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1 Angiopoietin-1 (Ang1) is an angiogenic growth factor that binds to the Tie2 receptor on vascular
endothelium, promoting blood vessel maturation and integrity. In the present study, we have
investigated whether Ang1 also possesses anti-inflammatory properties by determining its effects on
endothelial barrier function, neutrophil (PMN) adherence to endothelial cells (EC) and production of
the PMN chemotactic factor interleukin-8 (IL-8).

2 Pretreatment of endothelial monolayers with Ang1 attenuated the permeability increase
induced by thrombin in both lung microvascular cells and a human endothelial cell line. Similarly,
Ang1 prevented the permeability-inducing effects of platelet-activating factor, bradykinin and
histamine.

3 Pretreatment of EC with Ang1 also reduced the adherence of PMN to EC stimulated by thrombin.
In contrast to its ability to counteract the increase in monolayer permeability brought about by
various inflammatory agents, Ang1 did not affect the ability of histamine, PAF, or tumor necrosis
factor-a to stimulate PMN adherence to EC.
4 In addition to its ability to inhibit PMN adherence, Ang1 diminished IL-8 production from EC
challenged with thrombin in a concentration-dependent manner.

5 When EC were preincubated with the specific Rho kinase (ROCK) inhibitor Y-27632, we observed
a reduction in PMN adherence in response to thrombin, as well as a decrease in thrombin-stimulated
IL-8 production. Coincubation of monolayers with Y-27632 and Ang1 did not further attenuate the
above-mentioned responses. However, Ang-1 failed to inhibit the activation of RhoA in response to
thrombin, suggesting that inhibition of EC adhesiveness for PMN and IL-8 production by Ang1 does
not result from reduced ROCK activation.

6 We conclude that Ang1 can counteract several aspects of the inflammatory response, including
endothelial permeability, PMN adherence to EC as well as inhibition of IL-8 production by EC.
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Introduction

Angiopoietins are a novel family of growth factors that bind to

the endothelial receptor tyrosine kinase Tie2 and regulate

several aspects of the angiogenic process (Yancopoulos et al.,

2000). The importance of the Ang/Tie2 pathway in normal

development of the cardiovascular system is underscored by

the observation that transgenic animals with targeted disrup-

tion of the locus for Ang1 or its cognate receptor exhibit

embryonic lethality because of cardiovascular defects (Sato

et al., 1995; Davis et al., 1996). Unlike most angiogenic growth

factors angiopoietin-1 (Ang1) is not an endothelial cell

mitogen; it does, however, stimulate endothelial cell (EC)

migration, it promotes sprouting of EC and facilitates the

assembly of EC into more complex networks in in vitro models

(Koblizek et al., 1998; Witzenbichler et al., 1998; Hayes et al.,

1999). In addition, Ang1 is a survival factor for EC mediating

blood vessel maturation and stabilization (Papapetropoulos

et al., 2000; Jones et al., 2001).

Recent studies have revealed a new aspect of Ang1 biology,

namely its ability to restrict the permeability increase in

response to edema-promoting agents. Indeed, transgenic

overexpression (Thurston et al., 1999) or adenovirus-mediated

gene transfer (Thurston et al., 2000) of Ang1 protects blood

vessels against plasma leackage in mice challenged with

serotonin, platelet-activating factor (PAF) or vascular en-

dothelial growth factor (VEGF). Further in vitro studies have

demonstrated a direct inhibitory effect of Ang1 on endothelial

monolayer permeability increased by VEGF or thrombin

(Gamble et al., 2000). An anti-inflammatory role for Ang1 was

also suggested by experiments showing that Ang1 reduces

VEGF-stimulated leukocyte adherence to EC (Kim et al.,
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2001), as well as polymorphonuclear neutrophil (PMN)

migration across endothelial monolayers stimulated with

TNF-a (Gamble et al., 2000).

Inflammation is a normal immune response associated with

injury and infection (Nathan, 2002). Although a healing

response, chronic or uncontrolled inflammation plays an

important pathogenetic role in many diseases (Nathan,

2002). The endothelium, normally a tight barrier between the

blood and the underlying tissues, reacts to inflammatory

stimuli by exhibiting increased leakage to macromolecules,

as well as increased binding and migration of leukocytes.

The aim of the present study was to determine whether the

endothelial-specific ligand Ang1 is able to prevent the actions

of common inflammatory mediators by reducing endothelial

permeability, PMN adherence and cytokine production

by EC.

