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ABSTRACT The goal of this study was to interrogate the
role of inducible NO synthase (iNOS) in the late phase of
ischemic preconditioning (PC) ir vivo. A total of 321 mice were
used. Wild-type mice preconditioned 24 h earlier with six
cycles of 4-min coronary occlusion/4-min reperfusion exhib-
ited a significant (P < 0.05) increase in myocardial iNOS
protein content, iNOS activity (assessed as calcium-
independent L-citrulline formation), and nitrite + nitrate
tissue levels. In contrast, endothelial NOS protein content and
calcium-dependent NOS activity remained unchanged. No
immunoreactive neuronal NOS was detected. When wild-type
mice were preconditioned 24 h earlier with six 4-min occlu-
sion/4-min reperfusion cycles, the size of the infarcts pro-
duced by a 30-min coronary occlusion followed by 24 h of
reperfusion was reduced markedly (by 67%; P < 0.05) com-
pared with sham-preconditioned controls, indicating a late
PC effect. In contrast, when mice homozygous for a null iNOS
allele were preconditioned 24 h earlier with the same protocol,
infarct size was not reduced. Disruption of the iNOS gene had
no effect on early PC or on infarct size in the absence of PC.
These results demonstrate that (i) the late phase of ischemic
PC is associated with selective up-regulation of iNOS, and (i7)
targeted disruption of the iNOS gene completely abrogates the
infarct-sparing effect of late PC (but not of early PC), pro-
viding unequivocal molecular genetic evidence for an obliga-
tory role of iNOS in the cardioprotection afforded by the late
phase of ischemic PC. Thus, this study identifies a specific
protein that mediates late PC in vivo.

Ischemic preconditioning (PC) is the phenomenon whereby a
mild ischemic stress enhances the tolerance of the heart to a
subsequent ischemic stress (1, 2). The time course of ischemic
PC consists of an initial, short-lived (2-3 h) wave of protection
(early phase of PC) followed, 12-24 h later, by a second,
sustained window of protection that lasts at least 72 h (late
phase of PC) (1-9). The early phase of PC is an immediate
response caused by the activation of G-coupled membrane
receptors and downstream kinases (1). The late phase, on the
other hand, is a delayed adaptation that requires the synthesis
of new proteins (10). Because of its sustained and powerful
protective effects, the mechanism of the late phase of PC has
became the focus of considerable interest (2).

Recent evidence suggests that the cardioprotection afforded
by late PC is mediated by up-regulation of nitric oxide synthase
(NOS) activity and, specifically, by the inducible isoform
(INOS). This concept is based on the finding that, in conscious
rabbits, the beneficial effects of late PC are abrogated by the
nonselective NOS inhibitor N*-nitro-L-arginine as well as by
two relatively selective iNOS inhibitors [aminoguanidine (AG)
and S-methylisothiourea (SMT)], administered 24 h after the
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PC stimulus (7, 9). The results of these pharmacologic studies
(7, 9), however, are inherently limited by several factors. First,
the effects of NOS inhibitors provide only indirect evidence for
the involvement of iNOS. Direct documentation that ischemic
PC up-regulates the expression and activity of iNOS in cardiac
tissue has never been reported. Second, AG and SMT are only
10-40 times selective for iNOS vs. endothelial NOS (eNOS)
(11-13). Thus, it is possible that the doses used in those studies
(7,9) may have inhibited not only iNOS, but also eNOS and/or
neuronal NOS (nNOS). Finally, both AG and SMT have
numerous nonspecific actions unrelated to NOS inhibition
(reviewed in ref. 12). As is apparent from these considerations,
the concept that late PC is mediated by NOS, and that iNOS
is the specific isoform involved, remains to be firmly estab-
lished.

