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ABSTRACT 

We have previously described protective effects of oxidized 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (OxPAPC) on pulmonary endothelial 

cell (EC) barrier function and demonstrated the critical role of cyclopentenone-

containing modifications of arachidonoyl moiety in OxPAPC protective effects. In 

this study we used oxidized phosphocholine (OxPAPC), phosphoserine 

(OxPAPS) and glycerophosphate (OxPAPA) to investigate the role of polar head 

groups in EC barrier protective responses to oxidized phospholipids (OxPLs). 

OxPAPC and OxPAPS induced sustained barrier enhancement in pulmonary EC, 

whereas OxPAPA caused transient protective response judged by 

measurements of transendothelial electrical resistance (TER). Non-oxidized 

phospholipids showed no effects on TER levels. All three OxPLs caused 

enhancement of peripheral EC actin cytoskeleton. OxPAPC and OxPAPS 

completely abolished LPS-induced EC hyper-permeability in vitro, whereas 

OxPAPA showed only partial protective effect. In vivo, intravenous injection of 

OxPAPS or OxPAPC (1.5 mg/kg) markedly attenuated increases in the protein 

content, cell counts, and myeloperoxidase activities detected in bronchoalveolar 

lavage fluid (BAL) upon intratracheal LPS instillation in mice, although OxPAPC 

showed less potency. All three OxPLs partially attenuated EC barrier dysfunction 

induced by IL-6 and thrombin. Their protective effects against thrombin-induced 

EC barrier dysfunction were linked to the attenuation of thrombin-induced Rho 

pathway of EC hyper-permeability and stimulation of Rac-mediated mechanisms 

of EC barrier recovery. These results demonstrate for the first time the essential 
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role of polar OxPL groups in blunting the LPS-induced EC dysfunction in vitro 

and in vivo, and suggest the mechanism of agonist-induced hyper-permeability 

attenuation by OxPLs via reduction of Rho and stimulation of Rac signaling.    
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INTRODUCTION 

The lung endothelium forms a semiselective barrier between circulating 

blood and interstitial fluid, which is dynamically regulated by a counterbalance of 

barrier protective and barrier disruptive bioactive molecules present in the 

circulation. Accumulating evidence suggests that products of phospholipid 

oxidation may be involved in innate immunity, chronic inflammation and vascular 

barrier regulation (1, 11, 12, 27). Enhanced lipid peroxidation leading to formation 

of oxidized phospholipids (OxPLs) was observed in acute lung injury syndromes 

such as ARDS, ventilator-induced lung injury, and asthma (14, 48). An increased 

release of membrane vesicles containing OxPLs has been detected as a result of 

tissue injury and apoptosis (23, 24). Phosphatidylcholines and 

phosphatidylserines represent major groups of cell membrane structural 

phospholipids, and they may become readily oxidized in these pathological 

processes.  

We have previously described potent barrier-protective effects of oxidized 

1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (OxPAPC) on the 

pulmonary endothelial cells (EC) and identified the critical role of 

cyclopentenone-containing oxidized modifications of arachidonoyl moiety in the 

mediation of the OxPAPC effects. In contrast, fragmented products of PAPC 

oxidation exhibited barrier-disruptive effects (2). Barrier protective effects of 

OxPAPC were accompanied by enhancement of peripheral F-actin cytoskeleton 

and mediated by small GTPases Rac and Cdc42 (2). OxPAPC also attenuated 

thrombin-induced EC barrier dysfunction and accelerated recovery of EC 
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monolayer integrity after thrombin challenge (2). However, signaling mechanisms 

of this protective effect by OxPAPC have not been explored.   

Independently of the effects on Rac/Cdc42-mediated F-actin remodeling 

and enhancement of EC barrier, OxPAPC attenuates inflammatory cascade 

induced by bacterial lipopolysaccharide (LPS) via antagonistic interaction with 

the LPS co-receptors, LPS-binding protein and CD14, which competitively blocks 

the ability of LPS to bind toll-like receptor-4 (TLR-4) (10) and blunts the NFκB 

mediated expression of inflammatory cytokines (31). We have previously shown 

that OxPAPC, but not non-oxidized PAPC, markedly attenuated the LPS-induced 

lung tissue inflammation, barrier disruption, and production of inflammatory 

cytokines IL-6 and IL-1β over a range of doses in the rat model of LPS-induced 

lung injury (35). However, effects of other OxPLs on LPS-induced lung injury 

have not been yet explored. IL-6 itself is a recognized inflammatory cytokine. 

When bound to soluble co-receptor, IL-6 activates membrane-bound IL-6 

receptor distinct from the TLR family receptors (26). Activation of IL-6 receptor 

stimulates several pathways including MAP kinase, PI3-kinase, and JAK-STAT 

pathways and further propagates inflammatory cascade and endothelial barrier 

dysfunction via activation of expression of inflammatory chemokines CXCL5, 

CXCL6, CCL2, and CCL8 (26).  

In this study, we tested direct effects of OxPLs containing positively 

charged (oxidized phosphocholine, OxPAPC), negatively charged (oxidized 

phosphoserine, OxPAPS) polar head groups, and oxidized glycerophosphate 

(OxPAPA) lacking the head group, on the pulmonary endothelial barrier 

Page 5 of 52



 6

properties and cytoskeletal arrangement, explored effects of OxPLs on the 

endothelial barrier dysfunction induced by edemagenic (thrombin) and 

inflammatory (LPS and IL-6) mediators. Finally, effects of OxPAPC and OxPAPS 

were tested in the murine model of acute lung injury. 
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MATERIALS AND METHODS 

Reagents and cell culture. Primary antibodies to β-catenin were purchased 

from BD Transduction Laboratories (San Diego, CA). Human IL-6 and human IL-

6 soluble receptor ware obtained from R&D Systems (Minneapolis, MN). Texas-

Red phalloidin and Alexa Flour 488 conjugated secondary antibodies were 

purchased form Molecular Probes (Eugene, OR). Unless otherwise specified, 

biochemical reagents were obtained from Sigma (St. Louis, MO). Human 

pulmonary artery endothelial cells (HPAEC) were obtained from Cambrex 

(Walkersville, MD), cultured according to the manufacturer’s protocol, and used 

at passages 5-9. 

