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Abstract
The NADPH oxidases (Nox) are transmembrane proteins dedicated to producing reactive oxygen
species (ROS), including superoxide and hydrogen peroxide, by transferring electrons from
NAD(P)H to molecular oxygen. Nox2 and Nox4 are expressed in the heart and play an important
role in mediating oxidative stress at baseline and under stress. Nox2 is primarily localized on the
plasma membrane, whereas Nox4 is found primarily on intracellular membranes, on mitochondria,
the endoplasmic reticulum or the nucleus. Although Nox2 plays an important role in mediating
angiotensin II-induced cardiac hypertrophy, Nox4 mediates cardiac hypertrophy and heart failure
in response to pressure overload. Expression of Nox4 is upregulated by hypertrophic stimuli, and
Nox4 in mitochondria plays an essential role in mediating oxidative stress during pressure
overload-induced cardiac hypertrophy. Upregulation of Nox4 induces oxidation of mitochondrial
proteins, including aconitase, thereby causing mitochondrial dysfunction and myocardial cell
death. On the other hand, Noxs also appear to mediate physiological functions, such as
erythropoiesis and angiogenesis. In this review, we discuss the role of Noxs in mediating oxidative
stress and both pathological and physiological functions of Noxs in the heart.
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Introduction
Oxygen derivatives with instabilities and an increased reactivity, including superoxide
(O2

−), hydrogen peroxide (H2O2), and hydroxyl radical (OH−), are generically termed
reactive oxygen species (ROS) [1]. Excess ROS production damages DNA, protein and
lipids, and causes cell death in the heart and the cardiomyocytes (CMs) therein [2, 3].
Strictly regulated generation of ROS at low doses also mediates physiological functions,
such as growth, differentiation, and metabolism in CMs [2, 3]. The NADPH oxidase (Nox)
family proteins are enzymes that are dedicated themselves to producing O2

− and/or H2O2, a
property which distinguishes them from other enzymes producing ROS as a by-product [4,
5]. The prototype of Nox, gp91phox, also known as Nox2, in leukocytes is primarily
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responsible for host defense mechanisms through O2
−-mediated killing of pathogens [4, 6].

However, the Nox family proteins are widely expressed in non-phagocytic cells, including
CMs, where they mediate a wide variety of cellular functions. Thus far, seven members of
the Nox family of proteins (Nox1-Nox5, Duox1 and Duox2) have been discovered [5, 7, 8]
(Figure 1). Nox1-Nox4 have conserved structures, including 6 trans-membrane domains
with FAD and NADPH-binding domains in their C-terminal regions and two hemes, and
form a complex with p22phox, a membrane-integrated protein [4]. In the heart, CMs express
primarily Nox2 and Nox4 [9, 10]. Despite the similarity in their structures, Nox2 and Nox4
have markedly different properties in terms of regulation and subcellular localization, and
both play critical but distinct roles in mediating a wide variety of functions in the heart [11].
In this review, we summarize the latest findings regarding both physiological and
pathological functions of Nox2 and Nox4 in the heart and discuss whether these Nox
isoforms can be targets of treatment for heart failure.

Nox2 and Nox4 are major NADPH oxidases in the heart
The classical phagocyte oxidase (gp91phox or Nox2) is also expressed in non-phagocytic
cells in the heart, such as CMs and fibroblasts [9, 12–22]. Activation of Nox2 requires
stimulus-induced membrane translocation of cytosolic regulatory subunits, including
p47phox, p67phox, p40phox, and Rac1, a small GTPase [23, 24]. In resting cells, p47phox,
p67phox, and p40phox form a ternary complex in the cytoplasm, whereas Rac associates with
Rho-GDP dissociation inhibitor. When cells are stimulated with agonists for G protein-
coupled receptors, such as angiotensin II (Ang II) type 1 receptors, p47phox is
phosphorylated by protein kinase C, which in turn undergoes conformational changes and
allows the phox homology (PX) domain and the SH3 domain in p47phox to interact with
phosphoinositides and p22phox in the membrane, respectively [25]. As p67phox and p40phox

interact with p47phox, this process leads to membrane translocation of p67phox and p40phox.
Rac1 translocates to the membrane independently of p47phox and p67phox, where they form a
functional complex with the Nox2-p22phox heterodimer, followed by a transfer of electrons
to molecular oxygen [5, 26, 27]. Thus, the activity of Nox2 is subjected to regulation
through multiple mechanisms.

