Nitric Oxide Donors Induce Late Preconditioning Against
Myocardial Stunning and Infarction in Conscious Rabbits
via an Antioxidant-Sensitive Mechanism
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Abstract—The goal of this study was to test the hypothesis that the cardioprotective effects of the late phase of ischemic
preconditioning (PC) can be mimicked by treatment with NO donors. In phase | (studies of myocardial stunning),
conscious rabbits underwent a sequence of six 4-minute coronary occlusion/4-minute reperfusion cycles for 3
consecutive days (days 1, 2, and 3). In group | (controtsf)n the total deficit of systolic wall thickening (WTh) after
the sixth reperfusion was reduced by 54% on days 2 and 3 compared with &a30106), indicating a late PC effect
against myocardial stunning. When rabbits were given the NO donors diethylenetriamine/NO (DETA/NO, 0.1 mg/kg
IV, 4 times [group I, n=5]) or S-nitrosoN-acetylpenicillamine (SNAP, 2.ag - kg * - min~* IV for 75 minutes [group
Ill, n=5]) 24 hours before the first sequence of occlusion/reperfusion cycles, the deficit of WTh on day 1 was 60%
(group 1) and 54% (group III) less than that observed in contrBls@.05 for both). In both groups Il and lll, there
was no further improvement in the deficit of WTh on days 2 and 3 compared with day 1. The protective effect of
DETA/NO was completely abrogated when this agent was given in conjunction with the OM@®DOH scavenger
mercaptopropionyl glycine (MPG) (group IVA15). In phase Il (studies of myocardial infarction), conscious rabbits
underwent a 30-minute coronary occlusion followed by 3 days of reperfusion. When rabbits were preconditioned 24
hours earlier with six 4-minute occlusion/4-minute reperfusion cycles, infarct size was reduced by 43%2(3%2
versus 58.34.1% of the region at risk in control®<0.05), indicating a late PC effect against myocardial infarction.
When rabbits were pretreated with DETA/NO (group VIE=8) or SNAP (group IX, 5=7) 24 hours before the
30-minute occlusion, infarct size was reduced by a similar degreeX3%30 and 32.&:3.3% of the region at risk,
respectively;P<<0.05 versus controls). The degree of protection could not be increased by doubling the dose of
DETA/NO (group VIII, n=5). Coadministration of MPG completely abrogated the infarct-sparing action of DETA/NO
(group X, n=7). Taken together, these results demonstrate that in conscious rabbits the administration of 2 structurally
unrelated NO donors induces protection 24 hours later against both reversible (stunning) and irreversible (infarction)
ischemia/reperfusion injury and that the magnitude of this protection is indistinguishable from that observed during the
late phase of ischemic PC. The fact that the late phase of ischemic PC can be mimicked by NO donors provides direct
evidence that NO in itself is sufficient to elicit this cardioprotective mechanism. The fact that NO donor—induced late
PC was abrogated by MPG indicates that the mechanism whereby NO induces this phenomenon involves the generation
of oxidant species, possibly ONO@nd/or-OH. Since a relatively brief treatment with hemodynamically inactive doses
of NO donors can induce long-lasting protective effects, these agents could be useful for preconditioning the heart
in patients.(Circ Res 1998;83:73-84.)
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S;[judies in rabbits have shown that ischemic PC induces a indirect. There are 2 limitations inherent in pharmacological
elayed cardioprotective effect that increases the toler- manipulations of NOS activity with -arginine analogues.
ance of the heart both to myocardial stunning and to myo- First, a nonspecific action of these agents cannot be excluded.
cardial infarction” (“late phase” of ischemic PC). It has Second, increasing evidence suggests that NOS may produce
recently been demonstrated that administration of NOS in- -O, rather than NO under conditions in which the local tissue
hibitors (ie,L-arginine analogues) during the initial ischemic levels of L-arginine or tetrahydrobiopterin drdp'? If this
stimulus abrogates the late phase of ischemic PC, suggestingvere the case during brief myocardial ischemia/reperfusion,
that the development of this cardioprotective phenomenon is the trigger for late PC could be an increased generation of
triggered by the generation of NO (“NO hypothesis of late -O,” by NOS, not an increased generation of NO, and the
PC")2*The evidence provided by these studiébpwever, is mechanism by which-arginine analogues prevent late PC
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quantitatively equivalent to that induced by ischemic PC, and

Selected Abbreviations and Acronyms (8) whether it is mediated by ROS. To comprehensively
DETA = diethylenetriamine analyze the spectrum of cardioprotection afforded by late PC,
iINOS = inducible NOS we tested the ability of NO donors to elicit delayed protection

L-NA = N*-nitro-L-arginine against both a mild reversible ischemic insult (myocardial

LV = left ventricular . . . . L
MPG = mercaptopropionyl glycine stunning) and a severe irreversible insult (myocardial infarc-
NOS = NO synthase tion). In an effort to exclude nonspecific effects of NO
PC = preconditioning donors, 2 structurally unrelated agents, DETA/NO and
ROS = reactive oxygen species SNAP, were tested in each experimental setting (stunning and
SNAP = SnitrosoN-acetylpenicillamine infarction). To directly compare the effects of NO donors

WTh = wall thickening with those of ischemic PC, a well-characterized rabbit model

was used in which a sequence of six 4-minute occlusion/4-
minute reperfusion cycles elicits robust protection against
both myocardial stunnirig® and myocardial infarctiof! To

examine the role of ROS as intermediary steps in the signal
transduction pathway initiated by NO, we examined whether

could be the prevention oD, formation rather than inhibi-
tion of NO synthesis. Assessing the role of NOS-generated
O, in vivo is problematic, because direct measurements of

-0, ||? vivo are difficult apd §pe0|f|c mtracelllular scavengers ) compound MPG, a scavenger of ONO@nd
of -0, that can be used in vivo are not available. Both of the 1647 : :
. : -OH,***"blocks NO donor—induced late PC. All studies were

aforementioned issues, however, could be addressed by ) . . : o .

o . ~“conducted in conscious animals in order to eliminate potential
determining whether NO donors can reproduce the protective artifacts associated with open-chest preparafieis
effects of the late phase of ischemic PC in the absence of P prep '
|§chem|a. If so, this v_voulo! prov_lde dJrect eyldence t_hat NO Materials and Methods
(instead of, or in conjunction withQ,”) can indeed trigger ) ]
late PC. Experimental Preparation and Protocol

Besides these pathophysiological issues, there are otherThe experimental preparation has been described in detail previous-

ly.*>7 Briefly, New Zealand White male rabbits (weight, 2.0 to 2.5 kg;

cogent reasons for testing the hypothesis that exogenous Noage, 3 to 4 months) were instrumented under sterile conditions with

mimics the late phase of ischemic PC. Because of its aballoon occluder around a major branch of the left coronary artery,
sustained nature, late PC may have considerable clinicala 10-MHz pulsed Doppler ultrasonic crystal in the center of the
relevance as a cardioprotective mechanism that could peregion to be rendered ischemic, and bipolar ECG leads on the chest
exploited therapeutically to minimize ischemic injury in wall. The animals were allowed to recpverforamlmmum of 10 da_lys
. . . . e . after surgery. Throughout the experiments, rabbits were kept in a
patients with coronary artery diseasdhe identification of  cage in a quiet dimly lit room. Left ventricular systolic WTh, range
pharmacological interventions that are capable of mimicking gate depth, and the ECG were recorded throughout the experiments
the protective actions of late PC represents a critical step inon a thermal array chart recorder (Gould TA6000). The study

this direction, since it would provide a framework for consisted of 2 consecutive phases (phase | and phase II).

