
~ Pergamon 
Bio¢hemical Pharmacology, Vol. 47, No. 9, pp. 1509 1518, 1994. 

Copyright (~ 1994 E[scvier Science Ltd 
Printed in Great Britain. All rights reserved 

0111162952/94 $7.(1(1 + 0.1111 

0006-2952(94)E0004-5 

NEUTRALIZATION OF THE CYTOLYTIC AND MYOTOXIC 
ACTIVITIES OF PHOSPHOLIPASES A2 FROM B O T H R O P S  
ASPER SNAKE VENOM BY GLYCOSAMINOGLYCANS OF 

THE HEPARIN/HEPARAN SULFATE FAMILY 

B R U N O  L O M O N T E , * t : ~  A N D R E J  T A R K O W S K I , * §  U L F  B A G G E  N a n d  L A R S  4 .  H A N S O N *  

Departments of *Clinical Immunology, §Rheumatology and [IAnatomy, University of G6teborg, 
G6teborg, Sweden; and ~:Instituto Clodomiro Picado, Facultad de Microbiologia, 

Universidad de Costa Rica, San Jose, Costa Rica 

(Received 23 September 1993; accepted 24 December 1993) 

Abstract--Basic phospholipases A 2 from the venom of Bothrops asper exhibit skcletal muscle damaging 
activity in vivo, and cytolytic activity to a variety of cell types in culture. Glycosaminoglycans of the 
heparin/heparan sulfate family were found to be potent blockers of the cytolytic action in vitro, and, 
as well, to be able to neutralize the muscle damaging activity of purified myotoxins and crude venom 
in vivo. However, the neutralizing effect of heparins was more potent in vitro than in vivo. The 
cytolytic activity of myotoxin II (a lysine-49 phospholipase A2 isoform) and its inhibition by heparin 
was characterized. The neutralizing effect of heparin did not depend on its anticoagulant activity, since 
both standard heparin and heparin with low affinity for antithrombin (LA-heparin) had a similar 
efficiency. Heparan sulfate and low molecular mass heparin (5 kDa) also neutralized myotoxin II. In 
contrast, different heparin-derived disaccharides were unable to block cytolysis, implying a requirement 
for a longer carbohydrate chain structure for the interaction with the protein. By affinity chromatography 
and gel diffusion, it was demonstrated that heparins form a complex with all isoforms of basic venom 
myotoxins, held at least in part by electrostatic interactions. The phospholipase A2 activity of myotoxin 
III, a related aspartate-49 isoform from the same venom, was unaffected by heparins, despite the fact 
that its myotoxic activity was inhibited, indicating a dissociation of the two actions. 
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In recent years, heparin has been shown to interact 
in vitro with several types of PLA2s ¶, (EC 3.1.1.4) 
[1-3] and in some cases, to inhibit their enzymatic 
activity. PLAzs are notoriously abundant and widely 
distributed in snake venoms, in which they have 
acquired a variety of toxic activities in the course of 
evolution, such as neurotoxicity, myotoxicity, 
anticoagulant effect, and edema-forming activity 
[4, 5]. 

Non-immunologic inhibitors of myotoxic PLA2s 
could be of interest therapeutically, especially 
considering that antivenom immunoglobulins have 
a limited efficacy in preventing the muscle damage 
that follows envenomation [6,7]. In addition, 
inhibitors may constitute useful tools for under- 
standing the mechanism of action of myotoxic PLA2s. 
The neutralization of myotoxic activity of the venom 
of Bothrops jararacussu, a crotalid species from 
Brazil, by heparin has been reported [8, 9]. This 
interesting finding is further investigated in the 
present work, using myotoxin II, a basic PLA2 
purified from the venom of B. asper ]10], and with 
special interest on heparin derivatives with little or 
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no effect on the coagulation system, i.e. heparin 
with low affinity for antithrombin. Myotoxin II is a 
natural PLA2 isoform devoid of enzymatic activity, 
mainly due to the critical amino acid substitution at 
position 49 (Ast~+Lys) Ji l l ,  but still displays 
myotoxic activity [10]. In some experiments, an 
isoform that has PLA2 activity, myotoxin III [12], 
was utilized to investigate the effect of heparins on 
the enzymatic activity of these proteins. In order 
to have a well standardized system for the 
characterization of the neutralizing ability of 
heparins, an in vitro model of cytotoxicity was 
developed, using two cell types as targets, skeletal 
muscle myoblasts and capillary endothelial cells. 

