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Abstract
Cardiomyocytes express one or more subtypes of P2 receptors for extracellular nucleotides. P2
purinoceptors, which are activated by nucleotides, are classified as P2X or P2Y: P2X receptors are
ligand-gated intrinsic ion channels, and P2Y receptors are G protein-coupled receptors.
Extracellular pyrimidine and purine nucleotides are released from the heart during hypoxia.
Although the cardioprotective effects of purines acting via purinoceptors were studied intensively,
the physiological role of uracil nucleotide-responsive P2Y2, P2Y4, P2Y6, and P2Y14 receptors is
still unclear, especially in the cardiovascular system. This study revealed that uridine-5′-
triphosphate (UTP) protected cultured rat cardiomyocytes during hypoxia and explored the UTP
signaling pathway leading to this cardioprotection. We found that UTP, but not UDP or uridine,
significantly reduced cardiomyocyte death induced by hypoxia. Incubation with UTP for 1 h,
before exposure to hypoxic conditions, protected the cells 24 h later. The cardioprotective effect of
UTP was reduced in the presence of the P2 antagonist suramin. In addition, UTP caused a
transient increase of [Ca2+]i in cardiomyocytes. Pyridoxal-5′-phosphate-6-azophenyl-2,4-
disulfonate (PPADS) or Reactive blue 2 (RB-2), other antagonists of P2 receptors, abolished the
[Ca2+]i elevation caused by UTP. We used various inhibitors of the Ca2+ signaling pathway to
show that UTP elevated levels of [Ca2+]i, originating from intracellular sources, via activation of
phospholipase C and the IP3 receptor. Interestingly, these inhibitors of the Ca2+ signaling pathway
did not prevent the immediate protective effect caused by UTP. Although mitochondrial KATP
channels are involved in other preconditioning mediator pathways, the involvement of these
channels in the cardioprotective effect induced by UTP was ruled out, because 5-hydroxydecanoic
acid (5-HD), a specific inhibitor of these channels, did not prevent the protection.
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1. Introduction
Myocardial infarction and heart failure are leading causes of morbidity and mortality in
humans. Considerable effort has been devoted to improving functional recovery and
reducing the extent of infarction after ischemic episodes. A step in this direction was the
discovery that the heart is significantly protected against ischemic injury when first
preconditioned by a brief ischemia [1]. Adenosine, a metabolite of adenine nucleotides,
simulates the protection afforded by preconditioning (PC) via A1 and A3 receptors.
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However, accumulating evidence suggests that adenosine receptors are not the only
mediators of PC [2-4], but that adrenoceptors [5], bradykinin receptors [6], opioid receptors
[7], and ATP receptors [8] may also contribute to PC.

Purine and pyrimidine nucleotides have widespread and specific extracellular signaling
actions in the regulation of a variety of functions in many tissues. In 1978 Burnstock
proposed that specific receptors for extracellular nucleosides (P1) or nucleotides (P2)
mediate the physiological effects of adenosine and ATP, respectively [9]. According to
pharmacological evidence, mechanisms of signal transduction, and molecular structure,
receptors that mediate the extracellular actions of purine and pyrimidine nucleotides are
divided into two major families: ligand-gated receptors (P2X) and G protein-coupled
receptors (P2Y). In contrast to P2X receptors, the class of P2Y receptors is activated not
only by ATP and its derivatives, but also by other naturally occurring nucleotides. The P2Y2
and P2Y4 receptors are activated by the uracil nucleotide UTP (uridine-5′-triphosphate)
acting as an autocrine regulator [10,11]. These receptors are preferentially coupled to Gq and
therefore activate phospholipase Cβ, leading to the formation of inositol trisphosphate, Ca2+

elevation, and production of diacylglycerol, which activates protein kinase C (PKC) and
mitogen-activated protein kinases [12,13]. Thus, activation of P2Y2 and P2Y4 receptors and
subsequently kinases can have long-term, tropic effects on cardiomyocyte activity.