The availability of genetically engineered mice in which the
iNOS gene is selectively disrupted (14, 15) offers an oppor-
tunity to conclusively establish whether iNOS is causally
involved in late PC. We recently have developed a murine
model of late PC in which fundamental physiologic variables
that may impact on infarct size (body temperature, arterial
oxygenation, acid-base balance, heart rate, and arterial blood
pressure) are carefully controlled and kept within normal
limits (16). In the present study, we used this model to
interrogate the role of iNOS in the late phase of ischemic PC
in vivo. The results show that targeted ablation of the iNOS
gene abrogates late PC, demonstrating that iNOS is an essen-
tial mediator of this cardioprotective response.

METHODS

Wild-Type (WT) and iNOS—/~ Mice. The study was per-
formed in male mice weighing 30.5 = 0.6 g (age, 18.4 = 0.8 wk).
Breeding pairs of iINOS ™/~ mice were kindly provided by V. E.
Laubach, University of Virginia (14), C. Nathan, Cornell
University (15), and T. Hintze, New York Medical College,
and maintained in the homozygous state. The iNOS™/~ mice
were of hybrid genetic background (C57BL/6J and 129/Sv
[B6129/7]). WT mice with a genetic background (B6129F,/7J)
as close as possible to the iNOS~/~ mice (14, 15) were used as
controls. All mice were maintained in sterile microisolator
cages under pathogen-free conditions. Food and water were
autoclaved, and all handling was done under a laminar flow
hood following standard procedures for maintaining patho-
gen-free transgenic mice. The iNOS ™/~ mice were genotyped
by PCR and Southern blot hybridization as described (14, 15).
Mice were typed as they were bred, and then retyped by using
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DNA prepared from tissue samples taken at the end of the
experiments.

Experimental Preparation. The experimental preparation
has been described in detail (16). Briefly, mice were anesthe-
tized with sodium pentobarbital (50 mg/kg i.p.) and ventilated
by using carefully selected parameters. After administration of
antibiotics, the chest was opened through a midline sternot-
omy, and a nontraumatic balloon occluder was implanted
around the mid-left anterior descending coronary artery by
using an 8—0 nylon suture. To prevent hypotension, blood from
a donor mouse was given during surgery. Rectal temperature
was maintained close to 37°C throughout the experiment.

The study consisted of two successive phases. The objective
of phase A was to determine whether ischemic PC up-regulates
NOS and, if so which isoform(s). The aim of phase B was to
determine whether the infarct-sparing effects of ischemic PC
occur in iINOS™/~ mice.

Phase A: Experimental Protocol. Mice were assigned to four
groups. In groups IT (WT) and IV (iNOS /") (late PC groups),
ischemic PC was produced with a sequence of six cycles of
4-min coronary occlusion/4-min reperfusion (16). The ani-
mals then were allowed to recover. Twenty-four hours later,
the mice were euthanized, the heart was excised, and myocar-
dial samples (=20 mg) were rapidly removed from the isch-
emic-reperfused region (whose boundaries had been marked
with 10-0 nylon sutures at the time of coronary occlusion) and
the nonischemic region [posterior left ventricular (LV) wall],
frozen in liquid nitrogen, and stored at —70°C until used.
Groups I (WT) and I ((NOS~/7) (control groups) were
subjected to the same protocol as groups II and I'V (including
60 min of open-chest state and placement of the occluder and
sutures) but did not undergo coronary occlusion; 24 h later, the
mice were euthanized and myocardial samples were obtained
from the anterior and posterior LV walls. To obtain sufficient
tissue for analysis, samples from two hearts were combined
into one sample (the measurements on the pooled sample were
regarded as one observation, n = 1).

