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Rationale: NADPH oxidases are a major source of superoxide (O2
��) in the cardiovascular system. The function of

Nox4, a member of the Nox family of NADPH oxidases, in the heart is poorly understood.

Objective: The goal of this study was to elucidate the role of Nox4 in mediating oxidative stress and

growth/death in the heart.

Methods and Results: Expression of Nox4 in the heart was increased in response to hypertrophic stimuli and aging.

Neither transgenic mice with cardiac specific overexpression of Nox4 (Tg-Nox4) nor those with catalytically

inactive Nox4 (Tg-Nox4-P437H) showed an obvious baseline cardiac phenotype at young ages. Tg-Nox4 gradually

displayed decreased left ventricular (LV) function with enhanced O2
�� production in the heart, which was

accompanied by increased apoptosis and fibrosis at 13 to 14 months of age. On the other hand, the level of

oxidative stress was attenuated in Tg-Nox4-P437H. Although the size of cardiac myocytes was significantly

greater in Tg-Nox4 than in nontransgenic, the LV weight/tibial length was not significantly altered in Tg-Nox4

mice. Overexpression of Nox4 in cultured cardiac myocytes induced apoptotic cell death but not hypertrophy.

Nox4 is primarily localized in mitochondria and upregulation of Nox4 enhanced both rotenone- and

diphenyleneiodonium-sensitive O2
�� production in mitochondria. Cysteine residues in mitochondrial proteins,

including aconitase and NADH dehydrogenases, were oxidized and their activities decreased in Tg-Nox4.

Conclusions: Upregulation of Nox4 by hypertrophic stimuli and aging induces oxidative stress, apoptosis and LV

dysfunction, in part because of mitochondrial insufficiency caused by increased O2
�� production and consequent

cysteine oxidation in mitochondrial proteins. (Circ Res. 2010;106:00-00.)
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Reactive oxygen species (ROS), such as superoxide

(O2
��) and H2O2, play an important role in regulating

cell growth and death of cardiac myocytes.1–3 In the heart

under pathological conditions, mitochondria are the major

source of ROS, which are generated primarily through

electron leakage from the electron transport chain.4 The

leakage of electrons is a passive process caused by damage

and/or downregulation of mitochondrial proteins, and does

not appear to be tightly regulated.5 ROS are also produced

through O2
��-producing enzymes, such as NADPH oxi-

dases and xanthine oxidase. Although NADPH oxidases

are the major source of O2
�� production, their contribution

to overall increases in ROS and myocardial responses

under stress is not fully understood.

Thus far, seven members of the NADPH oxidase (Nox)

family of proteins (Nox1 to Nox5 and Duox1 and 2) have

been identified.6 – 8 All Nox proteins possess 6 membrane-

spanning domains and a cytoplasmic region containing

NAD(P)H- and FAD-binding domains in their C-terminal

regions. Nox1, -2, -3 and -4 form a heterodimer with

p22phox, another catalytic core component of NADPH

oxidases which stabilizes Nox proteins. Nox proteins

accept electrons from either NADPH or NADH8,9 and

transfer them to molecular oxygen to generate O2
��.

Nox4 is ubiquitously expressed in various cell types and

tissues, including kidneys, the heart, and blood vessels.10,11

Distinct from other members of the Nox family, Nox4 is

believed to be constitutively active and does not require

cytosolic factors, such as p47phox, p67phox, and the small

GTPase Rac, for its activation. Therefore, its expression

level essentially determines the amount of O2
�� production

in cells. Importantly, it is currently unclear to what extent

Nox4 plays an important role in mediating the production

of ROS in the heart.
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Accumulating lines of evidence suggest that NADPH

oxidases play an important role in mediating the develop-

ment of cardiac hypertrophy and the progression of heart

failure.11 For example, Nox2 mediates angiotensin II–

induced cardiac hypertrophy.12 However, neither oxidative

stress nor cardiac hypertrophy is suppressed in Nox2

knockout mice under pressure overload.13,14 On the other

hand, expression of Nox4 is upregulated during cardiac

hypertrophy induced by pressure overload.13 Thus, Nox4

may play an important role in mediating ROS generation

and the development of cardiac hypertrophy and heart

failure. However, the role of Nox4 in mediating cardiac

hypertrophy and left ventricular (LV) dysfunction has not

been clearly demonstrated because of a lack of an animal

model in which the function of Nox4 in vivo can be

elucidated in an isoform specific manner.

Thus, the major goal in this investigation was to

elucidate the function of Nox4 in the heart and in the

cardiac myocytes therein. To this end, we have generated

a specific anti-Nox4 antibody and transgenic (Tg) mouse

models in which Nox4 in the heart is either stimulated or

inhibited in an isoform specific manner. In particular, we

evaluated 1) how expression of Nox4 is regulated in

response to hypertrophic stimuli and aging, 2) whether

Nox4 affects growth and death of cardiac myocytes in the

heart, and 3) subcellular localization of Nox4 and O2
��

generation in cardiac myocytes.

