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ABSTRACT

Cardiac myocytes, upon exposure to increasing doses of norepinephrine (NE), transit from hypertrophic to
apoptotic phenotype. Since reactive oxygen species (ROS) generation is attributed to both phenomena, the au-
thors tested whether an elevation in intracellular ROS level causes such transition. H9¢2 cardiac myoblasts
upon treatment with hypertrophic and apoptotic doses of NE (2 and 100 pM, respectively) transiently induced
intracellular ROS at a comparable level, while 200 uM H,0,, another proapoptotic agonist, showed robust
and sustained ROS generation. Upon analysis of a number of redox-responsive transcription factors as the
downstream targets of ROS signaling, the authors observed that NE (2 and 100 uM) and H,0, (200 uM) were
ineffective in inducing NF-kB while both the agonists upregulated AP-1 and Nrf-2. However, the extents of in-
duction of AP-1 and Nrf-2 were not in direct correlation with the respective ROS levels. Also, AP-1 activities
induced by two doses of NE were intrinsically different, since at 2 uM, it primarily induced FosB, and at 100
pM it activated Fra-1. Differential induction of FosB and Fra-1 was also reiterated in adult rat myocardium
injected with increasing doses of NE. Therefore, NE induces hypertrophy and apoptosis in cardiac myocytes
by distinct redox-signaling rather than a general surge of ROS. 4ntioxid. Redox Signal. 8, 1081-1092.

INTRODUCTION

POSTNATAL CARDIAC MYOCYTES are terminally differenti-
ated and are unable to proliferate. Certain pathophysio-
logical conditions leading to cardiac overload elicit an adap-
tive response by increasing myocyte volume, a condition
termed hypertrophy (17, 37). Physiological modulators of
cardiac function, such as, endothelin-1, and angiotensin II
(Ang II), can mimic hypertrophic response(s) in neonatal and
adult myocytes cultured ex vivo (40). Signal transducing ki-
nases (e.g., S6, Ras, Raf, ERK, p38), phosphatases (e.g., cal-
cineurin), and downstream transcriptional regulators (e.g.,
NFAT, GATA-4, NF-kB and MEF-2) have been identified as
the mediators of hypertrophic responses (2, 25, 49, 53). It is

often observed that some of these agonists (Ang II and NE)
also cause apoptosis at higher doses (41, 43). Such transition
from hypertrophic to apoptotic “mode” also occurs during
end-stage heart failure and is of immense clinical relevance
(4, 17, 37). A paradox in the activities of a number of the
above-mentioned signaling molecules such as ERK and cal-
cineurin is that these mediate both anti- and proapoptotic re-
sponses (6, 36). It remains to be explored how cardiac my-
ocytes utilize apparently similar signaling molecules and still
achieve distinctly variable biological consequences.

During recent years, reactive oxygen species (ROS) have
drawn considerable attention as a determinant of various bio-
logical responses like cell proliferation, tumor progression,
hypertrophy, and apoptosis (45). Neonatal rat cardiac my-
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ocytes, upon exposure to various agonists, induce intracellu-
lar ROS followed by hypertrophic response (25, 21). Some of
these agonists (e.g., Ang Il and NE) at a higher dose also in-
duce ROS followed by apoptosis. Attenuation of ROS by
pharmacological and molecular inhibitors mitigates these re-
sponses (41, 43). Cardiac myocytes upon treatment with an
exogenous oxidant like H,0O, at low to moderate doses (=30
uM) elicit hypertrophic responses, while further increase in
concentration (up to 200 pM) leads to apoptosis (33). These
studies have thereby evolved a conceptual framework accord-
ing to which a moderate level of ROS generation leads to hy-
pertrophy and at elevation of a yet unspecified threshold, in-
duces apoptosis (12). In the present study we have examined
this concept by studying the effects of norepinephrine (NE)
and H,0, on H9c2 cardiac myoblasts. Endogenous ROS lev-
els were measured following respective treatments and its
correlation with the induction of a number of redox-respon-
sive transcription factors, further downstream, were studied.
We demonstrate that although exposure to NE and H,0, in-
creases intracellular ROS, its level does not necessarily corre-
late with the downstream events. This indicates the existence
of distinctive redox signaling rather than that of a global ROS
surge as the determining factor. We finally demonstrate that
NE and H,0, initiate cell death by distinctly differing bio-
chemical mechanisms, which is again at variance with the
idea of a generalized role of ROS in activating apoptotic pro-
grams in cardiac myocytes.

MATERIALS AND METHODS

Materials

All reagents used in this study were from Sigma Aldrich
(St. Louis, MO) unless mentioned otherwise. Fetal bovine
serum was purchased from Life Technologies (CA), and anti-
bodies were from Cell Signaling (MA), (p65: #3, IkBa:
#9242) and Santa Cruz Biotechnologies Inc. (Santa Cruz,
CA) (PARP: SC-7150, p50: SC-7178). NF-«kB reporter plas-
mid [(NF-«kB)-TK-luciferase] and AP-1 reporter plasmid
[AP-1-luc (7X)] were from Stratagene (CA), Luciferase assay
reagents were purchased from Promega (WI).

Cell culture

HO9c2 myoblasts were cultured and maintained as mono-
layer in Dulbecco’s modified Eagle’s medium (DMEM), high
glucose, supplemented with 10% fetal bovine serum (heat in-
activated), 100 units/ml penicillin, 100 pg/ml streptomycin,
and 2.5 pg/ml amphotericin B, at 37°C in humidified incuba-
tor with 5% CO,. Subconfluent cells were propagated in 1:6
ratio and were kept in serum-free medium for 24 h prior to
treatment with NE (100 mM stock in 1 mM ascorbic acid) and
H,0, (200 mM stock).

