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Abstract: Serine proteases are multifunctional and versatile venom components found in
viper snakes, including the Bothrops species, a widely distributed genus notorious for caus-
ing the highest number of snakebites across Latin America. These enzymes, representing a
significant fraction of Bothrops venom proteomes, exhibit a wide range of biological activi-
ties that influence blood coagulation, fibrinolysis, and inflammation. This review provides
a comprehensive overview of serine proteases, with a particular focus on those found in the
venom of Brazilian Bothrops snakes. The discussion begins with a summary of snake species
found in Brazil and their medical relevance. Specifically addressing the Bothrops genus,
this review explores the distribution of these species across Brazilian territory and their
associated medical importance. Subsequently, the article investigates the biochemistry of
Bothrops venoms and the clinical manifestations induced by envenomation. Finally, it offers
an in-depth discussion on the serine proteases, highlighting their biochemical properties,
mechanisms of action, and potential therapeutic applications. Furthermore, this review
provides an in-depth exploration of the diverse serine proteases found in Bothrops venoms
and their functional significance, from thrombin-like effects to potent fibrinogenolytic
actions, which determine the clinical manifestations of envenomation. This review delves
into the evolutionary adaptations and biochemical diversity of serine proteases in Bothrops
venoms, emphasizing their critical roles in venom functionality and the resulting patho-
physiological effects. Additionally, it opens new avenues for utilizing these enzymes in
biomedical applications, underscoring their potential beyond toxinology.
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1. Introduction
Earth is home to a vast array of animal species, many of which remain undiscovered.

Among the identified species, approximately 15% (~220,000) of the planet’s total animal
diversity possess venom [1]. These bioactive cocktails, mainly composed of peptides and
proteins, are essential for the survival and predatory strategies of many animals. Snakes
stand out as some of the most studied venomous creatures in the world [2]. The intrigue
and fear surrounding snakes date back to ancient times, with one of the earliest documented
treatises on snakebite envenomation found in the Brooklyn Medical Papyrus of ancient
Egypt [3].

Snake venom has facilitated the evolutionary shift from mechanical prey capture to
a more sophisticated and efficient biomolecule-based strategy [4]. Regarded as natural
libraries of bioactive compounds, still underexplored in many aspects, venoms hold a vast
array of potential therapeutic applications [5,6]. From a biomolecular point of view, they
consist of a mixture of components ranging from 20 to over 100, with the majority (>90%)
being peptides and proteins. These compounds may exhibit neurotoxic, hemotoxic, and
cytotoxic properties as dominant biological activities, depending on the snake species [7,8].

Several peptides and proteins isolated from snake venoms exhibit multiple therapeutic
applications [9]. Some of them act as thrombolytic agents, antimicrobials, and antiviral
compounds, being effective against different viruses such as herpes simplex, dengue,
and yellow fever. Antiparasitic and antifungal properties have also been reported for
venoms [10]. In this way, snake venom can be seen as a complex reservoir of medicinal
substances. However, it is important to note that less than 0.01% of these proteins have
been properly identified and characterized [11].

In Bothrops snake species, phospholipase A2 (PLA2), metalloproteases (SVMPs), and
serine proteases (SVSPs) are dominant, comprising approximately 70% of the total pro-
teins of snake venom [7,8]. SVSPs comprise a superfamily of proteolytic enzymes with
multifunctional activities, being widely found in eukaryotes, prokaryotes, archaea, and
viruses [12]. They can be found in the venoms of many snake families, including Viperidae,
Crotalidae, Elapidae, and Colubridae [13,14]. However, the occurrence of serine proteases
in elapid venoms is rare, and its relative abundance is very low. On the other hand, SVSPs
are abundant in viper venoms, with a multiplicity of isoforms exhibiting different pri-
mary structures and biological actions [15,16]. Evolutionary studies have demonstrated
that serine proteases may have undergone gene divergence and duplication, leading to
alterations in their biological properties, thereby enabling the acquisition of their multiple
functions [13].

SVSPs have a proteolytic nature, significantly impacting the breakdown of biologi-
cally active proteins, primarily those involved in hemostatic disturbances observed during
snake envenomation. In this context, this review presents insights into Bothrops snakes
worldwide, with a focus on the venom compositions of Brazilian snakes. Of particular
interest, we review an expanding body of the literature describing the biochemical features
and biological properties of SVSPs. We discuss how an in-depth investigation of these
proteolytic enzymes can enhance our understanding of snakebite pathology and its treat-
ment. Finally, we explore innovative avenues for translating SVSPs into drug discovery
and diagnostic approaches.

2. Brazilian Snakes: An Overview of Species, Medical Significance,
and Envenomation

The Brazilian biomes are home to a significant portion of the world’s biodiversity.
They boast high levels of species richness and endemism, making them critical biodiversity
hotspots [17]. Currently, more than 10,700 species of reptiles are recognized worldwide,
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with Brazil accounting for 4746 reptile species according to the data from the Brazilian
Society of Herpetology (Figure 1A), with 40% of the recorded snake species being endemic
to the country (a total of 179, including species and subspecies) [18].
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Figure 1. A geographical snapshot of Brazil’s reptile diversity and epidemiology of snakebites.
(A) Number of reptiles versus snakes across states in Brazil (2022). RR—Roraima, AP—Amapá,
AC—Acre, RO—Rondônia, AM—Amazonas, PA—Pará, TO—Tocantins, MT—Mato Grosso, MS—
Mato Grosso do Sul, GO—Goiás, DF—Distrito Federal, MA—Maranhão, PI—Piauí, CE—Ceará,
RN—Rio Grande do Norte, PB—Paraíba, PE—Pernambuco, AL—Alagoas, SE—Sergipe, BA—Bahia,
ES—Espirito Santo, MG—Minas Gerais, RJ—Rio de Janeiro, SP—São Paulo, PR—Paraná, SC—Santa
Catarina, and RS—Rio Grande do Sul. Adapted from [19]. (B) Snakebites in Brazil according
to snake genera (2022). Bothrops: responsible for 69.61% of accidents, 71.28% of deaths, and a
lethality rate of 0.33%. Crotalus: responsible for 7.88% of accidents, 14.89% of deaths, and a lethality
rate of 0.6%. Micrurus: responsible for 1.15% of accidents, 0% of deaths, and a 0% lethality rate.
Lachesis responsible for 0.99% of accidents, 2% of deaths, and a 2.13% lethality rate. Other snakes
are responsible for 7.32% of accidents, 9.57% of deaths, and a 0.09% lethality rate. A total of 13.06%
of accidents were not reported, along with 9.57% of deaths and a 0.23% lethality rate. Note that the
number of deaths is related to the number of accidents from each snake genus, and the lethality
rate represents the proportion of deaths attributed to a specific snake genus relative to all recorded
snakebite incidents. (C) Bothropic snakebites of Brazil by region (2023). Data obtained from [20].

Currently, in Brazil, there are approximately 412 species of snakes with various habits,
ranging from fossorial to aquatic, with the main families being Anomalepididae, Leptoty-
phlopidae, Typhlopidae, Aniliidae, Tropidophiidae, Boidae, Colubridae, and Dipsadidae for the
non-venomous families and Viperidae and Elapidae for the venomous ones (Figure 2) [21,22].

The venomous snakes’ genera in Brazil encompass members of the Viperidae family (in-
cluding the subfamily Crotalinae, generally called pit vipers), such as Crotalus, Bothrops, and
Lachesis, as well as the Elapidae family, represented by the genus Micrurus (Figure 1B) [23].
According to the epidemiological bulletin issued by the Ministry of Health through the
Secretariat of Health Surveillance and Environment in 2023, the northern (Acre, Rondônia,
Roraima, Amazonas, Pará, Tocantins, and Amapá) and northeastern (Maranhão, Piauí,
Bahia, Ceará, Rio Grande do Norte, Paraíba, Pernambuco, Alagoas, and Sergipe) regions of
the country were classified among the five regions of the Brazilian territory that are more
impacted by snakebite incidents (Figure 1C) [24]. Although the northern region of Brazil
has a smaller population compared to other regions, the incidence of snakebites remains
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disproportionately high. Over 44% of all snakebites occur in the Amazon region, where the
rate is five times higher than in any other state, despite the area accounting for only 8.7% of
the country’s total population [25]. This underscores the urgent need to address snakebite
prevention and treatment in these underserved and vulnerable areas.

Figure 2. Examples of diversity of snake families in Brazil. Map of Brazil showing the geographical
distribution of the species examples of each family that can be found in the country. Each color
mentions one of the species/family and is marked in the state where it can be found. (A) Liotyphlops
ternetzii (Anomalepididae), photo by Marco Vicariotto. (B) Trilepida macrolepis (Leptotyphlopidae),
photo by Geovane Lima. (C) Amerotyphlops reticulatus (Typhlopidae), photo by Anthony Giardenelli.
(D) Anilius scytale (Aniliidae), photo by Jonghyun Park. (E) Tropidophis paucisquamis (Tropidophiidae),
photo by Janie Jones. (F) Corallus hortulanus (Boidae), photo by Guilherme Melo Dos Santos. (G) Lep-
todeira ashmeadii (Colubridae), photo by Guilherme Melo Dos Santos. (H) Dipsas catesbyi (Dipsadidae),
photo by Guilherme Melo Dos Santos. (I) Bothrops Atrox (Viperidae), photo by Guilherme Melo Dos
Santos. (J) Micrurus hemprichii (Elapidae), photo by Pedro Bisneto.

2.1. Bothrops Snakes, a Widely Distributed and Medically Important Genus

Bothrops snakes are among the four genera of snakes with the greatest epidemiological
relevance in Brazil. They are the leading cause of snakebites in the country, mirroring the
trend observed in Central and South America [4,26]. In Brazil, species belonging to this
genus are popularly known as jararaca, jararacuçu, urutu-cruzeiro, comboia, and caiçaca [26]
and, worldwide, are also known as lancehead pit vipers [27]. There are 49 species of
Bothrops snakes identified worldwide (Tables 1 and 2). Interestingly, 31 species (~63%) are
found in the Brazilian territory.
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Table 1. Bothrops species have a wide range of distribution in Brazil.

Snake Geographical Distribution Region of Brazil States of Brazil

B. alcatraz Brazil Southeast SP

B. alternatus Argentina, Brazil, and Uruguay South, Southeast, And
Midwest

MS, GO, MG, RJ, SP, PR,
SC, and RS

B. atrox

Bolivia, Brazil, Colombia,
Ecuador, English Guiana, French
Guiana, Peru, Suriname, Trinidad,

and Venezuela

North, Midwest, and
Northeast

RR, AP, AC, RO, AM, PA,
TO, MT, and MA

B. bilineatus
Bolivia, Brazil, Colombia,

Ecuador, English Guiana, French
Guiana, and Suriname

North, Northeast,
Southeast, and Midwest

RR, AP, RO, AM, PA, MT,
CE, PE, AL, BA, ES, MG,

and RJ

B. brazili
Bolivia, Brazil, Colombia, English

Guiana, French Guiana, Peru,
Venezuela, and Suriname

North, Northeast, and
Midwest

AC, RO, AM, PA, MT, and
MA

B. cotiara Argentina and Brazil Southeast and South SP, PR, SC, and RS

B. diporus Argentina, Bolivia, Brazil, and
Paraguay Southeast and South SP, PR, SC, and RS

B. erythromelas Brazil Northeast and Southeast PI, CE, RN, PB, PE, AL, SE,
and BA

B. fonsecai Brazil na MG, RJ, and SP

B. germanoi Brazil Southeast SP

B. insularis Brazil Southeast SP

B. itapetiningae Brazil Midwest, Southeast, and
South

MS, GO, DF, MG, SP, and
PR

B. jabrensis Brazil Northeast PB

B. jararaca Argentina, Brazil, and Paraguay Midwest, Southeast, and
South

GO, BA, ES, MG, RJ, SP, PR,
SC, and RS

B. jararacussu Argentina, Bolivia, Brazil, and
Paraguay

Northeast, Southeast, and
South

BA, ES, MG, RJ, SP, PR, SC,
RS, and MS

B. leucurus Brazil Northeast and Southeast CE, RN, PB, PE, AL, SE,
BA, ES, and MG

B. lutzi Brazil North, Midwest, and
Southeast

TO, GO, DF, MA, PI, CE,
PE, BA, and MG

B. marajoensis Brazil North and Northeast AP, PA, and MA

B. marmoratus Brazil North, Midwest, and
Southeast TO, GO, DF, and MG

B. mattogrossensis Bolivia and Brazil North, Midwest, and
Southeast

RO, AM, TO, MT, MS, GO,
and SP

B. moojeni Argentina, Bolivia, Brazil, and
Paraguay

North, Midwest, Southeast,
and Northeast

TO, MT, MS, GO, DF, MA,
PI, BA, MG, SP, and PR

B. muriciensis Brazil Northeast AL

B. neuwiedi Argentina and Brazil Midwest, Southeast, and
South

GO, DF, BA, MG, RJ, SP PR,
SC, and RS

B. oligobalius
Bolivia, Brazil, Colombia, English

Guiana, French Guiana, Peru,
Venezuela, and Suriname

North AP, AM, and PA



Biomolecules 2025, 15, 154 6 of 25

Table 1. Cont.

