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The generation of phospholipid oxidation products in atherosclero-
sis, sepsis, and lung pathologies affects endothelial barrier function,
which exerts significant consequences on disease outcomes in
general. Our group previously showed that oxidized 1-palmitoyl-2-
arachidonyl-sn-glycero-3-phosphocholine (OxPAPC) at low concen-
trations increases endothelial cell (EC) barrier function, but
decreases it at higher concentrations. In this study, we determined
themechanisms responsible for the pulmonary endothelial cell bar-
rierdysfunction inducedbyhighOxPAPCconcentrations.OxPAPCat
a range of 5–20 mg/ml enhanced EC barriers, as indicated by in-
creased transendothelial electrical resistance. In contrast, higher
OxPAPC concentrations (50–100 mg/ml) rapidly increased EC perme-
ability,whichwasaccompaniedby increasedtotal cell protein tyrosine
(Tyr) phosphorylation, phosphorylation at Tyr-418, the activation of
Src kinase, and the phosphorylation of adherens junction (AJ) protein
vascular endothelial cadherin (VE-cadherin) at Tyr-731 and Tyr-658,
whichwasnotobservedinECsstimulatedwith lowOxPAPCdoses.The
early tyrosine phosphorylation of VE-cadherin was linked to the dis-
sociation of VE-cadherin–p120-catenin/b-catenin complexes and
VE-cadherin internalization, whereas low OxPAPC doses promoted
the formation of VE-cadherin–p120-catenin/b-catenin complexes.
High but not low doses of OxPAPC increased the production of reac-
tive oxygen species (ROS) and protein oxidation. The inhibition of Src
by PP2 and ROS production by N-acetyl cysteine inhibited the disas-
sembly ofVE-cadherin–p120-catenin complexes, andattenuatedhigh
OxPAPC-induced EC barrier disruption. These results show the differ-
ential effects ofOxPAPCdosesonVE-cadherin–p120-catenin complex
assembly and EC barrier function. These data suggest that the rapid
tyrosine phosphorylation of VE-cadherin and other potential targets
mediated by Src and ROS-dependent mechanisms plays a key role in
thedissociationofAJcomplexesandECbarrierdysfunctioninducedby
high OxPAPC doses.
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Oxidative stress and the activation of phospholipases lead to the
formation and accumulation of biologically active lipid oxidation
products. Phospholipid oxidation products were shown to accu-
mulate in a number of inflammatory diseases (1). An increase in
oxidative stress and in phospholipid oxidation products was

demonstrated in patients with diverse lung diseases, such as
acute respiratory distress syndrome, ventilator-induced lung in-
jury, and asthma, and in animal studies of lung injury (2–4).
Oxidized phospholipids were also shown to accumulate in ath-
erosclerosis and other chronic inflammatory diseases (5). The
increased concentrations of oxidized phospholipids in the injured
lung may influence the functions of pulmonary endothelial cells
(ECs), including the modulation of pulmonary inflammatory re-
sponse and EC barrier regulation (6–9).

Oxidized phospholipids may induce various proinflamma-
tory effects, including the stimulation of cytokines and chemo-
kine production (10, 11), the activation of cell adhesion
molecules (12, 13), the elevation of intracellular and extracel-
lular levels of superoxide radicals in human ECs (14, 15), the
activation of coagulation cascades, and platelet activation (16,
17). However, in addition to tissue-damaging and proinflamma-
tory effects, oxidized phospholipid products may exhibit potent
anti-inflammatory activities under certain conditions. Oxidized
1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphatidyl choline
(OxPAPC) may inhibit the tissue oxidative burst induced by
bacterial compounds, induce anti-inflammatory and antioxidant
genes, and protect lung tissue from LPS-induced lung injury (9,
18).

In vitro and in vivo studies showed contradictory effects of
OxPAPC on monolayer permeability in cultured ECs and mod-
els of acute lung injury. OxPAPC exhibited potent barrier-
protective effects on human pulmonary ECs, which were
mediated by the small GTPases Rac and Cdc42 (19). Adherens
junctions (AJs) play a major role in the regulation of endothe-
lial permeability. AJs are largely composed of vascular endo-
thelial (VE) cadherin, an endothelium-specific member of the
cadherin family of adhesion proteins that binds, via its cytoplas-
mic domain, to several protein partners, including p120-catenin
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CLINICAL RELEVANCE

