
Nox4 NADPH Oxidase Mediates Peroxynitrite-dependent
Uncoupling of Endothelial Nitric-oxide Synthase and
Fibronectin Expression in Response to Angiotensin II
ROLE OF MITOCHONDRIAL REACTIVE OXYGEN SPECIES*

Received for publication, March 19, 2013, and in revised form, July 23, 2013 Published, JBC Papers in Press, August 12, 2013, DOI 10.1074/jbc.M113.470971

Doug-Yoon Lee‡1, Fabien Wauquier‡1, Assaad A. Eid‡, Linda J. Roman§, Goutam Ghosh-Choudhury‡¶�2,
Khaled Khazim‡, Karen Block‡�, and Yves Gorin‡3

From the Departments of ‡Medicine and §Biochemistry, University of Texas Health Science Center, the ¶Veterans Administration
Research and Geriatric Research, Education and Clinical Center, and the �Audie Leon Murphy Memorial Hospital Division, South
Texas Veterans Health Care System, San Antonio, Texas 78229

Background:Oxidative stress is critical for the fibrotic response of mesangial cells (MCs) to angiotensin II.
Results:Nox4- and mitochondrial reactive oxygen species (ROS)-dependent endothelial nitric-oxide synthase (eNOS) uncou-
pling led to fibronectin accumulation in MCs stimulated by angiotensin II.
Conclusion: The Nox4/mitochondrial ROS/eNOS pathway mediates angiotensin II-induced MC injury.
Significance: Targeting Nox4 and mitochondrial ROS is a promising therapeutic approach.

Activation of glomerular mesangial cells (MCs) by angioten-
sin II (Ang II) leads to extracellular matrix accumulation. Here,
we demonstrate that, inMCs, Ang II induces endothelial nitric-
oxide synthase (eNOS) uncouplingwith enhanced generation of
reactive oxygen species (ROS) and decreased production of NO.
Ang II promotes a rapid increase in 3-nitrotyrosine formation,
and uric acid attenuates Ang II-induced decrease in NO bio-
availability, demonstrating that peroxynitrite mediates the
effects of Ang II on eNOS dysfunction. Ang II rapidly up-regu-
lates Nox4 protein. Inhibition of Nox4 abolishes the increase in
ROS and peroxynitrite generation as well as eNOS uncoupling
triggered by Ang II, indicating that Nox4 is upstream of eNOS.
This pathway contributes to Ang II-mediated fibronectin accu-
mulation inMCs.Ang II also elicits an increase inmitochondrial
abundance of Nox4 protein, and the oxidase contributes to ROS
production in mitochondria. Overexpression of mitochondrial
manganese superoxide dismutase prevents the stimulatory
effects of Ang II on mitochondrial ROS production, loss of NO
availability, andMC fibronectin accumulation, whereasmanga-
nese superoxide dismutase depletion increases mitochondrial
ROS, NO deficiency, and fibronectin synthesis basally and in
cells exposed to Ang II. This work provides the first evidence
that uncoupled eNOS is responsible for Ang II-induced MC
fibronectin accumulation and identifies Nox4 and mitochon-

drial ROS as mediators of eNOS dysfunction. These data shed
light on molecular processes underlying the oxidative signaling
cascade engaged by Ang II and identify potential targets for
intervention to prevent renal fibrosis.

Extracellular matrix accumulation in glomeruli contributes
to the pathogenesis of glomerulosclerosis in fibrotic renal dis-
eases (1–4). Up-regulation of the renin-angiotensin system
plays a key role in the initiation and the progression of glomer-
ular injury via induction of extracellular matrix expansion in
glomerular mesangial cells (MCs)4 (4–10). The octapeptide
hormone angiotensin II (Ang II) is the dominant renin-angio-
tensin system effector and is implicated in the pathogenesis of
fibrosis of the glomerular microvascular bed (4–10).
Oxidative stress has emerged as a critical pathogenic factor in

the development of renal and vascular diseases (4–14). The
Nox family of NADPH oxidases and mitochondria are the
major sources of reactive oxygen species (ROS) in the vascula-
ture and the kidney that contribute to the development of path-
ological conditions (10–19). The Nox proteins correspond to
homologues of gp91phox (or Nox2), the catalytic moiety found
in phagocytes (11–13, 15). Seven members of the Nox family
have been identified in the human genome: Nox1 to Nox5 and
the dual oxidases Duox1 and Duox2 (11–15). The homologue
Nox4 (NADPH oxidase 4) plays a key role in vascular and renal
cell injury, including the fibrotic processes (10–14, 20–26).
However, the mechanisms that Nox4 utilize to exert this bio-
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logical effect remain unclear, and the downstream effectors of
the oxidase are not well defined.
Endothelial nitric-oxide synthase (eNOS), which generates

NO in the presence of optimal concentrations of the substrate
L-arginine and the cofactor (6R)-5,6,7,8-tetrahydrobiopterin
(BH4), constitutes a major defense against vascular injury (27–
30). Under pathological conditions, diminished levels of BH4 or
L-arginine promote the transfer of electrons to molecular oxy-
gen instead of L-arginine to produce superoxide rather than
NO, a phenomenon referred to as “uncoupling” (27–30).
Although uncoupling of eNOS and decrease in NO bioavail-
ability has been implicated in cardiovascular diseases (27–30),
the role of eNOS dysfunction in renal pathology remains
unclear. The protective role of NO generation by eNOS in the
kidney was demonstrated by recent studies showing that eNOS
knock-out mice made diabetic develop advanced lesions (31–
33). eNOS is expressed in MCs, and its uncoupling has been
linked to the decline in NO levels observed in the diabetic envi-
ronment (34–36). A role of Ang II in eNOS uncoupling and the
decrease in renal NO production is suggested by the observa-
tions that angiotensin II type 1 receptor blockade restores
eNOS function andNO levels in experimental models of diabe-
tes (37, 38). However, the molecular mechanisms by which
eNOS function and NO bioavailability are altered by Ang II in
renal cells are unknown. The present study defines novel
molecular mechanisms whereby Ang II promotes fibrotic
events in renal cells and provides a rationale for the prevention
of Nox4- and mitochondrial ROS-dependent eNOS dysfunc-
tion as a therapeutic intervention for the treatment of renal
fibrotic diseases.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Adenovirus Infection

Rat glomerular MCs were isolated and characterized as
described (20, 21, 24–26). These cells were used between 15th
and 30th passages. Selected experiments were performed in
primary and early passaged MCs to confirm the data obtained
with late passages. The cells were maintained in DMEM sup-
plemented with antibiotic/antifungal solution and 17% fetal
bovine serum.
For the RNA interference experiments, a SMARTpool con-

sisting of four short or siRNA duplexes specific for rat Nox4 or
eNOS was obtained from Dharmacon. The SMARTpool of
siRNAs was introduced into the cells by double transfection
using X-tremeGENE (Roche Applied Science) as described (21,
26). The siRNAs for Nox4 or eNOS were used at a concentra-
tion of 100 nM. Scrambled siRNAs (nontargeting siRNA) (100
nM) served as controls to validate the specificity of the siRNAs.
Adenovirus encoding for wild type mitochondrial manganese-
dependent superoxide dismutase (AdMnSOD) was used to
infect MCs as previously described (26, 39, 40). As a control for
the effects of adenovirus infection alone, an adenovirus encod-
ing �-Galactosidase (Ad�Gal) was used.

