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The mechanisms involved in the cytotoxic action of oxysterols in the pathogenesis of atherosclerosis still
remain poorly understood. Among the major oxysterols present in oxidized low-density lipoprotein, we show
here that 7-ketocholesterol (7-Kchol) induces oxidative stress and/or apoptotic events in human aortic smooth
muscle cells (SMCs). This specific effect of 7-Kchol is mediated by a robust upregulation (threefold from the
basal level) of Nox-4, a reactive oxygen species (ROS)-generating NAD(P)H oxidase homologue. This effect was
highlighted by silencing Nox-4 expression with a specific small interfering RNA, which significantly reduced the
7-Kchol-induced production of ROS and abolished apoptotic events. Furthermore, the 7-Kchol activating
pathway included an early triggering of endoplasmic reticulum stress, as assessed by transient intracellular
Ca2� oscillations, and the induction of the expression of the cell death effector CHOP and of GRP78/Bip
chaperone via the activation of IRE-1, all hallmarks of the unfolded protein response (UPR). We also showed
that 7-Kchol activated the IRE-1/Jun-NH2-terminal kinase (JNK)/AP-1 signaling pathway to promote Nox-4
expression. Silencing of IRE-1 and JNK inhibition downregulated Nox-4 expression and subsequently pre-
vented the UPR-dependent cell death induced by 7-Kchol. These findings demonstrate that Nox-4 plays a key
role in 7-Kchol-induced SMC death, which is consistent with the hypothesis that Nox-4/oxysterols are involved
in the pathogenesis of atherosclerosis.

Atherosclerosis is a slow degenerative process and is the
underlying cause of heart attacks, strokes, and peripheral ar-
tery diseases in humans. This complex disorder is characterized
by a remodeling of the arterial wall, leading to the formation of
an atherosclerotic plaque. Plaque formation is induced by the
accumulation, at the subendothelial level, of oxidized low-den-
sity lipoproteins (LDLs) and subsequently of some of their
lipid constituents (oxysterols, oxidized fatty acids, aldehydes,
and lysophospholipids) and fibrous elements.

To date, a number of studies have shown that oxysterols
constitute an important family of oxygenated derivatives of
cholesterol that exert potent biological effects in the pathogen-
esis of atherosclerosis (for a review, see references 6 and 9).
Among the oxysterols that have been identified, those oxidized
at the C7 position, such as 7-ketocholesterol (7-Kchol), are the
ones most frequently detected at high levels in atherosclerotic
plaques (9) and in the plasma of patients with high cardiovas-
cular risk factors (55). 7-Kchol exerts deleterious effects on
vascular smooth muscle cells (SMCs), including the stimula-
tion of reactive oxygen species (ROS) production (28) and the
induction of apoptosis (30, 34, 42), two major events involved

in atherogenesis. The oxidation of macromolecules (proteins,
lipids, and DNA) and apoptosis induce the progression of
atherosclerosis. Thus, the death of vascular SMCs and mono-
cyte-derived foam cells has been shown to modulate the cel-
lularity of the plaque (22, 31, 32) and is believed to play
important roles in plaque growth, as well as in promoting
procoagulation and plaque rupture (27).

Nonphagocytic NAD(P)H oxidase-dependent production of
ROS is thought to be an important regulator of SMC viability
and is believed to be linked to the development and severity of
human atherosclerotic lesions (16). Recently, a new family of
oxidases, known as the Nox family (named for NADPH oxi-
dase) has been defined on the basis of their homology with the
gp91phox catalytic subunit of phagocyte NAD(P)H oxidase. To
date, four homologues (Nox-1, Nox-3, Nox-4, and Nox-5 with
levels of identity with gp91phox [also known as Nox-2] of 58, 56,
37, and 27%, respectively) have been identified in human
nonphagocytic cells (5, 11, 14, 23, 46). These homologues share
with Nox-2 putative NAD(P)H and flavin-binding sites, as well
as functional oxidase activity that produces the superoxide
anion (14, 46). A large variety of cell types express multiple
Nox proteins. Recent studies have demonstrated that the
Nox-1, Nox-4, and Nox-5 homologues are mainly expressed in
cultured vascular SMCs (25, 26). Within these cells, Nox ac-
tivity is modulated by a variety of mediators detected in vas-
cular diseases such as angiotensin II, thrombin, platelet-de-
rived growth factor (PDGF), and tumor necrosis factor alpha
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de Médecine Xavier Bichat, BP416, 75870 Paris Cedex 18, France.
Phone: 33-1-44-85-62-12. Fax: 33-1-44-85-62-07. E-mail: ogier@bichat
.inserm.fr.

† G.L. and E.O.-D. contributed equally to this study.

10703



(TNF-�). Coronary artery restenosis, a frequent complication
of angioplasty, is accompanied by an increase in Nox-gener-
ated ROS production (44). Likewise, balloon injury of the
carotid artery is known to result in an increase in ROS pro-
duction throughout the vessel wall, and this is associated with
an upregulation of Nox proteins. This increase in ROS appears
to be derived from SMCs in the media and neointima of the
arterial wall (47). However, the implication of oxysterols in the
regulation of Nox and their cytotoxic effects in human vascular
SMCs have not yet been investigated. Since 7-Kchol triggers a
complex mode of cell death, characterized by an overproduc-
tion of ROS, associated with lipid peroxidation, oxidative DNA
damage (37), and typical features of apoptosis (1, 12), the
question arises as to whether the oxidant injury generated by
7-Kchol plays a role in the cytotoxic effects in vascular SMCs.
Recently, Feng et al. (13) demonstrated that an excess of
cellular cholesterol in macrophages induces free-cholesterol
accumulation in the endoplasmic reticulum (ER) and triggers
the unfolded protein response (UPR), which is the key signal-
ing step in cholesterol-induced cell death. Signaling in the
UPR emanates from the stressed ER and is characterized by
several devastating intracellular events, including the depletion
of the ER Ca2� stores, the accumulation of misfolded proteins,
and the activation of transcriptional factors involved in the
downregulation of translation, the cell cycle, and the activation
of cell death effectors. These findings led us to analyze the
effects of 7-Kchol on intracellular ROS production and on the
interplay between Nox-dependent production of ROS and the
induction of ER stress and apoptosis in SMCs.

Our results show that 7-Kchol triggers the overproduction of
Nox-4 and induces ER instability, leading to the activation of
the UPR and proapoptotic signaling pathway and thus to SMC
death. Nox-4 therefore appears to play a key role in this cas-
cade of events; since when Nox-4 mRNA was silenced by using
an RNA interference strategy, this completely prevented the
deleterious effects caused by 7-Kchol in SMCs.

