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Abstract

Plasmin is a broad-spectrum serine proteinase, which is presumed to cleave many extracellular proteins and affect angiogenesis. In the
present work, we studied the effect of two different inhibitors of plasmin (e-aminocaproic and a,-antiplasmin) on angiogenesis in vivo using
the chicken embryo chorioallantoic membrane assay, and in vitro using human umbilical vein endothelial cells. e-Aminocaproic acid
inhibited, while a,-antiplasmin induced, angiogenesis, as well as human umbilical vein endothelial cell proliferation, migration and tube
formation on matrigel in a dose-dependent manner. Since plasmin has been implicated in the production of angiostatin, we studied the effect
of the two plasmin inhibitors on angiostatin protein amounts in the chicken embryo chorioallantoic membrane. In this tissue, the 38- and 45-
kDa isoforms of angiostatin are differentially affected by the two inhibitors: e-aminocaproic acid increased, while a,-antiplasmin decreased
the amounts of both isoforms. These data suggest that plasmin may have an antiangiogenic role in vivo through generation of angiostatin.
Moreover, plasmin inhibitors differentially affect in vivo angiogenesis, depending on the mechanism by which they inhibit plasmin activity.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Angiogenesis is the growth of new capillary sprouts from
preexisting vasculature in response to angiogenic stimuli.
Angiogenesis is normally observed during embryonic devel-
opment, female reproductive cycle, wound healing, organ
formation, tissue regeneration and remodeling. However,
sustained angiogenesis can be seen in pathological condi-
tions such as inflammation, tumor growth and diabetic
retinopathy (Carmeliet and Jain, 2000). Production of pro-
teinases and the subsequent degradation of basement mem-
brane is an essential component of angiogenesis and has
consistently been implicated in endothelial cell migration
and invasion (Pepper et al., 1996, 2001a).

Urokinase-type (uPA) and tissue-type (tPA) plasminogen
activators are serine proteinases that convert the inactive
pro-enzyme plasminogen to the active enzyme plasmin,
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which in turn degrades some components of the extracel-
lular matrix such as fibrin, proteoglycans, laminin and
fibronectin (Pepper, 2001a). Furthermore, plasmin activates
several matrix metalloproteinases (MMPs) (Pepper, 2001a),
resulting in the release of endogenous matrix-bound growth
factors (Ribatti et al., 1999). Finally, plasmin and/or plasmi-
nogen activators have been implicated in the production of
angiostatin and angiostatin-related proteins (Soff, 2000).
Angiostatin is a kringle-containing fragment that can be
generated by proteolytic cleavage of plasmin or plasmino-
gen. Different proteinases may yield different isoforms of
angiostatin due to different proteolytic cleavage sites (Dong
et al., 1997; Gately et al., 1997; Patterson and Sang, 1997;
Cornelius et al., 1998; O’Reilly et al., 1999; Morikawa et
al., 2000; Soff, 2000). Several MMPs can cleave plasmi-
nogen (Patterson and Sang, 1997; Cornelius et al., 1998;
O’Reilly et al., 1999) and even plasmin itself undergoes
auto-proteolysis to yield angiostatin (Falcone et al., 1994;
Soff, 2000). Angiostatin is a potent inhibitor of angio-
genesis in vivo and of endothelial cell proliferation and
migration in vitro and is considered an endogenous mod-
ulator of tumor angiogenesis (Gately et al., 1997; Cornelius

0014-2999/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0014-2999(02)02868-6



2 M. Hatziapostolou et al. / European Journal of Pharmacology 460 (2003) 1-8

et al., 1998; Ji et al., 1998; Hari et al., 2000; Soff, 2000).
Recent studies have indicated that angiostatin can be
produced in non-neoplastic conditions (Soff et al., 1999),
reflecting a possible regulatory role also in physiological
angiogenesis.