MATERIALS AND METHODS 

Venoms and myotoxic PLA2s from B. asper, 
Crude venom of B. asper specimens from Costa Rica 
(Pacific region) kept at the serpentarium of the 
Instituto Clodomiro Picado (University of Costa 
Rica) was fractionated by ion-exchange chroma- 
tography on CM-Sephadex C-25 as previously 
described [10] to obtain pure myotoxin II, as 
evaluated by SDS-PAGE [13] and cathodic native 
PAGE at pH4.3 [14]. B. asper myotoxin III [12] 
was kindly provided by Dr J.M. Guti6rrez, University 
of Costa Rica. Crude venoms of Agkistrodon 
piscivorus piscivorus, Bothrops jararacussu, Crotalus 
durissus terrificus, C. viridis viridis, Naja naja atra, 

1509 



15111 B. LOMONTE el a[. 

Trimeresurus flavoviridis, and Vipera berus, were 
purchased from the Sigma Chemical Co. (St Louis, 
MO, U.S.A.). 

Glycosaminoglycans. Standard heparin (5000 IE/ 
mL), heparin with low affinity for antithrombin (LA- 
heparin; 7 IU anti-factor Xa/mg, M~ 15,0001, and 
low molecular mass heparin (Fragmin ®, 25,00(tIE/ 
mL, M~ 5000) were provided by Kabi Pharmacia 
(Sweden), through the courtesy of Dr L.O. 
Andersson. Heparan sulfate (from bovine intestinal 
mucosa, H-7641) and a series of heparin-derived 
disaccharides were purchased from Sigma. A 
purified chondroitin sulfate preparation (from bovine 
cartilage) was kindly provided by M. Maccarana 
(Uppsala University, Sweden). 

Myotoxic activio,. Myotoxicity was evaluated in 
mice (Swiss, 20-24 g) by injecting either crude B. 
asper venom or pure myotoxins, alone or after 
incubation with varying amounts of heparins 
(15 rain at room temperature), by the i.m. route 
(gastrocnemius), and then measuring the serum CK 
(EC 2.7.3.2) activity (kit No. 520, Sigma) after 3 hr 
[61 . To confirm data from the enzymatic assay, 
samples of injected tissue were evaluated his- 
tologically on hematoxylin-eosin stained sections. 
In addition, neutralization of B. asper venom 
myotoxicity by heparins was evaluated qualitatively 
using an intravital microscopic technique to study 
the effect of local application on the mouse cremaster 
muscle, as previously described [15]. 

The ability of LA-heparin to neutralize the 
myotoxic activity of several snake venoms, in 
addition to that of B. asper, was investigated 
similarly, using the serum CK levels after 3 hr of 
injection as an indicator of muscle damage. The 
ratio of LA-heparin/venom utilized in these 
screenings was 5 !*g/ltg. 

in vitro cvtotoxicity. The activity of myotoxin I1 
was quantified m vitro by a cytotoxicity assay using 
two cell lines. L6 rat myoblasts (ATCC CRL 14581 
were kindly provided by Dr M. Thelestam 
(Karolinska Institute, Sweden), whereas tend cells, 
a polyoma virus-transfl)rmed mouse endothelial cell 
line of capillary origin [16] were a kind gift from Dr 
A. Mantovani (Istituto di Ricerche Farmacologiche 
Mario Negri, Italy). Cells were routinely grown in 
Iscove's medium (Gibco, Paisley, U.K.) sup- 
plemented with I(IC~, fetal calf serum (FCS: Bk)logical 
Ind., Haemek, Israel), 2 mM L-glutamine, 5 × 10 > 
M 2-mercaptoethanol, and 0.05 mg/mL gentamycin. 
In order to quantify cvtotoxicitv, cells were seeded 
at l~t × 10a/well in9t~-well plates and grown for 2 
4 days until almost confluent. At the moment of the 
assay, culture medium was removed and replaced 
with 150 !~L/well of medium with 1 ¢/~ FCS containing 
different amounts of myotoxin 11. The FCS 
concentration was lowered to l q'i in order to 
minimize the basal LDtt (EC 1.l.1.27) activity of 
the medimn. After 3hr of incubation at 37 ° 
(selected after time-course experiments), 10U !d, of 
supernatant were assayed for LDt! released from 
damaged cells (kit No. 50(I, Sigma). As reference 
values for 100 and 0% eytotoxicity, cells were 
incubated with 0.174 Triton X-100-contaming 
medium, or plain medium, respectively. All samples 
were assayed m triplicate wells. 

