Increased Inducible Nitric Oxide Synthase Expression
Contributes to Myocardial Dysfunction and Higher
Mortality After Myocardial Infarction in Mice
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Background—Inducible nitric oxide synthase (iNOS) is expressed in the myocardium after myocardial infarction (MI) and
in heart failure. Its pathophysiological role in these conditions, however, is not clear. We hypothesized that increased
NO production from iNOS expression causes myocardial dysfunction and results in higher mortality after MI.
Methods and Results-MI was induced by left coronary artery ligation in iNO'S mutant and wild-type mice. Mortality
was followed up for 30 days. MI resulted in a significant increase in mortality in both iNQShd wild-type mice
compared with sham operatioR<0.01). Mortality was significantly decreased and LV myocardial contractility was
increased, however, in INOS mice compared with the wild-type micB<0.05). Five days after MI, myocardial INOS
MRNA expression, plasma nitrate and nitrite concentrations, and myocardial and plasma nitrotyrosine levels were
significantly increased in wild-type compared with iNOS mutant mice P<0.05). Both basal LV+dP/dt and its
response to dobutamine were significantly increased in iNO&mpared with the wild-type micéP&0.05).
Conclusions—Increased NO production from iNOS expression contributes to myocardial dysfunction and mortality after
Ml in mice. (Circulation. 2001;104:700-704.)
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N itric oxide (NO) is produced from-arginine by a family expression causes myocardial dysfunction and results in high

of NO synthases. Three distinct isoforms of nitric oxide mortality after myocardial infarction (Ml). To test this hypoth-

synthase (NOS), derived from separate genes, are neural NOSsis, we occluded the left coronary artery in INOSnutant and

(nNOS), inducible NOS (iNOS), and endothelial NOS wild-type mice and investigated the role of INOS in myocardial

(eNOS)! Whereas eNOS and nNOS are calcium-dependent dysfunction and disease progression after MI.

enzymes and produce small amounts of NO on stimulation,

iNOS is a calcium-independent enzyme often induced by Methods

cytokines and produces high levels of NO. Basal generation Animals

of NO by eNOS plays an important role in the regulation of Animals used in this study were handled in accordance with the

basal vascular tone, blood pressure, and tissue perféiion. %id?"neso Otf t_heCAniﬂ:jal gared_Committeef _élgotg? tUnivertSit)ll( of

Figh eves of NO prodused by acivated macrophages not HESET, iy, Cenade reedo pus o NOSan ok

only may be toxic to undesired microbes, parasites, or tumor | ahoratory. A breeding program was carried ot to produce adult

cells but also may harm healthy cetls. mice (age 3 to 6 months) for the experiments. Mice were genotyped
Cardiac myocytes have been demonstrated to produce iINOSby a polymerase chain reaction (PCR) method using genomic DNA

protein and activity within several hours of treatment with €xtracted from the tail.

cytokines? Recent studies have shown that iINOS expression and Induction of Ml

act|V|t¥ ar.e increased in the myocardlum of failing hearts and Mice were randomly selected to undergo coronary artery ligation or
result in increased NO levels in the circulatioh.Although sham surgery by a technique similar to that described irfdtslice

increased NO production from iINOS may decrease vascular were anesthetized with sodium pentobarbital (50 mg/kg IP). Atro-
resistance, which is beneficial, high levels of NO may also pine (0.05 mg SC) was administered to reduce airway excretion.

