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Oxidized lipoproteins stimulate autophagy in advanced atherosclerotic plaques. However, the mecha-
nisms underlying autophagy induction and the role of autophagy in atherogenesis remain to be deter-
mined. This study was designed to investigate the mechanisms by which 7-ketocholesterol (7-KC), a major
component of oxidized lipoproteins, induces autophagy. This study was also designed to determine the
effect of autophagy induction on apoptosis, a central event in the development of atherosclerosis.
Exposure of human aortic smooth muscle cells to 7-KC increased autophagic flux. Autophagy induction
was suppressed by treating the cells with either a reactive oxygen species scavenger or an antioxidant.
Administration of 7-KC concomitantly up-regulated Nox4 expression, increased intracellular hydrogen
peroxide levels, and inhibited autophagy-related gene 4B activity. Catalase overexpression to remove
hydrogen peroxide or Nox4 knockdown with siRNA reduced intracellular hydrogen peroxide levels,
restored autophagy-related gene 4B activity, and consequently attenuated 7-KCeinduced autophagy.
Moreover, inhibition of autophagy aggravated both endoplasmic reticulum (ER) stress and cell death in
response to 7-KC. In contrast, up-regulation of autophagic activity by rapamycin had opposite effects.
Finally, activation of autophagy by chronic rapamycin treatment attenuated ER stress, apoptosis, and
atherosclerosis in apolipoprotein E knockout (ApoE�/�) mouse aortas. In conclusion, we demonstrate
that up-regulation of autophagy is a cellular protective response that attenuates 7-KCeinduced cell death
in human aortic smooth muscle cells. (Am J Pathol 2013, 183: 626e637; http://dx.doi.org/10.1016/
j.ajpath.2013.04.028)
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Autophagy is a highly conserved cellular process for degra-
dation of cytoplasmic components, such as long-lived pro-
teins and damaged organelles in lysosomes.1 The process is
essential for the maintenance of cellular homeostasis and
survival because the degradation of cytosolic components
can provide amino acids and substrates for intermediary
metabolism.2 Although dysregulation of autophagy has
been implicated in many human diseases, including neuro-
degeneration, cancer, and cardiomyopathy,3e5 little infor-
mation exists about the role of autophagy in the development
of atherosclerosis. Recently, oxidized lipoproteins have been
demonstrated to stimulate autophagy in advanced athero-
sclerotic plaques,6 leading us to hypothesize that oxidized
lipoproteins may induce autophagy in vascular cells through
increasing intracellular reactive oxygen species (ROS). In
support of this model, a strong correlation between oxidative
stigative Pathology.

.

stress and the development of atherosclerosis has been
established7 and starvation-induced ROS have been demon-
strated to trigger autophagy by oxidizing a critical cysteine
residue in autophagy-related gene 4 (Atg4) protein.8

Atherosclerosis is characterized by the accumulation of
oxidized lipoproteins in large arteries. Oxidation of lipo-
proteins leads to the formation of dozens of new lipids, such
as oxysterols, aldehydes, and oxidized fatty acids.7 These
oxidized lipoproteins could promote the progression of
atherosclerosis by stimulating an inflammatory response,
increasing foam cell formation, and inducing vascular cell
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7-KC Induces Autophagy by Inhibiting Atg4B
apoptosis.9 Oxysterols, such as 7b-hydoxycholesterol and 7-
ketocholesterol (7-KC), are major components of oxidized
lipoproteins in human atherosclerotic plaques.10 The oxy-
sterol 7-KChas been shown to accelerate ROSproduction and
induce complex modes of cell death,11 including necrosis,12

apoptosis (type I cell death),13 and autophagic type II cell
death. Martinet et al11 demonstrated that 7-KC activates the
ubiquitin proteasome system and induces the formation of
a myelin figure and the processing of microtubule-associated
protein light chain 3 (LC3). However, the molecular mecha-
nisms by which 7-KC induces autophagy and the role of
autophagy induction in the development of atherosclerosis
remain undefined. Therefore, we investigated the mechanism
by which 7-KC induces autophagy and the effect of auto-
phagy on apoptosis, an important process in the development
of atherosclerosis. We found that 7-KC increased Nox4-
mediated hydrogen peroxide formation, which triggered
autophagy through the inhibition of Atg4B activity. The
induction of autophagymitigated vascular smoothmuscle cell
(VSMC) death by suppressing the endoplasmic reticulum
(ER) stresseapoptosis pathway.

Materials and Methods

Reagents

We used the following antibodies: antibodies against
Beclin1, LC3B, Atg4B, and phosphorylated eukaryotic
initiation factor-2 a (P-eIF2a) (Cell Signaling Inc., Beverly,
MA), antibodies against Atg4A and 78 kDa glucose-
regulated protein (GRP78) (Abcam, Cambridge, MA), anti-
bodies against catalase and reduced nicotinamide-adenine
dinucleotide phosphate (NADPH) oxidase (Nox) subunits
(Nox4, catalog number sc-55142; Nox5, catalog number sc-
67006) (Santa Cruz Biotechnology, Santa Cruz, CA), anti-
body against Nox1 (catalog number NBP1-69573; Novus
Biologicals, Littleton, CO), and the antibody against acti-
vating transcription factor 6 (Imgenex, San Diego, CA).
Human aortic smooth muscle cells (HASMCs) and cell
culture media were purchased from Cascade Biologics
(Portland, OR). The hydrogen peroxide cell-based assay kit
was obtained from Cayman Chemical Company (Ann
Arbor, MI). Chemicals, along with 7-KC, were obtained from
Sigma-Aldrich (St. Louis, MO).

