J Mol Cell Cardiol 31, 1469-1481 (1999)

Article No. jmcc.1999.0983, available online at http://www.idealibrary.com on IDE §l®

Ischemic Preconditioning Increases iNOS
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W. K. Jongs, M. P. FLAHERTY, X.-L. TANG, H. TakANO, Y. Q1u, S. BANERJEE, T. SMITH AND R. BoLLI. Ischemic
Preconditioning Increases iNOS Transcript Levels in Conscious Rabbits via a Nitric Oxide-dependent Mechanism.
Journal of Molecular and Cellular Cardiology (1999) 31, 1469-1481. Recent studies implicate iNOS as the mediator
of the late phase of ischemic preconditioning (PC). However, it is unknown whether induction of iNOS activity
is mediated by transcriptional, post-transcriptional, translational, or post-translational mechanisms. To address
this issue, we isolated and sequenced a partial iNOS cDNA expressed in preconditioned rabbit myocardium. Using
a rabbit-specific probe generated from this sequence, we measured the steady state levels of the iNOS transcript
after ischemic PC [six cycles of 4-min occlusion/4-min reperfusion (O/R)]. Three hours after ischemic PC, the
iNOS mRNA levels in the ischemic/reperfused region were increased approximately three-fold relative to samples
from the non-ischemic region and from control rabbits. This increase in mRNA levels was completely abolished by
pretreatment with the NOS inhibitor N“-nitro-L-arginine. Conversely, administration of the NO donor nitroglycerin
induced an increase in iNOS mRNA levels similar to that induced by ischemic PC. We conclude that in the
conscious rabbit, ischemic PC induces an increase in iNOS mRNA levels, and that this induction is triggered by
increased generation of NO during the PC stimulus. These results provide direct evidence that upregulation of
iNOS is a natural response of the heart to a brief ischemic stress and that NO itself, in the absence of ischemia,
upregulates myocardial iNOS transcript levels, a finding that may have implications for nitrate therapy. This
previously unrecognized NO-dependent upregulation of iNOS mRNA is likely to play an important role in the
development of late PC as well as in many other pathophysiological conditions in which NO is implicated.
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Introduction

Exposure of the heart to a brief ischemic stress
induces a delayed, relatively sustained protective
response against subsequent ischemic injury, which
is fully manifest 24—72 h later. This phenomenon,
termed the “second window” or “late phase” of
ischemic preconditioning (PC) (Kuzuya et al., 1993;
Sun et al., 1995; Bolli, 1996; Marber and Yellon,
1996; Yang et al., 1996), has recently become the
focus of considerable interest because of its potential

clinical significance (Yellon and Baxter, 1995; Bolli,
1996; Marber and Yellon, 1996). Previous studies
in conscious rabbits have implicated nitric oxide
(NO) both as the “trigger” and as the mediator of
the cardioprotective effects of late PC (reviewed in
Bolli et al., 1998). Specifically, administration of the
non-selective nitric oxide synthase (NOS) inhibitor
N@-nitro-L-arginine (L-NA) during the initial PC
ischemia was found to abrogate the development
of delayed protection against myocardial stunning
(Bolli et al.,, 1997a, b) and infarction (Qiu et al.,
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1997) and conversely, administration of NO donors
in the absence of ischemia was found to induce
a delayed cardioprotective effect indistinguishable
from that of the late phase of ischemic PC (Banerjee
et al., 1998; Takano et al., 1998b; Guo et al., 1999).
Furthermore, administration of 1-NA on day 2
(24 h after ischemic PC) completely abrogates the
cardioprotective effects against myocardial stun-
ning (Bolli et al., 1997b) and infarction (Takano et
al., 1998a), indicating that NOS also plays an
essential role in mediating cardioprotection on day
2. A similar abrogation of late PC is observed when
rabbits are treated on day 2 with the relatively-
selective iNOS inhibitors aminoguanidine (AG) and
S-methylisothiourea sulfate (SMT), suggesting that
the NOS isoform involved in mediating protection
on day 2 is iNOS (Bolli et al., 1997b; Takano et
al., 1998a). Collectively, these results support the
hypothesis that enhanced NO generation acts as a
trigger for the development of late PC on day 1,
while NO generated by the inducible NOS (iNOS)
acts as the mediator of the cardioprotective effects
of late PC on day 2 (“NO hypothesis of late PC”)
(Bolli et al., 1998).