developing clinically applicable strategies aimed at maintain- pnase |: Studies of Myocardial Stunning

ing a chronically preconditioned state in individuals at risk The experimental protocol consisted of 3 consecutive days of
for myocardial infarction or other acute coronary events. coronary artery occlusions (days 1, 2, and 3, respectively). On each
Accordingly, in recent years the search for pharmacological 92y the rabbits were subjected to a sequence of six 4-minute

. . coronary occlusion/4-minute reperfusion cycles (Figure 1). The
triggers of late PC has been intense. A number of agents (eg’performance of successful coronary occlusions was verified by

adenosine Areceptor agonistsdirect activators of protein  observing the development of ST-segment elevation and changes in
kinase C'* a-adrenergic agonists endotoxin’® cytokines!* the QRS complex on the ECG and the appearance of paradoxical
and monophosphoryl lipid & have been shown to elicit a systolic wall thinning on the ultrasonic crystal recordings. No

late PC-like effect, but most of these compounds are imprac- sedative or antiarrhythmic agents were given at any time.
’ Rabbits were assigned to four groups (Figure 1). Group | (control

tical for clinical use, and none has yet been found suitable for 4rqup) underwent the coronary artery occlusion/reperfusion protocol
clinical application. Therefore, the search for a clinically on days 1, 2, and 3 without any treatment. In group Il (DETA/NO
applicable intervention that can reproduce the cardioprotec- group), rabbits received 4 consecutive intravenous bolus doses of
tive effects of the late phase of ischemic PC continues. DETA/NO (0.1 mg/kg each) every 25 minutes (total dose, 0.4

. . mg/kg) 24 hours before the first sequence of coronary occlusion/
NO donors, such as nitrates, have been widely used for thereperfusion cycles. In group Il (SNAP group), rabbits received a

treatment of coronary artery disease for over a century. They continuous intravenous infusion of SNAP (2.8 - kg * - min~* for
are well tolerated and have relatively few side effects. In view 75 minutes) 24 hours before the first sequence of coronary occlusion/
of the mounting evidence suggesting that NO triggers the reperfusion cycles. As a result of this protocol, both DETA/NO and

; ; SNAP were given over a 75-minute interval. In group IV (DETA/
de\(elopment of the late phase of |sc_hem|c ra, Seems NO+MPG group), rabbits received the same dose of DETA/NO as
logical to test whether pretreatment with NO donors, in the i group I1; in addition, they were given a continuous intravenous

absence of ischemia, can reproduce the protective actions ofinfusion of MPG (1.7 mg kg™ - min*) beginning 1 hour before the
late PC. If so, a new dimension would be added to the clinical first DETA/NO injection and continuing until 3 hours after the fourth
role of NO-releasing agents. DET_A/NO injection. This dose of MI_DG was chosen becayse it has
The goals of the present study were to investigate (1) prt_ewou_sly been shown to be e_ffectlve (glven together v_wth super-
- . oxide dismutase and catalase) in abrogating late PC against stunning
whether pretreatment with NO donors induces a delayed iy pigs without causing any hemodynamic char§eBETA/NO
cardioprotective effect, (2) if so, whether such an effect is (Alexis Corp) was dissolved in PBS (total volume infused, 4 mL);
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Figure 1. Experimental protocol for the studies of myocardial L Ao — - &
stunning (phase I). Four groups of rabbits underwent a
sequence of six 4-minute coronary occlusion/4-minute reperfu- Figure 2. Experimental protocol for the studies of myocardial
sion cycles (where O indicates occlusion and R indicates reper- infarction (phase Il). On day 1, 6 groups of rabbits were sub-
fusion) followed by a 5-hour observation period for 3 consecu- jected to a 30-minute coronary occlusion followed by 3 days of
tive days (days 1, 2, and 3). Twenty-four hours before the first reperfusion (where O indicates occlusion and R indicates reper-
coronary occlusion (day 0), rabbits in group | (=6, control fusion). Twenty-four hours earlier (day 0), rabbits in group V
group) received no pretreatment; rabbits in group Il (n=5, (n=10, control group) received neither ischemic PC nor drug
DETA/NO group) received 4 intravenous bolus doses of pretreatment; rabbits in group VI (n=10, ischemic PC group)
DETA/NO (0.1 mg/kg each) every 25 minutes (total dose, 0.4 underwent six 4-minute coronary occlusion/4-minute reperfusion
mg/kg); rabbits in group Ill (=5, SNAP group) received an in- cycles; rabbits in group VII (n=8, DETA/NO group) received 4
travenous infusion of SNAP (2.5 ug - kg~ - min~) for 75 min- intravenous bolus doses of DETA/NO (0.1 mg/kg each) every 25
utes (total, 187.5 ug/kg); and rabbits in group IV (n=5, DETA/ minutes (total dose, 0.4 mg/kg); rabbits in group VIII (n=5,
NO-+MPG group) received the same dose of DETA/NO given to DETA/NO high-dose group) received 8 intravenous bolus doses
group Il and an IV infusion of MPG (1.7 mg - kg~' - min~") start- of DETA/NO (0.1 mg/kg each) every 25 minutes (total dose, 0.8
ing 1 hour before the first DETA/NO bolus and continuing until 3 mg/kg) instead of 4 bolus doses; rabbits in group IX (n=7,
hours after the fourth bolus. SNAP group) received an intravenous infusion of SNAP (2.5 ug -

kg™' - min~") for 75 minutes (total, 187.5 ug/kg); and rabbits in

. . . . . group X (n=7, DETA/NO+MPG group) received the same dose
SNAP (Sigma Chemical Co) was dissolved in normal saline (total of DETA/NO given to group VIl and an IV infusion of MPG (1.7
volume infused,~11 mL). Both DETA/NO and SNAP were mg - kg™' - min~") starting 1 hour before the first DETA/NO bolus
dissolved immediately before the infusion; to remove oxygen from and continuing until 3 hours after the fourth bolus.
the solution, both the PBS and the normal saline solutions were
bubbled with nitrogen for at least 30 minutes before dissolving
DETA/NO or SNAP. MPG (Sigma) was dissolved in sterile water;
because the pH of the solution was 1.0 to 2.0, 0.1 mmol/L NaOH was
added to bring the pH te-7.5. All solutions were filtered through a
0.2-um Millipore filter to ensure sterility.

Phase II: Studies of Myocardial Infarction Measurement of Regional Myocardial Function

To examine the effect of NO donor pretreatment on myocardial Regional myocardial function was assessed as systolic thickening
infarction, rabbits were subjected to a 30-minute coronary artery fraction using the pulsed Doppler probe, as previously descfibed.
occlusion followed by 3 days of reperfusion. Diazepam was admin- the studies of myocardial stunning, the total deficit of systolic WTh
istered 20 minutes before the onset of ischemia (4 mg/kg IP) to (an integrative assessment of the overall severity of myocardial
relieve the stress caused by the coronary occlusion. No antiarrhyth- stunning) was calculated by measuring the area between the systolic
mic agents were given at any time. Rabbits were assigned to 6 groupsWTh-versus-time line and the baseline (100% line) during the
(Figure 2). Group V (control group) underwent the 30-minute 5-hour recovery phase after the sixth reperfusiotin the studies of
occlusion with no PC protocol or drug pretreatment. Group VI myocardial infarction, the total deficit of systolic WTh was calcu-
(ischemic PC group) was preconditioned with a sequence of six lated by the same method during the 72-hour recovery phase after the
4-minute coronary occlusion/4-minute reperfusion cycles 24 hours 30-minute occlusiof? In all animals, measurements from at least 10
before the 30-minute coronary occlusion. Group VII (DETA/NO beats were averaged at baseline and from at least 5 beats at all
group) was given 4 consecutive intravenous bolus doses of subsequent time points.

