
Attenuation of Apoptosis in vitro and Ischemia/Reperfusion Injury
in vivo in Mouse Skeletal Muscle by P2Y6 Receptor Activation

Liaman K. Mamedova1,2, Rubio Wang3, Pedro Besada1, Bruce T. Liang3, and Kenneth A.
Jacobson1

1Molecular Recognition Section, Laboratory of Bioorganic Chemistry, National Institute of Diabetes and
Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland 20892−0810

2Department of Animal Sciences and Industry Kansas State University, Manhattan, KS 66506

3Pat and Jim Calhoun Cardiology Center, University of Connecticut Health Center, Farmington, CT 06030

Abstract
Activation of the Gq-coupled P2Y6 receptor heterologously expressed in astrocytes significantly
attenuates apoptosis induced by tumor necrosis factor α (TNFα). We have extended the analysis of
P2Y6 receptor-induced cytoprotection to mouse skeletal muscle cells endogenously expressing this
receptor. The endogenous P2Y6 receptor agonist UDP and synthetic agonist MRS2693 protected
C2C12 skeletal muscle cells against apoptosis in a concentration-dependent manner (0.1−10 nM) as
determined by propidium iodide staining, histochemical analysis using hematoxylin and Hoechst
33258, and DNA fragmentation. The insurmountable P2Y6 receptor antagonist MRS2578 blocked
the protection. TNFα-induced apoptosis in C2C12 cells correlated with activation of the transcription
factor NF-κB. The NF-κB activation was attenuated by 10 nM MRS2693, which activated the
antiapoptic ERK1/2 pathway. In an in vivo mouse hindlimb model, MRS2693 protected against
skeletal muscle ischemia/reperfusion injury. The P2Y6 receptor is a novel cytoprotective receptor
that deserves further exploration in ameliorating skeletal muscle injury.
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Introduction
The P2Y receptors comprise eight subtypes of G protein-coupled receptors (GPCRs) that
respond to extracellular purine and pyrimidine nucleotides [1]. There is increasing interest in
the therapeutic potential of compounds that act at these receptors for treating a wide range of
diseases, and novel, selective agonists and antagonists have been introduced for some of the
P2Y subtypes [2,3]. The P2Y6 receptor is activated by uridine-5′-diphosphate (UDP) and is
distributed throughout various tissues, including the lungs, heart, skeletal muscle, thymus,
aorta, bone, spleen, digestive tract, placenta and brain. This receptor has been implicated in
protection against apoptosis induced by the tumor necrosis factor α (TNFα) [4,5]. Other effects
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associated with the P2Y6 receptor are the enhancement of osteoclast survival through NF-κB
activation [6], the regulation of electrolyte transport in the airways [7], the production of
proinflammatory cytokines and chemokines [8,9], and the growth and contraction of vascular
muscles [10].

We have reported the antiapoptotic effect of P2Y6 receptor activation and currently extend the
analysis to protection of skeletal muscle. Most of the studies on P2Y receptors and cell death
have used brain cells as a model [11]. We have already explored this relationship with particular
focus on P2Y6 and P2Y12 receptors in stably-transfected 1321N1 astrocytoma cells [4,5,12,
13]. Activation of either receptor by the appropriate nucleoside 5′-diphosphate can attenuate
the proapoptotic effects of exposure to TNFα. Apoptosis has been described in developing and,
recently, in adult skeletal muscle. The cellular and molecular aspects of apoptosis in myoblasts
and myofibers are increasingly recognized as important in muscle disease [14]. Alterations in
the pathways that regulate myoblast profileration/differentiation can induce apoptosis during
myogenesis both in vitro and in vivo. The aim of our study was to investigate the protective
effects of P2Y6 receptor agonists in skeletal muscle, both in cell culture and in vivo. We
activated the receptor using the native agonist of the P2Y6 receptor, UDP, and novel selective
and potent agonist, 5-iodouridine-5′-diphosphate (MRS2693) [2].

