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Abstract

Oxidative stress stimulates both growth and apoptosis in cardiac myocytes in vitro. We investigated the role of oxidative stress in the
initial phases of cardiac remodeling induced in an animal model by volume overload. As plausible candidates for a connection between
oxidative stress and cardiomyocyte apoptosis or hypertrophy, we explored the behaviour of two MAPKs, specifically JNK and ERK. At 48 h
of overload, the greatest increase in oxidative stress coincided with a peak of cardiomyocyte apoptosis. This was possibly induced through
the mitochondrial metabolism, as evidenced by the release of cytochrome ¢ and a significant increase in the active forms of caspase-9 and -3,
but not caspase-8. Oxidative stress markers significantly decreased at 96 h of overload, combined with a marked attenuation of apoptosis and
the appearance of hypertrophy. The highest levels of JNK and the lowest levels of ERK phosphorylation were observed at 48 h of overload.
Conversely, a sharp increase in ERK phosphorylation was detected at 96 h of overload coinciding with the hypertrophic response. Together
these results show that oxidative stress is an early and transient event in myocardial volume overload. They suggest that oxidative stress
mediates amplitude dependent apoptotic and hypertrophic responses in cardiomyocytes through the selective activation of, respectively, JNK
and ERK.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Volume overload is a major cause of myocardial
remodeling (MR), a process linked closely to the develop-
ment of heart failure. MR is characterized by progressive
morphological and functional alterations, specifically
changes in chamber geometry and impairment of pump
function. At the cellular level, MR involves modifications of
interstitial matrix turnover by cardiac fibroblasts, myocyte
hypertrophy, and myocyte loss, chiefly by apoptosis.
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Although many factors, including neurohormones, cyto-
kines, and growth factors, have been proposed as connect-
ing these cellular events to the mechanical strain induced by
volume overload [1], experimental evidence increasingly
indicates a central role of oxidative stress. Several recent
reports demonstrate that reactive oxygen species (ROS)
regulate the phenotype of cardiomyocytes and that oxidative
stress, due to an increased generation of ROS and eventually
to an impairment of antioxidant defences, is a possible
mediator of both cell death and growth [2,3]. A plausible
explanation for such different effects is the magnitude of the
increase in ROS concentration [4]. Siwik et al. [5] found
that graded increases in cardiomyocyte oxidative stress,
induced through the inhibition of (Cu, Zn) superoxide
dismutase by the copper chelator diethyldithiocarbamic acid
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(DDC), resulted in two distinct responses. Low DDC
concentrations, which induced moderate oxidative stress
(with 40% increase in ROS production over control),
stimulated protein synthesis and myocyte hypertrophy.
Conversely, high DDC concentrations caused larger
increases in ROS production and led to myocyte apoptosis.
Other studies have shown a relationship between myocar-
dial mechanical strain (as occurs in volume overload) and
oxidative stress. Pimentel et al. [6] reported that mechanical
stretching of myocytes causes an amplitude-dependent
increase in ROS production, which is associated with
different phenotypic effects. Low levels of ROS production,
observed in cardiomyocytes stretched at low amplitude,
correlate with fetal gene expression and hypertrophy, while
high amplitude stretch levels induce higher ROS production
and apoptosis.

In spite of progress in understanding the cellular
mechanisms of MR, the exact order of events between
myocyte stimulation, generation of ROS, and induction of
specific phenotypes remains to be elucidated [4]. One
possible means to distinguish between the two different
responses to oxidative stress (hypertrophy and apoptosis)
may be attributed to the redox-sensitive, mitogen activated
protein kinases (MAPKSs) [6,7]: c-Jun NH, terminal protein
kinase (JNK) is a leading candidate for the transduction
mechanisms that transmit and convert stress signaling into
apoptosis, and extracellular signal-regulated kinase (ERK)
seems to have an antiapoptotic role and be involved in cell
growth processes. Different ROS levels might selectively
activate these kinases leading to apoptosis or, alternatively,
to myocyte hypertrophy.

Considering that most studies on MR have focused on
late changes, the present investigation examines the initial
phases of MR in an animal model of cardiac acute volume
overload. We explored the occurrence of oxidative stress, its
relationship with cardiomyocyte apoptosis and hypertrophy,
and possible molecular mechanisms to account for these
processes.