. . . _ Animals were intubated and artificially ventilated with a respirator
depress myocardial contractility and, through formation of per (SAR-830, CWE, Inc). A left intercostal thoracotomy was per-

oxynitrite, may cause myocardial damagén the present study,  formed. After the pericardium had been opened, the left coronary
we hypothesized that increased NO production from INOS artery was ligated by a suture. The lungs were then hyperinflated,
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and the thorax was closed. Sham-operated mice underwent the sam@ABLE 1. General Characteristics of iNOS~'~ and Wild-Type
surgery minus the coronary artery ligation. The infarct size was Mice Subjected to MI or Sham Operation
measured at the end of the experiment and was expressed as &

fraction of the total cross-sectional endocardial circumference of the Mi Sham

left ventricle (LV)5:11 Wild iNOS /- Wild iNOS™/~
Hemodynamic Measurements n 58 58 10 14
Mice were anesthetized with sodium pentobarbital (50 mg/kg IP) for Sex, M/F 53/5 52/6 9N 12/2
catheter placements. The right carotid artery was cannulated with aAge, d 100+5 975 19196 110+13

Millar tip transducer catheter (model SPR-261, 1.4F). After arterial
blood pressure and heart rate measurements were obtained, th&ody weight, g 27.0+0.4  281+05  266+08  28.9*10
catheter was advanced to the LV for measurement of LV systolic and Infarct size, % 33.8+0.8 35.1+0.9 0 0
end-diastolic pressures as well as the maximal rate of pressure
development £ dP/dt) and rate of relaxation-@dP/dt) of LV.

Note, there was no statistical difference between iNOS~'~ and wild-type
mice in any of the above parameters within the MI or sham group.

Isolated Heart Preparation

Mice were killed by cervical dislocation. Hearts were rapidly Results
removed and placed on a Langendorff apparatus perfused with KrebsMOftality After Ml

solution at 37°C. Contractility was measured by use of ultrasound : . B .
crystals!2 The advantage of this technique over the classic Lange- A total of 99 wild-type a_nd o7 ”\_IOS mice were subjected
ndorff preparation in studying infarcted hearts is that a balloon is not @ MI or sham operation. Animals were excluded from
required in the LV chamber. LV pressures were monitored by a analysis for 2 reasons: (1) perioperative death, within the first
fluid-filled catheter connected to a pressure transducer. Both atria 24 hours after surgery (28 wild-type and 23 iINO$ or (2)
were cut open to drain perfusate. The crystals (0.7 and 1.0 mm) werenfarct size <20% of the LV (3 wild-type and 2 iINOS").

fixed on the heart surface to aIIOV\_/ long- and short-axis measurement. 1 remaining 68 wild-type and 72 iINOS mice were
The ultrasound and pressure signals were measured by a Digital. . . .
Sonomicrometer (Sonometrics). Maximum and minimum distances Included in the study, and their mortality was followed up for

as well as percent shortening were calculdged. 30 days after surgery. General characteristics of these animals
are shown in Table 1. There were no differences in age, sex,
Nitrate/Nitrite Assay body weight, or infarct size between iINOS mutant and
Plasma nitrate/nitrite (NQ levels were measured as we previously wild-type mice subjected to MIR=NS). MI resulted in a
d_fisctribecg. Brtiefly, nit[jazﬁ vvta? ‘I:Of‘t"_?”ed to nitrite WidmsPtir?g'eUSGriesssignificant increase in mortality in both iINOS and wild-
nitrate reductase, an € total nitrite was measurea wi . . . .
reagent. The absorbance was determined at 540 nm with atype mice Compareq W't,h ;ham opgratlcPK(0.001, Figure
spectrophotometer. 1). The 30-day survival in INOS™ mice (58.6%, or 34/58),
however, was significantly increased compared with the
Nitrotyrosine Measurements wild-type mice (37.9%, or 22/5&=0.034, Figure 1).
Nitrotyrosine, the fingerprint of peroxynitrite in the myocardium, Thirty days after MI, plasma NQevels were significantly

was determined by ELISA according to the manufacturer's instruc- jncreased in the wild-type mice (Table 2). There were no
tions (Cayman Chemical). Briefly, the noninfarcted LV myocardium &ignificant differences in infarct size, heart rate, mean arterial

was homogenized, and the supernatant was obtained. Plasma an ) r LV tolic or re between iINOSnd wild-
tissue supernatant were concentrated to 2 to 4 times before they werd)'eSsure, o Syslolic pressure betwee