In contrast to low concentrations of oxidized phospholipids,
high doses of oxidized phospholipids cause a rapid increase
in endothelial permeability. This mechanism does not
implicate the activation of actomyosin contraction, but
involves the stimulation of the production of reactive ox-
ygen species and the activation of Src kinase, leading to the
phosphorylation of vascular endothelial cadherin, the dis-
assembly of cell–cell junction complexes, and endothelial
monolayer barrier compromise. An understanding of sig-
naling pathways triggered by circulating oxidized phos-
pholipids is important for the development of therapeutic
options in the treatment of lung diseases associated with
impaired redox balance and inflammation.
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and b-catenin (20). OxPAPC was also shown to induce the
translocation and peripheral accumulation of focal adhesion
complexes, and an increased association with VE-cadherin,
p120-catenin, a-catenin, b-catenin, and g-catenin leads to cell-
junction enhancement and an increase in the area covered by
AJs (21). Using measurements of the transendothelial electrical
resistance of endothelial monolayers in vitro, we showed that
the stimulation of pulmonary ECs with OxPAPC doses in the
range of 5–20 mg/ml increased basal EC monolayer barrier
properties in a dose-dependent manner. Moreover, the addition
of OxPAPC to pulmonary EC culture treated with the edema-
genic agonist thrombin accelerated the recovery of thrombin-
induced EC barrier disruption, but at high concentrations,
OxPAPC caused barrier disruption (19, 22). In vivo studies
demonstrated that OxPAPC significantly improved lung vascu-
lar barrier properties in a murine model of ventilator-induced
lung injury (8). However, in another model of lung injury in-
volving acid treatment, OxPAPC accelerated lung injury and
inflammation (6). Furthermore, inflammation was associated
with increases of OxPAPC during influenza virus infection in
humans (6).

The differential effects of high and low OxPAPC doses pose
intriguing questions in vascular biology, with important implica-
tions in the regulation of the vascular endothelial barrier in
chronic (atherosclerosis) and acute (acute lung injury and sepsis)
pathologic conditions, and understanding the doses and signaling
mechanisms triggering these responses is of great importance.
Understanding the dose-dependent effects of oxidized phospho-
lipids (OxPLs) on the vascular endothelial barrier is also impor-
tant in light of the controversy regarding the beneficial effects of
exogenous OxPL formulations administered via intravenous,
intratracheal, or subcutaneous routes and at various doses, as re-
ported by different groups, and the deleterious effects associated
with elevations of endogenous OxPL concentrations.

Our previous work described signaling cascades and identified
a number of cellular targets mediating the barrier-protective
effects of low OxPAPC doses (23, 24). This study evaluates the
pathways differentially activated by high and low OxPAPC
doses, to characterize the less well-understood mechanisms of
EC barrier disruption induced by increased OxPAPC concentra-
tions. We tested the hypothesis that the early barrier-disruptive
effects of high OxPAPC doses are mediated by a redox-
dependent tyrosine phosphorylation of VE-cadherin, leading
to the dissociation of VE-cadherin–containing cell junction
complexes.

MATERIALS AND METHODS

Cell Culture and Reagents

Human pulmonary artery endothelial cells (HPAECs) were obtained
from Lonza (Allendale, NJ), and used at passages 5–8. All experiments
were performed in endothelial cell growth medium (EGM) (Lonza)
containing 2% FBS, unless otherwise specified. Texas Red–conjugated
phalloidin and Alexa Fluor 488–labeled secondary antibodies were
purchased form Molecular Probes (Eugene, OR). Primary 4G10 anti-
phosphotyrosine antibodies were purchased from Millipore (Billerica,
MA). We purchased p120-catenin and b-catenin from BD Transduction
Laboratories (San Diego, CA), phospho-Src and phospho–VE-cadherin
antibodies from Invitrogen (Carlsbad, CA), and VE-cadherin from Santa
Cruz Biotechnology (Santa Cruz, CA). The PP2 inhibitor (4-amino-5-
(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) was purchased
from Calbiochem (La Jolla, CA). Unless otherwise specified, all
biochemical reagents were obtained from Sigma (St. Louis, MO).
1-Palmitoyl-2-arachidonoyl-sn-glycero-3-phosphatidyl choline (PAPC)
was purchased from Avanti Polar Lipids (Alabaster, AL). The oxidation
of PAPC was performed by exposing dry lipid to air, as previously
described (25).

Immunofluorescence Microscopy

HPAECs grown to 95–100% confluence on gelatinized coverslips were
stimulated with the agonist of interest, followed by immunofluores-
cence staining as previously described (19). The analysis of immuno-
fluorescence staining was performed using an Olympus IX71
microscope with a 360 objective lens (Olympus, Tokyo, Japan).

Measurement of Reactive Oxygen Species

HPAECs were grown in 96-well plates, and 5-(and -6)-carboxy-29,79-
dichlorodihydrofluorescein diacetate was added, to achieve a final con-
centration of 10 mM. Cells were incubated in serum-free medium for
30 minutes at 378C, protected from light, and then stimulated with
OxPAPC. The measurement of reactive oxygen species (ROS) was
performed using the Image-iT LIVE Green Reactive Oxygen Species
Detection Kit from Molecular Probes, according to the manufacturer’s
instructions.

Measurement of Protein Oxidation

The evaluation of intracellular protein oxidation involved the detection
of protein carbonylation with an OxyBlot Protein Oxidation Kit (Milli-
pore), according to the manufacturer’s protocol.

Cell viability was assessed using the LIVE/DEADAssay (Molecular
Probes) according to the manufacturer’s instructions, as previously
described (26).