MATERIALS AND METHODS

Materials. A Lab-Tek Chamber Slide and Lab-Tek chambered cover-glass
slides were from Nunc Int. (Naperville, Ill.). 7-�-Hydroxycholesterol was pur-
chased from Steraloids. 7-Kchol, luminol, polyethylene glycol-linked superoxide
dismutase (PEG-SOD), polyethylene glycol-linked catalase (PEG-catalase), di-
phenylene iodonium (DPI), and inhibitor cocktail were from Sigma (St. Louis,
Mo.). 7-Ketocholesteryl-3-oleate was synthesized by one of the authors (M.S.).
The degrees of purity of the oxysterols were confirmed to be 100% by gas
chromatography-mass spectrometry. In most experiments, oxysterols were di-
luted in the culture medium at final concentration of 40 �g/ml (100 �M).
2�,7�-Dichlorofluorescin-diacetate DCFH-DA was from Acros-Organics (Geel,
Belgium). The Nucleospin RNA II kit was from Macherey-Nagel (Hoerdt,
France). TRIzol reagent, random hexamer, and Superscript II reverse transcrip-
tase were purchased from Invitrogen (Cergy, France). Annexin V-fluorescein
isothiocyanate (FITC), propidium iodide (PI), Z-VAD-fmk, mouse anti-GRP-78/
Bip, anti-Bcl-2, anti-Bax, anti-calnexin, and anti-actin monoclonal antibodies
(MAbs) were from Becton Dickinson (Le Pont de Claix, France), and mouse anti-
CHOP/GADD153 MAb was from Tebu-Bio (Le Perray en Yvelines, France).
Mouse anti-c-jun/AP-1 (Ab3) and rabbit anti-c-jun phospho-specific Ser73, anti-
SAPK/JNK, anti-SAPK/JNK phospho-specific Thr183 and Tyr185 and anthra[1,9-
cd]pyrazol-6(2H)-one1,9-pyrazoloanthrone SAPK Inhibitor II (SP600125) were
from Calbiochem (La Jolla, Calif.). Goat anti-IRE-1� was from Santa Cruz Bio-
technology. Secondary antibodies were from Jackson Immunoresearch (West Bal-
timore Pike, Pa.). Hyperfilm MP, ECL, and alkaline phosphatase reagents were
from Amersham Life Sciences (Arlington Heights, Ill.) and Bio-Rad. Fluo-3/AM
was from VWR International (Fontenay s/s Bois, France). TransMessenger Trans-
fection Reagent was from Qiagen (Courtaboeuf, France).

Cell culture. Human aortic SMCs (Cambrex, San Diego, Calif.) were grown in
SmGM-2 SingleQuots medium supplemented with 5% fetal calf serum, as rec-
ommended by the manufacturer. The human monocytic cell line THP-1 was
purchased from the American Type Culture Collection, and these cells were
grown in RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine,
antibiotics, and 0.05 mM �-mercaptoethanol.

Immunoblot analysis. A rabbit anti-human-Nox-4 antibody was raised against
the 88KVPSRRTRRLLDKSR102 peptide synthesized by Neosystem (Strasbourg,
France). Immunoglobulins were purified by being passed through a protein
A-Sepharose column (0.9 by 4 cm) equilibrated in phosphate-buffered saline
(PBS), eluted with 0.1 M glycine (pH 3.3). Samples were collected in tubes
containing 50 �l of 2 M Tris (pH 11), dialyzed against PBS overnight at 4°C, and
then concentrated. SMCs were cultured for various lengths of time with 40 �g of
7-Kchol, 7-�-hydroxycholesterol, or 7-ketocholesteryl-3-oleate/ml. Cells were
rinsed, scraped, and collected in ice-cold PBS containing a cocktail of inhibitors.
The protein concentration was measured by Bio-Rad assay with bovine serum
albumin as a standard. Equal amounts of cell protein extract (25 �g) were
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 7 or 10% polyacrylamide gel. After being transferred onto nitro-
cellulose, membranes were blotted with the following primary antibodies diluted
in Tris-buffered saline containing 0.1% Tween: rabbit anti-human Nox-4 (dilu-
tion 1/200), anti-c-jun phospho-specific Ser73(dilution 1/2,000), anti-JNK (dilu-
tion 1/1,000), anti-JNK phospho-specific Thr183 and Tyr185 (dilution 1/5,000),
mouse anti-CHOP/GADD153 (dilution 1/250), anti-GRP78/Bip (dilution 1/100),
anti-Bax (dilution 1/300), anti-c-jun/AP-1 (dilution 1/1,000), and anti-Bcl-2 (di-
lution 1/100) MAbs and goat anti-IRE-1� antibody (dilution 1/200). After a
rinsing step, the membranes were incubated with an appropriate secondary
antibody (peroxidase-conjugated goat anti-rabbit, peroxidase-conjugated rabbit
anti-goat, or peroxidase-conjugated sheep anti-mouse immunoglobulin G [IgG],
dilution 1/20,000; alkaline phosphatase-conjugated goat anti-mouse and alkaline
phosphatase-conjugated goat anti-rabbit IgG, dilution 1/5,000). The membranes
were then washed in Tris-buffered saline–0.1% Tween, and proteins were de-
tected by a chemiluminescence method or by using alkaline phosphatase. The
blots were probed with a mouse anti-human actin MAb to confirm that they had
been loaded equally. Bands were scanned with an HP Scanjet 5500, and the
relative protein contents were determined by densitometric analysis.

Quantitative real-time RT-PCR analysis. Total RNA were extracted from
SMCs by using TRIzol reagent or the Nucleospin RNA II kit according to the
manufacturer’s instructions. Equal amounts of total RNA were reverse tran-
scribed by using a random hexamer and Superscript II reverse transcriptase. All
of the samples for comparison were reverse transcribed from the same reverse
transcription (RT) mixture. Expression levels of human Nox-1, Nox-4, Nox-5,
and housekeeping �-actin mRNAs were determined by using the specific primer
as follows: forward Nox-1 (5�-GTACAAATTCCAGTGTGCAGACCAC-3�)
and reverse Nox-1 (5�-CAGACTGGAATATCGGTGACAGCA-3�), forward
Nox-4 (5�-CTCAGCGGAATCAATCAGCTGTG-3�) and reverse Nox-4 (5�-A
GAGGAACACGACAATCAGCCTTAG-3), forward Nox-5 (5�-ATCAAGCG
GCCCCCTTTTTTTCAC3�) and reverse Nox-5 (5�-CTCATTGTCACACTCCT
CGACAGC-3�), and forward �-actin (5�-GCAGCCCAGCCAGCACTGTCAG
G-3�) and reverse �-actin (5�-AGCCCAGAGCCATTGTCACACACCAA-3�).
The specificity of the products was demonstrated for each fragment by a melting
curve analysis and gel electrophoresis. The QuantiTect SYBR Green PCR Mas-
ter Mix (Qiagen) and the ABI Prism 7700 sequence detection system (Applied
Biosystems) were used to detect the real-time quantitative PCR products of
reverse-transcribed cDNA samples according to the manufacturer’s instructions.
The incubation conditions were as follows: 95°C for 15 min, followed by 40 cycles
of 15 s at 94°C, annealing for 30 s, at 60°C, and extension for 30 s at 72°C. PCRs
for each sample were done in triplicate for both the target genes and the �-actin
control. mRNA expression was quantified by relating the PCR threshold cycle
obtained from samples to a cDNA standard curve. For �-actin, the PCR thresh-
old cycle was related to the number of SMCs that had been extracted. The
normalized amount of Nox mRNAs was obtained by dividing the averaged
sample value by the averaged �-actin value.

siRNA and cell transfection. Experiments were carried out with specific HPP
2-dT 3� overhang small interfering RNA (siRNAs; Xeragon-Qiagen), designed
by selecting a cDNA target region from Nox-4 (5�-AAACCGGCAGGAGUUU
ACCCAG-3�) located 768 bp from the start codon, and specific HPP Grade
dXdY siRNA, designed by selecting a cDNA target region from IRE-1 (5�-CU-
GCCCGGCCUCGGGAUUUUU-3�) located 135 bp from the start codon.
Scrambled siRNA (nonhomologous to the human genome, 5�-AACCAGCAAG
GUGUAUCGCCAC-3�) was used as a control. To achieve optimal transfection
efficiency, various parameters, including the amounts of transfection reagent,
RNA, and TransMessenger-RNA complexes, the cell density, and the length of
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exposure of cells to TransMessenger-RNA complexes, were optimized. At 24 h
before transfection, SMCs were transferred onto six-well plates (5 � 105 cells per
well) and transfected with 0.8 �g of each siRNA duplex by using TransMessenger
transfection reagent for 4 h in medium devoid of serum and antibiotics. This
procedure did not affect cell viability. SMCs were then washed once with PBS
and grown in complete medium. Gene silencing was monitored after incubation
for 24 h.