Whereas the effects of purine nucleosides and nucleotides in myocardial infarction and
ischemia have been intensively studied [14], the role of pyrimidine nucleotides under
hypoxic conditions has not been well explored. Our principal aim was to elucidate the
protective effects of UTP and pyrimidinergic receptor activation against detrimental factors
of ischemia/hypoxia. For this reason we sought to explore whether P2Y2 and P2Y4 receptors
are present on the surface of cultured newborn rat cardiomyocytes and the expression levels
of these receptors. Receptor functionality was demonstrated by evaluation of the calcium
response following receptor activation and by the initiation of signal transduction pathways,
which resulted in attenuating cardiomyocyte injury in hypoxia. For this purpose we studied
the expression and localization of P2Y2 and P2Y4 receptor proteins in cultured
cardiomyocytes through immunohistochemistry and Western blotting. Changes in
intracellular Ca2+ concentration ([Ca2+]i) after the application of nucleotides were studied
by indo-1 cytofluorometry. Morphological evaluation of cultured cells, measurement of
lactate dehydrogenase (LDH) release to the culture medium, and determination of ATP
content were used to characterize the protection from hypoxic damage upon UTP receptor
activation.

The present study provides evidence for the first time that the extracellular pyrimidine
nucleotide, UTP, could play a substantial role in mediating cardioprotection from hypoxic
damage through specific receptors.

2. Experimental procedures
2.1. Cell culture

Rat hearts (2–3 d old) were removed under sterile conditions and washed three times in PBS
to remove excess blood cells. The hearts were minced and then gently agitated in RDB, a
solution of proteolytic enzymes (Life Science Research Inst. [15]), prepared from a fig tree
extract. After treatment with RDB, cell viability was found to be 98%, in contrast to 85% in
trypsin-treated monolayer cultures. The RDB was diluted 1:100 in Ca2+- and Mg2+-free
PBSat 25 °C for a fewcycles of 10 min each, as described previously [16]. Dulbecco’s
modified Eagle’s medium, supplemented with inactivated 10% horse serum (Biological
Industries) and 0.5% chick embryo extract, was added to supernatant suspensions containing
dissociated cells. The mixture was centrifuged at 300 × g for 5 min. The supernatant phase
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was discarded, and the cells were resuspended in the same medium. The suspension of the
cells was diluted to 1.0 × 106 cells/ml, and 1.5 ml of the suspension was placed in 35-mm
plastic culture dishes on collagen/gelatin-coated coverglasses. The cultures were incubated
in a humidified atmosphere of 5% CO2, 95% air at 37 °C. Confluent monolayers exhibiting
spontaneous contractions were developed in culture within 2 d. All experiments were
performed between days 5 and 7 in culture.

2.2. [Ca2+]i measurements
Intracellular free calcium ion concentration was estimated from indo-1 fluorescence with the
ratio method (the SAMPLE program) described elsewhere [17,18].

2.3. Hypoxic conditions
Myocyte cultures 5–7 d old were washed from the medium with glucose-free PBS
containing 5 μM HEPES at pH 7.4 before exposing the myocytes to the various conditions
at 37 °C. The hypoxic condition consisted of 120 min in a hypoxic incubator in which the
atmosphere was replaced by the inert gas argon (100%) in glucose-free media [16,19]. The
hypoxic damage was characterized at the end of the hypoxic period by morphological and
biochemical evaluation. Continuous monitoring of [Ca2+]i during hypoxia was realized in a
special barrier well, where cells were protected from oxygen by a laminar counterflowing
layer of argon gas as previously described [20]. The coverglasses with cultured cells were
placed at the bottom of the well. This chamber was mounted on a specially modified Zeiss
inverted epifluorescence microscope.

2.4. Assays of intracellular ATP level
After hypoxia, control and experimental cells were harvested in 1 ml cold 5% trichloroacetic
acid. The cell extract was used for the measurement of ATP content with the luciferin–
luciferase bioluminescence kit (CLSII, Boehringer) following the manufacturer’s protocol.
The values are expressed as nmol/mg of protein [17].

2.5. Experiments with purinergic and pyrimidinergic ligands
UTP at concentrations of 3–50 μM was applied to the cell cultures for 15 min following a
15-min preincubation with various antagonists (Sigma): pyridoxal-5′-phosphate- 6-
azophenyl-2,4-disulfonate (PPADS), suramin, or Reactive blue 2 (RB-2). The cell cultures
were washed with PBS prior to the experimental treatment.

2.6. Release of LDH
Protein content and LDH activity were determined according to El-Ani et al. [21]. Briefly,
25 μl supernatant was transferred into a 96-well dish, and the LDH activities were
determined with an LDH-L kit (Sigma), as described by the manufacturer. The product of
the enzyme was measured spectrometrically at 30 °C at a wavelength of 340 nm as
described previously [19]. The results were expressed relative to the control (X-fold) in the
same experiment. Each experiment was done in triplicate and was repeated at least three
times.