Snake Geographical Distribution Region of Brazil States of Brazil

B. otavioi Brazil Southeast SP

B. pauloensis Bolivia and Brazil Midwest and Southeast MT, MS, GO, DF, MG, SP,
and PR

B. pirajai Brazil Northeast BA

B. pubescens Brazil and Uruguay South SC and RS

B. sazimai Brazil Southeast ES

B. smaragdinus
Bolivia, Brazil, Colombia,

Ecuador, English Guiana, French
Guiana, and Suriname

North AC, RO, and AM

B. taeniatus
Bolivia, Brazil, Colombia,

Ecuador, English Guiana, French
Guiana, and Peru

North, Midwest, and
Northeast

RR, AP, AC, RO, AM, PA,
MT, and MA

RR—Roraima, AP—Amapá, AC—Acre, RO—Rondônia, AM—Amazonas, PA—Pará, TO—Tocantins, MT—Mato
Grosso, MS—Mato Grosso do Sul, GO—Goiás, DF—Distrito Federal, MA—Maranhão, PI—Piauí, CE—Ceará,
RN—Rio Grande do Norte, PB—Paraíba, PE—Pernambuco, AL—Alagoas, SE—Sergipe, BA—Bahia, ES—Espirito
Santo, MG—Minas Gerais, RJ—Rio de Janeiro, SP—São Paulo, PR—Paraná, SC—Santa Catarina, and RS—Rio
Grande do Sul. Adapted from [19,26,28].

Table 2. Bothrops species distribution in South and Central America, excluding Brazil.

Snake Geographical Distribution

B. ammodytoides Argentina

B. asper
Belize, Colombia, Costa Rica, Ecuador,

Guatemala, Honduras, Nicaragua, Mexico,
Panama, Peru, and Venezuela

B. ayerbei Colombia

B. barnetti Peru

B. caribbaeus Saint Lucia and Antilles

B. chloromelas Peru

B. jonathani Argentina and Bolivia

B. lanceolatus Antilles

B. medusa Venezuela

B. monsignifer Bolivia

B. oligolepis Peru

B. osbornei Ecuador and Peru

B. pictus Peru

B. pulcher Colombia and Ecuador

B. punctatus Colombia, Ecuador, and Panama

B. sanctaecrucis Bolivia

B. sonene Peru

B. venezuelensis Venezuela
Bothrops snake species that can be found in South and Central America, excluding Brazil as one of the countries.
All other species that can also be found in Brazil and other South and Central American countries can be found in
Table 1. Adapted from [19,26,28].



Biomolecules 2025, 15, 154 7 of 25

The high diversity of Bothrops snakes in Latin America leads to a considerable number
of deaths and disabilities. Bothrops-related snakebites account for approximately 90% of
envenoming cases across the country [29,30]. In Brazil, snakebites remain a significant
public health issue [31,32], with the country being ranked as one of the three global capitals
of snakebites [33]. Brazil encounters the third highest incidences of venomous snakebites
after India and Sri Lanka [34].

From a more regional perspective, analyzing the cases in other South America coun-
tries, it occupies the first place. Snakes of the genus Bothrops are involved in 70% to
90% of reported cases, averaging 27,000 to 29,000 annual cases with a lethality rate of
0.5% [23,35–37]. This number is likely to be underestimated due to complex geographical
barriers and socioeconomic factors.

The true impact of snakebite accidents is underestimated due to under-reporting
in countries with developing economies such as Brazil, suggesting that the number of
unrecorded cases is significantly higher than the number of reported ones [25,38]. Many
factors can impact the notification of these snakebites, such as the difficulty of transporting
the patients involved in bites in rural areas, under-reported deaths and cases in the official
surveillance system (almost 30%), and the lack of post-envenomation medical follow-up,
which complicates the reporting of deaths, even after the administration of antivenom.
Furthermore, the availability and accessibility of antivenom are not uniform across the
Brazilian territory, being concentrated in urban areas and leaving rural areas vulnerable,
especially since 87% of the cases to date have occurred in rural regions [38]. In the Brazilian
Amazon region, each municipality has only one hospital that provides the antivenom
treatment. As there is no antivenom available in the rural health units near where most of
the accidents occur, minorities such as riverine and Indigenous inhabitants are denied the
possibility of timely and adequate treatment [25]. Moreover, these incidents are concen-
trated in areas with limited access to the treatment, leading to snakebite victims to start
using traditional homemade medicines and inadequate prevention or first aid procedures
(tourniquets, zootherapy, and phytotherapy), which contribute to the emergence of severe
and under-reported cases and snakebite-related fatalities, also impacting the victim’s life
quality [31,39].

2.2. Bothrops-Induced Clinical Manifestations

In general, bothropic envenoming can result in a complex pathology combining local
and systemic effects induced by the action of tissue-damaging and hemotoxic toxins [40,41].
The severity varies depending on several factors but requires immediate attention due
to acute emergencies and the fast action of venom proteins, which can lead to functional
impairments or even death [42]. The clinical picture is well documented and used in
hospital settings to determine the appropriate antivenom. Variations, such as previously
observed chronic kidney failure and acute mesenteric ischemia [27,43], can be pointed out
depending on the snake species and geographical locations, along with some rare clinical
manifestations. These uncommon cases require further documentation and investigation
to raise awareness and assist clinicians in making decisions and choosing appropriate and
prompt interventions. In the following sections, we detail the common local and systemic
events following Bothrops snakebites.

2.2.1. Local Envenomation Effects

The local effects of bothropic envenoming are widely recognized due to the extensive
tissue damage and limited neutralizing properties of the antivenom at the bite site [44]. The
main local clinical manifestations include edema, blister formation, epithelial damage, pain,
and vascular alterations such as hemorrhage and blood incoagulability, as well as damage
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to skeletal muscle tissue, such as muscle degeneration and myonecrosis (Figure 3) [29].
Inflammation plays a crucial role, triggered by venom-derived toxins through three main
mechanisms: the direct recognition of venom components by leukocyte receptors, indirect
inflammatory response induced by damage-associated molecular patterns, and direct
activation of complement system mediators by toxins [45].
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Figure 3. Local and systemic effects following bothropic envenomation. (A) Edema and onset of
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images are sourced from the image archive of the ITox-Lab research group. All patients provided
written consent for image use during the research study.

These effects are the result of the multifactorial and synergistic actions of toxins, which
are still poorly understood, acting on connective and muscular tissues and inducing the
release of newly synthesized or stored endogenous inflammatory mediators [46,47]. Such
responses trigger vascular and cellular events, characterized by vascular changes in the
blood vessel caliber and flow, edema, cellular migration from the microcirculation, and
accumulation at the injury site via chemotaxis and the activation of various inflammatory
mediators [46].

Snake venom metalloproteinases (SVMPs) cause direct damage to microvessels, pro-
moting increased permeability and extravasation, leading to vascular disturbances such as
edema and hemorrhage [47–50]. SVMPs are also capable of activating specific inflamma-
tory cells and mediators frequently associated with hyperalgesia [47,51]. Phospholipase
A2 (PLA2) is involved in the enzymatic activity of membrane phospholipids, releasing
eicosanoid precursors and contributing to inflammation-associated damage. This damage
can progress to necrosis and, in many cases, lead to a loss of function or amputation of
the affected limbs. Myonecrosis may occur due to the direct action of myotoxic PLA2

on the muscle cell membrane through changes induced by SVMPs or by other myotoxic
proteins that disrupt the ionic control of muscle fibers. Another aspect of this process is
the infiltration of leukocytes at the injury site, which release inflammatory mediators such
as eicosanoids and cytokines, further enhancing the recruitment of phagocytic cells and
contributing to necrosis [47].
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2.2.2. Systemic Effects

Bothropic envenoming can trigger severe systemic effects such as coagulopathy, throm-
bocytopenia, and severe hemorrhage, which can lead to death if not treated promptly [52].
Blood incoagulability is common, resulting in bleeding at the site of the bite, in the gums,
and in vital organs (urinary, gastrointestinal, pulmonary, and central nervous systems)
(Figure 3). Another common event includes thrombocytopenia, which can also increase the
risk of bleeding. Systemic myotoxicity causes elevations in serum myoglobin and creatine
kinase, which can lead to acute kidney injury, while the venom also induces oxidative stress,
hepatotoxicity, and pulmonary changes such as respiratory failure and acute pulmonary
edema, contributing to mortality [29,53,54]. Renal changes are concerning, with acute kid-
ney injury (AKI) being a leading cause of mortality, and the pathogenesis of this condition
is not yet fully understood, but it is known that venoms can trigger nephrotoxic and/or
ischemic mechanisms in the body [54–57]. Studies with isolated kidneys have revealed
varied impacts on renal function parameters depending on the venom composition [29,30].
Moreover, rare manifestations (e.g., mesenteric ischemia), long-term disabilities (e.g., per-
manent sequelae in gait and amputations), and psychological morbidity [7,8,43,58] have
been also documented.

2.3. Biochemistry of Bothrops Venoms

Similar to other snakes, Bothrops venoms are produced and secreted by modified sali-
vary glands, primarily containing multifunctional protein-based toxins. These biomolecules
and peptides are injected directly into the prey through specialized and highly efficient
solenoglyphous dentition (Figure 4A) [36].
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Figure 4. Production and biochemical composition of Bothrops venoms. (A) Anatomical arrangement
of the snake venom gland and solenoglyphous dentition. (B) General composition of snake venom
from the Viperidae family. (C) Biochemical trend the venom composition of Bothrops snakes. CRiSP
(cysteine-rich secretory protein); CTL/SNACLEC (C-type lectin and C-type lectin-like protein);
DEF (defensin); DIS (disintegrin); KSPI (Kunitz-type serine protease inhibitor); LAAO (L-amino acid
oxidase); NP (natriuretic peptide); PLA2 (phospholipase A2); SVMP (snake venom metalloproteinase);
SVSP (snake venom serine protease); and other minor venom components (unidentified components
or components with an average abundance of <1%). Adapted from [7].
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Bothropic venoms are recognized for their biochemical complexity, with more than
twenty catalogued toxins and over 90% of their dry weight consisting of protein material
mainly represented by proteolytic enzymes (Figure 4B,C) [59–61]. Approximately 50%
of Bothrops venoms are composed of SVSPs and SVMPs. For this reason, their main
pathological effects derive from their proteolytic action, which induces a series of local and
systemic complications [62]. This cocktail triggers inflammatory and coagulant events as
well as necrotic and hemorrhagic activities [26,36]. The biochemistry of Bothrops venoms is
dynamic, with intriguing variations that affect the action and neutralization capacity of
antivenom [63,64]. The protein composition of Bothrops venom varies not only between
species but also within the same species due to environmental factors, the age, sex, or
type of prey available for feeding in the environment [7,8]. The diversity of elements
present in this library impacts the wide range of effects caused by the venom, further
affecting the production of antivenoms [65–67]. Although the venom of Bothrops snakes is
remarkably varied, proteomic methods have enabled the meticulous identification of its
main constituents [26]. Figure 5 summarizes the composition pattern of Brazilian bothropic
venoms studied using mass spectrometry-based tools.
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Figure 5. Heatmap of components identified in Brazilian bothropic venoms. SVMP (snake venom
metalloprotease); PLA2 (phospholipase A2); SVSP (snake venom serine protease); CLEC (C-type
lectin); LAAO (L-amino acid oxidase), Dis (disintegrin); VEGF (vascular endothelial growth factor);
Pep (peptides); and other minor venom components (phosphodiesterase, CRISP, nerve growth factor,
hyaluronidase, nucleotidase, peptidase, phospholipase inhibitor, glutaminyl cyclase, actin, and
undetermined venom components). Adapted from [26].

