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Abstract
Myeloperoxidase (MPO) is an important enzyme involved in the genesis and development of
atherosclerosis. Vascular peroxidase 1 (VPO1) is a newly discovered member of the peroxidase
family that is mainly expressed in vascular endothelial cells and smooth muscle cells and has
structural characteristics and biological activity similar to those of MPO. Our specific aims were
to explore the effects of VPO1 on endothelial cell apoptosis induced by oxidized low-density
lipoprotein (ox-LDL) and the underlying mechanisms. The results showed that ox-LDL induced
endothelial cell apoptosis and the expression of VPO1 in endothelial cells in a concentration- and
time-dependent manner concomitant with increased intracellular reactive oxygen species (ROS)
and hypochlorous acid (HOCl) generation, and up-regulated protein expression of the NADPH
oxidase gp91phox subunit and phosphorylation of p38 MAPK. All these effects of ox-LDL were
inhibited by VPO1 gene silencing and NADPH oxidase gp91phox subunit gene silencing or by
pretreatment with the NADPH oxidase inhibitor apocynin or diphenyliodonium. The p38 MAPK
inhibitor SB203580 or the caspase-3 inhibitor DEVD-CHO significantly inhibited ox-LDL-
induced endothelial cell apoptosis, but had no effect on intracellular ROS and HOCl generation or
the expression of NADPH oxidase gp91phox subunit or VPO1. Collectively, these findings suggest
for the first time that VPO1 plays a critical role in ox-LDL-induced endothelial cell apoptosis and
that there is a positive feedback loop between VPO1/HOCl and the now-accepted dogma that the
NADPH oxidase/ROS/p38 MAPK/caspase-3 pathway is involved in ox-LDL-induced endothelial
cell apoptosis.
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To clarify the source of reactive oxygen species (ROS), and subsequently to remove ROS, is
one of the important measures in preventing atherosclerosis. Myeloperoxidase (MPO) has
been implicated in the initiation and progression of atherosclerotic plaques [1,2]. MPO
catalyzes a reaction between hydrogen peroxide and chloride to generate potent oxidants,
including hypochlorous acid (HOCl), while reacting with nitric oxide and nitrite to produce
reactive nitrating species [3]. MPO and its oxidant by-products are detected in
atherosclerotic lesions, colocalizing with foam cell macrophages, and are especially
abundant at sites of thrombosis, suggesting that MPO oxidants destabilize vulnerable
plaques [1,4]. MPO oxidizes low-density lipoprotein (LDL) to create a more atherogenic
form taken up more effectively by macrophage scavenger receptors, generating foam cells
[5]. MPO further enhances foam cell formation by oxidizing ApoA1, the major protein
component of high-density lipoprotein, impairing ABCA-1-mediated cholesterol efflux from
foam cells [6–8]. In addition, MPO scavenges nitric oxide, inhibits the expression of nitric
oxide synthase, and consequently impairs vasodilation [9].

Higher levels of MPO gene expression are linked to increased risk of atherosclerosis [10]. A
functional MPO promoter polymorphism, –463 G/A, is associated with increased incidence
of coronary artery disease (CAD) and severity of atherosclerosis [11]. The –463 G allele has
been linked to higher MPO mRNA and protein expression than the –463A allele in human
and transgenic mouse monocyte–macrophages [11,12]. Elevated serum MPO is an indicator
of heightened risk of CAD events [13], whereas individuals with inherited MPO deficiencies
have reduced cardiovascular disease [14].

Apoptotic endothelial cells contribute to endothelial dysfunction and destabilization of
atherosclerotic plaques and thrombosis, suggesting that endothelial cell apoptosis plays an
important role in initiation and progression of atherosclerosis [15]. A wide variety of stimuli
such as oxidative stress can induce apoptosis of endothelial cells and endothelial
dysfunction, which may be regulated by different signal pathways [16]. Mitogen-activated
protein kinases (MAPKs), including p38 MAPK, extracellular signal-regulated kinase 1/2
(ERK1/2), and c-Jun NH2-terminal kinase (JNK), are a family of central signaling molecules
that respond to numerous stimuli and are known to participate in cell survival and death
decisions [17–19]. Among them, phosphorylation of ERK1/2 promotes cell survival,
whereas activation of JNK and p38 MAPK induces apoptotic responses in endothelial cells.
Evidences have been demonstrated that ROS can activate JNK/p38 MAPK, which triggers
subsequent apoptosis programs such as activation of the caspase protease family in certain
cells [20,21]. There are more than 10 caspase protease family members and they are thought
to be downstream executors of apoptosis. Among them, caspase-3 has been considered to be
a central component of the proteolytic cascade and to play a key role in apoptosis [22].