2. Materials and Methods
2.1. Materials

Mouse skeletal C2C12 myoblasts were purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA). Dulbecco's modified Eagle's medium (DMEM) and fetal
bovine serum (FBS) were purchased from Life Technologies (Rockville, MD). Plastic
collagen-coated cellware was purchased from Becton Dickinson (Bedford, MA). Horseradish
peroxidase (HRP)-linked anti-rabbit IgG, HRP-linked anti-mouse IgG antibodies, and
antibodies to ERK1, ERK2, NF-κB, β -actin and α, β and θ isoforms of protein kinase C (PKC)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies to the
phosphorylated forms of ERK were also supplied by Santa Cruz Biotechnology. TNFα was
purchased from Biosource International (Camarillo, CA). The rabbit polyclonal antibodies for
the P2Y1, P2Y2, P2Y4, P2Y6, P2Y11 and P2Y12 receptors were purchased from Alomone Labs,
Ltd. (Jerusalem, Israel). APOBrdU TUNEL Assay Kit and Hoechst 33258 (2′-[4-
hydroxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5′-bis-1H-benzimidazole trihydrochloride
pentahydrate) were purchased from Molecular Probes (Invitrogen Detection Technologies,
Carlsbad, CA). Calcium Mobilization Assay Kit was purchased from Molecular Devices
(Sunnyvale, CA).

MRS2365 (2-methylthio-(N)-methanocarba-adenosine-5′-diphosphate) and MRS2578 (1,4-
di-[(3-isothiocyanatophenyl)-thioureido]butane) were obtained from Tocris (Ellisville, MO).
MRS2693 was synthesized as reported [2]. Hematoxylin solution, cycloheximide, and all other
chemical reagents were purchased from Sigma (St. Louis, MO).

2.2. Cell culture
Mouse skeletal C2C12 myoblasts (ATCC, Rockville, MD, USA) were differentiated to
myotubes following transfer of the cells from high (DMEM/F-12 medium, 1:1 supplemented
with 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine) to
low (5% horse serum + DMEM) serum growth medium at 37°C in a humidified incubator with
5% CO2/95% air. The myoblasts differentiated to myotubes 7 days after the serum was
changed.
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Cells were plated in 6-well collagen-coated plates at an original seeding density of 200,000
−500,000 cells per well and cultured to ∼70% confluence for the apoptosis experiments.

2.3. Induction and detection of apoptosis
TNFα was used to induce apoptosis in C2C12 cells (5, 7 and 12 days old). After washing of
the cells, the medium was replaced with fresh medium containing 5 μg/ml cycloheximide,
which was present during the entire subsequent incubation to promote apoptosis as previously
discussed [5,13]. In cases of coadminstration of the P2Y6 receptor antagonist MRS2578, this
was the next reagent to be added. A freshly prepared DMSO solution of MRS2578 (1 mM)
was added to the incubation medium to reach a final concentration of 10 μM for an optional
initial incubation of 20 min. The next reagent added to the cells was either a P2Y6 receptor
agonist (MRS2693 or UDP), when present, or TNFα (10 ng/ml). When P2Y6 receptor agonists
were used, TNFα was added 10 min after the agonist. The cells remained in the presence of
TNFα and other agents for 4 h. The medium was then changed and the culture was left in the
presence of cycloheximide for 16 h. Cell death was observed 20 h after the first exposure to
TNFα.

DNA fragmentation of apoptotic cells was detected using the standard Terminal
Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) method. Cell death or
apoptosis was indicated by PI positive cells and by fluorescence of termini of DNA fragments
labeled with 5-bromo-2′-deoxyuridine 5′-triphosphate (BrdUTP). The presence of live cells
was detected by fluorescent labeling of DNA with the cell-permeant dye Hoechst 33258 for
staining nuclear chromatin. For microscopic applications, the cells were deposited onto slides.

2.4. Histochemical staining and cell viability
After treatment to induce apoptosis, cells detached by trypsin-EDTA were combined and
centrifuged for the cell viability assay. The cells were washed with PBS (phosphate-buffered
saline) and resuspended to 2−5×105/ml in PBS. The cells were then treated with PI solution
(final concentration: 2 μg/ml). After incubating for 10 min at room temperature in the dark,
the PI-positive cell fraction was analyzed by flow cytometry (BD FacsCalibur, Becton
Dickinson).