 

Lipid oxidation and analysis. 1-Palmitoyl-2-Arachidonoyl-sn-Glycero-3-

Phosphocholine (PAPC), 1-Palmitoyl-2-Arachidonoyl-sn-Glycero-3-[Phospho-L-

Serine] (PAPS), and 1-Palmitoyl-2-Arachidonoyl-sn-Glycero-3-Phosphate 

(phosphatidic acid, PAPA) were obtained from Avanti Polar Lipids (Alabaster, 

AL). Phospholipids were oxidized by exposure of dry lipid to air as previously 

described (2, 46, 47). The extent of oxidation was measured by positive ion 

electrospray mass spectrometry (ESI-MS) as previously described by our groups 

(2, 46). OxPAPC preparations contained a characteristic pattern of products with 

fragmented (m/z <782,7), and oxygenated (m/z >782,7)  sn-2 residues. Among 

oxygenated derivatives of PAPC, PEIPC (m/z 828) and PECPC (m/z 810) 

representing major peaks have been structurally identified and shown to exert 

biological activities [Watson, 1997 #643;Leitinger, 1999 #636;Subbanagounder, 
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2000 #642;(2). Homologous peaks were present in oxidized PAPS and PAPA 

preparations. Next, oxidized lipids dissolved in chloroform were stored at –80o C 

and used within 2 weeks after mass spectrometry testing.  All oxidized and non-

oxidized phospholipid preparations were analyzed by the limulus amebocyte 

assay (BioWhittaker, Frederick, MD) and shown negative for endotoxin. 

 

Measurement of transendothelial electrical resistance. The cellular barrier 

properties were analyzed by measurements of transendothelial electrical 

resistance (TER) across confluent human pulmonary artery endothelial 

monolayers using the electrical cell-substrate impedance sensing system 

(Applied Biophysics, Troy, NY) as previously described (2, 4-6, 9). TER values 

from at least six microelectrodes corresponding to each experimental condition 

were pooled at discrete time points using custom designed Epool software and 

plotted vs. time as the mean ± SE as previously described (18, 35). 

 

Immunofluorescence staining. Endothelial cells grown on glass coverslips 

were fixed after the agonist treatment in 3.7% formaldehyde solution in PBS for 

10 min at +40 C, washed three times with PBS, permeabilized with PBS 

containing 0.2% Tween-20 (PBS-T) and 0.2% Triton X-100 for 30 min at room 

temperature, and blocked with 2% BSA in PBS-T for 30 min. Incubation with β-

catenin antibodies was performed in 2% BSA in PBS-T for 1 hr at room 

temperature followed by staining with Alexa 488-conjugated secondary 

antibodies. Actin filaments were stained with Texas Red-conjugated phalloidin  
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for 1 hr at room temperature. After immunostaining, the glass slides were 

analyzed using Nikon video-imaging system (Nikon Instech Co., Japan) 

consisting of a inverted microscope Nikon Eclipse TE300 with epi-fluorescence 

module using 60X/1.40 oil objective connected to SPOT RT monochrome digital 

camera and image processor (Diagnostic Instruments, Sterling Heights, MI). The 

images were recorded and processed using Adobe Photoshop 7.0 (Adobe 

Systems, San Jose, CA) software. 

 

Rho and Rac activation assays. Activation of Rho and Rac GTPases in 

pulmonary EC culture were analyzed using Rho and Rac in vitro pulldown assay 

kits available from Upstate Biotechnology (Lake Placid, NY) according to the 

manufacturer’s protocols, as previously described (2, 40). 

 

Immunoblotting. After stimulation, cells were lysed, and protein extracts were 

separated by SDS-PAGE, transferred to nitrocellulose membrane and probed 

with specific antibodies as previously described (3, 7, 9). Intensities of 

immunoreactive protein bands were quantified using ImageQuantR (Molecular 

Dynamics, Sunnyvale, CA) software. 

 

In vivo model of ALI. Adult male C57BL/6J mice, 8-10 week old, with average 

weight 20-25 grams (Jackson Laboratories) were anesthetized with an 

intraperitoneal injection of ketamine (75 mg/kg) and acepromazine (1.5 mg/kg). 

LPS (0.7 mg/kg body weight, Escherichia coli O55:B5) or sterile water was 
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injected intratracheally in a small volume (20-30µl) using a 20 gauge catheter 

(Penn-Century Inc., Philadelphia, PA). Mice were randomized to concurrently 

receive sterile saline solution, OxPAPC (1.5 mg/kg), or OxPAPS (1.5 mg/kg) by 

intravenous injection in the external jugular vein to yield the experimental groups: 

control, LPS only, OxPAPC (1.5 mg/kg) only, OxPAPS (1.5 mg/kg) only, 

LPS+OxPAPC (1.5 mg/kg) and LPS+OxPAPS (1.5 mg/kg). At 16 hrs, animals 

were sacrificed by exsanguination under anesthesia. Tracheotomy was 

performed, and the trachea was cannulated with a 20 gauge intravenous 

catheter, which was tied into place. BAL was performed using 1 ml of sterile 

Hanks Balanced Salt Buffer. The collected lavage fluid was centrifuged at 2500 

rpm for 20 min at +4oC and the supernatant removed and frozen at –80oC for 

subsequent protein study.  The cell pellet was then resuspended in 1 ml of red 

blood cell lysis buffer (ACK Lysing Buffer, BioSource International) for 5 min and 