Vascular peroxidase 1 (VPO1) is a newly discovered member of the peroxidase family [23].
VPO1 is an isozyme of MPO. MPO exists only in neutrophils and monocyte–macrophages
[24]. VPO1 is mainly expressed in vascular endothelial cells and smooth muscle cells, and it
has structural characteristics and biological activity similar to those of MPO [23]. There is
convincing evidence that MPO plays an important role in atherogenesis, as mentioned
above; we therefore hypothesized that VPO1 may also be involved in the genesis and
development of atherosclerosis.

Our specific aims were to explore the role of VPO1 in oxidized-LDL (ox-LDL)-induced
apoptosis of endothelial cells. It has been well documented that the NADPH oxidase/ROS/
p38 MAPK/caspase-3 pathway is involved in ox-LDL-induced endothelial cell apoptosis
[18,25,26]. We therefore determined the relationship between VPO1 and this now-accepted
dogma in mediating ox-LDL-induced endothelial cell apoptosis. The issue will help to
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further clarify the biological role of VPO1 and provide some new perspectives on the
prevention and treatment of cardiovascular diseases including atherosclerosis.

1. Materials and methods
1.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), penicillin, and streptomycin were obtained
from Gibco BRL. Fetal bovine serum (FBS) was obtained from Sijiqing Biological
Engineering Materials (Hangzhou, China). All primary antibodies except anti-VPO1
antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Apocynin, diphenyliodonium (DPI), SB203580, and the caspase-3 activity assay kits were
purchased from Sigma (St. Louis, MO, USA); acetyl-DEVD-CHO was purchased from
Calbiochem (San Diego, CA, USA); fluorescein isothiocyanate (FITC)–annexin V and
propidium iodide (PI) were obtained from Jingmei Biotech (Shenzheng, China); Hoechst
33342 and the fluorescent ROS detection kit were purchased from Beytime Biotechnology
(Jiangsu, China); all other biochemicals used were of the highest purity available.

1.2. Cell culture and transfection
Human umbilical vein endothelial cells (HUVECs) were originally purchased from the
ATCC. HUVECs were cultured according to standard procedure as described previously
[13]. Cells were seeded at a density of 3×105 per 100-mm dish in DMEM supplemented
with 20 mM Hepes and 20% FBS. The cultures were kept at 37 °C with a gas mixture of 5%
CO2/95% air. The medium was supplemented with 5 U/ml heparin, 100 IU/ml penicillin,
and 100 μg/ml streptomycin. Endothelial cells of the fourth to sixth passages in the actively
growing condition were used for experiments.

High-performance purity-grade (90% purity) small-hairpin RNAs (shRNAs) against VPO1
(VPO1-shRNA) were obtained from Genechem (Shanghai, China). shRNA with a
nonsilencing oligonucleotide sequence that does not have any known homology to
mammalian genes was used as a negative control (control-shRNA). HUVECs were plated in
six-well plates and grown in DMEM containing 10% FBS. One day after seeding, the cells
were transfected with 100 pmol of control-shRNA or 100 pmol of VPO1-shRNA using
Lipofectamine NAiFect transfection reagent (Qiagen) according to the manufacturer’s
instructions. Four hours after transfection, the cells were washed with Hanks’ buffered
saline solution, then DMEM containing 10% FBS was added. Two days later the cells were
trypsinized and split into 100-mm petri dishes. G418 (400 μg/ml; Gibco BRL) was added to
the culture and changed every 1 or 2 days. When the first resistant clones were detected, the
concentration of G418 was decreased to 200 μg/ml. Individual clones were pipetted off,
transferred, and grown into clonal lines in medium containing G418 (200 μg/ml). The
infection efficiency was evaluated by green fluorescent protein (GFP) expression using
fluorescence microscopy and by VPO1 expression using Western blotting analysis.

Small interfering RNA (siRNA) against NADPH oxidase gp91phox subunit (Genechem) was
generated against the following human NADPH oxidase gp91phox mRNA sequences: sense,
5′-CGUCUUCCU-CUUUGUCUGGdTdT-3′; antisense, 5′-CCAGACAAAGAGGAA-
GACGdTdT-3′. As described previously [17], HUVECs grown to 60 to 70% confluence
were transfected with Gene Silencer transfection reagent according to the manufacturer’s
instructions, plus gp91phox siRNA or control nontargeting siRNA in FBS-free DMEM.
Three hours after transfection, fresh DMEM supplemented with 5% FBS and without
endothelial growth supplement was added, and the cells were cultured in the presence or
absence of ox-LDL for an additional 24 h. The infection efficiency was evaluated by
gp91phox expression using Western blotting analysis.
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1.3. Experimental protocol
To investigate the effects of ox-LDL on endothelial cell apoptosis and VPO1 expression, the
cells were treated with ox-LDL (100 μg/ml) for 12, 24, or 48 h or ox-LDL (50, 100, or 200
μg/ml) for 24 h. To further examine the role of the NADPH oxidase/ROS/VPO1/HOCl/p38
MAPK/caspase-3 pathway in ox-LDL-induced endothelial cell apoptosis, two series
experiments were performed. First, cells were pretreated with 600 μM apocynin (the
NADPH oxidase inhibitor), 10 μM DPI (the NADPH oxidase inhibitor), 1 μM SB203580
(the specific p38 MAPK inhibitor), or 100 μM DEVD-CHO (the specific caspase-3
inhibitor) for 1 h, or successfully transfected with VPO1-shRNA or gp91phox siRNA, and
then exposed to ox-LDL (100 μg/ml) for 24 h. The protein expression of NADPH oxidase
gp91phox subunit, VPO1, p38 MAPK, and β-actin; caspase-3 activity; and apoptosis were
then determined. Second, wild-type cells or cells successfully transfected with VPO1-
shRNA/gp91phox siRNA were harvested and suspended in 10 mM phosphate buffer (pH 7.4,
37 °C) containing 140 mM sodium chloride, 10 mM potassium chloride, 0.5 mM
magnesium chloride, 1 mM calcium chloride, 1 mg/ml glucose, and 5 mM taurine. The cells
were pretreated with 600 μM apocynin or 10 μM DPI for 1 h, then exposed to ox-LDL (100
μg/ml) for 30 min, and intracellular ROS or HOCl levels in the supernatant were
determined.