Western Blotting Analysis

MCs grown to near confluence were made quiescent by
serum deprivation for 48 h and treated or not with 1 �M Ang II
for the specified duration in serum-free Dulbecco’s modified

Eagle’s medium at 37 °C. The cells were lysed in radioimmune
precipitation buffer at 4 °C for 30 min. The cell lysates were
centrifuged at 10,000 � g for 30 min at 4 °C. Protein was deter-
mined in the cleared supernatant using the Bio-Rad protein
assay reagent.
For immunoblotting, proteins were separated using SDS-

PAGEand transferred to polyvinylidene difluoridemembranes.
The membranes were blocked with 5% low fat milk in Tris-
buffered saline and then incubated with a rabbit polyclonal
eNOS antibody (catalogue nos. ADI-KAP-NO020 and KAP-
NO002; Enzo Life Sciences/Stressgen) (dilution 1:1,000), a rab-
bit monoclonal nNOS antibody (catalogue no. 2081-1; Abcam/
Epitomics Inc.), a rabbit polyclonal iNOS antibody (catalogue
no. 61033; BD Biosciences), a rabbit polyclonal anti-3-nitro-
tyrosine (catalogue no. 06-284; EMDMillipore) (1:1,000), a rab-
bit polyclonalNox4 antibody directed against recombinant glu-
tathione S-transferase mouse Nox4-(299–515) designed in our
laboratory (dilution 1:1,000) (20, 21, 26), a rabbit polyclonal
Nox4 antibody (catalogue no. H-300; Santa Cruz Biotechnol-
ogy, Inc.) (1:300), a rabbit polyclonalMnSOD (SOD2) antibody
(catalogue no. ab86087;Abcam/Epitomics Inc.) (1:1,000), a rab-
bit polyclonal anti-fibronectin antibody (catalogue no. F3648;
Sigma) (1:2,500), a rabbit polyclonal anti-GAPDH (catalogue
no. G9545; Sigma) (1:1,000), or a mouse monoclonal anti-�-
actin (1:4,000) (catalogue no. A2066; Sigma). The appropriate
horseradish peroxidase-conjugated secondary antibodies were
added, and bands were visualized by enhanced chemilumines-
cence. Densitometric analysis was performed using National
Institutes of Health Image software (21, 26).

Mitochondria Isolation Kit

MCs were harvested from the cultures and fractionated into
cytosol andmitochondria (Mit) by using a Piercemitochondria
isolation kit (Pierce) according to the instructions of the man-
ufacturer as previously described (21).

Assay of eNOS Dimer/Monomer

SDS-resistant eNOS dimers and monomers were assayed by
using low temperature SDS-PAGE as described previously (41).
Briefly, after being washed twice with ice-cold phosphate-buff-
ered saline, Ang II-treated MCs were lysed as described above,
and protein lysates were mixed with loading buffer and loaded
on gels without boiling. Proteins were separated with low tem-
perature SDS-PAGE under reducing conditions (with �-mer-
captoethanol). Gels and buffers were kept at 4 °C during the
whole procedure.

Immunofluorescence Confocal Microscopy

MCs grown on 4-well chamber slides were fixed with 4%
paraformaldehyde for 15min and permeabilized with 0.2%Tri-
ton X-100 for 5 min. The cells were then blocked with 5% nor-
mal goat serumor 5% normal donkey serum in phosphate-buff-
ered saline for 30 min and incubated with appropriate primary
antibodies (anti-eNOS, anti-3-nitrotyrosine, anti-fibronectin,
or anti-MnSOD) for 30 min. Cyanin-3- or fluorescein isothio-
cyanate-conjugated secondary antibodies were then applied to
the appropriate cells for 30 min. The cells were washed three
times with phosphate-buffered saline, mounted with antifade
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reagent with 4�,6-diamidino-2-phenylindole, and visualized on
an Olympus FV-500 confocal laser scanning microscope. To
estimate the brightness intensity of 3-nitrotyrosine and
fibronectin signals, groups of cells randomly selected from the
digital image were outlined (at least five groups for each sam-
ple), and the average brightness of the enclosed area was semi-
quantified using either the Image-Pro Plus 4.5 software (Media
Cybernetics) or National Institutes of Health Image/ImageJ
software, as described (20, 21, 26). The data shown represent
three separate experiments and are expressed as relative fluo-
rescence intensity.

NADPH Oxidase Assay

NADPH oxidase activity was measured by the lucigenin-en-
hanced chemiluminescence method as described (20, 21, 24).
Briefly, MCs grown in serum-free medium for 48 h and treated
or not with 1 �M Ang II for the indicated time periods were
washed five times in ice-cold phosphate-buffered saline and
were scraped from the plate in the same solution followed by
centrifugation at 800 � g, 4 °C, for 10min. The cell pellets were
resuspended in lysis buffer. Cell suspensions were homoge-
nizedwith 100 strokes in aDounce homogenizer on ice. Homo-
genates were subjected to a low speed centrifugation at 800 � g
at 4 °C for 10 min to remove the unbroken cells and debris, and
the aliquots were used immediately. To start the assay, 100�l of
homogenates were added to 900 �l of 50 mM phosphate buffer,
pH 7.0, containing 1 mM EGTA, 150 mM sucrose, 5 �M lucige-
nin, and 100 �M NADPH. Photon emission in terms of relative
light units was measured every 20 or 30 s for 10 min in a lumi-
nometer. There was no measurable activity in the absence of
NADPH. A buffer blank (less than 5% of the cell signal) was
subtracted from each reading. Superoxide production was
expressed as relative chemiluminescence (light) units/mg of
protein. Protein content was measured using the Bio-Rad pro-
tein assay reagent.

Detection of ROS Production

Detection of Intracellular Superoxide in MCs Using HPLC—
Cellular superoxide production in MCs was assessed by HPLC
analysis of dihydroethidium (DHE)-derived oxidation prod-
ucts, as described previously (42). The HPLC-based assay
allowed the separation of the superoxide-specific 2-hy-
droxyethidium (EOH) from the nonspecific ethidium. Briefly,
after exposure or not of quiescentMCs grown in 60-mmdishes
to 1�MAng II for the indicated duration, the cells were washed
twice with Hanks’ balanced salt solution/DTPA and incubated
for 30minwith 50�MDHE (Sigma-Aldrich) inHanks’ balanced
salt solution/100�MDTPA.Note that for prolonged treatment,
the cells were first stimulated with D-glucose and then incu-
bated with DHE. The cells were harvested in acetonitrile and
centrifuged (12,000 � g for 10 min at 4 °C). The homogenate
was dried under vacuum and analyzed by HPLC with fluores-
cence detectors (Jasco HPLC system, LC-2000 plus series).
Quantification ofDHE, EOH, and ethidiumconcentrationswas
performed by comparison of integrated peak areas between the
obtained and standard curves of each product under identical
chromatographic conditions as described. EOH and ethidium
were monitored by fluorescence detection with excitation at

510 nm and emission at 595 nm, whereas DHE was monitored
by ultraviolet absorption at 370 nm. The results were expressed
as produced EOH (nmol) normalized for consumed DHE (i.e.,
initial minus remaining DHE in the sample) (�mol).
Detection of Intracellular ROS in MCs—ROS generation was

also assessed in live cells with DHE (Invitrogen/Molecular
Probes) as previously described (25). The cells were loadedwith
10�MDHE in phenol-freeDMEM for 30min at 37 °C. The cells
were washed with warm buffer. DHE fluorescent intensity was
determined at 520-nm excitation and 610-nm emission and
visualized on Olympus FV-500 confocal laser scanning micro-
scope. The brightness intensity of DHE signal was semiquanti-
fied by using either the Image-Pro Plus 4.5 software (Media
Cybernetics) or National Institutes of Health Image/ImageJ
software as described (20, 21, 26). The data shown represent
three separate experiments and are expressed as relative fluo-
rescence intensity.
Alternatively, DHE-derived fluorescence was followed in a

multiwell fluorescence plate reader. MCs were grown in 12- or
24-well plates and serum-deprived for 48 h. Immediately before
the experiments, the cells were washed with phenol red-free
DMEM and loaded with 10 �M DHE (Invitrogen/Molecular
Probes) dissolved in phenol-free DMEM solution for 15 min at
37 °C. They were then incubated with or without 1 �M Ang II
for various time periods. Subsequently, DHE fluorescence
was detected at excitation and emissionwavelengths of 560 and
635 nm, respectively, and measured with a multiwell fluores-
cence plate reader (Chameleon Multilabel Detection Platform;
Bioscan).
Detection of Mitochondrial ROS in MCs—Mitochondrial

superoxide generation was assessed in live cells with MitoSOX
Red (Invitrogen/Molecular Probes) (21), which is a fluorogenic
dye that is taken up by mitochondria, where it is readily oxi-
dized by superoxide, but not by other reactive oxygen species or
reactive nitrogen species. The cells were loaded with 1 �M

