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Abstract

Considered by the World Health Organization a neglected public health problem, snakebites occur predominantly in tropical
areas of Africa, Asia and Latin America. Approximately 2.7 million people worldwide are victims of snakebites each year, of
which between 81,000 and 138,000 later die. Among the survivors, about 400,000 have some permanent disability. The entirety
of the mechanism responsible for the venom pathophysiology is not completely understood. However, most of the venom
toxins affect human hemostasis, as Bothrops venom components, which destabilize endothelium, affect platelet aggregation,
blood clotting and fibrinolysis. Such effects are not only components of the clinical picture of patients who have suffered
envenomation, but are also directly associated with the severity of the accident. Thus, it is of great importance to understand
the main hemostatic alterations observed in envenomation’s by snakes of the genus Bothrops, which is predominant in South
America. Therefore, this review describes the hemostatic changes that occur in Bothrops snakebites, to further improve the
understanding of the general pathological mechanisms of snake envenomation’s and the correlation between endothelium
dysfunction and coagulation/fibrinolysis systems as a result of the interaction of each class of venom components with human
hemostasis. This knowledge is crucial for the development of new effective therapeutic approaches, attenuating the severity
of snakebites and reducing amputations and deaths. Besides this, a molecular comprehension of the hemostatic alterations
caused by each component of Bothrops venoms may help to identify new molecules and targets for therapeutic applications.
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Abbreviations: SVMPs: Snake Venom Metalloproteases;
SVSPs: Snake Venom Serine Proteases; Cys: Cysteine
Residues; GPCR: G-Protein Coupled Receptors; BPA: Bothrops
Protease A; VWF: Von Willebrand Factor; CRD: Carbohydrate
Recognition Domain; BPPs: Bradykinin Potentiating
Peptides; ACE: Angiotensin Converting Enzyme; sv-LAAO:
Snake Venom L-Amino Acid Oxidase; aPTT: Activated Partial
Thromboplastin Time; svVEGFs: Snake Venom Vascular
Endothelial Growth Factors; HF3: Hemorrhagic Factor 3.

Introduction

Approximately 2.7 million people worldwide are
victims of snakebites each year, of which between 81,000
and 138,000 later die. Among the survivors, about 400,000
have some permanent disability [1]. Considered by the
World Health Organization (WHO) a neglected public health
problem, snakebites occur more frequently in populations
that have poor access to health services, as is the case of
most populations living in rural environments and on the
urban outskirts [2-4]. Brazil, among other countries, has a
commitment with the WHO to reduce the damage caused by
snakebites by 50% by 2030 [5].

Snakebite accidents occur predominantly in tropical
areas of Africa, Asia and Latin America. In the latter, snakes
of the genus Bothrops are the main causes of snakebites, with
Brazil being the country with the highest number of cases on
the continent, with 28,000 yearly snakebites and 116 deaths
resulting from them, mainly caused by Bothrops jararaca.
One of the main aspects that lead to the high incidence of
snakebites in Brazil is the wide territorial distribution of
snakes of the Bothrops genus in the country and the large
number of farm workers [6].

Bothrops venom composition may vary interspecific
and intra specifically according to age, habitat and ecological
niche of the individuals [1,7,8]. In general, Bothrops venoms
comprise some protein families including the snake venom
metalloproteases (SVMPs); snake venom serine proteases
(SVSPs); phospholipases A2; type C lectins; bradykinin
potentiators; L-amino acid oxidases; glutaminyl-peptide
cyclotransferases; hyaluronidases and venom endothelial
growth factors [9,10].

Most of these toxins affect hemostasis, that is, the set
of mechanisms that prevent blood from leaking out of the
vessels. Bothrops venom toxins can destabilize endothelium,
and both induce or inhibit platelet aggregation, blood clotting,
and fibrinolysis. Such effects are not only components of the
clinical picture of patients who have suffered envenomation,
but are also directly associated with the severity of the
accident. Thus, it is of great importance to understand the
main hemostatic alterations observed in envenomation’s by
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snakes of the genus Bothrops.