then re-pelleted by centrifugation at 2500 rpm for 20 min at +4oC. The cell pellet 

was then resuspended in 200 µl PBS, in which 20 µl of cell suspension were 

used for cell counting by a standard hemocytometer technique. The remaining 

180 µl of cell suspension were re-pelleted by centrifugation, and cell pellets were 

stored at -80oC for subsequent detection of myeloperoxidase activity (MPO), as 

described elsewhere (38). Briefly, cell pellets were subjected to a round of 

freezing (on dry ice) and thawing (at room temperature), followed by 20-second 

sonication (Virsonic V60) at full power on ice. Samples were centrifuged at 

10,000 X g for 10 min at +4°C, and the supernatant was collected into fresh 1.5 

ml tubes placed on ice. Next, 100 µl supernatant was added to polystyrene 
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cuvette, and the MPO reaction was initiated by adding 2.9 ml of 1 X assay buffer 

(50 mM potassium phosphate buffer, pH6.0 containing 0.167 mg/ml of o-

dianisidine and 0.0005% of H2O2. Changes in absorbance at 460 nm were 

recorded for 1 min with spectrophotometer (Shimadzu UV 1201) and the rate of 

change in absorbance/min was converted to the MPO activity. The BAL protein 

concentration was determined by a modified Lowrey colorimetric assay using a 

Bio-Rad DC protein assay kit (Bio-Rad Laboratories, Hercules, CA). The 

absorbance measured at 750 nm, and protein concentration determined using 

standard curves.  

 

Statistical analysis. Results are expressed as means ± SE of three to ten 

independent experiments. Stimulated samples were compared to controls by 

unpaired Student’s t-test. For multiple-group comparisons, a one-way variance 

analysis (ANOVA), followed by the post hoc Fisher’s test, were used. P<0.05 was 

considered statistically significant.  
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RESULTS 

Polar head groups of oxidized PLs determine its protective effects on 

endothelial permeability and cytoskeletal remodeling. Human pulmonary EC 

monolayers were treated with 10 µg/ml, 20 µg/ml, or 50 µg/ml of OxPAPC, 

OxPAPS, and OxPAPA followed by measurements of TER for 4 hrs in parallel 

experiments. EC stimulation with 10 µg/ml or 20 µg/ml OxPAPC induced 

sustained increase in TER (Figure 1A). Consistent with previous findings (2), 

further increase in OxPAPC concentration (50 µg/ml) caused acute TER 

decrease followed by partial restoration. In contrast to OxPAPC, OxPAPS at 50 

µg/ml did not cause barrier-disruptive effect, but instead promoted further TER 

elevation, in comparison with 20 µg/ml (Figure 1B). The barrier disruptive effect 

observed in EC treated with 50 µg/ml OxPAPC was not detected in cells treated 

with even higher OxPAPS doses (up to 100 µg/ml OxPAPS, data not shown). 

Stimulation of HPAEC with OxPAPA induced rapid dose-dependent increase in 

TER (Figure 1C). Similarly to OxPAPS, high OxPAPA concentrations (50 µg/ml, 

Figure 1C; and 100 µg/ml, data not shown) did not induce barrier-disruptive 

effect. In contrast, OxPAPA induced potent (50% increase) but transient 

elevation of TER with peak at 30 min and decline to nearly basal levels by 2.5 hrs 

post-treatment. Treatment of EC with non-oxidized PAPC, PAPS, and PAPA 

(Figure 1A-C, right panels) showed that none of non-oxidized PLs exhibited 

barrier protective properties. These results are consistent with the previous 

studies (2) and suggest that oxidation is essential for barrier protective effects of 

the phospholipids used in this study. Dose dependent effects of OxPLs on EC 
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barrier properties are summarized in Figure 1D and show that only OxPAPS 

exhibited pronounced and sustained barrier-protective effect at high 

concentrations (50 µg/ml). At lower concentrations, both OxPAPC and OxPAPS 

caused sustained TER increase observed even after 2.5 hrs of stimulation, 

whereas OxPAPA induced, although potent, but transient barrier-protective 

response (Figure 1E).   

To further characterize effects of OxPLs on barrier regulation, we 

analyzed the remodeling of actin cytoskeleton after EC stimulation with OxPAPC, 

OxPAPS, and OxPAPA (20 µg/ml, 30 min). F-actin staining of stimulated EC was 

performed using Texas-Red phalloidin as described in Methods. OxPAPC and 

OxPAPS induced the most pronounced actin remodeling characterized by 

disappearance of stress fibers and accumulation of F-actin at the cell periphery 

(shown by arrows), whereas OxPAPA caused less dramatic cytoskeletal changes 

(Figure 2). We have previously described the formation of unique zip-like actin 

projections that formed an intercollated peripheral actin cytoskeletal structures in 