2. Materials and methods
2.1. Experimental model

The experimental protocol described in the study con-
forms with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). Twenty farm
pigs (Landrace), aged 2—3 months, weighing 30—45 kg
were randomly divided in four groups: a group of sham-
operated controls (n=5) and three groups undergoing
aortacaval shunt for respectively 24, 48, 96 h (n=5 for
each group). Animals, fasting overnight, were premedicated
with intramuscular ketamine (15 mg/kg) and diazepam (1
mg/kg). Anesthesia was induced with ketamine (0.5 mg/kg)
and atropine (0.5 mg/kg) given intravenously through an ear

vein. Pigs were subsequently oro-tracheally intubated and
ventilated with oxygen supplemented with 50% N,O and
fluothane at 1—1.5%. Pancuronium bromide (0.1 mg/kg)
was given at the beginning of the surgical procedure. The
abdomen was opened via a midline incision, and the inferior
part of the vena cava and abdominal aorta distal to the renal
arteries were cleaned of fat and adventitia. The shunt was
performed using a Dacron prosthesis (8-mm diameter)
which was sutured latero-laterally to the abdominal aorta
and to the inferior vena cava using partial occluding clamps.
When the anastomosis was completed, the clamps were
released, hemostasis was obtained and the abdomen was
closed. At 24, 48, and 96 h after surgery, the animals were
again anesthetized, subjected to hemodynamic measure-
ments and then sacrificed using humanitarian methods.
After the sacrifice the heart was removed by a midline
sternotomy and specimens of left ventricle (LV) tissue were
taken for biochemical and histological studies. Sham
operated animals underwent an identical procedure (lapa-
rotomic incision followed by the hemodynamic and
echocardiographic evaluations) except for aortacaval shunt.

2.2. Hemodynamic and echocardiographic measurements

Hemodynamic and echocardiographic measurements
were performed with the animal under general anesthesia.
A 6F pigtail catheter was introduced into the left femoral
artery and advanced to monitor left ventricular and
descending aortic pressure. A Swan—Ganz catheter was
advanced from an external jugular vein to the pulmonary
artery to measure pulmonary capillary wedge pressure and
cardiac output (thermodilution). Two dimensional and M-
mode echocardiographic studies (2.25/3.5 MHz transducer,
SIM 5000) and relative measurements were performed on
the right parasternal area and recorded on videotape [8];
wall thicknesses were measured according to the recom-
mendations of the American Society for Echocardiography
[9]. Left ventricular mass (LVM) was calculated using a
validated formula [10]. Measurements were analyzed
independently by two experienced echocardiographers.
Inter-observer and intra-observer variabilities were
4.1£0.5% and 2.5+0.3% for cavity size and 3.7£0.4%
and 2.1+£0.3% for wall thickness, respectively.

2.3. Preparation of homogenates

100 mg of myocardium samples were incubated for 1 h at
37 °C in phosphate buffered saline containing 0.1%
collagenase type 1. The mixture was centrifuged at
100 x g for 15 min and the pellet was homogenized (20%
wt/vol with a glass-glass Potter-Elvejhem homogenizer) in
ice-cold 20 mM Tris—HCI (pH 8) buffer containing 2 mM
EDTA, 1% Triton X-100, 10% glycerol, 137 mM NaCl, 6 M
Urea, 0.2 mM PMSF and 10 pg/ml of aprotinin and
leupeptin. The homogenate was then sonicated and centri-
fuged at 10,000 x g for 10 min. The resulting supernatant
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was used for estimation of lipoperoxidation, protein
carbonyl content, and total antioxidant capacity (TAC).
Total homogenate, omitting the incubation step with
collagenase type I, was used for caspase-3, caspase-8,
caspase-9, JNK, and ERK determinations. Protein concen-
tration was assayed according to the method of Bradford

[11].