For neutralization experiments, myotoxin II (at 
concentrations that would induce 100% cytotoxicity 
if uninhibited, i.e. 10 or 20 ttg/150 !tL/well for tEnd 
and L6 cells, respectively) was preincubated with 
the different tested agents for 15min at room 
temperature, and then applied to cultures as 
described above. 

In order to determine if the inhibitory activity of 
heparins on myotoxin-induced cytolysis was due to 
an effect on the target cells, cultures were 
preincubated with heparin (170fig/mE) fo r2  hr at 
37 ° , washed, and then exposed to myotoxin II as 
described above. 

A neutralizing monockmal antibody to B. asper 
myotoxins, MAb-3 [17] was also tested in this 
cytotoxicity assay, to investigate if a simihu 
neutralizing potency would be obtained in com- 
parison to that observed in vivo [18]. MAb-3 was 
obtained from ascitic fluid in BALB/c mice, and 
partially purified by ammonium sulfate precipitation. 
Its final concentration was estimated by radial 
immunodiffusion [19] using a mouse lgGi standard 
(Sigma). 

Edema-forming activity. The ability of LA-heparin 
to inhibit the edema induced by myotoxin It was 
tested in the footpads of mice. by injecting 100f~g 
of the toxin, either akme or after incubation with 
LA-heparin (5/~g/!~g toxin), in 5(1 t,l_. of PBS by s.c. 
route. Edema was quantified at different time points 
by measuring the increase in fl~otpad thickness with 
a low-pressure spring caliper [2t11. Control mice 
received an injection of 50!zL of PBS, 

Pho.v?holipase A~ ass~o'. An indirect hemolytic 
assay in suspension, based on the gel diffusion 
technique described by Gutierrez et al. [21] was 
utilized. Washed sheep red blood cells were 
suspended at 1.5('~ (v/v) in 0.12M NaCI, ().04M 
sodium phosphate buffer, ptt 8. I, containing I<:~ 
egg yolk as a source of phospholipids and 0.09 mM 
CaCl~. To 500 fd, of this preparation, 5 !tI. (containing 
5 fig) of myotoxin Ill alone, or after prcincubation 
with heparins (at a ratio of 5 ug heparin/ug toxin), 
were added and incubated for 30 min at 37 ° . Then, 
3mL of buffer were added to each tubc. and 
hemolysis was read at 540 n r n  after centrifugation. 
To assure the PLA~ dependency of the lysis and the 
lack of direct hemolysis, parallel mvotoxin samples 
were run using red blood cells in the absence of egg 
yolk phospho/ipids. 

A,[:fini O, chrotnat(~,g:aph;'. ('rnde B. a,V;,cr vcnonl 
(25 rag) was applied to a cohnnn of heparin-agarose 
(Sigma) equilibrated with PBS. plf7.2. After the 
absorbance at 280nm of the elucnt ~eturned to 
baseline, clution ot the heparin-binding fl ~lCllt,n w;:ts 
pcrforlncd by either a stepwise or a linem gradient 
to 1 M NaCf. The eluted fraction was analysed b~ 
SDS-PAGE and native cathodic PAGE as described 
above. 

Gel diffil.s'ion. The interaction between Ileparins 
and crude venom o r  n l v o t o x i n  I1 was tested by ,,el 
diffusion in I (~ agarose-PBS plates [22]. After 24 hr 
of incubation at roonl temperature, gels were washed 
with PBS and ltle precipitates stained vdth (7oomassie 
blue R-250. 

Cell surface hcl~aran ,~M/atc trecl l t t l t ' l l lv .  l h e  
possible role of cell surface heparan sulfate in the 
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Fig. 1. Heparins neutralize the myotoxic action of whole 
B. asper venom in mice. Venom and different amounts 
of heparins were mixed, incubated 15min at room 
temperature, and then injected i.m. into groups of four 
mice (50 ~g venom/mouse). After 3 hr, CK levels in serum 
were determined as an indicator of skeletal muscle damage 
(% myonecrosis). CK values obtained with venom alone 
were taken as 100%. St heparin: standard heparin (empty 
bars); LA-heparin: low affinity heparin (filled bars); PBS: 
phosphate-buffered saline. Bars represent means _+ SD of 
four determinations. All values are significantly (P < 0.05) 

lower than the venom control. 

cytotoxic mechanism of myotoxin II was investigated 
by (a) heparit inase digestion of cell cultures, (b) 
inhibition of heparan sulfate sulfation with sodium 
chlorate, and (c) the use of a cell mutant  with a 
defect in heparan sulfate biosynthesis. 