OxPAPC-treated cells (2). Similar peripheral actin structures have been observed 

in OxPAPS-, but not OxPAPA-treated EC (Figure 2). We speculate that 

OxPAPA-caused lamellipodia formation shown in Figure 2 can contribute to 

rapid and transient increase in resistance, whereas the formation of zip-like actin 

projections mediates sustained enhancement of EC barrier. Consistent with 

results of TER measurements, non-oxidized phospholipids had no effect on EC 

cytoskeleton (data not shown). 
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Effects of OxPLs with different polar head groups on endothelial barrier 

dysfunction induced by inflammatory mediators.  We and others have 

previously reported that OxPAPC exhibited protective effect against LPS-induced 

lung inflammation and pulmonary EC barrier dysfunction. This effect was linked 

to concurrent inhibition of TLR4-dependent pathway by OxPAPC (10, 11). In this 

study, we tested effects of OxPLs on LPS-induced endothelial barrier dysfunction 

in the cultured human pulmonary endothelial monolayers. Cells were pre-treated 

with LPS (200 ng/ml, 20 min) and then stimulated by OxPAPC, OxPAPS, or 

OxPAPA (20 µg/ml). OxPAPC and OxPAPS pretreatment blunted EC 

permeability increases in response to LPS (Figure 3A,B), whereas OxPAPA only 

partially attenuated LPS-induced EC barrier dysfunction, and its protective effect  

disappeared after 5 hrs of LPS stimulation (Figure 3C). Complete inhibition of 

LPS-induced permeability response was not achieved even at higher OxPAPA 

concentrations (up to 100 µg/ml, data not shown). Summary of TER 

measurements (Figure 3D) illustrates that only OxPAPC and OxPAPS exhibited 

sustained and complete protective effects against LPS-induced EC dysfunction. 

It is important to note, that treatment of LPS-challenged EC monolayers with 

OxPAPC and OxPAPS not only blunted LPS-induced TER decline, but caused 

sustained TER elevation above the baseline. Non-oxidized phospholipids had no 

effect on basal TER levels and LPS-induced TER changes (data not shown). 

These results and published data (2, 10, 31, 35) clearly indicate that protective 

effects of OxPAPC and OxPAPS involve two mechanisms: inhibition of LPS-

induced, TLR4-mediated cascade of EC barrier dysfunction and direct and rapid 
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enhancement of EC barrier properties via Rac/Cdc42-mediated EC cytoskeletal 

remodeling addressed in more detail in Discussion.     

In the following studies, we examined potential protective effects of OxPLs 

in a model of barrier dysfunction induced by a well recognized marker of 

inflammation, IL-6 (26, 35).  Treatment of HPAEC with either IL-6 (25 ng/ml) or its 

soluble receptor (IL-6-SR) (100 ng/ml) alone neither significantly changed basal 

resistance, nor affected OxPAPC-mediated TER increase (Figure 4A). In 

contrast, combination of IL-6 and IL-6-SR induced significant TER decrease. 

Pretreatment of EC monolayers with OxPAPC partially attenuated IL-6/IL-6-SR-

induced permeability; however it still restored TER to the values registered in 

non-stimulated EC.  OxPAPS pretreatment exerted similar effects on IL-6/IL-6-

SR-induced permeability increase (Figure 4B). OxPAPA was less potent in the 

reduction of IL-6/IL-6-SR-induced permeability (Figure 4C). Non-oxidized 

phospholipids had no effect on basal TER levels and IL-6/IL-6-SR-induced TER 

changes (data not shown). Comparison of protective effects by different OxPLs is 

summarized in Figure 4D. These results strongly suggest more potent protective 

effects of OxPAPC and OxPAPS, in comparison with OxPAPA, against the 

endothelial barrier dysfunction induced by inflammatory agents in vitro. In the 

next experiments, we evaluated OxPAPC and OxPAPS protective effects in the 

murine model of LPS-induced lung injury.    

 

Effects of OxPAPC and OxPAPS on LPS-induced lung barrier dysfunction.  

Intratracheal LPS induced a prominent acute inflammatory response in the lung 
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(Figure 5A) with dramatic increase in BAL total cell counts at 18 hrs (3.07 x 106 ± 

0.24 as compared to 1.17 x 105 ± 0.52 cells/ml in LPS-untreated controls, 

p<0.001). The LPS-induced increase in BAL cell count was significantly 

attenuated by OxPAPC and OxPAPS (1.88 x 106 ± 0.23 and 1.09 x 106 ± 0.07, 

respectively, versus 3.07 x 106 ± 0.24 cells/ml for LPS alone, p<0.05), whereas 

treatment with non-oxidized PAPC did not significantly reduce BAL cell counts 

(data not shown) similar to the results we have previously described (35).  

Consistent with effects on BAL total cell counts, OxPAPC and OxPAPS treatment 

dramatically decreased the levels of MPO activity (Figure 5B), which reflect 

neutrophil activation in the BAL samples. Importantly, OxPAPS was significantly 

more potent than OxPAPC in attenuating the LPS-induced increases in cell 

counts and MPO activity (Figure 4A,B). 

Next, using BAL protein content as a marker of barrier disruption and lung 

injury we examined the effects of OxPAPC and OxPAPS on LPS-induced lung 

edema.  Intratracheal challenge with LPS significantly increased the total protein 

concentration in BAL fluid, in comparison with control animals (1.62 ± 0.08 

versus 0.26 ± 0.15 mg/ml, p<0.005) (Figure 5C). Concurrent treatment with 

intratracheal LPS and intravenous OxPAPC or OxPAPS significantly attenuated 

BAL protein concentrations compared to LPS alone (1.23 ± 0.05 and 1.12 ± 0.18 

mg/ml, respectively, versus 1.62 ± 0.08 mg/ml, p<0.001). There was no 

significant difference in BAL protein between OxPAPC-treated animals and 

controls in the absence of LPS. These results strongly suggest the protective 
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effects of OxPAPC and OxPAPS against LPS-induced lung vascular barrier 

dysfunction in vivo.  

Our data suggest that while both OxPAPC and OxPAPS induced 

sustained barrier protective effects in vivo and in vitro, OxPAPS was more potent 

in the attenuation of LPS-induced lung inflammation in vivo. Importantly, in 

contrast to OxPAPC, which at doses above 30 µg/ml lost barrier protective 

properties (Figure 1A and (2)), OxPAPS exhibited prominent protective effect at 

50 µg/ml (Figure 1B) and up to 100 µg/ml (data not shown). Because OxPAPS 

displayed wider barrier-protective concentration range in vitro and in vivo, in the 

following experiments we used OxPAPS to study molecular mechanisms 

underlying its barrier protective effects in pulmonary EC. 