2.4. Purification of subcellular fractions (nuclei, cytosol,
mitochondria)

Subcellular fractionation was achieved using a cytosol/
mitochondria fractionation kit (Oncogene research products,
San Diego, CA, USA). Nuclear fractionation was used to
determine PARP activity. Cytosolic and mitochondrial
fractions were isolated to assess cytochrome ¢ compartmen-
talization. Complete separation of nuclear, mitochondrial
and cytosolic fractions was assessed by immunoblotting
using anti-histone (Chemicon Int. Temecula, CA), anti-
cytochrome oxidase (COX) subunit IV (Molecular Probes,
Eugene, OR, USA), and anti-f tubulin (Santa Cruz Biotech,
Santa Cruz, CA, USA) antibodies. The immunoblotting
with these antibodies helped to verify that equal amounts of
proteins were loaded on the lanes.

2.5. Measurement of lipid peroxidation products

To assess the rate of lipid peroxidation, malonaldehyde
(MDA) and 4-hydroxyalkenals (4-HNE) concentrations
were determined by a colorimetric method based on the
reaction of a chromogenic reagent, N-methyl-2-phenyl-
indole, with MDA or 4-HNE at 45 °C [12].

2.6. Determination of protein carbonyls

The protein carbonyl content was determined using the
2,4-dinitrophenylhydrazine method of Levine et al. [13].
200 pg of supernatant proteins were dried in a vacuum
centrifuge, and 500 pl of 10 mM 2,4-dinitrophenylhydrazine
in 2 M HCI was added to each tube. Spectrophotometric
measurement was made at 375 nm, using 22,000 M~ cm ™'
as the molar absorption coefficient.

2.7. Total antioxidant capacity (TAC) assay

TAC (Total Antioxidant Status, Randox, UK) was
assayed using a spectrophotometric method. 2,2"-azino-di-
[3-ethylbenzthiazoline sulphonate] (ABTS) was incubated
with a peroxidase (metmyoglobin) and H,O, to produce the
radical cation ABTS-+. This has a relatively stable blue-
green color, which absorbs at 600 nm. Antioxidants
contained in the sample suppress this color production to
an extent proportional to their concentration. The results are
calculated using a reference curve based on the soluble
antioxidant Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) as a standard.

2.8. Poly(ADP-ribose)polymerase (PARP) activity
measurement

PARP activity was assessed by immunodot blot which
detects poly(ADP-ribosylated) proteins [14]. An aliquot of
nuclear suspension was diluted in 0.4 M NaOH containing
10 mM EDTA and loaded onto a Hybond N+ nylon
membrane (Amersham, Life Science, England). The mem-
brane was washed once with 0.4 M NaOH, blocked in PBS-
MT (PBS, pH 7.4, containing 5% not fat dried milk and
0.1% Tween 20) and then incubated overnight with the
primary antibody LP98-10 (Alexis, San Diego, USA). The
membrane was washed with PBS-MT and incubated for 30
min with peroxidase-conjugated anti-rabbit IgG (Amer-
sham, Life Science). The blot was again washed with PBS-
MT followed by washes in PBS prior to analysis by
chemiluminescence. Image analysis of the dot blot was
performed with Quantity One software (Bio-RAD Labo-
ratories, Milano, IT). The membrane was subsequently
immunoblotted with anti-histone antibodies to verify that
equal amounts of proteins were loaded.

2.9. Caspase-3 activity measurement

Aliquots of the homogenate fractions derived from the
above-described procedure were centrifuged at 22000 x g
and 4 °C for 10 min. The resulting supernatant was used for
the measurement of caspase-3 (DEVDase) activity by the
colorimetric CaspACE assay system, (Promega, WI, USA).
Positive control was obtained by staurosporine-induction of
apoptosis in cultured rat cardiomyocytes as according to
Yue T.L. et al [15]. Cells were harvested by centrifugation at
450 x g for 10 min at 4 °C and after washing with PBS were
resuspended in cell lysis buffer. Cell lysates were centri-
fuged at 15,000 x g for 20 min at 4 °C and the supernatant
fraction was collected as a cell extract. The colorimetric
substrate (Ac-DEVD-pNA) is labeled with the chromophore
p-nitroaniline (pNA), which is released from the substrate
upon cleavage by DEVDase. Free pNA produces a yellow
color that is monitored by photometer at 405 nm. Activity is
expressed as nmol of pNA released/h/mg protein.