SVSPs

Snake venom serine proteases (SVSPs) are toxins that
affect mainly the hemostatic system. They are proteolytic
enzymes that hydrolyze specific peptidic bonds and can be
classified as endopeptidases or exopeptidases, depending
on the cleavage site [11,12]. The active site structure of this
family of enzymes is formed by the catalytic triad, serine,
histidine and aspartic acid, and their boundaries along the
chain (His_, Asp, , and Ser_, ), where the stability is granted
by hydrogen bounds [13,14].

SVSPs are analogous to mammalian trypsin, belong to
the S1 family of chymotrypsin of the SA clan, have in their
structure, in addition to the catalytic triad, 12 cysteine
residues (Cys) that form disulfide bonds, and have cleavage
specificity after residues of arginine or lysine. They can
act on several components of the coagulation cascade, the
fibrinolytic system and the kallikrein-kinin system. Some
SVSPs also act on the complement system [15]. Bothrops
SVSPs are majorly thrombin-like enzymes. These enzymes
are similar to human thrombin, but cleave fibrinogen without
leading to the formation of stable fibrin network, by not
activating FXIII, which is essential for clot formation (Figure
1). In addition, thrombin-like enzymes usually do not activate
coagulation FXIII, which is responsible for forming bonds that
provide greater stability to the fibrin network. Procoagulant
SVSPs are enzymes capable of activating factors II, VII and
X of the blood clotting cascade, decreasing clotting time.
Anticoagulant SVSPs activate protein C by cleavage of peptide
bonds by a thrombomodulin-independent mechanism [16].
The fibrinolytic action of SVSPs is converting plasminogen to
plasmin, which quickly degrades preexisting clots [17].

Batroxobin is a serine protease isolated from B. moojeni
that has been used in clinical medicine as defibrinogenating
agent. Batroxobin, unlike thrombin, has fibrinogen as its sole
substrate and only releases fibrinopeptide A without cleaving
fibrinopeptide B. Also, it is not inhibited by and thrombin or
heparin cofactor Il [18]. These properties allow Batroxobin
to be used as a tool for abnormal coagulation detection.
Batroxobin has also been used for prevention and treatment
of thrombosis, because it lowers circulating fibrinogen levels
[19,20]. Botroxobin also promotes fibrin accretion greater
than thrombin, which may explain the thrombosis in B.
moojeni envenomation [21].

Thrombocytin and PA-B] are two SVSPs purified from
B. atrox and B. jararaca respectively. Both enzymes are
capable of induce platelet aggregation through the G-protein
coupled receptors (GPCR), PAR1 and PAR4. PA-B] acts
through the inactivation of the tethered ligand and induces
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calcium mobilization in fibroblasts transfected with PAR4,
desensitizing these cells to the action of thrombin [22].
Similarly to thrombin, Thrombocytin activated factor XIII by
limited proteolysis and increased the procoagulant activity
of factor VIII [23].

Zaqueo KD, et al. [24,25] characterized two SVSPs,
BbrzSP-32 and BpirSp-39. BbrzSP-32 is the first SVSP
isolated from B. brazili, it presents thrombin-like activity and
is able to degrade the a-chain of fibrinogen in in vitro models.
BbrzSP-32 demonstrated proteolytic activity on gelatin
and on substrates for serine proteases and thrombin like
enzymes, besides having coagulant activity on plasma [24].
The SVSP BpirSp-39 is purified from the venom of B. pirajai.
This enzyme was able to form fibrin networks and also
promote platelet aggregation, displaying fibrinogenolytic,
fibrinolytic, gelatinolytic and amidolytic activities. BpirSP-39
is apparently able to activate the clotting cascade factor XIII
and act on substrates for plasma Kkallikrein, factor XIa and
Xlla, factor Xa and for thrombin like enzymes [25].