In the present work, we examined the effect of two
plasmin inhibitors, e-aminocaproic acid and o;,-antiplasmin,
on physiological angiogenesis. e-Aminocaproic acid mimics
the side chain of lysine and interacts with “lysine binding
sites” at the kringle domains of both plasminogen and
plasmin (Lerch et al., 1980). Through interactions with
these sites, e-aminocaproic acid disrupts the binding of
plasmin to fibrin (Lin et al., 2000) and to the cell surface
(Miles and Plow, 1985; Silverstein et al., 1988; Gonias et
al., 1989). The serpin a,-antiplasmin is the primary endog-
enous inhibitor of soluble plasmin activity (Collen, 1980).
We found that e-aminocaproic acid and o,-antiplasmin
exhibit differential effects on angiogenesis in the in vivo
chicken embryo chorioallantoic membrane assay, as well as
on the proliferation, migration and differentiation of endo-
thelial cells derived from human umbilical veins. These
differences may be due to the different effects of the
inhibitors on angiostatin production.

2. Materials and methods
2.1. Cell culture

Human umbilical vein endothelial cells were isolated
from human umbilical cords and cultured as previously
described (Pipili-Synetos et al., 1998). The cells were grown
as monolayers in medium M199 supplemented with 15%
fetal calf serum, 200 pg/ml endothelial cell growth supple-
ment, 4 U/ml heparin sodium, 100 U/ml penicillin—strepto-
mycin and 50 pg/ml gentamycin and were used at passages
1-5. Cultures were maintained at 37 °C, 5% CO, and 100%
humidity.

2.2. Cell proliferation assay

In order to determine if the plasmin inhibitors affect the
proliferation of human umbilical vein endothelial cells, the
3-[4, 5-dimethylthiazol-2-yl]-2,5-dimethyltetrazolium bro-
mide (MTT) assay was used, as previously described
(Papadimitriou et al., 2000). Briefly, cells were seeded at
a density of 2 x 10* cells/well in 48-well tissue culture
plates in medium supplemented with 5% fetal calf serum.
The plasmin inhibitors (Sigma, Athens, Greece) were
added to the medium at different concentrations and the
number of cells was measured after 48 h. MTT stock (5
mg/ml in phosphate-buffered saline, PBS) at a volume
equal to 1/10 of the medium was added and plates were
incubated at 37 °C for 2 h. The medium was removed, the
cells were washed with PBS pH 7.4 and 100 pl acidified
isopropanol (0.33 ml HCI in 100 ml isopropanol) was

added to each well and agitated thoroughly in order to
solubilize the dark blue formazan crystals. The solution
was transferred to 96-well plates and immediately read on a
microplate reader (Biorad, Hercules, CA, USA) at a wave-
length of 490 nm.

2.3. Boyden chamber assay

Migration assays were performed as previously described
(Papadimitriou et al., 2001) in a 24-well microchemotaxis
chamber (Costar) using untreated polycarbonate membranes
with 8-pm pores. Human umbilical vein endothelial cells
were harvested and resuspended at a concentration of 10°
cells/0.1 ml in medium containing 0.25% bovine serum
albumin. The bottom chamber was filled with 0.6 ml of
medium containing 0.25% bovine serum albumin and plas-
min inhibitors. The upper chamber was loaded with 10°
cells and incubated for 4 h at 37 °C. After completion of the
incubation, the filters were fixed with saline-buffered for-
malin and stained using DiffQuick. The cells that migrated
through the filter were quantified by counting the whole
area of each filter, using a grid and an Optech microscope at
a 20 X magnification.

2.4. Matrigel tube formation assay

The tube formation assay was performed as previously
described (Papadimitriou et al., 2001). Briefly, matrigel was
used to coat the wells of 96-well plates (0.04 ml/well) and
was left to polymerize for 1 h at 37 °C. After polymer-
ization, 15,000 cells suspended in 0.15 ml of medium
supplemented with 5% fetal calf serum were added to each
well. The inhibitors of plasmin were added to the corre-
sponding wells simultaneously with the cells. After 6 h of
incubation, the medium was removed, the cells were fixed
and the length of the tube network was measured in the total
area of the well, as previously described (Pipili-Synetos et
al., 1998).

