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Abstract

Cardiomyocyte apoptosis is involved in several cardiovascular diseases, including ischemia, hypertrophy and heart failure.
Nitric oxide (NO) signalling is crucial in the regulation of cardiomyocyte apoptosis, capable of both inducing and preventing
apoptosis depending upon the level of NO production. Growing evidence suggests that NO preconditioning has
cardioprotective effects, but the mechanism remains unclear. The purpose of this study was to elucidate how NO
preconditioning inhibits subsequent NO-induced apoptosis in H9c2 cells. According to the data, preconditioning with
a low concentration of sodium nitroprusside (SNP, 0.3 mM) inhibited subsequent high-concentration-SNP (1.5 mM)-
induced apoptosis and this effect was reversed by the protein kinase C (PKC) inhibitor chelerythrine and the
cyclooxygenase-2 (COX-2) inhibitor rofecoxib. Low-concentration-SNP-mediated protection involved extracellular signal
regulated kinase 1/2 (ERK1/2), a signal transducers and activators of transcription 1/3 (STAT1/3) activation and increased
COX-2 expression. Activation of ERK1/2 and STAT1/3 was abolished by chelerythrine. However, COX-2 expression was
not inhibited, implying that the COX-2-mediated protective effect occurred via a PKC-independent pathway. The results
showed that low-concentration-SNP preconditioning suppresses subsequent high-concentration-SNP-induced apoptosis by
ERK1/2-STAT 1/3 activation via PKC-dependent mechanisms in H9c2 cells. COX-2 also plays a role in NO-induced
preconditioning, but is independent of PKC.
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Introduction of apoptosis, as it can either promote or inhibit
apoptosis in cardiomyocytes [4-8]. In this regard,
high levels of NO produced by inducible nitric oxide
synthase (iNOS) [9,10] and exogenous NO promote
apoptosis, whereas basal levels of NO production
) e . ) from endothelial nitric oxide synthase (eNOS) protect
pathophysiology of major illnesses, including cancer cardiomyocytes from apoptosis [11]. Therefore, the
and cardiovascular diseases [1]. In particular, apop- amount of NO and its origin appear to be important
tosis of cardiomyocytes is involved in several cardio-  facrors in the survival outcome of cardiomyocytes.

Programmed cell death or apoptosis is a conserved
process that plays a critical role in embryonic devel-
opment and adult homeostasis. In humans and mice,
deregulated apoptosis has been implicated in the

vascular diseases and has been recognized as a cellular
mechanism of ischemic/reperfusion (I/R) injury in the
heart [2,3]. Apoptosis can be induced in cardiomyo-
cytes by several stimuli. Among them, nitric oxide
(NO), which plays a key role in cardiovascular regula-
tion, has been reported to be a bidirectional regulator
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Given its pro- and anti-apoptotic capacity within the
heart, NO may serve as a valuable therapeutic target in
myocardial ischemia and heart failure.

Ischemic preconditioning is a cardioprotective
phenomenon [12] that is thought to be a universal
protective mechanism in the body. Recently, this
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concept has been extended to preconditioning induced
by non-ischemic stress, including NO, hydrogen
peroxide and reactive oxygen species (ROS). Precon-
ditioning with NO was reported to provide cardiopro-
tection similar to ischemic preconditioning against
I/R [13-16]. The effect of preconditioning was blocked
by treatment with L-nitro-arginine, a non-selective
NOS inhibitor [14]. Recently, we found that low-
concentration NO triggered preconditioning and
provided protection from high-concentration-NO-in-
duced apoptosis through the induction of heme
oxygenase-1 (HO-1) in vascular smooth muscle cells
(VSMCQC) [17]. Nevertheless, to our knowledge, the
intracellular signalling events that are activated by NO
and the molecular mechanisms underlying this radical
trigger of preconditioning in H9c2 cells remain un-
known. In the present study, we examined the effect
of NO preconditioning on H9c2 cells, focusing
on protein kinase C (PKC) and cyclooxygenase-2
(COX-2), which are well-characterized intracellular
signalling mediators that act during preconditioning.

