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Abstract

Acute lung injury and acute respiratory distress syndrome are accompanied by thrombin activation

and fibrin deposition that enhances lung inflammation, activates endothelial cells and disrupts lung

paracellular permeability. Heparin possesses anti-inflammatory properties but its clinical use is

limited by hemorrhage and heparin induced thrombocytopenia. We studied the effects of heparin

and low anticoagulant 2-O, 3-O desulfated heparin (ODSH) on thrombin-induced increases in

paracellular permeability of cultured human pulmonary endothelial cells (EC). Pretreatment with

heparin or ODSH blocked thrombin-induced decrease in the EC transendothelial electrical

resistance (TER), attenuated thrombin-stimulated paracellular gap formation and actin cytoskeletal

rearrangement. Our data demonstrated that heparin and ODSH had inhibitory effects on thrombin-

induced RhoA activation and intracellular calcium elevation. Thrombin-stimulated

phosphorylation of the cytoskeletal regulatory proteins, myosin light chain and ezrin/radixin/

moesin, were also reduced. In these effects, low anticoagulant ODSH was more potent than

heparin. Heparin or ODSH alone produced decreases in the EC TER that were abolished by

siRNA-mediated depletion of the thrombin receptor, PAR-1. We also demonstrated that, in

contrast to heparin, ODSH did not possess thrombin-binding activity. Results suggest that heparin

and low anticoagulant ODSH, can interfere with thrombin-activated signaling.
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1. INTRODUCTION

Acute lung injury (ALI) and its more severe form, acute respiratory distress syndrome

(ARDS), produce serious respiratory failure with 30–50% mortality (Rubenfeld et al., 2005).

Treatment of ALI/ARDS relies on supportive care, mechanical ventilation and control of the

initiating cause. ALI/ARDS are characterized by non-cardiogenic pulmonary edema,

increased endothelial permeability from injury and inflammation (Villar, 2011), and intra-

alveolar and intravascular fibrin deposition. Fibrin deposits enhance inflammatory responses

by increasing vascular permeability and activating endothelial cells (ECs) to produce pro-

inflammatory cytokines (Idell et al., 1989)(Ware et al., 2005). The distribution of fibrin in

lungs of patients with ALI/ARDS suggests that coagulation pathways are pathologically

activated (Idell et al., 1989)(Ware et al., 2005). The serine protease thrombin is frequently

activated in ALI/ARDS and is postulated to disrupt EC junctional integrity and increase lung

paracellular permeability through activation of protease activated receptors (PARs) (Vadász

et al., 2005)(Vogel et al., 2000), with formation of small gaps between ECs and disrupted

function of the endothelial monolayer (van Nieuw Amerongen et al., 2008). There are four

known protease activated receptors, PAR 1–4. PAR-1, PAR-2, PAR-3, are expressed on

human umbilical vascular endothelial cells (HUVEC) (O’Brien et al., 2000)(Popović et al.,

2010). PAR-4 has been reported in bovine endothelial cells but not in human pulmonary

ECs (Momota et al., 2006). PAR-2 is activated by tryptase. PAR-1-induced endothelial

barrier permeability is well established (McLaughlin et al., 2005)(Bogatcheva et al., 2002).

PAR-3’s role in endothelial cells is not well established but it has been reported to transduce

signaling alone in epithelial cells (Seminario-Vidal et al., 2009). Thrombin inhibitors such as

antithrombin III, hirudin and heparin have shown some promise experimentally in

ameliorating EC barrier disruption and EC gap formation (Cadroy et al., 1996)(Gori et al.,

1999)(Bao et al., 2012)(Schmidt et al., 1996). Thrombin activation of the PARs is unique as

the process involves the proteolytic cleavage of a tethered ligand at the amino- N terminal

extracellular domain of the receptor. This proteolytic cleavage unmasks a new amino-

terminal sequence (SFLLRNPNDKYEPF… in human PAR-1) that serves as a new tethered

ligand which binds intramolecularly to the body of the receptor and stimulates signal

transduction of the pathway (Chung et al., 2002)(Macfarlane et al., 2001).

The anticoagulant heparin is a highly anionic macromolecule that interacts via heparin-

binding sites with a number of proteins, endowing it with a number of properties (Casu et

al., 2010), including effects on vascular permeability. We therefore tested the effect of fully

anticoagulant heparin and its low anticoagulant 2-O, 3-O desulfated derivative (ODSH) in

cultured human pulmonary artery endothelial cells (HPAEC) and found that heparin and

ODSH attenuated thrombin-induced barrier EC disruption. In the absence of thrombin,

heparin and ODSH induced modest barrier disruption involving PAR-1. Heparin or ODSH

pretreatment significantly attenuated thrombin-induced EC barrier disruption. Moreover,
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ODSH pretreatment significantly diminished thrombin effect in human lung microvascular

endothelial cells (HLMVEC), including thrombin induced cleavage of its receptor PAR 1,

activation of the RhoA/ROCK pathway and stimulation of Ca2+-dependent signaling. These

results suggest that heparin and its derivative, ODSH, are potentially beneficial in a cellular

model of ALI/ARDS from direct interference with thrombin-induced vascular permeability

in a non-coagulant manner.

