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Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. An estimated
~17.3 million people died from CVDs in 2013, which represents 31% of all global deaths.
By 2030, the number is expected to grow to >23.6 million. CVDs are a group of disorders
of the heart and blood vessels that include coronary (ischemic) heart disease, rheumatic
heart disease, hypertension, diseases of pulmonary circulation, stroke, atherosclerosis and

other arterial diseases etc (Mozaffarian et al., 2016).

A. Sympathetic nervous system and heart failure

The final common pathway of many of the CVDs is heart failure. Heart failure is a
pathological condition in which there is impairment in the ability of the ventricle to fill
with or eject blood. It is thus unable to pump enough blood to meet the metabolic demands
of the body. To preserve the cardiac output, the heart manifests a robust plasticity response
termed “cardiac remodeling”, which is a complex series of structural and functional
reorganization leading to changes in shape and volume of the heart. Cardiac remodeling
involves altered transcriptional, electrophysiological, and signaling activities. Although,
initially these changes are compensatory but eventually it becomes part of the disease
process itself, further worsening the cardiac dysfunctions (Figure 1) (Hill & Olson, 2008;
Burchfield et al., 2013).

Among the compensatory neurohumoral mechanisms, activation of sympathetic nervous
system (SNS) and inhibition of parasympathetic nervous system (PSNS) have long been
attributed to cardiac dysfunctions. The sympathetic and parasympathetic systems
(collectively termed autonomic nervous system [ANS]), work in a fine-tuned, yet opposing
fashion in the heart (Lymperopoulos et al., 2013). The contrasting effects are mediated by
release of catecholamines such as norepinephrine (NE) and epinephrine (EPI).
Sympathetic nerve endings release NE directly into the synaptic cleft while chromaffin
cells of adrenal medulla synthesize, store and release EPI and NE predominantly upon
stimulation. NE transporter 1 recycle ~80% of NE released by the synaptic nerve endings
and the remainder clears into circulation. In response to increased cardiac load, there is
increased release and decreased uptake of NE at nerve endings, thus help maintaining the
cardiac output. However, long term SNS hyperactivity may account for further increase in
cardiovascular risk (Leineweber et al., 2002; Triposkiadis et al., 2009; Florea & Cohn,
2014). Plasma NE level provides a better index of cardiac performance and ~50-fold
increase in NE spillover is found in heart failure patients. Increased circulating NE may

result in hypertension, myocardial infarction, shock and multisystem failure (Meredith et
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Figure 1. Paradigm of left ventricular remodeling: Moderate stress triggers
compensatory hypertrophic response, which eventually may lead to heart failure under

prolonged stress.

Adapted from Berry et al., (2007) Drug Discovery Today: Disease Models
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al., 1993; Morris et al., 1997; Grassi et al., 2009; Prejbisz et al., 2011). Evidences also
suggest significant downregulation in SNS activity at certain stages in heart failure. A
reduction of approximately 30% in NE level along with a decreased density of sympathetic
nerve endings and impaired NE reuptake has been reported in heart failure (Kimura et al.,
2010; Baker, 2014).

B. Adrenergic Receptors in cardiac function and heart failure

The interface between the SNS and cardiac function is formed by the adrenergic receptors
(ARs) that are responsive to the endogenous catecholamines (Capote et al., 2015). ARs
belong to the superfamily of integral membrane proteins known as G-protein-coupled
receptors (GPCRs) and are involved in pathophysiology of cardiac functions. GPCRs are
comprised of seven conserved transmembrane a-helices, an extracellular amino terminus
and an intracellular carboxyl terminus. A wide variety of extracellular signals such as
ambient physical and chemical stimuli, endogenous hormones, neurotransmitters and
growth factors, as well as exogenous therapeutic agents initiate the transmembrane
signaling by GPCRs. Following ligand (hormones or neurotransmitters) binding, there is
a conformational change in the GPCRs that in turn causes coupling with guanine
nucleotide regulatory proteins (G-proteins) (Lefkowitz, 2000; Pierce et al., 2002; Salazar
et al., 2007).

G-proteins are heterotrimeric proteins comprising of a, 8, and y subunits. Coupling with
GPCR induces exchange of G-protein-bound GDP for GTP, followed by its dissociation
and resulting in active Go and Gy subunits. According to their amino acid sequences and
function, Ga subunits are classified into four subfamilies viz., Gas (stimulatory), Goi
(inhibitory), Goq and Ga12. Receptors coupled to Gs, Gi, Gaq and Ga12 proteins lead to
the activation of adenylyl cyclases (ACs), inhibition of ACs, activation of phospholipase
C B (PLC P) and the activation of Rho guanine nucleotide exchange factors (Rho GEFs)
respectively (Neves et al., 2002; Galés et al., 2005; Boularan & Kehrl, 2014). These
intracellular effector molecules in turn regulate the concentration of second messengers
(cCAMP; cyclic adenosine monophosphate, IP3; inositol 1,4,5-triphosphate, DAG;
diacylglycerol) followed by the activation of a number of different downstream signaling
molecules, including protein kinase A (PKA) and protein kinase C (PKC). The dissociated
GPBy subunit targets a range of signaling pathways involved in desensitization and
downregulation of receptors, apoptosis, and ion-channel activation. Apart from canonical

G protein signaling, GPCR activation also mediates G protein-independent signaling
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through B-arrestin, which was originally identified for its role in receptor desensitization
and internalization (Salazar et al., 2007; Tilley, 2011).

Based on pharmacological properties, the AR family is comprised of nine subtypes: three
al-ARs, three a2-ARs and three B-ARs. About 90% of ARs in the human heart is
represented by B-ARs and ~10 % by al-ARs (Bylund et al., 1994; Montgomery et al.,
2017).

B.l. a- Adrenergic Receptors

al-ARs are the most abundant a-ARs in the heart, located in cardiac myocytes and in the
coronary vasculature. In contrast, a2-ARs are of much lower abundance and are located
within the coronary microvasculature and on nerve terminals to mediate presynaptic
inhibition of NE release. al-ARs are further divided into three subtypes; alA-AR, alB-
AR, and alD-AR. While alD-AR is absent in cardiac myocytes at protein level, the
abundance of a1B-AR is ~ 2- to 4-fold higher than that of a1 A-AR. al-ARs couple to the
Gq proteins to activate downstream signaling pathways. Both a1 A- and a1 B-AR subtypes
localize and initiate signal at the nuclear membrane towards the plasma membrane
(“inside-out” signaling). (Turnbull et al., 2003; Wright et al., 2008; O’Connell et al.,
2014).

A large number of studies involving the molecular events underlying a1-AR induced
cardiac hypertrophy and heart failure have suggested its role in mediating adaptive
physiological hypertrophy and playing a protective role in the stressed heart. The
conventional a1-AR-Gq/PLC/calcium pathway induces calcineurin-mediated activation of
NFAT (nuclear factor of activated T-cells) and calcium calmodulin-mediated nuclear
export of class Il HDAC; both contributing to heart growth (Pu et al., 2003; Backs et al.,
2006; Bossuyt et al., 2008). Cardiomyocyte growth is also promoted through the Gq
mediated activation of ERK1/2, INK, and PKC-PKD (Xiao et al., 2001; Braz et al., 2002;
Wright et al., 2008). Further, receptor interaction with G12/13 proteins activate RhoA
signaling leading to receptor-induced cytoskeletal reorganization and the activation of
certain key transcription factors like GATA-4 followed by enhanced fetal gene expression
(Liang, De Windt, et al., 2001; Liang, Wiese, et al., 2001; Suzuki, 2011). Also, the
activation of the transcription factor NF-kB through a mechanism involving AKAP-Lbc
and RhoA leads to the production of interleukin-6, a pro-inflammatory cytokine
contributing to cardiac hypertrophy. a1-AR stimulation in isolated heart induces “ischemic
preconditioning”, thus preventing ischemia—reperfusion induced cell death (Banerjee et
al., 1993; Lanzafame et al., 2006; Amirahmadi et al., 2008). Study of alA/al1B double

3
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knockout mice showed a pronounced decrease in postnatal heart size and increased
mortality under pressure overload marking the importance of al-ARs to maintain heart
function. Also, alA/alB double knockout mice derived cardiomyocytes exhibit more
pronounced necrosis after exposure to a number of toxic stimuli (McCloskey et al., 2003;
O’Connell et al., 2003, 2006; de Lucia et al., 2014).

B.1l. B- Adrenergic Receptors

B-ARs are divided into three subtypes- B1, B2 and B3. Of these, B1-AR is the predominant
subtype in heart representing ~80% of receptor population. 2-AR comprise ~20% of the
B receptors in heart (primarily it is expressed in lung, kidney and blood vessels). B3-AR is
mainly found in adipose tissues and minimally in the heart. However in failing hearts, a 2-
to 3-fold increase in B3-AR has been reported (Bristow et al., 1986; Brodde & Michel,
1999; Moniotte et al., 2001; Tilley, 2011; Balligand, 2016). The principal agonists for all
the B-ARs are EPIl and NE, though their downstream signaling pathways and physiological
consequences are significantly different. Activation of B1-AR and to a lesser extent of B2-
AR exerts positive inotropic effect (increase in cardiac contractility), positive chronotropic
effect (increase in heart rate), positive lusitropic effect (increase in rate of relaxation) and
positive dromotropic effect (impulse conduction through the atrioventricular node). On the
contrary, stimulation of 2- and f3-ARs produces a negative inotropic effect, thus playing
as a “safety valve” during intense adrenergic stimulation. Upon stimulation, f1-AR
primarily couple to the Gs protein, while depending on the developmental or
pathophysiological state of the heart, f2-AR can be coupled to both Gs and Gi proteins
(Madamanchi, 2007; Najafi et al., 2016). Cardiac performance is tightly regulated via
PSNS and SNS to maintain the balance between the demands of the body and supply
(cardiac output). In heart failure, pathological remodeling of the heart results in decreased
cardiac output. In order to meet the demands of the body, the SNS is activated and the
released catecholamines increase contractile performance via stimulation of -ARs (Figure
2) (Esler et al., 1997; Triposkiadis et al., 2009). Although this phenomenon is beneficial
in the acute phase, chronic B-ARs stimulation via sustained and elevated catecholamines
level leads to severely irregular B-AR signaling cascades. This is reflected by the decrease
in the B1-AR levels by 50% (B2-AR levels remain constant), a sharp induction (up to
200%) in the level of Gai and significant elevation in G-protein-coupled receptor kinase-
2 (GRK2) activity, further worsening the development of heart failure. Studies using

transgenic mice models have reported that the cardiac specific overexpression of B1-AR
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Cardiac ANS
Nerve Terminal

Figure 2. Autonomic nervous system (ANS) in heart pathophysiology: ANS
activation translate into the release of catecholamines (NE, norepinephrine; EPI,
epinephrine) from sympathetic nerve terminals and adrenal medulla. These
catecholamines bind to the cardiac adrenergic receptors and .increase the contractile
performance of the heart. NET (NE transporter) recycle the NE released from the nerve
endings. GRK2 (GPCR Kkinase-2) desensitize the adrenergic receptor to prevent the

persistent receptor stimulation.

Adapted from Lymperopoulos et al., (2013) Ciculation Reserach
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by 5-15 fold leads to the development of dilated cardiomyopathy (DCM) and heart failure
at young age, reiterating the view that increased p1-AR is ultimately detrimental to cardiac
function. On the other hand, cardiac specific overexpression of f2-AR showed improved
basal contractility and cardiac function with minimal pathology. Further, B1-AR knockout
mice were largely embryonically lethal while that of B2-AR knockout showed no
significant difference in cardiovascular phenotype suggesting that B1-AR is the dominant
B-AR involved in the cardiac contractility (Milano et al., 1994; Chruscinski et al., 1999;
Engelhardt et al., 1999; Madamanchi, 2007; Baker, 2014). f2-AR signaling via Gi protein
enhances heart failure as it attenuates the positive inotropic effects of B1-AR stimulation.
In B2-ARs knockout mice, chronic stimulation with isoproterenol (B-AR agonist)
displayed enhanced myocyte apoptosis and thus mortality. In summary, chronic f1-AR
signaling have cardiotoxic effects while chronic B2-AR signaling exert cardioprotective
effects in heart failure, although the effects also depend on the underlying diseases (Woo
& Xiao, 2012; Lymperopoulos et al., 2013).

Receptor desensitization

Persistent stimulation of ARs by catecholamines overwhelms the G-protein signal cycle
(active/inactive form) and prompt further negative feedback regulation of GPCR activity.
The receptor desensitization mechanism includes homologous and heterologous
desensitization. Homologous desensitization of receptors initiates within minutes of
agonist stimulation, through binding of GBy subunit of the activated G-protein with the
active form of GRK (Barak et al.,, 1999; Ferguson, 2001; Auman et al., 2002;
Madamanchi, 2007; Zhang & Kim, 2017). Seven isoforms of GRK (GRK1 to 7) are known
and GRK2 (also termed B-AR kinase 1 [BARK1]) is the most prominent cardiac isoform.
GRK3 and GRKS5 are also present in heart at a minimal level (Madamanchi, 2007). After
Gpy subunit binding, GRK2 translocates to the stimulated receptor and phosphorylate it at
the carboxy terminus. Heterologous desensitization of receptors involves phosphorylation
of receptor through its downstream signaling product (e.g. cCAMP) regulated kinase (e.g.
PKA). Unlike GRK, PKA phosphorylates both stimulated and unstimulated receptors.
Independent of phosphorylation mechanism, the phosphorylated receptor gets targeted to
bind B-arrestin which functionally uncouple the receptor from the G-protein. The affinity
of the receptor for AP2 and clathrin is increased via binding of B-arrestin resulting in rapid
receptor internalization via clathrin-coated vesicles and transportation to endosomes.

Under persistent receptor stimulation, the receptors can either be recycled back to the
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plasma membrane or be degraded in the liposome (Freedman et al., 1995; Claing et al.,
2002; Perry & Lefkowitz, 2002; Kelly et al., 2008).

GRK2 thus maintains the adequate cardiac output in the healthy myocardium via fine
tuning of adrenergic signaling. However, disturbed AR signaling in the injured and failing
heart results due to increased GRK2 activity followed by attenuation of B-AR
catecholamine sensitivity by receptor desensitization and downregulation. Enhanced
GRK2 expression has been associated with hypertension, cardiac hypertrophy, post-
myocardial infarction and heart failure. It is thus a potential biomarker of cardiac function
and it is an attractive therapeutic target for heart failure treatment (Lymperopoulos et al.,
2012; Reinkober et al., 2012).

C. Reactive oxygen species in cardiac function and diseases

Increased oxidative/nitrosative stress is one of the most evidenced marker of
cardiovascular diseases, including atherosclerosis, hypertension, cardiac hypertrophy,
heart failure, and ischemia-reperfusion injury (Belch et al., 1991; Hill & Singal, 1996;
Takimoto & Kass, 2007; Munzel et al., 2015). Oxidative/nitrosative stress is defined as
the pathological imbalance towards excess generation of reactive oxygen/nitrogen species
(RO/NS) relative to antioxidant defense, disturbing the “redox state” of a cell. RO/\S are
oxygen/nitrogen based chemical species which include free radicals such as superoxide
anion (O27), hydroxyl- (HO'), lipid- (ROO") and nitric oxide (NO') radicals as well as non-
radicals such as hydrogen peroxide (H20.), peroxynitrite (ONOQO") and hypochlorous acid
(HOCI). ROS scavenging systems/antioxidants, including superoxide dismutase (SOD),
catalase, glutathione peroxidase (GPx), and peroxiredoxin (Prx) tightly regulate the level
of ROS. Reduced pools of glutathione, glutaredoxin, and thioredoxin (Trx) is maintained
by NADPH-regenerating reactions, primarily the pentose phosphate pathway in the
cytosol and the activity of mitochondrial Ca?*-dependent Krebs cycle dehydrogenases
(Aon et al., 2010). RO/\S induce discrete, site specific and reversible modifications of
proteins that mediate spatially and temporally regulated redox signaling to generate crucial
effects. Oxidative/nitrosative stress causes cellular damage by free radical-induced
irreversible oxidation of lipids, proteins and DNA leading to changes in molecular
pathways and result in pathogenesis of several diseases, including neurological diseases,
cancer, heart diseases and so on. In the heart, redox signaling is involved in physiological
processes (e.g., excitation-contraction coupling [ECC], cell differentiation) stress response

pathways (e.g., adaptation to hypoxia/ischemia), pathological conditions (e.g., adverse
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cardiac remodeling, fibrosis) and cellular homeostatsis. Excess in R°/NS generation
disturbs a wide range of cellular events and therefore underpins cardiac dysfunctions such
as direct modification of proteins central to ECC, impairing the contractile functions,
activating a number of hypertrophic signaling kinases and transcription factors,
stimulation of fibroblasts proliferation and activation of matrix metalloproteinases
(MMPs) leading to extracellular matrix remodeling (Figure 3) (Vassalle et al., 2008; Elahi
et al., 2009; Tsutsui et al., 2011; Madamanchi & Runge, 2013; Byon et al., 2016).

C.l. Sources of ROS

The cellular sources of ROS production in heart are cardiomyocytes, endothelial cells and
neutrophils while that of subcellular sources include mitochondrial electron transport
chain (ETC), NADPH oxidases, xanthine oxidase and uncoupled nitric oxide synthases.
1. Mitochondria

About 30% of the cardiomyocyte volume is constituted by mitochondria which is a major
source of ROS. Mitochondria produce ROS through a single electron leakage in the ETC,
causing reduction of molecular oxygen (O2) to superoxide (O2"). Under normal condition,
approximately 2-5% of electrons escape to react with O> resulting in the production of
small quantities of ROS, which contribute to homeostatic redox signals and excess ROS,
if any, get detoxified by the endogenous scavenging enzymes like superoxide dismutase
and catalase. Electron leakage mainly occurs at the NADH dehydrogenase (complex I) and
CoQH2-cytochrome c reductase (complex I11) of ETC (Ide et al., 1999; Sawyer & Colucci,
2000; Kovacic et al., 2005; Burgoyne et al., 2012). Additionally, ETC-dependent ROS
production can couple to a transient opening of the mitochondrial permeability transition
pore (MPTP), thereby generating superoxide flashes, which may modulate local signaling
(Wang et al., 2008). In the failing heart, the enzyme activities in the mitochondrial ETC
decrease and the O>~ production increase. Moreover, under pathological conditions such
as ischemia or hypoxia, the availability of oxygen is reduced and the generation of ROS
increases, resulting in myocyte damage or myocardial infarction. Additionally, during
ischemia—reperfusion, MPTP opening can be triggered by ROS, leading to a burst of
further ROS release, which results in cell injury (Zorov et al., 2000; Perrelli et al., 2011).
Other sources of mitochondrial ROS include 2-oxoglutarate dehydrogenase, pyruvate
dehydrogenase, and flavoprotein acyl-CoA dehydrogenase (Brand, 2010). Mitochondrial
monoamine oxidase-A (MAO-A) enzymes are involved in oxidative deamination of

catecholamines resulting in the production of pro-hypertrophic neurotransmitters like NE
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Figure 3. Metabolism and biological effects of ROS: ROS is diverse group of
molecules generated from endogenous and exogenous sources. Several specific and non-
specific antioxidant defense system attenuates excess of ROS and maintains the redox
homeostasis. While ROS within a physiological range is necessary for normal function,

its over-production leads to oxidative stress with pathological consequences.

Adapted from Ma et al., (2010) Pharmacology and Therapeutics
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and serotonin along with H20.. In mice with pressure overload-induced heart failure,
MAO-A inhibitor clorgyline, or dominant-negative mutant of MAO-A reduces oxidative
stress, inhibits MMP and caspase-3 activation, thus ameliorating the contractile
dysfunction (Kaludercic et al., 2010, 2014).

2. Xanthine Oxidase

Of the two interconvertible isoforms of xanthine oxidoreductase i.e. xanthine oxidase
(XO0) and xanthine dehydrogenase (XDH), only XO generates ROS. Quantity and type of
ROS production depends on various conditions, e.g. during hypoxia, substantially more
H20> (than O2") is produced. Upregulation of XO has been seen in experimental models
of heart failure as well as in end-stage failing human myocardium (Cappola et al., 2001;
Borges et al., 2002; Vorbach et al., 2003; Tsutsui et al., 2011). Level of serum uric acid,
a product of XO, is increased during the development of heart failure and is used as a
diagnostics marker for the disease (Higgins et al., 2009; Harzand et al., 2012). Allopurinol,
a XO inhibitor, improves LV contractile function and myocardial efficiency in animal
models of heart failure. In addition, inhibition of XO by allopurinol in animals with
experimentally induced M1 significantly reduces adverse LV remodeling. A link between
XO and nNOS has been reported wherein XO-derived ROS increases under nNOS
deficiency (Ukai et al., 2001; Saavedra et al., 2002; Minhas et al., 2006; Schuchardt et al.,
2017).

3. Nitric Oxide synthase

There are three isoforms of nitric oxide synthase (NOS) of which neuronal (nNOS) and
endothelial (eNOS) isoforms are constitutively expressed in cardiomyocytes whereas
expression of the third isoform i.e., inducible NOS (iNOS) occurs under pathological
situations. Nitric oxide (NO) released from eNOS and nNOS play a crucial part in
myocardial contractile function (Grobe et al., 2006; Elahi et al., 2009; Simon et al., 2014).
NO-mediated nitrosylation of cysteine residues are involved in cell signaling cascades. In
the deficiency of essential NOS cofactor tetrahydrobiopterin (BH4), NOSs can uncouple
and generate O>", which in turn further degrade BH4 and thus act as an amplifier of ROS
generation (Schulz et al., 2008; Alkaitis & Crabtree, 2012). Reduced BH4 level and
uncoupling of eNOS is associated with LV dilatation and contractile dysfunction in mice
subjected to transverse thoracic aortic constriction (TAC). Further, if NOS are partially
uncoupled, O>"and NO may be concomitantly produced and they spontaneously combine
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and generate highly reactive peroxynitrite (ONOQ"). Peroxynitrite causes nitrooxidative
stress with deleterious effects on cell functions. Markers for NO-associated stress viz.,
total NO, 3-Nitrotyrosine, nitrite are elevated in failing hearts (Eleuteri et al., 2009; Cipak
Gasparovic et al., 2017).

