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ATL-1, an analogue of aspirin-triggered lipoxin A4, is
a potent inhibitor of several steps in angiogenesis
induced by vascular endothelial growth factor

PFT Cezar-de-Mello, AM Vieira, V Nascimento-Silva, CG Villela, C Barja-Fidalgo and IM Fierro

Departamento de Farmacologia e Psicobiologia, Instituto de Biologia Roberto Alcântara Gomes, Universidade do Estado do Rio de
Janeiro, Rio de Janeiro, Brazil

Background and purpose: Vascular endothelial growth factor (VEGF) is the most important proangiogenic protein. We have
demonstrated that ATL-1, a synthetic analogue of aspirin-triggered lipoxin A4, inhibits VEGF-induced endothelial cell (EC)
migration. In the present study, we investigated the effects of ATL-1 in several other actions stimulated by VEGF.
Methods: Human umbilical vein ECs were treated with ATL-1 for 30 min before stimulation with VEGF. Cell proliferation was
measured by thymidine incorporation. Adherent cells were determined by fluorescence intensity using a Multilabel counter.
Expression and activity of matrix metalloproteinases (MMP) were analysed by western blot and zymography.
Key results: ATL-1 inhibited EC adhesion to fibronectin via interaction with its specific receptor. Furthermore, VEGF-induced
MMP-9 activity and expression were reduced by pretreatment with ATL-1. Because the transcription factor NF-kB has been
implicated in VEGF-mediated MMP expression and EC proliferation, we postulated that ATL-1 might modulate the NF-kB
pathway and, indeed, ATL-1 inhibited NF-kB nuclear translocation. Pretreatment of EC with ATL-1 strongly decreased VEGF-
dependent phosphorylation of phosphainositide 3-kinase (PI3-K) and extracellular signal-regulated kinase-2 (ERK-2), two
signalling kinases involved in EC proliferation. Inhibition of VEGF-induced EC proliferation by ATL-1 was antagonized by
sodium orthovanadate, suggesting that this inhibitory activity was mediated by a protein tyrosine phosphatase. This was
confirmed by showing that ATL-1 inhibition of VEGF receptor-2 (VEGFR-2) phosphorylation correlates with SHP-1 association
with VEGFR-2.
Conclusions and implications: The synthetic 15-epi-lipoxin analogue, ATL-1, is a highly potent molecule exerting its effects
on multiple steps of the VEGF-induced angiogenesis.
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Introduction

Angiogenesis, the growth of new capillaries from sprouting

of pre-existing ones, occurs through dynamic functions of

endothelial cells (ECs) including migration, proliferation

and maturation. The angiogenic process is involved in

physiological responses, for instance, embryonic develop-

ment, corpus luteum formation and wound healing. Otherwise,

de-regulated angiogenesis plays a critical role in various

pathological conditions such as rheumatoid arthritis, dia-

betic retinopathy, solid tumour formation and metastasis

(Folkman, 1971, 1995). During angiogenesis, ECs become

activated and can degrade the extracellular matrix surround-

ing the vessels, which serves to liberate EC from their

basement membrane and to create a path by which the cells

can migrate. Matrix degradation depends on expression and

activation of matrix metalloproteinases (MMPs), a family

of zinc-dependent enzymes. Subsequently, EC proliferate,

forming a sprout towards a specific stimulus (Kalluri, 2003).

The angiogenic process can be stimulated by different

growth factors such as platelet-derived growth factor (PDGF),
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fibroblast growth factor and vascular endothelial growth

factor (VEGF). Among these, VEGF has been shown as the

most important regulator of EC physiology (Carmeliet and

Jain, 2000). VEGF exerts its effects mainly by binding two

specific tyrosine kinase receptors, VEGFR-1 (also named

Flt-1) and VEGFR-2 (KDR/Flk-1). Activation of VEGFR-1 has

been reported to be important in embryo development,

whereas VEGFR-2 plays a central role in mitosis, angio-

genesis and permeability of EC (Ferrara et al., 2003). Once

activated, VEGFR dimerize and become autophosphorylated,

leading to phosphorylation of several cytoplasmic signalling

molecules. VEGF has been reported to inhibit EC apoptosis

and induce proliferation by activating phosphatidylinositol

3-kinase (PI3-K) and extracellular signal-regulated protein

kinase (ERK), respectively.

Two non-receptor protein tyrosine phosphatases (PTPs),

Src homology 2 domain-containing PTP 1 (SHP-1) and SHP-2,

were reported to physically associate with VEGFR-2 (Kroll

and Waltenberger, 1997). SHP-2 has been proposed to

positively regulate receptor tyrosine kinases (RTK), including

epidermal growth factor (Qu et al., 1999), PDGF (Lu et al.,

1998) and fibroblast growth factor receptor signalling

(Hadari et al., 1998). Conversely, SHP-1 acts as a negative

regulator of RTK by binding to their SH2 (Src homology-2)

domain (Östman et al., 2006).

