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a b s t r a c t

Despite recent advances, the role of ROS in mediating hypertrophic and apoptotic responses in cardiac
myocytes elicited by norepinephrine (NE) is rather poorly understood. We demonstrate through our
experiments that H9c2 cardiac myoblasts treated with 2 mM NE (hypertrophic dose) generate DCFH-DA
positive ROS only for 2 h; while those treated with 100 mM NE (apoptotic dose) sustains generation for
48 h, followed by apoptosis. Though the levels of DCFH fluorescence were comparable at early time
points in the two treatment sets, its quenching by DPI, catalase and MnTmPyP suggested the existence of
a different repertoire of ROS. Both doses of NE also induced moderate levels of H2O2 but with different
kinetics. Sustained but intermittent generation of highly reactive species detectable by HPF was seen in
both treatment sets but no peroxynitrite was generated in either conditions. Sustained generation of
hydroxyl radicals with no appreciable differences were noticed in both treatment sets. Nevertheless,
despite similar profile of ROS generation between the two conditions, extensive DNA damage as evident
from the increase in 8-OH-dG content, formation of γ-H2AX and PARP cleavage was seen only in cells
treated with the higher dose of NE. We therefore conclude that hypertrophic and apoptotic doses of NE
generate distinct but comparable repertoire of ROS/RNS leading to two very distinct downstream re-
sponses.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Oxidative stress has long been attributed to age related de-
generative diseases [1]. Highly oxidized cellular milieu has been a
common denominator for cardiovascular disorders like endothelial
dysfunction, hypertrophy, myocyte loss, ischemia reperfusion in-
jury and heart failure [2–4]. However, alleviating those conditions
by antioxidants have largely been unsuccessful [5]. Recent years
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have seen paradigm shifts wherein apart from their deleterious
effects, reactive oxygen species (ROS) have been accepted as the
bona fide mediators of normal physiological signals [6]. The exact
regulatory roles of the two prevalent reactive species, superoxide
(O2

��) and hydrogen peroxide (H2O2) in cardiovascular biology
have only emerged as a result of recent research [7,8].

Superoxide is generated in distinct cellular locations from
NAPDH, xanthine and monoamine oxidases; uncoupled nitric
oxide synthases and mitochondrial electron transport complexes.
Upon enzymatic dismutation, it is converted to H2O2, a signaling
molecule [9]. Notably, the consequences of the generation of re-
active species not only depend upon their concentration and the
duration of generation; but also on their locations in subcellular
microdomains, surrounding antioxidant system, presence of heavy
metals, and other physicochemical parameters like pH [10,11].
Based upon these determinants, reactive species may lead to the
oxidation of cysteine thiols to sulfenic, sulfinic and sulfonic acids;
formation of intra/intermolecular disulfide bonds; S-nitrosylation;
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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S-glutathionylation; nitration of tryptophan and tyrosine; hydro-
xylation of proline and arginine etc. Such modifications affect the
conformation, stability and function of respective proteins with
diverse consequences [12,13]. Although a large number of studies
suggest the importance of the source(s) and spatio-temporal dis-
tribution of ROS in determining the pathobiological outcomes,
very little insight as to their mechanisms of actions is known even
now [14].

The responses of the cardiovascular system to diverse patho-
physiological cues are highly complex, both in terms of clinical
manifestations as well as the changes in molecular and biochem-
ical parameters. It has now become evident that many well char-
acterized modes of cellular responses including phosphorylation–
dephosphorylation, subcellular trafficking, mRNA–protein turn-
over, redox-based modifications of cellular proteome etc also play
an important role in the development of cardiac hypertrophy and
heart failure [15]. In ex vivo myocytes as well as in whole heart
stimulated with various pathophysiological agonists, the targets of
ROS dependent modulation are as diverse as the signaling kinases
(like Raf, MEK, ERK, PKA, PKG and CaMKII), sarcolemmal Naþ/
Caþ þ exchangers, Naþ and L-type Caþ þ channels, ryanodine re-
ceptor, myofilaments, transcription factors and epigenetic reg-
ulator HDAC [16–20].