4. NADPH Oxidases

NADPH oxidases (Noxes) are a family of membrane bound enzyme complexes, solely
dedicated for ROS generation. Nox was identified for its role in the respiratory burst-
dependent microbicidal activity (phagocytosis) in neutrophils (Bedard & Krause, 2007).
Later on, it became clear that the Nox involved in the phagocytosis is only one member of
the family of homologous enzymes and was termed Nox2. Noxes are present in a variety
of cell types including endothelial cells (ECs), vascular smooth muscle cells (VSMCs),
macrophages, adipocytes, stem cells, fibroblasts and cardiac myocytes (Bedard & Krause,
2007; Lassegue et al., 2012). The Nox family is comprised of 7 isoforms termed Nox1-5
and Duox1 and Duox2 (for Dual Oxidase), each encoded by separate genes. Each isoform
differs in requirement of additional partner subunits for activation, the mode of regulation,
tissue expression, types of ROS generated and physiological functions. For their
activation, one or more of the regulatory subunits; i.e., p22phox, p47phox, Noxol,
p67phox, Noxal, p40phox, and the major binding partner Rac is required. The conserved
catalytic subunit of Noxes comprise of six amino-terminus transmembrane a-helices
(helices 1-V1) connected by 5 loops (Biberstine-Kinkade et al., 2001). The cytosolic
carboxy-terminal moiety of all Nox contains one multimodular NADPH binding site and
a bimodular FAD binding site. Upon activation, 2 electrons are transferred from NADPH
to FAD and sequentially to the heme groups and finally to molecular oxygen, generating
O2~ (Figure 4 & 5). Availability of NADPH and FAD also regulate Nox activity and ROS
generation and this relationship between NADPH and ROS levels seems complex and
dependent on the Nox isoform and the subcellular localization (Sumimoto, 2008; Lasségue
etal., 2012). Although in cardiovascular tissues, Nox1, 2, 4 and 5 are expressed, Nox2 and
Nox4 are the predominant isoforms. They are involved in normal vascular and cardiac
function including cell proliferation, differentiation, contraction, migration and survival.
Upon acute or chronic upregulation, they are implicated in the development of
cardiovascular diseases such as hypertension, atherosclerosis, ischemia reperfusion injury,

cardiac remodeling, and heart failure. Nox5 is found only in higher mammals and adequate
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requirement
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distribution Cardiomyocytes fibroblasts fibroblasts
Intracellular Plasma membrane, Plasma membrane, ER, Perinuclear, Plasma membrane,
distribution Caveolae, Perinuclear, Nucleus, Intracellular
Endosomes, Nuclear pore Mitochondria, Focal
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Nox4 p22°phex
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EF-hands Transmembrane domains

Figure 4. NADPH oxidases isoform specificity: Nox display isoform specific activation
mechanism, cellular and subcellular distribution leading to diverse pathophysiological
function. It comprised of six transmembrane a-helices containing NADPH and FAD
binding site at the carboxyl-terminus. Nox activation involve assembly of isoform
specific regulatory subunits. The electron is transfereed from NADPH and FAD to

molecular oxygen via two heme groups to generate superoxide.

Adapted from Nabeebaccus A et al., (2011) Heart Failure Review
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information is not available for its function (Cave et al., 2006; Burgoyne et al., 2012;
Lasseégue et al., 2012; Zhang et al., 2013; Gray & Jandeleit-Dahm, 2015).

4.1. Nox2

Also known as gp91-phox, Nox2 is the first discovered member of the Nox family and has
been extensively studied in phagocytes. Non-phagocytic Nox2 activation is slower than
the phagocytic Nox2 and it produces substantially less ROS than the neutrophil complex.
It is present in endothelial cells, vascular smooth muscle cells, adventitial fibroblasts and
cardiomyocytes. It is localized at the plasma membrane, perinuclear space and nuclear
pores. In the resting state, Nox2 forms an inactive membrane complex with p22phox
termed cytochrome b558, whereas the cytosolic subunits p67phox, p47phox and p40phox
form a trimer. A number of stimuli including GPCR agonists (Angiotensin I, Endotelin-
1), growth factors, cytokines, mechanical and metabolic forces initiate the signaling
cascades involving Rac, p47phox and p40phox subunit activation followed by their
translocation to the membrane and association with the cytochrome b558 to form the active
holoenzyme (Hwang et al., 2003; Lasségue & Clempus, 2003; Pietrowski et al., 2011;
Lassegue et al., 2012). p47phox is termed as the “organizer subunit” of Nox2 since its
phosphorylation by kinases, such as PKC, PKD, PI3K, PLA2 and MAPKs actuate the
assembly of Nox2 (Ago et al., 2003). p67phox plays as an “activator subunit” and triggers
activation process upon binding to a specific domain of p47phox (Uhlinger et al., 1994).
The interaction of Rac with p67phox and Nox2 is promoted by GTP/GDP exchange on
Rac and is regulated by PI3K generated 3-phosphorylated phosphoinositides including
PIP3. PIP3 recruits several PH-domain containing activators of Rac to the plasma
membrane, such as the GEFs, P-Rex and VVavl (Diekmann et al., 1994; Welch et al., 2002;
Aguirre & Lambeth, 2010; Zhang et al., 2013).

Nox2 activation is implicated in the vessel contraction (through neutralization of NO by
O2~ and subsequent impairment in NO mediated relaxation), inflammatory response
(through release of IL-6, G-CSF, GM-CSF and MCP-1), EC proliferation (involving
p38MAPK and Akt), prevention of apoptosis (through inhibition of caspase 3/7 activity)
and in Angll/AT1R-induced senescence in endothelial progenitor cells (EPCs), thereby
suggesting cell and context specific regulation of Nox2 (Zhang et al., 2013; Murdoch et
al., 2014; Sirker et al., 2016). Nox2 is reported to be involved in Angll induced cardiac
hypertrophy, atrial fibrillation and interstitial fibrosis and the effect are attenuated in Nox2-

¥ mice. Parajuli et al. have reported the association of increased Nox2 levels with adverse
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Figure 5. Structural and molecular organisation of cardiac specific NADPH oxidase

isoforms: All Nox proteins form a complex with p22phox, but the cytosolic subunits
needed for their activation differ between the isoforms. While activation of Nox1 and
Nox2 require assembly with cytosolic factors to generate superoxide, Nox4 is

constitutively active isoform and generate primarily hydrogen peroxide.

Adapted from Brandes RP et al., (2014) Free Radical Biology and Medicine
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myocardial remodeling and increased oxidative stress in human dilated cardiomyopathy
(Parajuli et al., 2014). In Post-acute M1, Nox2 is up-regulated in the infarcted myocardium
and loss of Nox2 in mice is protective against LV dilatation, hypertrophy, apoptosis and
interstitial fibrosis, weeks after MI (Fukui et al., 2001; Looi et al., 2008; Bache & Chen,
2014).

4.2. Nox4

Nox4 is the most highly expressed Nox family member in the cardiovascular system. It is
localized in intracellular membranes viz., ER, mitochondria and nucleus, the perinuclear
space and at focal adhesions. Although Nox4 binds to p22phox subunit for its activity, the
cytosolic subunits are not required for the activation suggesting its constitutive activity
mostly regulated at the level of gene expression (Ellmark et al., 2005; Martyn et al., 2006;
Lassegue et al., 2012). Unlike Nox2, the predominant product of Nox4 is H2O> (Serrander
etal., 2007; Dikalov et al., 2008; Takac et al., 2011). H.O2 may even enhance NOS activity
and signaling, thereby inducing angiogenesis (Craige et al., 2011). A wide array of stimuli
such as TGF-B, TNF-a, IFN-y, urokinase, oscillatory shear stress, hypoxia, hyperoxia and
vascular injury, upregulate Nox4 suggesting that it mediates many different cellular
responses. Nox4 activation is implicated in proinflammatory responses, differentiation,
migration, proliferation, apoptosis, senescence and oxygen sensing (Ellmark et al., 2005;
Lee et al., 2006; Sturrock et al., 2006; Clempus et al., 2007; Basuroy et al., 2009; Lyle et
al., 2009; Murray et al., 2013; Sciarretta et al., 2013). Several studies have proposed the
role of Nox4 in pressure overload induced cardiac hypertrophy. However, it was reported
to have a protective role during chronic pressure overload through the induction of HIF-
VEGF signaling in cardiomyocytes, resulting in a higher myocardial capillary density.
Moreover, under the setting of starvation, NOX4 has been shown to enhance the
expression of cytoprotective genes (Kuroda et al., 2010; Sag et al., 2014; Sciarretta et al.,
2014; Nabeebaccus et al., 2015).

4.3. Nox1

Similar to Nox2, Nox1 also associates with p22phox to form a membrane-bound
cytochrome complex b558, whereas the cytosolic subunits p47phox and p67phox are
replaced by Noxol and Noxal respectively. In addition, Nox1 also requires Racl for its
activity like Nox2 (Banfi et al., 2003; Hanna et al., 2004; Lasségue et al., 2012).
Interestingly, Nox1 appeared to be activated in specific locations resulting in site specific
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Oz~ generation which rapidly converts to H.Oz: both inside and outside the cells by Ang-
I1, extracellular generation by muscarinic agonists; endosomal generation by IL-1p and
TNF-o (Dikalova et al., 2005; Szanto et al., 2005; Miller et al., 2007; Zhang et al., 2007,
2013). Further, chaperones Hsp90 and PDI also regulate Nox1 activity by mediating
protein folding and enzyme stability (Janiszewski et al., 2005; Chen et al., 2011). Nox1 is
involved in moderate physiological activity and has been implicated in multiple vascular
diseases, including hypertension, restenosis and atherosclerosis. However, due to its low
expression in cardiac tissues, its role in cardiac disease is poorly understood. Matsuno et
al. have reported Nox1 upregulation in endotoxin-induced apoptosis in cardiomyocytes,
thereby affecting the risk of mortality under systemic inflammatory conditions (Matsuno
etal., 2012). Following ischemic preconditioning, Nox1 level increases in the myocardium
and provide protective effects involving TNF-a expression and the activation of NF-xB
(Jiang et al., 2014).

C.11. Redox regulated signaling proteins and their targets:

The signaling effects of R%/NS (redox signaling) bring about site specific, discrete and
mostly reversible oxidation-reduction modifications in the cellular proteins. The effect is
accounted by its site of generation, particular species, local concentration, and cell
compartment-specific antioxidant pools.

Although O2™ are slow reacting radicals, they are involved in important signaling reactions
involved in growth factor and hormonal responses (Buetler et al., 2004). It also reacts
rapidly with NO to generate ONOO", which itself is a powerful oxidant. Most of the O™
get converted to H>O> either via SOD catalyzed reaction or spontaneously (Bedard &
Krause, 2007; Brandes et al., 2014a). H202 is a predominant signaling ROS in biological
system and mediate majority of its effect by directly oxidizing cysteine or methionine
thiols. H20O> degradation (by peroxidases and catalases) may generate more powerful oxi-
dants such as HO-, which are highly reactive its effects are nonspecific and irreversible. A
range of proteins including receptors, kinases, phosphatases, transcription factors and
structural proteins act as protein sensors. They sense alterations in local redox state with a
change in conformation, stability, molecular interactions, and activity to transduce the
signals via specific posttranslational modifications (Burgoyne et al., 2012; Brandes et al.,
2014a; Brown & Griendling, 2015).

However, there is great heterogeneity regarding the Nox enzymes involved in various cells

and stimuli. There are differences in cell type specific expression of Nox homologues,
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their subcellular compartmentalization and the underlying activated pathways making one

of the most complex signaling system (Chen et al., 2008).

1. Small G proteins

Small GTPases are in active state when bound to GTP and are inactive when bound to
GDP. They regulate cell proliferation, differentiation, movement, and lipid vesicle
transport (Bar-Sagi & Hall, 2000). The activity of the small GTPase, a member of Ras
family, located at the entry level of the Ras-Raf-MEK-MAP pathway, is governed by its
redox-sensitive cysteines. ROS target the cysteine 118 and facilitates replacement of GDP
with GTP, thus leading to increased GTPase activity (Heo & Campbell, 2005). Ras, as a
downstream target of Nox derived ROS, is involved in many signaling cascade leading to
increased protein synthesis in skeletal myoblasts, renal myofibroblasts and Ang I1-induced
smooth muscle cell hypertrophy (Adachi, Pimentel, et al., 2004; Wu et al., 2007; Mitchell
et al., 2013; Sedeek et al., 2013).

2. Peroxiredoxins

The Prxs are highly conserved family of peroxidases which exist as homodimers and
catalyze the reduction of peroxides. Oxidation of a conserved cysteine residue at the
amino-terminus by H20- is followed by the oxidation of another carboxy-terminal cysteine
present in the homodimeric primer leading to the formation of an intermolecular disulfide
bond. Under high H2O: stress, further oxidation of cysteine to sulfinic form (RSO2H) leads
to the formation of Prx aggregates inactivating it. Thioredoxin (Trx)-mediated reduction
reconstitutes the reduced Prx (Rhee et al., 2005; Hoyle & O’Neill, 2015). Peroxiredoxin
plays a role in controlling Nox signaling (induced by growth factors, insulin etc) by
localizing H20: in a microdomain that inhibits phosphatases including PTP and PTEN
(Choi et al., 2005; Chen et al., 2009).

3. Protein kinases/phosphatases

Redox regulated molecular targets in the cell include protein kinases and protein
phosphatases, which mediate phosphorylation and dephosphorylation of the target proteins
involved in a wide spectrum of cellular processes. These modifications typically occur at
serine and threonine or tyrosine residues of the target proteins by the respective kinases

and phophatases.

3.1. Protein kinase A
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PKA is a serine/threonine specific kinase involved in the regulation of cardiac contractility
and performance by targeting the ryanodine receptor 2 (RyR2), L-type Ca?* channel and
phospholamban (PLN) (Li et al., 2004; Jones et al., 2008). Activation of PKA by B-AR
regulates myocardial ECC and vasodilation. PKA-mediated phosphorylation of RyR2
partially influences spontaneous release of Ca?* from sarcoplasmic reticulum causing
ventricular tachycardia during chronic heart failure (Phrommintikul & Chattipakorn, 2006;
Dhalla & Miiller, 2010; Burgoyne et al., 2012). Redox regulation of PKA occurs through
two interprotein disulfides bond formation in the regulatory R1a subunits (Brennan et al.,
2006; Corcoran & Cotter, 2013).

3.2. Protein kinase G

Protein kinase G (PKG) is a serine/threonine specific kinase activated by c-GMP. It is
implicated in the regulation of vascular tone, cardiomyocyte contraction and hypertrophy.
PKG is comprised of two identical subunits held together at the N-terminus by leucine
zipper interaction to form a homodimer, which get activated by allosteric binding of
cGMP. Under oxidizing condition, an intermolecular disulfide between the two Cys-42
residues is formed within the dimerization domain, thus activating the enzyme independent
of the NO-cGMP pathway. Disulfide activation increases its substrate affinity, resulting in
its translocation to subcellular compartments (Burgoyne et al., 2007). In knock in mouse
with C42S (redox-dead’ version of PKGI-a), the vasodilatory action of oxidation is
blocked leading to hypertension (Prysyazhna et al., 2012). Additionally, the trans-
nitrosylating agent such as nitrosocysteine bring disulfide bond formation in PKG causing

vasorelaxation (Burgoyne & Eaton, 2009; Corcoran & Cotter, 2013).

3.3. Protein Kinase C

Protein kinase C (PKC) is a superfamily of structurally related serine-threonine kinase
involved in cell signaling. Cysteine rich regions present in both the catalytic and regulatory
domains make it susceptible to redox regulation. Low dose of oxidant stimulates PKC
activation whereas higher dose inactivates it by reacting with crucial cysteine residues
(Steinberg, 2015). There are twelve isoforms of PKC involved in distinct signaling effects
associated with cardiac functions. Isoform specific increase in PKC activity leads to
pressure or volume overload induced left ventricular hypertrophy, right ventricular
hypertrophy and transition to heart failure (Gu & Bishop, 1994; Bayer et al., 2003; Braun
et al., 2004; Dhalla & Muller, 2010; Steinberg, 2012).
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3.4 Mitogen activated protein kinases (MAPKS)

MAPK:Ss are highly conserved and ubiquitous Ser/Thr kinases involved in various cellular
processes including cell cycle, growth, differentiation, development, survival, and cell
death. It consists of three main subfamilies; extracellular signal-regulated kinases
(ERK1/2), c-Jun NHz-terminal kinases (JNK1, -2 and -3) and p38 kinase (o, B, v, 0)
(Widmann et al., 1999; Johnson & Lapadat, 2002; Qi & Elion, 2005). MAPKs are
activated by dual phosphorylation of a Thr-X-Tyr motif in their regulatory loop by MAPK
kinases (MAPKK) which are phosphorylated by MAPK kinase kinase (MAPKKK)
making the phosphorelay system (Rose et al., 2010). The activated MAPKSs can
phosphorylate Ser or Thr residues in a specific Pro-X-Thr/Ser-Pro motif on their target
proteins. While ERK1/2 is activated mainly by growth factors (FGF, EGF, PDGF) and
cytokines (IL-1p and TNF-a), JNK and p38 are activated in response to stress.
Phosphorylation of p38 MAPK and JNK is modulated by Nox1 and Nox2. Certain redox
sensitive kinases viz Src, PKC and PLCy are upstream of the MAP kinase pathway. In
VSMCs, stimuli including Angll, thrombin, FGF-2 increase Nox mediated
phosphorylation of p38 MAP kinase and JNK (Viedt et al., 2000; Brandes et al., 2001;
Schroder et al., 2007; Asrih et al., 2013). Further, MEK kinase kinase ASK-1 (Apoptosis
signaling kinase-1) is upstream to JNK/p38 MAPK and under basal condition it is inactive
through the interaction with reduced thioredoxin. Increase in ROS level oxidizes
thioredoxin and ASK-1 which act as a prime cellular redox sensor followed by the
activation of JNK and p38 kinase (Liu et al., 2000; Brandes et al., 2014a). It has been
reported that some growth factor receptors are independently activated by ROS followed
by the activation of ERK (Rose et al., 2010).

3.5 PI3 Kinase-Protein kinase B (PI13K-PKB)

PI3K-Akt pathway gets activated in response to growth factors, hormones and cytokines
and is involved in the regulation of protein synthesis, cell cycle progression, proliferation,
autophagy and apoptosis. Ligand-activated receptor triggers the PI3K activation which
catalyzes the synthesis of PIP3 followed by the recruitment of PDK-1 to the membrane
where it phosphorylates and activates Akt (PKB) (Brandes et al., 2014). There are some
studies which directly address the role of Nox enzymes in this process. In serum starved
photoreceptor cells, phosphorylation of Akt was found to increase in a Nox2-dependent
manner thus limiting apoptosis (Mackey et al., 2008), whereas in C2C12 murine myocytes,
IGF-1 induced Akt phosphorylation and subsequent hypertrophy is Nox4 dependent
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(Handayaningsih et al., 2011). Under certain conditions, Nox diminishes Akt
phosphorylation; thereby promoting apoptosis. In LPS-mediated cardiac injury, Nox1
mediates Akt oxidation followed by its dephosphorylation by PP2A (Kwon et al., 2004,
Matsuno et al., 2012; Nakanishi et al., 2014).

3.6 Ca2+/Calmodulin-dependent Protein Kinase 11 (CaMKII)

CaMKII is a highly conserved Ser/Thr protein kinase with multiple catalytic and
regulatory domains. Under enhanced intracellular Ca?*/CaM level, the autoinhibitory
effect of regulatory domain is relieved, followed by activation of catalytic (kinase) domain.
CaMKII activation is implicated in modulation of excitation-contraction coupling, gene
transcription and apoptosis through phosphorylation of respective cardiac Ca?*-handling
proteins. In the presence of sustained Ca?*/CaM, activated CaMKII undergo inter subunit
autophosphorylation at Thr-287 in the autoinhibitory domain, which prevent its
reassociation with the catalytic domain and thus sustain kinase activity even after removal
of Ca?* (Hook & Means, 2001; Tombes et al., 2003; Erickson, 2014). Pro-oxidant
conditions also enhance the CaMKII activity. It has been shown that oxidation of redox
active Met-281 and Met-282 residues at regulatory domain sustain CaMKII activity even
after decline of Ca?*/calmodulin (Dietrich et al., 2005). In the heart, the CaMKI1 oxidation
is mediated by Nox2 derived ROS. It is reported that chronic Angll stimulation or Ml
promote Met-281/Met-282 oxidation of CaMKII that is hindered in p47phox-null hearts
(Hudmon & Schulman, 2002; Zhu et al., 2007; Erickson et al., 2008; Mollova et al., 2015).

3.7 Protein Tyrosine Kinases

Most of the tyrosine kinases contain conserved cysteine residues at the carboxy-terminal,
and their oxidation activates the tyrosine kinase activities. On the other hand, they are also
involved in Nox activation, thereby forming a positive feedback loop of ROS production.
Moreover, receptor transactivation of tyrosine kinases such as Src, which itself is redox
regulated and promotes Nox activation (Seshiah et al., 2002; Gianni et al., 2008; Chignalia
et al., 2012; Brandes et al., 2014a). In mesangial cells, Angiotensin Il-induced Nox4
expression and concomitant ROS generation resulted in the activation Src, a critical step

in angiotensin Il-induced expression of fibronectin (Block et al., 2008).

Protein phosphatases

The phosphate groups from proteins phosphorylated by kinases are removed by the protein
phosphatases. The superfamily of phosphatases is characterized by the presence of
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cysteine in their active centers. Under oxidizing environment, oxidation of cysteine
abolishes the phosphatase activity, accentuating the activity of kinases (Boivin et al.,
2010). Initial studies showing that Nox2 in phagocytes inactivates PTPs during the
respiratory burst, suggested regulation of protein tyrosine phosphatases (PTPs) by
NADPH oxidases (Zor et al., 1993). Nox4 is reported to have inhibitory effect on
phosphatase PTP1B, thereby modulating a spectrum of PTP1B targeted cellular processes
including insulin signaling, EGF signaling, cytoskeletal protein phosphorylation and the
endothelial barrier functions (Mahadev et al., 2001; Chen et al., 2008; Mondol et al.,
2014). IL-4 receptor activation by stimuli TNFa and IL-3 induces Nox1 and Nox5
dependent inhibition of PTP1B leading to increase in the activity of signal transducer and
activator-6 (STAT-6) transcription factor (Sharma et al., 2008). Receptor-associated
phosphatase VE-PTP or DEP-1 involved in Src inactivation and receptor
dephosphorylation have is inactivated by Nox-derived ROS (Chabot et al., 2009; Vockel
& Vestweber, 2013).

4. Calcium channels and pumps

Excitation-contraction coupling in cardiac myocytes involves Ca?* release and subsequent
reuptake through Ca?* channels and pumps. The ryanodine receptor (RyR2, cardiac
isoform) mediates Ca®* release from sarcoplasmic reticulum (SR) store, essential for
contraction of cardiac and skeletal muscle. It is a tetrameric complex containing 364
cysteines, of which ~84 residues are basally reduced, suggesting its redox regulation (Zima
& Blatter, 2006; Prosser et al., 2010). These receptors are regulated by redox dependent
kinases such as PKA and CaMKII. Further, NO-induced S-nitrosylation at multiple
cysteines activates the receptor, independent of cGMP formation. RyR2 S-nitrosylation is
reported to protect against detrimental oxidation, suggesting close interrelationship
between the effects of ROS and NO (Xu et al., 1998; Burgoyne et al., 2012). The
sarcoendoplasmic reticulum Ca?*-ATPase (SERCA) sequesters the Ca?* into SR for the
relaxation of cardiac muscles. There is inverse relation between the oxidation levels and
SERCA activity (Periasamy & Kalyanasundaram, 2007). It is directly regulated by thiol
oxidation, whereas its indirect redox regulation is mediated by phosphorylation of its
regulatory protein phospholamban by PKA (at Ser16) or CaMKII (at Thrl7) (Johnston et
al., 2015). In smooth muscle, SERCAZ is directly activated by peroxynitrite-induced S-
glutathiolation of Cys-674 (Adachi, Weisbrod, et al., 2004; Ying et al., 2008). Cardiac

SERCAZ2a can also get activated by nitroxyl mediated increased glutathionylation
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(Tocchetti et al., 2007; Lancel et al., 2009). Other redox regulated channels and pumps
include L-type Ca?* channels, the plasmalemmal Ca®* -ATPase, the Na*/Ca?* exchanger,
Na*channels and K*channels (Santos et al., 2011). The Na*-K*ATPase (sodium pump) is
directly regulated via oxidation of sensitive cysteines and is indirectly phosphoregulated
by PKA and PKC. PKCe-dependent Nox activation and subsequent inhibitory S-
glutathionylation of Cys-46 in the B1 subunit results in inhibition of pump activity under
Angll-stimulation and in MI model (White et al., 2009).