2. MATERIALS AND METHODS

2.1. Materials

All chemicals or reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless

otherwise noted. ODSH was from ParinGenix, Inc. (Weston, FL, USA). Antibodies were

from Cell Signaling (Danvers, MA, USA).

2.2. Cell culture

Human pulmonary artery endothelial cells (HPAEC) or human lung microvascular

endothelial cells (HLMVEC) from Lonza Group Ltd. (Walkersville, MD, USA) were

cultured in complete EBM-2 medium (Lonza), maintained at 37°C in humidified atmosphere

of 5% CO2-95% air, and used at passages 3–6.

2.3. Measurement of TER

The barrier properties of the cell monolayers were characterized using an electrical cell-

substrate impedance instrument (ECIS) (Applied BioPhysics, Troy, NY, USA) as previously

described (Birukova et al., 2004b) (Kim et al., 2012). Cells were grown to confluence in 8

well gold plated arrays (Applied BioPhysics, Troy, NY, USA). Before each experiment the

cells were incubated in serum-free medium for 2 h. The total resistance across the

monolayers was composed of the resistance generated between the ventral cell surface and

the electrode as well as by the resistance between cells. Initial resistance at the onset of our

multiple experiments was 1300 to 1700 in array wells, then all wells normalized to1. A

4,000-Hz AC signal with a1-V amplitude was applied to the EC monolayer through a 1-M-Ω

resistor, creating an approximate constant-current source (1 µA). After a baseline

measurement, cells were treated with various concentrations of thrombin, heparin, ODSH,

and changes in TER in response to the stimuli were real-time recorded. In the heparin or

ODSH/thrombin experiments, the cells were pretreated with heparin or ODSH for 40 min

followed by thrombin and the changes in TER were real-time recorded in real-time.

2.4. Immunocytochemistry

The cells grown on coverslips were pretreated with heparin or ODSH (50 µg/ml, 40 min)

then challenged with thrombin (20 nM, 15 min). After treatments, cells plated on coverslips

were washed with PBS, fixed with 3.7% paraformaldehyde, and permeabilized with 0.25%

Triton X-100 in 0.1% Tween 20 in PBS, pH 7.4 (PBST). After blocking with 5% normal

goat serum in PBST, coverslips were incubated with Alexa 488-Phalloidin (Molecular

Probes, Eugene, OR, USA) to stain F-actin or Alexa 594 to stain VE-cadherin, then mounted

on slide glasses with ProLong Gold Antifade (Molecular Probes, Eugene, OR, USA).
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Immunostained EC were observed and photographed using a × 630 magnification on a Zeiss

Axio Observer video imaging system.

2.5. Cell surface PAR-1 immunofluorescence staining

HPMVEC were grown to confluence on glass cover slips in 12 well plates. The cells were

washed three times with serum-free medium and kept for 2 h at 37°C in medium containing

1% FBS before agonist treatment. After thrombin, heparin, ODSH treatments, cells were

washed three times with HBSS and fixed with 1% paraformaldehyde for 15 min at room

temperature (RT). Cells were then blocked with 5% BSA at 4°C for 60 min prior to

incubation with anti-PAR-1 rabbit polyclonal IgG (1:40) (Santa Cruz Biotechnology, Santa

Cruz, CA, USA). The anti-PAR-1 antibodies were detected after incubation of the cells with

rhodamine-labeled goat anti-mouse antibodies (1:400) for 30 min at 4°C. Cell surface

fluorescence was visualized and photographed using Zeiss Axio Observer imaging system.

2.6. Western blotting

After treatments, the cells were washed with PBS, lysed in Laemmli buffer with protease/

phosphatase inhibitors and boiled for 5 min and cleared by centrifugation. Next the protein

extracts were resolved by SDS-PAGE. Proteins were transferred to nitrocellulose

membranes and subsequently blocked with 5% nonfat dry milk in PBST, then incubated at

4° C overnight with respective primary antibodies of interest. After washing three times for

5 min with PBST, the membrane was incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies at RT for 1 h, followed by three washes for 5 min with

PBST. Immunoreactive proteins were visualized with SuperSignal West Pico

Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA).

2.7. Particles size measurement by dynamic laser light scattering

The particle size of the molecular complexes was analyzed using the Microtac Nanotrac

ULTRA dynamic light scattering instrument. This instrument is designed to detect particle

size distributions in low concentration and is sensitive to size ranges below 10 nm.

Thrombin was diluted in PBS (final concentration 3.3 µM) and protein size was measured.

