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Abstract
This study investigated the therapeutic potential of N-acetylcysteine (NAC) in the treatment of heart failure in female rats. 
Myocardial infarcted (MI) rats were given NAC (250 mg/kg/day p.o.) during 28 days after surgery (MI + NAC) or vehicle (MI 
+ Placebo), and sham-operated rats received the same treatments (Sham + NAC and Sham + Placebo). Electrocardiographic 
and echocardiographic analyses were performed in the last week of treatment. Cardiac mRNA levels of types I and II super-
oxide dismutase (SOD), catalase, types I and III glutathione peroxidase (GPX), nerve growth factor (NGF), β1-adrenergic 
receptor (β1ADR), and type 2 muscarinic receptor (M2R) were assessed. Cardiac levels NADPH oxidase (NOX) activity, 
total content of reduced thiols, and SOD, GPX, and catalase activity were assessed. Compared to MI + Placebo group, MI + 
NAC group exhibited decreased NOX activity, increased content of reduced thiols, increased GPX activity, and normalized 
GPX III mRNA levels (p < 0.05). Heart and lung weights, left ventricular (LV) end-diastolic volume and left atrium/aorta 
ratio were decreased, while LV posterior wall thickness and ejection fraction were increased in MI + NAC group versus 
MI + Placebo rats (p < 0.05). Power density of low frequency band was decreased, while power density of high frequency 
and the root mean square of the successive differences were increased in MI + NAC rats versus MI + Placebo (p < 0.05). 
These findings indicate that NAC promotes therapeutic effects in the progression of MI-induced heart failure in female rats.
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Introduction

Ischemic heart disease remains the leading cause of death 
worldwide in both men and women [1]. Prolonged periods 
of ischemia due to coronary artery disease are followed 
by irreversible myocardial damage irrespective of gender. 
However, women tend to exhibit suboptimal treatment pat-
tern, and consequently worse outcomes compared to men 
[2]. Due to the limited healing capacity of adult mammalian 
hearts, most patients that survive acute myocardial infarction 
(AMI) eventually develop heart failure, a disease syndrome 
characterized by ventricular dysfunction and compensatory 
autonomic changes [3, 4].

So far, heart failure prognosis has been challenged by 
the limited efficacy of current pharmacological interven-
tions, while organ rejection and small number of donors have 
imposed drastic limitations to heart transplantation [5]. This 
scenario has been even worse among women. Accordingly, 
although nearly 50% of hospital admissions due to heart failure 
are accounted to women, only few studies have focused on the 
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therapeutic efficacy of treatments targeting heart failure in this 
population [6]. As a result, it remains questionable whether 
advances in heart failure therapies can indeed be extended to 
women. This scenario has stimulated the search for alternative 
heart failure treatments that might be effective for females as 
well.

It has been demonstrated that most pathophysiological 
stimuli recruited over the progression of heart failure can 
increase the production of reactive oxygen species (ROS) [7, 
8]. Cellular antioxidant defence, on the other hand, is down-
regulated [9]. This redox imbalance has been shown to impair 
cardiomyocyte survival and to shift cardiac hypertrophy 
towards decompensated phenotype in infarcted hearts [10]. 
Redox imbalance also contributes to deterioration of cardiac 
hemodynamic properties during heart failure [11, 12]. These 
evidences have fuelled investigations on the therapeutic effi-
cacy of antioxidant compounds in the treatment of heart fail-
ure, including N-acetylcysteine (NAC).

NAC is a sulfhydryl-containing antioxidant compound 
widely used in the treatment of pulmonary diseases, psychiat-
ric disorders, and paracetamol overdose. Clinical reports have 
demonstrated the efficacy of NAC therapy in the treatment 
of ischemic heart disease, with mild side effects [13, 14]. In 
patients with coronary syndrome, NAC improves antiplatelet 
activity of nitro-glycerine, and thereby the risk myocardial 
ischemia by thrombosis or vasospasm is decreased [15]. Dur-
ing myocardial ischemia and reperfusion, NAC administra-
tion can improve myocardial antioxidant defence and cardio-
myocyte survival, preserving overall cardiac hemodynamic 
performance [16]. Post-MI administration of NAC has been 
proven effective to reduce cardiac sympathetic overactivity, 
arrhythmic episodes, cardiac remodelling, and infarct exten-
sion in male rats and dogs [17, 18]. These effects have also 
been reported in other experimental models of heart failure 
as well [19].