Primary cardiac myocytes were isolated from neonatal
(1-2 days) male Sprague—Dawley rat hearts, according to the
method described by Claycomb (11). In brief, excised hearts
were finely minced in the ice-cold cell buffer containing 8.10
g/L NaCl, 0.40 g/L KCl, 0.60 g/L Na,HPO,.H,0, and 0.90
g/L glucose, and then treated with 0.5 mg/ml collagenase and
0.25 mg/ml hyaluronidase (dissolved in cell buffer) for 15
min at 37°C.
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The first batch of dissociated cells were discarded and
subsequent batches were pooled and resuspended in DMEM
supplemented with 10% heat inactivated fetal bovine serum,
100 units/ml penicillin, 100 pg/ml streptomycin, and 2.5
png/ml amphotericin B, followed by transferring onto 100 mm
dishes. Cells were then kept in a humidified CO, incubator at
37°C for 2 h for the attachment of fibroblasts (panning). The
supernatant was then transferred to another dish for two
more rounds of panning and finally, enriched cardiomy-
ocytes were plated at a density of ~1.5 X 10 cells per 60 mm
dishes and grown for 48 h, followed by experimentation.
Cells were kept in serum-free medium for 12 h prior to treat-
ment with NE and H,0,. At appropriate time points, cells
were fixed in methanol and photographed under phase con-
trast microscope.

MTT assay

Subconfluent cell population was kept overnight in
serum-free medium (DMEM) followed by treatment with
NE. At appropriate time points, cells were washed in PBS,
treated with 50 ul MTT solution (5 mg/ml, tetrazolium salt)
and incubated for 2 h at 37°C. Formazan salt crystals were
then dissolved in 100 pl of 10 mM HCI containing 10% SDS
at 37°C overnight. Plates were analyzed in an ELISA plate
reader (Labsystems Multiskan RC, Helsinki, Finland) at 570
nm with a reference wavelength of 655 nm.

Measurement of intracellular ROS

The intracellular ROS were measured essentially as de-
scribed by Chandel er al. (9). Cells were kept overnight in
serum-free medium and DCFH-DA was added to a final
concentration of 5 uM. After 30 min, medium was removed,
washed once with PBS, and supplemented with fresh
medium. Five min later, agonists under study were added and
at different time points cells were washed twice in PBS, lysed
in 50 mM Tris pH 7.6, 150 mM NacCl, 1% NP-40, 0.5% so-
dium deoxycholate, 0.1% SDS, 1 mM phenyl methyl sulfonyl
fluoride (PMSF), and 1 pg/ml aprotenin. After centrifugation,
lysates were assayed for oxidized H,DCF in a spectrofluo-
rimeter at 530 nm.

Western blot analysis

Following experimental treatments, H9c2 cells were lysed
in 50 mM Tris pH 7.6, 400 mM NaCl, | mM EDTA, 1 mM
EGTA, 1% NP-40, 1 mM sodium orthovanadate, 10 mM so-
dium fluoride, 0.5 pg/ml leupeptin, 0.5 pg/ml pepstatin, 0.5
pug/ml aprotinin, and 1 mM PMSEFE. Resolved proteins were
then transferred on to Hybond-PVDF membrane (Amersham
Pharmacia Biotech, Uppsala, Sweden) followed by Western
analysis using respective primary antibodies and HRP conju-
gated secondary antibody, followed by detection with West-
ern Blotting Chemiluminescence Luminol Reagent (Santa
Cruz Biotechnologies, Inc.).

Indirect immunofluorescence studies

Cells grown on sterile glass cover slips were fixed in
methanol at —20°C for 15 min, air-dried and then equili-
brated in PBS (pH 7.4). Fixed cells were then preincubated
thrice with 10 mM phosphate buffered saline (PBS) and again
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fixed with chilled methanol (—20°C) for 15 min on ice. The
cover slips were then washed thrice, air dried and kept at
—20°C for 1 h. The cells were then equilibrated in a humidi-
fied chamber for 30 min, blocked in 1% bovine serum albu-
min (BSA) in PBS for 30 min, incubated with primary anti-
body (1:100 dilution in 1% BSA-PBS), and kept overnight at
4°C. Following washes with PBS, the cells were further incu-
bated for 1 h with Cy-3-conjugated secondary antibody
(sheep antirabbit IgG, Sigma; 1:250 dilutions in 1%
BSA-PBS) and incubated at room temperature for 1 h. For vi-
sualizing cell nuclei, 1 mg/ml DAPI was also included with
the secondary antibody. The cells were again washed with
PBS and the cover slips were mounted on glass slide and vi-
sualized under Axioscope fluorescence microscope (Carl
Zeiss, Germany) using suitable filter sets and imaged with
the AxioCam camera system coupled to the AxioVision soft-
ware (Carl Zeiss, Germany).

Transient transfection and reporter assay

Subconfluent population of H9¢2 myoblasts grown in 35
mm dishes were transiently transfected with reporter plas-
mids using Escort IV transfection reagent (Sigma) according
to the manufacturer’s instructions. Two microgram of plasmid
DNA was routinely used per 35 mm dish. Cells were incu-
bated in the transfection reagents in serum-antibiotic-free
medium for 8-10 h, refed with fresh serum containing
medium, and kept for 12 h. Finally, cells were again kept in
serum-free medium for 12 h, followed by the requisite ago-
nist treatments. Cells were then processed for luciferase re-
porter activity after 4-8 h (~40—48 h posttransfection).

