Blockade of the natriuretic peptide receptor guanylyl
cyclase-A inhibits NF-kB activation and alleviates
myocardial ischemia/reperfusion injury
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Acute myocardial infarction (AMI) remains the leading cause of death in developed countries.
Although reperfusion of coronary arteries reduces mortality, it is associated with tissue injury.
Endothelial P-selectin-mediated infiltration of neutrophils plays a key role in reperfusion injury.
However, the mechanism of the P-selectin induction is not known. Here we show that infarct size
after ischemia/reperfusion was significantly smaller in mice lacking guanylyl cyclase-A (GC-A), a
natriuretic peptide receptor. The decrease was accompanied by decreases in neutrophil infiltration
in coronary endothelial P-selectin expression. Pretreatment with HS-142-1, a GC-A antagonist, also
decreased infarct size and P-selectin induction in wild-type mice. In cultured endothelial cells, acti-
vation of GC-A augmented H,0,-induced P-selectin expression. Furthermore, ischemia/reperfu-
sion-induced activation of NF-kB, a transcription factor that is known to promote P-selectin expres-
sion, is suppressed in GC-A-deficient mice. These results suggest that inhibition of GC-A alleviates
ischemia/reperfusion injury through suppression of NF-kB-mediated P-selectin induction. This
novel, GC-A-mediated mechanism of ischemia/reperfusion injury may provide the basis for apply-
ing GC-A blockade in the clinical treatment of reperfusion injury.

J. Clin. Invest. 108:203-213 (2001). DOI:10.1172/JC1200112088.

Introduction
Although acute myocardial infarction (AMI) remains
the leading cause of death in developed countries,
advances in the treatment of ischemic heart diseases
have led to a decrease in mortality over the past three
decades. For instance, reperfusion of coronary arteries
with thrombolytic agents (1) or angioplasty (2-4)
markedly reduces mortality and improves left ventric-
ular function in AMI. Nonetheless, reperfusion after
even brief periods of ischemia is associated with patho-
logical alterations that represent either an acceleration
of processes initiated during ischemia, per se, or new
changes initiated during the reperfusion (5-7).
Ischemia/reperfusion prompts a release of reactive
oxygen species (8), cytokines (9, 10), and other proin-
flammatory mediators that activate both neutrophils
and coronary vascular endothelium. Such activation
promotes the expression of adhesion molecules on
both neutrophils and endothelium (11, 12), which
recruits the former to the surface of the latter and ini-
tiates a specific cascade of cell-cell interactions, leading

first to adherence of neutrophils to the endothelium
and then to transendothelial migration and direct
interaction with myocytes (13, 14). This reperfusion
injury shares many characteristics with inflammatory
responses in which neutrophils feature prominently.

Atrial and brain natriuretic peptides (ANP and BNP,
respectively) are hormones secreted from the heart that
possess potent diuretic, natriuretic, and vasorelaxant
activities. They exert their effects through activation of
the guanylyl cyclase-A (GC-A) receptor, which leads to
an increase in the intracellular second messenger,
c¢GMP (15). We and others have shown previously that
cardiac natriuretic peptide systems are rapidly activat-
ed (16-21), and plasma BNP concentrations are
markedly elevated (22) after AMI. Although expression
of the GC-A gene is known to occur in the ventricle (23,
24), virtually nothing is known about the intracardiac
functions of natriuretic peptides in AML

We therefore used genetically engineered, GC-A-defi-
cient mice and HS-142-1, a nonpeptide GC-A antagonist
(25), to investigate the effects blocking endogenous natri-
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uretic peptide signaling on the size of myocardial infarcts
evoked by protocols of ischemia and reperfusion.

Methods

Animals. GC-A-deficient (GC-A7") mice and their GC-A"*
littermates (wild-type controls) were generated as
described previously (26). All mice used in this study
were between 10 and 14 weeks old. C57BL/6 (10-14
weeks) mice were purchased from Shimizu Co. (Kyoto,
Japan). All experimental procedures were performed
according to Kyoto University standards for animal care.

Surgical procedures. Mice were initially anesthetized
with ether and placed on a warm pad maintained at
37°C. The trachea of each mouse was cannulated with
a polyethylene tube connected to a respirator (Shinano
Co., Tokyo, Japan) with a tidal volume set at 0.6 ml and
a rate set at 110/min. The mice were then anesthetized
with 0.5-1.5% isoflurane for the remainder of the surgi-
cal procedure. After a 10-minute equilibration period, a
left thoracotomy was performed between the fourth
and fifth ribs. The pericardial sac was then removed,
and the left anterior descending artery (LAD) was visu-
alized under a microscope and ligated with a 7-0 silk
suture using a snare occluder. To avoid injuring the
LAD, a small patch was attached to its surface. Ischemia
and reperfusion were accomplished by first tightening
the snare occluder and then loosening it. Significant
electrocardiogram and color changes at the area at risk
(AAR) were considered indicative of successful coronary
occlusion and reperfusion. The silk suture was left in
place, and chests of the mice were closed with 5-0 silk
sutures. The animals were then weaned from the respi-
rator, and the intratracheal tube was removed once they
were breathing spontaneously and began to move.

Mpyocardial ischemia and reperfusion. GC-A** controls
and GC-A7~ mice were subjected to 30 minutes of LAD
ligation, followed by either 6 hours or 2 days of reper-
fusion. For HS-142-1 (HS) treatment, mice were intra-
venously injected with 3 mg/kg of HS 30 minutes
before ligation of the LAD. As control, mice were inject-
ed with saline in the same dose. HS was a kind gift from
Kyowa Hakko Co., (Tokyo, Japan).

Evaluation of ischemic AAR and infarct size. Two days after
reperfusion, the AAR and infarct area were evaluated in
the GC-A** and GC-A7~ mice. The thoracotomies were
reopened, the LADs reoccluded, and 1 ml of 1.0% Evans
blue (Sigma Chemical Co., St. Louis, Missouri, USA)
was injected from the apex of each heart to delineate the
nonischemic tissue. The hearts were then excised,
washed with PBS, and cut into five transverse slices. The
slices were then placed in a 96-well culture plate, stained
for 15 minutes at room temperature with 1.0 ml of 1.5%
2,3,5-triphenyltetrazolium chloride (TTC; Sigma Chem-
ical Co.) solution to determine the infarct area, weighed,
and photographed under a microscope (Olympus Co.,
Tokyo, Japan). Left ventricular (LV) area, AAR, and
infarct were determined by computerized planimetry
using NIH Image (v 1.57) software (Bethesda, Maryland,
USA.). Infarct weights were calculated as: [(4; X W) +

(A2 X Wz) + (A3 X W3) + (A4 X W4) + (A5 X W5)], where A is
the area of infarct for the slice denoted by the subscript
and Wis the weight of the respective section. The weight
of the AAR was calculated in similar fashion. Infarct was
expressed as a percentage of the AAR and LV. Areas were
determined independently by three observers blinded to
the treatment protocol.

