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Characterization of Events Associated With
Apoptosis/Anoikis Induced by Snake Venom
Metalloproteinase BaP1 on Human Endothelial Cells

Cecilia Dı́az,1,2* Lorena Valverde,1 Oscar Brenes,1 Alexandra Rucavado,1 and José Marı́a Gutiérrez1
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Abstract Human endothelial EA.hy926 cells were incubatedwith BaP1, a hemorrhagicmetalloproteinase purified
from Bothrops asper snake venom. Since the first hour of incubation with the proteinase, cells started showing DNA
fragmentation, detected by a terminal deoxynucleotidyl transferase-mediated dUDP nick-end labeling (TUNEL)-based
photometric enzyme-linked immunosorbent assay (ELISA). At later times, DNA fragments were predominantly located
outside the cells, evidencing plasma membrane rupture. DNA fragmentation was completely abolished by Batimastat,
a potent inhibitor of metalloproteinase enzymatic activity. Apoptosis induced by BaP1 on endothelial cells was
independent of two Bcl-2 family members (anti-apototic Bcl-xL and pro-apoptotic Bax), that did not show any changes in
their expression during a 24 h-treatment period. Interestingly, IkBa, an inhibitor of NFkB, decreased after 24 h of
treatment, suggesting further activation of the transcription factor.When someelements of the apoptotic extrinsic pathway
were assessed, it was observed that procaspase-8 completely disappeared after 24 h of treatment with BaP1, probably
indicating its activation by a death receptor, whereas caspase-8 inhibitor, cellular FLICE-inhibitory protein (cFLIPL),
increased its expression since the first hours of BaP1 incubation. In conclusion, treatment of human endothelial cells with
BaP1 induces apoptosis/anoikis, independently of Bcl-2 family members Bax and Bcl-xL and associated with caspase-8
activation and cFLIPL up-regulation. Apoptosis was completely dependent on BaP1 enzymatic activity. Similarities
between this and other endothelial cell anoikis-related systems suggest that BaP1 and other snake venom metallo-
proteinases may be useful experimental tools in the study of death-related events that occur when adherent cells loose
contact with extracellular matrix. J. Cell. Biochem. 94: 520–528, 2005. � 2004 Wiley-Liss, Inc.
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Anoikis is a poorly characterized form of
apoptosis that occurs when adherent cells lose
their integrin-mediated attachment to the ex-
tracellular matrix (EM) [Meredith et al., 1993;
Grossman, 2002]. Anoikis has been associated

with the activation of the extrinsic apoptotic
pathway, which in endothelial cells is likely to
occur by a Fas-mediated mechanism [Aoudjit
and Vuori, 2001]. Endothelial cell detachment
from the matrix results in an increase of cell
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surface Fas expression and down-regulation of
cellular FLICE-inhibitory protein (cFLIP), an
endogenous caspase-8 inhibitor, further sup-
porting the concept that the extrinsic apoptotic
pathway is involved in this event.
Twomodel systemshavebeen commonlyused

in the study of detachment induced apoptosis:
(a) treatment with proteinases, such as trypsin,
for various time intervals, and (b) culturing
adherent cells on hydrogels such as poly(2-
hydroxyethyl methacrylate), known as poly-
HEMA. In the first case, treatment with
proteinases leads to a complete detachment
from EM, together with degradation of proteins
from plasma membranes and EM. This system
has the problem that proteinases such as tryp-
sin are strongly inhibited by serum compo-
nents. Therefore, culture conditions have to be
adjusted in order to reduce this effect, with
the consequence that long-term incubation in
serum-deprived conditions favors apoptosis
associated with the withdrawal of growth
factor-dependent survival signals. The second
model consists in avoiding cell attachment after
trypsin treatment by covering the plates with
hydrogels, substances that do not allow cell
adherence. These are highly artificial condi-
tions for the cells in terms of interactions with
EM, and are likely to induce unknown effects
due to the charge of these substrata. Culturing
fibroblasts in poly-HEMA, for example, decre-
ases mRNA synthesis and collagen production
and causes complete inhibition of cell prolifera-
tion [Peluso et al., 1997]. Hence, there is a need
to develop new experimental models of anoikis
in order to further explore the mechanisms
behind this type of cellular death.
Zinc-dependent metalloproteinases comprise

a wide group of enzymes present in many
biological fluids [Maskos and Bode, 2003]. Some
of them, such as matrix metalloproteinases
(MMPs), cleave various EM proteins and exert
a number of relevant physiological roles by
releasing peptides from endogenous proteins
and by revealing cryptic sites [Blobel, 2000].
Another group of metalloproteinases, the pro-
teins with a disintegrin and a metalloprotease
domain (ADAMs), exert diverse roles in cell–
cell interactions and in shedding of membrane
proteins, thereby releasing biologically active
peptides [White, 2003]. The enzyme ADAM-17,
also known as tumor necrosis factor alpha
(TNFa)-converting enzyme (TACE), releases
active TNFa from its membrane precursor