Luciferase reporter assays

Cells were lysed in reporter lysis buffer (Promega).
Lysates were then analyzed for the luciferase activities using
the Luciferase Reagent Assay Kit (Promega) and readings
were taken in a luminometer (Turner Scientific, CA). DNA
uptake was normalized by cotransfection of B-galactosidase
expression plasmid (pCMV-gal, 1 pg). In certain experiments,
normalization was also done based on protein content as lipo-
some-mediated plasmid transfer is characterized by uniform
transfection efficiency for a set of culture dishes.

Nuclear extract preparation

After respective experimental treatments, cells were lysed
in 1 ml of buffer A (20 mM HEPES, pH 7.9; 20% glycerol; 10
mM NaCl; 1.5 mM MgCl,; 0.2 mM EDTA; 1 mM DTT; 0.1%
Triton X-100, protease inhibitors 0.2 mM PMSF, 4 pg/ml leu-
peptin, 10 pg/ml aprotinin, and 2 pg/ml pepstatin). Ho-
mogenates were centrifuged at 2,000 rpm at 4°C for 15 min
and the nuclear pellets were resuspended in 50 pl of buffer B
that was essentially same as buffer A except that it contained
500 mM NaCl. The nuclei were lysed in buffer B by incubation
on ice with intermittent tapping for 1 h. Lysates were then cen-
trifuged at 10,000 rpm at 4°C for 15 min and the supernatants
were aliquoted and snap-frozen at —80°C until used.

Gel mobility shift assay

DNA-protein binding reactions were carried out in 40 pl
binding buffer (20 mM HEPES, pH 7.9, 5% glycerol, 60 mM
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NaCl, 1.5 mM MgCl,, 1.0 mM EDTA, and 1.0 mM DTT) con-
taining 6-8 pg nuclear extract, 1 pg poly dI-dC, and 32-P-
labeled oligonucleotide probe (~40,000 cpm) on ice for 40
min. Protein—-DNA complexes were resolved on 8% polyacry-
lamide gel in 0.5 X TBE for 3 h at 200 V at 4°C.

Immunohistochemistry

Male Sprague—Dawley rats (200—300 g body weight, 2-3
weeks of age) were intraperitoneally injected with three dif-
ferent doses of NE (0.05 mg, 0.2 mg, and 2.5 mg per kg body-
weight) while control rats were injected with normal saline.
Hearts were excised 2 and 4 h post treatment and microtrans-
verse sections of the myocardium were mounted on glass
slides. Sections were air dried for 2 min, fixed in chilled ace-
tone for 10 min, and stored at —20°C till use. Endogenous
peroxidase activity was removed by incubating the sections in
methanolic H,0, (0.5%) for 30 min. After rinsing in TBS (pH
7.4), sections were permeabilized by incubating in 0.1% Tri-
ton X-100 in TBS and nonspecifically blocked with 1% BSA
for 1 h. The sections were then incubated with primary anti-
body (1:100; in TBST with 0.1% BSA) overnight at 4°C.
After washing with TBS, sections were incubated with horse-
radish peroxidase conjugated secondary antibody (1:200 di-
lutions in TBST with 0.1% BSA) for 1 h. Peroxidase activity
was then visualized with 3’,3’-diaminobenzidine (DAB,
0.04 %) and H,0, (0.015%) in 0.05 M TBS. The reaction was
stopped in water, sections were air dried, dehydrated in
ethanol, cleared in xylene, and mounted in DPX (dibutyl-
phthalate) and photographed in a Nikon microscope. Im-
munocytochemical controls for the experimental sections
were incubated as above with the omission of the primary an-
tibody. Integrity of the myocardium was checked by hema-
toxylin— eosin staining.

Data analysis

All the experiments were done at least thrice (unless men-
tioned otherwise) with similar results and representative Fig-
ures are shown. Data were collected and expressed as mean =+
standard deviation. Significance test (Student ¢ test) was per-
formed using Sigma Plot version 8. p values < 0.05, 0.01, and
0.001 are represented as *, **, and ***, respectively.

RESULTS

NE is a moderate and transient inducer of ROS

Neonatal and adult rat cardiac myocytes upon stimulation
with NE elicit hypertrophic responses at a lower dose and
apoptotic responses at an elevated level (3, 43). The rat car-
diac myoblast cell line H9¢2 also expresses adrenergic recep-
tors as primary myocytes (13) and has been used for investi-
gating mechanisms of hypertrophy and apoptosis by other
agonists (21, 26).