There are other SVSPs that have fibrinogenolytic activity,
such as Bjussu SP-1 and Bothrops protease A (BPA). Bjussu
SP-1 is purified from the venom of B. jararacussu and shows
high proteolytic activity on serine protease and thrombin
chromogenic substrates. It also shows procoagulant and
kallikrein-like activity [26]. BPA is a potent fibrinogenolytic
enzyme purified from B. jararaca venom, but it does not form
fibrin, rather, it prevents the formation of fibrin by degrading
fibrinogen a- and b-chains [27].

In general, SVSPs act mainly on the coagulation
cascade leading to hemostatic imbalance, but their action
is not limited to the coagulation, as they promote specific
proteolysis on key points of different systems [12]. It has
also been demonstrated that some serine proteases have
proangiogenic properties [28], raising questions about the
importance of the role of these enzymes on the local and
systemic effects on snakebite accidents.

SVMP

Snake venom metalloproteinases (SVMPs) are zinc-
dependent endoproteases (Zn%**) that has a consensus
(HExxHxxGxxHD) sequence and a Met-turn. They tend
to be the most abundant toxins in the venom of Bothrops
snakes, especially in those species exposed to low annual
temperature ranges, where SVMPs often account for
more than 30% of the chemical composition of the venom
[29]. SVMPs structurally resemble proteins present in
mammals, ADAM (disintegrin and metalloproteinase)
and ADAMTS (ADAM with thrombospondin motif type 1)
[30]. Traditionally, SVMPs are classified into three classes
according to the presence of certain domains. Class P-I is the
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simplest and has the lowest molecular weight, with only the
M domain (metalloproteinase contains the catalytic site),
class P-1I has the M and D (disintegrin) domains and class
P-1II has the domains M, D and C (rich in cysteine) [31,32].

The hemorrhagic effect of envenomation is largely
caused by SVMPs, mainly those belonging to classes P-1I and
P-111. Bleeding is due, at least in part, to the loss of integrity
of the endothelium, especially in the microvasculature.
Although SVMPs can have a cytotoxic effect on endothelial
cells, such effects appear to have little causal relationship
to hemorrhage [33,34]. Furthermore, in B. jararaca
envenomation, the increase in thrombomodulin levels, the
main marker for endothelium injuries, is not correlated with
the activity of SVMPs, but mainly with the mass activation of
thrombin during envenomation. Thus, a direct destruction of
endothelial cells does not seem to be the main mechanism of
action of hemorrhagic SVMPs [35].

SVMPs cause loss of vascular integrity mainly by
interfering with adhesion between endothelial cells. SVMPs
can cleave adherent proteins present in the membrane of
endothelial cells, such as cadherins, and, degrade proteins
that constitute the basement membrane, such as type IV
collagen and laminin, contributing to the disintegration of
the basement membrane [36]. This action is similar to the
activity of endogenous metalloproteinases that act in the
remodeling of protein fibers present in the extracellular
matrix.

BnP1 from B. asper, is a class P- SVMP capable of
degrading type IV collagen, which suggests that the
degradation of the basement membrane is primarily carried
out by the catalytic activity of the M domain. [37]. The
hemorrhagic activity of some SVMPs can still occur through
other mechanisms, such as the hemorrhagic factor 3 (HF3)
present in B. jararaca, which cleaves proteoglycans present
in the glycocalyx of endothelium cells, which contributes to
their damage [31].

SVMPs normally also contribute to the thrombocytopenia
seen in envenomation and also inhibit platelet aggregation
induced by endogenous agonists. Normally, the inhibition of
aggregation caused by SVMPs results from interference in the
interaction between agonists and their respective receptors
and integrins present in platelets. Contrary to the alterations
caused in the endothelium, the platelet hypoaggregation
induced by SVMPs has little relation with the catalytic
activity of the M domain [38]. Furthermore, it has already
been demonstrated that the D domain isolated from some
SVMPs, such as jararhagin, is capable of inhibiting collagen-
induced platelet aggregation, probably by interfering with
a2f1 integrin. Although less studied, the C domain also
seems to be of great importance in the hypoaggregating
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action of SVMPs [39]. In class P-II SVMPs, the RGD motif in
the D domain was also identified, which interacts with the
allB B3/Gpllb/Illa integrin, inhibiting platelet aggregation.
Although RGD may present variations in some P-II class
SVMPs and even be substituted in several P-III class SVMPs,
in general the D domain (or D-type domain in the case of
P-11I) maintains its ability to inhibit platelet aggregation [29].