Transient-transfection and luciferase reporter assay. Human monocytic
THP-1 cells (7 � 106 to 9 � 106 cells) were transfected by electroporation with
pAP-1-Luc or p(�B)3 IFN-Luc plasmids (luciferase cis-reporter system contain-
ing AP-1 and NF-�B enhancer elements, respectively). Electric pulsing (275 V
and 955 �F) was applied in the Bio-Rad Gene Pulser. Cells were placed on ice
for 15 min and then seeded at 5 � 105 cells/well in six-well dishes. An empty
luciferase plasmid, pLuc-MCS, was used as a control. After transfection, the cells
were cultured for 48 h and then treated with 100 ng of TNF-�/ml or with various
concentrations of 7-Kchol for a further 4 h. The cells were harvested, and the
luciferase activities were measured by using a luminometer according to the
manufacturer’s instructions (Promega). All experiments were conducted in trip-
licate.

Confocal laser-scanning microscopy. (i) Indirect immunofluorescence studies.
For indirect immunofluorescence, SMCs (5 � 104 per well) were fixed and
permeabilized with cold methanol for 8 min and then incubated with rabbit
anti-Nox-4 antibody (1/50) for 30 min at room temperature. After being rinsed
with PBS, samples were incubated with an Alexa568-conjugated affinity-purified
goat anti-rabbit IgG (1/250) for 30 min. Samples were then incubated with a
mouse anti-calnexin MAb (1/100) for 1 h. After two rinses with PBS, cells were
incubated for 30 min with Alexa488-conjugated affinity-purified goat anti-mouse
IgG (1/250). After extensive rinsing, glass cover slides were mounted and exam-
ined by using a confocal laser-scanning microscope (CLSM-510-META; Zeiss,
Mannheim, Germany) equipped with epifluorescent optics (�63 NA 1.3 oil-
immersion objective lens). Simultaneous two-channel recording was performed
with a pinhole size of 90 �m by using excitation wavelengths of 488 and 588 nm,
a 510/580 double dichroic mirror, and a 515-to-545 band-pass FITC filter, to-
gether with a 590-nm long-pass filter. Double-labeled cells were analyzed sepa-
rately to avoid leakage from one channel to another. Unstained controls were
prepared by omitting the primary antibody. Preincubation of the Nox-4 antibody
with the synthetic peptide (10 �g/ml) used for immunization resulted in unde-
tectable signals, demonstrating the specificity of the antibody. The colocalization
of the two antibodies was analyzed by using the colocalization Zeiss LSM5 Image
Browser software.

(ii) Measurement of ROS generation by intact cells. The intracellular produc-
tion of ROS was measured by confocal laser-scanning microscopy with 2�,7�-
dichlorofluorescin-diacetate (DCFH-DA). SMCs plated on Lab-Tek chambered
cover-glass slides (5 � 104 per well) were preincubated with or without oxysterols
(40 �g/ml) for 16 h and were then loaded with 50 �M DCFH-DA for 20 min.
DCFH-DA diffuses into cells, where it is hydrolyzed into 2�,7�-dichlorofluorescin
(DCFH). Nonfluorescent intracellular DCFH is oxidized to form highly fluores-
cent dichlorofluorescein (DCF) by H2O2 derived from the dismutation of O2

��.
After excitation at 488 nm, the green fluorescence of DCF was measured on
living cells by using the confocal microscope equipped with a cell culture cham-
ber. When used, DPI (20 �M) was added 10 min before the DCFH-DA.

(iii) Measurement of intracellular Ca2�. SMCs were seeded at 7.5 � 104

cells/ml onto Lab-Tek chambered cover glass slides. SMCs were loaded with 5
�M Fluo-3/AM (1 h, 37°C) in Hanks balanced salt solution, washed twice with
the same buffer, and then examined by confocal microscopy. Fluo-3/AM, a
fluorescent probe, is hydrolyzed by cellular esterases. The excitation wavelength
was 506 nm, and the emission was monitored at 526 nm. Images were generated
every 10 s for 20 min. Oxysterols (40 �g/ml) were added 3 min after the start of
the experiment. The data reported are the fluorescence intensities (Zeiss LSM 5
Image Browser software), which reflect changes in cytosolic free Ca2� concen-
tration or [Ca2�]i.

Determination of apoptosis. (i) Cell detachment assay. Cells were seeded onto
12-well plates (106 cells per plate) and were treated with oxysterols (40 �g/ml) for
24 h. When used, the caspase inhibitor Z-VAD-fmk (200 �M) was added 1 h
before this 24-h treatment. After exposure to the oxysterols, floating cells were
recovered by centrifugation (3,200 � g, 5 min) and counted. Adherent cells were
rinsed three times with PBS, treated with trypsin, and counted.

(ii) Flow cytometry analysis. After counting, the floating and trypsinized at-
tached cells were pooled. Samples were run on a Becton Dickinson FACScalibur
(Immunocytometry Systems, San Jose, Calif.) equipped with a 15-mW, 488-nm
argon laser and filter configuration for an FITC-PI dye combination. The quan-
titative determination of the percentage of cells undergoing apoptosis was per-

formed by using the annexin V-FITC apoptosis detection kit according to the
manufacturer’s instructions.

The mitochondrial potential was measured by using 3,3�-dihexyloxacarbocya-
nine iodide (DiOC6, 40 nM final concentration, 15 min, 37°C). DiOC6 mitochon-
drial potential-related fluorescence was immediately recorded by flow cytometry.

ROS production assay. ROS production was measured by the peroxidase-
dependent luminol-enhanced chemiluminescence assay using the Luminometer
FluoStar counter (LBG). Untransfected or siRNA-transfected SMCs (5 � 105

cells per well in 12-well plates) were exposed to 40 �g of oxysterols/ml for 16 h.
Measurements were performed for 30 min in Hanks balanced salt solution
supplemented with 20 U of peroxidase/ml. The preincubation times were 5 min
for the combination of PEG-SOD (10 �g/ml) plus PEG-catalase (10 U/ml) and
30 min for DPI (20 �M).

Statistical analysis. Results are expressed as means 	 the standard deviations
(SD) from triplicate determinations from three to four separate experiments for
each set of conditions tested. Significant differences between groups were ana-
lyzed by using an unpaired Student t test. A P value of 
0.05 was considered
significant.

Accession numbers. The GenBank accession numbers were as follows: human
Nox-1 (AJ438989), Nox-4 (AF254621), and Nox-5 (AF317889).

