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Administration of N-acetylcysteine Attenuates Post-Myocardial
Infarction Remodeling

La administracion de N-acetilcisteina atenua el remodelado post infarto de miocardio

MANUEL RODRIGUEZ'-MTA¢, GABRIELA PIDAL2, ORLANDO BUZZANO?, MARCELO DAMONTE*, NESTOR LAGO®®, CARLOS LIGHTOWLER,
RICARDO J. GELP|'. Mrsac.

ABSTRACT

Background: Ischemic heart disease is the main cause of death in Argentina. The prevailing form of presentation is myocardial
infarction (MI), characterized by insufficient blood perfusion, cell death and loss of contractile mass. The evolution of ventricular
remodeling causes ventricular dilation, hemodynamic impairment, heart failure, and decreased survival. The oxidative stress occur-
ring during this process could be attenuated by the administration of N-acetyl cysteine (NAC) through increased glutathione levels.
Objective: The aim of this study was to evaluate the effect of NAC administration on post-MI remodeling.

Methods: New Zealand rabbits were divided into three experimental groups: Control, MI and MI+NAC. A left thoracotomy was per-
formed under general anesthesia, and in the MI groups a branch of the left coronary artery was ligated. Echocardiographic, hemo-
dynamic and morphological studies of the left ventricle were performed at the end of the 28-day post infarction follow-up period.
Results: In the MI and MI+NAC groups, the infarcts were located in the left ventricular free wall and had similar sizes. The ad-
ministration of NAC prevented non-infarcted area thinning and decreased the dilation caused by the infarction. It also preserved
left ventricular systolic and diastolic functions, attenuating the impairment that they suffered as a consequence of the infarction.
Conclusion: These results suggest that NAC administration is a promising therapy to mitigate the unfavorable effects of post-MI
remodeling.
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RESUMEN

Introduccién: ELa cardiopatia isquémica es la principal causa de muerte en la Reptblica Argentina. La forma de presentaciéon que
prevalece es el infarto de miocardio (IM), caracterizado por insuficiente perfusién sanguinea, muerte celular y pérdida de masa
contractil. La evolucién del remodelado ventricular provoca dilatacion ventricular, deterioro hemodindmico, insuficiencia cardiaca y
disminucién de la sobrevida. Durante este proceso existe un estrés oxidativo miocardico que podria ser atenuado mediante la admin-
istracién de N-acetil cisteina (NAC), a través de un aumento de los niveles de glutation.

Objetivo: Evaluar el efecto de la NAC sobre el remodelado post IM.

Material y métodos: Se estudiaron durante 28 dias conejos neozelandeses en tres grupos experimentales: Control, IM e IM+NAC.
Bajo anestesia general se realizé una toracotomia izquierda y, en los grupos con IM, ligadura de una rama de la coronaria izquierda.
Al finalizar el periodo de seguimiento posterior al infarto, se realizaron estudios ecocardiograficos, hemodindmicos y morfolégicos
del ventriculo izquierdo (VD).

Resultados: En los grupos IM e IM+NAC los infartos estaban ubicados en la pared libre del VI y tuvieron tamanos similares. La
administracién de NAC evit6 el adelgazamiento de la zona no infartada y disminuyé la dilatacién provocada por el infarto. También
pudo observarse que preservé las funciones sistdlica y diast6lica del VI, con atenuacién del deterioro que las mismas sufrieron como
consecuencia del infarto.

Conclusion: Estos resultados sugieren que la administracién de NAC es una terapéutica promisoria para mitigar los efectos desfa-
vorables del remodelado post IM.
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INTRODUCTION

Ischemic heart disease is the main cause of death in
high and mid-income countries, such as Argentina.
(1) This entity involves several clinical-pathological
conditions, myocardial infarction (MI) being the
most important one. (2,3) This condition takes place
when blood perfusion is insufficient to maintain the
viability of a myocardial area causing its death, with
the consequent loss of contractile mass. (4,5) Ad-
ditionally, when the infarct size exceeds a certain
threshold, a series of structural changes are pro-
duced in the walls and ventricular chambers, known
as post-MI ventricular remodeling. (6-9) The evolu-
tion of this process slowly and progressively gener-
ates ventricular dilation, hemodynamic impairment,
heart failure and decreased survival during months
and even years. (9-12) This unfavorable evolution oc-
curs in approximately one third of patients, and it
is essential to develop and employ therapeutic meas-
ures than can prevent or mitigate it.