DETA/NO (0.1 mg/kg) every 25 minutes (total dose, 0.4 mg/kg) 24

hours before the 30-minute coronary occlusion (this is the same doseMeasurement of Region at Risk and Infarct Size

that was used in group Il). To determine whether higher doses of At the conclusion of the study, the rabbits were given heparin (1000
DETA/NO would be more effective, group VIII (DETA/NO high- U 1V), after which they were anesthetized with sodium pentobarbital
dose group) received 8 consecutive intravenous bolus doses of (50 mg/kg IV) and euthanized with KCI. The heart was excised, and
DETA/NO every 25 minutes (total dose, 0.8 mg/kg) 24 hours before the size of the ischemic/reperfused region (region at risk) was
the 30-minute coronary occlusion. Group IX (SNAP group) received determined by tying the coronary artery at the site of the previous
a continuous intravenous infusion of SNAP (2.§- kg™*- min~* for occlusion and by perfusing the aortic root for 2 minutes with a 5%
75 minutes) 24 hours before the 30-minute coronary occlusion (this solution of Phthalo blue dye in normal saline at a pressure of
is the same dose that was used in group IIl). In Group X (DETA/ 70 mm Hg using a Langendorff apparatus. The heart was then cut
NO+MPG group), rabbits were given the same dose of DETA/NO into 6 to 7 transverse slices, which were incubated for 10 minutes at

as in group VII; in addition, they received a continuous infusion of
MPG (1.7 mg- kg™* - min™%) beginning 1 hour before the first
DETA/NO injection and continuing until 3 hours after the fourth
injection (this is the same treatment that was used in group V).
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37°C in a 1% solution of triphenyltetrazolium chloride in phosphate
buffer (pH 7.4). All atrial and right ventricular tissues were excised.

In the studies of myocardial stunning (phase I), the region at risk
(which was identified by the absence of blue dye) was separated
from the rest of the left ventricle, and both components were
weighed. In the studies of myocardial infarction (phase Il), the slices
were weighed, fixed in a 10% neutral buffered formaldehyde
solution, and photographed (Nikon AF N6006). Transparencies were
projected onto a paper screen at a 10-fold magnification, and the
borders of the infarcted, ischemic/reperfused, and nonischemic
regions were traced. The corresponding areas were measured by
computerized planimetry (Adobe Photoshop, version 4.0), and from
these measurements infarct size was calculated as a percentage of the
region at risk:’
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REDUCTION OF MEAN ARTERIAL PRESSURE

Statistical Analysis

Data are reported as meaSEM. For intragroup comparisons,
hemodynamic variables and WTh were analyzed by a 2-way
repeated-measures ANOVA (time and day) followed by Student
tests for paired data with the Bonferroni correction. For intergroup Figure 3. Effect of MPG on the response of mean arterial pres-
comparisons, data were analyzed by either a 1-way or a 2-way sure to intravenous bolus injections of DETA/NO. Increasing
repeated-measures (time and group) ANOVA, as appropriate, fol- bolus doses of DETA/NO (0.25, 0.5, 1.0, and 1.5 mg/kg) were
lowed by unpaired Studentests with the Bonferroni correction. The  administered intravenously at 25-minute intervals before and 60
relationship between infarct size and risk region size was compared minutes after the beginning of a continuous infusion of MPG
among groups with an ANCOVA using the size of the risk region as (1.7 mg - kg™" - min™). Thus, after the beginning of MPG infu-
the covariaté” The correlation between infarct size and risk region Sion, the 0.25 mg/kg dose was given at 60 minutes into the
size was assessed by linear regression analysis using the least squard&usion and the 1.5 mg/kg dose was given at 135 minutes into

method. All statistical analyses were performed using the SAS the infusion. This is the same time interval that was used for
software system Y P g DETA/NO administration in groups IV and X. The response to

DETA/NO during infusion of MPG was similar to that before
MPG (n=6). Data are mean=SEM.

T T T T
025 0.50 1.00 1.50

DETA/NO (mgrkg)

Results
A total of 94 rabbits were used in the present study (11 for the

pilot studies, 6 for the studies of vasodilator response to Significant decrease in blood pressure<20%) and a

DETA/NO, and 77 for the studies of late PC). significant increase in heart rate20%)2* In 3 rabbits, we
infused SNAP at a rate of ag - kg™ - min~* for 75 minutes;
Pilot Studies this dose also caused a significant increase in heart rate

Pilot studies were conducted in 11 rabbits to identify the (~15%). We therefore lowered the infusion rate of SNAP to
doses of DETA/NO and SNAP that have no effect on heart 2.5 ug - kg~* - min™!, which did not induce appreciable
rate, arterial blood pressure, and systolic WTh. The concern changes in heart rate, arterial pressure, or WTh. The duration
was that hemodynamic perturbations caused by these agent®f SNAP infusion (75 minutes) was chosen to correspond to
(eg, a fall in blood pressure or an increase in heart rate) couldthe time interval during which the 4 bolus doses of
contribute nonspecifically to induce a late PC effect unrelated DETA/NO were administered in group Il. In summary, these
to the direct actions of NO on the heart. Arterial pressure was pilot studies demonstrate that the doses of DETA/NO and
measured by cannulating the ear dorsal artery with a 22- SNAP selected in this protocol are the highest that can be
gauge angiocatheter under local anesthesia (benzocaine), agiven to conscious rabbits without causing hemodynamic
previously described. perturbations.

In 1 rabbit, a dose of 0.2 mg/kg of DETA/NO caused a
sustained (20-minute) decrease in blood pressurg4gs), Vasodilator Response to DETA/NO
which was associated with a sustained (60-minute) increaseStudies were conducted in 6 rabbits to rule out the possibility
in heart rate (12%). Therefore, we reduced the dose to 0.1that MPG may scavenge NO. To avoid the spontaneous
mg/kg, which did not cause any appreciable change in arterial fluctuations in arterial pressure that are associated with the
pressure, heart rate, or WTh. In 4 rabbits, 2 intravenous bolusconscious state, the rabbits were anesthetized with sodium
doses of 0.1 mg/kg of DETA/NO were given 25 minutes apart pentobarbital £20 mg/kg). MPG was given at the same rate
24 hours before the 6 occlusion/reperfusion cycles; although and with the same protocol used in groups IV and X (1.7-mg
3 of the 4 rabbits were protected against stunning, the fourth kg™* - min™* as a continuous intravenous infusion). Increasing
rabbit was not. We therefore increased the number of bolus bolus doses of DETA/NO were injected intravenously at
doses to 4, which proved to be effective in inducing protec- 25-minute intervals before and during the infusion of MPG.
tion against stunning 24 hours later (group 1l). The rationale The results are illustrated in Figure 3. The infusion of MPG
for dividing the total dose of DETA/NO in multiple bolus had no appreciable effect on blood pressure (mean arterial
doses given at 25-minute intervals was to administer an pressure, 634 mm Hg before MPG and 653 mm Hg 60
amount of drug sulfficient to elicit a late PC effect without the minutes after the beginning of the continuous infusion of
hemodynamic changes that would have been associated withMPG). Before MPG, DETA/NO decreased mean arterial
a single large bolus. With regard to SNAP, infusion rates of pressure dose-dependently-%.4+0.9%, —14.0+2.3%,
=10 pg - kg - min"' have been shown to induce a —21.8+3.8%, and—26.3=3.5% at doses of 0.25, 0.5, 1.0,
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and 1.5 mg/kg, respectively) (Figure 3). The first bolus of TABLE 1. Hemodynamic Variables During and After
DETA/NO (025 mg/kg) was given 60 minutes after the Administration of DETA/NO, SNAP, or DETA/NO+MPG