MitoSOX Red in phenol-free DMEM for 10 min at 37 °C. The
cells were washed with warm buffer. MitoSOX Red fluorescent
intensity was determined at 515-nm excitation and 580-nm
emission. The brightness intensity of MitoSOX signal was
semiquantified by using either the Image-Pro Plus 4.5 software
(Media Cybernetics) or National Institutes of Health Image/
ImageJ software as described (20, 21, 26). The data shown rep-
resent three separate experiments and are expressed as relative
fluorescence intensity.

Assay of Nitric-oxide Synthase Activity

The nitric oxide-synthesizing activity of NOS was measured
with the NOS Detect assay kit (Stratagene) as described
previously (43, 44). Briefly, the conversion of L-[14C]arginine
(PerkinElmer Life Sciences) to L-[14C]citrulline was used to
determine NOS activity in MC lysates, with the addition of the
appropriate cofactors, according to the manufacturer’s recom-
mendations. Nonspecific production of L-citrulline was moni-
tored by performing the reaction in the presence of NG-nitro-
L-arginine methyl ester (L-NAME), a NOS inhibitor. In the
presence of L-NAME, no significant production of NO was
observed. Activity is expressed as pmol of citrulline/min/mg of
protein.
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Quantification of NO Release

MCs were cultured in phenol-free medium. After being
serum-starved for 24 h, the cells were treated with 1 �M Ang II
for the indicated time. The amount of nitrite, the stable end
product of nitric oxide oxidation, was used as an indicator of
NO synthesis, catalyzed by eNOS. Nitrite concentration in the
culture medium was measured using the Griess reaction with
sodium nitrite as a standard, as described (45). The data were
expressed corrected for protein content.

Detection of 3-Nitrotyrosine

3-Nitrotyrosine cellular levels were determined in serum-
starved MCs treated with or without 1 �M Ang II for the
indicated duration by using an enzyme immunoassay kit
from OxisResearchTM Products/Percipio Biosciences, Inc.
(BIOOXYTECH� Nitrotyrosine-EIA Assay; catalogue no.
21055) per the manufacturer’s instructions.

Statistical Analysis

The results are expressed as means � S.E. Statistical signifi-
cance was assessed by Student’s unpaired t test. Significance
was determined as probability (p) less than 0.05.

RESULTS

Uncoupled Nitric-oxide Synthase Contributes to Ang II-in-
duced Oxidative Stress in MCs—In pathological states, NOS
dysfunction, or “uncoupling,” leads to increased generation of
superoxide anion by the enzyme associated with a decrease in
NO formation (28–30, 34, 35, 41, 46). To delineate the time
periods forwhichNOS is uncoupled,we evaluated the temporal
effect of Ang II on both superoxide and NO production. The
contribution of uncoupled NOS to ROS production was deter-
mined bymeasuring superoxide generation in the presence and
absence of the NOS inhibitor L-NAME (NG-nitro-L-arginine
methyl ester). Intracellular superoxide production was evalu-
ated usingDHE (10�M, 30min) and confocalmicroscopy,mul-
tiwell fluorescence plate reader, or HPLC. We found that Ang
II-induced increase in intracellular superoxide generation was
partially inhibited by L-NAMEat 1 h andnearly abrogatedwhen
MCs were exposed to Ang II for 24 h (Fig. 1, A–C). HPLC
analysis of the superoxide specific product of DHE, EOH, vali-
dated the specificity of superoxide measurements with DHE.
These data demonstrate that during these time periods, NOS
contributes to Ang II-mediated oxidative stress. The data also
indicate that in the early phase (within 10 min), the superoxide
generated in response to Ang II is not derived from NOS
because superoxide production is insensitive to L-NAME (Fig.
1, A–C).

Treatment ofMCs with Ang II decreased cGMP production,
a reflection of NO bioactivity. The inhibitory effect of Ang II
was maximal at 30–60 min and persisted for 24 h (Fig. 2A).
Similar results were obtainedwhen nitrite formation, the stable
end product of NO synthesis, was evaluated (Fig. 2B). We also
assayed NOS activity in MC lysates by monitoring the conver-
sion of radiolabeled L-arginine to L-citrulline, which is formed
stoichiometrically with NO, and yields information on the
capacity of NOS to make NO. Consistent with cGMP and

nitrite findings, NOS activity was significantly reduced in MCs
exposed to Ang II for 1 and 24 h (Fig. 2C). These data confirm
thatNOSgenerates lesser amount ofNOupon stimulationwith
Ang II, resulting in diminished NO bioavailibility, and further
support the idea thatAng II promotesNOSuncoupling inMCs.
eNOS Is Uncoupled upon Exposure of MCs to Ang II and Is a

Source of Intracellular ROS—As previously reported (35, 36),
we found that eNOS protein is present in MCs (Fig. 3A, left
panel). Glomerular endothelial cells were used as positive con-
trol. eNOS expression was also visualized in MCs by immuno-
fluorescence and confocal microscopy (Fig. 3A, right panel). As
shown in Fig. 3B, the eNOS protein band expression wasmark-
edly decreased after transfection of MCs with specific siRNA
oligonucleotides for eNOS (sieNOS), but not nontargeting
siRNA (Scr), thereby confirming its identity. Because eNOS is
highly expressed inMCs, we tested the hypothesis that eNOS is
the NOS isoform uncoupled upon stimulation with Ang II. To
this end, we used a siRNA strategy, and DHE fluorescence was
assessed. Down-regulation of eNOS protein expression by sie-
NOS mimicked the effects of L-NAME on Ang II-induced
superoxide generation inMCs (compare Fig. 1,A–C, and Fig. 3,
C and D). Superoxide production in response to Ang II was
partially decreased by sieNOS at 1 h, nearly abolished at 24 h,
and not altered at 10 min (Fig. 3, C and D). These data also
validate the assumption that another source, distinct from dys-
functional NOS, contributes to Ang II-induced oxidative stress
for the early time points.
Because dimer formation and stability are critical for eNOS

to functionally produce NO and are affected in the uncoupled
enzyme, we determined the proportion of eNOS existing as
either dimer or monomer in MCs treated with Ang II. Electro-
phoresis of MC lysates without prior heat denaturation (low
temperature SDS-PAGE) showed bands approximately twice
the size of eNOSmonomer, attributable to eNOS dimer. Expo-
sure of the cells to Ang II for 1 or 24 h showed a significant
reduction in the dimer to monomer ratio compared with con-
trol (Fig. 3, E and F). The decrease in dimer started at 15–30
min, and maximum decrease was observed at 1 h (Fig. 3E).
These events occur at time periods for which we found that
uncoupled NOS participate to Ang II-mediated superoxide
generation and NO production was decreased.
Because they also are susceptible to uncoupling and present

in the renal tissue (47), the involvement of the other NOS iso-
forms (neuronal and inducible) was considered. Fig. 3G shows
that iNOS and nNOS protein are not expressed in MCs under
basal conditions. Short or prolonged exposure of the cells to
Ang II did not induce the expression of iNOS or nNOS protein
(Fig. 3G), indicating that iNOS and nNOS are most likely not
involved in the actions of Ang II in MCs. Taken together, these
findings indicate that uncoupled eNOS is a source of ROS in
MCs treated with Ang II and provide a rationale for studying
the mechanism(s) by which the enzyme is uncoupled in these
cells.
Uncoupled eNOS Is Required for Ang II-induced Fibronectin