Methods
An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Monoclonal Antibodies Against Nox4
We made mouse monoclonal antibodies against Nox4 using a
recombinant protein encoding the C-terminal cytoplasmic region
of Nox4 (residues 307 to 578) tagged with His6. We solubilized
the recombinant Nox4 with 6 mol/L urea and injected it into mice

after diluting it in PBS containing 0.6 mol/L urea. After screening
more than 1000 clones by ELISA, we chose clones that detect the
recombinant Nox4 protein used as an antigen, endogenous Nox4
in mouse tissues, including the heart and kidney (positive
control), and endogenous Nox4 in neonatal rat cardiac myocytes
by immunoblot. We found that some antibodies cross-react with
Nox2. We selected antibodies which specifically react with Nox4,
but not with Nox2.

Tg Mice
All Tg mice used in this study were generated on an FVB
background with the �-myosin heavy chain promoter (courtesy of
Dr J. Robbins). All protocols concerning the use of animals were
approved by the Institutional Animal Care and Use Committee at
the University of Medicine and Dentistry of New Jersey.

Isotope-Coded Affinity Tag Labeling and
Multidimensional Chromatography
Isotope-coded affinity tag (ICAT) analysis was conducted as
described previously.15

Statistical Analysis
All values are expressed as means�SEM. Statistical analyses
between groups were performed by unpaired Student’s t test or
1-way ANOVA followed by a post hoc Fisher’s comparison test.
A value of P�0.05 was accepted as significant.

Results

Nox4 Is Expressed in Cardiac Myocytes and Is
Upregulated by Hypertrophic Stimuli
To characterize protein expression of Nox4 in the heart, we

made Nox4 monoclonal antibodies, using the C-terminal

cytoplasmic region of Nox4 as an antigen. Clone 3D2 was

identified through ELISA and immunoblot analyses as a

specific Nox4 antibody, which reacts with Nox4 but not

with Nox2 (Figure 1A). Immunoblot analyses using the

Nox4 antibody (3D2) confirmed that Nox4 is expressed in

the mouse heart and in cultured neonatal rat cardiac

myocytes. Expression of Nox4 in the mouse kidney, where

Nox4 was originally identified16,17, is shown as a positive

control (Figure 1B).

We next examined the effects of hypertrophic stimuli on

expression of Nox4 in the mouse heart. We treated mice

with either angiotensin II (200 ng/kg/min) or phenyleph-

rine (75 mg/kg per day), using osmotic pumps, or with

transverse aortic constriction (TAC) for 14 days. Immu-

noblot analyses (Figure 1C) showed that Nox4 is upregu-

lated 1.5-, 1.9-, and 3.4-fold by angiotensin II, phenyleph-

rine, and TAC, respectively (all P�0.05 versus control).

Immunostaining of mouse hearts with the anti-Nox4 anti-

body confirmed that myocardial expression of Nox4 is

upregulated in hearts subjected to TAC (Figure 1D).

Phenylephrine-induced upregulation of Nox4 was ob-

served in myocyte-rich cultures but not in non–myocyte-

rich cultures, suggesting that Nox4 upregulation occurs in

cardiac myocytes (Online Figure I, A).

We also examined the effect of aging on Nox4 ex-

pression. Nox4 expression increased gradually between 3

and 12 months. Expression of p22phox, a component

of the NADPH oxidase complex known to associate with

Nox4, was also increased with aging (Figure 1E). Sta-

ining with the anti-Nox4 antibody showed that upregula-

Non-standard Abbreviations and Acronyms

8-OHdG 8-hydroxyl-deoxyguanosine

Ad adenovirus

ANT1 adenine nucleotide translocase type 1

DHE dihydroethidium

ICAT isotope-coded affinity tag

LV left ventricular

LVW/BW left ventricular weight/body weight ratio

MLS mitochondrial localization signal

MnSOD manganese superoxide dismutase

MPTP mitochondrial permeability transition pore

Nox4 NADPH oxidase 4

NTg nontransgenic

ROS reactive oxygen species

shRNA short hairpin RNA

SOD superoxide dismutase

TAC transverse aortic constriction

Tg transgenic
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tion of Nox4 is diffusely observed in the myocardium,

including in cardiac myocytes, in response to aging (On-

line Figure I, B).

Establishment of Tg Mice With Cardiac-Specific
Overexpression of Nox4
To elucidate the functional consequence of Nox4 upregu-

lation in the heart, we generated mice with cardiac-specific

overexpression of wild-type Nox4 (Tg-Nox4) or a Nox4

mutant, in which proline 437 in the NADPH binding

domain is substituted with a histidine residue (Tg-Nox4-

P437H), using the �-myosin heavy chain promoter. Be-

cause a proline to histidine substitution in the NADPH

binding domain in other Nox family proteins has been

shown to abolish O2
�� production,18 we expect that the

Nox4-P437H mutant is catalytically inactive. Furthermore,

Nox4-P437H could function as a dominant negative

against endogenous Nox4 by competing for interaction

with p22phox.

