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VPO1 mediates oxidation of LDL and formation of foam cells

Youfeng Yang1,*, Ruizheng Shi1,2,*, Zehong Cao1, Guogang Zhang2 and Guangjie 
Cheng1

1 Division of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, University of Alabama at Birmingham, 
Birmingham, AL, USA
2 Department of Cardiovascular Medicine, Xiangya Hospital, Central South University,  Changsha, China
* These authors have contributed equally to this work

Correspondence to: Guangjie Cheng, email: gjcheng@uab.edu
Keywords: heme-containing peroxidase; free radical; low-density lipoprotein; oxidized lipids; foam cells; Gerotarget
Received: March 09, 2016 Accepted: April 24, 2016 Published: May 05, 2016

AbstrAct
Deposition of oxidized-LDL in vascular walls is essential in the initiation of 

atherosclerosis. Oxidation of LDL has been attributed to myeloperoxidase as its 
generation of potent oxidants. However, the exact mechanism of LDL oxidation 
and foam cell formation in atherosclerosis remains to be elucidated. Vascular 
peroxidase-1 (VPO1), a newly-identified heme-containing peroxidase, is primarily 
expressed in cardiovascular systems, and secreted into the circulation. The present 
study evaluates VPO1-mediated LDL oxidation and its role in atherosclerosis. VPO1 
was first demonstrated binding to LDL. VPO1-mediated oxidation of proteins and 
lipids in LDL was verified by a variety of methods including immunoblot analysis, 
free tryptophan assay, UV absorbance, and thiobarbituric acid assay. VPO1-oxidized 
LDL caused accumulation of LDL in monocyte-like cells and promoted formation of 
foam cells. Administration of inflammation factors, LPS or TNF-α, induced increasing 
expression of VPO1 in aorta and secretion to plasma. TNF-α also promoted formation 
and retention of VPO1-oxidized LDL in aortic walls. Our data suggest that VPO1 
contributes to oxidation and retention of LDL in vessel walls, and formation foam 
cells, indicating VPO1 as a novel potential mediator of atherosclerosis. 

IntroductIon

Atherosclerosis is a multistep, multifactorial and 
inflammatory disease, characterized by deposition of 
lipoprotein, monocyte recruitment, and formation of 
foam cells in arterial walls [1-3]. The pathogenesis of 
atherosclerosis includes initiation and lesion progress. 
Oxidation of low-density lipoprotein (LDL) plays an 
important role both in lesion initiation and progression. 
Oxidation of LDL may occur in plasma, tissues, as well 
as the arterial intima [4, 5]; oxidation of LDL in arterial 
intima promotes formation of foam cells and retention 
of LDL in vessel walls, as well as induces expression 
of inflammatory factors [6]. Oxidized LDL (oxLDL) 
in arterial walls is considered as one of the major onset 
mechanisms for the pathogenesis of atherosclerosis [7]. 

A variety of enzymes are involved in the oxidation 

of LDL. Of which, leukocyte-derived myeloperoxidase 
(MPO) has been extensively studied [8, 9]. MPO is 
highly expressed in neutrophils, in which MPO counts as 
approximately 5% of the dry weight [10]. Physiologically, 
MPO plays an important role in the host defense by killing 
invading microbes through generation of HOCl in the 
presence of H2O2 and Cl-. Under pathological conditions, 
MPO is thought as a major mediator for oxidation of LDL 
since MPO generates multiple oxidants to convert LDL to 
an atherogenic form in vitro [3, 11, 12]. However, MPO 
is strictly expressed in neutrophils and monocytes; small 
amount of secreted MPO may indirectly enter vessel walls 
by transcytosis during acute inflammation [13]. Lusis and 
colleagues reported that unlike humans, mouse monocytes 
have little MPO, while atherosclerotic lesions in MPO-
deficient mice are about 50% larger than wild-type 
control [14]. MPO-transgenic mice, whose macrophages 
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expressed human MPO, revealed more severe lesion of 
atherosclerosis [15]. These data imply a role for another 
(non-MPO) heme-containing peroxidase (hPx) in arterial 
walls in the pathogenesis of atherosclerosis.

Our laboratory recently identified and characterized 
a novel member of hPx family, named vascular 
peroxidase-1 (VPO1) [16, 17]. It is the mammalian 
homologue of Drosophila peroxidasin (PXDN) [18]. 
Unlike MPO, VPO1 is highly expressed in vascular 
endothelial cells (VECs), vascular smooth muscle cells 
(VSMCs), heart and lung; VPO1 proteins are also secreted 
into the circulation [16]. VPO1 mediates generation of 
HOCl and is the second mammalian hPx generating HOCl 
[19]. Herein, we explore the pathological role of VPO1 in 
atherogenesis. 

results

VPo1 binds to ldl

VPO1 is unique in hPx family; it contains five 
leucine-rich repeats (LRRs) and four immunoglobulin 
(Ig) C2 domains at the N-terminus [17]. These structures 
are proposed for protein and protein interaction [17]. In 
addition, VPO1 expresses in vessel walls and is secreted 
into the circulation [16]. Based on its properties of 
biochemistry and cell biology, we asked if VPO1 interacts 
with LDL. Full-length and truncated VPO1 were incubated 

with LDL. The pull-down experiments showed that full-
length VPO1 and VPO1 29-250 aa (containing LRRs), 
not VPO1 251-609aa (containing Ig C2 domains), bound 
to LDL. The interaction was at dose-dependent manner 
(Figure 1). The data strongly support that VPO1 interacts 
with LDL. 