After that, a single dose of ODSH (final concentration 0.7 µg/ml) or heparin (final

concentration 0.34 µg/ml) was added into the thrombin solution, incubated for 5 min at RT

and resulted complex sizes were measured. Measurements were repeated at least two times

in two separate experiments.

2.8. siRNA-mediated PAR-1 depletion

Cells were transfected with PAR-1-specific siRNA (final concentration 20 nM) using

siPortAmine (Ambion, Austin, TX, USA) according to manufacturer’s instructions. Non-

specific siRNA control siRNA-A (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was

used for control transfection.

2.9. RT-PCR

cDNA was synthesized with M-MLV reverse transcriptase from total RNA extracted with

Trizol (Invitrogen, Carlsbad, CA, USA). Specific primers for human PAR-1 (5’ primer:
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GGGTCTGAATTGTGTCGCTTCG; 3’ primer: GCTGCTGACACAGACACAGAGG),

human PAR-3 (5’ primer: GGAAGGCTGGACAGGAGCCACG; 3’ primer:

CCACACCAGTCCACATGTTACC), human GAPDH (5’ primer:

GCAATGCCTCCTGCACCACC; 3’ primer: CCCAGCGTCAAAGGTGGAGG) were used

for PCR.

2.10. RhoA activity

HPAEC monolayers were pretreated with heparin (50 µg/ml) or ODSH (50 µg/ml) for 40

min before challenging with thrombin (20 nM). The cells were lysed 5 minutes after

thrombin addition and used for RhoA activation G-LISA assay. RhoA activity was measured

in the cell lysates using G-LISA RhoA Activation Assay colorimetric kit according to the

manufacturer’s protocol (Cytoskeleton, Denver, CO, USA).

2.11. Measurement of intracellular calcium

Measurement of intracellular calcium concentration was performed using the green

fluorescing calcium indicator dye FluoForte™ (Enzo Life Sciences, Farmingdale, NY,

USA). Briefly, HPAEC were grown to confluence in 96-well plates, preloaded with Fluo-

Forte (5µg/ml in Hank’s buffer with 20 mM HEPES containing 10 × diluted original

solution of dye efflux inhibitor) for 1 hour at RT; all reagents were from the FluoForte™

Calcium Assay kit (Enzo Life Sciences, Farmingdale, NY, USA). Basal fluorescence of

quiescent cells was monitored for 5 min using Titertek Fluoroscan II plate reader. Cells were

then treated with heparin (50 µg/ml), ODSH (50 µg/ml) or BAPTA-AM (TOCRIS, Bristol,

UK) (10 µM), or not treated for 40 min before thrombin (20 nM) was added. Changing

fluorescence was recorded for 160 seconds after thrombin addition and a time response

curve of intracellular calcium signal was recorded via real time monitoring of fluorescence

intensity at excitation 490 nm and emission at 525 nm on the Titertek Fluoroscan II plate

reader.

2.12. Statistical analysis

Data is expressed as mean ± standard error of the mean (SE). Statistical analysis of TER

over time was performed using analysis of variance (ANOVA) with determination of

significant differences at select time points of observation using Dunnett’s procedure. P <

0.05 was considered statistically significant.

3. RESULTS

3.1. Heparin and its low anticoagulant derivative, ODSH, affect the endothelial monolayer
integrity

To examine direct effects of heparin and ODSH on endothelial barrier function, HPAEC

grown in ECIS arrays were treated with either heparin or ODSH (50 µg/ml for each) and

integrity of the EC monolayers was assessed in real-time transendothelial resistance (TER)

measurement (Figure 1). Data presented in Figure 1A demonstrated that treatment of the EC

with heparin or ODSH had a slight negative effect on the monolayer integrity slightly

decreasing TER (~10–15%). This effect was more evident for heparin-treated cells, whereas

ODSH-induced disturbance of the barrier function was less and not always statistically
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significant. To study whether the effects of heparin or ODSH on the EC monolayer TER can

be dependent on thrombin receptors, we inhibited the receptor expression in the EC by

specific siRNA and evaluated the effect in the receptor-depleted EC. First, we checked

specificity and efficiency of respective siRNA by RT-PCR and ECIS approach (Figure 1 C).

Thrombin treatment of the siRNA-transfected HPAEC allowed determination of a major

thrombin receptor in the EC. TER loss was PAR-1-dependent as siRNA-directed depletion

demonstrated (Figure 1 C). Using siRNA, we also demonstrated that PAR-1 is the main

thrombin receptor in HLMVEC (data not shown). To examine whether the effect of heparin

on monolayer integrity may also be PAR-1-dependent, we treated PAR-1-depleted EC with

heparin or ODSH and observed changes in the barrier function using TER assay (Figure 1

D). Results demonstrated that heparin and ODSH might regulate endothelial permeability

via the thrombin receptor directly: PAR-1 depletion abolished a negative effect of heparin

derivatives on HPAEC barrier (Figure 1 D).