We established Tg lines from 10 founders in Tg-Nox4

and 3 founders in Tg-Nox4-P437H. All of them were

fertile, and expression levels of the transgenes were up to

4-fold higher than endogenous Nox4 in nontransgenic

(NTg) mice (Figure 2A and data not shown). Tg expression

of Nox4 or Nox4-P437H did not affect the level of Nox2

(Online Figure II, A). Although expression of antioxidant

genes, such as manganese superoxide dismutase (MnSOD)

and thioredoxin1, was not affected, catalase was modestly

upregulated (1.7 fold) in Tg-Nox4 at 3 to 4 months of age

(Online Figure II, D). None of the Tg-Nox4 or Tg-Nox4-

P437H mice showed cardiac hypertrophy or abnormal LV

function at baseline at 2 to 3 months of age (Online Figure

II, B and C), although Tg-Nox4 mice had a tendency to

show a slightly smaller LV weight/body weight (LVW/

BW) (Online Figure I, B). Among the Tg mouse lines

generated, we chose founders 3 (1.3-fold overexpression)

and 13 (2.1-fold) in Tg-Nox4 and founders 11 (2.0-fold)

and 14 (3.5-fold) in Tg-Nox4-P437H for further

experiments.

Aged Tg-Nox4 Mice Display Decreased Cardiac
Function Without Cardiac Hypertrophy
Although the cardiac phenotypes of young Tg-Nox4 and

Tg-Nox4-P437H were not significantly different from

NTg, Tg-Nox4 mice at the age of 13 to 14 months showed

modestly but significantly increased LV end diastolic

dimension and reduced LV ejection fraction (LVEF), an

index of LV systolic function, compared to NTg and

Tg-Nox4-P437H, as determined by echocardiographic

measurement (Online Table I). Although LVW/BW at 13
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Figure 1. A, COS7 cells were trans-
duced with adenovirus harboring either
Nox2-HA or Nox4-HA. Immunoblot anal-
yses were conducted with the indicated
antibodies. Although Nox4 has a greater
molecular weight than Nox2, it migrated
faster on SDS-PAGE gel, possibly
because of cleavage at the N-terminal
MLS. B, An immunoblot showing
expression of Nox4 in the heart and car-
diac myocytes. Recombinant protein
used as an antigen for 3D2 and mouse
kidney homogenate were used as posi-
tive controls. C, The effect of hypertro-
phic stimuli on expression of Nox4 in the
mouse heart. Mice were subjected to
continuous infusion with phenylephrine
(PE) or angiotensin II (AII) or to TAC for 2
weeks. N�4 to 5. D, Nox4 expression in
the mouse heart subjected to sham or
TAC. Immunostaining was conducted
with anti-Nox4 antibody (3D2). E, The
effect of aging on Nox4, p22phox, and
actin expression in the control mouse
heart was evaluated by immunoblot
analyses.

Ago et al Functions of Nox4 in the Heart 3



to 14 months old in Tg-Nox4 was not significantly

different from that in NTg or Tg-Nox4-P437H (Figure 2B),

histological analyses showed that the LV cardiac myocyte

cross-sectional area was significantly greater (Figure 2C;

Online Figure III, A) in Tg-Nox4 than in NTg or Tg-Nox4-

P437H mice. Cardiac fibrosis (Figure 2D; Online Figure

IIB) and the number of TUNEL positive cells (Figure 2E;

Online Figure III, C) were greater in Tg-Nox4 than in NTg

and Tg-Nox4-P437H mice. The level of oxidative stress,

including oxidative DNA damage and O2
��, as evaluated

by immunostaining of 8-hydroxyl-deoxyguanosine (8-

OHdG) and dihydroethidium (DHE), respectively, was

greater in Tg-Nox4 than in NTg and Tg-Nox4-P437H mice

(Figure 3). Quantitative analysis showed that the intensity

of DHE staining was significantly greater in Tg-Nox4 and

significantly lower in Tg-Nox4-P437H, than in NTg (Fig-

ure 3B). These results suggest that increased expression of

Nox4 enhances cardiac dysfunction and pathological

changes in an age-dependent manner.

Nox4 Stimulates Apoptosis but Not Hypertrophy
in Cultured Cardiac Myocytes
To evaluate the direct effect of Nox4 on growth and death,

we overexpressed Nox4 in cardiac myocytes, using ade-

novirus transduction (Online Figure IV, A). Cell size was

similar in control myocytes and Nox4-overexpressing

myocytes, regardless of the multiplicity of infection (Fig-

ure 4A). Apoptotic cell death, as evaluated by TUNEL

staining, was dose-dependently increased when Nox4 was

overexpressed in cardiac myocytes (Figure 4B). Nox4-

induced increases in TUNEL positive myocytes were

significantly attenuated in the presence of Bcl-xL, suggest-

ing that the mitochondrial component of apoptosis may be

stimulated by Nox4 (Figure 4C). Overexpression of Nox4

induced release of cytochrome c into the cytosolic fraction

(Figure 4D). Taken together, these results show that Nox4

stimulates apoptosis in a cell autonomous fashion, but it

does not induce hypertrophy at the single myocyte level.

