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Abstract

Aims: Heart failure (HF) is characterized by regionalized contractile alterations resulting in loss of the transmural
contractile gradient across the left ventricular free wall. We tested whether a regional alteration in mitochondrial
oxidative metabolism during HF could affect myofilament function through protein kinase A (PKA) signaling.
Results: Twelve weeks after permanent left coronary artery ligation that induced myocardial infarction (MI),
subendocardial (Endo) cardiomyocytes had decreased activity of complex I and IV of the mitochondrial electron
transport chain and produced twice more superoxide anions than sham Endo and subepicardial cells. This effect
was associated with a reduced antioxidant activity of superoxide dismutase and Catalase only in MI Endo cells. The
myofilament contractile properties (Ca2+ sensitivity and maximal tension), evaluated in skinned cardiomyocytes,
were also reduced only in MI Endo myocytes. Conversely, in MI rats treated with the antioxidant N-acetylcysteine
(NAC) for 4 weeks, the generation of superoxide anions in Endo cardiomyocytes was normalized and the contractile
properties of skinned cardiomyocytes restored. This effect was accompanied by improved in vivo contractility. The
beneficial effects of NAC were mediated, at least, in part, through reduction of the PKA activity, which was higher
in MI myofilaments, particularly, the PKA-mediated hyperphosphorylation of cardiac Troponin I. Innovation: The
Transmural gradient in the mitochondrial content/activity is lost during HF and mediates reactive oxygen species-
dependent contractile dysfunction. Conclusions: Regionalized alterations in redox signaling affect the contractile
machinery of sub-Endo myocytes through a PKA-dependent pathway that contributes to the loss of the transmural
contractile gradient and impairs global contractility. Antioxid. Redox Signal. 18, 1009–1020.

Introduction

Under physiological conditions, heart displays a
transmural contractile gradient across the left ventricle (LV)

due to higher contractility of the subendocardial (Endo) layer in
comparison to the subepicardial (Epi) layer (9, 17). This gradient
results from the transmural excitation–contraction coupling
heterogeneity with longer action potential (3, 21), higher sarco-
plasmic reticulum Ca2 + release (34), and higher myofilament
Ca2 + sensitivity (14, 15) in the Endo than in the Epi layer. Ex-
citation–contraction coupling requires vast amount of ATP and
depends on the cardiac metabolic properties, which also show
regional differences across the LV free wall. Indeed, the Endo
layer is characterized by higher perfusion, oxygen consumption,
and oxidative metabolism than the Epi layer (19, 28).

Heart failure (HF) is a syndrome characterized by the in-
ability of the heart to provide a sufficient cardiac output due to

Innovation

Oxidative metabolism is altered during heart failure
(HF). The present work shows the presence of a transmural
gradient in the mitochondrial content/activity, which is
lost during HF. This is due to alterations of the sub-
endocardial layer, which mediates contractile dysfunction,
at least, in part, by a protein kinase A-dependent pathway.
Antioxidant supplementation may be considered as a
complementary treatment to the current medical therapies,
such as b-blockers, for patients with HF.
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regional contractile defects that are mainly localized in the Endo
layer (15, 34), leading to loss of the transmural contractile het-
erogeneity of the LV (14, 16). We showed previously in rat that
moderate exercise started at a late stage of HF was able to re-
store a transmural contractile gradient by improving cellular
contractility in the Endo layer (14, 34). It is not clear why exer-
cise during HF has a cardio-protective effect, but increased
antioxidant activity might play an important role (23). The
failing heart displays altered mitochondrial function charac-
terized by changes in the energy and oxidative metabolism (35)
and abnormal reactive oxygen species (ROS) production (22).
ROS can regulate proteins involved in excitation–contraction
coupling (46), notably through activation of protein kinase A
(PKA) and subsequent phosphorylation of PKA substrates (11).
This might contribute to the HF-associated contractile defects
(22). In addition, in vitro oxidation of myofilaments affects
negatively the contractile machinery properties (24). However,
it is not known whether alterations in ROS production are re-
sponsible for the regional contractile defects observed in HF.

Here, we investigated in a rat model 12 weeks after myo-
cardial infarction (MI): (i) whether changes in transmural
mitochondrial oxidative metabolism could participate in the
development of the contractile machinery defects observed in
ischemic HF through the redox/PKA pathway, and (ii)
whether antioxidant treatment with N-acetylcysteine (NAC)
could improve the morphofunctional remodeling of single
cardiomyocytes and of the whole heart (Fig. 1). The results
indicate that HF-associated defects are predominantly local-
ized in Endo cells, where increased ROS production during
pacing affects negatively the contractile machinery through a
PKA-dependent pathway. Chronic treatment with NAC im-
proved the global cardiac function by restoring the contractile
properties of myofilaments in rats with HF.