5. Histone deacetylases

Histone acetyltransferases (HATSs) and histone deacetylases (HDACSs) mediate histone
acetylation and deacetylation and thereby promote and inhibit gene expression
respectively. There are number of reports which highlight redox regulation of HDAC
localization and subsequent cardiomyocyte hypertrophy (Yoon & Eom, 2016).
Phenylephrine induced intramolecular disulfide formation in HDAC4 leads to its
phosphorylation-independent nuclear export resulting in hypertrophy (Matsushima et al.,
2013). Isoproterenol-induced nuclear export of HDACS in cardiomyocyte is mediated by
oxidation (Haworth et al., 2012). Sirtuins (SIRTs) are NAD"-dependent histone
deacetylase which deacetylate histones as well as nonhistone proteins. SIRT isoforms are
also redox regulated. Natural cardioprotective polyphenol resveratrol and other oxidants
activate SIRT1 (Zee et al., 2010).

C.111. Redox regulated transcription factors
Transcription factors involved in the regulation of gene expression pattern are also

regulated by redox status of the cell.

1. Nuclear factor kB (NF-kB)

NF-xB is a family of inducible transcription factors, first described as B-lymphocyte
specific nuclear protein needed for immunoglobulin kappa light chain transcription. It
regulates transcription of more than 200 genes involved in stress responses, cytokine
release, cell adhesion, inflammation, immune response and programmed cell death
(Madamanchi & Runge, 2013). NF-kB is a dimeric transcription factor formed by homo-
or hetero-dimerization of members of Rel family of protein which include Rel-A (p65),
Rel-B, c-Rel, p50 and p52. All the Rel family members contain a Rel homology domain
which carry a nuclear localization signal (NLS). Unstimulated homo- and hetero-dimers

are kept inactive in the cytoplasm by association with IkB family of inhibitory proteins
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which include IkB-a, IxkB-b, IkB-e, and p105 and pl100 (precursors of p50 and p52
respectively) (Hayden & Ghosh, 2008). Under oxidative stress, the inhibitory protein IxB
get phosphorylated (at Ser-32 and Ser-36) by ubiquitin-dependent protein kinases resulting
in its ubiquitination (at Lys-21 and Lys-22) and proteolytic degradation. The
dissociated/activated NF-«kB translocate rapidly to the nucleus to regulate NF-xB
responsive genes (Traenckner et al., 1995). Also, reduction of Cys-62 of the p50 subunit
by thioredoxin or Ref-1 is essential for its DNA binding in the nucleus (Matthews et al.,
1992; Madamanchi & Runge, 2013). NF-xB signaling may be both “good” and “bad”
depending on the duration and cellular context (Gordon et al., 2011). Under chronic
pressure overload or Ang-Il stimulation in male mice, the initial LV hypertrophy is
attenuated by NF-«kB inhibition, but the course of LV remodeling does not alter indicating
its role in adaptive cardiac hypertrophy (Zelarayan et al., 2009; Dhingra et al., 2010). NF-
kB signaling pathways protect cardiomyocytes from apoptosis induced by acute
myocardial infarction (Misra et al., 2003). However, chronic NF-kB activation, under
heart failure settings, exacerbates cardiac remodeling by stimulating proinflammatory and
profibrotic genes inducing myocytes apoptosis (Hamid et al., 2011).

2. Activator protein-1 (AP-1)

AP-1 is a family of basic domain/leucine zipper (bZIP) transcription factors comprised of
homo- hetero-dimers of members of Jun (c-Jun, JunB, JunD), Fos (c-Fos, FosB, Fra-1, and
Fra-2), Maf (c-Maf, MafB, MafA, MafG/F/K, and Nrl), and ATF (ATF2, ATF3/LRF1,
BATF, JDP1, JDP2). In response to variety of extracellular signals such as H,O2, UV,
ionizing radiation as well as intracellular stimulus such as arachidonic acid metabolite
concentration and redox sensitive MAPK pathway activity, the expression of c-Jun and c-
Fos get induced resulting in activation of AP-1 (Turner & Tjian, 1989; Elahi et al., 2009;
Madamanchi & Runge, 2013). It is also activated by a number of antioxidants such as
cysteine based redox regulators of glutathione and thioredoxin pathways, which hint
towards its complex regulation (Winyard et al., 2005). The DNA binding domain of Fos
and Jun protein possesses an oxidation susceptible conserved cysteine residue making it
redox sensitive (Abate et al., 1990). AP-1 activity is at the basal level in adapted
myocardium, whereas in isolated hearts, the duration of ischemia and reperfusion
correlates with an increase in AP-1 activity, suggesting that AP-1 stimulates oxidative
stress-induced apoptosis (Maulik et al., 2000; Madamanchi & Runge, 2013).
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3. Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2)

Nrf2 belongs to the bZIP subfamily of transcription factors. Under basal conditions, a
cysteine rich Kelch-like ECH-associated protein 1 (Keapl) binds Nrf2 and targets it for
ubiquitin-dependent proteasomal degradation. Oxidation disrupts the Nrf2-Keapl
complex resulting in Nrf2 stabilization thereby its activation leading to increased
transcription of genes such as heme oxygenase-1 (HO-1), glutathione S-transferase, and
NAD(P)H:quinineoxidoreductase 1, thus helps to maintain the cellular redox homeostasis
(Itoh et al., 1999, 2003; Ma, 2013; Madamanchi & Runge, 2013). Nrf2 activation protects
cardiomyocytes, VSMCs and endothelium against oxidative stress (Levonen et al., 2007,
Dreger et al., 2009; He, Siow, et al., 2011). Furthermore, atheroprotective laminar flow
activates whereas proatherogenic oscillatory flow inhibits Nrf2 activity in human
endothelial cells, underlying the importance of Nrf2 regulated gene expression in vascular
homeostasis (Hosoya et al., 2005; Madamanchi & Runge, 2013).

Cardiac hypertrophy and the activation of fetal gene expression.

In the fetus, the predominant source of energy is carbohydrate metabolism, which after
birth switches to fatty acid oxidation accompanied by expression of “adult” isoforms of
metabolic enzymes and other proteins. However, in response to hemodynamic or
metabolic stress conditions including hypoxia, ischemia, hypertrophy and atrophy, there
is reactivation of fetal gene program in the heart. As a result, there is re-emergence of
features of fetal heart metabolism and carbohydrates are preferably used as substrates for
energy generation in a relatively hypoxic environment (Goodwin et al., 1998; Bartelds et
al., 2000; Rajabi et al., 2007). Additional features of the reprogramming include the re-
expression of genes crucial for fetal development such as atrial natriuretic factor (ANF),
transforming growth factor B (TGF-p), early response genes (c-myc and c-fos), and also
there is isoform switches of many other proteins including sarcomeric proteins (myosin
heavy chains and a-actins) (Schwartz et al., 1992; Taegtmeyer et al., 2010; Nandi &
Mishra, 2015).

C.1V. Pathological roles of cardiac redox signaling
Redox signaling plays a crucial part in modulating the complex phenotype associated with
heart failure, including contractile dysfunction, arrhythmia, cardiac hypertrophy, fibrosis

and myocyte death (Figure 6).

1. Abnormal Ca?* regulation, contractile dysfunction and arrhythmia
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Redox signaling plays a significant role in Ca?* homeostasis and disturbances in this
homeostasis is the fundamental characteristics of heart failure (Zima & Blatter, 2006).
PKA or CaMKII mediated hyperphosphorylation of RyR2 or its direct oxidation
contributes to RyR2 dysfunction leading to diastolic Ca?* leak from SR thereby increasing
diastolic Ca®* as well as reduced systolic force associated with arrhythmia (Terentyev et
al., 2008; Sag et al., 2011). Under chronic Ang Il stimulation, Nox-generated ROS
hyperactivate the RyR2 mediated Ca?* leak which results in aberrant Ca?* release and
arrhythmogenic waves (Prosser et al., 2011). In the mouse model of Angll-induced
dysrhythmia, Nox2-dependent CaMKII oxidation leads to apoptosis of sinoatrial cells and
thus promotes sinus node dysfunction (Swaminathan et al., 2011; Mollova et al., 2015).
Increased SERCAZ2a oxidation is also reported to be involved in contractile dysfunction.
Sulfination (irreversible oxidation of sulfenic acid; R-SOH) of SERCAZ2a at Cys674 and
nitration at Tyr294/295 were noted in transgenic mice overexpressing Gaq (heart failure
model) (Lancel et al., 2010; Salazar-Cantu et al., 2016).

2. Myocyte death and ischemia reperfusion

Cardiomyocyte death add in ischemia-reperfusion injury and development of chronic heart
failure (Dorn, 2009). Both the extrinsic and intrinsic apoptotic pathways are redox
regulated. The mechanisms involved in ROS mediated intrinsic pathway activation include
promotion of Ca?*-dependent/direct opening of MPTP or translocation of pro-apoptotic
proteins Bax/Bad to mitochondria. Also, ROS mediates extrinsic pathway activation and
further activation of ligands of death receptor superfamily (Burgoyne et al., 2012).
Furthermore, B-AR activation contributes to ROS-dependent c-JNK activation which in
turn activates mitochondrial death pathway in adult cardiomyocytes (Remondino et al.,
2003). Downstream to GPCRs, ROS-activated MAPKKK Ask-1 activates p38MAPK/c-
Jun N-terminal kinase and the mitochondrial pathway. Cardiomyocyte apoptosis is
induced in transgenic mice overexpressing ASK-1, whereas ASK-1 null mice exhibited
attenuation of ventricular remodeling after pressure overload and decrease in apoptosis.
The ASK-1/p38MAPK pro-apoptotic pathway is also activated with Angll stimulated
Nox2 derived ROS (Hirotani et al., 2002; Yamaguchi et al., 2003; Burgoyne et al., 2012).
Early after Ml, the Nox2 level increases in cardiomyocytes and inflammatory cells (Fukui
et al., 2001; Krijnen et al., 2003). The elevated level of Nox2 mediates oxidation of
CaMKII that leads to enhanced matrix metalloproteinase (MMP)-9 activity resulting in

early cardiac rupture (He, Joiner, et al., 2011). Moreover, Nox2~”~ and p47phox™ mice
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have shown compromised adverse post-MI remodeling (Doerries et al., 2007; Zhang et
al., 2013).

3. Interstitial Fibrosis and Extracellular Matrix Remodeling

Increased mechanical load or local tissue injury trigger fibrosis via activation of RAAS
and inflammatory pathways. Redox regulation contribute to fibrosis, involving fibroblasts,
cardiomyocytes, endothelial cells, inflammatory cells and other circulating cells. (Chen &
Frangogiannis, 2010; Burgoyne et al., 2012). ROS activate latent TGF-f, which promote
transformation of interstitial fibroblast into myofibroblasts (Barcellos-Hoff & Dix, 1996).
In addition to TGF-B, ROS also promote transcription of other profibrotic factors such as
CTGF (connective tissue growth factor), in fibroblasts and cardiomyocytes (Park et al.,
2001). TGF-p—induced cardiac myofibroblast differentiation involves Nox4 regulated
Smad2/3 signaling (Cucoranu et al., 2005). Further, Angll-induced myofibroblast
transformation is Nox2-dependent and involves activation of c¢-JNK and
calcineurin/NFAT. Significantly reduced interstitial fibrosis was found in Nox2~~ mice
under Angll or aldosterone infusion, chronic RAAS activation or aortic banding
(Burgoyne et al., 2012; Zhang et al., 2013). Although Nox4 too is reported to be profibrotic
in vitro but in vivo models did not mimic the effect as under chronic pressure overload,
rather, global Nox4 knockout mice developed more (not less) fibrosis (Zhang et al., 2010).
MMPs expression and activation is redox sensitive and depending on context its activation
may release profibrotic/antifibrotic factors. In cardiomyocytes, B-adrenergic stimulation
induces the H.O./c-JNK-dependent expression of MMP inducer, which in turn aggravate
MMP-2 activity (Li et al., 2000; Spinale, 2007; Siwik et al., 2008; Sawicki, 2013).

4. Cardiac hypertrophy and failure

Cardiac hypertrophy is an adaptive response to increased cardiac workload. It accompanies
many forms of cardiac dysfunction including ischemia, hypertension and heart failure. In
the setting of hypertrophy, changes in the heart was divided into three stages by Meerson
and colleagues in 1960 viz., (1) developing hypertrophy, where the cardiac work load
exceeds the cardiac output, (2) compensatory hypertrophy, where the load/mass ratio is
normalized with resting cardiac output and (3) overt heart failure, where the ventricle
dilation and progressive decline in cardiac output occur despite of continuous activation
of the hypertrophic program (Meerson, 1961; Frey et al., 2004; Madamanchi & Runge,
2013).
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Cell size increase, enhanced protein synthesis, and heightened organization of the
sarcomere derive cardiomyocyte hypertrophy at cellular level while at molecular level
these changes are accompanied by fetal gene re-induction. Phenotypically, cardiac
hypertrophy can be divided into two types: concentric hypertrophy in response to pressure
overload, which involves addition of sarcomeres in parallel resulting in lateral cell growth,
and (2) eccentric hypertrophy in response to volume overload which involves addition of
sarcomeres in series resulting in longitudinal cell growth (Dorn et al., 2003; Fernandes et
al., 2011).

Cardiomyocyte hypertrophy involves multiple overlapping signaling pathways and many
of these pathways are redox modulated (Mudd & Kass, 2008; Sag et al., 2014). GPCR
agonists (Angll, ET-1 and a-AR agonists)-induced cardiac hypertrophy is reported to be
mediated by Nox2 generated ROS and involves activation of redox regulated kinase i.e.
Erk1/2 and the transcription factor NF-xB (Xiao et al., 2002; Hingtgen et al., 2006). LV
hypertrophy was shown to be abrogated in Nox2 or ASK1 knockout mice under the
stimulation of Angll (Bendall et al., 2002; 1zumiya et al., 2003).

An array of stimuli such as mechanical strain and natriuretic peptide, and activation of
receptors like GPCRs and receptor tyrosine kinase are involved in pressure overload
hypertrophy. In cultured myocytes, mechanical strain leads to hypertrophy through
induction of Racl/Nox2-dependent Erk-1/2 and p38MAPK activation (Pimentel et al.,
2001; Li et al., 2002; Burgoyne et al., 2012; Zhang et al., 2013; Tham et al., 2015).
ACE2 " /p47phox”~ double knockout mice have shown significantly reduced
susceptibility to pressure overload—induced LVVH and heart failure as compared to only
ACE2 null mice (Bodiga et al., 2011). Pressure-overload-induced hypertrophy also
involves redox regulated components of several signaling pathways such as PI3K/AKkt,
PKD, PKA, JAK-STAT, and calcineurin/NFAT. Prolonged, severe pressure-overload
leads to development of heart failure which may involve an elevated level of mitochondrial
ROS and its associated mitochondrial DNA damage and protein oxidation. It was reported
that cardiomyocyte-specific Nox4 overexpression promoted pressure overload—induced
heart failure, however, hypertrophy was not affected (Ago et al., 2010; Kuroda et al.,
2010). Mice with chronic pressure overload, infusion of Angll or cardiomyocyte-targeted
Gq overexpression develop heart failure in long term whereas mitochondrial-targeted
catalase overexpression in mice significantly ameliorated it (Dai et al., 2011). Although
Nox4-derived ROS promote detrimental effects during pressure overload but a number of

reports suggests its beneficial proangiogenic effects as well. Also, recent evidence shown
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protection of the heart from dilation, contractile depression and pressure overload-induced

hypertrophy after cardiac-specific overexpression of Nox4 (Zhang et al., 2010).

D. Models to study the pathophysiology of cardiac hypertrophy and failure

Cardiovascular diseases are the leading cause of death worldwide. Therefore, a number of
in vitro as well as in vivo models mimicking the vast array of clinical phenotypes have
been developed to understand the pathophysiology of the disease and to target pathological
remodeling of the heart with the intent to prevent, arrest or possibly reverse the progression

of disease (Figure 7).

D.1. Invitro models

Neonatal cardiomyocytes in primary culture is widely used for cell culture based studies
because of the lack of a true ‘cardiac’ cell line. These cells are isolated from rat and after
about one division in cell culture, they can be maintained for about a week in healthy state.
Although adult ventricular myocytes are also isolated and maintained for some period in
culture, but they start dedifferentiating with time and lose crucial features of adult
cardiomyocyte phenotype (“Berry: Models of cardiac hypertrophy and transition... -
Google Scholar,” 2017). Cell culture based studies using rat ventricular myocytes
(NRVMs) elucidated molecular mechanisms of myocardial hypertrophy and failure.
Exposure of isoproterenol (B-AR agonist), Angll or phenylephrine (a-AR agonist),
triggers increase in NRVMs size in vitro and have been used to develop a model of
hypertrophy (Ding et al., 2014; Wang et al., 2014; Medzikovic et al., 2015). Other cell
lines which are alternatively used for cardiac hypertrophy related experiments and are
easier to maintain include H9c2 myoblasts and C2C12 myoblasts. H9¢c2 myoblasts are
isolated from embryonic rat hearts and proliferate in culture. For studies, these can also be
induced to differentiate into myotubes (Watkins et al., 2011; Purushothaman & Nair,
2016). C2C12 myoblasts are derived from skeletal muscle and used for molecular studies
(Montesano et al., 2013).

D.2. Invivo models
Based on stress and growth signals observed in cardiac diseases in human, cardiac

hypertrophy and failure animal models have been generated.

1. Pressure-overload induced hypertrophy
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To manage the persistently increased afterload (left ventricle wall pressure during ejection)
in heart diseases such as hypertension and aortic stenosis, the left ventricle generates a
higher systolic blood pressure so that an adequate stroke volume can be ejected, referred
as pressure overload. Methods adopted for modeling the pressure overload stress (and thus
cardiac hypertrophy and heart failure) for experimental purposes include surgical banding
of ascending (Weinberg et al., 1994), transverse (Rockman et al., 1991), or descending
aorta, renal wrapping to produce persistent hypertension (Munagala et al., 2005) and
feeding high salt diet for weeks to develop significant increase in blood pressure (Dahl salt
sensitive model) (lwanaga et al., 2002; Rysa et al., 2005; Patten & Hall-Porter, 2009).
Moreover, variation in animal strain and banding technique can results in varying
phenotype due to differential activation of stress-response signaling pathways. Adult male
C57BL6 mice with moderate aortic banding, develop ventricular hypertrophy with a
normal ejection fraction (termed compensated ventricular hypertrophy) while, with
slightly more severe banding leads to dilated heart, compromised systolic function, heart
failure and increase in mortality (termed decompensated ventricular hypertrophy)
(Rothermel et al., 2005).

2. Volume-overload induced hypertrophy

Another pathological stress is continuous increase in preload (end diastolic volume which
stretches the left/right ventricle to its largest dimensions) which occurs in patients with
aortic regurgitation, chronic mitral regurgitation, arteriovenous malformations and
specific kinds of congenital heart disease. Therefore, there is a setting of increase in stroke
volume to maintain the forward cardiac output, termed volume overload. VVolume-overload
induced hypertrophy model is developed by creating an aortocaval shunt which results in
animal with significantly dilated heart over several months (Cantor et al., 2005).

Several studies have been performed on animal model of combined pressure and volume
overload, which is developed by rupturing the aortic valve followed by surgical
constriction of abdominal aorta. Myocardial infarction animal model is developed by

surgical ligation of a coronary artery (Ai et al., 2005).

3. Neurohormonal stress
Cardiac hypertrophy and heart failure is associated with increase in sympathetic activity
and thereby a cardiac hypertrophy and heart failure model can be developed by stimulation

of adrenergic signaling pathways. Isoproterenol induced cardiac hypertrophy is well
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established in animal model. Another neurohumoral stress induced model can be
developed by continuous administration of angiotensin Il causing activation of Renin-
Angiotensin-Aldosterone system (RAAS) leading to pathological ventricular remodeling
and heart failure (Leenen et al., 2001; Matsumoto et al., 2013; Chen et al., 2014).

E. Clinical and translational implications

With the emergence of role of redox signaling in the development of cardiovascular
diseases, clinical trials are being addressed to combat risk factors associated with ROS
(Burgoyne et al., 2012). The nonspecific antioxidant approaches have mostly proven
unsuccessful in combating the risk factors, thus better strategies are needed including
targeting specific ROS sources and redox modulated pathways (Sawyer, 2011). In recent
years, great interest has been shifted towards the development and use of specific Nox
inhibitors. The complex signaling mechanisms of disease progression involve Nox and
therefore, inhibition of Nox activity can be done at several different points including the
inhibition of catalytic or regulatory subunits, blockage of translocation of cytosolic
subunits to the membrane and by inhibition of the signal transduction pathways upstream
of NADPH oxidase activation (Figure 8) (Cai et al., 2003; Streeter et al., 2013). Generally,
small-molecule inhibitors are opted for their hydrosolubility and oral bioavailability. The
trial of peptide-based Nox inhibitors is currently an area of intense research.

Peptide based Nox specific inhibitor gp91ds-tat, developed by Pagano and coworkers, is a
chimeric peptide composed of nine amino acids of gp91phox and nine amino acids from
HIV coat protein (Rey et al., 2001). The coat protein TAT allows the peptide to enter cells
readily (Fawell et al., 1994), then gp91phox portion binds with p47phox and interferes its
assembly with endogenous gp91phox, which ultimately leads to Nox activation in the heart
(Nox2) (Streeter et al., 2013). Although this peptide inhibitor is useful and effective, it
possesses limited potency for clinical therapeutics because its oral administration cannot
be done.

Several small molecules are also used as Nox inhibitors. Extensive study has been done
using apocynin as an inhibitor in animal models of inflammation and cardiovascular
diseases. This molecule is extracted from the leaves of Picrorhiza kurroa and can be given
orally too. Apocynin blocks oxidase assembly (Stolk et al., 1994) but it is also reported as
an antioxidant and thus it might not be a Nox specific inhibitor (Heumiller et al., 2008).
However, whether these effects are nonspecific or downstream to Nox generated ROS is
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not clear but apocynin is still the most employed inhibitor of Nox (Williams & Griendling,
2007; Petronio et al., 2013).

Pefabloce [aminoethylbenzenesulfono fluoride (AEBSF)] is another agent which inhibits
assembly of p47phox to cytochrome b558, but as this is a serine protease inhibitor, it has
many other nonspecific effects too (Diatchuk et al., 1997; Streeter et al., 2013).
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Aims and Objectives

Cardiovascular diseases encompass dysfunction of heart and blood vessels leading to
highest number of death worldwide (Mozaffarian et al., 2016). Many of the cardiac insults
such as ischemic heart disease, myocardial infarction, cardiomyopathy, and hypertension
lead to heart failure. Although, initial cardiac overload elicit adaptive response
characterized by cardiac remodeling that involves reprogramming of gene expression in
both myocytes and non-myocytes resulting in increased cardiac volume termed
hypertrophy. However under prolonged stress, it leads to maladaptation followed by
cardiomyocyte loss by apoptosis causing heart failure (Burchfield et al., 2013). These
responses are mediated by a plethora of signal transducing kinases, phosphatases, and
transcriptional regulators, often with paradoxical interconnections (Arad et al., 2007; Kass
et al., 2007). Further, the compensatory neurohumoral response involves activation of
sympathetic nervous system as depicted by increased level of catecholamines (de Lucia et
al., 2014).