Animals

Male apolipoprotein E knockout (ApoE�/�) mice used for
these experiments were obtained from Jackson Laboratories
(BarHarbor,ME). Six-week-oldmice thatweremaintained on
a high fat diet (1.3% cholesterol, 0.5% cholic acid, TD 02028;
Harlan Teklad, Madison, WI) were treated with or without
8 mg/kg/day, subcutaneous injection of rapamycin. After
8 weeks of treatment, aortas were isolated for immunohisto-
chemical analysis, terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL), and Oil Red O
The American Journal of Pathology - ajp.amjpathol.org
staining. All animal protocols were reviewed and approved by
theUniversity ofOklahoma InstitutionalAnimalCare andUse
Committee.

Cell Culture and Treatments

HASMCs were maintained in Medium 231 with smooth
muscle cell growth supplement. All culture media were
supplemented with 100 units/mL penicillin and 100 mg/mL
streptomycin. HASMCs at passages 3 to 8 and grown to
70% to 80% confluence were used for the experiments. All
cells were incubated in a humidified atmosphere of 5% CO2

and 95% air at 37�C. Stock solutions of 7-KC (20 mmol/L)
were freshly prepared by dissolving 7-KC in dimethyl
sulfoxide. To exclude the toxic effect of dimethyl sulfoxide,
control cells were treated with an equal amount of solvent.

Adenovirus Infection

HASMCs were infected with adenovirus encoding catalase
at a multiplicity of infection of 100 in medium with 5% fetal
calf serum for 48 hours, and an adenovirus encoding green
fluorescent protein (GFP) was used as a control. Under these
conditions, infection efficiency was >80% as determined by
GFP expression.14,15

RNA Extraction and Real-Time PCR

Total mRNAwas extracted from the cultured cells with Trizol
reagent (Invitrogen, Grand Island, NY). For reverse tran-
scription, 1 mg of the total mRNAwas converted to first strand
complementary DNA in a 20 mL reaction volume using
a cDNA synthesis Kit (Promega, Madison, WI). Expression
levels of human Nox1, Nox4, Nox5, and housekeeping b-
actin mRNAswere determined by using the specific primer as
follows: Nox1, forward 50-GTACAAATTCCAGTGTGCA-
GACCAC-30, reverse 50-CAGACTGGAATATCGGTGA-
CAGCA-30; Nox4, forward 50-CTCAGCGGAATCAATC-
AGCTGTG-30, reverse 50-AGAGGAACACGACAATCA-
GCCTTAG-30; Nox5, forward 50-ATCAAGCGGCCCCC-
TTTTTTTCAC30, reverse 50-CTCATTGTCACACTCCTC-
GACAGC-30; and b-actin, forward 50-GCAGCCCAGC-
CAGCACTGTCAGG-30, reverse 50-AGCCCAGAGCCATT-
GTCACACACCAA-30. Quantitative real-time-PCR reactions
were performed as described.16 Quantifications were per-
formed by a comparative method (2-DDCt) using b-actin tran-
scripts as an internal control.17

Visualization of Autophagic Vacuoles

HASMCs were plated at 5 � 104 cells per well and were
allowed to adhere to the plate overnight. Cells were then
transduced with LC3B-GFP using Premo autophagy sensors
(LC3B-FP) from Invitrogen. After 24 hours of transfection,
the cells were incubated with 5 mmol/L of chloroquine
(CQ) for 16 hours in the presence or absence of 7-KC.
Fluorescence images were obtained by using an inverted
627
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Figure 1 7-KCeinduced autophagy is reactive oxygen species (ROS)-dependent. A: HASMCs were treated with 20 mmol/L 7-KC for the indicated times, and
cell lysates were subjected to Western blot analysis for LC3-II protein levels (n Z 6). B: HASMCs were treated with indicated concentrations of 7-KC for 16
hours. LC3-II protein levels in cell lysates were detected by Western blot analysis (n Z 6). C: HASMCs were incubated with 20 mmol/L 7-KC for 16 hours in the
presence or absence of 5 mmol/L chloroquine (CQ). Autophagic flux was defined by the difference in LC3-II protein levels between the cells treated with and
without CQ (n Z 5). D: HASMCs were transduced with LC3B-GFP for 24 hours, and then incubated with 5 mmol/L CQ for 16 hours in the presence or absence of
7-KC. Fluorescence images were obtained by using an inverted fluorescent microscope. Similar results were obtained in three independent experiments. E:
Mean number of autophagosomal vacuole (AV) per cell (nZ 3). F: HASMCs were pretreated with 2 mmol/L N-acetyl cysteine (NAC) for 1 hour and then treated
with 20 mmol/L 7-KC for 16 hours. Expression of LC3 in cell lysates was examined by using Western blot analysis (n Z 5). G: HASMCs were pretreated with 300
mmol/L apocynin (Apoc) for 1 hour, and then treated with 7-KC for 16 hours. Cell lysates were subjected to Western blot analysis for LC3-II protein levels
(n Z 5). *P < 0.05 versus control (Con), yP < 0.05 versus 7-KC.
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fluorescent microscope (Olympus America, Melville, NY).
Autophagy was measured by quantifying the average
number of autophagosomes per cell for each sample. A
minimum of 100 cells per sample was counted.18
Gene Silencing with siRNA