Results

Cardiomyocytes from MI rats show transmural
differences in ROS production

Mitochondria are the main ATP provider in cardiomyo-
cytes to match the energy demand and supply. We first in-

vestigated whether regional mitochondrial function/content
was altered in MI rats. To this aim, we first assessed in the
isolated cardiomyocytes citrate synthase (CS) activity, as it is
considered as an index of mitochondrial oxidative metabo-
lism (44) and/or of mitochondrial content (30). We also
measured the activity of complex I and IV (normalized to CS
activity), which oxidize, respectively, redox carriers NADH
and cytochrome c in the inner mitochondrial membrane (38).
In sham rats, the CS activity was significantly higher in Endo
than in Epi cardiomyocytes. In MI rats, the CS activity was
decreased only in Endo cells to levels comparable to those of
Epi cells, suggesting a potential loss of the transmural gradi-
ent in the mitochondrial content/oxidative metabolism (Fig.
2A). Similarly, complex I and IV activities were significantly
higher in Endo than in Epi cardiomyocytes from sham rats
(Fig. 2A). Conversely, in Endo cells from MI rats, they were
both decreased to the level observed in MI Epi cells, indicating
a regional alteration of the mitochondrial respiratory chain
following MI.

A deficient complex I activity during HF has been associ-
ated with increased ROS production (26). To test if during
contraction MI Endo cells produce more ROS, we measured
the mitochondrial production of superoxide anions (O2

! - ) in
contracting intact Endo and Epi cardiomyocytes from sham
and MI rats using MitoSOX Red, which increases its fluo-
rescence when oxidized (2) (Fig. 2B). Although MitoSOX Red
is less suitable for detecting differences in basal mitochon-
drial ROS production between different cell populations, it
can readily detect changes in mitochondrial ROS production
during an experiment (2). In these conditions in sham ani-
mals, the dynamic ROS production was comparable in both
types of cells. Conversely, in MI rats, ROS generation in-
creased significantly only in the Endo layer compared
with Sham animals. The higher production of ROS in the
Endo compared with the Epi layer (37% – 5% vs. 12% – 4%)
indicated the development of a transmural gradient in
mitochondrial ROS production following MI (Fig. 2B). ROS-
induced damages in the tissue were investigated by
measuring the content of Malondialdehyde (MDA), an end-
product of lipid peroxidation, in the myocardial tissue
isolated from the sub-Endo and sub-Epi of sham/MI/MI-
NACc hearts mounted in the Langendorff apparatus and
paced to 7 Hz for 15 min before rapid dissection. The MDA
content was higher in Endo MI hearts compared with sham
animals (Fig. 2C). As oxidative stress results from an im-
balance between ROS production and antioxidant response,
we evaluated the activity of two key antioxidant enzymes:
superoxide dismutase (SOD), which converts O2

- ! to H2O2,

and Catalase, which converts H2O2 to H2O (Fig. 2D). In sham
rats, SOD and Catalase activities were higher in Endo than in
Epi cardiomyocytes, whereas in MI rats their activity was
reduced only in Endo cells.

These results suggest that, in HF, Endo cells have altered
mitochondrial oxidative metabolism and produce more ROS
during contraction. The ROS production and MDA content in
Endo myocytes and tissue were normalized in MI rats treated
for 4 weeks with the antioxidant NAC (MI-NACc) starting 8
weeks after MI (Fig. 2B, C). Similarly, chronic NAC treatment
of MI rats normalized the activities of complexes I and IV and
the antioxidant enzymes in the Endo cardiomyocytes to sham
levels (Supplementary Fig. S2; Supplementary Data are
available online at www.liebertpub.com/ars).

FIG. 1. Experimental design. The five experimental groups
consisted of sham rats, untreated MI rats (MI), MI myocytes
treated with 20 mM NAC for 1 h (MI-NACa) and rats treated
2 months after infarction with NAC in the drinking water
(75 mg/day) during 1 month (MI-NACc). MI, myocardial
infarction; NAC, N-acetylcysteine.
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Effects of regionalized ROS production
on the contractile machinery

Next, we evaluated the impact of ROS scavenging on the
contractile machinery properties in MI myocytes. The rela-
tionship between the Ca2 + -activated tension and the internal
Ca2 + concentration was determined in single permeabilized
cardiomyocytes (Fig. 3A and Supplementary Table S1). Force in
MI Endo cardiomyocytes was reduced as indicated by the lower
maximal active tension (Fig. 3B) and myofilament Ca2 + sensi-
tivity (i.e., the pCa units producing one-half maximal tension,
pCa50) in comparison to sham Endo cells (Fig. 3C). Acute
treatment of intact MI myocytes with 20 mM NAC for 1 h (MI-
NACa cells) before permeabilization reversed the contractile
abnormalities (pCa50 and maximal active tension) observed in
Endo cells. Epi cells were not affected by acute NAC treatment.
Similarly, chronic NAC treatment (MI-NACc) prevented the
reduction of contractility in Endo cells and even increased
myofilament Ca2 + sensitivity in Epi cells to values higher than

in sham Epi cells (Fig. 3C). These results suggest that the re-
duced contractility of MI Endo cardiomyocytes might be ROS-
dependent as it can be reversed by NAC treatment.