Non-steroidal anti-inflammatory drugs, such as aspirin,

have been implicated in preventing lung and colon tumours

(Marcus, 1995; Vane, 2000; Shtivelband et al., 2003). In

addition, epidemiological data suggest that the use of aspirin

and other non-steroidal anti-inflammatory drugs may con-

tribute to reduce the risk of stomach and oesophagus cancer

(Baron, 2003; Gonzalez-Perez et al., 2003). These inhibitory

effects could be associated with the ability of aspirin to

reduce angiogenesis (Hla et al., 1993; Pearce et al., 2003;

Gerrah et al., 2004). Aspirin’s well-known mechanism of

action involves acetylation of COX-2, thereby blocking its

ability to produce prostanoids (Vane, 2000). Notwithstanding,

the acetylated COX-2 protein retains other enzymic

activities and catalyses the biosynthesis of aspirin-triggered

15-epi-lipoxins (ATL) (Clària and Serhan, 1995), the carbon

15-epimers of the native lipoxins (LX), which mimic some of

their bioactivities. As LXs are biosynthesized and rapidly

enzymically inactivated, stable and more potent analogues

were constructed (Parkinson, 2006). Native LXs and their

stable analogues exert their biological effects by binding to a

G-protein-coupled receptor, denoted ALX (Fiore et al., 1994;

Chiang et al., 2006), acting as a downregulatory signal at sites

of inflammation, mediating inhibition of neutrophil and

eosinophil chemotaxis (Serhan, 2006), and stimulation of

human monocyte chemotaxis (Maddox and Serhan, 1996;

Simões and Fierro, 2005). Currently, our group has shown

that an ATL analogue induced the expression of HO-1 (haeme

oxygenase-1) in EC, suggesting a new anti-inflammatory

mechanism for these novel lipid mediators (Nascimento-

Silva et al., 2005).

In addition, a synthetic analogue of ATL, 15-epi-16-

(para-fluoro)-phenoxy-LX A4 (named ATL-1), inhibited

VEGF-induced EC migration and proliferation, in a concen-

tration-dependent manner, identifying a novel and potent

action for ATL. The mechanism by which ATL-1 inhibits

VEGF-induced EC migration involves inhibition of FAK

(focal adhesion kinase) phosphorylation and its subsequent

association with the actin cytoskeleton (Cezar-de-Mello

et al., 2006). In this study, we sought to understand the

mechanism by which ATL-1 may modulate other VEGF-

stimulated proangiogenic actions, particularly, EC adhesion

and proliferation, as well as MMP release. We found that

ATL-1 modulated EC adhesion and MMP activity and

expression. Furthermore, this 15-epi-LXA4 analogue inhib-

ited EC proliferation through SHP-1 activation. The present

study provides new insights into the inhibition of angio-

genesis by ATL-1, indicating a possible role in the treatment of

pathologies associated with angiogenesis, including cancer.

Methods

Cell culture

Human umbilical vein ECs (HUVECs) were isolated by

collagenase digestion and propagated on gelatin-coated

(0.1%) tissue culture plates in medium 199 supplemented

with 20% heat-inactivated fetal bovine serum, 8 U ml�1

heparin, 50 U ml�1 penicillin and 15 mg ml�1 streptomycin.

HUVEC between second and third passages were used for

all experiments. Before each experiment, cells were serum-

starved for 12 h.

Adhesion assay

HUVECs were stained with CMFDA (5-chloromethylfluo-

rescein diacetate; 2.5mM) for 45 min at 37 1C, pre-treated

with Boc-2 and followed by treatment with ATL-1. Cells were

then allowed to adhere onto 96-well plates (2�104 cells per

well) coated with fibronectin (1 mg per well) or 1% BSA—

negative adhesion control. Adhesion was allowed to proceed

for 1 h at 37 1C. Adherent cells were determined by

fluorescence intensity using a Multilabel counter (Wallac

1420 VICTOR3; PerkinElmer, Turku, Finland).

Zymography

Conditioned media containing 1% fetal bovine serum from

HUVECs pre-treated with ATL-1 and stimulated with VEGF

for 24 h were collected and protein amount was determined

by BCA (bicinchoninic acid) kit reagent (Pierce, Rockford, IL,

USA). The conditioned media were separated on a SDS-PAGE

(sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis) gel containing 1 mg ml�1 gelatin (Sigma, St Louis,

MO, USA). Rainbow-coloured protein molecular weight

markers (Amersham Pharmacia Biotech, Uppsala, Sweden)

and lysates from placenta tissue (Niu et al., 2000) were run in

parallel to estimate molecular weights and pattern of

gelatinolytic activity, respectively. After electrophoresis,

sodium dodecyl sulphate was removed by washing the gel

with 2.5% Triton X-100 for 1 h. Then, the gel was incubated

with digestion buffer (50 mM Tris-HCl, pH 8.0, 0.2 M NaCl,

10 mM CaCl2.2H2O, 0.02% sodium azide, 1mM ZnCl2) for

18 h at 37 1C. To visualize digestion bands, the gel was

stained with 0.2% Coomassie Brilliant Blue R-250 and then

destained with isopropanol (20%) and acetic acid (10%).

