Afterwards, the ischemic-reperfused or
time-control hearts were removed, and immediately frozen and stored
at−80 °C. Some hearts were treated during the ischemia–reperfusion
with the specific agonist of P2Y2 purinergic receptors 2-thio-UTP
(10 μM), with the specific agonist of purinergic receptors P2X7 BzATP
(100 μM),with the specific antagonist of purinergic receptors P2X7 Bril-
liant Blue (10 μM), and with the non-specific antagonist of P2 receptors
suramin (100 μM). These blockers were added to the perfusion solution
10min before ischemia, and remained during the ischemia and reperfu-
sion. As hearts treated with 2-thio-UTP and Brilliant Blue during
ischemia and reperfusion showed differences compared to untreated
hearts, these blockers were also tested only during 10min before ische-
mia, in which case the blocker was washed out before beginning ische-
mia, or only during reperfusion, in which case the blocker was added at
the beginning of the reperfusion period.

2.3. Tissue homogenization and protein quantification

Heart tissue was homogenized in 500 μl of radioimmunoprecipi-
tation assay lysis buffer with an EDTA-free protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). After homogenization, sam-
ples were centrifuged at 14,000 rpm for 20 min at 4 °C. Supernatants
were transferred to a new tube and protein concentration was estimat-
ed by Bradford protein assay.
2.4. ELISA cell death detection

This photometric enzyme immunoassay for the in vitro quantifica-
tion of cytoplasmic histone-associated DNA fragments (mono- and
oligonucleosomes) was performed according to the instructions of the
manufacturer (Roche Diagnostics). The same amount of total protein
was loaded in all wells and each sample was measured in duplicate
(Tecan Infinite M200, Grödig, Austria). The background value was
subtracted from the mean value of each sample and all values are re-
ferred to the mean value of the control group.

2.5. Immunoblotting

In each assay the same amount of protein was loaded in all wells
(75 μg) and resolving gels with different amounts of SDS-acrylamide
gels (8–12%) were used depending on themolecular weight of the pro-
tein. After electrophoresis proteins were transferred to polyvinylidine
difluoride (PVDF)membranes (Bio-Rad) and transfer efficiencywas de-
termined by Ponceau red dyeing. Filters were then blocked with Tris-
buffered saline (TBS) containing 5% (w/v) non-fat dried milk and incu-
bated with the appropriate primary antibody diluted 1:1000; caspase-3
(Cell Signalling), caspase-8 (Neomarkers), Bcl-2 (Thermo Scientific),
Hsp-70(Stressgen Bioreagents), Bax (Thermo Scientific), P2Y2 (Alomone
Labs Ltd), and P2X7 (Alomone Labs Ltd). Membranes were subsequently
washed and incubated with the corresponding secondary antibody
conjugated with peroxidase (1:2000; Pierce, Rockford, IL, USA). Bound
peroxidase activity was visualized by chemiluminescence and quantified
by densitometry using BioRad Molecular Imager ChemiDoc XRS System.
All blotswere rehybridizedwithβ-tubuline (Sigma-Aldrich) tonormalize
each sample for gel-loading variability. All data are normalized to control
values on each gel.

2.6. RNA preparation and purification and quantitative real-time PCR

Total RNA was extracted from the myocardium according to the
Tri-Reagent protocol [9]. cDNA was then synthesized from 1 μg of total
RNA using a high capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA).

2.7. Quantitative real-time PCR

Purinergic receptors P2Y1, P2Y2, P2Y14, P2X4, P2X5 and P2X7
mRNAs were assessed in heart samples by quantitative real-time PCR.
Quantitative real-time PCR was performed by using assay-on-demand
kits (Applied Biosystems) for each gene: P2Y1 (00562996), P2Y2
(02070661), P2Y14 (02532502), P2X4(00580949), P2X5(00589966)
and P2X7 (00570451). TaqMan Universal PCR Master Mix (Applied
Biosystems)was used for amplification according to themanufacturer's
protocol in a Step Onemachine (Applied Biosystems). Values were nor-
malized to the housekeeping gene 18S (Rn01428915). According to
manufacturer's guidelines, the ΔΔCT method was used to determine
relative expression levels. Statistics were performed using ΔΔCT values.

