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Abstract

Objective—Oxidized low-density lipoprotein (oxLDL) modulates intracellular redox status and
induces apoptosis in endothelial cells. However, the signal pathways and molecular mechanism
remain unknown. In this study, we investigated the role of manganese superoxide dismutase (Mn-
SOD) on oxLDL-induced apoptosis via c-Jun NH2-terminal kinase (JNK)-mediated ubiquitin/
proteasome pathway.

Methods and Results—OxLDL induced JNK phosphorylation that peaked at 30 minutes in
human aortic endothelial cells. Fluorescence-activated cell sorting analysis revealed that oxLDL
increased mitochondrial superoxide production by 1.88+0.19-fold and mitochondrial membrane
potential by 18%. JNK small interference RNA (siJNK) reduced oxLDL-induced mitochondrial
superoxide production by 88.4% and mitochondrial membrane potential by 61.7%. OxLDL did
not affect Mn-SOD mRNA expression, but it significantly reduced Mn-SOD protein level, which
was restored by siJNK. Immunoprecipitation by ubiquitin antibody revealed that oxLDL increased
ubiquitination of Mn-SOD, which was inhibited by siJNK. OxLDL-induced caspase-3 activities
were also attenuated by siJNK but were enhanced by Mn-SOD small interfering RNA.
Furthermore, overexpression of Mn-SOD abrogated oxLDL-induced caspase-3 activities.

Conclusion—OxLDL-induced JNK activation regulates mitochondrial redox status and Mn-
SOD protein degradation via JNK-dependent ubiquitination, leading to endothelial cell apoptosis.
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Circulating low-density lipoprotein (LDL) enters the vascular wall, where it undergoes
oxidative modifications.1:2 Oxidized LDL (oxLDL) mediates a host of endothelial functions,
including endothelial redox status® and apoptosis at a high concentration.*-% Emerging
evidence reveals that oxLDL induces mitochondrial reactive oxygen species production’—2
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and apoptosis in vascular cells, including endothelial cells.19-14 However, the precise
mechanisms whereby oxLDL induces mitochondrial reactive oxygen species production and
apoptosis remain unknown.

Mitogen-activated protein kinase cascades play an important role in regulating endothelial
function.1® Of several mitogen-activated protein kinases, c-Jun NH2-terminal kinase (JNK)
is an important signaling molecule expressed in 3 isoforms, namely, JINK1, INK2, and
JNK3. Both JNK1 and JNK2 are ubiquitously distributed, whereas INK3 is present in
neuronal tissue.1® JNK expression and activation were upregulated in atherosclerotic
lesions.1’” The JNK inhibitor SP600125 reduced superoxide production and restored nitric
oxide release in coronary arteries.18 JNK2 was activated in the aorta from apolipoprotein E
(apoE ") mice fed a hypercholesterolemic diet, and atheroma formation was significantly
reduced in apoE~/~ INK2(~/~) double-knockout mice compared to apoE ™~ mice.1®

In this study, we provide evidence that oxLDL induced mitochondrial superoxide production
and endothelial apoptosis via JNK activation. Specifically, immunoprecipitation Western
blot assay revealed that oxLDL-activated JNK increased ubiquitination of manganese
superoxide dismutase (Mn-SOD), resulting in protein degradation. Furthermore, knockdown
of INK or overexpression of Mn-SOD attenuated oxLDL-mediated endothelial apoptosis.
We hereby demonstrate a molecular mechanism whereby oxLDL regulates mitochondrial
redox status and apoptosis via JNK-mediated ubiquitination of Mn-SOD.

Materials and Methods

Cell Culture

Human aortic endothelial cells (HAEC) were purchased from Cell Applications and cultured
on a gelatin-coated dish with endothelial growth medium (Cell Applications) with 4% heat-
inactivated fetal bovine serum (Gibco) at 37°C in a 5% CO» atmosphere. All experiments
were performed within 9 passages (please see Data Supplement available online at
http://atvb.ahajournals.org).