Norepinephrine (NE) released from the sympathetic nervous
system and its cognate receptors (α and β adrenergic, with mul-
tiple subtypes) play a critical role in cardiac performance and
homeostasis [21,22]. Ex vivo cardiac myocytes upon limited adre-
nergic stimulation (r10 mM NE) elicit hypertrophic response,
while a higher dose (Z50 mM NE) induces apoptosis, providing a
framework of a comparative analysis of two distinct responses
culminating to a common pathology i.e., heart failure [23–25].
Number of laboratories have attributed ROS as the common de-
nominator of both the responses [26–28].

We have been investigating the role of ROS in differential
adrenergic signaling in cardiac myoblasts as paradigmatic in un-
derstanding the redox biology of heart failure. Earlier we have
demonstrated that in H9c2 cardiac myoblasts, hypertrophic and
apoptotic responses elicited by NE are initiated by a low intensity
generation of ROS, followed by respective gene expression pro-
grams [24,29]. In the present study, we have extended those ob-
servations by investigating the nature and kinetics of ROS gen-
eration under the two treatments. We demonstrate that upon
stimulation by two different concentrations of NE, multiple ROS
are generated at comparable levels but with distinctive kinetics.
However, only the cells treated with the higher dose of NE leads to
DNA damage and cell death. Thus, both hypertrophic and apop-
totic responses are consequences of distinctive redox signaling
rather than of difference in threshold level of ROS generation. Our
study thus reinforces the concept that dynamic and distinctive
pattern of sustained ROS generation contribute to both hyper-
trophic and apoptotic responses, which are the two discrete arms
of heart failure.
Materials and methods

Cell culture

Rat H9c2 cardiac myoblasts (obtained from National Centre for
Cell Sciences, Pune, India; originally from ATCC, USA) were cul-
tured as monolayer in Dulbecco's modified Eagle medium (DMEM;
500 mg/l glucose, 2 mmol/l glutamine) supplemented with 10%
FBS (Sigma Aldrich, USA), 90 U/ml Penicillin, 90 mg/ml strepto-
mycin and 5 mg/ml amphotericin B in humidified, 5% CO2 con-
taining incubator at 37 °C.
Fluorescence imaging of ROS/RNS generation

H9c2 cells were grown on poly-L-lysine coated glass cover slips in
12 well plates to 70% confluence and kept in serum-free medium for
12–16 h followed by agonist treatment (2 and 100 mM of NE) in the
presence and absence of various ROS/RNS inhibitors for the requisite
period of time. Thirty minutes prior to imaging, cells were fed with
phenol red free DMEM, loaded with various fluoroprobes including,
DCFH-DA (5 mM: Sigma Aldrich), DHE (10 mM; Sigma Aldrich), HPF
(10 mM: Cayman Chemicals), PF1 (5 mM; synthesized in the laboratory)
in dark and kept in a CO2 incubator at 37 °C. Cells were then washed
with PBS and examined under Nikon Eclipse Ti-E fluorescence mi-
croscope using excitation and emission settings as specified in litera-
ture for respective probes. The mean intensity of fluorescence was
then measured by NIS-Elements software (Nikon).

Measurement of H2O2 generation

Generation of H2O2 was measured by horseradish peroxidase-
linked Amplex red fluorescence assay. Following treatment with
NE, the media was removed after due time and the cells were
washed with 1� PBS. The cells were then incubated with 10 mM of
Amplex red and 0.5 U/ml HRP (horseradish peroxidase) for 15 min
at 37 °C. Fluorescence of the supernatant was recorded in Spec-
tramax M2 plate reader (SpincoLab, USA) at 563 nm excitation and
587 nm emission wavelengths.