RESULTS

7-Kchol stimulates the expression of Nox-4 in SMCs. We
first investigated the effects of 7-Kchol on the regulation of
Nox mRNA expression in SMCs. The results from real-time
PCR revealed that SMCs expressed the NAD(P)H homo-
logues, Nox-1, Nox-4, and Nox-5 (Fig. 1A), whereas Nox-2 and
Nox-3 mRNAs were not detected under our experimental con-
ditions. 7-Kchol did not alter the basal levels of Nox-1 and
Nox-5 mRNAs in SMCs but significantly increased the level of
Nox-4 mRNA in a dose- and time-dependent manner (by �3-
fold, P 
 0.01) (Fig. 1A and B). In contrast, the level of Nox-4
mRNA expression in SMCs was not affected by 7-�-hydroxy-
cholesterol (Fig. 1B). The esterification of oxysterols has been
shown to reduce their cytotoxic and oxidative capacities,
thereby delaying the progression of atherosclerosis (9, 37). We
therefore investigated whether the chemically synthesized es-
ter of 7-Kchol, the 7-ketocholesteryl-3-oleate, affected the ex-
pression of Nox-4. 7-Ketocholesteryl-3-oleate was mainly in-
corporated into the plasma membrane (data not shown). We
found that it failed to exert any regulatory action on Nox-4
mRNA level regardless of the time and the concentration used
(Fig. 1B).

An antibody raised against a customized peptide of human
Nox-4 protein was generated to find out whether the 7-Kchol-
dependent overexpression of Nox-4 mRNA in SMCs could
also be detected at the protein level. Western blot analyses,
with the anti-Nox-4 antibody generated, revealed a single pro-
tein band with an apparent molecular mass of �70 kDa. This
was not detected when the membrane had been preincubated
with an excess of the synthetic peptide used for immunization
(data not shown). SMCs were then incubated with or without
40 �g of 100 �M 7-Kchol, 7-�-hydroxycholesterol, or 7-keto-
cholesteryl-3-oleate/ml for 8 and 16 h. A significant increase in
the relative amount of Nox-4 protein occurred only with
7-Kchol (Fig. 1C).

These findings demonstrate that 7-Kchol specifically induces
the overexpression of Nox-4 at both the mRNA and protein
levels in SMCs.

7-Kchol stimulates ROS production in SMCs. The predom-
inant role of oxidative stress in atherosclerosis and the close
relationship between clinical risk factors and NAD(P)H oxi-
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FIG. 1. 7-Kchol stimulates Nox-4 mRNA expression in SMCs. (A) Subconfluent SMCs were incubated with 0 or 40 �g of 7-Kchol/ml for 16 h.
Nox mRNA expression levels were quantified by real-time RT-PCR. The bars, expressed as the relative expression of Nox versus �-actin mRNA
levels, are means 	 the SD from three independent experiments. ❋ , P 
 0.01. (B) Subconfluent SMCs were treated with oxysterols (40 �g/ml)
for various times and concentrations (inset), and the relative expression of Nox-4 mRNA was determined by real-time RT-PCR. (C) Western blot
analysis, with an anti-Nox-4 antibody and an anti-�-actin antibody, were performed on untreated (time zero) and oxysterol-treated SMCs for 8 and
16 h. The bars correspond to the densitometric value of Nox-4 over �-actin, and results are representative of three separate experiments.
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dase-dependent production of ROS in human arteries (17)
prompted us to try to find out whether the overexpression of
Nox-4 induced by 7-Kchol contributes to the increased ROS
production by SMCs. SMCs were incubated with or without 40
�g of 7-Kchol, 7-ketocholesteryl-3-oleate, or 7-�-hydroxycho-
lesterol/ml for 16 h, and ROS production was then assayed by
using a luminol-enhanced chemiluminescence assay. 7-Kchol
caused a significant increase in chemiluminescence intensity
that was inhibited by adding a combination of cell-permeable
PEG-SOD and PEG-catalase (Fig. 2). These findings sug-
gested that light emission resulted from the production of
superoxide (O2

��) and hydrogen peroxide (H2O2). The con-
trol, unmodified SOD, and catalase enzymes failed to inhibit
chemiluminescence (data not shown). In addition, the 7-Kchol-
dependent production of ROS was reduced by the flavoprotein
inhibitor DPI, suggesting that ROS production depends on the
activity of NAD(P)H oxidase. Furthermore, 7-�-hydroxycho-
lesterol or 7-ketocholesteryl-3-oleate did not affect the basal
production of ROS in SMCs (Fig. 2). Substantial cellular ROS
production was also detected in SMCs by using the cell-per-
meable DCFH-DA reagent. Cells were incubated with 7-Kchol
for 16 h before the addition of DCFH-DA, and the intracel-
lular ROS production was assessed by the oxidation of DCFH
into the highly fluorescent DCF, which was monitored by con-
focal microscopy for 30 min in living cells. Untreated SMCs
weakly oxidized DCFH (Fig. 3Aa and b). Exposure to 7-Kchol
for 16 h increased fluorescent-DCF production in the cyto-
plasm of SMCs (Fig. 3Ac and d). As a control, DPI significantly
decreased the 7-Kchol-induced fluorescence intensity (Fig.
3Ae and f). Furthermore, 7-�-hydroxycholesterol and 7-keto-
cholesteryl-3-oleate had no effect on the fluorescence intensity

(data not shown), indicating that 7-Kchol specifically induced
the production of intracellular ROS in SMCs.

The intracellular localization of Nox-4 protein in SMCs was
then analyzed by indirect immunofluorescence with the Nox-4
antibody (Fig. 3B). Confocal microscopy analyses revealed that
the immunostaining was concentrated in both the paranuclear
and nuclear regions of SMCs. The specificity of the Nox-4
antiserum used was confirmed by the fact that no staining was
detected when the primary antibody was preincubated with the
synthetic peptide used for the immunizations (Fig. 3B, upper
panels) when the primary antibody was omitted or replaced by
preimmune rabbit IgG (data not shown). Double immunoflu-
orescence studies also revealed that Nox-4 colocalized with the
ER marker calnexin, indicating that Nox-4 was located in the
ER (Fig. 3B, lower panels).

Nox-4 is responsible for the 7-Kchol-dependent production
of ROS. Experiments with specific siRNA duplexes to silence
Nox-4 expression in SMCs were performed to find out whether
the 7-Kchol-dependent production of ROS is due, at least in
part, to Nox-4 overexpression. A first set of experiments was
undertaken to determine whether Nox-4 siRNAs specifically
reduced Nox-4 mRNA expression without modifying the ex-
pression of other Nox mRNA species. SMCs were transfected
with specific Nox-4 or scrambled siRNAs, and the expression
of various Nox mRNAs was quantified by real-time PCR anal-
ysis before and after incubation of the cells with 7-Kchol for
16 h (Fig. 4A). Scrambled siRNA did not significantly alter the
basal level of expression of Nox mRNA compared to nontrans-
fected cells (see Fig. 1A and 4A). SMCs transfected with the
specific Nox-4 siRNA reduced the basal level of Nox-4 mRNA
by 80% compared to that of scrambled siRNA-transfected

FIG. 2. 7-Kchol stimulates the intracellular production of ROS in SMCs. Cells were incubated with or without oxysterols (40 �g/ml) for 16 h,
and ROS production was measured by chemiluminescence assay. Preincubation times were 5 min for the combination of PEG-SOD (10 �g/ml)
plus PEG-catalase (10 U/ml) and 30 min for DPI (20 �M), respectively. The values, expressed as the relative chemiluminescence intensity, are
means 	 the SD of triplicate measurements from three separate experiments. ❋ , P 
 0.01.
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SMCs (Fig. 4A). The inhibitory effect on Nox-4 mRNA expres-
sion appeared to be specific, since the mRNA levels of Nox-1
and Nox-5 were not affected by transfection with Nox-4 siRNA.
Nox-4 silencing decreased the 7-Kchol-dependent induction of
Nox-4 mRNA expression by 83% compared to scrambled
siRNA-transfected SMCs (Fig. 4A). Overall, these findings
demonstrate the specificity of 7-Kchol toward Nox-4 mRNA
expression in SMCs.

