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doi:10.1152/ajpheart.00384.2010.—Ischemic preconditioning (IPC)
is a powerful phenomenon that provides potent cardioprotection in
mammalian hearts; however, the role of endothelial nitric oxide (NO)
synthase (eNOS)-mediated NO in this process remains highly contro-
versial. Questions also remain regarding this pathway as a function of
sex and ischemic duration. Therefore, we performed extensive exper-
iments in wild-type (WT) and eNOS knockout (eNOS™/7) mice to
evaluate whether the infarct-limiting effect of IPC depends on eNOS,
ischemic periods, and sex. Classical IPC was induced by three cycles
of 5 min of regional coronary ischemia separated by 5 min of
reperfusion and was followed by 30 or 60 min of sustained ischemia
and 24 h of reperfusion. The control ischemia-reperfusion protocol
had 30 or 60 min of ischemia followed by 24 h of reperfusion.
Protection was evaluated by measuring the myocardial infarct size as
a percentage of the area at risk. The major findings were that
regardless of sex, WT mice exhibited robust IPC with significantly
smaller myocardial infarction, whereas eNOS /™ mice did not. IPC-
induced cardiac protection was absent in eNOS™/~ mice of both
Jackson and Harvard origin. In general, female WT mice had smaller
infarctions compared with male WT mice. Although prolonged isch-
emia caused significantly larger infarctions in WT mice of both sexes,
they were consistently protected by IPC. Importantly, prolonged
myocardial ischemia was associated with increased mortality in
eNOS /™ mice, and the survival rate was higher in female eNOS ™/~
mice compared with male eNOS ™/~ mice. In conclusion, IPC protects
WT mice against in vivo myocardial ischemia-reperfusion injury
regardless of sex and ischemic duration, but the deletion of eNOS
abolishes the cardioprotective effect of classical IPC.

endothelial nitric oxide synthase; cardioprotection; ischemic periods;
gender; mortality

NITRIC OXIDE (NO) is a highly versatile signaling molecule with
a wide variety of functions in the cardiovascular system in-
cluding the regulation of systemic blood pressure, blood flow,
regional vascular tone, and cardiac function (31, 32). It is now
well recognized that in biological tissues, NO is generated by
specific NO synthases (NOSs) that metabolize arginine to
citrulline with the formation of NO (14, 32). There are three
known isoforms of NOS; among them, neuronal NOS (nNOS
or NOS1) and endothelial NOS (eNOS or NOS3) are Ca>*
dependent and constitutively present in the heart (32, 33),
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whereas inducible NOS (iNOS or NOS2) is Ca>* independent
and can be induced by cytokines or other stimuli (41).

Each of these NOSs has been disrupted by targeted gene
deletion in mice to investigate the contribution of each NOS in
a variety of experimental models (31, 33). While these murine
genetic models continue to be invaluable tools to provide new
insights into the pathophysiological role of NOSs and NO,
discrepancies have emerged from previous studies (3, 4, 13, 16,
20, 21, 24, 42, 44, 45, 58-61) regarding the role of eNOS in
myocardial ischemia-reperfusion (I/R) injury and ischemic
preconditioning (IPC) using eNOS knockout (eNOS ~/~) mice.
Four groups (15, 18, 22, 43) have independently generated
mice with targeted deletion of eNOS using different targeting
strategies, and all of these mice are hypertensive. eNOS ™/~
mice from three different sources have been used for myocar-
dial I/R studies; however, there is considerable controversy
regarding the role of the eNOS-NO pathway in cardioprotec-
tion. Although the precise causes of differences in previous
studies are unclear, the inconsistent data in eNOS ~/~ mice may
be ascribed, at least in part, to differences in the animals used
and the precise experimental conditions. Differences in sex,
background strain, and age could profoundly influence the
results obtained. During I/R, eNOS~/~ mice exhibited either
improved or decreased functional recovery as well as a variable
effect on myocardial infarct size. Of note, overexpression of
eNOS has been reported to attenuate myocardial reperfusion
injury (25).