Although the pharmacological studies reviewed
above implicate iNOS as a critical mediator of car-
dioprotection in late PC, the evidence is indirect.
An increase in iNOS mRNA during the development
of ischemic PC has never been documented. Fur-
thermore, the mechanism whereby brief ischemic
stress upregulates iNOS activity 24 h later remains
unknown. iNOS can be induced in almost every
cell type and organ, including the heart (Balligand
et al., 1994; Wang and Marsden, 1995), and while
iNOS is regulated predominantly at the level of
transcription, there are specific examples of re-
gulation at the post-transcriptional and post-trans-
lational levels (Wang, 1995; Forstermann and
Kleinert, 1995). Thus, ischemic PC may induce
iNOS activity by increasing iNOS transcript levels,
by post-translational modification of pre-existing
iNOS protein, or both. In the present study we
tested the hypothesis that the increase in iNOS
activity during the late phase of ischemic PC is due,
at least in part, to an increase in iNOS transcript
levels. To this end, we measured myocardial steady
state levels of iNOS mRNA in the same conscious
rabbit model of late PC in which the NO hypothesis
was previously developed (Bolli et al., 1997a, b).
Since no clones or nucleic acid sequence data exist
for rabbit iNOS, we cloned and characterized a
partial rabbit iNOS cDNA generated by RT-PCR.
Because NO triggers late PC (Qiu et al., 1997;
Bolli et al., 1997a; Takano et al., 1998b), we also
investigated the role of NO in inducing the

accumulation of iNOS mRNA. The results
demonstrate, for the first time, that brief ischemia
causes a rapid accumulation of iNOS mRNA in the
heart, and that this phenomenon is triggered by
the increased generation of NO associated with the
ischemic stress.

Materials and Methods
Conscious rabbit preparation

The conscious rabbit model of ischemic PC has been
described in detail previously (Maldonado et al.,
1997; Qiuetal., 1997;Bolli et al., 1997a, b; Takano
et al., 1998a, b). Briefly, male New Zealand White
rabbits (2.0-2.5 kg) were instrumented under ster-
ile conditions with placement of a balloon occluder
around a major branch of the left coronary artery,
a 10-MHz pulsed Doppler ultrasonic crystal in the
region to be rendered ischemic, and bipolar ECG
leads on the chest wall. The chest wound was closed
in layers, and a small tube was left in the thorax for
three days to aspirate air and fluids postoperatively.
Gentamicin was administered prior to surgery and
on the first and second postoperative days (0.7 mg/
kg i.m. each day). The rabbits were allowed to
recover for a minimum of 10 days after surgery.

Experimental protocol for ischemia/reperfusion

Throughout the experiments, rabbits were kept in
cages in a quiet dimly lit room. Left ventricular
(LV) systolic wall thickening, the range gate depth,
and the ECG were recorded on a thermal array
chart recorder (Gould TA 6000, Valley View, OH,
USA). Coronary artery occlusion was produced by
inflating the balloon occluder. The performance
of successful coronary occlusions was verified by
observing the development of ST-segment elevation
and changes in the QRS complex on the ECG and
the appearance of paradoxical systolic wall thick-
ening on the ultrasonic crystal recordings. Suc-
cessful reperfusion was documented by the
normalization of the ECG and by the resumption of
active systolic wall thickening. No antiarrhythmic
drugs were given at any time.