Myotubes were grown on collagen-coated 6-well plates. For histochemical staining, the
medium was removed from the wells, and the plates were rinsed three times for 5 min with
PBS, fixed with methanol for 10 min, and washed again as above. The cells were incubated
for 3 min in hematoxylin solution (35.2 g/l aluminum sulfate, 0.4 g/l sodium iodate). After
three washes for 5 min each in PBS, the plates were allowed to air dry before glycerol was
added to them. The image was visualized with a Zeiss (Thornwood, NY) wide-field
microscope.

2.5. Western blotting
Cells were washed with PBS and were lysed with RIPA lysis buffer (Santa Cruz
Biotechnology) (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, and 0.1% SDS) containing X1 broad-spectrum protease inhibitor cocktail
(Protease inhibitor cocktail I; Calbiochem) at 4°C and centrifuged at 14,000 × g for 10 min at
4°C. The proteins in the supernatants were denatured with SDS lysis buffer containing
dithiothreitol for 5 min at 95°C. The cell lysates (40 μg) were separated on 10% SDS-PAGE
gel electrophoresis, then transfered to a nitrocellulose membrane (Invitrogen), and incubated
with primary antibodies at the appropriate dilution to: NF-κB (1:1000); PKC θ, α, and βI
(1:1000); and β-actin (1:7000).
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For analysis of ERK activation, Western blots were generated as described above but developed
with an affinity-purified mouse monoclonal antibody that specifically recognizes the dually
Thr202/Tyr204-phosphorylated, active form of ERK (anti-phospho-ERK; 1:1000; Santa Cruz
Biotechnology). The Western blots shown are representative of three separate experiments,
and each panel is taken from a single immunoblot. The quantitative analysis of the data form
Western blots was done using the ImageJ software, provided at the NIH website
(http://rsb.info.nih.gov/ij/index.html).

2.6. Statistical analysis of in vitro data
Pharmacological parameters were analyzed with the GraphPAD Prism software (version 4.0,
GraphPAD Prism, San Diego, CA). Data were expressed as mean ± standard error. Statistical
significance was calculated using the Student's t-test. P values less than 0.05 (P<0.05) were
considered to be statistically significant. Where applicable, treatment mean comparisons were
made by employing the Tukey-Kramer HSD test using a significance level of P<0.05 [15].

2.7. Mouse hindlimb ischemia and reperfusion model
A previously described mouse model of hindlimb ischemia and reperfusion was used [16].
Wild-type mice of the C57BL6 strain (2.5- to 3-months-old), each weighing ∼25 g, were
sedated with the anesthetic pentobarbital (50 mg/kg) by intraperitoneal (i.p.) injection. A right
or left hindlimb (chosen randomly) of each mouse was elevated briefly to minimize retained
blood before being subjected to ischemia. Ischemia was induced by placement of a constrictor
band (Latex O-Rings, Miltex Instruments, York, PA) above the greater trochanter with a
McGiveney Hemorrhoidal Ligator (7 in long; Miltex) according to a modification of the
previously described method [15,16]. After 90 min of warm ischemia at 37°C, the constrictor
was removed to allow reperfusion for 24 h. The mice were continuously maintained on a 37°
C warming pad (Physitemp Instruments, Inc., Clifton, NJ) during the reperfusion.

After the mice were killed by anesthetic overdose, the gastrocnemius muscle was quickly
frozen, cut into three pieces, and embedded in Shandon Cryomatrix (polyvinyl alcohol 10%,
polyethylene glycol 4%; Anatomical Pathology U.S.A., Pittsburgh, PA). Gastrocnemius was
used because of its high proportion of fast-twitch muscle, which is prone to ischemia and
reperfusion injury [16]. Each piece was processed as one 10-μm slice on a Thermo Electron/
Shandon Cryotome (Anatomical Pathology), fixed in ice-cold acetone, air dried, and washed
in PBS.

