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a b s t r a c t

The Macrovipera lebetina venom consists of a complex mixture of proteins belonging to
a few main families according to their enzymatic and pharmacological activity. Given the
serious pathophysiological effects caused by M. lebetina bites mainly induced by muscle
degeneration, we decided to investigate the myotoxic activity of some venom fractions. In
the present study we describe the purification and characterization of a 22.600 kDa
protein, named in the following Mlp4.2, that shares myotoxic but not haemorrhagic
activity in vivo. Herein we report that Mlp4.2 is a metalloproteinase belonging to the PI-
SVMPS family able, in vitro, to proteolyse extracellular matrix proteins as laminin and
fibronectin. Histological observations of mouse anterior tibialis Mlp4.2-treated muscle,
demonstrate that this protein induces a massive degeneration of myofibers but not hae-
morrhage. The immunofluorescence analysis of protein-treated anterior tibialis, demon-
strates that Mlp4.2 is able to disarray the laminin network surrounding muscle fibers.
Finally Mlp4.2 did not show any direct cytolytic activity towards the myogenic cell line
C2C12 in culture. The data reported herein suggest that the myotoxicity of Mlp4.2 is
primarily linked to the disruption of the muscle fibers interaction with extracellular matrix
proteins.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The envenoming of Macrovipera lebetina trans-
mediterranea (Nilson and Andrén, 1988) bites are charac-
terized by serious clinical problems such as oedema,
haemorrhage, local tissue damage, haemolysis, muscle
necrosis and abnormalities in the blood coagulation system
(Chani et al., 2008), which are generated by a mixture of
x: þ39 062023500.

. All rights reserved.
proteins and small peptides present in the venom. The first
cause of inability due to M. lebetina bites depends on the
devastating effects of its myotoxic fraction that, at variance
with other Viperidae venoms, lead to an irreversible loss of
muscle tissue (Chani et al., 2008). Similar pathological
alterations have been observed also after poisoning from
other Viperidae species (Russell et al., 1997; Nelson, 1989)
and, the muscle-damaging activity has been imputed to
both direct and indirect toxin action. The indirect myotoxic
effects depend on different causes such as local inflam-
matory events, ischemia secondary to venom-induced
vascular damage and impairment of muscular integrins–
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extracellular matrix interaction (Ramos and Selistre-de-
Araujo, 2006; Montecucco et al., 2008; Teixeira et al.,
2009). The direct Viperidae myotoxic effect has been
associated with the 14 kDa protein component corre-
sponding to the phospholipase or phospholipase-like
fraction (Montecucco et al., 2008; Lomonte et al., 2009).
This fraction usually represents the major component of
the Viperidae venom and induces a selective but reversible
loss of muscle tissue that can regenerate after the injury
(Lomonte et al., 2009). Nevertheless, the analysis of the
proteome of the Tunisian M. lebetina shows that, besides
small active peptides such as natriuretic and disintegrin-
like peptides, the main protein components of the venom
are represented by metalloproteinases whereas the phos-
pholipase A2 (PLA2) fraction represents only the 4% of total
proteins (Bazaa et al., 2005). Snake Venom Metallo
Proteinases (SVMPs) are grouped together with the trans-
membrane ADAMs (Disintegrin-like and metal-
loproteinase-containing proteins), in the reprolysins,
a subfamily of the M12 family of metalloproteinases
(Rawlings and Barett, 1995; Bjarnason and Fox, 1995).
Structural studies have shown that SVMPs are synthesized
as zymogens and are processed at both the amino and
carboxy terminals to give the mature protein. Mature
Viperidae metalloproteinases have been typically classified
into four Classes, P-I to P-IV according to the domain
constitution, where metalloproteinases of P-I class consist
only of the proteinase domain (Bjarnason and Fox, 1995; Jia
et al., 1996). SVMPs with molecular mass higher than
25 kDa have from one to three additional non-catalytic
domains located C-terminally to the proteinase domain.
Class P-II SVMPs consist of a proteinase domain and a dis-
integrin-like domain of 10 kDa and Class P-III SVMPs have
a third, cysteine-rich domain, of about 14 kDa. Class P-IV
SVMPs possess, in addition to Class P-III domains, disulfide-
attached lectin-like domains of about 15 kDa. SVMPs
display a plethora of pharmacological effects, i.e. they
prevent blood coagulation and platelet aggregation,
promote hypotension, increase the blood capillaries
permeability and exert haemolytic and myotoxic effects;
but the exact role of SVMPs domains in these different toxic
effects is not completely established (Jia et al., 1996;
Trummal et al., 2005).

Appropriate treatments of snakebite victims need
a complete understanding of the pharmacological roles of
the different venom components. Aim of this study was to
isolate and characterize a myotoxin fromM. lebetina venom
in order to give information on the most dramatic inability
factor associated with M. lebetina bite. Therefore we report
the purification and characterization of a myotoxic metal-
loproteinase showing a protease activity against laminin
and other extracellular matrix proteins.