Rabbits were assigned to six groups (Fig. 1).
Group I (ischemic PC) underwent a sequence of six
4-min coronary occlusion/4-min reperfusion cycles.
This protocol induces late PC against both myo-
cardial stunning (Maldonado et al., 1997; Bolli et
al., 1997a, b; Takano et al., 1998b) and myocardial
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infarction (Qiu et al., 1997; Takano et al., 1998a,
b). Group IV (L-NA +ischemic PC) underwent the
same sequence of occlusion/reperfusion cycles and
received an i.v. infusion of L-NA at a rate of 1.3 mg/
kg/min for 10 min, starting 20 min before and
ending 10 min before the first coronary occlusion
(total dose 13 mg/kg). This dose of 1L-NA has pre-
viously been shown to block the development of
late PC against stunning (Bolli et al., 1997a, b) and
infarction (Qiu et al.,, 1997) in conscious rabbits.
L-NA (Sigma Chemical Co., St Louis, MO, USA) was
dissolved in normal saline (total volume infused,
20 ml). In both groups I and 1V, the rabbits were
given heparin (1000U i.v.) 3 h after the last re-
perfusion, after which they were anesthetized with
sodium pentobarbital (50 mg/kg i.v.) and eu-
thanized with a bolus of KCl. The heart was im-
mediately excised, and myocardial samples
(~20 mg) were rapidly removed from the center of
the ischemic-reperfused region (whose boundaries
had been marked with sutures at the time of in-
strumentation) and from the non-ischemic region
(posterior LV wall) while the heart was maintained
on ice-cold RNAse-free PBS. Tissue samples were
stored in liquid nitrogen until used. Group II (non-
ischemic control) underwent the same in-
strumentation as the other groups but did not
undergo coronary occlusion and did not receive
any treatment. At 10-14 d after surgery (time cor-
responding to the interval elapsed between in-
strumentation and euthanasia in the other groups),
the rabbits were euthanized and samples were ob-
tained from the anterior and posterior LV walls
as described above. Group III (non-instrumented
control) did not undergo any surgical procedure
and did not receive any treatment. Rabbits were
euthanized and tissue samples harvested from the
anterior and posterior LV walls as described for
group II. Group VI (NTG) received a continuous i.v.
infusion of nitroglycerin [NTG (2 ug/kg/min)] for
60 min. This dose of NTG has previously been
shown to induce late PC in conscious rabbits (Baner-
jee et al., 1998). The rabbits were euthanized 3 h
after the end of the infusion and tissue samples
were harvested from the anterior and posterior LV
walls as described above. Neither L-NA nor NTG,
at the doses used in this study, produces haemo-
dynamic abnormalities in rabbits (Qiu et al., 1997;
Takano et al., 1998b). Group V (permanent oc-
clusion) underwent coronary occlusion without re-
perfusion. These rabbits were euthanized 60 h after
the occlusion and tissue samples obtained from the
center of the infarct. All samples were treated as
described below for the isolation and analysis of
iNOS mRNA levels.

Reverse transcription polymerase chain reaction
(RT-PCR)

Human, mouse and rat iNOS DNA sequences were
analysed for regions of high interspecific sequence
conservation. Two oligodeoxynucleotides from
highly conserved regions of the iNOS ¢cDNA, located
approximately 918 bp apart, were chosen as PCR
primers. The oligodeoxynucleotide primers were
synthesized to the consensus iNOS sequence
(mouse-human-rat) in this region and were des-
ignated as primer 1 and primer 2. Primer 1 is
homologous to the region 500-523, and primer 2
to the region 1392-1416 of the published mouse
iNOS cDNA sequence (Kone et al., 1995). Primer
1is 100% homologous to the mouse, rat and human
iNOS cDNAs, while primer 2 is 100% homologous to
the rat and mouse, and 92% homologous to the
human c¢DNA. The region of the iNOS ¢cDNA be-
tween 500-1416 is rather well conserved (relative
to the mouse sequence), with 94.3% homology at
the nucleic acid level between mouse and rat, 84.4%
between rat and human, and 83.6% between mouse
and human. Overall, the entire iNOS cDNA is 86.9%
conserved between mouse and rat, 64.1% between
rat and human, and 71.6% between mouse and
human. The sequences of primers 1 and 2 are
5-TAGAAACAACAGGAACCTACCAAC-3’, and 5'-
CTGGTGGAACACAGGGGTGATGCTC-3’, respectively.

Conscious rabbits underwent the standard PC
protocol (six cycles of 4-min occlusion/4-min re-
perfusion) and were euthanized 3 h later. Samples
of ischemic-reperfused and non-ischemic tissue
were rapidly obtained while the heart was main-
tained on ice-cold RNAse-free PBS. Total RNA was
isolated (see below) and 5 ug of total RNA was used
in the RT reactions using primer 2 as the reverse
primer. The RT was performed using MMLV reverse
transcriptase and the reverse primer at 42°C for
60 min. A fraction (one-fifth) of the RT reaction
was then used with primer 1 as the forward primer
and primer 2 as the reverse primer in the PCR
reaction. The PCR program used consisted of a 4-
min 94°C cycle followed by 35 cycles of 1 min at
94°C, 30 sat 60°C, and 1 min at 72°C. The program
ended with a 10-min incubation at 72°C. The
reaction mixtures were chilled to 4°C, runon a 2.5%
agarose gel, and visualized by UV transillumination.

