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ARTICLE INFO ABSTRACT

Handling editor: Denise Tambourgi Ophidic accidents are an important public health problem in South America, specifically those related to the

Bothrops genus, due to their high incidence, complexity and severity of envenomation symptoms. The species

Keywords: B. sanctaecrucis, the only one from this genus endemic to Bolivia, is the most frequently found and involved in
Bolivia snakebites in the Chapare region of Cochabamba; however, its toxicological implications on human health are
E‘;ﬁ’;‘:z;ns poorly known. Herein we conducted the first biochemical characterization of its venom. Its electrophoretic
Proteases profile showed components mainly ranging from ~10 to 37 kDa, resembling other Bothrops venoms. The venom
Viperidae exhibited high activity on azocasein (47.65 U/mg) and the thrombin-specific substrate S-2238 (625.55 pmol/

min/mg), and noticeably hydrolyzed gelatin and human fibrin(ogen). The venom also degraded lecithin and
hyaluronic acid, but both at low levels. These in vitro results point out a toxic mechanism of action fundamentally
at a local level, with tissue damage likely caused (although not exclusively) by SVMPs. Inmunochemical reac-
tivity was evaluated against Bothrops antivenoms produced in Argentina, which not only exhibited cross-reaction
by Western Blotting but also neutralized the procoagulant activity of the venom. This study offers first insights
into the venom components of B. sanctaecrucis, and provides preliminary and important information about the
pathophysiological mechanisms involved in the envenomation by this species, paving the way for treatment
strategies in such accidents.

1. Introduction

Although likely underestimated, the annual incidence of snakebites
in Bolivia is ~8 snakebites per 100,000 inhabitants, with great disparity
between districts (Chippaux and Postigo, 2014). The incidence is higher
in rural areas and, considering the rise of human population in rural
areas, it is predicted that the number of snakebites will increase in the
coming years (Chippaux, 2017; Chippaux and Postigo, 2014). The
mortality rate due to snakebites in Bolivia is the second highest in Latin
America, just after Panama (Mutricy et al., 2018) and, although the
genus mostly involved in snakebites in the country is unknown,
considering information from its neighbor countries, the Bothrops genus
is almost certainly among the most medically important snakes
(Sant’Ana Malaque and Gutiérrez, 2015). There are more than 11 spe-
cies of Bothrops snakes in Bolivia, and many of them are known to be of
medical relevance (Albuquerque et al., 2020; Freitas-de-Sousa et al.,

2024; Harvey et al., 2005; Santos-Barreto et al., 2017; Timms et al.,
2019). The World Health Organization Expert Committee on Biological
Standardization considers 9 Bothrops species as medically relevant in
Bolivia: B. atrox and B. mattogrossensis classified as the highest medical
importance snake species (Category 1), and B. bilineatus, B. brazili,
B. jararacussu, B. jonathani, B. moojeni, B. taeniatus and B. sanctaecrucis of
secondary medical importance (Category 2), denoting that some species
of the latter category are of primary medical relevance in other countries
(WHO Expert Committee on Biological Standardization, sixty-seventh
report, 2017). It is important to note that the presence of
B. jararacussu in Bolivia has been questioned by some authors (Harvey
et al., 2005).

Bothrops sanctaecrucis (Hoge, 1966) is the sole endemic species of pit
viper found in Bolivia (Fig. 1). It inhabits the amazon basin region of the
Bolivian Andes (210-380 m above sea level), in areas with high hu-
midity and average temperatures that range from 17 to 25 °C
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Fig. 1. B. sanctaecrucis specimen kept in the Santa Cruz Municipal Zoo, Bolivia.
(Picture taken by Ronald Sosa, Biologist in charge of serpentarium).

(Gémez-Murillo et al., 2020; INE, 2024; Saavedra and Urena, 2022).
Specimens of this species have been found in the departments of Santa
Cruz, Cochabamba, La Paz and Beni, with the majority of reports coming
from the area between Santa Cruz and Cochabamba (Gomez-Murillo
et al., 2020; Miranda-Calle and Aguilar-Krigin, 2011). Although no
official published data exists on B. sanctaecrucis diet in the wild, it is
highly probable that small mammals and anurous amphibians are part of
its diet, given that these are common prey of other terrestrial Bothrops
species from Bolivia (Bernarde et al., 2021; Monteiro et al., 2006, 2020;
Nogueira et al., 2003).

As previously mentioned, the WHO Expert Committee on Biological
Standardization classifies this species as one of secondary medical
concern due to the lack of data on clinical-epidemiological profile of
snakebite victims and its venom properties (WHO Expert Committee on
Biological Standardization, sixty-seventh report, 2017). Although
B. sanctaecrucis is the species most frequently found in the Chapare re-
gion, located in Cochabamba (Villca-Corani et al., 2023), and is also the
responsible for most of the snakebites in this region, there is no detailed
description about the clinical picture of the envenomation caused by this
species (Nieto-Ariza et al., 2022).

Taking into account that the outcome of any snakebite is directly
related to the venom properties of the species involved, this work aims
to analyze the protein composition and biochemical properties of the
venom of B. sanctaecrucis. Besides shedding light on the pathophysio-
logical mechanisms following envenomation, we aimed to provide
relevant information to allow medically trained personnel to assess and
treat patients bitten by this species.

2. Materials and methods
2.1. Bothrops sanctaecrucis venom

B. sanctaecrucis (Fig. 1) is classified as a “near threatened” species
according to the “Libro rojo de la fauna silvestre de Bolivia” (Ministerio
de Medio Ambiente y Agua, 2009) due to its indiscriminate hunting out
of fear or superstition. Thus, pooled venom from only 3 adult specimens
of B. sanctaecrucis was used in this study. The venom was lyophilized and
stored at —20 °C. When required, the venom pool was dissolved in
phosphate buffered saline (PBS; pH 7.4).

2.2. Gel electrophoresis

The protein profile of B. sanctaecrucis venom was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using
3% stacking and 12% resolving gels (Laemmli, 1970), and
Tricine-SDS-PAGE using 4% stacking, 10% spacer and 16.5% resolving
gels (Schagger, 2006). Lanes were loaded with 2.5, 5, 10 and 20 pg in
both under reducing (with 2-mercaptoethanol) and non-reducing
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(without 2-mercaptoethanol) conditions and gels were silver stained
(Blum et al., 1987). Molecular mass determination and densitometric
analysis were performed using the ImageLab software, version 6.1
(BioRad).

2.3. Proteolytic activity

Proteolytic activity of B. sanctaecrucis venom was evaluated using the
following substrates: azocasein, collagen, S-2238, fibrinogen and fibrin.

2.3.1. Caseinolytic activity

Caseinolytic activity was determined as reported previously (Wang
and Huang, 2002). One unit of caseinolytic activity was defined as the
amount of venom that causes an increase of 0.005 units of absorbance
per min at 540 nm and the specific activity was expressed as U/mg
lyophilized venom.

2.3.2. Collagenolytic activity

A zymographic assay (SDS-PAGE on 12% gel containing gelatin from
porcine skin, 2 mg/mL) was carried out to determine collagenolytic
activity (Barbaro et al., 2005).

2.3.3. Thrombin-like activity

Thrombin-like enzyme activity was measured by the hydrolysis of
the synthetic substrate for thrombin S-2238 (D-Phe-Pip-Arg-pNA) as
described by Antunes et al. (2010). Specific activity was expressed as
pmol p-nitroaniline/min/mg lyophilized venom.

2.3.4. Fibrin(ogen)olytic activity

Specific cleavage of fibrinogen by B. sanctaecrucis venom was
determined by SDS-PAGE using 12% polyacrylamide gels as described
by (Peichoto et al., 2007). Two hundred microliters of 2 mg/mL human
fibrinogen dissolved in 50 mM Tris-HCl buffer (pH 7.4) was incubated
with venom (100:1 mass ratio) at 37 °C. At various time intervals, ali-
quots of 15 pL were withdrawn from the digestion mixture, and then
denatured and reduced by boiling for 7 min with 15 pL of denaturing
solution (4% SDS, 20% glycerol and 20% 2-mercaptoethanol) prior to
gel electrophoresis. For fibrinolytic activity, fibrinogen aliquots (20 pL)
were coagulated by adding bovine thrombin (5 U/mL final concentra-
tion, Sigma) prior to the addition of venom (40:1 ratio). At different time
intervals, 20 pL of denaturing solution were added to the reaction
mixture and then processed as above (Quintana et al., 2017).

