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Abstract
It has been proposed that constitutive expression of endothelial NO synthase (eNOS) protects
against myocardial ischemia/reperfusion injury in the naive (unstressed) state and that eNOS plays
a critical role in the early phase of ischemic preconditioning (PC). We addressed these issues using
both a genetic approach (i.e., eNOS null [eNOS−/−]) mice and a pharmacologic approach (with the
NOS inhibitor N(omega)-nitro-L-arginine [L-NA]). We found that in the nonpreconditioned state,
both of the available strains of eNOS−/− mice (C57BL6 and B6129) exhibited infarct sizes similar
to the corresponding wild-type (WT) mice (63.3±2.2% [group I, n = 15] vs. 59.7±1.4% [group VI,
n = 10] of the risk region and 60.9±3.6% [group IX, n = 14] vs. 68.2±2.5% [group X, n = 9],
respectively). When WT mice were preconditioned with either one or six cycles of 4-min coronary
occlusion (O)/reperfusion (R) 10 min prior to the 30-min O, infarct size was markedly reduced
(28.5±3.3% [group II, one O/R cycle, n = 10] and 19.7±2.6% [group III, six O/R cycles, n = 7] of
the risk region, respectively), indicating the development of a robust early PC effect. In eNOS−/−

mice preconditioned with the same protocol, the reduction in infarct size was similar (24.9±2.9%
and 15.3±2.4% of the risk region, after one [group VII, n = 9] or six O/R cycles [group VIII, n =
10], respectively), indicating that the PC effect was intact. When WT mice were pretreated with L-
NA 30 min before sham PC (group IV, n = 7) or PC (group V, six O/R cycles, n = 7), infarct size
was not different from untreated control and PC groups. We conclude that, in the mouse, basal
eNOS activity does not modulate infarct size in the nonpreconditioned state and is not necessary
for the cardioprotective effects of early PC. Early PC is not eNOS-dependent, at least in this
species.
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1. Introduction
Although nitric oxide (NO) is known to be a powerful cardioprotectant [1,2], the role of
endothelial NO synthase (eNOS) (the major constitutive source of NO in the heart) remains
poorly understood. Specifically, two fundamental issues pertaining to the effect of eNOS in
myocardial ischemia/reperfusion injury are unresolved. The first issue relates to the role of
eNOS in protecting the heart against infarction under basal (unstressed) conditions. One
study [3] found no change in infarct size in eNOS−/− mice with deletion of the calmodulin-
binding domain [4], suggesting that constitutive expression of this protein does not modulate
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ischemia/reperfusion injury. Similarly, we have recently reported that in this strain of
eNOS−/− mice infarct size is similar to wild-type (WT) controls [5]. In contrast, two
independent studies have reported that the heart of this strain of eNOS−/− mice is protected,
both in vivo [6] and in vitro [7], and have ascribed this to upregulation of inducible NOS
(iNOS). To further compound the controversy, another strain of eNOS−/− mice (with
deletion of the NADPH ribose and adenine binding sites [8]) has been found to exhibit no
upregulation of iNOS and an increase (rather than a decrease) in infarct size [6]. Thus, there
is considerable uncertainty as to whether deletion of eNOS exacerbates ischemia/reperfusion
injury in the naive state.

The second issue is the role of eNOS in ischemic preconditioning (PC). It is well established
that the protective effects of PC occur in two distinct phases: an early phase that develops
rapidly after the stimulus but dissipates within 2–3 h, and a late phase that becomes apparent
12–24 h later and persists for approximately 72 h [9–20]. The role of eNOS in these two
phases needs to be examined separately. While previous studies have found that the late
phase of ischemic PC is triggered by eNOS-derived NO [5,16,21], the contribution of eNOS
to the early phase of PC has not been resolved. A recent study has suggested that activation
of eNOS (secondary to activation of the PI3 kinase/Akt pathway [22]) is necessary for the
initiation of early PC [23]. This hypothesis, however, is based upon experiments with
pharmacologic inhibitors of PI3 kinase, Akt, and eNOS [23]. Furthermore, previous
pharmacologic studies had arrived at the opposite conclusion, i.e., that pharmacologic
blockade of NOS does not prevent the early phase of ischemic PC [24–26]. The only
investigation that has used genetic deletion of eNOS to study the early phase of PC [27] has
concluded that eNOS is not required for early PC when the stimulus is robust (multiple brief
ischemic episodes) but is necessary when the stimulus is weak, just above threshold (i.e.,
two or three brief ischemic episodes). This study [27], however, was conducted in an
isolated mouse heart model with a short (30 min) reperfusion time, a preparation in which
measurements of infarct size have limitations. Therefore, the role of eNOS in the early phase
of ischemic PC remains uncertain.