LDL Preparation and Oxidation

Venous blood was obtained from fasting adult human volunteers, with Institutional Review
Board approval from the Atherosclerosis Research Unit at the University of California, Los
Angeles. The technique used for separating LDL was similar to that described previously
(available online at http://atvb.ahajournals.org).20

Adenoviral Vectors

Human Mn-SOD adenoviral vector (Ad-Mn-SOD) was generously provided by Dr Donald
Heistad at the University of lowa. The technique used for making Mn-SOD adenoviral
vector was described previously.?!

Western Blot Analysis
HAEC were harvested and the entire cell extracts were prepared as described previously.22

SiRNA Transfection

The small interfering RNA (siRNA) target sequence for INK1 was 5'-AAG CCG ACC ATT
TCA GAA TCA-3', INK2 was 5'-AAG CCG TCC TTT TCA GAA CCA-3', and Mn-SOD
(SOD2) was 5'-CAG GCC TGA TTA TCT AAA AGC-3'.
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Mitochondrial Membrane Potential

Mitochondrial membrane potential (Ayyy,) was measured using the cationic fluorescent dye,
tetramethylrhodamine methyl ester (Molecular Probes).23:24

Conversion of Tetramethylrhodamine Methyl Ester Fluorescent Intensity to Voltage

Mitochondrial membrane potential (Ay ,,) was established by probing the fluorescent
intensity as described previously.?®

Flow Cytometry Analysis to Quantify Mitochondrial Superoxide Production

Mitochondrial superoxide (mtO,°™) production was measured using MitoSOX Red
(Molecular Probes).

Quantitative Real-Time Polymerase Chain Reaction Analysis

Total RNA was isolated using TRIzol (Invitrogen). RNA was reverse-transcribed by iScript
cDNA synthesis kit (BioRad), followed by polymerase chain reaction amplification using
the quantitative polymerase chain reaction Master Mix (Applied Biological Materials).

Immunoprecipitation Assay
Ubiquitinated Mn-SOD was detected by using immunoprecipitation Western blot analysis.

Cleaved Caspase-3 Activity Assay

Cleaved caspase-3 activities were measured by using enzyme-linked immunosorbent assay
kit (Cell Signaling Technology) according to manufacturer’s instructions.

Statistical Analysis

Data are expressed as mean+SD and compared among separate experiments. Comparisons
of multiple values were made by ANOVA, and statistical significance for pair-wise
comparison was determined using the Tukey test. P<0.05 is considered statistically
significant.

Results

OxLDL Induced JNK Activation

HAEC were treated with oxLDL at 25, 50, and 100 pg/mL for 30 minutes (Figure 1A). JINK
phosphorylation was dose-dependent. Next, HAEC were treated with 50 pg/mL of oxLDL
for 15, 30, and 60 minutes (Figure 1B). JNK activation peaked at 30 minutes. Hence,
oxLDL induced JNK activation in time-dependent and dose-dependent manners.

JNK Influenced Mitochondrial Superoxide Production and Membrane Potential

To assess whether oxLDL induced endothelial mitochondrial superoxide (mtO,*™)
generation and change in mitochondrial membrane potential (Ayy,) via INK pathway, we
silenced JNK1 and JNK2 gene expression with siRNA (siJNK). The effect of sSiRNA was
confirmed by Western blot analysis (Figure 2A). JNK1 protein level was decreased by 66%
and JNK2 protein level was decreased by 75% after siJNK transfection as compared to
scramble siRNA. In response to oxLDL at 50 pg/mL for 1 hour, MitoSOX Red intensity, a
probe for mtO,"~, was significantly increased by 1.88+0.19-fold (n=3; P<0.05; lane 1 vs 3),
and this increase was reversed by siJNK (88.4% reduced; n=3; P<0.05; lane 3 vs 6; Figure
2B). Similarly, mitochondrial membrane potential (Ayy,), as converted from the
tetramethylrhodamine methyl ester intensity, was significantly increased by 18%, from
—149.6045.64mV to —180.97+0.64mV (n=3; P<0.05; lane 1 vs 3) in response to oxLDL.
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This increase was attenuated by siJNK (61.7% reduction; n=3; P<0.05; lane 3 vs 6; Figure
2C). Native LDL had no effect on mtO,"™ and Ay, (lanes 2 and 5 in Figure 2B and 2C;
n=3; P>0.05). Hence, oxLDL-activated JNK influenced mitochondrial redox status.