Estimation of hydroxyl radical generation

Generation of hydroxyl radical was estimated by measuring the
conversion of salicylic acid into 2,5-DHBA [30]. H9c2 cells were
treated with NE for appropriate duration and then loaded with
salicylic acid (100 mM). After 2 h, cells were homogenized with ice-
cold PBS (0.5 ml) and deproteinized by the addition of 10% per-
chloric acid containing 1 mM EDTA and 100 mM sodium pyr-
osulfite (1.5 ml). The deproteinized extracts were then centrifuged
at 9000g for 10 min at 4 °C and 1 M HCl (0.4 ml) was added to the
supernatant. The resulting solution was then extracted with 3 ml
diethyl ether by vertexing for 1 min. The organic phase was se-
parated by centrifuging at 3000g for 5 min, collected and evapo-
rated to dryness under vacuum. The dried residue was dissolved in
0.03 M citrate/acetate buffer, pH 3.6 (the mobile-phase) and ana-
lyzed by HPLC using a zobrax C18 column (150�4.6 mm, 1220
Infinity LC, Agilent technologies, USA). The flow rate was kept at
1.0 ml/min. The 2,5-DHBA was detected at a wavelength of 315 nm
and its content was expressed as nmol of DHBA/mmol of salicylic
acid. The assay was validated by the estimation of hydroxyl radical
generated by treating cells with 20 mM CuSO4 and 1 mM L-ascor-
bate at 37 °C for 4 h [31].

Synthesis of boronate based peroxyfluor1 (PF1) for detecting
peroxynitrite

PF1 was synthesized by palladium-catalyzed transmetalation of
fluoran1 in the presence of bis(pinacolato)diboron and potassium
acetate [32]. Efficacy and specificity of the probe was confirmed by
using SIN-1 (3-Morpholino-sydnonimine, Calbiochem), a specific in-
ducer of peroxynitrite and H2O2, a general oxidant (Fig. S1).

Flow cytometric determination of oxidative DNA damage and
apoptosis

Apoptosis and DNA damage were analyzed using the Apoptosis,
DNA Damage, and Cell Proliferation Kit (Cat. No. 562253, BD
Biosciences, USA). The cells were harvested by trypsin treatment,
fixed and permeabilized using BD Cytofix/CytopermTM Fixation/
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Permeabilization solution. Finally, washing was done using BD
Perm/WashTM Buffer. Intracellular staining was done with Alexa
Fluors 647 Mouse Anti-H2AX (pS139), PE Anti-Cleaved PARP
(Asp214) antibodies. For the flow cytometric analysis, cells were
resuspended in 0.5 ml of staining buffer (3% fetal bovine serum in
PBS). Data acquisition and analysis were performed on a flow
cytometer (BD FACSCalibur™ Flow Cytometer System) with dual
laser. Data were presented by using the software provided with
the flow cytometer by the manufacturer.

Estimation of 8-hydroxy-2′-deoxyguanosine

Following the NE treatment for appropriate duration, the genomic
DNA was extracted in 100 mM NaCl, 10 mM TrisCl (pH 8.0), 25 mM
EDTA, 0.5% SDS and 0.2 mg/ml Proteinase K. The content of oxidative
DNA adduct 8-OH-dG was then estimated by competitive in vitro
ELISA using anti-8-OH-dG monoclonal antibody [33].

Assay of catalase activity

Following treatment with 2 and 100 mM NE, cells were washed
with ice-cold PBS and lysed in 50 mM potassium phosphate buffer
(pH 7.8) using Branson ultrasonic cleaner (USA). The supernatant was
then used as the source of catalase and the activity was measured by
the method originally described by Beers and Sizer [34]. The assay
reaction contained 50mM potassium phosphate buffer (pH 7.8),
30 mM H2O2 and �300 mg of protein in a total volume of 1.0 ml
which measured the removal of hydrogen peroxide at 25 °C in a
spectrophotometer (Cary 100 BIO UV Spectrophotometer, Sunnyvale,
CA) at 240 nm wavelength. Activity was calculated using the formula
described by Weydert and Cullen [35] and it was expressed as mU/mg
protein. One unit is the amount of catalase necessary to decompose
1.0 mM of H2O2 per minute at pH 7.8 at 25 °C.