2.4. Phospholipase A2 activity

To determine the presence of phospholipase A, (PLAy) enzymes, both
direct and indirect hemolysis assays were carried out as described pre-
viously (Gutiérrez et al., 1988). Additionally, a PLA; zymography assay
was performed to determine the corresponding active band(s) (Campos
et al., 2012).

2.5. Hyaluronidase activity

Hyaluronidase activity was determined as described by Antunes
et al. (2010). Reaction mixtures consisting of 10 pL of venom (20
mg/mL) and 40 pL of hyaluronic acid (0.5 mg/mL) were incubated at
37 °C for different time intervals (90, 180 and 360 min). After deter-
mining the time that yielded the highest level of hydrolysis, serial di-
lutions of venom (at concentrations starting at 40 mg/mL) were tested.
Specific activity was expressed as pg of degraded hyaluronic acid/-
min/mg lyophilized venom.

2.6. Cross-reactivity with Bothrops antivenoms used in Argentina

In order to evaluate the presence of components cross-reacting with
horse antivenom against Bothrops, Western blot analyses were
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performed. Proteins separated by SDS-PAGE (under reducing and non-
reducing conditions) were transferred to 0.2 pm nitrocellulose mem-
branes in a tank transfer system (Hoeffer mini VE, Amersham Bio-
sciences) at 25 V for 1.5 h. Membranes were then blocked with 5%
nonfat dry milk, and incubated with bothropic bivalent or tetravalent
antivenom (kindly donated by the Instituto Nacional de Produccién de
Biol6gicos (INPB), ANLIS “Dr. Carlos G. Malbran", Argentina) diluted
1:500 with 5% nonfat dry milk in PBS (0.1% Tween 20), and subse-
quently with 1:10,000 peroxidase-conjugated anti-horse IgG (Sigma
A9292). The reaction was developed with 3,3-diaminobenzidine tetra-
hydrochloride hydrate (DAB, Sigma D5637) as reported elsewhere
(Antunes et al., 2010). Blots were imaged and reactive bands were
analyzed by the ImageLab software, version 6.1 (BioRad).

Toxicon: X 25 (2025) 100216
2.7. Coagulant activity and its neutralization by Bothrops antivenoms

This was carried out by using a clotting assay described previously
(Chanhome et al., 2022). Pooled normal commercial plasma (Stago,
Paris, France) was incubated with different quantities of venom to
determine the minimum coagulation dose (MCD), defined as the amount
of venom that induces substrate coagulation in 3 min. For the neutral-
ization evaluation, a dose of 2 MCD was pre-incubated with different
dilutions of bivalent or tetravalent antivenom. The effective dose (ED) of
antivenom was defined as the volume of antivenom (uL) that prolonged
the clotting time to that of 3 times the control (2 DMC of venom with no
antivenom). The regression analyses of plots of venom or antivenom
amount (pg or pL as appropriate) against clotting time were performed
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Fig. 2. Electrophoretic profile of B. sanctaecrucis venom. A: SDS PAGE (12%) and Tricine-SDS-PAGE (16.5%) under reduced (RC) and non-reduced conditions (NRC).
Main protein families found in viperid venoms are noted on the right with their respective molecular mass range (Mackessy, 2009). Snake venom metalloproteinase
(SVMP), snake venom serine protease (SVSP), L-amino acid oxidase (LAAO) and phospholipase A, (PLA,). B: Densitometric analysis of the electrophoretic profile
under NRC. C: Relative abundance pie chart of main protein families based on densitometric analysis. Values represent mean percentages (n = 3), and different letters

indicate statistically significant difference (p < 0.05).
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using the software CurveExpert version 1.40 (http://curveexpert.webh
op.net/), which calculated the best fit and MCD and ED values.

2.8. Statistical analyses

Where appropriate, values were expressed as the mean + standard
deviation (SD) and statistical comparisons were done using one-way
analysis of variance (ANOVA) followed by Tukey’s test. All data ana-
lyses were performed using Infostat Software, with a value of p < 0.05
indicating statistical significance.

3. Results and discussion
3.1. Protein profile

SDS-PAGE profile of B. sanctaecrucis venom showed a wide distri-
bution of bands with most of them in the molecular-mass range of
~10-37 kDa (Fig. 2-A). The band at ~20 kDa under non-reducing
conditions (NRC) (#8) exhibited the highest average density (~55%;
Fig. 2-B, C). A similar pattern of bands was obtained under reduced
conditions (RC), though slower migrations rates are noted, which may
be related with the compacted structure of the proteins due to the
presence of disulfide bonds (Marangon et al., 2014). The
tricine-SDS-PAGE profile showed better separation of protein bands
with low-molecular-mass, specifically in the ~10-15 kDa range
(Fig. 2-A).

Previously reported electrophoretic profiles of bothropic venoms
show similar band patterns, such as those of B. neuwiedi, B. atrox and
B. jararaca (Saad et al., 2012; Santoro et al., 2015), which show darker
staining bands within the SVMP-PI and SVMP-PII mass range. It is
important to highlight the similarities with the electrophoretic pattern
of B. mattogrossensis (formerly known as Bothrops neuwiedi bolivianus;
see: http://www.reptile-database.org/) (Debono et al., 2016), since the
venom of this species is used for the production of Bothrops antivenom in
Bolivia (Segura et al., 2010). However, unlike B sanctaecrucis venom,
those venoms show also intense bands at the range corresponding to the
SVMP-PIII protein family. This type of metalloproteinase is the most
prevalent components of B. atrox, B. jararaca, B. neuwiedi and B. diporus
venoms (Gay et al., 2015; Sousa et al., 2013). In contrast, SVMPs-PI
predominate in B. sanctaecrucis venom, and although this family has
shown to have fibrino(geno)lytic, pro-thrombin activating, caseinolytic
and hemorrhagic activities, its toxicity is generally lower than that of
SVMPs-PII and PIII (Olaoba et al., 2020).

It is important to bear in mind that only adult specimens were used to
obtain venom for this study. Thus, the higher abundance of SVMPs-PI
compared to that of SVMPs PII and PIII might be different for the
venom of newborn and juveniles of B. sanctaecrucis, such as shown for
other Bothrops species like B. asper, B. atrox and B. jararaca (Alape-Giron
et al., 2008; Guércio et al., 2006; Zelanis et al., 2010). This ontogenetic
variation in venom composition (mainly in SVMPs) is thought to be
related to feeding habits during their growth, as members of this genus
change their diet from ectothermic to endothermic prey as they age
(Alape-Giron et al., 2008; Guércio et al., 2006; Zelanis et al., 2010).
Additionally, although this diet change hasn’t been studied in
B. sanctaecrucis, this species does present a lighter tail coloration in ju-
veniles (Ministerio de Medio Ambiente y Agua, 2009), which is an in-
dicator of this shift in prey (Bernarde et al., 2021; Monteiro et al., 2020;
Nogueira et al., 2003).

The serine proteinase (SVSP) content in the several aforementioned
species venoms (~7-12%) (Gay et al., 2015; Sousa et al., 2013) is
around three-fold higher than in B. sanctaecrucis venom (Sousa et al.,
2013). SVSPs are primarily hemotoxic and interfere with blood coagu-
lation, blood fibrinogen levels, blood pressure and platelet aggregation
(Oliveira et al., 2022).