3. Introduction to Snake Venom Serine Proteases: From Catalysis
to Functions

Serine proteases constitute 4–29% of Bothrops venoms. They are monomeric glyco-
proteins with a molecular mass between 25 and 70 kDa, exhibiting N or O-glycosylation
sites [7,8,26,68,69]. The structure of SVSPs can also resemble chymotrypsin-like enzymes, in
which the active site cleft is located at the junction of the two six-stranded beta barrels [70].
These proteases are structurally composed of a highly conserved catalytic site that includes
the catalytic triad, formed by a reactive serine residue (Ser 195), which plays a role in the
formation of a transient acyl-enzyme complex stabilized by the presence of histidine (His
57) and aspartic acid (Asp 102) residues within the active site. Moreover, SVSPs normally



Biomolecules 2025, 15, 154 11 of 25

contain twelve cysteine residues that form six disulfide bridges and stabilize the structure
of the proteins. One of these bridges (Cys91-Cys245) is unique and conserved only among
SVSPs [7,8,26,70]. Despite most SVSPs sharing the classic reaction mechanism of serine
proteases, over 20 SVSPs present variations in the canonical catalytic triad, as identified
through venom transcriptomes [7,8].

Functionally, SVSPs constitute a group of blood coagulation factor-targeting enzymes,
similar to thrombin. Considered hemotoxins, they are widely studied for their interac-
tion with many components of the hemostatic system. In addition, they affect platelet
aggregation, various aspects of coagulation cascades, fibrinolytic and kallikrein–kinin sys-
tems, and even other cells. Overall, this spectrum of activities causes an imbalance in the
hemostatic system, leading to blood clotting disturbances following snakebite envenom-
ing [7,8,26,70,71].

Many SVSPs are classified as thrombin-like enzymes (TLEs), which mainly affect
blood coagulation cascades [72,73]. Intriguingly, they reproduce the effects of thrombin by
presenting fibrinogenolytic activity similar to that of plasma thrombin. As a result, they
convert fibrinogen to fibrin and activate factor V and protein C [7,8,26,68,71]. Some exam-
ples of TLEs from Bothrops snake venoms are batroxobin and TL-BJ [68,69]. Individually,
SVSPs can exhibit one or more thrombin-like activities, but there are no records of an SVSP
fully resembling thrombin and possessing all of its bioactivities. Furthermore, SVSPs may
exhibit bioactivities that are not expressed by thrombin. This difference between SVSPs
and thrombin makes SVSPs responsible for disrupting homeostasis [7,8].

Unlike thrombin, SVSPs are highly specific for macromolecular substrates, ac-
tivating or inhibiting various coagulation factors such as factor V, factor VIII, and
fibrinogen [1,74,75]. Due to such specificity exhibited by SVSPs, a group of isoforms can
induce different physiological manifestations due to the high degree of mutual identity,
ranging from 50 to 85%, known as the identity-selectivity paradox, in which specificity
cannot be understood from a primary sequence of SVSPs. This is a puzzle that deserves
further investigation. The precise specificity and intense hemotoxicity of SVSPs have led
to their study as potential diagnostic and therapeutic tools for coagulopathies and heart
diseases [7,8,26,70].

Some studies have demonstrated the ability of SVSPs to release bradykinin (BK)
or kallidin (Lys-BK) through the hydrolysis of kininogen, such as crotalase, elegaxobin
II, and KN-BJ SVSPs, which are known as kallikrein-like enzymes [68]. Bradykinin, an
anti-inflammatory plasma peptide that is active in vascular smooth muscle, resulting in
vasodilation and increased vascular permeability, is capable of reducing blood pressure
when released from kininogen [76,77]. Thus, these kallikrein-like enzymes are molecules
that contribute to the evolution of hypotensive shock in victims of snakebite envenoma-
tion [68,69,71].

4. Bothrops Venoms: A Rich Source of Serine Proteases
Bothropic venom contains higher levels of serine proteases compared to other snake

venoms. The data retrieved from UniProt indicate 43 serine proteases from crotalid venoms,
8 from lachetic venoms, and no results for serine proteases derived from Micrurus spp.
venoms. Interestingly, the number of serine proteases found in Bothropic snakes totals 48,
according to database searches (Table 3). The serine proteases derived from the venom
of Brazilian Bothrops snakes are highlighted in green, while other serine proteases from
Bothrops snake venoms from different countries are marked in blue. Overall, the literature
and database search pointed out that Brazilian snake venoms have significantly contributed
to this field of study, with the highest number of entries (88%).
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Table 3. Bothrops-derived serine proteases. Brazilian snake venoms have been an important source
for enhancing our understanding of the structure and actions of these proteolytic enzymes.

Serine
Protease Snake Geographical

Location Activities Length
(aa)

Molecular
Weight

(Da)

UniProt
Number/Ref

BPA Fibrinogenolytic, stereolytic, and
amidolytic activities 258 ~28.38 UniProt Q9PTU8

HS112 It acts on the hemostasis system of
the prey 255 ~28.05 UniProt Q5W960

HS114

Nonspecific action on fibrinogen;
low fibrinolytic activity; high

enzymatic activity when compared
to plasmin

259 ~28.49 UniProt Q5W959

SVSP
like-HS120 unknown 253 28 [78,79]

Bothrombin Similar to thrombin; induces platelet
aggregation; activates factor VIII 232 ~25.52 UniProt P81661

PA-BJ
Induces platelet aggregation;

thrombin-like activity; amidolytic
activity

237 ~26.07 UniProt P81824

TL-BJ1
Similar to thrombin; causes specific

coagulation of fibrinogen (FGA)
with the release of fibrinopeptide A

19 * not reported UniProt P81882

TL-BJ2
Similar to thrombin; causes specific

coagulation of fibrinogen (FGA)
with the release of fibrinopeptide A

19 * not reported UniProt P81883

TL-BJ3
Similar to thrombin; causes specific

coagulation of fibrinogen (FGA)
with the release of fibrinopeptide A

19 * not reported UniProt P81884

KN-BJ1

Bothrops jararaca
Brazil (SP, RJ, BA,
RS, SC, MG, GO,
MT, ES, and PR)

Kinin releasing; activity depends on
kininogen source; coagulation
activities; clotting and fibrin

formation

19 * 38 [80]

KN-BJ2

Kinin releasing; activity depends on
kininogen source; coagulation
activities; clotting and fibrin

formation

19 * 39 [80]

Bhalternina

Bothrops alternatus

Similar to thrombin that induces
blood coagulation coagulation

in vitro; in vivo defibrinogenation;
albuminolytic and fibrinogenolytic

activities

260 ~28.6 UniProt P0CG03

Balterina unknown not
reported not reported (VILCA QUISPE,

2013)

BthatL

Argentina,
Uruguay, and

Brazil (RS, SP, RJ,
MS, GO, MG, PR,

and SC)

It acts on the hemostasis system of
the prey 233 ~25.63 UniProt Q6IWF1

Barnettobina Bothrops barnetti Peru

Similar to thrombin; releases only
fibrinopeptide A from the human

alpha chain of fibrinogen;
fibrinogenolytic and

defibrinogenating activities

249 39 UniProt K4LLQ2

BpirSP41

Bothrops pirajai Brazil (BA)

Similar to thrombin; releases only
fibrinopeptide A from the human

alpha chain of fibrinogen;
fibrinogenolytic and

defibrinogenating activities

50 *
(~364) 40 UniProt P0DL27

BpirSP-39

Coagulation activity; activation of
factors XIIIa and III of the

coagulation cascade; gelatinolytic
activity; amidolytic activity

~445 49 [81]
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Table 3. Cont.

Serine
Protease Snake Geographical

Location Activities Length
(aa)

Molecular
Weight (Da)

UniProt
Number/Ref

BpirSP27 Bothrops pirajai Brazil (BA)

Preferably degrades the beta
chain (FGB) of fibrinogen;

promotes
concentration-dependent

platelet aggregation, in the
presence or absence of

calcium; hydrolyzes
chromogenic substrates

50 *
(~245) 27 UniProt P0DL26

Asperase Bothrops asper

Mexico,
Guatemala,
Honduras,

Nicaragua, Costa
Rica, Panama,

Belize, Colombia,
Ecuador, and

Venezuela

Defibrillation; coagulation of
human plasma and bovine

fibrinogen; when
administered intravenously
induces effect similar to that

of gyroxin

259 27 UniProt Q072L6

TLBm Bothrops
marajoensis

Brazil (AP and
PA)

Similar to thrombin; induces
platelet aggregation 285 33 UniProt P0DJE9

Batroxobina

Similar to thrombin; cleaves
Arg-Gly ligations in

fibrinogen alpha chains
(FGAs)

255 28 UniProt P04971

Ba III-4

Brazil (RR, AM,
AP, AC, PA, MA,
RO, TO, and MT)

Similar to thrombin; coagulant
activity; fibrinogenolytic

activity; proteolytic activity;
alkaline phosphatase

293 34 [82]

Thrombocytin

Bothrops atrox

Thrombin-like α-chain;
fibrinogenolytic; platelet

activator
~327 36 [83]

Leuurobina Bothrops leucurus
Brazil (BA, CE,
RN, PB, PE, AL,
SE, ES, and MG)

Similar to thrombin; induces
temporary opisthotonos

episodes; intravenous
administration produces an

effect similar to that of
gyroxine

231 30 UniProt P0DJ86

Leucurobin Thrombin-like α-chain;
fibrinogenolytic ~318 35 [83]

BJ-48

Similar to thrombin;
specifically cleaves the alpha
chain of human fibrinogen

(FGA); selective for Arg over
Lys at position 1 of the

tripeptide substrate

22 *
(~436) 48 UniProt P0DJF0

DV
Similar to thrombin; induces
the rapid formation of fibrin

clots
10 * not reported [5]

BjussusSP-1

Brazil (MS, BA,
ES, MG, RJ, SP,
PR, SC, and RS)

Similar to thrombin;
fibrinogenolytic activity

specific to alpha chain (FGA);
hydrolyzes fibrin, BAPNA,

TAME, and artificial
chromogenic substrates of the

coagulation cascade

232 ~25.52 UniProt Q2PQJ3

FC-Bj Thrombin-like α/β-chain;
fibrinogenolytic

not
reported not reported [83]

Jararacussin-I Thrombin-like α/β-chain;
fibrinogenolytic ~254 28 [83]

BJV-VIIIcp

Bothrops
jararacussu

Platelet activator ~254 28 [83]
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Table 3. Cont.

