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This study examined the hypothesis that the activation of A
�

adenosine
receptor (A

�
AR) induces delayed cellular protection (DCP) in porcine coro-

nary smooth muscle cells (PCSMC). The following groups of cultured
PCSMC, subjected to simulated ischemia (SI) at 20 h were studied: (a) SI:
with ischemia alone; (b) A

�
AR agonist chloro-N�-cyclopentyl adenosine

(CCPA: CCPA (1 �M) alone; (c) CCPA + PKC inhibitor chelerythrine chlo-
ride (CCL): CCPA and 1 �M CCL; (d) CCPA + iNOS inhibitor S-methyl-
thiourea (SMT): CCPA and 100 nM SMT; (e) CCPA + K

���
channel blocker

Glibenclamide (Glb): CCPA and 50 �M Glb; (f) CCPA + mitochondrial
K
���

channel blocker 5-hydroxydecanoate (5-HD): CCPA and 100 �M of
5-HD; (g) CCPA + A

�
AR antagonist 8-cyclopentyl-1,3-dipropylxanthine

(DPCPX): CCPA and 1 �M DPCPX. The release of LDH into the medium as
well as the amount of LDH remaining in the cells was used as a marker of
cellular injury and cell viability. Up-regulation of A

�
AR, �-PKC, iNOS and

HSP 72i was detected through Western blot analysis. The cellular resistance
(%LDH remaining in the cells) acquired by PCSMC due to CCPA (59.42 ±
1.57) was significantly blocked by CCL: 39.30 ± 2.03; SMT: 41.37 ± 1.98;
Glb: 47.24 ± 1.31; 5-HD: 47.69 ± 1.40 and DPCPX: 42.92 ± 0.79. CCPA in-
creased the expression of A

�
AR (1.30 fold), �-PKC (1.20 fold), iNOS (1.50

fold), and HSP 72i (1.70 fold) compared to the controls. CCPA-induced up-
regulation of A

�
AR, �-PKC, iNOS, HSP 72i, and the opening of both mito-

chondrial and sarcolemmal K
���

channels may possibly participate in signal-
ing cascade. Our study suggests that A

�
AR activation up-regulates iNOS,

HSP 72i via �-PKC signaling pathway to activate both mitochondrial and
sarcolemmal K

���
channels for cellular protection against SI in the cultured

PCSMC.
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Abbreviations: A�AR – A� adenosine receptor,
DCP – delayed cellular protection, PCSMC – por-
cine coronary smooth muscle cells, SI – simulated
ischemia, CCPA – chloro-N�-cyclopentyl adenosi-
ne (A�AR agonist), CCL – chelerythrine chloride
(PKC blocker), SMT – S-methylthiourea (iNOS in-
hibitor), Glb – glibenclamide (K��� channel blocker),
5-HD – 5-hydroxydecanoate (mitochondrial K���

channel blocker), DPCPX – 8-cyclopentyl-1,3-di-

propylxanthine (A�AR antagonist), � -PKC – �-pro-
tein kinase C, iNOS – inducible nitric oxide syn-
thase, HSP 72i – heat shock protein 72.

INTRODUCTION

Ischemic preconditioning (PC) is a phenome-
non by which the myocardium is rendered more re-
sistant to subsequent ischemia/reperfusion injury
after initial brief period of ischemia. There is abun-
dant evidence that earlier repetitive short episodes
of coronary occlusion and reperfusion reduce the
size of myocardial infarction in nearly all species
[27, 28, 35] and that PC improves post-ischemic
functional recovery [14, 34]. The concept that ade-
nosine released during the preconditioning stimu-
lus triggers the development of delayed protection
was first proposed by Baxter et al. [5] and subse-
quently expanded by others [10]. Pharmacological
stimulation of either A" or A# receptors can elicit
late preconditioning against infarction [48]. There
is also a well established notion that PKC is essen-
tial for the mechanism of late preconditioning as
proposed by Baxter et al. [4], who found that the
delayed infarct-sparing effects of preconditioning
in rabbits were abrogated by pretreatment with the
protein kinase C (PKC) inhibitor chelerythrine chlo-
ride. Conversely, administration of PKC activator
dioctanoyl-sn-glycerol induced cardioprotection 24 h
later [6]. Furthermore, inhibition of PKC-� translo-
cation (activation) by chelerythrine chloride blocked
the beneficial effects of late preconditioning. Thus,
activation of PKC after preconditioning was iso-
form selective and PKC-� appears to be the specific
PKC isotype responsible for the development of
delayed protection [42].