2.5. Chorioallantoic membrane assay

The in vivo chicken embryo chorioallantoic membrane
angiogenesis model was used, as previously described
(Papadimitriou et al., 2001; Giannopoulou et al., 2001).
Leghorn fertilized eggs (Pindos, loannina, Greece) were
incubated for 4 days at 37 °C, when a window was opened
on the egg shell, exposing the chorioallantoic membrane.
The window was covered with tape and the eggs were
returned to the incubator. Substances tested were diluted in a
final volume of 20 pl H,O and applied at the ninth day of
embryo development on an area of 1 cm?® of the chorioal-
lantoic membrane, restricted by a plastic ring. In order to
evaluate the effect of each substance, 48 h after treatment
and subsequent incubation at 37 °C, chorioallantoic mem-
branes were fixed in situ, excised from the eggs, placed on
slides and left to air-dry. Pictures were taken through a
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stereoscope equipped with a digital camera and the total
length of the vessels was measured, as previously described
(Papadimitriou et al., 2001). Assays for each tested agent
were carried out three times and each experiment contained
10-20 eggs per data point.

For the biochemical studies, different doses of each agent
were applied on the chorioallantoic membrane and after
different time periods of incubation at 37 °C, the chorioal-
lantoic membranes were excised, cut in pieces, washed three
times in PBS pH 7.4 and stored at —20 °C until used
(Giannopoulou et al., 2001).

2.6. Western blot analysis of angiostatin

Chorioallantoic membrane tissues were homogenized in
lysis buffer (10 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1
mM phenyl—methyl—sulfonyl fluoride, 1 pg/ml aprotinin,
1% Triton X-100) and agitated for 4 h at 4 °C. The lysates
were then centrifuged at 20,000g for 30 min at 4 °C. The
total protein concentration of the supernatants was deter-
mined using the Bradford assay and 1 mg of total protein
was diluted up to 10 ml with 20 mM HEPES, pH 7.4 and
incubated on a rotator with 100 pul lysine—Sepharose beads
(PharmaciaBiotech, Sweden) overnight at 4 °C. The beads
were washed three times with 20 mM HEPES, pH 7.4, and
then boiled in Laemmli loading buffer for 5 min (Stathakis
et al., 1997). The extracted proteins were analyzed on 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
mini gels and transferred to Immobilon P membranes.
Blocking was performed by incubating the polyvinylidene
difluoride membranes with 5% (w/v) nonfat dry milk in
Tris-buffered saline (TBS), pH 7.4, overnight at 4 °C
under continuous agitation. The membranes were incubated
with anti-angiostatin (Alpha Diagnostic International, San
Antonio, TX, USA) at a dilution of 1:1250 in 3% (W/v)
nonfat dry milk in TBS, 0.05%, Tween-20 (TBS-T) for 1 h
at room temperature under continuous agitation and then
with horseradish peroxidase conjugated goat anti-rabbit
immunoglobulin G (Sigma) at a dilution 1:2500 in 3%
(w/v) nonfat dry milk in TBS-T for 1.5 h at room temper-
ature under continuous agitation. Detection of immunor-
eactive bands was performed by Super Signal West Pico
substrate (Pierce, Rockford, IL, USA), according to the
manufacturer’s instructions. The protein levels that corre-
sponded to the immunoreactive bands were quantified
using the image PC analysis software (Scion, Frederick,
MD, USA).

2.7. Colorimetric assay for the determination of active
plasmin

Leghorn fertilized eggs (Pindos, Greece) were incubated
at 37 °C and at different developmental stages, chorioallan-
toic membrane tissue was excised from the eggs. The tissues
were washed in PBS, pH 7.4, cut in pieces and centrifuged
at 5000g for 5 min at 4 °C. Each pellet was homogenized in

lysis buffer (0.1 M Tris—HCI, pH 7.4) and then homogenates
were centrifuged at 20,000¢ for 20 min at 4 °C. Total protein
concentration was determined in the supernatants and 100 pg
of total protein from each sample were diluted in 200 pl lysis
buffer, placed in the wells of a 96-well microplate and
incubated at 37 °C for 1 h with the plasmin substrate
Val-Leu-Lys-p-nitroanilide (0.6 mM/well) (Sigma). Sub-
strate cleavage was determined by monitoring the absorb-
ance at 405 nm using a microplate reader (Biorad). The
amounts of active plasmin in each sample (mU/mg of total
protein) were determined using a standard curve with
purified plasmin (Sigma) (Gately et al., 1997; Giannopou-
lou et al., in press).