[White, 2003]. Snake venommetalloproteinases
(SVMPs), on the other hand, are able to cleave
soluble TNFa in vitro [Moura da Silva et al.,
1996; Clissa et al., 2001]. ADAMs and SVMPs
comprise the group of ‘reprolysins,’ which share
a similar multi-domain organization character-
ized by the presence of a metalloproteinase
domain followed by disintegrin-like and cystei-
ne-rich domains and, in the case of ADAMs, by
additional domains including a transmembrane
region [Stone et al., 1999]. Some SVMPs con-
tain metalloproteinase, disintegrin-like and
cysteine-rich domains, whereas others only dis-
play the metalloproteinase domain [Bjarnason
and Fox, 1994]. Taking into account the simila-
rities between some endogenous metalloprotei-
nases and SVMPs, the lattermay become useful
tools in the study of metalloproteinase-induced
cell detachment leading to apoptosis.

Previous communications have demonstrat-
ed that apoptosis is induced in endothelial
cells upon incubation with SVMPs [Masuda
et al., 2000, 2001; Wu et al., 2001; Araki et al.,
2002; Wu and Huang, 2003; You et al., 2003].
In some of these cases, apoptosis did not
occur when proteolytic activity was inhibited
[Araki et al., 2002], whereas in other cases
such as with a multi-domain SVMP from the
venom of Gloydius halys, inhibition of catal-
ysis did not completely abrogate the apoptotic
effect [You et al., 2003]. However, the mechan-
ism of SVMP-induced apoptosis remains poorly
characterized. BaP1 is a SVMP, composed by
the metalloproteinase domain only, present
in the venom of the pit viper Bothrops asper,
the most important snake from the medical
standpoint in Central America and southern
México [Watanabe et al., 2003]. BaP1 is highly
abundant in this venom [Gutiérrez et al.,
1995] and induces a number of relevant pathol-
ogical effects, including hemorrhage, myon-
ecrosis, edema, blistering, dermonecrosis, and
inflammation [Rucavado et al., 1995, 1998,
2002; Farsky et al., 2000].

The aim of this work is to characterize
apoptotic events associated with the effect of
SVMP BaP1 on endothelial cells in terms of
the type of cell death pathway triggered and
some of the molecules involved in the process,
and to correlate these findings with other
reported events that occur during endothelial
cell-induced anoikis, in the search for new
tools to study the interactions between cells
and EM.
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MATERIALS AND METHODS

Reagents and Antibodies

Dulbecco essential medium, fetal bovine
serum and 3-(4,5-dimethyl-2-thiazolyl(-2,5-dip-
henyl-2H-tetrazolium bromide) (MTT) were
obtained from Sigma Chemical Co. (St. Louis,
MO). Antibodies against Bcl-xL (H5, sc-8392),
Bax (B9, sc-7480), and IkBa (C-21, sc-371) were
obtained from Santa Cruz (San Diego, CA).
Antibodies against caspase-8 (AB1879), and
cFLIP (AB16963)were obtained fromChemicon
International (Temecula, CA).Horseradish per-
oxidase-conjugated anti-mouse and anti-rabbit
whole IgGwas purchased fromJackson Immuno-
Research Laboratories, Inc. (West Grove, PA).
Cellular DNA Fragmentation enzyme-linked
immunosorbent assay (ELISA) (Cat. No.
1585045) was obtained from Roche Molecular
Biochemicals (Mannheim,Germany).BaP1was
purified according to Gutiérrez et al. [1995].
British Biotech Pharmaceuticals Ltd. kindly
provided Batimastat.

Cell Culture and Treatment

Human vascular endothelial cells EA.hy926
(donated by Dr. Jorg Hacker, University of
Wurzburg, Germany) were maintained in Dul-
becco essential medium supplemented with
10% fetal bovine serum, 2 mmol/L glutamine,
100 IU/ml penicillin, and amphotericin B in a
378C humidified incubator under an atmo-
sphere of 7% CO2 in air. For the experiments,
cells were plated on 96-well plates to confluence
and were allowed to adhere overnight. Various
concentrations of BaP1were added to the plates
containing confluent cellmonolayers in 100 ml of
fresh medium and were incubated for different
time periods as indicated in the figures. Before
using, Batimastat was dispersed by sonication
in phosphate-buffered saline (PBS) solution, pH
7.2 containing 0.01% Tween-80 detergent at a
final concentration of 2 mM. Inhibition experi-
ments were done with 160 mM Batimastat.

Assessment of Cytotoxicity by MTT Assay

Cells were treated with increasing concen-
trations of BaP1 during three time periods
(1, 4, and 5 days). Then, 10 ml of MTT reagent
(5 mg/ml in PBS) was added to the culture
medium and, after 2 h at 378C, medium was
carefully removed (without collecting any of the
detaching cells) and 100 ml of 95% ethanol was
added to the wells to dissolve the formazan

crystals. Absorbances were read at 570 nm and
results were expressed as viability percentages,
using samples incubated with PBS as 100%
viability value.