Cloning and sequence analysis of a partial rabbit iNOS
cDNA

An RT-PCR product approximately 918 bp in length
was isolated by gel purification from Seaplaque
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low-melting point agarose according to the manu-
facturer’s specifications (Seaplaque, FMC Bio-
products, Rockland, ME, USA). The cDNA fragment
was cloned into the pCR2.1 plasmid vector (In-
vitrogen, Carlsbad, CA, USA) and sequenced by
dideoxy chain termination using primer 1 and the
T7 primer (from the plasmid), yielding 210 bp of
nucleic acid sequence from the 5" end of the RT-PCR
product. Three independent clones were sequenced
twice using each primer. A 52 bp sequence was
selected with appropriate characteristics (predicted
T,., consideration of potential secondary structures)
for quantitative RNA dot blot analysis. This
sequence was used to synthesize a 52 bp oligo-
deoxynucleotide which constituted the rabbit iNOS
probe used in the RNA dot blot analysis. To deter-
mine whether the rabbit iNOS oligodeoxynucleotide
was mono-specific, it was end-labeled with y[**P]-
ATP and T4 polynucleotide kinase, hybridized to
a Southern blot containing rabbit genomic DNA
restricted with three different restriction enzymes,
and washed under stringent condtions. A single
discreet band was observed in each lane (data not
shown) using conditions that had previously been
employed to establish specificity for several other
oligodeoxynucleotide probes (Robbins et al., 1990;
Jones et al., 1996).

Quantitative RNA dot blot hybridization

Total RNA was isolated from tissue samples using
TriReagent (Molecular Research Center, Inc., Cin-
cinnati, OH, USA) and an Ultraturax T25 tissue
homogenizer (Janke & Kunkel, GMBH & Co., IKA
Labortechnik, Staufenm, Germany) according to
the manufacturer’s protocol. Among the techniques
available for mRNA quantitation, dot blot hybrid-
ization was selected because of its greater sensitivity
and accuracy in measuring relatively small changes
in mRNA (Subramaniam et al., 1991). The pro-
cedures for quantitative dot blot hybridization were
as described previously (Robbins et al., 1990; Jones
et al., 1996) with modifications. Briefly, RNA was
resuspended in DEPC-treated water, quantitated by
spectrophotometry at an optical density of 260 nm,
diluted and denatured by boiling. Three micrograms
of total RNA per dot was blotted to nitrocellulose
filters using a dot-blot filtration manifold (Bio-Rad,
Melville, NY, USA). Filters were baked at 80°C in
vacuo at a pressure of 760 mmHg for 90 min. The
iNOS and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) oligonucleotide probes under-
went 5" end-labeling with [y-*?P]JATP using the
Promega T4 polynucleotide kinase DNA 5’-end

labeling system (Promega, Milwaukee, WI, USA).
Filters were prehybridized for 4—-6 h and hybridized
for 10-15 h at 50°C in a hybridization oven (Rob-
bins Scientific, Model 1000). Filters were washed
at 55°C once with 2.0 x SSC/1.0% SDS for 15 min,
then twice at 55°C with 0.5 xSSC/1.0% SDS for
15 min. Quantitation of hybridization signals was
with a Storm 480 phosphorimaging system and
Imagequant software (Molecular Dynamics, Sunny-
vale, CA, USA). The signal intensity of each dot was
normalized to the signal produced by the GAPDH
oligonucleotide probe (Jones et al., 1996).

Statistical analysis

Data are reported as means+s.E.M. Differences in
iNOS mRNA levels between the ischemic—reperfused
and non-ischemic regions in the same group were
analysed by paired Student’s t-tests. Intergroup dif-
ferences in iNOS mRNA levels in corresponding
regions (ischemic-reperfused/anterior wall or non-
ischemic/posterior wall) were analysed using a one-
way ANOVA. If the ANOVA showed an overall
difference, post hoc contrasts were performed with
unpaired Student’s t-tests using the Bonferroni cor-
rection (Wallenstein et al., 1980).