VPo1 mediates ldl oxidation

MPO plays an important role in atherosclerosis via 
oxidation of proteins and lipids [3, 11, 12]. MPO oxidizes 
proteins and lipids primarily through generation of HOCl, 
a potent oxidant [20]. apoB-100 is the protein component 
of LDL and readily oxidized by HOCl to form dimers 
and high-molecular-mass aggregates [21]. VPO1 was 
reported as the second mammalian enzyme generating 
HOCl [19]. To assess if VPO1 mediates oxidation of 
LDL, LDL was incubated with VPO1, H2O2 and Cl-. The 
product was subject to immunoblot analysis using the anti-
apoB antibody. As shown in Figure 2A, the VPO1/H2O2/
Cl- system catalyzed apoB-100 oxidation, revealing loss 
of apoB-100 band. It is assumed that oxidation of apoB-
100 caused apoB-100 degradation and/or conformation 
changes of the recognition site of the apoB-100 antibody. 
Oxidation pattern of apoB-100 by VPO1 was similar to 
that of MPO (Figure 2A). The VPO1-mediated oxidation 
was inhibited by methionine (a scavenger of HOCl) and 
ABAH (peroxidase inhibitor) (Figure 2A). These data 
suggest that VPO1 is able to oxidize apoB-100 in LDL via 
generation of HOCl.

Figure 1: VPo1 binds to ldl. Full-length rVPO1, rVPO1 (29-250aa) or rVPO1 (251-609aa) was incubated with LDL as described 
in Materials and Methods. The recombinant proteins were pulled down by HisPur® Cobalt resin. The control groups only contained rVPO1 
or LDL alone. The pallets and supernatants were collected, respectively. The pellets and supernatants were subject to immunoblot analysis. 
apoB-100 in LDL was detected by using anti-apoB-100 antibody and visualized by chemiluminescence. The data are representative of two 
independent experiments.
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To further evaluate the oxidation of proteins, free 
tryptophan residues in LDL were measured. Significant 
loss of free tryptophan residues was detected in VPO1-
mediated reactions, similar to that of MPO (Figure 2B). 
However, VPO1 showed weaker effect on oxidizing 
tryptophan residues than that of MPO, consistent with 
weaker enzymatic activity of VPO1 [17, 22]. The relative 
electrophoretic mobility of LDL oxidation was also 
evaluated by using agarose gel electrophoresis. The LDL 
migration distance was increased in VPO1-mediated group 
(Figure 2C), where the ratios of the relative mobility of 
native LDL, 100 nmol/L VPO1-mediated oxLDL (1.5 
hrs and 24 hrs) and 500 nmol/L VPO1-mediated oxLDL 
were 0.6, 0.64, 0.64 and 0.7. In addition, the increased 
relative electrophoretic mobility was a function of the 
concentration of VPO1 and the incubation time (Figure 
2C).

We further evaluated VPO1-mediated lipid 
oxidation. An elevated concentration of thiobarbituric 

acid-reactive substances was detected in VPO1-mediated 
oxLDL, indicating accumulation of aldehydes from lipid 
oxidation (Figure 3A). In addition, UV absorbance at 265 
nm was carried out to measure lipid peroxide products. 
Similar to MPO, VPO1-mediated lipid peroxide was 
significantly increased (Figure 3B). Taken together, our 
data strongly support that VPO1 mediates the broad 
oxidation of LDL.

VPo1-oxidized ldl induces foam cell formation

Formation of foam cells is hallmark of 
atherosclerosis [2, 3, 23]. An array of evidence indicates 
that MPO promotes cholesterol retention in macrophage-
rich human atherosclerotic tissues and stimulates foam cell 
formation [11]. Our group previously reported that VPO1 
can impair plasma lipid clearance via oxidation of apoE 
[24], a major protein in VLDL. Herein, we further assessed 
VPO1-mediated foam cell formation via oxidation of LDL 

Figure 2: VPo1 mediates protein oxidation of ldl. A. apoB-100 was oxidized by VPO1. LDL was incubated in VPO1/H2O2/
Cl- or MPO/ H2O2/Cl- (positive control) as described in Materials and Methods. The oxidized samples were subject to immunoblot analysis 
using anti-apoB-100 antibody. In some groups, methionine was added at 5 mmol/L while ABAH at 1 mmol/L. b. Tryptophan residues in 
LDL were oxidized by VPO1 and MPO. LDL was incubated as in A. The contents of tryptophan in LDL were determined. *p < 0.05 vs. 
LDL control. n = 3. c. Agarose gel electrophoresis of VPO1-oxidized LDL. LDL was oxidized by VPO1 as described in A. Native LDL 
and VPO1-oxidized LDL were analyzed by electrophoresis on 0.8% agarose gel and visualized by staining with Nile red.
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Figure 3: VPo1 mediates lipid oxidation of ldl. LDL was oxidized by VPO1 or MPO as described in Figure 2A. Oxidized lipids 
in LDL were determined by thiobarbituric acid assay (A.) and lipid peroxides assay (b.) Native LDL was as control. *p < 0.05 vs. LDL 
control. n = 3. 