 

Characterization of barrier protective properties of OxPLs bearing different 

polar head groups in a thrombin model of pulmonary EC 

hyperpermeability.  HPAEC monolayers were pre-treated with OxPAPC, 

OxPAPS, or OxPAPA (20 µg/ml, 30 min) followed by thrombin challenge (0.5 

U/ml). OxPAPC, OxPAPS and OxPAPA exhibited similar protective effects in the 

acute EC permeability response to thrombin (Figure 6). Moreover, these three 

OxPLs not only significantly attenuated permeability increase in the response to 

thrombin, but during the recovery phase elevated resistance to much higher 

levels above the baseline.  Next, we used OxPAPS which exhibited protective 

effects in all three models of the pulmonary EC barrier dysfunction as example to 

characterize effects of barrier-protective OxPLs on cytoskeletal remodeling. 
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Confluent HPAEC monolayers were pre-treated with OxPAPS (20 µg/ml, 30 min) 

followed by thrombin stimulation (0.5 U/ml). Remodeling of actin cytoskeleton 

and adherens junctions was analyzed at the peak of barrier dysfunction (30 min) 

and during the recovery phase (50 min) after thrombin challenge. Cells were 

stained with Texas-Red phalloidin to visualize F-actin and with antibody against 

adherens junction protein β-catenin. EC stained at the peak of thrombin-induced 

barrier dysfunction showed dramatic paracellular gap formation (shown by 

arrows), stress fiber formation, and cell contraction, in comparison with non-

stimulated EC monolayers (Figure 7A).  OxPAPS pretreatment induced 

enhancement of peripheral actin and significantly suppressed thrombin-induced 

paracellular gap formation at 30 min. During the recovery phase, OxPAPS 

promoted disappearance of stress fibers accompanied by accumulation of actin 

at the areas of cell periphery, whereas EC monolayers treated with thrombin 

alone (50 min) exhibited a significant number of stress fibers and paracellular 

gaps (Figure 7A). Consistent with these results, OxPAPS pretreatment also 

preserved continuous adherens junction pattern visualized by β-catenin staining 

after 30 min of thrombin stimulation and did cause a complete recovery of 

adherens junction pattern by 50 min after thrombin stimulation (Figure 7B). 

Similar results were obtained, if OxPAPC was used instead of OxPAPS (data not 

shown). In contrast, EC monolayers stimulated with thrombin alone displayed 

massive disruption of cell-cell contacts after 30 min and only partial recovery 

after 50 min of thrombin treatment (Figure 7B).  
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In complementary series of experiments, HPAEC were treated with 

combination of thrombin (0.5 U/ml) and OxPAPS (20 µg/ml) for 5 min or 50 min 

and used for immunofluorescence analysis of cytoskeletal remodeling. In this 

setting, OxPAPS (Figure 8A) did not prevent the acute phase of EC barrier 

dysfunction (5 min of combined thrombin and OxPAPC treatment), but 

significantly promoted barrier restoration during recovery phase at 50 min of 

treatment, which was characterized by reduction in a number of paracellular gaps 

(shown by arrows) and enhanced F-actin accumulation in the cell cortical area 

(Figure 8A, insets). These morphological changes were consistent with the TER 

measurements made under the same experimental conditions (Figure 8B), 

which showed enhanced TER recovery in cells co-treated with thrombin and 

OxPAPS, in comparison with cells treated with thrombin alone. Non-oxidized 

phospholipids had no effect on thrombin-induced TER changes and cytoskeletal 

remodeling (data not shown). 

 

Effect of OxPAPS on thrombin-induced Rho activation and MLC 

phosphorylation. We and others have previously described the essential role of 

small GTPases Rho and Rac in the regulation of endothelial barrier (2, 9, 13, 19, 

42, 43), and Rho-dependent pathway was described as a major mechanism of 

thrombin-induced endothelial barrier dysfunction (9, 13, 19, 43). In this study, EC 

were pre-treated with OxPAPS (20 µg/ml, 30 min) followed by thrombin challenge 

(0.5 U/ml, 15 min or 30 min), and changes in Rho and Rac activation were 

monitored over the time (Figure 9A). Rho activity induced by thrombin was 
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significantly elevated at 15 min and 30 min. Rac activity was decreased below 

the basal levels after 15 min and was only slightly elevated after 30 min of 

thrombin treatment. Remarkably, OxPAPS pre-treatment significantly attenuated 

Rho activation after 15 min of thrombin stimulation and completely abolished Rho 

activation after 30 min, in comparison with thrombin alone. In addition, OxPAPC 

prevented initial thrombin-induced Rac inactivation and dramatically enhanced 

Rac activation by 30 min of thrombin stimulation. Treatment with OxPAPS alone 

induced robust Rac activation without noticeable activation of Rho. Similar results 

were obtained, when OxPAPC was used instead of OxPAPS (data not shown). 

Because phosphorylation of regulatory myosin light chains (MLC) is 

mediated by a Rho pathway via Rho kinase-induced phosphorylation and 

inactivation of myosin light chain phosphatase (19), we then investigated effects 

of OxPAPS on thrombin-induced MLC phosphorylation. Thrombin (0.5 U/ml, 15 

min) induced pronounced increase in MLC phosphorylation, whereas OxPAPS 

(20 µg/ml, 30 min and 15 min, data not shown) was without effect (Figure 9B). 