IPC is a powerful phenomenon that provides effective car-
dioprotection in mammalian hearts (34). It is now well estab-
lished that preconditioning results in two distinct phases of
cardioprotection against lethal ischemic injury. The first,
known as early IPC (classical preconditioning) (9), has an
immediate onset but is of limited duration (2-3 h). The second
phase, known as delayed preconditioning [second window of
protection (SWOP)], occurs 12-24 h after the preconditioning
stimulus and persists for 2-3 days (9). Although the eNOS-NO
pathway has been shown to be involved in delayed precondi-
tioning (9, 57), its role in early preconditioning remains con-
troversial and poorly understood. In an early study (3) of
eNOS /™ mice with the SV129/B6 strain (3), it was reported
that the benefit from early preconditioning in isolated hearts is
absent with two or three 5-min episodes of preconditioning
stimuli but not when the stimulus is increased (four 5-min
episodes of preconditioning stimuli). However, recently, using
an in vivo model of I/R and IPC in mice with the C57BL/6
strain (20), it has been reported that eNOS is not necessary for
early preconditioning by either one or six 4-min episodes of
preconditioning stimuli. Interestingly, while eNOS-overex-
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pressing mouse hearts were more tolerant to I/R injury with
significantly smaller myocardial infarction (MI), these hearts
did not show any early preconditioning effect (11). It is
possible that the difference between the early (3) and recent
(20) studies may be due to the use of different models (in vitro
vs. in vivo) or protocols (number and duration of precondition-
ing stimuli) or mouse strains (C57BL/6 vs. SV129/B6). In view
of this controversy, further investigation is needed to charac-
terize whether the myocardial constitutive eNOS-NO pathway
plays a significant role in early preconditioning.

Therefore, we systematically addressed this issue by taking
a four-pronged approach in a well-established murine model of
MI. We addressed the following critical questions: /) Is the
constitutive expression of eNOS necessary for early ischemic
preconditioning? 2) Does prolonged ischemic duration modu-
late early IPC? 3) Do sex differences play a role in early IPC?
and 4) Does an eNOS gene mutation strategy affect IPC?

MATERIALS AND METHODS

This study was reviewed and approved by the Institutional Labo-
ratory Animal Care and Use Committee of The Ohio State University,
was carried out according to the approved guidelines, and conformed
with the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals (NIH Pub. No. 85-23, Revised 1996).

Animals

We used eNOS ™/~ mice with deletion of either the calmodulin-
binding domain (43) (stock no. 002684, Jackson Laboratory) or
deletion of the reduced NADP ribose- and adenine-binding sites (22)
(Harvard eNOS ™/~ mice). Details regarding the generation and char-
acterization of Harvard eNOS™/~ mice have been previously de-
scribed (22, 47). Briefly, eNOS ™/~ mice were derived from a cross
between SV129J and C57BL/6 mice and were backcrossed to
C57BL/6 mice over 10 generations. Thus, C57BL/6 mice were used
as wild-type (WT) controls. For Jackson eNOS™~/~ mice, C57BL/6
mice (stock no. 00066) were used as WT controls. Mice were housed
in an air-conditioned room with 12:12-h light-dark cycle, received
standard mouse chow, and drank tap water. Experiments were per-
formed using 10- to 14-wk-old male and female mice.

Experimental Protocol

I/R. In vivo myocardial I/R protocol was performed as previously
described with slight modifications (48). Briefly, mice were anesthe-
tized with a mixture of intraperitoneal ketamine (55 mg/kg) and
xylazine (15 mg/kg). After adequate anesthesia and aseptic prepara-
tions, the mice were intubated and ventilated with room air by
MiniVent (type 845, Harvard Apparatus). The respiratory rate was
maintained at 100 breaths/min with a tidal volume of 0.25 ml for a
25-g mouse. The rectal temperature of the mouse was maintained at
37°C by a thermo heating pad. After the chest had been opened and
the heart visualized, the left anterior descending coronary artery
(LAD) was ligated 2 mm below the tip of the left auricle by a 7-0 silk
ligature. A small piece of polyethylene-10 tubing was used to secure
the ligature without damaging the artery. Coronary occlusion was
confirmed by the dramatic change in color (red to pallor), restricted
ventricular motion, and ECG ST segment changes. After 30 or 60 min
of LAD coronary artery occlusion, the knot was released to start
coronary artery reperfusion, and reperfusion was confirmed by the
return of the pink-red color in the previously ischemic area of the left
ventricle (LV). The chest was closed in layers with topical penicillin
G procaine under the skin. Buprenorphine (0.1 mg/kg) was given
subcutaneously to reduce postoperative acute pain. When mice re-
sumed a normal breathing pattern and started walking, the ventilator
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was taken off, and mice were kept in clean cages with free access to
food and water.