The PKC family of enzymes plays a role in several
cellular signal transduction pathways and is implicated
in numerous physiological and pathological proce-
sses [18]. In the heart, PKC plays a crucial role in
preconditioning [19]. It was observed that the protec-
tion following ischemic preconditioning is abolished
by PKC inhibitors i wvivo and in wvirro [20-22].
Specifically, considerable evidence supports the idea
that NO triggers preconditioning through the activa-
tion of PKC; and NO preconditioning is abrogated by
PKC inhibitor treatment of the heart [23], indicating
that this NO-mediated preconditioning involves a
PKC-mediated signalling pathway. A plausible target
for PKC-mediated signalling events is the family of
p44/42 mitogen-activated protein kinases (MAPKSs)
that have been isolated from heart tissue [24,25].
Previous studies have shown that ischemic precondi-
tioning induces a rapid activation of extracellular
signal regulated kinase 1/2 (ERK1/2) via the PKC-
dependent pathway and can be abolished by the ERK
inhibitor PD98059 in isolated cardiomyocytes [26]. It
was also reported that NO induced by eNOS is
required for the development of the cardioprotective
effect of preconditioning by activating the PKCe-
ERK1/2 pathway [13]. Furthermore, ischemic pre-
conditioning was found to upregulate ERK1/2- signal
transducers and activators of transcription 1/3
(STAT1/3)-COX-2 sequential induction via the
PKC (especially ¢)-dependent pathway [27].

COX is an enzyme involved in the metabolism
of arachidonic acid (AA). Two important forms of
COX have been identified. COX-1 is a form that
is constitutively expressed in most cells. COX-2 is
rapidly induced by cytokines and various stress stimuli
and is present in the brain, heart and kidney [28].
COX-2 is the rate-limiting enzyme for prostaglandin
(PG) synthesis, catalysing the conversion of AA to
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prostaglandin H, (PGH,) [29]. Recently, COX-2
induction has also been implicated as a mediator of
cell protection [30]. For example, COX-2 activation
protects cardiomyocytes against oxidative stress.
There is convincing evidence that the expression and
activity of COX-2 are upregulated by ischemic pre-
conditioning and this increase in COX-2 mediates
protective effects against myocardial infarction (MI)
[31], suggesting that the COX-2 pathway is also
essential in conferring the cardioprotection afforded
by preconditioning. Although there have been some
contradicting reports that the inhibition of COX-2
activity reduces cardiac damage after MI [32], little is
known about how COX-2 induction by low-concen-
tration-NO preconditioning regulates cardioprotec-
tive effects.

Therefore, we investigated whether preconditioning
with low-concentration NO could protect against high-
concentration-NO-induced apoptosis in H9c2 cells
and also investigated the underlying mechanism of this
protective effect, with emphasis on the roles of PKC,
ERK1/2, STAT1/3 and COX-2. Here, we report that
low-NO preconditioning protected H9c2 cells from
subsequent NO-induced apoptosis. Furthermore,
this anti-apoptotic effect of NO preconditioning was
modulated by dual signalling mechanisms, involving
both PKC-dependent-ERK-STAT1/3 phosphoryla-
tion and the PKC-independent COX-2 pathway.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (DMEM), foe-
tal bovine serum (FBS) and other cell culture reagents
were purchased from Gibco-BRL (Grand Island,
NY). Sodium nitroprusside (SNP), FITC-annexin
V, phorbol myrystate acetate (PMA) and chelerythrine
were purchased from Sigma (St Louis, MO).
PD98059 were obtained from Calbiochem (San
Diego, CA). Specific antibody against ERK1/2,
p-ERK1/2 and COX-2 were the products of Santa
Cruz (Santa Cruz, CA) and STATI1/3 was from
Upstate biotechnology (Charlottesville, VA). STAT1/
317705 and p-STAT1/3%77%7 were from Cell Signaling
(Beverly, MA). PGE, EIA kit was purchased from
Cayman chemical (Ann Arbor, MI). All other reagents
were the products of Sigma chemical (St. Louis, MO)
unless indicated otherwise.

Cell culture

The H9c2 embryonal rat heart-derived cell line was
obtained from American Type Culture Collection
(ATCC; Manassas, VA). Cells were cultured in
DMEM with 10% FBS, penicillin G (100 U/ml)
and streptomycin (100 pg/ml) at 37°C in a humidi-
fied atmosphere containing 5% CO, and 95% air.
Cells from passages 20-30 were used for all studies.
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To achieve quiescence, cells were starved for 24 h in
0.1% FBS.