Figure 4: VPo1-oxidized ldl induces foam cell formation. Human THP-1 monocytic cells were first differentiated into 
macrophages by PMA. The primed macrophages were incubated with native LDL, VPO1-oxidized LDL or MPO-oxidized LDL (100 
µg/mL). Cells, which were placed on coverslips, were stained by Oil Red O. Images were recorded by microscope. A.-c. Oil Red O dye 
staining. Scale bar, 60 μm. Magnification, 100x. d.-F. Bright field images. Scale bar, 60 μm. Magnification, 100x. G.-I. Oil Red O dye 
staining. Scale bar, 15 μm. Magnification, 400x. J. Plot and statistical analysis of foam cell formation. K. CTD (corrected total red oil dye) 
is analysis by ImageJ software. *p < 0.05 vs. LDL control. n = 3.
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using human monocytic cells (THP-1). THP-1 cells were 
differentiated into microphages before the experiments of 
foam cell formation. Like MPO-oxidized LDL, VPO1-
oxidized LDL caused lipid accumulation in macrophages 
(Figure 4A-4C and 4G-4I). The similar results were seen 
under bright field (Figure 4D-4F) as well as low (100x) 
and high (400x) magnification (Figure 4A-4F and 4G-
4I). Increasing number of foam cells was observed in 
VPO1-oxidized LDL, similar to positive control of MPO-
oxidized LDL (Figure 4J). Consistently, accumulated LDL 
levels inside the cells were elevated (Figure 4K). 

LPS and TNF-α induce VPO1 expression in aorta 

Atherosclerosis is a chronic inflammatory disease, 
in which inflammatory factors play a critical role in 
the pathogenesis of atherosclerosis not only initiating 
but also worsening the process [25]. It was reported 

that administration of LPS or TNF-α induced vascular 
inflammatory responses of mice. For example, LPS 
caused wide-spread vascular inflammatory responses, and 
worked as an aggravating factor in mouse apoE-deficient 
atherosclerosis [26, 27]. Elevated blood levels of TNF-α 
lead to inflammatory responses of VECs and VSMCs 
including abnormal interaction of vascular endothelial 
cell-blood cell [28]. VPO1 is expressed in a variety of 
cell types and tissues including VECs and VSMCs, and is 
secreted into the circulation. We previously reported that 
LPS and TNF-α induced VPO1 expression and secretion 
in cultured VECs [16]. We then further examined if LPS 
and TNF-α induce VPO1 expression and secretion in 
vivo. We evaluated the VPO1 expression in mouse aorta 
and plasma after LPS and TNF-α administration. Higher 
levels of VPO1 in aorta were observed in both LPS and 
TNF-α treated mice comparing PBS control (Figure 5A 
and 5B). Plasma VPO1 levels were also elevated after LPS 
or TNF-α administration (Figure 5C and 5D). These data 

Figure 5: LPS, TNF-α and LDL induce VPO1 expression in aorta and secretion into plasma. LPS (500 ng/g) or TNF-α (8 
ng/g) was injected into mouse tail vein. PBS was as control. After 24 hrs, mouse aorta and plasma were harvested for immunoblot analysis. 
A. Immunoblot analysis of VPO1 expression in aorta. b. Densitometry of “A”. c. Immunoblot analysis of VPO1 expression in plasma. d. 
Densitometry of “C”. *p < 0.05 vs. PBS; n = 4. e. LDL induces VPO1 expression in aorta. 52.5 μg of LDL or oxLDL were injected into 
mouse tail vein (3 mice/group). PBS was as control. After 24 hrs, mouse aorta was harvested for immunoblot analysis. Representative blot 
was shown.



Oncotarget35505www.impactjournals.com/oncotarget

suggest that VPO1 is able to be induced and accumulated 
in vessel walls and plasma by pro-inflammatory factors.

ldl induces VPo1 expression

It is well known that LDL is highly risk factor of 
atherosclerosis [29, 30]. We then asked if LDL affects 
VPO1 expression. LDL or oxLDL was administrated 
to mice. As shown in Figure 5E, LDL induced VPO1 
expression in aorta. Very interestingly, oxLDL had higher 
impact on VPO1 expression than that of native LDL 
(Figure 5E). Thus, both LDL and oxLDL may induce 
VPO1 expression in aorta while oxLDL is dominant. 

VPo1-oxidized ldl increases retention in aortic 
walls

We further analyzed the retention of VPO1-oxidized 
LDL in aortic walls. Aortic rings were separated from 
adult C57BL/6 mice. The aortic rings were incubated 
with VPO1-mediated oxLDL or HOCl-mediated oxLDL. 
As showed in Figure 6A-6C, VPO1-mediated oxLDL 
significantly increased LDL retention in the aortic rings. 
This is similar to the positive control, HOCl-mediated 
oxLDL (Figure 6C). VPO1-mediated oxLDL caused 
dozen-fold increase of LDL deposition in aortic walls than 
native LDL (Figure 6D). The result was further confirmed 
by immunoblot analysis (Figure 6E). The data suggest 
that VPO1-oxidized LDL is able to deposit in artery walls. 
Taken together, these data strongly support that VPO1 is 
potential risk factor of atherogenesis.

Figure 6: VPo1-oxidized ldl deposits in aortic walls. Aortic rings were separated from adult mice (8-12-week old) and incubated 
in DMEM with 10% FBS as described in Materials and Methods. 40 µg/mL of native LDL (A.), VPO1-oxidized LDL (b.) or reagent HOCl-
oxidized LDL (c.) was added into the medium and incubated for overnight. After washing with PBS, aortic rings were stained with DiI 
for 30 min. Images were recorded by fluorescence microscope. Scale bar, 0.5 mm. Magnification, 20x. (d.) Relative fluorescence density 
of A., b. and c. Densitometry of DiI staining was analyzed by ImageJ. Fluorescence density of PBS control was as 100%. e. Immunoblot 
analysis of VPO1-oxidized LDL retention in aorta. Mice were injected PBS or oxLDL (52.5 μg). Lane 1, one-year old mouse with oxLDL; 
Lane 2, two-month old mouse with PBS; Lane 3, two-month old mouse with oxLDL. After 24 hrs, mouse aorta was harvested and subject 
to immunoblot analysis using anti-apoB polyclone antibody. Anti-GAPDH antibody was as loading control. Data were representative of 
three mice each group.
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dIscussIon