For heparit inase t reatment ,  cell cultures were 
incubated with 1.25 U/we l l  of heparinase III (Sigma), 
in 100/~L of PBS, for 2 hr at 37 ° [23]. Control  cells 
were t reated similarly but omit t ing the enzyme. 
Then, wells were washed twice with culture medium,  
and the cytotoxicity induced by myotoxin II was 
determined as described above.  For  chlorate 
treatment,  cells were plated in microwells with 
medium containing 10 mM sodium chlorate [24, 25] 
and grown for 2 days. At  the moment  of the assay, 

myotoxin II was added in chlorate-containing 
medium, and cytotoxicity was determined.  Chlorate  
was omit ted in control cultures. Finally, the cytotoxic 
action of myotoxin II was also quantified on two 
C H O  cell lines, one defective in the synthesis of 
heparan sulfate (CHO-pgsD-677),  and the wild type 
control (CHO-K1)  [26], kindly provided by Dr  J .D.  
Esko (University of Alabama-Birmingham,  U .S .A . ) .  

R E S U L T S  

When whole B. asper venom was preincubated 
with either standard or LA-heparin,  and subsequently 
injected into mice, its myotoxic action was 
significantly reduced in a dose-dependent  manner  
(Fig. 1). This result was confirmed by histological 
evaluation and by the use of intravital microscopy. 
In the latter system, widespread muscle fiber damage 
regularly developed 4-6 min after application of 
venom alone, whereas, when it was mixed with 
standard or LA-hepar in  before application, muscle 
fibers were protected throughout  the observat ion 
period of 30 min. In contrast to LA-hepar in ,  standard 
heparin markedly increased the hemorrhage induced 
by the venom, evident both histologically and 
intravitally. 

The ability of kA-hepar in  to neutralize the muscle- 
damaging activity of venoms from other  species was 
explored. It was found that the venoms of A. p. 
piscivorus, B. jararacussu, and T. flavoviridis, were 
also significantly neutralized regarding myotoxic 
activity, as judged by the reduction in the serum CK 
levels measured at 3 hr. However ,  not all venoms 
tested were susceptible to heparin neutralization of 
myotoxic activity (Table 1). 

To analyse in more detail the neutralizing ability 
of heparins towards myotoxins of B. asper venom,  
an in vitro cytotoxicity assay was developed using 
purified myotoxin II. This toxin was cytolytic not 
only to L6 myoblasts, but also to t e n d  cells, in the 
concentration range of 25-150~g/mL.  Unexpec-  
tedly, endothelial cells were significantly more 
susceptible than myoblasts to the cytotoxic action of 

Table 1. Effect of LA-heparin on the myotoxic activity of different snake venoms, tested by 
preincubation and subsequent in vivo administration to mice* 

Serum CK levels at 3 hr (U/roLl 

Species Dose (ttg) Venom alone Venom + LA-heparin P valuer 

Agkistrodon p. piscioorus 50 768 ± ll)l 354 -+ 72 </).01 
Bothrops jararacussu 50 370 ± 60 181 + 59 <0.0l 
Crotalus durissus terrificus 5 298 ± 109 382 -+ 80 >0.1 
CrotaIus uiridis viridis 50 617 ± 118 484 -+ 172 >/).l 
Nafa naja atra 5 454 ± 326 418 -+ 180 >l}.l 
Trimeresurus ftavooiridis 50 1086 ± 220 393 -+ 69 <0.01 
Vipera berus 50 399 ± 66 408 -+ 111 >t). 1 

* The ratio of LA-heparin/venom in the preincubation mixture was 5 ~tg/l~g. The dose utilized the 
case of C. d. terrificus and N. a. atra venoms was 5/tg/mouse (instead of 50 ~g/mouse) due to their 
highly lethal neurotoxic activity. 