ATL-1 inhibits multiple steps of angiogenesis
PFT Cezar-de-Mello et al 957

British Journal of Pharmacology (2008) 153 956–965



A clear zone against the blue background indicated the

presence of gelatinolytic activity. The bands were quantified

by densitometry, using Scion Image Software (Scion Co.,

Frederick, MD, USA).

Immunocytochemistry

To investigate nuclear factor-kB (NF-kB), nuclear transloca-

tion HUVECs (5� 105 cells) were incubated with ATL-1 for

different times and stimulated with VEGF for 6 h. Cells were

then fixed with 4% paraformaldehyde and 4% sucrose in

phosphate-buffered saline (PBS) for 20 min. After fixation,

cells were permeabilized in PBS containing 0.2% Triton

X-100 for 5 min and washed with PBS before incubation

overnight with anti-p65 NF-kB subunit antibody (1:50) at

4 1C. Cells were sequentially incubated with anti-rabbit IgG

biotin-conjugated for 1 h, followed by streptavidin-conju-

gated CY3 (1:50) incubation and examined under confocal

microscopy.

Nuclear extracts

Cells were treated with ATL-1 and stimulated with VEGF for

6 h. Intranuclear proteins were obtained by lysing the cells

with 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethane-

sulphonic acid), pH 7.9, 10 mM KCl 10 mM, 0.1 mM EDTA,

0.1 mM EGTA (ethylene glycol bis(b-aminoethylether)-

N,N,N0,N0,-tetraacetic acid), 1 mM DTT (dithiothreitol),

aprotinin (10 mg ml�1), leupeptin (10 mg ml�1), pepstatin

(2mgml�1) and 1mM PMSF (phenylmethanesulphonyl fluoride)

for 15 min at 4 1C. NP40 (nonidet P40) (5%) was added and

the nucleus was pelleted at 12 000� g for 5 min at 4 1C. The

pellet was resuspended in a buffer containing 20 mM HEPES,

pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,

aprotinin (10 mg ml�1), leupeptin (10 mg ml�1), pepstatin

(2 mg ml�1) and 1 mM PMSF, and incubated at 4 1C for

30 min. The whole lysate was centrifuged at 12 000� g for

10 min at 4 1C. Only the supernatant was used. Total protein

amount was measured by the Bradford method (Bradford,

1976).

Immunoprecipitation

To investigate PI3-K, ERK-2 and VEGFR-2 phosphorylation,

as well as the association of SHP-1 with VEGFR-2, HUVECs

(106 cells per well) were pre-incubated with ATL-1 and

stimulated with VEGF for 15 min. After treatment, cells were

suspended in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 1.5 mM MgCl2, 1.5 mM EDTA, Triton X-100 (1% v/v),

glycerol (10% v/v), aprotinin (10 mg ml�1), leupeptin

(10 mg ml�1), pepstatin (2mg ml�1) and 1 mM PMSF). Lysates

were incubated overnight with specific antibodies (1:200) at

4 1C and protein A/G agarose was added (4:100) followed by

incubation for 2 h at 4 1C under rotation. The content of

total and phosphorylated protein was analysed by immuno-

blotting.

Western blots

Cell lysates or conditioned media were denatured in sample

buffer (50 mM Tris-HCl, pH 6.8, 1% sodium dodecyl sulphate,

5% b-mercaptoethanol, 10% glycerol, 0.001% bromophenol

blue) and heated in a boiling water bath for 3 min. Samples

were resolved by SDS-PAGE and proteins were transferred to

PVDF membranes. Rainbow-coloured protein molecular

weight markers (Amersham Pharmacia Biotech) were run in

parallel to estimate molecular weights. Then, membranes

were blocked for 30 min with Tween-PBS (0.05% Tween 20)

containing 2% BSA and probed overnight with specific

antibodies at 4 1C. The membranes were then washed and

incubated with IgG antibody biotin-conjugated for 1 h,

followed by incubation with streptavidin-conjugated horse-

radish peroxidase. Bound antibodies were detected by

enhanced chemiluminescence (ECL; Pierce, Rockford, IL,

USA). Membranes blotted with P-Tyr (phosphorylated tyro-

sine) were stripped with a strip buffer (62.5 mM Tris, pH 6.7,

2% sodium dodecyl sulphate, 100 mM b-mercaptoethanol)

and reprobed to determine ERK-2, PI3-K and VEGFR-2 total

content. The bands were quantified by densitometry, using

Scion Image Software (Scion Co., Frederick, MD, USA).

