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Abstract The role of neuronal nitric oxide synthase
(nNOS) in cardiac ischemia—-reperfusion (IR) and ischemia
preconditioning (IP) is still controversial. Here, we focused
on the possible roles of nNOS in cardiac IR and IP. Wild
type C57BL/6 (WT) mice were subjected to coronary
artery occlusion for 30 min followed by 24-h reperfusion
(IR). Cardiac injury (infarct size and apoptotic cell num-
ber) was increased, associated with elevation of oxidative
stress (lipid peroxidation) and nitrative stress (nitrotyrosine
formation). A potent nNOS inhibitor, L-VNIO, and a
superoxide dismutase mimetic and peroxynitrite scavenger,
MnTBAP, significantly reduced IR-induced increases of
oxidative/nitrative stress and cardiac injury. IR-induced
cardiac injury in nNOS™~ (KO) mice was significantly
lower than that in WT mice. MnTBAP markedly reduced
IR-induced cardiac injury by suppression of oxidative/ni-
trative stress in KO mice. Cardiac IP was performed by
three cycles of 5-min IR before 30-min ischemia followed
by 24-h reperfusion. IP attenuated IR-induced cardiac
injury in WT mice associated with reductions of oxidative/
nitrative stress. IP-induced reduction of cardiac injury and
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oxidative/nitrative stress were eliminated by pretreatment
with L-VNIO. In contrast with WT mice, IP had no pro-
tective effects in nNOS KO mice. In conclusion, nNOS
played a dual role during cardiac IR and IP; nNOS exac-
erbated IR-induced injury by increasing oxidative/nitrative
stress and contributed to IP-induced protection by inhibi-
tion of oxidative/nitrative stress.
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Introduction

Reactive oxygen species (ROS) such as superoxide (O,7)
and peroxynitrite (ONOO™) play an important role in the
regulation of myocardial ischemia-reperfusion (IR) injury
[1-5]. Nitric oxide synthase (NOS) and nitric oxide (NO)
are protective in response to IR-induced injury [3-5],
However, there is supportive evidence showing NOS is
activated [6, 7] to increase ONOO™, a product of NO and
0,7, and these ROS are responsible for the detrimental
effects of NO during cardiac IR [8, 9]. Furthermore,
existing evidence suggests that exposure of endothelial
NOS (eNOS) and neuronal NOS (nNOS) to oxidative stress
increases enzymatic uncoupling and generation of O,
[10, 11]. Critical roles of nNOS in regulation of cardiac
functions such as heart rate, calcium cycling, sodium
transport, and energy metabolism have been well docu-
mented [12-14]. Some observations have demonstrated
that there were no significant differences in infarct size
between wild type (WT) and nNOS ™/~ (KO) mice after a
relative short time of ischemia and reperfusion in in-vitro
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and in-vivo hearts [15, 16]. In nNOS KO mice, it is sug-
gested that several important factors, for example amounts
of O, generation, myocardial oxygen consumption
(MVO,), and sympathetic control, determine IR-induced
cardiac injury. First, Khan et al. [17] observed that a large
amount of O, generated in cardiac tissue attenuated sar-
comere shortening and calcium transient in myocytes.
Second, Kinugawa et al. [18] demonstrated that inhibitory
control of MVO, by NO derived from eNOS was attenu-
ated. Finally, Choate et al. [19] demonstrated that positive
chronotropic responses to sympathetic nerve activation and
norepinephrine were reduced, resulting in suppression of
IR-induced injury in nNOS KO mice. All these findings
suggest direct antioxidant effect of nNOS in the reduction
of IR-induced injury.