2.8. Quantification of skeletal muscle injury
The serum level of creatine kinase (CK) activity in the mice provided a circulating index of
the extent of skeletal muscle injury. CK activity was measured with a previously described
procedure [19].

Histological examination of mouse skeletal muscle tissue was performed to assess the degree
of ischemic damage. Each 10-μm slice was then stained with rabbit polyclonal anti–skeletal
muscle actin antibodies (ab15265; Abcam, Inc., Cambridge, MA) and goat polyclonal anti–
rabbit IgG conjugated with fluorescein isothiocyanate. Evans Blue dye [EBD], the only dye
that has been used as an established method for quantifying skeletal muscle injury in vivo, was
the histochemical dye of choice in this model. Slices were mounted, and their cross sections
were viewed with a fluorescent microscope (EBD-positive cells via a DM580 band pass filter
510−560 nm with emission of 590 nm; fluorescein-labeled cells via a DM510 filter of 450−490
nm with emission at 520 nm). Seven fields per slice were viewed and counted at 20 X
magnification.
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The same slices were viewed and their images captured through the two filters for quantification
of muscle injury as follows. Images were acquired and stored as JPEG files with a Macrofire
camera (Macrofire 1.0, Optronics, Goleta, CA). EBD-positive cells were quantified
(ImageProPlus, version 5.0, Media Cybernetics, Inc., Silver Spring, MD) [17,18]. The
percentage of EBD-positive areas was calculated by dividing the area of EBD staining by the
total area of the muscle cells, a quantity defined as the sum of all areas stained by anti–skeletal
muscle actin. The fraction of skeletal muscle that stained positive for EBD represented a direct
determination of the muscle that was injured. Both EBD staining and CK measurements
(above) are established and accepted methods to quantify skeletal muscle injury [16,19].

2.9. Protocol for in vivo administration of P2Y6 receptor agonist
The P2Y6 receptor agonist MRS2693 (300 μM) or vehicle alone (0.1% DMSO in PBS) was
administered in a sterile 0.1-ml volume by i.p. injection 2 h before the induction of ischemia.
This protocol was used in the previous study of adenosine receptor agonists and antagonists
in the same model [16].

EBD (1% wt/vol solution to yield 1 mg of EBD/10 g body weight) was also given via a separate
i.p. injection 2.5 h before the induction of ischemia. Student's t test was used to analyze the
statistical significance of differences in more than two groups. P < 0.05 was considered
statistically significant.

3. Results
3.1. Detection of the P2Y receptors subtypes by specific anti-rabbit antibodies

The presence of P2Y receptors in the C2C12 cells was probed immunologically. Expression
of the P2Y6 receptor in the C2C12 cell line was confirmed using specific anti-rabbit antibodies
(against human P2Y6). Western blot analysis also demonstrated the presence of P2Y1, P2Y4,
and P2Y11 receptors, but not P2Y2 or P2Y12 receptors, in the C2C12 cell line (Figure 1A).

3.2. Effects of P2Y receptor ligands on in vitro apoptosis
To study apoptosis using a quantifiable model in C2C12 cells, the cell culture (5 − 12 days
old) was treated for 4 h with TNFα (10 ng/ml) and cycloheximide (5 ng/ml). The medium was
then changed, and the culture was left in the presence of cycloheximide for 16 h. Cell death
was observed 20 h after the first exposure to TNFα. Apoptosis was induced by this treatment,
as indicated by an increase in the percent of PI-positive cells from <10% to 30−40%. Activation
of the P2Y6 receptor by the native agonist UDP partially protected the 12 days old cells (Figure
1B) from TNFα-induced cell death. The protection was concentration-dependent over a range
of 0.1 to 100 nM; however, at 1 μM UDP the degree of protection was reduced. The synthetic,
selective P2Y6 receptor agonist MRS2693 [2] protected the C2C12 cell line against TNFα-
induced apoptosis. Between 0.1 and 10 nM MRS2693 there was a concentration-dependent
protection; however, at MRS2693 concentrations of 10 and 100 nM, protection was
diminished. The protection induced by MRS2693 was more pronounced at the maximal degree
of protection than that provided by UDP under similar conditions. There was no effect on cell
death by administration of either P2Y6 receptor agonist in the absence of TNFα. Several
concentrations of MRS2693 (10 and 100 nM) were also examined in C2C12 cell cultures at
an earlier stage (5 and 7 days old). Both concentrations antagonized TNFα-induced cell death
to the degree of 50 − 60% protection (data not shown). Other P2Y receptor agonists (UTP,
ADP, MeSADP, the P2Y1 receptor selective agonist MRS2365) at 100 nM did not protect
against TNFα-induced apoptosis in the C2C12 cell line (data not shown).