[3H] thymidine incorporation

HUVECs (8�103 cells) were cultured in a gelatin-coated

96-well plate and allowed to attach overnight. Cells were

washed with PBS and placed in M199 1% fetal bovine serum.

Then, HUVECs were pre-treated with Na3VO4 (sodium

orthovanadate) or Boc-2 for 1 h and 30 min, respectively,

treated with ATL-1 and simulated with VEGF for 24 h. During

the last 6 h of incubation, 1 mCi per well [3H] thymidine was

added to the cells. After washing the cells with PBS, [3H]

thymidine was extracted with 10% trichloroacetic acid (ice-

cold) for 15 min, washed with 95% ethanol solubilized in

0.2 N NaOH and measured in a liquid scintillation counter.

Statistical analysis

Statistical significance was assessed by ANOVA followed by

Bonferroni’s t-test, and Po0.05 was taken as statistically

significant.

Reagents

VEGF-A165 was obtained from R&D Systems (Minneapolis,

MN, USA). Boc-2 peptide (Boc-Phe-Leu-Phe-Leu-Phe) was

purchased from Phoenix Pharmaceuticals Inc. (Belmont, CA,

USA). Trypsin was purchased from Amersham Biosciences

(Buckinghamshire, UK). Collagenase, gelatin, streptomycin

and penicillin were obtained from Sigma. Antibodies and

protein A/G agarose were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA, USA) and streptavidin from

Caltag Laboratories (Burlingame, CA, USA). FBS was pur-

chased from Cultilab (Campinas, SP, Brazil) and CMFDA

from Invitrogen (Carlsbad, CA, USA). ATL-1, the stable

15-epi-LXA4 analogue (Parkinson, 2006), was a generous gift

from Berlex Biosciences (Richmond, CA, USA).
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Results

ATL-1 inhibited ECs adhesion to fibronectin via ALX

The signalling pathways that control EC growth are

dependent on the degree of cell–matrix adhesion, thus the

angiogenic response requires conditions of increased cell–

matrix adhesiveness (Kalluri, 2003). As fibronectin is an

important provisional matrix component, we investigated

whether ATL-1 could modulate EC adhesion to immobilized

fibronectin. Cells were stained with CMFDA and treated with

ATL-1 (1–100 nM) for 30 min before being allowed to adhere

for 1 h. ATL-1 significantly decreased EC adhesion peaking at

100 nM (Figure 1).

The LX and ATL biological effects are mediated by ALX,

the specific G-protein-coupled receptor (Chiang et al., 2006).

To determine whether ATL-1 was acting via ALX, we pre-

treated the cells for 15 min with Boc-2 (100 mM), an ALXR

antagonist, before the treatment with ATL-1. Our results

show that Boc-2 reversed the effect of ATL-1 (Figure 1),

demonstrating that the analogue inhibits EC adhesion to

extracellular matrix via interaction with its specific receptor

on the cell surface. Furthermore, Boc-2 did not have any

effect when used alone (fluorescence intensity (A.U)

8164±902).

VEGF-induced MMP activity and expression were inhibited by

ATL-1

The ability to degrade extracellular matrix proteins is an

important step of the angiogenic process and depends on

MMP release and activity. A strong correlation between VEGF

and MMP-9 expression has been established (Lee et al., 2006).

Therefore, we first examined whether ATL-1 was able to

modulate MMP activity and/or expression. Conditioned

medium from cells treated with VEGF (10 ng ml�1) for 24 h

and pre-treated or not with the 15-epi-LXA4 analogue

(100 nM) was assayed for total gelatinolytic activity.

Although HUVEC constitutively expressed MMP-9 activity,

Figure 1 ATL-1 inhibited HUVEC adhesion to fibronectin via ALX.
HUVECs were stained with CMFDA (2.5 mM) for 45 min at 37 1C
before pretreatment with Boc-2 (100mM) for 15 min and ATL-1
(1–100 nM) for 30 min. Cells (2�104 per well) were then allowed
to adhere to 96-well plates coated with fibronectin (1mg per well)
for 1 h at 37 1C. Adherent cells were determined by fluorescence
intensity using a Multilabel counter (VICTOR3). Negative control
(1% BSA) value: 3748. The data show mean±s.e.mean from three
independent experiments performed in quadruplicate for each
test group. *Po0.05 vs vehicle (0.05% ethanol). #Po0.05 vs ATL-1
(100 nM). ATL-1, 15-epi-16-(para-fluoro)-phenoxy-lipoxin A4;
CMFDA, 5-chloromethylfluorescein diacetate; HUVECs, human
umbilical vein endothelial cells.