Western Immunoblotting Analysis. Tissue samples were
homogenized in buffer A (25 mM Tris'HCl, pH 7.5/0.5 mM
EDTA/0.5 mM EGTA/1 mM PMSF/2 uM leupeptin/1 pM
pepstatin/1 uM aprotinin/10 mM NaF/100 uM dephostatin)
and centrifuged at 14,000 g for 15 min, and the resulting
supernatants were collected as cytosolic fractions. The pellets
were incubated in a lysis buffer (buffer A + 1% NP-40) for 4 h
and centrifuged, and the resulting supernatants were used as
membrane proteins. The protein content in the cytosolic and
membranous fractions was determined by using the Bradford
technique (Bio-Rad). The expression of iNOS, eNOS, and
nNOS was assessed by using standard SDS/PAGE Western
immunoblotting techniques. Briefly, proteins (80-120 ug)
were electrophoresed on an 8% denaturing gel at 25 mA per
gel for 2-3 h and then electrophoretically transferred onto
nitrocellulose membranes (Bio-Rad) overnight at 4°C. Gel
transfer efficiency was recorded carefully by making photo-
copies of membranes dyed with reversible Ponceau staining
(17); gel retention was determined by Coomassie blue staining
as described (17). The membranes were incubated in 5%
nonfat dry milk in a washing buffer (10 mM TrissHCI, pH
7.2/0.15 M NaCl/0.05% Tween-20) followed by incubation
with specific polyclonal anti-iINOS, monoclonal anti-eNOS,
and monoclonal or polyclonal anti-nNOS antibodies (Trans-
duction Laboratories, Lexington, KY). After rinsing with
washing buffer, the blots were incubated with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse secondary
antibodies (depending on the primary antibody used) and
developed with the use of an enhanced chemiluminescence
system (ECL kit, Amersham Pharmacia). The NOS signals
detected by immunoblotting and the corresponding records of
Ponceau stains of nitrocellulose membranes were quantitated
by using an image scanning densitometer (Personal PI, Mo-
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lecular Dynamics). To quantitate NOS as accurately as pos-
sible, each NOS signal was normalized to the corresponding
Ponceau stain signal (17). In all samples, the content of NOS
protein was expressed as a percentage of the corresponding
NOS protein in the anterior LV wall of group I (WT control
mice).

Measurement of NOS Activity. NOS activity was determined
by measuring the conversion of ['*C] L-arginine to ['4C]
L-citrulline by using a modification of the procedure of Bredt
and Snyder (18). Briefly, isolated cytosolic or membrane
proteins (80-120 wmg) were incubated in assay buffer (total
volume 80 ul) containing 50 mM Tris-HCI (pH 7.4), 1 mM
NADPH, 5 uM FAD, 5 uM FMN, 10 uM tetrahydrobiopterin,
10 uM L-arginine, and purified ['*C] L-arginine [~220,000 cpm
(=~0.1 uCi)/tube; NEN] at 30°C for 60 min. To determine
calcium-dependent NOS (cNOS) activity, 2 mM CaCl, and 100
nM calmodulin were included in the assay. To determine
calcium-independent NOS (iNOS) activity, the assay was
conducted in the presence of 1 mM EGTA without calcium
and calmodulin. In both cases, duplicate assays were per-
formed in the presence or absence of 1 mM N®-nitro-L-
arginine methyl ester, and the differences in cpm were used to
calculate NOS activity. NOS activity was expressed as pmol of
L-citrulline/min per mg protein.

Measurement of Nitrite and Nitrate (NO,). Tissue samples
were homogenized in a buffer containing 25 mM Tris-HCI (pH
7.5), 0.5 mM EDTA, and 0.5 mM EGTA and centrifuged at
14,000 g for 15 min, and the resulting supernatants were
collected as cytosolic fractions. The supernatants were loaded
to a Centricon-30 filtrator and centrifuged to remove sub-
stances larger than 30 kDa. Nitrite was assayed by using the
Griess reaction as modified by Gilliam ef al. (19). Nitrate
content was determined after conversion of nitrate to nitrite
with Aspergillus nitrate reductase (19). All assays were per-
formed in duplicate. Tissue NOy levels were expressed as
nmol/mg protein.