It has also been shown that some SVMPs, such as
jararhagin, can cleave the Von Willebrand factor (VWF),
which prevents its correct interaction with the GPIb-IX-V
receptor, resulting in hypoaggregation [39]. It is worth
mentioning that some SVMPs, even with a hypoaggregating
effect,are capable of inducing plateletaggregation in vitro. For
example, basparin A catalyzes the conversion of prothrombin
to thrombin, and the latter, being a powerful platelet agonist,
will trigger the occurrence of platelet aggregation [38].

SVMPs may also contribute to the coagulopathy seen
in envenomation, particularly by activating FX and/or
prothrombin (Figure 1) [40]. The SVMPs that activate FX
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are all classified as P-1II because they are composed of a
larger subunit, which corresponds to a P-III class SVMP, and
a smaller subunit, which corresponds to a snaclec (C-type
lectin-like protein). Prothrombin activating SVMPs can be
of all classes and are divided into group A, whose activity
is independent of cofactors, and group B, which act only
in the presence of calcium. In both groups, SVMP converts
prothrombin to meizothrombin, which then undergoes
autolysis, giving rise to thrombin [39,31].

SVMPs of all classes can present fibrinolytic and
fibrinogenolytic activity that, associated with the activation of
FX and prothrombin, contributes to the rapid consumption of
clotting factors during envenomation without the formation
of a stable fibrin network, which favors incoagulability
of the blood (Figure 1). In addition, some SVMPs, such as
jararhagin, are able to activate the fibrinolytic system by
reducing the interaction between tPA and PA-1 and reducing
the activity of a2-antiplasmin, contributing to the worsening
of coagulopathy in envenomation [31].

Figure 1: Main alterations in the coagulation cascade caused by SVMPs and thrombin-like enzymes. SVMPs activate factor
X and prothrombin leading to a large generation of thrombin. However, fibrin generation is relatively low due to the fibrino
(geno) lytic activity of other SVMPs and thrombin-like enzymes. Lippi G, et al. [40].

C-type Lectins

C-type lectins are homodimeric and non-enzymatic
proteins that present the carbohydrate recognition domain
(CRD), a domain that, in the presence of calcium ions, binds
to carbohydrates. In the venom of snakes of the genus
Bothrops, the so-called snake C-type lectins-like (snaclecs)
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are also present, which despite having some homology with
the CRD, do not bind to carbohydrates and are not calcium
dependent. These proteins are present in greater amounts
in the venom than true type C lectins and, unlike these, are
heterodimeric, composed of a and  subunits. These toxins
have as main biological functions the action of modulating
the activity of platelets and are anticoagulants [42,43].
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Among the snaclecs that interfere with platelet
aggregation are those that can bind to GPIb, such as the
GPIb-binding jararaca protein. GPIb is a glycoprotein that
participates in the GPIb-IX-V complex, which contributes to
platelet activation by interacting with VWF under high shear
conditions. Normally, this interaction is inhibited with the
binding of snaclec to GPIb. However, other effects resulting
from the action of this type of snaclecs can be diverse, e.g.:
in some cases snaclecs form multimers that favor platelet
agglutination while other snaclec can induce platelet
activation directly via GPIb [44].

There are also snaclecs that bind directly to VWE, as is
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the case with botrocetin, found in B. jararaca. This snaclec
has a negatively charged concave region that binds to the
Al domain of VWF and induces its binding to GPIb, leading
to platelet agglutination. There are still other snaclecs that
can induce platelet activation by binding to GPVI or a2f31
integrin, glycoproteins that are normally important in
platelet activation by interacting with collagen. Recently, the
first described snaclec that inhibits epinephrine-induced
platelet aggregation was isolated. This snaclec is bateltin,
obtained from the venom of B. alternatus [45,46]. The main
pathways of interference of platelet activity by snaclecs are
described in Figure 2.