Catecholamine binding activate its cognate receptors (o and § adrenergic receptors with
several subtypes) which in turn activate downstream signalling cascades (Capote et al.,
2015). Norepinephrine (NE) induce hypertrophy at a lower concentration and apoptosis at
a higher dose (Gupta et al., 2006). However, the underlying mechanism of such
concentration dependent response is not fully understood as yet. Oxidative stress is
implicated in the pathogenesis of a plethora of cardiovascular diseases including interstitial
fibrosis, contractile dysfunction, ischemia-reperfusion injury and cardiac remodelling
(Murray et al., 2014; Munzel et al., 2015). Further, studies have depicted that both low
and high doses of NE elicit their respective effects via generation of ROS (Clerk, 2003).
However, the precise mechanism by which ROS leads to differential response is largely
unknown.

Our laboratory have been investigating differential adrenergic signaling as a paradigm of
understanding how ROS differentially direct cardiac myocytes towards hypertrophic or
apoptotic pathways. It was demonstrated in our laboratory that in H9c2 cardiac myoblasts,
both the hypertrophic response; elicited by limited adrenergic stimulation (<10 uM NE),
and apoptotic response; induced by higher dose (>50 uM NE), is prompted through distinct
but comparable repertoire of ROS at the onset followed by respective gene expression
programs (Gupta et al., 2006; Jindal & Goswami, 2011; Thakur et al., 2015).

In the present study, we primarily intended to understand the redox signalling under

adrenergic stress.
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In recent years, NADPH oxidases (Noxes) have emerged as an important player in
cardiovascular pathophysiology (Bedard & Krause, 2007; Brandes et al., 2010;
Nabeebaccus et al., 2011; Lassegue et al., 2012). Despite the growing evidences on the
role of specific Nox isoforms; mechanisms of their activation, targets of reactive oxygen
species (ROS) generated and their downstream effects are poorly understood as yet.
Agonist (NE, Isoproterenol etc.) binding stimulate adrenergic receptors and generate ROS
from membrane associated NADPH oxidases (Brandes et al., 2014b). However, due to
high reactivity and extremely short half-life of ROS, their precise nature, subcellular origin
and the extent of involvement in the downstream signalling is unknown. We intend to
investigate differential adrenergic-Nox signaling as a paradigm of understanding how

ROS drive cardiac myocytes towards hypertrophic pathways.

In pursuing this broad objective, the specific objectives that were pursued in this study are:

1. To study the spatio-temporal generation of H202 in H9c2 cardiac myoblasts under
norepinephrine treatment.

2. To study the role of H>O. generated by NADPH oxidase in mediating redox
signaling induced by NE.

3. To investigate the mechanisms of modulation of aderenergic signaling by ROS.
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Materials

MATERIALS

All biochemicals were procured from Sigma-Aldrich, St Louis, USA or Fisher Scientific
unless mentioned otherwise.

H9c2 cardiac myoblasts were procured from Sigma Aldrich, USA (originally from
ECACC, UK).

Dulbecco’s Modified Eagle’s Medium (DMEM), Penicillin Streptomycin solution,
Amphotericin B, Sodium bicarbonate, Norepinephrine, Isoproterenol, Apocynin and Fetal
Bovine Serum were purchased from Sigma Aldrich, USA. Peptide inhibitor gp91ds-tat
(RKKRRQRRRCSTRIRRQL-NH2) was obtained from AnaSpec, Inc. Trypsin-EDTA
solution was purchased from Invitrogen Life Technologies, USA. The filter unit for
medium filtration was purchased from Nalgene International, Denmark and filter
membranes (0.22 um pore size) were from Millipore. Tissue culture plastic ware was from
Corning International, USA and Greiner, Germany. All other plastic wares were from
Tarsons, Germany.

All restriction enzymes, DNA modifying enzymes and DNA ladder (100 bp and 1 kb) were
procured from Thermo Fisher Scientific USA or New England Biolabs, USA. Bacterial
growth media (LB and Agar) was purchased from HiMedia. Plasmid Isolation kit and gel
extraction kit were from Qiagen, Germany. Pre-stained protein molecular weight marker
was obtained from Puregene, Genetix, India. RNA Isolation reagent was TRI reagent from
Sigma, USA. Reverse Transcription kit and Power SYBR® Green Master Mix was
procured from Applied Biosystems, Inc., USA. Escort (IV) Transfection Reagent was
purchased from Sigma, USA. Luciferase Assay System was bought from Promega
Corporation, Madison, USA.

PVDF membranes were purchased from Amersham Biosciences, USA. X-Ray Films were
purchased from Kodak. Filter Papers were purchased from Whatman Ltd. (Madistone,
England). Enhanced Chemiluminiscence (ECL) detection reagent was purchased from
Sigma-Aldrich, USA.

Plasmid Constructs: pHyPer-Cyto and pHyPer-Mito constructs were obtained from
Evrogen (Moscow, Russia). The human ANF reporter plasmid containing luciferase
reporter gene (ANF-luc) was a kind gift from Dr. KR Chein, Department of Medicine,
Center for Molecular Genetics, University of California at San Diego, School of Medicine,
La Jolla, California (Knowlton et al., 1991). p22-phox-Wt and p22-phox-DN constructs
were kind gift from Dr. Jaharul Haque, Cleveland Clinic, USA (Kawahara et al., 2005).
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Antibodies: List of antibodies used in the experiments.

Antibody Host | Catalogue No. Dilution used

1. | Akt (pan) Rabbit | CST; 4685 1:2000 (WB)
2. | phospho-Akt (Ser473) Rabbit | CST; 4060 1:1000 (WB)
3. | ANP Mouse | sc 515701 1:500 (WB)
1:50 (ICC)

4. | p-MHC Rabbit | Biorbyt; orb1206 | 1:50  (ICC)
5. | CREB Rabbit | ab 32515 1:1000 (WB)
6. | phospho-CREB (Ser133) Rabbit | ab 32096 1:1000 (WB)
7. | Erkl/2 Rabbit | CST; 4695 1:2000 (WB)
8. | phospho-Erk1/2 (Thr202/Tyr204) | Rabbit | CST; 4370 1:1500 (WB)
9. | FosB Rabbit | CST; 2251 1:500 (WB)
1:100 (ICC)

10. | GAPDH Rabbit | CST; 5174 1:5000 (WB)
11. | c-Jun Rabbit | CST; 9165 1:1500 (WB)
12. | pospho-c-Jun (Ser73) Rabbit | CST; 3270 1:1500 (WB)
13. | PKA Rabbit | sc 28895 1:1000 (WB)
14. | phospho-PKA (Ser96) Rabbit | sc 21901-R 1:500 (WB)
15. | HRP-conjugated anti-Mouse IgG | Goat | sc 2005 1:10000 (WB)
16. | HRP-conjugated anti-Rabbit 1gG Goat | sc 2004 1:10000 (WB)
17. | Alexa fluor-488 anti-Mouse Goat | TFS; A11029 1:500 (ICC)
18. | Alexa fluor-555 anti-Rabbit Goat | TFS; A21429 1:500 (ICC)

CST; Cell Signaling Technologies, USA.

SC,

Santa Cruz Biotechnology, USA.

ab; Abcam, UK.
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Table 1s. List of oligonucleotides used in the experiments (synthesized from Sigma

Aldrich, USA)

Name

Sequence

For cloning of pHyPer-ER

ER signal Forward 5° TACCGCTAGCATGAACAGCCAAGTGTCAG 3’

ER signal Reverse 5’ TACCGCTAGCGGTCTGCACATTTTGGCAG 3’

ER retrieval Forward 5° AAGGACGAGCTCTAAAAGCTTCGAATTCTGC
3’

ER retrieval Reverse 5’

GAGCTCGTCCTTAACCGCCTGTTTTAAAACTTTATC 3°

For real time P

CR

ANP Forward 5 CAGGCCATATTGGAGCAAATC 3’
ANP Reverse 5’ CTCATCTTCTACCGGCATCTT 3’
BNP Forward 5’ CTAGCCAGTCTCCAGAACAATC 3’
BNP Reverse 5’ AGCTGTCTCTGAGCCATTTC 3’
a-MHC Forward 5’ TGGAGAACGACAAGCTTCAG 3’
a-MHC Reverse 5> GGCCTGCTCATCCTCTATTT 3’
B-MHC Forward 5 TCCAGCTGAAAGCAGAAAGAG 3’
B-MHC Reverse 5’CCTGGGAGATGAACGCATAAT 3’
ACTA-1 Forward 5’ TATTCAGGCGGTGCTGTCT 3’
ACTA-1 Reverse 5 TCCCCAGAATCCAACACGAT 3’
GAPDH Forward 5 GACATGCCGCCTGGAGAAAC 3’
GAPDH Reverse 5> AGCCCAGGATGCCCTTTAGT 3’
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METHODS

Cell culture:

H9c2, rat cardiac myoblasts were cultured as monolayer in Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 90 U/mL Penicillin,
90 pg/mL streptomycin and 5 pg/mL amphotericin B in humidified, 5% CO2 containing
incubator at 37 °C. Upon reaching confluence, cells were washed with 1X PBS (phosphate
buffered saline) and sub-cultured in the ratio 1:3 with 0.025% trypsin-EDTA solution.

1X PBS (phosphate buffered saline )
Component Amount/1000 mL (w/v)
1. | Sodium chloride 8.0¢
2. | Potassium chloride 0.2¢g
3. | Di-sodium hydrogen phosphate 1.44 ¢
4. | Potassium di-hydrogen phosphate 0.24¢g

ROS/O?*~ measurement:

H9c2 cells were grown in 35 mm dishes to 70% confluence and kept in serum free media
for 12-14 hr followed by treatment with 2 uM NE for 10 min. Wherever necessary, cells
were pretreated with gp91ds-tat peptide (5 M), 30 min prior to NE treatment. Thirty min
prior to imaging, cells were labeled with the fluoroprobes Dichloro-dihydro-fluorescein
diacetate (DCFH-DA, 5 uM) or Dihydroethidium (DHE, 10 uM), kept in dark at 37°C.
Cells were then washed in 1XPBS and the images were captured in Nikon Eclipse Ti-E
fluorescence microscope using excitation/emission at 504/529 nm and 535/610 nm
respectively. For quantification, the mean intensity of fluorescence was measured by NIS-

Elements software (Nikon).

Isolation of RNA:

Following requisite treatments and time periods, 1 mL Tri Reagent (Sigma) was added to
the HIc2 cells (in 100 mm dish) or the tissue (100 mg; homogenized using tissue tearer
followed by centrifugation at 10,000g for 15 min). The lysate was then incubated at room
temperature for 5 min and 200 pL of chloroform was added followed by a brief but
vigorous shaking. Following incubation at room temperature for 10 min, the mixture was
centrifuged at 10,0009 for 15 min at 4°C. The upper aqueous phase was carefully removed
in a clean RNAse free tube and one starting volume of chilled isopropanol was added and

the mixture was then incubated at RT for 10 min. Thereafter, the samples were centrifuged
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at 10,0009 for 20 min at 4°C to pellet down the RNA. The pellet was then washed with
75% ethanol followed by centrifugation at 10,000g for 5 min at 4°C. The pellet was air

dried and resuspended in appropriate amount of nuclease free water.

Spectrophotometric estimation of nucleic acids:

The quantity and purity of plasmid DNA and RNA were determined by measuring
absorbance at 260 nm and 280 nm. The concentration of dsSDNA was calculated by taking
the Abs260 = 1 = 50 ug/mL. The concentration of sSSRNA was calculated by taking the
ADbs260 =1 =40 pg/mL.

Reverse transcription polymerase chain reaction (RT-PCR):
First strand cDNA was synthesized from 1 pg of RNA using Applied Biosystems reverse
transcription kit as per manufacturer’s instructions. PCR reactions were performed using

the Tag DNA polymerase (NEB) and gene-specific primers (Table 1s).

Polymerase Chain Reaction:

Polymerase chain reaction was carried out in 50 uL reaction volume with 1X buffer, 0.2
mM dNTPs, 2 ng/uL primers, 5 ng of template and 1U of Tag Polymerease (NEB).
Cycling condition was as follows:

1. 95° C for 5 min Initial Denaturation
2.95° C for 1 min Denaturation
3.55° C -60° C for 1 min Annealing

4. 68° C for 1-6 min Extension

5. Step 2-4 30- 35 times

6. 68° C for 5 min Final Extension

Restriction digestion:
Restriction digestion was carried out in the appropriate buffer according to the
manufactures instructions (Thermo Fisher Scientific, USA or NEB, USA).

Ligation reaction:

Restriction digested vector and insert DNA were purified from agarose gel and ligated
according to : [Amount of insert = (Size of insert/Size of vector) X 100 ng of vector ] in
20 pL volume in 1X Ligase buffer and 5U of T4 DNA ligase (NEB, USA) at 16°C

overnight.
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Transformation of competent DHSa Cells with plasmid DNA:

Five to ten ng of plasmid DNA or equivalent quantity of ligation reaction was added to
100 uL of DH5a competent cells, mixed well by gentle tapping and incubated on ice for
30 min. Heat shock was given for 90 sec at 42°C followed by a rapid chilling for 5 min.
LB medium (900 pL) was added and the transformation mix was allowed to revive for 1
hr at 37°C. Appropriate volume of the transformation culture plated on LB agar plate
supplemented with appropriate antibiotic. Plates were incubated at 37°C for 12-16 hr until

the colonies were apparent.

Plasmid DNA isolation (Mini Preparation):

Single colony culture was grown in 2 mL of 2% LB medium with appropriate antibiotic
(200 pg/mL ampicillin or 25 pg/mL kanamycin) at 37°C overnight with vigorous shaking.
The culture was then pelleted at 5000 rpm for 10 min; the supernatant was drained out by
leaving about 50 pL of LB. The cell pellet was then resuspended in the remaining LB by
vortexing followed by the addition of 225 uL of solution I1. The suspension was mixed by
inversion and incubated on ice for 5 min. 115 pL of ice-cold solution Il was added,
incubated on ice for 5 min and then centrifuged for 15 min at 13,000 rpm. The supernatant
was transferred in to a fresh tube and the plasmid DNA was precipitated by adding 1 mL
of 100% ethanol. After incubation at room temperature for 15 min, DNA was collected by
centrifugation at 13,000 rpm for 15 min. The pellet was washed with 70% ethanol, dried

and resuspended in 30 pL of nuclease free water.

Solution Il
Component Stock conc Working conc Amount/10 mL (v/v)
1. | Sodium hydroxide 1N 0.2N 2mL
2. | SDS 10% 1% 1mL
Solution HI
Component Stock conc Working conc Amount/100 mL (v/v)
1. | Potassium acetate 5M 3M 60 mL
2. | Glacial acetic acid 11.5mL

Agarose gel electrophoresis of DNA:
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Agarose gel electrophoresis was done as described in Sambrook et al., 1989. Routinely

1% agarose gels prepared in 1 X TAE buffer containing 0.5 pg/mL ethidium bromide were

used.
50X TAE (Tris acetate EDTA buffer)
Component Stock conc Working conc Amount/100 mL (w/v)
or (vIv)
1. | Tris base 40 mM 2429
2. | EDTA 0.5M;pH8.0 | 1mM 10 mL
3. | Glacial acetic acid 5.7 mL

Construction of pHyPer-ER:

For targeting HyPer to endoplasmic reticulum (ER), the HyPer-ER was reconstituted from
HyPer-Cyto essentially as described by Malinouski et al (Malinouski et al., 2011). Briefly,
an 87 nucleotide long oligonucleotide harboring the ER signal peptide sequence of 29
amino acids was generated from the total RNA isolated from the pituitary gland of rat by
using appropriate primers (Table 1s). The PCR product was then cloned in frame at the N-
terminal of pHyPer-Cyto. Also, in the C-terminal, a synthetic 12 nucleotide long sequence
harboring the ER retention signal (KDEL) was inserted (Figure 1s).

Transient transfection:

H9c2 cardiac myoblasts were grown up to 60-70% confluence and transiently transfected
with plasmids using Escort IV transfection reagent. Briefly, plasmid DNA and transfection
reagent were mixed in 1:2 ratio (in DMEM) per well. Cells were incubated with the
transfection reagent in serum- and antibiotic-free medium for 10-12 hr, followed by
incubation in medium containing twice the concentration of serum and antibiotics for 6 hr.
Cells were then kept in 10% serum containing medium for 6 hr. Finally, cells were kept
in serum-free medium for 12 hr, treated with inhibitor and/or agonist and proceeded as per
the requirement of experiment. For promoter reporter assay using p22-phox-Wt/DN
constructs, cells were co-transfected with p22-phox-Wt/DN plasmid and reporter

plasmids.

Measurement of cell compartment specific H202 generation:
H9c2 cells were grown in 35 mm glass bottom dish to 70% confluence followed by

transient transfection. After 24 hr of transfection, cells were kept in serum free media for
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Figure 1s. Schematic representation of construction of HyPer-ER: ER signal
sequence and retrieval sequence were inserted in-frame at N-terminal and C-terminal of
pHyPer-Cyto ORF (open reading frame) to generate pHyPer-ER (details given in
materials and methods). Then pHyper-Cyto and pHyPer-ER constructs were transiently
transfected in H9c2 cells. After 36 hr of transfection, images were captured at Ex max of

488nm by Nikon Eclipse Ti-E fluorescence microscope.
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12-14 hr followed by treatment with 2uM NE in phenol red free DMEM. Fluorescence of
live cells were captured while in a live cell chamber with 5% CO; at 37°C by Andor
spinning disc confocal microscope (Olympus) with excitation using 488 nm laser line. The
intensity of fluorescence was quantified by NIS-Elements AR-ver 4.000 software.

Luciferase reporter assays:

Following experimental treatments, cells were lysed in 1X lysis buffer (Promega). Cell
lysates were analyzed for luciferase activity using the Luciferase Reagent Assay Kit
(Promega) in accordance with the manufacturer's instructions in a GLOMAX Multi JR
detection system (Promega). Normalization of transfection efficiency was done by the
estimation of total protein used for the luciferase assay (Burch et al., 2004; Jindal &
Goswami, 2011).

Immunocytochemistry:

Following experimental treatments, cells were washed with 1XPBS twice and fixed with
chilled methanol for 20 min followed by three PBS washes. Cells were then blocked with
PBS containing 1% BSA, 1% bovine serum and 0.1% Triton-X-100 for 1 hr. Then, after
three PBS washes the coverslips were incubated overnight at 4°C with respective
primary antibodies at appropriate dilution in blocking solution. After washing three times
with PBS, coverslips were incubated with respective Alexa-fluor secondary antibodies
(1:500 dilution) for 1 hr. The cover slips were then washed thrice in PBS and mounted on
glass slides over 80% glycerol (in PBS) containing cell nuclei stain Hoechst (1:1000) and
sealed at the corners with nail paint. The images were captured in Nikon Eclipse Ti-E

fluorescence microscope at 60X magnification.

Animal model of cardiac hypertrophy:

Animal studies were carried out using male Wistar rats of 6-8 weeks. Animal were kept
under standard laboratory conditions (temperature; 25 + 2°C, relative humidity; 50 + 15%
and 12 hr dark/12 hr light period) and provided feed and water ad libitum. All animal
procedures were reviewed and approved by Institutional Animal Ethics Committee (IAEC
code 09/2014) of the Jawaharlal Nehru University, New Delhi (Registration No.
19/GO/ReBi/S/99/CPCSEA Dated: 10.03.1999).

Rats were randomly divided into five groups;

(1 Control groups were administered subcutaneously with saline,
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(i) Iso groups were subcutaneously injected with isoproterenol (5 mg/kg body
weight; in saline),

(i) Iso+Apo groups were administered intraperitonially with apocynin (10 mg/kg
body weight; in 10% DMSO) followed by isoproterenol (5 mg/kg body weight;
in saline),

(iv)  Apo groups were administered intraperitonially with apocynin (10 mg/kg body
weight; in 10% DMSO) and

(V) DMSO groups were administered intraperitonially with DMSO (10%; in
saline).

All the drugs were freshly prepared and given once daily for 14 days.

After 14 days, body weight and tail length were measured and rats were sacrificed. The
hearts were carefully excised, washed in ice cold PBS, blotted dry with tissue paper and
weighed. The ratio of heart weight to body weight and the ratio of heart weight to tail
length was taken as a parameter of cardiac hypertrophy. Tissues were snap frozen in liquid

nitrogen, and stored at -80°C for later analysis.

Echocardiography:
Rats were anaesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg) and the chest
hair was shaved. Transthoracic echocardiography was performed using a fully digitized
Philips, USA system (Vivid 7 dimension) with a 10-11.5 MHz neonatal cardiac probe
transducer. The transducer was placed on the left hemithorax. Two dimensional M-mode
images of left ventricle (LV) at the papillary muscle level were obtained from the
parasternal short axis view. LV posterior wall thickness (LVPWd), interventricular septal
thicknesses (IVSd), and LV internal dimensions at end of diastole (LVIDd) and systole
(LVIDs) were measured from M-mode images. Based on these measurements, various
other parameters were also calculated using the following formula:

Fractional Shortening (FS %) = {(LVIDd-LVIDs)/LVIDd}*100

Ejection Fraction (EF %) = [{(LVIDd)3-(LVIDs)3}/(LVIDd)3]*100

Left Ventricle Mass (LVM gm) = 0.8[1.04{(LVIDd+IVSd+LVPWd)3-
(LVIDd)3}]+0.6

Real time PCR:
First strand cDNA was generated using 1 pg of total RNA, oligo (dT) primer, dNTPs and

reverse transcriptase (Applied Biosystems) in a total volume of 20 pL as per the
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manufacturer’s protocol. Real-time PCR was done in 20 pL volume using 1 X SYBR Green
Master Mix (Applied Biosystems), 1.0 picomole of gene specific primers (Table 1s) and
20-50 ng of cDNA to amplify the specific transcripts. Reaction was performed in an
Applied Biosystems 7500 Real- Time PCR System (50°C, 2 min; 95°C, 10 min, 1 cycle;
95°C, 15 sec; 60°C 1 min, 40 cycles). Modulation of transcript levels were quantified using
Ct values. GAPDH quantification was used as an internal control for normalization. Fold

differences of mMRNA levels over control values were calculated.

Preparation of total protein lysate for Western analysis:

Following experimental treatments, adhering cells (washed with ice cold PBS, scrapped
and collected by low speed centrifugation; 3000 rpm at 4°C were lysed) or 100 mg of heart
tissue (left ventricle section, homogenized with tissue tearer) in ice-cold 1X RIPA buffer
with phosphatase inhibitor cocktail, 1 mM phenylmethylsulphonyl fluoride (PMSF) and
protease inhibitor cocktail followed by sonication. Cell lysates were then centrifuged at
13,000 rpm (at 4°C) and supernatant were saved at -80°C. Protein concentrations in the
extracts were estimated by modified Bradford method (Bradford, 1976; Kruger, 1994).