Assessment of Apoptosis by the Photometric
ELISA for Detection of BrdU-Labeled

DNA Fragments

Briefly, cells were removed from the plates
with trypsin–ethylenediamine-tetraacetic acid
(EDTA) solution and labeled for 4–6 h with 50-
bromo-20-deoxy-uridine (BrdU) at 378C. After
removing the medium containing BrdU, cells
were plated and allowed to adhere overnight.
After addition of 200 mg/ml of BaP1 for different
time intervals, supernatants were carefully
collected (without removing the cells) and kept
at �708C for no more than 3 days. Cells were
lysed with the appropriate solution for 30 min
and the extracts were removed and kept also at
�708C. The ELISA was performed according to
themanufacturer’s instructions and the results
are expressed as absorbance at 450 nm.

Western Blot Analysis

After treatment with BaP1 (200 mg/ml), endo-
thelial cells were removed from the plates,
resuspended in buffer (50 mmol/L Tris-HCL,
150 mmol/L NaCl, pH 8.0) and sonicated for 1–
2 min on ice. After measuring protein concen-
tration, equal amounts of protein from extracts
were separated using 11 or 15% polyacrylamide
gels (depending on the molecular mass of the
protein to be detected) by sodium duodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS–
PAGE) and transferred onto nitrocellulose
membranes. Blots were blocked with 2% dried
milk and incubated for 2 h with the primary
antibodies at concentrations of 1:100 or 1:200.
After washings, blots were incubated with per-
oxidase-conjugated anti-mouse and anti-rabbit
IgG for two additional hours at concentrations
of 1:2,000 (anti-mouse) and 1:3,000 (anti-rabbit).
Blots were developed adding 2 mg/ml 4-chlor-
onaphtol in 0.02 M Tris, 0.5 M NaCl, pH 7.5
(containing 0.025% H2O2).

Statistical Analysis

The Student’s t-test was performed to deter-
mine the significance of the differences between
means of two experimental groups in the DNA
fragmentation tests (time–response curve)
using Systat 9.0 Statistics Program.Whenmore
than two groups were compared a two-way
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ANOVA was applied, followed by Tukey–
Kramer comparison of pairs of means.

RESULTS

Cytotoxicity Induced
by BaP1 on Endothelial Cells

According to theMTTassay, cells were highly
resistant to BaP1, since during a 24 h period of
incubation with various proteinase concen-
trations, no significant toxicity was detected
(Fig. 1). After 4 and 5 days of treatment, a dose-
dependent cell death was observed, even at
the lowest BaP1 concentrations tested. Since
100 mg/ml of BaP1 was not enough to induce
cytotoxicity at 24 h (according to MTT results),
we decided to carry out the rest of the experi-
ments with a higher concentration (200 mg/ml).

DNA Fragmentation Induced by BaP1
on Endothelial Cells

Results of DNA fragmentation assay for
endothelial cells treated with 200 mg/ml BaP1
showed that, up to 6 h, apoptosis was the main
mechanism of cell death observed, since DNA

fragments were present only inside the cells,
showing that plasma membranes were still in-
tact (Fig. 2). At 24 h (see below), DNA fragments
were observed mainly in the supernatant,
indicating secondary necrosis. The treatment
induced an evident cell detachment that was
occurring simultaneously with the onset of
apoptosis.

Effect of BaP1 Treatment on the Expression of
Apoptosis-Related Genes: Bcl-xL and Bax

As shown in Figure 3, treatment with BaP1
(200 mg/ml) during 24 h did not induce detect-
able changes in the expression of anti-apoptotic
protein Bcl-xL and pro-apoptotic protein Bax.
The same was observed at 48 h of treatment
(results not shown).

Effect of BaP1 Treatment on IkB Processing

To determine the possibility of IkBbeing clea-
ved, we measured the decrease in this protein
levels. Figure 4 shows that IkBa was down-
regulated in these cells after 24 h of treatment,
probably indicatingdegradation byproteinases,
although this effectwasnot seenat earlier times
(6 h).

Effect of BaP1 Treatment on the Activation of
Caspase-8 and cFLIP Expression

Figure 4 clearly shows that caspase-8 proform
concentration decreased after 24 h of BaP1

Fig. 1. Cytotoxicity induced by BaP1 on human endothelial
cells. Cells were incubated with increasing concentrations of
metalloproteinase BaP1 for (~) 1, (&) 4, and (*) 5 days. After
incubation for 2 h with MTT, culture medium was carefully
removed, without collecting any detached cells and formazan
crystals were dissolved in 95% ethanol. Plates were read at
570 nm and viability percentages were calculated using cells
incubated with phosphate-buffered saline (PBS) as 100%
viability value. Results are expressed as mean� SE of triplicates
of one representative experiment.