Surface Protein Biotinylation

Cells were washed with PBS (at 378C) and incubated with Sulfo-NHS-
SS-Biotin (Pierce Biotechnology, Rockford, IL) (5 mM, 10 min at room
temperature). Subsequently, cells were washed twice with 100 mM
glycine/PBS, lysed in 1% Triton-100/PBS (30 minutes, on ice), and
centrifuged (10,0003 g, 10 min, at 48C). Equal amounts of lysates were
incubated with 60 ml of streptavidin–agarose (Pierce Biotechnology)
(1 hour at 48C). Beads were washed three times with ice-cold PBS and
boiled in sodium dodecyl sulfate sample buffer with 5% 2-mercaptoe-
thanol. Samples were centrifuged for 1 minute at 1,000 3 g, and super-
natants were subjected to Western blotting with VE-cadherin antibody.

Measurement of Transendothelial Electrical Resistance

Measurements of transendothelial electrical resistance (TER) across
confluent HPAEC monolayers were performed using an electrical
cell-substrate impedance sensing system from Applied Biophysics
(Troy, NY), as previously described (27).

Immunoprecipitation

Cells were stimulated with OxPL according to experimental conditions,
followed by immunoprecipitation under nondenaturing conditions.
Immunoprecipitates were subjected to Western blot analysis, as de-
scribed elsewhere (27).

Statistical Analysis

The results are expressed as the means 6 SD of 3–5 independent
experiments. Stimulated samples were compared with control samples,
using the unpaired Student t test. For multiple-group comparisons, one-
way ANOVA and post hoc multiple comparisons tests were used. P ,
0.05 was considered statistically significant.

RESULTS

Differential Effects of High and Low OxPAPC Doses on

Endothelial Barrier Function

The dose-dependent effects of OxPAPC on EC permeability
were assessed by measurements of TER. OxPAPC at concentra-
tions of 1–20 mg/ml gradually enhanced EC barriers (Figure
1A), and the barrier-enhancing response lasted for several
hours. In contrast, higher doses of OxPAPC, ranging from
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Figure 1. Dose-dependent effects of oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine (OxPAPC) on transendothelial electrical resistance

(TER) and endothelial monolayer integrity. (A) Human pulmonary artery endothelial cells (HPAECs) were seeded in polycarbonate wells with gold

microelectrodes. After 24 hours of culture, HPAECs were stimulated with various OxPAPC concentrations (5, 10, 20, 30, 50, and 100 mg/ml) or vehicle,
and measurements of TER were monitored for 18 hours, using an electrical cell-substrate impedance sensing system. The results are representative of five

independent experiments. (B) After exposure to 100 mg/ml OxPAPC and TER measurements, the culture medium was replaced by a fresh serum-free

medium without OxPAPC, and TER changes in endothelial cell (EC) monolayers grown on microelectrodes were monitored over an additional period of
time. The removal of OxPAPC from the culture medium partly restored TER in HPAEC monolayers. (C) Effects of 100 mg/ml OxPAPC on HPAEC viability.

Cells were subjected to 100 mg/ml OxPAPC for 4 hours, and cell viability was assessed as described in MATERIALS AND METHODS. Methanol treatment was

used as a positive control for cell death. (D) Endothelial monolayers grown on glass coverslips were stimulated with OxPAPC (10 mg/ml or 100 mg/ml) for

30minutes, followed by double immunofluorescence staining for F-actin or vascular endothelial cadherin (VE-cadherin). Arrows indicate areas of intercellular
gaps caused by treatment with 100 mg/ml OxPAPC. The results shown are representative of three independent experiments. AM, acetoxymethyl.
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30–100 mg/ml, caused a dose-dependent sustained decrease in
TER, reflecting increased EC permeability for up to 5 hours.
Previous studies using similar OxPAPC concentrations showed
a lack of OxPAPC toxicity on ECs (28). We performed addi-
tional analyses in this study, and showed that replacing the me-
dium after OxPAPC treatment with fresh serum-free medium
partly restored barrier properties of EC monolayers (Figure 1B),
suggesting the reversibility of OxPAPC’s barrier-disruptive
effects. Furthermore, the addition of EGM containing 2% FCS
increased TER above basal levels (data not shown). In addi-
tional experiments, the LIVE/DEAD Assay was performed.
Ethidium homodimer–1 (red fluorescence) is excluded by the
intact plasma membrane of live cells, and labels the nuclear
DNA of dead cells. Calcein-acetoxymethyl (green fluorescence)
is a cell-permeant dye retained within live cells. In agreement
with those results, OxPAPC at 100 mg/ml was not toxic to cells,
as determined by a cell viability assay (Figure 1C). The immuno-
fluorescence staining of F-actin and the AJ protein VE-cadherin
in HPAEC monolayers treated with barrier-enhancing and
barrier-disruptive OxPAPC concentrations showed distinct pat-
terns of cytoskeletal and AJ remodeling. Lower OxPAPC
doses (10 mg/ml) induced a peripheral accumulation of F-actin
and increased VE-cadherin–positive areas at cell–cell junctions,
indicating enhanced AJs. In contrast, exposure to higher
OxPAPC doses (100 mg/ml) caused the formation of intercellu-
lar gaps (Figure 1D, arrows), the appearance of central F-actin
fibers, and a significant reduction of VE-cadherin immunoreac-
tivity at cell–cell junctions (Figure 1D, below), reflecting de-
creased EC monolayer barrier function.

