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Abstract

Backgrounds: Nitric oxide (NO) plays a key role in car-
dioprotection. Its role against cardioprotection is depen-
dent on the level of NO. Although it is well known that
NO preconditioning has cardioprotective effects, but its
mechanism remains unsatisfactory.

Methods: To induce NO preconditioning, H9c2 cells
were treated with low NO concentration and subse-
quently induced apoptosis by high NO. The signalling
and anti-apoptotic effects of NO preconditioning were
monitored by Western blotting, facs analysis.

Results: Sodium nitroprusside (SNP)-induced cytotoxic-
ity was inhibited by low SNP (0.3 mM) preconditioning.
Furthermore, low SNP phosphorylated Akt/FoxO1 in
the presence of high SNP (1.5 mM), while phosphory-
lated Akt/FoxO1 and viability were reversed by PI3K
inhibitor. Also, low NO-induced CREB phosphorylation
with high NO was inhibited by PKA inhibitor, indicat-
ing that NO preconditioning protects NO-induced cyto-
toxicity in PKA dependently. Apoptotic inhibition with
NO preconditioning was accompanied with increased
Bcl-2, decreased Bax, and caspase3 activation, which
was all reversed by LY294002.

Conclusion: Our results indicate that low NO precon-
ditioning prevent subsequent high NO-induced apop-
tosis via Akt/PKA/CREB activation in H9c2 cells.
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Introduction

Powerful endogenous processes protect the heart and
other organs from ischemia/reperfusion (I/R) damage.
The phenomenon, ischemic preconditioning (IPC) is
one of the most reproducible forms of cardioprotection.
Since its initial description by Murry et al.', there has
been sustained interest in unravelling the underlying
mechanisms of IPC with the hope of pharmacologically
mimicking its beneficial effects. Moreover, this concept
recently has been extended to preconditioning induced
by non-ischemic stress, including NO, hydrogen perox-
ide and reactive oxygen species (ROS). Among these,
preconditioning with NO was reported to provide cardi-
oprotection similar to ischemic preconditioning against
I/R and this was blocked by treatment with L-nitro-argi-
nine, a nonselective NOS inhibitor**. Specifically, NO
appears to be a bi-directional regulator for apoptosis, as
it can either promote or inhibit apoptosis in cardiomyo-
cyte™®. For example, high levels of NO produced by
inducible nitric oxide synthase (iNOS) and exogenous
NO can be promoted apoptosis while basal levels of NO
produced by endothelial nitric oxide synthase (eNOS)
prevent cardiomyocytes from apoptosis’®. Accordingly,
low levels of NO have been used as preconditioning mi-
metics and this effect was demonstrated to be cardiopro-
tective in in vitro and in vivo models®'?. However, the
mechanisms underlying these effects are not completely
understood, and the identification of downstream signal-
ing is important for understanding against NO precondi-
tioning.
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A number of diverse signaling pathways have been
implicated in cardioprotection. One of them appears to
be PI3K/Akt pathway, which is a crucial role in the reg-
ulation of myocardial cell growth, survival and prolifer-
ation'>'*. The phosphorylation of Akt protects myocar-
dial I/R injury by decreasing oxidative stress, repressing
the inflammatory cascade, and inhibiting apoptosis'>"".
Experimental investigation of the in vivo Akt gene trans-
fer into the rat, the MI decreased by 64% in Akt trans-
genic rats compared with the control group after I/R'®.

The harmful effects of persistent PKA signaling dur-
ing prolonged ischemia are well recognized'®. However,
activation of PKA has also been verified to cardiopro-
tection, where adenylyl cyclase activator or phospho-
diesterase type 4 (PDE 4) inhibitor all of which cause
activation of PKA, protect the heart or cardiomyocytes
against subsequent ischemia®?'. Similarly, IPC can
activate PKA and subsequently phosphorylate eNOS,
thereby leading to induce cardioprotection®.

Herein, we investigate mechanism by which low
levels of NO preconditioning against high levels of
NO-induced H9c2 cardiomyocytes death. Our findings
provide in vitro evidences that cardioprotective effects
of NO preconditioning are mediated through PI3K/Akt/
PKA signaling pathways.