All these evidences have supported the use of NAC as an 
alternative therapeutic approach to attenuate heart failure pro-
gression, at least in males. However, there has few evidences 
on whether pathophysiological progression of heart failure can 
be ameliorated by NAC therapy in females, as far as we know. 
Here, we investigated the therapeutic efficacy of NAC therapy 
in the treatment of heart failure induced by acute myocardial 
infarction in female rats. Cardiac ROS production and antioxi-
dant enzymatic activity were measured to estimate the impact 
over redox status. The pathophysiological progression of HF 
was assessed by cardiac morphological, hemodynamic, and 
autonomic changes.

Methods

Ethics

This study followed the standards and ethical guidelines of 
the Ethics Committee for Research of the Federal Rural Uni-
versity of Rio de Janeiro, and it was approved by the com-
mission under the number 015/2015. All standards proposed 
by the Guide for the Care and Use of Laboratory Animals 
(U.S. National Institute of Health (NIH) Publication No. 
85-23, revised 1996) were followed.

Experimental protocol

Female Wistar rats (2 months-old, n = 40) were housed 
in cages under controlled temperature (21 ± 2 °C), daily 
exposed to 12-h light-dark cycle (lights off at 7:00 pm), 
and water and standard chow ad libitum. Rats were ran-
domly distributed into myocardial infarcted (MI, n = 20) or 
sham-operated (Sham, n = 20) groups. After confirmation 
of myocardial infarction by electrocardiogram (ECG), rats 
were treated with NAC or placebo starting 24h after surgery, 
totalling 4 experimental groups: Sham + Placebo (n = 10), 
Sham + NAC (n = 10), MI + Placebo (n = 10), and MI + 
NAC (n = 10). NAC was given at 250 mg/kg/day for 28 
days after coronary ligation, whereas vehicle consisted of 
distilled water. This dose has been shown to attenuate heart 
failure progression post-MI in male rats [20]. Electrocardio-
graphic (ECG) recordings were obtained 28 days post-MI to 
estimate cardiac autonomic modulation by heart rate vari-
ability (HRV). Part of these animals had cardiac function 
and morphology were assessed by echocardiography 28 days 
post-MI. After euthanasia, heart and lung were weighted and 
normalized by tibia length. Heart samples were collected 
and stored at − 80 °C for further analyses. All animals had 
their oestrous cycle regularly checked and the experimental 
protocols were performed when the animals were in diestrus.

Myocardial infarction model

Experimental MI was performed by permanent left coronary 
artery ligation, as previously described by our group [21, 
22]. Animals were anesthetized with isoflurane (Biochimico, 
5% for induction, 2% for maintenance). A skin incision was 
performed in the left parasternal level, and the pectoralis 
major and minor muscles were dissected to expose the left 
rib cage. Heart was externalized through a small incision 
between the fourth and fifth intercostal space. Left coro-
nary artery was quickly ligated close to the level of coro-
nary sinus with a 6-0 silk thread, and myocardial ischemia 
was confirmed by myocardial pallor. Hearts were returned 
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to its anatomical position, and chest was then closed with 
continuous silk stitch, and the rats were allowed to recover. 
Mechanical ventilation was performed when necessary. 
Sham-surgery followed similar steps to MI surgery, except 
for coronary ligation. Myocardial infarction was further con-
firmed by ECG recording 24 h post-surgery. In MI rats, ECG 
tracings are marked by lack of Q wave at D1 lead. MI rats 
whose ECG tracings exhibited Q wave were excluded from 
the study, which totalled 20% of MI group. In addition, MI 
mortality trans and post-surgery totalled 40%, whereas none 
died in the SHAM group.

ECG recordings and HRV analysis

ECG recordings were acquired by cutaneous electrodes 
attached to the precordial levels. All recordings were per-
formed in conscious, freely-moving rats for 10 min, at 1-kHz 
sampling rate and 12 bits amplitude resolution. Processing of 
ECG recordings for HRV was performed with MatLab-based 
algorithms using Kubios HRV 3.0.2 software (Department 
of Applied Physics, University of Eastern Finland, Kuopio, 
Finland) [23]. Series of tachograms were generated by detec-
tion of R wave peaks throughout all continuous recordings 
(600 seconds). Tachograms were resampled to equal inter-
vals using cubic interpolation method at 10 Hz, and linear 
trend was removed for temporal (time domain) and spectral 
analysis (frequency domain) of HRV. Root mean square of 
successive differences (RMSSD) was accessed in the time 
domain. Power spectrum was obtained by Fast Fourier trans-
form (Welch’s periodogram: 256 points, 50% overlap and 
Hamming window). Peak spectral amplitudes were meas-
ured in three frequency bands: very low frequency (VLF, 
0.02–0.2 Hz), low frequency (LF: 0.2–0.75 Hz), and high 
frequency (HF: 0.75–3 Hz) [22].