Atherosclerosis is a chronic inflammatory disease 
caused by dysfunction of multiple genes, inflammatory 
factors and cells. It is generally accepted that hPx enzymes 
(i.e. MPO) play a critical role in the atherogenesis. 
However, the exact mechanism of atherogenesis is poorly 
understood. Previous studies in our laboratory have 
identified and characterized a novel member of the hPx 
family, VPO1. VPO1 is unique in the hPx family with its 
expanding N-terminal domains, widely-spread expression 
and secretion into blood [16, 17]. To evaluate the role 
of VPO1 in atherosclerosis, we investigated the LDL 
oxidation mediated by VPO1 in the presence of Cl- and 
H2O2 as well as the effects of VPO1-mediated ox-LDL 
in genesis of atherosclerosis. VPO1 was demonstrated 
binding to LDL. VPO1 mediated the oxidation of lipids 
and apoB-100 of LDL. Exposure of VPO1-mediated 
oxLDL to human monocyte-like cells led to accumulation 
of oxLDL and formation of foam cells. Administration 
of LPS or TNF-α induced VPO1 expression and LDL 
deposition in artery walls. Our data indicate that VPO1 is 
a novel and potential risk factor of atherosclerosis. 

the localization of hPx enzymes in aorta and 
blood

MPO is considered as an important risk factor in 
atherosclerosis [3, 12, 31]. MPO is strictly expressed 
in neutrophils and monocytes. Unlike MPO, VPO1 is 
expressed in multiple cells/tissues [17]. The current study 
confirms that VPO1 is highly expressed in vessel walls 
(Figure 5). VPO1 is secreted into the circulation with 
relatively high concentration (~1.1 μmol/L) [16, 17] while 
MPO is “leaked” into the plasma (454 to 951 pmol/L) 
[32]. Plasma VPO1 concentration is approximately 1000 
folds than that of MPO. Plasma VPO1 is assumed mainly 
from vessel walls besed on the data presented in current 
study and published in other places [16, 17]. Though 
the VPO1 activity is ~ 5-10% of that of MPO, the total 
peroxidase activity of VPO1 could be 50-100 folds than 
that of MPO in plasma. In physiological conditions, there 
are few MPO proteins in vessel walls while MPO may 
indirectly enter vessel walls by transcytosis during acute 
inflammation [13].

Interaction with ldl

Binding of hPx enzymes to LDL should facilitate 
the hPx-mediated oxidation of LDL. MPO is highly 
positively cationic (pI 9.2) and this allows it binding to 
other molecules and cells such as LDL by electrostatic 
interaction [33, 34]. The theoretical pI of VPO1 is ~7.0. 
It seems that VPO1 is less possible to interact with 
LDL via its charges. However, VPO1 has an expanding 

N-terminus, which contains five leucine-rich regions and 
four immunoglobulin C-type domains. These regions and 
domains are predicted involvement in protein-protein 
interaction [17]. We have examined the binding ability of 
VPO1 to LDL. Our data (Figure 1) reveal that VPO1 is 
able to selectively interact with LDL via its leucine-rich 
regions but not immunoglobulin C-type domains. This 
interaction may facilitate VPO1-mediated oxidation of 
LDL, particularly in pathological conditions that VPO1 
is over-expressed. The mechanism merits to further 
investigation. 

the oxidation of ldl and foam cell formation

A line of evidence shows that hPx enzymes play 
an important role in oxidation of LDL. hPX enzymes 
mediate LDL oxidation via a variety of peroxidation 
reactions including chlorination, bromination, dityrosine 
cross-linking and nitration. In these reactions, chlorination 
is predominant and attributed to MPO [12]. MPO is 
the member extensively studied [12]. MPO oxidizes 
both protein and lipid components, increasing their 
atherogenicity [35] and promotes pathogenesis of 
atherosclerosis [3]. We previously reported that VPO1 
generated HOCl and mediated chlorination of proteins 
[19]. In the current study, we demonstrate that VPO1 
mediates oxidation of apoB-100 and lipids of LDL via 
generating HOCl. With higher expression of VPO1 in 
vessel walls, our data suggest that VPO1 oxidize LDL 
locally. Like MPO, ox-LDL mediated by VPO1 also 
promote formation of foam cells. The production of 
ox-LDL is an important event in foam cells formation 
[3, 36], the latter is the hallmark of the pathogenesis 
of atherosclerosis [3]. Thus, VPO1, like MPO, may 
contribute to atherogenesis.

Inflammatory factors and VPO1

At initiation of atherosclerosis, a number of 
inflammatory factors participate vascular inflammatory 
responses. These include expression and secretion of 
chemokines, cytokines, growth factors and enzymes, 
triggering the activation of a variety of signaling pathways 
and oxidative stress. Part of inflammatory responses 
eventually mediates oxidation of LDL and cell damage 
[37]. For example, LPS administration aggravates 
atherosclerosis in apoE-deficient mice [26]. Injection 
of TNF-α into mice caused changes of physiological 
functions of VECs and VSMCs; those changes, together 
with others, initiated atherosclerosis [28]. During the 
initiation of inflammation, increasing cell matrix proteins 
may be produced by VECs and VSMCs, which facilitate 
the attachment and oxidization of intimal influx LDL [38]. 
Thus, the interplay of inflammatory factors and oxidative 
stress initiates and deteriorates atherosclerosis. LPS and 
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TNF-α were proposed to induce VPO1 expression in 
vascular endothelial cells [16]. Being consistent with the 
observations, the current data demonstrate that LPS and 
TNF-α also highly induce VPO1 expression in vivo and 
secretion into the circulation (Figure 5). Increased VPO1 
in vessel walls and blood will potentially mediate the 
increasing oxidation of LDL. Furthermore, the intimal 
oxidation and deposition of LDL may cause a series of 
inflammatory responses characterized by the recruitment 
of macrophages, phagocytosis of lipoprotein, formation 
of foam cells, VSMC remodeling, and VEC apoptosis. 
All of these effects promote formation of atherosclerotic 
plaque [39]. That VPO1 in aorta is stimulated by LPS or 
TNF-α sheds light on the studies of hPx enzymes and 
atherosclerosis. In a future study, we will examine whether 
there are distinct roles for VPO1 and MPO in pathogenesis 
of atherosclerosis.