2.10. Western blot

Equal protein amounts of total homogenate (or mitochon-
drial and cytosolic fractions in the case of cytochrome c),
determined by the method of Bradford, were diluted in
Laemmli’s sample buffer, boiled for 5 min and separated on
15% SDS-PAGE. Proteins were transferred to PVDF hybond
membranes (Millipore Corporation, Billerica, MA, USA).
An equal rate of transfer among lanes was confirmed by
reversible staining with Ponceau S (Sigma, Milano, IT). The
membranes were then incubated with (rabbit) anti caspase-3/
CPP32 antibody (Biosource International, CA, USA),
(rabbit) anti-caspase-8 (Chemicon Int. Temecula, CA,
USA), (rabbit) anti-caspase-9 antibody (Santa Cruz Biotech,
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Table 1

Hemodynamic and echocardiographic changes after aortacaval shunt
Hours 0 24 48 96

Heart rate (beats/min) ~ 82+5 111£8* 108+ 8* 107+7*
Aortic systolic 125+18 115+4%* 116+7 1177

pressure (mm Hg)
PWP (mm Hg) 14+4 23 +4* 25+5% 21+4*
Cardiac output 2009+463 3549+888* 3370+503* 3519+£203*
(ml/min)

LVESP (mm Hg) 127423 121+11  123%5 124+7
LVEDP (mm Hg) 842 1442+ 1522% 102
DWT (mm) 78407  8.0+0.9  7.9+09  8.1+0.6
SWT (mm) 112410 11.1+03  11.1+12  114+1.1
LVM (g/kg) 239403 2.71£02  3.01+0.5  3.15+0.4*

Values are means+S.D. (n=35 for each group.)

LVESP, left ventricular end-systolic pressure; LVEDP, left ventricular end-

diastolic pressure; DWT, diastolic wall thickness; SWT, systolic wall

thickness; LVM, left ventricular mass; PWP, pulmonary wedge pressure.
* Significantly different (P <0.05) vs. Control.

Santa Cruz, Ca, USA), (mouse) anti-cytochrome ¢ (Onco-
gene Research Products, San Diego, CA, USA), incubation
was overnight at 4 °C. After washing, the membranes were
incubated with peroxidase-conjugated secondary antibodies
for 1 h before immunolabeled bands were detected using a
SuperSignal West Dura (Pierce, Rockford, IL, USA).
Control values were taken as 100%, and the experimental
samples were calculated as a percentage of the control within
the same blot. Tubulin (for homogenate) or cytochrome
oxidase (COX) subunit IV (for mitochondria) was used to
control for equal protein loading.

Activation of JNK and ERK MAPKs was assessed by
Western blotting, as described above, with antibodies that
specifically recognize the phosphorylated, active forms of
these kinases, using (mouse) anti p-JNK and (rabbit) anti p-
ERK (Thr202/Tyr204), (Cell Signalling Technology, Inc
Beverly MA, USA). Rabbit anti JKN and ERK antibodies
(Santa Cruz Biotech, Santa Cruz, Ca, USA) were used to
detect their total levels.

2.11. Evaluation of apoptosis

In situ end labeling of nicked DNA (ISEL assay) was
performed on paraffin-embedded sections, as reported
previously [16]. After treatment with 2 mg/ml proteinase
K to remove excess protein from the nuclei, the tissue
sections were incubated with the Klenow fragment of DNA
polymerase I and biotinylated deoxynucleotides (FRAGEL-
Klenow, DNA fragmentation kit, Calbiochem, CA) in a
humidified chamber at 37 °C for 90 min. The sections were
then incubated with streptavidin-peroxidase for 10 min and
stained with diaminobenzidine tetrahydrochloride (DAB).
Counterstaining was performed with methyl green. Viable
non-apoptotic nuclei appeared green-stained. Apoptotic
nuclei were easily recognized by a dark brown staining, in
contrast to necrotic and mitotic cells which were weakly
stained. The number of ISEL-positive cardiomyocytes was
counted in at least five different microscopic fields for each

section, containing approximately 200 cardiomyocytes/
section obtained from each animal of the different exper-
imental group. The quantitative analyses were performed by
two different persons blinded to the experimental protocol
and the individual values were then averaged. The
cardiomyocyte nuclei were identified by standard morpho-
logical criterion such as the typical ovoid nucleus included
in the striated cytoplasm of myocardial fibers.