Thus the enlargement of cardiac myocytes seen in Tg-

Nox4 mice after aging may be a compensatory response of

the heart against LV dysfunction.

Nox4 Is Primarily Localized in Mitochondria
To elucidate the mechanism by which Nox4 stimulates

cardiac dysfunction and increases in cell death during

aging, we evaluated the intracellular localization of Nox4

in cardiac myocytes. Immunostaining of cardiac myocytes

with the monoclonal antibody (3D2) and confocal micro-

scopic analyses showed that endogenous Nox4 is localized

in the perinuclear region, and colocalized with F1F0 ATP

synthase in oxidative phosphorylation Complex V, a

marker of mitochondria (Figure 5A). When endogenous

Nox4 was downregulated by transduction of adenovirus

harboring short hairpin (sh)RNA-Nox4, the perinuclear

staining with the anti-Nox4 antibody was markedly atten-

uated (Figure 5A). Staining of overexpressed HA-Nox4

Figure 2. A, Expression of Nox4 in Tg-Nox4 and Tg-Nox4-P437H. N indicates nTg mice; T, Tg mice. B, LV weight/body weight (LVW/
BW) at 13 to 14 months of age. P�NS vs NTg (N�8 to 9). C through E, Age-dependent changes in histology in Tg-Nox4, Tg-Nox4-
P437H, and NTg. C, LV myocyte cross-sectional area, as evaluated by wheat germ agglutinin (WGA) staining. D and E, LV fibrosis as
determined by Masson trichrome staining (D) and apoptosis as determined by TUNEL staining (E).
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with anti-Nox4 antibody and with anti-HA antibody ex-

hibited identical perinuclear staining patterns (Online Fig-

ure V, A and B). These results are consistent with the

notion that Nox4 is localized in perinuclear organelles,

including mitochondria. Interestingly, staining of p22phox

showed an almost identical staining pattern to that of Nox4

(Figure 5B), suggesting that Nox4 is a major partner of

p22phox in cardiac myocytes.

Proteins localized in mitochondria have a mitochondrial

localization signal (MLS) in their N terminus. An amino

acid sequence consistent with the MLS is found in the

N-terminal region of Nox4. To further confirm the local-

ization of Nox4, we made an N-terminally deleted Nox4

mutant (Nox4-�N: residues 75 to 578) and tested its

localization. We found that Nox4-�N was no longer

localized in the perinuclear region (Figure 5C). On the

other hand, an N-terminal fragment of Nox4(1–74) tagged

with GFP in its N-terminal region, but not GFP alone, was

localized in the perinuclear region, as evidenced by

costaining with Mitotracker (Figure 5D). All these findings

support the notion that Nox4 is primarily localized in

mitochondria.

Nox4 Enhances O2
�� Production in Mitochondria

To obtain biochemical evidence of Nox4 in mitochondria,

we prepared mitochondrial fractions from 12-month-old

NTg and Tg-Nox4 mouse hearts and examined them for

protein expression of Nox4 and O2
�� production. The

purity of the mitochondrial fraction was confirmed by the

absence of BiP, a marker of endoplasmic reticulum, and

histone H3, a marker of the nuclear fraction (Figure 6A).

Immunoblot analyses showed that Nox4 is present in the

mitochondrial fraction, although a lesser amount was also

found in the microsomal fraction (Figure 6A). In contrast,

expression of endogenous Nox2 was observed primarily in

the microsome fraction presumably at the plasma mem-

brane and the level of Nox2 was not increased in Tg-Nox4

(Figure 6A). The lucigenin chemiluminescent assay for

O2
�� production indicated that NADH-dependent O2

��

production was easily detected in the mitochondrial frac-

tion obtained from NTg mouse hearts, and it was signifi-

cantly greater in Tg-Nox4 than in NTg. NADPH-

dependent O2
�� production was also observed in both

Tg-Nox4 and NTg, but at a lower level than the NADH-

dependent O2
�� production (Figure 6B). The NADH- and

NADPH-dependent O2
�� production was also observed in

the microsomal fraction, although at much lower levels

than in the mitochondrial fraction. The NADH-dependent

ROS production in the mitochondrial fractions was inhib-

ited by rotenone, an inhibitor of complex I, by �50%, and

further inhibited by diphenyleneiodonium, an inhibitor of
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Figure 3. The extent of oxidative stress
in the LV was determined by 8-OHdG
staining (A) and DHE staining (B). In B,
DAPI staining shows nuclei. LV sections
were prepared from Tg-Nox4, Tg-Nox4-
P437H, and NTg mice.
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NADPH oxidases, by another �40% (Figure 6C). The

fluorescent intensity of MitoSOX, a specific indicator of

O2
�� production in the mitochondria, was also enhanced in

myocytes overexpressing Nox4 (Figure 6D). Thus, these

results suggest that significant levels of Nox-dependent

O2
�� producing activity in the heart exist in the mitochon-

drial fraction. Because NADH-dependent O2
�� production

in the mitochondria is partially rotenone-dependent, O2
��

production by Nox4 may increase electron leakage from

mitochondrial complex I, thereby further stimulating O2
��

production in mitochondria.