Herein, the authors estimated the relative abundance of different
venom components of B. sanctaecrucis by the densitometry of their
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corresponding bands stained after separation by SDS-PAGE. Although
this approach is valid (Uribe-Arjona et al., 2021), it is important to bear
in mind the possible bias in this estimation since there are some venom
proteins, as C-type lectins, that are poorly detected by conventional
SDS-PAGE dyes which might result in an underestimation. Moreover, it
may be difficult to distinguish components of similar native molecular
mass, such as SVSPs or cysteine-rich secretory proteins (CRISPs)
(Monteiro et al., 2020). Nonetheless, this study helps to provide a pre-
liminary overview about the composition of this venom with reasonable
relevance and reliability.

3.2. Proteolytic activity

Caseinolytic activity was dependent on the amount of venom used
(Fig. 3), and the specific activity was 47.65 U/mg, which is much higher
than that reported for the venom of B. jararaca (Antunes et al., 2010) but
lower than that reported for the venom of B. atrox (Hatakeyama et al.,
2020).

When venom was submitted to electrophoresis in gels containing
denatured collagen (gelatin) (Fig. 4), marked gelatinolytic activity was
noticed at ~28.5 kDa, which is in the mass range of SVMPs-PII. Inter-
estingly, the venom of B. mattogrossensis has previously shown a major
active component with electrophoretic mobility of ~25 kDa (Debono
et al., 2016). Additionally, collagenolytic bands with similar migration
rates have also been reported for venoms of B. jararaca, B. jararacussu
and B. neuwiedi, which also presented additional bands (and even with
higher activity) at molecular masses attributed to P-III metal-
loproteinases (Antunes et al., 2010; Bernardoni et al., 2014; Leme et al.,
2009). Being collagen the main structural protein in the extracellular
matrix in various connective tissues in human body, we hypothesize that
the presence of active collagenolytic components in B. sanctaecrucis
venom may contribute to bleeding by disrupting microvessels (such as
generally attributed to several bothropic SVMPs; Escalante et al., 2011;
Sanchez et al., 2016) at least around the bite site such as observed in a
picture record of envenomation by this species (Nieto-Ariza et al., 2022).
The proteolytic action of SVMPs may also contribute to local inflam-
mation, triggered by degradation products of the extracellular matrix
(Cavalcante et al., 2023). The local reaction can be further explained by
the fact that SVMPs-PII and PIII have shown to co-localize with collagen,
contributing to their localized activity, unlike those of the PI class which
diffuse through the tissue (Olaoba et al., 2020).

To study the activity of serine proteinases, the synthetic substrate
HD-Phe-Pip-Arg-pNA (S-2238) was used since, with B. jararaca venom,
it showed higher amidolytic activity than BAPNA (Na-Benzoyl-DL-
arginine 4-nitroanilide hydrochloride; commonly used to verify the
SVSP activity of venoms) (Menezes et al., 2006). The activity was pro-
portional to the amount of venom used herein (Fig. 5), obtaining a
specific activity of 625.55 pmol/min/mg, which is considerably higher
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Fig. 3. Caseinolytic activity of B. sanctaecrucis venom. Data represent the mean
+ SD of three individual experiments.
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Fig. 4. Zymogram on an SDS-PAGE (12%) gel copolymerized with gelatin. Gel
was stained with Coomassie Blue R-250. Note that clear zones indicate the
presence of enzymes with gelatinolytic activity, which is directly dependent on
the amount of B. sanctaecrucis venom. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Proteolytic activity against S-2238 using different amounts of
B. sanctaecrucis venom.

than those reported for individual venoms of B. jararaca (Menezes et al.,
2006).

The fibrinogen digestion revealed a rapid hydrolysis of the Aa-chain
of fibrinogen by 5 min, and after 15 min there appeared to be some
degradation of the Bp and y chains (Fig. 6-A), showing significant
degradation of the three chains after 24 h of incubation (data not
shown). Venoms from B. atrox, B. neuwiedi and B. jararaca previously
exhibited a similar hydrolysis pattern (Sousa et al., 2018). It is important
to comment that the formation of a loose clot was evidenced within the
reaction mixture at 15 min. This is consistent with previous results
showing high catalytic activity against a specific substrate for thrombin,
denoting the presence of serine proteases classified as thrombin-like by
having coagulant activity that is similar to plasma thrombin, but are not
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inhibited by heparin and do not activate coagulation factor XIII (Silva
et al., 2024).

Unlike fibrinogen, fibrin has a cross-linked structure and is much less
susceptible to proteolysis (Silva et al., 2024). This is in line with the fact
that B. sanctaecrucis venom hydrolyzed only the p monomer and the y
dimer of fibrin (Fig. 6-B), whereas this degradation pattern is different
from that of Bothrops moojeni venom, which has been shown to degrade
not only the § but also the y monomer (De Oliveira et al., 2016).

Several SVMPs and SVSPs isolated from bothropic venoms have been
shown to have fibrino(geno)lytic activities (Larréché et al.,, 2021;
Olaoba et al., 2020), provoking, on one hand, the formation of unstable
fibrin clots (Silva et al., 2024) and, on the other hand, the dissolution of
the fibrin clots (Amorim et al., 2018; Bernardes et al., 2008), which
results in an anticoagulant effect in vivo (Silva et al., 2024). According to
this data, we can infer that both protein families could also be respon-
sible for such effects in B. sanctaecrucis venom.

3.3. Phospholipase Az activity

The venom exhibited hemolytic activity only in the presence of egg
yolk (lecithin source). The hemolysis halo diameters were
concentration-dependent (Fig. 7-A). The highest amount of
B. sanctaecrucis venom (300 pg) induced a halo of ~12.9 mm, whereas
an amount almost a hundred-fold lower of Bothrops asper venom (2.93
ng) provoked an indirect hemolysis halo of 20 mm (Uribe-Arjona et al.,
2021). This implies that B. sanctaecrucis venom displays much lower
level of PLA; enzymatic activity than B. asper venom, and this consti-
tutes another characteristic shared with B. mattogrossensis venom
(Debono et al., 2016). Phospholipase A; zymography showed a weak
hydrolytic band between 11 and 14 kDa, with much lower activity than
the positive control (Fig. 7-B). Note that very faint hydrolytic bands at
~23 and ~31 kDa are also visible, suggesting PLAys in dimeric forms,
which have been observed in other bothropic venoms (Sousa et al.,
2022). Other bothropic venoms have also been reported to have bands
with PLA; activity within a low mass range (15 kDa or lower), such as
those of B. jararaca, B. jararacussu, B. moojeni, B. neuwiedi and
B. alternatus (Campos et al., 2013). It is important to highlight that PLAys
are one of the main toxins contributing to the development of the local
inflammatory response evoked by Bothrops venoms (Antunes et al.,
2010), and they can also cause myonecrosis with the combined effect of
hemorrhagic SVMPs (Gutiérrez and Ownby, 2003). Due to the low
content/activity of PLA, in B. sanctaecrucis venom, envenomation by
this species would not be expected to produce significant myotoxic ef-
fects, however, PLAsy; may still contribute to the local inflammation
observed in the case documented by Nieto-Ariza et al. (2022).

3.4. Hyaluronidase activity

Hyaluronidase activity was dependent on both incubation time and
the amount of venom (Fig. 8). A low specific activity (0.443 pg/min/mg)
was obtained compared to the previously reported activity for
B. jararaca venom (Antunes et al., 2010). Taking into account that snake
venom hyaluronidases are known as spreading factors of toxins (Girish
and Kemparaju, 2006), we can assume that B. sanctaecrucis venom could
have lower diffusion capacity into the tissue of the victims (Wiezel et al.,
2015).