I- Serum CK values are presented as means _+ SD, using four animals in each group. Normal CK 
levels in mice injected with saline were 51 +- 11 U/mL. The means between each pair (venom alone 
and venom + LA-heparin) were compared by two-tailed Student's t-test. 
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Fig. 2. Myotoxin II is cytotoxic to cultured rat myoblasts 
(L6) and mouse capillary endothelial cells (tEnd). (A) 
Time-course of LDH release from damaged tEnd (0) and 
L6 (0) cells after incubation with myotoxin II (10 pg/well; 
see Materials and Methods). LDH release is expressed as 
a percentage, considering the enzyme activity of Triton X- 
100 treated culture supernatants as 100%. (B) Dose- 
response curves of cytotoxic activity of myotoxin II on 
[End (0) and L6 (e) cells, measured by release of LDH 
at 3 hr. Each point represents mean + SD of triplicate 

wells. 

myotoxin II (Fig. 2A and B). Morphologically, 
both cell types showed, after exposure to the toxin. 
an abundant cytoplasmic granulation, followed by 
an apparent dissolution of the membrane, without 
detachment, similar to the appearance of detergent- 
treated cultures. An incubation time of 3 hr (Fig. 
2A) and a toxin challenge of 20 and lOpg/well, for 
L6 and tEnd cells. respectively (Fig. 2B). were 
selected for all subsequent experiments, to assure 
100% cytotoxicity in the absence of a neutralization 
effect. When preincubated with myotoxin II, 
standard as well as LA-heparin blocked its cytolytic 
activity on both cell types. The neutralizing potency 
of heparins in this assay system was considerably 
high, since cells were completely protected at 
approximate ratios of 0.02 and 0.3pg heparin/pg 
myotoxin II, for Lh and tEnd cells, respectively, 
with no observable differences in the inhibitory 
efficiency of the two heparin types (Fig. 3). Since 
the average molecular mass of both heparins utilized 
(15 kDa) is similar to that of myotoxin II, the 
heparin/toxin ratios expressed as pg/pg roughly 
correspond to molar ratios. Under identical 
conditions, the myotoxicity-neutralizing antibody 
MAb-3 was also able to inhibit the action of myotoxin 
II in the cell culture system, completely preventing 
its effect at an approximate molar ratio of 1: 1 (Fig. 

4). 

0-OSt-H/Cd 
.-.tA-H/tEnd 

A-ASwi/LB 
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Fig. 3. Standard heparin and LA-heparin block the 
cytotoxic activity of myotoxin II. Either standard (St-H; 
empty symbols) or low affinity (LA-H; filled symbols) 
heparins were mixed with myotoxin II at the indicated 
proportions, incubated for 15 min at room temperature, 
and then assayed for cytotoxic activity on tEnd (circles) 
and L6 (triangles) cells. The toxin challenge for tEnd and 
L6 cells was 10 and 20 pg/well, respectively. Cytotoxicity 
was measured by the release of LDH from cells at 3 hr. 

Each point represents mean 2 SD of triplicate wells. 
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Fig. 4. Neutralization of the cytotoxic activity of myotoxin 
II on tEnd endothelial cells by monoclonal antibody MAb- 
3. MAb-3 and myotoxin II mixed at different molar ratios 
were preincubated for IS min at room temperature. and 
thenassayedforcytotoxicactivityon tEndcells. Cytotoxicity 
is estimated by the release of LDH, under the same 
conditions as in Fig. 3. Each point represents mean ? SD 

of triplicate wells. 

A complete neutralization of cytolysis caused by 
myotoxin II was also achieved with heparan sulfate 
and the low molecular weight heparin, although not 
with a variety of heparin-derived disaccharides or 
with chondroitin sulfate (Table 2). On the other 
hand, pretreatment of the cells with heparins. 
followed by washing, had no protective effect on 
myotoxin II-induced cytolysis (data not shown). 