To test the suitability of H9¢2 myoblasts for studying hy-
pertrophy and apoptosis induced by NE, we first examined its
response to increasing NE concentrations. A subconfluent
population of H9¢2 cells was treated with increasing doses of
NE, and the number of viable cells was measured after 24 h
by MTT cell viability assay. Treatment with 2 and 10 uM NE
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enhanced the number of viable cells, indicating cell prolifera-
tion (Fig. 1A), which was corroborated by photomicrograph
(Fig. 1B) and Trypan blue staining (data not shown). Upon
further increase in NE concentration (25 pM and above), cells
remained quiescent till 24 h (Fig. 1A), beyond which mor-
phological changes characteristic of apoptosis were visible.
Forty to sixty hours after NE treatment, ~80% of the cell pop-
ulation underwent apoptosis as confirmed by nuclear conden-
sation (Fig. 1B) and also by the induction of a number of
other apoptotic markers as shown below.
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FIG. 1. In H9¢c2 myoblasts, NE induces cell proliferation at
a lower dose and apoptosis at a higher dose. (A) H9¢c2 my-
oblast cells cultured in vitro were treated with increasing doses
of NE. Twenty-four hours after treatment, viable cells were as-
sayed by MTT reduction. Values are mean + SD; n = 3; *p <
0.05, **p < 0.01, and ***p < 0.001. (B, top panel) H9c2 my-
oblast cells in culture were treated with 2 pM NE, 100 pM NE,
and 200 uM H,O, Forty-eight hours after, cells were fixed in
chilled methanol and morphology was monitored by phase
contrast microscopy. Also nuclear morphology (DAPI stained)
was monitored under fluorescent microscope. (B, bottom
panel) Similar analysis was also done with neonatal rat pri-
mary cardiac myocytes (For interpretation of the references to
color in this figure legend, the reader is referred to the web ver-
sion of this article).
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Thereafter, we measured intracellular ROS levels in NE (2
uM and 100 pM) treated cells with DCFH-DA, a redox-sensi-
tive fluorescent probe. Mammalian cells efficiently take up
DCFH-DA and hydrolyze it to its deacetylated form DCFH,,
which in turn reacts with intracellular H,0, (and a number of
other oxidizing species) generating a highly fluorescent de-
rivative DCF (1, 39). As shown in Fig. 2, both doses of NE
generated ROS only transiently (within 15 min) and at a com-
parable level. For a comparison, we also estimated the level
of ROS induced by 200 pM H,0O,, a concentration that leads
to apoptosis to an extent comparable to that by 100 pM NE,
albeit at a much faster rate (~8 h, Fig. 1B). Exposure to H,0,,
however, resulted in more robust and sustained induction of
ROS (Fig. 2). Notably, in addition to various reactive oxy-
gen/nitrogen species, a number of other cellular components
such as heme, heme proteins, and cytochrome C can also oxi-
dize DCFH, (1, 8, 39). Nonetheless, oxidation of DCFH, by
heme and heme proteins are relatively slow processes and
more cell type specific (39), while that by cytochrome C re-
quires its release from mitochondria to the cytoplasm follow-
ing onset of apoptosis (8). Therefore, the oxidation of DCFH,
as observed in NE (and H,0,) treated cells is likely due to
ROS, although its chemical nature is yet to be ascertained.

In cardiac myocytes, upon adrenergic stimulation, alpha-
receptor(s) propagate a hypertrophic response; beta-1 recep-
tors propagate an apoptotic response, and beta—2 receptors
transmit survival signals (3, 43). Nonetheless, how these sig-
nals are integrated at the level of gene expression and eventu-
ally lead to a unified response is not understood as yet. In
contrast to adrenergic signaling, that by exogenous H,O, is
less understood, especially in mammalian cells (48). In the
case of cardiac myocytes, it has been proposed that exposure
to H,0, leads to the oxidative modifications of membrane
constituents that in turn stimulate the Toll-Like Receptor-2
(TLR-2), followed by apoptosis (16). Therefore, intracellular
ROS generated by exogenously added H,O, might involve
some indirect mechanism such as receptor stimulation, rather
than its direct diffusion through the plasma membrane. None-
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FIG. 2. Differential induction of ROS by NE and H,0,.
HO9c2 cells were treated with 5 uM DCFH-DA for 30 min, fol-
lowed by treatment with NE (2 pM and 100 pM) and H,0, (200
uM). Cell lysates were then prepared at indicated time points
and assayed for oxidized H,DCF as a measure of intracellular
ROS (see Materials and Methods for details). Data shown are
mean + SD; n = 3; *p <0.05, **p <0.01, and ***p <0.001.
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FIG. 3. Both NE and H,0, are weak inducers of NFkB. (A) H9¢2 cells in culture were treated with NE (2 uM and 100 uM),
H,0, (200 pM) and TNF-a (50 ng/ml) followed by indirect immunostaining with anti-p65 and Cy3 conjugated anti-IgG antibody.
DAPI staining was done simultaneously to identify the nuclei. Data shown is a representative of four independent experiments
with similar results. (B) H9c2 cells in culture were treated with NE (2 and 100 uM) and H,0, (200 pM) and total cell extracts were
prepared at indicated time points. Forty micrograms of cell extracts were then assayed by immunoblot analysis with IkBa anti-
body. One representative immunoblot is shown in the upper panel. Intensity of respective bands were analyzed densitometrically
for three independent experiments and plotted accordingly in the lower panel. (C) H9c2 cells were transfected with 2.0 pg of NF-
kB promoter-luciferase plasmid and ~36 h after transfection, cells were treated with NE and H,0O,; luciferase activities were as-
sayed after 4 h. For (B) and (C), values are represented as mean + SD; n = 3; *p < 0.05, **p <0.01, and ***p < 0.001. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

theless, the levels of ROS generated by NE (2 and 100 pM)
and H,0, (200 uM) indicate that in cardiac myocytes, even
though ROS play a critical role in dictating the downstream
events (hypertrophy and apoptosis), its level(s) of induction is
not a direct correlate of such consequences.