OxLDL Decreased Mn-SOD Protein Levels Via JNK Activation

Mn-SOD is localized in the mitochondrial matrix, where mtO,"~ is dismutated to hydrogen
peroxide.28 We assessed whether oxLDL-induced JNK activation regulated Mn-SOD levels.
In the presence of oxLDL, Mn-SOD protein levels decreased in a time-dependent manner
(Figure 3A). We next examined the effect of siJNK on oxLDL regulation of Mn-SOD
protein (Figure 3B). In the scramble siRNA-transfected HAEC, Mn-SOD was decreased by
47% after 6 hours of oxLDL treatment (50 pug/mL; lane 1 vs 2), whereas in the siJNK-
transfected HAEC, Mn-SOD protein levels were unchanged with oxLDL treatment.
However, Mn-SOD mRNA expression remained unchanged in the presence or absence of
siJNK1 and siJNK2 (siJNK) over the course of 6 hours of oxLDL treatment (black circle,
scramble siRNA,; white circle, siJNK; n=3; P>0.05; Figure 3C). Thus, oxLDL significantly
decreased Mn-SOD protein levels via JNK activation.

OxLDL Induced Ubiquitination of Mn-SOD Via JNK Activation

To assess whether the proteasome would degrade Mn-SOD at steady state, we treated
HAEC with a proteasome inhibitor, MG-132, for 6 hours. Mn-SOD protein accumulated in
the presence of 10 umol/L of MG-132 (Figure 4A). Next, we assessed the effects of oxLDL
on ubiquitination of Mn-SOD protein via JNK activation. Immunoprecipitation was
performed by using ubiquitin antibody, followed by Western blot assay for Mn-SOD (Figure
4B). In the scramble siRNA-transfected HAEC, oxLDL induced ubiquitination of Mn-SOD
(lane 2 vs 3), whereas in the siJNK transfected cells both basal and oxLDL-induced
ubiquitination were attenuated (lane 2 vs 4 and lane 3 vs 5). These findings indicate that
JNK modulated ubiquitination of Mn-SOD and subsequent protein degradation.

Mn-SOD Mitigated OxLDL-Induced Apoptosis

We also assessed whether overexpression of Mn-SOD attenuated oxLDL-induced apoptosis.
Mn-SOD protein levels were upregulated by >2-fold after Mn-SOD adenoviral vector
infection at multiplicity of infection of 15 for 48 hours (Figure 5A). Mn-SOD adenoviral
vector or Ad-control-infected HAEC were treated with 100 pg/mL of oxLDL for 24 hours
(Figure 5B). Caspase-3 activities were measured by enzyme-linked immunosorbent assay
kit. In the Ad-control-infected HAEC, oxLDL induced a 2.56+0.31-fold increase in
caspase-3 activity (n=3; P<0.05; lane 1 vs 2) (white block, no oxLDL; black block, with
oxLDL), whereas in the Mn-SOD adenoviral vector-infected HAEC, oxLDL-induced
caspase-3 activity was significantly attenuated by 76% (n=3; P<0.05; lane 2 vs 4).