2.7. Staining
2.7.1. Propidium iodide—The assay is based on vital binding of propidium iodide (5 μg/
ml) to nuclei of cells whose plasma membranes have become permeable because of cell
damage. The assay was performed according to Nieminen et al. [22]. For counter-staining
we used Hoechst 33342 (10 μM), which stains the nuclei of all cells.
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2.7.2. Lysosome staining by neutral red—Neutral red is a widely used marker of
membrane-bound compartments with an acidic lumen (lysosomes and several other acidic
compartments). Live cardiomyocytes were incubated for 30 min in PBS containing 4 μg/ml
neutral red (Molecular Probes).

2.7.3. Immunostaining—Cells were fixed in absolute methanol for 10 min,
permeabilized with 0.1% Triton X-100 for 5 min, and blocked in 2% normal goat serum for
10 min. Anti-P2Y2 or anti-P2Y4 antibodies (Alomone Labs) were diluted in PBS to a final
concentration of 1:100 and then incubated overnight at room temperature with the cells. As a
reporter we used goat antirabbit fluorescein isothiocyanate (FITC) that was incubated for 30
min at room temperature.

2.7.4. Western blotting—Aliquots (~70 μg) from each protein sample were loaded on
11% SDS polyacrylamide gels and blotted onto nitrocellulose membranes. Filters were
saturated with Tris-buffered saline in 10% milk for 1 h at room temperature to avoid non-
specific binding of the primary antibody and incubated overnight at 4 °C with anti-P2Y2
(1:200) and anti-P2Y4 (1:300) antibodies. Each P2Y receptor was also tested in the presence
of neutralizing peptides (ratio 1:1 between peptide and antiserum). Blots were then washed
in Tris-buffered saline (1 mM Tris–HCl, pH 8.0, 15 mM NaCl, 0.1% Tween X-100, final
concentration), incubated for 1 h with antirabbit IgG coupled to FITC. Immunoreactions
were analyzed with enhanced chemiluminescence.

2.8. Statistics
Results were expressed as mean ± S.D. Data were analyzed by analysis of variance with
application of a post hoc Tukey-Kremer test. Statistical significance was determined as *P <
0.01 and **P < 0.05 in different experiments.

3. Results
3.1. Cardiomyocytes express UTP-responsive P2Y receptors

The presence of P2Y2 and P2Y4 receptors in cultured rat cardiomyocytes was demonstrated
with immunofluorescent staining and Western immunoblot assay. Newborn rat
cardiomyocytes exhibited P2Y2 and P2Y4 receptors on the cell surface, as seen from the
fluorescence intensity level. The specificity of receptor immunostaining was indicated by
lack of staining in the presence of competitive peptide antigens, derived from the receptor
sequence. Anti-P2Y2 or -P2Y4 antibodies stained the whole cardiomyocyte membrane, but
no staining was observed in fibroblasts that were present in the same culture dish (Fig. 1A
and B). An immunoblot assay showed that anti-P2Y2 antibodies detected four major protein
bands of the predicted molecular weight at 42, 55, 68, and 84 kDa, and P2Y4 receptors were
identified by two protein bands, which were ~50 and ~80 kDa. These bands disappeared
following preincubation of the antibodies with their competitive peptide antigens (Fig. 1C).
These results demonstrated the existence of P2Y2 and P2Y4 receptors in neonatal
cardiomyocytes.

3.2. Effect of UTP on cardiomyocytes subjected to hypoxia
To investigate the role of UTP in attenuation of myocyte injury during prolonged (120 min)
hypoxia, cultured cardiomyocytes were incubated with various concentrations of UTP (3–50
μM) for 15 min prior to hypoxia. The pyrimidine (10 μM) did not cause any cell injury but
elicited a significant attenuation of the cellular injury produced by the subsequent 120-min
hypoxia, as measured by the level of LDH released from the cells (Fig. 2A). The decrease in
LDH release suggested that UTP receptor activation delayed acute hypoxia-induced
cardiomyocyte injury. For investigation of the time dependence of UTP in protecting the
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cardiocytes, the cells were pretreated with 50 μM UTP for 1 h and then exposed to 2 h
hypoxia after incubation in full medium for 15 min to 72 h. UTP protected the cells from
hypoxia even when treated 48 h before hypoxia, as revealed by LDH release (Fig. 2B).
These results suggest that UTP activates a long, persistent mechanism of protection (a
second window of protection). On the other hand, the related derivatives uridine and UDP
(50 μM) did not exhibit a protective effect on cardiomyocytes against hypoxia (Table 1).
This ruled out the P2Y6 receptor as the site of action of protective uracil nucleotides.