As in vitro oxidation of sulfhydryl groups of myofilament
proteins reduces the contractile force and myofilament Ca2 +

sensitivity in human control myocytes (24), we then assessed
the occurrence of post-translational modifications of proteins
in Endo and Epi from MI, MI-NACc, and sham rats using the
Oxyblot kit (Fig. 4). The level of carbonylation was quantified
for the total protein content and in isolated bands from 12 to
130 kDa, but no decrease in carbonylation was observed after
chronic NAC treatment (Fig. 4B). Similarly, the level of car-
bonylation of immunoprecipitated cardiac Troponin I (cTnI)
was unchanged in MI and MI-NACc rats in comparison to
controls (Fig. 4C). Although carbonylation is the most com-
mon post-translational modification induced by ROS and
severe oxidative stress, it could not be detected in our con-
ditions. This might suggest that the effect of oxidative stress
on myofilament function is indirect.

FIG. 2. Regionalized im-
pairment in mitochondrial
activities during heart fail-
ure. (A) CS, complex I and
complex IV activities in Endo
and Epi layers of sham and
MI hearts (eight hearts for
each group). (B) Top panels:
Typical images of mitochon-
drial O2

! - production at rest
and after pacing using Mito-
SOX Red in Endo cells from
sham and MI rats. Bottom
panel: Quantification of mito-
chondrial O2

! - production
after pacing in Endo and Epi
cardiomyocytes isolated from
sham (open bars), MI (dashed
bars) and MI rats treated with
NAC for 4 weeks (MI-NACc,
gray bars) (32–40 cells/4
hearts/each condition). (C)
MDA content in myocardial
tissue isolated hearts that has
been paced at 7 Hz for 15 min
using Langendorff apparatus.
(D) SOD and catalase activity
(in U/mg protein) in Endo
and Epi layers of sham and
MI hearts (eight hearts for
each group). *p < 0.05 MI ver-
sus sham within each layer,
{p < 0.05 Endo versus Epi.
Scale bar = 40 lm. Endo, en-
docardium; Epi, epicardium;
CS, citrate synthase; MDA,
malondialdehyde; SOD, su-
peroxide dismutase.
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ROS alterations of myofilaments in HF
are PKA-mediated

Myofilament Ca2 + desensitization in HF is usually associ-
ated with PKA-dependent phosphorylation of contractile
proteins (29). We, thus, investigated the role of PKA in myo-
filament Ca2 + sensitivity by incubating myofilaments with a
recombinant catalytic subunit of PKA. After PKA incubation,
myofilament Ca2 + sensitivity decreased in sham and MI
myocytes from both layers and differences between condi-
tions disappeared (Fig. 5A). A similar decrease was observed
with myofilaments obtained from intact MI myocytes pre-
incubated with NAC for 1 h (MI-NACa) before permeabili-
zation. This result suggests that the differences in pCa50

observed in sham and MI cells might be due to different levels
of PKA activation and might be modulated by NAC treat-
ment. The level of PKA activity measured directly in cardio-
myocytes was significantly higher in the Endo (110% increase)
and Epi layers (33%) from MI rats than from sham rats, in
which it was comparable across the wall (Fig. 5B). Acute
treatment with NAC normalized the level of PKA activity in
both layers of MI hearts (MI-NACa) to the sham level.
Moreover, chronic NAC treatment of MI rats (MI-NACc)
further reduced the PKA activity in the Endo layer. Similarly,
the phosphorylation level of cTnI, which is a major regulatory
protein of myofilaments and a PKA target, was increased only
in MI cardiomyocytes from the Endo layer (Fig. 5C). This
increase was not observed in MI Endo cells after acute (MI-
NACa) and chronic (MI-NACc) NAC treatment. The absence
of hyperphosphorylation in MI Epi cardiomyocytes could be
explained by the fact that the weak PKA activation in this
layer was not sufficient to phosphorylate the target protein.

The activity of PKA is modulated by the level of cAMP.
We have, thus, measured the concentration of cAMP in cardio-
myocytes isolated from Sham, MI, and MI-NAC hearts. The level
of cAMP did not differ between myocytes isolated from the Endo
layer of Sham, MI, and MI-NAC hearts and, thus, cannot explain
the higher PKA activity in Endo MI myocytes (Fig. 5D). To ex-
plore the potential activation of PKA by ROS and its effects on
myofilament Ca2 + sensitivity, intact sham myocytes were incu-
bated with 0.1 mM H2O2 for 15 min before permeabilization with
TritonX100. The PKA activity (Fig. 5B) and the phosphorylation
level of cTnI (Fig. 5E) increased and myofilament Ca2 + sensitivity
decreased significantly (Fig. 5E) in control myocytes stimulated
with H2O2 in comparison to nonstimulated cells. Coincubation
with 2 lM KT5720, a specific PKA inhibitor, prevented the H2O2-
dependent increase of cTnI phosphorylation and decrease of
myofilament Ca2 + sensitivity. Incubation of permeabilized
myocytes with H2O2 had no effect on the myofilament contractile
properties, indicating that the effect of ROS is not direct on the
myofilaments, but requires functional cytoplasmic membrane,
sarcoplasmic reticulum, and mitochondria that are affected by
the permeabilization procedure to activate signaling pathways.

Taken together, the results indicate that increased ROS
production in MI Endo cardiomyocytes activates PKA, which
then modulates the phosphorylation of proteins involved in
myofilament regulation; treatment of failing cardiomyocytes
and rats with an antioxidant prevents these alterations.