Fig. 2. Apoptosis of endothelial cells inducedby treatmentwith
BaP1. Cells were treated for different time intervals with 200 mg/
ml of BaP1, and DNA fragments were detected by ELISA on the
supernatant (*) and cell extracts (*). The presence of DNA
fragments exclusively in cell lysates implies cells are dying by
apoptosis. Results are expressed asmean� SEof triplicates of one
representative experiment.
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treatment, which could indicate that this cas-
pase is being activated. At 6 h, however, the
levels of procaspase-8were still normal. Expres-
sion of endogenous caspase-8 inhibitor, the long
form of cFLIP, increased at 6 h of treatment, an
effect that became more evident at 24 h (Fig. 4).

Effect of Metalloproteinase Inhibitor Batimastat
on DNA Fragmentation Induced by BaP1

When DNA fragmentation induced by BaP1
was tested in the presence of the metalloprotei-

nase inhibitorBatimastat, therewas a complete
inhibition of the effect induced by theproteinase
(Fig. 5). The inhibition was statistically signi-
ficant (P< 0.01). Moreover, no cell detachment
occurred in the presence of Batimastat. At the
time points recorded (24 and 48 h) DNA frag-
ments were observed only in the supernatants
of samples treated with BaP1 alone, indicating
that cells were already suffering membrane
damage characteristic of necrosis, after having
undergone apoptosis previously (Fig. 2).

DISCUSSION

Snake venom metalloproteinase BaP1 in-
duces apoptosis/anoikis in endothelial cells
within the first hours of incubation, and this
process leads to plasma membrane rupture, an
event associated with secondary necrosis. Our
findings agree with previous communications
reporting the ability of SVMPs to induce apop-
tosis in endothelial cells [Masuda et al., 2000,
2001; Wu et al., 2001; Wang et al., 2003; You
et al., 2003], and with the observation that
SVMPs initially induce cell detachment from
the substratum, whereas plasma membrane
damage occurs only at later time intervals
[Borkow et al., 1995; Marsh et al., 1995].

Fig. 3. Expression of Bcl-xL and Bax on endothelial cells after
24 h of treatment with BaP1. Cells were treated with 200 mg/ml
of BaP1 and extracts were run on sodium duodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE) and transferred
to nitrocellulose. Equal loading was assured by measuring
protein concentration of the samples and using an antibody
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Control corresponds to cells incubatedwith PBS instead of BaP1.
Cell extracts were tested with antibodies to Bcl-xL and Bax.
Results show one of three representative experiments.

Fig. 4. Expression of procaspase-8, FLIPL and IkB on endothe-
lial cells after 6 and 24 h of treatment with BaP1. Cells were
treated with 200 mg/ml of BaP1 and extracts were run on SDS–
PAGE and transferred to nitrocellulose. Equal loading was
assured by measuring protein concentration of the samples and
using an antibody to GAPDH. Control corresponds to cells
incubated with PBS instead of BaP1. Cell extracts were tested
with antibodies to procaspase-8, FLIPL and IkB. Results showone
of three representative experiments.

Fig. 5. Effect of metalloproteinase inhibitor Batimastat (BM) on
DNA fragmentation induced by BaP1 in endothelial cells. Cells
were treated for 24 and 48 h with BaP1 previously incubated for
15 min with Batimastat. DNA fragmentation was determined as
described in Figure 2. Bars represent DNA fragments detected in
cell supernatants. Results are presented as mean� SE of tripli-
cates of one representative experiment. **P<0.01 by ANOVA.
There were no significant differences in DNA fragmentation
between cells incubated with PBS, Batimastat alone or with
BaP1þBatimastat.
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We also observed that there is no correlation
betweenMTT cytotoxicity assay and DNA frag-
mentation ELISA, since according to the former
technique BaP1 is not cytotoxic at concen-
trations as high as 100 mg/ml after 24 h of
treatment, whereas DNA fragmentation was
observed since the first hour of incubation with
the proteinase. Lack of toxicity according to
MTT results was the reason for using a re-
latively high concentration of BaP1 (200 mg/ml)
for testing apoptosis and changes in the expres-
sion of several apoptotic-related genes. MTT
assay results agree with previous reports in the
literature showing that SVMPs are not toxic for
endothelial cells in time periods of 24 h or less
[Lomonte et al., 1994; Borkow et al., 1995;
Rucavado et al., 1995]. It is important to point
out that all these studies used membrane
rupture-based techniques to measure cytotoxi-
city, such as Trypan blue exclusion or lactate
dehydrogenase release. As we observed in this
study, apoptosis occurs early (since the first
hour of treatment with BaP1), whereas mem-
brane disruption is only evident at 24 h or later.
MTTassay does not discriminate between apop-
tosis and necrosis, since it determines oxidative
activity inside the cells, not only associated
with mitochondrial redox power, but also with
the activity of oxidative enzymes present in
the plasma membrane [Bernas and Dobrucki,
2000]. Also, MTT assay is not very sensitive,
which further explains the apparent discre-
pancy of the results between this assay and the
DNA fragmentation ELISA.
Anchorage to the EM has been implicated in