Scrambled siRNA (50-CUUACGCUGAGUACUUCGATT-
30), Beclin1 siRNA (50-CTCAGGAGAGGAGCCATTT-30),
and Nox4 siRNA (50-GTCAACATCCAGCTGTACC-30)
were obtained from Applied Biosystems (Foster City, CA).
Transfection was performed according to the manufacturer’s
instructions. The efficiency of siRNA-silenced genes was
evaluated by Western blot analysis of the targeted proteins
with specific antibodies.
Western Blot Analysis

Western blot analysis was performed with specific anti-
bodies. Optical density of bands was quantified byAlphaEase
(a Innotech Corporation, San Leandro, CA) and expressed as
arbitrary units as previously described.14,19,20
628
Assay of Hydrogen Peroxide

Hydrogen peroxide was detected by using the hydrogen
peroxide Cell-based Assay kit (Cayman Chemical Company,
Ann Arbor, MI) in which hydrogen peroxide is detected with
10-acetyl-3,7-dihydrosyphsnoxazine, a highly sensitive and
stable probe for hydrogen peroxide.21 Cells were grown in
a 96-well plate at a density of 6 � 104 cells per well over-
night. After the treatments, hydrogen peroxide was measured
according to the manufacturer’s instructions.

Cell Viability Assay

Cell viability assays were performed by using the Cell
Counting kit-8 (Dojindo Molecular Technologies, Rockville,
MD) according to the manufacturer’s protocol. Absorbance
was measured with a Bio-Rad Benchmark microplate reader
(Hercules, CA) at 450 nm.

Quantitative Detection of Cell Apoptosis

Apoptosis was analyzed by using a fluorescein isothiocyanate
Annexin V Apoptosis Detection kit (BD Biosciences, San
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 7-KCeinduced autophagy is mediated by Nox4-derived hydrogen peroxide. A: HASMCs were incubated with 20 mmol/L 7-KC for 16 hours. The
mRNA levels of Nox1, Nox4, and Nox5 were measured by using real-time PCR (n Z 4). *P < 0.05 versus control (Con). B and C: Protein levels of Nox1,
Nox4, and Nox5 were determined by using Western blot analysis and quantified by using densitometry (n Z 4). *P < 0.05 versus Con. D: HASMCs were
treated with 7-KC (20 mmol/L) for indicated times. Nox4 protein levels in cell lysates were analyzed by using Western blot analysis (upper panel) and
quantified by using densitometry (lower panel) (n Z 4). P < 0.05 versus Con. E: HASMCs were incubated with 20 mmol/L 7-KC for the indicated times, and
hydrogen peroxide was detected by using a hydrogen peroxide cell-based assay kit (n Z 5). *P < 0.05 versus Con. F: HASMCs were infected with adenovirus
encoding GFP or catalase (Cata) for 48 hours and then incubated with 7-KC (20 mmol/L) for 16 hours. Protein levels of LC3-II and catalase were detected by
using Western blot analysis (upper panel) and quantified by using densitometry (lower panel) (n Z 5). *P < 0.05 versus GFP or Con, yP < 0.05 versus
GFP/7-KC.
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Jose, CA) according to the supplier’s instructions. Briefly,
HASMCs were collected by using a brief trypsin treatment
and were labeled for 15 minutes with Alexa 488-conjugated
Annexin V and propidium iodide (PI). Labeled cells were
analyzed with FACScan flow cytometry (Becton-Dickinson,
Bedford, MA) and CellQuest software (version 5.1; Becton-
Dickinson, Bedford, MA).
Measurement of Atg4B Activity Using LC3B-PLA 2
Substrate

His-tagged LC3B-PLA2 plasmid was kindly provided by Dr.
John C. Reed (Sanford-BurnhamMedical Research Institute,
La Jolla, CA). The LC3B-PLA2 fusion protein was produced
and purified as described.22 After the treatment, cells were
harvested and cell lysates were centrifuged at 16,000 � g for
15 minutes. The supernatant was used for the LC3B-PLA2
reporter assay to measure Atg4B activity. Briefly, lysates
were mixed with 100 nmol/L LC3B-PLA2 fusion protein in
20 mL PLA2 reaction buffer containing 20 mmol/L Tris-HCl,
pH 8.0, 2 mmol/L CaCl2, 1 mmol/L DTT, and 20 mmol/L
2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino) hexanoyl-1-
hexadecanoyl-sn-glycero-3-phosphocholine (NBD-C6-HPC)
(N-3786; Invitrogen). Fluorescence intensity was measured
within 30 to 60 minutes by using a Bio-Tek Instrument
(Winooski, VA) at room temperature with excitation and
emission wavelength of 485 and 530, respectively.
The American Journal of Pathology - ajp.amjpathol.org
Statistical Analysis