1.4. Preparation of LDL and LDL oxidation by copper
Native LDL was isolated from pooled plasma of healthy donors through sequential density
gradient ultracentrifugation in sodium bromide density solutions in the density range of
1.019–1.063 kg/L as previously described [25]. Then isolated LDL was dialyzed under
nitrogen for 24 h at 4 °C against phosphate-buffered saline (PBS; 5 mM phosphate buffer
and 125 mM NaCl, pH 7.4). LDL was oxidized by dialysis for 24 h at 37 °C against 10 μM
CuSO4 in PBS, as previously described in detail, and then the oxidized LDL was dialyzed
for 24 h at 4 °C against PBS containing 0.3 mM EDTA. Protein concentration was measured
by Lowry’s method. The levels of thiobarbituric acid-reactive substances (TBARS),
reflecting the extent of LDL oxidation, were measured by previously described methods
[25]. The levels of TBARS were 6.15±0.88 and 25.12±6.78 μM/g protein for LDL and ox-
LDL, respectively.

1.5. Apoptosis determination
1.5.1. Annexin V–PI double-staining assay—Cells were collected and washed with
PBS two times and then were resuspended in 250 μl binding buffer. FITC–annexin V (5 μl)
and PI (10 μl, 20 μg/ml) were diluted per 100 μl cell suspension. The cells were incubated
at room temperature for 15 min. After 400 μl PBS was added to the mixture, the samples
were analyzed by flow cytometry (Becton–Dickinson).

1.5.2. Hoechst 33342 staining assay—Cells were cultured in 24-well plates and
treated with Hoechst 33342 (100 μg/ml) for 10 min at 37 °C in the dark. Hoechst-stained
nuclei were observed using a fluorescence microscope (Olympus, Japan) at 521 nm emission
wavelength. A total of 200 cells from five random high-power fields were counted. The
percentage of apoptosis was expressed as the ratio of apoptotic cells to total cells.

1.6. Measurement of intracellular ROS
Changes in intracellular ROS levels were determined by measuring the oxidative conversion
of cell-permeative 2′,7′-dichlorofluorescein diacetate (H2DCF) to fluorescent
dichlorofluorescein (DCF) in a fluorescence spectrophotometer (F4000; Hitachi, Japan).
H2DCF was added at a final concentration of 10 μM and incubated for 20 min at 37 °C. The
fluorescence was monitored using a fluorescence microscope equipped with an FITC filter
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and the average intensity values were measured at 200× magnification in five randomly
chosen fields for each of nine replicates from four independent experiments.

1.7. Hypochlorous acid assay
HOCl can be trapped with taurine to form a stable chloramine. Chloramines are detected by
using iodide to catalyze the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) to form
strongly absorbing products. We therefore used a TMB assay to determine HOCl production
[27]. In brief, the cells were harvested and suspended in 10 mM phosphate buffer (pH 7.4,
37 °C) containing 140 mM sodium chloride, 10 mM potassium chloride, 0.5 mM
magnesium chloride, 1 mM calcium chloride, 1 mg/ml glucose, and 5 mM taurine.
Reactions were carried out in 1.5-ml Eppendorf centrifuge tubes. The tubes were rotated
gently every 5 min to ensure that the cells were kept in suspension and fully aerated.
Reactions were stopped by the addition of 20 μg/ml catalase and placement of tubes in
melting ice for at least 10 min. The cells were then pelleted by centrifugation (5 min at
14,000 g). The supernatant (200 μl) was rapidly and completely mixed with 50 μl of TMB,
100 μM sodium iodide, and 10% dimethylformamide in 400 mM acetate buffer. After 5 min
the absorbance at 650 nm was recorded and related to the standard curve to determine the
concentration of taurine chloramine. HOCl production was calculated by the standard curve
of the TMB method.