2.12. Measurement of cell size

Additional sections from paraffin-embedded tissue were
stained with 1% Toluidine-blue. Ten myocytes from 6
randomly selected optical fields in each transversely
sectioned specimen (3 from each animal) of 26300 pm?
were collected at a 40x by the Adobe Photoshop Program.
The area of individual cells containing well defined round
nuclei was measured using the Scion Image Program.

2.13. Statistical analysis

All data are expressed as mean +standard deviation (SD).
Comparisons between the different groups were performed
by ANOVA followed by Bonferroni #-test. A P value < 0.05
was accepted as statistically significant.

3. Results
3.1. Hemodynamic and echocardiographic data

During the study period, the aortacaval shunt remained
pervious in all the operated pigs and no animal showed signs
of heart failure or died within 96 h after surgery. As reported
in Table 1, the presence of a consistent imposed overload
was confirmed by the increase in cardiac output observed 24
h after the shunt. No significant modifications were observed
for left ventricular end systolic pressure (LVESP), while left
ventricular end diastolic pressure (LVEDP) increased sig-
nificantly from 24 h to 48 h of overload, and returned to the
control value at 96 h. Pulmonary wedge pressure exhibited
changes similar to those observed for LVEDP, except that at
96 h, it was still elevated. After 96 h from surgery, the
overloaded hearts appeared to develop a hypertrophic

Table 2

Oxidative stress markers and antioxidant capacity in overloaded hearts
MDA +4-HNE Protein carbonyls Total antioxidant
(nmol/mg protein) (nmol/mg protein) capacity

(pmol/mg protein)

Control 4.06+0.35 4.31+0.73 253+1.41

24 h overload 5.30+0.33 6.62+0.95 24.7+1.82

48 h overload 8.98+0.35% 10.05+1.22* 18.5+1.33*

96 h overload 7.02+0.28"* 8.47+1.92* 26.1+1.52

# Significantly different (P<0.05) vs. 48 h.
* Significantly different (P <0.05) vs. Control.
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Fig. 1. Immunodot blot of ADP-ribosylation levels of PARP nuclear
substrates. (A) Representative dot blot showing poly(ADP-ribosylation)
(PAR) level of nuclear proteins in control and volume-overloaded hearts.
(B) Quantitative data. Each bar represents the mean+S.E.M. of five
different blots. Signals were quantified by densitometric analysis and are
expressed as a percentage of the control. *Significant difference (P <0.05)
from control.

response, since their LVM was significantly higher with
respect to the control value. During the study period, systolic
and diastolic wall thickness were not different between the
groups. Probably, the period of observation was not long
enough to detect significant modifications in these param-
eters, all the more so since volume overload is known to
induce enlargements in cardiac cavities, but only little
changes in ventricular wall thickness.

oL R o 7 o |
T A
AR

% s

[ - L 3
-t - [ a .
AT B
T N\ T
~ - )
Cad

3.2. Oxidative stress markers

Lipid peroxidation products, protein carbonyl content, and
total antioxidant capacity were measured to assess the
occurrence and intensity of oxidative stress under these
experimental conditions. Table 2 shows that the levels of
MDA and 4-HNE, which are typical stable end products of
the lipoperoxidative process, had significantly increased at 48
h and 96 h relative to the control value. In addition, at 96 h of
overload, the concentration of these markers was signifi-
cantly reduced when compared to the 48-h value. Protein
carbonyl content showed a similar time course reaching
significance at 48 and 96 h. As for total antioxidant capacity,
assayed as an index of antioxidant defences, we found a
significant decrease at 48 h of overload, consistent with the
maximal levels of oxidative stress markers (Table 2).

PARP activity, which is triggered by DNA strand breaks
and may represent an indirect marker of free radical-induced
genomic damage, was enhanced in the overloaded hearts. The
most marked and significant increase (about 50% above the
control value) was observed at 48 h, consistent with other
findings that this is the time of greatest oxidative stress (Fig. 1).