Histology. To determine the numbers of infiltrating
polymorphonuclear neutrophils (PMNs), slices treated
as described above were fixed in 4% paraformaldehyde
at 4°C, embedded in paraffin, cut into 4-ium sections,
and transferred to silicon-coated slides. The tissue sec-
tions were then stained with hematoxylin and eosin
(H&E) or Giemsa. The numbers of PMNs per high-
power microscope field (x400) were independently
counted by two observers blinded to the treatment pro-
tocol. Average numbers of PMNs were obtained by ran-
domly counting more than ten fields.

Myeloperoxidase activity. Neutrophil emigration was
assessed by measuring myeloperoxidase (MPO) activity
(27). Each heart was divided into infarct and noninfarct
areas, after which the respective areas were homoge-
nized and sonicated in 50 mmol/l potassium phosphate
buffer, pH 6, containing 0.5% hexadecyltrimethylam-
monium bromide (HTAB). The mixture was then cen-
trifuged at 12,500 g for 30 minutes at 4°C. The super-
natant was collected into another tube and mixed with
reaction buffer (0.167 mg/ml of o-dianisidine dihy-
drochloride and 0.0005% H,O, in 50 mmol/l phosphate
buffer, pH 6). Absorbance of these mixtures at 460 nm
was measured using spectrophotometer, with the rate
of change in absorbance being related to MPO activity.
One unit of MPO activity was defined as that hydrolyz-
ing 1 mmol of peroxidase per minute at 25°C.

Immunobistochemistry. Sections obtained as described
above were treated with 3% H,O, to block endogenous
peroxidase and then incubated for 1 hour at room
temperature with rabbit polyclonal anti-P-selectin Ab
(PharMingen, San Diego, California, USA) at a dilution
of 1:200. The sections were then incubated with
biotinylated rabbit IgG (DAKO, Tokyo, Japan), and Ab-
binding sites were visualized as an avidin-biotin perox-
idase complex using 3-amino-9-ethyl carbazole (AEC).

Western blot analysis. Left ventricles were homogenized
using a polytron homogenizer and sonicated in lysis
buffer (20 mmol/l Tris, 150 mmol/l NaCl, 1 mmol/l
EDTA, 1 mmol/l EGTA, 1% Triton X-100, 2.5 mM sodi-
um pyrophosphate, 1 mmol/l B-glycerolphosphate, 1
mmol/l NazVO,, 1 pg/ml leupeptin, and 1 mmol/l
PMSF). The resultant mixture was centrifuged at 25,000
g for 5 minutes, the supernatant collected, and the total
protein concentration was determined using a standard
protein assay (Bio-Rad Laboratories Inc., Hercules, Cali-
fornia, USA). Samples containing approximately 100 pg
of protein were then subjected to 7.5% SDS-PAGE in Tris-
Tricine SDS buffer, after which the gels were transferred
electrically to Sequi-Blot PVDF membranes (Bio-Rad
Laboratories Inc.). Membranes were then blocked for 1
hour at room temperature in Tris-buffered saline con-
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taining 1% Tween 20 (TBS-T) and 5% nonfat milk. They
were then incubated for 1 hour with gentle agitation at
room temperature with rabbit polyclonal anti-P-selectin
Ab in TBS-T (1:1000 dilution), washed three times with
TBS-T, and incubated with horseradish peroxidase-con-
jugated (HRP-conjugated) anti-rabbit secondary Ab
(DAKO) for 1 hour at room temperature. After four to
five washes with TBS-T, the proteins were visualized
using Renaissance enhanced chemiluminescent reagents
(NEN Life Science Products Inc., Boston, Massachusetts,
USA), and the membranes were autoradiographed.

Isolation of nuclear extracts. Nuclear extracts were pre-
pared from frozen myocardial tissue as described pre-
viously (28, 29). Tissue samples were rinsed three times
with ice-cold Ca?*-free and Mg?*-free PBS, and then
homogenized in 3 ml of ice-cold buffer A (10 mmol/l
HEPES, pH 7.9, 1.5 mmol/l MgCl,, 10 mmol/1 KCI, 1
mmol/l DTT, and 1 mmol/l PMSF) using a Dounce
homogenizer. Human umbilical vein endothelial cells
(HUVECs) were detached with 0.5% EDTA, rinsed twice
with PBS, and incubated with buffer A in a centrifuge
tube. The homogenate was transferred to a centrifuge
tube. After a 10-minute incubation on ice, the
homogenate was centrifuged at 850 g for 10 minutes at
4°C. The cell pellet was suspended in ice-cold buffer B
(0.1% Triton X-100 in buffer A), incubated on ice for 10
minutes, and then centrifuged again as above. The
resultant nuclear pellet was rinsed once with buffer A,
resuspended in buffer C (20 mmol/l HEPES, pH 7.9,
25% glycerol vol./vol., 0.42 mol/l NaCl, 1.5 mmol/l
MgCl,, 0.2 mmol/l EDTA, 0.5 mmol/l DTT, and 1
mmol/l PMSF), and incubated on ice for 30 minutes.
Nuclear proteins were obtained by centrifugation at
20,000 g for 15 minutes at 4°C. The protein concentra-
tions were determined as described above.

Electrophoretic mobility shift assay. A double-stranded
oligonucleotide containing the consensus-binding sites
for NF-xB (5’-GATCGAGGGGACTTTCCCTAGC-3’) was
end-labeled with [y-3?P]ATP (Amersham Pharmacia
Biotech, Piscataway, New Jersey, USA) using T4 polynu-
cleotide kinase. The reaction mixture was then incu-
bated with 10 pg of nuclear protein for 30 minutes,
loaded onto 5% polyacrylamide gel, and elec-
trophoresed at 250 V in 0.5x Tris-borate EDTA buffer.
The gels were dried using a Gel-Drier and radi-
ographed, after which the binding bands were semi-
quantified by scanning densitometry.