1.8. Measurement of caspase-3 activity
The activity of caspase-3-like protease in the lysate was measured using a colorimetric
caspase-3 assay kit according to the manufacturer’s protocol. In brief, cytosolic protein (100
μg) was mixed with caspase-3-specific substrate acetyl-Asp-Glu-Val-Asp-p-nitroanilide
(final concentration, 200 μM) and incubated at 37 °C for 90 min. The absorbance was read
at 405 nm. To confirm that substrate cleavage was due to caspase activity, extracts were
incubated in the presence of the caspase-3-specific inhibitor acetyl-DEVD-CHO (final
concentration, 20 μM) at 37 °C, before the addition of substrate. The value (in arbitrary
absorbance units) of the absorbance signal of the inhibited sample was subtracted from that
of the noninhibited sample.

1.9. Anti-VPO1 antibody
A region of the VPO1 peroxidase domain with highly predicted antigenicity was chosen
using DNA Star software (Madison, WI, USA). The peptide (corresponding to residues
1197–1211) was synthesized, purified by reverse-phase high-performance liquid
chromatography, and conjugated with keyhole limpet hemocyanin from Sigma–Genosys
(The Woodlands, TX, USA). Anti-VPO1 antibody was raised in rabbit against the
conjugated peptide (Sigma–Genosys). Antibody was purified using protein G–agarose beads
according to standard procedures. The specificity of the antiserum was determined by
Western blotting as in our previous study [23].

1.10. Real-time RT-PCR analysis
The mRNA expression of VPO1 in HUVECs was analyzed using the ABI 7300 real-time
PCR system (Foster City, CA, USA). The specific primer pairs were human, 5′-
AGCCAGCCATCACCTGGAAC-3′ (forward) and 5′-TTCCGGGCCACACACTCATA-3′
(backward). Reverse-transcription reaction was performed with 1 μg total RNA isolated
from the cells of each group. For PCR amplification, cDNAs were amplified using the
SYBR green real-time PCR master mix (TaKaRa) and 0.4 μM each primer pair.
Amplification was carried out starting with an initial step for 30 s at 94 °C, followed by 40
cycles of the amplification step (94 °C for 30 s,60 °C for 60 s, and 72 °C for 1 min) for
VPO1 or GAPDH. All amplification reactions for each sample were carried out in triplicate
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and the averages of the threshold cycles were used to interpolate curves using 7300 System
SDS software. Results were expressed as the ratio of VPO1 to GAPDH mRNA, and the
VPO1 expression level in the control group was regarded as 100%.

1.11. Western blot analysis
Cells were lysed for 30 min at 4 °C in a lysis buffer. Total cell protein concentration was
determined using the bicinchoninic acid reagent. Total protein (50 to 100 μg) was resolved
by SDS–polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and
subjected to immunoblot analysis. The primary antibodies for VPO1 (1:2000), p38 MAPK
(1:1000), NADPH oxidase gp91phox subunit (1:2000), or β-actin (1:1000) and horseradish
peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) were used. The
bands were visualized using enhanced chemiluminescence reagents and analyzed with a gel
documentation system (Bio-Rad Gel Doc1000 and Multi-Analyst version 1.1). All results
were representative of at least three independent experiments.

1.12. Statistical analysis
Results are expressed as means±SEM. Data were analyzed by ANOVA followed by the
Newman–Student–Keuls test for multiple comparisons. The significance level was chosen as
P<0.05.

2. Results
2.1. Effects of ox-LDL on apoptosis and VPO1 expression in HUVECs

In keeping with previous study [26], treatment of HUVECs with ox-LDL (0, 50, 100, or 200
μg/ml) for 0, 12, 24, and 48 h induced apoptosis in a concentration- and time-dependent
manner (Figs. 1A and B, respectively). Hoechst 33342 staining assay showed that treatment
with ox-LDL significantly increased the ratio of cells with a profile of cell shrinkage,
chromatin condensation, and fragmented fluorescent nuclei. Annexin V–PI staining assay
with flow cytometry also showed that treatment with ox-LDL significantly increased the
ratio of apoptotic cells. Importantly, we found that ox-LDL time- and concentration-
dependently up-regulated VPO1 expression (both mRNA and protein) (Figs. 2A–D).

2.2. Role of VPO1 in ox-LDL-induced apoptosis in HUVECs
To investigate the role of VPO1 in mediation of ox-LDL-induced apoptosis of endothelial
cells, the strategy of VPO1 RNA interference was applied. As shown in Fig. 2E, more than
90% cells transfected with VPO1-shRNA showed GFP expression. Transfection of
HUVECs with VPO1-shRNA successfully knocked down the VPO1 protein expression (Fig.
2F). In contrast, control-shRNA, nontargeting to any known cDNA, did not affect the VPO1
expression.