Quantitative data were presented as the means � SEM.
Statistical analyses were performed by using t-tests (2 groups)
or one-way analysis of variance with the Bonferroni’s
procedure for multiple comparison tests (�3 groups).
P < 0.05 was considered statistically significant.
Results

7-KC Induces Autophagy in HASMCs

To establish whether 7-KC induces autophagy in VSMCs,
HASMCs were exposed to 20 mmol/L of 7-KC for up to 24
hours, a concentration comparable to the mean serum level of
7-KC in normal cholesterolemic human subjects (16.9 mmol/
L),23 and the conversion of LC3-I to LC3-II was then
determined. LC3-II protein started to accumulate at 8 hours
after treatment and reached a peak at 24 hours (Figure 1A).
Next, autophagy induction was measured in HASMCs
treated with different concentrations (0 to 40 mmol/L) of 7-
KC. An increase in LC3-II levels was first observed at 10
mmol/L and was elevated to sixfold at 40 mmol/L (Figure 1B).
To study the effect of 7-KC on autophagic flux, HASMCs
were treated with 7-KC in the presence or absence of 5 mmol/
L lysosomal inhibitor CQ. Administration of CQ stimulated
LC3-II accumulation. Treatment of cells with both 7-KC and
629
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Figure 3 The 7-KCestimulated autophagy is mediated by inhibition of Atg4B. HASMCs were transfected with control or Beclin1 siRNA for 48 hours and then
treated with 7-KC (20 mmol/L) for 16 hours. Expression of Beclin1 and LC3-II were measured by using Western blot analysis (A, upper panel) and quantified by
using densitometry (A, lower panel) (nZ 5). *P < 0.05 versus C-siRNA. HASMCs were treated with 7-KC (20 mmol/L) for 16 hours and the expression of Atg4A
and Atg4B was measured by using Western blot analysis (B, upper panel). Atg4B activity in cell lysates was assayed as described in Materials and Methods
(B, lower panel) (n Z 6). *P < 0.05 versus control (Con). HASMCs were transfected with control or Nox4 siRNA for 48 hours, and protein levels of Nox1,
Nox4, and Nox5 were assessed by using Western blot analysis (C) and quantified by using densitometry (D) (n Z 3). *P < 0.05 versus Con. E: HASMCs were
transfected with control or Nox4 siRNA for 48 hours and were then treated with 20 mmol/L 7-KC for 16 hours. Hydrogen peroxide was measured by using
a hydrogen peroxide cell-based assay kit (n Z 4). *P < 0.05 versus C-siRNA, yP < 0.05 versus C-siRNA/7-KC. F: Atg4B activity in cell lysates was assayed as
described in Materials and Methods (nZ 5). *P< 0.05 versus C-siRNA, yP< 0.05 versus C-siRNA/7-KC. G: Expression of LC3-II and Nox4 was examined by using
Western blot analysis (n Z 4). *P < 0.05 versus C-siRNA; yP < 0.05 versus C-siRNA/7-KC.
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CQ induced a further increase in LC3-II protein levels
(Figure 1C). Then we performed immunofluorescence anal-
ysis in HASMCs expressing GFP-LC3 to confirm the effect
of 7-KC on autophagosome formation, because the number
of punctate LC3 and GFP-LC3 structures per cell is usually
an accuratemeasure of autophagosome.24 In the absence of CQ,
7-KC treatment enhanced the number and distribution of GFP-
LC3 punctate structures. Addition of CQ induced a further
increase in autophagosome formation in the cells treated with
7-KC (Figure 1, D and E). These results indicate that 7-KC acts
by inducing autophagosome formation rather than by disrupting
its maturation into the autophagolysosome.

7-KCeInduced Autophagy Is ROS Dependent

To determine whether ROS mediates 7-KCeinduced auto-
phagy, we detected 7-KCeinduced autophagy after treating
the cells with an ROS scavenger and an antioxidant.
Pretreatment of cells with N-acetyl cysteine, which can act
both as a precursor for reduced glutathione and as a direct
ROS scavenger,25 attenuated 7-KCeenhanced LC3-II accu-
mulation (Figure 1F). Similarly, administration of apocynin,
an antioxidant in the vascular system,26 depressed 7-KCe
elevated LC3-II protein levels (Figure 1G). These data indi-
cate that 7-KCeinduced autophagy is ROS-dependent.
630
Nox4-Derived Hydrogen Peroxide Mediates
7-KCeInduced Autophagy