Synthesis in MCs—Using MCs as a model to study the mecha-
nism of abnormalmatrix accumulation by kidney cells, we have
recently shown that Ang II promoted fibronectin expression
through a redox-dependent pathway (25, 26). We explored the
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possibility that ROS derived from dysfunctional eNOSmediate
the fibrotic response to Ang II in MCs by examining the effects
of L-NAME or sieNOS on Ang II-induced fibronectin protein
expression. Incubation of MCs with L-NAME or depletion of
eNOS protein by specific siRNA, but not nontargeting siRNA,
significantly inhibited Ang II-induced increase in fibronectin
synthesis asmeasured byWestern blotting (Fig. 4,A andC) and
immunofluorescence (Fig. 4, B andD). These data indicate that
uncoupled eNOS is critical for the chronic action of Ang II on
fibronectin synthesis in MCs.
Peroxynitrite Is Implicated in Ang II-induced eNOS Dysfunc-

tion/Decline in NO Bioavailability and Fibronectin Expression—
Peroxynitrite, the reaction product of NO and superoxide, is a
strong oxidant capable of promoting NOS uncoupling through
oxidative modification of the enzyme, including oxidation of
BH4 and the zinc cluster (28–30, 34–36, 41, 46). Thus, we
hypothesized that peroxynitrite participated to Ang II-medi-

ated eNOS dysfunction in MCs. Ang II caused a rapid increase
in 3-nitrotyrosine, a footprint of peroxynitrite production, at 10
and 60 min as assessed by Western blot (Fig. 5A), ELISA (Fig.
5B), and immunofluorescence analysis (Fig. 5C). Importantly,
peroxynitrite formation preceded eNOS dysfunction (that take
place at 60 min), suggesting that peroxynitrite plays a role in
eNOS uncoupling. Preincubation of MCs with the peroxyniti-
trite scavenger uric acid significantly reduced Ang II-induced
3-nitrotyrosine staining, indicating that the signal corre-
sponded to peroxynitrite formation (Fig. 5D). In addition, treat-
ment of MCs with L-NAME also markedly inhibited the
enhancement of 3-nitrotyrosine staining seen in cells exposed
to Ang II for 10 and 60 min (Fig. 5D), demonstrating that NOS
is required for peroxynitrite production, most likely via provid-
ing the required NO. The implication of peroxynitrite in eNOS
dysfunction is validated by the observation that preincubation
of MCs with uric acid was able to prevent the decline in NO

FIGURE 1. Uncoupled NOS contributes to Ang II-induced intracellular superoxide generation in MCs. Serum-deprived MCs were preincubated with the
NOS inhibitor L-NAME (100 �M, 3 h) before treatment with 1 �M Ang II for 10 min, 1 h, or 24 h. Intracellular superoxide generation was evaluated using DHE (10
�M, 30 min) and confocal microscopy (A), DHE and a multiwell fluorescence plate reader (B), or DHE and HPLC (C) as described under “Experimental Procedures.”
In A, the right histograms represent the semiquantification of relative DHE fluorescence (arbitrary units). In A–C, the values are the means � S.E. from three
independent experiments. **, p � 0.01 versus control. ##, p � 0.01 versus Ang II.

Nox4, eNOS, Mitochondrial ROS, and Ang II Redox Signaling

28672 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 40 • OCTOBER 4, 2013



bioavailability triggered by Ang II (Fig. 5E) at the time periods
for which eNOS is dysfunctional (1 and 24 h). Scavenging of
peroxynitrite with uric acid also inhibited Ang II-induced
fibronectin accumulation in MCs (Fig. 5F). These findings
highlight the crucial role of peroxynitrite in eNOS dysfunction,
decreased NO levels, and the resulting fibrotic response of MC
to Ang II.
The Up-regulation of Nox4 Mediates Ang II-induced Early

Increase in Peroxynitrite Generation and eNOS Dysfunction in
MCs—TheNox family of NADPH oxidases, in response to var-
ious stimuli, produces superoxide that combines with NO to
form peroxynitrite capable of uncoupling eNOS and impairing
NO bioavailability. Because NADPH oxidase Nox4 is highly
expressed and plays a role in Ang II redox signaling in MCs
(24–26), we hypothesized that Nox4-derived superoxide was
required for the peroxynitrite-dependent alteration of eNOS
function and the subsequent decline in NO levels. We found
that short exposure of MCs to Ang II up-regulates Nox4
protein expression (Fig. 6A) and increased NADPH-depen-
dent superoxide generation (Fig. 6B) in the total cell homo-
genate. The increase in Nox4 protein expression promoted
by Ang II was observed as early as 2.5 min and is sustained up
to 60 min.
To establish that Nox4 is necessary for Ang II-induced

intracellular superoxide production, Nox4 expression was
down-regulated with specific siRNA. First, we confirmed
that transfection of siRNA for Nox4 (siNox4), but not non-
targeting siRNA (Scr), reduces Nox4 protein abundance
(Fig. 6C). Note that for every RNA interference experiment
described in this report, the siRNAs transfected obtained
from Dharmacon corresponded to a SMARTpool consisting
of four siRNAs specific for the protein of interest. Impor-
tantly, siNox4 abolished the increase in NADPH oxidase
activity (Fig. 6D) and intracellular superoxide caused by Ang
II at early time points (Fig. 6, E and F). In these experiments,

superoxide specific product of DHE, 2-ETOH was measured
using HPLC-based method (Fig. 6E), and DHE fluorescence
was visualized with laser-scanning confocal microscopy (Fig.
6F). These findings indicate that Nox4 is responsible for the
increased generation of intracellular ROS in response to
acute treatment of MCs with Ang II and that this increase is
most likely due to an acute up-regulation of Nox4 protein
expression. Together with the observations reported in Figs.
1 and 3, these data suggest that in the early phase (within 10
min) the superoxide generated in response to Ang II may be
derived from Nox4 but not NOS, whereas at later time point
(60 min) both NOS and Nox4 contribute to superoxide
generation.
We also found that siRNA-mediated inhibition of Nox4

markedly reduced Ang II-induced early increase in 3-nitroty-
rosine as measured by ELISA (Fig. 7A) and immunofluores-
cence analysis (Fig. 7B), indicating that Nox4 is required for
peroxynitrite generation. Fig. 7C establishes the functional link
between Nox4 and the alteration of NO bioavailibility. Indeed,
impairment ofNox4 functionwith specific siRNA, but not non-
targeting siRNA, preventedAng II-induced decrease inNO lev-
els at 1 or 24 h (the time points where eNOS is uncoupled) (Fig.
7C). Fig. 7D confirmed the effective down-regulation of Nox4
protein with siRNA in these cells. Nox4 appears to act as a
critical mediator of eNOS dysfunction and decrease in NO bio-
availability in these cells. These data strongly suggest that
Nox4-derived superoxide reacts with NO generated consti-
tutively by coupled eNOS, resulting in the formation of per-
oxynitrite that subsequently alters eNOS function and NO
bioavailability.
Mitochondrial Nox4 Is Up-regulated by Ang II and Contrib-

utes to Ang II-dependent Superoxide Generation in MCs—We
have previously shown that a functional and active Nox4 is
present in mitochondria from MCs (21). Therefore, we exam-
ined whether Nox4 is involved in Ang II-induced ROS genera-