2X RIPA buffer
Component Stock conc Working conc Amount/10 mL (w/v)
or (v/v)
1. | Tris-Cl 1.5 M; pH7.4 | 50 mM 0.66 mL
2. | Sodium chloride 1M 150 mM 3mL
3. | EDTA 0.5M;pH8.0 | 1mM 0.04 mL
4. | Sodium deoxycholate 1% 0.2g
5. | SDS 10% 0.1% 0.2mL
6. | Triton X-100 1% 0.2mL
Bradford’s Reagent
Component Amount/1000 mL (w/v) or (v/v)
1. | Coomassie brilliant blue (CBB) G-250 | 0.1 ¢
2. | Ethanol 50 mL
3. | Orthophosphoric acid 100 mL

Immunoblot analysis:
Equal quantities of protein samples (50-80 ug) were resolved by 10% or 12% SDS-PAGE

as described in Sambrook et al., 1989. Part of the protein gel (selected based on the
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molecular weight of the protein of interest) were sliced out and transferred to PVDF
membranes in Towbin’s buffer. Following transfer, the membranes were blocked for 2 hr
at RT with 3% BSA (Bovine Serum Albumin) in TBS containing 0.1% Tween-20 (TBST).
Blots were then incubated overnight at 4°C with respective primary antibodies at
appropriate dilutions in blocking solution. Next day the blots were washed on a rocker
with TBST (3 washes with each wash of 10 min) and incubated for 1 hr at RT with
respective secondary antibody (at appropriate dilutions) in TBST. Following removal of
the secondary antibody, blots were extensively washed (3 washes with each wash of 10
min and one wash with TBS) and developed using the Enhanced Chemiluminescence
detection system (ECL).

Quantification of band intensities was performed with the Image-J software system. The
signal intensity of each protein was normalized with the corresponding GAPDH signal and
fold change over control was calculated.

The remaining part of the gels (which was not transferred) containing separated proteins

were visualized by CBB (Coomassie brilliant blue) staining whenever required.

SDS PAGE gel
Component Stock conc Amount/10 mL (v/v)
Resolving 10% 12%
1. | Acrylamide 30% 3.3mL 4.0 mL
2. | Tris-Cl 1.5 M; pH 8.8 2.5 mL 2.5 mL
3. | SDS 10% 0.1 mL 0.1 mL
4. | APS 10% 0.1 mL 0.1 mL
5. | TEMED 0.004 mL 0.004 mL
Stacking 5%
1. | Acrylamide 30% 1.66 mL
2. | Tris-Cl 1M;pH6.8 1.26 mL
3. | SDS 10% 0.1 mL
4. | APS 10% 0.1 mL
5. | TEMED 0.01 mL
6X protein loading buffer
Component Working conc Amount/10 mL (v/v) or (w/v)
1. | 1M Tris-Cl; pH 6.8 300 mM 3.0mL
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2. | DTT 600 mM 0.925¢

3.|SDS 12% 1.2 g

4. | Glycerol 60% 6.0 mL

5. | Bromophenol blue 0.6% 0.06 g

Component Amount/1000 mL (w/v) or (v/v)

10X Tris-glycine

1. | Tris base 30.3¢g

2. | Glycine 144 g
SDS PAGE running buffer

1. | 10X Tris glycine 100 mL

2. | 10% SDS 10 mL
Towbin’s buffer (transfer buffer)

1. | 10X Tris glycine 100 mL

2. | Methanol 100 mL

3. | 10% SDS SmL

TBS (Tris buffered saline)

Component Stock conc Working conc Amount/1000 mL (v/v)
1. | Tris-Cl 1.5M;pH 7.6 | 10 mM 6.66 mL
2. | Sodium chloride 4 M 150 mM 37.5mL

Two-dimensional gel electrophoresis (2-DE):

Sample preparation, isoelectric focusing and SDS-PAGE

Total protein extract from heart’s LV section was prepared in RIPA buffer with
phosphatase inhibitor cocktail, 1 mM phenylmethylsulphonyl fluoride (PMSF) and
protease inhibitor cocktail followed by sonication. The extract was centrifuged at 13000
rpm for 20 min at 4°C to remove debris. The supernatant was acetone precipitated at -20°C
overnight followed by centrifugation at 13000 rpm for 20 min at 4°C. The protein pellet
so obtained was dissolved in sample buffer. Protein concentration was determined by
Bradford assay using BSA as standard. Protein samples (250 pg) diluted in rehydration
buffer were applied to a 24 cm strip holder containing an immobilized pH gradient (IPG)
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strip (13 cm, pH 3-10, linear) (GE Healthcare, UK) using a passive rehydration method
(for 16 hr at room temperature). The IPG strips were then transferred to an isoelectric
focusing (IEF) cell and IEF was performed according to the manufacturer’s instructions
(GE Healthcare, UK). Prior to second dimension, the gel strips were equilibrated for 15
min each in equilibration buffer I and equilibration buffer 11. The strips were then washed
in SDS running buffer and applied to the top of a 12% SDS polyacrylamide gel at 80 Volt.
The gels were then stained with silver nitrate.

Sample buffer
Component Working conc Amount/1.0 mL (v/v) or
(Wiv)
1. | 1M Tris-Cl; pH 6.8 40 mM 0.04 pL
2. | Urea 8.0M 0.48¢
3. | Thiourea 25M 0.19¢g
4. | CHAPS 3.0% 0.015¢g
Rehydration buffer
Component Working conc Amount/1.0 mL (v/v) or
(wiv)
1. | Urea 7.0M 0429
2. | Thiourea 20M 0.152 g
3. | CHAPS 1.2% 0.006 g
4. | DTT
5. | IPG buffer 5.0 pL
6. | Bromophenol blue
Equilibration buffer
Component Working conc Amount/10 mL (v/v) or
(wiv)
| 1
1.|1.5M Tris-Cl; pH 8.8 0.05M 0.335 mL 0.335
mL
2. | Urea 6.0 M 3649 3649
3. | 10% SDS 2.0% 2.0 mL 2.0 mL
4. | Glycerol 30% 3.0mL 3.0mL
5. |DTT 1.0% 01g --
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6. | lodoacetamide 2.5% - 0.25¢g

Silver staining

After fixing the gels in fixative solution (30% ethanol, 12% acetic acid and 0.05%
formaldehyde) for 2 hr followed by washing in 20% methanol for 20 min, gels were silver
stained through following three steps.

Stepl: Sensitization: Gels were treated with sodium thiosulfate solution (0.02%) for 2 min
and washed with autoclaved water (2 X 30 sec).

Step 2: Staining: Gels were immersed in the staining solution (0.2% silver nitrate and
0.076% formalin) for 30 min and washed with autoclaved water (2 X 30 sec).

Step 3: Developing: Developing solution (6% sodium carbonate, 0.004% sodium
thiosulfate and 0.05% formalin) was added to the gels and kept shaking for 2-5 min till the
time no more spots appear. The reaction was stopped by adding terminating solution (12%
acetic acid).

The silver stained gel was then scanned and image analysis was performed using
‘Samespot Analysis for 2-D Gels’, Totallab Systems, as per the manufacturer’s

instructions.

Sample preparation for Mass spectrometric analysis

The selected differentially expressed protein spots were individually excised into new
tubes, and the isolated protein spots were destained twice with destaining solution (100
mM sodium thiosulfate and 30 mM potassium ferricyanide in 1:1 ratio) followed by three
washes with water for 10 min each. Then the gel pieces were incubated in acetonitrile : 10
mM ammonium bicarbonate : water (1:1:2) for 15 min at room temperature followed by
addition of acetonitrile to cover the gel pieces. As the gel pieces shrink, acetonitrile was
removed followed by drying in speed vacuum. Then the protein gel pieces were digested
with trypsin (MS-grade from Promega, USA) with 25 mM ammonium bicarbonate at 37°
C for 16 hr. The resulting peptide mixtures were extracted with 200 pL of 50% acetonitrile
and 0.1% trifluoroacetic acid (TFA) for 15 min with sonication and the supernatant was
collected. After pooling the supernatant into new tubes, peptide samples were dried
completely using speed vacuum system at room temperature. Samples were dissolved in
50% acetonitrile 0.1% TFA, co-crystallized by mixing with matrix (a-Ccyano-4-hydroxy-
cinnamic acid saturated with 0.1% TFA/50% acetonitrile) and loaded on the silicon-coated

396 well microtiter ground plate (Bruker Daltonics).
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Mass spectrometry (MALDI-TOF/MS analysis)

Trypsin digested peptide fragments were analyzed on a Matrix-assisted Laser Desorption
lonization Time of Flight Mass Spectrometry (MALDI-TOF MS) with a Bruker Autoflex
Il TOF/TOF mass spectrometer (Bruker Daltonics) working in positive ion reflector mode.
The spectra were processed by the Flex control TOF/TOF software (Bruker Daltonics) and
the peaks annotated automatically and checked manually. A list of the corrected mass
peaks was the peptide mass fingerprint (PMF). The peptide mass data were searched
against NCBI database with the Mascot search engine (Matrix Science Ltd., UK,
http://www.matrixscience.com/) and with Rattus norvegicus as the species searched. This
software creates a peak list from the raw spectra with a given threshold after removal of
trypsin, polymer peaks, noise peaks and subjected to database interrogation for protein

identification.

Statistical analysis:

Statistical analyses were performed using GraphPad Prism, PC version 5 (GraphPad
software). Data are expressed as mean + SEM. Experimental groups were compared with
the use of one-way ANOVA if there was one independent variable (Tukey’s test) or two-
way ANOVA if there were two independent variables. Values of P < 0.05 were considered

statistically significant.
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Introduction:

Oxidative stress has long been attributed to cardiovascular diseases like endothelial
dysfunction, cardiac hypertrophy, cardiomyocyte apoptosis, ischemia reperfusion injury
and heart failure (Zhang et al., 2012; Ho et al., 2013; Murray et al., 2014). Paradoxically,
alleviating those conditions by antioxidants have largely been unsuccessful (Sawyer,
2011). Recent years have seen paradigm shifts wherein apart from their deleterious effects,
reactive oxygen species (ROS) have emerged as the mediator of intracellular signals
(Wadley et al., 2016). Such regulatory roles of ROS is fast evolving (Forman et al., 2014;
Latimer & Veal, 2016). Superoxide (O2"), a prevalent ROS, is generated from a number
of redox enzymes and mitochondrial electron transport complexes in distinct cellular
locations. It is also converted into hydrogen peroxide (H20z), a potent signaling molecule
(Latimer & Veal, 2016). Their effects on the cellular constituents depend on the duration
of generation, steady state concentrations, subcellular locations and surrounding
antioxidants etc (Lee et al., 2013; Stangherlin & Reddy, 2013). O2" and H.O2 may oxidize,
nitrosylate or glutathionylate the cysteine thiols in adjoining proteins, affecting their
conformation, stability and functions (Forman et al., 2014; Groitl & Jakob, 2014).

The response of the cardiovascular system to the pathological stimuli leading to the
development of hypertrophy and heart failure is complex and involves all known modes
of regulations including phosphorylation—dephosphorylation, intracellular trafficking,
protein and mRNA turnover and oxidative modifications of the cellular proteome
(Madamanchi & Runge, 2013). While the other modes of regulation are better understood,
those by the oxidative and nitrosative modifications of various proteins are least
investigated till date (Madamanchi & Runge, 2013; Forman et al., 2014).

Norepinephrine (NE) is released from the sympathetic nervous system and targets a- and
B- adrenergic receptors, regulating cardiac performance (Ciccarelli et al., 2013; Ferrara et
al., 2014). Cardiac myocytes in culture when treated with a lower dose of NE (<10 uM
NE) elicit hypertrophic response, while at a higher dose (=50 UM NE) induces apoptosis.
These two responses are the hallmark of heart failure (Clerk, 2003; Fu et al., 2004). We
have demonstrated earlier that although ROS is the common denominator of both the
responses, its mechanism of actions are far more nuanced and complex than simple

threshold dependent effects as perceived earlier (Gupta et al., 2006; Thakur et al., 2015).

NADPH oxidases (Nox1-5) are enzymes solely dedicated for the production of O™ and

H202in various tissues in a context specific manner (Sirokméany et al., 2016). Except Nox4
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which is constitutive, all other Noxes are activated by various mechanisms (von
Lohneysen et al., 2010). Apart from their activation by intracellular mechanisms like
calcium flux and by protein-protein interactions, they are also co-activated by the
engagement of various growth factors, peptide hormones and cytokines to their cognate
receptors though the mechanisms not fully understood (Brandes et al., 2014b; Spencer &
Engelhardt, 2014; Heppner & van der Vliet, 2016). Three of its isoforms viz., Nox1/2/4
are expressed in heart and ROS generated from them have been attributed to interstitial
fibrosis, contractile dysfunction, ischemia-reperfusion injury and cardiac remodeling
(Lasségue et al., 2012; Madamanchi & Runge, 2013; Forman et al., 2014; Granger &
Kvietys, 2015).

Nox2, the prototype member of the family, is primarily localized in the plasma membrane
and it is involved in redox signaling from cell exterior to interior (Fisher, 2009). In heart,
several pathophysiological stimuli i.e., hypoxia, membrane depolarization (endothelial
cells), induction of platelet activating factor (PAF), arachidonic acid, tumor necrosis
factor- a (TNF-a), interleukin-1p (IL-1p) etc activate Nox2 (Granger & Kvietys, 2015).

Despite evidences that generation of ROS is an integral part of adrenergic signaling, their
source, nature and mode of actions are largely unknown (Gupta et al., 2006; Thakur et
al., 2015; Theccanat et al., 2016). In the present study, we demonstrate that in H9c2 cardiac
myoblasts, stimulation of adrenergic receptor by NE co-stimulates Nox2 generating O>™
and H20.. ROS generated from Nox2 is an integral part of the adrenergic signaling as the
inhibition of Nox2 attenuates the hemodynamic parameters of hypertrophy, prevents the
activation of transcription factors mediating those responses and the induction of a number

of marker genes considered as the hallmarks of hypertrophy.
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Results:

NE treated cardiac myoblast generates ROS from Nox2

We have demonstrated earlier that that cardiac myoblasts upon stimulation with NE
generates a complex repertoire of ROS that contribute towards the downstream responses
viz., hypertrophy and apoptosis (Gupta et al., 2006; Jindal & Goswami, 2011; Thakur et
al., 2015). Since such generation of ROS is an immediate (< 1 min) response and includes
both O," and H»O, involvement of Nox2 is anticipated. To test this possibility, H9c2
cardiac myoblasts were kept in serum free medium overnight and stimulated with NE (2
puM) for 10 min. Generation of ROS was monitored by the general ROS sensitive
fluoroprobe Dichloro-dihydro-fluorescein diacetate (DCFH-DA) and O specific
fluoroprobe Dihydroethidium (DHE). To test the involvement of Nox2, its specific peptide
inhibitor gp9lds-tat (5 pM) was added. As shown in Figure I.1A, NE induced ROS
(DCFH-DA) generation was completely blocked by the specific inhibition of Nox2. In
agreement with our previous report, part of the ROS was O>" (DHE sensitive) that was
also completely blocked by the specific inhibition of Nox2 by gp91ds-tat as well as the
general inhibition of all Noxes by apocynin (Figure 1.1B). These results strongly
corroborated with our hypothesis that stimulation of adrenergic receptor by NE co-

activates Nox2 and generates O™ and other associated ROS.

NE induces ROS generation primarily in the cytosol

We have demonstrated earlier that treatment of H9c2 cardiac myoblasts with 2 uM of NE
leads to the sustained but oscillating generation of ROS (Gupta et al., 2006; Jindal &
Goswami, 2011; Thakur et al., 2015). Since redox signaling is specified by the cellular
microdomain where it is generated, we also tested the subcellular location of the ROS
generated by NE. Cells were transfected with the H.O> sensitive cpYFP (circularly
permuted-yellow fluorescent protein) based ratiometric fluorescent probe HyPer plasmids
(Belousov et al., 2006) that monitors the H2O> generation in the cytoplasm, mitochondria
and endoplasmic reticulum (ER). After 24 hr of transfection, cells were kept overnight in
serum free media followed by treatment with 2uM NE and live cell imaging was done at
EXmax 488nm. As shown in Figure 1.2A, snapshots of a single living cell showed treatment
with NE resulted in a sharp and rapid increase in H.O> generation in the cytosol, that
sustained till 2 hr, the last time point tested (further analysis was not possible as the cells
started crumbling, presumably due to the repeated exposure to the light). Although there

was a gradual decrease (~20%) in fluorescence with time, it was still well above the
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Figure 1.1 Nox2 is the source of ROS in NE treated cardiac myoblasts: (A) Upper
panel: H9c2 cells were serum starved overnight followed by treatment with 2uM NE for
10 min. 5uM gp91ds-tat was added 30 min before NE treatment wherever marked. Cells
were labeled with redox sensitive fluoroprobe DCFH-DA (5uM) 30 min prior to imaging.
Lower Panel: Quantification of the fluorescence intensity normalized to control. ***P <

0.001 vs control; ###P < 0.001 vs NE.
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(B) Upper panel: H9c2 cells were serum starved overnight followed by treatment with
2uM NE for 10 min. 5uM gp91lds-tat or 10 uM Apo was added 30 min before NE
treatment wherever marked. Cells were labeled with superoxide sensitive fluoroprobe
DHE (10uM) 30 min prior to imaging. Lower Panel: Quantification of the fluorescence

intensity normalized to control. ***P < 0.001 vs control; ###P < 0.001 vs NE.
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Figure 1.2 NE induces generation of hydrogen peroxide primarily in the cytosol:

(A) Upper panel: H9c2 cells were transfected with pHyPer-Cyto. After 24 hr of
transfection, cells were kept overnight in serum free media followed by treatment with
2uM NE as marked. Live single cell imaging was done at 60X for 1 hr at EX,,, 488 nm
and most representative image is shown. Lower panel: Quantification of the fluorescence

intensity normalized to intensity at 1 min.



(B)

Control

H,0,

-@— Control
80 - - NE
70 - —A— H,O0,
60 -
50 -
40 -

Intensity (a.u.) at 488 nm

Time (min)

(B) Upper panel: H9c2 cells were transfected with pHyPer-Mito. After 24 hr of
transfection, cells were kept overnight in serum free media followed by treatment with
2uM NE or 20uM H,0, treatment as marked. Live single cell imaging was done at 60X
for 1 hr at Ex,, 488 nm and most representative image is shown. Lower panel:

Quantification of the fluorescence intensity normalized to intensity at 1 min.
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(C) Upper panel: H9c2 cells were transfected with pHyPer-ER. After 24 hr of
transfection, cells were kept overnight in serum free media followed by treatment with
2uM NE or 20uM H,0O, treatment as marked. Live single cell imaging was done at 60X
for 1 hr at EX,, 488 nm and most representative image is shown. Lower panel:

Quantification of the fluorescence intensity normalized to intensity at 1 min.
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baseline (untreated cells). Noticeably, no increase in fluorescence was seen in the
mitochondria in NE treated cells as monitored by the HyPer-Mito (Figure 1.2B). Rather,
the signal was below the baseline (untreated control) after 30 min, though the reason is not
clear. The efficacy of the assay was evident from the increase in fluorescence in cells
treated with 20 pM H20.. Unlike the mitochondria, some increase in fluorescence was
seen in ER upon NE treatment (Figure 1.2C), though the response was not as intense as in
cytosol. The higher baseline intensity of HyPer-ER reflects the oxidizing environment of
ER. Together, these data suggest that cytosol is the primary and the ER is the secondary
location of H2O> generation in NE treated cells. Due to the lack of organelle specific

probes, similar assay for superoxide generation in those organelles could not be done.

Induction of fetal gene expression by NE is prevented by the inhibition of Nox2.
Re-induction of fetal gene expression program is a characteristic feature of cardiac
hypertrophy and it is faithfully reproduced by treating cultured myocytes ex vivo with
adrenergic agonists (Banerjee & Bandyopadhyay, 2014; Yariswamy et al., 2016). To
analyze the role of Nox2 induced ROS in the induction of fetal gene program, if any; we
estimated the mRNA levels of three established markers viz., ANP (atrial natriuretic
peptide), a-MHC (o-myosin heavy chain) and B-MHC (B-myosin heavy chain). As
expected, upon treatment with 2 UM NE, the transcript levels of ANP and B-MHC
increased by ~1.7 and 2.0 fold respectively and that of a-MHC decreased by ~0.4 fold.
Pretreatment of cells with gp91ds-tat (5 M) prevented the modulation of transcript levels
by NE (Figure 1.3A). We further confirmed such modulation of hypertrophic markers at
the protein levels by immunocytochemistry. As shown in Figure 1.3B & C, treatment with
NE (2 pM) increased the levels of both ANP and B-MHC that were attenuated by the
inhibition of Nox2 by gp91ds-tat (5 uM). These results not only strengthened our previous
observation that ROS induced by NE treatment play a direct role in regulation of gene
expression in hypertrophied heart (Gupta et al., 2006; Jindal & Goswami, 2011; Thakur et
al., 2015), it also established that Nox2 is the primary source of this regulatory ROS
(Figure 1.1 & 2).

Nox2 induced ROS modulates the activities of transcription factors mediating
hypertrophic responses:

Heterodimeric transcription factor AP-1 has long been identified as the key mediator of
hypertrophic signals elicited by several agonists (Yan et al., 2013). Also, depending on the
pathophysiological stimuli, the role of AP-1 can be divergent (Windak et al., 2013). We

48



(A)

1.5+ a-MHC
@ E @ g i
S¢ S
25 = 3
% £ 0
: £
0.0-
y NE - + + -
91ds-tat - - + + gp91ds-tat - - + +
gp

Fold change
(mRNA/GAPDH)

0.0-
NE - + + -
gp91ds-tat - - + +

Figure 1.3 Induction of fetal gene expression by NE is prevented by the inhibition of
Nox2: (A) H9c2 cells were serum starved overnight followed by treatment with 2uM NE
for 24 hr. 5uM gp91lds-tat was added 30 min before NE treatment wherever marked.
Total RNA was assayed for ANP, B-MHC and a-MHC transcripts using gene specific
primers by Real-time PCR. Normalization of input RNA was done by using GAPDH
level as an internal control. Fold differences of mRNA levels over control were

calculated. *P < 0.05 vs control; ***P < 0.001 vs control; #P < 0.05 vs NE; ###P < 0.001
vs NE.
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60X magnification by Nikon Eclipse Ti-E fluorescence microscope.
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(C) H9c2 cells were serum starved overnight followed by treatment with 2uM NE for 24
hr. 5uM gp9lds-tat was added 30 min before NE treatment wherever marked.
Immunostaining was done using antibody specific for B-MHC. The images were captured

at 60X magnification by Nikon Eclipse Ti-E fluorescence microscope.
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have demonstrated earlier that in NE treated cardiac myoblasts, the redox and kinase
signals integrate at various transcription factors viz, AP-1, SP-1 and CREB, which then
mediate their effects through the cognate cis-regulatory elements in the responsive gene
promoters, specifying the transcriptional output (Gupta et al., 2006; Jindal & Goswami,
2011). To reiterate that observation in the context of ROS generated from Nox2, the
expression levels of two members of the AP-1 family that is c-Jun and FosB were assayed
by Western analyses. As shown in Figure 1.4A, upon treatment with NE, c-Jun level was
induced by 1.25 and 1.38 fold at 2 hr and 4 hr of NE treatment respectively and that were
attenuated by gp9lds-tat treatment. Although, gp9lds-tat itself also showed some
induction of c-Jun, it was less than that able to suppress the c-Jun level below base line at
4 hr. Similar observations were also made for FosB (FBJ murine osteosarcoma viral
oncogene homolog B), a member of the AP-1 family and the dimerization partner of c-
Jun. As shown in Figure 1.4A, level of FosB was increased by 1.45 fold in NE treated cells
at 2 hr but diminished thereafter at 4 hr. This Kinetic is in agreement with our earlier study
with the FosB transcript (Jindal & Goswami, 2011). As expected, the induction of FosB
was also abrogated by treatment with gp91ds-tat. In view with the low intensity of the
signal with the FosB antibody in the Western blot (possibly, a reflection of the low
abundance), we also confirmed its modulation by immunocytochemistry as shown in the
Figure 1.4B. Immunocytochemistry not only reiterated the pattern of modulation seen in
the Western blot, it also showed the nuclear localization of FosB. We also examined the
level of phospho-c-Jun in NE treated cells and its modulation by gp91ds-tat. As shown in
Figure 1.4A, treatment with NE rather decreased the level of phospho-c-Jun (thus
effectively decreasing the phospho-c-Jun/c-Jun ratio) while treatment with gp91lds-tat
partially restored that reduction. Although, phosphorylation of c-jun is known for its
activation (in addition to the increase in its expression level), its cellular function is highly
context specific with multiple layers of a regulatory networks wherein it integrates
different signals (Meng & Xia, 2011). It is thus difficult to assess the implication of
increase in c-Jun expression with concurrent decrease in its state of phosphorylation upon
NE treatment. Nevertheless, this data unequivocally reiterates that Nox2 plays a role in
modulating the AP-1 activity by NE.