Results

Cloning and sequencing of a partial rabbit iNOS cDNA
via RT-PCR in preconditioned rabbit myocardium

Because the nucleotide sequence of the rabbit iNOS
is unknown, it was necessary to obtain a rabbit
iNOS c¢DNA clone from which probes could be
developed for quantitative RNA dot blot analysis.
The results of RT-PCR using RNA extracted from
the ischemic—reperfused and non-ischemic zone of
preconditioned hearts and oligonucleotide primers
homologous to highly conserved regions of iNOS
(see Materials and Methods) showed that there was
expression of an iNOS related transcript in the
ischemic-reperfused zone (Fig. 2). No attempt was
made to draw quantitative conclusions from the
results of the RT-PCR analyses; rather, they served
as a source of material for the isolation of a partial
rabbit iNOS cDNA as described (see Materials and
Methods).

Sequence analysis showed the cloned partial rab-
bit iNOS cDNA to be 79.6, 80.3 and 83.8% ho-
mologous to the mouse, rat and human iNOS
transcripts, respectively (Fig. 2). This is comparable
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to the degree of nucleic acid sequence conservation
between mouse and human iNOS (83.2%). Con-
versely, sequence conservation between the rabbit
iNOS clone and the mouse, bovine and human
eNOS and nNOS sequences was only 27-33%. The
predicted amino acid sequence for the rabbit clone
was 88.6, 87.1 and 92.9% identical to the predicted
sequences for mouse, rat and human iNOS, re-
spectively (Fig. 1). Based upon these considerations,
we conclude that we have isolated a partial cDNA
corresponding to a portion of the rabbit iNOS tran-
script.

Effect of ischemic PC on iNOS steady state mRNA levels

To determine whether ischemic PC modulates iNOS
mRNA levels, six conscious rabbits (group I) under-
went six cycles of 4-min coronary occlusions/4-
min reperfusions and were euthanized 3 h later.
RNA isolated from the ischemic—reperfused and
non-ischemic regions were used for quantitative
RNA dot blot hybridization (Fig. 3). Two control
groups were studied: rabbits in group II (non-isch-
emic controls) were instrumented in the same fash-
ion as group I but did not undergo ischemia/
reperfusion, whereas rabbits in group III (non-
instrumented controls) did not undergo any surgical
manipulation prior to euthanasia. Another group
of rabbits (group V) underwent permanent coronary
occlusion to produce infarction. These animals
served as a positive control, since iNOS is known
to be transcriptionally upregulated in cardiac tissue
after sustained ischemia resulting in infarction
(Bing and Suzuki, 1996). In all samples, the steady
state levels of iNOS mRNA were normalized to the
levels of GAPDH mRNA. In pilot studies we found
that the steady state levels of GAPDH mRNA (nor-
malized both to 18S rRNA levels and to total mRNA
levels) are unaffected by ischemia/reperfusion, as
illustrated in Figure 3.

In control rabbits that were not subjected to
ischemia/repefusion (group II), the levels of iNOS
mRNA were similar in the anterior and posterior
LV walls; these levels were not significantly different
from those measured in control rabbits that were
not subjected to surgical instrumentation (group
IT) (Fig. 3). In rabbits subjected to ischemic PC
(group I), there was a significant increase in iNOS
mRNA levels in the ischemic—reperfused region
[2.8 times the levels in the non-ischemic region
(P<0.05). The iNOS mRNA levels were 4.2-fold
higher in the ischemic-reperfused region of pre-
conditioned rabbits as compared with the anterior
LV wall of non-ischemic control rabbits (group II)

(P<0.05) (Fig. 3). As expected from previous studies
(Bing and Suzuki, 1996), samples derived from
rabbits that had undergone permanent coronary
occlusion (group V) demonstrated a marked (ap-
proximately 9-fold) increase in the iNOS mRNA
levels relative to the samples from the anterior and
posterior LV walls of non-ischemic control rabbits
(group II) (Fig. 3).