In summary, VPO1, a newly-identified peroxidase, 
may mediate oxidation of LDL, promote retention of LDL 
in vessel walls, and form foam cells. VPO1-oxidiazed 
LDL is readily deposited in aortic walls. Our data suggest 
that VPO1 may be a novel mediator of atherosclerosis, 
opening a new avenue to study hPx enzymes and 
atherosclerosis.

MAterIAls And Methods

reagents

NaCl, thiobarbituric acid, sodium hypochlorite 
solution, 4-Aminobenzoic acid hydrazide (ABAH), 
lipopolysaccharides (LPS) and catalase were purchased 
from Sigma-Aldrich (St. Louis, MO, USA); HisPur® 
Cobalt resin and chemiluminescent substrate for 
immunoblotting from Pierce Biotechnology (Rockford, 
IL, USA); rabbit anti-HOCl-oxLDL polyclonal antibody 
from EMD-Millipore (Billerica, MA, USA); rabbit 
polyclonal antibody against human apoB-100 from Abcam 
(Cambridge, MA, USA); tumor necrosis factor (TNF-α) 
from R&D Systems (Minneapolis, MN); cholesterol kit 
from Wako Chemicals (Richmond, VA); triglycerides kit 
from Pointe Scientific (Lincoln Park, MI). Recombinant 
VPO1 was produced in the laboratory as described in 
[19] . Rabbit polyclonal anti-VPO1 antibody was affinity-
purified [16].

Animal studies

C57BL/6 mice were used in current study. The 
protocol was approved by the Institutional Animal Care 
and Use Committee of the University of Alabama at 
Birmingham (Animal Project Number: 120309582). 
Unless otherwise stated, mice were fed with normal chow 
diet. Mice at 8-12 weeks were used in the experiments.

Preparation of truncated VPo1

VPO1 29-250 aa and 251-609 aa contain the 
leucine-rich repeats (LRRs) and immunoglobulin (Ig) C2 
domains, respectively. DNAs related to VPO1 29-250 aa 
and 251-609 aa were subcloned into E.coli expression 
vector, pET30. Truncated VPO1 was over-expressed 
following the Novagen pET System Manual. Purification 
was performed using HisPur® Cobalt resin. SDS-PAGE 
showed that the purity was > 90%. 

Preparation of lipoproteins

LDL was isolated from plasma from healthy 
volunteers by ultracentrifugation as described in [40]. The 
protocol was approved by the Institutional Review Board 
of the University of Alabama at Birmingham. In brief, 
plasma was layered under 0.9% NaCl (d = 1.006 g/mL), 
centrifuged for 5 hrs at 100,000×g (4 °C). The bottom 
fraction was collected. The density of the bottom layer 
was adjusted to 1.063 g/mL with KBr, and centrifuged 
for 16 hrs at 175,000×g (4 °C). LDL was collected by the 
slicing method. LDL was dialyzed against saline for 48-
72 hrs with three changes prior to being used and stored 
at -80˚C.

oxidation of ldl

LDL was incubated in 100 μL of phosphate buffer, 
pH 7.4, containing 500 nmol/L VPO1, 10 µmol/L H2O2 
and 140 mmol/L NaCl for 5 min at 37°C. NaCl alone was 
as the negative control. The positive control contained 50 
nM MPO. Oxidation was initiated by addition of H2O2  
to the reaction. Methionine (5 mmol/L) was added to 
scavenge HOCl as indicated. In some experiments, ABAH 
(1 mmol/L) was used to inhibit peroxidase activity.

Immunoblot analysis

The conventional immunoblot analysis was carried 
out. In brief, samples were mixed with SDS-PAGE 
loading buffer [50 mmol/L Tris/HCl (pH 6.7), 2% (w/v) 
SDS, 200 mmol/L dithiothreitol, 10% (w/v) glycerol, and 
0.05% bromophenol blue] and heated in boiling water 
for 3 min. Proteins were separated by 12.5% SDS-PAGE 
and transferred to polyvinylidene difluoride membranes 
(PVDF) membrane. Immunoblots were probed by using 
the primary antibodies as indicated and visualized by 
chemiluminescence. 
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VPo1-ldl binding experiments

LDL (1 µg or 4 µg) in 100 μl PBS was mixed with 
4 µg His-tagged full-length rVPO, rVPO1 (29-250) or 
rVPO1 (251-609) and incubated for 1 hr at 4°C. 10 µL 
HisPur® Cobalt resin was then added into the mixture. 
The mixture was rotated for additional 1 hr at 4°C. The 
control groups contained His-tagged VPO1 or 4 µg LDL 
alone. After the incubation, the resin was spun down 
at 5,000 rpm for 2 min. The supernatant was removed 
and stored in a new tube. The pellet was washed three 
times with 1ml of PBS. After final wash, the pellet was 
resuspended in 30 μL PBS. The pellet and supernatant 
were subjected to SDS-PAGE and transferred to PVDF 
membrane. apoB-100 in LDL was detected by using anti-
apoB-100 antibody and visualized by chemiluminescence.