IPC. This procedure was exactly the same as the in vivo myocardial
I/R protocol except that there were three cycles of 5-min ischemia and
5-min reperfusion before the 30- or 60-min periods of ischemia.

Myocardial Infarct Size Measurements

MI was measured after 24-h reperfusion as previously described
with slight modifications (48). Mice were anesthetized, intubated, and
ventilated, and the chest was opened along the previous incision line.
Hearts were rapidly excised, flushed with heparinized PBS via the
aorta, and then infused/stained with 1% 2,3,5-triphenyltetrazolium
chloride (Sigma) for 5 min for the demarcation of the viable and
nonviable myocardium within the area at risk (AAR). With coronary
reocclusion at the previous site, hearts were infused with 10% phthalo
blue to visualize the nonrisk (nonischemic) region. Hearts were
frozen, serially sectioned (1 mm thick) using a heart slicer, and fixed
in 10% formalin. Both sides of each myocardial slice were photo-
graphed, and the area of infarction, AAR, and nonrisk area were
determined by computerized planimetry with image-analysis software
(Meta Vue, version 6.0). AAR was calculated as a percentage of the
total LV area. Infarct size was calculated as a percentage of the LV
AAR.

Data Analysis

All results are expressed as means *= SE. Data were analyzed either
by a two-tailed Student’s r-test for paired data from the same exper-
iment and unpaired data from different experiments or by ANOVA
followed by Fisher’s post hoc test. Kaplan-Meier survival analysis for
the in vivo myocardial I/R and IPC protocols in eNOS ™/~ mice was
performed using GraphPad Prism4 (San Diego, CA) and a log-rank
test. Values of P < 0.05 were considered to be statistically significant.

RESULTS

Is the Constitutive Expression of eNOS Necessary for Early
Preconditioning?

To answer this question, we compared the extent of MI after
standard I/R and classical IPC protocols in young male WT and
eNOS ™/~ mice from Jackson Laboratories. There were no
differences among the male WT and eNOS™/~ mice with
respect to body weight (Table 1). Compared with WT mice,
infarct size was slightly and significantly larger in eNOS ™/~
mice after I/R (Fig. 1). Importantly, despite comparable AARs
in both groups, IPC significantly reduced myocardial infarct
size in WT mice but not in eNOS ™/~ mice (Fig. 1). These
findings demonstrate that constitutively expressed eNOS is
required to protect against I/R injury and thus for cardiopro-
tection.

Does the Duration of the Lethal Ischemic Period Modulate
Early Preconditioning?

In vivo 30-min LAD ligation is a well-documented, accept-
able, and commonly used lethal ischemic insult for myocardial
I/R and IPC protocols (20, 42, 59). To investigate whether a
more prolonged ischemic period differentially affects the ben-
efit of early preconditioning, we compared myocardial infarct
size in male mice after 60-min LAD ligation and 24-h reper-
fusion. There were no differences in the LV AAR between 30-
and 60-min LAD ligation protocols (Table 1). Interestingly,
while the myocardial infarct size was increased with 60-min
LAD ligation and 24-h reperfusion (Table 1), IPC remained
effective in reducing myocardial infarct size in WT mice (Fig.
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Table 1. Experimental conditions, area at risk, and infarct
area after I/R and IPC

Body Area at Infarct No. of
Protocols Weight, g Risk, % Area, % Animals
Male WT mice
30-min Ischemia
I/R 25+ 0.6 60 =2 42 =1 10
IPC 253 +0.5 59+2 14 =12 8
60-min Ischemia
/R 255+ 0.6 58 +2 55 = 3d 10
1PC 26 0.9 55*+3 18 =27 9
Male eNOS™~ mice
30-min Ischemia
I/R 25+ 0.6 64 =2 49 +2b 8
IPC 25+ 1.1 62 +2 47+ 3 7
60-min Ischemia
/R 28+ 1 ND ND 10
IPC 26+ 1 ND ND 11
Female WT mice
30-min Ischemia
/R 20 0.6 57*+3 32+ 28 7
IPC 20 = 0.8 56 =3 17 = 2# 7
60-min Ischemia
I/R 18 0.6 62+ 1 42 & 24f 9
IPC 19 £ 0.6 61 =2 20 =27 10
Female eNOS™~ mice
30-min Ischemia
/R 19 = 0.6 60 = 3 48 + 3¢ 7
IPC 185+ 0.7 63 *+2 45+2 7
60-min Ischemia
I/R 19+ 0.5 63 *+2 58 + 2¢¢ 7
IPC 19 =0.2 61 =4 54 +4 7