Effect of L-NA on iNOS mRNA levels following ischemic
PC

To determine whether NO is the signal causing
increased iNOS steady state transcript levels after
ischemic PC, six conscious rabbits underwent isch-
emic PC after pretreatment with -NA (13 mg/
kg) prior to the six cycles of occlusion/reperfusion
(group IV). This dose of L-NA has previously been
shown to abrogate late PC against both myocardial
stunning and infarction in conscious rabbits (Bolli
et al, 1997a; Qiu et al., 1997). Rabbits were
euthanized 3 h after the last reperfusion and mRNA
levels were determined as described above. in con-
trast to group I, there was no significant increase in
the levels of iNOS mRNA in the ischemic—reperfused
zone of group IV relative to either the non-ischemic
zone of the same hearts or the anterior LV wall of
control rabbits (groups II and III) (Fig. 3). The iNOS
mRNA levels in the ischemic—reperfused zone of -
NA treated rabbits were significantly less than those
in group I (ischemic PC; P<0.05) (Fig. 3).

Effect of NTG on iNOS transcript levels

To determine whether administration of exogenous
NO can reproduce the changes in iNOS mRNA
effected by ischemic PC, six conscious rabbits re-
ceived NTG (2 ug/kg/min i.v. for 1h) and were
euthanized 3 h later. RNA was prepared from
samples of anterior and posterior LV wall and as-
sayed by RNA dot blot analysis as described above,
along with samples from six non-ischemic control
rabbits (group II) and six rabbits subjected to isch-
emic PC (group I). Administration of NTG (group
VI) resulted in a significant increase in iNOS mRNA
levels in both the anterior and the posterior LV
walls relative to non-ischemic control rabbits (group
II) (P<0.05) (Fig. 4). This increase was comparable
to the increase observed in the ischemic—reperfused
region of rabbits subjected to six cycles of occlusion/
reperfusion (group I) (Fig. 4).
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Figure 3 Quantitative dot blot hybridization analysis of iNOS steady state transcript levels. Rabbits in group I (n=26)
were subjected to an ischemic PC protocol (six cycles of 4-min coronary occlusion/4-min reperfusion). Rabbits in group
IV (n=6) underwent the same protocol except that they were given 1-NA (13 mg/kg) prior to the six occlusion/
reperfusion cycles. In both groups, tissue samples were taken after 3 h of reperfusion from the ischemic—reperfused
zone (IZ) and the non-ischemic zone (NIZ). Non-ischemic control rabbits (group II, n=6) did not undergo coronary
occlusion/reperfusion; non-instrumented control rabbits (group III, n= 3) did not undergo surgery or coronary occlusion.
Tissue samples were obtained from the anterior (Ant) and the posterior (Post) LV wall. Rabbits in group V (n=3)
underwent a permanent coronary occlusion (PO) and tissue samples from the infarcted region were obtained 60 h
later. RNA was isolated and quantitative dot blot hybridization used to determine the steady state level of the iNOS
transcript. Transcript levels are expressed as arbitrary units of hybridization signal intensity normalized relative to
GAPDH signal as previously described (Robbins et al., 1990; Jones et al., 1996). Samples from preconditioned rabbits
(group I) showed a significant increase in the level of the iNOS transcript in the ischemic-reperfused zone. Pretreatment
with L-NA (group IV) completely abrogated this increase. As expected, the level of iNOS mRNA was significantly
increased in the infarcted zone in rabbits that had undergone permanent occlusion (group V). Note that the scale on
the right applies only to group V. There were no significant differences in iNOS mRNA levels between NIZ/PC samples
(group I, non-ischemic tissue samples) and Ant/Control or Post/Control samples (group II, anterior and posterior LV
wall) and between samples from group III (non-instrumented controls) and the Ant/Control or Post/Control samples
(group II, anterior and posterior LV wall). Data are means + S.E.M.
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Figure 4 Quantitative dot blot hybridization analysis of
iNOS steady state transcript levels. Rabbits in group I
(n=6) were subjected to ischemic PC (six cycles of 4-
min coronary occlusion/4-min reperfusion). Rabbits in
group II (non-ischemic controls, n=6) did not undergo
coronary occlusion/reperfusion. Rabbits in group VI (n=
6) received NTG (2 pug/kg/min for 1 h i.v.). Tissue samples
were harvested after 3 h of reperfusion in group I, 3h
after the infusion of NTG in group VI, and at cor-
responding times in group II (non-ischemic control). RNA
was isolated and quantitative dot blot hybridization used
to determine the steady state level of the iNOS transcript.
Transcript levels are expressed as arbitrary units of hy-
bridization signal intensity normalized relative to GAPDH
signal as previously described (Robbins et al., 1990; Jones
et al., 1996). Samples from NTG treated rabbits (group
VI) exhibited a significant increase in the steady state
level of the iNOS mRNA relative to controls. This increase
was similar to that observed in the ischemic zone of
preconditioned rabbits (group I). Note that while ischemic
PC induces an increase in the levels of iNOS mRNA only
in the ischemic zone, NTG administration results in
increased iNOS mRNA levels in both the anterior and
posterior LV walls, as expected. Data are means + SEM.