In contrast with the role of ROS in IR, it is well
established that ROS also trigger the protective effects of
ischemia preconditioning (IP) [1, 3-5]. There have been
increasing observations related to the role of NOS and NO
in cardiac IP, which has been divided into two distinct
phases—a rapid developed phase mediating protective
effects within 2-3 h and a delayed phase that became
apparent 12-24 h later and lasted for approximately 72 h
[20, 21]. In the delayed IP, Bolli et al. convincingly dem-
onstrated that NOS, including two isoforms, inducible NOS
(AiNOS) and eNOS, and NO played pivotal roles both as
triggers and a mediators [22, 23]. Recently, in the final
stage of delayed IP, cardioprotective effects by nNOS in
concert with cyclooxygenase-2 were observed in rabbits
[24]. However, the involvement of nNOS and NO in early
IP is still controversial. Although there are several reports
showing that NO is not necessary for early IP [25-27],
evidence also suggests that NO triggers reduction of a large
amount of NO accumulated during IR [28]. Recently,
Cohen et al. proposed the possibility that the NOS-cyclic
GMP-protein kinase G cascade could contribute to early IP
[29]. Although those observations indicated the possible
involvement of NOS in early IP, there is still no direct
evidence that nNOS is responsible for cardiac early IP.

In this study, first, we focused on the possible role of
nNOS in cardiac IR and investigated the effects of acute
administration of an nNOS inhibitor or an ONOO™ radical
scavenger, and genetic deletion of nNOS, on IR-induced
cardiac injury. Second, we focused on the possible roles of
nNOS in cardiac IP. To do this, we investigated the effects
of acute administration of an nNOS inhibitor and genetic
deletion of nNOS on IP-induced cardiac protection. Our
results indicated that nNOS played a dual role in cardiac
IR and IP; nNOS exacerbated IR-induced injury by
increasing oxidative/nitrative stress and contributed to IP-
induced protection by inhibition of oxidative/nitrative
stress.
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Methods
Animal preparation for cardiac IR and IP

Mice homozygous for targeted disruption of the nNOS gene
were purchased from Jackson Laboratories (Bar Harbor,
Maine, USA) and littermate age-matched C57BL/6 mice
(Clea, Japan) were used as WT in this study. All surgical and
experimental procedures were performed according to the
guidelines for the care and use of animals established by
Kagawa University and conformed to the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996). Mouse cardiac IR and IP models were
followed as previously described, with modification [30].
Briefly, animals were anesthetized with sodium pentobar-
bital (50 mg/kg, i.p.) and artificially ventilated with room air
(type 845, Harvard Apparatus, Kent, UK). Left thoractomy
was performed to expose the heart. Ligation of the left
anterior descending (LAD) coronary artery was performed
2 mm from the apex by means of a 7-0 nylon suture (Nes-
cosuture, Osaka, Japan). Successful LAD coronary artery
occlusion was confirmed under the microscope. Thirty
minutes before the start of IR or IP, nNOS inhibitor
N5-(1-imino-3-butenyl)ornithine (L-VNIO, A.G. Scientific,
San Diego, CA, USA; 60 ng/kg) [31] and superoxide
dismutase mimetic and peroxynitrite scavenger Mn(III)-
tetrakis (4-benzoic acid)porphyrin (MnTBAP, Sigma—
Aldrich, St Louis, USA; 1 mg/kg) [32] were administrated
by intravenous infusion into the carotid vein. IP groups were
obtained by three cycles of 5-min ischemia and 5-min
reperfusion before 30-min ischemia. Sham-operated mice
underwent the same surgery without ligation of the coronary
artery. Mouse heart rate and blood pressure were measured
before the experiment and after 24-h reperfusion by the tail
cuff method under conscious conditions. After measure-
ments of blood pressure, mouse hearts were removed to
evaluate the area at risk and infarct size, and embedded in
optimal tissue compound to measure caspase-3 activity and
NOS isoform protein expression.