Role of inducible nitric oxide synthase (iNOS)
in delayed preconditioning was first reported by
Bolli’s group [19], who demonstrated that the late
phase of preconditioning was associated with up-

regulation of myocardial iNOS, and that targeted

disruption of the iNOS gene completely abrogated

the delayed infarct-sparing effect, providing mo-

lecular genetic evidence for an obligatory role of

iNOS in the cardioprotection afforded by the late

phase of ischemic preconditioning. Several studies

have also shown the up-regulation of heat shock

protein (HSP72i) during the late preconditioning

in rat cardiomyocytes subjected to sub-lethal hy-

perthermia, sub-lethal simulated ischemia [37] or

pharmacologic preconditioning with monophos-

phoryl lipid A (MLA) [36].
Furthermore, pharmacological studies have pro-

vided evidence that opening of ATP-sensitive po-

tassium (K!$�) channels is necessary for the

infarct-sparing effects of late preconditioning with

ischemia [10] and adenosine A" receptor agonist

treatment [7]. Previous studies have shown that

ischemic protection induced by pharmacological

agents such as MLA or ischemic preconditioning is

mediated by an NO-sensitive mechanism [11]. In

addition, it has been shown that NO may modulate

ATP-sensitive (K+) channels. In short, all these

mediators have been proposed to be involved in the

cardioprotective phenomenon, including adenosine

receptors, PKC, iNOS, HSP 72i and K!$� channels,

however, it is unclear whether vascular endothe-

lium and smooth muscle cells share the same bene-

ficial effects of preconditioning. Ischemia/reperfu-

sion of myocardium causes substantial shift in the

ionic and metabolic composition of the intercellu-

lar space, notably an accumulation of K% [24], H%

and lactate [13] and a reduction of PO� and glu-

cose. Furthermore, there are considerable similari-

ties in the involvement of signaling molecules be-

tween cardiac myocytes and vascular smooth mus-

cle cells such as activation of A" receptor [17, 23],

increase in activity of PKC [17, 26], synthesis of

NO [11, 15], induction of HSP 72i [37, 40] and in

the regulation ATP-sensitive (K+) channels [3, 12].

We hypothesized that the delayed cytoprotective

effect caused by the opening of K!$� channels may

be mediated by iNOS via PKC activation in A"

adenosine receptor agonist-treated PCSMC. Ac-

cordingly, the purpose of this study was to demon-

strate the delayed pharmacologic preconditioning

with A" agonist CCPA in PCSMC, and to elucidate

the mechanisms involved in CCPA-induced de-

layed preconditioning in PCSMC.
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MATERIALS and METHODS

Isolation of porcine coronary smooth muscle cells

Smooth muscle cells from porcine coronary ar-
tery were isolated and cultured as described by Ma-
rala and Mustafa [31] in this laboratory with minor
modifications. Briefly, left circumflex coronary ar-
teries were dissected from porcine hearts and
cleaned of the adherent fat and connective tissue.
The arteries were cut open longitudinally and the
endothelium was removed by rubbing the internal
surface gently with scalpel blade. Tissue was rinsed
twice with sterile Hank’s balanced salt solution
(HBSS) containing (in mM): KCl 5.0, KH�PO& 0.3,
NaCl 138, NaHCO# 4.0, Na�HPO&.7H�O 0.3, D glu-
cose 5.6 and HEPES 10.0. Tissue was then soaked
for 10 min at ambient temperature in sterile HBSS.
Arteries were minced with the scissors and incu-
bated for 3 to 4 h at 37°C with vigorous shaking in
sterile HBSS containing 1 mg/ml of collagenase
type ll (300 U/mg), 0.5 mg/ml of soybean trypsin
inhibitor and 3% bovine serum albumin. Then it
was filtered through nylon gauze and centrifuged at
100 × g for 10 min. The pellet was washed twice
with Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO-BRL) and finally re-suspended in DMEM
containing 10% fetal bovine serum (FBS) and cul-
tured at 37°C in 95% O� + 5% CO� incubator. Me-
dium was changed twice a week and when the cells
became confluent (about 1 week) they were splitted
at 1:3 ratio using trypsin (0.25%).