Nox4 was originally identified as a renal-specific oxidase [28, 29]. However, Nox4 is also
expressed in CMs, endothelium, vascular smooth muscle cells, and fibroblasts [30–34].
Nox4 can form a heterodimer with p22phox and constitutively generates O2

− [35–37].
Although Nox4 appears to generate O2

− from NADH more efficiently than from NADPH in
CMs [10], this may not be the case in other cell types [29]. It is believed that Nox4-mediated
O2

− generation does not require association with cytosolic factors, including p40phox,
p47phox, p67phox, or Rac1 [28, 29, 38, 39]. Whether or not the activity of Nox4 is also
regulated by posttranslational mechanisms is currently unknown. Poldip2 was identified as a
novel binding partner with Nox4 and p22phox through yeast-two-hybrid screening.
Expression of Poldip2 enhances the enzymatic activity of Nox4 [40]. However, the
physiological function of Poldip2 remains to be elucidated. Expression of Nox4 is
upregulated by hypertrophic stimuli and aging. However, the molecular mechanism
mediating upregulation of Nox4 during cardiac hypertrophy and aging is currently unknown.

Although O2
− is the primary product of Noxs, Nox4 also produces H2O2 [41]. Whether or

not Nox4 produces O2
− is a subject of debate because production of O2

− from Nox4 is
undetectable in some cell types [37]. O2

− produced by Nox4 may be dismutated to H2O2 so
rapidly that O2

− cannot be detected with conventional methods [42]. Alternatively, Nox4
may directly produce H2O2 through an unknown mechanism, although the Nox4 amino acid
structure alone does not clearly predict an ability to directly produce H2O2, such as an SOD
like domain.
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Activation of Noxs and downstream signaling mechanisms
ROS play an important role in mediating a wide variety of functions in cells under baseline
conditions and in response to stress [43]. However, where and how ROS are produced in
CMs is not well understood. Genetically altered animal models have shed light on the role of
Nox isoforms in mediating the production of ROS in the heart and the CMs therein. Under
baseline conditions, neither systemic Nox2 homozygous knock-out nor cardiac specific
Nox4 homozygous knock-out mice show an obvious cardiac phenotype, suggesting that both
Nox isoforms are dispensable, at least individually for basal cardiac function in adult mice
[9, 31, 44]. Since baseline production of O2

− in the myocardium is reduced in cardiac
specific Nox4 knock-out mice, Nox4 at least partially mediates O2

− production in the heart
at baseline. Since marked reduction in O2

− in transgenic mice with cardiac specific
overexpression of dominant negative Nox4 also did not affect the cardiac phenotype at
baseline, we predict that Nox-derived O2

− may be dispensable for the adult heart at baseline.

Various stimuli, such as growth factors, cytokines, G-protein coupled receptor agonists,
metabolic factors, mechanical stress, and hypoxia, activate Noxs in CMs [45–47] (Figure 1).
As already discussed, the O2

− producing activity of Nox2 is regulated by posttranslational
modification of the cytosolic factors, whereas that of Nox4 is regulated primarily at the level
of mRNA and/or protein expression. Thus, we predict that the activity of Nox2 may be
subjected to rapid alteration in response to given stimuli, but that of Nox4 may not.
However, further experiments with loss of function mouse models are needed to prove this
hypothesis.

Since O2
− is rapidly dismutated to H2O2 in the intracellular environment, H2O2, rather than

O2
−, may mediate the effect of Noxs upon signal transduction. However, since the

intracellular environment has strong reducing mechanisms for H2O2, such as peroxiredoxin
[48], we predict that subcellular localization still determines the downstream signaling effect
of each Nox isoform [49]. Nox2 is expressed primarily on the plasma membrane. On the
other hand, Nox4 appears to be localized on intracellular membranes in the perinuclear
space, including those of mitochondria, endoplasmic reticulum and nucleus [10, 44].
Distinct localization of Nox2 and Nox4 suggests that each Nox isoform differentially affects
the redox status of proteins in different subcellular locations.