3.5. Cross-reactivity with Bothrops antivenoms used in Argentina

By Western blotting, several components of the venom of
B. sanctaecrucis were recognized by both bivalent and tetravalent horse
antivenoms (Fig. 9), with a notable difference in a band slightly lighter
than 25 kDa within the range of SVMP-PII (most likely corresponding to
band #5 or #6 in NRC; Fig. 2-A). By densitometry, this band represents
about 60% of the venom bands recognized by the tetravalent antivenom,
whereas the same band represents 28% with the bivalent antivenom.
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Fig. 6. Time course of the effect of B. sanctaecrucis venom on human fibrinogen (A) and fibrin (B). Human fibrinogen chains are indicated (A« - 63 kDa, Bf - 56 kDa,
and y - 47 kDa), and the chains of human fibrin are labeled (y-y dimer, a-monomer, -monomer, and y-monomer). Controls (C) were incubated in the absence
of venom.
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Fig. 7. PLA; activity of B. sanctaecrucis venom. A: Indirect hemolytic assay on agarose-erythrocyte-egg yolk gel plate. Note the hemolytic halos produced by the
venom at different concentrations (mg/mL). Triton X-100 and PBS were used as positive and negative controls respectively. B: PLA, zymogram on a 1.0% agarose gel
containing 2.0% egg yolk. B. diporus snake venom was used as a positive control for PLA, activity. Note a clear area at ~12 kDa, which corresponds to the range of
molecular mass of PLA,s.

Such higher density in the former suggests that the B. sanctaecrucis
venom proteins within the SVMP-PII mass range share a higher simi-
larity to those found in venoms from species used in the production of
the tetravalent (B. alternatus, B. diporus, B. jararaca, B. jararacussu)
rather than bivalent (B. alternatus, B. diporus) antivenom.

3.6. Coagulant activity and its neutralization with Bothrops antivenoms

The venom of B. sanctaecrucis exhibited procoagulant activity on
normal plasma (Fig. 10), with an MCD of 0.17 pg/mL (26 ng), which is
substantially lower than that of Protobothrops kelohomy venom
(Chanhome et al., 2022). The intense coagulant activity of this venom

may be attributed to its thrombin-like activity (serine proteinases)
already described above. However, we cannot discard the participation
of procoagulant metalloproteinases since the high coagulant activity of
newborn B. jararaca venom has been mainly attributed to metal-
loproteinases involved in the activation of prothrombin and factor X
(Antunes et al., 2010). In adition, the detected prominent gelatinolytic
band in B. sanctaecrucis venom (see above) presents a molecular mass
similar to a prothrombin-activating metalloproteinase isolated from
B. jararaca venom (Berger et al., 2008).

In vitro procoagulant and fibrin(ogen)olytic activities can be
extrapolated to in vivo venom-induced consumption coagulopathy, and
this may result in victims presenting unclottable blood which can
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Fig. 9. Western blot analysis of B. sanctaecrucis venom using tetravalent (T-AV)
and bivalent (B-AV) horse antivenom against Bothrops. Main protein families
found in viperid venoms are noted on the right with their respective molecular
mass range (Mackessy, 2009).

exacerbate hemorrhagic symptoms (Larréché et al., 2021). Since only
human plasma was used in the present study (given the importance of
knowing its toxic effects on humans), we propose that future works on
B. sanctaecrucis venom (mainly those directed towards the ecology of
this species) should include plasma from different animals given that
several bothropic venoms have shown to present taxa-specific

Coagulation time (min)

Venom (ng)

Fig. 10. Coagulant activity of B. sanctaecrucis venom on normal plasma. Data
represent the mean + SD of three individual experiments.

coagulopathy (Bernardoni et al., 2014; Sousa et al., 2018).

In general, the assay for neutralization of lethality has been the ‘gold
standard’ for the approval of antivenoms in preclinical testing. How-
ever, in some viperid venoms, in vitro immunochemical and enzymatic
tests have shown good correlation with the neutralization of lethality. A
well-known example of this is the venom of B. asper, for which the
neutralization of in vitro coagulant activity in normal plasma has been
shown to correlate with neutralization of lethality in mice (Chacon et al.,
2015). Thus, this useful approach was addressed in this study as a way to
reduce the use of mice in the preclinical testing of antivenoms such as
recommended in the second edition of the WHO Guidelines on anti-
venoms (WHO Expert Committee on Biological Standardization,
sixty-seventh report, 2017).

Both Argentinian Bothrops antivenoms were effective to neutralize
the coagulant activity of B. sanctaecrucis venom (Fig. 11), obtaining ED
values of 15.1 nL and 30.7 nL for the tetravalent and bivalent anti-
venom, respectively. This means that one vial of each antivenom (10
mL) is able to neutralize 34 mg (T-AV) and 17 mg (B-AV) of
B. sanctaecrucis venom. Similar to the Western blot results, this also
suggests that the venoms used in the immunizing mixture to produce the
tetravalent antivenom share a higher similarity than that of the ones
used to produce the bivalent antivenom. Moreover, the ED value ob-
tained with the tetravalent antivenom is comparable to that obtained
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when testing the neutralizing ability of the Bothropic/Crotalic anti-
venom from Instituto Nacional de Laboratorios de Salud (INLASA,
Bolivia) on the coagulant activity of the venom of B. mattogrossensis, and,
in turn, the lethality of the latter is efficiently neutralized by not only
that antivenom but also the bothropic bivalent antivenom produced by
the INPB-ANLIS Malbran from Argentina (Segura et al., 2010). This
implies a high extent of cross-neutralization of polyspecific viperid
antivenoms manufactured in public laboratories of Argentina against
the venoms of medically-relevant Bothrops species in Bolivia, which may
constitute a relevant step forward in the efforts to develop a collabora-
tive network between both countries.

4. Concluding remarks

By in vitro characterization, we revealed for the first time that
B. sanctaecrucis venom is mainly composed of hemotoxic enzymes and/
or enzymes that degrade components of connective tissue, with SVMPs
being apparently the most abundant components. These in vitro findings
support the hypothesis that local hemorrhage and inflammation are
highly likely to occur upon envenomation by this species, however,
further studies need to be carried out in order to fully understand the
pathophysiology of this envenomation.

This venom exhibits cross-reactivity with Bothrops antivenoms pro-
duced by the INPB-ANLIS Malbran from Argentina. Both antivenoms are
able to neutralize its coagulant activity, one of the main ones responsible
for Bothrops venom toxicity (Antunes et al., 2010). Although still lacking
in vivo toxicity tests, this information is particularly useful in terms of a
collaborative approach within the framework of the Latin American
Network of Public Antivenom Manufacturing Laboratories (RELAPA,
Red Latinoamericana de Laboratorios Publicos Productores de Antivenenos)
(Fan et al., 2019).

Altogether, the findings of this study offer first insights into the
venom components of B. sanctaecrucis, provide a guide for clinical
approach in case of envenomation by this species, and give insight into
future directions for research on its venom.

CRediT authorship contribution statement

Kevin Lobo-Lépez: Writing — review & editing, Writing — original
draft, Visualization, Resources, Investigation, Formal analysis. Matias
E. Martinez: Visualization, Validation, Supervision, Investigation.
Micaela A. Gritti: Visualization, Validation, Supervision, Resources,
Investigation. Maria E. Peichoto: Writing — review & editing, Re-
sources, Project administration, Methodology, Funding acquisition,
Formal analysis, Conceptualization.

Ethical statement

I testify on behalf of all co-authors that our article “Biochemical
Characterization of the Venom of the Bolivian Endemic pit viper
Bothrops sanctaecrucis” meets the following criteria:

The work described has not been published previously except in the
form of a preprint, an abstract, a published lecture, academic thesis or
registered report. See our policy on multiple, redundant or concurrent
publication.

The article is not under consideration for publication elsewhere.

The article’s publication is approved by all authors and tacitly or
explicitly by the responsible authorities where the work was carried out.

If accepted, the article will not be published elsewhere in the same
form, in English or in any other language, including electronically,
without the written consent of the copyright-holder.

Funding

INMeT-ANLIS Malbran, CONICET (PIP 11220200102782CO), and
Agencia I+D+i (PICT-2020-SERIEA-02027) from Argentina.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was carried out in partial fulfillment of the requirements
for the Bachelor’s degree in Biotechnology Engineering of K. Lobo-Lopez
at the UCB, Bolivia. We thank the staff of the Municipal Zoo of Santa
Cruz, Bolivia.

Data availability

Data will be made available on request.

References

Alape-Girén, A., Sanz, L., Escolano, J., Flores-Diaz, M., Madrigal, M., Sasa, M., Calvete, J.
J., 2008. Snake venomics of the lancehead pitviper Bothrops asper. Geographic,
individual, and ontogenetic variations. J. Proteome Res. 7, 3556-3571. https://doi.
org/10.1021/pr800332p.