Cell viabiliry assay

Cell viability was determined by a 3-[4,5-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay. Subcon-
fluent H9c2 cells in 12 well plates were incubated
with various inhibitors for 1 h before being exposed
to low SNP (0.3 mM) for 4h and then high SNP
(1.5 mM) was treated for 18 h. After SNP stimula-
tion, 100 pl/well of MTT solution (5 mg/ml in PBS)
was added and the cells were incubated for 3 h more.
The medium was replaced with dimethylsulfoxide
(DMSO). The plates were shaken for 20 min, then
optical density (OD) was measured at 570 nm using
the microplate reader (Boehringer Mannheim, IN).

FITC-annexin Vand propidium iodide double staining by
flow cytomerry

Double staining with FITC-annexin V and propidium
iodide (PI) was performed for flow cytometry analysis.
Cells were washed with PBS and resuspended in a
binding buffer. FITC- annexin V (1 pg/ml) and PI
(20 pg/ml) were added. The mixture was incubated
for 10 min in the dark and FACS analysis was done
using FACSVantage system (Becton Dickinson, San
Jose, CA).

Analysis of PGE, concentration

HOc2 cells (4 x 10° cells/well) were pretreated with
inhibitors for 1 h and then incubated with 0.3 mM
SNP for 4h. After the incubation, high SNP
(1.5 mM) was treated for 18 h. The levels of PGE,
concentration was measured in cell culture media
using Cayman chemical EIA kit and measured
according to the manufacture’s instruction.

Western blot analysis

Whole cell lysate (30 pg) were mixed with an equal
volume of 2 x SDS sample buffer, boiled for 5 min
then separated using 10% SDS-PAGE gels. After
electrophoresis, proteins were transferred to nitro-
cellulose membrane. The membranes were blocked in
5% non-fat dry milk for 1h, rinsed and incubated
with specific antibodies against ERK1/2, p-ERK1/2,
COX-2, STAT1/3, STAT1/377% and p-STAT1/
357727 in Tris-buffered saline (TBS) containing
Tween-20 (0.1%) overnight at 4°C. Primary antibody
was removed by washing the membranes three times
in TBS-T and the membrane was incubated for 1 h
with horseradish peroxidase-conjugated secondary
antibody (1:2000). Following three washes in TBS-
T, immuno-positive bands were visualized by ECL
kits (Santacruze, CA) and exposed to X-ray film
(Amersham, Piscataway, NJ).

Statistical analysis

Data are represented as means + SD of more than
three separate experiments. The significance of dif-
ference from the respective control for each experi-
mental test condition was assessed by using Student’s
t-test for each paired experiments. A p-value < 0.05
was regarded as a significant difference.

Results

Preconditioning with low-concentration NO protects H9¢c2
cells from high-concentration-NO-induced apoptosis

To examine the role of NO, we treated H9c2 cells
with SNP. SNP did not affect cell viability up to
0.3 mM, but it significantly decreased cell viability at
concentrations > 0.5 mM (data not shown). In order
to determine whether the protective effect of NO
preconditioning reported in other cell types also
occurs in H9c2 cells, we treated cells with SNP.
Preconditioning of H9c2 cells with various concen-
trations of SNP for 4 h protected cells from 1.5 mM
SNP-induced cell death at non-toxic concentrations
of SNP (0.1 ~0.3 mM). In contrast, preconditioning
with 0.5 mM SNP resulted in no cytoprotective
effects (Figure 1A). Preconditioning of the cells
with low SNP also attenuated high-SNP-induced
apoptosis, as determined by an annexin-V assay
(Figure 1B).

PKC is a mediator of NO preconditioning against high-
concentration-NO-induced H9c2 cell apoprosis

As a first step in investigating the role of PKC in NO
preconditioning, we used the PKC inhibitor cheler-
ythrine. Pretreatment with chelerythrine (1 pM) 1h
before preconditioning with 0.3 mM SNP abolished
the protective effect of preconditioning against high-
SNP-induced apoptosis (Figure 2A). We then evalu-
ated whether direct PKC activation leads to protection
against NO-induced apoptosis using PKC activators.
Phorbol myristate acetate (PMA) treatment partially
reversed high-SNP-induced apoptosis (Figure 2B).
These results suggest that the protective effect of low-
NO preconditioning is mediated by a PKC-dependent
pathway.

