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Abstract

Increases in oxidative stress in the heart play an important role in mediating hypertrophy,
apoptosis, fibrosis, mitochondrial dysfunction and the consequent development of heart failure.
Although it has been widely believed that electron leakage from the mitochondrial electron
transport chain is the primary source of oxidative stress in the failing heart, increasing lines of
evidence suggest that enzymes which produce reactive oxygen species (ROS) may also contribute
to it. NADPH oxidases are transmembrane enzymes dedicated to producing superoxide (O5") by
transferring an electron from NAD(P)H to molecular oxygen. Nox4 is a major NADPH oxidase
isoform expressed in the heart. Nox4 is localized primarily at mitochondria in cardiac myocytes,
and upregulation of Nox4 hypertrophic stimuli enhances O, production, apoptosis, and
mitochondrial dysfunction, thereby playing an important role in mediating cardiac dysfunction.
Since Nox4 could be a key molecule mediating oxidative stress and pathological hypertrophy, it
may serve as an important target of heart failure treatment. In this review, the importance of
NADPH oxidases as sources of increased oxidative stress in the failing heart and the role of Nox4
in mediating growth and death of cardiac myocytes are discussed.
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Reactive oxygen species (ROS) are defined as molecules derived from oxygen with
characteristic instability and chemical reactivity, and include both free radicals, such as
superoxide (O27) and hydroxyl radical (OH"), and non-radicals, such as hydrogen peroxide
(H,05) and singlet oxygen (10,). Excessive production of ROS causes damage in tissue/
cellular constituents, including DNA, proteins, and lipids, leading to cellular/organ
dysfunction and consequent cell death [1,2]. However, regulated generation of ROS at low
levels mediates physiological functions, such as cell survival, growth, differentiation, and
metabolism. The NADPH oxidase (Nox) family enzymes are a major cellular source of Oy,
and of H,0,, into which O™ is rapidly converted [3,4]. ROS generated by Noxs may be
involved in various physiological and pathological processes in the heart, such as
hypertrophy, apoptosis, heart failure and hypoxic adaptation [5]. The purpose of this review
is to highlight the function of Nox4, an isoform of the Nox family abundantly expressed in
the heart, and to discuss its potential as a target for drug therapy in heart failure patients.
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NADPH oxidases

The first identified example of an enzyme dedicated to producing O,” was an NADPH
oxidase expressed in mammalian phagocytes [3,6]. During the engulfment of invading
microbes, the phagocyte NADPH oxidase becomes activated to reduce molecular oxygen to
0,7, a precursor of microbicidal ROS, in conjunction with oxidation of NADPH. The
catalytic core of the phagocyte NADPH oxidase is gp91P"%% a membrane-integrated
glycoprotein with a molecular mass of 91 kD. gp91PN°X contains two hemes in the N-
terminal transmembrane region, and NADPH- and FAD-binding domains in the C-terminal
cytoplasmic region, forming a complete electron-transferring apparatus through which an
electron provided by NADPH is transferred to molecular oxygen on the other side of
membrane. Searches in genome databases led to the identification of novel homologs of
gp91PhoX known as Nox (NADPH oxidase) or Duox (dual oxidase) [3,6]. The human
genome contains seven genes encoding gp91Ph° homologs: Nox1-Nox5, where gp91PoX js
renamed Nox2, and the distantly related oxidases Duox1 and Duox2. Nox1-Nox4 share
conserved structural features, including two hemes and FAD- and NADPH-binding
domains, and form a complex with p22Ph%% another membrane-integrated protein. Although
Nox1-Nox3 require additional cytosolic factors for their ROS producing activity, Nox4 does
not [7,8] (Fig. 1). For example, activation of Nox2 requires stimulus-evoked membrane
translocation of cytosolic factors, including p47P1X p67PhoX p4PhoX and Rac, a small
GTPase, and formation of an active oxidase complex at the membrane. Although the activity
of Nox4 may also be modulated by interaction with unique proteins, such as Poldip2 [9], the
contributions of such mechanisms to the overall activity of Nox4 remain to be elucidated.
Due to the difference in the activation mechanism, it is believed that O,™ production by
Nox2 is inducible, whereas that by Nox4 is constitutive. Since O,™ production by Nox2
during phagocytosis is quick and robust, it is called a “respiratory burst”. On the other hand,
changes in O, production by Nox4 take place primarily at the level of MRNA
(transcription) [10,11]. The heart and cardiac myocytes therein primarily express Nox2
[12-14] and Nox4 [15,16]. In order to elucidate the function of endogenous Nox4 in an
isoform specific manner, we have recently generated cardiac-specific Nox4 -/- mice (c-Nox4
-/- mice). SOD-inhibitable Oy~ production in whole heart homogenates was markedly less in
c-Nox4 -/- mice than in wild-type controls, indicating that Nox4 in cardiac myocytes is a
major source of basal O, production in the mouse heart [17].