Subsequent to analyzing the expression of c-Jun and FosB, we also assayed a number of
promoter reporter (luciferase) constructs regulated by AP-1 in cardiac myocytes treated
with adrenergic agonists. We tested one synthetic promoter harboring three consecutive

AP-1 binding sites, and two endogenous promoters viz that of FosB and ANP genes. The
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Figure 1.4 Nox2 induced ROS modulates the activities of transcription factors

mediating the hypertrophic response: (A) H9c2 cells were serum starved overnight

followed by treatment with 2uM NE for 2 hr or 4 hr as indicated. 5uM gp91ds-tat was

added 30 min before NE treatment wherever marked. Total protein was isolated and

equal amount (50ug) of lysates were assayed by Western blot analysis using antibody

specific for FosB, Phospho-c-Jun and c-Jun. GAPDH level was the loading control. The

intensity of bands were evaluated as a ratio relative to that of GAPDH and values are

written above the respective bands.
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endogenous promoter of ANP gene has been extensively studied for analyzing the signal
transduction pathways mediating hypertrophic response (Wang et al., 2005) and it harbors
an AP-1 site along with other cis-elements (Knowlton et al., 1991). Although the FosB
promoter has not been studied in details, we have demonstrated that it is selectively
activated by the hypertrophic dose of NE and have used it as a paradigm of understanding
how redox and kinase signals integrate at the gene level regulating its expression (Gupta
et al., 2006; Jindal & Goswami, 2011). When we tested the effects of NE on these
promoters, there was increase by ~1.45 fold for AP-1, ~1.6 fold for FosB and ~1.5 fold for
ANP. Pretreatment of cells with the Nox2 inhibitor gp91lds-tat (5uM) prevented the
induction of all three (Figure 1.4C).

To further confirm the role of Nox2 in regulating the expression of these promoters in NE
treated cells, we co-transfected the wild type (Wt) and the dominant negative (DN) variant
of p22-phox subunit of Nox. Although the activation of both Nox2/4 isoforms require p22-
phox, its DN variant (P156Q) prevents ROS generation from Nox2 only (Kawahara et al.,
2005; von Lohneysen et al., 2010). We argued that if the upregulation of these promoters
are Nox2 dependent, it would be compromised by the over-expression by the DN mutant
of p22-phox. As shown in Figure 1.4D, expression of p22-phox-DN subunit of Nox
compromised the stimulatory effect of NE seen in control, that is promoters transfected
with the p22-phox-Wt, confirming the involvement of Nox2 in mediating NE response.
Taken together, these data reiterates the involvement of Nox2 in modulating the gene

network involved in hypertrophic signaling by NE.

50



(©)

AP-1 FosB

g
=1
1

.
h
L

Fold change
(promoter activity)
Fold change
(promoter activity)

0.0-
NE - + + -
gp91ds-tat - - + + gp91ds-tat

2.0+ ANP
1.54

1.0

0.5

Fold change
(promoter activity)

0.0~
NE - + + -
gp91ds-tat - - + +

(C) HOc2 cells were transfected with AP-1, FosB and ANP promoter reporter constructs.
After 24 hr of transfection, cells were kept overnight in serum free media followed by
treatment with 2uM NE for 4 hr. 5uM gp91ds-tat was added 30 min before NE treatment
wherever marked. Cell lysates were assayed for reporter luciferase activity.
Normalization of luminescence was done against total protein concentration. Fold
differences of promoter activity over control were calculated. **P < 0.01 vs control; ***P
< 0.001 vs control; #P < 0.05 vs NE; ##P < 0.01 vs NE; ###P < 0.001 vs NE.
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AP-1, FosB or ANP promoter reporter constructs. After 24 hr of transfection, cells were
kept overnight in serum free media followed by treatment with 2uM NE for 4 hr. 5uM
gp91ds-tat was added 30 min before NE treatment wherever marked. Cell lysates were
assayed for reporter luciferase activity. Normalization of luminescence was done against
total protein concentration. Fold differences of promoter activity over control were
calculated. $$$$P < 0.0001 vs p22-phox-Wt untreated; $$$P < 0.001 vs p22-phox-Wt
untreated; &P < 0.05 vs p22-phox-DN untreated.
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Discussion:

While the specificity of kinase signaling is directed by protein-protein interactions, that of
redox signaling depends on multiple factors like the localization of the reactive species in
subcellular microdomain, the pKa of neighboring cysteine thiols, surrounding antioxidants
and the presence of free transition metals etc (Schaar et al., 2015; Dey et al., 2016). Redox
signaling in mammalian cell is thus highly nuanced, calibrated and difficult to dissect.
Among the three Noxes present in heart, function of Nox4 is better investigated. Its
activation by multiple stimuli including ischemia-reperfusion, pressure overload and
energy starvation vis-a-vis its location in the mitochondria, ER and the nucleus;
exemplifies the complexity of redox signaling in cardiac pathobiology (Maejima et al.,
2011). On the contrary, the role of Nox2, the prototype Nox; in cardiac function is lesser
understood, even though its activation by pressure volume overload and early
preconditioning has been reported (Bell et al., 2005; Maejima et al., 2011). The
functioning of the cardiovascular system is modulated by a plethora of growth factors,
cytokines and hormones; but adrenergic signaling play a nodal role in these processes.
Therefore, our observation that in cardiac myoblasts, the activation of adrenergic receptors
co-stimulates Nox2 is novel and significant as it gives a new dimension to the adrenergic
signaling.

Although ROS have been implicated in all major pathological conditions in heart, its
sources and potential targets are largely unknown (Sawyer, 2011; Lasségue et al., 2012;
Zhang et al., 2012; Ho et al., 2013; Montezano & Touyz, 2014; Murray et al., 2014;
Granger & Kvietys, 2015). We have documented earlier that once the ROS generation is
stimulated by NE, it sustains independently, presumably by some yet unknown
downstream mechanisms (Gupta et al., 2006; Thakur et al., 2015). As the present study
shows that the ROS generated by NE treatment is completely attenuated by the selective
inhibition of Nox2, it is thus the only source of ROS at the onset. Though the primary
product of Nox2 is Oy, it can be immediately converted into H2O by intra- and
extracellular SOD (superoxide dismutase), and the chemistry of signaling by these two
ROS are quite different. We therefore tested the nature of ROS generated by Nox2 and the
presence of both O>" and H20, were detected in NE treated cells. These results are in full
agreement with our earlier observation that upon NE treatment, H9c2 cardiac myoblasts
generate a complex mixture of Oz, H202 and other secondary ROS, although their sources
were unknown in earlier study (Thakur et al., 2015). In this study, we also for the first time
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demonstrated that H2O. generated by Nox2 is primarily localized in the cytosol, to some
extent in the ER but completely absent in the mitochondria. Amongst various organelles,
mitochondria have generally been viewed as the principal source of ROS in heart,
especially under pathological conditions (Bell et al., 2005; Maejima et al., 2011), although
cytosolic, endoplasmic reticular and nuclear ROS have also been attributed to the cardiac
pathobiology (Qin et al., 2014; Granger & Kvietys, 2015; Jang et al., 2016; Matsushima
et al., 2016). Further study on the targets of cytosolic H.O> in mediating the downstream
signals will be of immense interest.

Although the cross-talk between the redox and kinase signaling has long been envisaged,
the mechanistic insights are highly inadequate (Burgoyne et al., 2015; Latimer & Veal,
2016). We had demonstrated earlier how kinase and redox signals generated in NE treated
cardiac myoblasts are integrated at multiple cis regulatory elements in the target genes
(Jindal & Goswami, 2011). In reiteration, we now demonstrate that three prototype genes
for hypertrophic response viz., ANP, - and a-MHC, modulated by NE remained to their
baseline levels by the selective inhibition of Nox2. This observation further exemplifies
the seamless integration of the ROS and kinase signaling we had demonstrated earlier
(Jindal & Goswami, 2011). Such integration is further confirmed by the prevention of the
induction of the one promoter exclusively regulated by the transcription factors AP-1, and
two others i.e of ANP and FosB, considered as the prototype of adrenergic signaling; upon
selective inhibition of Nox2. Although the specific inhibition of Nox2 by the peptide
inhibitor gp-91-ds-tat has been shown by numerous studies (Derochette et al., 2015),
considering our emphasis on the pivotal role of Nox2 in adrenergic signaling, we also
validated our claim by using a dominant negative mutant of p22phox which hampers the
generation of ROS from Nox2 isoform only. This mutant also completely blocked the
induction of FosB, ANP and AP-1 promoters induced by NE. The rational for using these
promoters for the validation of Nox2 signaling is, these are at the end points of the kinase
and ROS signals generated at the cell surface by the ligand i.e NE.

Taken together, our study firmly establishes the close interaction between the conventional
kinase signaling from the adrenergic receptors and the emergent ROS signaling from Nox2

as the key mediator of adrenergic responses in the cardiac myoblasts.
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Introduction:

Cardiac hypertrophy is a pathophysiological response to increased cardiac workload,
resulting in increase in heart size (Maillet et al., 2013). While physiological hypertrophy
is associated with normal cardiac function and occurs during development, pregnancy and
sustained exercise; pathological hypertrophy is promoted by hypertension, myocardial
injury, excessive neurohumoral activation etc, eventually leading to heart failure (Shimizu
& Minamino, 2016). High and sustained f-adrenergic activity with elevated level of blood
catecholamines is a hallmark of pathological hypertrophy in heart failure patients
(Ciccarelli et al., 2013; Ferrara et al., 2014). Pathological hypertrophy is characterized by
increase in myocyte size, increased rate of protein synthesis and reinduction of fetal genes
through multiple signaling pathways viz., MAP-, PI3-, Akt kinases and Ca*"-calcineurin
(Heineke & Molkentin, 2006; Hou & Kang, 2012; Tham et al., 2015). Transcription factors
NF«B, NFAT, MEF2, GATA 4 etc has also been associated with the reprogramming of
gene expression in the hypertrophied heart (Dirkx et al., 2013). Besides these canonical
signal transduction pathways, reactive oxygen species has also been attributed to the
hypertrophic responses, but mechanisms are obscure (Chen & Zweier, 2014; Sag et al.,
2014).

In recent years, NADPH oxidases (Noxes) have emerged as the major source of
intracellular reactive oxygen species (ROS) generation under various pathophysiological
setups (Nabeebaccus et al., 2011; Zhang et al., 2013; Sag et al., 2014). Out of seven
isoforms of mammalian Noxes, Nox1/2/4 are expressed in heart (Brandes et al., 2010).
While tightly regulated ROS generation is essential for the maintenance of various cardiac
functions; over production of ROS leads to conditions like interstitial fibrosis, contractile
dysfunction, ischemia-reperfusion injury and cardiac remodeling (Lassegue et al., 2012).
Therapeutic targeting of Nox mediated generation of ROS is currently an area of intense
research (Streeter et al., 2013). We have shown that the stimulation of B-adrenergic
receptor co-stimulates Nox and the cross-talk between the kinase and the redox (Nox)
signaling determines the downstream responses. In the present study, we demonstrate that
apocynin (Apo), a widely used inhibitor of Nox, attenuates the hypertrophic response
elicited by the B adrenergic receptor agonist isoproterenol (Iso). Apocynin prevents the
upregulation of a number of marker genes induced by Iso. It also substantially alters the
rat cardiac proteome affected by the treatment with Iso.
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Results:

Isoproterenol induced cardiac hypertrophy parameters are prevented by apocynin
Sustained activation of B-adrenergic receptors is an important hallmark of pathological
cardiac hypertrophy. Isoproterenol (Iso), a non-selective B-adrenergic receptor agonist, is
widely used for inducing cardiac hypertrophy in experimental rats (Grimm et al., 2015).
To explore the role of Noxes, if any, in 3-agonist induced cardiac hypertrophy; we injected
male Wister rats with Iso (5 mg/kg body weight, subcutaneous) for 14 days. Apocynin, a
nontoxic inhibitor of Nox, was also co-administered (10 mg/kg body weight,
intraperitonial, 30 min prior to the injection of Iso) (Ismail et al., 2014). Iso induced cardiac
hypertrophy, as evident from increase in heart weight to body weight ratio (HW/BW),
heart weight to tail length ratio (HW/TL) and the echocardiogram, was prevented by Apo
(Figure 11.1A, B & C). As summarized in Table.1 and shown in Figure 11.1C, Iso increased
the IVSDd, LVPWAd by ~2 and ~1.5 fold respectively, indicating concentric hypertrophy.
There were no significant changes in Apo groups. There was no significant change in
LVIDd, LVIDs, FS, EF and SV (stroke volume) in Iso treated heart, suggesting absence
of any cardiac dysfunction (Table.1). Taken together, it suggests the involvement of Noxes

in inducing cardiac hypertrophy due to sustained adrenergic stimulation.

Apocynin pretreatment prevents isoproterenol induced alteration in transcripts level
To further validate the establishment of cardiac hypertrophy by Iso, and its prevention by
Apo; we assayed the mRNA levels of a number of well-established markers of
hypertrophy. The total RNA were extracted from the LV section of hearts and the
expression of markers genes were assayed by Real-time PCR (Taegtmeyer et al., 2010).
As shown in Figure 11.2A & B, in Iso treated hearts, the level of transcripts for B-MHC,
ANP, BNP and ACTA-1 were increased by ~5.2, ~2.5, ~5.3 and ~2.2 fold respectively,
that were prevented either partially (ANP, and BNP) or completely (-MHC and ACTA-
1) by the Apo treatment. We also confirmed the induction of ANP at the protein level by
Western blot. As shown in Figure 11.2C, Iso treatment increased the level of ANP by ~1.25
fold that was attenuated in Apo treated heart.

Apocynin prevents isoproterenol induced activation of Akt and Erk

Cardiac hypertrophy involves upregulation of key signaling kinases including PKA, Akt
and Erk (Tham et al., 2015). To understand if the regression of hypertrophy by Apo
involves these kinase, we measured their levels by western blotting (Figure 11.3A & B).
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Figure 11.1 Isoproterenol induced cardiac hypertrophy in rat is prevented by the
Nox inhibitor apocynin: (A) Wistar rats were administered with Iso (5 mg/kg body
weight, subcutaneous) and Apo (10 mg/kg body weight, intraperitoneal) for 14 days.
Upon completion of treatments, Rats were sacrificed and the heart was excised. Upper
panel: representative images of whole heart excised from treated rats. Lower panel: ratio
of HW/BW (heart weight to body weight) and HW/TL (heart weight to tail length). **P <
0.01 vs Control; ***P < 0.001 vs Control; #P <0.05 vs Iso; ##P < 0.01 vs Iso.
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(B) Wistar rats were administered with Iso (5 mg/kg body weight, subcutaneous) and
Apo (10 mg/kg body weight, intraperitoneal) for 14 days. Upon completion of
treatments. M-mode echocardiography was done on treated rats. Representative
echocardiogram of different groups on day 14.

LVIDd, left ventricular internal dimensions at diastole; LVIDs, left ventricular internal

dimensions at systole; IVSd, interventricular septal thickness at diastole; LVPWd, Left
ventricular posterior wall thickness at diastole.



Table.1 Echocardiography parameters evaluated from M-mode recording on day 14.

Parameters Control Iso Iso+Apo Apo DMSO
LVIDd (cm) 0.72240.027 | 0.687+0.013 | 0.680+0.032 | 0.786+0.059 | 0.677+0.048
LVIDs (cm) 0.42140.036 | 0.431+0.027 | 0.348+0.018 | 0.516+0.075 | 0.428+0.025
IVSd (cm) 0.104+0.014 | 0.208+0.012 | 0.115+0.016 | 0.098+0.008 | 0.124+0.012
LVPWd (cm) | 0.072+0.005 | 0.151+0.011 | 0.102+0.006 | 0.081+0.008 | 0.095+0.005
FS (%) 38.15+6.85 37.46+2.71 48.434+0.79 35.03+5.19 36.75+0.75
EF (%) 78.8+7.14 73.07+3.26 84.00+3.72 68.97+7.27 75.00+1.70
SV (ml) 0.655+0.040 | 0.536+0.005 | 0.613+0.110 | 0.730+0.105 | 0.519+0.107
LVM (gm) 0.888+0.030 | 1.283+0.029 | 0.939+0.024 | 0.954+0.073 | 0.955+0.051

LVIDd, left ventricular internal dimensions at diastole; LVIDs, left ventricular internal
dimensions at systole; I1VSd, interventricular septal thickness at diastole; LVPWd, Left
ventricular posterior wall thickness at diastole; FS, fractional shortening; EF, ejection

fraction; SV, stroke volume; LVVM, left ventricular mass.
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(C) Wistar rats were administered with Iso (5 mg/kg body weight, subcutaneous) and
Apo (10 mg/kg body weight, intraperitoneal) for 14 days. M-mode echocardiography was
done on day 1 and on completion of treatments i.e. day 14. Quantitative representation of
LVIDd and LVPWd on day 1 (baseline) and day 14. $$P < 0.01 vs Day 1; $$$P < 0.001
vs Day 1.

LVIDd, left ventricular internal dimensions at diastole; LVVPWd, Left ventricular

posterior wall thickness at diastole.
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Figure 11.2 Apocynin pretreatment prevents isoproterenol induced alteration in
transcripts level: (A) Wistar rats were administered with 5 mg/kg BW (subcutaneous) of
Iso and 10 mg/kg BW of Apo (intraperitoneal). After 14 days, rats were sacrificed and
heart was excised. Total RNA was isolated from the left ventricle and assayed for B-MHC
and ACTA-1 transcripts using gene specific primers by Real-time PCR. Normalization of
input RNA was done by using GAPDH level as an internal control. Fold differences of

MRNA levels over control were calculated. ***P < 0.001 vs control; ###P < 0.001 vs Iso.
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(B) Wistar rats were administered with 5 mg/kg BW (subcutaneous) of Iso and 10 mg/kg
BW of Apo (intraperitoneal). After 14 days, rats were sacrificed and heart was excised.
Total RNA was isolated from the left ventricle and assayed for ANP and BNP transcripts
using gene specific primers by Real-time PCR. Normalization of input RNA was done by
using GAPDH level as an internal control. Fold differences of mRNA levels over control

were calculated. ***P < 0.001 vs control; ##P < 0.01 vs Iso; ###P < 0.001 vs Iso.
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(C) Wistar rats were administered with 5 mg/kg BW (subcutaneous) of 1so and 10 mg/kg
BW of Apo (intraperitoneal). After 14 days, rats were sacrificed and heart was excised.
Total protein was isolated from the left ventricle and equal amounts (80ug) of lysates
were assayed by Western blot analysis using antibodies specific for ANP. GAPDH level

was the loading control. Fold differences of protein levels over control were calculated.
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Iso treatment increased pPKA level by ~1.4 fold and pretreatment with Apo prevented that
increase. We also assayed the level of the transcription factor CREB, a downstream target
of PKA, which was unaffected under Iso treatment (Figure 11.3A). The level of pAkt
increased by ~2.0 fold under Iso treatment and Apo brought it to ~1.2 fold to the baseline.
Similarly, in Iso treated rats, pErk1/2 level was increased by ~1.2 fold and pretreatment
with Apo abrogated the induction (Figure 11.3B). Taken together, these data suggest that
the activation of PKA, Akt and Erk by the stimulation of B-adrenergic receptor is

attenuated by the inhibition of Nox by apocynin.

Apocynin alters the Iso treated Cardiac proteome

To further understand the wider mechanisms of the reversal of Iso induced cardiac
hypertrophy by Apo, we performed a comparative proteome analysis of the left ventricle
section of the Iso and Iso plus Apo treated hearts. The total protein extracts were resolved
by 2D gel electrophoresis followed by silver staining to visualize the spots. Representative
2D images of different groups are shown in Figure I1.4A. The gel images were analysed
and several differentially expressed protein spots were randomly identified. The spots were
then excised, identified by MALDI-TOF/MS analysis and were tabulated based on the
nature of modulation by Iso and Iso plus Apo. As shown in Table.2, we identified ten
proteins which were upregulated by Iso and apocynin restored them. These ten proteins
are involved in cardiac pathobiology in general. In particular, two were involved in cell
signaling (Calsequestrin 2 and Arginine vasopressin-induced protein 1); two in vascular
function (Renin precursor protein and Fibroblast growth factor 12); five in energy
metabolism (Prohibitin, NADH dehydrogenase (ubiquinone) Fe-S protein, Cytosolic
aspartate aminotransferase, Enoyl-CoA hydratase, Mito precursor, Short-chain specific
acyl-CoA dehydrogenase), and one in cardiac development (T-box 3). Similarly, four
proteins were found to be downregulated by Iso and restored by Apo; out of which, two
were gene regulatory proteins (Transcription elongation factor SPT5, Zinc finger protein
2 homolog), one was chaperone (Heat shock protein-90) and one contractile protein
(Myosin regulatory light chain 2). Four proteins were also identified that were upregulated
by Iso and further increased by Apo. Among them, one was a chaperone (Heat shock
protein B-6), one was a Ca*" signaling protein (Myozenin-2) and two were involved in
metabolism (B-enolase and Nucleoside diphosphate kinase B). Two proteins were
downregulated by Iso but Apo further reduced it (Myosin light chain 3 and Troponin T).