Upregulation of Nox4 Induces Mitochondrial

Damage in the Heart
To evaluate whether increased production of O2

�� by Nox4

leads to mitochondrial dysfunction, the effect of Nox4 on

mitochondrial membrane potential was evaluated with

TMRE and JC-1 staining in cardiac myocytes. Nox4

induced depolarization of the mitochondrial membrane

potential (Figure 7A), suggesting that mitochondrial func-

tion/integrity was attenuated in the presence of increased

expression of Nox4. To evaluate whether apoptotic cell

death induced by Nox4 overexpression is mediated

through increased O2
�� in mitochondria, we expressed

MnSOD, which is localized in mitochondria and dismu-

tates O2
��, in cardiac myocytes. MnSOD significantly

attenuated Nox4-induced increases in O2
��, as evaluated

by DHE staining, in cardiac myocytes (Figure 7B), and

suppressed Nox4-induced increases in apoptosis, as eval-

uated by TUNEL assays (Figure 7C), suggesting that

mitochondrial O2
�� plays an essential role in mediating

apoptosis in the presence of Nox4 overexpression in

cardiac myocytes.

We further investigated how increased expression of

Nox4 leads to the impairment of mitochondrial function.

Increased O2
�� production in the mitochondria may result

in greater oxidation of mitochondrial proteins in Tg-Nox4

than in NTg. We tested this hypothesis using a proteomic

Figure 4. Cultured neonatal rat cardiac
myocytes were transduced with
Ad-Nox4 or Ad-LacZ at various multiplic-
ities of infection (MOI) for 48 hours. Data
are from 4 to 6 experiments. A, Mean
cell size of control cardiac myocytes is
expressed as 100%. Changes were not
significant. B, The number of apoptotic
cells was evaluated with TUNEL staining.
*P�0.05 vs control (0 MOI). C, Cultured
cardiac myocytes were transduced with
Ad-LacZ, Ad-Nox4, or Ad-Nox4�Ad-
Bcl-xL. Representative TUNEL and DAPI
staining and the results of the quantita-
tive analysis are shown. D, Cultured car-
diac myocytes were transduced with
Ad-LacZ or Ad-Nox4. Cytosolic and
mitochondrial fractions were isolated and
expression of cytochrome c and F0F1
ATP synthase was evaluated with immu-
noblot analyses.
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approach. The results of ICAT analysis15 demonstrated

that the cysteine residues of many mitochondrial proteins

are oxidized in Tg-Nox4 to a greater extent than in NTg. In

particular, proteins involved in the TCA cycle, including

aconitase-2 and citrate synthase, and the electron transport

chain, including components of the NADH dehydrogenase

complex, were significantly oxidized at cysteine residues

(Figure 8A; Online Figure VI). In addition, components of

the mitochondrial permeability transition pore (MPTP)

complex, including adenine nucleotide translocase type 1

(ANT1), were highly oxidized in Tg-Nox4 mouse hearts.

Consistent with previous reports that oxidation attenuates

the function of mitochondrial proteins,19 aconitase-2 and

citrate synthase activities were significantly lower in

Tg-Nox4 than in NTg (Figure 8B). We confirmed that

mitochondrial proteins, including aconitase-2 and ANT1,

are similarly oxidized by either increased expression of

Nox4 or clinically relevant stimuli such as TAC, as

evaluated by iodoacetamide-biotin labeling experiments

(Figure 8C).

We also evaluated mitochondrial biogenesis as another

mechanism through which Nox4 promotes mitochondrial

dysfunction. Expression of genes involved in mitochon-

drial biogenesis in the heart, including PGC-1� and

TFAM, was downregulated, and the mtDNA content was

reduced in Tg-Nox4 compared to NTg, suggesting that

mitochondrial biogenesis is attenuated in response to

upregulation of Nox4 (Figure 8D). Taken together, these

results suggest that increased O2
�� production in the

mitochondria caused by Nox4 upregulation induces oxida-

tive mitochondrial damage, including oxidation of mito-

chondrial proteins, thereby leading to mitochondrial dys-

function and apoptotic cell death.