Materials & Methods

Materials

DMEM, FBS, and other cell culture reagents were pur-
chased from GibcoBRL (GrandIsland, NY, USA). SNP,
FITC-annexin V, H89 were from Sigma (St Louis, MO,
USA). JC-1 was from Invitrogen (Eugene, Oregon,
USA). N6-Benzoyl—s0dium salt (N°Bz-cAMP) were ob-
tained by Calbiochem (La Jolla, CA, USA). Antibodies
against Bcl-2 (#sc-7382), Bax (#sc-7480), and B-actin
(#sc-47778) were the products of Santa Cruz (San-
ta Cruz, CA, USA). p-Akt**7 (#9271), Akt (#9272),
p-FoxO1°%% (#9461) and FoxO1 (#2880) were from
Cell Signaling (Beverly, MA, USA). p-CREB*""% (#06-
519) and CREB (#06-863) were from Upstate biotech-
nology (Lake Placid, NY, USA).

Culture of cardiomyocytes

HO9c2 embryonic rat heart-derived cells obtained from
ATCC (CRL-1446) and cultured in DMEM (Invitrogen,
Groningen, Netherlands) supplemented with 10% FBS
and 100 units/mL penicillin/streptomycin. Cells were
grown in 100 mm dishes at 37°C in 5% COx in air and
sub-cultured when they reached 70% confluence.

Induction of apoptosis and MTT assay

Apoptosis was generated in vitro using NO donor SNP.
SNP was diluted extemporaneously in PBS and then
used in our experiment. Cell viability was measured us-
ing an MTT assay based on the reduction of 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
by mitochondrial reductases in live cells. Sub-confluent
cells in 24 well plates were incubated with low concen-
tration of NO (SNP 0.3 mM) for 4 h before exposed to
SNP (1.5 mM) for additional 24 h. After high dose SNP
treatment, 100 pL/well of MTT solution (5 mg/mL in
PBS) was added. And cells were incubated at 37°C for
3 h before lysis in isopropanol 0.2% HCI. Absorbance
at 570 nm was determined on 200 pL of each lysate and
cell viability was calculated by comparing control cells,
considered as 100% viable.

Assessment of apoptosis

The apoptosis was assessed by morphological feature
using phase contrast microscopy and flow cytometry
analysis. Apoptotic chromosomal condensation was
determined by Hoechest33258 dye. Cells were washed
with PBS and prepared in slide using a Cytospin (Cy-
tospin, Shandon, UK) and fixed with methanol. And
then, 1 pg/mL Hoechest33258 in PBS was placed on
slide for 15 min and washed with distilled water. Cells
were examined using a fluorescence microscope and
condensed chromatin or fragmented nuclei in the cells
were considered to be apoptotic cells. For facs analy-
sis, apoptotic cells were identified by double staining
with fluorescein isothiocyanate (FITC)-conjugated An-
nexin V and propridium iodide (PI) using the Annexin
V-FITC apoptosis detection kit from Genzyme (Cam-
bridge, MA) as the manufacturer’s protocol. After 24
h of culture under the different treatments, cells were
harvested, then washed with PBS and re-suspended in
a binding buffer. Next, the cells were incubated with
FITC-Annexin V (1 pg/mL) and PI (20 pg/mL) for 10
min in the dark at room temperature and immediately
analyzed by fluorescent-activated cell sorter Vantage
flow cytometer and CellQuest software (Becton Dick-
inson, San Jose, CA). The percentage of cells with An-
nexin V-positive staining were calculated as an apop-
totic cells.