cell survival since disruption of this contact
induces apoptosis/anoikis in endothelial and
other epithelial cells [Meredith et al., 1993;
Frisch and Francis, 1994; Werb, 1997]. Inhibi-
tion of apoptosis by oncogenic transformation
has been suggested as a mechanism for achiev-
ing anchorage-independent growth potential in
adherent cells that have lost substrate attach-
ment [Ruoslahti and Reed, 1994]. Until re-
cently, the molecular mechanisms responsible
for regulating endothelial cell anoikis were
unknown; however, Aoudjit and Vuori [2001]
demonstrated that anoikis in human umbilical
vein endothelial cells (HUVECs) was associat-
ed with Fas/FasL system involving caspase-8
activation. They showed that cFLIP, an endo-
genous inhibitor of caspase-8,was also involved.
Previously, other investigators [Frisch, 1999;
Rytomaa et al., 1999] had demonstrated that

anoikis in epithelial cells was blocked by in-
hibitors of caspase-8.

In our experiments, we clearly showed that
procaspase-8 levels decreased in endothelial
cells treated with BaP1 after 24 h of treatment.
Interestingly,wedid not observe any changes in
the expression of procaspase-8 after 6 h of BaP1
treatment, even when cells were already dying
by apoptotic mechanisms at this time interval.
We postulate that the decrease in procaspase-8
is related with its activation, even though an
alternative explanation could be simply that
protein synthesis decreases. We also observed
that caspase-8 inhibitor cFLIPL, which is ex-
pressed at low levels in this endothelial cell line,
increases its expression early in the treatment,
and is significantly up-regulated after 24 h of
incubation with BaP1. Interestingly, recent
reports have suggested that cFLIPL could dis-
play an apoptotic function when is overexpress-
ed, by promoting caspase-8 activation [Chang
et al., 2002; Micheau et al., 2002; Boatright
et al., 2004]. Clear up-regulation of cFLIPL

observed in endothelial cells incubated with
BaP1 suggests that this protein may induce
apoptosis. It is suggested that cFLIPS rather
than cFLIPL confers resistence to some apop-
totic stimuli, whereas cFLIPL can function to
enhance caspase-8 activation [Boatright et al.,
2004].

It is likely that BaP1 induces apoptosis/
anoikis through the extrinsic pathway mediat-
ed by a death receptor that, according to several
studies, could be Fas, or alternatively, TNFa
receptor. It has been previously shown that
SVMPs cleave and activate TNFa in vitro
[Moura da Silva et al., 1996; Clissa et al.,
2001]. Even though we have not been able to
show the same effect in vivo [Rucavado et al.,
2002], this possibility cannot be completely
ruled out. In agreement with our findings,
incubation of endothelial cells with sublytic
concentrations of two metalloproteinase-con-
taining snake venoms induces up-regulation
of genes involved in the Fas ligand/TNFaR
apoptotic pathway [Gallagher et al., 2003].
Alternatively, we cannot rule out the possibility
that the effect could be triggered, not by death
receptors, but instead by the recruitment of
caspase-8 directly through unligated integrins
[Stupack et al., 2001]

We also tested whether IkB was being
degraded as evidence of NFkB activation. Even
though NFkB activation was not measured
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directly, IkB expression has been used as an
indirect method [Kim et al., 2002]. It was
evident that IkB levels decrease after 24 h
treatmentwithBaP1, which could be indicating
that a survival signal mediated by NFkB is
being triggered. This signal, however, does
not seem to be enough to block apoptosis
mediated by EM contact loss. IkB, on the other
hand, has been shown to be a substrate for
caspases [Wang and Passaniti, 1999], an event
that seems to be independent of the proteasome
degradation that leads to NFkB activation.
Since we cannot rule out the possibility that
IkB down-regulation is the result of changes
in its synthesis, it cannot be concluded with
certainty whether this event actually repre-
sents a survival signal mediated by NFkB in
these cells.

Members of Bcl-2 family of proteins, such as
Bcl-xL, have been found to protect epithelial
cells against anoikis [Rytomaa et al., 1999;
Rosen et al., 2000]. However, in some cell lines
such as LnCap, anoikis was completely inde-
pendent of Bcl-2 family members [Bondar and
McConkey, 2002]. We observed that BaP1-
induced apoptosis/anoikis was independent of
Bax and Bcl-xL expression, since no changes
weredetected in the levels of both proteins, even
at 48 h of treatment, several hours after DNA
fragmentation was detected.