Increased generation of ROS does
not lead to the activation of NF-kB

Transcription factor NF-kB has wide gene regulatory
functions including induction of cardiac hypertrophy and sur-

vival (10). Numerous studies have shown that diverse signals
such as cytokine and growth factor stimulation, UV radiation,
and viral infection result in the activation of NF-kB. It has
since been proposed that these stimuli lead to the generation
of ROS, which in turn activate IkB kinase (IKK) that phos-
phorylates IkB. Phosphorylated IkB is then degraded, releas-
ing the p65 subunit of NF-kB, followed by its translocation to
the nucleus and engagement with the cognate promoters (5).
Nevertheless, a nodal role of ROS in NF-kB activation has
lately been questioned (23) and other mechanisms of its acti-
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vation are emerging (42, 57). We thus examined whether NE
(and H,0,) treatment leads to the activation of NF-«B and if
so, whether the extent(s) of activation is a function of ROS
level. As shown in Fig. 3A, nuclear shifts of cytoplasmic p65,
a hallmark of NF-kB activation, were assayed by indirect im-
munofluorescence; both NE and H,0, were only marginally
and transiently effective in increasing the nuclear localized
p65. Notably, H9¢c2 myoblasts contain a moderate level of nu-
clear localized p65 that largely remained unchanged after NE
and H,0, treatments. However, treatment with TNF-a re-
sulted in a rapid and robust translocation of p65 to the nu-
cleus (Fig. 3A, lower panel), thereby validating the assay con-
ditions. We thereafter corroborated these observations by
immunoblot analysis of IkBa. As shown in Fig. 3B, both NE
(2 and 100 pM) and H,0, (200 uM) resulted in an initial in-
crease (~twofold) in IkBa, followed by its partial degrada-
tion, albeit with subtle differences in kinetics. In H,0, treated
cells, IkBa degradation was incremental reaching ~80% of
the preinduction level in 2 h. However, in NE (2 uM at 100
uM) treated cells; maximum degradation occurred only be-
tween 1-2 h and still remained slightly above the basal level.
Furthermore, both the agonists were equally ineffective in de-
grading the other subunit of the IkB complex (i.e., [kBf3, data
not shown). We thereafter examined the NF-kB specific pro-
moter-reporter assay that showed a modest (~twofold) in-
crease with H,O, treatment and only a marginal (~0.2-fold)
increase with NE treatment (Fig. 3C). Taken together, these
results demonstrate that although H,0O, was more effective
than NE in ROS generation, both were poor inducers of NF-
kB, thereby indicating the existence of distinct redox-signal-
ing (or otherwise) rather than a general redox-threshold as the
modulator of downstream gene regulatory events.

Induction of AP-1 and Nrf-2 is
partially related to the ROS level

Besides NF-kB/p65, two other transcription factors (AP-1
and Nrf-2) have also been identified as the mediators of
redox-signals to the gene expression machinery. AP-1 is an
early responsive heterodimeric (Jun:Fos) transcription factor
induced by divergent stimuli including ROS (14, 19, 50). In
contrast, Nrf-2 is relatively less studied, especially in the con-
text of its mechanism(s) of activation (38). Nonetheless, re-
cent data indicate that under normal conditions, Nrf-2 is se-
questered in the cytoplasm by Keapl that acts as a redox
switch. Upon oxidative stimulation, Keapl is degraded,
thereby releasing Nrf-2, which then translocates to nucleus,
binds to antioxidant response elements (ARE) and activates
cognate genes (31).

We thus examined the modulation of both Nrf-2 and AP-1
activities as downstream sensors of ROS generation. Nuclear
extracts were prepared from NE and H,O, treated cells and
assayed for Nrf-2 (ARE: 5'-AATTGCTGACTGACTCAG
CATTACT-3") binding activity. As shown in Fig. 4A, while
both NE and H,0, induced Nrf-2, the level of induction was
substantially higher in case of 100 uM NE than that for 2 uM
NE. On the other hand, both 100 uM NE and 200 pM H,O, in-
duced it at a comparable level. Therefore, although Nrf-2 was
induced by both concentrations of NE and by H,0,, its extent
of induction was not necessarily a function of respective ROS
levels. When similar analysis was done with the AP-1 target
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sequence (TRE: 5'-CGCTTGATGAGTCAGCCGGAA-3"), a
moderate induction of AP-1 was observed for 2 pM NE, that
was further increased with 100 uM NE (Fig. 4B), and 200 pM
H,0, induced it at an even higher level (Fig. 4C). To confirm
such pattern of induction of AP-1, we performed AP-1-pro-
moter—reporter analysis (Fig. 4D) and in agreement with the
DNA binding assay, higher reporter activity was consistently
observed with 100 uM NE (vis-a-vis 2 uM NE). However,
similar analysis with H,O,-treated cells did not show any de-
tectable increase in luciferase reporter activity (assayed at 2
and 4 h time points). In H9¢2 cells and in primary cardiac
myocytes, upon treatment with H,O, (apoptotic dose), certain
proapoptotic events such as decrease in respiratory complex
Il and IV activities occur as early as within 20 min, while oth-
ers such as decrease in membrane potential occurs within 1 h
(21, 34). It is thus plausible that following H,O, treatment, al-
though AP-1 and Nrf-2 DNA binding activity increases till
2 h, corresponding reporter gene expression is impaired due
to the activation of proapoptotic events. Taken together, these
data suggest that in NE- and H,0,-treated H9c2 myoblasts,
AP-1 and Nrf-2 activities are not modulated by total ROS
threshold but by distinctive signaling.