Since myotoxin II induces edema in uiuo, and was 
found to be directly cytotoxic to endotheiial cells in 
culture, the ability of heparin to inhibit the edema- 
forming activity of the toxin was investigated. A 
significant inhibition of edema in the mouse footpad 
assay was achieved by preincubation of myotoxin 11 
with LA-heparin (Fig. 5). 
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Fig. 6. B. asper venom myotoxins bind to heparin. Whole venom was fractionatcd on a column o1 
heparin-agarose (Sigma) as described in Materials and Methods, and a heparin-bindmg fraction was 
obtained by salt elution. (A) Analysis of the hcparin-binding fraction by SDS-PAGE, 15e+ (anode at 
the bottom, Coomassie blue R-25(1 stain). Lane 1: molecular mass standards (106.80, 49.5, 32.5, 27.5 
and 18.5 kDa): lane 2: crude B. asper venom, 10 ,ug, lane 3: myotoxin II, 5 ltg: lane 4: hcparin-binding 
fraction, 20 ug. All samples were reduced with 2-mcrcaptoethanol at 95 °. (B) Analysis of the heparin- 
binding fraction by cathodic PAGE under native conditions (Coomassie R-250 stain, cathode at the 
bottom). Lane 1: crude B. asper venom, l(J #g: lane 2: heparin-binding fraction, 20/~g; hme 3: myotoxin 
11, 10ttg; lane 4: mixture of myotoxins l and III, l(I/~g. (C) Gel diffusion in If4 agarose-PBS. Wells 
were filled with 21/ItL of the following solutions: 1 and 3: crude B. as7?er venom, 20 mg/mL: 2: myotoxin 
II, (1.5 mg/mL; 4: standard heparin, 0.17 mg/mL: 5: LA-affinity heparin, tl. 17 mg/mL. Coomassie blue 

R-25(I stain. 

by the direct observat ion of a precipitate in gel 
diffusion, and by the dissociation of myotoxins from 
the heparin affinity column with an increasing ionic 
strength gradient. Melo  et al. [9], using gel filtration, 
also obtained evidence for complex formation 
between heparin and a myotoxic PLA2 from B. 
jararacussu venom,  that has similar antigenic [27] 
and physicochemical [28] characteristics to B. asper 
myotoxins. Venoms from many species of Bothrops ,  
distributed in Latin Amer ica ,  as well as other  
crotalids such as Trimeresurus flavot~iridis from 
Japan, contain components  that cross-react anti- 

genically with B. asper myotoxins [27], and therefore  
are presumably myotoxic PLA~s with similar 
properties,  as confirmed in several cases [29-31]. 
Thus, the present results might be relewmt also for 
other  myotoxic PLA,s.  Indeed,  a significant reduction 
in the muscle-damaging activity of crude venoms 
from crotalid species other  than B. asper was 
obtained by the use of LA-heparin.  Interestingly, 
the venoms that were inhibited correspond to those 
containing PLA2s antigenically-related to those of 
B. asper, T. f lavovir id is  [27] and B. jararacussu [27], 
the latter result confirming the original report  by 
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Fig. 7. Heparins block the myotoxic activity of myotoxin 
lII, but not its PLA2 activity. Either standard (St-Hep) or 
low affinity (kA-Hep) heparins were mixed with myotoxin 
lII at a ratio of 5/tg heparin//~g myotoxin, and incubaled 
for 15 rain at room temperature. Then, mixtures were 
assayed for in vivo myotoxic activity (50~g myotoxin/ 
mouse) or in vitro PLA2 activity (5/~g myotoxin/tube). 
Activities are expressed as a percentage, considering the 
activity of the toxin alone as 100%. Bars represent 

means - SD of triplicate determinations. 

Melo et al. [8]. Similarly, al though the venom of A. 
p. piscit~orus has not been tested for the presence 
of PLA2s antigenically-related to those of B. asper, 
the closely related species A. bilineatus contains such 
component(s)  [32]. Also,  a high degree of sequence 
homology has been found between B. asper myotoxin 
lI and a Lys-49 PLA2 of A. p. piscivorus venom 
[11]. Other  venoms tested, despite containing basic 
PLA~s with myotoxic activity (N. n. atra, C. d. 
terrificus), or basic myotoxic peptides ( C. v. t~iridis) 
[33], were not susceptible to heparin neutralization. 
Further studies using purified PLA~s/myotoxins from 
these genera are needed,  as the experiments  were 
performed with crude venoms.  Nevertheless ,  these 
findings suggest that the interaction of heparins with 
some toxic PLA2s could be based not only on a non- 
specific electrostatic interaction due to the basic 
character of the enzymes,  but that some specific 
recognition component  might additionally be 
involved. The lack of myotoxin lI neutralization by 
chondroitin sulfate is also in agreement  with this 
speculation. The structural nature of the interaction 
between beparins and myotoxic PLA~s is currently 
being investigated. 