To verify whether the protective effect caused by UTP is mediated via P2 receptors,
cardiomyocytes were treated with a P2 receptor antagonist, e.g. RB-2, PPADS, or suramin,
before exposing them to 50 μM UTP and hypoxia. Treatment with suramin or PPADS, but
not RB-2, inhibited the protective effect of UTP, as determined by LDH released to the
medium (Table 1), indicating the involvement of P2Y2 receptors and at least partly of P2Y4
receptors in UTP-induced protection of cultured cardiomyocytes.

3.3. Effect of P2 agonists/antagonists on intracellular ATP levels during hypoxia
The protective effect caused by extracellular UTP was also demonstrated by protection of
total ATP content after hypoxia. The results showed that the ATP level decreased
dramatically after 2 h exposure to hypoxia (2.92 ± 0.17 nmol/mg protein compared with
20.12 ± 2.31 nmol/mg protein in normoxic cultures; Fig. 3). Pretreatment of cardiomyocytes
with 50 μM UTP prevented the dramatic decrease of ATP levels (16.62 ± 4.62 nmol/mg
protein) in cultures subjected to hypoxia. However, protection against ATP depletion did not
occur when cells were pretreated with P2 receptor antagonist PPADS (1.84 ± 1.31 nmol/mg
protein) or suramin (2.56 ± 0.87 nmol/mg protein) before exposure to UTP, indicating that
the protective effect of UTP is mediated via P2 receptors.

The protective effect of UTP was also demonstrated through cardiomyocyte morphology.
Following hypoxia the cells were fixed and stained with hematoxylin and eosin, which
showed typical irreversible oncotic damage of cardiomyocytes: vacuoles and disorder of the
myofilaments, pyknotic nuclei, and edematous areas in the cytoplasm and around the
nucleus. In addition, hypoxic conditions increased the accumulation of the lysosomotropic
vital dye neutral red in cytoplasmic granules and around the nucleus and increased the size
of the lysosomes and the intensity of their color (Fig. 4). The damage to culture cells treated
with UTP before hypoxia was greatly reduced. Cell loss (percentage of cell death) was
presented as the number of dead cells (propidium iodide stained) as a percentage of the total
number of cells (Hoechst 33341 stained). After 120 min of hypoxia cell loss was 40% ± 5%.
Activation of the UTP receptors attenuated cell loss caused by hypoxia to 18% ± 2%;
control untreated cells had 3.1% ± 0.2% cell loss.

The contribution of the mitochondrial KATP channel to the protective effects of UTP was
examined by application of a mKATP channel blocker, 5-hydroxydecanoic acid (5-HD; 200
μM), 15 min before treatment with UTP and hypoxia. The presence of 5-HD did not alter
the protective effects of UTP, as revealed by LDH release to the medium (Table 1). These
findings indicate that UTP exerts its protective effect via a pathway bypassing the
mitochondrial KATP channel.

3.4. Effect of UTP receptor activation on intracellular [Ca2+]i
[Ca2+]i levels were determined by using indo-1 as a fluorescent probe. Treatment with 10
μM UTP induced transient accelerations of the beating rate and a transient elevation of
[Ca2+]i baseline, which lasted 30–40 s, and finally restored the normal beating activity (Fig.
5A). Application of PPADS (10 μM) or RB-2 (50 μM) prevented [Ca2+]i elevation (Fig. 5B
and C). Suramin (300 μM), which acts as an antagonist of P2Y2 receptors among other P2
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subtypes, did not prevent [Ca2+]i elevation following activation of the UTP receptors (Fig.
5D). A possible pathway of UTP receptor signaling leading to an increase in [Ca2+]i is
activation of phospholipase C (PLC), which mediates inositol 1,4,5-trisphosphate (IP3)
production and calcium release from IP3 receptors [23]. Application of (1-(6-((17beta-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-2,5-dione) (U73122; 2 μM an
inhibitor of PLC activity) or 2-aminoethoxydiphenylborane (2APB), an IP3 receptor
inhibitor (50 μM) abolished Ca2+ elevation after activation of UTP receptors (Fig. 6).

