ANTIOXIDANTS & REDOX SIGNALING
Volume 11, Number 6, 2009

© Mary Ann Liebert, Inc.

DOI: 10.1089/ars.2009.2392

Forum Original Research Communication

Cross-Talk Between Mitochondria and NADPH Oxidase:
Effects of Mild Mitochondrial Dysfunction on
Angiotensin II-Mediated Increase in Nox Isoform Expression
and Activity in Vascular Smooth Muscle Cells

Jodo Wosniak Jr.,' Célio X. C. Santos, Alicia J. Kowaltowski,? and Francisco R. M. Laurindo’

Abstract

Mitochondria and NADPH oxidase activation are concomitantly involved in pathogenesis of many vascular
diseases. However, possible cross-talk between those ROS-generating systems is unclear. We induced mild
mitochondrial dysfunction due to mitochondrial DNA damage after 24h incubation of rabbit aortic smooth
muscle (VSMC) with 250ng/mL ethidium bromide (EtBr). VSMC remained viable and had 29% less oxygen
consumption, 16% greater baseline hydrogen peroxide, and unchanged glutathione levels. Serum-stimulated
proliferation was unaltered at 24 h. Although PCR amplification of several mtDNA sequences was preserved,
D-Loop mtDNA region showed distinct amplification of shorter products after EtBr. Such evidence for DNA
damage was further enhanced after angiotensin-II (Angll) incubation. Remarkably, the normally observed
increase in VSMC membrane fraction NADPH oxidase activity after Angll was completely abrogated after EtBr,
together with failure to upregulate Nox1 mRNA expression. Conversely, basal Nox4 mRNA expression in-
creased 1.6-fold, while being unresponsive to Angll. Similar loss in Angll redox response occurred after 24 h
antimycin-A incubation. Enhanced Nox4 expression was unassociated with endoplasmic reticulum stress
markers. Protein disulfide isomerase, an NADPH oxidase regulator, exhibited increased expression and inverted
pattern of migration to membrane fraction after EtBr. These results unravel functionally relevant cross-talk
between mitochondria and NADPH oxidase, which markedly affects redox responses to Angll. Antioxid Redox
Signal 11, 1265-1278.

Introduction particularly ROS generation. Indeed, activities of electron
transport chain (49) and other enzymes (44) within mito-

NZYMATIC PRODUCTION OF REACTIVE OXYGEN SPECIES chondria are in quantitative terms the main cellular ROS

(ROS) is a major aspect of cell signaling in physiological or
pathological conditions. Nox family NADPH oxidases are
membrane-bound enzyme complexes representing the major
source of signaling ROS (9, 26) in eukaryotic cells, particularly
multicellular organisms (25). Nox(es) are involved in several
vascular diseases, including atherosclerosis, hypertension,
and diabetes mellitus (26), as well as aging (24). However,
aging (8, 14) as well as most such diseases (20, 33) also im-
portantly involve mitochondrial dysfunction, leading to de-
rangements in energy metabolism, calcium homeostasis, and

source, while being a prototype of advantageous compart-
mentalization of redox processes. Mitochondrial superoxide
is generated in quantal stochastic bursts (53) and may be
mainly contained or scavenged within the organelle (41).
Meanwhile, its by-product hydrogen peroxide diffuses out-
side mitochondria and regulates redox balance at a cellular
level (15, 51), leading to large-scale switches in signaling
programs controlling cell metabolism, differentiation, senes-
cence, and apoptosis (15). In contrast, Nox(es) catalyze a
low-output production of ROS in a way quite often highly
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compartmentalized and triggered by specific agonists (35, 46,
50). This implies that Noxes may likely integrate with mito-
chondria in order to achieve signaling coherence at cellular
and supracellular levels. However, such cross-talk between
mitochondria and NADPH oxidase is yet unclear and poorly
explored. This knowledge would be particularly important in
models of mild mitochondrial dysfunction, which has the
potential to become sustained over time. In one direction, it
has been suggested that NADPH oxidase might trigger ROS
from mitochondria, in a way perhaps analogous to the known
ROS-mediated ROS release (59). In addition, increased ROS
generation by mitochondria isolated from endothelial cells
exposed to Angll can be inhibited by cell incubation with
siRNA against p22phox (11). Conversely, there is evidence
that after serum withdrawal in HEK293 cells, mitochondrial-
derived ROS activate, via PI3-kinase/Racl, sustained ROS
production from Nox1 (28). Mitochondrial dysfunction may
result from several causes, including mutations in mitochon-
drial DNA (mtDNA) (1, 3, 6, 22, 23, 37, 49, 54) that lead to
cumulative damage to electron transport chain compo-
nents that further amplify dysfunction, as suggested by the
occurrence of mtDNA mutations in many disease states. Ex-
perimental incubation of a variety of cell types with DNA-
intercalating compounds such as ethidium bromide (EtBr)
promotes preferential damage of mitochondrial rather than
nuclear DNA (1, 22, 23, 57). If used on a sustained basis, EtBr
incubation can generate cells that are viable (the so-called p~
or p° cells), but partially or completely depleted of mtDNA
and thus devoid of mitochondrial electron transport chain
components (22, 23). In the present study, we used an anal-
ogous but short-term EtBr incubation in VSMC to generate a
model of what we defined as mild mitochondrial dysfunction
(i.e., neither rapidly lethal nor promoting profound redox
derangements). In this model, we assessed the upstream role
of mitochondria in NADPH oxidase-dependent responses to
Angll. Our results indicate that mild mitochondrial dysfunc-
tion strongly affects activity and expression of Nox isoforms,
providing novel direct evidence of a functionally relevant
cross-talk between those major ROS-generating systems.