Methods

Materials

Two forms of Ang1 were used in our study: a recombinant,

chimeric version of Ang1 was used in most experiments

(Papapetropoulos et al., 1999) and was provided by Regeneron

Pharmaceuticals. Native angiopoietin 1 fused with a 6xHis tag

at its carboxy terminus was purchased from R&D Systems

(Minneapolis, MN, U.S.A.). Bovine lung microvascular

endothelial cells (BLMVEC) were from VEC Technologies

Inc. (Rensselaer, NY, U.S.A.). Tissue culture plates were

obtained from Greiner GmbH. Y-27632, endotoxin-free BSA

and thrombin were purchased from Calbiochem-Novabiochem

GmbH (Bad Soden, Germany). Human TNF-a was obtained
from Chemicon International Inc (Temecula, CA, U.S.A.).

The IL-8 ELISA kit was purchased from Diaclone Research

(Besançon, France). Media, serum, antibiotics and cell culture

supplements were obtained from Life Technologies, Inc.

(Paisley, U.K.). The RhoA antibody was purchased form

Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The

Ficoll – Hypaque and the glutathione sepharose beads were

obtained from Amersham Biosciences (Vienna, Austria); the

Transwell inserts were from Corning (Corning, NY, U.S.A.);

fibronectin was obtained from Roche Diagnostics GmbH

(Mannheim, Germany). The protein determination dye was

purchased from Bio-Rad (Hercules, CA, U.S.A.). Most other

biochemical reagents including bradykinin, PAF, ABTS,

hydrogen peroxide and horseradish peroxidase were purchased

from Sigma (St Louis, MO, U.S.A.).

Cell culture

BLMVEC were cultured in MCDB-131 medium containing

10% FCS, 150mgml�1 bovine cerebellum extract, 100mgml�1

heparin, 100mgml�1 streptomycin, and 200Uml�1 penicillin.
The EA.hy926 endothelial cell line, derived from immortalized

human umbilical vein endothelial cells (HUVEC) (Edgell et al.,

1983) was grown in DMEM containing 10% FCS, 2mM

glutamine, HAT (hypoxanthine 0.1mM, aminopterin 0.4mM,
thymidine 16mM), and antibiotics. For PMN adherence

experiments and IL-8 production, the cells were seeded in

24-well plates and used 3 – 4 days later, at confluence.

Permeability experiments

The cells were seeded at a density of 0.15� 106 on 0.3 cm2
porous filters coated with 1mg human fibronectin (for EA.hy
926 cells) or left uncoated (for BLMVEC). The permeability

experiments were performed on day 3 after seeding. For

experiments with BLMVEC, the apical side of monolayers was

exposed to 250 ngml�1 Ang1 or its solvent (TBS with 0.05%

CHAPS, pH 7.5; final dilution 1 : 530) for 2 h in 225 ml DMEM
without phenol red and containing 1% endotoxin-free bovine

serum albumin (BSA), before the addition of inflammatory

stimuli for another 30 or 60min. The basolateral side was

incubated with 1ml DMEM alone. At the end of the

experiment, the passage of BSA into the basolateral compart-

ment was quantified with the Bio-Rad protein assay kit. For

experiments with EA.hy926 cells, the apical side of monolayers

was incubated with 250 ngml�1 of Ang1 or its solvent for 1 h in

225 ml DMEM without phenol red and with 1% BSA, before

the addition of inflammatory stimuli for 45min. The

basolateral side was incubated with 1ml DMEM containing

1% BSA. A volume of 5mgml�1 horseradish peroxidase (HRP)
were then added to the apical compartment for the last 30min

of the experiment. The passage of HRP into the basolateral

compartment was quantified by colorimetry. For this, the

basolateral supernatant was collected and 100 ml of 1M citrate
pH 4.2 was added. A volume of 100ml of sample were
transferred to a 96-well microtiter plate and 100 ml of substrate
(2mM2,20-azino-bis[3-ethylbenzthiazoline 6-sulfonic acid] dia-
mmonium (ABTS) and 0.06% H2O2 in 100mM citrate buffer,

pH 4.2) were added. The colorimetric reaction was stopped by

adding 30ml of 5.5% sodium dodecyl sulfate (0.5% final) and

read at 405 nm. Standards were made with serial dilutions of

the same stock of HRP, and processed in the same way as

described above. The assay was linear in the range of 2 –

75 ngml�1 HRP.