Myocardial oxidative stress increases during
post-MI cardiac remodeling and in heart failure due
to greater generation of oxygen-derived free radicals
[reactive oxygen species (ROS)]. (13) Oxidative stress
can be defined as the imbalance between oxidant and
antioxidant species in favor of the former. In hearts
with MI, this redox imbalance damages cardiac myo-
cyte viability and favors hypertrophy which evolves
towards a decompensated phenotype. (14) Glu-
tathione (GSH) is a crucial agent in the antioxidant
system of the organism and in redox metabolism, and
is one of the main antioxidant defenses. (15) It is syn-
thetized in two stages depending on the availability
of substrate and regulatory mechanisms. The regu-
lation step in its synthesis takes place at the level
of the gamma-glutamyl-cysteinyl synthase enzyme,
and cysteine is the limiting amino acid in the pro-
cess. (16,17) N-acetyl cysteine (NAC) is a precursor
of cysteine that can be administered orally or intra-
venously to increase the levels of cysteine when GSH
concentrations need to be enhanced to favor detoxifi-
cation processes. Initial clinical studies have demon-
strated the efficacy of NAC therapy in the treatment
of ischemic heart disease, with mild secondary ef-
fects. (18,19) NAC administration after MI has been
efficient to reduce cardiac sympathetic hyperactivity,
arrhythmic episodes and infarct size in dogs and rats.
(20,21) Recent studies have started to evaluate NAC
efficacy to control post-MI remodeling. In a pilot clin-
ical trial, patients treated with NAC presented less
adverse major cardiac events than those treated with
placebo. (22) In another study, use of NAC in patients
with congestive heart failure has been promising by
facilitating the effects of isosorbide dinitrate and re-
ducing nitroglycerine tolerance. (23)

Based on these considerations, the present study
was designed to improve the understanding of the
mechanisms involved in the process of post-MI left
ventricular remodeling and to evaluate the possible

use of an antioxidant therapy with NAC to relieve
the unfavorable events.

METHODS

Experimental model

An experimental model of MI in rabbits was used follow-
ing the “Guide for the Care and Use of Laboratory Ani-
mals” developed by the National Academy of Sciences of
the United States of America, updated by the American
Physiological Society, (24) and in agreement with the Insti-
tutional Committee for the Care and Use of Laboratory An-
imals (CICUAL) of the Buenos Aires University School of
Medicine(Resolution CD 2375/18). To this end, male New
Zealand rabbits weighing 2.8 to 3.2 kg, free from infectious
and parasitic diseases and which did not present patho-
logical dysrhythmias or echocardiographic abnormalities
were included in the study. Following anesthesia induced
by intramuscular ketamine (45 mg/kg) and xylazine (0,5
mg/kg), the animals were mechanically ventilated through
an endotracheal tube with ambient air using a Harvard
respirator (tidal volume 25 ml, respiratory frequency 32-36
cycles/min). A flexible catheter was immediately placed in
the marginal vein of the ear and 5% dextrose was infused
at 3 ml/min. Using this same venous access, anesthesia was
maintained through additional doses of sodium thiopental
according to surgical requirements. Electrocardiographic
monitoring was carried out during surgery. A left lateral
thoracotomy was performed through the fourth intercostal
space to expose the heart, and following pericardiectomy
a 5.0 silk suture was passed under a prominent branch of
the left coronary artery which was ligated to induce MI.
Ischemia was confirmed by regional pallor of the cardiac
surface. Next, the thoracotomy was closed respecting the
different anatomical planes. Antibiotic therapy was then
administered (ciprofloxacin, prophylactically) and the
animals recovered under analgesia (tramadol 4-5 mg/kg)
which was prolonged up to 48 h postoperatively. Animals
were housed in specially conditioned cages for 28 days, in a
quiet and acclimatized environment, and fed ad libitum a
balanced commercial diet and water.

Experimental groups
The following experimental groups were defined:

Group 1 (n=10). In this group surgery was performed
using the technique described, but no infarction was in-
duced, as the coronary artery was not ligated (Control
group). The animals were allowed their natural evolution
for 28 days.

Group 2 (n=9) In this group, MI was induced using the
technique described above. The animals were allowed their
natural evolution until completing the same period of time
as group 1 (MI group).

Group 3 (n=8) In this group, MI was produced by the
technique described above and N-acetylcysteine was orally
administered at doses of 300 mg/kg/day (MI+NAC group)
for 28 days.