Phase B: Experimental Protocol. The coronary occlusion/
reperfusion protocols have been described in detail (16). In all
groups, myocardial infarction was produced by a 30-min
coronary occlusion followed by 24 h of reperfusion (16). Mice
were assigned to eight groups. Groups V (WT) and VI
(INOS~'7) (control groups) underwent the 30-min occlusion
with no prior PC or sham surgery. Groups IX (WT) and X
(iNOS~'7) (late PC groups) underwent a sequence of six 4-min
occlusion/4-min reperfusion cycles on day 1; 24 h later (day 2),
the 8-0 nylon suture (which had been left in place after the
first surgery) was used to produce the 30-min coronary occlu-
sion (16). On day 1, groups VII (WT) and VIII (NOS /") (late
PC sham groups) were subjected to the same protocol as
groups IX and X (including 60 min of open-chest state and
placement of the 8-0 nylon suture) but did not undergo
coronary occlusion; 24 h later (day 2), the mice underwent the
30-min occlusion. Groups XI (WT) and XII (NOS~/~) (early
PC groups) underwent the 30-min occlusion 10 min after six
cycles of 4-min occlusion/4-min reperfusion.

Postmortem Tissue Analysis. At the conclusion of the study,
the occluded/reperfused vascular bed and the infarct were
identified by postmortem perfusion of the heart with triphe-
nyltetrazolium chloride and phthalo blue dye (16). Infarct size
was calculated by using computerized videoplanimetry (16).

Statistical Analysis. Data are reported as means = SEM.
Measurements were analyzed with a one-way or a two-way
repeated-measures ANOVA, as appropriate, followed by un-
paired Student’s ¢ tests with the Bonferroni correction.

RESULTS

A total of 321 mice were used. Of the 299 mice used for phases
A and B, 58 (19%) died or were excluded for technical reasons.
In six open-chest mice ventilated at a rate of 105 breaths/min
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and a tidal volume of 2.0 ml (the settings used in phases A and
B), arterial pH was found to average 7.44, pCO; 32.5 mmHg,
pO; 204 mmHg, and HCO3~ 20.6 mmol/liter. These results
confirm our previous findings (16) and indicate that the
respiratory settings selected in this study resulted in normal
acid-base balance and adequate oxygenation. In 16 mice, mean
arterial blood pressure (measured by cannulating the right
carotid artery) remained above 80 mmHg throughout the six
4-min occlusion/4-min reperfusion cycles and thereafter, con-
firming our previous observations (16) and indicating that our
blood replacement protocol (16) was effective in preventing
hypotension.

Phase A: NOS Protein Expression. In WT control mice
(group I), 67% of total tissue iNOS protein was found in the
cytosolic fraction and 33% in the membranous fraction. A
representative Western blot analysis of iNOS in cytosolic

A wild-type iINOS™*
Control | PC Control | PC
iNOS
130 kDa
B Control PC
. eNOS
=TT IS U TR T ]
INOS* (R R  q2NOS
- 1 140 kDa
C - .
ny —Wid-type iNOS Wild-type
Pituitary _Control PC Control PC Brain
nNOS
L b 150 kDa

Fic. 1. Western immunoblots showing the effects of ischemic PC
on iNOS (4), eNOS (B), and nNOS (C) expression in WT and
iNOS~/~ mice. Myocardial samples were obtained from the anterior
LV wall of WT control mice and iINOS~/~ control mice that underwent
a sham operation (1 h of open-chest state without coronary occlusion/
reperfusion; groups I and II, respectively) and from the ischemic-
reperfused region of WT and iNOS~/~ mice that underwent an
ischemic PC protocol consisting of six 4-min occlusion/4-min reper-
fusion cycles (groups III and IV, respectively). Tissue samples were
taken 24 h after sham surgery or ischemic PC. (4) iNOS immunore-
activity (cytosolic fraction) increased after ischemic PC in WT mice
but was undetectable in INOS™/~ mice, either after sham operation or
after ischemic PC. (B) eNOS immunoreactivity in total homogenates
(cytosolic + membranous fractions) remained unchanged after isch-
emic PC both in WT and iNOS~/~ mice. (C) No nNOS immunore-
activity was detected in total homogenates (cytosolic + membranous
fractions) of myocardial samples, either after sham operation or after
ischemic PC. In contrast, a robust expression of nNOS was detected in
mouse brain and rat pituitary tissue (used as positive controls). This
blot was performed by using mAbs (Transduction Laboratories).
Similar results were obtained by using polyclonal anti-nNOS antibod-
ies (Transduction Laboratories) (data not shown). Rat pituitary
extracts were obtained from Transduction Laboratories.
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fractions prepared from WT and iINOS~/~ mice is illustrated
in Fig. 14. In WT mice, the total (cytosolic + membranous
fractions) tissue content of iNOS in the ischemic-reperfused
region increased 41 = 6% above control levels (P < 0.05) 24 h
after ischemic PC. The increase was more pronounced in the
cytosolic fraction of the homogenate (+47 = 12%; Fig. 24). In
INOS~/~ mice, iINOS protein signals were undetectable under
control conditions as well as after ischemic PC (Figs. 14 and
2A). In contrast to iNOS, the expression of eNOS did not
increase 24 h after ischemic PC, either in WT or in iNOS~/~
mice (Figs. 1B and 34). No nNOS was detected in control or
preconditioned heart samples by using commercially available
nNOS monoclonal or polyclonal antibodies (Transduction
Laboratories) (Fig. 1C). For comparison, in a separate group
of seven WT mice given lipopolysaccharide (12.5 mg/kg i.p.)
6 h earlier, the iNOS protein content in the cytosolic fraction
of LV samples increased 853 + 131% above control levels, i.e.,
~18 times more than after ischemic PC.