Methods
Reagents

Dihydroethidium, Amplex Red®, and PCR reagents were
from Invitrogen (Carlsbad, CA). Culture medium, penicillin/
streptomycin, fetal bovine serum, trypsin, and pancreatin
were from Gibco BRL-Life Technologies (Grand Island, MD).
All other chemicals, including ethidium bromide, were from
Sigma (St. Louis, MO). All solutions were prepared with
distilled water further purified in a Millipore Milli-Q system,
in some experiments treated with Chelex-100 before use.

Generation and culture of pseudo-p° cells

Rabbit aortic smooth muscle cells (VSMC) from a previ-
ously established selection-immortalized line (5) were grown
in F-12 medium supplemented with 10% FBS at 37°C in hu-
midified atmosphere of 5% CO, and 95% air. Pseudo-p°
VSMC were generated when cells grown at 80-95% conflu-
ence in 100 mm dishes were exposed to 250 ng/mL ethidium
bromide (EtBr) for 24h (up to 72 h in specified experiments),
while kept in F-12 medium supplemented with 10% FBS and
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uridine (50 ug/mL) (22). The choice of EtBr concentration was
based on validation experiments in which an initial number of
10* cells/mL was seeded in the absence of EtBr or its presence
in concentrations of 25-10*ng/mL, and cell number was as-
sessed 5 days later. The ECsy for EtBr (concerning a decrease
in cell number) was 845ng/mL, while 250 ng/mL induced
24% decrease (vs. control) in cell number after 5 days. No
evidence of cell death (detachment and Trypan Blue assays)
was found up to 500 ng/mL EtBr, while increased cell death
occurred at higher concentrations. Thus, we selected the
concentration of 250 ng/mL for 24 h as the standard for sub-
sequent studies, since under these conditions there was no
change in cell number and viability (see also Results section).
Most experiments with p° cells in the literature involve sup-
plementation with pyruvate (22). Since the concentration of
pyruvate in F-12 medium is 2mM, well within the range of
final concentrations achieved in such experiments, additional
pyruvate supplementation was not required. Similarly,
mtDNA depletion usually requires supplementation of uri-
dine in order to compensate for the fact that its synthetic en-
zyme dihydroorotate dehydrogenase is located at inner
mitochondrial membrane and is impaired by EtBr (23). In our
VSMC experiments, uridine supplementation alone did not
alter cell number or NADPH oxidase activity.

mtDNA damage assessment by PCR amplification
of the D-loop repetitive sequence region

Depletion of mtDNA after long-term EtBr exposure in p°
cells is usually assessed by failure of PCR-triggered amplifi-
cation of segments coding for specific enzymes (7, 22, 38, 39).
We confirmed in preliminary experiments that even a 24h
exposure to EtBr leads to a failure to amplify the DNA region
covering NADH dehydrogenase I through ATP 6 synthase in
HEK293 cells (data not shown, corresponding to primer a
from the rabbit sequence in Fig. 1A). In this case, such a failure
of PCR amplification probably does not reflect complete
mtDNA depletion, but rather damage to tertiary mtDNA
structure, breakdowns, or deletion(s) (37, 57, 58), all of which
can render primers out of frame and/or disrupt PCR amplifi-
cation. In addition, EtBr can disrupt synthesis of mitochondria-
associated RNA (57). However, in our VSMC, we consistently
failed to detect any lack of PCR amplification of a number of
short- or long-range primer combinations covering the entire
coding and intergenic regions of rabbit mtDNA (Fig. 1A).
Such reactions were carried out with 100-200ng DNA and
Regular, Platinum, or High-fidelity Taq or Pfx polymerase
(Invitrogen) and cycle temperatures recommended by the
manufacturer. While this method is likely not sensitive to
exclude the occurrence of mtDNA damage, this finding is in
line with the mild nature of induced mitochondrial dys-
function. Further investigation was therefore performed in
the noncoding mtDNA D-loop region, known to regulate
mtDNA replication during mitochondrial biogenesis (13,
19). The triple-strand D-loop sequence is highly variable
among species and is a preferential site for point mutations,
insertion/deletions, or rearrangements, which furthermore
serve as marker for mtDNA alterations in pathologic condi-
tions (4). We thus designed PCR primers covering the D-loop
second region of repetitive sequences (from bases 16610
17221) (Fig. 1B). Because of the repetitive sequences, several
amplification products were predicted, with the following bp
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FIG. 1. Identification of mtDNA
damage. (A) Scheme depicting the

several primers used to investigate | 17K
mutations in the coding region of |g 422300 |
rabbit mitochondrial DNA. The de- i 6000bp i 314%bp
sign of short- or long-range primers
d tially all th di
covered essentially a e coding B 16610...