SVMPs comprise various classes, classifi-
ed according to their domain composition
[Bjarnason and Fox, 1994]. P-I metalloprotei-
nasesaremade of themetalloproteinasedomain
only, whereas P-II and P-III groups include
enzymes which have, in addition to themetallo-
proteinase domain, a disintegrin/like domain
(class II) or disintegrin-like and cysteine-rich
domains (class P-III). Such additional domains
interact with integrins and mediate various
effects such as inhibition of platelet aggregation
or cell adhesion [Kamiguti et al., 1996;Mourada
Silva et al., 2001]. Interestingly, both P-I and
P-III snake venom metalloproteinases are able
to induce apoptosis of endothelial cells. In the
case of P-I enzymes, inhibition of catalytic
activity abrogates their ability to induce apop-
tosis [Wu et al., 2001]. In contrast, halysase, a
P-III enzyme from the venom of G. halys,
induces apoptosis even when catalytic activity
is absent [You et al., 2003]. It is, therefore, likely
that disintegrin-like or cysteine-rich domains of
P-III SVMPspromote endothelial cell apoptosis,
probably by interfering with cell–EM interac-

tion mediated by integrins. The proapoptotic
activity of BaP1 was inhibited by incubation
with the metalloproteinase inhibitor Batima-
stat, in agreement with the fact that it is a P-I
metalloproteinase containing only the catalytic
domain [Watanabe et al., 2003].

In the case of P-III metalloproteinase haly-
sase, it has been shown that the apoptotic
mechanisms on endothelial cells include not
only the activation of caspase-3, but also altera-
tions inBcl-xLandBaxprotein levels [Youetal.,
2003].Contrary towhatweobservedwithBaP1,
You et al. [2003] were able to show both Bcl-xL
down-regulation and Bax up-regulation after
6 h of treatment. These differences could be
explained based on the fact that BaP1 lacks
disintegrin-like and cysteine-rich domains,
which seem to be important for the induction
of apoptosis by halysase. It is likely that, since
disintegrin-like andmetalloproteinase domains
are important for inducing apoptosis, and since
both are able to induce the effect, the cytotoxic
mechanisms operating in this case may be
different from the ones induced by a metallo-
proteinase containing only one of these do-
mains. In addition, it has been proposed that
the disintegrin-like domain could modulate the
catalytic activity of the enzyme by regulating
the hydrolysis of EM proteins, determining
its substrate specificity [Jeon and Kim, 1999],
thus suggesting that the effects of SVMPs in
cells may involve the interplay of various do-
mains present in these enzymes.

SVMPs are responsible for the hemorrhagic
activity that characterizes envenomations by
snakes of the family Viperidae [Bjarnason and
Fox, 1994; Gutiérrez and Rucavado, 2000]. In
experimental animals such effect occurs within
few minutes after injection [Ownby et al., 1978;
Moreira et al., 1994], probably before apoptotic
events develop. Thus, the role of the apoptosis/
anoikis phenomenon described in this work in
snakebite envenomation associated endothelial
cell pathology is not clear at present. Itmight be
that, despite occurring after the onset of micro-
vessel damage leading to hemorrhage in tissues
affected by metalloproteinases, apoptosis may
play a role in endothelial pathology on a broader
context, affecting tissue perfusion and pro-
cesses involving inflammation, tissue repair,
angiogenesis, and regeneration. The role of
endothelial cell apoptosis in the pathogenesis
of venom-induced tissue damage remains to be
investigated.
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In conclusion, snake venom metalloprotei-
nases such as BaP1 may become useful ex-
perimental tools to investigate the cellular
mechanisms associated with apoptosis/anoikis.
It is suggested that BaP1 induces endothelial
cell apoptosis/anoikis through the extrinsic
pathway, probably mediated by death recep-
tors. The role of endothelial cell apoptosis in the
tissue damage associated with snakebite enve-
nomation deserves further investigation.

REFERENCES

Aoudjit F, Vuori K. 2001. Matrix attachment regulates Fas-
induced apoptosis in endothelial cells: A role for c-Flip
and implications for anoikis. J Cell Biol 152:633–643.

Araki S, Masuda S, Maeda H, Ying MJ, Hayashi H. 2002.
Involvement of specific integrins in apoptosis induced by
vascular apoptosis-inducing protein 1. Toxicon 40:535–
542.

Bernas T, Dobrucki JW. 2000. The role of plasma mem-
brane in bioreduction of two tetrazolium salts, MTT, and
CTC. Arch Biochem Biophys 380:108–116.

Bjarnason JB, Fox JW. 1994. Haemorrhagic metalloprotei-
nases from snake venoms. Pharmacol Ther 62:325–372.

Blobel CP. 2000. Remarkable roles of proteolysis on and
beyond the cell surface. Curr Opin Cell Biol 12:606–612.

Boatright KM, Deis C, Denault JB, Sutherlin DP, Salvesen
GS. 2004. Activation of caspases 8 and 10 by FLIPL.
Biochem J 382:651–657.

Bondar VM, McConkey DJ. 2002. Anoikis is regulated by
BCL-2-independent pathways in human prostate carci-
noma cells. Prostate 51:42–49.

Borkow G, Gutiérrez JM, Ovadia M. 1995. In vitro activity
of BaH1, the main hemorrhagic toxin of Bothrops asper
snake venom on bovine endothelial cells. Toxicon 33:
1387–1391.