The objective of the present study was to determine the role of eNOS in the early phase of
ischemic PC and in cardioprotection in general using a genetic approach. Two specific
questions were addressed in a well-established murine model of myocardial infarction [28–
30]: (i) Does constitutive expression of eNOS modulate infarct size? and (ii) Is eNOS
necessary for the early phase of ischemic PC? Although our recent work [13,20,5] indicates
that eNOS does not modulate infarct size in the nonpreconditioned state in eNOS−/− mice
with deletion of the calmodulin-binding domain [4], in that study we did not examine the
other available strain of eNOS−/− mice (mice with deletion of the NADPH ribose and
adenine binding sites [8]), in which eNOS deletion has been found to exacerbate ischemia/
reperfusion injury [6,7]. Furthermore, in that study we did not use pharmacologic inhibitors
of NOS. Accordingly, to comprehensively interrogate the role of eNOS in myocardial
ischemia/reperfusion injury under basal conditions, in the present investigation we examined
both strains of eNOS−/− mice as well as pharmacologic inhibition of NOS in the same
mouse model.

2. Methods
2.1. Animals

We used eNOS−/− mice with deletion of either the calmodulin-binding domain [4]
(University of North Carolina [UNC] eNOS−/− mice) or deletion of the NADPH ribose and
adenine binding sites [8] (Harvard eNOS−/− mice). Wild-type (WT) control mice were
C57BL/6 (B6) and B6129SF2 (B6129), respectively (The Jackson Laboratory). All mice
were maintained in sterile micro-isolator cages under pathogen-free conditions. The
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genotype of the eNOS−/− strain was verified by PCR, as previously described, using DNA
prepared from tail samples taken at the end of the experiments [28].

2.2. Experimental preparation
The murine model of ischemic PC has been previously described in detail [13,20,28–30].
Briefly, a nontraumatic balloon occluder was implanted around the mid-left anterior
descending coronary artery in pentobarbital-anesthetized mice. To prevent hypotension,
blood from a donor mouse was given during surgery. Rectal temperature was maintained
close to 37 °C throughout the experiment.

2.3. Experimental protocol
To thoroughly examine the role of eNOS in early PC elicited either by a mild or by a robust
ischemic stress, we used two different protocols; thus, ischemic PC was elicited either by a
single 4-min coronary occlusion/4-min reperfusion (O/R) cycle or by a sequence of six 4-
min O/R cycles (Fig. 1). Ten minutes after the last reperfusion, myocardial infarction (MI)
was induced with a 30-min coronary occlusion followed by 4 or 24 h of reperfusion. Control
mice underwent the acute MI (AMI) protocol, a 30-min coronary occlusion followed by 4 or
24 h of reperfusion. The nonselective NOS inhibitor N(omega)-nitro-L-arginine (L-NA) was
given 30 min before sham PC or PC (1 mg/kg ip) (Fig. 1). At the conclusion of the study,
the occluded/reperfused vascular bed and the infarct were identified by postmortem
perfusion of the heart with triphenyltetrazolium chloride and phthalo blue, respectively (Fig.
1). Infarct size was calculated as a percentage of the region at risk [13,20,30].

For Western immunoblotting analysis of iNOS, cytosolic, membranous, and nuclear
fractions were prepared as previously described [28,29]. Western immunoblotting analysis
was performed using standard techniques [28,29]. Equal loading was confirmed by staining
with Ponceau-S [28,29].

2.4. Statistical methods
Data are reported as means±SEM. Measurements were analyzed by unpaired Student’s t-
tests with the Bonferroni correction. In all Western analyses, the content of the specific
protein of interest was expressed as a percentage of the corresponding protein in the anterior
LV wall of control (WT) mice [28,29].

3. Results
A total of 206 mice were used: 98 mice were used for studies of infarct size, 98 mice were
used as blood donors, and 10 mice were used for Western immunoblotting analyses.