2. Materials and methods

2.1. Fractionation of venom

40 mg of lyophilised whole venom obtained from
Algerian M. lebetina transmediterranea (Nilson and Andrén,
1988) was a generous gift of Dr. Politi, Polifarma, Pomezia
(Italy). Venom was dissolved in 1 ml filtered–degassed
double-distilled water and after centrifugation at 17 000�g
for 15 min at 4 �C, the supernatant was loaded onto
a HiLoad� 16/60 Superdex 75 (GE Healthcare, Little Chal-
font, UK), previously equilibrated with 50 mM phosphate
buffer, 150 mM NaCl, pH 7.2 and eluted under the same
conditions. The flow rate was 1 ml/min and the elution of
the proteins was monitored at 280 nm. Fractions of 1 ml
were collected. In this condition we obtained six main
peaks. The fractions corresponding to peak 4 (fractions
35–42) obtained by Superdex 75 were pooled and exten-
sively dialyzed against 50 mM Tris–HCl, 50 mM NaCl pH
7.2. A sample of Peak 4 was then applied to a HiLoad�
16/10 Q-Sepharose column (GE Healthcare, Little Chalfont,
UK) equilibrated with the same buffer. Elution, based on
anion exchange, was carried out with a linear gradient
(50 mM–1 M) of NaCl. The flow rate was 2 ml/min and
fractions were collected every min. Fractions correspond-
ing to the two main peaks (respectively named Mlp4.1 and
Mlp4.2) were pooled and concentrated by Centricon
(Millipore, Bedford, MA). Venom fractions were run under
reducing conditions on 15% SDS-PAGE gels (Laemmli, 1970)
in order to assess their purity.

2.2. Mass determination and amino acid sequencing

The purity of fraction Mlp4.2 was assayed in RP-HPLC
(Thermo Finnigan, San Jose, CA) using a SUPELCO Discovery
BIO Wide Pore C-8 (5 mm, 15 cm � 4.6 mm; flow 0.9 ml/
min). The mass of the peaks was determined by a ESI-IT
mass spectrometry using a LCQ Deca-XP Plus Spectrometer
(Thermo Finnigan, San Jose, CA) equipped with an electro-
spray ion source (ESI) and ion-trap analyzer. Electro-
nebulizationwas performed at a flow rate of 10 ml/minwith
a sheath gas flow of 34.3 arbitrary units. The electro-spray
capillary temperature was 280 �C, the source voltage was
5 kV and the capillary voltage 30 V. The ion-trap analyzer
operated in positive mode in the 300–2000 MHz range and
spectra were acquired every 3 ms. Deconvolution of
average ESI-mass spectra was automatically performed
either by the software provided with the Dexa-XP instru-
ment (Bioworks Browser) or by MagTran 1.0 (Zhang and
Marshall, 1998). Edman degradation was carried out using
an automated Procise 49XHT Protein sequencer (Applied
Biosystems, Foster City, CA) with on-line detection of
amino acids as phenylthiohydantoin derivatives.

2.3. Determination of protease activity

Mlp4.2 fraction was analyzed for caseinase activity
using casein-containing sodium dodecyl sulfate poly-
acrylamide gel (Bio-Rad, Hercules, CA) under non-reducing
conditions, as described by Leber and Balkwill (1997).
Briefly 25 ml aliquots were run on a 7.5% casein-containing
polyacrylamide gel at 200 V for 1 h; the gel was then
removed from the plates and washed three times in 0.05 M
Tris, 0.02% NaN3, pH 7.5 and 2.5% Tween 80 for 30. The gel
was successively washed in 0.05 M Tris, 0.02% NaN3, 2.5%
Tween 80, 1 mM ZnCl2, and 5 mM CaCl2 for 30 min at 22 �C.
Finally, the gel was incubated in 0.05 M Tris pH 7.5, 0.02%
NaN3, 1 mM ZnCl2, and 5 mM CaCl2 overnight at 37 �C and
then stained with 1.2 mM Coomassie brilliant blue (Serva,
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Heidelberg, Germany) for 1 h. Destaining was done with
destaining solution containing 70% water, 20% methanol,
and 10% glacial acetic acid. The bands were visible as light
bands against a dark blue background. For the Mlp4.2
fraction protease specificity assay we used as substrate:
laminin (Sigma Chemical Co., St Louis, MO), fibrinogen
(Gibco, BRL) and fibronectin (Invitrogen Life Tecnologies,
Carlsbad, CA). The assays was started by adding the Mlp4.2
to the different substrates at the ratio of 40:1 (substrate:
enzyme ratio; w/w) in 50 mM Tris, 10 mM NaCl, 2 mM
CaCl2, 1 mM ZnCl2, pH 8.0. Substrates incubated without
enzyme were used as controls. After 24 h of incubation,
20 ml of each preparation were mixed with electrophoresis
sample buffer and the proteolytic reaction products were
evaluated by SDS-PAGE. In order to determine the nature of
the protease activity different protease inhibitors were
used, namely: EDTA (10 mM), o-phenantroline (100 mM),
leupeptin (10 mM). All the inhibitors were obtained from
Sigma (Sigma Chemical Co., St Louis, MO).