Determination of myocardial infarct size

At the end of reperfusion, the ratio of infarct size to risk
area was determined as previously described [30]. In brief,
with the LAD coronary artery occlusion, hearts were per-
fused with fluorescence polymer microspheres solution.
Risk areas were identified under ultraviolet light. The slices
were then incubated with 2% 2,3,5-triphenyltetrazolium
chloride (TTC; Sigma—Aldrich, Salt Lake, USA) solution
at 37°C for 25 min. The infarct areas were demarcated as
white areas, while viable tissue stains brick-red. The risk
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area and infarct size were determined via computerized
planimetry by use of the NIH software Image 1.0. Results
are presented as the percentage of infract size to risk area.

Determination of myocardial apoptosis

Detection of apoptotic cells was carried out using the
terminal deoxynucleotidyl transferase-mediated dUTP
nickend labeling (TUNEL) assay kit. Tissues from the
area at risk were fixed in optimal cutting temperature
compound and 4 pm thick slices were stained using the
in-situ cell death detection kit (Calbiochem, Darmstadt,
Germany) according to the manufacturer’s instructions.
Fluorescence staining was viewed with a confocal
microscope (Bio-Rad, California, USA). Three sections
from each myocardial sample were randomly selected and
ten microscopic fields per section were evaluated by two
independent observers. In each field, nuclei were counted
and the mean percentage of TUNEL-positive nuclei was
calculated. Apoptosis in cardiac tissue was also confirmed
by caspase-3 activity assay (Chemicon International,
USA), which was performed according to the manufac-
turer’s instructions. Results are presented as mean units
per Lg protein.

Determination of cardiac lipid peroxidation

In ischemic left ventricular (LV) tissue, thiobarbital-reac-
tive substances (TBARS) levels were measured as
previously reported [30, 33]. Briefly, LV tissues were
homogenized (5% w/v) in a solution containing 0.15 mol/L
KClI and 0.02 mol/L. Tris HCI (pH 7.4). The homogenate
was mixed with 15% trichloroacetic acid and 0.375%
thiobarbituric acid. Butylated hydroxytoluene (0.01%) was
added to the assay mixture to prevent autoxidation of the
sample, and the mixture was heated at 100°C for 15 min.
After cooling, the mixture was centrifuged at 3500 rpm for
20 min, the absorbance of the organic phase was measured
at 535 nm, and results are expressed as nmol per g wet
tissue.

Immunoblotting for nitrotyrosine

Tissue protein concentrations were determined by protein
assay kit (Bio-Rad, California, USA). Equal amounts of
protein (50 pg) from tissue homogenates were separated on
SDS-PAGE gels, transferred to nitrocellulose membranes,
which were incubated overnight with primary antibodies
against nitrotyrosine (Alpha Diagnostic International, San
Antonio, USA). Membranes were then incubated with
HRP-conjugated secondary antibody (Cell Signaling
Technology, USA) for 1 h and visualized with an enhanced

chemiluminescence system (ECL kit, AmerSham Phar-
macia, GE Healthcare, UK). Membranes then were re-
probed with an antibody against B-actin (Sigma Chemical,
St Louis, MO, USA) as an indicator for equal loading of
samples. Western blotting data were quantified by densi-
tometric analysis (NIH Image software). Density of blot
was analyzed with NIH image software as previous
reported [30]. Density of nitrotyrosine blot was analyzed in
the whole lane in each sample. Results are expressed as
relative differences after normalization to B-actin.

Statistical analysis

Results are presented as mean += SEM. Data were analyzed
by ANOVA with SPSS software followed by the post-hoc
test for differences between the experimental groups. A
value of P < 0.05 was considered to be statistically
significant.

Results
Blood pressure and heart rate after cardiac IR and IP

Among all the groups in WT mice there were no signif-
icant differences in body weight and heart weight. Age-
matched nNOS KO mice showed smaller body weight
and heart weight compared with WT mice (P < 0.05).
Under conscious conditions, the systolic and diastolic
blood pressure (SBP, DBP), and heart rate did not differ
among all the groups before and after IR or IP. Pre-
treatment with L-VNIO or MnTBAP also did not affect
SBP, DBP, and heart rate 24 h after IR or IP between
each group. (Table 1).