region. (B) Published sequence of
D-Loop second repetitive region
(NCBI accession number NC_001913)
spanning bases 16610 to 17221 (italic
characters). Regions binding to right
(“reverse”) primer are underlined
and regions binding to left (“for-
ward”) primer are underlined and
bold. Due to the repetitive nature
of sequences, several amplification
products can be anticipated.

|ND1| ND2 |COX1I OOX2]ATP6ICOX3| ND3 | ND4| NDS | NDSICYTBl

cacagtatttacttagactaaatttaaaccccctttcccaccccaagfcagacagcetea
gggcaftctaaattttgaaatttaaaacgcacctttacaatactgacatagcactctage
cctttttttccttttaacaggtttaactcaattaaatacaaattgtataatatttggactaaa
ccecctttcecaccccaagtcagacagetcagggcealtetaaatttigaaatttaaaa
cgcacctttacaatactgacatagcactctagcecctttttttccttttaacaggtttaactc
aatfaaatacaaatfgtataatatttggactaaaccccctttcccaccccaagtcag
acagcfcagggcatctaaattttgaaatttaaaacgcacctitacaatactgacatage
acftetagcecctttitttecttttaacaggtttaactcaattaaatacaaatigtataatatttqg
gactaaaccccctticccaccccaagfcagacagcetcagggceatctaaattttgaa
afttaaaacgcacctttacaatactgacatagcactctagecctitttttecttttaacaggt
taactcaattaaatacaaattgtataatatttggactagaaatctctagtctaggctaaa

17221

number: 452, 353, 299, 200, 146, and 47. PCR reactions were
carried out with 500 ng DNA and regular Taq polymerase and
involved 35x1min cycles with temperatures of 94°C (dena-
turation), 61°C (annealing), and 72°C (extension).

Oxygen consumption measurements

VSMC were trypsinized, washed, and resuspended to a
density of 4x10°cells/mL in PBS, pH 7.4. Immediately
thereafter, VSMC were transferred to an air-tight chamber
with continuous stirring and O, consumption was monitored
using a computer-interfaced Clark electrode (Hansatech,
Norfolk, UK) operating at 37°C, after previous calibration with
sodium dithionite. Data were initially obtained over 3 min for
each VSMC sample and compared with values obtained after
subsequent incubation with oligomycin (20 ug/mL). The sat-
uration oxygen concentration at this temperature was con-
sidered 210 uM (42), as informed by the manufacturer.

Assessment of ROS in VSMC

O, production was estimated using HPLC analysis of
fluorescent dihydroethidium (DHE)-derived oxidation prod-
ucts, as described in detail previously (12). Briefly, VSMC were
incubated with DHE (100 uM, 30 min, 37°C) in PBS/DTPA
(diethylene triaminepentaacetic acid), 100 uM. After washing,

cells were harvested in CH3CN and dried. Pellets were re-
suspended in PBS for HPLC analysis, carried out using a C18
column with Photodyode Array Detector (Waters 2996, Mil-
ford, MA; for DHE) and fluorescence detectors.

Hydrogen peroxide production was assessed using an
Amplex Red assay kit (Invitrogen). VSMC grown to ~2x10°
cells in a 100 mm dish were incubated with 2mL of HRP
(10U/mL) and Amplex Red reagent (250 uM) in PBS/EDTA
100 uM, pH 7.4, in the dark. Absorbance was analyzed seri-
ally in 200 uL aliquots of supernatant for up to 150 min, at
575nm, using a Spectramax 340 spectrophotometer (Mole-
cular Devices, Sunnyvale, CA).

NADPH oxidase activity

VSMC membrane homogenates were prepared as described
previously (27), and protein concentration was assessed using
the Bradford method. Cross-contamination between mito-
chondria and membrane fraction NADPH oxidase was ruled
out on the basis of extensive validations performed previously
in our and other laboratories (17, 27). Lucigenin chemilumi-
nescence was performed in 20 ug membrane fraction protein
aliquots as described in ref. 27, through incubation with
lucigenin (5uM) in PBS/EDTA and addition of NADPH
(100 uM). Luminescence was monitored for 5min using a
Berthold 9505 luminometer at 37°C.
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In addition, NADPH oxidase activity was also assessed
by dihydroethidium fluorescence detected by HPLC, as
described previously in detail (12). Briefly, VSMC membrane
fractions (20 ug) were incubated with DHE (50 uM) in
PBS/DTPA and NADPH (300 M) (30 min, 37°C) and ana-
lyzed by HPLC under the same chromatographic conditions
described above. Alternatively, experiments were performed
using a microplate reader. Membrane fractions were in-
cubated with DHE (10 uM) in PBS/DTPA in the presence of
NADPH (50 uM) and DNA (1.25 ug/mL) for 30 min at 37°C, in
the dark, and analyzed using microplate reader with rhoda-
mine filter (excitation 490 nm, emission 590 nm).

Angiotensin Il incubation protocol

VSMC were incubated with AnglI at a final 100nM con-
centration for 4 h, in the presence of 10% FBS. In EtBr-exposed
VSMC, Angll incubation started after 20 h incubation and was
maintained for an additional 4h. All experiments were per-
formed with simultaneous parallel runs for control and EtBr-
exposed VSMC.