Is Nox4 responsible for oxidative stress in the failing heart?
As CMs have a greater volume of mitochondria compared to other cell types, the
mitochondrion is one of the most important sources of ROS in CMs [50] (Figure 2). Under
physiological conditions, the small amount of ROS formed through mitochondrial
respiration is effectively removed by endogenous antioxidants, such as MnSOD, which is
located in the mitochondrial matrix and dismutates O2

−. However, under pathological
conditions in the heart, suppression of the mitochondrial electron transport chain at complex
I facilitates electron leakage and accumulation of ROS [51]. Prolonged oxidative stress
causes damage to both mitochondrial DNA and proteins, and further stimulates ROS
generation, termed “ROS-induced ROS release”, mitochondrial dysfunction and cell death.
Oxidative stress affects the mitochondrial permeability transition pore (mPTP), a putative
conductance pore that spans the inner and outer mitochondrial membranes. An excessive
amount of ROS induces high levels of Ca2+ within mitochondria, which causes the mPTP
complex to form an open pore, allowing free diffusion of solutes across the membranes.
Opening of the mPTP induces further depolarization of the mitochondrial membrane, which
in turn reduces the production of ATP. Prolonged opening of the mPTP results in an efflux
of Ca2+ and electrons, activation of Ca2+-dependent proteases, such as calpain, leakage of
proapoptotic molecules, such as cytochrome-c and procaspases, mitochondrial swelling,
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rupture of the mitochondrial membrane, and catastrophic induction of apoptotic and/or
necrotic cell death [52].

We recently found that Nox4 is primarily expressed in mitochondria in CMs [10] (Figure 2).
Nox4 has a putative mitochondrial localization signal (MLS), such that Nox4 [ΔN (75–578)]
lacking the MLS is no longer localized in mitochondria in cultured CMs. The mitochondrial
fraction isolated from CMs has the ability to produce O2

− in a DPI (an inhibitor for flavin
containing enzymes, such as Nox4)-sensitive manner, and O2

− production is enhanced by
overexpression of Nox4 and significantly reduced by downregulation of Nox4 in CMs. This
is an unexpected finding because it has been believed that Noxs are unlikely to be expressed
in mitochondria.

Consistent with the mitochondrial localization of Nox4 in CMs, cysteine residues in many
mitochondrial proteins containing iron-sulfur clusters, including ANT1, a pore protein in the
inner mitochondrial membrane, NADH dehydrogenase flavoprotein I, a component of
complex I, and aconitase-2, a component of the TCA cycle, are oxidized and their function
is inhibited in Nox4 transgenic mouse hearts, suggesting that cysteine residues in these
proteins are oxidized by O2

−/H2O2 generated by Nox4 [10].

Importantly, since expression of Nox4 in cardiac mitochondria is upregulated during cardiac
hypertrophy, one might predict that Nox4 contributes to O2

− production in mitochondria and
oxidation/dysfunction of mitochondrial proteins during cardiac hypertrophy. In fact, an
increase in O2

− production in the mitochondrial fraction induced by pressure overload (PO)
was abolished in cardiac specific Nox4 knock-out mice. Furthermore, cysteine oxidation of
many mitochondrial proteins during PO was normalized in the cardiac specific Nox4 knock-
out mice [44]. These results suggest that Nox4 plays an essential role in mediating increases
in mitochondrial production of O2

− and oxidation of mitochondrial proteins during PO.
Upregulation of Nox4 may indirectly increase O2

− generated by electron leakage by causing
damages in the mitochondrial respiratory chain. However, PO increased a DPI-sensitive
component of O2

− production, rather than a rotenone-sensitive component that would reflect
electron leakage from complex I, and Nox4 knock-out abolished the DPI-sensitive
component of O2

− production in PO hearts. We also found that PO-induced increases in
cysteine oxidation of mitochondrial proteins, including ANT1 and aconitase, are
significantly attenuated in cardiac specific Nox4 knock-out mice [44]. These results are
consistent with the notion that PO increases O2

− production directly from Nox4 localized in
mitochondria and that Nox4 is an active source of oxidative stress during pathological
hypertrophy. It should be noted that DPI has the ability to inhibit mitochondrial respiratory
chain enzymes, as well as NOS. Thus, it remains possible that downregulation of Nox4
reduces the overall level of oxidative stress in the cell, which in turn reduces electron
leakage from mitochondria through suppression of ROS-induced ROS release.