Effects of antioxidant treatment
on the contractile gradient in MI rats

The impact of the ROS-dependent effects on the contractile
machinery was next explored in intact myocytes. In MI rats,

FIG. 3. Regionalized ROS-
dependent alterations of the
contractile machinery prop-
erties in MI rats. (A) Tension-
pCa curves measured in
isolated, permeabilized Endo
and Epi cardiomyocytes from
sham, MI, and MI-NACa
(acute treatment, 1 h) rats.
Force was normalized to the
cross-sectional area measured
by imaging (IonOptix sys-
tem). Maximal active tension
(B) and myofilament Ca2 +

sensitivity, as indexed by
pCa50 (C) in Endo and Epi
cardiomyocytes from sham,
MI, MI-NACa, and MI-NACc
(chronic treatment, 4 weeks)
rats (10–15 cells/4 hearts/
each condition). *p < 0.05 MI
versus sham, #p < 0.05 MI-
NAC versus MI, {p < 0.05
Endo versus Epi. ROS, reac-
tive oxygen species.
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the transmural gradient of contractility observed in sham
animals disappeared due to reduced sarcomere length (SL)
shortening in the Endo layer (Fig. 6A, B). Moreover, both
contraction and relaxation velocities were reduced in Endo
myocytes from MI rats (Fig. 6C, D). Acute treatment of MI
myocytes with NAC (MI-NACa) partially restored the
transmural gradient of contractility by increasing SL short-
ening and the relaxation velocity only in the Endo layer (Fig.
6B–D). To verify that the beneficial effects observed with NAC
in MI rats were not specific to this antioxidant, we tested other
antioxidants with a different mode of action, such as Vitamin
C, a ROS scanvenger with nonenzymatic mechanism, and
Mn(III) tetrakis (4-benzoic acid) porphyrin (MnTBAP), a cell-
permeable SOD mimetic. Both antioxidants restored com-
pletely the amplitude of shortening in Endo MI myocytes and
improved also the shortening and relaxation velocities, but
values remained still lower than sham animals (Supplemen-
tary Fig. S3). Chronic treatment of MI rats with NAC (MI-
NACc) fully restored all contractile parameters in Endo cells
to sham levels and increased SL shortening also in Epi cells. In
physiological conditions, rodents express mostly the fast a-
myosin heavy chain (MHC) isoform, which is characterized
by higher ATPase activity, faster shortening velocity, and
faster rates of force development than the slow b-MHC iso-
form (33), which is re-expressed during HF (34). Therefore, we
investigated whether complete recovery of the contractile

function after chronic ROS scavenging compared with acute
treatment could be due to modification of b-MHC expression.
The expression of b-MHC increased significantly only in Endo
myocytes from MI rats compared with sham and MI-NACc
rats (Supplementary Fig. S5). Thus, the lower expression of
the b-MHC protein in MI-NACc rats might participate in the
restoration of the contractile kinetics and amplitude of HF
myocytes following chronic NAC treatment.

Finally, we evaluated the effect of antioxidant treatment on
the in vivo contractile properties of MI rats that had been
chronically treated with NAC. NAC had minor effects on the
cardiac remodeling induced by MI with a modest, but signifi-
cant reduction of LV dilatation (Table 1). In vivo, the contractile
function, investigated by Doppler echocardiography, was lar-
gely deficient in MI animals as indicated by their lower end-
systolic strain ( - 72%) and aortic velocity time integral ( - 38%)
in comparison to sham animals (Fig. 7B, C). Chronic NAC
treatment improved the end-systolic strain ( - 25% vs. sham)
and restored aortic velocity time integral (Fig. 7C). Moreover,
the ratio between the transmitral peaks of the early (E) and late
(A) diastolic velocities, which was significantly increased by
168% in the MI group, was restored to sham levels following
NAC treatment (Fig. 7D and Table 1). NAC treatment also
restored the transmural gradient of shortening velocity (Ven-
do-Vepi) that was abolished in MI animals, suggesting a re-
gional improvement of contractility (Fig. 7E and Table 1).

FIG. 4. Oxidation of sarco-
meric proteins in LV myo-
cardium. (A) Total proteins
extracted from LV myocar-
dium (5 lg) of sham, MI, and
MI-NAC rats were deriva-
tized with DNP to detect
protein carbonylation and
were analyzed by immuno-
blotting with anti-DNP anti-
bodies (left panel). cTnI was
identified by immunoblotting
on the same membrane (right
panel). (B) Quantification of
the oxidation index (i.e., the
ratio between the densito-
metric values of total and sin-
gle Oxyblot bands and that of
the cTnI band (n = 6 hearts
per group). (C) cTnI was im-
munoprecipitated and its car-
bonylation level determined
(n = 3 hearts). LV, left ventricle;
MW, molecular weight.
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FIG. 5. ROS-induced PKA activation and PKA-dependent phosphorylation of cTnI. (A) Myofilament Ca2 + sensitivity
was evaluated without and after PKA treatment (100 U/ml, incubation for 50 min) in permeabilized myocytes from sham,
MI, and MI-NACa rats (*p < 0.05 PKA vs. without PKA). (B) PKA activity measured in Endo and Epi strips isolated from
sham, MI, and MI-NACa or MI-NACc rats (n = 8–10 strips/4 hearts). The black bar represents the PKA activity of sham
myocytes preincubated with 0.1 mM H2O2 for 15 min. (C) Effect of acute and chronic NAC treatment on PKA-dependent
phosphorylation of cTnI in Endo and Epi strips. Phosphorylation levels were determined by Western blotting with an
antibody against cTnI phosphorylated at the PKA sites Ser22/Ser23 (P-cTnI). *p < 0.05 MI versus sham, #p < 0.05 MI-NAC versus
MI, {p < 0.05 Endo versus Epi. (D) cAMP concentration in isolated cardiomyocytes (n = 5 hearts/condition). {p < 0.05 Endo
versus. Epi. (E) Myofilament Ca2 + sensitivity (upper panel) and cTnI phosphorylation level (lower panel) in sham myocytes
stimulated or not (control) with 0.1 mM H2O2 for 15 min. Intact myocytes were incubated with H2O2 in the presence or not of
a specific permeant PKA inhibitor (2 lM KT5720) before permeabilization. Skinned myocytes were also stimulated with H2O2