Albuquerque, P.L.M.M., Paiva, J.H.H.G.L., Martins, A.M.C., Meneses, G.C., Da Silva, G.B.,
Buckley, N., Daher, E.D.F., 2020. Clinical assessment and pathophysiology of
Bothrops venom-related acute kidney injury: a scoping review. J. Venom. Anim.


https://doi.org/10.1021/pr800332p
https://doi.org/10.1021/pr800332p

K. Lobo-Lépez et al.

Toxins Incl. Trop. Dis. 26, 1-17. https://doi.org/10.1590/1678-9199-jvatitd-2019-
0076.

Amorim, F.G., Menaldo, D.L., Carone, S.E.L, Silva, T.A., Sartim, M.A., De Pauw, E.,
Quinton, L., Sampaio, S.V., 2018. New insights on moojase, a thrombin-like serine
protease from Bothrops moojeni snake venom. Toxins 10, 500. https://doi.org/
10.3390/toxins10120500.

Antunes, T.C., Yamashita, K.M., Barbaro, K.C., Saiki, M., Santoro, M.L., 2010.
Comparative analysis of newborn and adult Bothrops jararaca snake venoms. Toxicon
56, 1443-1458. https://doi.org/10.1016/j.toxicon.2010.08.011.

Barbaro, K.C., Knysak, 1., Martins, R., Hogan, C., Winkel, K., 2005. Enzymatic
characterization, antigenic cross-reactivity and neutralization of dermonecrotic
activity of five Loxosceles spider venoms of medical importance in the Americas.
Toxicon 45, 489-499. https://doi.org/10.1016/j.toxicon.2004.12.009.

Berger, M., Pinto, A.F.M., Guimaraes, J.A., 2008. Purification and functional
characterization of bothrojaractivase, a prothrombin-activating metalloproteinase
isolated from Bothrops jararaca snake venom. Toxicon 51, 488-501. https://doi.org/
10.1016/j.toxicon.2007.09.005.

Bernarde, P.S., Pucca, M.B., Mota-da-Silva, A., da Fonseca, W.L., de Almeida, M.R.N., de
Oliveira, LS., Cerni, F.A., Gobbi Grazziotin, F., Sartim, M.A., Sachett, J., Wen, F.H.,
Moura-da-Silva, A.M., Monteiro, W.M., 2021. Bothrops bilineatus: an arboreal
pitviper in the Amazon and Atlantic Forest. Front. Immunol. 12, 778302. https://
doi.org/10.3389/fimmu.2021.778302.

Bernardes, C.P., Santos-Filho, N.A., Costa, T.R., Gomes, M.S.R., Torres, F.S., Costa, J.,
Borges, M.H., Richardson, M., dos Santos, D.M., de Castro Pimenta, A.M., Homsi-
Brandeburgo, M.1., Soares, A.M., de Oliveira, F., 2008. Isolation and structural
characterization of a new fibrin(ogen)olytic metalloproteinase from Bothrops moojeni
snake venom. Toxicon 51, 574-584. https://doi.org/10.1016/j.
toxicon.2007.11.017.

Bernardoni, J.L., Sousa, L.F., Wermelinger, L.S., Lopes, A.S., Prezoto, B.C., Serrano, S.M.
T., Zingali, R.B., Moura-da-Silva, A.M., 2014. Functional variability of snake venom
metalloproteinases: Adaptive advantages in targeting different prey and implications
for human envenomation. PLoS One 9, e109651. https://doi.org/10.1371/journal.
pone.0109651.

Blum, H., Beier, H., Gross, H.J., 1987. Improved silver staining of plant proteins, RNA
and DNA in polyacrylamide gels. Electrophoresis 8, 93-99. https://doi.org/
10.1002/elps.1150080203.

Campos, L.B., Pucca, M.B., Roncolato, E.C., Bertolini, T.B., Netto, J.C., Barbosa, J.E.,
2013. Invitro comparison of enzymatic effects among Brazilian Bothrops spp.
venoms. Toxicon 76, 1-10. https://doi.org/10.1016/j.toxicon.2013.08.063.

Campos, L.B., Pucca, M.B., Roncolato, E.C., Netto, J.C., Barbosa, J.E., 2012. Analysis of
phospholipase A2, L-amino acid oxidase, and proteinase enzymatic activities of the
Lachesis muta rhombeata venom. J. Biochem. Mol. Toxicol. 26, 308-314.

Cavalcante, J.S., de Almeida, D.E.G., Santos-Filho, N.A., Sartim, M.A., de Almeida
Baldo, A., Brasileiro, L., Albuquerque, P.L., Oliveira, S.S., Sachett, J.A.G.,
Monteiro, W.M., Ferreira, R.S., 2023. Crosstalk of inflammation and coagulation in
Bothrops snakebite envenoming: endogenous signaling pathways and
pathophysiology. Int. J. Mol. Sci. 24, 11508. https://doi.org/10.3390/
ijms241411508.

Chacén, F., Oviedo, A., Escalante, T., Solano, G., Rucavado, A., Gutiérrez, J.M., 2015.
The lethality test used for estimating the potency of antivenoms against Bothrops
asper snake venom: pathophysiological mechanisms, prophylactic analgesia, and a
surrogate in vitro assay. Toxicon 93, 41-50. https://doi.org/10.1016/j.
toxicon.2014.11.223.

Chanhome, L., Khow, O., Reamtong, O., Vasaruchapong, T., Laoungbua, P., Tawan, T.,
Suntrarachun, S., Sitprija, S., Kumkate, S., Chaiyabutr, N., 2022. Biochemical and
proteomic analyses of venom from a new pit viper, Protobothrops kelomohy.

J. Venom. Anim. Toxins Incl. Trop. Dis. 28, €20210080. https://doi.org/10.1590/
1678-9199-JVATITD-2021-0080.

Chippaux, J.P., 2017. Incidence and mortality due to snakebite in the Americas. PLoS
Neglected Trop. Dis. 11, e0005662. https://doi.org/10.1371/journal.pntd.0005662.

Chippaux, J.P., Postigo, J.R., 2014. Appraisal of snakebite incidence and mortality in
Bolivia. Toxicon 84, 28-35. https://doi.org/10.1016/j.toxicon.2014.03.007.

De Oliveira, F., De Sousa, B.B., Mamede, C.C.N., De Morais, N.C.G., De Queiroz, M.R., Da
Cunha Pereira, D.F., Matias, M.S., Homi Brandeburgo, M.I., 2016. Biochemical and
functional characterization of BmooSP, a new serine protease from Bothrops moojeni
snake venom. Toxicon 111, 130-138. https://doi.org/10.1016/j.
toxicon.2016.01.055.

Debono, J., Cochran, C., Kuruppu, S., Nouwens, A., Rajapakse, N.W., Kawasaki, M.,
Wood, K., Dobson, J., Baumann, K., Jouiaei, M., Jackson, T.N.W., Koludarov, I.,
Low, D., Alj, S.A., Smith, A.L, Barnes, A., Fry, B.G., 2016. Canopy venom: proteomic
comparison among new world arboreal pit-viper venoms. Toxins 8, 1-19. https://
doi.org/10.3390/toxins8070210.

Escalante, T., Ortiz, N., Rucavado, A., Sanchez, E.F., Richardson, M., Fox, J.W.,
Gutiérrez, J.M., 2011. Role of collagens and perlecan in microvascular stability:
exploring the mechanism of capillary vessel damage by snake venom
metalloproteinases. PLoS One 6, e28017. https://doi.org/10.1371/journal.
pone.0028017.

Fan, H.W., Vigilato, M.A.N., Pompei, J.C.A., Gutiérrez, J.M., 2019. Situation of public
laboratories manufacturing antivenoms in Latin America. Revista Panamericana de
Salud Publica/Pan Am. J. Public Health 43. https://doi.org/10.26633/
RPSP.2019.92.