Transthoracic echodopplercardiography

Echocardiography analysis was performed in rats under 
anaesthesia with isoflurane (5% for induction, 2% for main-
tenance) with a Vevo 770® High-Resolution Imaging System 
(VisualSonics, Ontario, Canada) equipped with a 30 mHz 
electronic phased-array transductor. All analyses were per-
formed blind and by the same operator. M-mode recordings 
were obtained by short-axis two-dimensional views of the 
left ventricle at the levels of papillary muscles. Posterior 
and anterior end-systolic and end-diastolic wall thickness, 
left ventricular, left atrial, and aortic internal dimensions, 
and relative wall thickness were assessed. Systolic function 
was expressed by the fractional shortening and ejection frac-
tion obtained from the M-mode traces. Pulsed-wave Dop-
pler spectra of mitral inflow was recorded from the apical 
four-chamber view with the guidance of the colour Doppler. 
All Doppler spectra [mitral flow velocity pattern: peak early 

diastolic filling velocity (E velocity), peak filling velocity at 
atrial contraction (A velocity), and their ratio (E/A)] were 
recorded, and morphological parameter values were meas-
ured during the echocardiographic exam. All measurements 
followed the guidelines of the American Society of Echo-
cardiography and the European Association of Echocardi-
ography Imaging [24].

NOX activity

LV tissues were homogenized in 50 mM sodium phos-
phate buffer, pH 7.2, 0.25 M sucrose, 0.5 mM dithiothrei-
tol, 1 mM EGTA, supplemented with protease inhibitors: 
5 µg/mL aprotinin, and 38.4 mg/mL phenylmethylsulphonyl 
fluoride (PMSF). Samples were centrifuged at 100 000×g, 
35 min, 4 °C, and suspended in 50 mM sodium phosphate 
buffer, pH 7.2, containing 0.25 M sucrose, 2 mM MgCl2 
and protease inhibitors. Protein content was determined by 
Bradford method [25]. Samples were incubated in 150 mM 
sodium phosphate buffer, pH 7.4, containing 100 U/mL 
superoxide dismutase (Sigma), 0.5 U/mL horseradish per-
oxidase (Roche), 50 μM Amplex red (Molecular Probes) 
and 1 mM EGTA. Fluorescence was measured in a micro-
plate reader (Victor X5, PerkinElmer) at 30 °C (excitation: 
530 nm; emission: 595 nm). Hydrogen peroxide production 
was determined using standard calibration curves. Specific 
enzymatic activity was expressed as nmols H2O2 h−1.mg−1.
protein.

Antioxidant enzymes activity

LV tissues were homogenized in 100 mM Tris-HCl buffer, 
pH 7.4, supplemented with protease inhibitors (1 µg/mL 
aprotinine and 1 mM PMSF). Samples homogenates were 
centrifuged at 720×g, 4 °C, for 10 min . Protein content was 
determined by Bradford method [25]. Catalase, superoxide 
dismutase, and GPX activities were assessed as previously 
reported [26].

For catalase activity, samples were incubated in 50 mM 
phosphate buffer, 1 mM EDTA, with 15 mM hydrogen per-
oxide, pH 7.0. and the absorbance at 240 nm was evaluated 
by spectrophotometry (Hitachi U-3300) for 60 s. Catalase 
activity was expressed as mmol.min−1.mL−1.

For SOD activity, samples homogenates were incubated 
in 50 mM potassium phosphate buffer, 0.1 mM EDTA, 50 
µM xanthine, 20 µM cytochrome C, and 10 µM KCN, at 
37 °C and pH 7,8. Xanthine oxidase was added at 8 mU to 
catalyse the production of O2

−. Cytochrome C is reduced 
by O2

−, and SOD activity was estimated by measuring the 
rate of this reaction by spectrophotometry at 550 nm. SOD 
activity was expressed as U.mg−1 of protein.