2.8. Detection of apoptosis on CAM paraffin sections

CAM tissues were excised from the eggs 24 h after
application of plasmin inhibitors, washed in PBS, fixed in
saline-buffered formalin, dehydrated and embedded in par-
affin. Sections were cut at 4 pm thickness and placed on
positively charged glass slides. Apoptosis was studied on
CAM paraffin sections using a commercially available
apoptosis kit (APOPTOS-L.S., Ylem, Roma, Italy) accord-
ing to the manufacturer’s instructions. Briefly, the slides
were incubated with proteinase K for 15 min at room
temperature, washed in double-distilled water twice for 5
min each and were covered with peroxidase blocking
solution. After 20 min, the slides were washed in double-
distilled water twice and sections were preincubated for
equilibration in TdT buffer (30 mM Tris—HCl, 140 mM Na
cacodylate, 1 mM cobalt chloride, pH 7.2) for 10 min at
room temperature. For elongation and labeling of 3’-OH
DNA termini, each section of the slide was incubated with
50 pl of reaction mixture, containing TdT enzyme and
biotinylated dUTP in TdT buffer for 60 min at 37 °C.
The reaction was stopped by transferring the slides in PBS
for 5 min at room temperature and the slides were covered
with blocking solution for 10 min at room temperature. For
detection of poly-dUTP-biotin complexes, the sections
were incubated with diluted streptavidin-conjugated perox-
idase for 30 min at room temperature. Then, the slides were
washed twice for 5 min each in PBS pH 7.4 and covered
with freshly prepared DAB solution. After 20 min, the slides
were washed with distilled water, counterstained with hae-
matoxylin, mounted in mounting fluid, viewed in Zeiss
microscope and photographed using a digital camera (Gian-
nopoulou et al., in press).

2.9. Statistical analysis

The significance of variability between the results from
each group and the corresponding control was determined
by unpaired #-test. Each experiment included triplicate
measurements for each condition tested, unless otherwise
indicated. All results are expressed as means + S.E.M. from
at least three independent experiments.
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3. Results

3.1. Effect of plasmin inhibitors on the in vivo formation of
new blood vessels

In the present work, we studied if plasmin plays a role in
embryonic angiogenesis in vivo in the chicken embryo
chorioallantoic membrane.

Initially, we studied if there is plasmin activity in the
chicken embryo chorioallantoic membrane. As shown in
Fig. 1, plasmin was endogenously produced by chorioallan-
toic membrane cells and its activity was maximal between
Days 6 and 9 of embryo development, after which it
progressively declined.

We then studied whether the plasmin inhibitors a,-
antiplasmin and e-aminocaproic acid affect physiological
angiogenesis in the in vivo chicken embryo chorioallantoic
membrane. As shown in Fig. 2, a,-antiplasmin induced
angiogenesis in a dose-dependent manner, reaching a stim-
ulation of 35 + 3% compared to control at the dose of 4
pmol/cm®. In contrast, e-aminocaproic acid inhibited the
formation of new blood vessels in a dose-dependent manner,
reaching an inhibition of 45.7 & 3% compared to control at
the dose of 2 nmol/cm?. The effect of e-aminocaproic acid
was not due to toxicity, as verified on chorioallantoic
membrane paraffin sections stained with eosin—haematox-
ylin (data not shown) or treated with a kit for in situ
detection of apoptosis (Fig. 2C).

3.2. Effect of plasmin inhibitors on human umbilical
vein endothelial cell proliferation, migration and tube
formation

Endothelial cells are the main cellular component of

the vessel wall and have important roles in the process
of angiogenesis. In order to elucidate whether and how
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Fig. 1. Chorioallantoic membrane plasmin activity during chicken embryo
development. Results are expressed as means = S.E.M. from three in-
dependent experiments. Asterisks denote a statistically significant differ-
ence (unpaired #-test) from plasmin activity at the ninth day of embryo
development. *P<0.05, ***P<0.001.
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Fig. 2. Effect of plasmin inhibitors on the number of vessels in the chicken
embryo chorioallantoic membrane. (A) Different doses of the inhibitors
were applied on the chorioallantoic membrane and 48 h later, the number of
vessels was estimated using image analysis software. Results are expressed
as means = S.E.M. of the percent change of number of vessels in treated
compared to the untreated tissue. Asterisks denote a statistically significant
difference (unpaired #-test) from the untreated tissue. **P<0.01,
*¥*#%P<0.001. (B) Representative pictures showing the vessel network of
the chicken embryo chorioallantoic membrane after treatment with plasmin
inhibitors. (A) Control, (B) a,-antiplasmin (4 pmol/cm?), (C) control and
(D) e-aminocaproic acid (2 nmol/cm?). (C) CAM paraffin sections treated
with an in situ apoptosis detection kit. Sections were counterstained with
haematoxylin. C, control; E: tissue treated with e-aminocaproic acid
(2 nmol/cm?). Arrows indicate apoptotic cells (magnification 40 x).
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e-aminocaproic acid and os-antiplasmin affect different
functions of endothelial cells, we studied the effect of the
plasmin inhibitors on human umbilical vein endothelial cell
proliferation, migration and tube formation on matrigel.