2.4. Assessment of the cytolytic activity on cells culture

In vitro Mlp4.2 fraction cytotoxicity has been assayed
using C2C12 (ATCC CRL-1772), a myogenic cell line derived
from mouse muscle satellite cells that can fuse and differ-
entiate in myotubes. Cells were grown in a humidified
atmosphere of 5% CO2 at 37 �C in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS), 2 mM glutamine,
0.05 IU/ml penicillin and 0.05 IU/ml streptomycin. Cyto-
toxicity experiments were carried out on both differenti-
ated and not differentiated C2C12 cells. Differentiation of
proliferating myoblasts into differentiated myotubes was
obtained after 76 h and was verified by morphological
and biochemical parameters as previously described
(Travaglione et al., 2005). Tissue culture medium, FBS and
sterile materials were supplied by Flow Laboratories
(Irvine, UK). All other chemicals were of the purest grade
available from Sigma (Sigma Chemical Co., St Louis, MO).
Different concentrations of toxin (5–20 mg/ml) were incu-
bated with cells for 3 h at 37 �C and the cytolytic activity
was determined by the release in the culture medium of
intracellular LDH (lactate dehydrogenase), using CytoTox-
ONETM Homogeneous Membrane Integrity Assay Kit
(Promega Corporation, Madison, WI). The absorbance of
supernatants of cells treated with 0.1% Triton X-100 was
considered as the maximal activity.

2.5. Morphological studies

2.5.1. Histological analysis
Mice were used according to the procedures established

by the European Union Councils of Animal Care and all
efforts were made to minimize the number of animals used
and their sufferings. We anesthetized mice with an intra-
muscular injection of physiologic saline (10 ml/kg) con-
taining ketamine (5 mg/ml) and xylazine (1 mg/ml) and
then injected into anterior tibialis (AT) muscle using
a Hamilton syringe filled with physiological solution or PBS
plus 20 mg of Mlp4.2. Five or 24 h after injection mice were
sacrificed and the AT muscles were removed and snap
frozen in Tissue-Tek OCT compound (Miles, IN, USA) in
a slurry dry ice and isopropyl alcohol: muscles were
sectioned at 10 mm on a Leica cryostat and sections were
allowed to dry at room temperature for 2 h. Sections
were used immediately or stored at 20 �C. Sections were
fixed in buffered paraformaldehyde (PFA) 4%, washed out
with PBS stained with hematoxylin and eosin and cover-
slipped as previously described (Gargioli et al., 2008). This
method was also routinely used to monitor the myotoxicity
of different venom fractions obtained in the different steps
of its separation.

2.5.2. Immunostaining
Sections of AT muscle obtained from untreated mice, or

frommice 5 or 24 h after injection of 20 mg of Mlp4.2, fixed
as in aforementioned experiments, have been extensively
washed out and blocked with 5% BSA (Bovine Serum
Albumin, Sigma Chemical Co., St Louis, MO) and heat-
inactivated normal goat serum (Flow Laboratories, Irvine,
UK). plus 0.5% Triton X-100 (PBTB) for 1 h a RT. Primary
incubation were applied sequentially to sections diluted in
PBTB. After 1 h of incubation slices were extensively
washed in PBS (0.05% Triton X-100). TRITC or FITC
secondary antibodies (Sigma) were applied for 1 h after
which slides were washed as above and coverslipped in
Aquatex (MERCK, Darmstadt, Germany). Immunoreactions
with primary Abs with different specificities were per-
formed as controls. For double labelling laminin/PECAM1
immunofluorescence analysis, sections were incubated
sequentially with pAb anti-laminin (1:500; Sigma, St Louis,
MO), FITC-labelled goat anti rabit IgG (Cappel, Aurora, OH),
mAb rat anti-PECAM1 (1:100; CD131, Chemicon, CBL1337)
and anti-rat ALEXA488 goat IgG (1:500; Molecular Probes,
Eugene, OR). For double labelling laminin/myosin immu-
nofluorescence analysis, sections were incubated sequen-
tially in pAb anti-laminin (1:500; Sigma, St Louis, MO),
FITC-labelled goat anti rabit IgG (Cappel, Aurora, USA), mAb
anti myosin (1:200; MF20. DSHB – Developmental Studies
Hybridoma Bank) and TRITC-labelled goat anti mouse IgG
(Cappel, Aurora, OH).