PMN adherence to EC

PMN from citrated blood collected from healthy donors were

isolated by dextran sedimentation followed by density gradient

centrifugation in Ficoll – Hypaque. Contaminating red blood

cells were lysed by hypotonic shock with cold water for 40 s,

PMN were washed twice and resuspended at a concentration

of 107ml�1 in DMEM with 0.1% BSA. EA.hy926 cells were

gently rinsed in HBSS containing Ca2+ and Mg2+ (HBSS+)

prewarmed to 371C, before incubation with Ang1 or vehicle

for 1 h, in the presence or absence of 10 mM Y-27632. The cells
were then challenged for 30min with various inflammatory

stimuli, before adding 106 PMNwell�1 for another 30min. In

some experiments, PMN were added only after all the agents

incubated with the EC were washed away. Nonadherent PMN

were then rinsed three times with warm HBSS+. Adherent

PMN were quantified by coloration of a substrate of the

PMN-specific azurophil granule marker, myeloperoxidase

(MPO), as previously described (Pizurki et al., 2000). Briefly,

adherent PMN were lysed with 0.5ml ice-cold 1% Triton X-

100. The remaining MPO trapped within PMN-derived DNA

was dissolved by adding 10ml of 10mgml�1 DNase

(200mgml�1 final). After 15min of shaking on ice, 50 ml of
1M citrate pH 4.2 were added. The activity of MPO was

performed as described for permeability experiments. Stan-

dards were made with serial dilutions of the initial stock of
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PMN, and processed in the same way as described above. The

assay was linear in the range of 4 – 600� 103 PMNml�1.

IL-8 production by endothelial monolayers

Confluent EA.hy 926 cells were incubated 8 h with culture

medium containing 0.1% BSA, before being treated with Ang1

or solvent for 1 h, in the presence or absence of 10mM Y 27632,
and then challenged with thrombin which was added for 16 h.

IL-8 in the supernatant was measured using an ELISA kit.

RhoA activity assays

The GST-C21 construct codes for the 90 amino acids of the

Rho effector protein rhotekin that carry the sequence

responsible for Rho binding fused with glutathione S-

transferase (GST) (Sander et al., 1999). E. coli cells were

transformed with GST-C21 and grown at 301C. Expression of

recombinant protein was induced by adding 0.1mM isopro-

pylthiogalactoside for 2 h. Cells were harvested, resuspended in

lysis buffer (10mM Tris pH 8.0, 0.2mM Na2S2O5, 2mMMgCl2,

2mM DTT, 20% sucrose, 10% glycerol) and sonicated. Cell

lysates were centrifuged at 41C for 30min at 12,000� g and the

supernatant was incubated with glutathione-coupled Sephar-

ose 4B beads for 30min at 41C. The beads were washed three

times in lysis buffer and resuspended in the GST-fishing buffer

(10% glycerol, 50mM Tris pH 7.4, 100mM NaCl, 1% NP-40

and 2mMMgCl2). Binding assays were performed as described

(Sander et al., 1999). Briefly, confluent EA.hy 926 cells were

rinsed twice with HBSS+ and preincubated for 1 h with Ang1

or solvent in culture medium containing 0.1% BSA. Thrombin

(0.01Uml�1) was then added for 5 or 10min and the cells were

lysed. The cells were washed with ice-cold PBS once and lysed

with GST-fishing buffer. Lysates were then centrifuged at

12,000� g for 20min at 41C and the supernatant was

incubated with glutathione-coupled sepharose beads for

30min at 41. The beads containing active RhoA bound to

GST-rhotekin were washed and subjected to SDS – PAGE

followed by Western blotting with a RhoA antibody.

Data analysis and statistics

Data are expressed as means7s.e.m. of the number of
indicated observations. Statistical significance was tested using

ANOVA followed by an appropriate post hoc test (the LSD

test was used for all comparisons with the exception of

Figure 4b, where the post-hoc test used was the Dunnett’s).

Statistical significance was set at Po0.05.