Discussion
Using a newly generated anti-Nox4 antibody and cardiac

specific Nox4 Tg mice, we here demonstrate three major

properties of Nox4 in the heart. First, Nox4 is upregulated

on aging and hypertrophic stimulation, including pressure

overload. Second, overexpression of Nox4 in the heart

increases O2
�� production and induces cardiac dysfunction

accompanied by increased fibrosis and apoptosis, but not

obvious cardiac hypertrophy at the organ level. Third,

Nox4 is localized primarily at mitochondria and oxidizes

mitochondrial proteins involved in the TCA cycle and the

electron transport chain, thereby leading to mitochondrial

dysfunction.

The O2
��-producing activity of Nox4 is believed to be

determined primarily at the level of protein expression.9

Our results, therefore, suggest that O2
�� production by

Nox4 should be enhanced in cardiac myocytes subjected to

hypertrophic stimuli and aging, which may contribute to

increases in oxidative stress in hypertrophied hearts. Oxi-

dative stress at middle age, as evaluated by DHE and

8-OHdG staining, was attenuated in Tg-Nox4-P437H

hearts. These results suggest that Nox4 plays an important

Figure 5. Subcellular localization of
Nox4 in cardiac myocytes. A, Cultured
cardiac myocytes were transduced with
adenovirus harboring shRNA-scramble
or shRNA-Nox4. Myocytes were
costained with anti-Nox4 antibody and
anti-F0F1 ATP synthase antibody, a
marker of mitochondria. Merged images
are shown on the right. B, Cultured car-
diac myocytes were costained with anti-
Nox4 and anti-p22phox antibodies. A
merged image is shown on the right. C,
Cultured cardiac myocytes were trans-
duced with an expression plasmid har-
boring full length (FL) Nox4-HA or Nox4
lacking MLS [�N(75-578)]-HA. Forty-
eight hours after transfection, cells were
stained with anti-HA antibody and DAPI.
Truncation of the N-terminal region
(amino acids 1 to 74) causes disappear-
ance of the perinuclear staining of Nox4
in cardiac myocytes. D, Cardiac myo-
cytes were transduced with expression
plasmids harboring either GFP alone or
Nox4(1–74)-GFP. Representative images
of GFP, Mitotracker and merged images
are shown.
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role in mediating increases in O2
�� and oxidative stress

attributable to hypertrophic stimulation or aging in the

heart. The molecular mechanism which mediates upregu-

lation of Nox4 in response to hypertrophic stimuli remains

to be elucidated.

An important question is whether upregulation of Nox4

stimulates cardiac hypertrophy. Overexpression of Nox4 in

Tg mice did not induce cardiac hypertrophy at baseline at

young ages. On the other hand, although middle-aged

Tg-Nox4 mice did not exhibit hypertrophy compared to

NTg at the organ level, their myocyte size was greater than

that of NTg. However, because cardiac function was

attenuated in the middle-aged Tg-Nox4 hearts, the increase

in cardiac myocyte size could be caused secondarily by

reduced LV function. The lack of cardiac hypertrophy at

the organ level despite the presence of hypertrophy at the

cell level may be attributable to myocyte loss. This notion

is supported by the results of in vitro experiments, in which

overexpression of Nox4 induces apoptosis, but not hyper-

trophy, in myocytes. Alternatively, Nox4 may not only

stimulate apoptosis but also either gradually induce hyper-

trophy or enhance aging-induced hypertrophy in vivo. For

example, if myocytes with Nox4 upregulation express

antioxidants or cell survival factors sufficient for prevent-

ing apoptosis, such cells may eventually undergo hyper-

trophy. Nox4 induces hypertrophy in the kidney and

mesangial cells,20 and proliferation in pulmonary vascular

smooth muscle cells.21 Thus, the effect of Nox4 on cell

growth appears to be cell type-dependent.

Overexpression of Nox4 in Tg-Nox4 hearts significantly

increased apoptosis in an age-dependent manner, which

was accompanied by increased fibrosis and reduced LV

function. Because overexpression of Nox4 significantly

increased apoptosis in cultured cardiac myocytes, Nox4

must have cell-autonomous proapoptotic effects. Nox4

also induces differentiation of cardiac fibroblasts into

myofibroblasts, thereby stimulating cardiac fibrosis.22 En-

hanced expression of Nox4 attributable to aging increases

apoptosis and fibrosis, which may contribute to the age-

dependent decline in cardiac function. The reason why

cardiac function is normal at baseline in young Tg-Nox4

remains to be elucidated. One possibility is that some other

factors are necessary for Nox4 to exert its adverse effects

on the heart. Although Nox4 is believed to produce O2
��

without cytosolic cofactors,23 the activity of Nox4 may be

regulated by cofactors. Insulin induces Nox4 ROS gener-

ation within 5 minutes,24 a response which might be too

fast to involve upregulation of Nox4, and Rac1 is required

Figure 6. Localization of Nox4 in car-
diac myocytes. A and B, Cytosolic, mito-
chondrial membrane, and microsomal
fractions were prepared from aging NTg
and Tg-Nox4 mouse hearts. A, Immuno-
blot analyses were conducted with anti-
Nox4 monoclonal antibody (3D2) and anti-
Nox2 polyclonal antibody. The purity of
the mitochondrial fraction was confirmed
by the lack of histone H3 or BiP staining.
The purity of cytosolic fraction was con-
firmed by the lack of cytochrome c. B
and C, NADH-dependent (B and C) and
NADPH-dependent (B) O2