Competition experiments were performed to assess
the specificity of NF-xB-binding activity determined
by electrophoretic mobility shift assay (EMSA). Nuclear
extracts were incubated with unlabeled double-strand-
ed NF-kB oligonucleotides for 5 minutes and then with
labeled NF-kB oligonucleotides for an additional 30
minutes. Ab supershift assays were then performed to
confirm that apparently bound NF-kB contained the
pS0 subunit. The labeled reaction mixture was incu-
bated for 30 minutes; then 2 ug of anti-p5S0 Ab was
added. After incubation for an additional 2 hours at
4°C, samples were run on polyacrylamide gels.

(g}
Q.
o

100 757 754
— S =
S < L
s £ 50+ > 50
] < =
T 50 3 B *
3 3 g
< = 254 € 254
25 =
GC-A GC-A GC-A GC-A GC-A GC-A
+H+ —/— +H+ -~ +H+ -~
Figure 1

Evaluation of infarct size and AAR in hearts from GC-A** and GC-A~/~
mice subjected to 30 minutes of ischemia and 2 days of reperfusion.
(a) Representative photographs of midventricular myocardial tissue
from GC-A** and GC-A~~ mice. Note that the infarct area (white
color) in the GC-A7~ mouse is smaller than that in the GC-A”* mouse.
(b) Schema of photographs of a. Infarct area is expressed as light blue,
AAR is red, and nonischemic area is blue. (c) There was no significant
difference in myocardial AAR/LV ratios in GC-A** and GC-A~~ mice.
(d) Myocardial infarct/AAR ratios in GC-A~~ mice were significantly
smaller than in GC-A”* mice. (e) Infarct/LV ratios in GC-A~~ mice were
significantly smaller than in GC-A** mice. *P < 0.05 vs. GC-A** mice.

Radioimmunoassay. Ventricular ANP and BNP con-
centrations were measured by our specific radioim-
munoassays (RIAs) reported previously (30). Tissue
c¢GMP concentration was measured by Yamasa Cyclic
GMP Assay Kit (Yamasa Co., Chiba, Japan).

Cell cultures. HUVECs and EBM-2 culture medium
were purchased from Sanko Jyunyaku (Tokyo, Japan).
The cells were plated into 75-cm? culture dishes (Bec-
ton Dickinson and Co., Franklin Lakes, New Jersey,
USA) and maintained in EBM-2 medium supplement-
ed with 2% FBS under a humidified atmosphere of 5%
CO,/95% air at 37°C. The medium was renewed every
2 days. Subcultures were obtained by treating the
HUVEC cultures with 0.25% trypsin/0.01% EDTA at
37°C for 5 minutes. Subconfluent HUVECs from pas-
sages five through eight were used in all experiments.

Cell culture protocol. To examine the effects of ANP and
GC-A, HUVECs were exposed for 1 hour or 6 hours to
the indicated doses of H,O; alone or in combination
with ANP (108 M or 10-¢ M), in the presence or the
absence of 100 pug/ml HS.
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Figure 2

PMN infiltration in GC-A** and GC-A~~ mice subjected to myocar-
dial ischemia/reperfusion. (a-d) H&E staining of myocardial tissue
from GC-A** and GC-A7~ mice obtained after 30 minutes of
ischemia and 2 days of reperfusion. (a and c) Perinecrotic area of a
GC-A"* mouse at magnification of X100 and X400, respectively. (b
and d) Perinecrotic area of a GC-A7~ mouse at magnifications of
%100 and X400, respectively. Note that significant numbers of PMNs
accumulated in perinecrotic areas of GC-A”* mice, while a fewer
PMNss infiltrated the GC-A~~ heart. (e) Average numbers of infil-
trating PMNs per X400 field in the myocardium subjected to 30 min-
utes of ischemia and either 6 hours or 2 days of reperfusion. After
both 6 hours or 2 days of reperfusion, PMN numbers were signifi-
cantly lower in GC-A~~ mice (filled bars) than in time-matched
GC-A"* controls (open bars). *P < 0.01 vs. 6 hours of reperfusion in
GC-A"* mice. P < 0.01 vs. 2 days of reperfusion in GC-A"* mice. (f)
Myocardial MPO activity in infarct and noninfarct cardiac tissue
samples obtained from GC-A** (open bars) and GC-A~~ mice (filled
bars) after 30 minutes of ischemia and 6 hours or 2 days of reperfu-
sion. MPO activity is expressed as U/ 100 mg wet tissue weight, which
was decreased significantly in the infarct areas of GC-A7~ mice.
*P < 0.05 vs. 6 hours of reperfusion in GC-A”* mice. *P < 0.01 vs. 2
days of reperfusion in GC-A"* mice.

ELISA. To assess cell surface expression of P-selectin,
HUVECs cultured in 96-well plates were incubated for
1 hour with the indicated medium, washed twice with
PBS, and fixed for 15 minutes with 1% paraformalde-
hyde. To determine total P-selectin expression, the cells
were incubated for 6 hours with the indicated medium
and fixed in ethanol to permeabilize their membranes
(31, 32), washed twice with PBS, fixed for an additional
30 minutes in ethanol, and incubated for 1 hourina 2%
BSA-HBSS solution. The cells were then incubated for

2 hours with mouse monoclonal anti-human P-selectin
ADb (1:500 dilution; DAKO), followed by incubation for
1 hour with peroxidase-conjugated anti-mouse second-
ary Ab (1:2000 dilution; DAKO), and then for 30 min-
utes with 100 pl/well of substrate chromogen (3,3",5,5"-
tetramethylbenzidine). All incubations were performed
at room temperature. Chromophore development was
determined by measuring OD at 650 nm with a Spec-
tramax microplate reader. Background absorbance was
determined using cells incubated without primary Ab’s.

Detection of intracellular peroxides with ANP. HUVECs
were incubated with normal medium, 108 M ANP, and
10 M ANP for 1 hour. As a control, HUVECs were incu-
bated with 100 uM H,0,. HUVECs were detached from
the culture plate with 0.5% EDTA. To determine intra-
cellular peroxides, endothelial cells were incubated with
5- (and-6) carboxy-2’,7’-dichlorodihydrofluorescein diac-
etate (carboxy-H,DCFDA) (Molecular Probes Inc.,
Eugene, Oregon, USA). Approximately 10,000 cells were
analyzed by flow cytometry to determine the oxidation
of carboxy-H,DCFDA that occurs during oxidative
stress, according to the previous report by Bass et al. (33).