3. Results

3.1. Isolation and purification of myotoxin from M. lebetina
venom

Two myotoxins have been identified and isolated from
M. lebetina venom by successive fast performance liquid
chromatography (FPLC) separations. The initial gel filtra-
tion fractionation of M. lebetina venom produced 6 major
peaks (Fig. 1a). The homogeneity of the first four peaks,
showing an apparent molecular weight between 90 and
22 kDa (Fig. 1c, lanes 1–4) was compared with the whole
venom protein components (Fig. 1c, lane 5). The analysis of
the fractions established the presence of a strong myotoxic
activity in peak 4 (P4). Successive purification of P4 by
anion exchange chromatography FPLC gave 2 main peaks
(Fig. 1b), here named Mlp4.1 and Mlp4.2 (M. lebetina peak
4.1 and 4.2). Both peaks run under reducing conditions in
SDS-PAGE showed a single band with an apparent molec-
ular mass of 22.5 kDa (Fig. 1d) and a strong myotoxic



Fig. 1. Isolation and purification of myotoxin fromM. lebetina venom. (a) Elution profile ofM. lebetina venom. Venomwas loaded onto a HiLoad� 16/60 Superdex
75 previously equilibrated with 50 mM phosphate buffer, 150 mM NaCl, pH 7.2 and eluted under the same conditions. (b) HiLoad� 16/10 Q-Sepharose column of
the peak 4. Elution was carried out with a linear gradient 50 mM – 1 M NaCl in 50 mM Tris–HCl pH 7.2. (c) SDS-PAGE of the peaks 1–4 obtained after gel filtration
(lines 1–4) and of whole venome (line 5). (d) SDS-PAGE of 5 and 10 mg of Mlp4.1 (lines 1–2 respectively) and 5 and 10 mg of Mlp4.2 (lines 3–4 respectively).

Fig. 2. Sequence identity between a tryptic peptide of Mlp4.2 protein and
other Viperidae venom metalloproteinases. Amino acid sequence of tryptic
peptides obtained from Mlp4.2 (this work) are compared with metal-
loproteinases sequence of: (1–2) Macrovipera lebetina (Gasmi et al., 2000;
Siigur et al., 1996; Aaspõllu et al., 2005); (3) Agkistrodon contortrix
(Randolph et al., 1992); (4) Trimeresurus flavoridis (Takeya et al., 1989); (5)
Lachesis muta (Sanchez et al., 1991); (6) Crotalus adamanteus (Gomis-Rüth
et al., 1993); (7) Trimeresurus flavoviridis (Miyata et al., 1989). Amino acid
residues are denoted by one-letter symbols. Residues conservative with
respect to the Mlp4.1 are indicated with a point.
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activity when injected in AT muscle. All the successive
biochemical and toxicological characterizations of venom
myotoxic factors have been carried out on the Mlp4.2
fraction.

3.2. Purity and molecular mass determination

To determine the purity of the peaks obtained by FPLC,
the Mlp4.2 fraction were resolved in HPLC and the homo-
geneity and molecular mass were determined by ESI-Mass
spectrometry (data not shown). The purified Mlp4.2 dis-
played consistent peaks at several charged states and could
be reconstituted into single masses of and 22 618 Da. The
MWobtained by mass spectroscopy is compatible with the
apparent molecular weight obtained by SDS-PAGE (Fig. 1b).
To obtain structural information the electrophoretic band
was blotted on a PVDF membrane and subjected to
microsequencing analysis. The sequence obtained was not
clear, and for this reason we decided to perform a tryptic
digestion on the blotted protein. Although the yield of the
recovered peptides was very low, we obtained the
sequence of two fragments (DEYQRYLT, QFSDXSKDEYQ-
RYLT) corresponding to the same region of the protein but
of different length. The sequence of the longer peptide is
reported in Fig. 2.

The sequence was compared with other protein
sequences at the ExPASy Proteomics Tools site database
(http://us.expasy.org) using the BLAST service. The
comparative analysis showed that the peptide obtained
from Mlp4.2 shares high amino acid identity with
sequences of fragments obtained from metalloproteinases
of different Viperidae venoms. In particular Mlp4.2 peptide
possesses 100% sequence identity with a fragment of VIF,
a protein purified from Tunisia M. lebetina (Gasmi et al.,
2000) and 67% sequence identity with fragments from
Lebetase 2 (Saidi et al., 1999) and Lebetase 4 (Aaspõllu et al.,
2005), which were respectively isolated from the venom of

http://us.expasy.org
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Tunisian and Iranian M. lebetina. Notably, the proteins
purified fromM. lebetina venom, i.e. VIF and Lebetases, have
a molecular weigh very close to that of Mlp4.2 and share
a metalloproteinase activity (Saidi et al., 1999; Aaspõllu
et al., 2005).