3.5. Effect of UTP on [Ca2+]i level during hypoxia
Continuous monitoring of [Ca2+]i during hypoxia was accomplished with a specially
designed chamber, where cells were protected from oxygen by a laminar counterflowing
layer of the inert gas argon. The level of [Ca2+]i began to be elevated ~10–12 min after the
initiation of hypoxia, with the cessation of beating activity (Fig. 7A). When the
cardiomyocytes were pretreated with UTP (50 μM) for 15 min and then subjected to
hypoxia, a delay in [Ca2+]i elevation was observed, and spontaneous contractions lasted for
30–40 min after the initiation of hypoxia (Fig. 7B). Pretreatment with UTP 24 h before the
hypoxia resulted in maintenance of spontaneous contractility even after 40 min of hypoxia
(Fig. 7C).

4. Discussion
In this work we demonstrate that short-term activation of UTP receptors protects newborn
rat cardiomyocytes against hypoxic damage and significantly reduces the cell death caused
by hypoxia via activation of P2Y2 and P2Y4 receptors.

It was shown in rat cardiomyocytes that UTP, an alternate agonist to ATP at P2Y2
purinergic receptors, is as effective as ATP in stimulating PLC, and – as with ATP – the
response is Gq mediated [23,24]. The uridine nucleotide-responding receptor P2Y4, which
when cloned from rat heart [25] is equipotently activated by ATP and UTP, is coupled, in
part, to Gi/o [24,26]. The presence of P2Y2 and P2Y4 receptors was demonstrated in the
human fetal heart [27], but in adult myocytes, P2Y4 receptors could hardly be detected [28].
Therefore, it is important to establish the expression of P2Y2 and P2Y4 receptors in newborn
rat cardiomyocytes by immunohistochemical methods and immunoblotting. As was found in
this study, rat newborn cardiomyocytes abundantly express P2Y2 receptors, and anti-P2Y2
antibodies detected four major proteins, indicating heterogeneity of these receptors. Higher
MW bands may reflect receptor dimerization. Expression of P2Y4 receptors also was found
in newborn rat cardiomyocytes, although less abundant and represented by two protein
bands.

The mechanism of action by which UTP induces cardioprotection is not known. Recent
studies on UTP signaling showed that these receptors are coupled to the IP3 pathway, which
causes Ca2+ elevation [29]. As our study shows, the application of UTP induces an
immediate increase in [Ca2+]i level. This increase is not abolished by suramin, antagonist to
P2Y2 but not to P2Y4 receptors [30], indicating that the immediate Ca2+ response to UTP is
mediated through P2Y4 receptors. The observed Ca2+ response may be a mechanism of
UTP-mediated contraction (i.e., P2Y4 receptor-mediated contraction), but evidently this
pathway of [Ca2+]i elevation is not involved in acute myocyte protection from hypoxia,
because other uridine derivatives (UDP, uridine), although causing a transient elevation of
intracellular Ca2+, do not protect the cells from hypoxia. These data are consistent with
known effects of uridine derivatives on heart performance [12]. These results imply that in
spite of its central physiological role in cardiac cells, [Ca2+]i elevation is not one of the
critical elements in the cell-signaling pathway required for UTP-mediated classical
cardioprotection (first window of protection).
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This study shows that activation of UTP receptors protects cultured newborn rat
cardiomyocytes from damage induced by hypoxia. It appears that the P2Y2 receptor triggers
a cardioprotective response, although we cannot exclude a role of the P2Y4 receptor,
because selective antagonists for this receptor are still not available. P2Y4 receptors have
been reported to couple via pertussis toxin-sensitive G proteins, and as Oldenburg et al.
wrote, “Virtually all Gi-coupled receptors present on the cardiomyocyte are capable of
preconditioning the myocardium, even if their ligands (exogenous agonists) are not released
during a PC protocol” [13].

The present study found that the mitochondrial ATP-sensitive potassium channel, the
opening of which is considered as an important step in the anti-infarct effect of ischemic
preconditioning, plays no role in protection induced through UTP receptor activation.