Mn-SOD and JNK Influenced Cleaved Caspase-3 Activities

We further assessed whether silencing JNK or Mn-SOD affected oxLDL-induced apoptosis.
Mn-SOD small interference (siMn-SOD) transfection decreased Mn-SOD protein levels by
59% (Figure 6A). HAEC transfected with siJNK or siMn-SOD were treated with 100 pg/mL
of oxLDL for 24 hours to induce apoptosis (Figure 6B). Caspase-3 activities were measured
by using enzyme-linked immunosorbent assay kit. Of all of the conditions, oxLDL
significantly induced caspase-3 activities (n=3; P<0.05; lane 1 vs lane 2, 4, 6, and 8; white
block, no oxLDL; black block, with oxLDL). OxLDL induced a 2.77+0.20-fold increase in
the caspase-3 activities in the scramble siRNA-transfected HAEC (lane 2). Caspase-3
activity was further increased by 3.51+0.15-fold (lane 4) in siMn-SOD-transfected HAEC.
SiJNK significantly reduced oxLDL-induced caspase-3 activity by 55% (lane 6, 1.79+0.13-
fold; lane 2 vs 6, n=3; P<0.05). This effect was abrogated by cotransfecting HAEC with
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siJNK and siMn-SOD (lane 8, 2.32+0.03-fold; lane 6 vs 8, n=3; P<0.05). These results
supported the notion that oxLDL induced HAEC apoptosis via JNK-mediated ubiquitination
and degradation of Mn-SOD (Figure 3B).

Discussion

This study presents evidence that oxLDL regulates mitochondrial redox status and apoptosis
via JNK activation. We demonstrate that oxLDL increased mitochondrial superoxide
(mtO,"") production and mitochondrial membrane potential (yAr,), which were significantly
reduced by siJNK (Figure 2). We further demonstrate that JNK stimulated ubiquitination
and degradation of Mn-SOD (Figure 4). Moreover, knockdown of JNK or overexpression of
Mn-SOD significantly reduced oxLDL-induced caspase-3 activities (Figures 5 and 6).
Hence, oxLDL-induced JNK activation regulates mitochondrial redox status and Mn-SOD
protein degradation via JNK-dependent ubiquitination leading to endothelial cell apoptosis.

Emerging evidence supports the role of JNK activation in oxidative stress and
atherosclerosis. OxLDL is implicated in activation of JNK in macrophages, and uptake of
oxidatively modified LDL binds to the scavenge receptors of macrophages.?” Ricci et all®
showed that macrophages lacking JNK2 displayed suppressed foam cell formation and
apoE~'~ and INK2~/~ double-knockout mice had less atherosclerosis compared to apoE ™/~
mice. They further showed that macrophage-restricted deletion of INK2 was sufficient to
decrease atherogenesis and that pharmacological inhibition of INK activity efficiently
reduced plaque formation.

Zhou et al?8 reported that hydrogen peroxide-activated JNK transmigrated into the
mitochondria. Our current studies demonstrated that oxLDL increased mtO,"~, and Ay,
also induced endothelial cell apoptosis via JNK activation.

In this study, we showed that JNK induces mitochondrial oxidative stress by decreasing Mn-
SOD protein levels. During oxidative phosphorylation, ~1.5% to 2% of electrons leak out
from complex I and 111 to form superoxide anion (O,"").26:29 Mn-SOD in the mitochondrial
matrix dismutates O,"~ to hydrogen peroxide. In the hippocampus, Mn-SOD activities were
significantly reduced in apoE ™/~ mice compared to the control mice.3 In tissue culture
studies, Mn-SOD protein level was upregulated in response to atheroprotective shear stress,
and Mn-SOD overexpression downregulated oxidative modification of LDL.3 In this study,
we demonstrate that overexpression of Mn-SOD rendered an antiapoptotic effect against
oxLDL-induced caspase-3 activity (Figure 5B, lane 4 vs 2). Knockdown of Mn-SOD
accentuated oxLDL-induced caspase-3 activity compared to scramble siRNA (Figure 6B,
lane 4 vs 2), whereas siJNK abrogated the caspase-3 activity (lane 6 vs 2). Also, siMn-SOD
interfered with the effect of siJINK (lane 8 vs 6). Previous studies using cardiomyocytes
demonstrated an antagonistic role between JNK and Mn-SOD in cell apoptosis,32 suggesting
the importance of Mn-SOD regulation in apoptosis. The interplay between JNK and Mn-
SOD is further supported by findings in INK2~/~ mice.33 Osto et al33 reported that the
levels of extracellular superoxide dismutase and Mn-SOD were decreased in wild-type mice
fed a high-cholesterol diet but not in INK2~/~ mice fed a high-cholesterol diet.