Four proteins were unaffected by Iso, but Apo modulated their expression. Those were
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Figure 11.3 Apocynin prevents isoproterenol induced activation of downstream
kinases: (A) Wistar rats were administered with 5 mg/kg BW (subcutaneous) of Iso and
10 mg/kg BW of Apo (intraperitoneal). After 14 days, rats were sacrificed and heart was
excised. Total protein was isolated from the left ventricle and equal amounts (80ug) of
lysates were assayed by Western blot analysis using antibodies specific for phospho PKA
and phospho CREB. Total PKA and total CREB were used as respective controls. Also
GAPDH level was the loading control. The mean density values of pPKA and pCREB

were evaluated as a ratio relative to that of total PKA and total CREB respectively. Fold

pPPK A pCREB

differences of relative ratio of protein levels over control were calculated.
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(B) Wistar rats were administered with 5 mg/kg BW (subcutaneous) of Iso and 10 mg/kg
BW of Apo (intraperitoneal). After 14 days, rats were sacrificed and heart was excised.
Total protein was isolated from the left ventricle and equal amounts (80ug) of lysates
were assayed by Western blot analysis using antibodies specific for phospho Akt and
phospho ERK1/2. Total Akt and total ERK1/2 were used as respective controls. Also
GAPDH level was the loading control. The mean density values of pAkt and pERK were
evaluated as a ratio relative to that of total Akt and total ERK respectively. Fold

differences of relative ratio of protein levels over control were calculated.
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Figure 11.4 Analysis of the effects of apocynin on isoproterenol modulated cardiac
proteome: Wistar rats were administered with 5 mg/kg BW of Iso and 10 mg/kg BW of
Apo. After 14 days, rats were sacrificed, hearts were excised and lysates were prepared
from the left ventricle. Two hundred fifty microgram of lysate was resolved on a 13 cm
IPG strip with pH gradient 3-10 (linear) followed by second dimension separation on
12% SDS PAGE. Then silver staining was performed to visualize the protein spots. (A)
Representative 2D images of different groups. Gel images were analysed by using
SameSpots software from totallab, UK. All the differentially expressed spots were
marked (red arrow) and identified by MALDI-TOF analysis.
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(B) Close up areas of the gels showing variation in the intensity of the four representative
(randomly chosen) differentially expressed proteins viz., Prohibitin (Phb), Myozenin-2
(Myoz-2), Myosin regulatory light chain-2 (RLC-2) and Heat Shock Protein-90 (HSP-90)

spots are also shown.



Table.2 Grouping of modulated proteins identified from 2D gel analysis followed by its MALDI-TOF/MS.

Group Spot | Name of the protein Relative level
No. of expression*
1. Calsequestrin 2 1 . Ca?*-binding protein in the sarcoplasmic reticulum of cardiac
1.2146 myocytes. Senses changes in the luminal Ca?* concentration and
0.9429 communicates to ryanodine receptor channel.
2. Renin precursor protein 1 . The precursor of renin protein, a endopeptidase which generate
1.4760 angiotensin | from angiotensinogen in the plasma. Plays a critical role
1.0017 in adverse left ventricular remodeling and chronic heart failure.
3. Prohibitin 1 . Highly conserved group of protein family involved in energy
1.7556 metabolism, proliferation, apoptosis, and senescence. Significantly
1.0903 increased in I/R rats. Protects cardiomyocytes from oxidative stress
induced damage.
4. Arginine vasopressin-induced | 1 . Involved in MAP kinase activation, epithelial sodium channel (ENaC)
protein 1 1.5969 down-regulation and cell cycling. Elevated during cardiac stress, have
1.0832 role in the regulation of blood pressure and the pathogenesis of
hypertension.
Upregulated by Iso,
restored by Apo 5. Fibroblast growth factor 12 1 . Master regulator of VSMC plasticity, induces the quiescent and
2.0472 differentiated phenotypes.
1.2473
6. NADH dehydrogenase | 1 . Core subunit of the mitochondrial ETC complex I, transfers electrons
(ubiquinone) Fe-S protein 1.1835 from NADH to the respiratory chain.
0.9161
7. Cytosolic aspartate | 1 . Biosynthesis of L-glutamate from L-aspartate or L-cysteine. Elevated
aminotransferase 1.1942 level is found in myocardial infarction.
0.9633
8. Enoyl-CoA hydratase, Mito | 1 . Catalyzes the second step of B-oxidation in fatty acid metabolism to




precursor 1.3968 produce acetyl CoA and energy.
0.8411
9. Short-chain specific acyl-CoA | 1 9. Catalyzes the dehydrogenation of acyl CoA derivatives in B-oxidation.
dehydrogenase 1.2745
0.9788
10. T-box 3 1 10. Transcription factor required for pacemaker and conduction system
1.5196 development in the embryonic. Also reprogram adult cardiomyocytes
1.1684 into pacemaker cells.
11. Transcription elongation factor | 1 . Conserved throughout evolution, regulates mRNA processing and
SPT5 0.8357 transcription elongation by RNA polymerase Il and I.
1.0130
12. Heat shock protein-90 1 . Molecular chaperone. Have pathogenic role in atherosclerosis and
0.5761 cardiac hypertrophy.
1.0298
Downregulated by Iso, | 13. Myosin regulatory light chain 2 | 1 . Contractile protein.
restored by Apo. 0.5056
0.7434
14. Zinc finger protein 2 homolog 1 . Transcription factor involved in neuronal differentiation and
0.8758 phenotypic maintenance.
1.1522
15. Heat shock protein -6 1 Small molecular chaperone that maintains denatured proteins in a
1.1949 folding-competent state. Regulate smooth muscle vasorelaxation and
1.8073 cardiac myocyte contractility. Overexpression mediates
cardioprotection and angiogenesis after induced damage.
16. Myozenin-2 1 . Cardiac specificZ-disc protein. Involved in modulation of calcineurin
Upregulated by Iso and 1.2116 signaling and in myofibrillogenesis.
further increased by 1.3035
Apo
17. B-enolase 1 . Glycolytic enzyme that catalyzes the reversible conversion of 2-



https://en.wikipedia.org/wiki/2-phosphoglycerate

1.3199 phosphoglycerate to phosphoenolpyruvate. Involved in striated muscle
2.2623 development and regeneration.
18. Nucleoside diphosphate kinase | 1 . Catalyzes the synthesis of nucleoside triphosphates. Negatively
B 1.1709 regulates Rho activity by interacting with AKAP13/LBC.
1.2679
Downregulated by Iso | 19. Myosin light chain 3 1 . Regulatory light chain of myosin referred as cardiac ventricular/ slow
and further reduced by 0.8769 skeletal muscle isoform. Mutations in MYL3 is associated to the
Apo 0.7970 familial hypertrophic cardiomyopathy.
20. Troponin T, cardiac isoform 1 . Tropomyosin binding subunit of troponin, regulate muscle contraction.
0.7891 Serve as a marker of heart muscle damage.
0.7074
21. Phosphatidylethanolamine- 1 . Novel effector of signal transduction pathways vis-a-vis physiological
binding protein 1 1.0644 modulator of Raf kinase, GPCR signaling and NFkB activation,
1.4561 thereby control cellular growth, motility, apoptosis, genomic integrity,
and therapeutic resistance.
22. Homolog of zebra fish ES1 1 . Conserved across E.coli. to human and are expressed in diverse tissues
1.1158 having high metabolic demands. Involved in mitochondrial biogenesis.
1.3383
No change with Iso,
but  modulated by | 23. Zinc finger CCCH domain- | 1 . Involved in cell cycle and growth phase related regulation.
Iso+Apo containing protein 1.0451
0.8955
24. Sodium channel Nav1.7 1 . Voltage gated sodium channel involved in generation and conduction
0.9799 of action potentials majorly contributing to pain signaling.
0.7587
25, Polymerase, delta 2, regulatory | 1 . Component of DNA polymerase delta complex, involved in DNA
subunit 1.0757 replication and repair.
0.8023
26. a-enolase isoform X1 1 Key glycolytic enzyme involved in multiple functions, considered as a
0.8985 marker of pathological stress in number of diseases. Induced
0.9072 expression under I/R and myocardial infarction.



https://en.wikipedia.org/wiki/2-phosphoglycerate
https://en.wikipedia.org/wiki/Phosphoenolpyruvate

No change

217.

Stathmin-4 isoform b

1.0616
1.0119

2.

Microtubule destabilizers, regarded as intracellular signaling relay
center. Involved in the regulation of neurogenesis.

* In the descending order: Control, Iso, Iso plus Apo




Results IT

Phosphatidylethanolamine-binding protein 1, a signaling protein; Homolog of zebra fish
ES1, involved in mitochondrial biogenesis; Zinc finger CCCH domain-containing protein
involved in cell cycle regulation; a sodium channel; and Polymerase, delta 2, regulatory
subunit, a component of DNA polymerase delta complex, involved in DNA replication

and repair. Taken together, these results strongly suggest that Apo has broader effects on
cardiac proteome under 1so stress.
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Discussion:

Cardiac hypertrophy is the common manifestation of several cardiovascular disorders. At
the cellular level, there are several hallmarks like increased protein synthesis, increase in
myocyte volume but not in number, and partial reactivation of fetal gene expression
programs. Although oxidative stress has been attributed to it, failure of antioxidants in
ameliorating those conditions necessitated a revisit of the concept of the cause and effect
relationship (Sawyer, 2011). Such reexamination has also been necessitated by the
emergence of reactive oxygen species like superoxide and hydrogen peroxide as the
mediators of physiological signals (Zhang et al., 2012).

Noxes are the enzymes solely dedicated to the generation of intracellular superoxide and
hydrogen peroxide. With the emerging evidences on their pivotal role in the
pathophysiology of various diseases, therapeutic inhibitors of Noxes are also being
explored (Brandes et al., 2014b; Altenhofer et al., 2015). Apocynin, a non-toxic plant
metabolite, has been in use for treating respiratory, metabolic and cardiovascular disorders
even before its mode of action were known (’t Hart et al., 2014). Later studies had
described it as an inhibitor of Nox (Altenhofer et al., 2015). Recent years there has been a
flurry of reports showing its beneficial effects under several pathobiological setups
(Altenhofer et al., 2015; Rastogi et al., 2016). Despite the ambiguities regarding the
specificity of its actions, its beneficial effects have largely been well appreciated (Simonyi
et al., 2012). Based on our earlier study showing the involvement of Nox2 in mediating
adrenergic signaling (manuscript under revision in Molecular and Cellular Biochemistry),
we have tested whether Apo can ameliorate the hypertrophic response elicited by the
adrenergic agonist Iso in male rats. As evident from the gross morphological parameters
(HW/BW and HW/TL ratio), echocardiography, and expression levels of the transcripts of
the established markers of hypertrophy (B-MHC, ANP, BNP and ACTA-1), Apo was quite
effective in preventing the hypertrophic responses measured after two weeks of treatment.
In full agreement, the activation of key nodal kinases mediating adrenergic signaling viz.,
PKA, ERK and Akt by Iso were also prevented by Apo; reiterating the well anticipated
cross talk between the redox and kinase pathways. Noticeably, transcription factor CREB,
one of the downstream targets of PKA and a regulator of cardiac functions (Liu et al.,
2006), was affected neither by Iso nor by Iso + Apo, suggesting specificity of their effects.
Although CREB is known to be the downstream target of f-AR/PKA signaling, no

alteration in its activity by Iso has earlier been reported (Yin et al., 2016).
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Adrenergic signaling is highly complex that substantially modulates the cardiac proteome
(Kumar et al., 2017). Our observation that Apo further alters the proteome in Iso treated
heart is significant as it suggests a far wider role of Noxes in cardiac function. Although a
counter argument in favor of a pleiotropic effect of Apo might be put forward, the
proteomic data still argues well in view of the fast emerging role of Noxes in cardiac
function (Santos et al., 2016).
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Summary and Conclusions

Cardiac cells have multiple adrenergic receptors (o and B with several subtypes) and
sustained adrenergic stimulation under increased cardiac load and decreased contractile
function result in pathological hypertrophy, apoptosis and autophagy (Capote et al., 2015).
Such responses initially induce cardiac remodeling that involves a complex series of
structural, functional, transcriptional, electrophysiological, and signaling events leading to
change in shape and volume of the heart. Although remodeling is an adaptive process, it
often leads to maladaptation, causing heart failure (Hill & Olson, 2008; Burchfield et al.,
2013).

Oxidative stress, the pathological imbalance towards excess generation of ROS relative to
the antioxidant defense system of the cell, is one of the most evidenced marker of many of
the cardiovascular dysfunctions (Elahi et al., 2009; Sawyer, 2011; Ho et al., 2013; Miinzel
et al., 2015). Different patho-physiological stimuli generate different combinations of
ROS leading to different biological effects. Controlled generation of ROS is crucial for
physiological processes thus maintaining the cellular homeostatsis (Santos et al., 2011;
Madamanchi & Runge, 2013). Excessive generation of ROS causes nonspecific damage
to cellular protein, membranes and DNA, thereby disturb a wide range of cellular events.
A number of studies have suggested the importance of the source(s) and spatiotemporal
distribution of ROS in determining the pathobiological outcomes. However, their
mechanisms of actions is largely unknown (Chen & Zweier, 2014). Earlier we have
demonstrated that in H9c2 cardiac myoblasts, hypertrophic and apoptotic responses
elicited by NE are initiated by generation of distinct but comparable repertoire of ROS at
the onset, followed by respective gene expression programs (Gupta et al., 2006; Jindal &
Goswami, 2011; Thakur et al., 2015). Major intracellular sources of ROS in cardiac cells
include mitochondrial ETC, NOX (1/2 and 4), NOS and xanthine oxidase (Burgoyne et
al., 2012). Recently Noxes have come forth as crucial source of ROS in cardiovascular
pathophysiology (Brandes et al., 2010; Sirokmany et al., 2016). Despite recent advances
on the role of specific Nox isoforms; their involvement in mediating distinct downstream
responses are poorly understood as yet.

In this study, we treated H9c2 cardiac myoblasts with norepinephrine (NE, 2uM), inducing
generation of ROS in general (DCFH-DA positive) and superoxide (DHE positive) in
particular that was inhibited by Nox2 specific peptide inhibitor gp91lds-tat. Live cell
imaging using organelle specific H2O> sensitive genetically encoded fluoroprobe HyPer
showed that the site of ROS generation is primarily in the cytosol, to some extent the ER
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but not the mitochondria. Transcript analysis of marker genes of cardiac hypertrophy viz.,
ANP, B-MHC and a-MHC have revealed that the increase in the level of ANP and f-MHC
and decrease in a-MHC level by NE treatment was prevented by specific inhibition of
Nox2 by gp91ds-tat. Immunostaining have also established that the induction of ANP and
B-MHC at the protein level were attenuated by the inhibition of Nox2. Induction of c-Jun
and FosB, the two members of the transcription factor family AP-1, were also blocked by
the inhibition of Nox2 by gp91ds-tat. Although, there was decrease in the phospho-c-Jun
level with NE treatment, Nox2 inhibition restored it near to baseline suggesting Nox2
mediated modulation. Induction of promoter reporter constructs harboring multiple AP-1
elements and the upstream of FosB and ANP genes by NE were also blocked by the
inhibition of Nox2 by gp91ds-tat. Similar results were also obtained by using a dominant
negative mutant of p22phox, a constituent of Nox2 to prevent its activation.

Thus, this study for the first time establishes the significant role of Nox2 in mediating the
NE induced pathological adrenergic signaling in cardiac myoblasts.

Although, the implication of oxidative stress in the pathogenesis of cardiovascular diseases
is known for decades, the antioxidant therapies targeting oxidative stress in the progression
of those diseases have largely been unsuccessful (Sawyer, 2011). The current study also
evaluated the effects of a NADPH oxidase inhibitor, apocynin (Apo) on the production of
reactive oxygen species and the development of pathological cardiac hypertrophy under
sustained f-adrenergic stimulation in male Wister rats. As evident from the HW/BW ratio,
HWI/TI ratio and echocardiography, hypertrophic responses induced by isoproterenol (Iso;
5 mg/Kg body weight, subcutaneous), were blocked by Apo (10 mg/Kg body weight,
intraperitoneal). Increase in MRNA levels of a number of markers of hypertrophy viz.,
ANP, BNP, B-MHC and ACTA-1 by Iso were also partially or completely prevented by
Apo. Iso stimulated activation of key signaling kinases such as PKA, Erk and Akt, was
also prevented by Apo treatment. Proteomic analysis revealed that pretreatment of Apo
restored a subset of proteins up- and down- regulated in the Iso induced hypertrophied
hearts.

Our study thus provide hemodynamic and molecular evidence supporting the therapeutic

value of Apo in ameliorating adrenergic stress induced cardiac hypertrophy.
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Abstract In recent years, NADPH oxidases (Noxes) have
emerged as an important player in cardiovascular patho-
physiology. Despite the growing evidences on the role of
specific Nox isoforms, mechanisms of their activation,
targets of reactive oxygen species (ROS) generated, and
their downstream effects are poorly understood as yet. In
this study, we treated H9c2 cardiac myoblasts with nore-
pinephrine (NE, 2 pM), inducing ROS generation that was
inhibited by Nox2-specific peptide inhibitor gp91ds-tat.
Organelle-specific hydrogen peroxide-sensitive probe
HyPer showed that the site of ROS generation is primarily
in the cytosol, to some extent in the endoplasmic reticulum
(ER) but not the mitochondria. Modulation of mRNAs of
marker genes of cardiac hypertrophy i.e. induction in ANP
and B-MHC, and reduction in o-MHC by NE treatment
was prevented by specific inhibition of Nox2 by gp91ds-
tat. Induction of ANP and B-MHC at the protein level were
also attenuated by the inhibition of Nox2. Induction of
c-Jun and FosB, the two members of the transcription
factor family AP-1, were also blocked by the inhibition of
Nox2 by gp9lds-tat. Induction of promoter-reporter con-
structs harboring multiple AP-1 elements and the upstream
of FosB and ANP genes by NE were also blocked by the
inhibition of Nox2 by gp91ds-tat and a dominant negative
mutant of p22phox, a constituent of Nox2 that prevents its
activation. This study for the first time establishes the

Electronic supplementary material The online version of this
article (doi:10.1007/s11010-017-3088-8) contains supplementary
material, which is available to authorized users.

< Shyamal K. Goswami
skgoswami@mail.jnu.ac.in; shyamal.goswami @gmail.com

School of Life Sciences, Jawaharlal Nehru University,
New Delhi 110067, India

Published online: 07 June 2017

significant role of Nox2 in mediating the NE-induced
pathological adrenergic signaling in cardiac myoblasts.

Keywords Redox signaling - Reactive oxygen species -
NADPH oxidase - Cardiac hypertrophy - Norepinephrine -
gp91ds-tat

Introduction

Oxidative stress has long been attributed to cardiovascular
diseases like endothelial dysfunction, cardiac hypertrophy,
cardiomyocyte apoptosis, ischemia—reperfusion injury, and
heart failure [1-3]. Paradoxically, alleviating those condi-
tions by antioxidants has largely been unsuccessful [4].
Recent years have seen paradigm shifts wherein apart from
their deleterious effects, reactive oxygen species (ROS) have
emerged as the mediator of intracellular signals [5]. Such
regulatory roles of ROS are fast evolving [6, 7]. Superoxide
(05 ), aprevalent ROS, is generated from a number of redox
enzymes and mitochondrial electron transport complexes in
distinct cellular locations. It is also converted into hydrogen
peroxide (H,0,), a potent signaling molecule [7]. Their
effects on the cellular constituents depend on the duration of
generation, steady-state concentrations, subcellular loca-
tions, and surrounding antioxidants [8, 9]. O, and H,O, may
oxidize, nitrosylate, or glutathionylate the cysteine thiols in
adjoining proteins, affecting their conformation, stability,
and functions [6, 10].

The response of the cardiovascular system to the
pathological stimuli leading to the development of hyper-
trophy and heart failure is complex and involves all known
modes of regulations including phosphorylation—dephos-
phorylation, intracellular trafficking, protein and mRNA
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turnover, and oxidative modifications of the cellular pro-
teome [11]. While the other modes of regulation are better
understood, those by the oxidative and nitrosative modifi-
cations of various proteins are least investigated till date
[6, 11].

Norepinephrine (NE) is released from the sympathetic
nervous system and targets o- and B-adrenergic receptors,
regulating cardiac performance [12, 13]. Cardiac myo-
cytes in culture when treated with a lower dose of NE
(<10 pM NE) elicit hypertrophic response, while at a
higher dose (=50 uM NE) induces apoptosis. These two
responses are the hallmark of heart failure [14, 15]. We
have demonstrated earlier that although ROS are the
common denominators of both the responses, its mecha-
nism of actions is far more nuanced and complex than
simple threshold-dependent effects as perceived earlier
[16, 17].

NADPH oxidases (Nox1-5) are enzymes solely dedi-
cated for the production of O; and H,O, in various tissues
in a context-specific manner [18]. Except Nox4 which is
constitutive, all other Noxes are activated by various
mechanisms [19]. Apart from their activation by intracel-
lular mechanisms like calcium flux and by protein—protein
interactions, they are also co-activated by the engagement
of various growth factors, peptide hormones, and cytokines
to their cognate receptors, though the mechanisms are not
fully understood [20-22]. Three of its isoforms viz., Nox1/
2/4 are expressed in heart and ROS generated from them
have been attributed to interstitial fibrosis, contractile
dysfunction, ischemia-reperfusion injury, and cardiac
remodeling [6, 11, 23, 24].

Nox2, the prototype member of the family, is primarily
localized in the plasma membrane and it is involved in
redox signaling from cell exterior to interior [25]. In heart,
several pathophysiological stimuli, i.e., hypoxia, mem-
brane depolarization (endothelial cells), induction of pla-
telet activating factor (PAF), arachidonic acid, tumor
necrosis factor-oo (TNF-a)), and interleukin-1p (IL-1P),
activate Nox2 [23].

Despite evidences that generation of ROS is an integral
part of adrenergic signaling, their source, nature, and
mode of actions are largely unknown [16, 17, 26]. In the
present study, we demonstrate that in H9c2 cardiac
myoblasts, stimulation of adrenergic receptor by NE co-
stimulates Nox2 generating O;  and H,O,. ROS generated
from Nox2 is an integral part of the adrenergic signaling
as the inhibition of Nox2 prevents the activation of tran-
scription factors mediating hypertrophic response and the
induction of a number of marker genes considered as the
hallmarks of hypertrophy.
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Materials and methods
Reagents

All chemicals were purchased from Sigma-Aldrich, USA
unless otherwise specified. Peptide inhibitor gp91ds-tat
(RKKRRQRRRCSTRIRRQL-NH2) was obtained from
AnaSpec, Inc. pHyPer-Cyto and pHyPer-Mito constructs
were obtained from Evrogen (Moscow, Russia). p22-phox-
Wt and p22-phox-DN constructs were kind gift from Dr.
Jaharul Haque, Cleveland Clinic, USA [27]. Rabbit mon-
oclonal antibodies against Fos-B, c-Jun, p—c-Jun, and
GAPDH were purchased from Cell Signaling Technolo-
gies, USA. Rabbit polyclonal antibody against f-MHC was
purchased from Biorbyt, UK. Mouse monoclonal antibody
against ANP and Horseradish peroxidase-conjugated anti-
mouse and anti-rabbit IgG antibodies were obtained from
Santa Cruz Biotechnology, USA. Alexa fluor-555 goat
anti-rabbit and Alexa fluor-488 goat anti-mouse secondary
antibodies were procured from Thermo Fisher Scientific,
US. All the oligonucleotides used for cloning and transcript
level measurement were synthesized from Sigma-Aldrich
(Supplemental Table 1).

Cell culture

H9c2 cardiac myoblasts were procured from Sigma-
Aldrich, USA (originally from ECACC, UK) and were
cultured as monolayer in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 90 U/ml Penicillin, 90 pg/ml streptomycin
and 5 pg/ml amphotericin B in humidified, 5% CO, con-
taining incubator at 37 °C.