Figure 2 VEGF-stimulated MMP-9 activity and expression were
inhibited by ATL-1. Cells were pre-treated with ATL-1 (100 nM) for
30 or 60 min and stimulated with VEGF (10 ng ml�1) for 24 h. (a)
Conditioned media were collected and subjected to a gelatinolytic
assay, as described in the Methods. (b) Conditioned media were
collected and resolved by SDS-PAGE and blotted for MMP-9. A
representative blot is shown and the densitometry shows
mean±s.e.mean from three independent experiments performed
with similar results. #Po0.05 vs vehicle (0.05% ethanol). *Po0.05 vs
VEGF alone. ATL-1, 15-epi-16-(para-fluoro)-phenoxy-lipoxin A4;
MMP, matrix metalloproteinase; SDS-PAGE, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis; VEGF, vascular endothelial growth
factor.
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significantly increased activity was detected in VEGF-stimu-

lated EC, which was abolished by pre-incubation with ATL-1

for 60 min (Figure 2a).

We next analysed MMP expression as a result of VEGF

stimulation by western blot. As shown in Figure 2b, along

with the activity, VEGF-induced MMP-9 expression was

reduced by ATL-1.

ATL-1 abolished VEGF-induced NF-kB nuclear translocation

The transcription factor NF-kB is well established as a

regulator of genes encoding cytokines, proteins involved in

the control of the cellular proliferation (Yamamoto and

Gaynor, 2001) and MMP-9 expression (Ko et al., 2005). To

address the hypothesis that the inhibitory effects of ATL-1

involved NF-kB, ECs were pre-treated with the analogue

(100 nM) for different periods of time and then stimulated

with VEGF (10ng ml�1) for 6 h. We first examined the

translocation of p65 subunit of NF-kB into the nucleus by

immunocytochemistry. Treating cells with ATL-1 led to a

remarkable reduction of the fluorescence into the nucleus.

To confirm these data, we performed western blot analyses of

nuclear extracts and as illustrated in Figure 3, ATL-1

abolished NF-kB translocation.

VEGF-induced phosphorylation of kinase cascades was inhibited

by ATL-1

The VEGF signalling pathway involves various key compo-

nents to the angiogenic process. The proliferation and

survival responses stimulated by VEGF evoke activation,

through phosphorylation, of ERK-2 and PI3-K, respectively

(Zachary, 2003). We therefore tested the effect of ATL-1 on

the ability of VEGF to induce PI3-K and ERK-2 phosphoryla-

tion. The cells were either left untreated or incubated

with ATL-1 (100 nM) before VEGF (10 ng ml�1). As show in

Figure 4, the analogue completely blocked both PI3-K

(Figure 4a) and ERK-2 (Figure 4b) phosphorylation. These

results point to an interesting mechanism for the antiangio-

genic effects exerted by ATL-1, that is the activation of PTPs.

ATL-1 antiproliferative activity was dependent on phosphatase

activation

In this study, we used a pharmacological approach to

understand the mechanism by which the analogue exerts

its antiproliferative effect. ECs were treated for 1 h with

Na3VO4 (5 mM), a nonspecific phosphatase inhibitor,

followed by ATL-1 (100 nM) incubation for 30 min before

EC stimulation with VEGF (10 ng ml�1) for 24 h. The data in

Figure 5 show that VEGF promoted thymidine incorporation

into DNA and, as expected, this effect was decreased by ATL-1.

The phosphatase inhibitor antagonized the ability of ATL-1

to reduce DNA synthesis stimulated by VEGF. These data

suggest that ATL-1 mediates its inhibitory effects, at least in

part, through activation of a PTP.

ATL-1 inhibited VEGF-induced VEGFR-2 phosphorylation

VEGF effects involve activation of its specific RTK in EC,

VEGFR-2. The binding of VEGF to the receptor induces

receptor dimerization and autophosphorylation of specific

intracellular tyrosine residues (Ferrara et al., 2003).

Recently, McMahon et al. (2002) have shown that LXA4

was able to antagonize leukotriene D4 (LTD4) trans-activation

of PDGF receptors, suggesting that LX might have the ability

to modulate RTKs. This observation prompted us to examine

whether ATL-1 might impair VEGFR-2 activation. As illus-

trated in Figure 6, ATL-1 (100 nM) pretreatment for 30 min

prevented VEGF-induced tyrosine phosphorylation of

VEGFR-2.

ATL-1 modulated SHP-1 association with VEGFR-2

PTPs play an important role in modulating RTK activity and

the biological responses that they regulate (Schlessinger,

2000). It has already been shown that SHP-1 physically

associates with VEGFR-2, antagonizing its downstream

signalling. We then attempted to elucidate whether

SHP-1 could be a target for ATL-1 inhibition of VEGFR-2

phosphorylation.