Since Noxs transfer electrons from NAD(P)H, the availability of NAD(P)H may influence
the oxidase activity of Nox in some settings [53], and the activity of the TCA cycle, electron
transport chain, and glucose-6-phosphate dehydrogenase, major regulators of the NAD(P)H
levels in the cell, may indirectly affect ROS production by Nox. Interestingly, Nox4
preferentially uses NADH as an electron donor in our experiments [10, 44]. This raises a
possibility that Nox4 in mitochondria may produce O2

− as a negative feedback mechanism
when more NADH is produced from the TCA cycle. Increased production of O2

− may
inhibit the function of mitochondrial proteins through cysteine oxidation. The physiological
significance of such a mechanism is currently unknown. It should be noted that whether or
not Nox4 preferentially utilizes NADH rather than NADPH is controversial, and, thus,
further experimentation is needed to elucidate where and how Nox4 generates ROS in CMs.
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Myocardial stress is often accompanied by increases in ER stress, which triggers ROS
production through the unfolded protein response (UPR) in CMs. Major enzymatic
mechanisms for ROS generation from ER during the UPR may be multiple thiol-disulfide
exchanges involving oxidoreductases of ER, including flavooxidase Ero1 and protein
disulfide isomerase [54]. The involvement of these mechanisms in mediating oxidative
stress during heart failure remains to be elucidated.

Other ROS producing enzymes may also be involved in the increase in oxdative stress
during cardiac hypertrophy and heart failure (Figure 2). Xanthine oxidase (XO) produces
O2

− as a by-product in the terminal step of purine catabolism [55, 56]. Expression and/or
activity of XO are increased in response to hypoxia and during heart failure with Ca2+

overload [57]. Cyclooxygenase (COX) is a principal enzyme in the arachidonate
metabolism. The arachidonate cascade catalyzed by COX contributes to ROS generation
both via O2

− generation during the catalytic conversion of prostaglandin (PG) G2 to PGH2,
and through PG-facilitated oxidative alterations of the inflammatory process [58]. Nitric
oxide synthase (NOS), which normally produces nitric oxide (NO), generates O2

− when it
becomes “uncoupled”, during a deficiency of the NOS substrate L-arginine or the NOS
cofactor BH4, which occurs in the presence of increased oxidative stress [59, 60]. How these
ROS-producing enzymes affect the redox status of cardiac proteins during hypertrophy and
heart failure, their importance relative to Noxs, and the interaction between these
mechanisms and Noxs remain to be elucidated. Noxs may promote ROS generation through
activation of other ROS-producing enzymes and inactivation of anti-oxidants such as
thioredoxin-1 (Trx1), thereby amplifying total levels of ROS [59, 61, 62].

Myocardial damage/death and NADPH oxidase
The loss of CMs through apoptosis/necrosis leads to decreases in cardiac function in the
heart subjected to chronic myocardial infarction (MI) or PO [63]. Oxidative stress is
involved in the pathogenesis of apoptosis through various pathways including: (1) activation
of enzymes involved in pro-apoptotic signaling (JNK, p38, ASK-1, CaMKII, etc.) [64, 65];
(2) direct effects of ROS on mitochondria, leading to cytochrome-c release; (3) effects on
the cellular anti-apoptotic signaling (Akt, heat shock proteins, ERK-1/2, etc.).

In cultured CMs, induction of apoptosis by Ang II was abolished in the presence of
apocynin, which prevents the association of p47phox with Nox2, suggesting that Nox2 is
involved in Ang II-induced CM apoptosis [66]. Ang II-induced increases in CM apoptosis in
the heart were abolished in p47phox knockout mice, suggesting that Nox2 plays an important
role in mediating Ang II-induced CM apoptosis in vivo [65]. Induction of apoptosis in the
post-MI heart is also attenuated in both p47phox and Nox2 knockout mice [61, 67],
supporting the involvement of Nox2 in CM apoptosis during cardiac remodeling.
Interestingly, isoproterenol-induced increases in CM apoptosis were not significantly
affected in p47phox knockout mice [65], suggesting that increases in oxidative stress due to
stimulation of the β-adrenergic receptor are mediated by Nox2-independent mechanisms.
These results correlate with the fact that O2

− production by Nox2 is inducible in response to
certain types of agonists, including Ang II.

Then what is the role of Nox4 in mediating CM apoptosis? Although O2
− production from

Nox4 is not generally inducible, increased expression of Nox4 in cultured CMs, as well as in
the mouse heart, induces CM apoptosis [10]. Protein expression of Nox4 is upregulated in
response to hypertrophic stimuli, such as Ang II and pressure overload, as well as aging
[10]. Thus, chronic upregulation of Nox4 during cardiac hypertrophy could lead to increases
in apoptosis, which in turn contribute to gradual decreases in cardiac function. Nox4-
induced apoptosis in cultured CMs was accompanied by cytochrome-c release, and was
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prevented by the presence of Bcl-xL or MnSOD [10, 44], suggesting that Nox4 activates the
mitochondrial apoptotic pathway in CMs. Since Nox4 is localized primarily in
mitochondria, mitochondrial generation of ROS may initiate Nox4-induced apoptosis in
CMs [10]. Importantly, increases in CM apoptosis in response to pressure overload were
significantly attenuated in cardiac-specific Nox4 knockout mice [44], suggesting that
upregulation of endogenous Nox4 during pressure overload plays an important role in
mediating CM apoptosis.