NADPH oxidases are major sources of ROS under physio-
logical and pathological conditions.27 In the vascular system,
VSMCs express mainly Nox1, Nox4, and Nox5.28,29 To
verify whether NADPH oxidases contribute to 7-KCe
induced ROS production, we assessed the expression of
NADPH oxidases in HASMCs exposed to 7-KC. As shown
in Figure 2AeC, 7-KC treatment increased expression of
Nox4 at mRNA and protein levels, but did not affect mRNA
and protein expression of Nox1 and Nox5 (Figure 2AeC).
Several recent studies demonstrated that Nox4 generates
predominantly hydrogen peroxide rather than super-
oxide.30,31 Therefore, we determined whether induction of
Nox4 by 7-KC enhanced hydrogen peroxide generation. As
expected, the up-regulation of Nox4 protein levels
(Figure 2D) was accompanied by higher levels of intracel-
lular hydrogen peroxide (Figure 2E). The increases in Nox4
and hydrogen peroxide occurred before the induction of
autophagy, suggesting that Nox4-derived hydrogen peroxide
is involved in 7-KCeinduced autophagy. Indeed, removal of
hydrogen peroxide by overexpression of adenovirus encod-
ing catalase attenuated 7-KCeinduced autophagy, whereas
transfection of GFP adenovirus failed to diminish autophagy
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 The 7-KC induces apoptosis and cell death in HASMCs. The HASMCs were treated with 20 mmol/L 7-KC for 16 hours. A: Morphological changes of
HASMCs in response to 7-KC were evaluated under phase contrast microscopy. Similar results were obtained in three independent experiments. B: Cell viability
was determined by using the cell counting kit-8 (nZ 4). *P < 0.05 versus control (Con). C: Expression of cleaved caspase-3 (C-Casp3) and cleaved poly (ADP-
ribose) polymerase (C-PARP) in HASMCs was assessed by using Western blot analysis (n Z 5). *P < 0.05 versus Con. D and E: Cell death was analyzed by using
annexin V/propidium iodide (PI) staining and flow cytometry (n Z 4). *P < 0.05 versus Con. F: HASMCs were stimulated with 20 mmol/L 7-KC for 16 hours
after treatment with 20 mmol/L Ac-DEVD-CMK (DEVD) for 30 minutes. Cell death was analyzed by using annexin V/PI staining and flow cytometry (n Z 5).
*P < 0.05 versus C-siRNA, yP < 0.05 versus C-siRNA/7-KC. G: HASMCs were pretreated with 40 mmol/L necrostatin (NEC) for 30 minutes and followed by
treatment with 20 mmol/L 7-KC for 16 hours. Cell death was analyzed by using annexin V/PI staining and flow cytometry (n Z 5). *P < 0.05 versus Con,
yP < 0.05 versus 7-KC. H: HASMCs were stimulated with 20 mmol/L 7-KC for 16 hours after transfection of control or Nox4 siRNA for 48 hours. Cell death was
analyzed by using annexin V/PI staining and flow cytometry (n Z 5). *P < 0.05 versus C-siRNA, yP < 0.05 versus C-siRNA/7-KC.
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induced by 7-KC (Figure 2F). Thus, Nox4-derived hydrogen
peroxide was required for 7-KCeinduced autophagy.

Nox4-Derived Hydrogen Peroxide Enhances Autophagy
through Inhibition of Atg4B Activity

Currently, more than 30 autophagic-related genes have been
identified.32 Among them Beclin1, the mammalian ortholog
of yeast Atg6, is a critical factor required for the initiation
of autophagy.33 First we determined whether Beclin1 par-
ticipates in the regulation of 7-KCeinduced autophagy by
transfectingHASMCswith control or Beclin1-specific siRNA.
Beclin1 siRNA, but not control siRNA, significantly reduced
Beclin1 protein levels. The reduction ofBeclin1 expression did
not affect 7-KCeinduced LC3-II accumulation (Figure 3A),
suggesting thatBeclin1may not be involved in 7-KCeinduced
autophagy. Next we investigated whether Atg4 is involved in
7-KCeinduced autophagy because a recent report showed that
starvation-inducedROS, specifically hydrogen peroxide, acted
The American Journal of Pathology - ajp.amjpathol.org
as signaling molecules in autophagy through the inhibition of
Atg4 activity and consequently reduced LC3-II delipidation.8

Although 7-KC did not affect the expression of Atg4A and
Atg4B (Figure 3B), it significantly inhibited Atg4B activity
(Figure 3B).

To determine whether Nox4-mediated hydrogen peroxide
formation contributes to 7-KCeinduced autophagy through
inhibition of Atg4B activity, we inhibited Nox4 expression
by using a gene silencing technique. Compared with control
siRNA, Nox4-specific siRNA significantly reduced Nox4
protein levels without affecting the expression of the other
related proteins, Nox1 and Nox5 (Figure 3, C and D).
Knockdown of Nox4 diminished hydrogen peroxide levels
under basal conditions and attenuated 7-KCeenhanced
hydrogen peroxide formation (Figure 3E). The reduction
of Nox4 concomitantly increased Atg4B activity and
prevented 7-KCeinhibited Atg4B activity (Figure 3F).
Accordingly, enhanced accumulation of LC3-II protein by
7-KC treatment was suppressed by silencing of the Nox4
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Figure 5 Effects of autophagy on 7-KCeinduced ER stress and cell death. A and B: HASMCs were pretreated with 3-MA (3 mmol/L) or rapamycin (Rap, 1
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He et al
gene (Figure 3G). These findings are consistent with the
observation that hydrogen peroxide reduces Atg4 activity,
which promotes lipidation of Atg8 (LC-3) and increases
autophagic capacity.8