FIGURE 2. Ang II promotes a decrease in NO bioavailability and inhibition of NOS in MCs. A, treatment of serum-deprived rat MCs with 1 �M Ang II for a
short time period (left panel) or a prolonged time period (right panel) causes a decrease in cGMP synthesis, an indicator of NO bioactivity. The values are the
means � S.E. of three independent experiments. *, p � 0.05; **, p � 0.01 versus control. B and C, treatment of serum-deprived rat MCs with 1 �M Ang II for 1 or
24 h causes a decrease in nitrite formation, the stable end product of NO synthesis (B), and NOS activity (C). NOS activity was measured in MC lysate by
monitoring the formation of L-[14C]citrulline from L-[14C]arginine. Activity is expressed as pmol citrulline/min/mg protein. The values are the means � S.E. of
three independent experiments. **, p � 0.01 versus control.
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tion in MCs. Mitochondria were isolated by using a mitochon-
dria fractionation kit that allowed the fractionation ofMCs into
cytosol andMit (Fig. 8A). As expected, Nox4 localized to mito-
chondria, but not to cytosol (Fig. 8A). The mitochondrial, but

not cytosolic, fraction was positive for the mitochondria-spe-
cific protein prohibitin (Fig. 8A). Note that eNOSwas not found
in the mitochondrial fraction (Fig. 8A). Immunofluorescence
confocal microscopy was also used to localize Nox4 in MCs by

FIGURE 3. Uncoupled eNOS contributes to Ang II-induced intracellular superoxide generation in MCs. A, eNOS is expressed in glomerular MCs. Left panel,
immunoblot detection using anti-eNOS antibodies shows a 130 –145-kDa band corresponding to the predicted molecular weight of the enzyme in glomerular
endothelial cells and MCs. Right panel, immunofluorescence confocal microscopy using eNOS antibody and FITC-linked secondary antibodies showing eNOS
distribution in MCs. B, MCs were untransfected (�) and transfected with control Scr (100 nM) or with sieNOS (100 nM). eNOS protein expression was determined
by Western blot analysis. Transfection of MCs with sieNOS but not Scr reduces the 130 –145-kDa band. C and D, MCs were untransfected or transfected with Scr
or sieNOS and exposed to 1 �M Ang II for 10 min, 1 h, or 24 h. Intracellular superoxide generation was evaluated using DHE (10 �M, 30 min) and confocal
microscopy (C) or DHE and a multiwell fluorescence plate reader (D) as described under “Experimental Procedures.” In C, the right panels represent a semi-
quantification of relative DHE fluorescence (arbitrary units). The values are the means � S.E. from three independent experiments. **, p � 0.01 versus control.
##, p � 0.01 versus Ang II in untransfected cells. E and F, Ang II decrease the eNOS dimer to monomer ratio, a reflection of the disruption of eNOS dimer stability
and eNOS uncoupling. Serum-deprived MCs were exposed to 1 �M Ang II for the indicated times, and samples were subjected to low temperature SDS-PAGE.
The Western blots shown are representative of at least three independent experiments. The bottom panels represent the ratio of the intensity of eNOS dimer bands
quantified by densitometry factored by the densitometric measurement of eNOS monomer band. The values are the means � S.E. from three independent experi-
ments. **, p � 0.01 versus control. G, treatment of the cells with Ang II (1 �M) for short or prolonged time periods did not increase the expression of iNOS or nNOS
protein. Serum-deprived MCs were exposed to 1 �M Ang II for a short or prolonged time period. iNOS (top panel) or nNOS (bottom panel) proteins were determined by
direct immunoblotting. M�, LPS-activated macrophage lysate used as positive control for iNOS. Rat brain was used as a positive control for nNOS.

FIGURE 4. Uncoupled eNOS contributes to Ang II-induced fibronectin accumulation in MCs. A and B, serum-deprived MCs were preincubated with the NOS
inhibitor L-NAME (100 �M, 3 h) before treatment with Ang II (1 �M) for 24 h, and fibronectin deposition was evaluated by direct immunoblotting of cell lysates
(A) or by immunofluorescence with confocal microscope (B). C and D, MCs were untransfected, transfected with 100 nM Scr or sieNOS, and exposed or not to
Ang II (1 �M) for 24 h. Fibronectin protein expression was determined by direct immunoblotting of cell lysates (C) or by immunofluorescence and confocal
microscopy (D). In C, the knockdown of eNOS protein by siRNA is shown in the middle panel. In A and C, right panels, histograms representing the ratio of the
intensity of fibronectin bands quantified by densitometry factored by the densitometric measurement of GAPDH band. The data are expressed as percentages
of control (untreated or untransfected cells), where the ratio in the control was defined as 100%. The values are the means � S.E. from three independent
experiments. In B and D, right panels, histograms represent the semiquantification of fluorescence intensity. The photomicrographs are representative of three
individual experiments. **, p � 0.01 versus control. ##, p � 0.01 versus HG in untreated or untransfected cells.
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FIGURE 5. Peroxynitrite is required for eNOS uncoupling and the expression of fibronectin in response to Ang II. A and B, Ang II causes a rapid increase
in 3-nitrotyrosine, a footprint of peroxynitrite generation. Serum-deprived MCs were treated with 1 �M Ang II for the indicated time, and 3-nitrotyrosine levels
were assessed using Western blot analysis (A), an enzyme immunoassay kit (B), or immunofluorescence and confocal laser microscopy (C). C, right panel,
semiquantification of fluorescence intensity. The values are the means � S.E. from three independent experiments. **, p � 0.01 versus control. D, serum-
deprived MCs were pretreated with uric acid (200 �M, 3 h), a peroxynitrite scavenger, or L-NAME (100 �M, 3 h) before exposure to Ang II (1 �M) for 10 min or 1 h,
and 3-nitrotyrosine was evaluated by immunofluorescence staining. Right panel, semiquantification of fluorescence intensity. The values are the means � S.E.
from three independent experiments. **, p � 0.01 versus control. ##, p � 0.01 versus HG. E, serum-deprived MCs were pretreated with uric acid (200 �M, 3 h)
before exposure to Ang II for 1 or 24 h, and NO bioactivity was assessed by measuring cGMP synthesis. The values are the means � S.E. from three independent
experiments. **, p � 0.01 versus control. F, serum-deprived MCs were pretreated with uric acid (200 �M, 3 h) before exposure to Ang II for 24 h, and fibronectin
protein expression was determined by direct immunoblotting of cell lysates. Right panel, histogram representing the ratio of the intensity of fibronectin bands
quantified by densitometry factored by the densitometric measurement of GAPDH bands. The data are expressed as in Fig. 4. The values are the means � S.E.
from three independent experiments. **, p � 0.01 versus control. ##, p � 0.01 versus Ang II in untreated cells.
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using FITC-conjugated anti-rabbit IgG. As shown in Fig. 8B,
Nox4 colocalizes with the mitochondrial marker Mitotracker
Deep Red 633. Importantly, treatment of MCs with Ang II for
10 min or 1 h promotes an increase in Nox4 protein expression
in the mitochondrial fraction as assessed byWestern blot anal-
ysis (Fig. 8C). Transfection of MCs with siNox4 resulted in
down-regulation of the 70–75-kDa band detected by immuno-
blot analysis in the mitochondrial fraction, thereby validating
that this band corresponds toNox4 protein (Fig. 8D, left panel).
Similarly, immunofluorescence studies showed that the mito-
chondrial staining pattern of Nox4 is strongly diminished (Fig.
8D, right panel). Studies usingMitoSOX Red, a fluorogenic dye

detecting selectively mitochondrial superoxide, showed that
MitoSOX fluorescence is increased after acute exposure of
MCs toAng II (10min or 1 h) (Fig. 8, E and F). Of interest is that
Ang II-stimulated mitochondrial superoxide generation colo-
calizes with Nox4. Note also that immunofluorescence studies
confirmed the up-regulation of Nox4 by Ang II in mitochon-
dria. Down-regulation of Nox4 by transfection of the cells with
siNox4, but not Scr, prevented the Ang II-induced increase in
mitochondrial superoxide assessed by MitoSOX Red (Fig. 8, E
and F). These findings indicate that mitochondrial Nox4 is rap-
idly up-regulated by Ang II and participates in the rapid gener-
ation of ROS induced by the hormone.