Experimental protocol

The detailed experimental protocol is shown in
Figure 1. PCSMC were incubated for 4 h with A"

selective agonist CCPA (1 �M) at 37°C and washed
out with normal medium, then exposed to SI next
day. In second group, CCPA-treated PCSMC were
further treated with DPCPX (1 �M, A" antagonist)
before exposure to SI. In third group, PCSMC were
treated with 1 �M CCL (PKC blocker) 0.5 h before
CCPA treatment and exposed to SI next day. Ap-
propriate controls for PCSMC were run under iden-
tical conditions without the drug. Twenty hours
later following the preconditioninig protocol,
PCSMC were exposed to SI by treating with buffer
containing 0.75 mM sodium dithionite, 12 mM
KCl, 20 mM dl-lactic acid and 10 mM 2-deoxy-D-
glucose (pH 6.5) for 1 h at 37°C [37]. The cells
were returned to normal medium for further incu-
bation for 2.5 h. For determining the role of K!$�

channels in CCPA-mediated cellular protection, the
CCPA preconditioned PCSMC were treated with
50 �M Glb or 100 �M 5-HD during SI and during
post-ischemic period as well. One more group of
CCPA-treated PCSMC also received 100 nM SMT,
an iNOS inhibitor during SI and post ischemic re-
covery period of 2.5 h.

Gel electrophoresis and Western blotting

Cells were rinsed with PBS and lysed with boil-
ing lysis solution, containing 1% SDS, 1mM so-
dium vanadate, 10 mM Tris, pH 7.4, the scraped
cells were transferred to a microcentrifuge tube and
boiled for additional 5 min. The samples were then
sonicated briefly and centrifuged (12,000 × g, 15°C)
for 5 min. Protein was measured using Bio-Rad
protein assay based on the Bradford dye binding
procedure with bovine serum albumin as a stan-
dard. The protein mixture was divided into aliquots
and stored at –80°C. At the time of analysis, sam-
ples were thawed and approximately 20 �g of total
protein per lane was loaded on a slab gel. Proteins
were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) using
10% acrylamide gels (1 mm thick). After electro-
phoresis the proteins on the gel were transferred to
polyvinyllidene difluoride (PVDF) membrane
(Schleicher & Schuell, Keene, NH) by electroelu-
tion. Protein transfer was confirmed by employing
pre-stained molecular weight markers (Bio-Rad
Laboratories, Hercules, CA). Complete transfer of
the protein was ascertained by staining the gel in
Coomassie blue and transfer of pre-stained molecu-
lar weight markers on the PVDF membrane. Fol-
lowing blocking with non-fat dry milk, the PVDF
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Fig. 1. Cultured porcine coronary smooth muscle cells
(PCSMC) were treated with CCPA (A� agonist) as described in
MATERIALS and METHODS. Twenty hours later after CCPA
treatment, the PCSMC were exposed to simulated ischemia (SI)
for 1 h followed by 2.5 h of recovery period (RP)



membranes were incubated with monoclonal and
polyclonal antibodies cross-reacting with adenosine
A" receptor protein (Alpha Diagnostic, San Antonio,
TX or RBI, Sigma), �-protein kinase C (GIBCO-
BRL), iNOS (GIBCO-BRL), HSP 72i (StressGen
Biotechnologies Corp., Victoria, Canada). The sec-
ond antibody was a horseradish peroxidase-conju-
gated anti-rabbit IgG and horseradish peroxidase-
conjugated anti-mouse IgG. The membranes were
developed using enhanced chemiluminescence
(Amersham Life Sciences, CA) and exposed to
X-ray film for appropriate time.