(dark gray column) (n = 12–16 cells/4 hearts). The phosphorylation level of cTnI is expressed relative to the level of non-
stimulated cells. *p < 0.05 versus control. PKA, protein kinase A.
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Discussion

This study highlights the impact of a regionalized mito-
chondrial ROS production imbalance on myofilament con-
tractile properties in HF. We show that 12 weeks after MI: (i)
the transmural contractile gradient has disappeared and this
change is associated with a regionalized increased of ROS
production in sub-Endo myocytes; (ii) regionalized oxidative
stress affects myofilament function in sub-Endo myocytes, at
least, in part, through a PKA-dependent pathway; (iii) anti-
oxidant treatment prevents ROS over-production and im-

proves the cardiac function in vivo, restores the transmural
gradient of contractility across the left ventricular free wall
and improves the cellular cardiac function.

ROS promote PKA-dependent suppression
of the transmural contractile gradient

The present study shows that myocytes isolated from the
sub-Endo of failing hearts produce more ROS than sham
myocytes during a similar sequence of contraction, which
affects the properties of their contractile machinery. This was

FIG. 6. Regionalized ROS-
dependent contractile dys-
function in MI rats. (A) Re-
presentative recordings of
cell shortening at 0.5 Hz in
Endo (left panel) and Epi (right
panel) myocytes isolated from
sham (full line) and MI rats
(dark dashed line). Some MI
myocytes were pretreated for
1 h with NAC (MI-NACa,
light dashed line). Quantifi-
cation of sarcomere length
shortening (B) and contrac-
tion (C) and relaxation ve-
locities (D) of sham (open
bars), MI (dashed bars), and
MI-NACa (gray filled bars) or
MI-NACc (dark gray filled
bars) cells from both Endo and
Epi layers (35–50 cells/4–5
hearts). *p < 0.05 versus sham,
#p < 0.05 versus MI.
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reversed with acute antioxidant treatment with NAC, in part,
by modulating the PKA activity in a cAMP-independent
manner. A previous study showed that hydrogen peroxide
activates type I PKA, which translocates from the cytosol to
the myofilaments and membranes in cardiomyocytes in a
cAMP-independent manner (11). The authors showed that the
oxidative disulfide formation in regulatory subunit of type I
PKA is associated with subcellular translocation of PKA from
the cytosol to the nuclear and myofilament compartments.
The lack of difference in the cAMP content between Sham,
MI, and MI-NAC myocytes reported here supports a ROS-
dependent activation of PKA occurring independently of
adenylate cyclase/cAMP stimulation without excluding of
ROS-dependent increase of PKA sensitivity for cAMP. In line
with these results, we show here that blockade of PKA
by KT5720 prevented/delayed the H2O2 effects on cell and
SL shortening without affecting the ROS production and
Ca2 + transient inhibitions suggesting an implication of the
contractile machinery (Supplementary Fig. S4). Moreover,
ROS-dependent PKA activation leads to hyperpho-
sphorylation of cTnI at PKA sites, which is a key regulator of
myofilaments and which phosphorylation by PKA decreases
myofilament Ca2 + sensitivity. The differences in myofilament
Ca2 + sensitivity in sham, MI, and MI-NAC rats disappeared
after PKA stimulation, suggesting that ROS-dependent acti-
vation of PKA modulates the myofilament response. Our
work supports an indirect link between ROS production and
alteration in cardiac contractility during HF mediated by
PKA. This has been shown here in isolated cardiomyocytes,
but also in vivo with the chronic NAC treatment. Cell short-
ening was improved by acute NAC treatment, even restored
by Vitamin C and a SOD mimetic (MnTBAP), in association
with restored myofilament Ca2 + sensitivity and normalized
PKA activity. However, some contractile parameters, such as
the cellular contraction and relaxation velocities, have been
poorly improved by acute antioxidant treatment (Fig. 6 and
Supplementary Fig. S3) and were restored only after chronic
NAC treatment. The contractile beneficial effects after chronic