7-KC Induces Cell Death in VSMCs

To determine the physiological role of 7-KCeinduced auto-
phagy, we evaluated the effect of autophagy on cell death in
HASMCs. As assessed by inverted phase microscopy, 7-KC
treatment was associated with cell rounding and detachment
from the plate substrate (Figure 4A). The cell viability was
significantly lower in HASMCs exposed to 7-KC than in the
control cells (Figure 4B). Western blot analysis showed that
administration of 7-KC significantly enhanced the apoptosis
markers, such as cleavages of caspase-3 and poly (ADP-
ribose) polymerase (Figure 4C), suggesting that 7-KC
induces apoptosis. Next, we analyzed the effect of 7-KC on
cell death by using annexin V-fluorescein isothiocyanate and
PI double labeling and flow cytometry. Early apoptosis with
intact membrane (annexin Vþ/PI�), end-stage apoptosis and
dead cells (annexin Vþ/PIþ), and damaged cells (annexin
V�/PIþ) were distinguished on the basis of double labeling
for annexin V-fluorescein isothiocyanate and PI. 7-KC
treatment led to dramatic increases in the percentages of
apoptotic cells (annexin Vþ/PI�) and end-stage apoptosis
(annexin Vþ/PIþ), and to a lesser extent, in the percentage of
damaged cells (annexin V�/PIþ) (Figure 4, D and E).
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We further analyzed the effect of 7-KC on cell death after
treating the cells with either caspase-3 inhibitor, Ac-DEVD-
CMK, or the receptor-interacting protein kinase inhibitor,
necrostatin. Inhibition of caspase-3 reduced 7-KCeenhanced
annexin Vþ/PI� cells (Figure 4F), whereas inhibition of
receptor interacting protein kinase reduced 7-KCeenhanced
annexin Vþ/PIþ cells (Figure 4G), suggesting that 7-KC
induces cell death through enhancing early apoptosis
(annexin Vþ/PI�), as well as end-stage apoptosis and dead
cells (annexin Vþ/PIþ). To test the role of Nox4 and hydro-
gen peroxide in 7-KCeinduced cell death, HASMCs were
transfected with control or Nox4 siRNA and treated with
7-KC. After the treatment, cell death was analyzed by using
flow cytometry. As shown in Figure 4H, Nox4 siRNA, which
prevented 7-KCeenhanced intracellular hydrogen peroxide
levels, reduced apoptotic cells (annexin Vþ/PI�) and end-
stage apoptosis and dead cells (annexin Vþ/PIþ) in the
7-KCetreated HASMCs.

7-KCeInduced Autophagy Attenuates Cell Death in
VSMCs

To determine the relationship between autophagy and cell
death during 7-KC treatment, we examined the effects of
7-KC on cell viability and cell death after manipulation of
autophagic activity. Administration of 3-methyladenine, a
phosphoinositide 3-kinase inhibitor, which suppresses auto-
phagy, attenuated 7-KCeenhanced LC3-II protein levels
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Deletion of Atg5 or Atg7 aggravates 7-KCeinduced ER stress and cell death. Wild-type (WT) and Atg7�/� MEF were treated with or without 20
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7-KC Induces Autophagy by Inhibiting Atg4B
(Figure 5A), whereas treatment of cells with rapamycin, an
inhibitor of the mammalian target of rapamycin,34 which
enhances autophagy, aggravated 7-KCeinduced accumula-
tion of LC3-II protein (Figure 5B). Notably, the inhibition of
autophagy by 3-methyladenine exacerbated 7-KCeinduced
cell death, as indicated by reduced cell viability and increased
cell death (including annexin Vþ/PI� cells and annexin
Vþ/PIþ cells) (Figure 5, C and D). Conversely, induction
of autophagy by rapamycin improved cell viability and
mitigated 7-KCeenhanced annexinVþ/PI� cells and annexin
Vþ/PIþ cells (Figure 5, C and D).

Recent work suggests a bidirectional regulation exists be-
tween autophagy and ER stress,35 an important signaling in
the regulation of apoptosis.36 Therefore, we studied whether
7-KCeinduced autophagy attenuates apoptosis through
regulation of ER stress. As shown in Figure 5E, incubation of
HASMCs with 7-KC increased expression of ER stress
markers, including P-eIF2a, activating transcription factor 6,
and GRP78. The pretreatment of cells with 3-methyladenine
to inhibit autophagy exaggerated the 7-KCeinduced ER
stress. Conversely, enhanced autophagy by rapamycin
attenuated ER stress. These data suggest that 7-KCeinduced
autophagy in HASMCs may attenuate cell death through
inhibition of ER stress.
The American Journal of Pathology - ajp.amjpathol.org
Genetic Inhibition of Autophagy Aggravates
7-KCeInduced ER Stress and Cell Death