Effects of L-VNIO and MnTBAP on IR-induced
cardiac infarct size (Fig. 1)

In WT mice, the mean percentage of infarct size to risk
area in the IR group was 55.13 £ 2.54 (P < 0.05 com-
pared with the wild Sham group). L-VNIO significantly
reduced the percentage to 30.68 &+ 2.03 (P < 0.05 com-
pared with the WT IR group). MnTBAP further reduced it
to 16.92 £ 1.30 (P < 0.05 compared with the WT IR +
L-VNIO group and the WT IR group).

In KO mice, the mean percentage of infarct size to risk
area in the IR group was 35.02 + 2.00 (P < 0.05 com-
pared with the KO Sham group), but it was significantly
lower than that in the WT IR group (35.02 & 2.00 vs.
55.13 £ 2.54, P < 0.05). Pretreatment with MnTBAP
further decreased it to 20.07 & 1.05 (P < 0.05 compared
with the KO IR group).
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Table 1 Mouse body weight, heart weight, and hemodynamic data

Groups Body weight (g) Heart weight (mg) Heart Rate (beats/min) SBP (mmHg) DBP (mmHg) n
Pre Post Pre Post Pre Post

WT Sham 30.5 + 0.7 155.4 + 3.8 579 £ 53 539+ 35 113 £5 110+ 11 74+7 70+5 10
WT IR 314+ 09 1573 £ 6.8 613 £37 559 + 63 108 £ 7 109 £ 8 77+£6 785 14
WT IR + L-VNIO 28.9 + 0.8 148.7 £ 7.5 578 £45 614 + 56 114 £7 108 £ 8 70+£7 7810 13
WT IR + MnTBAP 30.2 + 0.7 154.8 £ 8.3 543 £ 63 573 + 47 102 £7 104 £ 8 8+7 T5+4 12
KO Sham 28.3 £ 0.9* 133.6 £+ 7.3* 567 £ 38 587 + 46 16 £12 107+10 769 715 10
KO IR 27.7 £ 0.8* 129.6 £+ 7.6* 578 £ 54 534 + 71 118 £ 7 105 +£9 78+9 73+9 10
KO IR + MnTBAP  28.2 + 0.5* 1324 £ 6.3* 591 £43 553 £ 35 109 + 4 106 10 75+5 70+3 10
WT IP 29.8 £ 0.6 150.5 + 4.7 584 £ 56 593 £+ 37 109 + 8 100 + 7 68+9 71+7 10
WT IP + L-VNIO 31.6 + 1.1 1499 £+ 6.5 561 +£48 578 + 53 107 £ 6 115+ 9 74+6 76+3 11
KO IP 27.1 £ 0.5% 133.5 £ 6.4* 538 £ 36 526 + 54 113+ 6 107 £ 7 78+8 72+9 10

Data are mean £+ SEM. Measurements of heart rate, blood systolic blood pressure (SBP) and diastolic blood pressure (DBP) were performed
under conscious conditions before (Pre) IR (ischemic reperfusion) or IP (ischemic preconditioning) and 24 h after (Post) recovery

WT wild type mice, KO nNOS knock out mice
* P < 0.05 compared with WT Sham group

100 -
90 +
80 -

S
8
e
58
86 70 4 %
35 60
TS ot
82 50 1 % Ogq
g8 40 1 ! &
) [ ]
§ 804 L 1 @ §
@ O%
= 20 ° °
10 1
0 e o)
Sha IR IR+L-VNIO IR+MnTBAP Sha IR IR+MnTBAP
m wT m Ko

Fig. 1 Effects of L-VNIO and MnTBAP on IR-induced cardiac
infarct size. Cardiac infarct size was measured as described in
“Methods”. Results are expressed as mean percentage of infarct size
to risk area. WT denotes wild type and KO denotes nNOS™~. Open
circles denote individual mice whereas solid circles denote mean +
SEM. *P < 0.05 compared with the WT Sham group, P < 0.05
compared with the WT IR group, P < 0.05 compared with the WT
IR + LVNIO group, §P < 0.05 compared with the KO IR group

Effects of L-VNIO and MnTBAP on IR-induced
cardiac apoptosis (Fig. 2)

Cardiac apoptosis was evaluated by TUNEL staining and
caspase-3 activity. Representative TUNEL-positive stain-
ing for each group is shown in Fig. 2a. Green spots indicate
positive apoptotic nuclei whereas blue indicates all nuclei.