There were no significant differences among the ten groups of mice subjected to infarction
with respect to heart weight, size of the region at risk, rectal temperature, or heart rate
(Tables 1 and 2). The two groups of WT control mice (WT B6 AMI [group I, n = 15] and
WT B6129 AMI [group IX, n = 14]) exhibited similar infarct size (63.3±2.2% and
60.9±3.6% of the risk region, respectively [Fig. 2]). In mice undergoing sham PC that were
pretreated with L-NA (B6 sham PCNA, group IV, n = 7 [Fig. 2]), infarct size did not differ
from the WT acute MI mice (group I) not given L-NA (66.0±4.2% of the risk region),
indicating that NOS inhibition did not affect the extent of ischemia/reperfusion injury. In
mice undergoing PC that were pretreated with L-NA (B6, PCNA, group V, n = 7 [Fig. 2]),
infarct size was 21.9±3.4% of the risk region, which also was not different compared with
WT preconditioned mice (groups II and III), indicating that non-isoform-selective NOS
inhibition did not block the early PC effect.
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In both the nonpreconditioned UNC eNOS−/− mice (eNOS−/− B6 AMI, group VI, n = 10
[Fig. 2]) and the nonpreconditioned Harvard eNOS−/− mice (eNOS−/− B6129 AMI, group X,
n = 9 [Fig. 2]), infarct size did not differ from the corresponding WT mice (59.7±1.4% and
68.2±2.5% of the risk region, respectively), indicating that neither eNOS mutation affected
the extent of ischemia/reperfusion injury. Western blot analysis demonstrated that iNOS was
not upregulated in the UNC eNOS−/− mice (Fig. 3).

When UNC WT (B6) mice were preconditioned with either one or six cycles of 4-min
coronary O/R 10 min prior to the 30-min coronary occlusion, infarct size was markedly
reduced to 28.5±3.3% (PC one cycle, group II, n = 10) and 19.8±2.6% (PC six cycles, group
III, n = 7) of the risk region, respectively (Fig. 2), indicating the development of a robust
early PC effect. Moreover, when UNC eNOS−/− mice were preconditioned with one O/R
cycle (group VII, n = 9) or six O/R cycles (group VIII, n = 10), a similar reduction in infarct
size was observed (Fig. 2), indicating that the PC effect was intact.

4. Discussion
The present study was conducted in a well-established in vivo murine model of myocardial
infarction in which measurements of infarct size are highly reproducible and major
physiological variables that affect ischemia/reperfusion injury (arterial blood gases, arterial
blood gases, arterial hematocrit, and body temperature) are carefully monitored and
controlled [13,20,30]. The results demonstrate that (i) under basal conditions, genetic
ablation of eNOS by two different methods (deletion of the calmodulin-binding domain
[UNC eNOS−/− mice] or the NADPH ribose and adenine binding sites [Harvard eNOS−/−

mice]) as well as pharmacologic inhibition of NOS does not affect infarct size, i.e., it neither
exacerbates nor alleviates injury, (ii) contrary to previous reports, genetic ablation of eNOS
in the UNC eNOS−/− mice does not result in upregulation of iNOS, and (iii) contrary to
previous reports, eNOS is not necessary for the development of the cardioprotective effects
of the early phase of PC. Administration of the non-isoform-selective NOS inhibitor L-NA
yielded results that were similar to those obtained in eNOS null mice, indicating that strain
differences or unanticipated effects of genetic manipulations cannot explain our results in
eNOS null mice. To our knowledge, this is the first in vivo demonstration that eNOS is not
necessary for early PC, either when a mild (one 4-min O/R cycle) or a robust (six 4-min O/R
cycles) ischemic PC stimulus is used, refuting (at least in the mouse) the theory [23,27] that
eNOS is an obligatory component of the mechanism that triggers the early phase of ischemic
PC.

Two previous studies, one in vivo [6] and one in vitro [7], have concluded that the eNOS−/−