Determination of cellular injury

Cellular injury caused by SI was assessed by
measuring LDH release into the medium as well as
LDH remaining in the cells using commercially
available kit (Sigma, St. Louis, MO). LDH catalyzes
the oxidation of lactate to pyruvate with simultane-
ous reduction of nicotinamide adenine dinucleotide
(NAD). The formation of reduced nucleotide
(NADH) results in an increase in absorbance at 340
nm, which is directly proportional to LDH activity
in the sample. One unit of LDH activity is defined
as the amount of enzyme that will catalyze the for-
mation of 1 � mole of NADH/minute.

Determination of cell viability

The remaining cells were treated with 1% Tri-
ton X-100 in 6-well plates after aspiration of cul-
ture medium. The cell lysates from each well was
used for estimation of LDH activity (% of intact
cells), 2.5 h later following SI.

Statistical analysis

Group data are expressed as means ± SEM.
Inter-group comparison was done by using analysis
of variance (ANOVA). A two-tailed unpaired Stu-
dent’s t-test was used to compare two different
groups. Statistical differences were considered sig-
nificant if p value was less than 0.05.

RESULTS

Up-regulation of A1AR in CCPA-treated

PCSMC

Figure 2A shows expression of A"AR (36 kDa)
in the cultured PCSMC subjected to precondition-
ing with CCPA. Western blot data show an up-re-

gulation of A"AR protein with CCPA compared to
control group. The densitomeric scan analysis re-
vealed a 1.30 fold increase in expression of A"AR
protein with CCPA treatment when compared to
non-treated controls (Fig. 2B). In a separate experi-
ment, we confirmed that the antibody we used in
this report is solely recognizing the A"AR. Experi-
ments were performed with A"AR antibody dis-
placement (data not shown) using corresponding
peptide to rat A1R gene, provided by Alpha Diag-
nostic International, San Antonio, TX.

CCPA-induced cellular resistance

against SI

PCSMC subjected to SI demonstrated signifi-
cant increase in LDH release as compared to the
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Fig. 2. A represents Western blot analysis whereas B represents
the densitometric analysis (mean of two) in arbitrary units for
A�AR (36 kDa). Samples were taken from PCSMC after CCPA
(1 �M) treatment (duplicate), and pig brain was used as a posi-
tive control. C represents the effect of DPCPX (1 �M) on
CCPA-induced delayed cellular protection. Cellular injury was
assessed as % release of LDH into the medium. Reduced cellu-
lar injury acquired with CCPA treatment was blocked by
DPCPX. All these groups were subjected to SI. D shows the %
of LDH remaining in PCSMC as an index of cell viability (% of
intact cells). Results represent means ± SE of 12 measurements
(* p < 0.01 SI vs. CCPA and vs. CCPA + DPCPX group)



CCPA-preconditioned cells (Fig. 2C). CCPA-indu-
ced delayed cellular protection resulted in a signifi-
cant attenuation in the cellular injury as indicated
by reduction in the release of LDH (from 55.26 ±
1.28% to 40.58 ± 1.57%, p < 0.01, Fig. 2C). Simi-
larly, the percentage of viable cells in the CCPA-
preconditioned group also increased by 14% (from
45.49 ± 1.50% to 59.42 ± 1.57%, p < 0.01, Fig. 2D)
compared to SI group. DPCPX (A"AR antagonist)
caused a significant increase in the release of LDH
following SI in CCPA-preconditioned PCSMC
(from 40.58 ± 1.57% to 57.08 ± 0.79%, p < 0.01,
Fig. 2C). Also, viability (% of intact cells) of the
cells decreased when CCPA-treated PCSMC were
exposed to DPCPX (59.42 ± 1.57% to 42.92 ±
0.79%, p < 0.01, Fig. 2D). In a separate experiment
the cells were exposed to 1 �M DPCPX alone and
we did not find any significant release of LDH into
the medium compared to controls (data not shown).
This shows that DPCPX does not have any cyto-
toxic effect of its own.