Importantly, annexin V–PI staining assay with flow cytometry showed that shRNA targeting
VPO1 significantly inhibited ox-LDL-induced apoptosis in HUVECs (Fig. 3A). The
increased caspase-3 activity induced by ox-LDL, a marker of apoptosis, was also inhibited
by VPO1 shRNA in HUVECs (Fig. 3B). VPO1 shRNA alone had no effect on cell apoptosis
or caspase-3 activity.

2.3. Role of NADPH oxidase/p38 MAPK/caspase-3 pathway in ox-LDL-induced apoptosis in
HUVECs

In line with previous studies [18,26,28], pretreatment with the NADPH oxidase inhibitors
(apocynin and DPI), NADPH oxidase gene-silencing using gp91phox siRNA transfection,
the specific p38MAPK inhibitor SB203580, or the specific caspase-3 inhibitor DEVD-CHO
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significantly inhibited ox-LDL-induced endothelial cell apoptosis and the increased
caspase-3 activity (Figs. 3A, B, C, and D). Apocynin (Figs. 3A and B), DPI, gp91phox

siRNA (Figs. 3C and D), SB203580, or DEVD-CHO (data not shown) alone had no effect
on cell apoptosis or caspase-3 activity.

2.4. Relationship between VPO1/HOCl and NADPH oxidase/ROS/p38 MAPK pathway in ox-
LDL-induced apoptosis in HUVECs

VPO1 expressed in live cells can use H2O2 generated from coexpressed NADPH oxidases
directly to produce HOCl and its chlorinating species to catalyze peroxidative reactions [23].
To determine the relationship between the VPO1/HOCl and the NADPH oxidase/ROS/p38
MAPK pathways in mediating ox-LDL-induced apoptosis in HUVECs, we used the specific
inhibitors apocynin, DPI, SB203580, and DEVD-CHO and the strategy of shRNA targeting
to VPO1 and siRNA against NADPH oxidase subunit gp91phox. Apocynin, DPI, gp91phox

siRNA, and VPO1 shRNA significantly inhibited ox-LDL-induced intracellular ROS and
HOCl generation (Figs. A, B, C, and 4D and Supplementary Fig. S1). Importantly,
apocynin, DPI, gp91phox siRNA, and VPO1 shRNA also down-regulated the protein
expression of VPO1 and NADPH oxidase gp91phox subunit and decreased the
phosphorylation of p38 MAPK in the presence of ox-LDL (Figs. 5A, B, C, and D).
Apocynin, DPI, gp91phox siRNA, or VPO1 shRNA alone had no effect on intracellular ROS
and HOCl generation (Figs. 4A, B, C, and D). Apocynin or DPI alone had no effect on the
protein expression of VPO1 or NADPH oxidase gp91phox subunit or the phosphorylation of
p38 MAPK (Figs. 5A, B, C, and D). VPO1 shRNA alone had no effect on the protein
expression of NADPH oxidase gp91phox subunit, but significantly down-regulated the basal
expression of VPO1 and phosphorylated p38MAPK (Figs. 5A, B, C, and D). gp91phox

siRNA alone significantly down-regulated the basal expression of gp91phox and VPO1 as
well as phosphorylated p38MAPK (Figs. 5A, B, C, and D). It is of note that SB203580 or
DEVD-CHO had no effect on intracellular ROS or HOCl generation or the protein
expression of VPO1 or NADPH oxidase gp91phox subunit (data not shown).

3. Discussion
This study revealed that ox-LDL induced endothelial cell apoptosis and the expression of
VPO1 in endothelial cells in a concentration-and time-dependent manner concomitant with
increased intracellular ROS and HOCl generation and the up-regulated protein expression of
NADPH oxidase gp91phox subunit and phosphorylation of p38 MAPK. All these effects of
ox-LDL were inhibited by VPO1 and NADPH oxidase gp91phox subunit gene silencing or
by pretreatment with apocynin and DPI (the NADPH oxidase inhibitors). The p38 MAPK
inhibitor SB203580, or the caspase-3 inhibitor DEVD-CHO, significantly inhibited ox-LDL-
induced endothelial cell apoptosis, but had no effect on intracellular ROS or HOCl
generation or the expression of NADPH oxidase gp91phox subunit and VPO1. Collectively,
these findings suggest for the first time that VPO1 plays a critical role in ox-LDL-induced
endothelial cell apoptosis and that there is a positive feedback loop between VPO1/HOCl
and the now-accepted dogma that the NADPH oxidase/ROS/p38 MAPK/caspase-3 pathway
is involved in ox-LDL-induced endothelial cell apoptosis.

Thrombosis underlies most acute complications of atherosclerosis, notably acute coronary
syndromes (ACS) [29]. Coronary thrombosis may arise not only from a fracture in the
plaque’s protective fibrous cap, but also from superficial erosion of the luminal endothelium
without a rupture extending into the lipid core [30]. In approximately one-quarter of cases of
sudden cardiac death, fatal thrombosis in the coronary arteries results from superficial
erosion of coronary fibrous plaques morphologically recognized as “stable plaques” [31,32].
This mechanism of plaque disruption appears more common in women and smokers.
Disordered metabolism of interstitial collagen probably sets the stage for fibrous cap rupture
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in lipid-rich atheroma [31]. However, the molecular mechanisms of endothelial erosion in
atherosclerotic plaques are uncertain. Several lines of evidence support the presence of
apoptosis of endothelial cells (ECs) in atheroma as well as increased circulating apoptotic
ECs in patients with ACS, suggesting that EC death atop the atherosclerotic arterial intima
participates in endothelial desquamation and subsequent thrombosis [33].