Remarkably, EC pre-treatment with OxPAPS significantly reduced MLC 

phosphorylation in response to thrombin. Similar results were obtained, when 

OxPAPC was used instead of OxPAPS, whereas non-oxidized phospholipids had 

no effect on thrombin-induced Rho activation and MLC phosphorylation (data not 

shown). These experiments strongly suggest that OxPLs tested in this study 

exhibit the protective effect against edemagenic agonists via modulation of Rho-

dependent pathway of EC barrier dysfunction.  
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DISCUSSION 

The results of this study demonstrate for the first time the important role of polar 

head groups in the protective effects elicited by oxidized phospholipids in the in 

vitro and in vivo models of EC barrier dysfunction.  

The concentrations of OxPLs in vivo under physiological conditions and 

during inflammation are unclear. Due to the structural diversity of oxidized 

phospholipids (OxPLs) and presence of a high excess of non-oxidized PLs, 

quantitation of OxPLs in vivo represents a major challenge for analytical 

techniques. Therefore, the estimates of in vivo concentrations are sparse, and 

most publications compare healthy and diseased tissues without providing 

absolute concentrations of analyzed OxPLs. OxPLs were mainly studied in the 

context of chronic inflammation characteristic of atherosclerosis. Published 

studies provides an estimate of 400 µg of combined active phosphatidylcholines 

(containing both fragmented and full-length oxidized residues) per gram 

atherosclerotic vascular tissue (49). Concentration of isoprostane-containing 

OxPLs, which demonstrated the most prominent barrier-protective effects in our 

experiments (2), was estimated in human atherosclerotic lesions in the range of 

30-100 ng/g wet weight and was significantly higher than in healthy human 

vessels (1 ng/g wet weight) (20, 44, 49). There are no published quantitative 

estimates of OxPLs levels in lung. In humans, semi-quantitative 

immunohistochemical methods demonstrated accumulation of OxPL in lung 

during inflammation. Presence of several OxPL species in mouse lung tissue has 

been demonstrated using mass-spectrometry and was significantly increased by 
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tissue oxidative stress (34). Generation of OxPLs in lung is likely to be a by-

product of oxidative burst produced by activated leukocytes. Indeed, activated 

neutrophils and monocytes stimulated oxidation of PAPC with predominant 

accumulation of epoxyisoprostane-PC, which achieved a concentration of 200 

nM (25). This study shows that OxPLs at concentrations equivalent to micromolar 

concentrations of isoprostane-PL induce prominent barrier-protective effect in 

pulmonary EC. Other reports indicate that epoxyisoprostane-containing PC 

elevates cAMP levels known to increase endothelial barrier function at 

concentrations as low as 100 ng/ml (29). In conclusion, several experimental 

groups documented presence of OxPLs in vivo, as well as elevation of local and 

systemic levels of OxPL during various types of acute and chronic inflammation. 

Direct measurements of absolute OxPL levels in lung have not been performed 

yet. However, experimental data obtained for different models of acute and 

chronic tissue inflammation suggest that OxPLs are likely to reach concentrations 

sufficient to support pulmonary endothelial function in vivo. 

OxPAPC and OxPAPS containing positively and negatively charged polar 

head groups, respectively, showed sustained barrier-protective effects on 

pulmonary EC, whereas OxPAPA lacking a head group caused potent but 

transient TER increase. Recent report by Li and co-authors indicates that 

epoxyisoprostane-containing products of PAPC oxidation may engage 

prostaglandin E2 (EP2) receptor and elevate intracellular cAMP levels (29), 

which in turn promote the endothelial barrier function, prevent against agonist-

induced permeability increases (8, 30, 33, 37, 39), and may contribute to the 
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early phase of barrier enhancement in response to OxPLs. Elevation of cAMP 

and activation of cAMP-dependent protein kinase by oxidized phospholipids has 

been previously shown by us and other laboratories (3, 15, 28). Thus, 

epoxyisoprostane groups contained in the products of PAPS, PAPC, and PAPA 

oxidation may induce transient EC barrier protective responses via EP2-

mediated elevation of intracellular cAMP. However, sustained protective effects 

of OxPAPC and OxPAPS not observed in OxPAPA-stimulated cells suggest an 

additional mechanism of barrier protective action, which requires the presence of 

polar head groups in the oxidized phospholipid products. The precise mechanism 

of sustained protective effects by OxPLs containing polar head groups is not 

clear, and we speculate that it may involve a yet to be identified putative 

receptor(s) distinct from prostaglandin receptor family. This receptor(s), unlike 

EP2 require presence of both, oxygenated arachidonoyl moiety and polar head 

group for triggering sustained barrier-protective response. In support of this 

notion, EC pre-incubation with EP2 antagonist AH6809, which inhibited 

OxPAPC-induced activation of EP2 (29), had no effect OxPAPC- and OxPAPS-

induced sustained barrier-protective response (data not shown).  

Inhibitory effect of OxPAPC on LPS-induced inflammatory cascades is 

due to ability of OxPAPC to suppress activation of the major LPS receptor Toll-

like receptor 4 (TLR4) by inactivating the co-receptors: LPS-binding protein (LBP) 

and CD14, which are essential for LPS interaction with TLR4 (1, 10). In the 

previous studies we have described a dose-dependent attenuation by OxPAPC 

of LPS-induced lung inflammation and vascular leak in the rat model of LPS-
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induced acute lung injury. The results of the present study show that both, 

OxPAPC and OxPAPS, dramatically attenuated leukocyte accumulation and 

MPO activation in the BAL upon intratracheal LPS instillation in vivo and 

abolished LPS-induced EC barrier dysfunction in vitro. Furthermore, cell culture 

experiments showed only partial attenuation of LPS-induced TER decline by 

OxPAPA, which lacks the head group. Based on our results, we speculate that 

complete inhibition of LPS-induced EC barrier dysfunction by OxPAPC and 

OxPAPS and only partial attenuation of LPS effects by OxPAPA may suggest an 

essential role for head polar groups in the competitive interaction with LBS-

binding protein.  In addition to suppression of LPS-TLR4 signaling, OxPAPC also 

inhibits interactions of other pro-inflammatory stimuli such as bacterial ligands 

and CpG-rich DNA with TLR2 and TLR9 receptors, respectively (31, 45). Thus, 

similar to OxPAPC, other oxidized phospholipids bearing polar head groups 

including OxPAPS may also inhibit inflammatory reactions mediated by other 

TLR family receptors, and further studies are required to explore these potential 

important effects.   