Assay of superoxide dismutase activity

Superoxide dismutase activity was estimated by measuring the
inhibition of autoxidation of pyrogallol by the enzyme [36]. NE
treated cells were harvested at different time points and lysed in
20 mM Tris (pH 8.2) using Branson ultrasonic cleaner (US). Total
SOD activity in the cell extract was measured in 50 mM Tris, pH
8.2; 100 mM EDTA; 8 mM pyrogallol (prepared in 1 mM HCl) and
�300 mg protein. Autoxidation of pyrogallol was monitored for
5 min at room temperature using a UV–visible spectrophotometer
(Ultrospec 21000pro, GE Healthcare Life Sciences, UK) at 420 nm.
To calculate SOD activity, percentage of inhibition was determined
using the following formula: % inhibition¼[(control rate�sample
rate)/(control rate)] n100.

Statistical analysis

Statistical analyses were performed using GraphPad Prism, PC
version 5 (GraphPad software) or Sigma Plot, PC version 12.0. Data are
expressed as mean7SEM. Each experiment was performed at least in
triplicate unless otherwise specified. Statistical analyses were also
performed using one-way ANOVA, t test, followed by Tukey's post hoc
test. Values of Po0.05 were considered statistically significant.
Results

Repertoires of ROS generated by the hypertrophic and apoptotic doses
of NE are quantitatively comparable but qualitatively different.

We had previously demonstrated that immediately (r30 min)
after treatment with 2 and 100 mM NE (hypertrophic and apoptotic
doses respectively), H9c2 cardiac myoblasts induce low intensity
ROS (DCFH sensitive) at a comparable level followed by cognate
responses after 24 and 48 h respectively [24]. To connect the status
of ROS vis-à-vis the two distinct outcomes, we monitored the ki-
netics of ROS generation for the entire duration.

Cells were kept in serum free medium overnight and treated
with 2 and 100 mM NE. At different time intervals, cell permeable
redox sensitive dye DCFH-DA (2′-7′-dichlorodihydrofluorescein
diacetate) was added, followed by imaging after 30 min. As shown
in Fig. 1A, in agreement with our previous observations; im-
mediately after NE treatment, moderate increase in ROS levels
(vis-à-vis untreated control) were seen in both 2 and 100 mM NE
treated cells until 2 h. Thereafter, DCF fluorescence tapered off
under both treatments but again picked up at 24 h onwards only in
100 mM NE treated cells. Such resurgence of ROS generation sug-
gests a second phase of redox signaling followed by apoptosis.
Faintly visible signals were also seen in controls cells at later time
points, presumably due to ROS generation under sustained de-
privation of serum. these data thus suggest that since the level of
ROS generated under both condition are comparable, cells treated
with 100 mM NE might not undergo apoptosis because of oxidative
stress.

The chemistry of intracellular oxidation of DCFH is complex. It
has been suggested that being a hydrophilic molecule, it might not
penetrate all cellular compartments with equal efficiency [37].
Also, apart from getting directly oxidized by superoxide or hy-
drogen peroxide, it is oxidized by Fenton type and certain other
unspecific enzymatic reactions [38]. Therefore, although both
2 and 100 mM doses of NE induced comparable levels of DCFH
sensitive ROS, their nature, amplitude and sources is likely to be
different, thereby explaining two distinct downstream signaling.
To examine such possibility, cells were treated with NE and after
20 min (1 h readout) or 80 min (2 h readout), three different ROS
quenchers i.e., Catalase, MnTmPyP (a SOD mimetic) and DPI (in-
hibitor of flavoenzymes including NADPH oxidase) were added.
DCFHDA was then added after 20 min and imaging was done after
20 more minutes. As shown in Fig. 1B, treatment with DPI com-
pletely inhibited the fluorescence for both treatment sets at either
time points. Catalase had no effects on fluorescence in 2 mM NE
treated cells at 1 h while partially (�50%) inhibiting it at 2 h. In
100 mM NE treated cells, catalase completely suppressed ROS
generation at both time points. MnTmPyP substantially increased
fluorescence levels in untreated cells, did not affect it in 2 mM NE
treated cells at 1 h but partially inhibited it at 2 h. MnTmPyP
slightly inhibited it in 100 mM NE treated cells at both time points.
Although such differential inhibition of DCFH fluorescence does
not reveal the exact nature and quantity of ROS generated, it
strongly suggests that their repertoire (H2O2, superoxide and other
subspecies) are quite different and dynamic (temporally) across
the two treatment sets.