Cardiac hypertrophy
Cardiac hypertrophy initially develops as an adaptation of the heart in response to increased
mechanical stress. However, since prolonged hypertrophy leads to cardiac dysfunction,
cardiac hypertrophy is considered an independent risk factor for the development of
congestive heart failure [68]. Redox-sensitive mechanisms play an essential role in
mediating the development of cardiac hypertrophy, in response to either chronic PO or
neurohumoral stimuli. In cultured CMs, ROS mediate hypertrophy in response to Ang II, α-
adrenergic agonists, TNF-α, endothelin-1 or mechanical stretch [14, 69, 70]. Activation of
pro-hypertrophic transcription factors, including NFAT, GATA4 and MEF2, plays a critical
role in mediating pathological cardiac hypertrophy [71–73]. The activity of these
transcription factors is negatively regulated by class II histone deacetylases (HDACs). There
are currently 11 known mammalian HDACs, which are categorized into 4 families (class I,
IIa, IIb and IV) based on their structure and expression patterns [74]. In addition to the
classical HDACs, mammalian genomes encode another group of deacetylases, the sirtuin
family, which are referred to as class III HDACs.

Class I HDACs (HDAC1, 2, 3, and 8) are expressed primarily in neuronal, renal, epidermal,
prostate, and pancreatic cells [75–78]. Class I HDACs inhibit expression of anti-
hypertrophic genes, thereby stimulating cardiac hypertrophy [79–81]. HDAC2 also induces
cardiac hypertrophy by suppressing inositol polyphosphate-5-phosphatase f (Inpp5f)
expression. As Inpp5f removes a 5'-phosphate from PIP2 and PIP3, HDAC2 causes
accumulation of PIP3, which in turn enhances Akt signaling, inhibits GSK-3β, a negative
regulator of cardiac hypertrophy, and induces cardiac hypertrophy [81]. HDAC2 is regulated
by S-nitrosylation in neuronal cells [82]. NO generated in response to neurotrophin enters
the nucleus and nitrosylates HDAC2 at cysteine residues 262 and 274, which releases
HDAC2 from chromatin and facilitates gene expression. Whether the status of S-
nitrosylation of HDAC2 in the heart is regulated by hypertrophic stimuli, and, if so, whether
or not cardiac hypertrophy is regulated by S-nitrosylation of HDAC2 are currently unknown.

Class IIa HDACs (HDAC4, 5, 7, and 9) are expressed primarily in differentiated cell types,
including neurons and CMs. Class IIa HDACs repress transcription through pro-
hypertrophic transcription factors, including NFAT, GATA4, and MEF2 [83, 84].
Subcellular localization of class II HDACs is primarily regulated by phosphorylation
induced by hypertrophic stimuli, which in turn controls the activity of these transcription
factors [85]. Phosphorylation of class IIa HDACs by HDAC kinases, including CaMK, PKD
and GRK5, in response to hypertrophic stimuli induces interaction of HDACs with 14-3-3,
which leads to unmasking of the nuclear export signal (NES) to Crm1 (exportin) and
suppression of the nuclear localization signal (NLS) [86]. Class IIa HDACs are then
exported to the cytosol, where they no longer suppress the pro-hypertrophic transcription
factors [87]. Importantly, recent evidence suggests that the nucleo-cytoplasmic shuttling of
HDAC4 is also regulated by oxidation of evolutionarily conserved cysteine residues [88,
89]. Treatment of cultured CMs with phenylephrine (PE) induces formation of a disulfide
bond between cysteines 667 and 669 in HDAC4, which in turn induces cytosolic
translocation of HDAC4 via a Crm1-dependent nuclear export mechanism. Since oxidation
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of HDAC4 by PE takes place earlier than phosphorylation (within 5 min vs 30 min), we
speculate that PE-induced cytoplasmic translocation of HDAC4 takes place initially through
cysteine oxidation, whereas subsequent phosphorylation allows HDAC4 to stay in the
cytoplasm. The cysteine resides subjected to disulfide bond formation in response to PE are
readily reduced by Trx1, and reduction of the cysteine residues induces nuclear translocation
of HDAC4 even in the presence of serine phosphorylation. These results suggest that the
redox-dependent mechanism overrides the phosphorylation-dependent one to control the
nucleo-cytoplasmic shuttling of class II HDACs [90]. As PE induces cysteine oxidation of
HDAC4 within 5 minutes, ROS responsible for oxidation of HDAC4 appear to be generated
by an enzyme whose activity is rapidly stimulated by PE. Although Nox4 is partially
localized in the nucleus, at present we do not yet know whether Noxs are involved in
oxidation of HDAC4 by PE.