Freitas-de-Sousa, L.A., Colombini, M., Souza, V.C., Silva, J.P.C., Mota-da-Silva, A.,
Almeida, M.R.N., Machado, R.A., Fonseca, W.L., Sartim, M.A., Sachett, J., Serrano, S.
M.T., Junqueira-de-Azevedo, I.L.M., Grazziotin, F.G., Monteiro, W.M., Bernarde, P.
S., Moura-da-Silva, A.M., 2024. Venom composition of neglected bothropoid snakes

Toxicon: X 25 (2025) 100216

from the Amazon rainforest: ecological and toxinological implications. Toxins 16,
83. https://doi.org/10.3390/toxins16020083.

Gay, C., Sanz, L., Calvete, J.J., Pla, D., 2015. Snake venomics and antivenomics of
Bothrops diporus, a medically important pitviper in northeastern Argentina. Toxins 8,
9. https://doi.org/10.3390/toxins8010009.

Girish, K.S., Kemparaju, K., 2006. Inhibition of Naja naja venom hyaluronidase: role in
the management of poisonous bite. Life Sci. 78, 1433-1440. https://doi.org/
10.1016/j.1fs.2005.07.015.

Gomez-Murillo, P., Arellano-Martin, I., Garcia-Antén, P., 2020. Registro adicional de
Bothrops sanctaecrucis (Serpentes: Viperidae) en la provincia Chapare, Bolivia. Bol
Asoc Herpetol Esp 31, 59-61.

Guércio, R.A.P., Shevchenko, Anna, Shevchenko, Andrej, Lopez-Lozano, J.L., Paba, J.,
Sousa, M.V., Ricart, C.A.O., 2006. Ontogenetic variations in the venom proteome of
the Amazonian snake Bothrops atrox. Proteome Sci. 4, 11. https://doi.org/10.1186/
1477-5956-4-11.

Gutiérrez, J.M., Avila, C., Rojas, E., Cerdas, L., 1988. An alternative in vitro method for
testing the potency of the polyvalent antivenom produced in Costa Rica. Toxicon 26,
411-413. https://doi.org/10.1016,/0041-0101(88)90010-4.

Gutiérrez, J.M., Ownby, C.L., 2003. Skeletal muscle degeneration induced by venom
phospholipases A 2: insights into the mechanisms of local and systemic myotoxicity.
Toxicon 42, 915-931. https://doi.org/10.1016/j.toxicon.2003.11.005.

Harvey, M.B., Aparicio, J.E., Gonzales, L.A., 2005. Revision of the venomous snakes of
Bolivia. II: the pitvipers (Serpentes: Viperidae). Ann. Carnegie Mus. 74, 1-37.
https://doi.org/10.2992/0097-4463(2005)74[1:ROTVS0]2.0.CO;2.

Hatakeyama, D.M., Tasima, L.J., Bravo-Tobar, C.A., Serino-Silva, C., Tashima, A.K.,
Rodrigues, C.F.B., da Silva Aguiar, W., da Costa Galizio, N., de Lima, E.O.V.,
Kavazoi, V.K., Gutierrez-Marin, J.D., de Farias, I.B., Sant’Anna, S.S., Grego, K.F., de
Morais-Zani, K., Tanaka-Azevedo, A.M., 2020. Venom complexity of Bothrops atrox
(common lancehead) siblings. J. Venom. Anim. Toxins Incl. Trop. Dis. 26,
€20200018. https://doi.org/10.1590/1678-9199-JVATITD-2020-0018.

Hoge, A.R., 1966. Preliminary account on neotropical crotalinae [Serpentes Viperidae].
Mem. Inst. Butantan (Sao Paulo) 32, 109-184.

Instituto Nacional de Estadistica: INE, n.d. Clima y Atmdsfera - INE [WWW Document].
Bolivia — Temperatura media por ciudades, Segun ano y mes, 1990 - 2024. URL
https://www.ine.gob.bo/index.php/medio-ambiente/clima-y-atmosfera/(accessed
8.12.24).

Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680-685. https://doi.org/10.1038/227680a0.

Larréché, S., Chippaux, J.P., Chevillard, L., Mathé, S., Résiere, D., Siguret, V.,
Mégarbane, B., 2021. Bleeding and thrombosis: insights into pathophysiology of
Bothrops venom-related hemostasis disorders. Int. J. Mol. Sci. 22, 9643. https://doi.
0rg/10.3390/ijms22179643.

Leme, A.F.P., Kitano, E.S., Furtado, M.F., Valente, R.H., Camargo, A.C.M., Ho, P.L.,
Fox, J.W., Serrano, S.M.T., 2009. Analysis of the subproteomes of proteinases and
heparin-binding toxins of eight Bothrops venoms. Proteomics 9, 733-745. https://doi.
org/10.1002/pmic.200800484.

Mackessy, S.P., 2009. Handbook of Venoms and Toxins of Reptiles, first ed. CRC Press,
Boca Raton.

Marangon, M., Van Sluyter, S.C., Waters, E.J., Menz, R.I., 2014. Structure of haze
forming proteins in white wines: Vitis vinifera thaumatin-like proteins. PLoS One 9,
e113757. https://doi.org/10.1371/journal.pone.0113757.

Menezes, M.C., Furtado, M.F., Travaglia-Cardoso, S.R., Camargo, A.C.M., Serrano, S.M.
T., 2006. Sex-based individual variation of snake venom proteome among eighteen
Bothrops jararaca siblings. Toxicon 47, 304-312. https://doi.org/10.1016/j.
toxicon.2005.11.007.

Ministerio de Medio Ambiente y Agua, 2009. Libro rojo de la fauna silvestre de
vertebrados de Bolivia, p. 571. La Paz, Bolivia.

Miranda-Calle, A.B., Aguilar-Krigin, A.J., 2011. Bothrops sanctaecrucis Hoge 1966
(Squamata: Viperidae). Cuad. Herpetol. 25, 29-31.

Monteiro, C., Montgomery, C.E., Spina, F., Sawaya, R.J., Martins, M., 2006. Feeding,
reproduction, and morphology of Bothrops mattogrossensis (Serpentes, Viperidae,
Crotalinae) in the Brazilian Pantanal. J. Herpetol. 40, 408-413. https://doi.org/
10.1670/0022-1511(2006)40[408:FRAMOB]2.0.CO;2.

Monteiro, W.M., Contreras-Bernal, J.C., Bisneto, P.F., Sachett, J., Mendonga da Silva, L.,
Lacerda, M., Guimaraes da Costa, A., Val, F., Brasileiro, L., Sartim, M.A., Silva-de-
Oliveira, S., Bernarde, P.S., Kaefer, 1.L., Grazziotin, F.G., Wen, F.H., Moura-da-
Silva, A.M., 2020. Bothrops atrox, the most important snake involved in human
envenomings in the amazon: how venomics contributes to the knowledge of snake
biology and clinical toxinology. Toxicon X 6, 100037. https://doi.org/10.1016/j.
toxcx.2020.100037.

Mutricy, R., Heckmann, X., Douine, M., Marty, C., Jolivet, A., Lambert, V., Perotti, F.,
Boels, D., Larréché, S., Chippaux, J.P., Nacher, M., Epelboin, L., 2018. High mortality
due to snakebites in French Guiana: time has come to re-evaluate medical
management protocols. PLoS Neglected Trop. Dis. 12, e0006482. https://doi.org/
10.1371/journal.pntd.0006482.

Nieto-Ariza, B., Leon, R., Villca-Corani, H., 2022. Conflicto entre personas y serpientes en
la Amazonia Boliviana: educando para la convivencia a través del Proyecto Pucarara.
Boletin Chileno de Herpetologia 9, 24-28.

Nogueira, C., Sawaya, R.J., Martins, M., 2003. Ecology of the pitviper, Bothrops moojeni,
in the Brazilian Cerrado. J. Herpetol. 37, 653-659. https://doi.org/10.1670/120-
02A.