Chang DW, Xing Z, Pan Y, Algeciras-Schimnich A,
Barnhart BC, Yaish-Ohad S, Peter ME, Yang X. 2002.
c-FLIP(L) is a dual function regulator for caspase-8
activation and CD95-mediated apoptosis. EMBO J 21:
3704–3714.

Clissa PB, Laing GD, Theakston RDG, Mota I, Taylor MJ,
Moura-da-Silva AM. 2001. The effect of jararhagin, a
metalloproteinase fromBothrops jararaca venom, on pro-
inflammatory cytokines released by murine peritoneal
adherent cells. Toxicon 39:1567–1573.

Farsky SH, Goncalves LR, Gutiérrez JM, Correa AP,
Rucavado A, Gasque P, Tambourgi DV. 2000. Bothrops
asper snake venom and its metalloproteinase BaP-1
activate the complement system. Role in leucocyte
recruitment. Mediators Inflamm 9:213–221.

Frisch SM. 1999. Evidence for a function of death-receptor-
related, death domain-containing proteins in anoikis.
Curr Opin Cell Biol 9:1047–1049.

Frisch SM, Francis H. 1994. Disruption of epithelial cell–
matrix interactions induces apoptosis. J Cell Biol 124:
619–626.

Gallagher PG, Bao Y, Serrano SM, Kamiguti AS, Theak-
ston RD, Fox JW. 2003. Use of microarrays for investi-
gating the subtoxic effects of snake venoms: Insights into

venom-induced apoptosis in human umbilical vein endo-
thelial cells. Toxicon 41:429–440.

Grossman J. 2002. Molecular mechanisms of detachment-
induced apoptosis-anoikis. Apoptosis 7:247–260.

Gutiérrez JM, Rucavado A. 2000. Snake venom metallo-
proteinases: Their role in the pathogenesis of local tissue
damage. Biochimie 82:841–850.

Gutiérrez JM, Romero M, Dı́az C, Borkow G, Ovadia M.
1995. Isolation and characterization of the metalloprotei-
nase with weak hemorrhagic activity from the venom of
the snake Bothrops asper (Terciopelo). Toxicon 33:19–29.

Jeon OH, Kim DS. 1999. Molecular cloning and functional
characterization of a snake venom metalloprotease. Eur
J Biochem 263:526–533.

Kamiguti AS, Hay CR, Theakston RD, Zuzel M. 1996.
Insights into the mechanism of haemorrhage caused by
snake venom. Toxicon 34:627–642.

Kim KW, Kim BJ, Chung CW, Jo DG, Kim IK, Song YH,
Kwon YK, Woo NH, Jung YK. 2002. Caspase cleavage
product lacking amino-terminus of IkappaBalpha sensi-
tizes resistant cells to TNF-alpha and TRAIL-induced
apoptosis. J Cell Biochem 85:334–345.

Lomonte B, Gutiérrez JM, BorkowG, OvadiaM, Tarkowski
A, Hanson L. 1994. Activity of hemorrhagic metallopro-
teinase BaH-1 and myotoxin II from Bothrops asper
snake venom on capillary endothelial cells in vitro.
Toxicon 32:505–510.

Marsh NA, Fyffe TL, Bennett EA. 1995. Isolation and
characterization of two haemorrhagic proteins (HTa and
HTb) from the venom of Bitis gabonica (Gaboon viper).
Toxicon 33:883–899.

Maskos K, Bode W. 2003. Structural basis of matrix metal-
loproteinases and tissue inhibitors of metalloproteinases.
Mol Biotechnol 25:241–266.

Masuda S, Ohta T, Kaji K, Fox JW, Hayashi H, Araki S.
2000. cDNA cloning and characterization of Vascular
Apoptosis-inducing Protein 1. Biochem Biophys Res
Commun 278:197–204.

Masuda S, Hayashi H, Atoda H, Morita T, Araki S. 2001.
Purification, cDNA cloning and characterization of the
vascular apoptosis-inducing protein, HV1, from Trimer-
esurus flavoviridis. Eur J Biochem 268:3339–3345.

Meredith JE, Jr., Fazeli B, Schwartz MA. 1993. The extra-
cellular matrix as a cell survival factor. Mol Biol Cell 4:
953–961.

Micheau O, Thome M, Schneider P, Holler N, Tschopp J,
Nicholson DW, Briand C, Grutter MG. 2002. The long
form of FLIP is an activator of caspase-8 at the Fas death-
inducing signaling complex. J Biol Chem 277:45162–
45171.

Moreira L, Borkow G, Ovadia M, Gutiérrez JM. 1994.
Pathological changes induced by BaH1, a hemorrhagic
proteinase isolated from Bothrops asper (Terciopelo)
snake venom, on mouse capillary blood vessels. Toxicon
32:976–987.

Moura da Silva AM, Laing GD, Paine MJL, Dennison
JMTJ, Politi V, Crampton JM, Theakston RDG. 1996.
Processing of pro-tumor necrosis factor-alpha by venom
metalloproteinases: A hypothesis explaining local tissue
damage following snake bite. Eur J Immunol 26:2000–
2005.