Hypertrophic and apoptotic doses
of NE induce two distinct Fos proteins

AP-1 activities consist of heterodimers of Jun (Jun, JunB,
and JunD) and Fos (Fos, FosB, Fra-1, and Fra-2) proteins bind-
ing to the consensus DNA element TGAY/ TCA (52). Based
upon the stimuli and the target cells, multiple AP-1 complexes
might be induced in a given condition, but the mechanism(s)
by which they recognize their cognate genes is poorly under-
stood (19). In cardiac myocytes (and also in the intact myocar-
dium), agonists such as mechanical stretch, pressure—volume
overload, adenosine, angiotensin II, and catecholamines induce
AP-1 as an immediate early response (22, 44, 54). We thus ar-
gued that, since treatment of cardiac myocytes with low and
high doses of NE lead to distinct consequences (hypertrophy
and apoptosis), AP-1 activities induced under respective condi-
tions might be intrinsically different (in addition to the differ-
ence in their extent of induction, as shown in Fig. 4B).

To test this possibility, we performed immunoblot analysis
of various Jun and Fos proteins induced by 2 and 100 pM NE
in H9¢c2 myoblasts. In agreement with the gel mobility shift
and reporter assays shown in Fig. 4B and D, both doses of NE
induced Jun within 1 h and sustained it till 8 h, the last time
point tested (data not shown). On the contrary, both doses of
NE initially induced Fos only transiently for 1 h (data not
shown) and thereafter, two other members of the Fos family
(Fos B and Fra-1) were induced by 2 and 100 pM/ NE in a rec-
iprocal and dose-dependent manner. As shown in Fig. 5A, uM
NE primarily induced Fos B with a peak induction of ~3.6-
fold within 2 h, followed by a sustained level (~2.5-fold) until
4 h. On the other hand, 100 pM NE was only a moderate in-
ducer of FosB at the beginning with a peak induction of ~2.2-
fold within an hour that was followed by a decline below the
basal level. In contrast, Fra-1 was primarily induced by 100
uM NE as a delayed response (~1.7-fold) in 4 h (Fig. 5B). No-
tably, delayed induction of Fra-1 has also been observed in
other cell types, although the relevance is not known yet (7).
Also, H9¢2 cells had a basal level of Fra-1 that gradually di-
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H9c2 cells in culture were treated with NE (2 and 100 pM)

and H,0, (200 uM). Nuclear extracts were prepared 1 and 2 h after treatment, and gel mobility shift assays were performed using
8-10 pg nuclear proteins and radiolabeled. (A) Nrf-2 (MARE: AATTG CTGACTGACTCAGCATTACT), and (B and C) AP-1
(TRE: CGCTTGATGAGTCA GCCGGAA) oligonucleotides as probes. DNA binding activity in each lane was estimated densit-
ometrically for three independent experiments and plotted accordingly in the lower panels. (D) H9¢c2 cells were transfected with
2.0 pg of AP-1 promoter-luciferase plasmid and ~36 h after transfection, cells were treated with NE. and luciferase activity was
assayed at different time points. Values are represented as mean = SD; n = 3; *p <0.05, **p <0.01, and *** p <0.001.

minished after treatment with 2 uM NE (analogous to the de-
crease in FosB following treatment with 100 pM NE). Since
the induction of Fra-1 (by 100 uM NE) was quite moderate, it
was further corroborated by transcript analysis and indirect
immunostaining of cells treated with increasing doses of NE
(data not shown). Noticeably, in the immunoblot, both FosB
and Fra-1 appeared as multiple bands, reflective of differen-
tial phosphorylation as observed with other cell types (51).

Taken together, it appears that although low and high doses
of NE generate comparable levels of ROS, subsequent signal-
ing events are intrinsically different. In view of the signifi-
cance of such scenario, we thereafter reiterated the differen-
tial induction of Fos B and Fra-1 in the in vivo context. Adult

rats were intraperitoneally injected with three different doses
of NE (0.05, 0.2, and 2.5 mg/kg bodyweight) and immunohis-
tochemical analysis of the myocardium were done at 2 and 4 h
time points. As shown in Fig. 5C, in agreement with the ex
vivo analysis done with H9¢c2 myoblasts (Fig. 5A), increase in
Fos B immunoreactivity was seen in the myocardium injected
with the lowest dose of NE (0.05 mg/kg bodyweight) and with
further increase in NE dose, a lesser degree of induction (0.2
mg/kg body weight, 2 h time point) was followed by diminish-
ment below the background level. Similarly, in agreement
with the ex vivo analysis, with increasing doses of NE, Fra-1
was increasingly induced and maximum induction was ob-
served with the highest dose (2.5 mg/kg body weight at 4 h;
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FIG. 5. Differential induction of FosB and Fra-1 by
NE. HOc2 cells were treated with 2 and 100 uM NE
for various time periods as indicated. Total cellular ex-
tracts (150 pg) were analyzed by immunoblot analysis
with FosB (A) and Fra-1 (B) antibody. Serum treatment
for 4 h was done as a positive control. Representative
data from two independent experiments with similar re-
sults is shown. Male Sprague-Dawley rats (200-300 g
body weight, 2-3 weeks of age) were intraperitoneally
injected with either saline (as control) or three different
doses of NE (0.05, 0.2, and 2.5 mg/kg bodyweight).
Hearts were excised at 2 or 4 h and sections of frozen
myocardium were immunostained for FosB (C) and
Fra-1 (D). Results are representative of two indepen-
dent experiments. (E) Integrity of frozen tissues were
checked by hematoxylin—eosin staining and three such
randomly picked up sections are shown (E).