Olaoba, O.T., Karina dos Santos, P., Selistre-de-Araujo, H.S., Ferreira de Souza, D.H.,
2020. Snake venom metalloproteinases (SVMPs): a structure-function update.
Toxicon X 7, 100052. https://doi.org/10.1016/j.toxcx.2020.100052.


https://doi.org/10.1590/1678-9199-jvatitd-2019-0076
https://doi.org/10.1590/1678-9199-jvatitd-2019-0076
https://doi.org/10.3390/toxins10120500
https://doi.org/10.3390/toxins10120500
https://doi.org/10.1016/j.toxicon.2010.08.011
https://doi.org/10.1016/j.toxicon.2004.12.009
https://doi.org/10.1016/j.toxicon.2007.09.005
https://doi.org/10.1016/j.toxicon.2007.09.005
https://doi.org/10.3389/fimmu.2021.778302
https://doi.org/10.3389/fimmu.2021.778302
https://doi.org/10.1016/j.toxicon.2007.11.017
https://doi.org/10.1016/j.toxicon.2007.11.017
https://doi.org/10.1371/journal.pone.0109651
https://doi.org/10.1371/journal.pone.0109651
https://doi.org/10.1002/elps.1150080203
https://doi.org/10.1002/elps.1150080203
https://doi.org/10.1016/j.toxicon.2013.08.063
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref12
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref12
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref12
https://doi.org/10.3390/ijms241411508
https://doi.org/10.3390/ijms241411508
https://doi.org/10.1016/j.toxicon.2014.11.223
https://doi.org/10.1016/j.toxicon.2014.11.223
https://doi.org/10.1590/1678-9199-JVATITD-2021-0080
https://doi.org/10.1590/1678-9199-JVATITD-2021-0080
https://doi.org/10.1371/journal.pntd.0005662
https://doi.org/10.1016/j.toxicon.2014.03.007
https://doi.org/10.1016/j.toxicon.2016.01.055
https://doi.org/10.1016/j.toxicon.2016.01.055
https://doi.org/10.3390/toxins8070210
https://doi.org/10.3390/toxins8070210
https://doi.org/10.1371/journal.pone.0028017
https://doi.org/10.1371/journal.pone.0028017
https://doi.org/10.26633/RPSP.2019.92
https://doi.org/10.26633/RPSP.2019.92
https://doi.org/10.3390/toxins16020083
https://doi.org/10.3390/toxins8010009
https://doi.org/10.1016/j.lfs.2005.07.015
https://doi.org/10.1016/j.lfs.2005.07.015
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref25
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref25
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref25
https://doi.org/10.1186/1477-5956-4-11
https://doi.org/10.1186/1477-5956-4-11
https://doi.org/10.1016/0041-0101(88)90010-4
https://doi.org/10.1016/j.toxicon.2003.11.005
https://doi.org/10.2992/0097-4463(2005)74[1:ROTVSO]2.0.CO;2
https://doi.org/10.1590/1678-9199-JVATITD-2020-0018
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref31
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref31
https://www.ine.gob.bo/index.php/medio-ambiente/clima-y-atmosfera/
https://doi.org/10.1038/227680a0
https://doi.org/10.3390/ijms22179643
https://doi.org/10.3390/ijms22179643
https://doi.org/10.1002/pmic.200800484
https://doi.org/10.1002/pmic.200800484
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref36
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref36
https://doi.org/10.1371/journal.pone.0113757
https://doi.org/10.1016/j.toxicon.2005.11.007
https://doi.org/10.1016/j.toxicon.2005.11.007
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref39
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref39
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref40
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref40
https://doi.org/10.1670/0022-1511(2006)40[408:FRAMOB]2.0.CO;2
https://doi.org/10.1670/0022-1511(2006)40[408:FRAMOB]2.0.CO;2
https://doi.org/10.1016/j.toxcx.2020.100037
https://doi.org/10.1016/j.toxcx.2020.100037
https://doi.org/10.1371/journal.pntd.0006482
https://doi.org/10.1371/journal.pntd.0006482
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref44
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref44
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref44
https://doi.org/10.1670/120-02A
https://doi.org/10.1670/120-02A
https://doi.org/10.1016/j.toxcx.2020.100052

K. Lobo-Lépez et al.

Oliveira, A.L., Viegas, M.F., da Silva, S.L., Soares, A.M., Ramos, M.J., Fernandes, P.A.,
2022. The chemistry of snake venom and its medicinal potential. Nat. Rev. Chem 6,
451-469. https://doi.org/10.1038/s41570-022-00393-7.

Peichoto, M.E., Teibler, P., Mackessy, S.P., Leiva, L., Acosta, O., Gongalves, L.R.C.,
Tanaka-Azevedo, A.M., Santoro, M.L., 2007. Purification and characterization of
patagonfibrase, a metalloproteinase showing a-fibrinogenolytic and hemorrhagic
activities, from Philodryas patagoniensis snake venom. Biochim. Biophys. Acta Gen.
Subj. 1770, 810-819. https://doi.org/10.1016/j.bbagen.2006.12.014.

Quintana, M.A., Sciani, J.M., Auada, A.V.V., Martinez, M.M., Sanchez, M.N., Santoro, M.
L., Fan, H.W., Peichoto, M.E., 2017. Stinging caterpillars from the genera Podalia,
Leucanella and Lonomia in Misiones, Argentina: a preliminary comparative approach
to understand their toxicity. In: Comparative Biochemistry and Physiology Part - C:
Toxicology and Pharmacology, 202, pp. 55-62. https://doi.org/10.1016/j.
cbpc.2017.07.007.

Saad, E., Barros, L.C., Biscola, N., Pimenta, D.C., Barraviera, S.R.C.S., Barraviera, B.,
Ferreira, R.S., 2012. Intraspecific variation of biological activities in venoms from
wild and captive Bothrops jararaca. J. Toxicol. Environ. Health A 75, 1081-1090.
https://doi.org/10.1080,/15287394.2012.697839.

Saavedra, O., Urena, J., 2022. Generation of combined daily satellite-based precipitation
products over Bolivia. Remote Sens. 14, 4195. https://doi.org/10.3390/rs14174195.

Sanchez, E.F., Richardson, M., Gremski, L.H., Veiga, S.S., Yarleque, A., Niland, S.,
Lima, A.M., Estevao-Costa, M.L., Eble, J.A., 2016. A novel fibrinolytic
metalloproteinase, barnettlysin-I from Bothrops barnetti (barnett’s pitviper) snake
venom with anti-platelet properties. Biochim. Biophys. Acta Gen. Subj. 1860,
542-556. https://doi.org/10.1016/j.bbagen.2015.12.021.

Sant’Ana Malaque, C.M., Gutiérrez, J.M., 2015. Snakebite envenomation in Central and
South America. In: Critical Care Toxicology. Springer International Publishing,
pp. 1-22. https://doi.org/10.1007/978-3-319-20790-2_146-1.

Santoro, M.L., Do Carmo, T., Cunha, B.H.L., Alves, A.F., Zelanis, A., De Toledo Serrano, S.
M., Grego, K.F., Sant’Anna, S.S., Barbaro, K.C., Fernandes, W., 2015. Ontogenetic
variation in biological activities of venoms from hybrids between Bothrops
erythromelas and Bothrops neuwiedi snakes. PLoS One 10, e0145516. https://doi.org/
10.1371/journal.pone.0145516.

Santos-Barreto, G.N.L., de Oliveira, S.S., dos Anjos, .V., Chalkidis, H. de M., Mourao, R.
H.V., Moura-da-Silva, A.M., Sano-Martins, 1.S., Gongalves, L.R. de C., 2017.
Experimental Bothrops atrox envenomation: efficacy of antivenom therapy and the
combination of Bothrops antivenom with dexamethasone. PLoS Neglected Trop. Dis.
11, e0005458. https://doi.org/10.1371/journal.pntd.0005458.

Schagger, H., 2006. Tricine-SDS-PAGE. Nat. Protoc. 1, 16-22. https://doi.org/10.1038/
nprot.2006.4.