Expression of �-PKC in CCPA-treated

PCSMC

Figure 3A shows expression of PKC-� (92 kDa)
in the cultured PCSMC subjected to precondition-
ing with CCPA. Western blot analysis shows an
up-regulation of PKC-� with A"AR agonist CCPA
compared to control group. The densitomeric scan
analysis revealed a 1.20 fold increase in expression
of PKC-� protein with CCPA treatment when com-
pared to non-treated controls (Fig. 3B). We tried
and separated particulate and cytosol fractions but
we were unable to load required amount of protein
in each slot of SDS-PAGE. Because of this, we de-
cided to perform the experiment with whole-cell
homogenates.

Effect of CCL on CCPA-preconditioned

PCSMC

CCPA-induced delayed cellular resistance was
totally abolished by CCL (PKC inhibitor), and the
treatment resulted in a significant increase in the
release of LDH (from 40.58 ± 1.57% to 60.70 ±
2.03%, p < 0.01, Fig. 3C). In a separate experiment,
the CCL-treated cells did not show any significant
release of LDH into the medium compared to con-
trols (data not shown). This shows that 1 �M CCL
does not have any cytotoxic effect of its own. Fur-
thermore, the percentage of cellular viability (% of

intact cells) was also significantly reduced after
PKC inhibition (from 59.42 ± 1.57% to 39.30 ±
2.03%, p < 0.01, Fig. 3D).

Expression of iNOS in CCPA-treated

PCSMC

Figure 4A shows expression of iNOS (130 kDa)
in the cultured PCSMC subjected to precondition-
ing with CCPA. Western blot shows an up-regula-
tion of iNOS with A"AR agonist CCPA compared
to control group. The densitomeric scan analysis
revealed a 1.50 fold increase in expression of iNOS
protein with CCPA treatment when compared to
non-treated controls (Fig. 4B).
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Fig. 3. A represents Western blot analysis for �-PKC (90 kDa)
whereas B represents the densitometric analysis (mean of two)
in arbitrary units. Samples were taken from PCSMC after CCPA
(1 �M) treatment (duplicate), and pig brain was used as a posi-
tive control. C represents the % of lactate dehydrogenase (LDH)
release. Percentage release of LDH from PCSMC into the me-
dium is significantly different from non-preconditioned as op-
posed to preconditioned group treated with CCL. All these
groups were subjected to SI. D shows the % of LDH remaining
in PCSMC as an index of cell viability (% of intact cells). Re-
sults represent means ± SE of 12 measurements (* p < 0.01 SI
vs. CCPA and vs. CCPA + CCL group)



Effect of SMT on CCPA-preconditioned

PCSMC

SMT (iNOS inhibitor) totally abolished the ac-
quired cellular resistance due to CCPA pre-treatment,
which resulted in an increase in release of LDH
from 40.58 ± 1.57% to 58.63 ± 1.98% (p < 0.01,
Fig. 4C). Viability index (% of intact cells) also went
down from 59.42 ± 1.57% to 41.37 ± 1.98% after
SMT treatment in CCPA-preconditioned PCSMC
(p < 0.01, Fig. 4D). In a separate experiment the
cells were exposed to 100 nM SMT alone, and we
did not find any significant release of LDH into the
medium compared to controls (data not shown).
This shows that SMT does not have any cytotoxic
effect of its own.

Expression of HSP 72i in CCPA-treated

PCSMC

Figure 5A shows the induction of heat shock
protein 72i in PCSMC subjected to delayed precon-
ditioning with CCPA. Western blot and densitomet-
ric analysis revealed a 1.70 fold increase in induci-
ble HSP 72i with CCPA-treated PCSMC compared
to non-treated cells (Fig. 5B).

Effect of glibenclamide and 5-hydroxyde-

canoate on CCPA-preconditioned PCSMC

Treatment of CCPA-preconditioned PCSMC with
glibenclamide (Glb, K!$� channel blocker) during
SI and post-ischemic period resulted in significant-
ly increased release of LDH from 40.58 ± 1.57% to
52.76 ± 1.31% (p < 0.01, Fig. 6A). Also, the viabili-
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Fig. 4. A represents Western blot analysis showing expression
of inducible nitric oxide synthase (iNOS: 130 kDa) whereas B