Once the evolution period was concluded echocardio-
graphic, hemodynamic, and morphological studies were
performed.

Echocardiographic studies

At the end of each experimental protocol, echocardiographic
studies were performed under mild anesthesia with mida-
zolam (2 mg/kg). A Esaote MyLab ultrasound machine was
used, equipped with 4 to 9 MHz micro convex probe. The fol-
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lowing left ventricular parameters were measured: interven-
tricular septal thickness, diastolic and systolic diameters,
percent fractional shortening and ejection fraction.

Hemodynamic studies

To assess remodeling and cardiac function from a hemo-
dynamic viewpoint, the animals were anesthetized and a
catheter was introduced in the right carotid artery con-
nected to a Hewlett Packard 54S pressure transducer and
hemodynamic monitoring equipment, to measure arterial
pressure. Then, the catheter was advanced to enter the left
ventricle (LV) to evaluate left ventricular hemodynamic
behavior, with special reference to end-diastolic pressure
(EDP).

Morphological studies

After hemodynamic data were obtained, the animals
were euthanized with an intravenous lethal dose of so-
dium pentobarbital and diphenylhydantoin sodium (Eu-
thanyle™). The heart was immediately removed, and after
macroscopic evaluation, it was dissected, and the infarct
scar was weighed as estimation of infarct size.

Statistical analysis

Numerical data are expressed as arithmetic mean and
standard error of the mean, and were analyzed using a
statistical analysis software package (GraphPad Prism,
GraphPad Software, SanDiego, California, USA). Analysis
of variance followed by Tukey’s test for multiple compari-
sons was used for tests of statistical significance. A p value
<0.05 was considered statistically significant.

RESULTS

Infarct size assessment confirmed its absence in
the Control group, while the MI and MI+NAC
groups presented similar infarct sizes (20.5+0.98
g and 18.50+1.39 g, respectively, p=NS) in the left
ventricular free wall. Echocardiographic analysis
revealed that the end-diastolic thickness of the in-
terventricular septum, that is, in a remote zone
from the infarction was 2.93+0.12 mm in the Con-
trol group, 2.36+0.15 mm in the MI group (p<0.05
vs. the Control group) and 3.00+0.21 mm in the
MI+NAC group (p<0.05 vs. the MI group). At end-
systole, the values were 4.68+0.13 mm, 3.84+0.21
mm and 4.71+0.39 mm, respectively. Thus, NAC ad-
ministration preserved the morphology of the non-
infarcted zone, and avoided the thinning produced
as part of post-MI remodeling (Figure 1). Regarding
left ventricular diameters, the diastolic diameter
was 12.94+0.64 mm while the systolic diameter was
8.35+0.50 mm in the Control group. Both diameters
were increased in the MI group (20.21+1.14 mm and
14.71+0.77 mm respectively, p < 0.05 vs. Control),
while these increases were attenuated in MI+NAC
group (16.76+1.00 mm and 12.06+0.81 mm, respec-
tively, p < 0.05 vs. MI) (Figure 2). This indicates that
NAC administration decreased the dilation provoked
by the infarction.

Taken together, the preservation of septal thick-
ness and the decreased dilation observed with NAC
administration indicate a protective effect of NAC
against the adverse remodeling caused by MI.

Fractional shortening was 36.54+1.86% in
the Control group; it decreased in the MI group
(22.44+1.47%, p<0.05 vs. Control), while this de-
crease was attenuated in the MI+NAC group
(30.05+£2.27%, p<0.05 vs MI). Similar results were
obtained when left ventricular ejection fraction
was considered: 68.10+2.43% in the Control group,
47.44+2.81% in the MI group (p<0.05 vs Control)
and 59.20%+2.31% in the MI+NAC group (p<0.05 vs.
MI). Therefore, NAC administration in the group
with MI, preserved left ventricular function (Figure
3).

Hemodynamic state assessment through arte-
rial pressure showed no differences among the study
groups (Figure 4). Conversely, the hemodynamic
behavior of the LV showed a clear increase of EDP
in the MI group (9.13+1.12 mmHg) compared with
the Control group (2.67+0.41mmHg, p<0.05), which
was mitigated by NAC (3.67=1.02 mmHg, p<0.05
vs. MI) (Figure 5). These results suggest that NAC
administration after MI preserves left ventricular di-
astolic function, attenuating the damage caused by
the infarction.