Western blot analysis

To prepare cell lysates, the cells were rinsed twice
with ice-cold PBS and solubilized in lysis buffer (20
mM Tris, pH7.9, containing 1.0% Triton X-100, 1 mM
Na3VOs, 137 mM NaCl, 1 ug/mL leupeptin, 1 pg/mL
aprotinin, 1 mM sodium orthovanadate, 1 mM EGTA,
10 mM NaF, 1 mM tetrasodium pyrophosphate, 5 mM
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Na,EDTA, 10% glycerol, 1 mM [-glycerophosphate,
0.1 g/mL p-nitrophenyl phosphate, and 0.2 mM phenyl-
methylsulfonyl fluoride). The cells were scraped, and
the supernatants were collected after 10 min of centrif-
ugation at 14,000 X g and 4°C. Protein concentrations
were determined using the detergent-compatible pro-
tein assay kit (Bio-Rad, Hercules, CA, USA). Whole
cell lysate (30 ng) were mixed with an equal volume of
2 x SDS sample buffer, boiled for 5 min then separat-
ed using 10% SDS-PAGE gels. After electrophoresis,
proteins were transferred to nitrocellulose membrane.
The membranes were blocked in 5% non-fat dry milk
for 1 h, rinsed, and incubated with specific antibodies
against Akt, p-Akt, CREB, p-CREB, Bcl-2, and Bax in
Tris-buffered saline (TBS) containing Tween-20 (0.1%)
overnight at 4°C. Primary antibody was removed by
washing the membranes 3 times in TBS-T, and the
membrane was incubated for 1 h with horseradish per-
oxidase-conjugated secondary antibody (1 : 1,000).
Following 3 times of washing in TBS-T, immunopos-
itive bands were visualized by ECL and exposed to
X-ray film (Amersham, Piscataway, NJ).

Assessment of mitochondrial membrane potential (W )

The mitochondrial membrane potential was measured
using the 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-
benzimidazolycarbocyanine (JC-1; Invitrogen, Eu-
gene, OR). After the treatment of chemical, cells in
96 well plates were treated with JC-1 (1 pg/mL) and
stained with cells for 30 min at 37 °C. Then, cells were
washed with PBS in twice. The fluorescence of cell
was measured by using microplate fluorescence reader
(excitation at 488 nm, emission at 595 nm; FLx800;
Bio-Tek Instrument).

Caspase-3 activity assay

The details of caspase-3 activity have been described
previously''. Caspase-3 activity was measured by col-
orimetric caspACE™ assay kit (Promega, Madison,
WI). After the treatment of cells with indicated agent,
cells were harvested and the pellet was resuspended
in lysis buffer. After 15 min of incubation on ice, cell
lysates were centrifuged 15,000 X g for 20 min and su-
pernatants were removed for determination of caspase-3
activity. Proteolytic reactions were performed in total
volume of 100 pL reaction buffer containing 54 pL of
cytosolic extracts and 2 uL. DEVD-PNA. The reaction
mixture was incubated at 37°C for 4 h, and the forma-
tion of p-nitroaniline was measured at 405 nm by an
ELISA reader (Spectra Max250, Molecular Device).

Statistical analysis

Data are represented as means + SD of more than three

separate experiments. The significance of difference
from the respective control for each experimental test
condition was assessed by using Student’s t-test for
each paired experiments. P value <0.05 was regarded
as a significant difference.

Results

Protective effects of low NO preconditioning against
high NO-induced apoptosis in H9¢2 cells

To examine whether high concentration of NO-induced
cell death in H9¢2 cells, we treated with various con-
centration of SNP (0.1-2 mM). In Figure 1A, SNP treat-
ment decreased cell viability concentration dependently,
reaching a maximum death at a concentration of 2
mM (61.7%+3.2% reduction of viability compared to
non-treated cells, LDso=1.19 mM), whereas had no
significant cytotoxic effect up to 0.3 mM (low SNP).
Hence, unless otherwise mentioned, cells were treat-
ed with 1.5 mM SNP (high SNP) to induce cell death.
Next, to examine preconditioning effect of NO, cells
were pretreated with nontoxic concentration of SNP
(0.1 and 0.3 mM) for 4 h, then treated with toxic 1.5
mM SNP for 24 h. Result from Figure 1B shows that
low SNP preconditioning protected cells from high
SNP-induced cell death. In addition, the reversal of high
SNP-induced cell death by low SNP preconditioning
was associated with antiapoptotic effects since NO pre-
conditioning reduced high SNP-induced apoptosis, de-
termined by Annexin-V and Hoechest33258 (Figure 1C
and 1D).