We examined the effects of the insurmountable P2Y6 receptor antagonist MRS2578 in blocking
the nucleotide-induced protection as indicated by staining with PI [4]. The protective effects
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of 10 nM MRS2693 against TNFα-induced apoptosis were completely antagonized by a 20
min pretreatment of the C2C12 cells with 10 μM MRS2578 (data not shown). There was no
effect of MRS2578 on cell death in the absence of TNFα.

3.3. Morphological and histochemical analysis of C2C12 cells
The C2C12 cells subjected to apoptotic conditions were examined for morphological changes
and analyzed by various histochemical methods. PI staining was used in conjunction with the
TUNEL assay to indicate the difference between apoptotic and dead cells. The stain Hoechst
33258, which labels DNA in order to visualize nuclei and mitochondria, was used as a marker
of living cells.

Histochemical staining with hematoxylin, application of Hoechst 33258, and the TUNEL assay
of apoptosis clearly showed that activation of the P2Y6 receptor by the potent agonist MRS2693
protected the cells from TNFα-induced apoptosis (Figures 2 A- L). Treatment of the cells with
TNFα and MRS2693, followed by fixation in methanol and hematoxylin staining,
demonstrated that activation of the P2Y6 receptor by this agonist protected the cells from
TNFα-induced apoptosis (Figures 2 A, E, I). Cells also were treated and stained with Hoechst
33258. An increase in the blue-stained cells also provided evidence of the protective effect of
MRS2693 (Figures 2 D, H, L). Similarly, a DNA fragmentation assay also provided evidence
of the protective effect of MRS2693. The corresponding images (Figures 2 F & G) illustrate
apoptotic cells visualized by the TUNEL method in comparison to control cells (Figures 2 B
& C). The protective effect of MRS2693 can be seen in Figures 2 J & K.

3.4. Mechanistic probing of the in vitro antiapoptotic effects in C2C12 cells
In an effort to probe mechanistically the protective effects in C2C12 cells, the time course of
activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) and other intracellular
kinases by MRS2693 was explored. As shown previously for UDP in the astrocytoma cells
and in C2C12 cells [21], P2Y6 receptor activation by MRS2693 increased the level of
phosphorylated ERK1/2 by 3.4-fold in this C2C12 cell culture (Figure 3).

Activation of protein kinase C (PKC) isozymes following P2Y6 receptor activation in C2C12
cells was also probed. As shown in Figure 4, activation of the P2Y6 receptor with MRS2693
(10 nM) increased the expression level of PKC θ after 20 min. However, the expression level
of PKCβ was essentially unchanged during an incubation of 60 min. PKCα shows an initial
decline and a sudden increase toward the end of the 60 min period.

We examined the effects of P2Y6 receptor signaling on the transcription factor NF-κB [25].
Western Blot results showed the link between TNFα and NF-κB (Figure 4). There was a
markedly increased expression of NF-κB upon 4 h exposure of the cells to TNFα. This increase
was attenuated following activation of the P2Y6 receptor by MRS2693, and this attenuation
was partly antagonized by MRS2578. MRS2693 alone slightly increased the level of NF-κB.