As shown in Fig. 3, ay-antiplasmin increased, while e-
aminocaproic acid decreased the number of human umbil-
ical vein endothelial cells in a concentration-dependent
manner. In the same line, a,-antiplasmin significantly in-
duced (67 £ 7%, increase compared to control) and e-
aminocaproic acid significantly inhibited (31 £ 7%, de-
crease compared to control) migration of human umbilical
vein endothelial cells (Fig. 4).

As shown in Fig. 5, ap-antiplasmin significantly induced
tube formation on matrigel in a concentration-dependent
manner. At the concentration of 20 nM, it caused an
11+ 0.7, and at the concentration of 200 nM, a 59 + 10%
increase compared to control cells. On the contrary, e-
aminocaproic acid significantly inhibited tube formation
(45 £+ 8% decrease compared to control cells, at the con-
centration of 0.1 M).

*%

% Change of control
=
1

20
a,,-antiplasmin (nM)

EACA (M)

-30 4
-40

-50 4

% Change of control

-60 -

*kk

-70-

Fig. 3. Effect of plasmin inhibitors on the proliferation of human umbilical
vein endothelial cell. Different doses of the inhibitors were applied on
human umbilical vein endothelial cell and 48 h later, the number of the cells
was estimated with the colorimetric MTT assay as described in Section 2.
Results are expressed as means + S.E.M. of the percent change compared
to the untreated cells. Asterisks denote a statistically significant difference
(unpaired #-test) from the untreated cells. **P<0.01, ***P<0.001.
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Fig. 4. Effect of plasmin inhibitors on the migration of human umbilical
vein endothelial cell. Migration was measured by using the Boyden
chamber assay, as described in Section 2. Results are expressed as
means = S.E.M. of the percent change compared to the untreated cells.
Asterisks denote a statistically significant difference (unpaired #-test) from
the untreated cells. **P<0.01.

3.3. Effect of plasmin inhibitors on angiostatin protein
amounts in the chicken embryo chorioallantoic membrane

Serine proteinases and metalloproteinases have recently
been reported to be involved in the generation of angio-
genesis inhibitors, such as angiostatin (Soff, 2000), which is
an internal fragment of plasminogen or plasmin. Angiostatin
has been implicated in the control of pathological angio-
genesis (Gately et al., 1997), while it is not clear whether it
is also a regulator of physiological angiogenesis. In the
present work, we examined whether angiostatin is generated
in the chicken embryo chorioallantoic membrane during
physiological angiogenesis and if the plasmin inhibitors -
antiplasmin and e-aminocaproic acid affect angiostatin pro-
tein levels.

% Change of control

EACA o,-antiplasmin
(0.1M) (200 nM)

Fig. 5. Effect of plasmin inhibitors on tube formation on matrigel. The cells
were fixed and the length of the tube network was estimated using image
analysis software. Results are expressed as means = S.E.M. of the percent
change compared to the untreated cells. Asterisks denote a statistically
significant difference (unpaired #-test) from the untreated cells. *P<0.05,
**P<0.01.
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As shown in Fig. 6A, several isoforms of angiostatin
were detected in the chicken embryo chorioallantoic mem-
brane (T), as well as in the protein extract of chicken
embryo chorioallantoic membrane blood cells (B). The most
predominant bands recognized by the anti-angiostatin anti-
body used, corresponded to peptides with molecular weights
66, 57, 45, 38 and 25 kDa. The bands of 66 and 35 kDa
most likely correspond to the heavy and light chains of
plasmin (Wiman, 1981). Isoforms of angiostatin of several
molecular weights have extensively been described in the
literature (Soff, 2000). We chose to estimate the effect of the
two plasmin inhibitors on the two best-described isoforms
of angiostatin, 45 and 38 kDa.