Our previous study demonstrated that VPO1 expressed in live cells could use H2O2
generated from coexpressed NADPH oxidases directly to produce HOCl and its chlorinating
species to catalyze peroxidative reactions [23]. As the NADPH oxidases are normally
expressed in the same vascular cells where VPO1 is expressed, one can speculate that VPO1
is likely to play an important role in the vascular system. Such a role in the vascular system
could involve defense against microbes that enter or colonize the vasculature; an analogous
role is seen with lactoperoxidase in the salivary gland and bronchi, where it has an
antimicrobial effect in the alimentary and upper airway systems [34]. Alternatively, VPO1
may carry out peroxidative reactions in the vascular system that have been previously
attributed exclusively to MPO, and these might participate in the development of
atherosclerosis. We demonstrated here for the first time that VPO1 gene silencing inhibited
ox-LDL-induced endothelial cell apoptosis. Our study provides a potential mechanistic link
for VPO1 to increase endothelial cell apoptosis in atherosclerosis.

The exact mechanism by which VPO1 influences cell apoptosis is unknown. In our previous
studies [23], we have demonstrated that VPO1 can catalyze a reaction between hydrogen
peroxide and chloride to generate potent oxidants including HOCl, which is similar to MPO.
Studies show that HOCl can induce cell death by decreasing cellular ATP levels or
modifying cell-surface proteins [35,36]. Recently, it has also been demonstrated that HOCl
causes apoptosis and growth arrest in human ECs [37]. This study shows that sublethal
concentrations of HOCl rapidly provoke apoptotic EC death, probably caused by Bcl-2
degradation and cytochrome c release from mitochondria. The precise mechanisms of
HOCl-induced Bcl-2 loss remain uncertain at present. It has been shown that intracellular
GSH depletion caused by buthionine sulfoximine induces degradation of the Bcl-2 protein
and promotes apoptosis in cholangiocytes [38]. Otherwise, HOCl rapidly decreases the
intracellular GSH levels in human ECs, suggesting that GSH depletion by HOCl might play
a key role in the degradation of Bcl-2 protein in ECs [39]. Xue et al. have shown that locally
generated ROS can directly destroy native Bcl-2 protein by a protease-independent
mechanism [40]. Thus, Bcl-2 may be a direct or indirect intracellular target of HOCl,
triggering the activation of the apoptotic cascade in human ECs. A previous study has also
documented that chlorotyrosine, the oxidative product of HOCl, promotes endothelial cell
apoptosis by activating the NADPH/ROS/p38 MAPK signal pathway [39,41]. And as one of
heme-containing peroxidase enzymes, VPO1 participates in H2O2 metabolism, leading to
production of HOCl and probably activating the NADPH/ROS/p38 MAPK signal pathway.

NADPH oxidase is an inducible electron transport system that transfers reducing equivalents

from NADPH to molecular oxygen via flavins, resulting in  generation [42]. A previous
study has shown that NADPH oxidase is present in neutrophils [43]. Recent studies indicate
that NADPH oxidase is also the major origin of ROS in some nonphagocytic cells, such as
endothelial cells and smooth muscle cells [44,45]. It has been reported that the activity of
NADPH oxidase is increased by up-regulation of gene expression and/or posttranscriptional
expression at the protein level, and the enzyme-dependent oxidative stress is thought to play
a pivotal role in endothelial dysfunction of some cardiovascular diseases [46,47]. Ox-LDL,
the main component of serum lipids, is a crucial risk factor for atherosclerosis and
endothelial dysfunction [48]. Numerous studies have suggested that NADPH oxidase plays
an important role in ox-LDL-induced oxidative stress, in that ox-LDL can induce ROS
generation by increasing NADPH oxidase activity in the endothelium [49,50]. More
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significantly, the increase in ROS is both required and sufficient to generate the
physiological changes that accompany the generation of an atherosclerotic endothelium.
There is evidence to suggest that the proliferation and migration of the endothelium induced
by ox-LDL are mediated by NADPH oxidase [51]. Pretreatment with the NADPH oxidase
inhibitor, DPI, attenuated the effects of ox-LDL. In this study, we confirmed the previous
studies showing that ox-LDL significantly up-regulated the expression of NADPH oxidase
and subsequently enhanced the production of intracellular ROS in HUVECs, an effect that
was attenuated by the NADPH oxidase inhibitors apocynin and DPI, or by NADPH oxidase
gp91phox subunit, or by VPO1 gene silencing.