Data are presented as means = SE. WT, wild type; eNOS ~/~, endothelial
nitric oxide synthase knockout; I/R, ischemia-reperfusion protocol; IPC, isch-
emia preconditioning protocol; ND, not determined because hearts failed and
could not be used for this end point. *P < 0.001 vs. respective I/R; °P < 0.01
and °P < 0.001 vs. respective WT mice with I/R; 4P < 0.01 vs. respective WT
mice with 30-min I/R; ¢P < 0.05 vs. female eNOS ~/~ mice with 30-min I/R;
fp <0.01 vs. male WT mice with 30-min I/R; 2P <0.001 vs. male WT mice
with 60-min I/R.

1). Of note, 60-min LAD ligation and subsequent reperfusion
were lethal in eNOS '~ mice compared with WT mice. In WT
groups, there were no deaths with the I/R protocol; however,
one mouse with IPC died at 1 h of reperfusion (Fig. 2). In
eNOS ™/~ groups (Fig. 2), all but one mouse of the I/R group
died within 15 min to 3 h of reperfusion, eight mice with IPC
died within 15 min to 3 h of reperfusion, and one mouse died
at 60 min of ischemia. The mortality rate was significantly
different between WT and eNOS ™/~ mice (P < 0.001). Thus,
it is evident that a potent infarct-limiting effect of early IPC is
consistently present in WT mice irrespective of the duration of
the ischemic period; however, the IPC effect is lost in
eNOS~/~ mice and is associated with increased mortality after
prolonged ischemia.

Does a Sex Difference Play a Role in Early
Preconditioning ?

To evaluate whether a sex difference plays a role in early
preconditioning, we repeated both 30- and 60-min LAD liga-
tion protocols in female WT and eNOS ™/~ mice. Female mice
were relatively smaller in body weight compared with age-
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matched male mice (Table 1); however, body weights among
female WT and eNOS ™/~ mice were similar. There were no
significant differences in the LV AAR between WT and
eNOS ™/~ mice (Table 1). Interestingly, compared with male
WT mice, myocardial infarct sizes were significantly smaller in
female WT mice with both I/R protocols (Table 1). However,
there were no differences in the infarct size between male and
female eNOS ~/~ mice after 30-min I/R (Table 1). The infarct-
limiting effect of early preconditioning was consistently
present in female WT mice either with the 30- or 60-min LAD
ligation protocol, but IPC-induced cardioprotection was absent
in female eNOS ™/~ mice (Fig. 3).

Importantly, 60-min LAD ligation and subsequent reperfu-
sion were associated with increased mortality in eNOS ™/~
mice compared with WT mice. In WT groups, one mouse with
the I/R protocol and one mouse with the IPC protocol died at
45 and 30 min of reperfusion, respectively (Fig. 4). In
eNOS '~ groups (Fig. 4), four mice with the I/R protocol died
within 15 min to 1 h of reperfusion and four mice with the IPC
protocol died within 30 min to 3 h of reperfusion. There were
no significant differences in the mortality between female WT
and eNOS /™ mice. Thus, the potent infarct-limiting effect of
early IPC was also consistently present in female WT mice
irrespective of the durations of the ischemic period; however,
the IPC effect was lost in female eNOS ~/~ mice, and there was
an increased prevalence of mortality with prolonged ischemia.

Does an eNOS Gene Mutation Strategy in Animals
Affect IPC?

To answer this question, we repeated the same I/R and IPC
protocols in Harvard eNOS ~/~ mice. The findings were similar
to those observed with the Jackson Laboratory eNOS ™/~ mice
(Figs. 1 and 3) in that IPC failed to induce any cardioprotective
effects in either male (Fig. 5A) or female (Fig. 5B) eNOS ™/~
mice. Thus, regardless of the gene mutation strategy, these
findings consistently reaffirm that the absence of the eNOS-NO
pathway abolishes the benefit of early IPC.