NAC treatment may be related to various factors, such as the
reported changes in the b-MHC expression in MI-NACc rats
and the downregulation of the b-adrenergic tone. Indeed, a
recent study showed that the sympathetic hyperinnervation
observed after infarction was blunted after chronic use of
NAC, but not vitamins (31). In addition, there is extensive
literature showing that expression of the b-MHC isoform does
not affect myofilament Ca2 + sensitivity and the cell shorten-
ing amplitude, but accelerates cell and cross-bridge cycling
contraction and relaxation velocities (20). Thus, the lower
expression of b-MHC may explain the restoration of cell con-
traction and relaxation velocities in Endo MI-NACc myocytes
compared with MI myocytes and, secondly, it may participate
in the in vivo contractile improvements. Other mechanisms are
prone to participate to the beneficial effects of chronic NAC
treatment. In a similar model, downregulation of the proin-
flammatory cytokine tumor necrosis factor-alpha and reduc-
tion of the fibrosis were reported, which may contribute to the
improved in vivo systolic function (1). Finally, increased pro-
duction of ROS during HF are known to affect nonmyofibrillar
proteins involved in the excitation–contraction coupling and,
in particular, the proteins involved in Ca2 + handling, such as
the Ryanodine receptor (41, 46). Thus, the regionalized ROS
production and its prevention by antioxidants may also in-
volve Ca2 + homeostasis and may participate in the alterations
on contractility observed in the present study.

Previous studies, mostly in vitro, have shown that sarco-
meric proteins can undergo a variety of oxidative modifica-
tions, including irreversible carbonylation, tyrosine nitration,
reversible thiol oxidation, disulfide bond formation, and
glutathionylation (40). In vitro oxidation of myofilament
protein sulfhydryl groups leads to decreased myofilament
Ca2 + sensitivity (24). During HF, carbonylation of cTnI and
Tropomyosin has been recently reported in the explanted
human heart with end-stage HF using Oxyblot (12). This
contrast with the lack of altered oxyblot signal in a recent
publication using a mouse model of HF (5) and the present
study in a rat model. This negative result is in line with

Table 1. Cardiac Morphological and Functional Parameters in Sham and 12-Week Post-MI Rats
That Have Been Treated (MI-NACc) or Not (MI) with NAC for 4 Weeks

Sham MI MI-NACc

Body weight (g) 454 – 9 486 – 23 453 – 15
Heart mass (g) 1.78 – 0.12 2.19 – 0.13a 2.17 – 0.16 a

Heart mass/body weight (mg/g) 3.9 – 0.1 4.5 – 0.2a 4.8 – 0.3a

LVESD (mm) 5.8 – 0.2 11.2 – 0.1a 9.8 – 0.2 a,b

LVEDD (mm) 9.7 – 0.2 12.7 – 0.1a 12.0 – 0.1a,b

PWTd (mm) 1.25 – 0.07 1.28 – 0.06 1.44 – 0.04
LV shortening fraction (%) 39.5 – 0.95 12.1 – 0.92a 18.9 – 0.93a,b

HR (bpm) 295 – 8 299 – 7 294 – 9
Pulsed-wave Doppler

E wave (m/s) 0.90 – 0.05 1.0 – 0.03 0.93 – 0.04
A wave (m/s) 0.49 – 0.04 0.21 – 0.01a 0.54 – 0.06b

E/A ratio 1.84 – 0.06 4.94 – 0.21a 1.81 – 0.22b

Tissue Doppler imaging
Endocardial velocity (mm/s) 50 – 2 34 – 1a 41 – 2a,b

Epicardial velocity (mm/s) 31 – 1 28 – 1a 27 – 1a

Values are the mean – SEM (n = 7 animals per group).
aSham versus MI/MI-NAC.
bMI versus MI-NAC; p < 0.05.
LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; PWTd, end-diastolic posterior wall

thickness; MI, myocardial infarction; NAC, N-acetylcysteine.
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experiments showing the lack of direct effects of H2O2 on
cardiac muscle function (4) and further supports that, in our
model, oxidative stress influences indirectly the function of
the contractile machinery. As a consequence, contractile pro-
teins are not a major carbonylation target, without excluding
other direct oxidative modifications.

The capacity to generate maximal force in MI myocytes was
reduced as previously reported (6, 43). This alteration was
reversed here by acute NAC treatment. The reversibility of the
effect excludes cTnI degradation as a mechanism implicated
in the reduction of the maximal tension (43), and suggests
rather a neurohormonal activation. The decrease of maximal
tension in MI rats is classically not attributed to PKA (18, 27),
but to upregulation of PKCa signaling that causes PKC-
dependent hyperphosphorylation of myofilament proteins
(6). Moreover, H2O2 (5 mM) has been recently reported to
affect myofilament function and to decrease the maximal ac-
tive tension by indirect post-translational modification of
sarcomeric proteins through PKC signaling (4). Thus, ROS-
dependent activation of PKC during HF in our model could
occur and remains to be explored.