Discussion

Prior pharmacological studies have led to the for-
mulation of the NO hypothesis of late PC, which
postulates that NO triggers late PC on day 1 and
that iNOS mediates late PC on day 2 (Bolli et al.,
1998). However, direct evidence supporting this
paradigm is lacking. The present study provides
new molecular evidence that directly supports key
elements of the NO hypothesis of late PC.

The salient findings of this study can be sum-
marized as follows. First, in conscious rabbits myo-
cardial steady state levels of the iNOS transcript are
significantly increased 3 h after ischemic PC. This
is the first demonstration of an increase in iNOS
mRNA after ischemic PC. Notably, the same PC

protocol employed in this study results in aug-
mented iNOS activity 24 h later (Xuan et al., 1999).
Second, at doses that block the development of late
PC (Qiu et al., 1997; Bolli et al., 1997a, b) and
prevent the increase in iNOS activity 24 h after
ischemic PC (Xuan et al., 1999), .-NA blocks the
increase in iNOS mRNA levels observed 3 h after
ischemic PC. This indicates that NOS activity is
necessary for the increase in cardiac iNOS mRNA
to occur. Third, administration of an NO donor
(NTG) [at doses previously shown to mimic late PC
(Banerjee et al., 1998)] produces an increase in
iNOS transcript levels comparable to that observed
following ischemic PC, suggesting that NO in itself
(in the absence of the cellular perturbations as-
sociated with ischemia) can upregulate iNOS mRNA
levels in the heart. Thus, NO appears to be both
necessary and sufficient to increase cardiac iNOS
mRNA levels. Taken together, these results dem-
onstrate that brief episodes of ischemia augment
myocardial INOS mRNA levels via an NO-dependent
mechanism. On the basis of the present results and
of previous studies in this same model (Qiu et al.,
1997; Bolli et al., 1997a, b; Takano et al., 1998a,
b; Xuan et al., 1999), we propose that generation
of NO on day 1 causes an increase in the steady
state iNOS mRNA pool, which then results in in-
creased iNOS activity, NO generation, and car-
dioprotection on day 2.

Whether the increase in iNOS steady state mRNA
levels is due to transcriptional upregulation of iNOS
or post-transcriptional stabilization of the transcript
remains to be determined. The iNOS gene is known
to be inducible in a wide variety of cell types, and
regulation of iNOS activity is predominantly at the
transcriptional level (Wang and Marsden, 1995;
Forstermann and Kleinert, 1995). The transcription
of iNOS is known to be upregulated in the heart
(Bachmaier et al., 1997; Chandrasekar et al., 1998)
and in isolated cardiac myocytes in response to
infection, inflammation, and lipopolysaccharide or
cytokine administration (Balligand et al., 1994;
LaPointe and Sitkins, 1997; Kinugama et al., 1997,
Buchwalow et al., 1997; Bachmaier et al., 1997).
Furthermore, the activity and/or protein levels of
iNOS have been found to increase after in-
flammation or after sustained myocardial ischemia
resulting in infarction (Dudek et al., 1994b; Wild-
hurt et al., 1995a, b; Bing and Suzuki, 1996). Thus,
transcriptional regulation of iNOS is likely to be a
functionally important component of the mech-
anism underlying the regulation of iNOS activity
24 h after ischemic PC. This concept is also sup-
ported by the finding that brief episodes of myo-
cardial ischemia/reperfusion activate a number of
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signal transduction pathways and transcription fac-
tors that are known to orchestrate iNOS gene ex-
pression, including protein kinase C [PKC (Ping
et al., 1997)], mitogen activated protein kinases
[MAPKs (Ping et al., 1998b)], protein tyrosine kin-
ases [PTKs (Dawn et al., 1998a, b; Ping et al.,
1998a)], nuclear factor kappa B [NF-«B (Xuan et
al., 1999)], activating protein 1 [AP-1 (Chand-
rasekar and Freeman, 1997)], and tumor necrosis
factor alpha [TNF-o (Gurevitch et al., 1996)]. The
fact that monophosphoryl lipid A, which acts sim-
ilarly to lipopolysaccharide to induce myocardial
iNOS in rats (Tosaki et al., 1998) and rabbits (Zhao
et al., 1997), is able to pharmacologically mimic
the late phase of PC (Zhao et al., 1997; Elliott,
1998; Tosaki et al., 1998), also supports our hypo-
thesis that activation of iNOS transcription un-
derlies the increase in iNOS mRNA levels and plays
an important role in late PC.