We performed a VEGFR-2 immunoprecipitation from

untreated cells, EC pre-treated with ATL-1 (100 nM) for

30 min and stimulated with VEGF (10 ng ml�1) for 15 min

or incubated with these agents alone. Addition of the

analogue resulted in a significant augmentation of SHP-1

Figure 3 NF-kB nuclear translocation induced by VEGF was
inhibited by ATL-1. Cells were pre-treated with ATL-1 (100 nM) for
different times and stimulated with VEGF (10 ng ml�1) for 6 h.
Nuclear extracts were resolved by SDS-PAGE and immunoblotted
for p65 and histone. Blots were analysed by densitometry and the
NF-kB/histone ratio content was expressed in arbitrary units.
A representative blot is shown and the densitometry shows
mean±s.e.mean from three independent experiments performed
with similar results. #Po0.05 vs vehicle (0.05% ethanol). *Po0.05 vs
VEGF alone. ATL-1, 15-epi-16-(para-fluoro)-phenoxy-lipoxin A4;
NF-kB, nuclear factor-kB; SDS-PAGE, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis; VEGF, vascular endothelial
growth factor.
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Figure 5 ATL-1 inhibition of VEGF-induced HUVEC proliferation
was mediated by a protein phosphatase. Cells (8�103) were pre-
treated with Na3VO4 (5mM) for 1 h, treated with ATL-1 (100 nM) for
30 min and stimulated with VEGF (10 ng ml�1) for 24 h. During the
last 6 h of incubation, 1 mCi per well [3H] thymidine was added to the
cells and measured in a liquid scintillation counter. The data show
mean±s.e.mean from three independent experiments performed
in quadruplicate for each test group. *Po0.05 vs VEGF. #Po0.05 vs
VEGF plus ATL-1. ATL-1, 15-epi-16-(para-fluoro)-phenoxy-lipoxin A4;
HUVEC, human umbilical vein endothelial cells; Na3VO4, sodium
orthovanadate; VEGF, vascular endothelial growth factor.

Figure 6 ATL-1 inhibited VEGFR-2 phosphorylation. Cells were
pre-treated with ATL-1 (100 nM) for 30 min and exposed to VEGF
(10 ng ml�1) for 15 min. Cell lysates were immunoprecipitated
with an anti-VEGFR-2 antibody and immunoblotted with an anti-
phosphotyrosine antibody. Membranes were stripped and blotted to
VEGFR-2. Blots were analysed by densitometry, and phosphoVEGFR-
2/total VEGFR-2 ratio content was expressed in arbitrary units.
A representative blot is showed and the densitometry shows
mean±s.e.mean from three independent experiments performed
with similar results. #Po0.05 vs vehicle (0.05% ethanol). *Po0.05 vs
VEGF alone.ATL-1, 15-epi-16-(para-fluoro)-phenoxy-lipoxin A4; VEGF,
vascular endothelial growth factor; VEGFR, VEGF receptor.

Figure 4 ATL-1 inhibited VEGF-induced PI3-K and ERK-2 phos-
phorylation. Cells were pre-treated with ATL-1 (100 nM) for 30 min
and stimulated with VEGF (10 ng ml�1) for 15 min. Cell lysates were
immunoprecipitated with an anti-PI3-K antibody (a) or anti-ERK-2
antibody (b) and immunoblotted with an anti-phosphotyrosine
antibody. Membranes were stripped and blotted to PI3-K or
ERK-2, respectively. Blots were analysed by densitometry, and the
phosphokinase/total kinase ratio was expressed in arbitrary units.
A representative blot is shown and the densitometry shows
mean±s.e.mean from three independent experiments performed
with similar results. #Po0.05 vs vehicle (0.05% ethanol). *Po0.05 vs
VEGF alone. ATL-1, 15-epi-16-(para-fluoro)-phenoxy-lipoxin A4;
ERK-2, extracellular signal-regulated kinase-2; PI3-K, phosphainositide
3-kinase; VEGF, vascular endothelial growth factor.
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association with VEGFR-2 (Figure 7), showing for the first

time that LX can activate a PTP.

Discussion

There is substantial evidence that lipid mediators formed by

lipoxygenases and COX-2 participate in angiogenesis and

cancer development. Certain types of cancer, including

colorectal, lung, bone and brain display a characteristic

enhancement of the expression of these enzymes (Avis et al.,

1996; Ohd et al., 2003; Romano and Clària, 2003). In

agreement with these observations, the use of non-steroidal

anti-inflammatory drugs, such as aspirin, reduced cellular

proliferation, tumour growth and angiogenesis (Shtivelband

et al., 2003; Gao et al., 2004). In this study, we reported that a

stable aspirin-triggered LXA4 analogue, ATL-1, inhibits

multiple steps of the angiogenic process, particularly adhesion,

MMP activity and EC proliferation.