Cardiac hypertrophy

Cardiac hypertrophy is an independent risk factor for the development of heart failure and a
major cause of mortality [18]. ROS play an essential role in mediating hypertrophy in
response to a-adrenergic agonists [14], angiotensin Il (Ang 11) [19], endothelin-1 [20], and
TNF-a [19] in cultured cardiac myocytes. Increasing lines of evidence suggest that
activation of pro-hypertrophic transcription factors, including MEF2, NFAT and GATAA4,
and the nuclear exit of class Il histone deacetylases (HDACS), such as HDACS, play an
essential role in mediating pathological hypertrophy [21,22]. We have shown recently that
nuclear exit of class I HDACs is mediated not only through phosphorylation by HDAC
kinases, such as PKD, Ca2*/CaM kinase and GRKS5, but also by oxidation of evolutionarily
conserved cysteine residues [23]. Stimulation of cultured cardiac myocytes with
phenylephrine induces formation of a disulfide bond between Cysteines 667 and 669 in
HDAC4, which in turn induces nuclear exit of HDAC4 through a Crm-1-dependent nuclear
export mechanism. At present, however, the origins of the ROS responsible for oxidation of
HDACA4 remain to be shown. Considering the fact that phenylephrine induces cysteine
oxidation of HDAC4 rapidly (within 5 min), the involvement of enzymes allowing rapid
production of ROS, such as Noxs, is plausible.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2012 January 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Apoptosis

Kuroda and Sadoshima Page 3

NADPH oxidases are involved in a-adrenergic agonists-induced cardiac hypertrophy [14].
NADPH oxidase activity is enhanced in cardiac hypertrophy induced by pressure overload,
which is accompanied by upregulation of Nox2 in both cardiomyocytes and endothelial cells
[24]. However, cardiac hypertrophy in response to aortic banding is not attenuated or
enhanced in systemic Nox2 -/- mice compared to wild type (WT) controls [16,25]. Increases
in total NADPH oxidase activity under pressure overload are also similar between systemic
Nox2 -/- and WT mice [16], suggesting the involvement of Nox4, the other major Nox
isoform in the heart. In our preliminary studies, increases in oxidative stress in response to
pressure overload were significantly reduced in c-Nox4 -/- mice compared to WT mice. c-
Nox4 -/- mice exhibited significantly less hypertrophy and better cardiac function than WT
mice in response to pressure overload. These results suggest that ROS produced by Nox4
may contribute to the formation of hypertrophy and exacerbation of cardiac dysfunction in
response to pressure overload. It should be noted that mice with cardiac-specific
overexpression of Nox4 induce cardiac dysfunction without obvious cardiac hypertrophy at
the organ level, raising the possibility that the contribution of Nox4 to cardiac hypertrophy
may be secondary to cardiac dysfunction. In fact, overexpression of Nox4 induces apoptotic
cell death but not hypertrophy in cultured cardiac myocytes, suggesting that the primary
effect of Nox4 is cell death rather than cell growth in cardiac myocytes. Interestingly,
cardiac hypertrophy in response to Ang Il infusion is markedly inhibited in Nox2 -/- mice
[12]. Cardiac hypertrophy after chronic myocardial infarction is significantly attenuated in
p47PoX _/_mice [26]. Since p47Ph%% is an essential cytosolic cofactor for Nox2, this result
supports the idea that Nox2 plays a role in mediating cardiac remodeling after myocardial
infarction. These results suggest that Nox2 and Nox4 have distinct roles in mediating
hypertrophy. A possible explanation for these distinct roles could be that Nox2 preferentially
mediates cardiac hypertrophy in which autocrine/paracrine factors and G protein signaling
are involved. As we discuss below, Nox2 and Nox4 have distinct subcellular localizations.
Identifying the specific signaling molecule whose activity is regulated by each Nox isoform
may allow us to elucidate the molecular mechanisms of cardiac hypertrophy and to develop
specific modalities to treat pathological hypertrophy.