Serine
Protease Snake Geographical

Location Activities Length
(aa)

Molecular
Weight

(Da)

UniProt
Number/Ref

50 *

Moojase

Similar to thrombin; fibrinogenolytic
activity; fibrinolytic activity; high

cleavage effectiveness for
chromogenic substrates

(~327)
36 [5]

BMII32
Plasma coagulant activity;

fibrinogenolytic action without
inducing fibrinolysis

~290 32 [5]

BMII35
Plasma coagulant activity;

fibrinogenolytic action without
inducing fibrinolysis

~318 35 [5]

BmooSP

Brazil (TO, MT,
MS, GO, DF, MA,
PI, BA, MG, SP,

and PR)

Coagulant activity; defibrinating
activity; caseinolytic activity;

fibrinogenolytic activity
~327 36 [5]

MSP 1

Bothrops moojeni

Platelet activator ~309 34 [83]

TI-Bp unknown not
reported not reported [84]

rBpSP-I

Similar to thrombin; high
coagulation activity in bovine and

human plasma; high
fibrinogenolytic activity on

substrates such as TAME and
specific substrates for thrombin;

hydrolyzes substrates for kallikrein;
intraperitoneal administration

causes defibrinogenation

15 * not reported UniProt P0DJF1

rBpSP-II

Bothrops pauloensis
Paraguay, Bolivia,

and Brazil (MT,
MS, GO, DF, MG,

SP, and PR)

unknown ~409 45 [85]

rBamSP_1 Bothrops
ammodytoides Argentina unknown ~245 27 [86]

SVSP Bothrops fonsecai Brazil (MG, RJ,
and SP)

It acts on the hemostasis system of
the prey 15 * not reported UniProt P0DMH6

BITS01A Bothrops insularis Brazil (SP) It acts on the hemostasis system of
the prey 257 ~28.27 UniProt Q8QG86

Pictobin It acts on the hemostasis system of
the prey 250 ~27.5 UniProt U5YCR8

TLBro

Bothrops pictus Peru Coagulant activity; catalytic activity;
proteolytic activity; fibrinogenolytic

activity; fibrinolytic activity
183 20 [84]

SVSP Bothrops cotiara
Argentina and

Brazil (SP, PR, SC,
and RS)

It acts on the hemostasis system of
the prey 15 * not reported UniProt P0DMH5

TLBbz
Coagulant activity; catalytic activity;
proteolytic activity; fibrinogenolytic

activity; fibrinolytic activity
321 35 [84]

BbrzSP32
Bothrops brazili

Venezuela,
Guyana,

Suriname, French
Guiana,

Colombia, Peru,
Ecuador, Bolivia,
and Brazil (PR,

AM, RO, and MT)

Proteolytic activity; thrombolytic
activity; procoagulant activity;

hydrolytic activity
~290 32 [87]

TL-Ban Bothrocopias
andianus Peru and Bolivia Coagulant activity; fibrinogenolytic

activity; proteolytic activity 269 25 [88]

In green: serine proteases from Bothrops snakes found in Brazil; in blue: serine proteases from Bothrops snakes
from other locations around the world. (*): fragment of serine proteases’ length (aa) regarding non-terminal
residue; (~): estimated values (1 aa equivalent to 110 Da); (unknown): unknown or no described serine protease
activity; (not reported): values not found in databases.

5. Unveiling the Enzymatic Nature of Serine Proteinases
Serine proteinases belong to the trypsin family S1 of clan SA, the largest family of

peptidases [89]. Despite the high degree of sequence identity among SVSPs, they exhibit
a remarkable specificity toward macromolecular substrates, with highly conserved S1
subsites, and high selectivity towards macromolecular substrates, such as blood coagulation
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factors S-2222 (plasmin and trypsin), S-2238 (thrombin), S-2266 (plasmin), S-2251 (plasmin),
and S-2288 (plasmatic kallikrein and thrombin). In all of these, the product p-nitroanilin
(pNA) is a compound that, after cleavage, can be easily detected via spectrophotometry at
405 nm [90,91]. Bothrombin from Bothrops jararaca mimics thrombin by cleaving fibrinogen
but does not induce clot formation, while Ancrod from Calloselasma rhodostoma depletes
fibrinogen and is used therapeutically for anticoagulation. Thrombin-like enzymes (TLEs)
from Bothrops atrox selectively cleave fibrinogen without causing full clotting. On the other
hand, RVV-X from Daboia russelii activates factor X, and PA-BJ from Bothrops jararaca acts
as a plasminogen activator, aiding in fibrinolysis. These enzymes demonstrate the broad
range of SVSPs in modulating blood processes [92–96].

Both acidic and basic serine proteinases have been isolated from snake venoms, with
their isoelectric point (pI) varying from 3.5 to 6.2. Basic serine proteinases, often in the range
of 8.0 to 9.5, typically exhibit direct platelet-aggregating activity, whereas acidic serine
proteinases, usually falling between 4.5 and 6.0, are associated with a range of proteolytic
activities on hemostasis-related substrates [97]. Different SVSP preparations exhibit distinct
forms that can be observed on electrophoresis, with slightly varying molecular weight
and pIs, resulting from the differences in their amino acid sequences and glycosylation
levels [98].

Structural analysis (Figure 6) of SVSPs has suggested the importance of key specific
elements that might be responsible for their high substrate selectivity [99–101]. The catalytic
triad (His57, Asp102, and Ser195) is positioned at the junction between the two barrels and
is surrounded by the conserved 70, 148, and 218 loops, as well as the non-conserved 37,
60, 99, and 174 loops. Catalytic residue His57 possesses a non-optimal Nd1-H tautomeric
conformation, which is essential for catalysis [99,100]. The catalytic triad is supported by
an extensive hydrogen bonding network formed between the Nd1-H of His57 and Od1 of
Asp102, as well as between the OH of Ser195 and the Ne2-H of His57. For this, they are all
sensitive to the serine-modifying reagents phenylmethylsulphonyl fluoride (PMSF) and
diisopropylfluorophosphate (DFP) [97].
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Figure 6. AlphaFold-predicted structures of serine proteases. Three-dimensional structures of serine
proteases from different Bothrops species predicted by AlphaFold. The sequences for Asperase
and Barnettobin remain incomplete, while the other serine proteases shown were fully sequenced.
The corresponding three-dimensional structures for additional serine proteases can be accessed on
UniProt using the identifier numbers listed in Table 3. Adapted from UniProt.

The isolation from snake venoms can be followed by the assessment of the activity
on chromogenic or fluorogenic peptide substrates containing arginine or lysine at the
P1 position, which can measure the amidolytic activity of SVSPs. These molecules are
useful to measure the amidolytic activity of SVSPs [102–104]. The hydrolytic activity of
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SVSPs on these peptide substrates is heavily influenced by the peptide moiety adjacent
to the scissile bond. Like trypsin, the S1 subsite and oxyanion hole are only formed
upon cleavage and removal of the peptide, as the N-terminal portion is conserved in both
snake and mammalian enzymes [105]. Consequently, as with other serine proteinases,
the loss of protease activity at a high pH is likely due to the deprotonation of the N-
terminus and the disruption of the salt bridge. This disruption shifts the conformational
equilibrium towards an inactive, zymogen-like state [106]. According to our literature
search, studies have employed natural and synthetic substrates to study the catalytic
properties of serine proteases, including kinetic parameters. The most common synthetic
protein-based substrates are Nα-benzoyl-l-arginine 7-amido-4-methyl coumarin HCl and
α-benzoyl-DL-arginine 4-nitroanilide hydrochloride [107]. Another alternative is the use of
azocasein in an absorbance-based assay [108]. However, this is a general protein-mimicking
substrate that can also detect SVMPs. Therefore, it must be used in presence of an SVMP
inhibitor, such as EDTA. Finally, some researchers have worked with natural substrates,
such as fibrinogen, via an electrophoresis-based approach.

6. Serine Proteases: From Toxic Effects to Drug Templates and
Clinical Use

There is a growing movement of studies involving serine proteases from Bothrops
ssp. venoms due to their diverse applications (Figure 7), ranging from modulating blood
coagulation, fibrinolysis, and platelet aggregation activation to regulating the inflamma-
tory response [87]. This wide range of therapeutic applications highlights the significant
potential of Bothrops ssp. serine proteases in modern medicine [81].
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Figure 7. Spectrum of biological activities of serine proteases and the serine protease substrates and
drugs derived from bothropic venom. In the middle of the figure, we represent a serine protease with
the tridimensional AlphaFold structure of BPA isolated from Bothrops jararaca. (A) Serine proteases
release and modify growth factors in angiogenesis (e.g., chymotrypsin, trypsin, elastase, and plasmin).
(B) Fibrinogenolytic activity correlated with degradation and human fibrinogen cleavage (α and β

chains) and fibrin production (e.g., BPA, BpirSP27, BpirSP41, BpirSP-39, BpirSP-32, and Asperase as
serine proteases and Reptilase® as a drug derived from an SVTLE isolated from Bothrops atrox venom).
(C) Reduces the production of inflammatory mediators and reduce cell migration (e.g., Asperase).
(D) Kinin-releasing activity (e.g., KN-BJ 1 and KN-BJ 2). (E) Antithrombotic effects and
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clotting degradation (e.g., BPA, Moojase, Asperase, BpirSP27, BpirSP41, TL-BJ 1, TL-BJ 2, TL-BJ 3, and
TlBm and Defibrase® as a drug derived from serine proteases). (F) Degradation and reorganization
of the extracellular matrix (e.g., chymotrypsin, trypsin, elastase, and plasmin). (G) Thrombin-
like enzymes (e.g., KN-BJ, PA-BJ, BpirSP-39, and BpirSP-32). (H) Collagen synthesis stimulation
(e.g., TLBm).

Serine proteinases (SVSPs), including chymotrypsin, trypsin, elastase, and plasmin,
play a crucial role as regulators of angiogenesis [109,110]. These enzymes are activated
through the cleavage of their N-terminal pro-peptide domains, resulting in the exposure of
their catalytic triad; consequently, this process further stimulates the degradation and reor-
ganization of the extracellular matrix, promoting cell migration and invasion. Additionally,
these enzymes play an important role in releasing and modifying growth factors that drive
the angiogenesis process in cancer patients [111].

Different Bothrops species have been categorized, along with their corresponding serine
proteases. The Bothrops jararaca species, for instance, has numerous serine proteases de-
scribed with their corresponding actions. The most glycosylated SVSP, Bothrops A protease
(BPA), is found in bothropic venom, exhibiting potent in vitro fibrinogenolytic action with
the ability to cleave human fibrinogen at an extremely low enzymatic concentration [96,112].
Due to its efficacy and thermostability, BPA can be applied in preventing thrombus for-
mation. Three other serine proteases from jararaca, TL-BJ, KN-BJ, and PA-BJ, present
distinct activities and isoforms [78,113,114]. TL-BJ exhibits coagulant activity similar to
that of thrombin, with three different electrophoretic forms: TL-BJ 1, TL-BJ 2, and TL-BJ
3. Still presenting coagulant action, another serine called KN-BJ exhibits kinin-releasing
action, with two distinct molecular weight forms: KN-BJ 1 and KN-BJ 2. PA-BJ shows
a greater degree of similarity to thrombin-like enzymes from snake venom, trypsin, and
tissue kallikrein than to thrombin itself [115]. Besides presenting different isoforms, studies
have revealed that different cDNAs have open-reading regions, which when transcribed,
can lead to the same amino acid sequence. Regarding this characteristic, three positive
cDNAs can be mentioned—HS 112, HS 114, and HS 120—which lead to similar amino acid
sequences present in serine KN-BJ 2 [78,116]. Each new study draws attention due to the
abundance and richness observed in the venoms [78].

Batroxobin (Reptilase®) is a drug derived from an SVTLE isolated from Bothrops atrox
venom, demonstrating the ability to cleave the α chain of fibrinogen, resulting in its conver-
sion into loose fibrin monomers [85]. This drug exhibits promising therapeutic potential
in treating ischemia in animal rat models, as well as in vivo clinical applications [85].
Additionally, it has been employed in fibrin production, a biomaterial used as a surgical
adhesive in procedures involving tissue traumas. A notable example is the drug Defibrase®,
clinically used in patients suffering from thrombosis, myocardial infarction, peripheral vas-
cular diseases, acute ischemia, and renal transplant rejection, acting as a defibrinogenating
agent [117].

The isolated serine protease from Bothrops moojeni, named moojase, has been identified
as a potential anticoagulant agent [5,118]. Its action involves cleaving the α and β chains
of fibrinogen, resulting in the formation of an unstable clot. This serine protease has
demonstrated resistance to thrombin inhibitors and acts specifically on fibrinogen without
affecting platelet function [85,119].

Serine proteases (SVSPs) do not possess intrinsic lethality, and their toxicity is mainly
related to their effects on the hemostatic system. Many SVSPs are classified as thrombin-like
enzymes due to their ability to degrade fibrinogen and promote blood coagulation. In most
cases, these enzymes specifically act on the Aα chain of fibrinogen, although some may
preferentially act on the Bβ chain or both chains [75,120]. The specific cleavage of fibrinogen
by Bothrops pirajai serine proteases is related to their ability to induce coagulation of human
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plasma [81,117]. Results from Dose-Dependent Concentration Measurement (DDCM) and
coagulation kinetics have shown that BpirSP41 exhibits greater coagulant potential than
BpirSP27, possibly due to their different actions on fibrinogen, with BpirSP27 degrading
only the Bβ chain, while BpirSP41 acts on both the Aα and Bβ chains. In addition to their
action on fibrinogen, it is likely that BpirSP27 and BpirSP41 promote plasma coagulation
through interaction with other factors that participate in the coagulation cascade [117].