3.5. Cytoprotection in an in vivo model of mouse skeletal muscle ischemia/reperfusion
We used a mouse hindlimb ischemia/reperfusion model to test the in vivo protective ability of
the selective P2Y6 agonist MRS2693. As demonstrated in a previous study of adenosine
receptor-induced protection in the same model [16], ischemia induced by an external
constrictor (90 min) followed by reperfusion (24 h) resulted in significant skeletal muscle injury
in PBS vehicle–treated mice. The extent of injury was quantified by an increase in the staining
of the skeletal myocytes with EBD, which binds to albumin and enters only damaged cells,
and by a higher level of serum creatine kinase. Administration of MRS2693 (1 mg/kg, i.p.
administration) prior to ischemia and reperfusion caused a significant reduction in the extent
of injury (Figure 5). The compound reduced skeletal muscle injury with a significant decrease
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in serum CK level (3450 U/L ± 1660 U/L, n = 10, SE, vs. vehicle-treated 12,600 U/L ± 3300
U/L, n = 14, P = 0.037). Similarly, the percent EBD-stained area was also significantly reduced
by MRS2693 (10.4% ± 2.0%, SE, n = 10 vs. vehicle-treated 28.3% ± 5.6%, n = 7, P=0.0038).
The myocytes stained with EBD in treated and untreated mice in sections are shown in Figure
6.

4. Discussion
The effects of extracellular nucleotides acting at P2Y receptors in primary myotube cultures
and in C2C12 mouse skeletal myoblasts have been studied, but not extensively under ischemic
and apoptotic conditions [20,21]. We previously described the antiapoptotic effects of human
P2Y6 and P2Y12 receptor activation in modified astrocytoma cells [4,5,12,13]. We now extend
this approach to protection of skeletal muscle by nucleotides acting at P2Y receptors, as shown
here in C2C12 cells and in vivo in mice. We have not studied the effects of extracellular
nucleotides acting at P2Y6 receptors in primary myotube cultures.

The kinases ERK1/2 were previously implicated in the protection against TNFα-induced
apoptosis in P2Y receptor-expressing astrocytoma cells [12]. Activation of the Gq-coupled
P2Y6 receptor heterologously expressed in astrocytes was shown to significantly attenuate
TNFα-induced apoptosis, and the protection was mediated by activation of ERK1/2, but not
by calcium mobilization. P2Y6 receptor-mediated protection against TNFα-induced apoptosis
occurred at very low concentrations of the agonist. Activation of the Gi-coupled P2Y12 receptor
by the agonist MeSADP, at the protective concentration of 100 pM, involved only
phosphorylation of ERK1/2, but not Akt or JNK or calcium mobilization. Thus, the activation
of ERK1/2 is hypothesized to be a major mechanism for the protective effects induced by both
P2Y6 and P2Y12 receptor activation.

C2C12 cells are mouse myoblasts, which are satellite cells that proliferate, differentiate and
fuse to regenerate myotubes in damaged skeletal muscle. In a study by Banachewicz et al.
[21], expression of the P2Y6 receptor and other P2 receptors in C2C12 cells was demonstrated
by RT-PCR. Activation of ERK1/2 in response to various nucleotides, including UDP, was
demonstrated. From experiments in myotubes [26], prolonged exposure to TNFα is implicated
in a complex signaling pathway resulting in muscle wasting.

For the investigation of the role of the P2Y6 receptor in skeletal muscle cell injury, we have
chosen to use a novel, potent synthetic agonist, MRS2693. MRS2693 can be considered more
selective for this subtype because: 1) MRS2693 itself has no activity at other P2Y subtypes
and 2) the corresponding 5′-triphosphate derivative is a much weaker agonist than UTP at other
P2Y receptor subtypes [2]. We have demonstrated that this derivative is cytoprotective toward
skeletal muscle cells in the mouse both in vitro and in vivo.

Activation of the endogenous P2Y6 receptor in C2C12 cells significantly attenuated TNFα-
induced apoptosis. The protection occurred at very low agonist concentrations and correlated
with the activation of ERK1/2. The potent antiapoptotic protection by the novel P2Y6 receptor
agonist MRS2693 in the C2C12 cell line was concentration-dependent between 0.1 and 10 nM.
Similar results were obtained in astrocytoma cells, in which the protection by the appropriate
P2Y agonist was clearly P2Y6 receptor-dependent and was absent in untransfected control cells
or cells expressing the P2Y4 receptor [5,12].