Results

Ang1 prevents the increase in endothelial permeability
induced by inflammatory agents

We determined whether Ang1 counteracts the permeability

increasing effect of various inflammatory agents, such as

thrombin, histamine and bradykinin. Initial experiments were

performed with primary cultures of bovine lung microvascular

endothelial cells (BLMVEC). Figure 1a shows that the increase

in transendothelial permeability stimulated by these edema-

genic agents was prevented by pretreatment with Ang1. As

BLMVEC rapidly lose over passages in culture their ability to

form tight monolayers that restrict the passage of macro-

molecules, we used a HUVEC-derived cell line (EA.hy926) in

all of our subsequent experiments. EA.hy926 cells are known

to display similar characteristics as their parental cells with

respect to the response to inflammatory mediators in perme-

ability studies (Rabiet et al., 1996), as well as leucocyte

adherence assays (Brown et al., 1993). They also express the

endothelial-specific Tie2 receptor (Maisonpierre et al., 1997).

Permeability studies with EA.hy926 cells were done by

measuring the passage of HRP instead of BSA, as BSA had

to be present on both the apical and basolateral side of the

monolayers for the duration of the experiment to maintain

endothelial barrier function. Figure 1b shows that Ang1

displayed similar anti-permeability properties on EA.hy926

monolayers, consistent with our observations in BLMVEC.

The Btwo-fold increase in permeability induced by histamine
or bradykinin, as well as the 11-fold increase in response to

thrombin, were significantly inhibited by Ang1. Interestingly,

Ang1 was also capable of antagonizing the effect exerted by

PAF, another classical edemagenic agent.

Figure 1 Ang1 prevents permeability increases across endothelial
monolayers. (a) BLMVEC monolayers were exposed to 250 ngml�1

Ang1 or solvent for 2 h before adding 1 mM bradykinin for 1 h,
100 mM histamine for 30min, or 1Uml – 1 thrombin for 1 h. Values
are means+s.e.m., n¼ 3; *Po0.05 from vehicle. The passage of
BSA under baseline conditions was of 31.575 mgmonolayer�1

(30min) – 1. (b) EA.hy 926 monolayers were exposed to 250 ngml�1

Ang1 or solvent for 1 h before adding 10 nM PAF, 1 mM bradykinin,
100 mM histamine or 0.01Uml�1 thrombin for 45min. Values are
means7s.e.m., n¼ 6 – 12; *Po0.05 from vehicle. The passage of
HRP under baseline conditions was 16.471.7 ng HRPmonolayer�1

(30min)�1.
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Ang1 decreases PMN adherence stimulated by thrombin

We next determined the effect of Ang1 on PMN adherence to

EA.hy 926 cells. Figure 2 shows that pretreatment of EC

with Ang1 resulted in a significant inhibition in the number of

PMN adhering to EC stimulated by thrombin. As PAR-1

activation on EC is known to promote the formation of

reactive oxygen species (ROS) that contribute to thrombin

signaling, we also determined the ability of Ang1 to reduce

H2O2- stimulated PMN adherence. Similar to what was

observed with thrombin, Ang1 inhibited the effect of H2O2
on PMN adherence. In contrast, Ang1 failed to decrease PMN

adherence to EC in response to histamine, PAF or TNF-a
(Figure 2).

Role of Rho kinase (ROCK) in thrombin-stimulated
PMN adherence

To determine whether the endothelial Rho/ROCK signaling

pathway is involved in PMN adherence increased by thrombin

or H2O2, experiments were conducted in the presence of Y-

27632, a pharmacological inhibitor specific for ROCK.

Preincubation for 1 h with 10mM Y-27632 had no effect on

baseline PMN adherence, but strongly reduced the adherence

stimulated by either thrombin or H2O2 (Figure 3). This

indicates that the effects of thrombin and H2O2 are mediated,

at least in part, by activation of ROCK. Although Y-27632

exerted a strong inhibition of thrombin-mediated PMN

adherence, it did not decrease it to baseline levels. Interest-

Figure 2 Ang1 decreases neutrophil adherence stimulated by thrombin or H2O2. Confluent EA.hy 926 cells were preincubated with
250 ngml�1 Ang1 or solvent for 1 h before treatment with 50 nM PAF for an additional hour, 1 ngml�1 hTNFa for 4 h 30min,
0.005Uml�1 thrombin for 1 h, 0.5mM H2O2 for 1 h or 10 mM histamine for 1 h. PMN were then added for 30min. Values are
means7s.e.m., n¼ 3 – 4; *Po0.05 from vehicle.