For GPX activity, samples homogenates were incu-
bated in 50 mM potassium phosphate buffer pH 7, 1 mM 
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EDTA, 0.24 U/mL glutathione reductase, 0.5 mM GSH, 
and 0.15 mM nicotinamide adenine dinucleotide phosphate 
(NADPH). The reaction consists in the oxidation of GSH 
into GSSH by GPX, with tert-butyl peroxide as a substrate 
for GPX. GSSH is reduced into GSH by glutathione reduc-
tase, which uses NADPH as a co-factor. The reaction was 
started by addition of 1.2 mM tert-butyl peroxide for 5 min 
, and NADPH levels were measured by spectrophotometry 
at 340 nm. GPX activity was expressed as μmol mg–1 min–1.

Reduced thiols levels

Oxidative damage was estimated by cardiac levels of 
reduced thiols, as previously described [26]. Homogenized 
LV samples were incubated with 100 µM Dithionitrobenzoic 
acid (DTNB). Disulphide bonds of DTNB is converted into 
2-nitro-5-tiobenzoate (NTB-) by reacting with thiol residues. 
NTB- is ionized into NTB2

- dianion in water and neutral 
or alkaline pH. NTB2

- levels were measure by spectropho-
tometry at 412 nm absorbance and was expressed as nmol.
mg−1.min−1.

Quantitative real time polymerase chain reaction 
(qRT‑PCR)

Messenger RNA (mRNA) expression levels of superox-
ide dismutase type 1 (SOD1), SOD2, catalase, glutathione 
peroxidase type 1 (GPX1) and GPX3, nerve growth fac-
tor (NGF), β1-adrenergic receptor (β1AR), and mus-
carinic receptor type 2 (M2R) were measured by qRT-PCR 
(Table S1). Total RNA was extracted from LV tissue sam-
ples using RNeasy® Fibrous Tissue Mini Kit (QIAGEN) 
and cDNA was prepared from 1 μg of total RNA using 
High-Capacity Reverse Transcription kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. 
mRNA levels of target genes (Table S1) were evaluated by 
qRT-PCR. Amplification reactions containing 1ng of cDNA 
were performed at 60°C during the annealing and exten-
sion cycles. The expression of chosen genes was normal-
ized to GAPDH as an internal control. The quantification 
of selected mRNA was determined by 2−(ΔΔCT) method in a 
Viia7 Software v1.2.4 and expressed as fold change of MMZ 
and T4 group compared to the control group.

Statistical analysis

Data were expressed as mean ± standard error of mean 
(S.E.M.). Two-way ANOVA followed by Bonferroni post-
hoc test was used to compare all parameters. Statistical dif-
ference was considered significant when p < 0.05 (Prism, 
GraphPad software inc.).

Results

Redox imbalance and oxidative damage were 
ameliorated by NAC therapy

NOX activity was higher in MI + Placebo group compared 
to Sham + Placebo group (Fig. 1a p < 0.05), whereas it 
was decreased in MI + NAC versus MI + Placebo group 
(p = 0.05). As a result, reduced thiols levels were signifi-
cantly decreased in MI + Placebo group versus Sham + 
Placebo (Fig. 1b p < 0.01), indicating increased level of 
oxidative damage, while it was decreased in MI + NAC 
versus MI + Placebo group (p < 0.05).

Fig. 1   Redox imbalance of female infarcted hearts is attenuated by 
NAC therapy. NOX activity (A) was assessed by spectrofluorimetric 
assay and the total content of reduced thiols (B) was estimated by 
spectrophotometry in Sham-operated (white bars) and MI rats (black 
bars) treated with placebo or NAC therapy (n = 5/group). *p < 0.05 
versus Sham + Placebo, and #p < 0.05 versus MI + Placebo.
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Cardiac antioxidant defence was enhanced by NAC 
therapy

Antioxidant enzymes activities are demonstrated in Fig. 2. 
No differences were found for SOD (Fig. 2a) and catalase 
(Fig. 2b) activities (p > 0.05), whereas GPX activity was 
found to be significantly decreased in MI + Placebo rat 
hearts when compared to Sham + Placebo group (Fig. 2c p 
< 0.01). Compared to MI + Placebo, MI + NAC exhibited 
higher GPX activity (p < 0.001).

mRNA expression levels of antioxidant enzymes are 
shown in Fig. 3. MI + Placebo group exhibited higher 
GPX3 mRNA expression levels (Fig. S1e, p < 0.001) ver-
sus Sham + Placebo group. MI + NAC group exhibited 
decreased GPX3 mRNA expression levels (Fig. S1e, p < 
0.05) when compared to MI + Placebo group.