The exact mechanism whereby an increase in
NO upregulates iNOS mRNA is unknown. Since
the same stimuli (ischemic PC and NTG) found to
increase iNOS mRNA in this study have previously
been shown to activate PKC (Ping et al., 1997;
Banerjee et al., 1998), MAPKs (Ping et al., 1998b),
PTKs (Dawn et al., 1998a, b; Ping et al., 1998a),
and NF-«xB (Xuan et al., 1999), it seems plausible
to postulate that NO-induced activation of all or
some of these signaling elements is responsible for
increased transcription of the iNOS gene resulting
in increased iNOS mRNA levels. Regulation of iNOS
transcription by NO has previously been shown in
other systems. For example, in hemorrhagic shock
NO and the induction of iNOS are necessary for NF-
kB activation, and NF-«B in turn directly regulates
iNOS gene transcription in the liver and lung
(Hierholzer et al., 1998). Although 1-arginine ana-
logues in high concentrations (50—-270-fold higher
than used in this study) have been reported to
generate NO non-enzymatically in highly artificial
systems (Moroz et al., 1998), this phenomenon
would not account for the contrasting effects of
NTG and L-NA upon iNOS transcript levels observed
in the present study; if anything, NO generation
from 1-NA should have enhanced rather than sup-
pressed the upregulation of iNOS after ischemic PC.

There is currently no direct evidence concerning
the identity of the NOS isoform that produces the
NO that triggers late PC on day 1. Previous studies
in conscious rabbits have shown that the de-
velopment of late PC against myocardial stunning
is blocked by the non-selective NOS inhibitor L-NA
but not by the relatively-selective iNOS inhibitors
AG and SMT (Bolli et al., 1997b). Though not
conclusive, these results support the conclusion

that the NOS isoform responsible for generating the
NO that triggers late PC is a constitutive NOS (nNOS
and/or eNOS). That NO itself is capable of eliciting
a cardioprotective state similar to that of ischemic
PC is supported by the fact that the NO donors,
given 24 h before the ischemic insult, cause a
reduction in the severity of myocardial stunning
and in the size of myocardial infarction similar
to that caused by the late phase of ischemic PC
(Takano et al.,, 1998b). In this regard, it is
important to note that infusion of NTG (at the
same dose used in the present study) induces a
late PC effect that is indistinguishable from that
of the late phase of ischemic PC (Banerjee et al.,
1998). Thus, there is a direct correlation between
the late PC-mimetic effect of NTG and the effect
of NTG on iNOS mRNA levels.

In conclusion, this study reveals a new change
in gene expression associated with brief myocardial
ischemia/reperfusion. It seems reasonable to pos-
tulate that the three-fold increase in steady state
iNOS mRNA levels after ischemic PC is related
to the increased iNOS activity observed 24 h later
(Xuan et al., 1998) and to the cardioprotection
afforded by this phenomenon. Although conclusive
proof will require further molecular studies, the
pharmacological evidence presented herein sup-
ports the concept that NO serves as a cellular
signal that modulates iNOS mRNA levels, sug-
gesting a new biological function of this radical
and a new mechanism in the pathophysiology of
ischemic PC. This concept may also have im-
portant implications for clinical therapies with
NO-releasing agents (e.g. nitrates). The notion
that NO itself can upregulate iNOS mRNA levels
raises the intriguing possibility that nitrates and
other NO donors may have a similar effect in
the heart of patients with coronary artery disease.
Because of the ubiquitous role NO plays in
several cardiovascular disorders, the concept that
a relatively brief increase in NO generation can
lead to increased iNOS mRNA levels in the heart
may have implications for several patho-
physiological conditions (besides ischemic PC) in
which NO is involved.
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