We further determined the effect of 7-KCeinduced auto-
phagy on cell death in wild-type, Atg5- (Atg5�/�), and Atg7-
deficient (Atg7�/�) mouse embryonic fibroblast [MEFs; a gift
from Dr. Noboru Mizushima (Japan Science and Technology
Agency, Tokyo, Japan)37 and Masaaki Komatsu (Tokyo
Metropolitan Institute of Medical Science, Tokyo, Japan)38].
The deletion of Atg7 completely prevented the conversion of
LC3-I to LC3-II under basal conditions and abolished LC3-II
accumulation in response to 7-KC (Figure 6A), suggesting
that autophagy is suppressed. Inhibition of autophagy resulted
in higher expression of ER stress markers in Atg7�/� MEFs
than in wild-type MEFs under basal conditions. In addition,
ER stress was aggravated when Atg7�/� MEFs were treated
with 7-KC (Figure 6B). As a result, inhibition of autophagy
exacerbated 7-KCeinduced cell death in Atg7�/� MEFs,
as evidenced by more annexin Vþ/PI� and annexin Vþ/PIþ

cells (Figure 6C) and the higher levels of the cleavage prod-
ucts of caspase 3 and poly (ADP-ribose) polymerase
(Figure 6D).

Similar to the observations in Atg7�/� MEFs, deletion of
Atg5 also increased ER stress markers, including P-eIF2a,
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Figure 7 Effects of rapamycin on ER stress and apoptosis in ApoE�/�mice. A: Aortas isolated from ApoE�/� mice treated with or without rapamycin (Rap)
were sectioned, and the expression of P62, GRP78, and activating transcription factor 6 (ATF6) was detected by using immunohistochemistry with specific
antibodies. Three samples in each group were analyzed and showed similar results. B: Representative images of TUNEL staining in aortas from control (Con)
and Rap-treated ApoE�/� mice. The number of TUNEL-positive cells is shown in the bar graph (n Z 6 per group). C: Atherosclerotic lesion size in the aortic
root was determined by Oil Red O staining (n Z 6 per group). *P < 0.05 versus Con.
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activating transcription factor 6, and GRP78 under basal
conditions and aggravated 7-KCeinduced ER stress and
cell death (including annexin Vþ/PI� and annexin Vþ/PIþ

cells) in Atg5�/� MEFs (Figure 6, E and F). These obser-
vations indicate that defective autophagy aggravates 7-KCe
triggered ER stress and cell death.

Activation of Autophagy by Rapamycin Attenuates ER
Stress, Apoptosis, and Atherosclerosis in ApoE�/�

Mouse Aortas

To extend our in vitro findings, we used ApoE�/� mice,
a well-characterized animal model of atherosclerosis, to
investigate the effect of rapamycin on ER stress, apoptosis,
and atherosclerotic lesion areas. Two weeks of rapamycin
treatment reduced the autophagic substrate P62 protein
levels (Figure 7A), suggesting that autophagy was activated.
Also, immunohistochemical analysis demonstrated that ER
stress markers, such as GRP78 and activating transcription
factor 6, were lower in these mice (Figure 7A). The effect of
up-regulation of autophagy on apoptosis was evaluated by
using the TUNEL technique. As depicted in Figure 7B,
fewer TUNEL-positive cells were observed in rapamycin-
treated aortas. Quantitative analysis validated the presence
of fewer TUNEL-positive cells in rapamycin-treated ApoE�/�

mice. We further examined the impact of activation of
autophagy on atherogenesis by using Oil Red O staining and
found that chronic administration of rapamycin significantly
reduced atherosclerotic lesion area in the ApoE�/� mice
(Figure 7C).
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Discussion

The increased production of ROS has been implicated in
various pathological conditions, including ischemic injury,
diabetes, and atherosclerosis. ROS, originally considered to
cause cell damage, are now recognized to be signaling
molecules that mediate diverse biological responses, such as
the activation of transcriptional factors and the phosphoryla-
tion of kinases.39 In the present study, 7-KCeinduced auto-
phagy was suppressed by administration of ROS scavenger
N-acetyl cysteine25 and vascular system antioxidant apoc-
ynin,26 supporting the hypothesis that 7-KC up-regulates
autophagy through increasing ROS generation.
NADPH oxidases are the primary enzymes responsible for

inducible ROS formation in the vascular system. Under
physiological conditions, NADPH oxidases produce ROS at
levels that serve as signaling molecules in a variety of intra-
cellular processes. However, under pathological conditions,
NADPH oxidases become overexpressed and generate excess
ROS. The increased amount of ROS leads to endothelial
dysfunction, inflammation, and vascular remodeling. In
HASMCs, the administration of 7-KC increased Nox4 protein
and intracellular hydrogen peroxide levels leading to the inhi-
bition of Atg4B activity. Transfection of cells with adenovirus
encoding catalase to remove hydrogen peroxide prevented 7-
KCeinduced autophagy. Moreover, gene silencing of Nox4
reduced intracellular hydrogen peroxide levels, restoredAtg4B
activity, and attenuated 7-KCeinduced autophagy. Thus,
Nox4-derived hydrogen peroxide may serve as a signaling
molecule to induce autophagy in response to 7-KC treatment.
ajp.amjpathol.org - The American Journal of Pathology
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7-KC Induces Autophagy by Inhibiting Atg4B
Under starvation conditions, enhanced hydrogen peroxide
triggers autophagy through modulating Atg4 activity.8 Atg4s
are cysteine proteases that have several conserved cysteine
residues.40 In mammals, at least four Atg4 homologues have
been reported.40 Atg4 cleaves Atg8 (LC3) near its C-terminal
arginine residue, and the exposed C-terminal glycine is
conjugated to phosphatidylethanolamine by an ubiquitin-like
system. This conjugate (Atg8ephosphatidylethanolamine)
incorporates into the autophagosomal membrane and plays
a crucial role in autophagosome formation.41 On the other
hand, Atg4 also delipidates Atg8, leading to the release of
Atg8 from the autophagosomal membrane and the disas-
sembly of the autophagosome.42 Hence, the inactivation of
Atg4 after the initial cleavage of Atg8 is essential for the
conjugation of Atg8 to the autophagosomal membrane,
which ensures the structural integrity of the mature auto-
phagosome, thereby promoting autophagy.