Depending upon the stimuli superoxide and hydrogen peroxide
can be generated both intra- and extracellularly which then enter
into the cell inducing signals [39,40]. We tested whether either
doses of NE generates extracellular hydrogen peroxide as a de-
terminant of cognate responses. As shown in Fig. 1C, 1 h after
treatment with 2 mM NE, extracellular hydrogen peroxide level
increased by �50% and remained high for 8 h, the last time point
tested. In contrast, 100 mM NE treated cells showed a gradual de-
crease in H2O2 secretion that reached �50% to that of baseline in
8 h. The steady state level of hydrogen peroxide is under homeo-
static control involving SOD, catalase, and glutathione/thioredoxin
peroxidases. Such increase in H2O2 level in 2 mM NE treated set
suggests an alteration in their dynamics and further investigation
will be needed for its elucidation. Nevertheless, the concentrations
of H2O2 are in nM scale and it is likely to have signaling functions.

We also compared the extent of superoxide generation under
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the two sets of NE treatments. Dihydroethidium (DHE) is a widely
used cell permeable fluoroprobe for superoxide. Upon oxidation in
cytosol, it is converted into 2-hydroxyethidium (2-OH-Eþ), which
intercalates with the genomic DNA and the nucleus becomes
fluorescent red. When NE treated cells were probed with DHE,
both the treatment sets showed nuclear fluorescence as expected.
However, in the 2 mM NE treated cells, the fluorescence was in-
creased �1.2–1.4 fold as compared to the 100 mM NE treated set
(Fig. 1D). Noticeably, in both sets, fluorescence was higher at the
10 min time point, which tapered off at 20 min. Although the
oxidation of DHE by superoxide is well characterized in vitro, in
the intracellular milieu, transition metal ions and other interfering
oxidants lead to the generation of related sub-species with over-
lapping fluorescence spectrum [41]. We thus confirmed its identity
by quenching with MnTmPyP, a SOD mimetic. Noticeably, it was
substantially (�70–80%) quenched at all time points except at
30 min (�40%) suggesting the existence of some other subspecies.
Nevertheless, comparable levels of nuclear fluorescence (albeit
with different intensities) are proof that under two treatment sets,
difference in superoxide generation is subtle and nuanced rather
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treatment conditions, the intensity of maximum fluorescence seen
in the two treatment sets (i.e., at 24 h for 2 mM NE and at 16 h for
100 mM NE) was largely comparable, although their time kinetics
differed. Under 2 mM NE treatment, the fluorescence intensities
were high at 4, 24 and 48 h time intervals and it was low at the 8,
16 (lowest) and 36 h intervals. On the contrary, in 100 mM NE
treated cells; highest fluorescence was seen at 8 and 16 h but it
was low at 4, 24, 36 and 48 h. Such oscillation was consistently
seen in repeated experiments done with two different stocks of
cells and by two independent workers. It is thus anticipated that
the HPF fluorescence is due to a dynamic generation of redox
species involved in cell signaling rather than causing oxidative
stress (also in agreement with the reappearance of DCFH fluor-
escence in 100 mM NE treated set).