Arthur et al. showed that ATP causes a robust activation of PLC via activation of Gq in
newborn rat cardiomyocytes [31] and would be expected to cause hypertrophic responses
like those caused by other factors that activate Gq-coupled receptors, such as α-adrenergic
agonists, endothelin, and angiotensin II during long-term exposure [24]. However, ATP was
reported to inhibit hypertrophic responses [32]. On the contrary, UTP is as effective as ATP
in stimulating PLC [33] and causes hypertrophic responses in rat cardiomyocytes [24]. As
the present study shows, short-term exposure to UTP stimulates both classical protection and
a long-term, persistent mechanism of protection (second window of protection). It was
reported that activation of phosphoinositide-3-kinase (PI3K) leads to cell survival,
cytoskeletal rearrangement, and Ca2+ signaling. Cardiac cells express several PI3Ks, and
their activity, together with the tyrosine kinase, is required to mediate Ca2+ spiking of
neonatal rat cardiomyocytes [34,35]. PI3Ks phosphorylate phosphatidylinositol 4,5-
bisphosphate, which after hydrolysis by PLCs produces IP3.

It was recently shown that P2Y receptor activation leads to IP3 generation, which induces
mitochondrial Ca2+ loading and indirectly depletes Ca2+ from the sarcoplasmic reticulum
[34,35]. The mitochondria can accumulate and release large amounts of Ca2+. Increased
mitochondrial Ca2+ activates respiratory enzymes and increased ATP production, but
pathological states such as ischemia cause a significant decrease of the ATP-ADP ratio and
massive Ca2+ entry into the mitochondrial matrix, leading to cell death. As this study shows,
short-term activation of UTP receptors protects mitochondria from Ca2+ overload and
maintains increased levels of ATP production. These data complemented recent findings of
Belous et al. [36], which described mitochondrial P2Y2-like receptors linking cytosolic UTP
to mitochondrial calcium uptake. It was found that UTP strongly inhibits mitochondrial
Ca2+ uptake, which may promote respiratory chain activity and ATP production.

The involvement of UTP receptors in mediating cardioprotection reflects biological
redundancy in the life-saving signals of P2Y2 and P2Y4 pyrimidinoceptors. Therapeutic
targeting of pyrimidinergic receptors for protection against ischemic myocardial damage
may be more effective than targeting the purinergic receptors. The breakdown product of
UTP, uridine, unlike adenosine, has limited ancillary pharmacologic effects [37]. ATP is
degraded to adenine nucleotides and nucleosides, so that the response of cardiomyocytes
should be the mixture of various effects of these multiple compounds [38]. Thus, UTP may
be used in preference to ATP as a P2Y2 and P2Y4 receptor agonist, because it does not form
cardiovascularly active metabolites such as adenosine.
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2APB 2-aminoethoxydiphenylborane

ATP adenosine 5′-triphosphate
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FITC fluorescein isothiocyanate

5-HD 5-hydroxydecanoic acid

IP3 inositol 1,4,5-trisphosphate

LDH lactate dehydrogenase

PBS phosphate buffered saline

PC preconditioning

PI3K phosphoinositide-3-kinase

PLC phospholipase C

PKC protein kinase C

PPADS pyridoxal-5′-phosphate-6-azophenyl-2,4-disulfonate

RB-2 Reactive blue 2

U73122 (1-(6-((17beta-3-methoxyestra-1,3,5(10)-trien-17-yl)amino)-hexyl)-1H-
pyrrole-2,5-dione)