3.3. In vitro protease activity of Mlp4.2

The protease activity of Mlp4.2 has been detected by
zymography using casein as substrates (Fig. 3a,b). The
results demonstrated that the Mlp4.2 is able to hydrolyze
casein (Fig. 3, lane 2) and that the hydrolytic activity against
casein was abolished by a brief incubation of Mlp4.2 with
both EDTA (Fig. 4a, lane 1) and 1,10-phenanthroline (data
not shown) whereas no effects on the activity were
observed after incubation with the serine–cysteine
protease inhibitor leupeptin (Fig. 3a, lane 3). The data
obtained using different protease inhibitors suggest that
Mlp4.2 belongs to themetalloproteinase family. TheMlp4.2
protease specificity was investigated in vitro using the
following substrates: fibronectin, laminin and fibrinogen
(Fig. 3b). After 18 h of substrate incubation with the toxin,
in presence or absence of inhibitors, the cleavage products
Fig. 3. In vitro protease activity of Mlp4.2. Representative gel zymography of Mlp4.
methods using casein (a) as substrates, in absence (a, lanes 2) or presence of 10 mM
Representative SDS-PAGE analysis of Mlp4.2 specific protease activity (b). Proteolyt
(lanes 7–9) by of Mlp4.2. Lanes 1, 4 and 7 correspond to substrate control incubated
5 mM of EDTA. Lane M indicate the MW protein markers and of Mlp4.2, the toxin a
40:1 (w/w) at 37 �C. After 24 h aliquots of the mixtures were analyzed by SDS-PAG
were visualized by SDS-PAGE separation. Mlp4.2 induced
a total hydrolysis of the fibronectin with the consequent
production of three major fragments sharing an apparent
molecular mass of 120, 35 and 30 kDa (Fig. 3b, lane 2).
When the substrate was represented by laminin-2, that
posses three subunits with a molecular mass of about 200,
140 and 155 kDa (the last two appear as a single band in our
system) respectively, Mlp4.2 hydrolyzed only the band
showing themajormolecular weight, generating fragments
of 60 and 22 kDa (the last one co-migrated with Mlp4.2),
whereas it did not cleave the low weight laminin subunit
(Fig. 4b, lane 5). Finally, Mlp4.2 was able to hydrolyze all the
fibrinogen subunits (Fig. 3b, lane 8). As reported for the
casein, Mlp4.2 protease activity against the three substrates
was blocked by EDTA (Fig. 3b, lane 3; lane 6, lane 9) and by
o-phenanthroline (data not shown).

3.4. Cytotoxic activity in vitro

To verify whether the Mlp4.2 myotoxic activity in vivo is
related to its direct effect on muscle cells viability, we
studied the effect of the toxin incubation on the myogenic
C2C12 cell line. Proliferating C2C12 myoblasts after 24 h of
2 (a). Protease Mlp4.2 activity was determined as described in materials and
of EDTA (a, lanes 1) or 10 mM of serine-protease inhibitor leupeptin (a lane 3).
ic degradation of fibronectin (lanes 1–3), laminin (lanes 4–6) and fibrinogen
24 h without enzyme and 3, 6 and 9 of substrate incubated with toxin and

lone. Substrates were incubated with of Mlp4.2 at substrate:enzyme ratio of
E.



Fig. 4. Assessment of the cytolytic activity of Mpl4.1 in vitro. Different concentrations of toxin were incubated with undifferentiated (a) and differentiated (b)
C2C12 myoblast for 3 h at 37 �C. Mlp4.1 lytic activity was estimated by the analysis of the release of lactate dehydrogenase in the supernatant. Results are
expressed as absorbance at 490 nm, considering as maximal activity the absorbance of supernatants of 0.1% Triton X-100 treated cells. Each bar represents the
mean � S.D. of triplicate wells of two independent experiments. MtxII from B. asper venom is included as a control of known cytotoxicity. Ml-V: whole venom of
M. lebetina.
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fetal serum deprivationwerewithdrawn from the cycle and
underwent fusion originating multinucleated myotubes,
a differentiative condition extensively used as muscle
model (Travaglione et al., 2005). The loss of membrane
integrity after different agents applicationwasmonitored by
the analysis of the release in the medium of the cytoplasm
enzyme LDH (Fig. 4) using both proliferating myoblasts
(Fig. 4a) and differentiated myotubes (Fig. 4b). The
maximum membranes damage was evaluated after chal-
lenging the cellswithTritonX-100.WholeM. lebetinavenom
(0.5 mg/ml) shares a high level of cytotoxicity on C2C12
cells, irrespective of their differentiation state whereas
increasingMlp4.2 concentration (from5 to20mg/ml) didnot
induce any significant change inmembrane integrity in both
myoblasts andmyotubes (Fig. 4a–b). In order to compare the
effect of M. lebetina myotoxin with another muscle-
damaging snake venom toxin, we used MtxII, a phospholi-
pase-like myotoxin purified from the venom of Bothrops
asper. Data in Fig. 4a,b demonstrates that MtxII (5 mg/ml)
rapidly induced the leakage of LDH in the medium sug-
gesting a direct effect of the toxin onmembrane integrity. As
previously described,MtxII showed amore evident cytolytic
activity on myotubes with respect to the proliferating
myoblasts (Lomonte et al., 1999).