Additionally, two other snake venom serine proteases (SVSP), named BpirSP-39,
isolated from Bothrops pirajai, and BbrzSP-32, isolated from Bothrops brazili, have shown
interesting and promising results as alternatives to thrombin [81,121,122]. These proteases
mimic various characteristics of thrombin. For instance, BpirSP-39 showed positive activity
for factor XIII activation, the degradation of Aα and Bβ chains of fibrinogen, the degra-
dation of the BAPNA substrate, and inhibition by PMSF [81,119]. Meanwhile, BbrzSP-32
demonstrated the ability to aggregate and disaggregate platelets, clot retraction, the degra-
dation of the α chain of fibrinogen, the degradation of the BAPNA substrate, and inhibition
by PMSF [119].

Asperase, originating from Bothrops asper, has been the subject of study due to its
potential therapeutic applications in various medical conditions. It exhibits anticoagulant
activity by inhibiting blood coagulation through the degradation of factors such as fibrino-
gen and other elements of the coagulation cascade [123]. Additionally, it demonstrates
potential antithrombotic effects, preventing thrombus formation by interfering with platelet
aggregation and coagulation processes [124]. It also exhibits anti-inflammatory proper-
ties, modulating the inflammatory response by reducing the production of inflammatory
mediators and the migration of inflammatory cells to the site of injury [125].

The serine protease TLBm, derived from Bothrops marajoensis, despite its activity in
the coagulation cascade, acting as an anticoagulant, antithrombotic, and fibrinolytic agent,
also demonstrates potential as a wound healing agent that stimulates collagen synthesis,
favoring tissue regeneration [126].

The translation of toxin-based drugs to the pharmaceutical market requires substantial
investments in long-term programs that support all challenging phases of development,
from the discovery to clinical trials. As exemplified in this study, most of the applications
have been identified in laboratory settings using in vitro techniques. However, successful
examples that have reached the market and advanced stages of development were also
provided, illustrating the applicability of serine proteases. Modern techniques and the
adventure of artificial intelligence can drive innovation and facilitate the discovery and
translation of serine proteases. This field has the potential to address important global
issues, involving cardiovascular diseases and snakebites.

7. Concluding Remarks
Serine proteases derived from Bothrops venoms exhibit multiple chemical structures

and variations, providing a broad spectrum of therapeutic applications. Due to their unique
properties and significant influence on the coagulation cascade, these enzymes have been
widely studied for their remarkable anticoagulant, antithrombotic, fibrinolytic, and even
healing activities, potentially applied in promoting tissue regeneration. Advances in re-
search on their characteristics and underlying mechanisms of action have substantially
contributed to our current understanding of the pathophysiology associated with coagula-
tion disorders and snakebites. This review has also fueled the emergence of new promising
perspectives in the development of drugs and innovative therapies.



Biomolecules 2025, 15, 154 19 of 25

Author Contributions: Conceptualization, M.R. and M.B.P.; formal analysis, M.R. and M.B.P.; in-
vestigation, M.R. and M.B.P.; writing—original draft preparation, M.R., G.M.M.P., J.R.A., E.T.M.F.,
G.M.-d.-S., M.F.C., I.G.F., I.S.O., N.A.S.-F. and F.A.C.; writing—review and editing, all authors; super-
vision, M.B.P. and S.V. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financed by Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil
(CAPES)—Finance Code 001 (scholarships to M.F.C. and G.M.-d.-S.), Fundação de Amparo à Pesquisa do
Estado de São Paulo (FAPESP; scholarship to G.M.M.P.: Nos. 2024/08990-4 and 2023/15381-1; M.R.:
No. 2024/01801-1; E.T.M.F.: No. 2024/13258-0; I.G.F.: No. 2023/11264-0; and I.S.O.: No. 2020/13176-
3), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, scholarship to M.B.P.: No.
305778/2023-4), and Medical Research Council, UK (scholarship to J.R.A.: No. MR/W019353/1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mackessy, S.P. (Ed.) Handbook of Venoms and Toxins of Reptiles, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2021; ISBN 978-0-367-

14974-1.
2. Tan, C.H. Snake Venomics: Fundamentals, Recent Updates, and a Look to the Next Decade. Toxins 2022, 14, 247. [CrossRef]
3. Sanchez, G.M.; Meltzer, E.S.; Wüster, W.; Casewell, N.R.; Schuett, G.W. Snake Identification in the Ancient Egyptian Brooklyn Medical

Papyrus: A New Study of the Twenty-Four Extant Registers of the “Snakebite Papyrus”; Lockwood Press: Columbus, GA, USA, 2024;
ISBN 978-1-957454-04-7.

4. Da Silva Aguiar, W.; Da Costa Galizio, N.; Sant’Anna, S.S.; Silveira, G.P.M.; De Souza Rodrigues, F.; Grego, K.F.; De Morais-Zani,
K.; Tanaka-Azevedo, A.M. Ontogenetic Study of Bothrops jararacussu Venom Composition Reveals Distinct Profiles. Toxicon 2020,
186, 67–77. [CrossRef]

5. Amorim, F.G.; Menaldo, D.L.; Carone, S.E.I.; Silva, T.A.; Sartim, M.A.; De Pauw, E.; Quinton, L.; Sampaio, S.V. New Insights on
Moojase, a Thrombin-Like Serine Protease from Bothrops moojeni Snake Venom. Toxins 2018, 10, 500. [CrossRef] [PubMed]

6. Amorim, F.G.; Costa, T.R.; Baiwir, D.; De Pauw, E.; Quinton, L.; Sampaio, S.V. Proteopeptidomic, Functional and Immunoreactivity
Characterization of Bothrops moojeni Snake Venom: Influence of Snake Gender on Venom Composition. Toxins 2018, 10, 177.
[CrossRef] [PubMed]

7. Oliveira, A.L.; Viegas, M.F.; Da Silva, S.L.; Soares, A.M.; Ramos, M.J.; Fernandes, P.A. The Chemistry of Snake Venom and Its
Medicinal Potential. Nat. Rev. Chem. 2022, 6, 451–469. [CrossRef]

8. Oliveira, I.S.; Ananias, C.B.; Medeiros, J.M.; Franco, M.V.S.; Ferreira, I.G.; Cerni, F.A.; Sandri, E.A.; Monteiro, W.M.; Pucca, M.B.
Medical Management after Lancehead Snakebite in North Amazon: A Case Report of Long-Term Disability. Toxins 2022, 14, 494.
[CrossRef] [PubMed]

9. Almeida, J.R.; Resende, L.M.; Watanabe, R.K.; Carregari, V.C.; Huancahuire-Vega, S.; Da S. Caldeira, C.A.; Coutinho-Neto, A.;
Soares, A.M.; Vale, N.; De C. Gomes, P.A.; et al. Snake Venom Peptides and Low Mass Proteins: Molecular Tools and Therapeutic
Agents. CMC 2017, 24, 3254–3282. [CrossRef]

10. Chérifi, F.; Laraba-Djebari, F. Bioactive Molecules Derived from Snake Venoms with Therapeutic Potential for the Treatment of
Thrombo-Cardiovascular Disorders Associated with COVID-19. Protein J. 2021, 40, 799–841. [CrossRef]

11. Akhtar, B.; Muhammad, F.; Sharif, A.; Anwar, M.I. Mechanistic Insights of Snake Venom Disintegrins in Cancer Treatment. Eur. J.
Pharmacol. 2021, 899, 174022. [CrossRef] [PubMed]

12. Hedstrom, L. An Overview of Serine Proteases. CP Protein Sci. 2001, 26, 21.10.1–21.10.8. [CrossRef]
13. Hasson, S.S.; Mothana, R.A.; Sallam, T.A.; Al-balushi, M.S.; Rahman, M.T.; Al-Jabri, A.A. Serine Protease Variants Encoded by

Echis ocellatus Venom Gland cDNA: Cloning and Sequencing Analysis. J. Biomed. Biotechnol. 2010, 2010, 134232. [CrossRef]
[PubMed]

14. Sukkapan, P.; Jia, Y.; Nuchprayoon, I.; Pérez, J.C. Phylogenetic Analysis of Serine Proteases from Russell’s Viper (Daboia russelli
Siamensis) and Agkistrodon piscivorus leucostoma Venom. Toxicon 2011, 58, 168–178. [CrossRef] [PubMed]

15. Lomonte, B.; Rey-Suárez, P.; Fernández, J.; Sasa, M.; Pla, D.; Vargas, N.; Bénard-Valle, M.; Sanz, L.; Corrêa-Netto, C.; Núñez, V.;
et al. Venoms of Micrurus Coral Snakes: Evolutionary Trends in Compositional Patterns Emerging from Proteomic Analyses.
Toxicon 2016, 122, 7–25. [CrossRef]

https://doi.org/10.3390/toxins14040247
https://doi.org/10.1016/j.toxicon.2020.07.030
https://doi.org/10.3390/toxins10120500
https://www.ncbi.nlm.nih.gov/pubmed/30487389
https://doi.org/10.3390/toxins10050177
https://www.ncbi.nlm.nih.gov/pubmed/29701671
https://doi.org/10.1038/s41570-022-00393-7
https://doi.org/10.3390/toxins14070494
https://www.ncbi.nlm.nih.gov/pubmed/35878232
https://doi.org/10.2174/0929867323666161028155611
https://doi.org/10.1007/s10930-021-10019-4
https://doi.org/10.1016/j.ejphar.2021.174022
https://www.ncbi.nlm.nih.gov/pubmed/33727054
https://doi.org/10.1002/0471140864.ps2110s26
https://doi.org/10.1155/2010/134232
https://www.ncbi.nlm.nih.gov/pubmed/20936075
https://doi.org/10.1016/j.toxicon.2011.05.014
https://www.ncbi.nlm.nih.gov/pubmed/21640745
https://doi.org/10.1016/j.toxicon.2016.09.008


Biomolecules 2025, 15, 154 20 of 25

16. Tasoulis, T.; Pukala, T.L.; Isbister, G.K. Investigating Toxin Diversity and Abundance in Snake Venom Proteomes. Front. Pharmacol.
2022, 12, 768015. [CrossRef] [PubMed]

17. Manuiama, A. A Biodiversidade E O Conhecimento Etnoherpetológico de Uma População Ribeirinha em Atalaia do Norte,
Amazônia, Brasil. Master’s Thesis, Universidade Federal do Amazonas, Humaitá, Brazil, 2022.

18. Costa, H.; Bérnils, R. Herpetologia Brasileira; Brazilian Herpetology Society, 2018; Volume 7. Available online: https://www.
researchgate.net/publication/324452315_Repteis_do_Brasil_e_suas_Unidades_Federativas_Lista_de_especies (accessed on 10
May 2024).

19. Guedes, T.B.; Entiauspe-Neto, O.M.; Costa, H.C. Lista de Répteis Do Brasil: Atualização de 2022. 2023. Available online:
https://zenodo.org/records/7829013 (accessed on 21 April 2024).

20. DATASUS ACIDENTE POR ANIMAIS PEÇONHENTOS—Notificações Registradas No Sistema de Informação de Agravos
de Notificação—Sinan Net. Available online: http://tabnet.datasus.gov.br/cgi/deftohtm.exe?sinannet/animaisp/bases/
animaisbrnet.def (accessed on 8 July 2024).

21. Nogueira, C.C.; Argôlo, A.J.S.; Arzamendia, V.; Azevedo, J.A.; Barbo, F.E.; Bérnils, R.S.; Bolochio, B.E.; Borges-Martins, M.;
Brasil-Godinho, M.; Braz, H.; et al. Atlas of Brazilian Snakes: Verified Point-Locality Maps to Mitigate the Wallacean Shortfall in a
Megadiverse Snake Fauna. S. Am. J. Herpetol. 2019, 14, 1–274. [CrossRef]

22. Fraga, R.; Lima, A.; Prudente, A.L.; Magnusson, W. Guide to the Snakes of the Manaus Region Central Amazon; Editora Inpa: Manaus,
Brazil, 2013.