Members of the protein kinase C (PKC) family of serine/threonine protein kinases are involved
in many cellular responses across a wide range of cell types. Each PKC isoenzyme may be
involved in specific regulatory processes. Various PKC isoenzymes exhibit differences in
tissue distribution, intracellular localization, and cofactor requirements, suggesting that they
are freely regulated in response to discrete ligands, and that they may act on distinct protein
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substrates [23,24]. Our results showed that activation of the P2Y6 receptor by MRS2693
increased the expression level of PKC θ, which might control stimulation of ERK1/2 activation
[29]. ERK1/2 is a contributing pathway in the protection by MRS2693 against TNFα-induced
cell death in C2C12 cells. Thus, the protection in skeletal muscle cells mechanistically
resembles protection in the astrocytoma cells.

There are no competitive antagonists that can be used as pharmacological probes of the
P2Y6 receptor, so we used the diisothiocyanate derivative MRS2578 as P2Y6 receptor
antagonist [4]. This antagonist blocked the protection provided by MRS2693 against apoptosis
in the C2C12 cell line. The reduced protection at higher concentrations of the agonists might
be a result of interaction with other extracellular nucleotide binding sites or enzymes that act
on nucleotides.

TNFα-induced apoptosis in C2C12 cells correlated with NF-κB activation. This was consistent
with numerous previous reports in which TNFα has been noted to activate NF-κB in various
systems [26]. NF-κB elevation was also noted to induce damage accompanied by protein
degradation in cultured rat skeletal muscle cells [27]. Curiously, P2Y6 receptor activation was
previously reported to induce translocation of NF-κB to the nucleus in certain cell types,
including osteoblasts [6,28]. In our study, P2Y6 receptor activation alone had little effect on
NF-κB, yet substantially reduced the dramatic elevation of NF-κB induced by TNFα.

In an in vivo mouse model of hindlimb skeletal muscle ischemia/reperfusion injury, MRS2693
was also able to exert a potent cytoprotective effect. The same model was previously applied
to study the protective effect of adenosine receptor agonists [16]. We have not yet elucidated
the mechanism of the P2Y6 receptor-induced protection in vivo.