UDP uridine-5′-diphosphate

UTP uridine-5′-triphosphate
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Fig. 1.
Determination of P2Y receptors in cardiomyocytes by immunofluorescent staining and
immunoblotting. Cardiomyocytes were fixed in methanol, permeabilized with 1% Triton
X-100, blocked and incubated in the presence of antibodies against P2Y2 (A) or P2Y4 (B)
receptors. For detection of the bound antibodies, cells were incubated with goat antirabbit
FITC (green) following counterstaining with propidium iodide (red). Bars = 10 μm. Proteins
isolated from rat cardiomyocyte homogenates were subjected to SDS-PAGE on an 11%
acrylamide gel and transferred onto a nitrocellulose membrane. Filters were probed with the
indicated P2Y antibodies simultaneously with the neutralizing peptide (np). Protein bands
were detected with a secondary antibody coupled to peroxidase by enhanced
chemiluminescence (C).
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Fig. 2.
Concentration- and time-dependent effect of UTP on cardiomyocytes subjected to hypoxia.
Six-day-old cardiomyocytes were treated for 15 min with various concentrations of UTP (3–
50 μM). The cells were then washed twice and subjected to hypoxia for 2 h in glucose-free
PBS, at 37 °C. The amount of LDH released to the medium was determined and compared
to the total activity of control homogenate (100%; A). Cardiomyocytes were treated with 50
μM UTP for 15 min or 24 h before hypoxia. Other groups of cells were incubated with 50
μM UTP for 1 h, washed and replaced with normal medium and then subjected to hypoxia
24, 48, or 72 h subsequent to the treatment with UTP (B). Data are means of at least three
replicates in five separate experiments ± S.D. *P < 0.01, **P < 0.05 compared with hypoxia.
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Fig. 3.
Effect of P2 agonists/antagonists on intracellular ATP levels after hypoxia. Cardiomyocytes
were treated for 15 min with P2 antagonist PPADS (10 μM), RB-2 (50 μM), or suramin
(300 μM) before application of UTP (50 μM). Intracellular ATP levels after 2 h hypoxia
were measured as described. Data are means of at least three replicates in six separate
experiments ± S.D. *P < 0.01 compared with hypoxia.
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Fig. 4.
Effect of UTP on cardiomyocyte morphology in hypoxic conditions. Six-day-old cultured
cardiomyocytes under normoxic conditions were subjected to 2 h hypoxic environment or
pretreated with 50 μM UTP and then subjected to hypoxia. One group of these cells was
stained with propidium iodide (red), which marks damaged cells, and with Hoechst 33342
(blue), which stains live-cell nuclei (first column). A second group of cells was stained with
hematoxylin and eosin (second column). A third group of cells was stained with neutral red,
which stains lysosomes (third column). The results shown are representative of six
experiments. Bars = 10 μm.
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Fig. 5.
Effect of antagonists on the [Ca2+]i response. Indo-1-loaded cardiomyocytes were pretreated
with UTP (A) or with P2 antagonist PPADS (10 μM, B), RB-2 (50 μM, C), or suramin (300
μM, D) before application of UTP (50 μM). The fluorescence ratio of 410:490 nm, which is
proportional to changes in Ca2+ levels, is demonstrated. One experiment shown is
representative of seven.
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Fig. 6.
Effect of UTP on [Ca2+]i elevation in Ca2+-free medium or in the presence of PLC inhibitor.
Indo-1-loaded cardiomyocytes were exposed to 2 μM U73122, a PLC inhibitor (A), or to
2APB an IP3 receptor inhibitor (50 μM) (B) 15 min before UTP (50 μM) application. The
changes in Ca2+ levels are demonstrated. One experiment shown is representative of five.
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Fig. 7.
Effect of UTP on [Ca2+]i accumulation during hypoxia. Cardiomyocytes received UTP for
15 min just before hypoxia (B) or 24 h before hypoxia (C). Calcium was monitored during
hypoxia with indo-1. The fluorescence ratio of 410:490 is demonstrated. Each recording was
done for 10 s at times 0, 20, 40, and 60 min after the initiation of the hypoxia. The effect of
hypoxia alone is also shown (A). One experiment shown is representative of five.
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Table 1

Effect of uracil derivatives or P2 receptors antagonists on cardiomyocytes subjected to hypoxia

Treatment LDH release (%)

Normoxia 4.2 ± 0.6

Hyp 40 ± 2.4

Hyp + UTP 10 ± 1.6*

Hyp + uridine 29 ± 2.5

Hyp + UDP 36 ± 2.6

Hyp + 5-HD 37 ± 0.6

Hyp + UTP + 5-HD 12 ± 1.6*

Hyp + UTP + PPADS 32 ± 3.6

Hyp + UTP + suramin 25 ± 3.5

Hyp + UTP + RB-2 11 ± 0.8*

Cardiomyocytes were treated with 50 μM uridine, UDP, or UTP or with P2 receptor antagonist PPADS (10 μM), RB-2 (50 μM), or suramin (300
μM) or with 5-HD, a mitochondrial KATP channel inhibitor (300 μM), for 15 min before hypoxia. The cells were then washed twice and

subjected to hypoxia for 2 h in glucose-free PBS, at 37 °C. The amount of LDH released to the medium was determined and compared to the total
activity of control homogenate (100%). Data are means of at least three replicates in three separate experiments ± S.D.

*
P < 0.01 compared with hypoxia.
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