Effects of OxPAPC on ROS Generation and

Protein Oxidation

Treatment with 100 mg/ml OxPAPC increased ROS production
in HPAECs (Figure 2A), compared with ROS production in
ECs treated with 10 mg/ml OxPAPC. Notably, the production
of ROS induced by high OxPAPC doses was considerably
lower, compared with the production of ROS in ECs pretreated
with 100 mM H2O2, which was used as a positive control. The
effects of OxPAPC on cellular oxidation were further evaluated
by an analysis of protein oxidation, using oxyblot techniques
described in MATERIALS AND METHODS. The treatment of ECs
with 100 mg/ml OxPAPC increased protein carbonylation in
a time-dependent manner, reflecting protein oxidation, whereas
low OxPAPC concentrations were without effect (Figure 2B).
The stimulation of ECs with bacterial wall LPS, known to trig-
ger massive ROS production, was used as a positive control.

Concentration-Dependent Effects of OxPAPC on AJ

Remodeling, Site-Specific VE-Cadherin Phosphorylation,

Internalization, and AJ Protein Association

The cellular localization of three principal AJ proteins,
VE-cadherin, b-catenin, and p120-catenin in pulmonary ECs
treated with high and low OxPAPC doses, was assessed by im-
munofluorescence staining. Treatment with 10 mg/ml OxPAPC
significantly increased b-catenin and VE-cadherin staining at
the cell periphery. Merged images revealed b-catenin and
VE-cadherin colocalization (Figure 3A). Similarly, 10 mg/ml
OxPAPC increased the peripheral accumulation of p120-
catenin and its colocalization with VE-cadherin (Figure 3B).
In contrast, EC treatment with 100 mg/ml OxPAPC caused
the disappearance of peripheral VE-cadherin, b-catenin, and
p120-catenin colocalization, which indicates a dissociation of
the AJ complexes induced by high OxPAPC concentrations
(Figures 3A and 3B, right).

To evaluate the potential mechanisms involved in the differ-
ential responses of ECs to different concentrations of OxPAPC,
we analyzed protein tyrosine phosphorylation in samples
from cells stimulated with 10 mg/ml and 100 mg/ml OxPAPC
(Figure 4A). OxPAPC at 100 mg/ml caused a time-dependent
increase in total protein tyrosine phosphorylation, with the max-
imum signal achieved at 30 minutes of incubation, whereas
a low OxPAPC concentration (10 mg/ml) only modestly in-
creased phosphotyrosine immunoreactivity in stimulated ECs.

VE-cadherin is a key protein in the regulation of endothelial
cell–cell interactions and EC barrier function. Tyrosine (Tyr)
phosphorylation of VE-cadherin at Tyr658 and Tyr731 inhibits
the formation of AJs (20). We next examined the tyrosine phos-
phorylation of VE-cadherin at Tyr658 and Tyr731 in cells treated
with barrier-enhancing and barrier-disruptive OxPAPC concen-
trations. In contrast to low doses of OxPAPC, the treatment of
ECs with 100 mg/ml OxPAPC caused rapid and sustained
VE-cadherin phosphorylation at both sites (Figure 4B). The
immunofluorescence staining of EC monolayers treated with
100 mg/ml OxPAPC revealed increased diffuse cytoplasmic

Figure 2. OxPAPC-induced production of reactive oxygen species (ROS)

and protein oxidation in OxPAPC-treated ECs. (A) Cells were treated with

10 mg/ml or 100 mg/ml OxPAPC, and ROS production was measured with

a fluorogenic marker for ROS in live cells (carboxy-29,79-dichlorodihydro-
fluorescein diacetate), as described in MATERIALS AND METHODS. The stimula-

tion of ECs with H2O2 (100 mM, 60 minutes), as indicated by an asterisk,

was used as a positive control. All experiments were repeated three

times. Values represent means 6 SDs, pooled from three independent
experiments. (B) Analysis of protein oxidation. Cells were stimulated with

10 mg/ml OxPAPC or 100 mg/ml OxPAPC for different periods of time

and lysed. The treatment of ECs with LPS was used as a positive control.

Extracted proteins were derivatized with 2,4-dinitrophenylhydrazine
(DNPH), electrophoretically separated, blotted, and used for anti-DNPH

immunostaining, as described in MATERIALS AND METHODS. The results

shown are representative of three independent experiments.
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phospho-Tyr731 VE-cadherin immunoreactivity, without signs
of peripheral accumulation (Figure 4C).