Segura, A., Castillo, M.C., Nuanez, V., Yarlequé, A., Gongalves, L.R.C., Villalta, M.,
Bonilla, C., Herrera, M., Vargas, M., Fernandez, M., Yano, M.Y., Aratjo, H.P.,
Boller, M.A.A., Leén, P., Tintaya, B., Sano-Martins, 1.S., Gémez, A., Fernandez, G.P.,
Geoghegan, P., Higashi, H.G., Leén, G., Gutiérrez, J.M., 2010. Preclinical assessment
of the neutralizing capacity of antivenoms produced in six Latin American countries
against medically-relevant Bothrops snake venoms. Toxicon 56, 980-989. https://
doi.org/10.1016/j.toxicon.2010.07.001.

10

Toxicon: X 25 (2025) 100216

Silva, N.B., Dias, E.H.V., Costa, J. de O., Mamede, C.C.N., 2024. Bothrops moojeni snake
venom: a source of potential therapeutic agents against hemostatic disorders.
International Journal of Cardiovascular Sciences 37, €20220075. https://doi.org/
10.36660/ijcs.20220075.

Sousa, L.F., Freitas, A.P., Cardoso, B.L., Del-Rei, T.H.M., Mendes, V.A., Oréfice, D.P.,
Rocha, M.M.T., Prezoto, B.C., Moura-da-Silva, A.M., 2022. Diversity of
phospholipases A2 from Bothrops atrox snake venom: adaptive advantages for snakes
compromising treatments for snakebite patients. Toxins 14, 543. https://doi.org/
10.3390/toxins14080543.

Sousa, L.F., Nicolau, C.A., Peixoto, P.S., Bernardoni, J.L., Oliveira, S.S., Portes-Junior, J.
A., Mourao, R.H.V., Lima-dos-Santos, 1., Sano-Martins, 1.S., Chalkidis, H.M.,
Valente, R.H., Moura-da-Silva, A.M., 2013. Comparison of phylogeny, venom
composition and neutralization by antivenom in diverse species of Bothrops complex.
PLoS Neglected Trop. Dis. 7, €2442. https://doi.org/10.1371/journal.pntd.0002442.

Sousa, L.F., Zdenek, C.N., Dobson, J.S., den Brouw, B. op, Coimbra, F.C.P., Gillett, A.,
Del-Rei, T.H.M., de Chalkidis, H.M., Sant’Anna, S., Teixeira-Da-Rocha, M.M.,
Grego, K., Travaglia Cardoso, S.R., Moura da Silva, A.M., Fry, B.G., 2018.
Coagulotoxicity of Bothrops (lancehead pit-vipers) venoms from Brazil: differential
biochemistry and antivenom efficacy resulting from prey-driven venom variation.
Toxins 10, 411. https://doi.org/10.3390/toxins10100411.

Timms, J., Chaparro, J.C., Venegas, P.J., Salazar-Valenzuela, D., Scrocchi, G., Cuevas, J.,
Leynaud, G., Carrasco, P.A., 2019. A new species of pitviper of the genus Bothrops
(Serpentes: Viperidae: Crotalinae) from the Central Andes of South America. Zootaxa
4656, 99-120. https://doi.org/10.11646/zootaxa.4656.1.4.

Uribe-Arjona, A., de Patino, H.A., Martinez-Cortés, V., Correa-Ceballos, D.,

Rodriguez, A., Gémez-Leija, L., Vega, N., Gutiérrez, J.M., Otero-Patifo, R., 2021.
Toxicological, enzymatic, and immunochemical characterization of Bothrops asper
(Serpentes: Viperidae) reference venom from Panama. Rev. Biol. Trop. 69, 127-138.
https://doi.org/10.15517/RBT.V6911.39502.

Villca-Corani, H., Naiva, S.E., Red-Wheat, C., Leon, R., Aznar, J., Nieto-Ariza, B., 2023.
Primer inventario de serpientes en el Chapare, Amazonia Boliviana, mediante
registros de campo, centros de salud y ciencia ciudadana. In: Memorias Del XII
Congreso Latinoamericano de Herpetologia, pp. 246-247.

Wang, W.-J., Huang, T.-F., 2002. Purification and characterization of a novel
metalloproteinase, Acurhagin, from Agkistrodon acutus venom. Toxins 10, 641-650.
https://pubmed.ncbi.nlm.nih.gov/12008947/.

WHO Expert Committee on Biological Standardization, sixty-seventh report. Geneva:
World Health Organization; 2017 (WHO technical report series ; no. 1004). Licence:
CC BY-NC-SA 3.0 IGO.

Wiezel, G.A., Dos Santos, P.K., Cordeiro, F.A., Bordon, K.C.F., Selistre-De-Aradjo, H.S.,
Ueberheide, B., Arantes, E.C., 2015. Identification of hyaluronidase and
phospholipase B in Lachesis muta rhombeata venom. Toxicon 107, 359-368. https://
doi.org/10.1016/j.toxicon.2015.08.029.

Zelanis, A., Tashima, A.K., Rocha, M.M.T., Furtado, M.F., Camargo, A.C.M., Ho, P.L.,
Serrano, S.M.T., 2010. Analysis of the ontogenetic variation in the venom proteome/
peptidome of Bothrops jararaca reveals different strategies to deal with prey.

J. Proteome Res. 9, 2278-2291. https://doi.org/10.1021/pr901027r.


https://doi.org/10.1038/s41570-022-00393-7
https://doi.org/10.1016/j.bbagen.2006.12.014
https://doi.org/10.1016/j.cbpc.2017.07.007
https://doi.org/10.1016/j.cbpc.2017.07.007
https://doi.org/10.1080/15287394.2012.697839
https://doi.org/10.3390/rs14174195
https://doi.org/10.1016/j.bbagen.2015.12.021
https://doi.org/10.1007/978-3-319-20790-2_146-1
https://doi.org/10.1371/journal.pone.0145516
https://doi.org/10.1371/journal.pone.0145516
https://doi.org/10.1371/journal.pntd.0005458
https://doi.org/10.1038/nprot.2006.4
https://doi.org/10.1038/nprot.2006.4
https://doi.org/10.1016/j.toxicon.2010.07.001
https://doi.org/10.1016/j.toxicon.2010.07.001
https://doi.org/10.36660/ijcs.20220075
https://doi.org/10.36660/ijcs.20220075
https://doi.org/10.3390/toxins14080543
https://doi.org/10.3390/toxins14080543
https://doi.org/10.1371/journal.pntd.0002442
https://doi.org/10.3390/toxins10100411
https://doi.org/10.11646/zootaxa.4656.1.4
https://doi.org/10.15517/RBT.V69I1.39502
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref64
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref64
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref64
http://refhub.elsevier.com/S2590-1710(25)00003-7/sref64
https://pubmed.ncbi.nlm.nih.gov/12008947/
https://doi.org/10.1016/j.toxicon.2015.08.029
https://doi.org/10.1016/j.toxicon.2015.08.029
https://doi.org/10.1021/pr901027r

	Biochemical characterization of the venom of the Bolivian endemic pit viper Bothrops sanctaecrucis
	1 Introduction
	2 Materials and methods
	2.1 Bothrops sanctaecrucis venom
	2.2 Gel electrophoresis
	2.3 Proteolytic activity
	2.3.1 Caseinolytic activity
	2.3.2 Collagenolytic activity
	2.3.3 Thrombin-like activity
	2.3.4 Fibrin(ogen)olytic activity

	2.4 Phospholipase A2 activity
	2.5 Hyaluronidase activity
	2.6 Cross-reactivity with Bothrops antivenoms used in Argentina
	2.7 Coagulant activity and its neutralization by Bothrops antivenoms
	2.8 Statistical analyses

	3 Results and discussion
	3.1 Protein profile
	3.2 Proteolytic activity
	3.3 Phospholipase A2 activity
	3.4 Hyaluronidase activity
	3.5 Cross-reactivity with Bothrops antivenoms used in Argentina
	3.6 Coagulant activity and its neutralization with Bothrops antivenoms

	4 Concluding remarks
	CRediT authorship contribution statement
	Ethical statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