Recent evidence suggests that CaMKII, an HDAC kinase, is activated not only through
Ca2+-calmodulin-dependent mechanisms, but also by methionine oxidation in a Ca2+-
independent manner [65]. Ang II-induced oxidation of the methionine residues in CaMKII
was abolished in p47phox knockout CMs, suggesting that Nox2 plays an important role in
mediating Ang II-induced activation of CaMKII. The methionine oxidation in CaMKII can
be reversed in the presence of methionine sulfoxide oxidase, whose activity is regulated by
Trx1. Thus, the redox status of cardiomyocytes has a significant influence on pathological
hypertrophy through modulation of key signaling molecules.

Noxs play an important role in mediating cardiac hypertrophy in response to PO and α-
adrenergic receptor stimulation [14]. Experimental cardiac hypertrophy induced by short-
term infusion of Ang II is inhibited in Nox2 knockout mice, indicating that endogenous
Nox2 mediates Ang II-induced hypertrophy [9, 31]. Genetic deletion of Rac1, an essential
cytosolic component of the Nox2 NADPH oxidase complex, abolishes Ang II-induced
increases in O2

− production, activation of hypertrophy signaling mechanisms, including
Ask1 and NF-κB, and cardiac hypertrophy, again suggesting the critical involvement of
Nox2 in Ang II-induced cardiac hypertrophy [15]. Cardiac hypertrophy after chronic MI is
significantly attenuated in p47phox knockout mice [61]. Since p47phox is an essential
cytosolic cofactor for Nox2, this observation suggests that Nox2 plays a critical role in
mediating cardiac remodeling after MI. Increases in cardiac fibrosis and contractile
dysfunction in response to PO were also attenuated in systemic Nox2 knockout mice.
Interestingly, however, cardiac hypertrophy was not affected in this animal model [91],
suggesting that Nox2 does not mediate PO-induced hypertrophy. Recently, we have shown
that increases in oxidative stress in response to PO are significantly reduced in cardiac
specific Nox4 knockout mice [44]. Cardiac specific Nox4 knockout mice showed less
hypertrophy and better left ventricular systolic function in response to PO than wild type
mice. These results suggest that ROS produced by Nox4 contribute to the formation of
cardiac hypertrophy and cardiac dysfunction in response to PO. It should be noted that
transgenic mice with cardiac-specific overexpression of Nox4 display cardiac dysfunction
without remarkable cardiac hypertrophy at the organ level, raising the possibility that the
contribution of Nox4 to cardiac hypertrophy may be secondary to cardiac dysfunction.
Indeed, in cultured CMs, overexpression of Nox4 induces apoptotic cell death but not
hypertrophy, suggesting that the primary effect of Nox4 is cell death rather than cell growth
in CMs. Expression of Nox4 is increased by hypertrophic stimuli, including Ang II, PE and
PO. Thus, PO induces upregulation of Nox4 in mitochondria, which in turn induces ROS,
cell death and cardiac dysfunction, leading to pathological hypertrophy. Downregulation of
Nox4 inhibits PO-induced cardiac hypertrophy by disrupting the feed-forward mechanism of
oxidative stress, cell death and consequent increases in mechanical loading. It has been
shown recently, however, that cardiac hypertrophy induced by suprarenal banding is
enhanced by systemic Nox4 knock-out, whereas it is attenuated in mice with cardiac-
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specific Nox4 overexpression [92]. Although cardiac specific versus systemic knock-out of
Nox4 and transverse versus suprarenal aortic constriction could induce distinct functional
consequences, Nox4 could mediate both detrimental and protective functions in hearts under
stress, depending upon the conditions. For example, Nox4 expression under PO not only
stimulates cell death but also induces angiogenesis. It is possible that the overall
consequence of Nox4 regulation could be determined by the balance between the
dichotomous functions (See below).