In conclusion, the P2Y6 receptor is a novel cytoprotective receptor that warrants exploration
for ameliorating skeletal muscle injury. This effort will be aided with the development of even
more potent, selective, and stable agonists of the P2Y6 receptor.
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Abbreviations
BrdUTP, 5-bromo-2′-deoxyuridine 5′-triphosphate
ERK1/2, extracellular signal-regulated protein kinases 1 and 2
FBS, fetal bovine serum
HRP, horseradish peroxidase
MAPK, mitogen-activated protein kinase
MeSADP, 2-methylthio-adenosine-5′-diphosphate
MRS2365, 2-methylthio-(N)-methanocarbaadenosine-5′-diphosphate
MRS2693, 5-iodo-uridine-5′-diphosphate
PBS, phosphate buffered saline
PI, propidium iodide
MRS2578, 1,4-di-[(3-isothiocyanatophenyl)-thioureido]butane
PKC, protein kinase C
NF-κB, Nuclear factor-κB
TNF, tumor necrosis factor
TUNEL, Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling
FACS, fluorescence-activated cell sorting
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Hoechst 33258, 2′-[4-hydroxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5′-bis-1H-benzimidazole
trihydrochloride pentahydrate
DMEM, Dulbecco's modified Eagle's medium
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Figure 1.
(A) Western blots indicated the presence of P2Y1, P2Y4, P2Y6, and P2Y11 receptors in the
C2C12 cell line. (B) Induction by TNFα of cell death in 12 day-old C2C12 cell cultures and
its modulation by P2Y6 receptor agonists, the classical agonist UDP (0.1 nM – 1 μM) and the
selective P2Y6 receptor agonist MRS2693 (0.1 nM - 1 μM). Data shown are mean ± SD from
three independent experiments in triplicate. Treatment means were compared by used of the
Tukey-Kramer HSD test using a significance level of P<0.05. The points labeled with same
letter are not significantly different at 0.05 levels.
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Figure 2.
Histochemical staining by hematoxylin, Hoechst 33258 and TUNEL in C2C12 cells subjected
to proapoptotic conditions. Morphological changes of C2C12 cells were observed 16 h after
treatment as indicated in Materials and Methods. Light microscopic images following
hematoxylin staining in C2C12 cells: (A) nontreated control cells; (E) TNFα-treated cells; (I)
TNFα + MRS2693-treated cells. Fluorescence micrographs of TUNEL-assayed cells. Other
panels represent: Nontreated control cells stained with PI (B), negative TUNEL-stained (C),
and (D) control cells stained with the dye Hoechst 33258; TNFα-treated cells (F) cells stained
by PI, (G) positive TUNEL-stained cells, (H) cells stained with Hoechst 33258; TNFα +
MRS2693-treated cells (protected cells) stained with PI (J), negative TUNEL-stained (K), and
(L) control cells stained with Hoechst 33258. The concentration of MRS2693 was 10 nM.
Pictures were taken using a Zeiss wide-field microscope. Magnification of the figures was
either 63× (TUNEL and Hoechst 33258) or 20× (hematoxylin). Bars = 10 μm. Each image is
representative of three experiments.
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Figure 3.
(A) Effect on the expression of PKC α, β, θ and ERK1/2, after incubation of C2C12 cells with
the agonist MRS2693 (10 nM) for a period ranging from 5 to 60 min. A total of 40 μg of protein
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containing an actin standard was applied to each lane. (B) The quantitative analysis of the data
in (A), done using the ImageJ software. 100% is defined as the average intensity of the actin
standard. The proteins were numbered as 1, PKCθ; 2, PKCα; 3, PKCβ; 4, Erk1/2; 5, pErk1/2.
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Figure 4.
(A) Detection of NF-κB in C2C12 cells after treatment with TNFα, MRS2693 (10 nM) and
MRS2578 (10 μM). The incubation time was 4 h. β-Actin was included as a standard to
demonstrate consistency of protein loading. For all Western blots, proteins were extracted and
applied to immunoblotting as described in Materials and Methods. A total of 40 μg of protein
was applied to each lane. The Western blots are representative of two separate transfections,
and each panel was taken from a single immunoblot, following separation by 10%
polyacrylamide gel electrophoresis and transfer onto nitrocellulose. The uniformity of protein
sample loading in each lane was confirmed by Ponceau Red membrane staining following the
blotting (data not shown). (B) The quantitative analysis of the data in (A), done using the ImageJ
software. 100% is defined as the average intensity of the actin standard.

Mamedova et al. Page 15

Pharmacol Res. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Cytoprotective action of MRS2693 in a quantitative model of ischemia and reperfusion (I/R)
injury in the mouse hindlimb. Adult wild-type mice were injected with MRS2693 (1 mg/kg,
i.p. n = 10 mice) or vehicle (PBS containing 0.1% DMSO, n = 7 mice), subjected to I/R injury,
and their skeletal muscle injuries quantified as described in the Methods. (A) MRS2693
reduced the serum CK value, (p = 0.037 vs. PBS treatment). (B) The % EBD-stained cells was
also reduced significantly by prior treatment with MRS2693 (p = 0.0038 vs. PBS-treatment).
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Figure 6.
Cytoprotective action of a P2Y6 agonist in a quantitative model of ischemia and reperfusion
(I/R) injury model (corresponding to data in Figure 5). After I/R injury, EBD-staining is shown
in a representative hindlimb skeletal muscle section of adult mice treated with (A) vehicle
(0.1% DMSO in phosphate-buffered saline, pH 7.4, n = 10 mice) or injected with (B) MRS2693
(1 mg/kg, i.p. , n = 7 mice) as described in the Methods.

Mamedova et al. Page 17

Pharmacol Res. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