FIGURE 6. Nox4 is up-regulated by Ang II and mediates Ang II-induced acute intracellular ROS production in MCs. A, serum-starved MCs were treated for
the indicated time with Ang II (1 �M), and Nox4 protein expression was evaluated by Western blot analysis in whole cell homogenate. B, serum-starved MCs
were stimulated with 1 �M Ang II for the indicated time periods, and NADPH-dependent superoxide generation was measured by the lucigenin (5 �M)-
enhanced chemiluminescence method in MC homogenates. The initial rate of enzyme activity was calculated and expressed as relative chemiluminescence
(light) units (RLU)/min/mg protein as described under “Experimental Procedures.” The values are the means � S.E. of three independent experiments. **, p �
0.01 versus control. C, MCs were untransfected (�) or transfected with Scr or siNox4. Nox4 protein knockdown with siNox4, but not Scr, was confirmed by
Western blot analysis. Right, histogram representing the ratio of the intensity of Nox4 bands quantified by densitometry factored by the densitometric
measurement of GAPDH bands. The data are expressed as percentages of control, where the ratio in the control was defined as 100%. **, p � 0.01 versus control.
##, p � 0.01 versus untransfected cells. D–E, MCs were untransfected, transfected with Scr or siNox4, and exposed or not to Ang II (1 �M) for 10 min or 1 h. ROS
generation was then assessed by measuring NADPH oxidase activity in MC homogenates (D) and DHE fluorescence with HPLC (E) or confocal microscope (F).
In F, the right panel represents the semiquantification of fluorescence intensity. The values are the means � S.E. from three independent experiments. **, p �
0.01 versus control. ##, p � 0.01 versus Ang II in untransfected cells.
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Mitochondrial Superoxide Is Involved in Ang II-induced
eNOS Dysfunction/Decrease in NO Bioavailability and Fibrotic
Response in MCs—In an attempt to connect Nox4-dependent
increase in mitochondrial superoxide stimulated by Ang II to
eNOS uncoupling/decline in NO levels and abnormal extracel-
lular matrix protein, MnSOD, the mitochondrial form of SOD,
was overexpressed in MCs. Infection of MCs with AdMnSOD
increased its protein expression in total cell lysate andMit frac-
tion as assessed byWestern blot analysis (Fig. 9A). Ad�Gal was
used as control. Overexpression of MnSOD in MCs abolished
Ang II-induced acute increase in mitochondrial superoxide
generation as reflected byMitoSOX fluorescence (Fig. 9B). This
indicates that MnSOD effectively affects mitochondrial super-
oxide and also that MitoSOX is a valid probe for the visualiza-
tion of the superoxide produced inmitochondria. The observa-

tion that AdMnSOD mimics the effect of Nox4 siRNAs on the
stimulation of mitochondrial superoxide production by Ang II
(both abolished MitoSOX signal) suggests that the effects of
AdMnSODmay be due to degradation of Nox4-derived super-
oxide. AdMnSOD significantly reduced the enhancement of
peroxynitrite generation observed after treatment of MCs with
Ang II for 10 min and 1 h (Fig. 9C), suggesting that mitochon-
drial ROS are required for the production of the peroxynitrite
that initiate eNOS uncoupling. Moreover, removal of mito-
chondrial superoxide by expression ofMnSODcompletely pre-
vented the decline in NO caused by Ang II at 1 and 24 h, indi-
cating that mitochondrial superoxide plays a key role in Ang
II-mediated eNOS dysfunction (Fig. 9D). Additionally, we
showed that infection of MCs with AdMnSOD significantly
reduced Ang II-induced fibronectin expression by Western

FIGURE 7. Nox4 mediates Ang II-induced early increase in peroxynitrite generation and eNOS dysfunction in MCs. A and B, serum-deprived MCs
transfected with Scr or siNox4 were treated with or without �M Ang II for 10 min or 1 h, and 3-nitrotyrosine was assessed with an enzyme immunoassay kit (A)
and immunofluorescence with confocal laser microscopy (B). In B, the right panel represents the semiquantification of fluorescence intensity. The values are the
means � S.E. from three independent experiments. **, p � 0.01 versus control; ##, p � 0.01 versus Ang II in untransfected cells. C, serum-deprived MCs
untransfected or transfected with Scr or siNox4 were treated with or without Ang II (1 �M) for 1 h or 24 h, and cGMP synthesis was assessed. The values are the
means � S.E. from three independent experiments. **, p � 0.01 versus control. D, MCs were untransfected or transfected with nontargeting Scr or with siNox4,
and Nox4 protein expression was determined by Western blot analysis.
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blot (Fig. 9E) and immunofluorescence (Fig. 9F) analyses. In
contrast to MnSOD overexpression, suppression of MnSOD
expression with siRNA (Fig. 10A) significantly enhanced both
basal and Ang II-induced mitochondrial ROS production (Fig.
10B), decrease inNO levels (Fig. 10C), and fibronectin accumu-
lation (Fig. 10, D and E). This confirmed that modulation of
mitochondrial superoxide by changing MnSOD levels affects
NO bioavailability and fibronectin accumulation. Together,
these data demonstrate that mitochondrial superoxide is criti-
cal for Ang II-stimulated peroxynitrite-dependent eNOS dys-
function and subsequent enhancement in fibronectin synthesis
in MCs.

DISCUSSION

eNOS is expressed inMCs and becomes dysfunctional under
certain conditions such as diabetes (34–36). However, eNOS
contribution to Ang II-induced ROS generation and cell injury
has not been investigated. Here, we demonstrate for the first
time that uncoupled eNOS contributes to Ang II-induced
fibronectin expression andprovide new insights concerning the
molecular mechanism involved in the fibrotic events triggered
by Ang II (Fig. 11). The results show that dysfunctional eNOS
contributes relatively early to ROS production and decreased
NO bioactivity in Ang II-treated MCs and becomes the pre-
dominant source of superoxide implicated in fibronectin accu-
mulation after prolonged exposure of the cells to Ang II. Using
peroxynitrite scavenger uric acid, we identified acute peroxyni-
trite production as an initiator of Ang II-mediated eNOS
dysfunction/NO deficiency and the subsequent MC fibrotic
response. Peroxynitrite is known to alter eNOS function via
oxidation of BH4, thereby reducing its availability to eNOS (27–
30). The possibility of eNOS dysfunction via alteration of BH4
levels is supported by reports showing that BH4 supplementa-
tion restores NO levels and eNOS function in MCs exposed to
high glucose or in glomeruli of diabetic rats (35, 48). Moreover,
angiotensin receptor blockade reverses eNOS uncoupling by
increasing BH4 levels in glomeruli from diabetic rats (36). Per-
oxynitrite elicits eNOS dysfunction by inducing the oxidation
of the zinc-thiolate cluster present at the dimer interface in the
enzyme, resulting in zinc release and destabilization of eNOS
dimers (27–29, 41, 46). Our finding that eNOS dimers are dis-
sociated into monomers by low temperature SDS-PAGE in
MCs incubated with Ang II further implicates peroxynitrite-
dependent zinc thiolate alteration in eNOS uncoupling.