3.5. Effect of Mlp4.2 in vivo

The histological changes of the anterior tibialis (AT)
muscle 1 h after the injection of saline solution (Fig. 5a) or
25 mg of M. lebetina whole venom (Fig. 5b) were investi-
gated. In the PBS-treated AT, the muscle fibers are closely
packed together showing a similar diameter and with the
nuclei (blue stained) located around themyofibers (Fig. 5a).
The muscle fibers are surrounded by connective tissue
(endomysium), which appears to be continuous around
regularly shaped fibers. The blood vessel (Fig. 5a, black
arrow) appeared well delimitated by the endothelium and
some nucleated cells are visible on the internal side. One
hour after venom injection muscle fibers did not appear
particularly damaged but a dramatic erythrocytes extrav-
asation is clearly visible (Fig. 5b). Fig. 5c–e show repre-
sentative sections of AT muscle obtained 5 (Fig. 5c,d) and
24 h (Fig. 5e) after the injection of saline solution (Fig. 5c) or
containing 20 mg of Mlp4.1 (Fig. 5d,e). The cross section of
the toxin-injected AT muscle, indicates that several myo-
fibers lost their compactness and contiguity; furthermore
in spaces around the fibers an infiltration of mono-
nucleated cells there is evident (Fig. 6d,e green arrows). The
blood vessel (Fig. 5d, black arrow) did not present clear
damages and we did not observe any erythrocytes in the
cross sections. The overall integrity of the capillaries
suggests that infiltration of mononucleates cells is caused
by an active migration from the vessels to the fibers. 24 h
after the toxin treatment, a large part of the injected AT
degenerated and several completely deteriorated fibers
were present (Fig. 5e). Nucleated cells are visible not only
around the fibers but also in the degenerated ones (Fig. 5e,
arrow). Also after 24 h from toxin injection no evidence of
haemorrhage was observed in the muscle suggesting that
the Mlp4.2 toxic effect is restricted to muscle integrity and
that this toxin has a direct myotoxic activity.

The time-dependent muscle degeneration induced by
Mlp4.2 was also analyzed by immunofluorescence against
the HCM (red signal) and laminin-2 (green signal). The AT
was isolated and the cross sections were treated for
immunofluorescence analysis 24 h after the injection of
saline solution (Fig. 6a,d) or 5 (Fig. 6b,e) and 24 h (Fig. 6c,f)
after the injection of 20 mg of Mlp4.2. In the muscle injected
only with saline solution myosin appears packed into the
fibers and the fluorescence signal showed a defined patch
suggesting awell-organized structural topology (Fig. 6a). In
the cross sections obtained from 5 h toxin-treated AT,
besides an overall damage of the fiber structure, the HCM
signal starts to appear faint into somemyofibers suggesting
a noteworthy alteration of the muscle (Fig. 6c). 24 h after
the injection several fibers were devoid of the contractile



Fig. 5. Histological changes after Mpl4.1 injection on mouse AT muscle. Representative transverse sections of AT preparations stained with hematoxylin and eosin
after 1 h from injection of vehicle (panel a) or 25 mg of whole M. lebetina venom (panel b). Notice in panel (b) the presence of a dramatic erythrocytes
extravasation surrounding a blood vessel (black arrow) whereas not evident muscle degeneration is visible. In panel (a) the black arrow indicates a no-damaged
vessel. Representative transverse sections of AT preparations after 5 h (panels c,d) and 24 h from injection of vehicle (panel c) or 20 mg of Mpl4.1 (panels d,e). 5 h
after Mpl4.1 injection myofibers lost their contiguity but the blood vessel (panel d; black arrow) did not present evident damages. Notice the presence of
abundant necrotic fibers 24 after toxin injection (panel e) and inflammatory infiltrates in Mpl4.1 injected muscle (panel d,e; red arrows), which after 24 h from
the injection, are present also into necrotic fibers (panel e; red arrows). Magnifications: (a, b) �140; (c, d, e) �220. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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elements and it is possible to note the presence of HCM
outside the muscle cell, revealing an even stronger muscle
alteration (Fig. 6e, green signal). In the same Fig. 6 are also
shown the immunofluorescence images of laminin-2,
a basal lamina muscle-related protein, involved in the
maintenance of myofibers stability. To better appreciate the
changes in laminin structure induced by toxin injection
Fig. 6 shows not only the double staining HCM-laminin
(panels a–c) but also some images of AT muscle stained
only for laminin (panels d–f). In the saline treated AT, the
laminin was revealed as a fine continuous line surrounding
myofibers at the site of basal lamina (Fig. 6a,d). 5 (Fig. 6b,e)
and 24 (Fig. 6c,f) hours after the Mlp4.2 injection, time-
dependent damages on the myofibers basal lamina became
clearly visible. Laminin staining decreased and became
discontinuous indicating a progressive loss of integrity of
the endomysium surrounding the muscle fibers. To study
the in vivo effect of Mlp4.2 on muscle vessels, endothelial
cells marker PECAM (CD31) was studied with
immunofluorescence analysis (Fig. 7, red signals). A
PECAM-positive signal was present in the endothelial cells
that define the blood vessel wall (Fig. 6a,c) after 5 h after
injection with saline solution. In sections of toxin-treated
AT, laminin sheets (green) appeared discontinuous with
several evident breaks and endothelial wall of capillaries
appeared deformed and crushed (Fig. 6b,d) but still PECAM
(red) positive. These data seem to rule out a direct effect of
the toxin on endothelial cells supporting, on the other
hand, a likely secondary effect due to degeneration of
myofibers.