3.2. Heparin and ODSH antagonize thrombin-induced endothelial cell hyperpermeability

To test our hypothesis about a novel function of the heparins in thrombin signaling, we next

studied a possible protective role of heparins in HPAEC (Figure 2 A) and HLMVEC (Figure

2 B) using ECIS approach. To examine the effect of heparin and ODSH on endothelial

barrier function in thrombin-treated EC monolayers, cells cultured in ECIS arrays (as

described in Materials and Methods (2.3) were pretreated with heparin or ODSH and

challenged with thrombin. Changes in TER were recorded over time. Thrombin dose for the

HPAEC used in this study was based on prior studies demonstrating its disruption of the

endothelial barrier (Smurova et al., 2004)(Tar et al., 2006). As expected, thrombin alone

produced an abrupt, substantial decrease in TER that gradually recovered by 4 hours (Figure

2 A). Heparin and ODSH antagonized the effect of thrombin on the EC permeability, and

importantly, ODSH maintained the barrier integrity close to the normal state (Figure 2 A).

Initially, we tested several heparin and ODSH doses within 25–100 µg/ml range and found

no increased effect when concentrations were greater than 50 µg/ml (data not shown).

Therefore, 50 µg/ml concentration was selected for both heparins in our experiments with

HPAEC.

Using the same concentration of ODSH, we were able to demonstrate the barrier-protective

effect in thrombin-challenged HLMVEC (Figure 2 B). We found that these cells were more

sensitive to thrombin than HPAEC. However, pre-treatment with ODSH dramatically

protected them in TER assay.

The barrier-disruptive action of thrombin results in the EC cytoskeleton remodeling and

actin stress fiber formation as well as loss of cell-cell contacts (Birukova et al., 2004a). To

visualize protective effects of heparin or ODSH in thrombin-challenged EC, we studied the

EC cytoskeleton and cell-cell contact changes in the cells pretreated with either heparin or

ODSH (50 µg/ml each for 40 min) and challenged with thrombin (20 nM, 15 min) or treated

with thrombin alone (Figure 3 A and B). Actin polymerization was assessed using Alexa

488-phalloidin staining. Immunostaining of cell-cell adherens junctions (AJ) in the EC was

performed as described in Materials and Methods using VE-cadherin-specific antibodies.

We found that both heparin and ODSH inhibited thrombin-induced intercellular gap
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formation. F-actin stress fibers characteristic for thrombin-treated cells were less evident in

heparin-pretreated EC and virtually absent in ODSH-pretreated cells (Figure 3 A). VE-

cadherin immunostaining revealed a striking difference in the EC pretreated with heparin or

ODSH (Figure 3 B). The pretreatments greatly preserved AJ and they appeared to be intact,

whereas thrombin treatment resulted in almost complete disassembly of VE-cadherin-

positive cell-cell contacts (Figure 3 B).

3.3. The barrier-protective effect of heparin derivatives is not dependent on thrombin
binding

Interaction of heparin and thrombin is well-established, and the mechanism of their binding

has been described (Li et al., 1976). However, we found that heparin derivatives may also be

involved in thrombin receptor signaling without binding to thrombin. First, we confirmed

that heparin treatment of the EC targeted PAR-1 receptor. We hypothesized that direct

interaction with the heparins could protect PAR-1 from thrombin cleavage. To show such

protection, we used the antibody designed to recognize proteolytically-activated PAR-1. It is

well known that thrombin cleaves PAR-1 to expose new NH2-terminus, S(42)FLLRN.

Using antibody specific for cleaved (S42) PAR-1, we can detect thrombin-activated PAR-1

by Western blotting and compare the levels of thrombin-activated receptor in presence or

absence of heparin or ODSH. To exclude a possibility of heparin- or ODSH-thrombin

interactions in cell culture medium, we incubated the cells with heparin or ODSH to allow

possible binding to the receptor, then changed to heparin- or ODSH-free medium and

challenged with thrombin (“wash-out” technique). HLMVEC were pretreated with heparin

or ODSH (50 µg/ml, 40 min), then challenged with thrombin (8 nM, 10 min), and analyzed

by Western blotting (Figure 4 A). As expected, compared to control cells or to cells

pretreated with heparin or ODSH alone, levels of cleaved PAR-1 were markedly increased

in the presence of thrombin. Results (Figure 4 A and B) demonstrated that ODSH and

heparin can protect PAR-1 receptor from thrombin cleavage and, importantly, this protection

is perhaps a result of direct interaction between heparins and PAR-1. Western blotting

analysis (Figure 4 A and B) demonstrated that, in cells pretreated with either heparin or

ODSH prior thrombin challenge, levels of proteolytically-activated PAR-1 was markedly

lower than those in cells without heparin or ODSH pretreatment. Decreased levels of

proteolytically-activated PAR-1 correlated well with protective effect on TER response