ROS/O; measurement

HOc2 cells were grown in 35-mm dish to 70% confluence
and kept in serum-free media for 12-14 h followed by
treatment with 2 uM NE for 10 min. Wherever necessary,
cells were pretreated with gp9lds-tat peptide (5 uM),
30 min prior to NE treatment. Thirty minutes prior to
imaging, cells were treated with the fluoroprobes Dichloro-
dihydro-fluorescein diacetate (DCFH-DA, 5 uM) or
Dihydroethidium (DHE, 10 uM), kept in dark at 37 °C,
and washed in PBS (phosphate buffer saline), and the
images were captured in Nikon Eclipse Ti-E fluorescence
microscope using excitation/emission at 504/529 and
535/610 nm, respectively. For quantification, the mean
intensity of fluorescence was measured by NIS-Elements
software (Nikon).
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Construction of pHyPer-ER

For targeting HyPer to endoplasmic reticulum (ER), the
HyPer-ER was reconstituted from HyPer-Cyto essentially
as described by Malinouski et al. [28]. Briefly, an 87-nu-
cleotide-long oligonucleotide harboring the ER signal
peptide sequence of 29 amino acids was generated from the
total RNA isolated from the pituitary gland of rat by using
appropriate primers (supplemental Table 1). The PCR
product was then cloned in frame at the N-terminal of
pHyPer-Cyto. Also, in the C-terminal, a synthetic 12-nu-
cleotide-long sequence harboring the ER retention signal
(KDEL) was inserted. The strategy details are given in
Supplemental Fig. 1s.

Measurement of cell compartment-specific H,O,
generation

HO9c2 cells were grown in 35-mm glass bottom dish to 70%
confluence followed by transient transfection using Escort
IV transfection reagent according to the manufacturer’s
instructions. After 24 h of transfection, cells were kept in
serum-free media for 12-14 h followed by treatment with
2 uM NE in phenol red free DMEM. Fluorescence of live
cells was captured while in a live cell chamber with 5%
CO, at 37 °C by Andor spinning disc confocal microscope
(Olympus) with excitation using 488 nm laser line. The
intensity of fluorescence was quantified by NIS-Elements
AR-ver 4.000 software.

Gene expression analysis

HO9c2 cells were grown to 70% confluence and kept in serum-
free media for 12—-14 h followed by 2 uM NE treatment.
Wherever necessary, cells were also treated with gp91ds-tat
peptide (5 M) 30 min prior to NE treatment. After 24 h,
total RNA was isolated using TRI reagent according to the
manufacturer’s instructions. One microgram of RNA was
reverse transcribed using Applied Biosystems reverse tran-
scription kit as per the manufacturer’s protocol. Gene-
specific primers were used to analyze the transcript level
using SYBR green master mix (Applied Biosystems) in an
Applied Biosystems 7500 real-time PCR system. Modula-
tion of transcript levels was quantified using Ct values and
normalization was done with the transcript level of the house
keeping gene GAPDH.

Immunofluorescence analysis

HO9c2 cells were grown on poly-L-lysine-coated coverslips
in 12-well culture plate. Cells were treated with 2 uM NE
and 5 uM gp9lds-tat peptide (30 min prior to NE treat-
ment) wherever marked for indicated time point. After

treatment time, cells were fixed with chilled methanol for
20 min followed by PBS washes and blocked with PBS
containing 1% BSA, 1% bovine serum, and 0.1% Triton-
X-100 for 60 min. Then, after PBS washes, the coverslips
were incubated overnight at 4 °C with 1:100 rabbit-anti-3-
MHC or mouse-anti-ANP or rabbit-anti-FosB antibodies
diluted in blocking solution. Next day, after washing three
times with PBS, cells were incubated with 1:500 Alexa
fluor-555 goat anti-rabbit secondary antibody (red fluo-
rescence) or Alexa fluor-488 goat anti-mouse secondary
antibody (green fluorescence) for 60 min. After three
washes in PBS, the coverslips were sealed with glass
slides in 80% glycerol (in PBS) containing cell nuclei
stain Hoechst (1:1000). The images were captured in
Nikon Eclipse Ti-E fluorescence microscope at 60X
magnification.

Immunoblot analysis

HO9c2 cells were grown to 70% confluence and kept in
serum-free media for 12-14 h followed by 2 uM NE
treatment. Wherever necessary, cells were also treated with
gp91ds-tat peptide (5 pM) 30 min prior to NE treatment.
After indicated time points, cells were harvested in cold
PBS followed by centrifuge at 3000 rpm for 15 min. The
pellet obtained was lysed in RIPA buffer (50 mM Tris; pH
7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, 1 mM EDTA) with phosphatase inhi-
bitor cocktail, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and protease inhibitor cocktail followed by soni-
cation. The homogenates were centrifuged and supernatant
was assessed for protein concentration by the Bradford
method using BSA as standard. Proteins were separated
(50 ng per well) on 10 or 12% SDS-polyacrylamide gel
and transferred onto PVDF membrane (Millipore, USA).
Membranes were blocked with 3% BSA in 0.1% TBST for
2 h at room temperature followed by incubation with
specific primary antibodies (diluted in 3% BSA in 0.1%
TBST) at 4 °C overnight. Then the membrane was incu-
bated with anti-rabbit or anti-mouse IgG secondary anti-
body conjugated to peroxidase (HRP) at 1:10,000 dilution
in 0.1% TBST for 1 h at room temperature. Membranes
were exposed to enhanced chemiluminescence reagent and
visualized on X-ray film (Kodak, USA). Quantification of
band intensities was performed with the Image-J software
system. The signal intensity of each protein band was
normalized with the corresponding GAPDH signal and fold
change over control was calculated.

Analysis of promoter-reporter activity

HO9c2 cells were grown to 70% confluence followed by
transient transfection with reporter plasmids with or without
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the co-transfection with p22-phox constructs using Escort IV
transfection reagent as directed by the manufacturer. Cells
were kept in serum-free medium for 12-14 h and treated
with2 UM NE and 5 pM gp91ds-tat peptide (30 min prior to
NE treatment) wherever marked. The cells were harvested
after 4 h of NE treatment in 1x lysis buffer (Promega),
lysates were then analyzed for luciferase activity using the
Luciferase Reagent Assay Kit (Promega) in accordance with
the manufacturer’s instructions in a GLOMAX Multi JR
detection system (Promega). Normalization of transfection
efficiency was done by the estimation of total protein used for
the luciferase assay [29, 30].

Statistical analysis

Statistical analyses were performed using GraphPad Prism,
PC version 5 (GraphPad software). Data are expressed as
mean + SEM. Each experiment was performed at least in
triplicate. Experimental groups were compared with the use
of one-way ANOVA if there was one independent variable
(Tukey’s test) or two-way ANOVA if there were two
independent variables. Values of P < 0.05 were considered
statistically significant.

(a)

gp91ds-tat

Control

NE

Kk

Fold change
(DCF intensity)

0.0-
NE - + + -
gp91ds-tat - - + +

Fig. 1 Nox2 is the source of ROS in NE-treated cardiac myoblasts
Upper panel: H9c2 cells were serum starved overnight followed by
treatment with 2 pM NE for 10 min. 5 pM gp91ds-tat or 10 uM Apo
was added 30 min before NE treatment wherever marked. Cells were
labeled with a redox-sensitive fluoroprobe DCFH-DA (5 uM) or
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Results

NE-treated cardiac myoblast generates ROS
from Nox2

We have demonstrated earlier that cardiac myoblasts upon
stimulation with NE generates a complex repertoire of
ROS that contribute towards the downstream responses
viz., hypertrophy and apoptosis [16, 17, 30]. Since such
generation of ROS is an immediate (<1 min) response
and includes both O, and H,0O,, involvement of Nox2 is
anticipated. To test this possibility, H9¢c2 cardiac myo-
blasts were kept in serum-free medium overnight and
stimulated with NE (2 uM) for 10 min. Generation of
ROS was monitored by the general ROS-sensitive fluo-
roprobe Dichloro-dihydro-fluorescein diacetate (DCFH-
DA) and Oj; -specific fluoroprobe Dihydroethidium
(DHE). To test the involvement of Nox2, its specific
peptide inhibitor gp91ds-tat (5 uM) was added. As shown
in Fig. 1a, NE-induced ROS (DCFH-DA) generation was
completely blocked by the specific inhibition of Nox2. In
agreement with our previous report, part of the ROS was
O; (DHE sensitive) that was also completely blocked by

(b)

gp9lds-tat  Apo

Control

NE

Fold change
(HE intensity)
i
<

0.5

0.0~
NE - + + - + -
gp9lds-tat - - + + - -
Apo - - - - + +

b superoxide-sensitive fluoroprobe DHE (10 pM), 30 min prior to
imaging. Lower Panel quantification of the fluorescence intensity
normalized to control. **#*P < 0.001 versus control; P < 0.001
versus NE
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the specific inhibition of Nox2 by gp9lds-tat as well as
the general inhibition of all Noxes by apocynin (Fig. 1b).
These results strongly corroborated with our hypothesis
that stimulation of adrenergic receptor by NE co-activates
Nox2 and generates O, and other associated ROS.

NE induces ROS generation primarily in the cytosol

We have demonstrated earlier that treatment of H9c2 car-
diac myoblasts with 2 uM of NE leads to the sustained but
oscillating generation of ROS [16, 17, 30]. Since redox
signaling is specified by the cellular microdomain where it
is generated, we also tested the subcellular location of the
ROS generated by NE. Cells were transfected with the
H,0;-sensitive cpYFP (circularly permuted-yellow fluo-
rescent protein)-based ratiometric fluorescent probe HyPer
plasmids [31] that monitors the H,O, generation in the
cytoplasm, mitochondria, and endoplasmic reticulum (ER).
After 24 h of transfection, cells were kept overnight in
serum-free media followed by treatment with 2 uM NE
and live cell imaging was done for 1 h at Ex;,x 488 nm.
As shown in Fig. 2a, snapshots of a single living cell
showed treatment with NE resulted in a sharp and rapid
increase in H,O, generation in the cytosol, that sustained
till 1 h, the last time point tested (further analysis was not
possible as the cells started crumbling, presumably due to
the repeated exposure to the light). Although there was a
gradual decrease (~20%) in fluorescence with time, it was
still well above the baseline (untreated cells). Noticeably,
no increase in fluorescence was seen in the mitochondria in
NE-treated cells as monitored by the HyPer-Mito (Fig. 2b).
Rather, the signal was below the baseline (untreated con-
trol) after 30 min, though the reason is not clear. The
efficacy of the assay was evident from the increase in
fluorescence in cells treated with 20 puM H,0,. Unlike the
mitochondria, some increase in fluorescence was seen in
ER upon NE treatment (Fig. 2c), though the response was
not as intense as in cytosol. The higher baseline intensity of
HyPer-ER reflects the oxidizing environment of ER.
Together, these data suggest that cytosol is the primary and
the ER is the secondary location of H,O, generation in NE-
treated cells. Due to the lack of organelle-specific probes,
similar assay for superoxide generation in those organelles
could not be done.

Induction of fetal gene expression by NE is
prevented by the inhibition of Nox2

Re-induction of fetal gene expression program is a char-
acteristic feature of cardiac hypertrophy and it is faithfully
reproduced by treating cultured myocytes ex vivo with
adrenergic agonists [32, 33]. To analyze the role of Nox2-
induced ROS in the induction of fetal gene program if any,

we estimated the mRNA levels of three established mark-
ers viz., ANP (atrial natriuretic peptide), a-MHC (o-myo-
sin heavy chain), and B-MHC (B-myosin heavy chain). As
expected, upon treatment with 21 NE, the transcript levels
of ANP and B-MHC increased by ~1.7 and 2.0 fold,
respectively, and that of a-MHC decreased by ~ 0.4 fold.
Pretreatment of cells with gp91ds-tat (5 M) prevented the
modulation of transcript levels by NE (Fig. 3a). We further
confirmed such modulation of hypertrophic markers at the
protein levels by immunocytochemistry. As shown in
Fig. 3b, treatment with NE (2 uM) increased the levels of
both ANP and B-MHC that were attenuated by the inhi-
bition of Nox2 by gp9lds-tat (5 uM). These results not
only strengthened our previous observation that ROS
induced by NE treatment play a direct role in regulation of
gene expression in hypertrophied heart [16, 17, 30], it also
established that Nox2 is the primary source of this regu-
latory ROS (Figs. 1, 2).

Nox2-induced ROS modulate the activities
of transcription factors mediating hypertrophic
responses

Heterodimeric transcription factor AP-1 has long been
identified as the key mediator of hypertrophic signals eli-
cited by several agonists [34]. Also, depending on the
pathophysiological stimuli, the role of AP-1 can be diver-
gent [35]. We have demonstrated earlier that in NE-treated
cardiac myoblasts, the redox and kinase signals integrate at
various transcription factors viz, AP-1, SP-1, and CREB,
which then mediate their effects through the cognate cis-
regulatory elements in the responsive gene promoters,
specifying the transcriptional output [16, 30]. To reiterate
that observation in the context of ROS generated from
Nox2, the expression levels of two members of the AP-1
family that is c-Jun and FosB were assayed by Western
analysis. As shown in Fig. 4a (left panel), upon treatment
with NE, c-Jun level was induced by 1.25 and 1.38 fold at 2
and 4 h of NE treatment, respectively, and that were
attenuated by gp9lds-tat treatment. Although, gp91ds-tat
itself also showed some induction of c-Jun, it was less than
that able to suppress the c-Jun level below baseline at 4 h.
Similar observations were also made for FosB (FBJ murine
osteosarcoma viral oncogene homolog B), a member of the
AP-1 family and the dimerization partner of c-Jun. As
shown in Fig. 4a (left panel), level of FosB was increased
by 1.45 fold in NE-treated cells at 2 h but diminished
thereafter at 4 h. This kinetic is in agreement with our
earlier study with the FosB transcript [30]. As expected, the
induction of FosB was also abrogated by treatment with
gp91ds-tat. In view with the low intensity of the signal with
the FosB antibody in the Western blot (possibly, a reflec-
tion of the low abundance), we also confirmed its
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Fig. 2 NE induces generation of hydrogen peroxide primarily in the
cytosol Left panel: H9c2 cells were transfected with a pHyPer-Cyto,
b pHyPer-Mito, and ¢ pHyPer-ER. After 24 h of transfection, cells
were kept overnight in serum-free media followed by treatment with

~
(]
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NE Control

modulation by immunocytochemistry as shown on the right
panel. Immunocytochemistry not only reiterated the pattern
of modulation seen in the Western blot, it also showed the
nuclear localization of FosB. We also examined the level
of phospho-c-Jun in NE-treated cells and its modulation by
gp91ds-tat. As shown in Fig. 4a (left panel), treatment with
NE rather decreased the level of phospho-c-Jun (thus
effectively decreasing the phospho-c-Jun/c-Jun ratio) while
treatment with gp91ds-tat partially restored that reduction.
Although, phosphorylation of c-jun is known for its
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2 uM NE or 20 pM H,O, treatment as marked. Live single cell
imaging was done at 60X for 1h at Ex,, 488 nm and most
representative image is shown. Right panel quantification of the
fluorescence intensity normalized to intensity at 1 min

activation (in addition to the increase in its expression
level), its cellular function is highly context specific with
multiple layers of a regulatory networks wherein it inte-
grates different signals [36]. It is thus difficult to assess the
implication of increase in c-Jun expression with concurrent
decrease in its state of phosphorylation upon NE treatment.
Nevertheless, these data unequivocally reiterate that Nox2
plays a role in modulating the AP-1 activity by NE. Sub-
sequent to analyzing the expression of c-Jun and FosB, we
also assayed a number of promoter-reporter (luciferase)
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Fig. 3 Induction of fetal gene expression by NE is prevented by the
inhibition of Nox2 H9c2 cells were serum starved overnight followed
by treatment with 2 uM NE for 24 h. 5 pM gp91ds-tat was added
30 min before NE treatment wherever marked. a Total RNA was
assayed for ANP, B-MHC, and o-MHC transcripts using gene-specific
primers by Real-time PCR. Normalization of input RNA was done by
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using GAPDH level as an internal control. Fold differences of mRNA
levels over control were calculated. b Immunostaining was done
using antibody specific for ANP (left panel) and B-MHC (right
panel). *P < 0.05 versus control; ***P < 0.001 versus control;
#p < 0.05 versus NE; ##Hp < 0.001 versus NE
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Fig. 4 Nox2-induced ROS modulate the activities of transcription
factors mediating the hypertrophic response a H9¢2 cells were serum
starved overnight followed by treatment with 2 uM NE for 2 or 4 h as
indicated. 5 M gp91ds-tat was added 30 min before NE treatment
wherever marked. Left panel Total protein was isolated and equal
amount (50 pg) of lysates were assayed by Western blot analysis
using antibody specific for FosB, Phospho-c-Jun, and c-Jun. GAPDH
level was the loading control. The intensity of bands was evaluated as
a ratio relative to that of GAPDH and values are written above the
respective bands. Most representative image out of three independent
experiment is shown. Right panel Immunostaining was done using
antibody specific for FosB. H9c2 cells were b transfected with AP-1,
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FosB, and ANP promoter-reporter constructs either alone ¢ or co-
transfected with p22-phox-Wt or p22-phox-DN constructs. After 24 h
of transfection, cells were kept overnight in serum-free media
followed by treatment with 2 pM NE for 4 h. 5 uM gp91ds-tat was
added 30 min before NE treatment wherever marked. Cell lysates
were assayed for reporter luciferase activity. Normalization of
luminescence was done against total protein concentration. Fold
differences of promoter activity over control were calculated.
*xP < (.01 versus control; ***P < 0.001 versus control; *P < 0.05
versus NE; #p < 0.01 versus NE; #Hp < 0.001 versus NE
$535p < 0.0001 versus p22-phox-Wt untreated; $55p < 0.001 vs
p22-phox-Wt untreated; *P < 0.05 versus p22-phox-DN untreated
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Fig. 4 continued

constructs regulated by AP-1 in cardiac myocytes treated
with adrenergic agonists. We tested one synthetic promoter
harboring three consecutive AP-1 binding sites, and two
endogenous promoters viz that of ANP and FosB genes.
The endogenous promoter of ANP gene has been exten-
sively studied for analyzing the signal transduction path-
ways mediating hypertrophic response [37] and it harbors
an AP-1 site along with other cis-elements [38]. Although
the FosB promoter has not been studied in details, we have
demonstrated that it is selectively activated by the hyper-
trophic dose of NE and have used it as a paradigm of
understanding how redox and kinase signals integrate at the
gene level regulating its expression [16, 30]. When we
tested the effects of NE on these promoters, there was
increase by ~1.45 fold for AP-1, ~1.6 fold for FosB,
and ~ 1.5 fold for ANP. Pretreatment of cells with the
Nox2 inhibitor gp91ds-tat (5 uM) prevented the induction
of all three (Fig. 4b).

To further confirm the role of Nox2 in regulating the
expression of these promoters in NE-treated cells, we co-
transfected the wildtype (Wt) and the dominant negative
(DN) variants of p22-phox subunit of Nox. Although the
activation of both Nox2/4 isoforms requires p22-phox, its
DN variant (P156Q) prevents ROS generation from Nox2
only [19, 27]. We argued that if the upregulation of these
promoters are Nox2 dependent, it would be compromised
by the over-expression by the DN mutant of p22-phox. As
shown in Fig. 4c, expression of p22-phox-DN subunit of
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Nox compromised the stimulatory effect of NE seen in
control, that is promoters transfected with the p22-phox-
Wt, confirming the involvement of Nox2 in mediating NE
response. Taken together, these data reiterate the involve-
ment of Nox2 in modulating the gene network involved in
hypertrophic signaling by NE.

Discussion

While the specificity of kinase signaling is directed by
protein—protein interactions, that of redox signaling
depends on multiple factors like the localization of the
reactive species in subcellular microdomain, the pKa of
neighboring cysteine thiols, surrounding antioxidants, and
the presence of free transition metals [39, 40]. Redox sig-
naling in mammalian cell is thus highly nuanced, cali-
brated, and difficult to dissect.

Among the three Noxes present in heart, function of Nox4
is better investigated. Its activation by multiple stimuli
including ischemia-reperfusion, pressure overload, and
energy starvation vis-a-vis its location in the mitochondria,
ER, and the nucleus exemplifies the complexity of redox
signaling in cardiac pathobiology [41]. On the contrary, the
role of Nox2, the prototype Nox, in cardiac function is lesser
understood, even though its activation by pressure volume
overload and early preconditioning has been reported
[41, 42]. The functioning of the cardiovascular system is
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modulated by a plethora of growth factors, cytokines, and
hormones, but adrenergic signaling plays a nodal role in
these processes. Therefore, our observation that in cardiac
myoblasts, the activation of adrenergic receptors co-stimu-
lates Nox2 is novel and significant as it gives a new
dimension to the adrenergic signaling.

Although ROS have been implicated in all major
pathological conditions in heart, its sources and potential
targets are largely unknown [1-4, 23, 24, 43]. We have
documented earlier that once the ROS generation is stim-
ulated by NE, it sustains independently, presumably by
some yet unknown downstream mechanisms [16, 17]. As
the present study shows that the ROS generated by NE
treatment is completely attenuated by the selective inhibi-
tion of Nox2, it is thus the only source of ROS at the onset.
Although the primary product of Nox2 is O;, it can be
immediately converted into H,O, by intra- and extracel-
lular SOD (superoxide dismutase), and the chemistry of
signaling by these two ROS is quite different. We therefore
tested the nature of ROS generated by Nox2 and the
presence of both O;~ and H,O, were detected in NE-treated
cells. These results are in full agreement with our earlier
observation that upon NE treatment, H9c2 cardiac myo-
blasts generate a complex mixture of O; , H,O,, and other
secondary ROS, although their sources were unknown in
earlier study [17]. In this study, we also for the first time
demonstrated that H,O, generated by Nox2 is primarily
localized in the cytosol, to some extent in the ER but
completely absent in the mitochondria. Among various
organelles, mitochondria have generally been viewed as the
principal source of ROS in heart, especially under patho-
logical conditions [41, 42], although cytosolic, endoplas-
mic reticular, and nuclear ROS have also been attributed to
the cardiac pathobiology [23, 44—46]. Further study on the
targets of cytosolic H,O, in mediating the downstream
signals will be of immense interest.

Although the cross-talk between the redox and kinase
signaling has long been envisaged, the mechanistic insights
are highly inadequate [7, 47]. We had demonstrated earlier
how kinase and redox signals generated in NE-treated
cardiac myoblasts are integrated at multiple cis regulatory
elements in the target genes [30]. In reiteration, we now
demonstrate that three prototype genes for hypertrophic
response viz., ANP, B-, and o-MHC; modulated by NE
remained to their baseline levels by the selective inhibition
of Nox2. This observation further exemplifies the seamless
integration of the ROS and kinase signaling we had
demonstrated earlier [30]. Such integration is further con-
firmed by the prevention of the induction of the one pro-
moter exclusively regulated by the transcription factors
AP-1, and two others, i.e., of ANP and FosB, considered as
the prototype of adrenergic signaling; upon selective
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inhibition of Nox2. Although the specific inhibition of
Nox2 by the peptide inhibitor gp-91-ds-tat has been shown
by numerous studies [48], considering our emphasis on the
pivotal role of Nox2 in adrenergic signaling, we also val-
idated our claim by using a dominant negative mutant of
p22phox which hampers the generation of ROS from Nox2
isoform only. This mutant also completely blocked the
induction of FosB, ANP, and AP-1 promoters induced by
NE. The rational for using these promoters for the vali-
dation of Nox2 signaling is that these are at the end points
of the kinase and ROS signals generated at the cell surface
by the ligand, i.e., NE.

Taken together, our study firmly establishes the close
interaction between the conventional kinase signaling from
the adrenergic receptors and the emergent ROS signaling
from Nox2 as the key mediator of adrenergic responses in
the cardiac myoblasts.
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