In WT mice, mean percentage of TUNEL-positive cells
and caspase-3 activity significantly increased in the WT IR
group compared with the WT Sham group (14.51 £ 0.81 vs.
1.50 £ 0.50 and 311.49 =+ 23.26 vs. 168.40 £ 18.60 units
per pg protein, P < 0.05). Pretreatment with L-VNIO
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markedly reduced the mean percentage of TUNEL-positive
cells to 5.30 £ 0.80 and mean caspase-3 activity to
178.89 =+ 34.57 units per pg protein (P < 0.05 compared
with the WT IR group). MnTBAP further reduced the mean
percentage of TUNEL-positive cells to 3.61 + 0.70 and
mean caspase-3 activity to 154.34 + 13.67 units per g
protein (P < 0.05 compared with the WT IR + L-VNIO
group and the WT IR group).

In KO mice, the KO Sham group did not show any
difference in the percentage of TUNEL-positive cells and
caspase-3 activity compared with the WT Sham group
(2.00 £ 0.50 and 178.82 £ 35.61 vs. 1.50 £ 0.50 and
168.40 £ 18.60 units per pg protein). Although IR sig-
nificantly increased the TUNEL-positive cells and caspase-
3 activity to 9.41 &£ 0.91 and 255.83 + 24.57 units per pg
protein, respectively, both increases were significantly
smaller than those in the WT IR group (P < 0.05). MnT-
BAP treatment significantly reduced mean percentage of
TUNEL-positive cells and caspase-3 activity compared
with those in the KO IR group (3.73 £ 0.53 vs.
9.41 + 0.91, 157.83 £ 32.72 vs. 255.83 £ 24.57 units per
pg protein, P < 0.05).

Effects of L-VNIO and MnTBAP on IR-induced
TBARS and nitrotyrosine levels (Fig. 3)

In WT mice, IR markedly increased cardiac TBARS levels
(nmol MDA per mg weight) compared with the WT Sham
group (27.6 £ 3.89 vs. 11.34 + 1.56, P < 0.05). Pretreat-
ment with L-VNIO significantly reduced TBARS levels to
18.60 + 3.67 (P < 0.05 compared with the WT IR group).
MnTBAP further reduced TBARS levels to 12.40 + 2.78
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Fig. 2 Effects of L-VNIO and MnTBAP on IR-induced cardiac
apoptosis. a Representative TUNEL-positive staining for each group,
as described in “Methods”. Green spots indicate positive apoptosis
nuclei and blue indicates individual nuclei. b Percentage of positive
apoptosis nuclei and total nuclei expressed as mean £+ SEM.
¢ Caspase-3 activities were measured as described in “Methods”,

(P < 0.05 compared with the WT IR + LVNIO group and
the WT IR group). A similar pattern to TBARS levels was
observed in nitrotyrosine levels. IR increased nitrotyrosine
levels to 6.45 £ 0.54-fold that in the WT Sham group
(P < 0.05). This increase was markedly inhibited by
L-VNIO and MnTBAP to 1.34 & 0.25 and 1.45 £ 0.34-
fold that in the WT Sham group, respectively (P < 0.05
compared with the WT IR group).