PI3K/Akt- and PKA-dependent pathways
participated in the preconditioning effect of low NO
against high NO-induced apoptosis

It has been well established that Akt pathway is in-
volved in the regulation of cellular survival'*'*. Thus,
we examined whether the Akt activation is required
for NO preconditioning. As shown in Figure 2A, LY29
4002 (5 uM) treatment abolished the effect of low
NO-induced preconditioning against high NO-induced
cell death (Figure 2A). In addition, both phosphory-
lation of Akt and FoxO1 increased in both low and
high SNP, while low NO preconditioning for 4 h prior
to high NO resulted in a further increase of Akt and
FoxO1 phosphorylation (Figure 2B), and this effect
was inhibited by LY294002, implying that Akt/FoxO1
pathway is involved in NO preconditioning.

In order to further explore the mechanism, we ex-
amined whether PKA-dependent pathway is involved
in the low NO preconditioning on high NO-induced
apoptosis. To evaluate the role of PKA in the protec-
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Figure 1. Low NO preconditioning prevents H9¢2 cells from subsequent high SNP-induced apoptosis. Cells were exposed to differ-
ent concentration of SNP for 24 h (A) or pretreated with indicated concentration of SNP (0.1-0.5 mM) for 4 h, then, incubated with
1.5 mM SNP for 24 h (B). Viability was analyzed by using MTT assay and the viability of control cells was set as 100. Cells were
pretreated with 0.3 mM SNP for 4 h, followed by incubation with 1.5 mM SNP for 24 h, then the cells were washed and tested for
apoptosis using FITC-annexin V assay (C), phase contrast (upper, magnification X 100) and Hoechest 33258 staining (D; bottom,
magnification X200). The arrow indicates the location of the fragmented nuclei. Data are the mean=* S.D of four experiments (each
performed in duplicates). P < 0.05 vs. untreated cell. *P<0.05 vs. 1.5 mM SNP-treated cell.

tive effect of NO preconditioning, we employed a spe-
cific PKA inhibitor, H89. As expected, protective ef-
fect of low NO preconditioning was abolished by H89
(5 uM) against high NO-induced apoptosis. To directly
assess the involvement of PKA in NO-induced apopto-
sis, we examined the effect of N°Bz-cAMP, an activa-
tor for PKA. Based on results, N°Bz-cAMP (150 uM)
mimicked the protective effect of NO preconditioning,
while H-89 reversed effects of N°Bz-cAMP. These
results imply that the protection against NO-induced
apoptosis require PKA signaling (Figure 2A). To con-
firm the involvement of PKA pathway, we examined
CREB phosphorylation as an indicator of PKA activa-
tion. As shown in Figure 2C, CREB phosphorylation
was increased by low NO preconditioning alone and
this increase was synergistically phosphorylated in the
presence of high NO treatment. Moreover, phosphory-

lation of CREB was completely inhibited by H89 (Fig-
ure 2C).

Akt phosphorylation by low NO preconditioning
modulates CREB phosphorylation

According to our results, mechanisms of NO precondi-
tioning are dependent on the activation of Akt/FoxOl
and PKA. Therefore, we examined whether Akt phos-
phorylation induced by low NO preconditioning is key
player as an upstream molecule for contributing CREB
activation. To test this hypothesis, cells were pretreat-
ed with LY294002 or H89 in the presence of low and
high SNP. Based on the results, LY294002 blocked the
CREB phosphorylation (Figure 3A), while H89 did
not affect Akt phosphorylation suggesting that low NO
preconditioning-induced Akt phosphorylation down-
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Figure 2. Roles of Akt-FoxO1-PKA signaling induced by low NO preconditioning against high SNP-induced apoptosis. H9¢c2 cells
were preincubated with low SNP (0.3 mM) or N°Bz-cAMP (150 uM) for 4 h in the absence or presence of LY294002 (5 uM) and
HS89 (5 uM), and then high SNP (1.5 mM) was treated for either 24 h (for MTT assay) or 30 min (for Western blot). Cell viability was
determined by MTT assay (A) and p-Akt, Akt, p-FoxO1, FoxO1 (B) and p-CREB and CREB (C) were detected using Western blot.
All phosphorylated forms were quantified by densitometry and normalized by their total forms. Data are represented as mean +
S.D.*P<0.05 vs. untreated cells. *P<0.05 vs. 1.5 mM SNP-treated cells. *P<0.05 vs. 1.5 mM plus 0.3 mM SNP-treated cells.
&P <0.05 vs. 1.5 mM plus N°Bz-cAMP-treated cells. Shown immunoblots are the representative of three independent experiments.

regulates CREB phosphorylation (Figure 3B).