�� release was

determined by the lucigenin method. The
SOD inhibitable component of O2

��

release from each fraction was deter-
mined. *P�0.05. C, NADH-dependent
and SOD inhibitable O2

�� release from

the mitochondrial membrane fraction
consists of Rotenone-sensitive (red
arrow) and Rotenone-insensitive,
diphenyleneiodonium-sensitive (blue
arrow) components. The Rotenone-
insensitive, diphenyleneiodonium-
sensitive components may include O2

��

release from Nox localized in the mito-
chondria *P�0.05. D, Cultured neonatal
rat cardiac myocytes were transduced
with adenovirus harboring LacZ or Nox4.
The extent of oxidative stress in the
mitochondria was evaluated using
MitoSOX.
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for Nox4 activation in mesangial cells.25 Another possibil-

ity is that factors suppressing Nox4-derived ROS may be

decreased or inactivated with aging.26,27Our results suggest

that catalase is upregulated in young Tg-Nox4 compared to

NTg mice. Thus, the heart at young ages may have an

ability to adapt to the increased Nox4 expression. Alter-

natively, the slowly progressive phenotype in the Tg-Nox4

heart could be secondary to other unknown functions of

Nox4.

We expect that Nox4-P437H, which cannot use NADPH

or NADH, forms a heterodimer with p22phox and disrupts

interaction between Nox4 and p22phox, thereby inhibiting

O2
�� production by endogenous Nox4.28 In theory, Nox4-

P437H could inhibit O2
�� production by Nox2, another

Nox isoform in cardiac myocytes, because Nox2 also

forms a heterodimer with p22phox. We believe, however,

that the effect of Nox4-P437H is primarily mediated

through Nox4 because both endogenous Nox4 and Nox4-

P437H are primarily localized in intracellular membranes,

whereas Nox2 is localized in the plasma membrane.

Nox4 is localized at focal adhesions in vascular smooth

muscle cells,29 in the nucleus in vascular endothelial

cells,30 in the endoplasmic reticulum in human endothelial

cells,28 and in mitochondria in mesangial cells.31 The

diverse subcellular localization of Nox4 in previous re-

ports could be attributable to differences in cell types

and/or in the specificity of Nox4 antibodies. Our results,

obtained with the newly generated anti-Nox4 specific

antibody, suggest that Nox4 is localized in the peri-nuclear

region, including in mitochondria, in cardiac myocytes.

Immunoblots and biochemical analyses of subcellular

fractions from mouse hearts (Figure 6), as well as the

presence of the functional MLS (Figure 5C and 5D),

support the notion that Nox4 is localized primarily in the

mitochondria and partially in the microsomes in cardiac

myocytes.

Overexpression of Nox4 enhances O2
�� production in

mitochondria at both the cellular and tissue levels (Figure

6), suggesting that a similar degree of Nox4 upregulation

in response to hypertrophic stimuli (Figure 1C) could

increase O2
�� production in mitochondria. O2

�� produced

by Nox4 is rapidly dismutated to H2O2, which is freely

diffusible in cells. Thus, in theory, increased production of

ROS even outside mitochondria could lead to oxidative

damage in mitochondrial proteins. However, increased

oxidation of cysteine residues in many mitochondrial

proteins in Tg-Nox4 was observed in young mice without

obvious cardiac phenotype. Thus, Nox4 localized in the

mitochondria could promote oxidation of mitochondrial

proteins more efficiently.

In the cardiac mitochondrial fraction of Tg-Nox4, both

NADH- and NADPH-dependent O2
�� production was sig-

Figure 7. A, Cultured neonatal rat car-
diac myocytes were transduced with
adenovirus harboring Nox4 or Lac Z.
After 48 hours, the cells were subjected
to TMRE and JC-1 staining for mito-
chondrial membrane potential assess-
ment. Note that red staining indicates
polarized mitochondria in TMRE and
JC-1 staining. Green staining indicates
depolarized mitochondria in JC-1 stain-
ing. B and C, Cultured neonatal rat
cardiac myocytes were transduced
with adenovirus harboring Nox4 or Lac
Z or cotransduced with Ad-Nox4 and
Ad-MnSOD. B, After 48 hours, O2

��

production was evaluated with DHE
staining. *P�0.05. C, The number of
apoptotic cells were evaluated with
TUNEL staining. *P�0.05.
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Figure 8. Overexpression of Nox4 causes mitochondrial dysfunction. Purified mitochondrial fractions were prepared from

aging Tg-Nox4 and NTg mouse hearts and subjected to ICAT proteomics or biochemical assays. A, The ICAT signal at cysteine