)

Fra-1

Fig. 5D). Noticeably, while FosB was induced only in a sub-
population of cells at a moderate level, induction of Fra-1 was
more robust, extensive, and distinctively nuclear localized; the
reason(s) for which is yet to be explored. Taken together, it ap-
pears that the adrenergic signaling observed in H9c2 my-
oblasts were consistently reproducible in adult rat myocar-
dium injected with various doses of NE.

Norepinephrine and H,O, initiate
apoptosis by two distinct mechanisms

Although generation of ROS has been attributed to the in-
duction of apoptosis by both NE and H,0, (12, 43), the precise
mechanism by which ROS initiate the death process is not
known as yet. Nevertheless, proapoptotic cytokine TNF-a has
been identified as the downstream mediator of cell death caused
by NE (58), while the mitochondrial death pathway has been at-
tributed to that by H,0, (21, 34). Furthermore, while apoptosis
induced by NE is a delayed response (executed after ~48—60 h),
that by H,0, is much faster (executed within ~4-8 h). Although
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our analyses of induction of FosB and Fra-1 by low and high
doses NE indicated that distinctive signaling rather than gross
ROS level determine the downstream events, we still argued in
favor of a common mechanism of initiation apoptosis by NE
and H,0,. We thus tested the possibility that while a moderate
level of ROS generation (by 100 pM NE) causes delayed apop-
tosis, a surge in ROS results in rapid cell death (programmed)
but the triggering mechanisms are the same. To test this con-
cept, we first monitored the kinetic of induction of a number of
proapoptotic events: cleavage of PARP, decrease in prosurvival
protein Bcl-2, increase in proapoptotic protein Bax, and DNA
fragmentation in NE (100 pM/) treated cells. As shown in Fig. 6,
substantial cleavage of PARP, decrease in Bcl-2 level, increase
in Bax, and extensive DNA fragmentation occurred only after
24 h. Notably, in NE-treated cells, morphological manifestation
of cell death occurs only after ~36 h and maximum (~80 %) cell
death occurs around 48—60 h. Nonetheless, such delayed induc-
tion of apoptosis could still be attributed to the immediate early
events, as exposure to NE (100 p7) for the initial 3 h was quite
adequate in inducing the death program (data not shown).
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FIG. 6. Kinetic of induction of various markers of apopto-
sis in NE treated cells. H9c2 cells in culture were treated
with 100 uM NE. (A) Total cellular DNA isolated at time
points as indicated above were resolved on 1.2% agarose gel.
Also for a comparison, DNA isolated from H,0, (200 pM)
treated cells (8 h) was analyzed simultaneously. (B) Sixty mi-
crogram of total cellular proteins was subjected to immunoblot
analysis with anti-PARP antibody. The uncleaved and cleaved
PARP proteins are identified by their respective molecular
weights (116 and 85 kD). (C) Seventy microgram total cellular
proteins were analyzed for Bcl-2 and Bax proteins using re-
spective antibodies.

Therefore, cell death induced by NE might be an indirect conse-
quence of ROS generation that occurs only transiently and mod-
erately (and also at the same level as that induced by 2 uM NE)
immediately after NE treatment.

This prompted us to believe that while the induction of
apoptosis by NE is a secondary event following ROS genera-
tion, that in the case of H,0, is the direct result of surge in
ROS, and therefore, the two processes are intrinsically differ-
ent. We thus treated cells with cycloheximide (10 pg/ml), a
reversible inhibitor of protein synthesis, along with NE and
H,0, and monitored the extent of cell death. As shown in Fig.
7, while cycloheximide substantially prevented cell death by
NE, it was ineffective for H,O,. Furthermore, the protective
effect of cycloheximide was highest only when the treatment
was done for the first 6 h of NE treatment. Such results,
therefore, unambiguously established that while onset of
apoptosis by NE requires de novo protein synthesis at the be-
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FIG. 7. Apoptosis induced by NE requires de novo protein
synthesis but that by H,0, does not. (A) H9c2 cells were
treated with 100 uAM NE and 200 uM H,O, in presence or in ab-
sence of cycloheximide (10 pg/ml). Eight hours after H,O,
treatment and 48 h after NE treatment, cell nuclei were stained
with DAPI and observed under fluorescence microscope for
the presence of condensed nuclei. (B) Following NE treatment,
prevention of cell death by cycloheximide, when added at dif-
ferent time points, was also assayed by MTT reduction. Values
are represented as mean = SD; n = 3; *p <0.05, **p <0.01, and
*#%p < 0.001. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of
this article.)

ginning, that by H,0, does not have such a requirement.
Thus, the biochemical mechanism by which H9¢2 myoblasts
sense and process the apoptotic (and hypertrophic) signal(s)
are qualitatively different for NE and H,O, and therefore,
plausibly involve distinct redox-signaling rather than a gen-
eral surge of ROS as the determining factor.