ERK1/2 signalling is involved in NO preconditioning via
a PKC-dependent pathway in H9c2 cells

To investigate the molecular mechanism underlying
NO preconditioning, we then investigated the role
of ERK1/2 signalling in NO-induced preconditioning.
As shown in Figure 3A, treatment with the mitogen-
activated protein kinase kinase (MAPKK) inhibitor
PD98059 (10 uM) prior to NO preconditioning
abrogated the protective effect of NO preconditioning
against high SNP-induced cell death. Our data showed
that ERK1/2 was down-regulated by high-SNP
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Figure 1. Preconditioning using low SNP protects H9c2 cells from subsequent high-SNP-induced apoptosis. (A) Cells were treated with
SNP at the indicated concentrations for 4 h. Then, they were incubated with 1.5 mM SNP for 24 h and their viability was analysed. Cell
viability was also measured after SNP treatment using a MTT assay. Relative cellular viability was calculated by dividing the optical density
of SNP-treated cells by the optical density of untreated control cells. The viability of the control cells was set at 100. (B) Cells were
pretreated with 0.3 mM SNP for 4 h, followed by incubation with high SNP for 24 h as indicated. After the SNP treatment, the cells were
washed and tested for apoptosis using an FITC-annexin V assay. Data shown are the mean + SD of four experiments (each performed in
duplicate). #p <0.05 vs untreated control, *p <0.05 vs 1.5 mM SNP-treated control.

treatment, whereas low-NO preconditioning against
high-SNP treatment markedly increased ERK1/2
phosphorylation. Furthermore, ERK1/2 phosphory-
lation was completely blocked by chelerythrine treat-
ment, suggesting that ERK signalling by NO
preconditioning is mediated by a PKC-dependent
pathway (Figure 3B).

STATY1/3 signalling is involved in NO preconditioning via
a PKC-ERK1/2-dependent pathway in H9c2 cells

It was previously reported that ischemic precondi-
tioning activates STAT1/3 via a PKC-ERK1/2 de-
pendent pathway iz vivo [27]. Therefore, we next
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examined whether PKC-ERK1/2 activation by NO
preconditioning can activate STAT1/3%""%7 in H9c2
cells. According to our data, low-SNP precondition-
ing significantly increased STAT1/3 phosphorylation
of the Ser-727 residue against high-SNP treatment,
whereas STAT1/3 phosphorylation was not detect-
able in cells exposed to high-SNP treatment without
preconditioning. We then examined the involvement
of the PKC-ERK1/2 pathway in STAT1/3 activation.
When cells were pretreated with chelerythrine or
PD98059 prior to low-SNP exposure, phosphoryla-
tion of STATI1/3 was inhibited (Figure 4). No
significant Tyr705 phosphorylation of STAT1/3 was
observed (data not shown). Taken together, these
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Figure 2. Low-SNP-mediated preconditioning protects against subsequent high-SNP-induced apoptosis via a PKC-dependent pathway.
(A) Chelerythrine was added 30 min before the low-SNP pretreatment (for 4 h). After 4 h of preconditioning with low SNP, cellular
apoptosis was induced by high-SNP treatment (1.5 mM for 24 h). (B) Cells were pretreated with 200 nM PMA for 1 h and then apoptosis
was induced by 1.5 mM SNP for 24 h. Following incubation, the cells were washed and the cellular viability was measured using the MTT
assay. Data shown are the mean + SD of four experiments (each performed in duplicate). #p <0.05 vs untreated control, *p <0.05 vs
1.5 mM SNP-treated group, **p <0.05 vs 0.3 mM plus 1.5 mM SNP-treated group.
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Figure 3. Effects of chelerythrine on ERK1/2 phosphorylation caused by low-SNP-induced preconditioning. (A) Cells were pretreated
with 10 pM PD98059 for 30 min before low-SNP pretreatment for 4 h, followed by incubation with high SNP for 24 h as indicated.
Cellular viability was determined using the MTT assay. (B) Cells were pretreated with 1 pM chelerythrine for 30 min and then incubated
with 0.3 mM SNP for 4 h. Following incubation, the cells were treated with high SNP (1.5 mM) for 20 min. The cells were harvested for
ERK1/2 activation and detected using immunoblot analysis. #p <0.05 vs untreated control, *p <0.05 vs 1.5 mM SNP-treated group,