Figure 2: Main pathways of platelet activity that are interfered with by snaclecs. Created with BioRender.com.

The venom of snakes from the Bothrops genus have
snaclecs with anticoagulant activity, which is conferred
by the calcium-dependent, high affinity binding of these
proteins to the Gla domains of clotting factors. Among the
anticoagulant snaclecs are [X/X-bp that binds both factor IX
and factor X, IX-bp that bind to factor IX, and X-bp that bind
to factor X. In addition, bothrojaracin, identified and purified
from B. jararaca venom, is an anticoagulant snaclec that
forms a non-covalent complex with thrombin. This binding
probably occurs at the thrombin exosite 1 and does not alter
the catalytic activity of this enzyme on synthetic peptides
[45].

PLA2s

The phospholipases A2 (PLA2s) are lipolytic enzymes
that hydrolyze glycerophospholipids at the sn-2 position
generating lysophospholipids and fatty acids. PLA2s
active site consists of His,, Asp,,, Tyr,, Asp,, and a water
molecule that plays a role in the catalysis, being connected
in the residues His,, and Asp,  through hydrogen bonds [47].
They are calcium-dependent and consist of 125-130 amino
acid residues cross-linked and stabilized by seven disulfide
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bonds [48]. PLA2 is one of the major components in Bothrops
venom. A single snake venom PLA2 (svPLA2s) fraction can
contain several isoforms of PLA2s, and they may be classified
as acidic, basic or neutral, according to their net charge.
Although svPLA2s share most of their structure, snake
venom PLA2 enzymes differ greatly in their pharmacological
properties and biological activities [49].

Plasma phospholipids play a critical role in the formation
of coagulation complexes, and PLA2s may be the primary
mechanism to the anticoagulant effect of snake venoms,
through the hydrolysis of phospholipids surface [50,51].
Mostly PLA2s act on blood clotting through the enzymatic
hydrolysis of procoagulant phospholipids of plasma, or
simply by binding to blood coagulation factors and/or
phospholipids making them unavailable for the reactions
of the coagulation cascade. The PLA2 anticoagulant activity
can be either dependent or independent on the presence of
phospholipids [52,53].

In Bothrops genus venom, several acidic phospholipases

have been described. BaCol PLA2 that is purified from B.
asper venom has moderated anticlotting activity, while Bmoo
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PLA2, purified from B. moojeni venom has high anticlotting
activity on aPTT using human plasma, as well as antiplatelet
activity, inhibiting platelet aggregation induced by collagen or
ADP [54,55]. According to Kini and Evans, the anticoagulant
region, that is between amino acid residues 54 to 77, is
positively charged in strong anticoagulants facilitating the
interaction between these enzymes with negatively charged
surfaces and thus, impairing blood clotting [56].

PLA2 plays a central role in platelet activation by
hydrolysis of membrane phospholipids in response to a
variety of stimuli. Yuan Y, et al. [57] demonstrated that
snake venom PLA2s are dependent on high-density
lipoproteins and other lipoprotein fractions, possibly to
generate lysophosphatidylcholine-enriched HDL particles
that modulate platelet function [58]. Based on their platelet
activity, svPLA2s enzymes can be classified in three groups:
PLA2s that induce platelet aggregation; PLA2s that inhibit
platelet aggregation and PLA2S that have biphasic response
to platelets [56]. In fact, several Bothrops PLA2s inhibit
platelet aggregation [59-61].

The majority of effects of svPLA2s is exerted by hydrolysis
of membrane phospholipids, although different isoforms
may display different membrane damaging activity and
consequently, different effects on the human hemostasis. In
general, there are few reports on the membrane hydrolyzing
property of svPLA2s, and they are better characterized
according to their myotoxic activity. Therefore, the complete
mechanism of membrane damage and toxicity from PLA2s
enzymes is not entirely understood [49].