Nitrite and nitrate levels

Nitrite and nitrate levels were quantified in culture me-
dium supernatants by chemiluminescence, using a Sievers
NOAZ280 Analyzer (Boulder, CO), as described in ref. 29.

Superoxide dismutase activity

Total SOD activity was assessed in cell homogenates (10—
15 ug protein) by inhibition of cytochrome-c reduction, as
described in ref. 29.

Comet assay for nuclear DNA damage

VSMC (~8x 105) were trypsinized, pelleted, and resus-
pended in 500 uL. PBS. Cell suspension (20 uL) was added to
100 uL low-melting agarose at 37°C, and 90 uL were pipetted
onto a slide precoated with 1% solution of normal melting
point agarose. An additional agarose layer without cells was
added after solidification of the first layer. After solidification,
slides were placed in alkaline lysis solution in the dark at 4°C
for 90 min, and later placed in fresh alkaline rinse solution for
20 min in a horizontal electrophoresis chamber. Subsequently,
the slides were subjected to electrophoresis at 25V/300 mA
for 20 min. Following electrophoresis, slides were rinsed with
neutralizing buffer 3X for 5 min, washed with 100% ethanol,
stained with 50 uL. ethidium bromide solution (20 ug/mL),
and immediately examined on a blind fashion using an optical
microscope Diaphot 300 (Nikon, Melville, NY) 510-560 nm/
590 nm filter. A nuclear DNA damage score was calculated
through observation of comet morphology (score 1-4) and cell
number, as follows: [(comets class 1x0)+ (comets class
2x1) + (comets class 3x2) + (comets class 4x3)].

MTT assays

MTT assays, usually used as a measurement of cell viabil-
ity, reflect the activity of mitochondrial succinate dehydro-
genase. VSMC (2x 10* cells) were seeded and cultured for 24 h
in a 96-well plate, followed by further incubation for 24 h in
presence or absence of EtBr, while during the last 4h MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
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600 uM) was added. VSMC were then washed with PBS (pH
7.4), followed by DMSO, which solubilizes formazan crystals.
Absorbance was measured at 570 nm.

Analysis of glutathione levels

Reduced glutathione (GSH) in total VSMC homogenates
was analyzed by HPLC electrochemical detection (16) in a
Waters system equipped with an electrochemical Model 247
(gold electrode) detector and 0.6 V applied potential. Chro-
matographic separation was carried out using X-Terra
(4.5%x250 mm; 5 um particle size) column. The mobile phase
(0.5 mL/min flow) was 100 mM KH,PO, (pH 2.5), 200 mg/L
sodium heptanosulfonate, 5mg/L EDTA, and 1% methanol
(vol/vol). GSH was identified and quantified by comparison
with standard injections. Oxidized glutathione (GSSG) was
calculated by subtraction of GSH levels from total glutathi-
one, analyzed by enzymatic reduction to GSH with 0.6 U/mL
glutathione reductase and 0.2mg/mL NADPH for 30 min.
The reaction was stopped by the addition of 10% TCA. After
centrifugation at 11,000g for 10 min at 4°C, the supernatants
were injected into the HPLC system.

Real time PCR

Total RNA was purified from VSMC using a RNA spin
isolation kit (GE Healthcare, Buckinghamshire, U.K.), ac-
cording to the manufacturer’s instructions. RNA from VSMC
was reverse transcribed with Superscript I reverse tran-
scriptase (Invitrogen). Message expression was quantified
with the use of SYBR Green PCR Mix and the Rotorgene 6000
cycler (Corbett, Mortlake, New Australia) with Master Mix
(Invitrogen) and specific rabbit Nox1 or Nox4 primers nor-
malized to GADPH housekeeping. Primers were designed
based on cloned sequences for rabbit Nox1 and Nox4, gen-
erously provided by Dr. Bernard Lassegue, from Emory
University, Atlanta. Primer sequences were as follows:

forward Nox-1 (5'-GCTTCCGGATAAACTCCACA-3); re-
verse Nox-1 (5-CATCATGGGAAGGAAGGAGA-3'); forward
Nox-4 (5-TACTGGCCAGGTCTTGCTTT-3'); reverse Nox-4
(5'-CCACAGACTTGGCTTTGGAT-3); forward GADPH (5'-
TCACCATCTTCCAGGAGCGA-3') and reverse GADPH
(5'-CACAATGCCGAAGTGGTCGT-3'). The incubation con-
ditions were: 95°C for 10 min, followed by 40 cycles of 155 at
94°C, annealing for 155, at 60°C, and extension for 20s at 72°C.
Regular nonquantitative PCR in cells or arterial specimens was
performed with the same parameters, except for a total of 35
cycles.

Vascular balloon injury

Vascular balloon injury was performed as described in
detail previously (29) in the iliac artery of anesthesized nor-
molipidemic rabbits, using a coronary-type angioplasty
catheter inflated at 8 atmospheres, promoting profound ar-
terial wall damage with rupture of internal elastic lamina.
Arteries (1 =4) were analyzed 14 days after injury, with the
contralateral uninjured iliac artery serving as control.