In KO mice, the KO Sham group showed higher TBARS
levels than those in the WT Sham group (21.56 + 3.67 vs.
11.34 &+ 1.56, P < 0.05). Although IR tended to increase
TBARS levels to 24.78 4+ 4.36, it was not significant
compared with the KO Sham group. Pretreatment with
MnTBAP significantly reduced TBARS levels to
15.78 £ 2.89 (P < 0.05 compared with the KO IR group).
The KO Sham group showed higher nitrotyrosine levels
than in the WT Sham group (6.78 £ 1.08-fold that in the
wild Sham group). IR did not further increase nitrotyrosine
levels compared with the KO Sham group (6.05 + 0.65-
fold that in the WT Sham group), but MnTBAP signifi-
cantly reduced nitrotyrosine levels to 1.67 £ 0.57-fold that
in the WT Sham group (P < 0.05 compared with the KO
IR group).

and are expressed as mean £ SEM. White bars represent WT mice
groups; black bars represent KO groups. *P < 0.05 compared with
the wild Sham group, 4P < 0.05 compared with the WT IR group,
tP < 0.05 compared with the WT IR + LVNIO group, §P < 0.05
compared with the KO IR group

Effects of pharmacologic inhibition of nNOS
by L-VNIO and genetic deletion of nNOS on
IP-induced reduction of cardiac infarct size (Fig. 4)

In WT mice, IP treatment reduced the mean percentage of
infarct size to risk area compared with the IR group
(16.76 &= 1.23 vs. 55.13 4+ 2.54, P < 0.05). Pretreatment
with L-VNIO markedly increased the mean percentage
value to 39.86 + 3.34 (P < 0.05 compared with the WT IP
group).

In KO mice, IP treatment did not reduce mean per-
centage of infarct size to risk area compared with the KO
IR group (46.66 + 2.37 vs. 35.02 £ 2.00).

Effects of pharmacologic inhibition of nNOS
by L-VNIO and genetic deletion of nNOS
on IP-induced reduction of cardiac apoptosis (Fig. 5)

In WT mice, IP reduced the mean percentage of TUNEL-
positive cells and caspase-3 activity (4.50 £ 0.80,
165.70 £ 25.70 units per pg protein, P < 0.05 compared
with the WT IR group); but L-VNIO treatment reversed
IP-induced reduction of mean percentage of TUNEL-positive
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Fig. 3 Effects of L-VNIO and MnTBAP on IR-induced TBARS and
nitrotyrosine levels. a Cardiac tissue TBARS levels were measured as
described in “Methods” and results are expressed as mean & SEM.
Cardiac nitrotyrosine levels were determined as described in “Meth-
ods”. b The upper band is B-actin; lower bands for nitrotyrosine from
each group were shown as described in “Methods”. ¢ Results were
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Fig. 4 Effects of pharmacologic inhibition of nNOS by L-VNIO and
genetic deletion of nNOS on IP-induced reduction of cardiac infarct
size. Cardiac infarct size was measured as described in “Methods”.
Data are expressed as mean percentage of infarct size to risk area.
Open circles represent individual mice whereas solid circles represent
mean £ SEM. 9P < 0.05 compared with the WT IR group,
P < 0.05 compared with the WT IP group
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normalized to multiples of the result for the WT Sham group, and are
expressed as mean = SEM. White bars represent WT mice groups;
black bars represent KO groups. *P < 0.05 compared with the WT
Sham group, 4P < 0.05 compared with the WT IR group, TP < 0.05
compared with the WT IR + LVNIO group, §P < 0.05 compared
with the KO IR group

cells and caspase-3 activity to 15.40 £ 1.21 and 321.54 +
35.86 units per pg protein, respectively. (P < 0.05 com-
pared with the WT IP group).

In KO mice, IP did not show any reduction of per-
centage of TUNEL-positive cells and caspase-3 activity
(16.43 £ 0.73 and 342.65 £ 31.7 units per pg protein,
respectively).