2.8. Statistical analysis

All parameters are expressed as themean±S.E.M. Hemodynamic pa-
rameters (coronary perfusion pressure, developed left ventricular pres-
sure, maximal systolic dP/dt and heart rate) were compared before and
after ischemia-reperfusion by paired Student's t test, and the genic ex-
pression of purinergic receptors was compared in ischemic–reperfused
and time-control hearts by unpaired Student's t test. Hemodynamic
parameters, total cell death and protein expression of pro- and
antiapoptotic markers, were compared in the hearts treated with
purinergic agonists or antagonists, with untreated hearts, by one-way
ANOVA and Dunnett's test to determine which comparisons are signif-
icant. A P value of b0.05 was considered significant.
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Fig. 1. Left ventricular developed pressure (A), systolic dP/dt (B) and coronary perfusion pressure (C) in perfused hearts in control conditions (n = 5) and after 30 min of ischemia and
15 min of reperfusion (IR) treated with saline (n = 5) or with 2-thio-UTP (10 μM, n = 5), suramin (100 μM, n = 5), BzATP (100 μM, n = 5), or Brilliant Blue (10 μM, n = 6).
**P b 0.01 vs. control. #P b 0.05 vs. IR-saline. Values are represented as mean ± S.E.M.
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2.9. Drugs

The following substanceswere used: 2-thio-UTP sodium salt (Tocris),
2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-triphosphate triethyl-
ammonium salt (BzATP, Sigma), Brilliant blue G (Sigma), and suramin
sodium salt (Sigma).

3. Results

3.1. Hemodynamic parameters

Ischemia–reperfusion in untreated hearts (n = 5) reduced devel-
oped left ventricular pressure (39 ± 5 vs. 86 ± 13 mm Hg, P b 0.01)
and maximal systolic dP/dt (585 ± 136 vs. 2744 ± 535 mm Hg/s,
P b 001), without modifying coronary perfusion pressure (72 ± 2 vs.
68 ± 6 mm Hg) or heart rate (129 ± 52 vs. 197 ± 20 beats/min). None
of these parameters were modified in the time-control experiments
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Fig. 2. Left ventricular developed pressure (A), systolic dP/dt (B) and coronary perfusion press
15min of reperfusion (IR) treated with saline (n = 5) or with 2-thio-UTP or Brilliant Blue
(reperfusion, n = 5 and n = 6, respectively). **P b 0.01 vs. control. #P b 0.05 vs. IR-saline
(not shown, n = 5). In the ischemic hearts treated with 2-thio-UTP
(n= 5) during ischemia and reperfusion, developed left ventricle pres-
sure (79 ± 6, P b 0.05 mm Hg) and maximal systolic dP/dt (1419 ±
61 mm Hg/s, P b 0.05) were higher compared with untreated ischemic
hearts (Fig. 1A and B). However, 2-thio-UTP did not modify developed
left ventricle pressure or maximal systolic dP/dt when applied only
before ischemia (n = 4) or only during reperfusion (n = 5) (Fig. 2A
and B), and it did not modify coronary perfusion pressure in any case
(Figs. 1C and 2C). In the ischemic hearts treated with Brilliant Blue
during ischemia and reperfusion (n = 6) maximal systolic dP/dt
(1387 ± 267 mm Hg/s, P b 0.05) was higher, compared with untreated
ischemic hearts (Fig. 1A), and developed left ventricle pressure tended
to be higher although the difference was not significant (Fig. 1B). Both
maximal systolic dP/dt and developed left ventricle pressure were
increased by treatment with Brilliant Blue only during reperfusion
(n = 6), but not modified by treatment only before ischemia (n = 5)
(Fig. 2A and B). However, coronary perfusion pressure was increased
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ure (C) in perfused hearts in control conditions (n = 5) and after 30 min of ischemia and
(10 μM, n = 6), before (preischemia, n = 4 and n = 5, respectively) or after ischemia
. Values are represented as mean ± S.E.M.
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Fig. 3. Gene expression of P2Y1 (A), P2Y2 (B), P2Y14 (C), P2X4 (D), P2X5 (E) and P2X7 (F) purinergic receptors in control hearts (n = 5) and after 30 min of ischemia and 15 min of
reperfusion (IR, n = 5). ***P b 0.001 vs. control. *P b 0.05 vs. control. Values are represented as mean ± S.E.M.
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by treatment before ischemia (Fig. 2C). Suramin (n = 5) or BzATP
(n = 5) did not modifymaximal systolic dP/dt, developed left ventricle
pressure, or coronary perfusion pressure (Fig. 1), and heart rate was not
modified by any treatment (not shown).

3.2. Purinergic receptors gene and protein expression

Purinergic receptors P2Y1, P2Y1, P2X4, and P2X5 (Fig. 3A, C, D and E
respectively)mRNA levels were unchanged in ischemic hearts compared
to non-ischemic hearts. Ischemia–reperfusion significantly decreased
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Fig. 4. Protein levels of P2Y2 (A) and P2X7 (B) purinergic receptors in control hearts (n = 5)
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both P2Y2 mRNA levels (P b 0.001, Fig. 3B) and protein content
(P b 0.001, Fig. 4B), and significantly increased P2X7 gene expression
(P b 0.05, Fig. 4C) and protein content in myocardial tissue (P b 0.05,
Fig. 4A) compared to controls.