beginning of the infusion of MPG, and the fourth bolus (1.5 1 h After End
mg/kg) was given 135 minutes after the beginning of the End of Drug of Drug
MPG infusion (the timing of the DETA/NO bolus doses with Baseline Administration* Administration
respect to the MPG infusion was the same as that used inHeart rate, bpm
groups IV and X [Figures 1 and 2, respectively]). Both at 60 group I 249+10 241+13 250+17
and 135 minutes_ ir_lto the infusion of MPG, the response {0 group I 243+9 238+8 241411
DETA/NO was similar to that observed before MPG (Flgure Group IV 243+8 250+15 93811
3). These results demonstrate that our dose of MPG did not Group VI 2505 243+6 249+10
affect_ DET_A/NO-lnduced vasodilatation, indicating that Group Vil 25911 270+18 71514
MPG is unlikely to scavenge NO.

Group IX 25114 25619 26017
Phase I: Studies of Myocardial Stunning Group X 240=6 242210 24129

_ ) Mean arterial pressure, mm Hg
Exclusions and Postmortem Analysis _ _ Group Il 7545 71+4 7544
Of the 21 rabbits instrumented for the studies of myocardial
: : Group Ill 72+3 71=2 68+3

stunning, 6 were assigned to group | (control group), 5 to Grouo IV - 694 695
group Il (DETA/NO group), 5 to group Ill (SNAP group), oup - - -
and 5 to group IV (DETA/NG-MPG group). All of the Group VI 732 =2 73+3
animals completed the protocol satisfactorily and were in-  Group Vil 837 817 817
cluded in the data analysis. Postmortem analysis showed that Group IX 73%2 72+1 75%3
the size of the occluded/reperfused vascular bed was similar Group X 712 69+3 69+2
in the 4 groups: 0.820.08 g (17.0:1.8% of LV weight) in Systolic wall thickening fraction, %
group I, 0.92:0.16 g (18.6:1.5% of LV weight) in group II, Group I 39.9+2.2 40.8+1.9 40.7£2.5
0.96:0.12 g (18.%2.2% of LV weight) in group IIl, and Group Il 36.3+2.1 379+19 37.8+2.0
0.88+0.10 g (16&19% of LV Welght) in group IV. Tissue Group IV 38.7+1.3 38.4+123 39.4+13
staining Wlth. tnphgnyltt_atrazohun_w chloride conﬂrm_ed the Group VIl 35.3+4.4 347445 35.0+4.9
all:t)sence_ of mt;a:cuon |fn aI(I]I atmln;als.tlrr allt ;abblts,fthe Group VI 374416 378422 37,0411
ultrasonic crystal was found fo be at least s mm irom Group IX 38.6=5.3 38.4+6.2 37.5%5.7
the boundaries of the ischemic/reperfused region.

Group X 36.3+3.3 36.5+3.7 36.73.7
Hemodynamic Variables Groups Il and VIl received 4 bolus doses of 0.1 mg/kg DETA/NO at 25-minute

There were no significant changes in heart rate, arterial blood intervals. Groups Ill and IX received a continuous infusion of SNAP at a rate of
pressure, or systolic WTh at any time during or after the 2.5 ug - kg~' - min~" for 75 minutes. Group VIl received 8 bolus doses of 0.1

.. . . mg/kg DETA/NO at 25-minute intervals. Groups IV and X received DETA/NO
administration of DETA/NO, SNAP, or DETA/N®MPG in according to the same protocol used in groups Il and VII; in addition, they were

groups 11, lll, and IV, respectively (representative measure- given MPG as a continuous infusion at a rate of 1.7 ug - kg~" - min~" starting
ments are given in Table 1). These results are in agreementso minutes before the first DETA/NO bolus and continuing until 180 minutes
with our pilot studies and confirm that the doses of NO after the fourth DETA/NO bolus. Values are mean=SEM.
donors selected in this study have no effects on hemodynamic *In groups II, 1ll, VII, and IX, these measurements were taken 75 minutes
variables or regional myocardial function in conscious rab- after beginning the infusion of SNAP (groups Ill and IX) or 75 minutes after the
) - ) first bolus of DETA/NO (ie, immediately after the fourth bolus) (groups Il and VII).
bits. On days 1, 2, and 3, there were no appreciable differ- 1 group vill, these measurements were taken 175 minutes after the first bolus
ences in heart rate among the 4 groups, either during theof DETA/NO (ie, immediately after the eighth bolus). In groups IV and X, these
sequence of coronary occlusion/reperfusion cycles or during measurements were taken 315 minutes after beginning the infusion of MPG.

the 5-hour reperfusion period (Table 2). G | (Control G |
roup ontrol Group

Regional Myocardial Function On day 1, the thickening fraction remained significantly
Baseline systolic thickening fraction on days 1, 2, and 3 (P<0.05) depressed for 4 hours after the sixth reperfusion

averaged 37#5.5%, 35.5:-4.4%, and 36.44.6%, respec- and recovered by 5 hours (Figure 4), indicating that the
tively, in group I; 40.8-3.5%, 41.9-3.6%, and 43.24.3% sequence of six 4-minute occlusion/4-minute reperfusion
in r(’)u I 38 &2'7%' 39,1“:2.7%. ar;d 36 32 2% i cycles resulted in severe myocardial stunning that lasted, on
gro?Jp IIFI)' a’nd 4'1 &1 2% 4'1 3t1 40/; and 41'11' 2% in average, 4 hours. On days 2 and 3, however, the recovery of

S . WTh after the 6 occlusion/reperfusion cycles was markedly
group IV. There were no significant differences among improved compared with WTh recovery on day 1 (Figure 4).

groups |, II, Ill, and IV on the same day, or among different The total deficit of WTh after the sixth reperfusion was 54%
days within the same group. Furthermore, within the same |ess on both days 2 and 3 compared with dayPQ.01)
group there were no significant differences among days 1, 2, (Figure 8). Thus, as expecté& myocardial stunning was
and 3 with respect to the extent of paradoxical systolic attenuated markedly, and to a similar extent, on days 2 and 3
thinning during the 6 occlusions (Figures 4 to 7). compared with day 1.
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TABLE 2. Heart Rate During Coronary Occlusion
and Reperfusion 100 ¢
Heart Rate, bpm
75|
Reperfusion )
Baseline  Occlusion* (1h) 5
Prd 50
Phase | EE
Group | (control) 22 »
8 250
Day 1 257+13  253+14  251+11 iy
Day 2 26513 2469 24411 ::?_:’ o
Day 3 2626 2466 243+6 OO day 160w | | o
Group I (DETA/NO) 2 gy oo ] n=6)
25 1 “P<0.05 40 5 oot
Day 1 2557 238=10 23217 “pego1) 4% 2and3ve day
Day 2 263+12 236+10 221+12 EWSWHO‘ th 2h 3h 4h 5h
Day 3 253+14 232+11 227+15 g I<>:(ycles Reperfusion after 6th occlusion
Group Il (SNAP) Figure 4. Systolic thickening fraction in the ischemic/reperfused
Day 1 243+14 239+13 232+13 rg:-gion in group | (cc_>ntro| group) 5 minutes before thg first occlu-
sion (baseline), 3 minutes into each coronary occlusion (O), 3
Day 2 24410 232%8 222+6 minutes into each reperfusion (R), and at selected times during
Day 3 247+8 230+7 218+8 the 5-hour reperfusion interval following the sixth occlusion.