During angiogenesis, when EC migrate towards a stimulus,

a provisional matrix offers a support framework, guiding

EC to their targets (Carmeliet, 2003). Considering that

fibronectin is an important provisional matrix component,

we investigated the effect of ATL-1 in EC adhesion to

fibronectin matrix. Our findings show that ATL-1 inhibition

of EC adhesion to immobilized fibronectin occurred in a

concentration-dependent manner. Because LX and synthetic

analogues exert their effects by binding to a specific receptor,

we demonstrated, using a receptor antagonist, that this

effect depends on the interaction of the analogue with

ALXR. ECs have transmembrane adhesion receptors, such as

integrins, which when linked to adhesion proteins provide

survival and/or migration signalling to the cells. Thus, our

results suggest that ATL-1 could be modulating the first steps

of the angiogenic process.

Remodelling and extracellular matrix breakdown requires

proteinase activity, such as MMP (Kalluri, 2003; Carmeliet,

2003). In this study, we found that VEGF enhanced MMP-9

activity and this effect is correlated with high levels of the

enzyme. The pretreatment of EC with ATL-1 reduced MMP-9

activity and expression in conditioned media, suggesting

that the analogue might regulate the gene encoding MMP-9,

thereby causing a significant reduction of MMP-9 release

from EC stimulated by VEGF. Different members of the

MMP family are required for invasive activity and mounting

evidence suggest a role for those MMPs, especially MMP-2

and MMP-9, which degrade type IV collagen, the major

structural collagen of the basement membrane (Egeblad and

Werb, 2002). Supporting our data, earlier work showed that

LXs modulate MMP-3 activity in human fibroblasts through

augmenting tissue inhibitor of metalloproteinase (TIMP)-1

and TIMP-2 (Sodin-Semrl et al., 2000). Whether ATL-1

inhibits MMP-9 activity by upregulating TIMP is an im-

portant question that ongoing experiments will elucidate.

The number of functions attributed to the transcription

factor NF-kB is rapidly increasing. Inappropriate NF-kB

activity has been reported in several pathological situations,

and the involvement of most of the NF-kB target genes in

several disease conditions makes inhibitors of NF-kB

attractive candidates as therapeutic agents. Several studies

reported that MMP-9 expression can be induced via NF-kB

activation (Bond et al., 1998; Esteve et al., 2002; Ko et al.,

2005). On the basis of these data, we sought to investigate

whether ATL-1 might have any impact in VEGF-stimulated

NF-kB translocation into the nucleus. Our results using two

different techniques demonstrated that pretreatment of

EC with the analogue caused a striking inhibition of VEGF-

induced NF-kB translocation, suggesting that ATL-1 reduc-

tion of MMP-9 expression could be mediated through

inhibition of NF-kB. These data are in accordance with

known modulation of NF-kB activation by LX in different

cell types (Jozsef et al., 2002, Fierro et al., 2003; Sodin-Semrl

et al., 2004; Nascimento-Silva et al., 2007).

The binding of VEGF to its receptor, VEGFR-2, triggers

receptor dimerization, phosphorylation and recruitment of

SH2 domain-containing signalling molecules (Zachary,

2003). PI3-K is a heterodimer of p85 adaptor subunit and

p110 catalytic subunit. The p85 subunit contains two SH2

domains, and is constitutively associated with VEGFR-2

undergoing phosphorylation upon stimulation with VEGF

(Thakker et al., 1999). This kinase is involved in EC survival

(Zachary, 2003; Ferrara et al., 2003) and proliferation

(Thakker et al., 1999). Moreover, VEGFR-2 activation

classically induces proliferation through activation of ERK,

culminating in gene transcription (Cross et al., 2003). We

therefore examined the effect of ATL-1 on kinase pathways

Figure 7 ATL-1 promoted association of SHP-1 with VEGFR-2. Cells
were pre-treated with ATL-1 (100 nM) for 30 min and exposed to
VEGF (10 ng ml�1) for 15 min. Cell lysates were immunoprecipitated
with an anti-VEGFR-2 antibody and immunoblotted with an anti-
SHP-1 antibody. Membranes were stripped and blotted to VEGFR-2.
Blots were analysed by densitometry, and SHP-1/VEGFR-2 ratio
content was expressed in arbitrary units. A representative blot is
showed and the densitometry shows mean±s.e.mean from two
independent experiments performed with similar results. #Po0.05 vs
vehicle (0.05% ethanol). *Po0.05 vs VEGF alone. ATL-1, 15-epi-16-
(para-fluoro)-phenoxy-lipoxin A4; SHP-1, Src homology 2 domain-
containing protein tyrosine phosphatase 1; VEGF, vascular
endothelial growth factor; VEGFR, VEGF receptor.
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involved in signalling during EC proliferation mediated by

VEGF. We found that VEGF-induced PI3-K and ERK-2

phosphorylation was strongly inhibited by the previous

treatment with the LX analogue, indicating that VEGF-

mediated cell survival and proliferation is a target for the

downregulatory activity of this compound. These data

corroborate recent findings showing ATL-1 inhibition of

VEGF-induced EC proliferation (Fierro et al., 2002). Further-

more, it has been shown that LXs play a critical role in the

regulation of proliferation in many cell types. LXA4 anta-

gonizes mitogenic effects of LTD4 in human mesangial cells

via inhibition of PI3-K activation (McMahon et al., 2000).