Low NO preconditioning modulates high
NO-induced apoptosis via mitochondrial death
pathway

Our previous results demonstrated that high NO-in-
duced cell death through mitochondrial death pathway
is closely related to mitochondrial membrane potential
(AW.), apoptosis-related Bcl-2 and Bax''. In line with
previous results, we examined the effects of low NO
preconditioning to modulate the mitochondrial poten-

tial and expression of apoptosis related proteins. In
Figure 4A, treatment with high NO decreased the level
of mitochondrial potential (AWy,) and rescued this sup-
pression by low NO preconditioning. This protective
effect of low NO preconditioning was abrogated with
LY?294002.

To more closely access the role of apoptotic regu-
lation in low NO preconditioning, we checked Bcl-2
expression as an anti-apoptotic and Bax expression as
a proapoptotic protein. High NO treatment profoundly
decreased Bcl-2 expression and their expression was
recovered by low NO preconditioning. Furthermore,
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Figure 3. The effect of LY293002 and H89 on low NO preconditioning against high SNP-induced apoptosis. H9c2 cells were pre-
treated with LY294002 (5 uM) or H89 (5 uM) then incubated with SNP (0.3 mM) for 4 h. After incubation, high SNP (1.5 mM) was
treated for 30 min to analyze protein levels. Levels of p-CREB, CREB (A) and p-Akt and Akt (B) were detected using Western
blot. p-Akt and p-CREB expressions were quantified by densitometry and normalized by their total forms. Data are represented as
mean=*S.D. *P<0.05 vs. untreated cells. *P<0.05 vs. 1.5 mM SNP-treated cells. *P<0.05 vs. 1.5 mM plus 0.3 mM SNP-treated
cells. Shown immunoblots are the representative of three independent experiments.

expression of Bax was significantly decreased by low
NO preconditioning (Figure 4B). Likewise, caspase-3
activity was significantly increased by high SNP but
this was suppressed with low SNP preconditioning
(Figure 4C). However, beneficial effect of NO precon-
ditioning disappeared after Akt pathway inhibition by
LY294002. Thus, these results suggest that anti-apop-
totic effect of low NO preconditioning was mediated
by regulation of Bcl-2/Bax protein and caspase-3 ac-
tivity via PI3K/Akt-dependent pathway.

Discussion

Nitric oxide has emerged as a signaling molecule that
mediates cytoprotection during I/R in a number of or-
gan23’25. In the heart, low concentration of NO decrease
infarct size in MI animal models®*?’. This well-estab-
lished phenomenon, called NO preconditioning provides
cardioprotective effects®”'*'2, However, questions re-
garding these signaling pathway of NO preconditioning
remain unclear, and how precisely NO preconditioning
regulates cardiomyocytes protection. In the present

study, preconditioning with low NO ameliorated the
high NO-induced cell death, these protective effect of
NO preconditioning is mediated by PI3K/Akt/PKA
pathway.

Cardiomyocytes apoptosis is dominant in the patho-
genesis of myocardial I/R injury®® and prevention of
apoptotic cell attenuates cardiomyocytes loss and pro-
tects I/R injury. Particularly, NO can induce cardiomy-
ocytes apoptosis in higher concentration while exerts
protective effects against I/R injury in a range of low
concentration'?. Consistent with these prior observa-
tions, our data in this study provide comprehensive
evidence that low levels of NO preconditioning are
necessary for the prevention of H9c2 cardiomyocytes
apoptosis against high levels of NO-induced apoptosis.
Accumulating studies with NO preconditioning have
demonstrated a critical role of NO against I/R injury,
however, the molecular mechanism of NO precondition-
ing remains unresolved.