mice developed at UNC by Shesely et al. [4] exhibit a cardioprotected phenotype, which
was ascribed to upregulation of iNOS [6,7]. However, a third study [3] (performed in vivo)
found no change in infarct size in UNC eNOS−/− mice. In contrast, the eNOS−/− mice
developed at Harvard University by Huang et al. [8] have been reported to exhibit no
upregulation of iNOS and an actual increase in infarct size [6]. Contrary to these previous
reports, we found that neither the UNC eNOS−/− mice nor the Harvard eNOS−/− mice
exhibited infarct sizes different from those found in the corresponding WT mice (Fig. 2) and
that there was no significant difference in iNOS expression between the UNC eNOS−/− mice
and their WT controls (Fig. 3). The results obtained in Harvard eNOS−/− mice with 24 h of
reperfusion were similar to those obtained in UNC eNOS−/− mice with 4 h of reperfusion
(Fig. 2). The data in UNC eNOS−/− mice are consistent with those recently reported by our
group in a separate communication [5]. Collectively, these findings demonstrate that, at least
in the mouse, basal eNOS activity does not modulate myocardial ischemia/reperfusion
injury.
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Previous pharmacologic investigations have arrived at conflicting conclusions regarding the
role of eNOS in early PC [23–26]. Using rats, Costa et al. [23] concluded that eNOS is
required for the mediation of early PC, whereas three other studies found NOS not to be
necessary in rabbits [24,25] or pigs [26]. Only one study has used genetic deletion of eNOS,
and the results have been equivocal [27]. This study in Harvard eNOS−/− mice [27]
concluded that eNOS is necessary for early PC induced by two or three 5-min ischemic
episodes but not by four 5-min episodes. These observations [27], however, were made in
isolated hearts reperfused for only 30 min; it is unknown whether measurements of infarct
size after 30 min of reperfusion in this in vitro setting reliably reflect the size of an infarct in
vivo. Our data, obtained with both a genetic and a pharmacologic approach in an in vivo
model, show that deletion of eNOS failed to block the early phase of PC induced by either
one cycle or six cycles of 4-min coronary O/R (Fig. 2 and Table 1). The use of only
pharmacologic vs. genetic and pharmacologic inhibition of eNOS is a major difference
between previous studies [23–26] and the present investigation. It is also possible that the
difference between the present data and those of previous studies [23,27] may be due to
differences in the species (rats [23] and rabbits [24,25] vs. mice) and/or protocols used for
inducing ischemic PC (two–four 5-min episodes of global ischemia [27] vs. one or six 4-min
episodes of regional ischemia). Regardless of the exact reason(s) for the differences, the
present results demonstrate that early PC can be fully manifested in the absence of eNOS,
indicating that eNOS does not play a necessary role, at least in the mouse. Although our
results cannot be extrapolated to other species, genetic deletion of eNOS has thus far been
performed only in mice, and so it would be very difficult to conclusively establish the role of
this enzyme in other species.

In conclusion, we have demonstrated that, in contrast to previous reports, basal eNOS
activity does not modulate infarct size in the nonpreconditioned (naive) state and is not
necessary for the cardioprotective effects of the early phase of ischemic PC. This latter result
impels a reassessment of recent paradigms [23,27] implicating eNOS as an essential
component of the signaling pathway that leads to early PC.
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Fig. 1.
Experimental protocol. Ten groups of mice were studied. Mice in groups I (WT B6, AMI; n
= 15) and VI (eNOS−/− B6, AMI; n = 10) underwent a 30-min coronary occlusion followed
by 4 h of reperfusion. Mice in groups II (WT B6, PC 1 cycle; n = 10) and VII (eNOS−/− B6,
PC 1 cycle; n = 9) were preconditioned with a 4-min coronary occlusion (O) and, 10 min
later, underwent a 30-min coronary occlusion followed by 4 h of reperfusion. In groups III
(WT B6, PC 6 cycles; n = 7) and VIII (eNOS−/− B6, PC 6 cycles; n = 10), mice were
preconditioned with a sequence of six 4-min coronary occlusion (O)/4-min reperfusion (R)
cycles; 10 min later, they underwent a 30-min coronary occlusion followed by 4 h of
reperfusion. Mice in group IV (WT B6, sham PCNA; n = 7) were given L-NA (1 mg/kg ip)
30 min before 1 h of open-chest state (sham PC), and then underwent a 30-min coronary
occlusion followed by 4 h of reperfusion. Mice in group V (WT B6, PCNA; n = 7) received
L-NA (1 mg/kg ip) 30 min before 6 cycles of 4-min O/R; 10 min later, animals were
subjected a 30-min coronary occlusion followed by 4 h of reperfusion. Mice in groups IX
(WT B6129, AMI; n = 14) and X (eNOS−/− B6129, AMI; n = 9) underwent a 30-min
coronary occlusion followed by 24 h of reperfusion. WT, wild-type mice; B6, C57BL6/J;
B6129, B6129SF2; AMI, acute myocardial infarction; PC, ischemic preconditioning; O,
occlusion; R, reperfusion.
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Fig. 2.
Disruption of the eNOS gene or administration of L-NA does not alter infarct size in the
nonpreconditioned state and does not interfere with the protective effects of early PC against
myocardial infarction. WT, wild-type mice; B6, C57BL6/J; B6129, B6129SF2; AMI, acute
myocardial infarction; PC, early ischemic preconditioning. Data are means±SEM.
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Fig. 3.
iNOS protein content in myocardium. There was no change in the basal levels of iNOS
protein expression in the myocardium either in WT B6 (C57BL/6) or in UNC eNOS−/− mice
(n = 5/group). Data are means±SEM.
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