Cardiac hypertrophy and pulmonary vascular 
congestion were prevented by NAC therapy

Heart weight (HW) and lung weight (LW) relative to tibia 
length (TBL) are demonstrated in Table 1. MI + Placebo 
group exhibited increased HW/TBL when compared to 
Sham + Placebo (p < 0.01), consistent with cardiac hyper-
trophy. This was prevented by NAC therapy, since HW/
TBL of MI + NAC group was significantly decreased in 
comparison to MI + Placebo group (p < 0.05). LW/TBL 
was significantly increased in MI + Placebo group versus 
Sham + Placebo group (p < 0.01), which is indicative of 
pulmonary vascular congestion. In the MI + NAC group, 
LW/TBL was significantly decreased when compared to 
MI + Placebo (p < 0.05).

LV contractility and cardiac remodelling of infarcted 
hearts were ameliorated by NAC therapy

Echocardiographic measures are shown in Fig. 3. Com-
pared to Sham + Placebo group, MI + Placebo group 
exhibited significantly increased LVEDV (Fig.  3a p < 
0.05), a strong trend towards decreased LVPWT (Fig. 3b 
p = 0.05), and increased LA/Ao (Fig. 3c p < 0.01), char-
acterizing dilation of left cardiac chambers. No signifi-
cant changes of E/A waves maximal velocity were noted 
(Fig. 3d p > 0.05). Functional analyses revealed that MI + 
Placebo group exhibited decreased FS (Fig. 3e p < 0.05) 
and EF (Fig. 3f p < 0.001) when compared to Sham + 
Placebo group. Compared with MI + Placebo, MI + NAC 
group exhibited increased LVPWT (p < 0.001) and EF (p 
< 0.001), and decreased LA/Ao (p < 0.01).

Fig. 2   GPX activity of infarcted hearts was increased by NAC ther-
apy. SOD (a), catalase (b), and GPX (C) activities were assessed by 
spectrophotometry in heart samples of Sham-operated (white bars) 
and MI rats (black bars) treated with placebo or NAC therapy (n = 
5/group). **p < 0.01 versus MI + Placebo group; ##p < 0.01 versus 
Placebo group
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Heart rhythm and autonomic modulation were 
restored by NAC therapy

MI + Placebo group exhibited increased HR when com-
pared to Sham + Placebo group (Fig. 4a p < 0.001), whereas 
it was decreased in MI + NAC rats versus MI + Placebo 
group (p < 0.001). HRV in time domain revealed that MI 
+ Placebo group exhibited decreased levels of the RMSSD 
versus Sham + Placebo group (Fig. 4b p < 0.001), con-
sistent with decreased parasympathetic activity, whereas 
it was significantly increased in MI + NAC versus MI + 
Placebo group (p < 0.001). In the frequency domain, MI + 
Placebo group exhibited increased power spectral density 
in the LF band (Fig. 4c p < 0.05) and decreased HF density 
(Fig. 4d p < 0.05), resulting in increased LF/HF (Fig. 4e 
p < 0.001), consistent with sympathetic hyperactivity and 

decreased parasympathetic activity. MI + NAC group exhib-
ited decreased LF (p < 0.01) and increased HF (p < 0.01) 
compared with MI + Placebo group, resulting in decreased 
LF/HF (p < 0.001).

NGF mRNA expression levels of infarcted female 
hearts were decreased by NAC therapy

mRNA expression levels of β1ADR (Fig. S2a) and M2R 
(Fig. S2b) were not statistically different among all experi-
mental groups (p > 0.05). Since cardiac NGF levels have 
been directly associated with sympathetic nerve sprouting 
and activity after MI, NGF mRNA expression levels were 
assessed in all experimental groups. MI + Placebo group 
exhibited significantly higher NGF mRNA expression levels 
when compared to Sham + Placebo group (Fig. S2c, p < 
0.001), and it was partially attenuated by NAC therapy (p 
= 0.05).