incubated overnight with anti-nitrotyrosine rabbit IgG (Chemicon type mice. LV dP/dt, however, was increased in iNOS
International) and nitrotyrosine acetylcholinesterase tracer in pre- compared with the wild-type micé>0.01, Table 2). Myocar-
coated (mouse anti-rabbit IgG) microplates followed by color devel- dial contractile function after Ml was also studied in a modified
opment with Ellman’s reagent. The absorbance was measured at 4051_angendorff preparation. Basal LV end-diastolic pressure was

nm. Intra-assay and interassay variabilities were 7% and 9%, ., o . .
respectively. To determine cellular localization of nitrotyrosine in 0.2£0.4 and 0.50.5 mm Hg in wild-type and INOS™ mice

the myocardium, immunohistochemical staining was performed in (=3 per group), respectively. In response to dobutamine 3
paraffin-embedded sections of the heart by use of the same antibod-ug/mL, LV end-diastolic pressure was0.2+0.6 and

ies as above. Sections were counterstained with hematoxylin. 0.5+0.5 mmHg in wild-type and iNOS mice (=3 per
Reverse Transcription—PCR 100 1 Sham. Wil

Total RNA was isolated from the noninfarcted LV myocardium with . Sham. iINOS-/-

Trizol reagent and reverse transcribed into first-strand cDNA by use .

of the Moloney murine leukemia virus reverse transcriptase (RT) € oo MI, iINOS--

system. The cDNAs of INOS and GAPDH were amplified by PCR % o '

with the same primers and conditions as we described previdusly. 5 M1, Wild

Equal aliquots of cDNA were amplified for 38 and 20 cycles for 20

iINOS and GAPDH, respectively. PCR products of iNOS (189 bp) o : ' . .

and GAPDH (297 bp) were electrophoresed in 1.5% agarose gels. 0 10 20 30 40

Time after Ml (days)

Statistical AnaIySIS Figure 1. Survival after Ml in iNOS™~ mutant and wild-type
Data were expressed as the me&EM. ANOVAs were performed mice. Animals were followed up for 30 days after surgery.

with the Student-Newman-Keuls test to detect significance in mul-  post-MI survival was significantly increased in INOS™~ mutants

tiple groups or Student'$ test between 2 gr_oups._SurvivaI was  (n=58) vs wild-type mice (n=58, P<0.05). There was no signifi-

analyzed by the method of Kaplan and Meier. Differences were cant difference in survival after sham operation between iNOS™/~
considered significant at the level B&0.05. (n=14) and wild-type (n=10) mice.
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TABLE 2. Changes in Plasma NO, and Hemodynamic A - o
Parameters in Anesthetized iNOS~/~ Mutant and Wild-Type b ;"’""3 ‘2‘05;' 6"""‘; ':Os'é’
Mice 30 Days After Mi —
p 400> w
Parameters Wild-Type iNOS™~ P — 9
200> o« . i
» 5 5 e <iNOS
100>
Plasma NO,, wmol/L 88.4+10.5 24.3+111 <0.01 i
Weight 300> N N0 e 0 s 8 < GAPDH
Body, g 30.6+1.2 31.2+15 NS Sham MI
LV, mg 137.9%£9.3 137.2+4.3 NS B
125 1 Wild
RV, mg 38.2+5.5 30.7+2.5 NS T 400 INOS-/-
Heart, mg 171.3+15.3 170.8+3.6 NS é& 2
LV/body weight ratio, mg/g 46+0.4 44+0.2 NS z
50
Heart/body weight ratio, mg/g 5.4+0.6 5.4+0.2 NS §
o 25
HR, bpm 422416 425+18 NS * ﬁ § §
0
MAP, mm Hg 67+3 69+4 NS Sham Mi
LVSP, mm Hg 852 933 NS Figure 2. A, Expression of iINOS mRNA in LV myocardium 5
LVEDP, mm Hg 9.1x1.2 6.3x1.0 0.09 days after MI. Both iNOS and GAPDH mRNAs were determined
LV +dP/dt, mm Hg/s 4036+228 5188+205 <0.01 by RT-PCR. Representative gels (1.5% agarose) of 3 iqdepgn-
dent experiments are shown. Each lane represents an individual
LV —dP/dt, mm Hg/s 4214291 5250236 <0.05 animal. B, Plasma NO, concentrations in INOS™~ mutant and
Infarct size, % 34.3+25 34.4+922 NS wild-type mice 5 days after MIl. n=5 per group, *P<0.05 vs all 3