(Figure 2 A and B), actin cytoskeleton morphology (Figure 3 A) and preservation of cell-cell

contacts (Figure 3 B) in the EC pretreated with either heparin or ODSH prior thrombin

challenge. Interestingly, cell-surface immunostaining of PAR-1 revealed heparin and

ODSH-induced internalization of the receptor similar to that induced by thrombin (Figure 4

B). These data suggest PAR-1-heparin or -ODSH interactions. To explore potential

interaction of thrombin with heparin or ODSH directly we employed dynamic laser light

scattering (Figure 5) to detect thrombin-heparin or -ODSH complexes in solution as

described in Materials and Methods. Using this method, the size of purified recombinant

human thrombin was found around 7 nm (Figure 5, red line). Addition of ODSH (green line)

did not alter either mean thrombin size or distribution, suggesting lack of interaction

between ODSH and thrombin. In contrast, heparin addition (pink line) resulted in formation

of highly-aggregated complexes with particle sizes around 200 nm and 1 micron (Figure 5).

Thus, our data demonstrate that unmodified heparin can bind to thrombin in solution which
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leads to thrombin-heparin aggregation, whereas ODSH has no affinity for thrombin. Taken

together, our results strongly suggest that heparin and ODSH exert barrier-protective

function in thrombin-challenged endothelium and such protection may depend on direct

interaction between heparins and thrombin receptors

3.4. Heparin and ODSH negatively regulate thrombin-induced signaling pathways

In our next experiments we studied molecular mechanisms of the cellular protection

provided by heparin and ODSH against thrombin-induced permeability. It is well known

that thrombin-induced cytoskeleton rearrangement is mediated mainly by: (1) activation of

RhoA/Rho-kinase cascade, and (2) elevation of intracellular calcium and, therefore,

stimulation of Ca2+-dependent enzymes, such as myosin light chain kinase (MLCK) and

protein kinase C isoforms (van Nieuw Amerongen et al., 2008)(Hoang et al., 2004). We

therefore tested the effects of the heparins on both signaling pathways (Figure 6). HPAEC

were pretreated as described in Materials and Methods, challenged with thrombin for 5 min,

and changes in RhoA activity and intracellular calcium levels were assessed. As expected,

thrombin produced substantial elevations in RhoA activity (more than 5-fold) (Figure 6 A)

and intracellular calcium (more than 1.5-fold) (Figure 6 B) in EC monolayers. However,

pretreatment with either heparin or ODSH attenuated these thrombin-induced changes

(Figure 6 B). Data obtained allowed the inference that heparin- or ODSH-dependent

protection of PAR-1 from proteolytic activation dramatically impaired upstream events of

thrombin-activated signaling cascades.

3.5. Heparin and ODSH attenuate thrombin-induced phosphorylation of the cytoskeletal
regulatory proteins

Impairment of thrombin-induced RhoA activation and elevation of intracellular Ca2+ may

affect modification status of downstream protein targets involved in the cytoskeleton

remodeling and intercellular gap formation. In the EC, phosphorylation of myosin light

chain (MLC) regulatory subunit at Thr18 and Ser19 is a key upstream point of regulation for

actin-myosin contraction. MLC phosphorylation level is tightly regulated to maintain cell

integrity, and two enzymes, Ca2+-dependent MLC kinase (MLCK) and myosin light chain

phosphatase (MLCP), are involved in this regulation (Murphy et al., 2001)(Sheehan and

Sadler, 1994). In addition, MLC can be phosphorylated by Rhokinase directly (Di Ciano-

Oliveira et al., 2003) and Rho-kinase can also increase MLC phosphorylation via inhibition

of MLCP activity by phosphorylation of MLCP regulatory subunit, MYPT1 (Csortos et al.,

2007) (Somlyo and Somlyo, 2003) (Ruiz-Loredo et al., 2011). Moreover, inhibition of

MLCP can lead to increase ERM (ezrin-radixin-moesin) protein phosphorylation resulting in

cytoskeletal rearrangement and permeability changes (Kim et al., 2012). Therefore, to

evaluate the effect of heparins on thrombin-induced changes in balance between MLCK/

Rho-kinase (pro-barrier) and MLCP (anti-barrier) activities, HPAEC were pretreated with

the heparins for 40 min., challenged with thrombin (20 nM, 5 or 15 min) and cell

homogenates were subjected to Western blotting with di-phospho-MLC or phospho-ERM

antibodies. Data shown in Figure 7 strongly suggest that pretreatment with either heparin or

ODSH decreased thrombin-induced phosphorylation of MLC and ERM. Importantly, this

effect was more pronounced when the cells were pretreated with ODSH. Thus, these results

demonstrate that ODSH alleviates thrombin-induced hyperpermeability in the EC through
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regulating the activity balance between MLCK/Rho-kinase and MLCP, and, therefore,

phosphorylation/dephosphorylation status of cytoskeletal regulatory proteins.