DISCUSSION

The results of the present study demonstrate that in vivo IPC
provides acute, robust cardioprotection against I/R injury in
mice with constitutive eNOS and that this protection is totally
lost when there is no functional eNOS in the heart. The
associated key findings are that /) prolonged ischemia (from 30
to 60 min) caused larger infarct size in WT mice; however,
they were effectively protected by IPC; 2) prolonged ischemia
and subsequent reperfusion were lethal in eNOS ™/~ mice with
premature mortality; 3) female WT but not eNOS™/~ mice
exhibited smaller infarct size after I/R than male mice; and
4) with different eNOS gene deletion strategies, similar infarct
sizes were seen after I/R and a similar abrogation of the
protective effect of IPC occurred. Thus, our findings clearly
indicate that constitutive eNOS expression in the murine ven-
tricular myocardium is required for in vivo early IPC regard-
less of the ischemic duration and sex and that the ablation of
functional eNOS abolishes the cardioprotective effect of early
IPC.
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Fig. 1. Infarct size (expressed as a percentage of the area 2 60 - é
at risk) measured in Jackson young male wild-type — = §§
(WT) and endothelial nitric oxide synthase (eNOS) : % O 8§
knockout (eNOS™/7) mice subjected to 30 and/or 60 @ 50 T ® 8
min of left anterior descending coronary artery (LAD) E O i 8
occlusion [ischemia (IS)] and 24 h of reperfusion (RP) <o 40 A g. @ O
in the absence or presence of ischemic preconditioning < O O
(IPC) cycles. O, Individual values; ®, average values as ﬁ 30 4
means * SE. I/R, ischemia-reperfusion. n = 7-10 ®
mice/group. ***P < 0.001 vs. respective I/R; 1P <  w=
0.01 vs. respective WT mice; §§P < 0.01 vs. WT mice © 20 @! s
with 30-min I/R. Deletion of the eNOS gene abolished 8 g‘ . )
the protective effects of early IPC against myocardial £ 10 -
infarction.
0 T T T T T T
IIR IPC IIR IPC IIR IPC
WT eNOS-- WT

eNOS and IPC of the Heart

IPC is a well-documented phenomenon that provides robust
cardioprotection in all mammalian species tested so far as well
as in humans (6, 37, 49). NO has been acknowledged to be a
preconditioning mimetic and cardioprotectant and is the basis
of many available infarct-sparing strategies (7). Several phar-
macological studies (7, 17, 39, 63, 64) have clearly shown that
elevating NO, by providing a NO donor or decreasing its
scavenging by superoxide, just before or at reperfusion is
cardioprotective; however, the role of the eNOS-NO pathway
is unclear and highly controversial. While the involvement of
the endogenous eNOS-NO pathway has been consistently re-
ported in the in vivo infarct-limiting effect of delayed precon-
ditioning (SWOP) (9, 57), its contribution in the in vivo
classical (early) preconditioning is poorly understood. Two
groups have reported somewhat conflicting results using mice
with genetic deletion of eNOS. In the first study (3) with
eNOS '~ mice, in an isolated heart model, it has been reported
that the eNOS-NO pathway has a role in mediating early
preconditioning; however, this effect depended on the magni-

tude of the preconditioning stimulus. In the second study (20)
with eNOS ™/~ mice, regardless of the preconditioning stimu-
lus, it was reported that the eNOS-NO pathway is not neces-
sary for the early phase of IPC in vivo.

Our data, obtained from male and female mice with an in
vivo model of MI, show that deletion of the eNOS-NO path-
way abolishes the infarct-sparing effects of early IPC (Figs. 1
and 3). Of note, regardless of the gene mutation strategy, the
benefit of early IPC was lost in the absence of functional eNOS
(Fig. 5). Therefore, the findings in different studies with
eNOS ™/~ mice and IPC need careful evaluation. It is possible
that the experimental design with IPC or other factors might
have caused the observed differences. The use of different IPC
protocols and techniques is a major difference between the
recent report (20) and our study: /) we used three 5-min
episodes of regional ischemia compared with one or six 4-min
episodes of regional ischemia, 2) reperfusion was always 24 h
in our study compared with 4 or 24 h, 3) a well-established
ligation technique was used in our mice with 7-0 silk suture
and polyethylene-10 tubing compared with a balloon occluder,

-~ —— M-WTHIR (10/10)
M-WT-IPC (9/10)

- ——— M-eNOS*IPC (2/11)
~— —— M-eNOS*-IIR (1/10)