Measurements taken on day 1 are represented by the dashed
Group IV (DETA/NO+MPG) line with open circles, measurements taken on day 2 are repre-
Day 1 232+10 2367 228+8 sented by the continuous line with solid circles, and measure-
ments taken on day 3 are represented by the interrupted line

Day 2 24112 23810 23413 with solid triangles (n=6 for all 3 days). Thickening fraction is
Day 3 23914 23911 230+8 expressed as a percentage of baseline values. Data are
Phase Ii mean=SEM.
Group V (control) 254+6 279+12 254+11
Group VI (ischemic PC) 246+5  277+3 2668 administration of either DETA/NO or SNAP 24 hours before the
Group VIl (DETAVNO) 9394 25845 2548 sequence of six 4-nf1|nute occczlll_u\l':,lon/re[:_)erfusmr;I cycieshresulted
Group VIII (DETA/NO high dose) 24513  262*11 25411 n an gttenuatl_on of myocardia stunnlng on "?‘y that was
essentially equivalent to that effected by ischemic PC.
Group IX (SNAP) 250+8 260+9 257+9
Group X (DETA/NO-+MPG) 2406 2565 271x7
In the studies of myocardial stunning (phase I, groups | to IV), all rabbits 100

underwent a sequence of 6 cycles of 4-minute coronary occlusion/4-minute
reperfusion followed by a 5-hour observation period on days 1, 2, and 3. Heart
rate was measured 5 minutes before occlusion (baseline), 3 minutes into the wr ’
third occlusion, and at selected times after the sixth reperfusion (for the sake
of brevity, only the 1-hour measurements are reported). In the studies of
myocardial infarction (phase I, groups V to X), all groups underwent a
30-minute coronary occlusion followed by 72 hours of reperfusion. Heart rate
was measured 5 minutes before occlusion (baseline), at 15 minutes into the
30-minute coronary occlusion, and at selected times after reperfusion (for the
sake of brevity, only the 1-hour measurements are reported). Values are
mean=SEM.
*Third occlusion for phase I, and fifteen-minute occlusion for phase II.

o
o
T

(% baseline)
>

THICKENING FRACTION

— -+ — day 1, group i (control, n=6)

G ---<O day 1, group Il

®——® day 2, group Il

A— —A day 3, growp I

*P < 0.05

day 1, 2, and 3, group |l vs. day 1, group |
. .

DETA/NO
(n=5)

250

Groups Il (DETA/NO Group) and lll (SNAP Group) o g o °r “ °r
§ cycles Reperfusion after 6th occlusion

Although on day 1 the extent of paradoxical wall thinning in
groups Il and Ill was similar to that noted in control rabbits, the Figure 5. Systolic thickening fraction in the ischemic/reperfused
recovery of WTh after the sixth reperfusion was markedly faster region in group Il (DETA/NO group) 5 minutes before the first

. P . occlusion (baseline), 3 minutes into each coronary occlusion (O), 3
than in the control group, and this improvement was sustained minutes into each reperfusion (R), and at selected times during the

throughout the entire reperfusion interval (Figures 5 and 6). The 5-hour reperfusion interval following the sixth occlusion. Measure-
total deficit of WTh in groups Il and Ill was 60% less and 54% ments taken on day 1 are represented by the dashed line with

. . . open circles, measurements taken on day 2 are represented by the
less, respectwely, than that observed in control rabbits on day 1continuous line with solid circles, and measurements taken on day

(P<0.05) and similar to that observed in control rabbits on days 3 are represented by the interrupted line with solid triangles (n=5
2 and 3 (Figure 8). On days 2 and 3, there was no further for all 3 days). To facilitate comparisons, the data pertaining to day

. . . 1 of group | (control group) are also shown (thick interrupted line
Improvement in either the recovery of WTh (Flgures 5and 6) or without symbols, n=6). Thickening fraction is expressed as a per-

the total deficit of WTh (Figure 8) compared with day 1. Thus, centage of baseline values. Data are mean+SEM.
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®—® day 2, group Il ] (n=5)
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| day 1,2, and 3, group Ill vs. day 1, group
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Figure 6. Systolic thickening fraction in the ischemic/reperfused
region in group Il (SNAP group) 5 minutes before the first occlu-
sion (baseline), 3 minutes into each coronary occlusion (O), 3 min-
utes into each reperfusion (R), and at selected times during the
5-hour reperfusion interval following the sixth occlusion. Measure-
ments taken on day 1 are represented by the dashed line with
open circles, measurements taken on day 2 are represented by the
continuous line with solid circles, and measurements taken on day
3 are represented by the interrupted line with solid triangles (n=5
for all 3 days). To facilitate comparisons, the data pertaining to day
1 of group | (control) are also shown (thick interrupted line without
symbols, n=6). Thickening fraction is expressed as a percentage
of baseline values. Data are mean+SEM.

Group IV (DETA/NG-MPG Group)

The combination of DETA/NO and MPG was studied to
elucidate the mechanism of the PC effect induced by
DETA/NO and, specifically, to determine whether it was

100

75+

<]
[=]

(% baseline)
N
w

THICKENING FRACTION

o
T

— -+ — day 1, group | (control, n=6)

O ---O day 1, group IV DETA/NO
®—@ day 2, group IV | +MPG
A——A day 3, group IV _| (n=5)
25 1 *P <0.05
day 2 and 3, group IV vs. day 1, group [V
. .

I 515'30'  1h 2h 3h 4h 5h
s Six O/R - -
ﬁ cycles Reperfusion after 6th occlusion

Figure 7. Systolic thickening fraction in the ischemic/reperfused
region in group IV (DETA/NO+MPG group) 5 minutes before the
first occlusion (baseline), 3 minutes into each coronary occlusion
(O), 3 minutes into each reperfusion (R), and at selected times dur-
ing the 5-hour reperfusion interval following the sixth occlusion.
Measurements taken on day 1 are represented by the dashed line
with open circles, measurements taken on day 2 are represented
by the continuous line with solid circles, and measurements taken
on day 3 are represented by the interrupted line with solid triangles
(n=>5 for all 3 days). To facilitate comparisons, the data pertaining
to day 1 of group | (control) are also shown (thick interrupted line
without symbols, n=6). Thickening fraction is expressed as a per-
centage of baseline values. Data are mean+=SEM.
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mediated by the formation of MPG-sensitive oxidan@H

and ONOQ). On day 1, both the recovery of WTh (Figure 7)
and the total deficit of WTh (Figure 8) were virtually
indistinguishable from those noted in the control group,
indicating the absence of PC against stunning. Thus, the PC
effect induced by DETA/NO was completely abrogated by
the concomitant administration of MPG. A PC effect became
apparent on days 2 and 3, as documented by the enhanced
recovery of WTh (Figure 7) and the reduced deficit of WTh
(Figure 8) compared with those values on day 1.