Effects of pharmacologic inhibition of nNOS
by L-VNIO and genetic deletion of nNOS
on IP-induced reduction of TBARS

and nitrotyrosine levels (Fig. 6)

In WT mice, cardiac IP significantly reduced TBARS and
nitrotyrosine levels to 13.75 £ 4.35 and 1.37 £ 0.54-fold
that in the WT Sham group (P< 0.05 compared with the
WT IR group). Pretreatment with L-VNIO reversed the
reduction of TBARS and nitrotyrosine levels to
2475 + 4.35 and 7.54 £ 1.04-fold that in the WT Sham
group (P < 0.05 compared with the WT IP group).
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Fig. 5 Effects of pharmacologic inhibition of nNOS by L-VNIO and
genetic deletion of nNOS on IP-induced reduction of cardiac
apoptosis. a Representative TUNEL-positive staining for each group
as described in “Methods”. Green spots indicate positive apoptosis
nuclei whereas blue indicates individual nuclei. b Percentage of

In KO mice, IP treatment did not reduce TBARS and
nitrotyrosine levels (27.89 £ 5.78 and 8.75 % 2.19-fold
that in the WT Sham group).

Discussion

In this study we have made several important observations
in cardiac IR and IP by pharmacologically inhibiting nNOS
and genetically deleting nNOS. First, the IR-induced
increase of cardiac injury was attenuated by the ROS
scavenger and by pharmacological nNOS inhibition. Sec-
ond, the IP-induced attenuation of cardiac injury was
reversed by pharmacological nNOS inhibition and genetic
nNOS deletion. These results indicate that nNOS is
involved both in IR-induced injury and in IP-induced
protection, mediated through oxidative/nitrative stress-
related mechanisms.

It is well recognized that ROS formation is greatly
increased in cardiac IR and serves as a critical central
mechanism of IR injury. At low levels NO, a relatively
stable ROS, exerts a number of regulatory and cytoprotec-
tive actions; at higher levels NO is potentially toxic because

KO
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=-
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positive apoptosis nuclei and total nuclei expressed as mean + SEM.
¢ Caspase-3 activities were measured as described in “Methods”, and
are expressed as mean £ SEM. White bars represent WT mice
groups; black bars represent KO groups. P < 0.05 compared with
the WT IR group, TP < 0.05 compared with the WT IP group

of its oxidative reaction products, for example ONOO™,
which has been demonstrated to contribute to cardiac IR
injury [4, 5]. Our current results clearly demonstrated that a
marker of ONOO™ production, nitrotyrosine, was increased
after cardiac IR (Fig. 3), accompanied by cardiac injury;
this is consistent with previous studies [8, 9]. MnTBAP,
a potent ONOO™ scavenger, markedly reduced cardiac
injury, strongly supporting the suggestion that the increase
of nitrative stress is involved in cardiac injury during
IR.

Recently, Liang et al. [34] revealed that iNOS expres-
sion was increased 3 h after IR, and was responsible for
increases of nitrative stress and enhanced IR injury,
whereas eNOS reduced nitrative stress and reduced apop-
tosis. Here, we observed that ONOO™ scavenger treatment
further reduced cardiac nitrative stress and injury. This
suggested that iNOS-dependent NO might be involved in
the increase of nitrative stress and cardiac injury. It should
also be noted that NO generated by reduction of nitrite may
also be responsible for the increase of cardiac nitrative
stress and injury [35]; this needs further investigation.

In addition to our current observations, the following
mechanisms might be involved in the low injury in nNOS
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Fig. 6 Effects of pharmacologic inhibition of nNOS by L-VNIO and
genetic deletion of nNOS on IP-induced reduction of TBARS and
nitrotyrosine levels. a Cardiac tissue TBARS levels were measured as
described in “Methods” and results are expressed as mean + SEM.
Cardiac nitrotyrosine levels were determined as described in “Meth-
ods”. b The upper band is B-actin; lower bands for nitrotyrosine were

KO mice in response to cardiac IR: impairments of cardiac
contractility, calcium transients, and LV ejection fraction
[14], reduction of positive chronotropic responses to sym-
pathetic stimulation [13], and NO-dependent inhibitory
control of MVQO, [18]. Nevertheless, there have been
reports of no protective effects in response to myocardial
IR both in in-vitro [16] and in in-vivo hearts [15] in nNOS
KO models. The discrepancy among previous studies and
ours in the role of nNOS in cardiac injury of nNOS KO
mice may be attributable to the differences in models and
durations of ischemia and reperfusion.