Moura da Silva AM, Marcinkiewicz C, Marcinkiewicz M,
Niewiarowski S. 2001. Selective recognition of alpha2-
beta1 integrin by jararhagin, a Metalloproteinase/

Metalloproteinase-Induced Apoptosis/Anoikis in Endothelial Cells 527



disintegrin from Bothrops jararaca venom. Thromb Res
102:153–159.

Ownby CL, Bjarnason J, Tu AT. 1978. Hemorrhagic toxins
from rattlesnake (Crotalus atrox) venom. Pathogenesis
of hemorrhage induced by three purified toxins. Am
J Pathol 931:201–218.

Peluso G, Petillo O, Anderson JM, Ambrosio L, Nicolais L,
Melone MA, Eschbach FO, Huang SJ. 1997. The differ-
ential effects of poly(2-hydroxyethyl methacylate) and
poly (2-hydorxyethyl methacrylate)/poly (caprolactone)
polymers on cell proliferation and collagen synthesis by
human lung fibroblasts. J Biomed Mater Res 34: 327–
336.

Rosen K, Rak J, Leung T, Dean NM, Kerbel RS, Filmus J.
2000. Activated Ras prevents downregulation of Bcl-X(L)
triggered by detachment from the extracellular matrix.
A mechanism of Ras-induced resistance to anoikis in
intestinal epithelial cells. J Cell Biol 49:447–456.

Rucavado A, Lomonte B, Ovadia M, Gutiérrez JM. 1995.
Local tissue damage induced by BaP1, a metalloprotei-
nase isolated from Bothrops asper (Terciopelo) snake
venom. Exp Mol Pathol 63:186–199.

Rucavado A, Núñez J, Gutiérrez JM. 1998. Blister forma-
tion and skin damage induced by BaP1, a haemorrhagic
metalloproteinase from the venom of the snake Bothrops
asper. Int J Exp Pathol 79:245–254.

Rucavado A, Escalante T, Teixeira CFP, Fernándes CM,
Dı́az C, Gutiérrez JM. 2002. Increments in cytokines and
matrix metalloproteinases in skeletal muscle after injec-
tion of tissue-damaging toxins from the venom of the
snake Bothrops asper. Mediators Inflamm 11:121–128.

Ruoslahti E, Reed JC. 1994. Anchorage dependence,
integrins, and apoptosis. Cell 77:477–478.

Rytomaa M, Martins LM, Downward J. 1999. Involvement
of FADD and caspase-8 signalling in detachment-
induced apoptosis. Curr Biol 9:1043–1046.

Stone AL, Kroeger M, Sang QX. 1999. Structure–function
analysis of the ADAM family of disintegrin-like and

metalloproteinase-containing proteins. J Protein Chem
18:447–465.

Stupack DG, Puente XS, Boutsaboualoy S, Storgard CM,
Cheresh DA. 2001. Apoptosis of adherent cells by recruit-
ment of caspase-8 to unligated integrins. J Cell Biol 155:
459–470.

Wang W, Passaniti A. 1999. Extracellular matrix inhibits
apoptosis and enhances endothelial cell differentiation
by a NfkappaB-dependent mechanism. J Cell Biochem
73:321–331.

Wang SH, Shen XC, Yang GZ, Wu XF. 2003. cDNA cloning
and characterization of Agkistin, a new metallopro-
teinase from Agkistrodon halys. Biochem Biophys Res
Commun 301:298–303.

Watanabe L, Shannon JD, Valente RH, Rucavado A, Alape-
Girón A, Kamiguti AS, Theakston RD, Fox JW, Gutiérrez
JM, Arni RK. 2003. Amino acid sequence and crystal
structure of BaP1, a metalloproteinase from Bothrops
asper snake venom that exerts multiple tissue-damaging
activities. Protein Sci 1210:2273–2281.

Werb Z. 1997. ECM and cell surface proteolysis: Regulating
cellular ecology. Cell 91:439–442.

White JM. 2003. ADAMs: Modulators of cell–cell and
cell–matrix interactions. Curr Opin Cell Biol 15:598–
606.

WuWB, Huang TF. 2003. Activation of MMP-2, cleavage of
matrix proteins, and adherens junctions during a snake
venom metalloproteinase-induced endothelial cell apop-
tosis. Exp Cell Res 288:143–157.

Wu WB, Chang SC, Liau MY, Huang TF. 2001. Purifica-
tion, molecular cloning and mechanism of action of
graminelysin I, a snake-venom-derived metalloprotei-
nase that induces apoptosis of human endothelial cells.
Biochem J 357:719–728.

You WK, Seo HJ, Chung KH, Kim DS. 2003. A novel
metalloprotease from Gloydius halys venom induces
endothelial cell apoptosis through its protease and
disintegrin-like domains. J Biochem 134:739–749.

528 Dı́az et al.