Phase II: Studies of Myocardial Infarction

Exclusions and Arrhythmias
Of the 56 rabbits instrumented for the studies of myocardial

infarction, 13 were assigned to group V (control group), 12 to
group VI (ischemic PC group), 9 to group VII (DETA/NO
group), 6 to group VIII (DETA/NO high-dose group), 8 to
group IX (SNAP group), and 8 to group X (DETA/
NO+MPG group). Six rabbits died of ventricular fibrillation
during coronary occlusion (2 in group V, 2 in group VI, 1 in
group VIII, and 1 in group IX), and 1 died after reperfusion
(in group X). Two rabbits (1 in group V and 1 in group VII)
were excluded because of technical problems during the
postmortem analysis. Therefore, the total number of rabbits
that completed the experimental protocol was 10 in group V,
10 in group VI, 8 in group VII, 5in group VIII, 7 in group 1X,
and 7 in group X. No rabbit included in the final analysis was
subjected to defibrillation.

In the control group, 15% of the rabbits (2 of 13) developed
ventricular fibrillation during the 30-minute occlusion, and
36% (4 of 11) developed ventricular tachycardia after reper-
fusion (no control rabbit exhibited ventricular fibrillation
after reperfusion). The incidence of ventricular fibrillation
during the 30-minute occlusion and ventricular tachycardia
after reperfusion did not differ significantly between the
control and treated groups (data not shown).

Hemodynamic Variables
In agreement with our pilot studies, no significant changes in

heart rate, arterial blood pressure, or systolic WTh were
observed at any time during or after the administration of
DETA/NO, high-dose DETA/NO, SNAP, or DETA/
NO+MPG in groups VII, VI, IX, and X, respectively
(representative measurements are given in Table 1). Further-
more, there were no appreciable differences in heart rate
among groups V, VI, VI, VI, IX, and X during the
30-minute coronary occlusion or during the 72-hour reperfu-
sion period (representative measurements are shown in Table
2). Baseline systolic thickening fraction was also similar
among the 6 groups (38t4.5%, 38.8-2.9%, 35.3-4.4%,
37.4+1.6%, 38.6-5.3%, and 36.33.3% in groups V, VI,

VII, VIII, IX, and X, respectively).

Region at Risk and Infarct Size
There were no significant differences among groups V, VI,

VII, VIII, IX, and X with respect to the weight of the region
at risk (0.68-0.08 g [15.1-1.3% of LV weight], 0.69-0.08
g [15.5-1.7% of LV weight], 0.68-0.07 g [15.0:1.5% of
LV weight], 0.66-0.06 g [15.3t1.5% of LV weight],
0.61+0.02 g [14.9:0.8% of LV weight], and 0.720.07 g
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[16.0+1.4% of LV weight], respectively). The average in-
farct size was 43% smaller in group VI (ischemic PC group)
compared with group V (control group) (33:2.7% versus
58.3+4.1% of the region at risk, respectivel{f<0.05
[Figure 9]), indicating a late PC effect against myocardial
infarction. A quantitatively similar PC effect was observed in
groups VII (DETA/NO group) and IX (SNAP group): the
average infarct size in these groups (2036% and
32.0=3.3% of the region at risk, respectively) was similar to
that measured in group VI and significantR<€0.05) smaller
than that measured in group V (Figure 9), indicating that

Figure 8. Total deficit of WTh after the sixth
reperfusion on days 1, 2, and 3 in the control

R (n=6), DETA/NO (n=5), SNAP (n=5), and DETA/
NO-+MPG groups (groups |, Il, lll, and IV, respec-
tively). The values of total deficit of WTh in indi-
vidual rabbits are illustrated in the left panel; the
mean=+SEM values of total deficit of WTh are
depicted in the right panel. The total deficit of
WTh was measured in arbitrary units, as
described in the text.

and significantly P<<0.05) larger than that measured in group
VII (Figure 9), indicating that MPG completely blocked the
infarct-sparing effect of DETA/NO pretreatment.

Since the effects of DETA/NO and SNAP on infarct size in
groups VII, VIII, and IX were indistinguishable (Figure 9),
the rabbits in these 3 groups were pooled together (NO donor
group) for the analysis of the infarct—risk region relationship
(Figure 10) and of the recovery of WTh (Figure 11). In all
groups, the size of the infarction was positively and linearly
related to the size of the region at risks0.93 in the control
group,r=0.79 in the ischemic PC group, ané0.66 in NO

pretreatment with these NO donors 24 hours before the donor—pretreated rabbits [groups VII, VIII, and IX pooled

30-minute occlusion resulted in a protective effect that was
equivalent to that induced by ischemic PC in group VI.
Although group VIII was given 0.8 mg/kg of DETA/NO
instead of the 0.4 mg/kg given to group VII, infarct size in
these rabbits was not smaller than in group VII (Figure 9),
indicating that the protection could not be enhanced by
doubling the dose of the NO donor. In group X, infarct size

together], and=0.90 in the DETA/NOG-MPG group) (Fig-
ure 10). As expectetf, the regression line was shifted to the
right in the ischemic PC group compared with the control
group P<0.05 by ANCOVA) (Figure 10). In the 3 groups
pretreated with NO donors, the regression line was virtually
indistinguishable from that of the ischemic PC group and was
significantly shifted to the right compared with that of the

was indistinguishable from that measured in the control group control group P<<0.05 by ANCOVA) (Figure 10), indicating

GROUP V GROUP VI GROUP VIl GROUP VIl GROUPIX  GROUP X
100 |- (control) {PC) (DETA/NO)  (DETA/NO {SNAP) (DETA/NO =
high dose) +MPG)
— 0L n=10 n=10 n=8 n=5 n=7 n=7 i
=
a
5 80| i
g O
g 70 9 i
5 60| 8 § @ s -
x
o os0L O ol
N O O
9w g 8 O 4
= * * * *
o
g s ® ¢ e @i 1
z 0
£ 201 a i
10 - % P<0.05 vs. group V =
1 § P<0.05 vs. group VIl {
0 | It e

Figure 9. Myocardial infarct size in groups V (=10, control
group), VI (n=10, ischemic PC group), VIl (n=8, DETA/NO
group), VIl (h=5, DETA/NO high dose group), IX (=7, SNAP
group), and X (n=7, DETA/NO+MPG group). Infarct size is
expressed as a percentage of the region at risk of infarction.
Open circles represent individual rabbits; solid circles,
mean=SEM. *P<0.05 vs group V (control group); §P<0.05 vs

group VII (DETA/NO group).

that for any given size of the region at risk, the resulting
infarct size was reduced by pretreatment with DETA/NO or
SNAP and that the magnitude of this effect was similar to that
induced by ischemic PC. In contrast, in the DETA/N®IPG
group (group X), the regression line did not differ from that
observed in the control group (Figure 10).