represents the densitometric analysis (mean of two) in arbitrary
units after CCPA (1 �M) treatment of PCSMC (duplicate), and
pig brain was used as a positive control. C represents the effect
of SMT (100 nM) on CCPA-induced delayed preconditioning.
Reduced cellular injury acquired with CCPA treatment was ab-
rogated by SMT. D shows the % of LDH remained in PCSMC
as an index of cell viability (% of intact cells). Results represent
means ± SE of 12 measurements (* p < 0.01 SI vs. CCPA and vs.
CCPA + SMT group)
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ty (% of intact cells) of CCPA-treated PCSMC was
decreased from 59.42 ± 1.57% to 47.24 ± 1.31%
after Glb treatment (p < 0.01, Fig. 6B). 5-Hydroxy-
decanoate (mitochondrial K!$� channel blocker)
caused a significant increase in the release of LDH
following SI in CCPA-preconditioned PCSMC
(from 40.58±1.57% to 52.31 ± 1.40%, p < 0.01,
Fig. 6A). Also the viability (% of intact cells) of the
cells decreased when CCPA-treated PCSMC were
exposed to 5-HD (59.42 ± 1.57% to 47.69 ± 1.40%,
p < 0.01, Fig. 6B). In a separate experiment, the 50
�M Glb- or 100 �M 5-HD-treated cells did not
show any significant release of LDH into the me-
dium compared to controls (data not shown). This
shows that 50 �M Glb or 100 �M 5-HD does not
have any cytotoxic effect of its own.

DISCUSSION

The main goal of this investigation was to dem-
onstrate whether A"AR agonist CCPA induces de-
layed cytoprotective effect in the cultured PCSMC
against sustained simulated ischemia. In addition,
we wanted to understand whether PKC-� and iNOS
or heat shock protein (HSP 70), which are impli-
cated in the delayed phase of pharmacological and
ischemic preconditioning in the heart [37, 42] with
modulation of K!$� channels [11], also play a role
in CCPA-induced delayed cellular protection in
cultured PCSMC. This study demonstrated for the
first time that PCSMC could be preconditioned
pharmacologically with A"AR agonist CCPA. This
preconditioning phenomenon has delayed effects
on PCSMC with associated expression of A"AR,
�-PKC, iNOS, HSP 72i and opening of ATP-sen-
sitive (K+) channels due to their phosphorylation.
Expression of these mediators is believed to be in-
volved in protection of preconditioned myocar-
dium [3, 11, 17, 23, 37].

Adenosine and cellular protection

Adenosine is known to be produced in cardiac
myocytes [46], coronary endothelial cells and smooth
muscle cells [9, 39, 44]. There is much evidence to
believe that both endothelial cells and smooth mus-
cle cell play an important role in adenosine produc-
tion in the heart. The amount of adenosine produc-
tion in the coronary arteries may be small relative
to cardiac myocytes [9], but adenosine produced in
coronary smooth muscle cells may act directly on

the coronary arteries in an autocrine and paracrine
fashions. Thus, adenosine produced in the coronary
vessels may play a key role in alternation of ische-
mic and reperfusion injury [16, 23]. Komamura et
al. [25] demonstrated that intra-coronary infusion
of ATP, which is degraded to adenosine, reduces
the extent of no-reflow and infarct size in dog.
Adenosine production increases during hypoxia in
the heart and coronary arteries (with and without
endothelium) [8, 45]. The A" AR has been reported
to be located on coronary smooth muscle cells [21,
30]. It is possible that this receptor may have a role
in cellular protection during preconditioning simi-
lar to myocardial A"AR. Over-expression of myo-
cardial A"AR protects the heart from ischemic
damage, and cultured cardiac myocytes from simu-
lated ischemic injury in transgenic mice [33, 38].
Bernardo et al. [10] showed the transient activation
of A"AR by delayed preconditioning with CCPA in
the rabbit heart. Such a transient activation of
A"AR may be involved in the mechanism of de-
layed cellular protection induced by specific A"AR
agonist CCPA in PCSMC.