Figure 3 Inhibition of Rho kinase attenuates neutrophil adherence. Confluent EA.hy 926 cells were preincubated with 250 ngml�1

Ang1 or solvent for 1 h, with or without 10 mM Y-27632 (Y), before treatment with 0.5mM H2O2 or 0.005Uml – 1 thrombin for
30min. PMN were then added for another 30min. Values are means7s.e.m., n¼ 4; *Po0.05 from H2O2 or thrombin, #Po0.05
from basal. Y-27632 inhibited the effect of thrombin and H2O2 by 73 and 67%, respectively.
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ingly, in cells pretreated with Y-27632 Ang1 did not further

attenuate PMN adherence. It was recently shown that

engagement of b2 integrins on human PMN induces activation
of RhoA in the PMN (Dib et al., 2001). Using the above-

mentioned experimental conditions, it was not possible to

determine whether PMN adherence decreased by the ROCK

inhibitor Y-27632 resulted from an effect on the EC and/or the

PMN. Therefore, experiments were repeated in such a way that

only the EC were exposed to the inhibitor, that is by washing

the inhibitor away after incubation with the EC and before

adding the PMN. The results were similar to those obtained

when both EC and PMN were incubated with Y-27632 (data

not shown), demonstrating that PMN adherence prevented by

Y-27632 results from an effect on the EC, not the PMN.

Ang1 decreases IL-8 production induced by thrombin

PMN adherence can be stimulated by thrombin’s action on EC

either acutely, through mobilization or changes in structure of

adhesion molecules that occur within minutes (Toothill et al.,

1990; Sugama et al., 1992) or in a more delayed fashion that

involves transcription of cytokines and adhesion molecules

that occurs after several hours (Kaplanski et al., 1997). To

determine whether Ang1 can also counteract the chronic

effects of thrombin, IL-8 production (a major PMN chemoat-

tractant) was assayed in the presence or absence of Ang1.

Figure 4a shows that Ang1 significantly decreased IL-8

production by EA.hy926 cells, in baseline as well as

thrombin-induced conditions. All of the concentrations of

thrombin tested were affected by Ang1, with a 28 – 45%

inhibition being observed. The form of Ang1 used in our

experiments up to this point was a chimeric form of Ang1 that

is easier to produce and purify (Maisonpierre et al., 1997). In

order to determine whether the endogenous ligand of the Tie2

receptor has the same biological effects on IL-8 release, cells

were pretreated with various concentrations of native Ang1

and thrombin-induced IL-8 production was determined.

Similar to what was observed with chimeric Ang1, native

Ang-1 reduced IL-8 production (Figure 4b).

Role of ROCK in thrombin-stimulated IL-8 production

We then investigated whether the Rho/ROCK pathway plays a

role in thrombin-induced IL-8 production. Figure 5 demon-

strates that Y-27632 strongly decreased both basal and

thrombin-induced IL-8 release by EA.hy 926 cells. Moreover,

Ang1 did not exert an additive effect to that observed with Y-

27632. Although Y-27632 exerted a strong inhibition on IL-8

production in cells challenged with thrombin, it did not

decrease it to baseline levels, either in the presence or in the

absence of Ang1. Overall, the data obtained with IL-8 are very

similar to those obtained with PMN adherence (compare

Figures 3 and 5) and suggest that Ang1 might act by inhibiting

ROCK activity. To directly test this possibility we determined

the extent of RhoA activation, a small GTPase that stimulates

ROCK activity, in cells treated with thrombin in the presence

and absence of Ang-1. Cells treated with thrombin for 5 or

10min displayed increased binding of the GTP-bound (active)

form of RhoA to rhotekin as compared to control untreated

cells. However, pretreatment of EA.hy 926 cells with Ang-1

failed to decrease the thrombin-induced activation of RhoA

(Figure 6).

Discussion

In the present study, we have demonstrated that angiopoietin-

1 inhibits various biological responses associated with inflam-

mation, namely EC permeability, PMN adherence to the EC

and cytokine production from activated EC. Initially, we

showed that pretreatment of cells with Ang1 reduces the

increase in permeability brought about by the inflammatory

agents thrombin, bradykinin and histamine. Our data are in

agreement with studies reporting an inhibitory effect of Ang1

in mustard oil- and VEGF-induced permeability in the mouse

skin (Thurston et al., 2000), as well as with the antiperme-

ability effect of Ang1 in HUVEC monolayers in vitro (Gamble

et al., 2000); moreover, our data extend the antipermeability

actions of Ang1 to a new vascular bed, namely the lung

vasculature. Endothelial barrier dysfunction after exposure to

inflammatory mediators results from both actinomyosin-

driven cell contraction and loss of cell – cell junctional

integrity. Although Ang1 was shown to reduce baseline

phosphorylation of the intercellular junction proteins PE-

CAM-1 and VE-cadherin (Gamble et al., 2000), it is still not

Figure 4 Ang1 decreases IL-8 production stimulated by thrombin.
(a) Confluent EA.hy 926 cells were preincubated with 250 ngml�1