Several receptors mediate oxLDL uptake in the vascular wall.34-37 CD36 and lectin-like
oxidized LDL receptor are expressed on activated human large vessel endothelial cells38-39
and are implicated in mediating oxLDL-induced endothelial cell apoptosis.*%41 Bao et al*?
showed that oxLDL induced lectin-like oxidized LDL receptor-1 and downregulated SOD
activity in endothelial cells, supporting the notion that oxLDL-activated JNK induced
ubiquitination and degradation of SOD protein in our study. However, further study is
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required to assess the role of receptors in oxLDL-induced endothelial apoptosis via Mn-
SOD degradation.

Multiple signal pathways have been implicated in oxLDL-induced endothelial cell
dysfunction. We observed that JINK inhibitor, but not ERK or P38 kinase inhibitor, inhibited
oxLDL-induced Mn-SOD downregulation, although these 3 inhibitors significantly
attenuated oxLDL-induced apoptosis (Supplementary Figure I, available online at
http://atvb.ahajournals.org). These results suggest that mitogen-activated protein kinase
ERK and p38 are also involved in oxLDL-induced apoptosis of endothelial cells, but only
JNK regulated endothelial apoptosis via Mn-SOD ubiquitination/degradation process.

The novel finding in this study was that JNK regulated Mn-SOD levels by increasing its
ubiquitination, resulting in protein degradation. Several lines of evidence supported that
JNK modulated protein stability via ubiquitination. Cho et al*? reported that JINK induced
Nrf2 degradation via the ubiquitination pathway. JNK also inhibited ubiquitination and
stabilized specific proteins, including p21,4* p53,%° and Sp1.46 In our study, silencing JINK
significantly decreased ubiquitination of Mn-SOD, resulting in a decrease level of Mn-SOD
protein degradation. JNK has been reported to mediate phosphorylation and activation of E3
ubiquitin ligase. Gao et al*” reported that activation of the INK mitogen-activated protein
kinase cascade after T-cell stimulation accelerated degradation of c-Jun and JunB through
phosphorylation-dependent activation of the E3 ligase Itch. However, the E3 ligase specific
for Mn-SOD protein remains to be defined. The precise mechanism whereby JNK regulates
Mn-SOD ubiquitination will be of great interest for future investigation. In summary, we
demonstrate the important role of oxLDL-induced JNK in regulating mitochondrial redox
status and apoptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Time- and dose-dependent induction of JINK phosphorylation by oxLDL in human
endothelial cells. Western blot analysis was performed to determine JNK phosphorylation in
response to treatment of HAEC with (A) 25, 50, and 100 pg/mL of oxLDL for 30 minutes
and (B) 50 pg/mL of oxLDL over the course of 1 hour. HAEC were lysed at the indicated
time, and 10 pg of the entire cell protein was used to detect phosphorylated JNK. B-tubulin
was used as a loading control. The blots were representative of 3 independent experiments
with similar results.
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Figure 2.

SiJNK attenuated oxLDL-induced mitochondrial redox status. HAEC were transfected with
siJNK or scramble siRNA for 48 hours. A, Cell lysate was used to verify the efficiency of
siJNK on the protein level of INK. The blots were representative of 2 independent
experiments with similar results. B, Cells were preincubated with 5 pmol/L MitoSox Red
for 10 minutes at 37°C. Next, cells were cultured in the absence or presence of 50 pg/mL of
oxLDL for 1 hour. Cells were fixed by 1% paraformaldehyde and fluorescent intensity was
measured by fluorescence-activated cell sorting (FACS). Top, typical histograms were
showed in the absence and presence of LDL. Bottom, Bar graph was quantified from gated
area shown in the hisograms. *P<0.05 vs in the absence of oxLDL and in the presence of
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scramble siRNA (lane 1). TP<0.05 vs in the presence of oxLDL and in the presence of
scramble siRNA (lane 3). C, Cells were exposed to 50 pg/mL of oxLDL for 1 hour and
tetramethylrhodamine methyl ester (TMRM?) intensity was measured by FACS. The
fluorescence intensity was converted to mitochondrial membrane polarization (Ayy,) as
described (available online at http://atvb.ahajournals.org). *P<0.05 vs in the absence of
oxLDL and in the presence of scramble siRNA (lane 1). TP<0.05 vs in the presence of
oxLDL and in the presence of scramble siRNA (lane 3). These data represented the means
from triplicates of 2 independent experiments. Scr, scramble; n, native LDL; ox, oxLDL.
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Figure 3.