NOS Activity. NOS activity was measured as N“-nitro-L-
arginine methyl ester-inhibitable L-citrulline production
(Methods). In WT mice, total (cytosolic + membranous frac-
tions) calcium-independent NOS activity (iNOS activity) in the
ischemic-reperfused region increased by 131% above control
levels 24 h after ischemic PC (0.259 = 0.020 vs. 0.112 = 0.006
pmol L-citrulline/min per mg protein; P < 0.05). As was the
case for iNOS protein, the increase in iNOS activity was more
pronounced in the cytosolic fraction (+227%; Fig. 2B) than in
the membranous fraction (+39%; P < 0.05). Very low levels
of calcium-independent NOS activity were noted in iNOS~/~
mice, either under control conditions or 24 h after ischemic PC
(Fig. 2B). The presence of calcium-independent NOS activity
in iNOS™'~ mice is likely the result of the persistence of
residual eNOS and/or nNOS activity in the absence of calcium
(20, 21). In contrast to iNOS activity, cNOS (eNOS and/or
nNOS) activity in the ischemic-reperfused region did not
change appreciably 24 h after ischemic PC (Fig. 3 B and C).
The tissue levels of nitrite + nitrate (NOxy), the stable oxidation
products of NO, increased significantly (P < 0.05) 24 h after
ischemic PC in WT mice but did not change in iNOS™/~ mice
(Fig. 2C). Because both nitrite and nitrate diffuse rapidly out
of the cell, tissue NOy levels would not be expected to increase
in proportion to tissue NOS activity (Fig. 2B) and protein (Fig.
2A4).

Phase B: Body Temperature and Heart Rate. By experi-
mental design (16), rectal temperature remained within a
narrow, physiologic range (36.8-37.3°C) in all groups. Five
minutes before the 30-min coronary occlusion, the average
heart rate in groups V-XII ranged from 472 to 600 beats per
min (P = not significant). Heart rate did not differ significantly
among the eight groups at any time during the 30-min occlu-
sion or the ensuing reperfusion (data not shown).