4. Discussion

Envenoming by snakes belonging to the Viperidae
family induces prominent local tissue damage that often
results in permanent disability and systemic alterations
associated with haemorrhage, coagulopathy, cardiovas-
cular shock, and renal failure (White et al., 2003). Clinical



Fig. 6. Immunofluorescence analysis of muscle changes after Mpl4.1 injection on mouse AT muscle. Double immunofluorescence staining with antibodies to
laminin (green) and HCM (red) of AT preparations after 5 h (panel a,b,d,e) or 24 h (panel c,f) from injection of vehicle (panel a,d) or 20 mg of Mpl4.1 (panel b,c,e,f).
After 5 h from the Mpl4.1 injection (panel b), the HCM signal (red) appears faint into some myofibers suggesting a noteworthy alteration of the muscle; 24 h after
the injection several fibers were devoid of the contractile elements while HCM is present also outside the muscle cell (panel c). Notice that in treated muscle it is
possible to observe a time-dependent decrease of laminin staining (green) that became discontinuous indicating a progressive loss of integrity of the endo-
mysium (panel d,e,f). Magnifications: �140.
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reports indicate that, in humans, the main invalidating
effect of the venom of M. lebetina is the irreversible
disruption of muscle tissue (Chani et al., 2008). The venom
component/s responsible for muscle necrosis are not yet
clearly individuated and the aim of this research was to
characterize the myotoxic fraction of theM. lebetina venom
in view of an effective therapeutic approach to the Viper
bite. Viperidae snake myotoxins mainly belong to the PLA2

family and only to a minor extent to the SVMPs family (Jia
et al., 1996; Montecucco et al., 2008). However in the M.
Fig. 7. Double immunofluorescence staining with antibodies to laminin (green) and
20 mg of Mpl4.1 (panel b). In sections of toxin-treated AT, laminin sheets (green) appe
deformed and crushed but still PECAM (red) positive. Magnifications: �220.
lebetina venom the quantitative ratio seems to be inverted
and proteomic analysis of two different subspecies of
M. lebetina venoms (i.e. transmediterranea and obtusa)
indicates that the PLA2 fraction represents only the 4–5% of
venom total proteins content, i.e. 6–8 times less that in
venoms of other Viperidae (Bazaa et al., 2005; Sanz et al.,
2008). After fractionation of M. lebetina venom and
screening of pooled fractions for myotoxic activity, we
isolated as a pure fraction two proteins, here namedMlp4.1
and Mlp4.2, and we determined their molecular mass by
PECAM (red) of AT preparations after 5 h from injection of vehicle (panel a) or
ared with several evident breaks and endothelial wall of capillaries appeared
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electro-spray mass spectrometry. Mlp4.1 and Mlp4.2 share
molecular mass values of about 23 kDa, very similar to that
reported for the class PI of SVMP (Bjarnason and Fox, 1995;
Rawlings and Barett, 1995). Partial amino acids sequence
obtained by analysis of a tryptic peptide derived from
Mlp4.2 degradation shows a very high sequence homology
with peptide fragments of two other PI-SVMPs purified
fromM. lebetina venom: VIF and Lebetase. VIF and Lebetase,
that share fibrinogenolytic but not haemorrhagic activity,
possess a molecular mass very close to that of Mlp4.2
(22 826 Da) (Gasmi et al., 2000; Saidi et al., 1999). Mlp4.2 is
able to cleave several different substrates including fibrin-
ogen and extracellular matrix proteins and is sensitive to
EDTA-phenanthroline such as other SVMPs from Viperidae
venoms (Escalante et al., 2000; Franceschi et al., 2000).
Taken together data reported herein indicate that Mlp4.2
belongs to the P-I SVMPs sub-group, i.e. proteins charac-
terized by the presence of the unique metallopeptidase
domain responsible for many of the local and systemic
effects observed during envenoming by Viperidae snakes,
including muscle damage (Jia et al., 1996; Gutiérrez and
Rucavado, 2000). Conversely, partial amino acids sequence
obtained by analysis of two tryptic peptides derived from
Mlp4.1 degradation shows a sequence demonstrating that it
does not belong to the same protein class of Mlp4.2 (data
not shown). A number of studies have implicated SVMPs as
BaP1 from B. asper and Jararhagin from Bothrops jararaca
(Rucavado et al., 1995; Clissa et al., 2001) in the induction of
inflammatory pathogenesis increasing the production of
pro-inflammatory cytokines including GRO, MPC-1 inter-
leukines and TNFa (de Moraes and Selistre-de-Araujo,
2006). We have no direct evidence for the action of
Mlp4.2 on cytokines production but our histological
observations demonstrate a high level of nucleate cells
infiltration in the damaged muscle fibers which is consis-
tentwith the hypothesis of a direct action of the toxin on the
induction of an inflammatory status (Fig. 5d,e).