3.3. Total cell death

Ischemic hearts without treatment showed increased total cell
death in the myocardium compared to control hearts (P b 0.05;
Fig. 5). Treatment with the specific P2Y2 receptor agonist 2-thio-UTP,
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and after 30 min of ischemia and 15 min of reperfusion (IR, n = 5). *P b 0.05 vs. control.
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Fig. 5. Total cell death in themyocardium in control hearts (n= 5) and after 30min of is-
chemia and 15 min of reperfusion (IR) treated with saline (n = 5), or with 2-thio-UTP
(10 μM, n = 5), suramin (100 μM, n = 5), BzATP (100 μM, n = 5), or Brilliant Blue
(10 μM, n = 6).*P b 0.05 vs. control; # P b 0.05 vs. IR-saline.
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with the specific P2X7 receptor antagonist Brilliant Blue or with the
non-specific antagonist of P2 receptors suramin during IR prevented
IR-induced increase in total cell death (P b 0.05 for all). On the contrary
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treatment or with the P2X7 receptor specific agonist BzATP had
no effect.

3.4. Heart content of antiapoptotic proteins Bcl-2 and Hsp-70

Myocardial content of the anti-apoptotic proteins Bcl-2 and Hsp-70
was significantly decreased in ischemic hearts with no treatment com-
pared to control hearts (P b 0.05 for both: Fig. 6A and B respectively).
Treatment with the specific P2Y2 receptor agonist 2-thio-UTP or with
non-specific antagonist of P2 receptors suramin during IR prevented
IR-induced decrease in Bcl-2 (P b 0.05 and P b 0.001 respectively). Like-
wise, administration of the specific P2X7 receptor antagonist Brilliant
Blue during IR prevented IR-induced decrease in Hsp-70 protein con-
tent in the myocardium (P b 0.001).

3.5. Heart content of pro-apoptotic proteins caspase-3, caspase-8 and Bax

Myocardial content of the pro-apoptotic proteins caspase-3 and Bax
was unchanged between groups (Fig. 7). However caspase-8 content
was significantly decreased in Bz-ATP and Brilliant Blue treated hearts
compared to untreated ischemic hearts (P b 0.05 for both).

3.6. Bax/Bcl-2 ratio

The Bax/Bcl-2 ratio was significantly increased in ischemic hearts
treated with saline compared to controls (P b 0.05), and this increase
was only prevented by 2-thio-UTP treatment (P b 0.01) (Table 1).

4. Discussion

The results of this study suggest that purinergic receptors may play
an important role in the pathophysiology of ischemia–reperfusion inju-
ry. P2X7 receptors may contribute to myocardial impairment by in-
creasing apoptosis, whereas P2Y2 receptors may be protective. Firstly,
we studiedwhether the expression of purinergic receptors were altered
in this condition. From the subtypes more expressed in ratmyocardium
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according to literature (P2Y1, P2Y2, P2Y14, P2X4, P2X5 and P2X7; [21])
only two, P2Y2 and P2X7, were altered by ischemia–reperfusion. As
these subtypes are also described as havingprotective or harmful effects
on the myocardium [4,12,20,30,32] we hypothesized that those might
probably be involved in the pathophysiology of ischemia–reperfusion,
Table 1
Bax/Bcl-2 ratio in control hearts (n=5) and after 30min of ischemia and 15min of reperfusion
n = 5), BzATP (100 μM, n = 5), or Brilliant Blue (10 μM, n = 6).*P b 0.005 vs. control; ##

Controls IR-saline IR-2-thio-U

Ratio Bax/Bcl-2 0.89 ± 4.7 1.14 ± 0.05* 0.73 ± 0.09
and therefore we studied the effects of agonists and antagonists of
these particular receptors. Our results suggest that purinergic receptors
of the P2X7 subtype may be detrimental for the myocardial tissue
during ischemia–reperfusion, as the reduction in ventricular contractil-
ity was partially reverted with the specific antagonist of that subtype
(IR) treated with saline (n= 5), or with 2-thio-UTP (10 μM, n= 5), suramin (100 μM,
P b 0.01 vs. IR-saline.