The VE-cadherin internalization induced by high OxPAPC
concentrations was further verified via the internalization assay
described in MATERIALS AND METHODS. After the in situ bioti-
nylation of cell-surface proteins in control and OxPAPC-
challenged ECs, concentrations of biotinylated VE-cadherin
were assessed by Western blotting. The results demonstrated
the disappearance of VE-cadherin from the cell surface within
minutes after treatment with high OxPAPC doses (Figure 5A).
We also examined the effects of high and low OxPAPC doses
on the assembly of AJ protein complexes, using coimmunopre-
cipitation assays. The treatment of ECs with 10 mg/ml OxPAPC
significantly increased the association between VE-cadherin,

p120-catenin, and b-catenin (Figure 5B). In contrast, the treat-
ment of ECs with 100 mg/ml OxPAPC decreased the association
between VE-cadherin, p120-catenin, and b-catenin below the
basal levels observed in nonstimulated cells.

Dose-Dependent Effects of OxPAPC on Src Tyrosine

Phosphorylation, and the Role of Src and ROS in VE-Cadherin

Phosphorylation and Dissociation of AJ Protein

The autophosphorylation of Tyr418 within the kinase activation
loop is a marker of Src activation. On the other hand, the phos-
phorylation of Tyr529 (the target residue of c-Src tyrosine ki-
nase) promotes intramolecular interactions of the Src COOH
terminus with the Src homology-2 domain, effectively inhibiting

Figure 3. Immunolocalization of p120-catenin and

b-catenin in OxPAPC-stimulated ECs. ECs grown on glass
coverslips were stimulated with OxPAPC (10 mg/ml or

100 mg/ml, for 30 minutes), followed by double im-

munofluorescence staining for (A) b-catenin (green)

and VE-cadherin (red), and (B) p120-catenin (green)
and VE-cadherin (red). Merged images depict areas

of protein colocalization, which appear in yellow. The

results shown are representative of three independent

experiments.
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kinase activity (29, 30). Thus, phosphorylation at Tyr529 is a
marker of Src suppression. Cells treated with 100 mg/ml
OxPAPC revealed a rapid and pronounced phosphorylation of
Src at Tyr418, whereas 10 mg/ml OxPAPC caused a much lower
increase in phospho-Tyr418 immunoreactivity (Figure 6A). Con-
siderable levels of Src phosphorylation at Tyr529 were detected in
nonstimulated control samples, but were not significantly affected
by either high or low concentrations of OxPAPC.

The results of this study indicate that high OxPAPC doses
stimulate Src activity and ROS production. We next examined
the relationships between Src and ROS signaling, using the
Src kinase inhibitor PP2 and the antioxidant agent N-acetyl
cysteine (NAC). Cell pretreatment with the Src inhibitor PP2
completely abolished OxPAPC-induced Src activation, as mea-
sured by autophosphorylation at Tyr418, but the ROS scavenger
NAC only partly attenuated this effect of OxPAPC on Src (Fig-
ure 6B). These data strongly suggest the existence of additional
ROS-independent mechanisms of Src activation by OxPAPC.
In turn, the inhibition of Src did not affect the ROS production
stimulated by high OxPAPC doses, whereas NAC completely
abolished this effect (Figure 6C). These results suggest that Src
is not involved in the activation of ROS production by high
OxPAPC doses, but can be partly regulated by ROS.

We further studied the involvement of Src-dependent and
ROS-dependent pathways in the site-specific tyrosine phosphor-
ylation of VE-cadherin and the interactions of VE-cadherin with
p120-catenin and b-catenin. VE-cadherin phosphorylation
at Tyr731 was significantly reduced by the preincubation of
OxPAPC-treated cells with 1 mM PP2 and 1 mM NAC (Figure
6D). Importantly, the dissociation of the VE-cadherin–p120-
catenin–b-catenin complex caused by 100 mg/ml OxPAPC was

attenuated by the pretreatment of ECs with 1 mM PP2 or 1 mM
NAC (Figure 6E). The preincubation of OxPAPC-treated cells
with 1 mM PP2 and 1 mM NAC also decreased the drop in
transendothelial resistance caused by 100 mg/ml of OxPAPC
(Figure 7A). In agreement with the results of permeability stud-
ies, preincubation with 1 mM PP2 or 1 mM NAC markedly
attenuated the formation of intercellular gaps (Figure 7B)
caused by 100 mg/ml OxPAPC, and suppressed the disappear-
ance of VE-cadherin from cell–cell junction areas, reflecting the
preservation of AJs (Figure 7C).

DISCUSSION

The effects of oxidized phospholipids, as described in vitro and
in vivo, suggest their potential relevance in different patholo-
gies, including those of atherosclerosis, ischemia/reperfusion
injury, acute inflammation, lung injury, and many other condi-
tions (1). Many of the effects of OxPAPC result from changes in
endothelial barrier function. In this study, we present data
showing that oxidized phospholipids may exert favorable or
detrimental effects on endothelial integrity, depending on their
concentration, and distinct cellular molecular changes are in-
volved in this differential regulation, as effected by high and
low concentrations of OxPAPC.