To further validate the silencing effect, the amount of Nox-4
protein in scrambled siRNA- or Nox-4 siRNA-transfected
SMCs incubated with or without 7-Kchol for 16 h was analyzed
by Western blotting with the Nox-4 antibody. Consistent with
the loss of Nox-4 mRNA, the amount of Nox-4 protein de-
tected was dramatically lower in Nox-4 siRNA-transfected
SMCs than in scrambled siRNA-transfected SMCs (Fig. 4B).
Densitometric analyses of the amount of Nox-4, corrected for
the amount of �-actin used as an internal standard, showed
that 7-Kchol significantly enhanced the amount of Nox-4 pro-

tein in scrambled siRNA-transfected SMCs but not in Nox-4
siRNA-transfected SMCs (Fig. 4B).

To find out whether Nox-4 silencing can also influence the
7-Kchol-generated production of ROS in SMCs, chemilumi-
nescence analysis was used to assay ROS production in both
Nox-4 siRNA- and scrambled siRNA-transfected SMCs. The
stimulation of ROS by 7-Kchol, which was in the same range in
scrambled siRNA-transfected and in nontransfected SMCs
(Fig. 4C and 2), was inhibited by adding PEG-SOD plus PEG-
catalase, but 7-Kchol failed to generate the production of ROS
in Nox-4 siRNA-transfected SMCs (Fig. 4C). These findings
demonstrate that Nox-4 plays a crucial role in the increase in
7-Kchol-induced production of ROS by SMCs.

Nox-4 silencing prevents the 7-Kchol-induced death of
SMCs. Since 7-Kchol stimulates Nox-4 expression and ROS-
associated production, we investigated the role of Nox-4 in
7-Kchol-induced cell death in SMCs. The effect on cell death
of incubating SMCs for 24 h with 7-Kchol was analyzed in

FIG. 3. ROS produced by 7-Kchol and Nox-4 exhibit paranuclear and nuclear localization in SMCs. (A) Cells were incubated in the presence
or absence of 40 �g of 7-Kchol/ml for 16 h and then with the peroxide-sensitive fluorophore DCFH-DA for 20 min. DPI (20 �M) was added 10
min before and during DCFH-DA loading. Images were obtained by confocal laser-scanning microscopy. Fluorescence labeling (a, c, and e) and
phase-contrast images (b, d, and f) are shown. Bars, 20 �m. (B) In the upper panels, SMCs were processed for indirect immunofluorescence with
the anti-Nox-4 polyclonal antibody with or without preincubation with 10 �g of synthetic peptide/ml. Bars, 15 �m. In the lower panels, SMCs were
processed for double indirect immunofluorescence with a mouse anticalnexin MAb (green) and the anti-Nox-4 polyclonal antibody (red). Note the
colocalization of the proteins (Merge) in the paranuclear region of SMCs. Bar, 15 �m.
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FIG. 4. Silencing of Nox-4 expression by RNA interference in SMCs. (A) Cells were transfected with scrambled siRNA or Nox-4 siRNA
duplexes. After incubation for 24 h in complete medium, SMCs were treated with 0 or 40 �g of 7-Kchol/ml for 16 h. Nox mRNA expression levels
were then determined by real-time RT-PCR. Bars, indicating the relative expression of Nox versus �-actin mRNA levels, are means 	 the SD from
three independent experiments. ❋ , P 
 0.01. (B) SMCs transfected with scrambled or Nox-4 siRNAs were treated with 0 or 40 �g of 7-Kchol/ml
for 16 h. The expression of Nox-4 was detected by Western blot analysis with the anti-Nox-4 antibody. The bars represent the mean densitometric
value of Nox-4 over �-actin from three separate experiments for each of the experimental conditions tested. (C) ROS production (chemilumi-
nescence assay) was measured on SMCs transfected with scrambled or Nox-4 siRNAs incubated with 0 or 40 �g of 7-Kchol/ml for 16 h. A
combination of PEG-SOD (10 �g/ml) and PEG-catalase (10 U/ml) was added 5 min before the chemiluminescence assay. The chemiluminescence
intensity values reported are means 	 the SD from three separate experiments performed in triplicate. ❋ , P 
 0.01.
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Nox-4 siRNA- and scrambled siRNA-transfected SMCs by us-
ing the annexin V-binding assay. The affinity of annexin V for
the phosphatidylserine residues makes it possible to determine
the percentage of apoptotic cells by flow cytometry (Fig. 5A
and B). Apoptotic (annexin V�/PI�), necrotic (annexin V�/
PI�), and damaged (annexin V�/PI�) cells were distinguished
on the basis of a double labeling for annexin V-FITC and PI,
a membrane-impermeable DNA stain. Untreated cells trans-
fected with either scrambled or Nox-4 siRNAs showed a sim-
ilar low pattern of fluorescent staining (Fig. 5B). 7-Kchol led to
a dramatic increase in the percentage of apoptotic cells (35 to
40% of the total cell population) and, to a lesser extent, of
necrotic cells (15% of the total cell population) and damaged
cells (10 to 12% of the total cell population) in nontransfected
(data not shown) and scrambled-siRNA transfected SMCs. In
contrast, the number of apoptotic cells in 7-Kchol-treated
Nox-4 siRNA-transfected SMCs was 75% lower than in
7-Kchol-treated scrambled siRNA-transfected SMCs.

We then investigated the involvement of caspases in the
7-Kchol-induced apoptotic process. The proportion of de-
tached (floating) cells and attached cells in both cell popula-
tions was determined in the presence or absence of Z-VAD-
fmk, a wide-spectrum caspase inhibitor (Fig. 5C). As expected,
7-Kchol significantly increased the fraction of floating cells in
scrambled siRNA-transfected SMCs; this increase was almost
completely prevented by Z-VAD-fmk (Fig. 5C). These findings
confirm the involvement of caspases in 7-Kchol-induced apo-
ptosis (30, 35). In contrast, 7-Kchol failed to induce cell de-
tachment in Nox-4 siRNA-transfected SMCs (Fig. 5C), sug-
gesting that the loss of Nox-4 expression usually conferred
resistance to 7-Kchol cytotoxicity.

The question therefore arises as to whether the prevention
of cell death due to the absence of Nox-4 expression was
associated with impairment of the opening of the mitochon-
drial megachannels, resulting in the loss of the mitochondrial
potential, a major event in the onset of apoptosis (15). Modi-
fication of mitochondrial potential was quantified by flow cy-
tometry using DiOC6 in both scrambled siRNA- and Nox-4
siRNA-transfected cells incubated with 7-Kchol for 24 h (Fig.
5D). The percentage of depolarized cells (characterized by low
potential values) reached 60 to 65% in 7-Kchol-treated scram-
bled siRNA-transfected SMCs, whereas only a small percent-
age of depolarized cells was detected in 7-Kchol-treated Nox-4
siRNA-transfected SMCs. These findings demonstrate that
Nox-4 is directly involved in the triggering of 7-Kchol-induced
apoptosis in SMCs.