Other Venom Components

Bradykinin potentiating peptides (BPPs) were first
identified in the venom of B. jararaca in the 1965 by Ferreira
SH, et al. [62]. In general, the term BPP describes an effect
and not structure, once there are many related and unrelated
peptide sequences that potentialize bradykinin (BK).
BPPs are proline-rich peptides that inhibit the angiotensin
converting enzyme (ACE) and are the molecular basis
for the development of captopril, antihypertensive drug
used clinically [63]. The ACE is responsible for converting
angiotensin (Ang) I into Ang II, which act as a vasoconstrictor
and hypertensive agent. By inhibiting this enzyme, BPPs
inhibit formation of Ang II and thus, reduce the blood
pressure. ACE also cleaves bradykinin, a hypotensive
vasoactive peptide [64]. ACE inhibitor such as BPPs
potentiates the effect of BK by inhibiting its degradation.
Since there is no generation of Ang Il and bradykinin is not
degraded, the angiotensin-system effects are decreased and
the kallikrein-kinin system is potentiated [63]. Several BPPs
were identified in Bothrops venom and more are still being
characterized [65,66].
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Snake venom L-amino acid oxidase (sv-LAAO) is a
flavoenzyme with molecular mass from 120-150 kDa in
dimeric form and 55-66 kDa in monomeric form which
stereospecifically catalyzes the oxidative deamination of an
L-amino acid to an a-keto acid with concomitant production
of ammonia and hydrogen peroxide [67]. These enzymes
can either inhibit or activate platelet aggregation. Sv-LAAOs
purified from Bothrops, such as BpirLAAO-I, BmooLAAO-I and
Balt-LAAO-I induced dose-dependent platelet aggregation
[68-70]. The mechanism for platelet aggregation induced by
sv-LAAOs it is not fully understood, although earlier reports
suggest that the platelet aggregation is induced by the
formation of hydrogen peroxide and subsequent synthesis of
thromboxane A2 [71]. The H,0, produced by LAAOs mimics
the effect of oxidases on platelets and at concentrations of
9mM or higher, induces the first phase of platelet aggregation
[72]. Even though LAAOs are mainly characterized for their
action on platelets, Sakurai Y, et al. [73] described a sv-LAAO
that prolonged the activated partial thromboplastin time
(aPTT) dose-dependently by inhibiting factor IX and it is
fathomable that others sv-LAAOs may also have anticlotting
properties.

There are other components, present in low
concentrations in Bothrops venoms that play a role in the
pathophysiology of snakebite victims. Hyaluronidase is
a common enzyme on snake venoms that destroys the
glycosidic bonds of connective tissues components, resulting
in decreased tissue viscosity and allowing the penetration of
the venom [74]. Snake venom vascular endothelial growth
factors (svVEGFs) show a potent hypotensive effect and are
crucial regulators of blood vessel formation and vascular
permeability, also facilitating venom diffusion into tissues
[75].

Conclusions

The pharmacological effects of Bothrops venom include
cardiotoxicity, neurotoxicity, haemolytic, myotoxicity,
haemostatic, haemorrhagic and edema. The coagulopathy
seem in Bothrops envenomation is the outcome of a
multifocal toxicity of distinct venom components involving
the endothelium, platelets and coagulation. In Bothrops
envenomation, bleeding is more usual than thrombosis,
although this may vary depending on a series of factors
including species, age, geographic location and venom
components. Themajor componentsin Bothropsvenom favors
the bleeding tendency; Inoculation of SVMPs and SVSPs leads
to endothelial dysfunction and activation of the coagulation
cascade while also having fibrinolytic/fibrinogenolytic
activity, making clot formation unfeasible thus, leading to a
consumption coagulopathy. Since other components also act
on several hemostatic systems, the bleeding and thrombosis
caused by snakebite envenomation should be regarded as two
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