Measurement of free amino groups

Free amino groups of lipoproteins were quantitated 
as described in [24, 41]. Briefly, 100 μg of LDL was mixed 
with 1 mL of 4% NaHCO3 (w/v; pH 8.4) and 50 μL 0.1% 
(v/v). trinitrobenzene sulfonic acid. After incubation at 
37˚C for 1 hr, 100 μL of 1 mmol/L HCl and 100 μL of 10% 
SDS were added. Absorbance at 340 nm was recorded.

Measurement of tryptophan residues

Content of tryptophan residues was evaluated as 
described in [42]. Tryptophan fluorescence was measured 
at 335 nm using an excitation wavelength of 280 nm 
with the BioTek Microplate Reader (Winooski, VT). 
Fluorescence intensity was normalized with protein 
concentration.

electrophoresis of ldl

The electrophoretic mobility of LDL was used for 
the evaluation of oxidation [43]. LDL or oxLDL was first 
mixed with Nile red dye, and then was electrophoresed on 
1.5% agarose gel at 50 volts for 1.5 hrs. The gel image was 
recorded and the electrophoretic relative mobility of LDL 
was measured as the migrating distance of a band divided 
by the migrating distance of the dye.

thiobarbituric acid assay

The thiobarbituric acid assay detects 
malondialdehyde and malondialdehyde-like derivatives 
[44]. It was used to assess the extent of LDL lipid 
oxidation. The thiobarbituric acid-reactive species were 
quantified at 535 nm using spectrophotometry. 

uV absorbance

UV absorbance of ascorbate during lipid 
oxidation was performed at 265 nm by using UV-2450 
spectrophotometer (Shimadzu Scientific Instruments, 
Columbia, MD).

Foam cell formation

Human THP-1 monocytic cells were grown on 
coverslips in RPMI 1640 medium supplied with 10% 
fetal bovine serum. To differentiate into macrophages, 
cells were induced with phorbol-12-myristate-13-acetate 
(PMA) (100 nmol/L) for 24 hrs. Native LDL or oxLDL 
(final concentration 100 µg/mL) was added into the culture 
medium. After 48 hrs, cells were stained by Oil Red O and 
were observed under microscope. Foam cells as corrected 
total red oil dye were calculated and quantitated by ImageJ 
software (The National Institute of Health). 

Induction of VPo1 expression in mouse aorta

LPS (500 ng/g mouse) or TNF-α (8 ng/g mouse) 
was injected into C57BL/6 mice (8-12-week old) via 
tail vein. PBS was as control. After 24 hrs, mouse aorta 
and plasma were harvested. The samples were subject 
to immunoblot analysis using anti-VPO1 antibody. 
Densitometry of VPO1 was analyzed by ImageJ. In some 
experiments, C57BL/6 mice were also injected 52.5 μg of 
LDL or oxLDL. After 24 hrs, mouse aorta was harvested 
and subject to immunoblot analysis.

Induction of apob-100 expression in mouse aorta

52.5 μg of oxLDL were injected into two-month or 
one-year old mice (3/group) via tail vein. After 24 hrs, 
mouse aorta was harvested and subject to immunoblot 
analysis using anti-apoB polyclone antibody. PBS was as 
control. 

Aortic ring assay

Aortic rings were prepared from adult C57BL/6 
mice (8-12-week old) with the length of ~2 mm. Aortic 
rings were incubated in DMEM medium containing 
10% fetal bovine serum. 40 µg/mL of native LDL, LDL 
oxidized by VPO1, or LDL oxidized by HOCl was added 
into the medium. The rings were cultured overnight as 
described in [45]. After washing with PBS, aortic rings 
were stained with DiI for 30 minutes. To reduce the non-
specific binding of LDL at the ends of aortic rings, the 
central part of the aortic rings was cut out and used for 
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image analysis. Densitometry of DiI staining was analyzed 
by ImageJ.

statistical analysis

Data were shown as means ± SEM, unless otherwise 
indicated. Quantitative variables were compared by means 
of Student’s paired t-test for two groups or ANOVA 
followed by Newman-Student-Keuls test for multiple 
groups. A value of P < 0.05 was considered significant.

Abbreviations

VPO1, vascular peroxidase -1; MPO, 
myeloperoxidase; hPx, heme-containing peroxidase; 
oxLDL, oxidized LDL; VECs, vascular endothelial 
cells; VSMCs, vascular smooth muscle cells; apoB-100, 
apolipoprotein B-100; ABAH, 4-Aminobenzoic acid 
hydrazide; LPS, lipopolysaccharides.

AcKnowledGMents

This work was supported by the National Heart, 
Blood, and Lung Institute, and National Institute of 
Allergy and Infectious Disease, National Institutes 
of Health under Award Number R01 HL086836 and 
R21AI101642, as well as the American Heart Association 
grant 12GRNT12040409. R.S. was supported by the grant 
from The International Postdoctoral Exchange Fellowship 
Program of China (No.2013M542143). 

conFlIcts oF Interest

None.