Regional Myocardial Function

Because of Doppler probe malfunction, complete measure-
ments of WTh for 3 days after reperfusion could be obtained
in only 7 of 10 rabbits in group V, 7 of 10 rabbits in group VI,

3 of 8 rabbits in group VII, 2 of 5 rabbits in group VIII, 4 of

7 rabbits in group IX, and 5 of 7 rabbits in group X. After
release of the 30-minute occlusion, control rabbits (group V)
exhibited essentially no recovery of WTh, even at 3 days
(Figure 11). In rabbits preconditioned with ischemia (group
VI), the recovery of WTh was significantlyP«0.05) im-
proved compared with control rabbits at 3 hours, 5 hours, 24
hours, and 72 hours after reperfusion (Figure 11). The total
deficit of WTh during the 72 hours of reperfusion was 18%
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Figure 10. Relationship between size of the region at risk and
size of myocardial infarction. The figure illustrates both individ-
ual values and the regression lines obtained by linear regression
analysis for the control group (group V, n=10), the ischemic PC
group (group VI, n=10), the NO donor-pretreated rabbits
(groups VI, VIII, and IX combined, n=20), and the DETA/
NO-+MPG group (group X, n=7). In all groups, infarct size was
positively and linearly related to risk region size. The linear
regression equations were as follows: control group,
y=0.74x—-0.09 (r=0.93); PC group, y=0.33x (r=0.79); NO donor
group, y=0.39x—0.06 (r=0.66); and DETA/NO+MPG group,
y=0.66x—0.09 (r=0.90). ANCOVA demonstrated that the regres-
sion lines for the ischemic PC and NO donor groups were sig-
nificantly different from that for the control group (P<<0.05 for
each comparison), indicating that for any given risk region size,
infarct size was smaller in the ischemic PC and NO donor—pre-
treated rabbits compared with control rabbits; in contrast, the
line for the DETA/NO+MPG group was similar to that for the
control group.

less in group VI versus group \P&0.05) (Figure 11). In the
rabbits pretreated with NO donors (groups VII, VIII, and IX
combined, ®9), the recovery of WTh was similar to that
noted in the rabbits preconditioned with ischemia and signif-
icantly (P<<0.05) improved compared with control rabbits at
1 hour, 3 hours, 5 hours, 24 hours, and 72 hours after
reperfusion (Figure 11). The total deficit of WTh during the
72-hour reperfusion period was 23% less in NO donor—
pretreated rabbits versus control rabbiB<(Q.05) (Figure
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Figure 11. Systolic thickening fraction in the ischemic/reper-
fused region in the control rabbits (group V, n=7), in the ische-
mic PC rabbits (group VI, n=7), in NO donor-pretreated rabbits
(groups VI, VI, and IX combined, n=9), and in the DETA/
NO-+MPG rabbits (group X, n=>5) 5 minutes before the
30-minute occlusion (baseline), 15 minutes into the 30-minute
coronary occlusion (Occl), and at selected times during the
72-hour reperfusion interval. Because of Doppler probe mal-
function, complete measurements of thickening fraction could
not be obtained in all of the rabbits in groups V to X. Thickening
fraction is expressed as a percentage of baseline values. The
total deficit of WTh after infarction is depicted in the inset. The
total deficit of WTh was calculated by measuring the area
between the systolic WTh-vs-time line and the baseline (100%
line) during the 3-day reperfusion period after the 30-minute
occlusion (see text). Data are mean=SEM. *P<0.05 between
group V and group VI; §P<0.05 between group V and NO
donor—pretreated group. In the inset, *P<<0.05 vs the control

group (group V).

exogenous NO mimic those of the late phase of ischemic
PC. The present study demonstrates that administration of
2 structurally different NO donors, in the absence of
ischemia, induces a significant protection against myocar-
dial ischemia/reperfusion injury 24 hours later, which is
indistinguishable from that observed during the late phase
of ischemic PC. This NO-induced late PC was effective in
reducing not only the severity of myocardial stunning after

11). Thus, pretreatment with NO donors resulted in enhanced@ sequence of six 4-minute occlusion/4-minute reperfusion

recovery of myocardial contractile function, which became

cycles (phase 1) but also the extent of cell death (myocar-

evident soon after reperfusion (1 hour) and was sustaineddial infarction) after a 30-minute coronary occlusion

throughout the 72-hour reperfusion interval; the magnitude of
this effect was similar to that observed after ischemic PC in
group VI. In the DETA/NG+MPG group, both the recovery
of WTh and the total deficit of WTh were similar to those
observed in the control group (Figure 11), indicating that the

(phase II). The magnitude of these beneficial actions was
essentially equivalent to that observed after ischemic PC.
The reduction in infarct size was accompanied by en-
hanced recovery of contractile function in the surviving

myocardium, and again, the magnitude of this salutary

salutary actions of NO donor pretreatment on the recovery of effect was equivalent to that observed after ischemic PC.

myocardial function were abrogated by the concomitant
administration of MPG. Since the effects of ischemic PC, NO
donors, and MPG on WTh paralleled those on infarct size
(Figure 9), the WTh data provide an independent confirma-
tion of the results obtained with tetrazolium staining.

Discussion
Before the NO hypothesis of late PC can be conclusively
accepted, it is necessary to verify that the effects of

The ability of DETA/NO and SNAP to induce a late PC
effect cannot be ascribed to myocardial ischemia second-
ary to a decrease in arterial pressure or an increase in heart
rate, because neither NO donor produced any appreciable
hemodynamic change; accordingly, the late PC effect must
have been the result of a direct action of NO on the heart.
Finally, the ability of NO donors to induce delayed
protection against both stunning and infarction was com-
pletely abrogated by the concomitant administration of the
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antioxidant MPG, indicating that the mechanism whereby
NO induces late PC involves thgeneration of oxidant
species, such as ONO@nd/or-OH.

agents. DETA/NO is a relatively long-acting NO donor that
spontaneously and nonenzymatically releases NO with pre-
dictable first-order kinetic&* SNAP is a widely used NO

Previous studies have demonstrated beneficial actions ofdonor that lacks tolerance-producing effeétIhe finding

NO precursors or NO donors in various models of acute

that the effects of DETA/NO and SNAP were essentially

ischemia in which the agents were present during ischemiaidentical, both in the setting of myocardial stunning (Figures

and/or reperfusiof® To our knowledge, this is the first
study to indicate (1) that treatment with NO donors elicits a

5 and 6) and in the setting of myocardial infarction (Figures
9to 11), makes it very unlikely that the protection was caused

cardioprotective effect at a distance of 24 hours and (2) that by moieties of the DETA/NO or SNAP molecule other than

NO donors induce this late PC effect via formation of oxidant

NO itself. We elected to use DETA/NO and SNAP to avoid

species. This is also the first study to determine that a form of some of the problems associated with other NO donors. For

therapy widely used in patients elicits a late PC effect. Prior
findings indicating that the development of the late phase of
ischemic PC was blocked by NOS inhibitors had provided
indirect evidence that this phenomenon is triggered by*NO.
The present finding that the effects of the late phase of
ischemic PC can be mimicked by the administration of NO
donors provides direct evidence that NO in itself is sufficient
to elicit this cardioprotective mechanism without the concur-
rent perturbations associated with ischemia/reperfusion.