385 of aconitase, cysteine 126 of aconitase, cysteine 101 of citrate synthase, cysteine 206 of NADH dehydrogenase (51-kDa sub-

unit), cysteine 367 of NADH dehydrogenase (71-kDa subunit), and cysteine 160 of ANT1 were significantly lower in Tg-Nox4

hearts than in NTg hearts, suggesting that these cysteines are oxidized. B, The aconitase activity and the citrate synthase activity

in the heart were compared among Tg-Nox4, Tg-Nox4-P437H and NTg mice. C, Twelve-month-old NTg and Tg-Nox4 mouse

hearts were lysed in the presence of biotinylated iodoacetamide. Biotinylated proteins were pulled down on streptavidin beads

and subjected to immunoblotting (left). Three-month-old NTg mice were subjected to TAC or sham operation. The hearts were

treated in the same way as above (right). D, Evaluation of mitochondrial biogenesis. Twelve-month-old NTg or Tg-Nox4 mouse

hearts were subjected to immunoblotting using antibodies raised against PGC-1� and TFAM (left). Quantitative real-time PCR for

mitochondrial DNA (right). *P�0.05 vs NTg.
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nificantly increased. Interestingly, a greater level of O2
��

was produced from NADH than from NADPH, consistent

with the notion that Nox4 can use NADH efficiently as an

electron donor.9,17,23 Importantly, both rotenone, an inhib-

itor of complex I, and diphenyleneiodonium, an inhibitor

of NADPH oxidase, significantly inhibited the NADH-

dependent ROS production in the mitochondrial fraction

(Figure 6C). Thus, we speculate that Nox4 increases O2
��

production in mitochondria, which triggers mitochondrial

dysfunction, thereby leading to O2
�� production/leakage

from mitochondria (Online Figure VII). Nox4-induced

increases in ROS may further stimulate “ROS-induced

ROS release,”32,33 where complex I is an important source

of ROS,32 and oxidation of the MPTP and depolarization of

the mitochondrial membrane potential play an important

role in enhancing ROS.33

We have shown previously that oxidation of the MPTP

complex occurs during pressure overload and is suppressed

drastically by overexpression of thioredoxin 1, an antiox-

idant, in mouse hearts.15 Consistently, critical redox-

sensitive cysteine residues of NADH dehydrogenase fla-

voprotein I, a component of complex I, ANT1, a key

component of the MPTP complex, and aconitase-2, an

established redox sensitive protein, are highly oxidized in

Tg-Nox4. Because cysteine oxidation of these proteins

also occurs by pressure overload, upregulation of Nox4

may play an important role in mediating cysteine oxidation

of mitochondrial proteins during cardiac stress. Upregula-

tion of Nox4 also negatively regulates mitochondrial

biogenesis. Taken together, Nox4 strongly drives oxidative

stress in mitochondria in the heart, either alone or by

enhancing ROS-induced ROS release, which in turn en-

hances mitochondrial dysfunction and myocardial cell

death, thereby leading to the development of cardiac

dysfunction.
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Novelty and Significance

What Is Known?

● The Nox2 and Nox4 isoforms of NAD(P)H oxidase, enzymes producing

superoxide from molecular oxygen, are expressed in cardiac

myocytes.
● Nox2 mediates increases oxidative stress and cardiac hypertrophy in

response to some forms of stress in the heart.

What New Information Does This Article Contribute?

● Upregulation of Nox4 in response to hypertrophic stimuli induces cell

death and cardiac dysfunction in the heart.
● Nox4 is localized primarily in mitochondria and increases superoxide

production in cardiac myocytes.
● Upregulation of Nox4 induces oxidation and dysfunction of mitochon-

drial proteins.

Essentially nothing is known regarding the isoform-specific

function of Nox4 in the heart. We sought to elucidate whether

increased expression of Nox4 increases oxidative stress,

whether Nox4 affects growth and death of cardiac myocytes,

and where Nox4 is localized in cardiac myocytes. Using a newly

generated Nox4-specific monoclonal antibody and cardiac spe-

cific Nox4 overexpressing mice, we demonstrate that increased

expression of Nox4 in the heart induces apoptosis of cardiac

myocytes and left ventricular dysfunction. Nox4 is localized

primarily in mitochondria and produces superoxide in cardiac

myocytes. Upregulation of Nox4 induces oxidation of mitochon-

drial proteins, which in turn induces mitochondrial dysfunction,

including MPTP opening and cytochrome c release. The findings

that Nox4 is localized in mitochondria and that increased

expression of Nox4 induces mitochondrial dysfunction are

particularly important because pathological hypertrophy is ac-

companied by increases in oxidative stress in mitochondria,

mitochondrial dysfunction, and consequent increases in cardiac

myocyte apoptosis. Thus, our results suggest that Nox4 may be

an important source of oxidative stress in the failing heart.

Targeted inhibition or deletion of Nox4 specifically may reduce

oxidative stress and cell death, thereby improving heart function

in patients with pathological cardiac hypertrophy.
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