We then examined to what extent the HPF fluorescence can be
attributed to peroxynitrite and/or hydroxyl radicals. Salicylic acid
is a trapping agent for hydroxyl radical which converts it into di-
hydroxylated products 2,3-; 2,5-dihydroxybenzoic acid (DHB) and
catechol; assayable by HPLC [46]. As shown in Fig. 2B, treatment
with both doses of NE showed a slow but sustained increase in
hydroxyl radical generation until 48 h when the net increase was
�3 fold. Nevertheless, though it was slightly higher in 100 mM NE
treated set, especially at later time points; the difference did not
appear to be substantial enough to be attributed to apoptosis in-
duced by the higher dose of NE. We also tested whether the HPF
fluorescence could be due to peroxynitrite generation. PF1 is a cell
permeable boronate based probe specific for peroxynitrite. Since it
is not commercially available, we synthesized it in the laboratory
following the accepted published methodology [47] and confirmed
its authenticity as shown in Supplemental Fig. S1. As shown in
Fig. 2C, H9c2 cells without any NE treatment showed a baseline
fluorescence with PF1 at all time points tested until the 32 h mark
that receded from then on, until the 48 h mark. However, neither
of the NE treated sets (2 and 100 mM) showed any increase in
fluorescence. These two sets also showed a tapering off of fluor-
escence after 32 h like the untreated control. Therefore, HPF
fluorescence induced by NE cannot be attributed to the generation
of peroxynitrite. We also confirmed this observation by western
blot analysis of cell lysate (2 and 100 mM NE) using nitrotyrosine
antibody but could not detect any signal (data not shown). Since
above assays did not unambiguously identify the reactive species
responsible for the HPF fluorescence, we also tested the effects of
specific ROS/RNS quenchers like DMSO, a quencher of hydroxyl
radical and cPTIO, a scavenger of nitric oxide [48,49]. As shown in
Fig. 2D, in cells treated with 2 mM NE for 4 h, HPF fluorescence was
quenched by both DMSO and cPTIO. Similarly, in cells treated with
100 mM NE for 16 h, both DMSO and cPTIO fully quenched the HPF
fluorescence. These two time points were chosen because the HPF
fluorescence were maximum as well as exclusive for the respective
doses of NE (Fig. 2A). Nevertheless, at other time points also, HPF
fluorescence was quenched by cPTIO and DMSO (data not shown).
Hence, the HPF fluorescence induced by NE is likely to be due to
the generation of both hydroxyl radical and some unspecified re-
active nitrogen species.

Oxidative DNA damage occurs only in cells undergoing apoptosis

DNA damage is a major reason for cells undergoing apoptosis
under oxidative stress [50,51]. Flow cytometric analysis of H2AX
phosphorylation at Ser-139 along with PARP cleavage is a reliable
method for monitoring DNA damage induced apoptosis [52]. We
performed flow cytometric analysis of H2AX phosphorylation and
PARP cleavage, with cells treated with 2 and 100 mM NE. As shown
in Fig. 3A, 30 h onwards, 100 mM treatment set had a higher pro-
portion of cells positive for H2AX phosphorylation and PARP
cleavage and at 40 h, it reached the maximum level. these data
suggest that although both treatment sets showed comparable
level of ROS/RNS generation (Figs. 1 and 2), DNA damage and
apoptosis was prevalent in cells treated with only the higher dose
of NE.

Formation of 8-hydroxy-2′-deoxyguanosine (8-OH-dG) is one
of the consequences of hydroxyl radical generation and has often
been used as a marker for cardiac oxidative stress and its ameli-
oration by β-blockers [53–55]. Results shown above confirm DNA
damage in 100 mM NE treated cells although the nature of ROS/
RNS involved remains ambiguous. We thus measured the forma-
tion of 8-OH-dG if any, in cells treated with NE. As shown in
Fig. 3B, while a significant increase in 8-OH-dG was observed in
100 mM NE treated cells, a decrease (vis-à-vis untreated control)
was observed under treatment with 2 mM NE. It is possible that in
untreated control, since cells are kept under serum free medium
during the course of the experiment, low intensity generation of
oxidants might cause mild DNA damage (followed by slow in-
duction of apoptosis later). Being immortalized, H9c2 cells upon
treatment with 2 mM NE undergo proliferation along with the in-
duction of certain markers of hypertrophy [24]. Therefore, fol-
lowing treatment with 2 mM NE, it probably removes 8-OH-dG
prior to replication [56]. Similar but lesser decrease in 8-OH-dG
content was also seen in cells treated with 100 mM NE only until
16 h and thereafter, �7 fold increase in 8-OH-dG content was seen
until 48 h (followed by the onset of apoptosis). Subsequent de-
crease in 8-OH-dG content at 60 and 84 h time points represented
cells (�20% of initial population) that survive apoptotic insults (a
recurrent observation made over the years). These results, taken in
conjunction with the HPF/DCFH imaging and H2AX phosphoryla-
tion/PARP cleavage strongly suggest that although comparable
levels of multiple ROS/RNS are generated in 2 and 100 mM NE
treated cells, DNA damage and apoptosis occurs only in those
treated with the higher dose of NE.