**p <0.05 vs 0.3 mM plus 1.5 mM SNP-treated group.

data indicate an obligatory role for PKC in the
activation of ERK1/2 and the Ser phosphorylation
of STAT 1/3 for the induction of NO preconditioning.

COX-2 induction by low-concentration-NO
preconditioning protects H9c2 cells from high-
concentration-NO-induced apoptosis

Since COX-2 is known to play a crucial role in the
protective effect of ischemic preconditioning [31], we
explored whether COX-2 is also involved in the
NO preconditioning mechanism. According to our
data, COX-2 induction was dramatically increased by
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Figure 4. Effects of PD98059 and chelerythrine on STAT1/
35er727 phosphorylation caused by low-SNP-induced precondition-
ing. Cells were pretreated with PD98059 (10 uM) or chelerythrine
(1 uM) for 1 h and then incubated with 0.3 mM SNP for 4 h. After
incubation, the cells were treated with high SNP (1.5 mM) for
20 min. Total protein was isolated and subjected to immunoblot
analysis for STAT1/357%7 activation. The results are representa-
tive of at least three similar experiments performed on different
experimental sets.

low-SNP treatment, whereas high-SNP treatment
slightly increased COX-2 expression. Moreover,
COX-2 induction by low-SNP preconditioning was
maintained after high-SNP treatment (Figure 5A).
Treatment with the COX-2-specific inhibitor rofe-
coxib (30 uM) abrogated the protective effect of low-
SNP-induced preconditioning, implying that COX-2
is involved in NO preconditioning (Figure 5B).

NO preconditioning upregulates COX-2 protein levels
in a PKC-independent manner

To explore the involvement of the PKC pathway in
COX-2 induction, PKC or ERK1/2 inhibitors were
administered 1h before low-SNP preconditioning
treatment, followed by exposure to high levels of
SNP. Interestingly, neither treatment affected the
COX-2 levels, indicating that the COX-2 pathway is
regulated by a PKC-independent signalling pathway
(Figure 6A). In accordance with COX-2 expression,
the level of PGE, increased significantly following
low-SNP preconditioning. PGE, production was not
blocked by chelerythrine or PD98059 treatment,
supporting the concept that COX-2 induction by
low-NO preconditioning is independent of PKC
(Figure 6B).

Discussion

Recent studies have shown that preconditioning using
NO helps to ameliorate ischemia/reperfusion in a
variety of animal models, including heart [14,33].
However, precisely how NO preconditioning confers
cellular protection on H9c2 cells remains unclear. In
the present study, we showed that NO precondition-
ing using a low concentration of SNP exerts protec-
tive effects against high-concentration-SNP-induced
apoptosis in H9¢2 cells. Furthermore, this protective
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Figure 5. COX-2 induction by low SNP-mediated preconditioning protects against subsequent high-SNP-induced apoptosis. (A) Cells
were exposed to low SNP for 4 h followed by exposure to high SNP for 5 h. After 5h, total protein was isolated and subjected to
immunoblot analysis for COX-2. COX-2 levels were quantified by densitometry and normalized to f-actin. (B) Rofecoxib (30 uM) was
added for 30 min before low-SNP pretreatment for 4 h. After 4 h, cellular apoptosis was induced by high-SNP treatment (1.5 mM for
24 h). Cell viability was analysed using the MTT assay. Data shown are the mean + SD of four experiments (each performed in duplicate).
# p<0.05 vs untreated control, *p <0.05 vs 1.5 mM SNP-treated group, **p <0.05 vs 0.3 mM and 1.5 mM SNP-treated group.

effect is primarily mediated by a PKC-dependent
ERK1/2-STAT1/3 pathway and a PKC-independent
COX-2 pathway.