23. Matos, R.R.; Ignotti, E. Incidência de Acidentes Ofídicos Por Gêneros de Serpentes Nos Biomas Brasileiros. Ciênc. Saúde Coletiva
2020, 25, 2837–2846. [CrossRef]

24. Aspectos Epidemiológicos Do Ofidismo No Brasil Em 2022; 11; Ministério da Saúde–Secretaria de Vigilância em Saúde e Ambiente:
Brasilia, Brazil, 2023.

25. Rocha, G.D.S.; Farias, A.S.; Alcântara, J.A.; Machado, V.A.; Murta, F.; Val, F.; Cristino, J.S.; Santos, A.C.; Ferreira, M.B.; Marques,
L.; et al. Validation of a Culturally Relevant Snakebite Envenomation Clinical Practice Guideline in Brazil. Toxins 2022, 14, 376.
[CrossRef]

26. Mamede, C.C.N.; De Sousa Simamoto, B.B.; Da Cunha Pereira, D.F.; De Oliveira Costa, J.; Ribeiro, M.S.M.; De Oliveira, F. Edema,
Hyperalgesia and Myonecrosis Induced by Brazilian Bothropic Venoms: Overview of the Last Decade. Toxicon 2020, 187, 10–18.
[CrossRef] [PubMed]

27. Pucca, M.B.; Franco, M.V.S.; Medeiros, J.M.; Oliveira, I.S.; Ahmadi, S.; Cerni, F.A.; Zottich, U.; Bassoli, B.K.; Monteiro, W.M.;
Laustsen, A.H. Chronic Kidney Failure Following Lancehead Bite Envenoming: A Clinical Report from the Amazon Region. J.
Venom. Anim. Toxins incl. Trop. Dis. 2020, 26, e20200083. [CrossRef]

28. Da Silva, W.R.G.B.; De Siqueira Santos, L.; Lira, D.; De Oliveira Luna, K.P.; Fook, S.M.L.; Alves, R.R.N. Who Are the Most Affected
by Bothrops Snakebite Envenoming in Brazil? A Clinical-Epidemiological Profile Study among the Regions of the Country. PLoS
Negl. Trop. Dis. 2023, 17, e0011708. [CrossRef] [PubMed]

29. 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.; et al. Crosstalk of Inflammation and Coagulation in Bothrops Snakebite
Envenoming: Endogenous Signaling Pathways and Pathophysiology. Int. J. Mol. Sci. 2023, 24, 11508. [CrossRef] [PubMed]

30. Abad Ribeiro, A.B.; Santoro, M.L.; Duarte, M.R.; Virgulino, C.C.; De Oliveira, G.S.S.; França, F.O.D.S. Hemoperitoneum after a
Bothrops Snakebite: Case Report. Toxicon 2024, 237, 107350. [CrossRef]

31. Feitosa, E.S.; Sampaio, V.; Sachett, J.; Castro, D.B.D.; Noronha, M.D.D.N.; Lozano, J.L.L.; Muniz, E.; Ferreira, L.C.D.L.; Lacerda,
M.V.G.D.; Monteiro, W.M. Snakebites as a Largely Neglected Problem in the Brazilian Amazon: Highlights of the Epidemiological
Trends in the State of Amazonas. Rev. Soc. Bras. Med. Trop. 2015, 48, 34–41. [CrossRef]

32. Schneider, M.C.; Min, K.; Hamrick, P.N.; Montebello, L.R.; Ranieri, T.M.; Mardini, L.; Camara, V.M.; Raggio Luiz, R.; Liese, B.;
Vuckovic, M.; et al. Overview of Snakebite in Brazil: Possible Drivers and a Tool for Risk Mapping. PLoS Negl. Trop. Dis. 2021, 15,
e0009044. [CrossRef] [PubMed]

33. Beck, T.P.; Tupetz, A.; Farias, A.S.; Silva-Neto, A.; Rocha, T.; Smith, E.R.; Murta, F.; Dourado, F.S.; Cardoso, D.; Ramos, T.A.; et al.
Mapping of Clinical Management Resources for Snakebites and Other Animal Envenomings in the Brazilian Amazon. Toxicon X
2022, 16, 100137. [CrossRef]

34. Bezerra da Silva Junior, G. Tropical Nephrology; Springer International Publishing AG: Cham, Switzerland, 2020; ISBN 978-3-030-
44500-3.

35. Costa, K.C.T.; De Sousa, B.B.; Dias, E.H.V.; Pereira, D.F.D.C.; Matias, M.S.; Oliveira, W.J.; Mundim, A.V.; Mamede, C.C.N.; Izidoro,
L.F.M.; Costa, J.D.O.; et al. Systemic Alterations Induced by Phospholipase A2, Bmoo TX-I, Isolated from Bothrops moojeni Snake
Venom. Int. J. Exp. Pathol. 2018, 99, 226–235. [CrossRef]

https://doi.org/10.3389/fphar.2021.768015
https://www.ncbi.nlm.nih.gov/pubmed/35095489
https://www.researchgate.net/publication/324452315_Repteis_do_Brasil_e_suas_Unidades_Federativas_Lista_de_especies
https://www.researchgate.net/publication/324452315_Repteis_do_Brasil_e_suas_Unidades_Federativas_Lista_de_especies
https://zenodo.org/records/7829013
http://tabnet.datasus.gov.br/cgi/deftohtm.exe?sinannet/animaisp/bases/animaisbrnet.def
http://tabnet.datasus.gov.br/cgi/deftohtm.exe?sinannet/animaisp/bases/animaisbrnet.def
https://doi.org/10.2994/SAJH-D-19-00120.1
https://doi.org/10.1590/1413-81232020257.31462018
https://doi.org/10.3390/toxins14060376
https://doi.org/10.1016/j.toxicon.2020.08.016
https://www.ncbi.nlm.nih.gov/pubmed/32846146
https://doi.org/10.1590/1678-9199-jvatitd-2020-0083
https://doi.org/10.1371/journal.pntd.0011708
https://www.ncbi.nlm.nih.gov/pubmed/37856557
https://doi.org/10.3390/ijms241411508
https://www.ncbi.nlm.nih.gov/pubmed/37511277
https://doi.org/10.1016/j.toxicon.2023.107350
https://doi.org/10.1590/0037-8682-0105-2013
https://doi.org/10.1371/journal.pntd.0009044
https://www.ncbi.nlm.nih.gov/pubmed/33513145
https://doi.org/10.1016/j.toxcx.2022.100137
https://doi.org/10.1111/iep.12290


Biomolecules 2025, 15, 154 21 of 25

36. Rodrigues, P.S.D.M.; Cirqueira Martins, H.; Falcão, M.S.; Trevisan, M.; Portaro, F.C.V.; Da Silva, L.G.; Sano-Martins, I.S.; Gonçalves,
L.R.D.C.; Seibert, C.S. Effects of Mauritia flexuosa L. f. Buriti Oil on Symptoms Induced by Bothrops moojeni Snake Envenomation.
J. Ethnopharmacol. 2023, 313, 116612. [CrossRef] [PubMed]

37. Takayasu, B.S.; Rodrigues, S.S.; Madureira Trufen, C.E.; Machado-Santelli, G.M.; Onuki, J. Effects on Cell Cycle Progression
and Cytoskeleton Organization of Five Bothrops spp. Venoms in Cell Culture-Based Assays. Heliyon 2023, 9, e18317. [CrossRef]
[PubMed]

38. Magalhães, S.F.V.; Peixoto, H.M.; Moura, N.; Monteiro, W.M.; De Oliveira, M.R.F. Snakebite Envenomation in the Brazilian
Amazon: A Descriptive Study. Trans. R. Soc. Trop. Med. Hyg. 2019, 113, 143–151. [CrossRef] [PubMed]

39. Cristino, J.S.; Salazar, G.M.; Machado, V.A.; Honorato, E.; Farias, A.S.; Vissoci, J.R.N.; Silva Neto, A.V.; Lacerda, M.; Wen, F.H.;
Monteiro, W.M.; et al. A Painful Journey to Antivenom: The Therapeutic Itinerary of Snakebite Patients in the Brazilian Amazon
(The QUALISnake Study). PLoS Negl. Trop. Dis. 2021, 15, e0009245. [CrossRef] [PubMed]

40. Monteiro, W.M.; Contreras-Bernal, J.C.; Bisneto, P.F.; Sachett, J.; Mendonça Da Silva, I.; Lacerda, M.; Guimarães Da Costa, A.; Val,
F.; Brasileiro, L.; Sartim, M.A.; et al. 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 2020, 6, 100037. [CrossRef]
[PubMed]

41. Bhat, S.K.; Joshi, M.B.; Vasishta, S.; Jagadale, R.N.; Biligiri, S.G.; Coronado, M.A.; Arni, R.K.; Satyamoorthy, K. P-I Metallopro-
teinases and L-Amino Acid Oxidases from Bothrops Species Inhibit Angiogenesis. J. Venom. Anim. Toxins Incl. Trop. Dis. 2021, 27,
e20200180. [CrossRef] [PubMed]

42. Gutiérrez, J.M.; Calvete, J.J.; Habib, A.G.; Harrison, R.A.; Williams, D.J.; Warrell, D.A. Snakebite Envenoming. Nat. Rev. Dis.
Primers 2017, 3, 17063. [CrossRef] [PubMed]

43. Galan, L.E.B.; Silva, V.S.; Silva, V.S.; Monte, R.C.; Jati, S.R.; Oliveira, I.S.; Cerni, F.A.; Monteiro, W.M.; Sachett, J.; Dantas, D.S.M.;
et al. Acute Mesenteric Ischemia Following Lancehead Snakebite: An Unusual Case Report in the Northernmost Brazilian
Amazon. Front. Med. 2023, 10, 1197446. [CrossRef] [PubMed]

44. Baudou, F.G.; Rodriguez, J.P.; Fusco, L.; De Roodt, A.R.; De Marzi, M.C.; Leiva, L. South American Snake Venoms with Abundant
Neurotoxic Components. Composition and Toxicological Properties. A Literature Review. Acta Trop. 2021, 224, 106119. [CrossRef]
[PubMed]

45. Hemajha, L.; Singh, S.; Biji, C.A.; Balde, A.; Benjakul, S.; Nazeer, R.A. A Review on Inflammation Modulating Venom Pro-
teins/Peptide Therapeutics and Their Delivery Strategies: A Review. Int. Immunopharmacol. 2024, 142, 113130. [CrossRef]
[PubMed]

46. Saraiva, R.M.; Caldas, A.S.; Rodriguez, T.T.; Casais-e-Silva, L.L. Influence of Thyroid States on the Local Effects Induced by
Bothrops Envenoming. Toxicon 2015, 102, 25–31. [CrossRef]

47. Mamede, C.C.N.; De Sousa, B.B.; Pereira, D.F.D.C.; Matias, M.S.; De Queiroz, M.R.; De Morais, N.C.G.; Vieira, S.A.P.B.; Stanziola,
L.; De Oliveira, F. Comparative Analysis of Local Effects Caused by Bothrops alternatus and Bothrops moojeni Snake Venoms:
Enzymatic Contributions and Inflammatory Modulations. Toxicon 2016, 117, 37–45. [CrossRef] [PubMed]

48. Gutiérrez, J.M.; Rucavado, A.; Escalante, T.; Díaz, C. Hemorrhage Induced by Snake Venom Metalloproteinases: Biochemical and
Biophysical Mechanisms Involved in Microvessel Damage. Toxicon 2005, 45, 997–1011. [CrossRef]

49. Escalante, T.; Rucavado, A.; Fox, J.W.; Gutiérrez, J.M. Key Events in Microvascular Damage Induced by Snake Venom Hemorrhagic
Metalloproteinases. J. Proteom. 2011, 74, 1781–1794. [CrossRef]

50. Gutiérrez, J.; Escalante, T.; Rucavado, A.; Herrera, C. Hemorrhage Caused by Snake Venom Metalloproteinases: A Journey of
Discovery and Understanding. Toxins 2016, 8, 93. [CrossRef] [PubMed]

51. Teixeira, C.D.F.P.; Fernandes, C.M.; Zuliani, J.P.; Zamuner, S.F. Inflammatory Effects of Snake Venom Metalloproteinases. Mem.
Inst. Oswaldo Cruz 2005, 100, 181–184. [CrossRef] [PubMed]