Cell viability. Mitochondrial respiration was assessed
as a function of the mitochondria-dependent reduc-
tion of WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt) to formazan. Cells plated in 96-well
plates were incubated for 1 hour at 37°C with WST-8
(0.5 mmol/l). The extent of the reduction of WST-8 to
formazan was quantified by measuring OD at 450 nm.

Statistical analyses. All values are expressed as means +
SEM. Statistical analysis of the data was performed by
Student’s t test. ANOVA with post hoc Duncan tests
were used to determine the significance of differences
in multiple comparisons. P values less than 0.05 were
considered significant.

Results

Upregulation of ventricular ANP and BNP concentration
and GC-A activity during myocardial ischemia/reperfusion
in mice. We measured tissue levels of ANP and BNP in
the ventricle after ischemia-reperfusion by RIA. As
shown in Table 1, before ischemia/reperfusion the
levels of ventricular ANP and BNP were 12.3 + 2.7
ng/g and 38.9 + 5.8 ng/g, respectively, which are
about 100-fold higher than those of circulating ANP
and BNP in mice. In mice treated with 30 minutes of
ischemia followed by 6 hours of reperfusion, ventric-
ular ANP and BNP levels were approximately three
times higher than those in sham-operated mice. The
ventricular BNP level continued to increase until 2
days after reperfusion, while ventricular ANP level
tended to decrease slightly. Next, to examine whether
ANP and BNP act on in the ventricle, we measured
ventricular cGMP concentration during ischemia/
reperfusion in mice. In 2 days of reperfusion, ven-
tricular cGMP levels were elevated significantly com-
pared with those in sham-operated mice (13.3 + 0.9
pmol/g in operated mice and 9.7 + 0.9 pmol/g in
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sham-operated mice; P < 0.05), indicating GC-A is
activated during ischemia/reperfusion.

Decreased myocardial infarct size in GC-A7~ mice. The
hearts of GC-A”* and GC-A7~ mice were subjected to
ischemia/reperfusion. Just before the excision, hearts
were perfused with Evans blue dye, sectioned, and incu-
bated in 1.5% TTC as described in Methods. Photographs
of representative ventricular sections from wild-type and
GC-A7~ mice are shown in Figure 1a. Figure 1b illustrates
a scheme showing the infarct area, AAR, and nonischemic
area to assist in our understanding. The blue-stained tis-
sue was defined as being perfused, the rest of the section
was defined as AAR, and regions within the AAR that
failed to exhibit brick-red staining were considered to be
infarcts. AAR/LV ratios were not significantly different in
the two genotypes (GC-A"*, 64.5 + 7.2%; GC-A7~, 63.2 +
4.2%) (Figure 1c), indicating that there was no genotype-
dependent difference in the extent of AAR produced by
complete occlusion of the LAD and indicating that liga-
tion site is the same in both groups. On the other hand,

Table 1

Arbitrary Units
adDooprhoo

Sham 6h 2d

Figure 3

P-selectin expression in GC-A** and GC-A~/~ mice during myocardial
ischemia/reperfusion. (a-f) Immunolabeling of P-selectin in hearts
from GC-A** (a, ¢, and e) and GC-A~~ mice (b, d, and f); N, non-
infarct tissue; |, infarct tissue. (a and b) Border zones between
necrotic and nonischemic areas. (c and d) Perinecrotic areas. (e and
f) High-power fields of perinecrotic areas. Levels of endothelial P-
selectin expression in the border zones and in the centers of ischemic
areas were lower in GC-A~~ hearts. (g) Western blot analysis show-
ing P-selectin expression in LV of GC-A"* (lanes 1, 3, and 5) and
GC-A~~ (lanes 2, 4, and 6) mice after 30 minutes of ischemia and 6
hours (lanes 3 and 4) or 2 days (lanes 5 and 6) of reperfusion. Lanes
1 and 2 show P-selectin expression without ischemia/reperfusion.
(h) Semiquantitative analysis of P-selectin expression. P-selectin
expression was significantly lower in GC-A~~mice (filled bars) than
in GC-A*/* mice (open bars) after 6 hours or 2 days of reperfusion.
*¥P < 0.01 vs. 6 hours of reperfusion in GC-A** mice. #P < 0.01 vs. 2
days of reperfusion in GC-A*/* mice.

infarct/AAR was significantly smaller in GC-A7~ mice
after 2 days of reperfusion (GC-A"*, 58.2 + 5.2%; GC-A7,
44.6 = 3.7%; P < 0.05) (Figure 1d). Infarct/LV was also sig-
nificantly smaller in GC-A7~ mice after 2 days of reperfu-
sion (GC-A"*, 37.5 + 3.4%; GC-A7-, 28.2 + 1.6%; P < 0.05)
(Figure le), demonstrating that the amount of myocar-
dial tissue salvaged during reperfusion was larger in the
absence of endogenous GC-A.

Decreased PMN infiltration number in GC-A~~ mice. One
of the hallmarks of reperfusion injury is the accumula-
tion of PMNs within the injured tissue (34). In fact,
interventions aimed at inhibiting PMN accumulation
have been shown to exert cardioprotective effects in var-
ious experimental models. And in the present study,
comparison of Figure 2,band d, with Figure 2,aand c,
illustrates that the number of PMNss infiltrating the
myocardium was indeed diminished in GC-A7~ mice.
Summarizing the counts from at least ten randomly
selected microscope fields, we found that significantly
fewer PMN’s were present in the myocardium of GC-A7~

Ventricular ANP and BNP concentrations in mice after ischemia/reperfusion

Control Sham
ANP (ng/g wet tissue) 123+2.7 16.5+0.6
BNP (ng/g wet tissue) 389+5.38 53.3+4.38

6h 2d
Mi Sham Mi
41.8+11.84 15.6 £4.7 30.5+2.7
146.1 £ 26.28 59.2+12.9 220.3 £ 358

Ventricular ANP and BNP concentrations were measured by specific RIA in wild-type C57BL/6 mice. After 6 hours, both of the myocardial infarctions were sig-
nificantly higher than sham-operated mice. In 2 days of reperfusion, ventricular BNP concentration was higher than sham-operated mice. M|, myocardial
ischemia/reperfusion mice; sham, sham-operated mice; control, age-matched control mice. AP < 0.05 vs. time-matched sham-operated mice. BP < 0.01 vs.