NO has been reported to induce apoptosis in a
variety of cell types, including macrophages, chon-
drocytes, smooth muscle cells and cardiac myocytes
[34-37]. However, NO can produce dual effects
depending upon the concentrations used. It has
been reported that in H9c2 cells, a small amount
of NO had an anti-apoptotic effect, whereas higher
concentrations of NO promoted apoptosis [4-8].
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Furthermore, studies have shown that NO exerts
protective effects against ischemia/reperfusion injury
i vivo in a range of low concentrations [38], but
high concentrations of NO are cytotoxic [39]. In
agreement with such reports, our data also indi-
cated that preconditioning HO9c2 cells with low
concentrations of NO protected the cells from
subsequent high-concentration-NO-induced apop-
tosis. To further understand the mechanisms un-
derlying NO preconditioning, we examined the
roles of PKC and COX-2 as possible modulators
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Figure 6. COX-2 induction by low-SNP-induced preconditioning is independent of PKC. Cells were pretreated with PD98059 (10 uM)
or chelerythrine (1 pM) for 1 h and then incubated with 0.3 mM SNP for 4 h. Following incubation, cells were treated with high SNP
(1.5 mM) for 5 or 18 h. (A) After 5 h, total protein was isolated and subjected to immunoblot analysis for COX-2. COX-2 levels were
quantified by densitometry and normalized to f-actin. (B) After 18 h, the supernatant was collected and the PGE, concentration measured
using a PGE, ELISA kit. Data shown are the mean + SD of four experiments (each performed in duplicate). #p <0.05 vs untreated control,
*p <0.05 vs 0.3 mM SNP-treated group, **p <0.05 vs 1.5 mM SNP-treated group.
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of the protective effect observed in the present
study.

One of the best characterized intracellular signal-
ling events during ischemic preconditioning is the
activation of PKC [19]. The potential role of PKC
enzymes in cardioprotection has been the subject of
many investigations. Recent studies have shown that
PKC activation contributes to ischemic tolerance in a
variety of experimental animal models [19-22]. Also,
PKC activation by NO preconditioning protected
rabbit heart from I/R injuries [23]. Thus, we speci-
fically investigated the role of PKC and the under-
lying mechanisms that mediate the cytoprotective
process induced by NO preconditioning in HO9c2
cells.

Pretreatment with low concentrations of SNP (up to
0.3 mM) protected cell viability after high-SNP treat-
ment. This protective effect of low-SNP pretreatment
was abrogated when the PKC inhibitor chelerythrine
was co-administered with low SNP, suggesting that
PKC plays an important role in low-SNP-induced
cellular protection mechanisms. Furthermore, the
known PKC activator phorbol myristate acetate
(PMA) alone could mimic the protective effect of
low-SNP pretreatment. These results strongly sub-
stantiated our assumption that PKC is one of the
major molecules mediating the protective effects of
NO preconditioning. Several studies have reported the
importance of PKCe¢ in cardioprotection induced by
preconditioning [13,27]. In the heart, NO produced a
cardiac protective effect through the activation of
PKCe¢ [23]. However, in the present study, we did
not identify which PKC isoforms are involved in the
NO preconditioning pathway. Thus, assessment of the
PKC isoform relevant to the protection induced by
low-NO preconditioning is of interest. OQur prelimin-
ary study showed that PKC¢ and PKCg¢are involved in
protective mechanisms induced by NO precondition-
ing. We are currently working on this issue.

It is generally accepted that ERK1/2 is activated by
I/R injuries and that it plays an important role in the
ventricular recovery and protection of the ischemic
heart [40,41]. However, little is known about how
NO preconditioning directly regulates the ERK1/2
pathway in HO9c2 cells. According to our data,
preconditioning with low-SNP-induced ERKI1/2
phosphorylation protected against H9c2 cell apopto-
sis caused by high-SNP treatment. Regarding the
ERK1/2 pathway in PKC-mediated preconditioning,
studies have demonstrated the importance of PKC in
the activation of ERK1/2 by ischemic preconditioning
[26]. Overall, such findings agree with our results that
chelerythrine inhibits the ERK1/2 phosphorylation
induced by low-SNP preconditioning.