Thus, Nox2 and Nox4 appear to have distinct roles in mediating hypertrophy. A possible
explanation for the distinct functions of Nox2 and Nox4 is their distinct subcellular
localizations. Identifying downstream molecules whose redox status is regulated by each
Nox isoform at distinct subcellular locations may allow us to elucidate the molecular
mechanisms of cardiac hypertrophy initiated by activation/upregulation of distinct Nox
isoforms.

Cell proliferation and fibrosis
Nox-derived ROS are involved in cell proliferation in endothelial cells, vascular smooth
muscle cells and fibroblasts [93–95]. These cell types express Nox1, Nox2 and Nox4 [96,
97]. Both Nox2 and Nox4 are abundantly expressed in endothelial cells and promote
proliferation [98–100]. Nox1 plays a critical role in mediating regulation of cell proliferation
in vascular smooth muscle cells, but has little influence on endothelial proliferation, as Nox1
is rarely expressed in endothelial cells [99, 100]. In addition, Nox-mediated cell proliferation
is observed in non-vascular cells as well.

Interstitial fibrosis is an important feature of pathological cardiac hypertrophy and heart
failure [101]. Several lines of evidence suggest that Noxs are associated with increases in
fibrosis in many organs, including the heart [102–106]. Interstitial fibrosis of the heart
induced by Ang II infusion is significantly attenuated in systemic Nox2 knock-out mice as
compared to wild-type mice [9, 31]. Interstitial cardiac fibrosis was also inhibited in Nox2
knock-out mice subjected to PO [91]. Multiple mechanisms are involved in the profibrotic
effect of Nox2, including activation of NF-κB and upregulation of CTGF and MMP-2, and
infiltration of inflammatory cells [106]. Nox4 also mediates TGF-β-induced differentiation
of cardiac fibroblasts into myofibroblasts [34]. Cardiac-specific overexpression of Nox4 in
mice induces fibrosis in an age-dependent manner, whereas that of dominant negative Nox4
leads to significantly less fibrosis [10], suggesting that Nox4 expressed in CMs affects
interstitial fibrosis. Interestingly, Nox4 primarily induces apoptosis in neonatal rat CMs,
whereas it induces proliferation in cultured cardiac fibroblasts isolated from the same heart
[10]. The molecular mechanism through which Nox4 promotes proliferation of cardiac
fibroblasts remains to be elucidated. Recent evidence suggests that regulation of protein
tyrosine phosphatases and Ca2+ signaling by Nox1 and Nox5 may be involved in interleukin
(IL)-4 signaling, which executes pleiotropic functions, including induction of Th (helper T-
lymphocyte) 2-differentiation and B cell proliferation, suppression of Th1-differentiation,
and macrophage activation in immune cells [107].

Cell differentiation
Redox signaling is also involved in the differentiation of CMs. The differentiation of ES
cells into the cardiomyogenic cell lineage is dependent on Nox-mediated ROS [108]. Low
concentrations of ROS derived from either endogenous Nox [109] or exogenous H2O2
induce cell-cycle reentry in ES-cell-derived and neonatal CMs, and significantly upregulates
expression of MLC2a, MLC2v, α-actin, ANP and β-MHC, as well as cardiac-specific
transcription factors, such as MEF2C, DTEF, Nkx-2.5, and GATA-4, and BMP-10, a growth
factor involved in embryonic heart formation. Nox1 expression peaks around embryonic day
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6–8, when cardiomyogenesis occurs. Nox2 expression peaks on day 12, whereas Nox4
expression peaks around day 14. These observations suggest that ROS derived from Nox1
may play a critical role in the initial stage of cardiomyogenesis. Since Noxs regulate the
redox state of the heart under stress and heart failure [10, 61, 110], ROS derived from Noxs
may regulate proliferation and differentiation of cardiac progenitor cells during cardiac
repair and regeneration [32].

Physiological functions of NADPH oxidases
Although excessive production of ROS by Noxs is detrimental, local and modest production
of O2

− and H2O2 by Noxs allows them to act as signaling molecules, thereby mediating
physiological responses. For example, since Noxs are functional at low pO2, Noxs may act
as a sensor, and ROS generated by Noxs as a transducer, for hypoxia [29, 111].
Erythropoietin (EPO) synthesis occurs in the renal tubular cells, where Nox4 is abundantly
expressed [112, 113]. Since DPI not only blocks oxygen sensing but also inhibits Nox4 in
renal tubular cells, it has been proposed that Nox4 is an O2 sensor in the kidney and may
regulate EPO production [114]. The causative role of Nox4 in mediating EPO synthesis
through its function as an O2 sensor remains to be shown. Recently, a role of Nox4 in
mediating angiogenesis during cardiac hypertrophy was reported [92]. Pathological
hypertrophy induces upregulation/activation of Nox4, which in turn causes stabilization of
HIF-1α, upregulation of VEGF, and increases in angiogenesis [92]. It appears that the
protective effect of Nox4 prevails under the authors' experimental conditions. It remains
unknown, however, whether such a mechanism is sufficient to overcome increases in cell
death and mitochondrial dysfunction directly caused by upregulation of Nox4 in response to
hypertrophic stimuli [10, 44].