Methodological Considerations

All of the studies reported herein were performed in con-
scious animals in an effort to rigorously test the potential
cardioprotective actions of NO donors under conditions that

example, 3-morpholinosydnonimine generates both NO and
-O,~, which would make it impossible to examine the role of
NO in itself in triggering late PC. Sodium nitroprusside is a
widely used NO donor, but the toxicity associated with the
formation of cyanide could confound the results. Further-
more, unlike other NO donors, neither DETA/NO nor SNAP
is dependent on the enzymatic release of B

NO as a Trigger of Late PC

Previous studies have demonstrated that administration of
NOS inhibitors during an ischemic stress blocks the devel-
opment of late PC against both myocardial stunhiagd
myocardial infarctiorf. Although these results implicate NO
as the trigger of the late phase of ischemic PC, the evidence

are as physiological as possible. Open-chest animal preparais indirect. Nonspecific actions of L-NA (the NOS inhibitor
tions are associated with a number of factors (such as used in these studi&$ cannot be ruled out. Furthermore, it is
anesthesia, surgical trauma, fluctuations in temperature, ele-now apparent that NOS generates not only NO but @50
vated catecholamine levels, abnormal hemodynamics, andand that the relative proportions of these 2 radicals depend on

exaggerated formation of ROS) that may interfere with
myocardial stunning®*° with myocardial infarctiorf; and/or
with ischemic PC??* Moreover, since the focus of the
present study was to examine the role of NO in triggering late
PC, we felt that it was important to eliminate experimental
conditions that may modulate the activity of NOS. For

the availability of substrateL{arginine) and cofactors (such
as tetrahydrobiopterifj?° For example, recent studies have
shown that when skeletal muscle is subjected to acute
ischemia, the main product of NOS-9,™ rather than NC.

If the same occurs during acute myocardial ischemia, NOS
may trigger the development of late PC by generatDg,

example, the trauma and the inflammatory reaction associatednot by generating NO. In this hypothetical scenario, the

with a thoracotomy may promote the release of cytokines,
which in turn could induce iNOS activity. In this regard,
Hoshida et &f found in dogs that the myocardial content of

ability of L-NA to block late PC*would reflect the inhibition
of NOS-mediated formation ofO,” rather than NO. To
elucidate this issue, we administered NO donors in the

manganese superoxide dismutase in the nonischemic (con-absence of ischemia (and, consequently, in the absence of any

trol) region increased significantly 24 hours after a thoracot-

changes inrO,” formation associated with ischemia). Our

omy, possibly as a result of the release of cytokines in the finding that both DETA/NO and SNAP induced a late PC

initial hours after surgery. Also, surgical exposure of the

effect indistinguishable from that observed after ischemic PC

brain has been found to induce iNOS in cerebral tissue evenindicates that NO in itself can trigger this phenomenon,

in the absence of ischemiaSince transcription of thtNOS
gene is controlled in part by antioxidant-sensitive transcrip-
tion factors (eg, nuclear factaB), the excessive formation
of ROS in open-chest anim#lscould also contribute to
artifactual INOS induction in these models.

To exclude the possibility that DETA/NO or SNAP could
elicit PC by causing myocardial ischemia as a result of

without the need for a concomitant increase@®™ forma-

tion. Thus, increased availability of NO is sufficient to
activate cellular adaptive mechanisms that result in increased
resistance of the heart to ischemia/reperfusion injury 24 hours
later.

Mechanism of NO-Induced Late PC

hypotension and/or tachycardia, we used doses that had norhere are several potential mechanisms whereby increased
discernible hemodynamic effects. To obtain another index of biosynthesis of NO could elicit the development of a cardio-

infarct size limitation that is independent of tetrazolium

staining, in phase Il we also measured the recovery of WTh,

which essentially paralleled the changes in infarct size (Fig-
ure 11). To minimize the possibility that the cardioprotection

protective effect 24 hours later (reviewed in Reference 3). In
the present study, we postulated that NO induces late PC via
formation of NO-derived ROS (eg, ONO® To test this
hypothesis, we administered DETA/NO in conjunction with

observed in NO donor—pretreated rabbits could be due to MPG, a cell-permeant antioxidant that reacts avidly with both

nonspecific actions, we examined 2 structurally unrelated

ONOO and -OH by virtue of its thiol groug®'’ Since



ONOO™ can decompose to forr®OH or -OH-like species®
we reasoned that the administration of MPG would be useful
to interrogate the ROS pathway as a mechanism for NO-
induced late PC. Our results demonstrate that MPG com-
pletely eliminated the late PC effect induced by DETA/NO,
both in the setting of myocardial stunning (Figure 7) and in
the setting of myocardial infarction (Figures 9 to 11). It seems
highly unlikely that the abrogation of late PC by MPG could
have been mediated by a direct reaction of MPG with either
DETA/NO or NO, since MPG had no effect on DETA/NO-
induced vasodilation (Figure 3). Accordingly, these results
strongly suggest that NO elicits late PC via formation of
ROS, most likely ONOO and/or-OH.

This conclusion would explain the fact that the late phase
of ischemic PC can be blocked both by inhibiting N®&nd
by scavenging RO%:* This concept is also consistent with
the notion that the development of late PC involves the
activation of protein kinase &*>*since it is well established
that ROS can stimulate this family of enzynié#. should be
noted that MPG also prevents the development of late PC
against stunning after six 4-minute occlusion/4-minute reper-
fusion cycles in our conscious rabbit modeThe ability of
MPG to block both ischemia-induced late PC and NO-
induced late PC supports a common mechanism for these 2

phenomena. We therefore propose that the mechanism of late

PC after an ischemic stimulus involves increased formation
of NO, which reacts withO,™ to form ONOO and-OH and
that ONOO and/or-OH activates a PKC-mediated signal

transduction cascade that culminates in the development of a 4.

protective effect 24 hours later.

Clinical Implications

Although the late phase of ischemic PC has been shown to
provide significant and sustained protection against myocar-
dial stunning and infarction, no widely applicable pharmaco-
logical treatment has thus far been developed that can
reproduce this endogenous cardioprotective effect in patients
with coronary artery disease. Most agents that elicit a late
PC-like protection are not clinically applicable, for various
reasons. In contrast, NO donors (ie, nitrates) are widely used
clinically. Our finding that a relatively brief treatment with
NO donors can induce a long-lasting cardioprotective effect
raises the intriguing possibility that these agents, in addition
to their well-known beneficial hemodynamic actions, may
also precondition the heart against subsequent ischemic
injury occurring at a distance of hours or days. If this concept
is confirmed in patients and if the ability of nitrates to induce
late PC is not hampered by the development of tolerance,
investigations would be warranted to identify appropriate
dosages and treatment modalities that could be used to
maintain a protracted preconditioned state.

Conclusions

Because the protection afforded by the late phase of ischemic
PC is sustained (3 to 4 day$)pharmacological agents
capable of mimicking this phenomenon (“late PC mimetics”)
could have significant therapeutic value. The present study
demonstrates that 2 unrelated NO donors produce effective
protection against both reversible and irreversible injury
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during myocardial ischemia/reperfusion in the absence of any
hemodynamic changes and that the magnitude of this protec-
tion is equivalent to that afforded by ischemic PC. Accord-
ingly, administration of appropriate doses of NO donors
could be a useful clinical approach to the protection of the
ischemic myocardium. In addition, the present study provides
new insights into the mechanism of ischemic PC by indicat-
ing that NO in itself can induce late PC and that it acts via
formation of secondary oxidant species.
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