The question regarding OxPL concentrations in the circula-
tion and in target organs under physiologic and in specific pathol-
ogies remains open. Published measurements differ significantly,
and often represent different OxPL species measured in differ-
ent body compartments. However, in previous reports, substan-
tial amounts of oxidized phospholipids such as oxPCCD36 (a
novel family of oxidized choline glycerophospholipids that are

Figure 4. Effects of OxPAPC on total and VE-cadherin–

specific tyrosine (Tyr) phosphorylation. (A) ECs stimulated

with 10 mg/ml or 100 mg/ml OxPAPC for indicated periods

of time were lysed and used for immunoblotting analysis
with anti-phosphotyrosine antibodies. Staining with b-actin

antibody was used as a normalization control. (B) ECs were

stimulated with OxPAPC (10 mg/ml or 100 mg/ml) for in-

dicated periods of time, and VE-cadherin phosphorylation
at Tyr731 and Tyr731 was examined by Western blot analysis.

Staining with VE-cadherin antibody was used as a normal-

ization control. (C) ECs were stimulated with 100 mg/ml

OxPAPC for 15 minutes, fixed, permeabilized, and stained
with anti-pTyr731 VE-cadherin antibody. The results shown

are representative of three independent experiments. p,

phospho.
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enriched within atheromas and serve as specific high-affinity
ligands for macrophage CD36) and its oxidation products (such
as 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine and
1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine [PGPC])
were detected in all human samples tested, and the combined
concentration of all oxidized phospholipids ranged from 5.4–
51 mM (31, 32). The concentrations of OxPAPC used in this
study ranged from 10–50 mg/ml. Using an average molecular
mass of 609 g/mol for major OxPAPC compounds such as
PGPC results in an estimated range of OxPAPC molar concen-
trations within 16–80 mM. Concentrations of OxPL in normal
human plasma were estimated at a range of 0.1–1.0 mM (33), but
local tissue concentrations in atherosclerotic regions of vessels
were reported at a range of 10–100 mM/kg (13, 25). However,
OxPAPC is a very complex mixture of oxidized phospholipid
products, with molecular masses in the range of 300 to more
than 1,000. Therefore, the OxPAPC concentrations used in our
experiments fell within the range of OxPAPC reported in the
literature in different tissues, and we speculate that our results
may have future implications in the development of new ther-
apies based on taking advantage of the beneficial properties of
oxidized phospholipids, and in approaches to eliminating the
detrimental effects inherent in some fractions of OxPAPC.

The peripheral actin cytoskeleton and cell–cell junctions play
a critical role in the maintenance of endothelial monolayer in-
tegrity (20, 34). OxPAPC at low concentrations promotes EC
barrier enhancement by strengthening the peripheral actin rim
and stimulating the Rap–Rac-dependent assembly of AJs and
tight junction complexes (21, 35). In contrast, higher OxPAPC

concentrations led to EC barrier dysfunction, and the mecha-
nisms underlying this dysfunction remain unclear. The present
study shows that the rapid barrier dysfunction induced by high
doses of OxPAPC was associated with decreased VE-cadherin–
b-catenin–p120-catenin interactions and the disappearance of
VE-cadherin from cell–cell junction areas. The destabilization
of AJs is an important mechanism of increased EC permeability
(34), and was also described for other edemagenic and inflam-
matory agents such as TNF-a (36), platelet-activating factor
(37), and vascular endothelial growth factor (VEGF) (38).

Our proteomics experiments in human aortic ECs treated
with 50 mg/ml OxPAPC (for 40 minutes) demonstrated a large
increase in both the tyrosine and serine phosphorylation of
a number of proteins, including VE-cadherin (39). Our present
data indicate that the extent of total protein tyrosine phosphor-
ylation and VE-cadherin tyrosine phosphorylation differs
significantly between cells treated with 10 mg/ml and 100 mg/ml
of OxPAPC. This study also shows that OxPAPC at barrier-
disruptive concentrations promotes the phosphorylation of
VE-cadherin at Tyr658 and Tyr731, whereas at low doses,
OxPAPC does not induce this effect. VE-cadherin phosphory-
lation at these two critical tyrosines is sufficient to prevent the
binding of p120-catenin and b-catenin, respectively, to the cy-
toplasmic tail of VE-cadherin. Furthermore, phosphorylation
at either site leads to the inhibition of cell barrier function
(40, 41). Our coimmunoprecipitation and microscopy data in-
dicate that low OxPAPC concentrations increased the associa-
tion of p120-catenin and VE-cadherin, whereas treatment with
high OxPAPC concentrations led to the disassembly of these

Figure 5. Effects of OxPAPC on VE-cadherin internaliza-

tion and interaction with b-catenin and p120-catenin.