1090

DISCUSSION

The present study was undertaken to examine the tenet
that intracellular ROS level plays a nodal role in determining
events like hypertrophy and apoptosis in cardiac myocytes.
Cardiac hypertrophy is characterized by multiple criteria,
manifestation of which may vary from one agonist to another,
thereby indicating integration of multiple signal inputs (4,
17). The existence of multiple pathways for the induction of
cell death in cardiac myocytes has also been observed but the
precise mechanism(s) remains to be investigated (20, 32, 46).
Over the years, ROS has been perceived as a biological haz-
ard causing oxidative damage to the cellular components
leading to cancer, neuro-, and cardiovascular degeneration,
and disorders related to aging (35). More recent studies re-
veal that ROS also have roles in modulating normal cellular
functions such as cell proliferation, angiogenesis, and DNA
replication (15). Furthermore, although oxidative stress is
often used as a synonym for ROS generation, general oxida-
tive stress is different from redox signaling although the
parameters are yet to be clearly defined (15, 18). In this con-
text, comparative analysis of the intensity of ROS generation
by 2 uM NE, 100 pM NE, and 200 pM H,0, subscribe to the
existence of distinct signaling mechanisms rather than a gen-
eral ROS threshold as the factor deciding whether to activate
the hypertrophic or apoptotic pathways.

To have an insight into the downstream events following
ROS generation, we have examined the induction of NF-kB, a
well-investigated redox-sensitive transcription factor. Al-
though it has long been considered that various agonists acti-
vate NF-kB by a common mediator like ROS, certain discrep-
ancies viz., the temporal differences between the ROS
generation and the activation of NF-kB has often been cited
as evidence against a nodal role of ROS (5). Such arguments
have further been strengthened by some recent observations
like (i) activation of NF-kB can be functionally dissociated
from the generation of ROS by NADPH oxidase and (ii) an-
tioxidant N-acetyl cysteine inhibits the induction of NF-kB
by a mechanism independent of attenuating ROS (23). Our
observation that the translocation of p65 from cytoplasm to
the nucleus is not a correlate to ROS threshold also agrees
with similar studies in other cell types and thereby indicates
interplay between multiple signaling components rather than
a single factor like ROS generation (29). Furthermore, mar-
ginal and slow translocation of p65 following NE and H,0,
treatment vis-a-vis a rapid and substantial translocation by
TNF-a is also in agreement with studies done with primary
myocytes (16) and therefore is not an aberration due to the
use of H9¢2 myoblast as the test system. In contrast to poor
induction of NF-kB, the extent of induction of both AP-1 and
Nrf-2 by NE and H,0, were substantial, though not necessar-
ily a function of the ROS level. Taken together, it appears that
induction of hypertrophy and apoptosis by NE involves inte-
gration of multiple inputs to which ROS might be contribut-
ing in a context specific manner.

In metazoan cells, cross talk between various signaling
cascades is a highly evolved mechanism of signal augmenta-
tion (24), signal attenuation (56), and signal sustenance (30).
In this context, our observation that although both doses of
NE induce Jun and Fos, they act differentially while inducing
FosB and Fra-1 is significant, as it exemplifies how signals
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emanating from multiple adrenergic receptors are differen-
tially integrated further downstream. The significance of this
differential adrenergic signaling leading to the induction two
distinct forms of AP-1 (comprising FosB and Fra-1), respec-
tively, by 2 and 100 uM NE was further strengthened by its re-
production in vivo. Furthermore, while in the case of FosB
the responses were limited to a subpopulation of cells in the
myocardium, induction of Fra-1 was observed in a much
wider population, the significance of which is yet to be un-
derstood. Nonetheless, it has often been observed that under a
given pathological condition, only a subpopulation of my-
ocytes undergo apoptosis (and/or hypertrophy). Although
both FosB and Fra-1 have generally been implicated in cell
proliferation and differentiation, recent studies have also im-
plicated Fra-1 in a number of other contexts such as tumori-
genesis and increased apoptosis (47), experimentally induced
heart failure (55), and cardiomyocyte apoptosis associated
with cardiomyopathy (44).

Cell signaling machinery in higher eukaryotes integrates
extracellular stimuli with the genetic apparatus with remark-
able speed and specificity. Thousands of G protein couple re-
ceptors use a fairly small pool of second messengers and still
remain functionally distinct. Recent studies suggest that such
signal specificity is mediated by multiprotein signaling com-
plexes formed in the raft microdomains (27, 28). Taken to-
gether, this study does not undermine the role of ROS as the
determining factor for either hypertrophy or apoptosis.
Rather, it is likely that hypertrophic and apoptotic signals
generated by NE (and H,0,) are propagated by distinct redox
mediators rather than by the generation of a cell wide pool of
ROS. Thus, further understanding of the mechanisms of hy-
pertrophy and apoptosis in cardiac myocytes will require a
composite knowledge of the source, chemical nature, and the
downstream targets of the ROS that is generated only tran-
siently at the very beginning of the signaling process. Current
work is in progress to that direction.
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Ang 11, angiotensin II; DAPI, 4,6-diamidino-2-phenyl-
indole; DCFHDA, 2', 7'-dichlorofluorescin diacetate; DCEF,
dichlorofluorescin, DMEM, Dulbecco’s modified Eagle’s
medium; DTT, dithiothreitol; ERK, extracellular signal-
responsive kinase; MEF-2, myocyte enhancer factor-2; MTT,
methylthiazoletetrazolium; NE, norepinephrine; NFAT, nu-
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clear factor of activated T-cells; Nrf-2, nuclear respiratory fac-
tor-2; PARP, poly (ADP-ribose) polymerase; PBS, phosphate
buffered saline; PMSF, phenyl methyl sulfonyl fluoride; ROS,
reactive oxygen species; TBE, Tris, borate, EDTA buffer;
TBS, Tris buffered saline; TLR-2, toll-like receptor-2; TNF-a,
tumor necrosis factor—a; TRE, TPA response element.
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