PI3K/Akt pathway has been implicated as a crucial
effector signaling for cardioprotection against I/R inju-
ry>17?_ Activation of Akt can be both beneficial and
detrimental depending on the intensity and duration of
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Figure 4. Effect of low NO preconditioning on the regulation of AWn, Bcl-2, Bax, and caspase-3 activity. Cells were pretreated
with low SNP for 4 h then incubated with high SNP for 24 h. After the incubation, cells were stained with JC-1 for 30 min and red/
green fluorescence ratio was calculated as described in the Materials and methods section (A), protein extracts were assayed for Bcl-
2 and Bax using western blot analysis (B), and caspase-3 activity was measured by colorimetric assay kit (C). Bcl-2 and Bax expres-
sions were quantified by densitometry and normalized by their control. Data are represented as mean+S.D. *P<0.05 versus un-
treated control, *P <0.05 versus 1.5 mM SNP-treated cells and *P <0.05 versus 0.3 mM SNP and 1.5mM SNP-treated cells. Shown
immunoblots are the representative of three independent experiments.

effects. Diverse effects have been shown between nor-
mal protective responses with two to six-fold increase
in Akt activation vs pathological responses with high
level (15-80 fold) of Akt activation®. Correspondingly,
we observed that Akt activation occurs when there is
a treatment of both low and high levels of NO. Fur-
thermore, three-fold increase in Akt phosphorylation
is seen in low NO preconditioning in the presence of
high NO and this was abolished by LY294002, con-
current with the loss of cell viability induced by NO
preconditioning. FoxOl is an important transcription
factor, which is associated with cell cycle regulation,
oxidative stress and apoptotic gene expression’'. Akt as
an upstream regulator of FoxO1 inhibits FoxO1 activity
by phosphorylating FoxO1 at three conserved phos-
phorylation sites***. According to our study, increased
p-FoxO1 expression was observed during NO precondi-
tioning, and its effect was blocked by LY294002, thus
suggesting an important role of PI3/Akt/FoxO1 path-
way in NO preconditioning-induced cardioprotection.
We and others have previously established that cell

death mechanisms mediated by NO have been attribut-
ed predominantly to the inactivation of mitochondrial
respiratory chain, DNA damage and Bcl-2 downregu-
lation/Bax upregulation®**3, This is consistent with our
current studies, demonstrating that high NO-induced
downregulation of Bcl-2 and upregulation of BAX
were all reversed by low NO preconditioning. Addi-
tionally, antiapoptotic effects mediated by NO precon-
ditioning were blocked by LY294002, downregulating
of Bcl-2 and upregulating of Bax protein, implying
that antiapoptotic effect were associated with Akt sig-
naling.

Despite an important role of Akt in NO precondition-
ing, other effector signaling can also be involved in NO
preconditioning-induced cardioprotection. NO exerts
antiapoptotic effects via cGMP/PKG-mediated interru-
ption of apoptotic signaling pathway>°, while in rod-
ents, a NO-cGMP-PKA signal pathway has been des-
cribed”’*®. Since the involvement of PKA upon NO
preconditioning is not fully elucidated in cardiomyo-
cytes, we proposed possible mechanism whether NO
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preconditioning activates PKA dependent pathway.
Indeed, activation of PKA in the myocardium during
IPC has been reported to limit infarct size of heart®.
Prior work from our group suggest that PDE4 inhibitor
increase cellular cAMP levels, leading to phosphory-
lation of PKA and CREB is essential in the cardiopro-
tection against NO-induced cardiomyocytes apopto-
sis?!. Similar to our previous reports, our observation
confirmed that PKA-CREB signaling appears to me-
diate NO preconditioning-induced cardioprotection.
Additionally, we observed inhibition of Akt pathway
abolished NO preconditioning-induced CREB phos-
phorylation. Thus, it is evident that PK A-mediated car-
dioprotection is Akt-dependent mechanism.

Conclusion

In conclusion, the results presented here describe pre-
conditioning mechanism by which low level of NO
mediates cardioprotective effect during high levels of
NO-induced apoptosis. These data demonstrate NO
preconditioning protects cardiomyocytes from NO-in-
duced apoptosis via activation of PI3K/Akt/PKA sig-
naling pathway. Together, NO preconditioning may be
an attractive potential therapeutic target for cardiac I/R

injury.
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