time-matched sham-operated mice.
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mice after both 6 hours (GC-A"*, 16 + 6 PMNs per high-
powered field; GC-A~~, 8 £ 3 PMNs per high-powered
field; P < 0.01) and 2 days (GC-A"*, 42 + 3 PMNs per
high-powered field; GC-A7~, 17 + 4 PMNs per high-
powered field; P < 0.01) reperfusion (Figure 2e).
Decreased MPO activity in GC-A7~ mice. To further
quantify the extent of PMN infiltration, we measured
the activity of cardiac MPO, an enzyme specific to acti-
vated neutrophils. This method is commonly used to
assess neutrophil accumulation and has been validat-
ed previously in cardiac tissue (27). When myocardial
MPO activity was measured in infarcted and nonin-
farcted tissues after 6 hours or 2 days of reperfusion, we
found that the activity time dependently increased
within the infarcted areas of both GC-A7~ and wild-type
mice (GC-A"*, 0.46 + 0.08 U/100 mg tissue; GC-A~/-,
0.31 + 0.06 U/100 mg tissue after 6 hours of reperfu-
sion; GC-A"*, 1.68 + 0.03 U/100 mg tissue; GC-A7~, 1.17
+0.03 U/100 mg tissue after 2 days of reperfusion) but
that it was significantly lower in the GC-A-deficient
mice at either time point (Figure 2f). Within noninfarct
areas, MPO activity was very low in both genotypes.
Decreased P-selectin expression in GC-A7~ mice. Endothelial
cell surface expression of P-selectin (CD62), an integral

2d

Figure 4

NF-xB binding to DNA during myocardial
ischemia/reperfusion in GC-A*/* and GC-A~~ mice.
(a) The identity of the band obtained from a NF-
KB gel shift assay was confirmed by competition
and supershift analyses using a specific anti-p50
subunit Ab as a probe. An arrow in left side shows
shifted band. An arrow with broken line shows
supershifted band. (b) EMSA of NF-kB in GC-A*"/*
(lanes 1,3, and 5) and GC-A7/~ (lanes 2, 4, and 6)
hearts; lanes 1 and 2, sham operated; lanes 3 and
4, 30 minutes of ischemia and 6 hours of reperfu-
sion; lanes 5 and 6, 30 minutes of ischemia and 2
days of reperfusion. (c) Semiquantitative analysis
of the binding of activated NF-kB to DNA in
GC-A"* (open bars) and GC-A7/~ mice (filled
bars). (d and e) Western blot analysis showing
phosphorylated IkBo. (d) and total IkBo protein
expression (e) in left ventricles of GC-A** (lanes 1,
3, and 5) and GC-A~7~ (lanes 2, 4, and 6) mice
after 30 minutes of ischemia and 6 hours (lanes 3
and 4) or 2 days (lanes 5 and 6) of reperfusion.
Lanes 1 and 2 show phosphorylated IxBo. (d) and
total IkBa protein expression (e) without
ischemia/reperfusion. (f and g) Semiquantitative
analysis of phosphorylated IxBo (f) and total
IkBo. (g) protein expression. Phosphorylated IxBo
was significantly lower in GC-A~~ mice (filled bars)
than in GC-A** mice (open bars) after 6 hours of
reperfusion (f). *P < 0.01 vs. 6 hours of reperfu-
sion in GC-A** mice.

membrane protein rapidly translocated to the plasma
membrane during exocytosis of the Weibel-Palade bod-
ies, promotes the binding and “rolling” of neutrophils,
which precedes their migration into sites of inflamma-
tion (35-41). To investigate the mechanism responsible
for the reduced PMN infiltration in GC-A-deficient mice,
we examined P-selectin expression after ischemia/reper-
fusion. Immunohistochemical analysis revealed that after
2 days of reperfusion, P-selectin was expressed in coro-
nary microvascular endothelial cells in perinecrotic areas
of both wild-type (Figure 3, a, ¢, and e) and GC-A~~ (Fig-
ure 3,b, d, and f) mice, although the latter were labeled to
alesser degree. In contrast, P-selectin expression was bare-
ly detectable in sham-operated hearts. Western blot analy-
sis, moreover, confirmed the significant (P < 0.01)
declines in P-selectin expression in GC-A~7~ mice after
either 6 hours of reperfusion (GC-A”*, 3.11 + 0.26 arbi-
trary units; GC-A7~, 1.83 + 0.08 arbitrary units; P < 0.01)
or 2 days of reperfusion (GC-A”*, 5.65 + 0.40 arbitrary
units; GC-A7~, 3.64 + 0.53 arbitrary units; P < 0.01) (Fig-
ures 3, g and h). Thus, the reduced PMN accumulation
during ischemia/reperfusion in GC-A-deficient mice is
likely due, at least in part, to suppressed expression of P-
selectin in coronary endothelial cells.
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Figure 5

Myocardial infarct size, PMN infiltration, MPO activity, and P-selectin expression in HS-
treated mice after 30 minutes of ischemia and 6 hours of reperfusion. (a) AAR/LV was
not significantly different in the two groups. (b) Infarct/AAR was significantly smaller
in HS-treated mice (filled bars) than in saline-treated mice (saline; open bars) after 2
days of reperfusion. *P < 0.05 vs. saline group. (c) Infarct/LV was significantly decreased
in HS-treated mice compared with that in saline-treated mice. *P < 0.05 vs. saline
group. Numbers of infiltrating PMNs per field (d) and MPO activity (e) were both sig-
nificantly lower in HS-treated mice. **P < 0.01 vs. saline group. (f) Western blot analy-
sis of P-selectin expression following ischemia/reperfusion in mice pretreated with saline
(lane 3) or HS (lane 4); lanes 1 and 2, P-selectin in sham-operated mice treated with
saline and HS, respectively. (g) Semiquantitative analysis of P-selectin expression in HS-
treated mice. Little P-selectin expression was seen in sham-operated mice. P-selectin
expression was increased in all mice subjected to ischemia/reperfusion, although sig-
nificantly (P < 0.01) less so in HS-treated mice (filled bars) than in saline-treated mice

4b, lane 6). Densitometric scanning of
the shifted bands revealed a 70% decline
in NF-kB activity in GC-A7~ after 6 hours
of reperfusion (GC-A**,16.52 + 1.87 arbi-
trary units; GC-A7~, 4.86 + 1.56 arbitrary
units) (Figure 4c), which implies that
GC-A might play a distinctive role in
modulating ischemia/reperfusion
injuries through inhibition of NF-kB
activation. IkBa was phosphorylated in
GC-A** mice, whereas it is not phospho-
rylated in GC-A7~ mice after 6 hours of
reperfusion. Phosphorylation of IkBo. in
GC-A** mice and GC-A7~ mice after 2
days of reperfusion were upregulated to
the same level. However, there was no
significant change in IkBo. protein level
in GC-A7~ mice and GC-A"* mice after
both 6 hours and 2 days of reperfusion
(Figure 4, d-g).