Loss of terminally differentiated cardiac myocytes contributes to the development of heart
failure [27]. Oxidative stress induces apoptosis either through damaging DNA, lipids, and
proteins, or modulating proapoptotic signaling pathways such as ASK-1, JNK, ERK1/2, and
p38 MAPK [28]. Induction of apoptosis in cultured cardiac myocytes by Ang Il was
abolished in the presence of apocynin, indicating that NADPH oxidase is involved.
However, since apocynin may not be entirely specific against NADPH oxidases, the
involvement of other apoptotic mechanisms cannot be excluded [29]. Ang Il-induced
apoptosis is mediated partly through NADPH oxidase-dependent peroxynitrite formation
and consequent DNA damage [30]. Although O,™ production from Nox2 is acutely increased
in response to Ang Il stimulation, protein expression of Nox4 is also increased chronically.
Thus, it remains to be elucidated which Nox isoform is involved in Ang Il-induced
apoptosis. Apoptosis was increased in transgenic mice with cardiac-specific overexpression
of Nox4 compared to non-transgenic controls. Increased expression of Nox4 potently
induces apoptosis in cultured cardiac myocytes, suggesting that the proapoptotic effect of
Nox4 is cell autonomous [31]. These results suggest that chronic upregulation of Nox4 by
hypertrophic stimuli and aging increases apoptosis, which may contribute to gradual
decreases in LV function. Nox4-induced apoptosis in cardiac myocytes was accompanied by
cytochrome c release and prevented in the presence of Bcl-xL, suggesting that the
mitochondrial apoptotic pathway is activated [31]. As we discuss below, we have shown
recently that Nox4 is predominantly localized in mitochondria. Local production of ROS,
including H,O,, OH™ and peroxynitrate, efficiently induces mitochondrial damage, thereby
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Fibrosis

leading to MPTP opening and cell death. Identifying which mitochondrial target of Nox4
critically mediates apoptosis is of great interest.

Interstitial and perivascular fibrosis are characteristic features of pathological cardiac
hypertrophy [32]. Oxidative stress is associated with increases in fibrosis in many organs,
including lungs [33], liver [34], and kidneys [35,36]. Increased Nox activity has been
implicated in vascular fibrosis as well [37,38]. In the heart, interstitial fibrosis induced by
Ang Il is significantly attenuated in systemic Nox2 -/- mice [12,16]. Nox2 -/- mice also
exhibit significantly less fibrosis in response to pressure overload than WT mice, despite the
fact that they develop a similar degree of hypertrophy. Nox2 critically regulates profibrotic
mechanisms, including activation of NF-xB and upregulation of connective tissue growth
factor (CTGF) and matrix metalloproteinase-2 (MMP-2) [39]. Since these observations were
made with systemic Nox2 -/- mice, it remains unknown whether fibrosis is regulated by
Nox2 in cardiac myocytes or non-myocytes. Nox4 plays a critical role in mediating cardiac
fibroblast proliferation and transformation into myofibroblasts [40]. We have recently
shown that cardiac-specific overexpression of Nox4 induces more fibrosis in an age-
dependent manner, whereas that of dominant negative Nox4 leads to significantly less
fibrosis, indicating that Nox4 is also involved in interstitial fibrosis. Since the activity of
Nox4 was modulated in a myocyte specific manner in these experiments, the direct
consequence of Nox4 expression in fibroblasts remains to be elucidated. Since Nox4
promotes apoptosis in cardiac myocytes, it would be interesting to evaluate whether Nox4
promotes cell growth/proliferation in fibroblasts. Nox4 induces cell proliferative responses
in various cell types, including endothelial cells [41], VSMCs [42], and mesangial cells [43].
Thus, it is possible that upregulation of Nox4 induces proliferation rather than apoptosis in
cardiac fibroblasts.

Where are ROS generated in the failing heart?