op-Antiplasmin and e-aminocaproic acid differentially
affected angiostatin protein levels in the chicken embryo
chorioallantoic membrane. The tested agents were applied
on a 1-cm? area of the chorioallantoic membrane, restricted
by a plastic ring, at the ninth day of embryo development

A

116 kDa =——p-

66 kD2 =——p- - -

57 kDa —»
45 kDa m——p-
38 kDa —p e I8
25 kDa =—p
T B
B 40 -
*kk
bz 45 kDa
304 p B 38 kDa

% Change of control
o
1

30+ rx *kk
EACA a,-antiplasmin
2 nmol/cmg) 4 pmol/cmz)

Fig. 6. (A) Representative picture of Western blot analysis of chorioallan-
toic membrane protein extracts for angiostatin. T: tissue protein extract, B:
chicken embryo blood protein extract. (B) Effect of the inhibitors of
plasmin on angiostatin protein levels 24 h after substance application on
chicken embryo chorioallantoic membrane. The 45- and 38-kDa angiostatin
protein amounts were quantified by densitometric analysis of the
corresponding bands in each lane. Results are expressed as means + S.E.M.
of the percent change of the amounts of the proteins, compared to the
untreated tissues. Asterisks denote a statistically significant difference
(unpaired #-test) from the untreated tissues. **P<0.01, ***P<0.001.

and after 24 h, 45 and 38 kDa angiostatin protein levels
were estimated by Western analysis of chorioallantoic
membrane protein extracts, as described in Section 2. As
shown in Fig. 6B, a,-antiplasmin reduced the amounts of
both isoforms of angiostatin measured. On the other hand, -
aminocaproic acid significantly increased the amounts of
angiostatin. At the lower dose used (0.2 nmol/cm?), it
increased only the 45-kDa isoform by 31 £ 5% compared
to the control, while at the dose of 2 nmol/cmz, it increased
both measured isoforms of angiostatin (Fig. 6B).

4. Discussion

The notion that the plasminogen activator (PA)/plasmin
system plays an important role in fibrinolysis, tissue remod-
eling, tumor invasion, metastasis and angiogenesis has been
supported by data published from several groups (Andrea-
sen et al., 1997; Pepper, 2001b). Through proteolytic
activity, plasmin can generate several proteins which have
either pro- or anti-angiogenic functions (Andreasen et al.,
2000) and its involvement in the formation of new blood
vessels may depend on the balance between plasmin and
other components of the extracellular environment.

In the present work, we studied the involvement of
plasmin in physiological angiogenesis in the chicken
embryo chorioallantoic membrane. We found that there is
a developmentally regulated plasmin activity in this tissue,
reaching maximum levels at the ninth day of embryo
development, when angiogenesis and endothelial cell pro-
liferation and migration are maximal (Ausprunk et al.,
1974). Most of the literature concerning the role of plasmin
in angiogenesis considers plasmin as a pro-angiogenic
molecule (Pepper, 2001b). However, plasmin may also
negatively regulate angiogenesis, through its participation
in the production of angiostatin or angiostatin related
proteins (this study and Andreasen et al., 2000). A possible
antiangiogenic action of the PA/plasmin system is also
supported by data showing that in vivo, plasminogen
activator inhibitor 1 is proangiogenic at physiological con-
centrations (Devy et al., 2002) and high levels of plasmi-
nogen activator inhibitor 1 are predictive of poor survival
prognosis for patients suffering from a variety of different
cancers (Pedersen et al., 1994a,b).

As mentioned above, components of the PA/plasmin
system are involved in the production of angiostatin in
several tumor cells (Gately et al., 1997; Andreasen et al.,
2000). Until recently, angiostatin was considered as a
molecule being produced by tumors and implicated in
inhibition of tumor angiogenesis and metastasis (Soff,
2000). However, the demonstration that angiostatin is also
produced by macrophages during inflammation (Falcone et
al., 1998) raised possibilities that it is also involved in non
neoplastic conditions. Later studies showed that angiostatin
is present in normal human plasma at concentrations 6—12
nM (Soff et al., 1999) and is implicated in prevention of
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neovascularization in the hypoxic closed-eye environment
(Sack et al., 1999). It seems likely that angiostatin plays an
important role as a regulator of both physiological and
pathological angiogenesis. In the present work, we detected
several isoforms of angiostatin during physiological angio-
genesis in the chicken embryo chorioallantoic membrane,
where it has been shown to inhibit angiogenesis (Cao et al.,
1999; Kisker et al., 2001; Scapini et al., 2002).