Recently, Scherz-Shouval et al8 have found that ROS are
involved in starvation-induced autophagy as signaling
molecules, and have identified both cysteine residue 81 in
Atg4A and cysteine residue 78 in Atg4B are redox regulated
in this process. They concluded that the delipidation activity
of Atg4 is the main target of this regulation.8 In our system,
7-KC enhanced intracelluar hydrogen peroxide, reduced
Atg4B activity, and increased autophagic capacity. Knock-
down of Nox4 attenuated 7-KCeenhanced intracellular
hydrogen peroxide and restored Atg4B activity, which
mitigated 7-KCeinduced autophagy. These observations
indicate that 7-KC may enhance intracellular hydrogen
peroxide through up-regulation of Nox4. This leads to the
oxidation and inhibition of Atg4B, ultimately promoting
lipidation of Atg8 (LC3) and enhancing autophagy. The
specific molecular mechanisms underlying these processes
require additional investigation.

Oxidized lipids have been reported to stimulate autophagy
in advanced human atherosclerotic plaques and in cultured
VSMCs.43 For instance, in experimental and human plaques,
VSMCs exhibit the characteristics of autophagy, such as the
formation of myelin figure and severe vacuolization.11 Death-
associated protein kinase, a positive mediator of autophagic
vacuole formation, is up-regulated in lipid-ladensmoothmuscle
cells in human plaques.44Moreover, 4-hydroxynonenal, a lipid
peroxidation product, activates autophagy in rat aortic smooth
muscle cells.45 In the present study,we observed autophagyand
apoptosis in 7-KCe treated HASMCs, suggesting that cross
talk occurs between these two important cellular processes in
the development of atherosclerosis. These data are consistent
with previous findings that 7-KC triggers oxidative stress, up-
regulates autophagic genes,46 and promotes conversion of
LC3-I to LC3-II in smooth muscle cells,12,47 in addition to
inducing apoptosis.

However, whether induction of autophagy in VSMCs
exposed to 7-KC is the cause of death or it is actually an
attempt to support survival in response to cellular stress
remains to be determined. Interestingly, Martinet et al47 re-
ported that 7-KCeinduced autophagy attenuated statin-
The American Journal of Pathology - ajp.amjpathol.org
induced VSMC apoptosis through interfering with caspase
activation. An additional study shows that macrophage auto-
phagy plays a protective role in advanced atherosclerosis.48 In
our model system, inhibition of autophagy by the adminis-
tration of 3-methyladenine in HASMCs and deletion of Atg5
or Atg7 in mouse embryonic fibroblasts enhanced ER stress
and cell death in the cells treated with 7-KC. Conversely,
up-regulation of autophagic activity by rapamycin inhibited
7-KCeinduced ER stress and cell death. These findings
suggest that increased autophagy in response to 7-KC may be
an adaptive survival strategy that recycles cellular components
for intermediary metabolism and eliminates damaged organ-
elles, such as mitochondria,49 thereby protecting against ER
stress and apoptotic cell death. This conclusion is further
supported by our in vivo studies that show the up-regulation of
autophagy by chronic administration of rapamycin was asso-
ciated with the suppression of ER stress, apoptosis, and
atherosclerosis in ApoE�/� mouse aortas.

Rabbits have been extensively used for the experimental
production of arterial lesions by cholesterol feeding. In sharp
contrast to human atherosclerotic lesions, the rabbit lesions
are composed principally of foam cells and have seldom
developed necrosis and complications such as calcification,
ulceration, and thrombosis.50 Mitochondrial stress is induced
by 7-KC, which leads to autophagic cell death in rabbit aorta
smooth muscle cells.47 However, 7-KCeinduced autophagy
in HASMCs seems to be protective. This type of tissue
reaction suggests that the arteries of rabbits respond to
cholesterol in a differentmanner than that of human arteries.50

In summary, our results demonstrate that 7-KC enhanced
Nox4-mediated hydrogen peroxide formation, which stim-
ulated autophagy through inhibition of Atg4B activity. In
7-KCetreated HASMCs, suppression of autophagy exag-
gerated 7-KCeinduced ER stress and cell death. Conversely,
up-regulation of autophagy mitigated ER stress and cell death
induced by 7-KC. Furthermore, chronic rapamycin treatment
attenuated ER stress, apoptosis, and atherosclerosis in
ApoE�/�mouse aortas. These findings suggest that activation
of autophagy is a beneficial adaptive response that suppresses
ER stress and attenuates 7-KCeinduced cell death.
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