Infarct Size. There were no significant differences among
the eight groups with respect to body weight, LV weight, or
weight of the region at risk (Table 1). Groups V and VI
(control groups) underwent a 30-min coronary occlusion
without any prior manipulation (no PC protocol and no sham
surgery). In control WT mice (group V), infarct size averaged
58.8 = 2.1% of the region at risk (Fig. 4). In control iNOS™/~
mice (group VI), infarct size was similar (Fig. 4), indicating
that iNOS does not modulate the extent of cell death in the
absence of PC. Groups VII and VIII (late PC sham groups)
were studied to determine whether the stress of surgery would,
in itself, induce a late PC effect. On day 1, these groups
underwent a protocol that was identical to that used in the late
PC groups (groups IX and X) except that no coronary
occlusion was performed; on day 2 (24 h later), they underwent
a 30-min occlusion. As shown in Table 1 and Fig. 4, infarct size
in groups VII and VIII was similar to that observed in groups
V and VI, indicating that a sternotomy with a 60-min period
of open-chest state without coronary occlusion did not affect
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FI1G. 2. Effect of ischemic PC on iNOS expression and activity in WT and iNOS~/~ mice. Tissue samples were obtained as described in the legend
to Fig. 1. (4) Myocardial content of iNOS (cytosolic fraction). In WT mice, the iNOS protein content in the ischemic-reperfused region was
increased by 47 = 12% 24 h after ischemic PC. In iNOS~/~ mice, immunoreactive iNOS protein was undetectable, either after sham surgery or
after ischemic PC. (B) Calcium-independent NOS (iNOS) activity in the cytosolic fraction. In WT mice, iNOS activity in the ischemic-reperfused
region increased by 227% 24 h after ischemic PC. In iNOS™/~ mice, low levels of calcium-independent NOS activity were noted in iNOS~/~ mice,
either after sham operation or after ischemic PC. These levels probably represent cNOS activity (20, 21). (C) Total myocardial content of nitrite
and nitrate (NOy). In WT mice, NOx levels in the ischemic-reperfused region increased significantly 24 h after ischemic PC. In iNOS~/~ mice,
ischemic PC did not bring about any increase in NOx levels; furthermore, NOy levels were significantly lower in iNOS~/~ mice compared with WT

mice. Data are means +* SEM.

the extent of cell death induced by a 30-min coronary occlusion
24 h later.

Groups IX and X (late PC groups) were studied to deter-
mine the role of iNOS in the late phase of ischemic PC. When
WT mice were preconditioned with six 4-min occlusion/4-min
reperfusion cycles on day 1 (group IX), the size of the infarct
produced by a 30-min coronary occlusion 24 h later (day 2) was
67% smaller compared with group VII (WT, late PC sham
group) (P < 0.05; Table 1; Fig. 4), indicating the development
of a late PC effect. In contrast, when iNOS~/~ mice were
preconditioned with six 4-min occlusion/4-min reperfusion
cycles on day 1 (group X), the size of the infarct produced by
a 30-min occlusion on day 2 was not decreased compared with
group VIII iNOS—/~, late PC sham group) (Table 1; Fig. 4),
indicating that the late PC effect was completely abrogated.

Groups XI and XII (early PC groups) were studied to
determine whether iNOS plays a role in the early phase of
ischemic PC. In these mice, the PC protocol was the same as
that used in groups IX and X (six 4-min occlusion/reperfusion
cycles) but the interval between the PC protocol and the
30-min occlusion was 10 min instead of 24 h. In WT mice
(group XI), infarct size was reduced by 86% compared with

Cytosolic fraction

" Control

control animals (group V) (P < 0.05; Table 1 and Fig. 4),
indicating an early PC effect against infarction. A similar
reduction in infarct size (84%) was observed in INOS~/~ mice
(group XII) compared with the corresponding control group
(group VI) (P < 0.05; Table 1 and Fig. 4), indicating that the
protective effect of the early phase of PC was fully manifest in
these animals.

DISCUSSION

Perhaps the most critical unresolved issue pertaining to the
mechanism of late PC is the nature of the cellular mediator
that is responsible for conferring increased tolerance to lethal
ischemic injury 24-72 h after a brief ischemic challenge. The
search for this mediator (presumed to be a gene product) has
been intense, and many hypotheses have been formulated
(reviewed in ref. 8). The implications of this issue are poten-
tially vast, because identification of the key cytoprotective
protein(s) is essential not only for understanding the patho-
physiology of the delayed myocardial adaptations to stress, but
also for formulating therapeutic strategies aimed at mimicking
these adaptations with pharmacological or genetic manipula-
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Fic. 3. Effect of ischemic PC on eNOS expression and cNOS (eNOS and/or nNOS) activity in WT and iNOS~/~ mice. Tissue samples were
obtained as described in the legend to Fig. 1. (4) Total (cytosolic + membranous fractions) myocardial content of eNOS. (B) cNOS (eNOS and/or
nNOS) activity in the cytosolic fraction. (C) cNOS activity in the membranous fraction. eNOS protein and cNOS activity did not increase after

ischemic PC, either in WT or iNOS—/~ mice. Data are means = SEM.
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Table 1. Size of LV, risk region, and infarct