It has been reported that activation of p38 MAPK or its upstream kinases in cells induces
apoptosis, and blocking the activation of p38 MAPK protects against apoptosis in several
cell lines [26,52]. In this study, we found that ox-LDL could induce activation of p38
MAPK, congruent with the increase in cell apoptosis. In addition, treatment with a p38-
MAPK-specific inhibitor could effectively abolish ox-LDL-induced cell apoptosis.
Therefore, these results suggest that the activation of p38 MAPK contributes to ox-LDL-
induced apoptotic death of endothelial cells.

Caspase family proteases can activate themselves in vitro, and some can activate other
family members, which in turn cleave various substrate proteins that account for many of the
biochemical and morphological changes that occur during apoptosis. Among them,
caspase-3 has been considered a central component of the proteolytic cascade during
apoptosis [22]. We examined the substrate specificity of proteolytic activity and identified a
significantly increased caspase-3 activity in the extracts from ox-LDL-treated endothelial
cells. The apoptosis induced by ox-LDL could be inhibited by DEVD-CHO, the caspase-3-
specific inhibitor. Our current data further confirmed that caspase-3 might be a predominant
target involved in ox-LDL-induced apoptosis in endothelial cells. Cross talk between p38
MAPK and caspase signaling pathways has been previously reported in endothelial cells
[18,53]. However, it is unclear as to whether p38 MAPK is upstream of caspases or vice
versa. We showed that the increased p38 MAPK phosphorylation induced by ox-LDL could
be effectively suppressed by the NADPH oxidase inhibitors apocynin and DPI, or by
NADPH oxidase gp91phox subunit, or by VPO1 gene silencing. Moreover, we found that the
p38-MAPK-specific inhibitor was capable of inhibiting the caspase-3 activation in
endothelial cells treated with ox-LDL. These findings implied that ROS induced by ox-LDL
may be involved in p38 MAPK phosphorylation, which in turn triggers caspase-3 activation
in human endothelial cells.

In summary, our study is the first report documenting that VPO1, a newly identified heme-
containing peroxidase, induces endothelial cell apoptosis via elevation of intracellular ROS
and HOCl, for which there is a positive feedback loop between VPO1 and NADPH oxidase
and which in turn activates the p38 MAPK/caspase-3-dependent signaling pathway. The
proposed pathway of VPO1 mediation of ox-LDL-induced endothelial cell apoptosis is
summarized in Fig. 6. We believe that VPO1 may be a potential therapeutic target in
cardiovascular diseases including atherogenesis. It is of note that in our setting the detection
of HOCl in the supernatant could be due to the release of VPO1 although we also detected
intracellular production of HOCl as shown in the online supplementary data. Therefore, the
significance of VPO1 as a potential intracellular secretory protein deserves to be further
investigated.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Concentration response and (B) time course of ox-LDL-induced apoptosis in cultured
HUVECs. (A) The endothelial cells were exposed to ox-LDL at various concentrations (50,
100, and 200 μg/ml) for 24 h. (B) The cells were exposed to ox-LDL (100 μg/ml) for 0, 12,
24, and 48 h. Apoptosis was determined by Hoechst 33342 staining and annexin V–PI
double-staining assay (flow cytometry). Data are expressed as means±SEM, n=6 each,
performed in triplicate. Compared with control (0 μg/ml ox-LDL) or 0 h, *P<0.05;
**P<0.01.
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Fig. 2.
Expression of VPO1 in response to ox-LDL in HUVECs and effect of knockdown of VPO1
by shRNA. (A, B, C and D) Ox-LDL up-regulated the expression of VPO1 (both mRNA
and protein, analyzed by real-time PCR and Western blot, respectively) in a time- and
concentration-dependent manner. (E) GFP immunofluorescence staining of the cells
transfected with VPO1-shRNA. (F) VPO1-shRNA successfully decreased VPO1 protein
expression. Data are expressed as means±SEM, n=6 each, performed in triplicate. Compared
with control (0μg/ml ox-LDL) or 0 h, *P<0.05; **P<0.01.
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Fig. 3.
Effects of VPO1 knockdown on apoptosis of HUVECs induced by ox-LDL. (A and C) Cell
apoptosis analysis by flow cytometry. (B and D) Caspase-3 activity. Control, wild-type cells
were treated with 0 μg/ml ox-LDL for 24 h; ox-LDL, wild-type cells were treated with 100
μg/ml ox-LDL for 24 h; +DPI, cells were pretreated with 10 μM DPI (the specific NADPH
oxidase inhibitor) for 1 h before ox-LDL exposure; +apocynin, cells were pretreated with
600 μM apocynin for 1 h before ox-LDL exposure; +gp91phox siRNA, after successful
gp91phox siRNA transfection, cells were cultured in DMEM containing 100 μg/ml ox-LDL
for 24 h; +VPO shRNA, after successful VPO1 shRNA transfection, cells were cultured in
DMEM containing 100 μg/ml ox-LDL for 24 h; +SB203580, cells were pretreated with 1
μM SB203580 (the specific p38 MAPK inhibitor) for 1 h before ox-LDL exposure;
+DEVD-CHO, cells were pretreated with 100 μM DEVD-CHO (the specific caspase-3
inhibitor) for 1 h before ox-LDL exposure; gp91phox siRNA, cells with successful gp91phox