Higher dose of NE decreases catalase but increases SOD activity

After the generation of ROS, various antioxidant enzymes like,
CuZn/Mn superoxide dismutase (SOD), glutathione peroxidase and
catalase attenuate them, preventing oxidative injury. Under cer-
tain experimental setups, a decrease in their activities has been
associated with pathological consequences. In experiments on
rats, sustained low-level administration of isoproterenol leads to a
reduction in cardiac CuZn-SOD but no change in Mn-SOD, catalase
and glutathione peroxidase [57]. Since the levels of various ROS in
2 and 100 mM NE treated cells did not show any appreciable dif-
ferences in their profile, we investigated the activities of two
widely used antioxidant enzymes, SOD and catalase, to see if their
levels dropped significantly in cells undergoing apoptosis (100 mM
NE treated cells). As shown in Fig. 4A, both doses of NE caused
modulation of catalase activity. In cells treated with the lower
dose, a slight decrease in activity was seen at the 8 h mark, fol-
lowed by a small increase at 16 h. There was a spike (�85%) at
36 h, followed by a decrease at 48 h. In cells treated with 100 mM
NE, a gradual decrease in catalase activity down to 50% was ob-
served until 48 h. Changes in total SOD activity was also seen
under both treatment conditions, but to a lesser extent (Fig. 4B). In
2 mM NE treated cells, it slightly increased at 8 h, reduced from 16
to 24 h and then got restored to the control level. In cells treated
with the higher dose of NE, a slight increase in SOD activity was
seen initially at 8 h, followed by a steady level until 24 h. There-
after, a sharp increase (�100%) in activity was seen until 48 h.
Such an up- and down-regulation of cardiac SOD has also been
reported in rats injected with NE for 30 days [58]. Taken together,
these results suggest a perturbation in catalase and SOD activities
in NE treated cells, but this could not be attributed to any pre-
ferential loss of antioxidant levels in cells undergoing apoptosis.



Fig. 3. Oxidative DNA damage and apoptosis occurs only in cells treated with 100 mM NE. (A) H9c2 cells were treated with 2 and 100 mM of NE and cells were harvested and
analyzed for oxidative DNA damage and apoptosis measuring cleaved PARP (Asp214) and phosphorylated H2AX at serine (S139) (upper panel). Fold changes in mean
fluorescent intensity is shown in the lower panel. (B) H9c2 myoblasts were treated with 2 and 100 mM NE. Cells were harvested at various time points, genomic DNA was
isolated and then assayed for 8-OH-dG by competitive ELISA using monoclonal antibody specific for 8-OH-dG (33). Data represented 7standard error mean of three
independent experiments.
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Discussion

Heart failure is a multi-factorial condition by which cardiac
myocytes are progressively lost due to apoptosis. While limited
adrenergic stimulation induces myocyte hypertrophy, adrenergic
overdrive is the primary contributor towards myocyte loss. Studies
done with ex vivo myocytes suggest that both hypertrophic and
apoptotic responses induced by NE are a relatively slow process
(�24–48 h) wherein ROS is the common determinant. The precise
mechanism of such differential response elicited by ROS is un-
known [24,25].

Role of ROS in inducing apoptosis has long been documented.
Based on the cell type and stimuli, ROS might induce apoptosis
through multiple mechanisms [59]. Interestingly, increasing evi-
dences suggest that a large number of redox enzymes previously
thought to be involved in energy metabolism also contribute to
the intracellular redox homeostasis and therefore might be asso-
ciated with apoptotic responses [59].