Angiostatin is well known to inhibit endothelial cell
proliferation, migration and tube formation and to induce
endothelial cell apoptosis (Ji et al., 1998; Hari et al., 2000).
However, besides its effects on endothelial cells, the in vivo
effects of angiostatin may be also due to its effects on blood
cells. It has been suggested that neutrophils is a key cellular
target for angiostatin, which inhibits their migration and
neutrophil-mediated angiogenesis (Benelli et al., 2002).
Moreover, neutrophils and macrophages generate angiosta-
tin as a by-product of their secreted enzymes (Falcone et al.,
1998; Scapini et al., 2002). Inflammatory cells seem to play
a significant role in chorioallantoic membrane angiogenesis
through inducible nitric oxide synthase production (Pipili-
Synetos et al., 2000; Giannopoulou et al., 2002) and protein
tyrosine nitration (Giannopoulou et al., 2002). Angiostatin
in the chorioallantoic membrane is produced, at least to a
significant extent, by chorioallantoic membrane blood cells
(Fig. 6A).

In order to clarify the role of plasmin in chicken embryo
chorioallantoic membrane angiogenesis, we used the plas-
min inhibitors o,-antiplasmin and e-aminocaproic acid.
Contrary to what was expected, a,-antiplasmin, which is
the primary endogenous inhibitor of plasmin activity (Col-
len, 1980), induces new vessel formation in vivo and
endothelial cell activation in vitro. This induction is possibly
due to decreased production of angiostatin from plasmin or/
and plasminogen. On the other hand, e-aminocaproic acid,
which mimics the side chain of lysine (Lerch et al., 1980;
Lin et al., 2000), inhibits angiogenesis in vivo and in vitro.
This inhibition correlates with increased production of
angiostatin in the chicken embryo chorioallantoic membrane
and decreased production of MMP-2 by endothelial cells
(data not shown).

The mechanism(s) through which the two plasmin inhib-
itors differentially affect angiostatin generation is unclear. e-
Aminocaproic acid does not affect the catalytic activity of
plasmin (Lerch et al., 1980) and does not perturb angiostatin
formation from (auto)proteolysis of plasmin (Stathakis et
al., 1997), but inhibits the binding or dissociates plasmin
and plasminogen from the cell surface (Miles and Plow,
1985; Silverstein et al., 1988; Gonias et al., 1989; Humph-
ries et al., 1993). An increase of soluble active plasmin after
treatment of chorioallantoic membrane cells with €-amino-
caproic acid may lead to increased production of angiostatin
through auto-proteolysis of plasmin or degradation of plas-
minogen by plasmin. o,-Antiplasmin, on the other hand,
inhibits the activity of soluble plasmin and, thus, leads to
decreased production of angiostatin. Aprotinin, which also

inhibits plasmin catalytic activity, has similar to o,-anti-
plasmin effects on human umbilical vein endothelial cell
functions and on chorioallantoic membrane angiogenesis
(data not shown).

An alternative mechanism for the inhibitory effects of e-
aminocaproic acid on endothelial cells may concern plasmin
binding to the integrin o, ;. It has recently been shown that
plasmin-induced migration of endothelial cells requires
o, B3 (Tarui et al., 2001). The binding of plasmin to o, B3
is through its kringles (Tarui et al., 2002) and can be
inhibited by e-aminocaproic acid. o,-Antiplasmin does not
significantly affect binding of plasmin on the cell surface
(Hall et al., 1991; Humphries et al., 1993).

In summary, the present data suggest that a,-antiplasmin
and e-aminocaproic acid, which inhibit plasmin via different
mechanisms, differentially affect angiostatin production and
angiogenesis in vivo and in vitro. These results should be
considered during the experimental or clinical use of plas-
min inhibitors and, moreover, elaborate a possible antian-
giogenic role of plasmin in vivo through generation of
angiostatin.
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