The UPR is activated in 7-Kchol-treated SMCs. The fact
that Nox-4 was located in the ER from SMCs and that Nox-4
silencing prevented the increased ROS production and
7-Kchol-induced apoptosis led us to suggest that 7-Kchol may
play a key role in the cellular responses elicited by ER stress
and thereby participate in the UPR signaling pathway in
SMCs. Depletion of luminal ER Ca2� stores is thought to
reflect ER stress which, under certain circumstances, can pro-
mote the induction of UPR (50). Previous studies have shown
that ER Ca2� pools can be modulated by incubating vascular
SMCs with oxysterols other than 7-Kchol (2, 3). To find out
whether 7-Kchol also had this effect on intracellular Ca2�

stores, SMCs were loaded for 1 h with the fluorescent Ca2�

Fluo-3/AM indicator, and fluorescent signals were recorded at

10-s intervals over 20 min (Fig. 6). Adding 7-Kchol caused a
rapid change in the intracellular Ca2� pool, with transient
oscillations of cytosolic Ca2�. This effect was not observed
when SMCs were incubated with 7-ketocholesteryl-3-oleate
(Fig. 6). However, 7-Kchol also generated similar transient
oscillations of Ca2� in Nox-4 siRNA-transfected SMCs (Fig.
6). These findings indicated that the very rapid induction of
Ca2� oscillations induced by 7-Kchol is not affected by Nox-4
silencing in SMCs (Fig. 6).

We then investigated the effects of 7-Kchol on the expres-
sion of the transcription factor CHOP/GADD153 (56) and the
coordinately regulated chaperone GRP78/Bip (8), two hall-
marks of the UPR pathway that culminate in the induction of
ER stress. The expression of the antiapoptotic protein Bcl-2,
whose promoter activity is inhibited by elevated CHOP expres-
sion (33), and the proapoptotic factor Bax, which increases the
likelihood that vascular SMCs will undergo apoptosis (22) and
contributes to ER stress-induced apoptosis (52), were also
analyzed. CHOP expression, assessed by Western blot analysis,
was markedly induced by 7-Kchol in nontransfected SMCs
(data not shown) and scrambled siRNA-transfected SMCs but
was barely detectable in 7-Kchol-treated Nox-4 siRNA-trans-
fected SMCs (Fig. 7). The effects of 7-Kchol on the amounts of
GRP78/Bip chaperone, antiapoptotic Blc-2 and proapoptotic
Bax proteins were then analyzed by Western blotting. The
amount of GRP78/Bip and Bax proteins increased, whereas
the level of Bcl-2 dramatically decreased in scrambled siRNA-
transfected SMCs incubated with 7-Kchol (Fig. 7). In contrast,
7-Kchol did not affect the amounts of these proteins in Nox-4
siRNA-transfected SMCs. These results demonstrate that
Nox-4 plays a key role in the onset of programmed SMC death
in response to 7-Kchol injury. The prevention of CHOP and
GPR78/Bip overexpression by Nox-4 siRNA also suggested
that Nox-4 may be part of an ER signaling pathway that is
activated by 7-Kchol in SMCs.

Activation of the ER stress-dependent IRE-1/JNK/AP-1
pathway is required for 7-Kchol-induced Nox-4 expression.
Among the adaptive signaling pathways triggered by ER stress,
the c-Jun NH2-terminal kinases (JNK) constitute a family of
stress-activated protein kinases that regulate gene expression
by modulating the transcriptional factor AP-1 and participate
in deciding between apoptosis or survival responses. Upstream
from JNK, ER stress activates the ER-transmembrane kinase
IRE-1, one of the UPR sensors that controls both the survival
and the apoptotic pathways (51). Its endoribonuclease activity
on the transcription factor XBP-1 mRNA induces UPR genes,
such as GRP78/Bip, GRP94, and calreticulin. Prolonged UPR
activation leads to cell death in which IRE-1 exerts a proapop-
totic function. Activated IRE-1 recruits cytosolic TNF recep-
tor-associated factor 2 to activate apoptosis-signal-regulating
kinase (ASK1), which in turn contributes to the sustained
activation of JNK and leads cells to apoptosis (49).

We thought that 7-Kchol-induced ER stress might enhance
the activation of the IRE-1/JNK/AP-1 signaling pathway,
which could contribute to Nox-4 expression during ER stress.
To validate this hypothesis, we first used Western blot analysis
with phospho-specific anti-JNK and anti-c-jun antibodies to
assay JNK activation in SMCs that had or had not been treated
with 7-Kchol. Although the levels of total JNK and c-jun were
not affected by 7-Kchol, the oxysterol did induce a progressive
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FIG. 5. Silencing of Nox-4 expression prevents 7-Kchol-induced apoptosis in SMCs. (A) Flow cytometry analyses were performed on scrambled
siRNA- or Nox-4 siRNA-transfected SMCs incubated with 0 or 40 �g of 7-Kchol/ml for 24 h. The plots of annexin V versus PI fluorescence shown
correspond to three independent experiments. R1, apoptotic cells (annexin V�/PI�); R2, necrotic cells (annexin V�/PI�); R3, damaged cells
(annexin V�/PI�); R4, viable cells (annexin V�/PI�). (B) The bars represent the percentage of annexin V�/PI�, annexin V�/PI�, and annexin
V�/PI� cells after exposure to 40 �g of 7-Kchol/ml for 24 h. The values reported are means 	 the SD of three separate experiments. ❋ , P 
 0.001;
❋❋ , P 
 0.01; ❋❋❋ , P 
 0.05 (versus �7 Kchol values for each experimental condition tested). (C) 7-Kchol-induced apoptosis is sensitive to the
pan caspase inhibitor Z-VAD-fmk. The ratio of floating to attached cells was determined on scrambled siRNA- or Nox-4 siRNA-transfected SMCs
that had or had not been exposed to 7-Kchol for 24 h and 200 �M pancaspase inhibitor Z-VAD-fmk. The values reported are means 	 the SD
of triplicate counts from four independent experiments. ❋ , P 
 0.01. (D) Percentage of depolarized cells characterized by loss of mitochondrial
transmembrane potential. SMCs transfected with scrambled or Nox-4 siRNAs were incubated with 0 or 40 �g of 7-Kchol/ml for 24 h. The
percentage of cells with low mitochondrial potential was quantified by flow cytometry with DiOC6. The values reported are means 	 the SD of
four independent experiments. ❋ , P 
 0.01.
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increase in the level of JNK and c-jun phospho-proteins (Fig.
8A). Increased phosphorylation of c-jun is known to trigger
partial activation of transcription factor AP-1. To find out
whether 7-Kchol could modulate AP-1 activity, human mono-
cytic THP-1 cells were transiently transfected with an AP-1
driven luciferase reporter gene and then exposed to various
concentrations of 7-Kchol. It is still difficult to carry out tran-
sient-transfection studies in SMCs, and so the experiments
were conducted on THP-1 cells, which readily overexpress such
plasmids. 7-Kchol induced a dose-dependent increase in AP-1
transcriptional activity (Fig. 8B). NF-�B activation is known to
be involved in regulating the ER-overload response, which is a
pathway in the ER stress-induced signal transduction (38), and
in downregulating the proapoptotic JNK pathway in other sys-
tems (21). For these reasons, we also tested the effect of
7-Kchol on NF-�B activity. THP-1 cells transiently transfected
with a NF-�B promoter linked to a luciferase reporter gene
construct were incubated with different concentrations of
7-Kchol. 7-Kchol failed to stimulate NF-�B transcriptional ac-
tivity at any of the concentrations tested (Fig. 8B). In the
controls, TNF-� (100 ng/ml), which is known to activate both
AP-1 (7) and NF-�B (4), induced intense luciferase activity in

THP-1 cells transfected with the two reporter constructs (Fig.
8B). These results indicate that 7-Kchol promotes the activa-
tion of AP-1 but not of NF-�B.