4. DISCUSSION

In this study, we demonstrate that pretreatment with heparin and its low anticoagulant 2-O,

3-O desulfated derivative, ODSH, attenuate thrombin-induced increases in pulmonary EC

transendothelial permeability (Figures 1, 2 and 3). The effect of ODSH was superior to

heparin, despite its lower degree of sulfation and reduced anticoagulant activity, indicating

that this activity of heparin may be independent of its other functions. Further, we were able

to link this protective effect of heparin or ODSH to morphological changes in the EC

cytoskeletal structure. Indeed, our immunocytochemistry data demonstrated that

pretreatment with heparin or ODSH inhibited thrombin-stimulated intercellular gap

formation, prevented a formation of characteristic actin stress fibers and induced the

characteristic sub-membrane F-actin rim that is a signature of barrier protective agents. In

addition, heparin or ODSH pretreatment significantly preserved the EC cell-cell contacts

(Figure 3 A and B).

In vitro studies on thrombin-induced endothelial permeability have identified at least four

independent signaling pathways that may contribute to barrier dysfunction (McLaughlin et

al., 2005). In our present study, we used two major thrombin-dependent signaling pathways

initiated by RhoA activation and intracellular Ca2+ elevation, as a functional test to examine

molecular mechanisms of possible protective effects of heparin or ODSH in the EC

(McLaughlin et al., 2005)(van Nieuw Amerongen et al., 2008). In thrombin-challenged cells

pretreated with heparin or ODSH, RhoA activation was found significantly attenuated

(Figure 6 A). This was consistent with immunocytochemical findings (Figure 3) and

changes in intracellular Ca2+ (Figure 6 B). Consistent with thrombin-induced changes in

TER, intercellular gap formation and actin cytoskeleton rearrangement, heparins also

reduced thrombin-induced increases in phosphorylation of ERM and MLC closely involved

in the regulation of the cytoskeletal structures and critical for the barrier-disruptive effect of

thrombin (Figure 7). The heparin derivative, ODSH, was particularly effective in this regard.

There are two potential explanations for findings in respect to heparin and ODSH effects on

PAR-1. First, heparin, a highly negatively charged molecule, is known to bind to many

substances including thrombin (Carter et al., 2005)(Loke et al., 2012)(Li et al., 1976)(Forster

and Mulloy, 2006). Early work has also demonstrated that heparin binds to a specific site on

antithrombin III (AT), producing an altered conformation of the protein, and the new

conformation has a higher affinity for thrombin. The thrombin-AT ll complex is formed then

releases heparin (Li et al., 1976). Thrombin exhibits two anion–binding exosites (Sheehan

and Sadler, 1994) (Bode et al., 1992). Exosite I can bind substrates such as fibrinogen and

exosite II can bind heparin (Fenton et al., 1988) (Wu et al., 1991) and the thrombin receptor

(Liu et al., 1991). Proteins that bind heparin express heparin binding motifs, which are linear

heparin binding motifs with conserved sequences of basic (B) and hydropathic (X) amino

acids in specific patterns (Green et al., 2013)(Cardin et al., 1991)(Sobel et al., 1992)

(Sheehan and Sadler, 1994). The anion-binding on exo-site II contains a structural motif (-B-

X-B-B-) that resembles sequences found in other heparin-binding peptides and proteins
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(Cardin et al., 1991) (De Cristofaro and De Candia, 2003). We identified a similar motif

(25RARR28) in the N-terminal part of PAR-1, and hypothesized that the heparins may

directly bind at this site to PAR-1. Furthermore, we suppose that this binding may interfere

with thrombin-mediated cleavage of PAR-1 since the cleavage site (Ser42) is located in the

vicinity to hypothetical heparin-binding site and can be masked by heparin molecule. A

second possible explanation to our findings is that heparins might modulate PAR-1 cleavage

by binding to other molecules on EC surface. On human platelets it has been previously

shown that the glycoprotein (Gp) Ibα can positively modulate the PAR-1 cleavage by

thrombin and increase the velocity of PAR-1 cleavage by thrombin. Direct measurement of

the hydrolysis of PAR-1 on intact platelets demonstrated that inhibition by heparin of

thrombin binding to GpIbα inhibited PAR-1 cleavage on human platelets(De Candia et al.,

2001). While we do not have direct evidence (De Candia et al., 1999), our results suggest an

important role for heparin and ODSH as an inhibitor of thrombin-induced, PAR-mediated

EC barrier disruption, through a direct or indirect action on PAR-1. Further studies are

required to evaluate the above mentioned hypothesis.

Some studies demonstrate that binding to heparin might not affect thrombin activity. For

example, in early work of Li et al 1977, heparin did not prevent an association of an active

site probe for serine proteases or proflavine with thrombin. The occurrence of heparin

binding to thrombin is an independent event from the finding that it is capable of binding to

other proteins and receptors (Forster and Mulloy, 2006) (Weitz and Weitz, 2010), which

may include the PAR receptors. Particle size characterization data we have obtained using

laser light scattering is consistent with known heparinthrombin binding and demonstrates

that thrombin and heparin form large complexes (Figure 5). However, ODSH, a heparin

derivative with 2-O, 3-O desulfation and decreased negative charge displayed no change of

the thrombin curve indicating that ODSH does not bind to thrombin in these experimental

conditions (Figure 5).