Ang1 or solvent for 1 h, before being exposed to different
concentrations of thrombin for 16 h. Values are means7s.e.m.,
n¼ 3; *Po0.05 from vehicle. (b) EA.hy 926 cells were preincubated
with the indicated concentration of native Ang1 or solvent for 1 h,
before being exposed to 0.05Uml�1 thrombin for 16 h. Values are
means7s.e.m., n¼ 5; *Po0.05 from vehicle.
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known whether it also inhibits phosphorylation of junctional

proteins in cells challenged with inflammatory agents. Collec-

tively, our data indicate that Ang1 reduces the permeability-

increasing effects of different inflammatory mediators possibly

by suppressing a common pathway utilized by these edema-

genic agents.

In addition to endothelial leakage of macromolecules,

increased recruitment of leucocytes is observed at sites of

inflammation. Thrombin promotes increased binding of

leucocytes to the endothelium through both a rapid mobiliza-

tion of P-selectin and change of ICAM-1 conformation at the

EC surface (Toothill et al., 1990; Sugama et al., 1992), as well

as a delayed, transcriptionally regulated, induction of ICAM-1

and E-selectin (Kaplanski et al., 1997; Rahman et al., 1999).

Pretreatment of cells with Ang1 reduced the acute adherence of

PMN in response to thrombin. In the present study, we have

not determined whether Ang1 also affects the delayed response

to thrombin on EC adhesion molecules. However, Kim et al.

(2001) recently reported that Ang1 reduces VEGF-stimulated

leukocyte adherence to EC by reducing the synthesis of

ICAM-1, VCAM-1 and E-selectin mRNA, demonstrating that

Ang1 can also suppress the upregulation of these molecules at

the transcriptional level. However, unlike what was observed

with VEGF, Ang1 reduced only basal, but not TNF-a-induced
E-selectin expression (Gamble et al., 2000). In contrast to the

decrease in permeability exerted by Ang1 in response to a

Figure 5 Inhibition of Rho kinase attenuates IL-8 production. Confluent EA.hy 926 cells were preincubated with 250 ngml�1

Ang1 or solvent for 1 h, in the presence or absence of 10 mM Y-27632 (Y), before being exposed to different concentrations of
thrombin for 16 h. Values are means7s.e.m., n¼ 3; *Po0.05 from corresponding vehicle, }Po0.05 from basal. Y-27632 inhibited
the response to 0.01 and 0.05Uml�1 thrombin by 87 and 84%, respectively.

Figure 6 Ang1 does not affect thrombin-induced RhoA activation. Confluent EA.hy 926 cells were preincubated either with
0.01Uml�1 thrombin for 5 or 10min (left) or with 250 ngml�1 Ang1 or solvent for 1 h, before stimulation with 0.01Uml�1 thrombin
for 5min (right). Top (pull down): cell lysates (1mg reaction�1) were incubated with GST-rhotekin and processed as described in the
methods section. Membranes were incubated with an antibody for RhoA. Bottom (total): before performing the GST pull down,
50 mg of each sample was analyzed by Western blot with the RhoA antibody to demonstrate the presence of equal amounts of RhoA
in all samples. Blots shown are from a representative experiment performed three times with identical results.
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variety of inflammatory mediators, PMN adherence to EC was

prevented only when the cells were exposed to thrombin, and

not in response to histamine, PAF or TNF-a. Thrombin is
known to promote PAF release rapidly from EC and part of

the effect of thrombin on PMN adherence is attributable to

PAF (Toothill et al., 1990). Since in our experiments Ang1 did

not inhibit PAF-stimulated PMN adherence Ang1 must inhibit

the PAF-independent component of the response to thrombin.

A previous study by Gamble et al. (2000), demonstrated that

Ang1 reduces PMN transmigration in response to TNF-a
without inhibiting TNF-a-induced E-selectin expression. These
observations, taken together with our finding that Ang1 does

not reduce PMN adherence to EC activated by TNF-a support
the hypothesis that Ang1 affects TNFa-induced transjunc-
tional diapedesis per se without influencing the prerequisite

processes of tethering and firm adhesion to EC.