Regional mitochondrial dysfunction in HF

The coupling between metabolic and contractile properties
is heterogeneous across LV, since the whole heart efficiency is
driven by a transmural contractile gradient. The Endo layer
displays a higher myocardium strain rate, circumferential
shortening, and velocities compared to the Epi layer (17); thus,
it requires a higher metabolism (7) and more oxygen extrac-
tion (8). We show here that the higher contractile metabolic
demand of Endo myocytes is correlated with increased levels
of CS and electron transport chain (ETC) activity in compar-
ison to the Epi layer. However, despite the higher demand of
Endo cells, the net production of ROS during contraction is
similar in Endo and Epi myocytes from sham animals. This
may be explained by the higher antioxidant activities in Endo
cells from these animals. During HF, various studies in animal
models (42) and in human (37) found either unchanged or
decreased antioxidant capacity depending on the enzyme
investigated or the stage of the pathology (acute versus
chronic ischemia). In the present study, we found regional-
ized antioxidant capacities reduction in hearts from MI rats
despite global cardiac alterations. A possible explanation is
that the myocardial blood flow and oxygen delivery are more
severely affected in the inner Endo layer than in the outer Epi
layer (25, 36). This regionalized ischemia may, thus, hinder
sufficient oxygen extraction and subsequent NADH oxidation
and could explain the potential altered mitochondrial respi-
ratory chain activity in the Endo layer of failing hearts. In
addition, mitochondria from sub-Epi and sub-Endo layers of
the normal canine myocardium have a similar density, but
differ in size and shape (45). Acute MI resulted in the selective
loss of a subpopulation of mitochondria prevalent in the sub-
Endo. This would imply greater vulnerability of this layer to
anoxia. Impairment of the ETC activity (mainly defects in
complex I activity) promotes superoxide anion production (26).
The net production of ROS during contraction depends both on
the production and scavenging by antioxidant defenses. In
Endo MI layer, this mechanism is overwhelmed and can be
restored by NAC treatment. The restoration of the contractility
in Endo MI myocytes by acute treatment with other antioxi-
dants (vitamin C and MnTBAP, Supplementary Fig. S3) further
supports the importance of the antioxidant reserve. To further
explore the role of antioxidant capacities on mitochondrial ROS
production, we have measured the ROS production in Endo MI
myocytes acutely treated with NAC (see Supplementary Fig.
S3B). By increasing acutely the antioxidant capacities, the ROS
production in Endo MI myocytes was similar to sham Endo
myocytes. Those results associated with the regionalized de-
crease in SOD/catalase activities would be in favor that oxi-
dative stress in Endo MI myocytes is primarily due to the
decline in antioxidant defenses rather than the enhancement of
mitochondrial pro-oxidant generation.

Clinical relevance

The transmural gradient of contractility has major contri-
bution for the normal functioning of the heart by coordinating
the sub-Endo and sub-Epi layers as they have different tem-
poral activation and level of stretch during a cardiac cycle (9).
Here we show that this spatial heterogeneity of cardiac
function includes also a spatial heterogeneity of mitochon-
drial metabolism. Regionalized mitochondrial dysfunction
during HF induced localized ROS over production that

FIG. 7. Effects of chronic NAC treatment (4 weeks) on the
cardiac contractile properties. (A) Typical images showing
the in vivo cardiac function evaluated by echocardiography.
Effects of chronic NAC treatment on end systolic strain (B),
aortic velocity time integral (VTIAO, C), mitral valve E and A
velocity ratio (E/A) (D), and transmural gradient of velocity
(E) in MI (dashed bars), sham (open bars), and MI-NACc
(dark bars) rats (seven animals/group). *p < 0.05 versus sham,
#p < 0.05 versus MI.
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contributed to the homogenization of the contractile function
across LV and to the loss of the global contractile gradient.
Recovery of the transmural gradient of contraction in HF is,
thus, essential for the heart and has been previously observed
following a 4-week-moderate exercise program in MI rats
with end-stage HF (14, 34). Interestingly, exercise training is a
physiological way to decrease oxidative stress (39), reduce
adrenergic tone, and restore the cellular response to b-ad-
renergic stimulation in HF (32). The beneficial effects of
chronic NAC on in vivo and in cellular contractility observed
in this study support a link between oxidative stress, activa-
tion of PKA, and cardiac contractile dysfunction and, there-
fore, support the use of antioxidant supplementation as a
possible complementary treatment to the current medical
therapies, such as b-blockers, for HF patients.

Materials and Methods

A detailed Methods section is available in the Supple-
mentary Data.

Animals

Experiments were carried out in agreement with the Guide
for the Care and Use of Laboratory Animals published by the U.S.
National Institute of Health (NIH Publications No. 85-23, re-
vised 1996) and with the approval of the French Agriculture
Department. Male Wistar rats (5 week/old; Charles River)
were randomly subjected either to permanent left coronary
artery ligation to induce MI rats or to sham procedure (sham
rats) (15). All experiments were performed 12 weeks post-
ligature (Fig. 1). At this stage, MI animals showed signs of
cardiac failure, as indicated by the significant reduction of the
ejection fraction (39% – 1% vs. 13% – 1%, sham vs. MI), LV
systolic arterial pressure (126 – 13 vs. 118 – 3 mmHg), dP/
dtmax (5113 – 161 vs. 4629 – 150 mmHg/s), and dP/dtmin
( - 4494 – 245 vs. - 3777 – 105 mmHg/s). The morphological
and functional cardiac remodeling was assessed by Doppler
echocardiography as previously described (34). Eight weeks
after ligature, when most of the morphological remodeling
and HF were established, 17 MI rats (MI-NACc) were treated
for 4 weeks with NAC (Sigma) administered in their drinking
water (75 mg/day per animal) (10). Each day, the dose of
NAC was dissolved in a predetermined daily volume of water
that is drunk by a rat (about 40 ml).