Decreased myocardial infarct size, PMN
infiltration, and P-selectin expression in mice
treated with HS. To rule out that these
effects were restricted within GC-A7~
mice, we next examined the effects of
HS. Blockade of GC-A by intravenous
injection of HS (3 mg/kg) was initially
confirmed by the evoked decline in
basal plasma cGMP levels (11.5 + 1.7
pmol/ml in saline vs. 7.4 + 0.6 pmol/ml
in HS; P < 0.05). Whereas AAR/LV in

(open bars). **P < 0.01 vs. saline group.

Reduced NF-xB activity in GC-A7~ mice. NF-xB is a tran-
scription factor that, by regulating the gene expression
of multiple cytokines, chemokines, cell adhesion mole-
cules, growth factors, and immunoreceptors, plays a crit-
ical role in immune and inflammatory reactions (42, 43).

The P-selectin gene, which contains a functional
NF-kB-binding site, is required for its induction in
endothelial cells (44). We therefore assessed NF-kB acti-
vation using EMSA with a NF-kB binding site-specific
probe and nuclear proteins isolated from myocardial tis-
sues of GC-A7~and GC-A** mice. No activation of NF-kB
was detected in sham-operated mice of either genotype
(Figure 4b, lanes 1 and 2, respectively). In contrast, incu-
bation with nuclear extracts from wild-type mice after 6
hours of reperfusion yielded a clearly detectable band
(Figure 4b, lane 3), the identity of which was confirmed
by competition and supershift analyses with a specific Ab
against the NF-kB p50 subunit (Figure 4a). NF-kB activ-
ity was increased after 6 hours of reperfusion in wild-type
mice (Figure 4b, lane 3) and maintained until 2 days after
reperfusion (Figure 4b, lane 5). In contrast, NF-kB acti-
vation was not detectable in GC-A~~ mice after 6 hours of
reperfusion (Figure 4b, lane 4) but elevated to the same
level as GC-A”* mice after 2 days of reperfusion (Figure

both groups did not change (saline, 57.9
+3.0%; HS, 57.3 + 7.2%) (Figure Sa) after
2 days of reperfusion, injection of HS 30
minutes before coronary occlusion sig-
nificantly reduced infarct/AAR ratio (saline, 56.5 + 2.3%;
HS, 38.7 + 3.3%; P < 0.05) (Figure 5b) and infarct/LV ratio
(saline, 32.7 +2.1%; HS, 22.2 + 2.5%; P < 0.05) (Figure 5c),
decreased the number of infiltrating PMNs after 2 days
of reperfusion (saline, 17 + 7 PMNs per high-powered
field;, HS, 4 + 1 PMN's per high-powered field; P < 0.01)
(Figure 5d), and decreased the MPO activity after 6 hours
of reperfusion (saline, 0.42 + 0.16 U/100 mg tissue; HS,
0.12 +£0.08 U/100 mg tissue; P < 0.01) (Figure Se). West-
ern blot analysis revealed that HS reduced the level of
cardiac P-selectin expression seen after 6 hours of reper-
fusion (saline, 39.6 + 10.4 arbitrary unit; HS, 8.9 + 2.8
arbitrary unit; P < 0.01) (Figure 5, f and g), and there was
a corresponding decline in the immunolabeling of P-
selectin in coronary endothelial cells (data not shown).
These findings further support the notion that blockade
of endogenous natriuretic peptides decreases myocardial
PMN infiltration after ischemia/reperfusion by inhibit-
ing expression of P-selectin on endothelial cells.
Induction of P-selectin expression in HUVECs by ANP. The
aforementioned findings led us to hypothesize that ANP
directly influences endothelial P-selectin expression dur-
ing ischemia/reperfusion. To test this hypothesis, we
assessed the effect of ANP on P-selectin expression in
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Figure 6

(a-d) Immunolabeling of P-selectin in HUVECs. (a) Unstimulated cells.
(b) Cells treated with H,O, (100 uM). (c) Cells treated with ANP (1
UM) in the presence of H,O, (100 uM). (d) Cells treated with ANP (1
UM) in the presence of HS (100 pg/ml) and H,O, (100 uM). (e and f)
Cell surface (e) and total (f) expression of P-selectin was increased by
exposure to 100 UM H,0; and was increased further by exposure to
H,O; plus ANP (P < 0.05 vs. H,0O; alone). The effect of ANP was abol-
ished by HS. *P < 0.01 vs. saline-treated group. *P < 0.01 vs. H,O,-
treated group. P < 0.01 vs. H,O5- and ANP-treated group.
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cultured HUVECsS in the presence or absence of H;O;, a
toxic by-product of respiration. Although we found only
minimal immunolabeling of P-selectin (stained red)
under basal conditions (Figure 6a), several cells were
labeled in the presence of 100 uM H,O, (Figure 6b), indi-
cating that exposure to H,O; induced expression of P-
selectin. When incubated with H,O, plus 10-°* M ANP,
more cells were labeled and to a stronger degree than
with H,O, alone (Figure 6¢), while exposure to H,O,,
ANP, and 100 pg/ml HS resulted in cells being labeled to
the same degree seen with H,O, alone (Figure 6d).
Using a specific ELISA, we examined translocation of
P-selectin to cell surface and total P-selectin expression
of HUVECs. Treating cells for 1 hour with ANP alone
dose dependently increased cell surface expression of
P-selectin (saline, 1 + 0.13; ANP 108 M, 2.34 + 0.41;
ANP 106 M, 3.64 + 0.23 arbitrary units) (data not

shown), and 100 uM H,O; alone for 1 hour increased
cell surface P-selectin expression, as well. Cell surface
expression of P-selectin in the presence of ANP was fur-
ther increased by addition of 100 uM H,O,, which was
suppressed by pretreatment with 100 pg/ml HS (Figure
6e). Incubating cells with ANP for 6 hours in the pres-
ence of 100 uM H,O; increased total expression of P-
selectin, effects of which again were abolished by prior
addition of HS (Figure 6f).