In order to explain the molecular mechanism of myo-
toxic activity of PI-SVMPs, different models have been
proposed (Fox and Serrano, 2005), which include an indi-
rect or, alternatively, a direct action of the toxins on muscle
fibers. The indirect hypothesis proposes that the muscle
disruption represents the secondary consequence of the
hypoxia induced by the parallel action of the venom on the
vasal integrity and on the coagulation cascade. However, it
has also been proposed that the myonecrotic effect of the
Viperidae venomsmight be induced by a direct and specific
effect on the muscle (Fox and Serrano, 2005). Mlp4.2
injected in AT muscle induces a dramatic loss of muscular
tissue (Fig. 5e) but, at variance with the M. lebetina whole
venom (Fig. 5d,e), we observed only a negligible red cell
extravasation and the analysis of the endothelium markers
distribution does not indicate a conspicuous modification
of the vessel morphology (Fig. 7b,d). The induction of
haemorrhage after vessel disruption does not seem to be
a general mechanism of the protease from Viperidae
venom and several PI-SVMPs devoid of haemorrhagic
activity have been described (Siigur et al., 1998; Ramos
et al., 2003). Being the Mlp4.2 devoid of haemorrhagic
activity, we investigated the possibility that its myotoxic
effect is caused by a direct action on muscular tissue.
Mlp4.2 is not cytolytic for both undifferentiated and
differentiated myotubes in vitro (Fig. 4), at variance with
MTXII, a PLA2-like myotoxin purified from B. asper, which
causes a fast C2C12 plasma-membrane impairment (Fig. 4
and Lomonte et al., 1999). Also in vivo, a not direct cyo-
toxic activity of the Mlp4.2 on muscle cells was suggested
by the microscopic analysis of the treated AT muscle that
demonstrates a delayed loss of fibers. A lack of cytotoxic has
been also reported for several other SVMPs, which in vivo
induce a rapid impairment of the vessels being not cytolytic
for the endothelial cultured cells (Rucavado et al., 1995;
Tanjoni et al., 2005). Mlp4.2 is able to hydrolyze, in vitro,
proteins forming cellular matrix as fibronectin and laminin
(Fig. 3) and, in vivo, after intramuscular injection, a loss of
integrity of the laminin sheath that precedes the evident
degeneration of muscle fibers (Fig. 6). The laminin mesh-
work of the basement membrane allows integrin-mediated
anchorage of muscle fibers that regulates basic processes
such as cell shape, movement, growth, differentiation and
survival by controlling cell adhesion and cytoskeletal
machinery (Sternlicht and Werb, 2001). Thus, it is
conceivable that the toxic action of the SVMPs implies the
hydrolysis of the basal membrane proteins that, as
a consequence, induces the loss of interactions between
cells and the extracellular matrix, and finally of the cells
death. Several muscular dystrophies have been associated
to defective binding of ECM with alpha-dystroglycan the
laminin receptor involved in extracellular matrix assembly
on myotubes and muscle cell viability (Montanaro et al.,
1999). More recently the deleterious effect on cells
viability of the unattachment or the attachment to an
inappropriate matrix has been recently reported in the
C2C12mousemyogenic cells in culture (Munoz et al., 2010).
Authors report that the binding of the short laminin glob-
ular (LG4-5) to dystroglycan is important in preventing
anoikis and that attachment plus binding is necessary for
maximal cell survival (Munoz et al., 2010).

5. Conclusions

In this study we report evidences for the existence of
a metalloprotease component, named Mlp4.2, able to
induce a non-reversible muscle loss in treated mouse. Our
hypothesis is that Mlp4.2 is involved in the induction of
persistent muscle damage induced by M. lebetina bite. The
venom proteases that at variance with the phospholipase
disrupt the complex interaction ECM–muscle fibers,
prevent the satellite cells-dependent muscle regeneration.
Finally, we propose that the mechanism of Mlp4.2-depen-
dent muscle damage does not involve the hypoxia induced
by haemorrhagic activity but the disruption of laminin-
muscle cells interaction. Taking into account the rising
interest in the ethiology of several types of muscular
dystrophies, we candidate this protein as useful tool to
understand the alteration of the interaction between ECM
and muscle cells.
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