(A) Cells were stimulated with OxPAPC for indicated peri-
ods of time and washed, and cell-surface proteins were

labeled with Sulfo-NHS-SS-Biotin, as described in MATERIALS

AND METHODS. Cells were lysed, and biotinylated proteins
were precipitated with streptavidin–agarose. The presence

of biotinylated VE-cadherin was evaluated by Western blot

analysis. (B) VE-cadherin was immunoprecipitated from

cells stimulated with OxPAPC (10 mg/ml or 100 mg/ml,
30 minutes). Amounts of coimmunoprecipitated p120-

catenin and b-catenin were evaluated by Western blot

analysis. The bar graph depicts results of quantitative

analyses of VE-cadherin–p120-catenin and VE-cadherin–
b-catenin associations. All experiments were repeated

three times. Values are mean 6 SD. *P , 0.05, versus

control samples. IP, immunoprecipitation; Veh, vehicle;
WB, western blot.
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complexes. These results support the hypothesis that high
OxPAPC concentrations cause the tyrosine phosphorylation
of VE-cadherin and the disassembly of p120-catenin–b-catenin–
VE-cadherin complexes, with a subsequent destabilization of
intercellular VE-cadherin bridges and the disappearance of
VE-cadherin from the cell surface.

The exact mechanism of VE-cadherin phosphorylation in-
duced by highOxPAPC concentrations remains to be elucidated.
Our previous study demonstrated that a rapid activation of Src
was required for the induction of IL-8 synthesis by OxPAPC
(40 mg/ml) (11). The present study revealed early Src phosphor-
ylation at Tyr418, leading to Src activation in ECs treated with
high OxPAPC concentrations, but no changes in phosphoryla-
tion at Tyr529, reflecting the down-regulation of Src enzymatic
activity (29, 30). Thus, the rapid activation of Src caused by high
OxPAPC concentrations is consistent with the time course of

VE-cadherin phosphorylation, and with the attenuation of
VE-cadherin phosphorylation by the Src inhibitor PP2. These
changes also correlate with OxPAPC-induced EC permeability,
suggesting a role for Src kinase activation in the disassembly of
AJs and the endothelial barrier dysfunction induced by high
OxPAPC concentrations. Previous reports demonstrated the
activation of Src and Rac GTPase by both low and high
OxPAPC concentrations, which led to opposing effects on EC
permeability. How can these findings be reconciled? The mod-
erate stimulation of Src activity during OxPAPC treatment at
barrier-protective concentrations (23, 42) does not induce VE-
cadherin phosphorylation (according to the present study), but
does induce the tyrosine phosphorylation of the Src downstream
targets paxillin (42) and p190RhoGAP (24), required for a max-
imal EC barrier–enhancing response to OxPAPC (24). In turn,
the strong tyrosine phosphorylation of the other Src target

Figure 6. Analysis of OxPAPC-

induced Src phosphorylation
and effects of Src and ROS

inhibitors on VE-cadherin

phosphorylation and the for-

mation of VE-cadherin–p120-
catenin–b-catenin complexes.

(A) HPAECs were stimulated

with OxPAPC (10 mg/ml or

100 mg/ml) for indicated peri-
ods of time, and Src phosphor-

ylation at Tyr418 and Tyr529

was examined by Western blot

analysis. Staining with b-actin
antibodywas used as a normal-

ization control. (B–D) Cells

pretreated with vehicle, Src in-
hibitor PP2 (1mM), or the an-

tioxidant N-acetyl-cysteine

(NAC; 1 mM) for 30 minutes

were stimulated with OxPAPC
(100 mg/ml, 15 minutes).

Concentrations of Src phos-

phorylation at Tyr418 were

detected by Western blot anal-
ysis. (B) Staining with b-actin

antibodywas used as a normal-

ization control. (C) The assay
of ROS production was

performed as described in

MATERIALS AND METHODS. (D)

Concentrations of VE-cadherin
phosphorylated at Tyr731 were

detected by Western blot anal-

ysis. (E) Cells pretreated with

vehicle, PP2 (1 mM), or NAC
(1 mM) for 30 minutes were

stimulated with OxPAPC

(100 mg/ml, 15 minutes), fol-
lowed by immunoprecipita-

tion with anti–VE-cadherin

antibody. Coimmunoprecipiated

p120-catenin and b-catenin
were detected by Western blot

analysis with corresponding

antibodies. The detection

of immunoprecipiated VE-
cadherin was used as a normal-

ization control. The results

shown are representative of

five independent experiments.
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VE-cadherin by high OxPAPC doses was demonstrated this
study, and was linked to a barrier-disruptive response.

Increased ROS production appears to be responsible for
some mechanisms of OxPAPC action. OxPAPC was shown to
induce vascular endothelial peroxide production by activating
the nicotinamide adenine dinucleotide phosphate–reduced
(NADPH) oxidase complex. The knockdown of NADPH oxi-
dase isoform-4 and its components Rac-1 and p22(phox) de-
creased the induction by OxPAPC of inflammatory and sterol
regulatory genes, but did not affect OxPAPC’s transcriptional
regulation of antioxidant genes and the unfolded protein re-
sponse (14, 15). The Rac-1/NADPH–dependent generation of
ROS may also promote EC permeability. The enzymatic gen-
eration of superoxide by xanthine oxidase was also increased
nearly twofold after the exposure of bovine aortic ECs to
OxPAPC and increased occludin phosphorylation, thus impli-
cating ROS in the OxPAPC-mediated control of tight junctions
(43). The results of the present study indicate that high
OxPAPC concentrations trigger the production of ROS and
protein oxidation, whereas barrier-enhancing low OxPAPC
concentrations do not significantly elevate ROS.