Finally, cell viability assays, in which mitochondrial res-
piration was assessed as a function of the mitochondria-
dependent reduction of WST-8 to formazan, revealed
that HO,, ANP, and HS, either alone or in combination,
had no effect on endothelial cell viability (data not
shown). Thus, ANP appears to directly increase both cell
surface and total expression of P-selectin protein in
endothelial cells under oxidative stress.

NF-KB activation by ANP and/or H;0; in HUVECs. We
showed that NF-xB was activated in an ischemia/reper-
fusion model of wild-type mice, while it was not acti-
vated in GC-A~~ mice. Next, we examined NF-xB acti-
vation in HUVECs, which were treated with ANP in the
presence of H,O,. As shown in Figure 7,aand b, 10 M
ANP alone did not activate NF-KB in HUVECs. Modest
activation of NF-kB was observed in H,O,-treated
HUVECs in a good agreement with the previous report
(45). Surprisingly, ANP greatly augmented H,O,-
induced NF-kB activation in HUVECs. These effects
were abolished with HS (Figure 7, a and b). These
results strongly suggest that, under oxidative condition
as in ischemia/reperfusion, ANP could activate NF-xB
in vascular endothelial cells. To further examine the
mechanism for NF-xB activation, we performed West-
ern blot analysis using specific Ab for phosphorylated
IxBoand Ab for total IxB. As shown in Figure 7, c and
e, 10 M ANP alone did not phosphorylate IxBo., but
H,O; phosphorylated it. When ANP was added in com-
bination with H,O,, IkBo was phosphorylated more
compared with that by H,O,; alone. However, incuba-
tion of cells with ANP in the presence of H,O, did not
affect degradation of IkBo. (Figure 7, d and f).

Incubation with ANP did not affect reactive oxygen species
production in HUVECs. To investigate if ANP directly
produces reactive oxygen species, we examined intra-
cellular peroxides in HUVECsS treated or not treated
with ANP. The flow cytometric data shows the occur-
rence of oxidative stressin HUVECs exposed to hydro-
gen peroxide. In contrast, exposure of cells to 10 M
ANP did not affect carboxy-H,DCFDA oxidation, indi-
cating that ANP does not directly induce oxidative
stress in endothelial cells (data not shown).

Discussion

In the present study, we investigated the significance of
the natriuretic peptide receptor, GC-A, during myocar-
dial ischemia/reperfusion using genetically engineered
GC-A-null mice. Surprisingly, myocardial infarct size
after 2 days of reperfusion was approximately 20%
smaller in GC-A-deficient mice than in wild-type mice.
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Infarct size was also smaller in wild-type mice pretreat-
ed with HS, a nonpeptide GC-A antagonist. This reduc-
tion in infarct size was accompanied by corresponding
declines in PMN infiltration, coronary endothelial cell
expression of P-selectin, and activation of NF-kB. In
addition, ANP directly induced upregulation of P-
selectin expression in the presence or absence of H,O,
and ANP modulated H,O,-induced NF-kB activation
in endothelial cells, the effects of which were abolished
by pretreating cells with HS.

Recent studies have shown that myocardial ischemia/
reperfusion injury could be suppressed by preventing
PMN accumulation by inhibition of P-selectin, L-selectin,
ICAM-1, or CD18, which are leukocyte adhesion recep-
tors or cell adhesion molecules. For example, the sizes of
myocardial infarcts elicited by ischemia/reperfusion were
diminished in P-selectin-deficient, ICAM-1-deficient, or
CD18-deficient mice (46, 47). In addition, ischemia/
reperfusion-induced PMN infiltration and myocardial
infarct size were both diminished in dogs treated with a
monoclonal anti-P-selectin Ab (48), and myocardial
ischemia/reperfusion injuries were reduced by mono-
clonal Ab’s directed against leukocyte adhesion receptor
or cell adhesion molecules (49-51). It thus appears that
suppression of cell adhesion molecules or leukocyte

Figure 7

NF-xB activation, IkBo phosphorylation, and IxBo. degradation in
ANP- and/or H,0,-treated HUVECs. (a) EMSA of NF-xB in control
cells (lane 1), ANP-treated cells (lane 2), H,O»-treated cells (lane 3),
ANP with H;O,-treated cells (lane 4), ANP and HS with H,O,-treat-
ed cells (lane 5). An arrow in right side indicates shifted band. (b)
Semiquantitative analysis of the binding of activated NF-kB to DNA
in HUVECs. Level of NF-xB activation was significantly higher in
H,O;-treated cells (H) compared with control cells (N) and was fur-
ther increased in ANP with H,0O,-treated cells (H+A) compared with
H,0,-treated cells. This effect was abolished by treatment with HS
(H+A+HS). *P < 0.01 vs. control cells. #P < 0.01 vs. H,O»-treated
cells. Western blot analysis of IkBa. phosphorylation (¢) and total
IxBa protein expression (d) in HUVECs. Lane 1, control cells; lane 2,
ANP-treated cells; lane 3, H,O,-treated cells; lane 4, H,O, with ANP-
treated cells; lane 5, HO, with ANP- and HS-treated cells. IxBo was
not phosphorylated by ANP alone, but by H,O,, and IkBa. phos-
phorylation was further strengthened by ANP with H,O,. This effect
was abolished by HS (c). IkBa protein expression did not change
among all groups (d). Densitometric scanning of IkBo. phosphory-
lation (e) and IxBo. protein expression (f). Phosphorylation of IkBou
in H,O,-treated cells is significantly increased compared with con-
trol cells. It further increased significantly in H,O; with ANP-treated
cells compared with H,O»-treated cells (e). There is no significant
change in IkBa protein expression among all groups (f). *P < 0.05
vs. control cells. #P < 0.01 vs. H,O,-treated cells.

adhesion receptors reduces ischemia/reperfusion injury
and infarct size during the acute phase of myocardial
ischemia/reperfusion. These reports are consistent with
our present finding that GC-A inhibition and reduced
expression of P-selectin were accompanied by decreases
in myocardial PMN infiltration and infarct size.