Interestingly from the medical point of view, the 
ability of heparin to neutralize the cytolytic action 
of myotoxins did not depend on its anticoagulant 
activity, since similar results were obtained with 
conventional  heparin and LA-hepar in .  This is of 
relevance since Bothrops venoms contain potent  
hemorrhagic toxins and also severely disturb 
coagulation [34, 35]. Indeed,  the potentiat ing effect 
of standard heparin on the hemorrhagic  action of 
the venom was evident  in the intravital microscopy 
experiments,  emphasizing the potential  risks of its 
USC. 

As shown by the e leetrophoret ic  analyses, all 
myotoxin isoforms described in B. asper venom [361 
could be recovered from a heparin affinity column. 
Of these, myotoxin II, a Lys-49 PEA2 isoform, was 
studied in more detail. Since the muscle damaging 
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Fig. 8. Cell surface heparan sulfate is not required for the 
cytolytic activity of myotoxin 11. (A) Cell cultures of 
myoblasts (L6; circles) or endothelial cells (tEnd; triangles) 
were treated with heparitinase (1.25 U/100 #L PBS/welk 
Hpase) for 2 hr at 37 ° (filled symbols) or PBS alone as a 
control (empty symbols), washed, and then exposed to 
different amounts of myotoxin I1. Cytotoxicity is estimated 
by the release of LDH, under the same conditions as in 
Fig. 3. All points represent means + SD of triplicate wells. 
No significant differences are found between the two 
treatments. (B) Cell cultures of myoblasts (L6; circles) or 
endothelial cells (tEnd: triangles) were grown for 2 days 
in the presence of 10raM sodium chlorate-containing 
medium (fillcd symbols) or normal medium as a control 
(empty symbols), and then exposed to myotoxin 11. No 
significant differences are found between the two 
treatments. (C) Chinese hamster ovary cclls were used as 
targets for myotoxin II action. CHO-pgsD-677 (Q) is a 
mutant cell line defective in heparan sulfate synthesis and 
CHO-K1 (0) is the wild type control. LDH was determined 
at 3 hr. Only the difference between the values obtained 

with 5 ~g toxin is statistically signiticant (P < (l.05). 

effect of these PLA:s  is currently considered to be 
related to their ability to penetrate  phospholipid 
bilayers and alter cell membrane  permeabil i ty [37- 
411, an in z:itro cytotoxicity system was utilized. 
Myotoxin It was clearly cytolytic to skeletfd muscle 
myoblasts and capillary endothelial  cells, the latter 
cell type being significantly more susceptible. This 
was unexpected,  as it has recently been described 
that myotoxin III from the same venom is more 
toxic to cultured L6 myoblasts than to a variety of 
other  cell types, although endothelial  cells were not 
tested [42]. The ratios at which heparins completely 
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blocked this cytotoxie eflect suggest that several 
toxin molecules may simultaneously be neutralized 
by one heparin molecule. This could be explained 
by the polysaccharide nature of heparin, with its 
linear repeating unit structure [43]. However, the 
neutralizing efficiency of heparins in the myotoxicity 
tests in viuo was lower than in the cytotoxicity assay 
in vitro. This could be due to several reasons. One 
possibility to explain this difference would be a 
partial dissociation of myotoxin/heparin complexes, 
due to the competition caused in t~ivo by high affinity 
heparin-binding factors. On the other hand, although 
the group of basic PLA 2 myotoxins is the main 
mediator of muscle damage in this venom [18], it is 
possible that other factors not affected by heparins, 
for example acidic hemorrhagic toxins causing 
ischemia, could contribute to some degree to 
myonecrosis [33]. Nevertheless, even when using 
purified myotoxins, the neutralizing efficiency of 
heparin was lower in oit~o than in t~itro. Still 
another alternative, although at present speculative, 
explanation is that myotoxins would have a 
significantly higher affinity for mature muscle fibers 
than for myoblasts (or other cell types) utilized in 
culture. Although it is clear that several types of 
cells can be killed in vitro by myotoxic PLA2s of 
Bothrops venoms [41,42, and present study], the 
only cell type reported to undergo necrosis in vi~o 
is the mature muscle fiber [371 . Immature muscle 
cell precursors are likely to be less susceptible to 
myotoxin action, as suggested by the regeneration 
of affected muscles [44, 45]. The determination of 
the binding affinity of myotoxins to heparin, and to 
diverse cell types in culture, particularly to more 
differentiated muscle cell stages such as myotubes, 
would shed light on this hypothesis. However, the 
results obtained with the neutralizing monoclonal 
antibody MAb-3, do not agree with the concept of 
a differential affinity/susceptibility to myotoxins of 
mature muscle, compared to the cultured cell lines: 
the neutralizing potency of MAb-3 in t~itro was 
similar to that reported in ~ivo ]18], with a complete 
inhibition of myotoxin II achieved at an antibody/ 
toxin molar ratio of about 1/1. Further work is 
needed to clarify the different neutralizing potency 
of heparins in ~itro and in ~,it~o. 