100
80
®
Fig. 2. Survival of young male (M) WT and eNOS /'~ 2
mice subjected to 60 min of LAD occlusion and 24 h of E 60
reperfusion in the absence or presence of IPC cycles
(R and IPC, respectively). Number in parentheses ‘&
indicate survival relative to total experimented mice. & 49
Kaplan-Meier survival curve analysis showed markedly g
decreased survival in eNOS™/~ mice compared with 0O
WT mice after I/R and IPC. n = 10-11/group. *#**P <
0.001 vs. WT mice. 20 -
0 1
0.5
]

1
3 35 24 (hour)

Reperfusion
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8§f Fig. 3. Infarct size (expressed as a percentage of the
o) area at risk) measured in Jackson young female WT and
eNOS ™/~ mice subjected to 30 and 60 min of LAD
occlusion and 24 h of reperfusion in the absence or
presence of IPC cycles. O, Individual values; ®, average
values as means * SE. n = 7-10 mice/group. ***P <
0.001 vs. respective I/R; 1P < 0.01 vs. respective
WT mice with I/R; §§P < 0.01 vs. WT mice with

O OO0 _ 00O

20 4 8 o s 30-min I/R; P < 0.05 vs. eNOS~/~ mice with 30-min
8§ S éi I/R. Deletion of the eNOS gene abolished the protective
9 effects of early IPC against myocardial infarction.
10 4
0 T T T T T T T T
IIR IPC IIR IPC IIR IPC IIR IPC
WT eNOS-- WT eNOS--

and 4) no volume supplement was needed in our study during
reperfusion compared with blood from a donor mouse in the
recent report (20). Other differences were /) a ketamine-
xylazine mixture was used in our study compared with pento-
barbital, 2) male and female were investigated in two separate
groups compared with unknown sexes, and 3) young animals
(10—14 wk of age) were used in our study compared with the
unknown age in the prior study (20). Thus, based on the
well-defined systematic approach used, the present findings
clearly demonstrate that early preconditioning does not occur
in the absence of eNOS, indicating that the eNOS-NO signal-
ing pathway plays an important role in early preconditioning in
both sexes.

Ischemic Duration and IPC

Infarct size measurement is an important end point for the
quantification of the cardioprotective effects of drugs or inter-
ventions. The duration of coronary artery occlusion required
for the development of gross myocardial necrosis is species
dependent (40). In the canine or bovine heart, it has been

demonstrated that the protective effect of IPC is diminished or
lost if the duration of index regional ischemia is sustained for
40 min or longer (28). Myocardial infarct size has been
reported to be larger in mice with prolonged LAD occlusions
(36), and mice with infarct sizes of 60—80% often die during
reperfusion (12). Ischemia has been reported to cause duration-
dependent increase in NO generation with both NOS-depen-
dent (65) and NOS-independent sources (66), and the increased
NO during early reperfusion may react with ROS to form
peroxynitrite and thus result in aggravated postischemic injury
(52). Importantly, ROS formed during brief preconditioning
pulses can reduce the generation of ROS during subsequent
index ischemia and reperfusion (26). However, the effect of
prolonged ischemia on the efficacy and related mechanisms of
in vivo IPC is largely unknown.

Interestingly, despite significantly the larger infarct size with
prolonged LAD ligation (Table 1), IPC effectively reduced
infarct size to a similar extent irrespective of the duration of
sustained ischemia in both male and female WT mice. Further-
more, with functional eNOS, both WT male and female mice exhi-

100 |
.__[ e, . —— F-WT-I/IR(9/10)
e WT-
80 4 - ns F-WT-IPC (10/11)
L —— —

T>c 1| —— F-eNOS”-IIR (7/11)
S 60 - e -
E F-eNOS™-IPC (7/11) Fig. 4. Survival of young female (F) WT and eNOS ™/~
2 mice subjected to 60 min of LAD occlusion and 24 h of
g reperfusion in the absence or presence of IPC cycles (I/R
o 40 and IPC, respectively). Numbers in parenthese indicate
[} survival relative to total experimented mice. n = 10-11
o mice/group. ns, Not significant.