This lipid also inhibits proliferation of human lung fibro-

blasts by regulation of PI3-K and ERK-2 inhibition, as well as

cell cycle arrest (Wu et al., 2006). Control of the cell cycle

concomitant with the inhibition of proliferation and kinase

phosphorylation by LX is a phenomenon observed in several

systems, including human (Mitchell et al., 2004) and rat

mesangial cells (Wu et al., 2005) in addition to human lung

fibroblasts (Wu et al., 2006). Whether the downregulatory

effects of ATL-1 in EC proliferation may be due to the

regulation of cell cycle is a hypothesis currently under

investigation.

The transcription factor NF-kB is involved in many cellular

responses, including proliferation (Yamamoto and Gaynor,

2001). Recently, Grosjean et al. (2006) reported that VEGF-

induced HUVEC survival via NF-kB activation is triggered

by the PI3-K pathway. These observations prompted us to

suggest that LX analogue inhibition of NF-kB translocation

may be implicated in its antiproliferative action, as well.

Tyrosine phosphorylation induced by the activation of

RTKs promotes cell proliferation, and PTPs can counter-

balance the activities of RTKs. In the present study, we

showed that a nonspecific inhibitor of PTP, Na3VO4, reversed

ATL-1 inhibition of EC proliferation, suggesting that this

analogue was able to activate a PTP, probably due to its

interaction with ALXR. In agreement with our findings,

recent reports demonstrated that tumour necrosis factor-a
inhibition of VEGF-mediated EC proliferation was also

reversed by prior incubation with sodium orthovanadate

(Guo et al., 2000).

The ability of one receptor system to communicate with

and impair the activity of a second, a process of heterologous

receptor inactivation has been proposed by several reports.

LTD4 induces proliferation of mesangial cells by binding to

its specific receptor, Cys-LT2, followed by trans-activation of

the PDGF receptor (McMahon et al., 2002). This effect was

antagonized by LXA4, which inhibited LTD4 trans-activation

of PDGF receptors. Moreover, RTK activation can be

modulated by a G-protein-coupled receptor agonist in

several systems (Linseman et al., 1995; Daub et al., 1996).

Our data indicate that ATL-1 trans-inactivated VEGFR-2

phosphorylation, an effect equivalent to the trans-inactiva-

tion of the epidermal growth factor receptor mediated by

bradykinin (Graness et al., 2000).

PTP families are divided into receptor-like forms and non-

receptor forms, SHP-2 and SHP-1 (also called SH-PTP-1/

PTP1C/HCP), being the best studied of the classical non-

receptor PTP (Poole and Jones, 2005). SHP-1 is restricted

mainly to haematopoietic cells, and has been proposed to be

a candidate tumour suppressor gene and an antagonist of

growth factor signalling in haematopoietic and ECs (Östman

et al., 2006). In this study, we provide evidence that ATL-1

promotes SHP-1 association with VEGFR-2, although a direct

activation of the phosphatase by the analogue may not be

excluded. These observations are consistent with a previous

report, showing that tumour necrosis factor-a inhibition uses

a PTP to inhibit VEGFR-2 activation (Guo et al., 2000).

Our study provides evidence that the inhibitory activity of

ATL-1 might be tightly linked with the putative activation of

SHP-1. Furthermore, we also speculate that this lipid

analogue could be able to inhibit SHP-2, because, as reported

previously, LXs inhibit mesangial cell proliferation via SHP-2

inhibition (Wu et al., 2005). In addition, it has been shown

that ALX is coupled to activation and recruitment of SHP-2

(Mitchell et al., 2007). Further experiments are required to

confirm this hypothesis and whether other phosphatases

could be involved, such as PTEN (phosphatase and tensin

homologue), as this phosphatase can negatively modulate

VEGF-induced angiogenic effects, including cell survival,

proliferation and migration (Huang and Kontos, 2002).

Summarizing, our results point to a substantial antiangio-

genic activity of a synthetic analogue of ATL, including

inhibition of EC adhesion, MMP-9 activity and proliferation,

presumably via SHP-1 activation. Undoubtedly, these findings

will improve the experimental and therapeutic options for

the treatment of a broad range of pathologies associated with

unwanted angiogenesis.
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