Author contributions

G.C. designed experiments and wrote the 
manuscript; Y. Y. performed LDL oxidation in vivo, foam 
cell formation, and VPO1 expression; R.S. performed 
VPO1 and LDL binding assay, and LDL oxidation in vitro; 
Z.C. performed molecular cloning and protein expression. 
G. Z. advised on experiments and manuscript revisions.

reFerences

1. Libby P. Inflammation in atherosclerosis. Nature. 2002; 
420:868-874.

2. Glass CK and Witztum JL. Atherosclerosis. the road ahead. 
Cell. 2001; 104:503-516.

3. Nicholls SJ and Hazen SL. Myeloperoxidase and 
cardiovascular disease. Arterioscler Thromb Vasc Biol. 

2005; 25:1102-1111.
4. Calara F, Dimayuga P, Niemann A, Thyberg J, Diczfalusy 

U, Witztum JL, Palinski W, Shah PK, Cercek B, Nilsson J 
and Regnstrom J. An animal model to study local oxidation 
of LDL and its biological effects in the arterial wall. 
Arterioscler Thromb Vasc Biol. 1998; 18:884-893.

5. Chisolm GM and Steinberg D. The oxidative modification 
hypothesis of atherogenesis: an overview. Free Radic Biol 
Med. 2000; 28:1815-1826.

6. Ross R. The pathogenesis of atherosclerosis: a perspective 
for the 1990s. Nature. 1993; 362:801-809.

7. Meydani M. Vitamin E and atherosclerosis: beyond 
prevention of LDL oxidation. The Journal of nutrition. 
2001; 131:366S-368S.

8. Nicholls SJ and Hazen SL. Myeloperoxidase, modified 
lipoproteins, and atherogenesis. J Lipid Res. 2009; 50 
Suppl:S346-351.

9. Sugiyama S, Okada Y, Sukhova GK, Virmani R, Heinecke 
JW and Libby P. Macrophage myeloperoxidase regulation 
by granulocyte macrophage colony-stimulating factor in 
human atherosclerosis and implications in acute coronary 
syndromes. Am J Pathol. 2001; 158:879-891.

10. Schultz J and Kaminker K. Myeloperoxidase of the 
leucocyte of normal human blood. I. Content and 
localization. Arch Biochem Biophys. 1962; 96:465-467.

11. Podrez EA, Schmitt D, Hoff HF and Hazen SL. 
Myeloperoxidase-generated reactive nitrogen species 
convert LDL into an atherogenic form in vitro. J Clin 
Invest. 1999; 103:1547-1560.

12. Klebanoff SJ. Myeloperoxidase: friend and foe. J Leukoc 
Biol. 2005; 77:598-625.

13. Eiserich JP, Baldus S, Brennan ML, Ma W, Zhang C, 
Tousson A, Castro L, Lusis AJ, Nauseef WM, White CR 
and Freeman BA. Myeloperoxidase, a leukocyte-derived 
vascular NO oxidase. Science. 2002; 296:2391-2394.

14. Brennan ML, Anderson MM, Shih DM, Qu XD, Wang X, 
Mehta AC, Lim LL, Shi W, Hazen SL, Jacob JS, Crowley 
JR, Heinecke JW and Lusis AJ. Increased atherosclerosis 
in myeloperoxidase-deficient mice. J Clin Invest. 2001; 
107:419-430.

15. McMillen TS, Heinecke JW and LeBoeuf RC. Expression 
of human myeloperoxidase by macrophages promotes 
atherosclerosis in mice. Circulation. 2005; 111:2798-2804.

16. Cheng G, Li H, Cao Z, Qiu X, McCormick S, Thannickal 
VJ and Nauseef WM. Vascular peroxidase-1 is rapidly 
secreted, circulates in plasma, and supports dityrosine cross-
linking reactions. Free Radic Biol Med. 2011; 51:1445-
1453.

17. Cheng G, Salerno JC, Cao Z, Pagano PJ and Lambeth JD. 
Identification and characterization of VPO1, a new animal 
heme-containing peroxidase. Free Radic Biol Med. 2008; 
45:1682-1694.



Oncotarget35510www.impactjournals.com/oncotarget

18. Nelson RE, Fessler LI, Takagi Y, Blumberg B, Keene DR, 
Olson PF, Parker CG and Fessler JH. Peroxidasin: a novel 
enzyme-matrix protein of Drosophila development. Embo 
J. 1994; 13:3438-3447.

19. Li H, Cao Z, Moore DR, Jackson PL, Barnes S, Lambeth 
JD, Thannickal VJ and Cheng G. Microbicidal Activity of 
Vascular Peroxidase 1 in Human Plasma via Generation of 
Hypochlorous Acid. Infect Immun. 2012; 80:2528-2537.

20. Marsche G, Furtmuller PG, Obinger C, Sattler W and Malle 
E. Hypochlorite-modified high-density lipoprotein acts as a 
sink for myeloperoxidase in vitro. Cardiovascular research. 
2008; 79:187-194.

21. Malle E, Waeg G, Schreiber R, Grone EF, Sattler W 
and Grone HJ. Immunohistochemical evidence for 
the myeloperoxidase/H2O2/halide system in human 
atherosclerotic lesions: colocalization of myeloperoxidase 
and hypochlorite-modified proteins. Eur J Biochem. 2000; 
267:4495-4503.

22. Li H, Cao Z, Zhang G, Thannickal VJ and Cheng 
G. Vascular peroxidase 1 catalyzes the formation of 
hypohalous acids: characterization of its substrate 
specificity and enzymatic properties. Free radical biology 
& medicine. 2012; 53:1954-1959.

23. Stocker R and Keaney JF, Jr. Role of oxidative 
modifications in atherosclerosis. Physiol Rev. 2004; 
84:1381-1478.

24. Yang Y, Cao Z, Tian L, Garvey WT and Cheng G. VPO1 
Mediates ApoE Oxidation and Impairs the Clearance of 
Plasma Lipids. PloS one. 2013; 8:e57571.