TP IR-Bz APT IR-Suramine IR-Brilliant Blue

## 0.96 ± 0.13 1.16 ± 0.09 1.14 ± 0.13
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Brilliant Blue. Brilliant blue was effective when applied during ischemia
and reperfusion and also when applied only during reperfusion, sug-
gesting that the harmful effect of P2X7 receptors takes place during
the reperfusion period. The reduction in ventricular contractility by
P2X7 receptors may be mediated by an increase of cardiomyocyte apo-
ptosis, as Brilliant Blue also reduced cell death, increased the expression
of the antiapoptotic marker Hsp-70 and decreased caspase-8 protein
levels. As the ratio Bax/Bcl-2 was unchanged in Brilliant Blue treated
hearts, the protective effect of Brilliant Blue on myocardial apoptosis
could be mediated by both an overexpression of the anti-apoptotic
marker Hsp-70 and/or to a decrease on apoptotic extrinsic pathway.
The P2X7 agonist BzATP did not increase further the functional impair-
ment or cell apoptosis during ischemia–reperfusion, which may be due
to these receptors are already activated by endogenous nucleotides in
this condition. Purinergic P2X7 receptors have been found to increase
apoptosis in intestinal [6] and skin [10] cancer cells, vascular smooth
muscle myocytes [3] and retina [28].

Interestingly, the hearts treated with Brilliant Blue before ischemia
showed increased coronary vascular resistance after ischemia. P2X7 re-
ceptors are expressed in blood vessel cells [17,22,24,25] therefore they
might have a protective preconditioning effect circumscribed to the cor-
onary vascularwall, although its effect on themyocardial cells would be
mainly detrimental during reperfusion. It has been described that endo-
thelial P2X7 receptorsmay induce release of nitric oxide [8,22], which is
involved in preconditioning of the vascular ischemia–reperfusion injury
[16].

On the other hand, purinergic P2Y2 receptorsmay beprotective dur-
ing ischemia–reperfusion, as the agonist of these receptors 2-thio-UTP
increased myocardial contractility, reduced cell death and increased
expression of the antiapoptotic maker Bcl-2 and the Bax/Bcl-2ratio.
Thus, the antiapoptotic effect of 2-thio-UTP seems to be mediated
by inactivation of intrinsic apoptotic pathway. As Brilliant Blue and
2-thio-UTP increased different antiapoptotic markers, P2X7 and P2Y2
receptors may influence different antiapoptotic pathways, in negative
and positive direction respectively. Moreover, the protective effect of
2-thio-UTPwas not observedwhen this blockerwas applied only before
ischemia or only during reperfusion, suggesting that P2Y2 receptors are
protective only during ischemia. Our results agree with others, which
found a protective effect of P2Y2 receptors in mouse heart in vitro
[32] and in vivo [4], and in cultured rat cardiomyocytes [12].

The study of P2Y2 receptors is complicated by the current lack of a
strongly specific antagonist of P2Y2 receptors commercially available.
Although suramin is a potent antagonist of this subtype, it also may
block other subtypes [14], so it may be described as an unspecific P2
antagonist. In our study, suramin reduced cell death and increased the
antiapoptotic marker Bcl-2, but it did not improve myocardial function,
suggesting that this antagonistmay be have both beneficial and harmful
effects, which could cancel each other at the functional level. Suramin
may have antiapoptotic and anti-inflammatory effects in kidney, brain
and myocardium [18], and may protect against ischemic injury in kid-
ney [35] and brain [15]. This protectionmay bemediated by antagonism
of purinergic receptors or by other effects of suramin, as this substance
also may reduce conexin-mediated membrane permeability [7], inhibit
tyrosine kinase [13] and metalloprotease activity [29] and block
NF-KappaB activation [11].

During ischemia–reperfusion the concentration of nucleotides such
as ATP and UTP in myocardial tissue is increased [32,33]. The present
and previous studies suggest that they may have both protective and
detrimental effects. However, their net effect will depend on the bal-
ance of purinergic receptors expressed in the tissue after ischemia–
reperfusion, and this expression has not been studied before in this
condition. Our study is the first, to our knowledge, to show that during
ischemia–reperfusion expression of P2Y2 protective receptors is re-
duced, whereas that of harmful P2X7 receptors is increased.
This suggests that in this condition the balance is shifted to the per-
nicious side and the net effect of nucleotides may be detrimental,
thus contributing to themechanisms of cell injury and functional im-
pairment after ischemia–reperfusion.We have also found that P2X7 re-
ceptors might have some protective effect on the coronary vasculature,
but this is probably overwhelmed during reperfusion as the expression
of proapoptotic P2X7 receptors in the myocardium increases after is-
chemia. The agonists of P2Y2 receptors and/or the antagonists of P2X7
receptors may counteract the reduction and increase of these subtypes,
respectively, and have cardioprotective effects during ischemia–reper-
fusion by enhancing antiapoptoticmechanisms and reducingmyocardi-
al cell death. Particularly, P2X7 antagonists may be therapeutically
useful as are effective when administered after ischemia, and do not
seem to have adverse effects on the coronary circulation when used in
this manner.
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