The role of NOS in delayed IP has been fully docu-
mented by Bolli et al. [20, 22, 23]. Although there is much
evidence in support of the idea that NO is necessary to
trigger early IP [28, 36], the precise mechanisms by which
NOS provides cardioprotection in the early phase have not
been clearly established.

It has been shown that early IP is able to preserve
eNOS protein expression and function in the IR
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shown for each group as described in “Methods”. ¢ Results were
normalized to multiples of the result for the WT Sham group, and are
expressed as mean == SEM. White bars represent WT mice groups;
black bars represent KO groups. qP < 0.05 compared with the WT
IR group, TP < 0.05 compared with the WT IP group

myocardium, and the resulting acceleration of complete
recovery of endothelial function and stimulation of the
basal production of NO could result in cardioprotection
[37]. Bell et al. [38] reported that eNOS was not essential
for robust early IP (more than four cycles), but eNOS
might contribute to early IP by lowering the IP threshold.
It was also demonstrated that eNOS did not modulate
infarct size in the non-preconditioned state and was not
necessary for the cardioprotective effects of early IP in
mice [27].

Furthermore, iNOS [39] and nNOS [40] have been
demonstrated to play an essential role by promoting
ischemic tolerance after IP in a middle cerebral artery
occlusion model. Our data clearly revealed that pretreat-
ment with nNOS inhibitor reversed the protective effects in
early IP, suggesting the involvement of nNOS in early IP.
Although in this study we did not obtain direct evidence of
nNOS activation in early IP, possible mechanisms were
proposed by Csonka et al. [28]; NO-triggered early IP in
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turn attenuated NO accumulation by down-regulation of
nNOS and iNOS expression.

Increases of cardiac oxidative/nitrative stress and
myocardial injury after IP in nNOS KO mice were larger
than after IP in WT mice, also supporting the possibility
that nNOS participated in early IP-induced cardiac pro-
tective effects. We speculate that three mechanisms may
be involved. First, neuronal NOS is distributed to mito-
chondria (mitochondrial NOS; mtNOS) [41, 42] and the
cardiac sarcoplasmic reticulum (nNOS) [43], and thus
compartmentalized release of NO is believed to play a key
role in regulating intracellular and mitochondrial calcium
kinetics and, in turn, myocardial contractility. Therefore,
deletion of nNOS not only affected the regulation of ROS
generation, but also may affect IP-induced lowering of
mitochondria calcium overload [44]. Second, the activa-
tion of iNOS might also play a role in increased cardiac
injury in IP of nNOS KO mice, because iNOS was dem-
onstrated to be involved in IR-induced injury. Finally, IP
cycles may affect the results presented here, because dif-
ferent IP cycles provided different experimental results
[29, 38].

A limitation of this study should be noted. Direct mea-
surements of NOS activities after IR and IP at different time
points might supply more convincing evidence. Without
this measurement, because of complex roles of nNOS in
regulation of cardiac biological function in different phe-
notypes, for example nNOS KO and WT mice, it might be
difficult to evaluate the role of nNOS by simply comparing
the response to IR and IP between these phenotypes.

Our current results suggest that nNOS is involved in IR-
induced cardiac injury by increasing oxidative/nitrative
stress. nNOS also participated in IP-induced cardiac pro-
tection, which might be mediated through the mechanisms
of inhibition of oxidative/nitrative stress. In conclusion,
nNOS played opposite roles in cardiac IR-induced injury
and IP-induced protection in mice.
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