Activation of endothelial vascular cells by thrombin triggers

the release of ROS (Holland et al., 1998). Oxidative stress

causes EC dysfunction leading to increases in both endothelial

permeability and adherence for PMN, as well as PMN-

dependent endothelial injury (Lum & Roebuck, 2001). Given

the important role played by ROS in vascular inflammation,

we determined whether Ang1 affects H2O2-mediated increases

in EC adherence for PMN. Our data provide evidence that

Ang1 reduces a ROS-mediated inflammatory response, sug-

gesting that Ang1 has the potential to prevent oxidative stress-

induced damage.

In order to investigate the signaling pathways mediating

thrombin-induced adherence of PMN that might be targets for

Ang1, we exposed EC to the ROCK inhibitor Y-27632.

ROCK, has been implicated in the activation of adhesion

molecules by inflammatory mediators (Wojciak-Stothard et al.,

1999; Takeuchi et al., 2000). Moreover, ROCK has been

shown to mediate the endothelial reorganization of actin

cytoskeleton that is necessary for leukocyte adherence and

migration across cell junctions (Adamson et al., 1999;

Wojciak-Stothard et al., 1999). Our data with the pharmaco-

logical inhibitor Y-27632 shows that the endothelial ROCK

plays a predominant role in both thrombin and H2O2-

mediated PMN adherence. As the inhibitory effect of Ang1

and Y-27632 on PMN adherence was not additive, we

interpreted this finding as evidence that Ang1 decreases the

responses to thrombin by interfering with the activation of

ROCK. To directly test this hypothesis, we measured

thrombin-induced activation of ROCK by monitoring RhoA

activity. RhoA is a major activator of ROCK in many cells,

including EC and has also been shown to mediate thrombin-

induced permeability (Essler et al., 1998; Van Nieuw Ameron-

gen et al., 2000). In agreement with observations in human

umbilical vein EC (Van Nieuw Amerongen et al., 2000),

treatment of EA.hy 926 with thrombin increased the conver-

sion of RhoA to its GTP-bound active form. However,

pretreatment of cells with Ang1 did not reduce RhoA

activation, suggesting that Ang1 does not inhibit ROCK

activation by affecting this upstream activator of ROCK.

Alternatively, Ang1 may inhibit other signaling molecules

required for ROCK activation or might interfere with the

activation of molecules downstream of ROCK that are

required for thrombin’s action. The finding that Y-27632

attenuates thrombin-induced PMN adherence to a greater

extent than Ang1 suggests that Ang1 inhibits only some of

these pathways.

The last anti-inflammatory property of Ang1 we describe

herein is its ability to reduce thrombin-increased production of

the PMN chemotactic cytokine IL-8. Thus, Ang1 has the

potential to exert an inhibitory effect on both acute and

chronic thrombin-induced responses, by preventing rapid

increases in PMN adherence via direct inhibition of EC

adhesion molecule mobilization, as well as delayed PMN

recruitment, via downregulation of IL-8 production. We also

show that thrombin-mediated IL-8 production occurs, at least

in part, through the Rho/ROCK pathway, a fact that is

reported for the first time. Activation of Rho/ROCK was

previously shown to modulate gene transcription in EC. It

mediates thrombin-induced suppression of endothelial nitric

oxide synthase expression (Eto et al., 2001), as well as TNF-a-
induced activity of nuclear factor-kB (NF-kB) (Perona et al.,

1997).

In conclusion, this study demonstrates that Ang1 displays

important anti-inflammatory properties in vitro, such as

reinforcement of endothelial barrier function, attenuation of

endothelial adhesiveness for PMNs and inhibition of proin-

flammatory cytokine production by activated EC. Our

observations on the inhibitory effects of Ang1 in activated

EC are in line with the current hypothesis that Ang1 has a

protective and stabilizing role in the vasculature, directing EC

towards a quiescent, anti-inflammatory, as well as antic-

oagulant phenotype (Wong et al., 1997; Papapetropoulos et al.,

1999; Yancopoulos et al., 2000; Kim et al., 2002). Ang1 may,

thus, be used as a therapeutic agent in inflammatory diseases;

this possibility is further supported by recent findings that

Ang1 exhibits anti-inflammatory properties in the retinal

vasculature of diabetic rats by reducing leucocyte adherence

and EC injury (Joussen et al., 2002).
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