Cell isolation

Single LV myocytes were isolated by enzymatic digestion
as previously described (2). Following enzymatic perfusion,
the transmural infarct zone and the border zone were dis-
carded. The remaining sub-Endo layer (Endo) and sub-Epi
layer of the remote infarct zone were dissected and me-
chanically dissociated. The Ca2 + concentration was gradually
increased to 1 mM. In some experiments, intact MI myocytes
were treated acutely with 20 mM NAC for 1 h (MI-NACa
cells) before the experiments. Cell viability after enzymatic
isolation was not different between Sham, MI, and MI-NACc
hearts (Supplementary Fig. S1).

Mitochondrial ROS production

Isolated cardiomyocytes were loaded with 5 lM MitoSOX
Red (Invitrogen) at room temperature for 15 min followed by

washout to evaluate the dynamic mitochondrial O2
! - pro-

duction (2). Fluorescence images were recorded using a Zeiss
LSM 510 inverted confocal microscope. Cells were paced at
0.5 Hz using two platinum electrodes (20 V, 1 ms). Images were
collected at rest and after 5-min stimulation. The resting fluo-
rescence value (obtained after subtracting the background
noise measured outside the cell) was used as the reference level.

The MDA content was measured in myocardial tissue iso-
lated hearts paced at 7 Hz for 15 min using the Langendorff
apparatus as previously described (2).

Force measurement in permeabilized cardiomyocytes

Isometric force was measured in single cardiomyocytes
permeabilized with Triton · 100 (15). The relationship be-
tween Ca2 + activated force and internal Ca2 + concentration
was measured at 2.3-lm SL. In some experiments, permea-
bilized cardiomyocytes were incubated with a recombinant
catalytic subunit of PKA (Sigma) at room temperature for
50 min (13).

Protein analysis

The enzymatic activities of CS, Catalase, total SOD, and
complex I and IV activities were measured by spectropho-
tometry in rat cardiomyocytes as described elsewhere (2).

Proteins were separated on 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis gels and blotted onto ni-
trocellulose membranes (GE Healthcare). Membranes were
incubated at 4!C with anti-cTnI and -phospho Ser22/232cTnI
(Hytest) antibodies overnight. cTnI levels were expressed
relative to the Calsequestrin content (ABR). Immunodetection
was carried out using fluorescent secondary antibodies and
revealed with the Odyssey Infrared Imaging System (LI-COR
Biosciences). The PKA activity was measured in tissue ex-
tracts using a nonradioactive PKA activity assay kit (Assay
Designs, France) according to the manufacturer’s protocol.
The cAMP content was measured in pellets of 200,000 myo-
cytes using a direct cAMP ELISA kit (NewEast Biosciences).

Total myocardial protein carbonylation was measured us-
ing the Oxyblot Protein Oxidation Detection Kit (Millipore
Corporation) according to the manufacturer’s protocol in
cardiomyocytes and tissue and was normalized to the cTnI
content. In some experiments, TnI was immunoprecipitated
from heart homogenate (100 lg) with anti-TnI antibody in
0.5 ml of a modified RIPA buffer (50 mM Tris-HCl, pH 7.4,
0.9% NaCl, 5.0 mM NaF, 1.0 mM Na3VO4, 0.5% Triton-X100,
and protease inhibitors) for 2 h at 4!C. The samples were in-
cubated with protein A sepharose beads (Amersham Phar-
macia Biotech) at 4!C for 1 h, washed three times with 1.0 ml
RIPA, and treated with the Oxyblot kit.

Statistical analysis

Data were analyzed using one-way or two-way ANOVA.
When significant interactions were found, a Bonferroni post
hoc test was applied with p < 0.05 (SigmaStat 3.5). Data are
presented as mean – SEM.
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Abbreviations Used

BSA¼ bovine serum albumin
CI¼ complex I
CS¼ citrate synthase

cTnI¼ cardiac Troponin I
DCIP¼ 2,6-dichloroindophenol
Endo¼ endocardium

Epi¼ epicardium
ETC¼ electron transport chain

HF¼heart failure
LV¼ left ventricle

LVED¼ left ventricular end dimension
LVEDD¼ left ventricular end-diastolic diameter
LVESD¼ left ventricular end-systolic diameter

MDA¼malondialdehyde
MHC¼myosin heavy chain

MI¼myocardial infarction
MnTBAP¼Mn(III) tetrakis (4-benzoic acid)

porphyrin
NAC¼N-acetylcysteine
PKA¼protein kinase A

PWTd¼ end-diastolic posterior wall thickness
ROS¼ reactive oxygen species

SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide
gel electrophoresis

SL¼ sarcomere length
SOD¼ superoxide dismutase
TDI¼ tissue Doppler imaging
VTI¼velocity time integral
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