It has been suggested that the Janus kinase-signal
transducers and activators of transcription (JAK-
STAT) pathway is essential for the development of
preconditioning [42]. Ser phosphorylation of STAT's

was induced by the ERK1/2 pathway [43,44]. In-
deed, it is well documented that activation of ERK1/2
by ischemic preconditioning induces Ser phosphor-
ylation of STAT1/3 via a PKC-dependent mechanism
in the heart [27]. Therefore, we postulated that Ser
phosphorylation of STAT1/3 is mediated by a PKC-
ERK1/2 signalling cascade in NO preconditioning.
We found that low-SNP preconditioning led to an
increase in pSer(727)-STAT1/3, which is inhibited by
chelerythrine and PD98059, demonstrating that Ser
phosphorylation of STAT1/3 by low-NO precondi-
tioning is mediated primarily via a PKC-dependent
pathway. Nevertheless, we found no evidence of Tyr
phosphorylation of STAT1/3 by immunoblot analy-
sis, indicating that Tyr phosphorylation is not in-
volved in our low-SNP preconditioning mechanisms
(data not shown). These data suggest that a NO-
mediated PKC pathway plays a critical role in the
activation of downstream ERK1/2-Ser phosphoryla-
tion of STAT1/3.

COX-2 plays a necessary role in mediating the
cardioprotection induced by ischemic precondition-
ing. Inhibition of COX-2 activity during precondi-
tioning results in complete loss of protection against
infarction [31,32]. Thus, we hypothesized that NO
preconditioning upregulates COX-2 expression to
mediate cytoprotection in H9c2 cells. Our data
showed that low-NO preconditioning induced the
production of COX-2 protein and its inhibitor,
rofecoxib, reversed the protective effect against high-
NO-induced cell death, demonstrating that COX-2
induction by low-NO preconditioning is involved in
cardioprotection in H9c2 cells. However, the signal-
ling mechanism by which NO preconditioning in-
duces the synthesis of COX-2 protein is incompletely
understood. There is evidence that COX-2 transcrip-
tion after ischemic preconditioning is modulated by
PKCé¢mediated ERK1/2 and STAT1/3 Ser phos-
phorylation [27]. This was also demonstrated in our
study, since PKC-mediated ERK1/2-Ser phosphory-
lation of STAT1/3 activation occurred following NO
preconditioning. Interestingly, treatment with cheler-
ythrine and PD98059 has not been shown to inhibit
COX-2 induction by NO preconditioning, indicating
that this event is mediated by a distinct PKC-
independent signalling pathway. Thus, which up-
stream signalling pathway leads to the induction of
COX-2 should be further investigated. We are cur-
rently working on this issue and it will be addressed in
a future report.

Myocardial I/R has been implicated in the induc-
tion of inducible nitric oxide synthase (INOS) that
lead to increased production of NO, however the role
of NO in the heart has yielded conflicting reports
regarding the severity of I/R injury. It seems that high,
non-physiological levels of NO produced by iNOS
actually promote cellular necrosis and apoptosis
through formation of peroxynitrite, while basal NO
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production from endothelial nitric oxide synthase
(eNOS) is essential for cardiomyocyte survival and
can provide cardioprotective effects [45]. According
to this knowledge, NO appears to be an important
regulator of apoptosis in the heart during normal
physiological conditions as well as in myocardial I/R.
Since, as shown in our  vitro study, preconditioning
with low-concentration NO inhibited high-concentra-
tion NO-induced apoptosis in cardiomyocyte, further
studies will be needed to examine whether NO
preconditioning also protects myocardial infarction
in vivo via PKC- and COX-2-dependent pathways.
In conclusion, our results suggest that PKC activa-
tion by NO preconditioning using low concentrations
of SNP suppress H9c2 cell apoptosis induced by
high SNP. Furthermore, we demonstrated that the
mechanism of NO preconditioning was modulated by
ERK1/2-Ser phosphorylation of STAT1/3 via a PKC-
dependent pathway and COX-2 induction by a PKC-
independent pathway. Therefore, our findings provide
new insights into the mechanisms of NO precondi-
tioning and its downstream molecule may serve as a
valuable therapeutic target in myocardial I/R injury.
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