The possibility of an effect of heparins on the 
target cells, rather than on the toxin, was clearly 
excluded. The details of the mechanism of myotoxin 
neutralization by heparins, remain to be determined. 
Diccianni et al. [3] demonstrated that heparin inhibits 
the hydrolysis of micellar phospholipid substrates by 
porcine pancreatic PLA> by binding to its amino- 
terminal region, known to act as the interface 
recognition site. It would be of interest to determine 
if heparin binds to an analogous region of myotoxic 
PLA2s, thereby interfering with penetration and 
subsequent perturbation of cell membrane hom- 
eostasis. 

The interaction of heparin with PLA2 of different 
origins has been reported to affect enzymatic activity 
in some cases [2, 3, 46], but not in others [1,47, 48]. 
In the case of myotoxin l i t ,  its PLA2 activity was 
unaffected by heparins, despite that its myotoxic 
effect was significantly reduced. Thus, the two toxin 
actions were clearly dissociated, in agreement with 

earlier results obtained with neutralizing monoclonal 
antibodies [ 181. 

LA-heparin was also able to neutralize the edema 
induced by myotoxin II, in addition to its cytotoxic 
action. Although the edema-forming effect of PLA,s 
has usually been correlated to their ability to 
hydrolyse phospholipids [49-511, the discovery of 
Lys-49 PLA:s devoid of enzymatic activity but still 
able to elicit edema [10,52[, implies that other 
mechanisms can also participate in this phar- 
macological activity. Among these mechanisms 
might be a direct action on mast cells 152,531 or on 
vascular endothelium. In this regard, it is interesting 
to note that myotoxin I1 had direct effects on 
endothelial cells in I~itro, which were inhibited by 
heparins. However, since the exact mechanisms by 
which Lys-49 PLA:s induce edema in t~il~o are not 
known, it is difficult to speculate about the mode of 
heparin neutralization of this effect. Indeed, it wouM 
be reasonable to consider the possibility that the 
edema induced by myotoxin II would be a response 
to the rapid muscle fiber damage 1151, and that 
neutralization of myotoxicity by heparins would 
result in an inhibition of this response, ttowcver, 
the observation that some venoms potently induce 
myonecrosis without a detectable edema response 
[54] argues against this hypothesis. A similar 
inhibitory activity of heparin on the edema induced 
by a PLA 2 from Trinleresurus nlucrosquanlatus has 
been reported I53]. 

The ability of free heparan sulfate to block the 
cytolytic activity of myotoxin II led us to investigate 
the possible role of cell surface heparan sulfate 
proteoglycan in the cytotoxic mechanism of these 
toxins, either as a protecting factor or as a first 
receptor/susceptibility factor, since their cell binding 
site(s) have not yet been identified. The results 
obtained by a combination of approaches, includim, 
heparitinase and chlorate cell treatments, as well as 
the use of CttO-pgsD-677 mutant cell line, all 
indicated that cell surface heparan sulfitte is not 
required by these toxins to exert their cvtolvtic 
action. 

The present results suggest that the potential of 
LA-heparin, or even smaller heparin fragments 
devoid of anticoagulant effects, should be expcri- 
mentally evaluated as a possible aid in the treatment 
of snakebites from certain species. Bergonzmi et 
a/. [55] demonstrated that bioavailability and 
distribution of heparins in biological compartments 
depend on their molecular weight. The screening of 
different heparin-derived disaccharides showed that 
the neutralizing effect cannot be achieved with such 
small structures, and therefore requires slightly 
larger oligosaccharides, as has been shown for the 
interaction of heparin with other proteins 156]. Thus, 
the determination of the minimal heparin structure 
capable to block the cytolytic effect of myotoxic 
PLA2s, possibly with a faster tissue distribution than 
antibodies [57], will point out candidate compounds 
to be evaluated in future studies. 
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