In the present study, we examined the nature and the pattern
of ROS generation that leads to the proliferation vis-à-vis death of
cardiac myoblasts when treated with two different doses of NE (2
and 100 mM). Analysis of ROS generation by DCFH probe suggested
that immediately after NE treatment, low but comparable levels of
ROS is generated in both treatment sets. At later time points, cells
treated with only the higher dose showed a second phase of ROS
generation, also at a lower intensity. Thus, throughout the course
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Fig. 4. Higher dose of NE decreases catalase but increases SOD activity. (A) After NE treatment, cells were harvested and (A) catalase activity was assayed as described in
“methods section”. Activity was expressed as mU/mg of protein. Data are expressed as the mean7SEM of three independent experiments performed in duplicate. *Pr0.05:
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of progression towards hypertrophic and apoptotic responses, le-
vel of ROS generation in between the two sets did not appear to be
differential enough to accept it as “oxidative stress” in one setup
compared to the other. It thus reiterates our earlier conclusion that
at the onset, low intensity generation of ROS initiate signaling
processes that lead to hypertrophy and apoptosis after 24–48 h
[24]. Interestingly, upon treatment with various quenchers of O2

��

and H2O2, there were subtle differences in the repertoire of ROS in
two treatment sets; which presumably contribute to the differ-
ential outcome further downstream. This observation gains sig-
nificance in the context that reactive species are involved in
modulating a number of kinase signaling pathways. Based upon
the site of generation and the kinetics of their attenuation by
various cellular antioxidant systems, they modify specific thiol
residues of certain signaling proteins [26–29,60]. It is thus ex-
pected that future identification of those targets of NE induced
ROS will further enhance our understanding of differential adre-
nergic signaling in cardiac myocytes.

Since the primary objective of this study was to identify the
reactive species, if any, directly responsible for the oxidative da-
mage followed by apoptosis; we further examined whether per-
oxynitrite or hydroxyl radicals could be a candidate. Amongst
various reactive nitrogen species, peroxynitrite is a highly reactive
and has been widely attributed to apoptosis [42]. Available lit-
erature suggests that HPF is oxidized only by highly reactive
species such as the peroxynitrite, hydroxyl radical and those
generated from a peroxidase/H2O2 system [44]. We observed
comparable levels of sustained HPF fluorescence in cells treated
with either doses of NE, albeit with differential kinetics. However,
peroxynitrite specific probe PF1 showed no peroxynitrite genera-
tion in both treatment sets, while both treated and untreated cells
showed baseline fluorescence. Paradoxically though, the HPF
fluorescence were partially susceptible to the scavenger of nitric
oxide, suggesting the presence of some other yet to be identified
reactive nitrogen species. Independent estimation of hydroxyl ra-
dical also showed an increased generation under both treatment
sets, hence suggesting its contribution in HPF fluorescence as well.
However, regardless of the nature of ROS/RNS involved, HPF
fluorescence could not explain the differential response by the two
doses of NE. It would be of future interest to see how NE generates
those highly reactive species in both treatment conditions leading
to two different responses i.e., proliferation and apoptosis.

To further substantiate our hypothesis that low but distinctive
repertoire of moderate as well as highly reactive species leads to
the deleterious effects only in 100 mM NE treated cells, we
measured the extent of DNA damage and apoptosis, if any, under
both treatment conditions. Phosphorylation of the histone variant
H2AX, concurrent with the PARP cleavage; the hallmarks of oxi-
dant induced apoptosis was seen only in 100 mM NE treated cells.
Such observation was then reinforced by demonstrating that DNA
base modification (8-OH-dG) occurs only in apoptotic cells. For-
mation of 8-OH-dG has long been studied in the contexts of su-
peroxide, H2O2, hydroxyl radical and peroxynitrite generation
[53,61]. Significant increase in 8-OH-dG content only in 100 mMNE
treated cells strongly suggested the selective damaging effects of
those radicals which were not detrimental in case of a lower dose
of NE treatment. Finally, although we observed that in cells un-
dergoing apoptosis; the level of catalase declined over time, it
might not cause the collapse of antioxidant defense, as there was
also a robust increase in SOD levels in those cells. Taken together,
these data unequivocally suggests that rather than a generalized
surge in ROS, discrete redox dynamics induces hypertrophy and
apoptosis in cardiac myocytes under adrenergic stress. Further
experimentation will be required for establishing the biochemical/
proteomic basis of such differential effects of ROS/RNS axis in
eliciting those responses.
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