— - - - groups.
RV indicates right ventricle; HR, heart rate; MAP, mean arterial pressure;

LVSP, LV systolic pressure; and LVEDP, LV end-diastolic pressure.
with myocardial INOS expression, plasma NE€oncentra

tions were significantly increased after Ml in wild-type mice
compared with iNOS™ mutant P<0.01) as well as sham-
operated mice R<0.01, Figure 2B). Immunohistochemical
staining demonstrated that nitrotyrosine was present in car-
diomyocytes of the noninfarcted LV myocardium in both
wild-type (n=3) and iNOS’~ mice (n=4). The intensity of
nitrotyrosine staining was much stronger in wild-type than
iINOS™~ mice Figure 3D and 3E). The staining was inhibited
by nitrotyrosine preincubation with the anti-nitrotyrosine
antibody (Figure 3B) but not by tyrosine (Figure 3C),

Because most of the animals died within 5 days after M indicating specificity of nitrotyrosine staining. Nitrotyrosine

myocardial function, INOS mRNA expression, and plasma NO levels determined by ELISA were increased in the plasma

levels were determined in a separate experiment 5 days after MI.(31.0:3.2 versus 21.21.7 ng/mL) and LV myocardium
(29.0+1.8 versus 21.51.9 ng/mg protein) in wild-type

compared with iNOS™ mice (n=5 per group,P<0.05).

group), respectively. There were no significant changes in
perfusion pressure during the experiment (data not shown).
Dimensions of the heart at baseline were similar between
wild-type and iINOS~ mice (long axis 9.980.39 versus
10.06+0.21 mm; short axis 8.710.26 versus 8.490.20 mm,
n=6 per groupP=NS). Shortening of the long axis, however,
was significantly increased in INOS compared with wild-type
mice (P<0.05). Mice deficient in INOS also had a better
response to dobutamine @g/mL than did wild-type mice
(P<0.05, Table 3).

INOS Expression, NO Production, and
Nitrotyrosine Generation

Five days after MI, INOS mRNA expression in the nonin- Hemodynamic Changes

farcted myocardium was determined by RT-PCR (Figure Hemodynamic measurements were made 5 days after Ml in
2A). There was no iNOS mRNA expression after Ml in anesthetized iINOS (n=8) and wild-type (3=7) mice.
iINOS '~ mutant mice or after sham operations. Significant There were no significant differences in infarct size, heart
INOS mRNA expression was present, however, in the non- rate, mean arterial pressure, or LV systolic pressure between
infarcted myocardium of wild-type mice after MI. Consistent iINOS”~ and wild-type mice (data not shown). LV end-dia

TABLE 3. Percent Shortening in Isolated Hearts From iNOS~'~ and Wild-Type Mice 30 Days After MI

Baseline Dobutamine 1 pg/mL Dobutamine 3 pg/mL
Iréf_arct % Shortening % Shortening % Shortening
ize,
% Long Axis Short Axis HR, bpm Long Axis Short Axis HR, bpm Long Axis Short Axis HR, bpm
Wild, n=6 34+4  0.90+0.10 1.18*=0.15  229+11 1.06+0.11 1.18+0.09  239+29  1.01+0.18  1.22+0.05 235+27
iNOS™~, n=6 33+3  1.38+0.18  1.93%+0.33  223+27  1.74*=0.52 1.91+039 251x35 2.11+x0.60 2.44=040 295+46
P NS <0.05 0.08 NS NS NS NS 0.09 <0.05 NS