The Nox family of NADPH oxidases are major sources of
ROS implicated in the production of the superoxide that com-
bines with NO to form peroxynitrite responsible for eNOS
uncoupling and impairment of NO bioavailability (27–30, 49).
In the current study, we propose that Nox4-dependent per-
oxynitrite generation may act as a potent stimulus for eNOS-
derived superoxide production. The data establish a role for the
superoxide produced byNox4 in the formation of peroxynitrite
that initiates eNOS dysfunction and decrease in NO levels in
cells treated with Ang II. The NO required for peroxynitrite
production in this early phase is likely provided by constitu-
tively active eNOS as evidenced by the observation that
L-NAME inhibits Ang II-induced 3-nitrotyrosine formation.
However, the fact that Nox4 produces more hydrogen per-
oxide than superoxide compared with other Nox oxidases
(12, 50–54) cannot be ignored. As a consequence, because
hydrogen peroxide, unlike superoxide, does not react with NO,
Nox4 is generally considered to be unlikely to significantly con-
tribute to peroxynitrite generation and NOS uncoupling (51,
53–56). This is reinforced by the recent observations that
Nox4-derived hydrogen peroxide enhances eNOS activity and
NO signaling. For this reason, the Nox oxidases that have been
linked to eNOSuncoupling in vascular pathology are the super-
oxide-generating homologues Nox1 and Nox2 (57–60). These
considerations are mitigated by the numerous studies in car-
diac, vascular, or renal cells and tissue demonstrating thatNox4
produces detectable amount of superoxide (20, 21, 40, 61–63).
Importantly, several of these reportsmeasured superoxide gen-
eration using a DHE- and HPLC-based assay as in the present
work or via electron paramagnetic/spin resonance, “gold stand-
ards” for superoxide measurement (61–63). Therefore, even if
Nox4 produces less superoxide than hydrogen peroxide, it is
plausible that the readily diffusible and membrane-permeable
NO is still able to react with these moderate amounts of super-
oxide to form the peroxynitrite required for the initiation of
NOS uncoupling.
In the present study, the observations that overexpression of

mitochondrial MnSOD in MCs prevented Ang II-induced
mitochondrial superoxide production, peroxynitrite forma-
tion, loss of NO, and increase in fibronectin accumulation sup-
port the idea that mitochondrial superoxide is essential forMC
injury. The observation that AdMnSOD inhibits Ang II-in-
duced increase in 3-nitrotyrosine staining at the time periods

FIGURE 8. Mitochondrial Nox4 is up-regulated by Ang II and mediates Ang II-induced acute ROS production in MC mitochondria. A, Mit were isolated by
using a mitochondria purification kit (Pierce). Nox4 protein, eNOS, or mitochondrial marker prohibitin was detected by Western blot analysis. C, cytosolic
fraction; Tot, total cell homogenate. B, MC mitochondria were visualized with Mitotracker Red and then stained with Nox4 antibody by using a FITC-linked
donkey anti-rabbit secondary antibody. Nuclei were counterstained with DAPI. C, serum-deprived MCs were treated with or without 1 �M Ang II for 10 min or
1 h, and Mit were isolated by using a mitochondria purification kit (Pierce). Nox4 protein or the mitochondrial marker prohibitin was detected by Western blot
analysis. Tot, total cell homogenate. Right, histogram representing the ratio of the intensity of Nox4 bands quantified by densitometry factored by the
densitometric measurement of GAPDH bands. The data are expressed as percentages of control, where the ratio in the control was defined as 100%. **, p � 0.01
versus control. D, MCs were untransfected (�) or transfected with Scr or siNox4, and Mit were isolated by using a mitochondria purification kit (Pierce). The
knockdown of mitochondrial Nox4 protein with siNox4, but not Scr, was confirmed by Western blot (left) and immunofluorescence analyses (right). Left, the
bottom histogram represents the ratio of the intensity of Nox4 bands quantified by densitometry factored by the densitometric measurement of GAPDH bands.
The data are expressed as percentages of control, where the ratio in the control was defined as 100%. Right, the bottom histogram represents the semiquan-
tification of fluorescence intensity. ##, p � 0.01 versus untransfected cells. E and F, representative images obtained by confocal fluorescence microscopy of
MitoSOX Red fluorescence in untransfected (control), Scr-transfected, and siNox4-transfected MCs after exposure or not to Ang II (1 �M) for 10 min (E) or 1 h (F).
After fixation and permeabilization, the cells were stained with Nox4 antibody and appropriate FITC-conjugated secondary antibody. Nuclei were counter-
stained with DAPI. In E and F, bottom histograms represent semiquantification of the fluorescence intensity. The values are the means � S.E. from three
independent experiments. **, p � 0.01 versus untransfected control. ##, p � 0.01 versus Ang II in untransfected cells.
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that precede or correspond to eNOS uncoupling suggests that
mitochondrial ROS contribute to the formation of the per-
oxynitrite initiating eNOS dysfunction. The role of mitochon-
drial superoxide is validated by the observation that MnSOD
depletion affects NO levels and fibronectin accumulation
basally or in the presence of Ang II. We have previously

described localization of Nox4 to mitochondria in MCs and
that NADPH-dependent superoxide production measured in
intact Percoll-purified mitochondria was significantly reduced
afterNox4 knockdown, indicating that the enzyme is functional
(21). Here, we show that Ang II elicits a rapid increase in mito-
chondrial superoxide that correlates with the up-regulation of
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Nox4 protein in the mitochondrial fraction. Down-regulation
of cellular and mitochondrial Nox4 with siRNA prevents Ang
II-induced increase in mitochondrial superoxide production,
identifying Nox4 as a prominent source of mitochondrial ROS
in MCs treated with Ang II. These data are in agreement with
the recent findings showing that high glucose and Ang II
enhance mitochondrial Nox4 expression and the subsequent
increase in ROS generation in renal cells (21–23).
Importantly, the fact thatNox4 contributes tomitochondrial

ROS generation does not necessarily imply that the oxidase is in
the mitochondria because interplay between mitochondria
and Nox enzymes located outside the organelles have been
described. We have previously reported that Nox4 is also pres-
ent in MC membranes (21). The siRNAs for Nox4 most likely
target both “membrane” and mitochondrial Nox4 and thereby
do not allow delineation the role of mitochondrial and non-
mitochondrial Nox4 in eNOS uncoupling and subsequent
fibronectin expression (Fig. 11). A role for the electron trans-
port chain (ETC) (17–19, 64–67) as a source of mitochondrial
superoxide cannot be excluded. A short paracrine loop may
exist, by which ROS production by mitochondrial and/or non-
mitochondrial Nox4 regulates or is regulated by ROS genera-
tion by the mitochondrial respiratory chain (Fig. 11). However,
the similarities between the inhibitory effects of Nox4 siRNA
and AdMnSOD on Ang II-mediated eNOS dysfunction or
fibronectin expression strongly suggest that superoxide gener-
ated by Nox4 in mitochondria contributes to the deleterious
effects of Ang II in MCs.
The finding that MnSOD, known to operate in the matrix,

affects the increase in mitochondrial superoxide promoted by
Ang II together with the fact that the superoxide is visualized
with MitoSOX, a probe that primarily detect matrix superox-
ide, suggest that superoxide generation occurs in the matrix.
Given the extreme compartmentalization of the mitochondria
and the limited ability of superoxide to diffuse through mem-
branes (68, 69), this raises the question of how the superoxide
produced in the matrix contributes to the eNOS dysfunction
and fibronectin accumulation that occur outside of the
mitochondria.
Because NO is a neutral, hydrophobic, diffusible molecule, it