Adenosine and protein kinase C

Considering that the half-life of adenosine is
short, this would imply that mere occupation of A"

receptors would not be cytoprotective but, rather,
that its „activation” may have initiated a cascade of
signaling events leading to cytoprotection. A"AR
stimulation has been reported to activate PLC and
PLD through pertusiss toxin sensitive G-proteins
[1, 17]. Interestingly, A"AR stimulation tends to
cause a more prolonged accumulation of DAG
[17]. These findings could indicate that A"AR acti-
vation leads to delayed activation and expression
of PKC in smooth muscle cells. The present study
demonstrates the over-expression of �-PKC in
CCPA-treated PCSMC compared to non-treated
cells. Furthermore, the cellular protection acquired
by PCSMC due to 24-hour pretreatment with
CCPA was blocked by CCL (PKC inhibitor). These
data suggest that PKC is involved in A"AR-
mediated delayed preconditioning effect. Ping et al.
[41] further support this notion by showing the in-
volvement of �-PKC in ischemic preconditioning
in the hearts of conscious rabbit. Recently, Liang
[26] has also demonstrated that PKC is an effector
down-stream of the A"AR in initiating the recep-
tor-mediated preconditioning of the chick embryo
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ventricular myocytes. Qiu et al. [42] have sug-
gested that PKC-� has more implication than any
other isoform in myocardial protection. However,
we have tested both PKC-� and PKC-� with ENBA
(A"AR agonist), because some of the reports show
the involvement of PKC-� also in preconditioning,
we did not find any change in PKC-� expression in
ENBA-treated group compared to control. How-
ever, a remarkable change was observed for PKC-�
expression in ENBA-treated group compared to
control (data not shown). Further, we found that
pharmacologic preconditioning with CCPA or
ENBA in myocytes and PCSMC is more potent
than the ischemic preconditioning through suble-
thal simulated ischemia (data not shown). There-
fore, we did not pursue PKC-� and other PKC-
isoforms for this study. The present study is the
first study to report CCPA-induced preconditioning
phenomenon in PCSMC with the elevation of
PKC-�. Our findings are similar to the report of Qiu
et al. [42], where these workers were able to inhibit
PKC-� activation by chelerythrine chloride and
blocked the development of late preconditioning.
Thus, activation of PKC after preconditioning is
isoform-selective and � appears to be the specific
PKC isotype responsible for the development of
delayed protection in PCSMC.

Adenosine and iNOS

There is clear evidence that exogenous adeno-
sine stimulates NO synthesis by smooth muscle
cells [15]. Moreover, in the present study, we have
also demonstrated the up-regulation of iNOS in
CCPA-treated PCSMC compared to non-treated
cells. This expression was associated with delayed
cellular protection in PCSMC, and this cellular pro-
tection was totally blocked by SMT (iNOS inhibi-
tor). These data suggest that iNOS is involved in
A"AR-mediated delayed preconditioning effect in
PCSMC. Recently, Imagawa et al. [22] demon-
strated the delayed protection against myocardial
infarction conferred by ischemic preconditioning
which could be abolished by an iNOS inhibitor,
dexamethasone, administered prior to precondi-
tioning. Our results show that cellular protection in
the CCPA-treated PCSMC was totally blocked by
SMT during SI. This is in agreement with recent
work of Bolli et al. [11] showing that aminogua-
nidine, an inhibitor of iNOS, given prior to infarc-
tion also blocked the delayed protective effects of

ischemic preconditioning. Thus, it is likely that the
induction and activation of iNOS are important
steps in the development of delayed cellular protec-
tion in CCPA-treated PCSMC and synthesis of NO
might be involved as a possible mediator of de-
layed cellular preconditioning.