OXLDL decreased Mn-SOD protein level via JINK. A, HAEC were incubated with 50 pg/
mL of oxLDL at 30 minutes and 1, 3, and 6 hours; 10 pg entire cell protein was prepared
and Mn-SOD levels were assessed. B, SiJNK or scramble siRNA transfected cells were
incubated in the absence or presence of 50 pg/mL of oxLDL for 6 hours; 10 pg entire cell
protein was prepared and Mn-SOD levels were assessed. These blots were representative of
2independent experiments with identical results. C, Cells were treated with 50 pg/mL of
oxLDL over 6 hours (black circle, with scramble siRNA; white circle, with siJNK). Total
RNA was prepared and the relative expression levels of mMRNA were determined by
quantitative real-time polymerase chain reaction. The data represented the means from
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triplicates of 2 independent experiments. The error bars represented the standard deviation
of the mean.
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Figure 4.

OxLDL induced ubiquitination of Mn-SOD via JNK. A, Proteasomal degradation was
assessed by determining Mn-SOD accumulation in the presence of the proteasome inhibitor,
MG-132. HAEC were treated with 10 umol/L of MG-132 for 6 hours; 10 pg entire cell
lysate was prepared and the Mn-SOD was detected by Western blot analysis. B, Effects of
siJNK on Mn-SOD ubiquitination. Cells were transfected with siJNK or scramble siRNA for
48 hours. Cells were preincubated with 10pmol/L of MG-132 for 1 hour. Next, cells were
treated with 50 pg/mL of oxLDL for 6 hours; 500 ug entire cell lysate was prepared,
endogenous ubiquitinated proteins were immunoprecipitated, and Mn-SOD protein was
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assessed by Western blot analysis; 2% of input protein was used as a loading control. These
blots were representative of 2 independent experiments with identical results.
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Figure 5.

Mn-SOD inhibited oxLDL-induced apoptosis. HAEC were infected with human Mn-SOD
adenoviral vector (Ad-Mn-SOD) or Ad-control at multiplicity of infection of 15 for 48
hours. A, Cell lysate was used to verify the efficiency of Ad-Mn-SOD on the Mn-SOD
protein level. The blots were representative of 2 independent experiments with similar
results. B, Effects of Ad-Mn-SOD on cell apoptosis. Cells were treated with 100 pg/mL of
oxLDL for 24 hours (white block, no oxLDL; black block, with oxLDL). The cell lysates
were collected and the caspase-3 activities were measured by enzyme-linked
immunosorbent assay kit. These data represented the means from triplicates of 2
independent experiments. *P<0.05 vs in the absence of oxLDL and in the presence of Ad-
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control (lane 1). TP<0.05 vs in the presence of oxLDL and in the presence of Ad-control
(lane 2).
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Figure 6.

The interaction of INK and Mn-SOD regulated apoptosis in response to oxLDL. A, HAEC
were transfected with siMn-SOD or scramble siRNA. After 48 hours of transfection, cell
lysate was extracted and analyzed to verify the efficiency of siMn-SOD. The blots were
representative of 2 independent experiments with similar results. B, Cells were transfected
with siJNK, siMn-SOD, or scramble siRNA for 48 hours. Cells were incubated in the
absence or presence of 100 pg/mL of oxLDL for 24 hours (white block, no oxLDL; black
block, with oxLDL). The cell lysates were collected and the caspase-3 activities were
measured by enzyme-linked immunosorbent assay kit. *P<0.05 vs in the presence of oxLDL
and in the presence of scramble siRNA (lane 2). 1P<0.05 vs in the presence of oxLDL and
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in the presence of siJNK (lane 6). The data were the means from triplicates of 2 independent
experiments.
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