Conclusions
In summary, Noxs play a crucial role in mediating pathological effects, including apoptosis,
hypertrophy, fibrosis and mitochondrial dysfunction, in the heart. However, Noxs also act as
an oxygen sensor and produce ROS as signaling molecules, thereby mediating cell
protective functions, such as hypoxic adaptation, erythropoiesis and angiogenesis. We
speculate that the excessive production of ROS caused by upregulation of Noxs is
detrimental, but that downregulation of Noxs below certain levels could also be harmful
since it could impair adaptive mechanisms essential for cell survival.

Many questions remain. First, Nox2 and Nox4 appear to have distinct functions in CMs. The
isoform-specific functions of Noxs at baseline and in response to stress remain to be
elucidated. Second, thus far, the molecular mechanism through which expression of Nox4 is
upregulated by hypertrophic stimuli is unknown. Since upregulation of Nox4 in response to
hypertrophic stimuli leads to increases in oxidative stress, mitochondrial dysfunction and
cell death, elucidating the underlying mechanism is highly significant. Third, although the
total activity of Nox4 in CMs is regulated primarily at the level of protein expression of
Nox4, whether or not the activity of Nox4 is regulated through either posttranscriptional or
posttranslational mechanisms is unknown. Fourth, it is unclear why CMs express Nox4 in
mitochondria despite the fact that upregulation of Nox4 could lead to oxidation of
mitochondria and cell death. Nox4 may exert physiological (protective) functions in
mitochondria when its expression is not elevated. Finally, the identity of ROS directly
produced by Nox4 and that of molecules whose redox status is directly regulated by either
Nox2 or Nox4 in the heart remain to be elucidated. Further investigation is required in order
to elucidate the specificity of Nox isoforms and their involvement in redox signaling
pathways mediating both detrimental and protective mechanisms under various stress
conditions in the heart.
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Figure 1.
Schematic representations of the structures of various subtypes of NADPH oxidase-family
enzymes and their signaling pathways. Cylinders represent six transmembrane alpha-helices,
PRR indicates a proline-rich region (PRR), and EF stands for Ca2+-binding EF-hand motif.
Nox is either activated or upregulated by various stimuli, such as growth factors, cytokines,
G-protein coupled receptor agonists, metabolic factors, mechanical stress, and hypoxia. The
immediate product of NADPH oxidases is superoxide (OM2

−). However, due to
spontaneous and enzymatic dismutation, hydrogen peroxide (H2O2) can also be generated.
O2

− generation from NADPH oxidases occurs either in the extracellular or the cytosolic
space. The negatively charged O2

− does not permeate the lipid bilayer of biological
membranes. However, it may pass through the pore of anion channels. Biological effects of
Nox-derived O2

− include: 1) reaction with nitric oxide (NO) leading to NO degradation,
peroxynitrite formation, protein tyrosine nitration, and the addition of glutathione to thiols;
2) reduction of iron centers within enzymes; and 3) alkalinization of intracellular organelles.
In most cases, however, biological effects of Nox are mediated through H2O2 after O2

− is
dismutated. H2O2 is a well-established signaling molecule that readily permeates biological
membranes. We propose that Nox4 induces oxidation of many mitochondrial proteins due to
its proximity to them.
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Figure 2.
Schematic representations of the sources of reactive oxygen species (ROS) in CMs. The
precise localization and orientation of Nox4 on the mitochondrial membranes remain to be
elucidated. Red characters indicate ROS; O2

−, H2O2, and 2 hydroxyl radical (OH−). Blue
characters indicate the sources of ROS. mPTP, mitochondrial permeability transition pore;
SOD, superoxide dismutase; UQ, ubiquinone; Cyt c, cytochrome c; GSH, glutathione;
GSSG, glutathione disulfide; TRxred, reduced thioredoxin; TRxox, oxidized thioredoxin.
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