Adenosine and HSP 72i

Investigators have demonstrated the ability of
arterial tissue to respond to a heat stress by up-
regulating the production of HSP 70 [49]. The ad-
dition of HSP 72/73 to cultures of arterial cells
from normal and atherosclerotic cynomologus ma-
caques increased arterial cell survival. This sug-
gested the insufficient accumulation of HSP 70 in
smooth muscle cells located near necrotic areas of
atherosclerotic lesions, possibly leading to loss of
protection of cells to plaque toxicity. Neschis et al.
[40] demonstrated that both aorta and carotid artery
significantly up-regulated HSP 70 mRNA and pro-
tein expression after a brief whole-body hyperther-
mia. The accumulation of HSP 72 is associated
with a delayed anti-ischemic effect in the heat-
stressed animals, cardiac myocyte cultures as well
as genetically engineered mice [20, 32, 37]. Re-
cently, Mallouk et al. [29] reported that under par-
ticular stress conditions during ischemia, ATP lev-
els decreased threatening cell homeostasis and in-
tegrity. This can lead to development of adaptive
and cytoprotective mechanisms, among which HSP
70 synthesis and up-regulation are important. In the
present study, we found an increase in the synthesis
of HSP 72 in CCPA-treated PCSMC in association
with delayed cellular protection. Similarly, Neschis
et al. [40] reported that vascular preconditioning
with brief whole-body hyperthermia induced HSP 70
in the arterial wall that was associated with a sig-
nificant sustained reduction in intimal accumulation.

Adenosine and KATP channel

K!$� channels play an important role in the
regulation of arterial tone by controlling the mem-
brane potential of vascular smooth muscle cells
[47]. Opening of K!$� channels lead to hyperpo-
larization, decrease in Ca�% influx, and ultimately
vasodilatation. K!$� channels are inhibited by in-
tracellular ATP, opened by pinacidil and cromaka-
lim, and closed by sulfonylurea such as glibencla-
mide and tolbutamide [2, 43]. Adenosine is an en-
dogenous activator of K!$� channel, which causes
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the relaxation of vascular smooth muscle, whereas
inhibitors of K!$� channels such as glibenclamide
and tolbutamide reverse these effects [43]. Many
K% channel openers act as exogenous ischemic pre-
conditioners that enable the heart to survive during
limited periods of ischemia by opening coronary
K!$� channels [18]. Recently, Liang reported [26]
that K!$� channel, stimulated by activated A"AR
could directly precondition cardiac myocytes against
cellular injury. In the present study, we observed
significant delayed cellular resistance during SI in
CCPA-treated PCSMC, and this acquired cellular
tolerance was completely blocked by Glb and 5-HD.
These data provide conclusive evidence that both
mitochondrial and sarcolemmal K!$� channels can
block the CCPA-stimulated activation of A"AR-
induced delayed cellular protection in PCSMC
against SI or only mitochondrial K!$� channels
play the role of cellular protection.

In summary, the present data provide evidence
for the first time that PCSMC can be pharmaco-
logically preconditioned with CCPA. Furthermore,
these data elucidate the signaling relationship and
demonstrate the enhanced expression of A"AR,
�-PKC, iNOS or HSP 72i and the opening of K!$�

channels during delayed tolerance of PCSMC. This
is based on the following evidence. First, the cellu-
lar resistance against SI was acquired due to CCPA
treatment with the expressions of A" AR, �-PKC,
iNOS and HSP 72i. Secondly, cellular tolerance
acquired in PCSMC with CCPA treatment was
blocked by CCL (PKC blocker), SMT (iNOS in-
hibitor), Glb (K!$� channel blocker) and 5-HD (mi-
tochondrial K!$� channel blocker). However, the
role of sarcolemmal or mitochondrial K!$� channel
in delayed cellular resistance against SI injury in
PCSMC is not clear. Further studies will be neces-
sary to unravel the mechanism(s) by which the acti-
vation of A"AR plays a role in the activation of sar-
colemmal or mitochondrial channel or both, which
ultimately leads to the delayed cellular tolerance
against SI injury in cultured PCSMC.

CONCLUSION

In conclusion, it appears that the delayed pre-
conditioning phenomenon in PCSMC is a polyge-
nic process that requires the synthesis of multiple
proteins. Specifically, a number of signaling mole-
cules get triggered by the activation of A"AR through

the A"AR agonist treatment. These signaling ele-
ments include �-PKC and other effector molecules,
which may possibly be involved directly or indi-
rectly in the transcription of iNOS or other cytopro-
tective proteins (HSP 72i). This may lead to phos-
phorylation of both sarcolemmal as well as mito-
chondrial K!$� channels or only mitochondrial
K!$� channels resulting in the cellular protection in
PCSMC.
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