To investigate the mechanism responsible for the atten-
uated expression of P-selectin in GC-A-deficient mice,
NF-kB activation, which is known to promote P-selectin
gene expression (52), was assessed. In endothelial cells,
NF-xB exists as a heterodimer made up of subunits des-
ignated p50 and p65 and is localized to the cytoplasm in
the inactive form. Once activated by phosphorylation of
IxB, an inhibitory protein, NF-kB is translocated to the
nucleus, where it initiates transcription of a variety proin-
flammatory genes, including P-selectin (53). We found
that NF-xB activation was suppressed after 6 hours of
reperfusion in GC-A-deficient mice, suggesting that
decreases in P-selectin expression, in the number of infil-
trating PMNs, and in myocardial infarct size could be at
least partly due to the inhibition of ischemia/reperfu-
sion-induced NF-kB activation in GC-A-deficient hearts.
As shown in Figure 4, b and ¢, NF-kB activation in
GC-A~7/~ mice was elevated to the same level as GC-A"*
mice after 2 days of reperfusion. Although the precise rea-
son for the absence of difference in NF-KB activation after
2 days of reperfusion was not clear, one possible explana-
tion is that there are many other mechanisms involved in
NF-xB activation in the late phase of ischemia/reperfu-
sion. In 2 days of reperfusion, NF-kB might be activated
by other cytokines, for example, TNF-a.. Our unpub-
lished observations suggest that TNF-o0 mRINA level
peaks at 2-3 days after myocardial infarction in mice.
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We found previously that GC-A-deficient mice,
which are derived from the C57BL/6 and SV]J 129
strains, are hypertensive and exhibit marked ventricu-
lar hypertrophy (26). Even though these mice were
backcrossed with C57BL/6 mice for at least five gener-
ations and comparisons were made among littermates,
it was still possible that the observed differences in
infarct size might have been due to differences in the
hemodynamics or genetic backgrounds of the mice. To
rule out that possibility, we blocked endogenous GC-A
pharmacologically using HS at a dosage that did not
affect systemic blood pressure (data not shown). Pre-
treatment with HS reduced myocardial infarct size and
coronary endothelial P-selectin expression, confirming
the role played by endogenous GC-A during myocar-
dial ischemia/reperfusion in wild-type mice.

To further investigate whether ANP directly affects P-
selectin expression, we examined P-selectin expression
in cultured HUVECs, where GC-A is abundantly
expressed. Treating the cells with ANP increased both
cell surface expression (Figure 6e) and total expression
of P-selectin protein (Figure 6f). Because ischemia/
reperfusion injury is known to correlate with oxidative
stress, we exposed HUVECs to H,O, and found that it,
too, increased cell surface (Figure 6e) and total (Figure
6f) expression of P-selectin, while combined exposure to
ANP and H,0; yielded even larger increases, which were
blocked by pretreatment with HS.

It is very important to examine how ANP or BNP acti-
vates NF-kB since little is known regarding cross-talk
between the natriuretic peptide pathway and the
NF-kB pathway. However, Kalra et al. recently reported
that cyclic GMP-dependent kinase directly interacts
with and phosphorylates IxkBa, which leads to the acti-
vation of NF-kB in feline cardiomyocytes (54). Consid-
ering the findings, we examined phosphorylation and
degradation of IkBat in ANP/H,0;-treated HUVECs.
Incubation of HUVEC with ANP for 1 hour alone did
not either phosphorylate IkBol or activate NF-kB. ANP
further augmented H,0O;-induced phosphorylation
and NF-kB activation. Incubation of cells with H,O,
alone did not affect degradation of IxkBo.. ANP in the
presence of H,O; also did not affect IkBo degradation.
These data agree well with the previous report (45).
These results provide the evidence that ANP modulates
NF-kB activation in the presence of oxidative stress
through IxkBa phosphorylation without degradation.

As the synthesis and secretion of BNP are markedly
augmented after acute myocardial infarction (22), it is
likely that endogenous natriuretic peptides upregulate P-
selectin expression during ischemia/reperfusion.
Although, to our knowledge, there have been no reports
on the effect of natriuretic peptides on the expression of
endothelial adhesion molecules, Steven et al. (55) showed
P-selectin expression to be upregulated and infarct size to
be larger in eNOS-deficient mice. It is intriguing to us
that GC-A- and eNOS-knockout mice show opposite
tendencies with respect to P-selectin expression, even
though both natriuretic peptides and NO transduce their

signals by elevating the level of cGMP. The reason for this
discrepancy is currently unknown, and it would be inter-
esting to examine the NO pathway in GC-A~~ mice.

In the present study, it is indicated that the increase
in natriuretic peptide levels might play an important
role in regulating inflammatory responses after cardiac
ischemia reperfusion. Furthermore, our finding that
GC-A inhibition during the acute phase has a benefi-
cial effect on myocardial reperfusion injury raises the
possibility of future clinical application. However, we
must clarify the effect of suppressing inflammatory
response in the infarct area on healing processes and
the effect of remodeling during the chronic phase in
noninfarct lesions. Therefore, additional study will be
necessary to determine the clinical applicability of
GC-A inhibition and the most appropriate timing and
extent to which GC-A should be inhibited during acute
myocardial ischemia and reperfusion.

At present, ANP has been used clinically to treat
patients with acute heart failure, including patients
with AMI who have undergone acute reperfusion ther-
apy. When ANP is infused to patients at a rate of 0.1
lg/kg/min, the plasma concentration of ANP reached
approximately 3 ng/ml (1 nM). In contrast, the ventric-
ular concentration of ANP in the normal ventricle is
about 17.5 ng/g (56), which corresponds to about 6 nM,
and could be increased after ischemia/reperfusion, as is
the case in mice (Table 1). Thus, ventricular ANP con-
centration is several times higher than plasma concen-
tration, even in ANP-treated patients. Therefore, it is
unlikely that ANP infusion augments to a greater extent
cardiac P-selectin expression or PMN infiltration. On
the other hand, ANP infusion improves preload and
afterload through diuretic, natriuretic, and vasodilating
activities of ANP. Further studies are necessary to eval-
uate whether ANP infusion before or just after reperfu-
sion of coronary artery in AMI is useful or harmful.

In conclusion, inhibition of the natriuretic peptide
pathway suppresses NF-kB-mediated inflammatory
processes during acute myocardial ischemia/reperfu-
sion, and, as a result, reduces myocardial infarct size.
The present study provides a new insight into the role
of natriuretic peptide/GC-A pathway in myocardial
ischemia/reperfusion.
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