We have shown that heparin and ODSH both decreased PAR-1 cell-surface expression as

determined by immunofluorescence microscopy. Cell-surface PAR-1 disappeared when

exposed to heparin or ODSH alone in comparable fashion to exposure of thrombin alone

(Figure 4 B). PAR-1 internalization demonstrated by immunocytochemistry after exposing

the cells to thrombin, heparin or ODSH compared to the control is consistent with

previously known internalization of PAR-1 when exposed to thrombin (Ellis et al., 1999).

Our data suggest that protective functions of heparin derivatives may occur on the cell

surface and involve heparin or ODSH ligand activity via thrombin receptor interaction

(Figure 4 B). To further address the possible interaction of thrombin by either heparin or

ODSH, we removed unbound heparin/ODSH after the pretreatments and prior to the

addition of thrombin. The continued inhibition of PAR-1 activation was compared to

experiments performed with thrombin alone (Figure 4). This experiment suggests that

heparin and ODSH inhibit thrombin effects on vascular permeability not through direct

heparin/thrombin binding but perhaps in an interaction of the heparins with the PAR-1

receptor.

Contractility of the actin cytoskeleton is regulated through actomyosin interaction induced

by phosphorylation of the regulatory light chain of myosin ll (MLC) (Popović et al., 2010)

Gonzales et al. Page 10

Vascul Pharmacol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Satpathy et al., 2004). In our studies, attenuation of thrombin-induced increase in MLC

phosphorylation at Ser19 and Thr18 produced by heparins (Figure 7), suggest that they

regulate signaling upstream of MLCK and MLCP most likely PAR-1-mediated (Satpathy et

al., 2004) to alleviate thrombin-induced hyperpermeability in human pulmonary EC. Taken

together, our data suggest that the heparin and ODSH can interfere with thrombin-activated

PAR1-mediated signaling in the EC possibly via interaction of heparin and ODSH with

thrombin receptors. However, these interactions have to be confirmed in future experiments.

While we do not have direct evidence of heparin or ODSH interaction with PAR-1, our

results suggest an important role for heparin and ODSH as antagonists to thrombin-induced

PAR-mediated EC barrier disruption.

5. Conclusion

These studies suggest that heparin may be a potential therapy for ALI/ARDS. However,

clinical use of heparin as an anti-inflammatory drug might prove limited because of risks of

heparin-induced thrombocytopenia and bleeding complications at therapeutic doses

(Bernard et al., 2001)(Doutremepuich et al., 1996)(Warkentin and Kelton, 2001). Low

anticoagulant ODSH was developed to separate the anticoagulant and the anti-inflammatory

properties of heparin (Fryer et al., 1997). We have demonstrated that ODSH significantly

attenuates activation of PAR-1 by thrombin thereby preventing adverse effects of thrombin

on human lung EC permeability. Collectively, our findings suggest that heparin and ODSH

may attenuate EC barrier disruption in diseases such as ALI/ARDS. Furthermore, ODSH

treatment may present a safer alternative to unfractionated heparin and offer potential as a

valuable and translatable therapy for human ALI/ARDS.
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Figure 1. Effect of heparin and ODSH on the EC TER
Panels A, B. Heparin or ODSH increase the permeability of HPAEC. The cells were treated

with heparin (50 µg/ml) or ODSH (50 µg/ml) and transendothelial resistance (TER) was

recorded in real time in ECIS assay. Panel C. Depletion of PAR-1 with specific siRNA

attenuated thrombin-induced barrier disruption in HPAEC. The cells grown in ECIS arrays

were transfected with specific siRNA for PAR-1 or non-silencing (ns) RNA as described in

Materials and Methods. 48 hours later, the cells were treated with thrombin (20 nM) and

changes in the monolayer integrity were analyzed by ECIS assay. Depletion of PAR-1 was

confirmed by RT-PCR. Panel D. Depletion of PAR-1 with specific siRNA attenuated

heparin- or ODSH-induced TER decrease. The involvement of PAR-1 in heparin- or ODSH-

induced TER decrease was examined in the same conditions used in panel A. TER values

were normalized with the initial resistance and expressed as the mean of three or four

individual experiments. Arrows indicate time points when reagents were added. Data is

expressed as a mean of four individual experiments ± SE, and statistical significances

compare to control were evaluated using Student’s t-test; * (p < 0.05).
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Figure 2. Effect of heparin or ODSH on thrombin-induced endothelial permeability
Panel A. Heparin or ODSH prevents thrombin-induced TER loss in HPAEC. The cells

grown in ECIS arrays were pretreated with heparin or ODSH for 40 min and then challenged

with 20 nM thrombin as described in Materials and Methods. Arrows indicate time points

when the effectors were added. TER values were normalized with the initial resistance and

expressed as mean ± standard error (SE), relative units (ru) of four individual experiments.