We next wanted to find out whether the JNK/AP-1 pathway
activated by 7-Kchol could induce Nox-4 expression in SMCs.
SMCs were therefore incubated with or without 7-Kchol for
16 h and in the presence or the absence of SP600125, a specific
inhibitor of JNK activity. Real-time PCR experiments revealed
that SP600125 decreased the 7-Kchol-stimulated expression of
Nox-4 mRNA by 77%. Consistent with this, we also found that
SP600125 completely prevented the increase in Nox-4 protein
determined by Western blotting in 7-Kchol-treated SMCs (Fig.
8D). Furthermore, SP600125 also prevented the 7-Kchol in-
duction of CHOP and GRP78/Bip proteins (Fig. 8D). Overall,
these findings suggest that the activation of the ER-stress-
dependent JNK/AP-1 pathway induced by 7-Kchol is involved
in the upregulation of Nox-4 expression.

To further clarify the process by which ER stress is induced
by 7-Kchol, SMCs were transfected with specific siRNA du-
plexes to silence IRE-1 acting further upstream on the JNK
signaling pathway. Western blotting with a specific anti-
IRE-1� antibody revealed two protein bands in both scram-

FIG. 6. 7-Kchol induces Ca2� oscillations in SMCs. Untransfected and Nox-4 siRNA-transfected SMCs were loaded with Fluo-3/AM (5 �M,
1 h, 37°C) and placed in a culture chamber adapter to an inverted microscope. Then, 40 �g of 7-Kchol or 7-ketocholesteryl-3-oleate/ml were added
3 min after the start of the experiment. The images were generated by confocal microscopy every 10 s over a period of 20 min. The data are
reported as the fluorescence intensity, reflecting changes in [Ca2�]i. The upper panel provides an illustration of real-time imaging generated by
confocal microscopy.
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bled siRNA- and IRE-1-transfected cells (Fig. 9). As also
shown in Fig. 9, scrambled siRNA-transfected cells incubated
with 7-Kchol exhibited more of the shifted band with a higher
molecular weight corresponding to the autophosphorylated,
activated form of IRE-1 (51). In contrast, the relative IRE-1
protein content was markedly lower in untreated and 7-Kchol-
treated IRE-1 siRNA-transfected SMCs than in scrambled
siRNA-transfected SMCs (Fig. 9). 7-Kchol treatment, which
increases the amount of Nox-4 protein, also enhanced the
amount of JNK-P in scrambled siRNA-transfected SMCs but
had no effect in IRE-1 siRNA-transfected SMCs (Fig. 9). In
addition, silencing of IRE-1 prevented the 7-Kchol-induced
cell death observed in Nox-4 siRNA-transfected SMCs (data
not shown). These data indicate that the 7-Kchol-induced ex-
pression of Nox-4 that triggers SMC death occurs via the ER
stress IRE-1/JNK/AP-1 signaling pathway.

DISCUSSION

Apoptosis is considered as an essential pathophysiological
phenomenon in atherosclerosis (27), and it is agreed that the
presence of apoptotic SMCs plays a key role in plaque rupture.
The apoptosis of vascular SMCs has a dramatic impact on the
development of atherosclerosis, and so it is useful to identify
the substances that induce apoptotic processes in these cells
and to elucidate their intracellular signaling pathways in the

hope of being able to apply this knowledge in clinical practice.
One of these substances, 7-Kchol, must play an important role,
since high levels of this oxysterol are often detected in athero-
sclerotic plaques (9) and can induce apoptosis in vascular
SMCs (30).

We report here for the first time that Nox-4 protein plays a
key role in the overproduction of ROS and in the control of
apoptosis induced by 7-Kchol in cultured human SMCs. It is
noteworthy that, among the three different Nox proteins iden-
tified in SMCs, the Nox-4 protein is the only one to be upregu-
lated by 7-Kchol and that the Nox-4 silencing experiments
show that it appears to be responsible for 7-Kchol-induced
production of ROS. The effect of 7-Kchol appears to be rather
specific, since 7-�-hydroxycholesterol and 7-ketocholesteryl-3-
oleate, which have no cytotoxic effect within SMCs, failed to
exert any regulatory effect on either Nox-4 expression or ROS
production. These findings are consistent with the fact that
esterification of oxysterols delays the progression of athero-
sclerosis by reducing the oxidative potential and cytotoxicity of
these substances (9, 37). In the present study, we used a
7-Kchol concentration of 40 �g/ml, which is �25-fold higher
than levels found in human plasma after a fat-rich meal. How-
ever, this concentration is compatible with the high levels of
oxidized lipids accumulated in advanced human atheroscle-
rotic plaque and is close to the levels found in the plasma of

FIG. 7. Silencing of Nox-4 expression prevents the UPR induced by 7-Kchol. (A) Lysates of SMCs transfected with scrambled or Nox-4 siRNAs
incubated with or without 40 �g of 7-Kchol/ml for 24 h were immunoblotted for CHOP/GADD 153, GRP78/Bip, and proapoptotic Bax and for
antiapoptotic Bcl-2 and �-actin. (B) The relative protein content of samples was determined with an anti-�-actin antibody. The bars represent the
densitometric value for each experimental condition and are representative of three separate experiments.
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hypercholesterolemic patients (19) and cholesterol-fed rabbits
(41).

The constitutively active Nox proteins, which produce low
levels of ROS under basal conditions, can be upregulated in
the vascular wall by proinflammatory factors, such as growth
factors and cytokines (16, 47). Numerous agonists of ROS
production involved in atheromatous plaque progression, such
as angiotensin II, PDGF, proinflammatory cytokines, and ox-
idized LDL (for a review, see reference 25), differentially mod-
ulate Nox expression. Chronic infusion of angiotensin II in-
duces the expression of both Nox-1 and Nox-4 proteins in the
rat aorta (36, 53), whereas Nox-1 and Nox-4 mRNAs are dif-
ferently regulated in rat SMCs by angiotensin II, PDGF, and
phorbol myristate acetate (26). Nox-4 mRNA has also been
shown to be upregulated during the atheroma stage of the
plaque containing an abundance of SMCs, whereas the expres-

sion of Nox-1 remains low in intact human coronary arteries
and isolated vascular cells (45). The differences in the levels of
Nox proteins detected in SMCs within atherosclerotic lesions
may reflect distinct modes of regulation and/or differences in
the subcellular localization. The intracellular location of the
Nox-4 protein was previously based on predictions made using
the PSORT program, which seemed to localize Nox-4 predom-
inantly in the ER (20, 26). Recently, Hilenski et al. (18) re-
ported that Nox-4 in fact localizes in the nucleus and colocal-
izes with vinculin in focal adhesion sites in rat vascular SMCs.
Here we show that Nox-4 is found in both the ER membranes
and the nuclei of SMCs. Control experiments with the syn-
thetic peptide used to immunize rabbits and Western blotting
have both confirmed the specificity of the anti-human Nox-4
antibody used in the present study. This means that we cannot
exclude the possibility that the difference in the pattern of Nox