25. Hansson GK, Libby P, Schonbeck U and Yan ZQ. 
Innate and adaptive immunity in the pathogenesis of 
atherosclerosis. Circulation research. 2002; 91:281-291.

26. Ostos MA, Recalde D, Zakin MM and Scott-Algara D. 
Implication of natural killer T cells in atherosclerosis 
development during a LPS-induced chronic inflammation. 
FEBS Lett. 2002; 519:23-29.

27. Chen YL, Hu CS, Lin FY, Chen YH, Sheu LM, Ku 
HH, Shiao MS, Chen JW and Lin SJ. Salvianolic acid B 
attenuates cyclooxygenase-2 expression in vitro in LPS-
treated human aortic smooth muscle cells and in vivo in the 
apolipoprotein-E-deficient mouse aorta. Journal of cellular 
biochemistry. 2006; 98:618-631.

28. Kleinbongard P, Heusch G and Schulz R. TNFalpha in 
atherosclerosis, myocardial ischemia/reperfusion and heart 
failure. Pharmacol Ther. 2010; 127:295-314.

29. Berliner JA, Navab M, Fogelman AM, Frank JS, Demer LL, 
Edwards PA, Watson AD and Lusis AJ. Atherosclerosis: 
basic mechanisms. Oxidation, inflammation, and genetics. 
Circulation. 1995; 91:2488-2496.

30. Stone NJ, Robinson JG, Lichtenstein AH, Bairey Merz CN, 
Blum CB, Eckel RH, Goldberg AC, Gordon D, Levy D, 
Lloyd-Jones DM, McBride P, Schwartz JS, Shero ST, et 
al. 2013 ACC/AHA guideline on the treatment of blood 

cholesterol to reduce atherosclerotic cardiovascular risk 
in adults: a report of the American College of Cardiology/
American Heart Association Task Force on Practice 
Guidelines. Circulation. 2014; 129:S1-45.

31. Daugherty A, Dunn JL, Rateri DL and Heinecke JW. 
Myeloperoxidase, a catalyst for lipoprotein oxidation, is 
expressed in human atherosclerotic lesions. J Clin Invest. 
1994; 94:437-444.

32. Meuwese MC, Stroes ES, Hazen SL, van Miert JN, 
Kuivenhoven JA, Schaub RG, Wareham NJ, Luben 
R, Kastelein JJ, Khaw KT and Boekholdt SM. Serum 
myeloperoxidase levels are associated with the future risk 
of coronary artery disease in apparently healthy individuals: 
the EPIC-Norfolk Prospective Population Study. J Am Coll 
Cardiol. 2007; 50:159-165.

33. Carr AC, Myzak MC, Stocker R, McCall MR and Frei B. 
Myeloperoxidase binds to low-density lipoprotein: potential 
implications for atherosclerosis. FEBS Lett. 2000; 487:176-
180.

34. Allen RC and Stephens JT, Jr. Myeloperoxidase selectively 
binds and selectively kills microbes. Infect Immun. 2011; 
79:474-485.

35. Steinberg D, Parthasarathy S, Carew TE, Khoo JC and 
Witztum JL. Beyond cholesterol. Modifications of low-
density lipoprotein that increase its atherogenicity. The New 
England journal of medicine. 1989; 320:915-924.

36. Webb NR and Moore KJ. Macrophage-derived foam 
cells in atherosclerosis: lessons from murine models and 
implications for therapy. Curr Drug Targets. 2007; 8:1249-
1263.

37. Zerr M, Hechler B, Freund M, Magnenat S, Lanois I, 
Cazenave JP, Leon C and Gachet C. Major contribution of 
the P2Y(1)receptor in purinergic regulation of TNFalpha-
induced vascular inflammation. Circulation. 2011; 
123:2404-2413.

38. Khalil MF, Wagner WD and Goldberg IJ. Molecular 
interactions leading to lipoprotein retention and the 
initiation of atherosclerosis. Arterioscler Thromb Vasc Biol. 
2004; 24:2211-2218.

39. Libby P. Vascular biology of atherosclerosis: overview and 
state of the art. Am J Cardiol. 2003; 91:3A-6A.

40. Havel RJ, Eder HA and Bragdon JH. The distribution 
and chemical composition of ultracentrifugally separated 
lipoproteins in human serum. The Journal of clinical 
investigation. 1955; 34:1345-1353.

41. Malle E, Hazell L, Stocker R, Sattler W, Esterbauer H 
and Waeg G. Immunologic detection and measurement 
of hypochlorite-modified LDL with specific monoclonal 
antibodies. Arterioscler Thromb Vasc Biol. 1995; 15:982-
989.

42. Teale FW. The ultraviolet fluorescence of proteins in neutral 
solution. The Biochemical journal. 1960; 76:381-388.

43. Morel DW, DiCorleto PE and Chisolm GM. Endothelial 



Oncotarget35511www.impactjournals.com/oncotarget

and smooth muscle cells alter low density lipoprotein 
in vitro by free radical oxidation. Arteriosclerosis. 1984; 
4:357-364.

44. Li Q and Cathcart MK. Selective inhibition of cytosolic 
phospholipase A2 in activated human monocytes. 
Regulation of superoxide anion production and low density 
lipoprotein oxidation. The Journal of biological chemistry. 
1997; 272:2404-2411.

45. Masson VV, Devy L, Grignet-Debrus C, Bernt S, Bajou 
K, Blacher S, Roland G, Chang Y, Fong T, Carmeliet P, 
Foidart JM and Noel A. Mouse Aortic Ring Assay: A New 
Approach of the Molecular Genetics of Angiogenesis. 
Biological procedures online. 2002; 4:24-31.