52. Larréché, S.; Chevillard, L.; Jourdi, G.; Mathé, S.; Servonnet, A.; Joly, B.S.; Siguret, V.; Chippaux, J.-P.; Mégarbane, B. Bothrops
Venom-Induced Hemostasis Disorders in the Rat: Between Scylla and Charybdis. PLoS Negl. Trop. Dis. 2023, 17, e0011786.
[CrossRef] [PubMed]

53. Resiere, D.; Mehdaoui, H.; Neviere, R. Inflammation and Oxidative Stress in Snakebite Envenomation: A Brief Descriptive Review
and Clinical Implications. Toxins 2022, 14, 802. [CrossRef] [PubMed]

54. Silva, D.P.D.; Ferreira, S.D.S.; Torres-Rêgo, M.; Furtado, A.A.; Yamashita, F.D.O.; Diniz, E.A.D.S.; Vieira, D.S.; Ururahy, M.A.G.;
Silva-Júnior, A.A.D.; Luna, K.P.D.O.; et al. Antiophidic Potential of Chlorogenic Acid and Rosmarinic Acid against Bothrops
Leucurus Snake Venom. Biomed. Pharmacother. 2022, 148, 112766. [CrossRef]

55. Rodrigues Sgrignolli, L.; Florido Mendes, G.E.; Carlos, C.P.; Burdmann, E.A. Acute Kidney Injury Caused by Bothrops Snake
Venom. Nephron Clin. Pract. 2011, 119, c131–c137. [CrossRef]

56. Albuquerque, P.L.M.M.; Jacinto, C.N.; Silva Junior, G.B.; Lima, J.B.; Veras, M.D.S.B.; Daher, E.F. Acute Kidney Injury Caused by
Crotalus and Bothrops Snake Venom: A Review of Epidemiology, Clinical Manifestations and Treatment. Rev. Inst. Med. trop. São
Paulo 2013, 55, 295–301. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jep.2023.116612
https://www.ncbi.nlm.nih.gov/pubmed/37156448
https://doi.org/10.1016/j.heliyon.2023.e18317
https://www.ncbi.nlm.nih.gov/pubmed/37539139
https://doi.org/10.1093/trstmh/try121
https://www.ncbi.nlm.nih.gov/pubmed/30476298
https://doi.org/10.1371/journal.pntd.0009245
https://www.ncbi.nlm.nih.gov/pubmed/33661895
https://doi.org/10.1016/j.toxcx.2020.100037
https://www.ncbi.nlm.nih.gov/pubmed/32550592
https://doi.org/10.1590/1678-9199-jvatitd-2020-0180
https://www.ncbi.nlm.nih.gov/pubmed/34471403
https://doi.org/10.1038/nrdp.2017.63
https://www.ncbi.nlm.nih.gov/pubmed/28905944
https://doi.org/10.3389/fmed.2023.1197446
https://www.ncbi.nlm.nih.gov/pubmed/37425310
https://doi.org/10.1016/j.actatropica.2021.106119
https://www.ncbi.nlm.nih.gov/pubmed/34481791
https://doi.org/10.1016/j.intimp.2024.113130
https://www.ncbi.nlm.nih.gov/pubmed/39278056
https://doi.org/10.1016/j.toxicon.2015.05.009
https://doi.org/10.1016/j.toxicon.2016.03.006
https://www.ncbi.nlm.nih.gov/pubmed/26975252
https://doi.org/10.1016/j.toxicon.2005.02.029
https://doi.org/10.1016/j.jprot.2011.03.026
https://doi.org/10.3390/toxins8040093
https://www.ncbi.nlm.nih.gov/pubmed/27023608
https://doi.org/10.1590/S0074-02762005000900031
https://www.ncbi.nlm.nih.gov/pubmed/15962120
https://doi.org/10.1371/journal.pntd.0011786
https://www.ncbi.nlm.nih.gov/pubmed/38011218
https://doi.org/10.3390/toxins14110802
https://www.ncbi.nlm.nih.gov/pubmed/36422976
https://doi.org/10.1016/j.biopha.2022.112766
https://doi.org/10.1159/000324228
https://doi.org/10.1590/S0036-46652013000500001
https://www.ncbi.nlm.nih.gov/pubmed/24037282


Biomolecules 2025, 15, 154 22 of 25

57. Albuquerque, P.L.M.M.; Da Silva Junior, G.B.; Meneses, G.C.; Martins, A.M.C.; Lima, D.B.; Raubenheimer, J.; Fathima, S.; Buckley,
N.; Daher, E.D.F. Acute Kidney Injury Induced by Bothrops Venom: Insights into the Pathogenic Mechanisms. Toxins 2019, 11, 148.
[CrossRef] [PubMed]

58. Franco, M.V.S.; Alexandre-Silva, G.M.; Oliveira, I.S.; Santos, P.L.; Sandri, E.A.; Cerni, F.A.; Pucca, M.B. Physical and Social
Consequences of Snakebites in the Yanomami Indigenous Community, Brazil: Report of Two Cases. Toxicon 2022, 214, 91–92.
[CrossRef] [PubMed]

59. Georgieva, D.; Arni, R.K.; Betzel, C. Proteome Analysis of Snake Venom Toxins: Pharmacological Insights. Expert Rev. Proteom.
2008, 5, 787–797. [CrossRef]

60. Correa-Netto, C.; Teixeira-Araujo, R.; Aguiar, A.S.; Melgarejo, A.R.; De-Simone, S.G.; Soares, M.R.; Foguel, D.; Zingali, R.B.
Immunome and Venome of Bothrops jararacussu: A Proteomic Approach to Study the Molecular Immunology of Snake Toxins.
Toxicon 2010, 55, 1222–1235. [CrossRef] [PubMed]

61. Damm, M.; Hempel, B.-F.; Süssmuth, R.D. Old World Vipers—A Review about Snake Venom Proteomics of Viperinae and Their
Variations. Toxins 2021, 13, 427. [CrossRef]

62. Mohamed Abd El-Aziz, T.; Soares, A.G.; Stockand, J.D. Snake Venoms in Drug Discovery: Valuable Therapeutic Tools for Life
Saving. Toxins 2019, 11, 564. [CrossRef]

63. Sousa, L.F.; Zdenek, C.N.; Dobson, J.S.; Op Den Brouw, B.; Coimbra, F.C.P.; Gillett, A.; Del-Rei, T.H.M.; Chalkidis, H.D.M.;
Sant’Anna, S.; Teixeira-da-Rocha, M.M.; et al. Coagulotoxicity of Bothrops (Lancehead Pit-Vipers) Venoms from Brazil: Differential
Biochemistry and Antivenom Efficacy Resulting from Prey-Driven Venom Variation. Toxins 2018, 10, 411. [CrossRef]

64. Bourke, L.A.; Zdenek, C.N.; Neri-Castro, E.; Bénard-Valle, M.; Alagón, A.; Gutiérrez, J.M.; Sanchez, E.F.; Aldridge, M.; Fry, B.G.
Pan-American Lancehead Pit-Vipers: Coagulotoxic Venom Effects and Antivenom Neutralisation of Bothrops asper and B. atrox
Geographical Variants. Toxins 2021, 13, 78. [CrossRef] [PubMed]

65. Fry, B.G.; Winkel, K.D.; Wickramaratna, J.C.; Hodgson, W.C.; Wüster, W. Effectiveness of Snake Antivenom: Species and Regional
Venom Variation and Its Clinical Impact. J. Toxicol. Toxin Rev. 2003, 22, 23–34. [CrossRef]

66. Sousa, L.F.; Nicolau, C.A.; Peixoto, P.S.; Bernardoni, J.L.; Oliveira, S.S.; Portes-Junior, J.A.; Mourão, R.H.V.; Lima-dos-Santos, I.;
Sano-Martins, I.S.; Chalkidis, H.M.; et al. Comparison of Phylogeny, Venom Composition and Neutralization by Antivenom in
Diverse Species of Bothrops Complex. PLoS Negl. Trop. Dis. 2013, 7, e2442. [CrossRef]

67. Schendel, V.; Rash, L.D.; Jenner, R.A.; Undheim, E.A.B. The Diversity of Venom: The Importance of Behavior and Venom System
Morphology in Understanding Its Ecology and Evolution. Toxins 2019, 11, 666. [CrossRef] [PubMed]

68. Megale, Â.A.A.; Magnoli, F.C.; Kuniyoshi, A.K.; Iwai, L.K.; Tambourgi, D.V.; Portaro, F.C.V.; Da Silva, W.D. Kn-Ba: A Novel
Serine Protease Isolated from Bitis Arietans Snake Venom with Fibrinogenolytic and Kinin-Releasing Activities. J. Venom. Anim.
Toxins Incl. Trop. Dis. 2018, 24, 38. [CrossRef] [PubMed]

69. D’Amélio, F.; Vigerelli, H.; de Brandão Prieto da Silva, Á.R.; Kerkis, I. Bothrops moojeni Venom and Its Components—An Overview.
J. Venom. Res. 2021, 11, 26–33.

70. Zelanis, A.; Huesgen, P.F.; Oliveira, A.K.; Tashima, A.K.; Serrano, S.M.T.; Overall, C.M. Snake Venom Serine Proteinases Specificity
Mapping by Proteomic Identification of Cleavage Sites. J. Proteom. 2015, 113, 260–267. [CrossRef] [PubMed]

71. Péterfi, O.; Boda, F.; Szabó, Z.; Ferencz, E.; Bába, L. Hypotensive Snake Venom Components—A Mini-Review. Molecules 2019, 24,
2778. [CrossRef]

72. Vivas-Ruiz, D.E.; Sandoval, G.A.; Mendoza, J.; Inga, R.R.; Gontijo, S.; Richardson, M.; Eble, J.A.; Yarleque, A.; Sanchez, E.F.
Coagulant Thrombin-like Enzyme (Barnettobin) from Bothrops barnetti Venom: Molecular Sequence Analysis of Its cDNA and
Biochemical Properties. Biochimie 2013, 95, 1476–1486. [CrossRef] [PubMed]

73. Vilca-Quispe, A.; Alvarez-Risco, A.; Gomes Heleno, M.A.; Ponce-Fuentes, E.A.; Vera-Gonzales, C.; Zegarra-Aragon, H.F.E.;
Aquino-Puma, J.L.; Talavera-Núñez, M.E.; Del-Aguila-Arcentales, S.; Yáñez, J.A.; et al. Biochemical and Hemostatic Description
of a Thrombin-like Enzyme TLBro from Bothrops roedingeri Snake Venom. Front. Chem. 2023, 11, 1217329. [CrossRef] [PubMed]

74. Serrano, S.M.T. The Long Road of Research on Snake Venom Serine Proteinases. Toxicon 2013, 62, 19–26. [CrossRef] [PubMed]
75. Sajevic, T.; Leonardi, A.; Križaj, I. Haemostatically Active Proteins in Snake Venoms. Toxicon 2011, 57, 627–645. [CrossRef]

[PubMed]
76. Marceau, F.; Regoli, D. Bradykinin Receptor Ligands: Therapeutic Perspectives. Nat. Rev. Drug Discov. 2004, 3, 845–852. [CrossRef]

[PubMed]
77. Rádis Baptista, G. (Ed.) An Integrated View of the Molecular Recognition and Toxinology: From Analytical Procedures to Biomedical

Applications; IntechOpen: Rijeka, Croatia, 2013; ISBN 978-953-51-1151-1.
78. Saguchi, K.; Hagiwara-Saguchi, Y.; Murayama, N.; Ohi, H.; Fujita, Y.; Camargo, A.C.M.; Serrano, S.M.T.; Higuchi, S. Molecular