Panel B. ODSH prevents thrombin-induced TER loss in HLMVEC. The same experiment

as in Panel A but another EC (HLMVEC) was used. Thrombin concentration – 0.5 nM.
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Figure 3. Heparin or ODSH pretreatment prevents thrombin-induced actin cytoskeleton
rearrangement and prevents thrombin-induced cell-cell contact loss in HPAEC
Panel A. The cells grown on coverslips were pretreated with heparin or ODSH (50 µg/ml,

40 min) and challenged with thrombin (20 nM, 15 min). F-actin visualization by Alexa-488-

phalloidin staining was performed as described in Materials and Methods. Panel B. The

cells grown on coverslips were pretreated with heparin or ODSH (50 µg/ml, 40 min) then

challenged with thrombin (20 nM, 15 min). Visualization of adherens junctions by VE-

cadherin immunostaining was performed as described in Materials and Methods. Scale bars

represent 20microns.
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Figure 4. Heparin and ODSH protect PAR-1 from cleavage by thrombin
Panels A, B. HPAEC were pre-treated with heparin (A) or ODSH (B) (50 µg/ml, 40 min),

washed with fresh serum-free cell culture medium to remove unbound heparins, then

challenged with thrombin (8 nM, 10 min) and analyzed by Western blotting using antibody

specifically recognizing thrombin-cleaved PAR-1. Statistical analyses of the experimental

data expressed in relative units are presented as a mean of three individual experiments ±

SE. *P < 0.01 versus cells treated with thrombin alone. Panel C. Heparin and ODSH affect

cell surface expression of PAR-1. Exposure to thrombin, heparin or ODSH alters cell
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surface expression of PAR-1 as revealed by immunofluorescence. Cells were incubated with

thrombin (20 ng/ml) or heparin (50 µg/ml) or ODSH (50 µg/ml) for 30 min prior to

immunostaining with anti-PAR-1 antibody. Images of control, thrombin-, heparin- and

ODSH-treated EC are shown. Results are representative of a minimum of 3 individual

experiments.
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Figure 5. ODSH has low binding affinity for thrombin
The particle size of the macromolecular complexes was analyzed using the Microtac

Nanotrac ULTRA dynamic light scattering instrument. The instrument detects particle size

distributions in low concentration and is sensitive to size ranges below 10 nm. Thrombin

was diluted in 300 µl of PBS and particle size was measured (red line indicated by arrow).

After that, a single dose of ODSH (5 µl/ml, 50 mg/ml) (green line indicated by arrow) or

heparin (5 µl/ml, 25 mg/ml) (pink line indicated by arrow) was added into the thrombin

solution, incubated for 5 min at RT and resulted complex sizes were measured.

Measurements were repeated at least two times in two separate experiments.
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Figure 6. Thrombin-induced increases in RhoA activity and intracellular calcium can be
attenuated by pretreatment with heparin or ODSH
Panel A. HPAEC monolayers were pretreated with heparin (50 µg/ml) or ODSH (50 µg/ml)

for 40 min before challenging with thrombin (20 nM). The cells were harvested 5 minutes

after thrombin addition and used for RhoA activation G-LISA assay. RhoA activation

induced by thrombin was significantly inhibited in the heparin- or ODSH-pretreated EC.

**P<0.001 (Hep- or ODSH-pretreatment vs. thrombin treatment alone). Panel B. The

increase of intracellular calcium in the response of thrombin treatment (20 nM) was

recorded for 160 seconds after thrombin addition (indicated as arrow). BAPTA-AM (10
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µM), cell-permeable calcium chelator. Panel C. Statistical analysis of the results shown in

Panel B. Data is expressed as a mean of six individual experiments ± SE. *P<0.05 and

**P<0.01 (Hep- or ODSH-pretreatment vs. thrombin alone treatment.

Gonzales et al. Page 22

Vascul Pharmacol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. Heparin or ODSH pretreatment down-regulates thrombin-induced cell signaling
cascades
Panel A. HPAEC monolayers were pretreated with heparin (50 µg/ml) or ODSH (50 µg/ml)

for 40 min before challenging with thrombin (20 nM). The cells were harvested at indicated

time points and analyzed by Western blotting for ezrin/radixin/moesin phosphorylation

(pERM) and MLC di-phosphorylation (ppMLC). GAPDH immunostaining was used as a

loading control. Panel B. Statistical analysis of the results shown in panel A. Experimental

data is expressed in relative units and presented as a mean of four individual experiments ±

SE. *P < 0.05 and **P < 0.01, and ***p<0.001 versus cells treated with thrombin alone.
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