OxPLs also partially attenuated IL-6-induced EC barrier dysfunction. IL-6 

receptor system is distinct from the TLR family and consists of two polypeptide 

chains: an 80 kDa IL-6 receptor (IL-6R) and a 130 kDa signal transducer 

(gp130). Similar to activation of TLR4, which requires soluble receptor cofactors, 

the soluble IL-6R can form a stimulatory complex with IL-6, which associates with 

gp130 co-receptor and triggers JAK-STAT, PI3-kinase/AKT and MAP kinase 

signaling pathways (22). Although precise mechanisms of IL-6-mediated EC 
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barrier dysfunction remain to be elucidated, IL-6-induced activation of MAP 

kinase pathways may represent barrier-disruptive signaling cascade. Our results 

show that none of OxPLs tested in this work blocked IL-6-induced barrier 

dysfunction, however OxPLs increased TER in both vehicle- and IL-6-treated EC 

cultures in an additive fashion. Partial attenuation of IL-6-induced EC 

permeability decreases may be due to OxPL-induced activation of Rac/Cdc42 

and peripheral actin cytoskeletal enhancement described in our previous studies 

(2), which appear to be independent on pro-inflammatory signaling or MAP 

kinase activation induced by IL-6.  

Our results demonstrate the ability of OxPLs to attenuate thrombin-

induced MLC phosphorylation and hyper-permeability. Furthermore, barrier-

protective effects of OxPAPC in the model of thrombin-induced EC barrier 

dysfunction are associated with the reduction of thrombin-induced Rho activation 

and stimulation of Rac signaling critical for EC barrier recovery (2, 7, 32). 

Upstream mechanisms of Rho regulation and Rho-Rac crosstalk are the focus of 

current studies by several groups (7, 17, 41). The results of this study show 

attenuation of agonist-induced activation of Rho pathway by OxPLs. OxPAPC 

stimulates protein kinase A (3, 28), which may suppress Rho activation via 

phosphorylation of Rho GDP dissociation inhibitor (RhoGDI) (39). Other 

mechanisms may involve modulation of Rho-specific guanosine nucleotide 

exchange factors (GEFs) by signal protein kinases (PKA, PKC, Src) activated by 

OxPAPC (3, 50). Recent report by Herband and Ahmadian (21) shows that Rac1 

may inactivate Rho via p190-RhoGAP (Rho-specific GTPase activating protein) 
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mechanism.  Studies of our group are underway to define upstream mechanisms 

of Rac/Cdc42 regulation by OxPLS and delineate a crosstalk between Rac and 

Rho in OxPL-mediated signaling. 

Assembly of adherens junctions is precisely regulated via Rac-dependent 

association of transmembrane protein VE-cadherin with intracellular catenin 

complex, which links VE-cadherin with cytoskeleton and provides physical 

integrity of adherens junction complex (16). VE-cadherin – β-catenin interaction 

is negatively regulated by actin- and β-catenin-binding protein IQGAP1. Activated 

Rac binds its effector IQGAP1 and promotes VE-cadherin – β-catenin interaction 

(36).  Enhanced Rac activation observed in the OxPAPC-pretreated cells after 30 

min of thrombin stimulation may promote adherens junctions assembly and 

enhance adherens junction integrity, observed in this study (Figure 7B). Thus, 

Rac-dependent enhancement of cortical actin cytoskeleton and adherens 

junction assembly may represent two complementary Rac-mediated mechanisms 

involved in the EC barrier recovery after challenge with barrier-disruptive 

agonists.     

Thus, our results demonstrate two modalities for biologically active OxPLs 

in protecting the pulmonary vascular endothelial barrier under acute pathological 

conditions:  a) via direct  blunting of TLR-4 mediated inflammatory cascade and 

vascular endothelial barrier dysfunction; and b) via stimulation of intrinsic EC 

barrier protective mechanisms dependent on the crosstalk between Rac and Rho 

pathways. Our data also suggest OxPAPC and OxPAPS as promising molecules 

for drug design and therapeutic treatment of acute lung injury and ARDS. Further 
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analysis of bioactive compounds derived from these oxidized phospholipids may 

lead to discovery of potent barrier-protective compounds that may be used in 

preventive therapies for treatment of acute lung injury. 
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FIGURE LEGENDS 

Figure 1. Effect of oxidized phospholipids and their non-oxidized forms on 

EC barrier function. Panels A – D: HPAEC monolayers were grown on gold 

microelectrodes. At the time point indicated by arrow, cells were treated with 10 

µg/ml, 20 µg/ml, or 50 µg/ml OxPAPC (Panel A), OxPAPS (panel B), OxPAPA 

(panel C), or their non-oxidized forms (Panels A – C, right panels), and TER 

was monitored during 3.5 hrs. Panel D: Summary of dose-dependent OxPL 

effects on EC permeability. TER measurements were made after 30 min of EC 

stimulation with OxPAPC, OxPAPS, or OxPAPA at 10 µg/ml, 20 µg/ml, or 50 

µg/ml. Panel E: Summary of time-dependent effects of OxPLs on EC 

permeability. TER was measured after 30 min and 150 min of EC treatment with 

OxPAPC, OxPAPS, or OxPAPA (10 µg/ml). Shown are pooled data of three to 

eight independent experiments. Results are represented as mean + SD. 