HR indicates spontaneous heart rate. Data were compared by unpaired Student’s t test between wild-type and iNOS™/~ mice.
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Figure 3. Nitrotyrosine levels in wild-type and INOS™~ mutant
mice 5 days after MI. A through E, Immunohistochemical stain-
ing of nitrotyrosine. Negative controls (A) were performed with-
out anti-nitrotyrosine antibody. Anti-nitrotyrosine antibody (1:50)
was preincubated with nitrotyrosine (200 umol/L, B) or tyrosine
(200 pmol/L, C) for 1 hour at room temperature before antibody
was incubated with tissue section. Tissues in A through D were
all from wild-type mice. Representative nitrotyrosine staining in
noninfarcted LV myocardium from wild-type (D) and iNOS™~
mutant (E) mice.

stolic pressure was decreased (8112 versus 12.#41.4
mm Hg,P<0.05), however, and L\-dP/dt was increased in
iNOS ™'~ mutants compared with the wild-type mide<0.05,
Figure 4A). In response to dobutamine (/kg IV, the
increase of LV +dP/dt was significantly enhanced in
iINOS ™~ compared with the wild-type micd*&0.05, Figure
4B). Basal and dobutamine-stimulated LMdP/dt were not
statistically different between the 2 groug3<NS).

Discussion

A number of cellular constituents of cardiac muscle, including
the endothelium and smooth muscle of the cardiac microvascu-
lature, the endocardial endothelium, and cardiac myocytes, are
now known to be capable of expressing iINOS in response to
lipopolysaccharide and specific cytokiriég>Myocardial INOS
expression has been demonstrated in humans and animals with
induced heart failure regardless of pathogerfesig-1°Consis-
tent with this notion, the present study showed a marked iINOS
expression in the noninfarcted area of the LV myocardium after
Ml in the wild-type mice. Mechanisms of the increased iINOS
expression and NO production after MI are still not fully
understood. Cytokines such as tumor necrosis factare
increased in rats with M? and in patients with heart failugé2t
Many factors, such as activation of angiotensin Il and
a-adrenergic receptors, may also promote iNOS expression in
cardiac myocytes after MR

Myocardial iNOS induction has been demonstrated to cause
contractile dysfunction in various preparations, including isolated
myocytes, isolated perfused working hearts, and in vivo animal
preparation$24.1523NO produced by iNOS within cardiac myo-
cytes is reported to be responsible for diminished inotropic respon-
siveness to isoproterenol in an autocrine and/or paracrine f&shion.
In patients with heart failure due to idiopathic dilated cardiomyop-
athy, inhibition of NO synthesis potentiates the positive inotropic
response t@-adrenergic stimulatiof?. The physiological sequelae
of INOS induction may not be limited to a reversible decline in
myocyte contractile function. Expression of INOS has been shown
to induce apoptosis in macropha§edand vascular smooth mus-
cle cells?8 Our recent studies have demonstrated that INOS expres-
sion induces apoptosis in cardiomyocy®3he contribution of
NO-induced apoptosis in cardiac dysfunction after MI, however,

The main finding of the present study was the significant requires further investigation.

increase of survival after Ml in INOS mutants compared with

To investigate the specific role of INOS in the development of

the wild-type mice. After MI, iNOS expression was induced in  heart failure, we used iINOS mutant mice. As expected, there was
the LV myocardium and resulted in elevations of NO and no iNOS expression in the myocardium, and plasma @els

nitrotyrosine levels in the wild-type compared with the INOS

were not elevated in the iINOS mutant mice after MI. Basal

mutant mice. Furthermore, increases in NO production and myocardial contractility was better preserved in iNOSmutant
nitrotyrosine levels in the wild-type mice were associated with mice than wild-type mice 5 days after MI. In response to the
decreased myocardial function. The results suggest that in-g-adrenergic agonist dobutamine, the increase ofdP/dt was
creased NO production and peroxynitrite formation from iNOS enhanced in INOS mutant mice compared with the wild-type
expression contribute to myocardial dysfunction and heart fail- mice. Better basal contractility and enhanced response to dobuta-

ure progression in mice after MI.