Discussion

The present report provides experimental evidence that 
chronic administration of NAC can attenuate heart failure 
pathophysiological progression in myocardial infarcted 
female rats. NAC therapy attenuated NOX activity and 
improved antioxidant enzymes activities, resulting in 
reduced oxidative damage. Cardiac remodelling, LV 

Fig. 3   Cardiac remodeling and LV function of infarcted rats were 
improved by NAC therapy. LVEDV (a), LVPWT (b), LA/Ao (c), 
E/A waves (d), FS (e), and EF (f) were assessed by echocardiography 
and were compared between Sham-operated (white bars) and MI rats 

(black bars) treated with placebo or NAC therapy (n = 4-5/group). 
Data are expressed as mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 
0.001 versus Sham + Placebo group; #p < 0.05, ##p < 0.01, and ###p 
< 0.001 versus MI + Placebo group

Table 1   Heart and lung weights

HW/TBL heart weight/tibia length, LW/TBL lung weight/tibia length
** p < 0.01 versus Sham + Placebo group
# p < 0.05 versus MI + Placebo group

Groups HW/TBL LW/TBL

Sham + Placebo (n = 10) 3.817 ± 0.1527 5.549 ± 0.2388
Sham + NAC (n = 10) 3.634 ± 0.2032 6.641 ± 0.3853
MI + Placebo (n = 10) 5.155 ± 0.2946** 8.261 ± 0.4583**
MI + NAC (n = 10) 4.218 ± 0.1089# 6.609 ± 0.4262#
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dysfunction, and pulmonary vascular congestion were 
overall improved by NAC therapy. Ultimately, autonomic 
activity of MI rats was restored by NAC therapy, and this 
was associated with decreased myocardial NGF expression 

levels, at least in part. As far as we know, the use of NAC 
therapy in the treatment of MI-induced heart failure has 
never been investigated in female rats.

Fig. 4   Heart rhythm and cardiac autonomic activity of MI rats were 
restored by NAC therapy. Mean heart rate (HR, A), root mean square 
of successive differences (RMSSD, B), low frequency power spectral 
density (LF, C), high frequency power spectral density (HF, D), and 
LF/HF (E) were compared between Sham-operated (white bars) and 

MI rats (black bars) treated with placebo or NAC therapy (n = 10/
group). Data are expressed as mean ± S.E.M. *p < 0.05 and ***p 
< 0.001 versus Sham + Placebo group; ##p < 0.01 and ###p < 0.001 
versus MI + Placebo group
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Redox imbalance of infarcted female hearts 
and the effects of chronic NAC therapy

ROS production progressively increase after the onset of 
ischemia [12, 27]. Accumulating evidences have indicated 
that NOX is the major source of ROS in several cardiovas-
cular diseases [28]. During the progression towards heart 
failure, ROS production by NOX can be augmented by 
angiotensin II, noradrenaline, hemodynamic stress, and 
pro-inflammatory cytokines [29]. Consistent with this, MI 
+ Placebo rats exhibited higher levels of cardiac hydrogen 
peroxide when compared to Sham + Placebo group. Over-
time, ROS production can reach toxic levels due to several 
pathophysiological mechanisms triggered after myocar-
dial infarction, contributing to the ventricular remodeling 
and failure [11, 12]. Indeed, higher NOX activity of MI + 
Placebo rats was followed by increased oxidative damage, 
as evidenced by decreased total content of reduced thiols 
versus Sham + Placebo group. These findings suggest that 
myocardial infarcted female hearts undergo redox imbalance 
and oxidative damage during the progression towards HF, as 
previously demonstrated in male hearts [7, 8].

In keeping with the antioxidant properties of NAC, 
hydrogen peroxide production by NOX was significantly 
decreased in MI + NAC hearts in comparison with MI + 
Placebo rat hearts. Accordingly, the antioxidant effect of 
NAC involves direct interaction with ROS [30, 31], or up-
regulation of cysteine and GSH biosynthesis [9, 32], which 
has been reported to be depleted in infarcted hearts in agree-
ment with our findings [33, 34]. As a result, MI + NAC 
hearts exhibited increased content of reduced thiol when 
compared with MI + Placebo group, indicating that oxida-
tive damage was attenuated by NAC therapy. Although pre-
vious evidences have indicated that NAC therapy can either 
prevent or attenuate cardiac redox imbalance following IR 
injury, most reports have focused in males [16, 35–37]. Our 
findings indicate that chronic NAC therapy can provide car-
diac antioxidant effects in a model of chronic ischemic heart 
disease, and more importantly, in females.