is likely that it can easily cross the mitochondrial membranes
(68, 70, 71) and react with the superoxide produced in the
matrix to form peroxynitrite. Although in the process of diffu-
sion peroxynitrite certainly undergoes reactionwithmitochon-

drial proteins (68), small but sufficient amounts of peroxynitrite
may “leak out” from mitochondria (70) to initiate eNOS dys-
function (Fig. 11). Although we did not find eNOS present in
the mitochondrial fraction, it is possible that eNOS may be in
close proximity to the organelle, thereby creating a compart-
mentalization of redox signaling that favors the interaction
between superoxide andNOaswell as peroxynitrite and eNOS.
This is supported by the observation that eNOSwas reported to
be associated to the cytosolic side of the outer mitochondrial
membrane (72) or to translocate from the membrane to the
mitochondria under certain conditions (73).
Another possibility is that mitochondrial superoxide dismu-

tates to form hydrogen peroxide that freely diffuses in the cyto-
plasm to activate a superoxide-generating Nox oxidase outside
the mitochondria (Fig. 11). This type of regulation is supported
by earlier reports showing thatAng II-induced release of hydro-
gen peroxide by mitochondria functions as an upstream stim-
ulator of cytoplasmicNox2 in cardiacmyocytes and endothelial
cells (17–19, 66, 67). Because Nox4 is also present in the mem-
brane inMCs (21), it is tempting to speculate that “membrane”
Nox4 may be the enzyme targeted by hydrogen peroxide. The
effect of siNox4 on intracellular superoxide generation may be
a reflection of its inability to stimulate the superoxide-generat-
ing Nox situated downstream following blockade of Nox4-de-
rived hydrogen peroxide production in the mitochondria. This
may be particularly relevant in cells like MCs that express mul-
tiple Nox homologues (10, 13, 14, 74–77).
Finally, the recent finding that superoxide generated toward

thematrix bymitochondrial respiratory chain complex I can be
released in the cytosol (78) raises the possibility that Nox4-
derived superoxidemay exit themitochondria and react rapidly
with NO produced by eNOS in the proximity of the mitochon-
dria (Fig. 11). Further investigations are required to define the
mechanisms that integrate Ang II-dependent mitochondrial
superoxide generation and the cellular events that occur out-
side the mitochondria.
In conclusion, we have identified a novel role for Nox4 as an

essential mediator of peroxynitrite-dependent eNOS uncou-
pling and decline in NO bioavailability in response to Ang II.
We have also established the significance of this redox pathway
inAng II-mediatedMCextracellularmatrix accumulation.Our
study placesNox4 andmitochondrial ROS as centralmediators
that control Ang II-induced redox signaling and that lead to
eNOSdysfunction andMC fibrotic injury. Specific inhibition of

FIGURE 9. Overexpression of MnSOD attenuates Ang II-induced decrease in NO bioavailability and fibronectin expression in MCs. A, MCs were infected
with Ad�Gal or AdMnSOD, and expression of MnSOD was assessed in total cell lysate (Tot) or Mit fraction by Western blot analysis. Immunoblotting with
MnSOD antibody confirmed the overexpression of the enzyme from the adenovirus vector. B, after infection with AdMnSOD or Ad�Gal, mitochondrial ROS
production in response to Ang II (1 �M, 10 min or 1 h) was evaluated using MitoSOX Red fluorescence and confocal microscopy. Fluorescence intensity was
semiquantified, and the values are the means � S.E. from three independent experiments. **, p � 0.01 versus control cell infected with Ad�Gal. ##, p � 0.01
versus Ang II in cells infected with Ad�Gal. C, MCs were infected with AdMnSOD or Ad�Gal and treated with Ang II (10 min or 1 h), and 3-nitrotyrosine staining
was assessed with confocal laser microscopy. The values are the means � S.E. from three independent experiments. **, p � 0.01 versus control (�Gal-infected
cells). ##, p � 0.01 versus Ang II in �Gal-infected cells. The photomicrographs are representative of three individual experiments. For each panels, fluorescence
intensity was semiquantified. The values are the means � S.E. from three independent experiments. **, p � 0.01 versus control (�Gal-infected cells). ##, p � 0.01
versus Ang II in �Gal-infected cells. D, MCs were infected with AdMnSOD or Ad�Gal and treated with Ang II (1 or 24 h), and cGMP synthesis was determined. The
values are the means � S.E. from three independent experiments. **, p � 0.01 versus Ad�Gal-infected cells. E and F, after infection with adenovirus encoding
AdMnSOD or AdGFP, fibronectin protein expression in response to Ang II (1 �M, 24 h) was evaluated by Western blot analysis (E) and immunofluorescence (F).
In E, the immunoblot in the middle shows expression of MnSOD from the adenovirus vectors. GAPDH was used as a loading control. Right panel, histogram
representing the ratio of the intensity of fibronectin bands quantified by densitometry factored by the densitometric measurement of GAPDH band. The data
are expressed as percentages of control (cells infected with Ad�Gal), where the ratio in the control was defined as 100%. The values are the means � S.E. from
three independent experiments. F, right panel, histogram representing the semiquantification of fluorescence intensity. The photomicrographs are represent-
ative of three individual experiments. **, p � 0.01 versus control cells infected with Ad�Gal. ##, p � 0.01 versus Ang II in cells infected with Ad�Gal.
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FIGURE 10. Silencing of MnSOD expression enhances Ang II-induced decrease in NO bioavailability and fibronectin expression in MCs. A, MCs were
transfected with Scr or siMnSOD MCs, and expression of MnSOD was assessed in total cell lysate (Tot) by Western blot analysis. Immunoblotting with MnSOD
antibody confirmed the silencing of the enzyme by siMnSOD. B, after transfection with Scr or siMnSOD, mitochondrial ROS production in response to Ang II (1
�M; 10 min or 1 h) was evaluated using MitoSOX Red fluorescence and confocal microscopy. Fluorescence intensity was semiquantified, and the values are the
means � S.E. from three independent experiments. **, p � 0.01 versus control cell transfected with Scr. ##, p � 0.01 versus Ang II in cells transfected with Scr.
§§, p � 0.01 versus control cell transfected with siMnSOD. C, MCs were transfected with Scr or siMnSOD and treated with Ang II (1 or 24 h), and cGMP synthesis
was determined. The values are the means � S.E. from three independent experiments. **, p � 0.01 versus Scr-transfected cells. #, p � 0.05 versus Ang II in cells
transfected with Scr. §§, p � 0.01 versus control cell transfected with siMnSOD. D and E, after transfection with Scr or siMnSOD, fibronectin protein expression
in response to Ang II (1 �M; 24 h) were evaluated by Western blot analysis (D) and immunofluorescence (E). D, right panel, histogram representing the ratio of the
intensity of fibronectin bands quantified by densitometry factored by the densitometric measurement of GAPDH band. The data are expressed as percentages of
control (cells transfected with Scr), where the ratio in the control was defined as 100%. The values are the means � S.E. from three independent experiments. E, right
panel, histogram representing the semiquantification of fluorescence intensity. The photomicrographs are representative of three individual experiments. **, p �0.01
versus control cells transfected with Scr. ##, p � 0.01 versus Ang II in cells transfected with Scr. §§, p � 0.01 versus control cell transfected with siMnSOD.
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this redox pathway, in particular the use of Nox4 inhibitors
combined withmitochondria-targeted antioxidants and agents
recoupling eNOS, may selectively target several important bio-
logical responses to prevent or reverse pathophysiologic mani-
festations of renal disease, including diabetic nephropathy.
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