 

Figure 2. Effect of OxPAPC, OxPAPS and OxPAPA on EC actin 

cytoskeleton. EC monolayers grown on glass coverslips and treated with 

OxPAPC, OxPAPS, or OxPAPA (20 µg/ml, 30 min) were fixed and subjected to 

immunofluorescence staining for F-actin with Texas-Red phalloidin, as described 

in the Methods section. Results are representative of three independent 

experiments.    

 

Figure 3. Effect of OxPLs on LPS-induced endothelial barrier dysfunction. 

Panels A – D: Pulmonary EC were grown on gold microelectrodes. At the time 
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point indicated by first arrow, cells were pretreated with LPS (200 ng/ml, 20 min) 

followed by stimulation with 20 µg/ml of OxPAPC (Panel A), OxPAPS (Panel B), 

or OxPAPA (Panel C) marked by second arrow, and TER was monitored for 12 

hrs. Panel D: Summary of time-dependent effects of OxPLs on LPS-induced EC 

permeability. TER was measured at 3 or 6 hrs of LPS challenge. Shown are 

representative data of three to five independent experiments. Results are 

represented as mean + SD. 

 

Figure 4. Effect of OxPLs on IL-6-induced barrier dysfunction.  

Panel A: At the time point indicated by second arrow, pulmonary EC pretreated 

with 20 µg/ml of OxPAPC (Panel A), OxPAPS (Panel B), or OxPAPA (Panel C) 

(shown by first arrow) were stimulated with  IL-6 (20 ng/ml) alone (Panel A-1), IL-

6 soluble receptor (100 ng/ml) alone (Panel A-2), or combination of IL-6 (20 

ng/ml) and IL-6 soluble receptor (100 ng/ml) (Panels A-3, B, C, second arrow), 

and measurements of TER were performed for 10 hrs across confluent EC 

monolayers  Panel D: comparison of time-dependent effects of OxPLs on IL-6/ 

IL-6-SR-induced EC permeability. TER was measured after 8 hrs of agonist 

stimulation. Shown are representative of three to five independent experiments. 

Results are represented as mean + SD. 

 

Figure 5. Intravenous OxPAPC and OxPAPS attenuate LPS-induced 

neutrophil accumulation in BAL, increased MPO activity and lung barrier 

dysfunction.  Intratracheal LPS (0.7 mg/kg) or sterile water was administered 18 
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hrs prior to cytological analysis of BAL fluid and measurements of MPO activity.  

LPS induced a dramatic increase in BAL total cell count (Panel A) and MPO 

activity in BAL cell pellets (Panel B), which was markedly attenuated by 

intravenous OxPAPC and OxPAPS (1.5 mg/kg).  There were no significant 

differences in cell counts and MPO activity between animals treated with vehicle 

or OxPAPC alone (data not shown).  BAL protein concentration was assessed at 

18 hrs after intratracheal LPS challenge or sham injection.  Intravenous OxPAPC 

and OxPAPS (1.5 mg/kg) significantly reduced the pronounced increase in BAL 

protein caused by LPS administration. Results are represented as mean + SE;  

*p < 0.01; **p < 0.05; n=6-9 per group. 

 

Figure 6. Effect of OxPL preincubation on thrombin-induced barrier 

dysfunction. Pulmonary EC were preincubated with 20 µg/ml OxPAPC (Panel 

A), OxPAPS (Panel B), or OxPAPA (Panel C) for 30 min followed by thrombin 

(0.5 U/ml) challenge, and TER changes were monitored over the time. Panel D: 

Summary of OxPLs effects on thrombin-induced EC permeability. Shown are 

results of five to ten independent experiments. Results are represented as mean 

+ SD. 

 

Figure 7. Effect of OxPAPS on thrombin-induced cytoskeletal remodeling 

and adherens junction integrity. EC grown on glass coverslips were incubated 

with OxPAPS (20 µg/ml, 30 min) followed by thrombin (0.5 U/ml) treatment for 30 

min or 50 min. Cells were fixed, and double immunofluorescence staining was 
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performed according to the protocol described in the Methods section. Cells were 

probed with Texas-Red phalloidin to detect actin filaments (Panel A) and with β-

catenin antibody to label adherens junctions (Panel B).  Paracellular gaps are 

marked by arrows. Insets depict higher magnification images of cell-cell contacts. 

Results are representative of three independent experiments. 

 

Figure 8. Effect of combined stimulation with thrombin and OxPAPS on EC 

monolayer integrity and TER. Panel A: EC grown on glass coverslips and 

treated with combination of thrombin (0.5 U/ml) and OxPAPS (20 µg/ml) for 15 

min or 50 min were fixed and subjected to immunofluorescent staining for F-actin 

with Texas-Red phalloidin. Insets represent higher magnification images of the 

areas of cell-cell contacts. Results are representative of three independent 

experiments.  Panel B: TER was monitored across the confluent EC monolayers 

treated with combination of thrombin (0.5 U/ml) and OxPAPS (20 µg/ml). Bar 

graphs represent results of TER measurements after 5 min and 50 min of 

stimulation.  

 

Figure 9. Effect of OxPAPS and thrombin on Rho and Rac activities and 

MLC phosphorylation. Pulmonary EC were pretreated with OxPAPS (20 µg/ml, 

30 min) followed by thrombin challenge (0.5 U/ml, 15 min or 30 min).  Panel A: 

Rho and Rac activities were measured using pull down activation assays, as 

described in Methods section. Panel B: Phosphorylation of MLC was detected by 

western blot with specific antibody. Equal protein loading was confirmed by re-
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probing of membranes with MLC antibody. Results are representative of three 

independent experiments. 
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