DISCUSSION

The presence of MI generates a reduction of myo-
cardial contractility as a consequence of loss of func-
tional myocardial mass, but once this acute period
is overcome, contractility may continue to decrease
due to remodeling and progressive left ventricular
dysfunction. The present study used an experimental
rabbit model of 28-day evolution myocardial infarc-
tion, in which echocardiographic and hemodynamic
studies were performed to evaluate the ventricular
post-MI remodeling process and the possible use of
NAC antioxidant therapy to mitigate its unfavorable
effects. These experiments showed a beneficial effect
of NAC on the morphology of the non-infarcted area
and on ventricular function.

It was possible to observe the preservation of the
infarcted area morphology and less post-MI remod-
eling in the non-infarcted zone, evidencing lower ec-
centric hypertrophy. Prior studies have shown that
MI produces volume overload in the spared sectors,
generating cardiomyocyte remodeling with forma-
tion of new sarcomeres, among other modifications.
(25) The new sarcomeres are positioned in series
with the already existing ones, giving rise to greater
myocyte longitudinal diameter, which, in turn, gen-
erates increased left ventricular chamber volume. It
is a peculiar form of eccentric hypertrophy, as it oc-
curs only in the spared territories. (26,27) Although
sarcomere addition could be considered as an adap-
tive response to balance the loss of contractile mass
produced by the infarction, it generates a concomi-
tant enlargement of the ventricular chamber, and
hence, of ventricular volume, which by increasing
wall stress and consequently, myocardial oxygen con-
sumption, can be deleterious.
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It is usual to associate an increase in ventricular
volume with greater intraventricular pressure, but
this is not necessarily so, as disorders that hamper
ventricular filling without modifying chamber vol-
ume can also provoke an increase in intraventricular
pressure. Therefore, for a more rigorous assessment,
we performed a left ventricular hemodynamic study,
which showed that end-diastolic intraventricular
pressure was increased after MI.

Accumulated evidence indicates that the NADPH
oxidase family is the main source of ROS in several
cardiovascular diseases, and that NAC is able to act
as antioxidant, resulting in reduced oxidative stress.
(28) The antioxidant effect of NAC implies a direct
interaction with ROS, (29,30) or a positive regula-
tion of cysteine and GSH biosynthesis. (31,32) This

last compound has been reported to be decreased in
hearts with MI. (32,33) Recent experimental studies
in animals and clinical studies have pointed out that
the existence of oxidative stress caused by greater
production of free radicals would play a key role in
post-MI cardiac remodeling, both in early as late
stages. (13) Therefore, use of antioxidant therapies
after MI is a developing field of research, in which
NAC is especially attractive. In this respect, the
combined streptokinase and NAC administration in
patients with acute myocardial infarction has been
shown to decrease oxidative stress and improve ven-
tricular function. (34) N-acetylcysteine, acting as an-
tioxidant, was also able to reverse inflammation and
oxidative stress (35) and of preserving connexin 43
in rat models of MI. (36) Beneficial effects of NAC
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on inflammation were also observed in patients us-
ing serum values of transforming growth factor beta
(TGF-0) and tumor necrosis factor alpha (TNF-0) as
indicators. (37) The efficacy of NAC to control post-
MI remodeling evaluated in a prospective, double,
blind, randomized test clinical trial showed that,
compared with a placebo-treated group, patients
treated with NAC presented less major adverse car-
diac events (including reinfarction) during a one-
year follow-up. (22)

Consistently with these results, the assessment of
ventricular diameters in our study revealed that NAC
administration is able to reduce ventricular dilation
produced by MI. The complementary evaluation of
left ventricular hemodynamic behavior showed that
NAC administration is also able to attenuate the
increase of EDP caused by the infarction. Taken to-
gether, these results suggest that NAC administra-
tion after infarction preserves left ventricular dias-
tolic function, by attenuating the damage elicited by
remodeling. Concomitantly, the echocardiographic
evaluation showed that NAC administration also
attenuates left ventricular ejection fraction impair-
ment.

The results of the present study indicate that
NAC administration favorably modifies the initial
stages of post-MI remodeling, has a protective effect
on the non-infarcted area, decreases dilation and in-
creased EDP and attenuates ejection fraction impair-
ment. Thus, although further studies are necessary
to broaden this knowledge, our results suggest that
NAC administration is a promising therapy to miti-
gate the unfavorable effects of post-MI remodeling.
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