In natural conditions, ROS levels are kept within physi-
ological ranges by enzymatic and non-enzymatic mecha-
nisms. Intracellular ROS are mostly neutralized by SOD, 
GPX, and catalase enzymes [38, 39]. In male infarcted 
hearts, either the expression or activity of these enzymes 
can be down-regulated, resulting in increased susceptibil-
ity to redox imbalance [40, 41]. Interestingly, infarcted 
female rats exhibited a slight, but not significantly increase 
in SOD1, catalase, and GPX1 mRNA levels, and signifi-
cantly increased GPX3 mRNA levels when compared with 
the sham-operated group. These findings suggest that 
female hearts exhibit distinct compensatory responses 
when exposed to the redox imbalance developed during 
the progression towards HF, particularly involving GPX. 

Corroborating this hypothesis, SOD and catalase activi-
ties were equivalent between Sham + Placebo and MI + 
Placebo groups. The potential role of estrogen and nuclear 
factor erythroid-2 in this gender distinction has been pre-
viously highlighted [42]. GPX activity, on the other hand, 
was significantly down-regulated when compared to Sham 
+ Placebo, suggesting that the redox imbalance and oxida-
tive damage of infarcted female rat hearts is likely asso-
ciated with down-regulation of GPX activity. Importantly, 
down-regulation of GPX activity is a robust predictor of 
risk during cardiovascular events, including acute coronary 
syndrome [43, 44]. When infarcted females were treated 
with NAC therapy, GPX3 mRNA levels (p < 0.05), and to 
a lesser extent SOD1, catalase, and GPX1 (p > 0.05) were 
decreased. In addition, GPX activity was kept within physi-
ological ranges, whereas the effect on catalase activity was 
insignificant. Taken together, these findings indicate that the 
compensatory mechanism evoked during redox imbalance 
in infarcted female hearts are must be triggered by increased 
ROS levels, for it was prevented by administration of anti-
oxidant therapy. Furthermore, these evidences indicate that 
the antioxidant effect of NAC therapy was associated, at 
least in part, with increased GPX activity.

Cardiac dysfunction of infarcted female rats 
and therapeutic effects of NAC therapy

Since numerous reports have emphasized the role of ROS in 
the pathophysiological progression of CHF, we investigated 
whether NAC therapy can provide therapeutic effects over 
the course of MI-induced HF. As expected, MI + Placebo 
groups exhibited increased HW/TBL and LVEDV when 
compared to Sham + Placebo, while LVPWT was decreased 
and LA/Ao was increased, consistent with cardiac hyper-
trophy and chamber dilation [45–47]. Although primarily 
compensatory, cardiac hypertrophy itself contributes to pro-
gression towards ventricular failure, for dilated ventricles 
require higher tension to develop pressure levels to the same 
extent of healthy ventricles, according to Laplace’s law [48]. 
Unsurprisingly, thus, MI + Placebo rats exhibited decreased 
levels of EF and FS in comparison with Sham + Placebo 
group. Furthermore, the increased LW/TBL of MI + Placebo 
rats is a classic pathognomonic sign of pulmonary vascular 
congestion, in this case due to LV dysfunction [49]. Future 
studies will be necessary to address whether NAC therapy 
prevents infarct expansion in females, an effect that could 
improve overall post-MI heart function.

As previously reported in male rats [17], NAC therapy 
attenuated the development of LV dilation and myocardial 
hypertrophy of infarcted females, evidenced by decreased 
LVEDV and HW/TBL when compared to MI + Placebo 
group. In addition, LA/Ao and LW/TBL were decreased in 
MI + NAC female rats in comparison with MI + Placebo 
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group, indicating that LA dilation and pulmonary vascu-
lar congestion were decreased by this therapeutic interven-
tion. Noteworthy, LVPWT was found to be significantly 
increased in MI + NAC female hearts when compared to 
MI + Placebo group and, somewhat surprisingly. This find-
ing suggests that cardiac hypertrophy was shifted towards 
concentric phenotype, instead of dilated phenotype. Wall 
thinning is a hallmark of transmural myocardial infarction 
and has been correlated with increased systolic stress and 
poor prognosis [50]. Interestingly, our findings indicate that 
overall LV function was ameliorated by NAC therapy, for MI 
+ NAC group exhibited increased EF levels when compared 
to MI + Placebo, although FS was only modestly increased. 
Altogether, these evidences reinforce previous reports on the 
role exerted by ROS signaling during cardiac remodeling 
following myocardial infarction, particularly in heart failure 
with decreased EF [51]. They also indicate that infarcted 
females can also benefit from NAC therapy, in addition to 
infarcted males.