3.3. Cardiomyocyte apoptosis and hypertrophy

The ISEL procedure, which detects apoptotic DNA
fragmentation, was used to investigate whether oxidative
stress is linked to the occurrence of cardiomyocyte apoptosis
in our volume overloaded hearts. Quantitative analysis for the
number of nuclei staining positive for ISEL (dark brown)
showed a wave of apoptosis which peaked at 48 h after

L

._‘- S

Fig. 2. Detection of apoptotic nuclei by ISEL technique. Representative LM images of control (A) and 48 h volume overloaded heart (B, longitudinal and C,
transversal sections). Note that some cardiomyocytes (arrows) exhibit dark-brown ISEL-positive nuclei in the overloaded myocardium, whereas cells with
apoptotic nuclear fragmentation are absent in the control myocardium. Viable non apoptotic nuclei appeared green.
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Fig. 3. Representative light microscopy images of toluidine-blue stained control (A) and 96 h volume overloaded heart (B) section. Cardiomyocytes from the
volume overloaded heart show increased cross-sectional areas, suggestive of an hypertrophic response.

surgery (Fig. 2). At this time, the number of apoptotic cells
had increased 50-fold from 0.72+0.15/mm? (control value)
to 34.7£11.10/mm? corresponding to 12% of the total
number of cardiomyocytes. Apoptotic cells observed at 24
h (19.9+5.96/mm? ) and at 96 h (10.9+5.36/mm?) repre-
sented 6% and 4% of total cardiomyocytes, respectively. The
increase in LMV, evident in overloaded hearts 96 h after
surgery, was associated with the development of cellular
hypertrophy (Fig. 3), as indicated by a significant enlarge-
ment in cardiomyocyte cross-section area (425.32+56.47
pum? relative to the control value of 225.31+32.69 um?;
P<0.05) (Table 3).

3.4. Oxidative stress-induced signaling pathways for
cardiomyocyte apoptosis and hypertrophy

To establish a possible relationship between MAPK
activation and apoptotic and/or hypertrophic responses, we
explored JNK and ERK phosphorylation status.

The phosphorylated active form of JNK increased
significantly at 48 h of volume overload (Fig. 4), at the
time of the greatest oxidative stress and when the largest
number of apoptotic cells was evident. To clarify the death
mechanism that is possibly involved in these effects, we
examined the behaviour of caspase-9, which has a regu-
latory role in mitochondrial apoptotic pathways. Western
blot analysis revealed that the catalytically active fragment
of this enzyme was detectable at 24 h, with expression at 48
h of overload statistically significant (Fig. 5). At the same
time, cytochrome ¢ immunoreactivity was found to be
increased in mitochondria-depleted cytosol (Fig. 6), sug-
gesting its availability for the activation of procaspase-9.
For caspase-3, the final effector of caspase cascade, we
found that the levels of the 20 kDa active fragment of this
enzyme increased in response to the overload, reaching a
maximum value at 48 h (Fig. 7). This result was confirmed

Table 3
Cardiomyocyte cross-section area

Control 24 h 48 h 96 h
pm? 2253143269 268.00£31.40 278.05+54.31 425.32+56.47*
* Significantly different (P <0.05) vs. Control.

by direct measurements of caspase-3 catalytic activity
(Table 4). No significant changes were observed over the
entire study period for caspase-8 (Fig. 8).

The time course of ERK activation was quite different
from that of INK. Fig. 9 shows that the levels of the active,
phosphorylated, form of ERK significantly increased,
greater than 2-fold, at 96 h, coincident with the attenuation
of oxidative stress and the appearance of a hypertrophic
response.

4. Discussion
A possible involvement of oxidative stress in early

biochemical changes associated with cardiac remodeling
was explored in pig hearts subjected to volume overload by
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Fig. 4. JNK activation in control and volume overloaded heart. Equal
amounts of cardiac homogenate proteins were separated in a 12%
polyacrylamide gel and immunoblotted with a monoclonal antibody against
the phosphorylated (activated) form of JNK. After stripping the membrane,
polyclonal antibodies were used to detect total JNK protein level. (A)
Representative immunoblot of phospho-JNK. B: quantitative data. Each bar
represents the mean+S.E.M. of five different blots. Signals were quantified
by densitometric analysis. The phospho-JNK densitometry values are
expressed as relative densitometric units (densitometric unit, control
phospho-JNK assumed=1) and were normalized with respect to JNK
content. *Significant difference (P <0.05) from control.
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Fig. 5. Western blot analysis of caspase-9 active fragment in control and
volume overloaded hearts. (A) Representative immunoblot. (B) Quantita-
tive data. Each bar represents the mean+S.E.M. of five different blots.
Signals were quantified by densitometric analysis and are expressed as a
percentage of the control. *Significant difference (P <0.05) from control.