Western blot analysis

Proteins (30 ug) were separated in SDS-PAGE (12%) and
fixed in nitrocellulose membrane. After blocking (nonfat milk
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FIG. 2. Characterization of mito-
chondrial dysfunction induced by
ethidium bromide (250ng/mL for
24h) in VSMC (pseudo-p° model).
(A) Oxygen consumption measured
with an oxygen electrode in whole
trypsinized VSMC without and with
EtBr. Data represent values obtained
for each basal condition, normalized
for oxygen consumption after inhi-
bition with oligomycin 20 ug/mL,
added subsequently in each sample
(n=>5 experiments). (B) PCR ampli-
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5%, 2h), membranes were incubated with anti-PDI or anti-
KDEL primary antibody from Stressgen (AnnArbor, MI) and
ABR (Dublin, OH), 1:1,000 or antibodies against phosphor-
ylated or total p38MAPK (Cell Signaling, Danvers, MA), fol-
lowed by HRP-conjugated secondary antibody (1:1,000, 1h).
Immunoreactive bands were detected by chemiluminescence.

Statistical analysis

Values are expressed as mean + standard error (SE). Sta-
tistical comparisons were performed with Student’s t-test or
one-way ANOVA followed by Student-Newman-Keuls
multiple-range test, at a 0.05 significant level, using The Pri-
mer of Biostatistics, Stanton A. Glantz, version 3.01, McGraw-
Hill, 1992.

Results

Characterization of mitochondrial dysfunction
in pseudo-p°® VSMC

Induction of mtDNA damage with the EtBr protocol de-
scribed in Methods was associated with an average 29% de-
crease in oxygen consumption rate, confirming the expected
minor compromise in mitochondrial energetic function
(Fig. 2A).

Assessment of mtDNA damage through PCR amplification
of second repetitive sequence region of D-loop (see Methods)
showed (Fig. 2B) in control VSMC an expected smear com-
posed of multiple unprecisely defined bands indicative of
amplification of several products in the expected region
between 200 and 460 kb. Such a pattern was not visibly altered
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after Angll in control VSMC. In VSMC incubated with EtBr
for 24 h, there was less amplification of the larger products
and predominant amplification of smaller products ~140-
200bp, which formed more defined bands. Interestingly, this
pattern was consistently and uniformly enhanced after incu-
bation with AnglI (n =15, Fig. 2B). These results confirm the
occurrence of mtDNA damage induced by EtBr and its likely
increase by Angll under this condition.

Cell number did not change after 24 h EtBr incubation, with
no apparent morphological changes in EtBr-exposed VSMC.
In addition, the pseudo-p0 VSMC were viable, as documented
by Trypan Blue exclusion (not shown). MTT reduction assays
showed average decrease of 14+ 6% (1n=>5, p <0.05), which
(given the absence of cell death) is further indicative of mi-
tochondrial dysfunction at the level of succinate dehydroge-
nase activity. To further examine physiological consequences
of EtBr incubation for a more prolonged period (72h), we
performed cell number quantitation assays (Fig. 2C). Angll
incubation in this protocol did not lead to cell number change.
In the presence of 10% FBS, there was an expected increase in
cell number, whereas EtBr-exposed cells showed 28% de-
crease in cell population after 72 h (Fig. 2C), with no evidence
either of cell death or expression of a senescence marker such
as p21 (not shown).

Together, these results indicate that our protocol of EtBr
incubation induced mild mitochondrial dysfunction, which
did not compromise cell viability. Growth limitation was
detectable only after an EtBr exposure time beyond that in
which we performed the NADPH oxidase assays described in
subsequent experiments.

Baseline ROS generation in pseudo-p°® VSMC

Accumulation of mtDNA mutations leading to respiratory
chain dysfunction are well known to promote ROS generation
(54). We thus assessed ROS production after EtBr incubation.
As expected from the mild nature of induced dysfunction
discussed above, assessment of ROS production by HPLC
analysis of DHE-derived products yielded no changes in
2-hydroxyethidium adduct (indicative of superoxide) and
minor nonsignificant increase in ethidium adduct (indirectly
reflecting hydrogen peroxide and other oxidants) (12) (Fig.
3A). Assessment of basal hydrogen peroxide steady-state
generation by Amplex Red® assay showed a small (average
16%) significant increase after EtBr exposure (Fig. 3B). We
cannot exclude that the observed moderate increase in Nox4
levels (see below) may have contributed to this hydrogen
peroxide production, considering that this isoform generates
predominantly hydrogen peroxide (26). Thus, our protocol of
EtBr exposure did not lead to massive changes in VSMC ROS
production which might induce unrealistic alterations in
secondary targets.

To assess whether the EtBr concentration used in our study
promoted significant disruption of nuclear DNA, we per-
formed cometassays. Results (Fig. 3C) showed a concentration-
dependent increase in the score of comet formation. However,
at the concentration used in our study (250ng/mL), only
minor nonsignificant changes were seen and in no instance we
detected comets beyond class 1-2.

To document possible physiological effects of mtDNA
damage in our model, we assessed phosphorylation of p38
MAPK after EtBr exposure. Figure 3D shows increase in
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p38 MAPK phosphorylation after EtBr and its decrease by
concomitant 24 h incubation with PEG-SOD + PEG-catalase
(20 and 150 U/mL, respectively).