A B
TN S
33000 - § :%1000- T §
SIE\ IS
LN I
Wild iNOS-/- Wild iNOS-/-

Figure 4. LV +dP/dt in iNOS™~ and wild-type mice 5 days after
MI. A, Basal levels of LV +dP/dt. B, Increases of LV +dP/dt
after dobutamine (4 ng/kg IV). n=7 to 8 per group. *P<0.05,
**P<0.01 vs wild-type mice.

mine were also observed in the isolated hearts of iNOSice.

Our results agree with a recent study that showed that selective
inhibition of INOS activity improves cardiac performance in rabbits
with acute MI2° To further examine the role of INOS in develop-
ment of heart failure, mice were followed up for 30 days after MI.
Although the infarct size was similar, survival was significantly
increased in INOS™ mice. Furthermore, the iNOS survivors had
better LV contractility than wild-type survivors. Therefore, the
present study demonstrated both a significant increase in survival
and improved myocardial function after Ml in INOS compared

with wild-type mice.

Many of the toxic actions of NO are mediated by peroxynitrite,
the reaction product of NO and superoxidg (G° The detrimental
effects of peroxynitrite include oxidation of lipids, nitration of
protein tyrosine residues to form nitrotyrosine products, oxidation of
free protein-associated thiols, and stimulation of apopi®ghs.
recent study demonstrated that peroxynitrite is a major contributor
to cytokine-induced myocardial dysfunctiiin the present study,
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nitrotyrosine levels, the fingerprints of peroxynitrite, were signifi- 9.

cantly increased in the LV myocardium and plasma of wild-type
mice after Ml compared with INOS mice. Our results support the
notion the peroxynitrite is involved in the myocardial dysfunction in
mice with MI.

Formation of peroxynitrite depends on the balance between
local concentrations of NO, £ and superoxide dismutase

(SOD)30In the isolated perfused hearts, a 5-fold increase in NO 12.

production was associated withl-fold increase in nitrotyrosine
formation?° clearly indicating that other factors, not just NO,
contribute significantly to the formation of peroxynitrite. In the
present study, marked NO production was associated with only
a moderate increase (35% to 46%) in nitrotyrosine in wild-type
mice after MI. The reason for this is not clear. SOD is increased
in rats after MB! The increased SOD activity enhances the
clearance of @. Furthermore, formation of nitrate and nitrite is
a major decomposition pathway of NO in vivo because oxyhe-
moglobin in red blood cells rapidly combines with NO to yield
methemoglobin and nitraié These mechanisms may explain a
moderate increase in peroxynitrite production and nitrotyrosine
formation in the present study. Factors that contributed to basal
levels of nitrotyrosine in the myocardium and plasma of
iINOS ™~ mice are not known. Reactive species, such as nitrogen
dioxide and acidified nitrite, can produce nitrotyrostd/ore-
over, myeloperoxidase and horseradish peroxidase also oxidize
nitrite in the presence of J@, into species able to nitrate
tyrosine32 The contribution of these factors to the production of
nitrotyrosine after Ml requires further investigation.

In summary, Ml results in myocardial INOS expression and NO 21
production and higher nitrotyrosine levels, leading to myocardial

dysfunction and increased mortality. Further studies are necessary t¢2-

investigate the therapeutic potential of inhibiting INOS activity
versus reducing peroxynitrite formation in heart failure.
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