aortacaval shunt. The advantage of the pig heart model is its
similar anatomo-functional characteristics with those of
human heart. Moreover, the aortacaval shunt, as employed
in this study, proved to be efficient in producing volume
overload, as indicated by the hemodynamic data. The
occurrence of oxidative stress under our experimental
conditions was confirmed by the increase in a series of
oxidative stress markers such as lipid peroxidation products,
protein carbonyl content, and PARP activity, as a sign of
oxidative DNA damage. A decrease in TAC, a measure of the
overall free radical scavenging capacity, may be inversely
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Fig. 6. Western blot analysis showing cytochrome c¢ release from
mitochondria. (A, C) Representative Western blot showing mitochondrial
and cytosolic cytochrome ¢ protein level in control and 48 h volume
overloaded hearts. (B, D) Quantitative data. Each bar represents the mean
value+S.E.M. of five different blots. Signals were quantified by densito-
metric analysis and are expressed as a percentage of the control.
*Significant difference (P <0.05) from control.
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Fig. 7. Western blot analysis of caspase-3 active fragment in control and
volume overloaded hearts. (A) Representative immunoblot. (B) Quantita-
tive data. Each bar represents the mean+S.E.M. of five different blots.
Signals were quantified by densitometric analysis and are expressed as a
percentage of the control. *Significant difference (2 <0.05) from control.

related to the levels of ROS and possibly other reactive
species. Marked signs of oxidative stress were observed at 48
h of overload, and persisted but considerably attenuated at 96
h. When compared to hemodynamic parameters, it becomes
clear that the time course of oxidative stress parallels that of
LVEDP, suggesting that mechanical strain is a major
determinant of oxidative stress in overloaded hearts.

Several animal studies have suggested that mitochondria
and xanthine oxidase may be significant contributors to
ROS production in experimental heart failure [17]. In
addition, clinical and animal studies indicate that a
phagocyte-type NADPH oxidase complex, expressed in
cardiomyocytes, may be a major source of ROS in
pathological conditions [18,19]. NADPH oxidase is acti-
vated by several stimuli relevant to cardiovascular patho-
physiology, including angiotensin II, noradrenalin, tumor
necrosis factor-alpha and increased mechanical strain. In the
latter case, NADPH activation might be regulated by FAS
[20,21], a transmembrane receptor whose expression is
upregulated in hearts subjected to volume overload [22,23].

Our results also indicate that myocyte apoptosis and
hypertrophy play a significant part in early cardiac
adaptation to acute volume overload, and that the temporal
sequence of these events correlates with the development of
oxidative stress. The wave of apoptosis observed during our
study peaked at 48 h, coincident with the highest level of
oxidative stress. When oxidative stress was significantly
reduced at 96 h, hypertrophy was evident, consistent with

Table 4
Caspase-3 activity

Control 24 h 48 h 96 h
nmol pNA/h/mg protein 2.74+0.16 3.82+ 0.19" 5.23+0.25" 3.58+0.17*
* Significantly different (P <0.05) vs. Control.
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Fig. 8. Western blot analysis of caspase-8 active fragment in control and
volume overloaded hearts. (A) Representative immunoblot. (B) Quantita-
tive data. Each bar represents the mean+S.E.M. of five different blots.
Signals were quantified by densitometric analysis and are expressed as a
percentage of the control. No significant changes were observed for
caspase-8 active fragment protein levels.

the view that in cardiac remodeling myocyte death or
growth depends on the severity of oxidative stress.