VSMC redox status, SOD activity,
and nitrogen oxide levels

In order to further characterize possible factors that could
affect secondary targets such as NADPH oxidase in our
pseudo-p° VSMC, we performed measurements of cell redox
status and other variables. Our results show that EtBr expo-
sure did not induce detectable changes in GSH/GSSG ratio
(Fig. 4A), total SOD activity (Fig. 4B), and levels of nitrogen
oxides. Also, Angll induced no change in SOD activity and
nitrogen oxide levels (Fig. 4C and D).

Effects of mild mitochondrial dysfunction
on NADPH oxidase activity after Angll

To investigate possible upstream effects of mitochondria on
NADPH oxidase, we first measured NADPH oxidase activity
in VSMC membrane fraction using distinct techniques. In
control VSMC, incubation with Ang II (100nM, 4 h) induced
the expected increase in NADPH oxidase activity, assessed
both by lucigenin chemiluminescence (Fig. 5A) or HPLC
analysis of fluorescent DHE-derived products (Fig. 5B). Im-
portantly, in VSMC exposed to EtBr for 24h, the NADPH
oxidase response to Angll was completely abrogated, as as-
sessed by either method, while there was also a baseline de-
crease in 2-EOH product (Fig. 5B). Analogous results were
observed after 72h of EtBr incubation (Fig. 5C). Figure 5D
summarizes percent changes in NADPH oxidase activity with
Angll. Interestingly, the increased baseline phosphorylation
of p38MAPK after EtBr incubation was decreased by Angll
(Fig. 3D).

Because it is difficult to fully exclude that EtBr promoted
damage in nuclear DNA, which might have influenced our
results, we also performed NADPH oxidase activity assays
(using an HPLC/DHE technique) in membranes from VSMC
that were incubated with the specific complex III inhibitor
antimycin A (100nM) for 24h. This concentration was se-
lected to promote an average 21% decrease in oxygen con-
sumption, thus matching the changes induced by EtBr. Such
antimycin A incubation also promoted a nearly identical
pattern of decreased oxidase activation due to AnglI (Fig. 5E).

Expression of Nox isoform mRNA
after mitochondrial dysfunction

Regular nonquantitative PCR (Fig. 6A) showed that after
EtBr there was a decrease in Nox1 expression and appearance
of a clear band for an amplified Nox4 product. This suggested
that loss in AnglI responsiveness after mitochondrial dys-
function could be at least in part due to changes in expression
of Nox isoforms, since in VSMC Nox1 is well known to be
induced, while Nox4 is unchanged or inhibited by AngIl
(9, 26). We therefore performed further experiments with real-
time quantitative PCR (Figs. 6B and C). In VSMC not exposed
to EtBr, we observed significant 2.3-fold increase in Nox1
mRNA expression, while Nox4 mRNA was unchanged or
decreased after Angll. After EtBr incubation for 24 h, there
was a significant baseline 1.6-fold increase in Nox4 mRNA
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and a nonsignificant increase in Nox1 mRNA. Moreover, after
Angll, Nox1 mRNA showed negligible further increase, while
Nox4 mRNA showed minor decrease. In a similar fashion,
incubation of VSMC with antimycin A for 24h promoted no
significant change in baseline Nox1 mRNA expression (Fig.
5D), versus a 1.8-fold increase in Nox4 mRNA (Fig. 5E).

Changes in endoplasmic reticulum stress markers
and protein disulfide isomerase (PDI) expression
and migration pattern

To assess whether increased Nox4 expression was due to
endoplasmic reticulum stress, a condition described to induce
Nox4 in VSMC (40), we assessed endoplasmic reticulum
stress markers after EtBr incubation. Mitochondrial dysfunc-
tion induced variable and small changes in expression of
chaperone markers (Fig. 7A), clearly distinct than the marked
increases obtained with the classical endoplasmic reticulum
stressor tunicamycin (not shown). PDI was recently described
by our laboratory to act as a regulatory protein associated
with NADPH oxidase (18). PDI is sensitive to stress condi-
tions such as hypoxia (45). We therefore assessed PDI ex-
pression after mitochondrial dysfunction. As shown in Fig.
7B, there was increase in total PDI expression and, in addition,
an inversion in the pattern of PDI migration to membrane. As
we showed before (18), PDI migrates to membrane during
Angll exposure. After EtBr incubation, PDI showed impor-
tant baseline migration to membrane fraction and a decrease
with Angll. In addition, a second band was evident for PDI
after EtBr, the origin of which is unclear at present.

Evidence for mtDNA damage during vascular
repair after injury

To gather evidence of mtDNA injury in a context involving
VSMC pathophysiology, we assessed (by RT-PCR) transcripts
for NADH dehydrogenase 1 (NADHI) or cytochrome-c oxi-
dase 2 (COX2) from rabbit iliac arteries submitted to over-
distention balloon injury 14 days before or from contralateral
uninjured arteries (control). Our results show a failure of
amplification of NADH1, but not COX2 transcripts, in injured
but not control arteries. This indicates a selective, rather than
widespread, pattern of mtDNA damage. Interestingly, failure
of NADHI1 amplification was also seen in HEK293 cells in-
cubated with EtBr (see description in Methods).