20 o

0 1 1 1 1 1 1 1 1 1

1
15 2 25 3 35 24 (hour)

Reperfusion
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of the area at risk) measured in Harvard young t o ©
male (A) and female (B) WT and eNOS ™/~ S 5 Oi T 5 (@)
mice subjected to 30 min of LAD occlusion & le) o TTT%
and 24 h of reperfusion in the absence or  ® @] © &
presence of IPC cycles. O, Individual values; é 40+ o) § 40 o
®, average values as means = SE. n = 6-8 o o Ht
mice/group. *##P < 0.001 vs. respective /R; N 304 N30+ g!
###P < 0.001 vs. male WT mice with I/R; ﬂ O ‘2
TP < 0.05 and §77P < 0.001 vs. respective ¢ g S © - o
WT mice with I/R. Deletion of the eNOS gene 8 R @]
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bited much higher survival rates than sex-matched eNOS ™~ mice.
This suggests that functional eNOS prevents myocyte injury
caused by cardiac pump failure and secondary death after
prolonged ischemic durations. With either ischemic duration,
the protective effect of IPC was abrogated by eNOS disruption
with increased infarct sizes, and higher mortality was noted
with longer ischemic periods. Thus, the decreases in infarct
size seen with our in vivo IPC protocol are due to the NOS-
dependent cardioprotection triggered by IPC, and this protec-
tion persists even with marked prolonged ischemic stress,
which would otherwise result in massive infarction and death.

Sex and IPC

Coronary artery disease is the leading cause of death in
both men and women. The risk and prevalence of acute MI
increase progressively with age, and the levels in females
approach those in males after the fifth decade of life (1, 35).
Recent animal studies (2, 27, 51) have suggested that there
are sex differences in the myocardial response to acute I/R
injury, but the underlying mechanisms remain unclear.
While the deletion of eNOS raises the blood pressure to a
similar magnitude with a concurrent decrease in the heart
rate in both male and female eNOS /~ mice (43), the NOS
pathway has been shown to play an important role in
mediating cardioprotection in females (5, 8). We observed
that myocardial infarct sizes were significantly smaller in
female WT mice compared with male WT mice, whereas
infarct sizes in female eNOS '~ mice were comparable with
those of male eNOS™'~ mice (Table 1). This suggests that
the signaling pathways mediated by myocardial eNOS are
largely responsible for the relative resistance to I/R injury
seen in female WT mice compared with male WT mice.

There are no prior reports on in vivo myocardial I/R with
female eNOS ™/~ mice; however, one in vitro I/R study (45)
has shown significantly reduced postischemic myocardial con-
tractile function in eNOS ™/~ mice compared with WT mice.
This observation was made with 20-min global ischemia and
40-min reperfusion. Using a well-documented in vivo infarc-
tion model with different ischemic periods, we consistently
observed larger MIs in female eNOS™/~ mice than in female
WT mice (Fig. 3). Importantly, IPC effectively reduced the

infarct size to an identical extent irrespective of sustained
ischemia in WT mice but not in eNOS™~ mice (Fig. 3). With
prolonged I/R and IPC protocols, there was increased mortality
in female eNOS™/~ mice compared with female WT mice.
Taken together, these findings demonstrate that the eNOS-NO
pathway plays an important role in the myocardial protection
of female mice against I/R-related injury.

eNOS, Prolonged Ischemia, Sex, and Mortality

The important role of the eNOS-NO signaling pathway in
myocardial protection was clearly evident in protocols with
prolonged ischemia, where increased mortality was prevalent
in eNOS ™/~ mice compared with WT mice (Figs. 2 and 4).
These findings suggest that functional eNOS is critically im-
portant not only for IPC but also for the survival of animals in
the setting of prolonged myocardial ischemia followed by
reperfusion. Increased mortality with chronic MI has been
reported in eNOS™/~ mice with decreased capillary density
and increased myocyte width (38). It is well known that
eNOS-derived NO possesses potent vasodilatory, antiplatelet,
and anti-inflammatory effects (14, 31, 33), and, importantly,
NO selectively reduces the endothelial expression of adhesion
molecules and proinflammatory cytokines (10). It has been
further reported that increased myocardial deposition of acti-
vated platelets plays an important role in myocardial I/R injury
and that it is dependent on the duration of the preceding
coronary occlusion (56). Interestingly, after I/R and IPC, the
survival rate was significantly higher in female eNOS /™ mice
(Fig. 4) compared with male eNOS ™/~ mice (Fig. 2). The sex
differences in the mortality also indicate that young males with
a severely impaired eNOS-NO pathway might be at the greater
risk of mortality than young females when the myocardium is
under prolonged ischemic stress. If our observations in mice
can be extrapolated to humans, we predict that men with
advanced endothelial dysfunction may be at increased risk for
experiencing more severe and life-threatening MI than other-
wise similar women. Recently, the INTERHEART study (1) on
the risk factors for MI in women and men demonstrated that
the probability of an acute MI occurring before the age of 60
yr is higher in men than in women. Importantly, the Heart
Disease and Stroke Statistics Update of 2010 of the American
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Heart Association reported that all age mortality in 2006 from
MI was higher in males than in females (54% vs. 46%) (30).