Proc. Natl. Acad. Sci. USA 96 (1999) 11511

Body weight, LV, RR, Infarct, RR, Infarct, Infarct,
g mg mg mg % of LV % of RR % of LV
Group V 283+ 1.1 1141 = 5.6 39.5 3.0 23320 349 23 58.8 £ 2.1 20.6 + 1.6
Group VI 30.8 24 120.7 = 9.4 443 £24 235*19 38028 534 *35 203 =22
Group VII 283+ 1.0 1221+ 73 403 £3.2 232+x21 33.0 £ 1.6 589 +43 192+ 1.4
Group VIII 32214 1214+ 7.3 471 +39 23.6 19 38.6 = 1.8 504 =22 19513
Group IX 31.7x15 109.4 = 6.1 377+ 44 6.3 =0.8* 342 +28 19.3 = 3.4* 6.2 = 1.0*
Group X 31.8 12 129.0 = 6.6 469 £2.9 27.8 £ 1.9 37332 59.7x2.7 22.0=*20
Group XI 3.7+ 16 110.5 = 10.1 371 +35 3.1+ 0.8F 33.9 +2.0 83 = 1.7f 2.9 +0.77
Group XII 280+ 1.6 105.7 = 6.2 381+24 2.8 = 1.0% 36.6 = 2.6 83 +3.1% 2.5+ 0.9%

RR, region at risk. Data are means = SEM. *, P < 0.05 vs. group VIL; T, P < 0.05 vs. group V; ¥, P < 0.05 vs. group VI.

tions capable of inducing a sustained cardioprotective effect
similar to that afforded by the late phase of ischemic PC.
Although pharmacologic studies have implicated iNOS as the
mediator of late PC (7, 9), these data are far from conclusive
because of the poor specificity and isoform-selectivity of the
iNOS inhibitors examined (11-13) and also because of the lack
of direct evidence for iNOS up-regulation.

The present study gives insights into this issue. The results
of phase A indicate that the late phase of ischemic PC is
associated with an increase in the protein expression and
activity of iNOS, but not eNOS or nNOS, demonstrating
selective up-regulation of this isoform. The results of phase B
indicate that targeted disruption of the iNOS gene completely
abrogates the infarct-sparing effect of late PC, demonstrating
that the activity of iNOS is indispensable for this cardiopro-
tective phenomenon to occur. Taken together, the results
presented herein provide unequivocal molecular genetic evi-
dence for an obligatory role of iNOS in the cardioprotection
afforded by the late phase of ischemic PC and therefore
identify a specific protein that mediates this phenomenon in
vivo.

Although eNOS and nNOS are constitutively expressed, it is
now clear that they can be up-regulated by a variety of stimuli
(22). For example, an increase in eNOS transcript levels,
associated with increased NOy and ¢cGMP production, has
been observed in immature rabbit hearts subjected to chronic
hypoxia (23), and an augmented vascular response to endo-
thelium-dependent dilators (presumably mediated by eNOS)
has been found 24 h after brief ischemia in conscious dogs (24).
Accordingly, assessment of eNOS and nNOS was important to
examine the possibility that either of them may participate in
the cardioprotective effects of late PC. The results of phase A
demonstrate that the expression of eNOS proteins was virtu-

ally unchanged 24 h after ischemic PC (Fig. 34). nNOS was not
detectable, either in the absence or in the presence of ischemic
PC. ¢cNOS activity (a cumulative measure of eNOS and nNOS
activities) was also virtually unchanged 24 h after ischemic PC
(Fig. 3 B and C). Thus, we found no evidence that either the
protein expression or the enzymatic activity of eNOS or nNOS
increases during the late phase of ischemic PC, indicating that
among the three NOS isoforms, iNOS is selectively up-
regulated.