Discussion

A major finding of our study was that mild mitochondrial
dysfunction induced by forced mtDNA mutations totally
abrogated membrane NADPH oxidase activation due to
Angll. Such effect was due at least in part to associated
changes in the expression of Angll-responsive Nox(es), with
decrease in Nox1 and increased baseline expression of AnglI-
insensitive Nox4. Such evidence that integrity of mitochon-
drial function is required for efficient Angll-mediated
activation of NADPH oxidase has pathophysiological impli-
cations for understanding regulation and compartmentation
of enzymatic ROS sources during redox cell signaling.

A basic question regarding the proposed cross-talk be-
tween mitochondria and NADPH oxidase is the specificity of
pathway(s) connecting both ROS-generating systems. In this
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FIG. 5. NADPH oxidase activity assays in membrane fraction of control and pseudo-p° VSMC, in baseline control
condition (C) and after incubation with AngII (AII, 100nM/4h). (A) Measurement by lucigenin chemiluminescence.
Membrane fractions (20 ug protein) were added to 1 mL of PBS at 37°C, followed by lucigenin (final concentration 5 uM) and
NADPH (100 pM); luminescence was recorded for 5 min. (B) Measurement by HPLC analysis of DHE oxidation products.
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at 37°C, and analyzed by HPLC. Graph shows quantification of 2-E*OH formed /DHE consumed (see ref. 12). (C) Similar to
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mean + SE (n =3—4 independent experiments). *p < 0.05 vs. C-EtBr or C-Atm-A, #p < 0.05 vs. AII-EtBr or AIl-Atm-A).

context, our model provided a relatively clean tool to unravel
an upstream effect of mitochondria on NADPH oxidase. The
transient character and low degree of exposure to ethidium
bromide or antimycin A in our cells minimized chances of
secondary effects of long-term mitochondrial dysfunction,
such as apoptosis, cell senescence, and nonspecific responses
to stress or to extreme metabolic changes. Thus, our data are
consistent with the possibility of direct signaling pathway(s)
for a cross-talk between NADPH oxidase and mitochondria.
Still, at least a few such pathways affecting NADPH oxidase
may merge with physiological programs such as differentia-
tion, metabolic adaptations, and hypoxic signaling, as de-
tailed in the discussion below, in the context of signaling
response(s) to minor cell stress, which is intrinsic to even
low-degree mitochondrial dysfunction (38, 54). While such
signaling routes are likely to display physiological and path-
ophysiological significance, a more complete assessment of
their structure and specificity requires further study.

Our EtBr model, while being essentially artificial, clearly
reproduces a general form of mild mitochondrial dysfunction,
as indeed further evidenced by its similarities with antimycin
A exposure. Such mitochondrial dysfunction has been docu-

mented in a host of pathophysiological situations, which al-
most invariably also depict activation of NADPH oxidases (8,
20, 24, 26, 33). On the other hand, our model has some indirect
bearings in several pathophysiological situations in which
mtDNA mutations have been demonstrated, including aging
(54), atherosclerosis (3), and diabetes (54). Interestingly, we
were able to document evidence for mtDNA damage during
vascular repair after injury (Fig. 7C). Considering the multiple
copies of mtDNA per cell and that function appears to be
importantly compromised only after 90% of mtDNA is mu-
tated in each cell (22, 23), there is an ongoing debate as to
whether mtDNA mutations in such diseases can indeed ac-
count for further cell damage or are just a consequence of
increased ROS levels (55). In this regard, it is important to
consider that mitochondrial superoxide production (53), mi-
tochondrial dysfunction (38), aging (2), and possibly also
mtDNA mutations (54) are all highly stochastic events, which
may thus produce a nonuniform cell-specific pattern of
damage within a given cell population. Such considerations
indicate that extrapolation of this model to represent diseases
in which mtDNA mutations are known to occur may be
oversimplistic.
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Since Noxl1 is the major AnglI-responsive Nox in VSMC (9,
26), including the rabbit cells used in our study (18), the ob-
served failure to upregulate Nox1 after mitochondrial dys-
function likely dominated the loss of Angll-mediated increase
in NADPH oxidase activity. Furthermore, mitochondrial-
dependent pathways promoted clear increase in Nox4 mRNA
expression. The later result adds novel information on Nox4
regulatory mechanisms, which have proven difficult to con-
textualize (24), suggesting that this isoform can be induced
even by relatively minor stresses, in line with its postulated
role of stress-inducible Nox (24). Whether Nox4 mRNA ex-
pression occurs through pathways in common with those
mediating cell differentiation or adaptation to hypoxia—
conditions known to involve both mitochondria and Nox4
(39)—deserves further investigation. On the other hand,
markers of endoplasmic reticulum stress, known to trigger
Nox4 (40), were unaltered in our model. Knowledge of Nox
protein levels after mitochondrial dysfunction, although im-
portant, is hampered by difficulties regarding antibody
specificity. Although our work showed that decreased re-
sponse to Angll is concomitant to increased Nox4 mRNA,
Angll may trigger Nox4 in cell types such as mesangial cells
(24) and even VSMC after serum starvation at higher Angll
concentrations (unpublished observations from our labora-
tory). Therefore, although the interaction between mitochon-