Given the limited healing capacity of adult mammalian 
heart, LV dysfunction must be compensated by physiological 
mechanisms involving, among others, the autonomic regula-
tion of cardiovascular system. Whereas sympathetic activity 
to the heart increases, parasympathetic activity decreases, 
contributing to the maintenance of hemodynamic homeo-
stasis [52]. This was evidenced by the increased levels of 
power spectral density of LF band, the sympathetic index of 
HRV in the frequency domain, while indexes of parasympa-
thetic activity of time domain (i.e., RMSSD) and frequency 
domain (HF) were down-regulated in MI + Placebo group. 
However, autonomic imbalance has also been associated 
with poor prognosis, and decreased HR variability is an 
independent predictor of mortality after myocardial infarc-
tion [53, 54]. Indeed, cardiac remodeling and arrhythmic 
events following myocardial infarction have been attributed, 
at least in part, to the autonomic imbalance [55]. Further-
more, the increased workload imposed by sympathetic over-
activity to the failing heart further deteriorates LV hemody-
namic performance. This has been supported by the wide 
benefits of sympatholytic drugs, particularly β-adrenergic 
receptor blockers [17], and more modestly by vagal stimula-
tion [56], in the treatment of heart failure.

Importantly, the levels of sympathetic activity indexes 
of MI + NAC female rats were decreased when compared 
to MI + Sham group, whereas parasympathetic activity 
was increased, indicating that autonomic balance was 
kept within physiological ranges by NAC therapy. As a 
result, HR was kept in the same levels of Sham + Placebo 
rats. Our findings showing that β1AR and M2R mRNA 
expression levels were not affected by NAC suggest that 
reestablishment of autonomic activity involves other 
mechanisms, such as decreased release of norepinephrine 
and/or increased vagal activity per se. In agreement with 

this, previous reports have demonstrated that myocardial 
norepinephrine levels can be reduced by NAC therapy in 
myocardial infarcted male rats, while other antioxidant 
interventions did not promote the same effect despite simi-
lar improvements of cardiac function [17].

The mechanisms involved in the sympatholytic effect 
of NAC therapy remains elusive. Down-regulation of 
myocardial NGF levels and sympathetic innervation have 
been recently proposed [17]. NGF is a neurotrophic factor 
that plays a pivotal role in the development and mainte-
nance of peripheral sympathetic innervation [57]. Cardiac 
NGF levels are substantially increased following myocar-
dial infarction, particularly throughout infarcted site, as 
exhibited by MI + Placebo group [58]. Furthermore, NGF 
infusion has been shown to promote sympathetic nerve 
sprouting in myocardial infarcted dogs [59]. As a result, 
cardiac NGF levels can be correlated with density of sym-
pathetic innervation. Noteworthy, we found that myocar-
dial NGF mRNA expression levels were down-regulated 
by NAC therapy in MI + NAC hearts, as reported in male 
rat hearts [17]. Accordingly, NGF promoter can be redox 
regulated due to the cysteine residue within activator pro-
tein-1 molecular structure, and thus it might be a potential 
target of NAC, as previously hypothesized [17, 25, 60]. 
Furthermore, NGF receptor TrkA signaling cascade can 
be down-regulated by NAC in several steps that involve 
inhibition of mitogen-activated protein kinases, such as 
Ras [54, 55]. Taken together, these evidences suggest that 
NAC can attenuate sympathetic hyperactivity in myocar-
dial infarcted female rats by down-regulation NGF produc-
tion and signaling. Alternatively, down-regulation of NGF 
and thereby improvement of the initially compensatory 
autonomic imbalance might be as well a result of rees-
tablishment of cardiac function and morphology by NAC.

The present report provides experimental evidence that 
cardiac antioxidant capacity was enhanced by chronic NAC 
therapy in myocardial infarcted female rats. This effect was 
associated with up-regulation of GPX activity. Cardiac 
remodeling, LV function, and pulmonary vascular conges-
tion were ameliorated by NAC therapy, and these improve-
ments were associated in part with reestablishment of car-
diac autonomic regulation and NGF expression levels.
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