Experimental and clinical studies have suggested that ROS in the heart are increased during
heart failure [44-47]. The extent of oxidative stress in the heart is affected by the balance
between the production and the clearance of ROS. Although some reports described that
antioxidants are downregulated in failing hearts [48,49], others have shown that O,
dismutase (SOD), catalase, and glutathione peroxidase (GSHPX) are not necessarily
decreased [50]. ROS are deleterious byproducts of aerobic metabolism, and the
mitochondrial electron transport chain is considered to be the primary source of this type of
ROS production [51]. Among the various cell types in the human body, cardiac myocytes
have the highest volume density of mitochondria in order to meet the high energy demand
[52]. Under physiological conditions, the small amount of ROS formed through
mitochondrial respiration is efficiently removed by endogenous antioxidants, including
MnSOD [52]. However, in the failing heart, suppression/damage of the mitochondrial
electron transport at Complex | and Complex Il stimulates leakage of electrons and
accumulation of ROS [53]. In addition, some enzyme molecules, such as xanthine oxidases
[54,55] and uncoupled endothelial NO synthase [56,57], actively produce O, during heart
failure. We have shown that expression of Nox4 in the heart is upregulated by hypertrophic
stimuli, including pressure overload [31]. In a mouse model of chronic myocardial
infarction, increases in ROS are suppressed in p47PM°X -/- mice, suggesting that the p47Phox.
dependent Nox, most likely Nox2, is responsible for the increased oxidative stress during
cardiac remodeling [26]. Since the activity of NADPH oxidases is increased in human heart
failure [58], we speculate that either Nox2 or Nox4 contributes to the increased oxidative
stress in the failing heart.
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O™ produced by Noxs rapidly dismutates to HoO5, which in turn easily spreads through
either plasma or intracellular membranes. Although Nox2 is localized primarily at the
plasma membrane, Nox4 is expressed on intracellular membranes [7,31]. Activation of Noxs
could lead to local elevation of O™ and diffuse increases in H,O, levels in cells. Prolonged
oxidative stress in the failing myocardium results in damage to mitochondrial DNA and
proteins, which further stimulates ROS generation (so called “ROS-induced ROS release”
[53]) and cellular injury, leading to the functional decline in the heart. Thus, mitochondria
are both the source and the target of oxidative stress in the failing heart. Mice with a cardiac/
skeletal muscle specific deficiency in SOD develop progressive heart failure, secondary to
excess O, production, and defects in mitochondrial respiration [59], suggesting the
importance of mitochondria as a source of ROS and/or a facilitator of the ROS-induced ROS
release. We have shown that Nox4 is predominantly expressed in mitochondria in cardiac
myocytes [31]. When expression of Nox4 in mitochondria is upregulated by aging,
hypertrophic stimuli and heart failure, increased production of O™ in mitochondria leads to
iron release from mitochondrial proteins containing iron-sulfur clusters and consequent
mitochondrial dysfunction. We have shown that oxidation of the MPTP complex during
pressure overload is attenuated by overexpression of thioredoxin 1 in the mouse heart [60],
suggesting that mitochondrial proteins are highly sensitive to the redox status in cells.
Furthermore, we have shown recently that cysteine residues in NADH dehydrogenase
flavoprotein 1, a component of Complex I, and in ANTZ, a key component of the MPTP
complex, together with aconitase-2, an established redox sensitive protein, are highly
oxidized and their function is inhibited in transgenic mice with cardiac specific
overexpression of Nox4 [31], suggesting that they may be directly modulated by O,"
generated by Nox4.

It should be noted that activation of Noxs induces activation of other ROS producing
enzymes, such as xanthine oxidase and uncoupled endothelial NO synthase, and oxidation/
inactivation of anti-oxidants, such as thioredoxinl [26,56,61]. Thus, activation of Noxs
amplifies oxidative stress through multiple mechanisms. Suppressing a key element in the
amplification mechanism may allow one to efficiently extinguish the increase in oxidative
stress. We believe that Nox4 may be such a key molecule driving oxidative stress in the
failing heart.

Conclusions

Increasing lines of evidence suggest that NADPH oxidases in the heart, including Nox4, are
major producers of O, in cardiac myocytes, and have a crucial role in the development of
cardiac failure (Fig. 2). Nox4 may be involved in aging, hypertrophy, apoptosis, fibrosis and
regulation of mitochondrial function in the heart and cardiac myocytes and non-myocytes
therein. However, many questions remain unanswered regarding the isoform specific
function of Nox4 in the heart. These include but are not limited to: “What is the molecular
mechanism by which expression of Nox4 is upregulated in response to hypertrophic
stimuli?”, “Is any cytosolic factor involved in the regulation of Nox4?”, “What are the
downstream targets whose function is modulated by O, produced by Nox4?”, “What is the
physiological function of basal O,™ produced by Nox4?”, and “What is the role of Nox4 in
cardiac fibroblasts?” Although Nox2 and Nox4 appear to have both common and distinct
functions in the heart, their functions should be compared side by side in order to better
understand the isoform specific functions of Noxs. As development of an inhibitor for
HDAC kinases effectively suppressing pathological hypertrophy is actively pursued, small
molecules inhibiting oxidation or stimulating reduction of class Il HDACs may also be
considered for prevention/treatment of heart failure. Considering the fact that Nox4
promotes cardiac myocyte apoptosis, mitochondrial dysfunction and cardiac dysfunction,
Nox4 is a promising target for treatment of heart failure. Although the specificity of
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rrently available small molecule inhibitors for Noxs appears to be too low for clinical use

[62-64], future development of specific inhibitors for Nox4 may allow for treatment of heart
failure patients by effectively extinguishing cellular sources of ROS and halting the vicious
cycle of oxidative stress during heart failure.
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Figure 1.

The molecular structure of Nox4. Nox4 forms a heterodimer with p22Pho% Nox family
members, including Nox4, have a complete electron-transferring apparatus within their own
molecules. Arrows indicate flow of electrons. Cylinders represent six transmembrane ao-
helices.
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Figure 2.

Proposed functions of Nox4 in the heart. Nox4 is localized primarily at mitochondria in
cardiac myocytes. Nox4 is upregulated by aging and hypertrophic stimuli. Upregulation of
Nox4 increases production of ROS in mitochondria, thereby inducing oxidation of
mitochondrial proteins, such as aconitase, and mitochondrial dysfunction, which may play
an important role in mediating cardiac dysfunction.
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