Possible Signaling Pathways in NOS-NO-Mediated
Cardioprotection

eNOS-derived NO plays a pivotal role in the control of
myocardial O, consumption and modulation of mitochondrial
respiration (50). We have previously demonstrated that while
permanent deletion of eNOS or NOS inhibition does not alter
baseline in vivo myocardial O, levels and O, consumption
rates from those values in WT control mice, in the postisch-
emic myocardium O, consumption is decreased, resulting in
marked myocardial hyperoxygenation. This is prevented with
eNOS deletion or inhibition (60). Importantly, compared with
nonpreconditioned WT hearts, IPC prevented in vivo hyper-
oxygenation in the postischemic myocardium of WT mice with
the preservation of mitochondrial O, consumption (62), and
this improved oxidative status with IPC was associated with
decreased formation of nitrotyrosine and smaller MI. In con-
trast, IPC had no significant effect on postischemic myocardial
oxygenation in eNOS ™/~ mice (62). While the large burst of
ROS formation that occurs after prolonged ischemia and reper-
fusion causes myocardial injury (63, 64), a small burst of NO,
superoxide, and secondary ROS formation during brief precon-
ditioning episodes can reduce the generation of subsequent
high levels of NO and peroxynitrite formation during subse-
quent sustained ischemia and reperfusion and can act as a
survival signal in acute IPC (26, 53, 54). Thus, our previous
studies in concert with the present findings demonstrate that the
constitutive eNOS-derived NO pathway is required for IPC-
induced generation of the critical cardioprotective survival
signal for the maintenance of postischemic myocardial O,
consumption after sustained I/R. With regard to the second
window of IPC, the cardiac myocyte-specific constitutive ex-
pression of iNOS has been shown to protect the heart against
I/R injury by decreasing postischemic ROS and by preventing
mitochondrial permeability transition pore (MPTP) opening
(55). It is worthy to note that iNOS-mediated cyclooxygen-
ase-2 activation has been reported to confer cardioprotection
secondary to the arachidonic acid metabolites PGI, and PGE;
(19, 23, 29). Thus, several mechanisms could account for the
cardioprotective effects of NO after acute IPC, and these
include the following: /) downregulation of intraischemic
myocardial O, consumption (62), 2) preservation of mitochon-
drial respiration and normal levels of myocardial oxygenation
upon reperfusion (62), 3) suppression of the high levels of NO
and peroxynitrite formation upon reperfusion (26, 50, 53, 60,
62), 4) activation of mitochondrial ATP-sensitive K* channels
(6); 5) inhibition of the MPTP (55), and 6) inhibition of cell
death pathways (39). Importantly, regardless of the window
(early or delayed) of protection, cardioprotective mechanisms
of NO seem to converge on the mitochondrial targets leading
to reduced apoptosis and necrosis.

Conclusions

In conclusion, we performed a systematic evaluation of IPC
in age-matched animals with reference to ischemic duration
and sex and demonstrated that constitutive eNOS expression in
the LV myocardium is required for the in vivo cardioprotective
effects of the early phase of IPC. This is in agreement with the
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previous observation (11) that eNOS-overexpressing mouse
hearts resist I/R injury as well as a recent report (46) in pigs
showing that cardioselective eNOS gene transfer also protects
the heart against I/R injury. The cardioprotective role of eNOS
in the present study further reaffirms the importance of the
eNOS-mediated signaling pathway in the process of early
IPC-induced cardioprotection regardless of sex even after se-
vere ischemic stress. These results suggest that pharmacolog-
ical preconditioning based on the enhancement and modulation
of eNOS function and NO production before the onset of
ischemia may be highly effective in conferring myocardial
protection and minimizing related morbidity and mortality.
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