FIG. 8. ER stress-dependent JNK activation is required for 7-Kchol-induced Nox-4 overexpression. (A) Western blot analyses with antibodies
directed against anti-JNK phospho-specific Thr183 and Tyr185, anti- JNK, anti-c-jun phospho-specific Ser73, and anti-c-jun, were performed on
untreated (time zero) and 7-Kchol-treated (times 1 and 4 h) SMCs. (B) Human monocytic THP-1 cells were transiently transfected with plasmids
expressing the indicated luciferase cis-reporters (NF-�B or AP-1). Luciferase activities were measured after exposure for 4 h to the indicated
concentrations of 7-Kchol. TNF-� (100 ng/ml) was used as a positive control. The bars are means 	 the SD of relative luminescence intensity values
from three separate experiments performed in triplicate. (C) SMCs were treated with 40 �g of 7-Kchol/ml for 16 h with or without 40 nM JNK
inhibitor SP600125. When used, SP600125 was added 1 h before and maintained throughout the incubation period. After incubation, Nox-4 mRNA
expression levels were determined by real-time RT-PCR. The bars are means 	 the SD of the relative expression of Nox-4 versus �-actin mRNA
levels from three separate experiments. (D) SMCs were exposed to 0 or 40 �g of 7-Kchol/ml for 24 h with 0 (control) or 40 nM JNK inhibitor
SP600125. Lysates were then immunoblotted for Nox-4, CHOP/GADD 153, and GRP78/Bip, and �-actin was used as internal standard.
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immunolabeling is due to species specificity (rat versus human
origin). Consistent with the subcellular localization of Nox-4 in
SMCs, the results from real-time imaging analyzed by confocal
microscopy revealed that 7-Kchol induces focal intracellular
ROS production in paranuclear and nuclear regions that de-
pends closely on Nox-4 expression, as demonstrated by Nox-4
silencing and experiments with the NAD(P)H inhibitor DPI.

The data from the present study provide strong evidence
that Nox-4 is involved in the onset of 7-Kchol-induced apopto-
sis. Recent studies have suggested that the cell damage in-
duced by 7-Kchol, which can be prevented by antioxidant
agents such as glutathione, N-acetylcysteine and vitamin E may
be due to ROS production (28, 29). Here we show that
7-Kchol-treated SMCs undergo apoptosis characterized by
phosphatidylserine externalization, loss of mitochondrial trans-
membrane potential, modification of both antiapoptotic Bcl-2
and proapoptotic Bax expression, and caspase activation.
These findings concur with previous studies that have identi-
fied downstream apoptotic effects of oxysterols in other cell
types (9, 28, 39, 43). The loss of Nox-4 expression in SMCs
transfected with the Nox-4 siRNA markedly reduces 7-Kchol-
induced apoptotic events, suggesting that this oxidase plays a
key role in regulating SMC death. Furthermore, 7-Kchol-de-
pendent Nox-4 expression is tied to the induction of both ER
chaperone GRP78/Bip and cell death effector CHOP/
GADD153, two markers of the ER stress-dependent UPR
signaling pathway. This effect is abolished when Nox-4 expres-
sion is repressed by transfection with a specific Nox-4 siRNA.
This indicates that the upregulation of Nox-4 by 7-Kchol may
induce a dramatic disruption of redox homeostasis of ER,
leading to apoptosis. Overexpression of these UPR hallmarks
and early ER Ca2� efflux have been induced in rat models of
brain ischemia and/or reperfusion (40) and in ischemic kidney

epithelial cells (10). Ares et al. (2, 3) reported that ER Ca2�

pools contribute to the oscillations seen in SMCs treated with
both 7-�- and 25-hydroxycholesterol and that this results in the
depletion of ER Ca2� stores within a few hours. Our findings
demonstrate that 7-Kchol rapidly modified the intracellular
concentration of Ca2� and induced Ca2� oscillations in SMCs.
This effect is independent of Nox-4 expression, since the Ca2�

oscillations induced by 7-Kchol are not affected in siRNA
Nox-4-transfected SMCs. Several studies have indicated that
there is a link between changes in cytosolic Ca2� level and
apoptotic events, but the precise role of Ca2� on the various
signaling pathways remains to be determined. Recent data
have shown that accumulation of free cholesterol within mac-
rophage ER membranes disturbs ER functions by depleting
ER Ca2� stores and by inducing the UPR (13). Feng et al. (13)
have reported that the accumulation of free cholesterol re-
sulted in a full range of apoptotic events and the subsequent
activation of chaperones and CHOP factors leading to caspase-
dependent cell death. Since a very similar scenario occurs in
SMCs exposed to 7-Kchol, we suggest that this oxysterol may
disturb membrane cholesterol homeostasis, which plays a de-
cisive role in ER stability, an effect that has already been
reported for 25-hydroxycholesterol in human fibroblasts (24).
An excess of 7-Kchol, in addition to its suppressive effect on
the rate of cholesterol biosynthesis, esterification, and choles-
terol efflux (48, 54), may also induce a rapid expansion of the
ER cholesterol pool, which could have an impact on several
different ER functions. Thus, 7-Kchol may act directly or in-
directly on a stressor of ER, thus resulting in the induction of
the UPR and subsequent cell apoptosis. Our findings show that
7-Kchol activates one of the transducers of the UPR, IRE-1,
and the downstream signaling pathways, which partially regu-
late both the adaptive survival and apoptotic pathways. Multi-
ple overlapping pathways, both proapoptotic and antiapop-
totic, which are induced by ER stress and mediated by IRE-1,
may be implicated in the cytotoxicity of 7-Kchol. Here we
provide the first evidence that 7-Kchol promotes Nox-4 expres-
sion by stimulating the IRE-1/JNK/AP-1 signaling pathway.
Silencing of IRE-1 by an siRNA strategy or inhibition of JNK
activity suppressed Nox-4 expression and protected SMCs
from 7-Kchol-induced cell death. This demonstrates that
Nox-4 expression, which is essential for the ER-stress-induced
cell death triggered by 7-Kchol, is controlled by the IRE-1
signaling pathway. Although we still do not know how Nox-4
acts on downstream targets to induce cell death, the Nox-4
silencing experiments clearly show that, of several UPR-induc-
ible proapoptotic effectors identified, it is Nox-4 that modu-
lates the expression of CHOP.

In conclusion, these findings highlight the role of nonphago-
cytic NAD(P)H oxidase proteins in the activation of multiple
intracellular signaling pathways and in the onset of atheroscle-
rosis (16). In addition, the present study also opens new ave-
nues of research into the Nox proteins, especially into Nox-4,
which could offer a potential therapeutic target for new drugs
developed for use in cardiovascular diseases.
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for the NF-�B-luciferase and the AP-1-luciferase plasmids, respec-
tively.
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