siRNA transfection were incubated in DMEM containing 1% calf serum for 24 h; VPO
shRNA, cells with successful VPO1 shRNA transfection were incubated in DMEM
containing 1% calf serum for 24 h; DPI, cells were cultured in DMEM containing 10 μM
DPI for 24 h; apocynin, cells were cultured in DMEM containing 600 μM apocynin for 24
h. **P<0.01 vs control (0 μg/ml ox-LDL), ++P<0.01 vs ox-LDL (100 μg/ml). Data are
expressed as means±SEM, n=6 each, performed in triplicate.
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Fig. 4.
The role of intracellular ROS and HOCl in ox-LDL-induced apoptosis in HUVECs. (A and
B) Intracellular ROS level was determined by fluorescent DCF. (C and D) HOCl production
was determined by TMB assay. Control, wild-type cells were incubated in 10 mM phosphate
buffer containing 5 mM taurine for 30 min; ox-LDL (100 μg/ml), wild-type cells were
cultured in 10 mM phosphate buffer containing 5 mM taurine and ox-LDL (100 μg/ml) for
30 min; +DPI, cells were pretreated with 10 μM DPI ( the specific NADPH oxidase
inhibitor) for 1 h before ox-LDL exposure; +apocynin, cells were pretreated with 600 μM
apocynin for 1 h before ox-LDL exposure; +gp91phox siRNA, after successful gp91phox

siRNA transfection, cells were cultured in 10 mM phosphate buffer containing 5 mM taurine
and ox-LDL (100 μg/ml) for 30 min; +VPO shRNA, after successful VPO1 shRNA
transfection, cells were cultured in 10 mM phosphate buffer containing 5 mM taurine and
ox-LDL (100 μg/ml) for 30 min; gp91phox siRNA, cells with successful gp91phox siRNA
transfection were incubated in 10 mM phosphate buffer containing 5 mM taurine for 30 min;
VPO shRNA, cells with successful VPO shRNA transfection were incubated in 10 mM
phosphate buffer containing 5 mM taurine for 30 min; DPI, cells were cultured in 10 mM
phosphate buffer containing 5 mM taurine and 10 μM DPI for 30 min; apocynin, cells were
cultured in 10 mM phosphate buffer containing 5 mM taurine and 600 μM apocynin for 30
min. **P<0.01 vs control (0 μg/ml ox-LDL), ++P<0.01 vs ox-LDL (100 μg/ml). Data are
expressed as means±SEM, n=6 each, performed in triplicate.
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Fig. 5.
Relationship between VPO1 and the NADPH oxidase/p38 MAPK pathway in ox-LDL-
induced apoptosis in HUVECs. (A and B) The protein levels of VPO1 and NADPH oxidase
subunit gp91phox. (C and D) The protein levels of (phosphorylated) p38 MAPK. Control,
endothelial cells were incubated in DMEM containing 1% calf serum for 24 h; ox-LDL (100
μg/ml), endothelial cells were cultured in DMEM containing 100 μg/ml ox-LDL for 24 h;
+DPI, cells were pretreated with 10 μM DPI (the specific NADPH oxidase inhibitor) for 1 h
before ox-LDL exposure; +apocynin, cells were pretreated with 600 μM apocynin for 1 h
before ox-LDL exposure; +gp91phox siRNA, after successful gp91phox siRNA transfection,
cells were cultured in DMEM containing 100 μg/ml ox-LDL for 24 h; +VPO shRNA, after
successful VPO1 shRNA transfection, cells were cultured in DMEM containing 100 μg/ml
ox-LDL for 24 h; gp91phox siRNA, cells with successful gp91phox siRNA transfection were
incubated in DMEM containing 1% calf serum for 24 h; VPO shRNA, cells with successful
VPO1 shRNA transfection were incubated in DMEM containing 1% calf serum for 24 h;
DPI, cells were cultured in DMEM containing 10 μM DPI for 24 h; apocynin, cells were
cultured in DMEM containing 600 μM apocynin for 24 h. n=6 each, performed in triplicate.
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Fig. 6.
The proposed pathway of VPO1 mediation of ox-LDL-induced endothelial cell apoptosis.
Ox-LDL up-regulates the expression of NADPH oxidase subunit gp91phox and consequently
increases intracellular ROS production and VPO1 expression as well as HOCl production.
There is a positive feedback loop between VPO1/HOCl and the NADPH oxidase/ROS
pathway, which in turn activates the p38 MAPK/caspase-3-dependent signaling pathway to
mediate ox-LDL-induced endothelial cell apoptosis.
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