dria and NADPH oxidase may hold true for many different
cells, its consequences regarding redox signaling may depend
on specific conditions and cell type. In addition, our ongoing
investigations showed that increases in NADPH oxidase ac-
tivity promoted by the endoplasmic reticulum stressor tuni-
camycin are also abrogated by induced mtDNA mutations
(unpublished data), suggesting that the cross-talk proposed in
our study is a more general phenomenon, independent of
signaling events specific only to Angll pathways.
Mechanisms whereby mitochondria communicate with
NADPH oxidase can reflect distinct, possibly inter-related
aspects of mitochondrial function, including ROS production,
energy metabolism, and calcium homeostasis. It is well
known that exogenous ROS can induce expression and ac-
tivity of Nox(es), particularly Nox4 in our VSMC (31, 32, 34).
However, incubation of VSMC with catalase (100 units/mL,
starting 12 h before EtBr) did not prevent the observed chan-
ges in Nox isoform mRNA (data not shown), indicating that
cytoplasmic ROS increase may not be sufficiently intense or
sustained to affect Nox. It cannot be excluded, however, that
ROS in specific compartments (including mitochondria) or
other reactive species might have contributed to the observed
Nox changes. Second, metabolic changes induced by dys-
functional mitochondria could potentially be involved in
NADPH oxidase modulation. The observed redox-dependent
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phosphorylation of p38MAPK indicates not only a docu-
mented physiological consequence of mtDNA damage, but
also a potential pathway mediating metabolic changes typi-
cally associated with nutrient deprivation (21). Also, the
metabolic kinase 5’ AMP-activated protein kinase (AMPK),
known to be activated by mitochondrial-derived oxidants
(60), reportedly suppress NADPH oxidase activation in en-
dothelial cells (60) and inhibits Angll-mediated VSMC pro-
liferation (36). Together, these data suggest a possible role for
metabolism alterations in the cross-talk between mitochon-
dria and NADPH oxidase. Finally, disturbed calcium ho-
meostasis could potentially underlie activation of Nox(es),
while amplifying mitochondrial ROS generation (49). An-
other condition potentially involved in our model is the re-
cently described stress response due to mitochondria-specific
protein misfolding (56). This signaling cascade leads to
increased mitochondrial chaperone expression, which is de-
pendent on proapoptotic transcription factors (56). In addi-
tion to mitochondrial pathways, cross-talk with Nox(es) can
also be mediated by some kinases and phosphatases that are
upstream of growth factor-mediated Nox activation (26) and
could potentially sense mitochondrial dysfunction. Indeed,
transactivation of growth factor receptors, known to be in-
volved in Nox signaling (9, 26), is also influenced by mito-
chondrial function (7, 28). Furthermore, changes in NADPH
oxidase after mitochondrial dysfunction were associated with
increased expression and an inverted pattern of migration of
PDI to membrane fraction. PDI, known to be involved in in-
tracellular protein traffic (47), associates with NADPH oxi-
dase and regulates its function, while migrating to membrane
fraction during oxidase activation (18). Given that traffic to

membranes is essential for oxidase activation (48), these re-
sults raise the hypothesis of PDI involvement in mitochon-
drial cross-talk with NADPH oxidase, although pathways
underlying PDI interaction with NADPH oxidase remain
under investigation. Finally, although we focused on func-
tional aspects of the cross-talk between mitochondria and
Nox(es), the possibility of a physical cross-talk cannot be ruled
out, considering a previous report in tumor cells showing
Nox1 localization at mitochondrial surface (10). In our VSMC,
such evidence was not sufficiently clear, although we did see
some degree of co-localization between Nox4 and mitochon-
dria at the perinuclear region (unpublished results). However,
given the low specificity of available antibodies against
Nox(es), these results are not undisputed.

Previous reports indicated that interactions between mito-
chondria and NADPH oxidase can occur in both directions
(10, 11). Our work thus reinforces such results and points
to novel aspects of an upstream effect of mitochondria on
NADPH oxidase. Altogether, it is likely that such interaction
significantly affects redox-dependent cell signaling and may
thus play a role in the pathogenesis of aging, as well as sev-
eral diseases involving both mitochondrial dysfunction and
NADPH oxidase, including atherosclerosis (3). In this con-
text, the finding of mtDNA damage during vascular repair
(Fig. 7C) is interesting, given the increased ROS production
and expression of Nox1 and Nox4 previously documented
in this model (30, 43). Of note, increased expression and ac-
tivity of mitochondrial transcription factor (mtTFA) was
shown to support neointima formation (52). In a lower scale,
cross-talk between mitochondria and Nox(es) could medi-
ate signaling associated with oxygen sensing, biomechanical
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transduction, or cell differentiation. Indeed, both NADPH
oxidases and mitochondria have been reportedly involved in
all such conditions (26). An interesting observation was the
consistently observed increase in mtDNA damage indicators
when Angll was administered to cells with already dysfunc-
tional mitochondria, but not to normal cells. We speculate
that mitochondrial dysfunction might act as a switch from
physiological to pathological Angll effects, a proposal in line
with a prior report of Angll-induced mitochondrial ROS and
dysfunction in endothelial cells (11).

In conclusion, our observations point out that events
leading to mitochondrial dysfunction have significant up-
stream impact into NADPH oxidase activity and isoform
expression. Such a novel aspect of this cross-talk may have
significant implication for understanding disease mecha-
nisms and for designing rational therapeutic interventions
aimed at restoring redox homeostasis.
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