To identify the underlying molecular mechanisms, we
explored two possible signaling pathways, notably those
involving the MAPKs, JNK and ERK [4,7,18], both
regulated by oxidative stress and, respectively, pro- and
antiapoptotic [4,7,23—25]. Based on the phosphorylation
kinetics of these kinases, cardiomyocyte apoptosis was
associated with an increase in JNK phosphorylation, in
agreement with previous observations [26—29]. This acti-
vation was chiefly evident at 48 h from surgery, when both
oxidative stress and the number of apoptotic cells reached
their maximum. Furthermore, at 48 h of overload, the
highest levels of JNK activation, coordinated with the
release of cytochrome ¢ from mitochondria and the
maximum activation of caspase-9 and caspase-3. The
observed mitochondrial release of cytochrome ¢, a process
regulated by the Bcl-2 protein family [31,32], might be
related to decreased Bcl-2 expression. In a recent study
using the same experimental model [23], we found that Bcl-
2 protein levels at 48 h of overload were reduced.
Conversely, caspase-8, which is representative of the
membrane receptor-mediated death pathway, showed no
significant modification at any time. This observation agrees
with a recent report [30] showing that cardiomyocytes
contain significant levels of antagonist proteins, such cFLIP,
that can prevent caspase-8 activation. The modest but
significant increase in caspase-3 activity observed at 24 h
of overload may involve an additional JNK-independent
apoptotic pathway, represented by the endo/sarcoplasmic
reticulum (ER/SR)-induced cell death pathway. Alterations
in Ca®" homeostasis and increases in ROS production can
cause ER/SR stress with the release and the consequent
activation of caspase-12 [33]. Although the downstream
targets of caspase-12 are yet to be understood, recent studies

[34] suggest a possible activation of caspase-3. As we
reported previously, our experimental conditions induced a
significant alteration in Ca®>" homeostasis [23]. This, joined
with oxidative stress, could trigger the activation of caspase-
12. Overall, our findings support the view that a mitochon-
drial pathway is the principal factor in cardiomyocyte
apoptosis associated with oxidative stress-induced imbal-
ance between the activation rates of JNK and ERK. Similar
results have been reported in recent studies on cultured
cardiomyocytes [35], and our in vivo observations are the
first in an animal model of cardiac overload.

The hypertrophic response that appeared in overloaded
hearts at 96 h after surgery coincided with a reduction in
oxidative stress, an effect that might be related to an
attenuation of mechanical strain on the ventricle wall. This
is consistent with the observed recovery of cardiac func-
tional parameters which, based on our previous results [23],
is at least partly due to restored efficiency of sarcoplasmic
reticulum calcium pumping. The marked increase in ERK
phosphorylation found at the same time suggests that this
redox-sensitive kinase is involved in the hypertrophic
response. Although the mechanisms accounting for selective
ERK activation by mild oxidative stress (and its potential
inactivation by overt oxidative stress) are not defined, these
results agree with several reports [17,36,37] indicating that
in intact heart and in isolated cardiomyocytes, the ERK
pathway is implicated, through the activation of tran-
scription specific factors, in protection against apoptosis
and in hypertrophic growth.
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Fig. 9. ERK activation in control and volume overloaded hearts. Equal
amounts of cardiac homogenate proteins were separated in a 12%
polyacrylamide gel and immunoblotted with specific polyclonal antibodies
against the phosphorylated (activated) form of ERK. After stripping, the
membrane polyclonal antibodies were used to detect total ERK protein
level. (A) Representative immunoblot of phosho-ERK. Each bar represents
the mean+S.E.M. of five different blots. Signals were quantified by
densitometric analysis. The phospho-ERK densitometry values are
expressed as relative densitometric units (densitometric unit, control
phospho-ERK assumed=1) and were normalized with respect to ERK
content. *Significant difference (P <0.05) from control.
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We conclude that an early and transient oxidative stress
which occurs within hours after heart muscle is subjected to
volume overload may mediate amplitude-dependent apop-
totic and hypertrophic responses in cardiomyocytes through
the selective activation of redox-sensitive JNK and ERK.
Future studies can confirm this proposal by the use of
antioxidants and selective MAPKSs inhibitors. Both the
source of ROS in the overloaded hearts and the molecular
mechanisms leading to the activation of different kinases
depending on the intensity of oxidative stress must be
explored. We believe that further studies have potential
value in suggesting prompt and suitable interventions to
prevent cardiac dysfunction associated with hemodynamic
overload.
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