The pretreatment of EC with NAC reversed the increases in
EC permeability and the disassembly of p120-catenin–VE-
cadherin complexes caused by high OxPAPC concentrations,
and suppressed VE-cadherin phosphorylation at Tyr658 and
Tyr731. These results are in agreement with other reports on
the protective effects of the ROS inhibitors superoxide dismu-
tase and catalase against the phosphorylation and degradation
of tight junction protein occludin contributing to the endothelial
barrier disruption caused by elevated OxPAPC concentrations
(43). Interestingly, pretreatment with NAC only partly de-
creased OxPAPC-induced Src autophosphorylation at Tyr418.
Previous data demonstrated that the redox-dependent inactiva-
tion of low molecular weight protein tyrosine phosphatase
(LMW-PTP) was implicated in regulating levels of tyrosine
phosphorylation and the activity of signaling kinases, including
Src (44–46), and in controlling cell junction complex integrity
(47, 48). Thus, we speculate that the ROS-dependent inactiva-
tion of LMW-PTP in ECs exposed to high OxPAPC doses may
contribute to sustained VE-cadherin phosphorylation via their
promotional effects on Src activity, but this ROS-dependent
inactivation of LMW-PTP may also stimulate additional mech-
anisms leading to increased VE-cadherin phosphorylation.
Other experiments showed that PP2 did not affect the produc-
tion of ROS caused by high OxPAPC concentrations. Together,
these data suggest an Src-independent mechanism of ROS pro-
duction and a partial regulation of Src activity by activated
redox signaling induced by high OxPAPC doses.

On the other hand, Rac-1 is a subunit of the NADPH oxidase
complex required for the activation of NADPH oxidase and pro-
duction of ROS. Rac-1/NADPH–mediated ROS generation
induced the tyrosine phosphorylation of VE-cadherin and
b-catenin, and was also implicated in the endothelial permeability

;

Figure 7. Effects of Src and ROS inhibitors on EC permeability and

monolayer disruption induced by 100 mg/ml OxPAPC. HPAECs were
pretreated with vehicle, PP2 (1 mM), or NAC (1 mM) for 30 minutes,

followed by stimulation with 100 mg/ml OxPAPC. (A) Measurements of

TER were monitored for 20 hours. The data shown here were pooled

from three independent experiments, and are expressed as means6 SD.
(B and C) Immunofluorescence staining for F-actin (B) or VE-cadherin (C)

was performed after 15 minutes of OxPAPC stimulation. Arrows indicate

areas of intercellular gaps. The results shown are representative of three
independent experiments.
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caused by VEGF (49). On the other hand, an increased produc-
tion of ROS stimulates redox-sensitive tyrosine kinase activities
and inhibits low molecular weight protein tyrosine phospha-
tases, through a mechanism referred to as the Bar-Sagi pathway
(50). VE-cadherin–specific protein tyrosine phosphatase may be
one of the targets of ROS, leading to VE-cadherin hyperphos-
phorylation. These events trigger a vicious circle of ROS–tyro-
sine kinase signaling, leading to EC barrier dysfunction,
inflammatory gene expression, and other pathologic effects.
The increased tyrosine phosphorylation of VE-cadherin in mu-
rine tissues in cancer and in angiogenic and ischemic conditions
associated with increased vascular leakiness (51–53) emphasizes
the importance of this mechanism in the propagation of disease
states. The excessive production of ROS may also trigger addi-
tional signaling mechanisms that override the barrier-protective
pathways induced by Rac. Thus, a delicate balance of Rac and
tyrosine kinase activities and subcellular compartmentalization
may define the permeability responses of ECs exposed to dif-
ferent OxPAPC concentrations.

In conclusion, this study demonstrates that in contrast to
OxPAPC at low concentrations, OxPAPC at high doses causes
a rapid increase in endothelial permeability. This mechanism
does not implicate an activation of actomyosin contraction,
but involves the rapid activation of ROS production and the
phosphorylation of Src kinase, leading to the phosphorylation
of VE-cadherin at Tyr658 and Tyr731, the disassembly of VE-
cadherin–p120-catenin–b-catenin cell–cell junction complexes,
and EC monolayer barrier compromise. The mechanisms medi-
ating the sustained increase in EC permeability caused by high
OxPAPC doses may engage additional signaling systems. These
mechanisms remain to be investigated. Advances in the knowl-
edge of signaling pathways and mechanisms triggered by circu-
lating oxidized phospholipids and their role in the control of
endothelial permeability and inflammatory processes in various
diseases may play an important part in the development of new
therapeutic options.

Author disclosures are available with the text of this article at www.atsjournals.org.
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