The up-regulation of iNOS protein expression after ischemic
PC was mild, ~18-fold less than after a lethal dose of lipo-
polysaccharide (47% vs. 853% increase, respectively, in iNOS
protein content in the cytosolic fraction of LV samples). This
may be an important reason why the activity of iNOS in
preconditioned myocardium is protective rather than delete-
rious. The precise cellular mechanism responsible for the
synthesis of new iNOS proteins during late PC remains to be
defined, but activation of protein kinase C (17) and NF-«B (25)
is likely to play an important role. Further studies will be
necessary to identify the specific cell type(s) in which iNOS is
up-regulated by ischemic PC. Interestingly, we found evidence
of iNOS protein expression and activity in all of the nonpre-
conditioned tissue samples examined in WT mice, including
the anterior and posterior LV wall from control mice (group
I) and the nonischemic zone (posterior LV wall) from pre-
conditioned mice (group III) (Figs. 14 and 2). The presence
of iNOS in these mice was not the result of the trauma of
surgery 24 h earlier, because similar levels of iNOS protein and
activity were found in a separate group of five WT mice that
were not subjected to surgery or any other manipulation (iNOS
protein: 94 + 8% of the levels found in the anterior LV wall
of group I, WT controls; iNOS activity: 0.099 = 0.005 pmol/
min per mg protein). Apparently unstimulated expression of
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FiG. 4. Myocardial infarct size in groups V (WT, control), VI (iNOS~/~, control), VII (WT, late PC sham), VIII (NOS—/~, late PC sham), IX
(WT, late PC), X iNOS~/~, late PC), XI (WT, early PC), and XII (iNOS~/~, early PC). O, individual mice; ®, means + SEM.
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iNOS in cardiac tissue has also been reported by others (26,
27). Our data, however, indicate that this “basal” iNOS
expression is insufficient to confer protection against lethal
ischemia/reperfusion injury, because in the two nonprecon-
ditioned WT groups (groups V and VII), infarct size was not
less than that measured in the corresponding iNOS ™/~ groups
(groups VI and VIII) (Fig. 4).

The finding that iNOS is expressed in nonpreconditioned
hearts prompted us to investigate whether this enzyme is
involved in the early phase of ischemic PC as well. Because
ischemic PC is associated with rapid activation of tyrosine
kinases (28, 29), and because iNOS is known to undergo
posttranslational modification via tyrosine phosphorylation
(resulting in enzymatic activation) (30), it is theoretically
possible that the iNOS tonically expressed in the heart may
contribute to the early phase of protection. The finding that
early PC was not affected by disruption of the iNOS gene
(group XII, Fig. 4), however, demonstrates that this is not the
case. In the present investigation, a cardioprotective role of
iNOS was observed only in the setting of late PC.

In conclusion, this study demonstrates that the late (but not
the early) phase of ischemic PC is mediated by iNOS. The
observations reported herein reveal the existence of a cardio-
protective mechanism that is based on the up-regulation of an
enzyme that traditionally has been thought to serve as a
mediator of tissue injury rather than protection (31, 32). Our
results challenge the view that induction of iNOS necessarily
leads to cytotoxicity and imply that the pathophysiological role
of this enzyme in vivo is considerably more complex than
heretofore appreciated. The finding that iNOS mediates late
PC impels a critical reassessment of current paradigms regard-
ing the functional significance of iNOS induction in disease
states. We propose that iNOS activity can play either a
beneficial or a detrimental role depending on the intensity of
iNOS induction and on the specific pathophysiologic setting.
We suggest that induction of iNOS after ischemic PC is
protective because the magnitude of this up-regulation is
relatively modest, in contrast to other situations (such as
inflammation or septic shock) in which iNOS induction is
massive. The identification of iNOS as the specific protein
responsible for late PC provides a target for therapeutic
manipulations aimed at mimicking the infarct-sparing effects
of ischemic PC with pharmacologic or genetic strategies.
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