Cloning of Serine Proteinases from Bothrops jararaca Venom Gland. Toxicon 2005, 46, 72–83. [CrossRef]

https://doi.org/10.3390/toxins11030148
https://www.ncbi.nlm.nih.gov/pubmed/30841537
https://doi.org/10.1016/j.toxicon.2022.05.008
https://www.ncbi.nlm.nih.gov/pubmed/35609827
https://doi.org/10.1586/14789450.5.6.787
https://doi.org/10.1016/j.toxicon.2009.12.018
https://www.ncbi.nlm.nih.gov/pubmed/20060013
https://doi.org/10.3390/toxins13060427
https://doi.org/10.3390/toxins11100564
https://doi.org/10.3390/toxins10100411
https://doi.org/10.3390/toxins13020078
https://www.ncbi.nlm.nih.gov/pubmed/33499001
https://doi.org/10.1081/TXR-120019018
https://doi.org/10.1371/journal.pntd.0002442
https://doi.org/10.3390/toxins11110666
https://www.ncbi.nlm.nih.gov/pubmed/31739590
https://doi.org/10.1186/s40409-018-0176-5
https://www.ncbi.nlm.nih.gov/pubmed/30564275
https://doi.org/10.1016/j.jprot.2014.10.002
https://www.ncbi.nlm.nih.gov/pubmed/25452133
https://doi.org/10.3390/molecules24152778
https://doi.org/10.1016/j.biochi.2013.03.015
https://www.ncbi.nlm.nih.gov/pubmed/23578498
https://doi.org/10.3389/fchem.2023.1217329
https://www.ncbi.nlm.nih.gov/pubmed/38099189
https://doi.org/10.1016/j.toxicon.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/23010164
https://doi.org/10.1016/j.toxicon.2011.01.006
https://www.ncbi.nlm.nih.gov/pubmed/21277886
https://doi.org/10.1038/nrd1522
https://www.ncbi.nlm.nih.gov/pubmed/15459675
https://doi.org/10.1016/j.toxicon.2005.03.011


Biomolecules 2025, 15, 154 23 of 25

79. Galizio, N.D.C.; Serino-Silva, C.; Stuginski, D.R.; Abreu, P.A.E.; Sant’Anna, S.S.; Grego, K.F.; Tashima, A.K.; Tanaka-Azevedo,
A.M.; Morais-Zani, K.D. Compositional and Functional Investigation of Individual and Pooled Venoms from Long-Term Captive
and Recently Wild-Caught Bothrops jararaca Snakes. J. Proteom. 2018, 186, 56–70. [CrossRef] [PubMed]

80. Serrano, S.M.T.; Hagiwara, Y.; Murayama, N.; Higuchi, S.; Mentele, R.; Sampaio, C.A.M.; Camargo, A.C.M.; Fink, E. Purification
and Characterization of a Kinin-releasing and Fibrinogen-clotting Serine Proteinase (KN-BJ) from the Venom of Bothrops jararaca,
and Molecular Cloning and Sequence Analysis of Its cDNA. Eur. J. Biochem. 1998, 251, 845–853. [CrossRef]

81. Zaqueo, K.D.; Kayano, A.M.; Simões-Silva, R.; Moreira-Dill, L.S.; Fernandes, C.F.C.; Fuly, A.L.; Maltarollo, V.G.; Honório, K.M.;
Da Silva, S.L.; Acosta, G.; et al. Isolation and Biochemical Characterization of a New Thrombin-Like Serine Protease from Bothrops
pirajai Snake Venom. BioMed Res. Int. 2014, 2014, 595186. [CrossRef] [PubMed]

82. Ponce-Soto, L.A.; Bonfim, V.L.; Novello, J.C.; Navarro Oviedo, R.; Yarlequé Chocas, A.; Marangoni, S. Isolation and Characteriza-
tion of a Serine Protease, Ba III-4, from Peruvian Bothrops atrox Venom. Protein J. 2007, 26, 387–394. [CrossRef] [PubMed]

83. Vidal, J.F.D.; Schwartz, M.F.; Garay, A.V.; Valadares, N.F.; Bueno, R.V.; Monteiro, A.C.L.; Freitas, S.M.D.; Barbosa, J.A.R.G.
Exploring the Diversity and Function of Serine Proteases in Toxicofera Reptile Venoms: A Comprehensive Overview. Toxins 2024,
16, 428. [CrossRef] [PubMed]

84. Vilca Quispe, A. Estudos Comparativos Da Atividade Cinética e Trobina-Símile de Serinoproteases Isoladas a Partir Dos Venenos
de Bothrops Brazili e Bothrops Roedingeri. Ph.D. Thesis, Universidade Estadual de Campinas, Campinas, Brazil, 2013.

85. Carneiro, A.C.V. Expressão de Uma Serinoprotease de Bothrops Pauloensis Em Pichia Pastoris e Avaliação Da Sua Atividade
Citotóxica Sobre Diferentes Linhagens Tumorais. Bachelor’s Thesis, Universidade Federal de Uberlândia, Uberlândia, Brazil,
2018.

86. Clement, H.; Corrales-García, L.L.; Bolaños, D.; Corzo, G.; Villegas, E. Immunogenic Properties of Recombinant Enzymes from
Bothrops ammodytoides towards the Generation of Neutralizing Antibodies against Its Own Venom. Toxins 2019, 11, 702. [CrossRef]

87. Zaqueo, K.D.; Kayano, A.M.; Domingos, T.F.S.; Moura, L.A.; Fuly, A.L.; Da Silva, S.L.; Acosta, G.; Oliveira, E.; Albericio, F.; Zanchi,
F.B.; et al. BbrzSP-32, the First Serine Protease Isolated from Bothrops brazili Venom: Purification and Characterization. Comp.
Biochem. Physiol. Part A Mol. Integr. Physiol. 2016, 195, 15–25. [CrossRef]

88. Valeriano-Zapana, J.A.; Segovia-Cruz, F.S.; Rojas-Hualpa, J.M.; Martins-de-Souza, D.; Ponce-Soto, L.A.; Marangoni, S. Functional
and Structural Characterization of a New Serine Protease with Thrombin-like Activity TLBan from Bothrops andianus (Andean
Lancehead) Snake Venom. Toxicon 2012, 59, 231–240. [CrossRef]

89. Halfon, S.; Craik, C.S. Regulation of Proteolytic Activity by Engineered Tridentate Metal Binding Loops. J. Am. Chem. Soc. 1996,
118, 1227–1228. [CrossRef]

90. Kisiel, W.; Kondo, S.; Smith, K.J.; McMullen, B.A.; Smith, L.F. Characterization of a Protein C Activator from Agkistrodon
Contortrix Contortrix Venom. J. Biol. Chem. 1987, 262, 12607–12613. [CrossRef]

91. Zhang, Y.; Wisner, A.; Xiong, Y.; Bon, C. A Novel Plasminogen Activator from Snake Venom. J. Biol. Chem. 1995, 270, 10246–10255.
[CrossRef]

92. Nishida, S.; Fujimura, Y.; Miura, S.; Yoshida, E.; Sugimoto, M.; Yoshioka, A.; Fukui, H.; Ozaki, Y.; Usami, Y. Purification and
Characterization of Bothrombin, a Fibrinogen-Clotting Serine Protease from the Venom of Bothrops jararaca. Biochemistry 1994, 33,
1843–1849. [CrossRef] [PubMed]

93. Bell, W.R. Defibrinogenating Enzymes. Drugs 1997, 54, 18–31. [CrossRef] [PubMed]
94. Petretski, J.H.; Kanashiro, M.; Silva, C.P.; Alves, E.W.; Kipnis, T.L. Two Related Thrombin-like Enzymes Present in Bothrops atrox

Venom. Braz. J. Med. Biol. Res. 2000, 33, 1293–1300. [CrossRef] [PubMed]
95. Suntravat, M.; Yusuksawad, M.; Sereemaspun, A.; Pérez, J.C.; Nuchprayoon, I. Effect of Purified Russell’s Viper Venom-Factor X

Activator (RVV-X) on Renal Hemodynamics, Renal Functions, and Coagulopathy in Rats. Toxicon 2011, 58, 230–238. [CrossRef]
96. Carone, S.E.I.; Menaldo, D.L.; Sartim, M.A.; Bernardes, C.P.; Caetano, R.C.; Da Silva, R.R.; Cabral, H.; Barraviera, B.; Ferreira

Junior, R.S.; Sampaio, S.V. BjSP, a Novel Serine Protease from Bothrops jararaca Snake Venom That Degrades Fibrinogen without
Forming Fibrin Clots. Toxicol. Appl. Pharmacol. 2018, 357, 50–61. [CrossRef] [PubMed]

97. Kang, T.S.; Georgieva, D.; Genov, N.; Murakami, M.T.; Sinha, M.; Kumar, R.P.; Kaur, P.; Kumar, S.; Dey, S.; Sharma, S.; et al.
Enzymatic Toxins from Snake Venom: Structural Characterization and Mechanism of Catalysis. FEBS J. 2011, 278, 4544–4576.
[CrossRef] [PubMed]

98. Böhm, B.; Aigner, T.; Kinne, R.; Burkhardt, H. The Serine-protease Inhibitor of Cartilage Matrix Is Not a Chondrocytic Gene
Product. Eur. J. Biochem. 1992, 207, 773–779. [CrossRef] [PubMed]

99. Parry, M.A.; Jacob, U.; Huber, R.; Wisner, A.; Bon, C.; Bode, W. The Crystal Structure of the Novel Snake Venom Plasminogen
Activator TSV-PA: A Prototype Structure for Snake Venom Serine Proteinases. Structure 1998, 6, 1195–1206. [CrossRef]

100. Murakami, M.T.; Arni, R.K. Thrombomodulin-Independent Activation of Protein C and Specificity of Hemostatically Active
Snake Venom Serine Proteinases. J. Biol. Chem. 2005, 280, 39309–39315. [CrossRef]

https://doi.org/10.1016/j.jprot.2018.07.007
https://www.ncbi.nlm.nih.gov/pubmed/30026101
https://doi.org/10.1046/j.1432-1327.1998.2510845.x
https://doi.org/10.1155/2014/595186
https://www.ncbi.nlm.nih.gov/pubmed/24719874
https://doi.org/10.1007/s10930-007-9078-z
https://www.ncbi.nlm.nih.gov/pubmed/17522968
https://doi.org/10.3390/toxins16100428
https://www.ncbi.nlm.nih.gov/pubmed/39453204
https://doi.org/10.3390/toxins11120702
https://doi.org/10.1016/j.cbpa.2016.01.021
https://doi.org/10.1016/j.toxicon.2011.11.018
https://doi.org/10.1021/ja9533813
https://doi.org/10.1016/S0021-9258(18)45249-0
https://doi.org/10.1074/jbc.270.17.10246
https://doi.org/10.1021/bi00173a030
https://www.ncbi.nlm.nih.gov/pubmed/8110787
https://doi.org/10.2165/00003495-199700543-00005
https://www.ncbi.nlm.nih.gov/pubmed/9360849
https://doi.org/10.1590/S0100-879X2000001100005
https://www.ncbi.nlm.nih.gov/pubmed/11050658
https://doi.org/10.1016/j.toxicon.2011.05.007
https://doi.org/10.1016/j.taap.2018.08.018
https://www.ncbi.nlm.nih.gov/pubmed/30145175
https://doi.org/10.1111/j.1742-4658.2011.08115.x
https://www.ncbi.nlm.nih.gov/pubmed/21470368
https://doi.org/10.1111/j.1432-1033.1992.tb17108.x
https://www.ncbi.nlm.nih.gov/pubmed/1633826
https://doi.org/10.1016/S0969-2126(98)00119-1
https://doi.org/10.1074/jbc.M508502200


Biomolecules 2025, 15, 154 24 of 25

101. Vitorino-Cardoso, A.F.; Pereira Ramos, O.H.; Homsi-Brandeburgo, M.I.; Selistre-de-Araujo, H.S. Insights into the Substrate
Specificity of a Novel Snake Venom Serine Peptidase by Molecular Modeling. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol.
2006, 144, 334–342. [CrossRef]

102. Schechter, I.; Berger, A. On the Size of the Active Site in Proteases. I. Papain. Biochem. Biophys. Res. Commun. 1967, 27, 157–162.
[CrossRef]

103. Samel, M.; Subbi, J.; Siigur, J.; Siigur, E. Biochemical Characterization of Fibrinogenolytic Serine Proteinases from Vipera Lebetina
Snake Venom. Toxicon 2002, 40, 51–54. [CrossRef] [PubMed]

104. Dekhil, H.; Wisner, A.; Marrakchi, N.; El Ayeb, M.; Bon, C.; Karoui, H. Molecular Cloning and Expression of a Functional Snake
Venom Serine Proteinase, with Platelet Aggregating Activity, from the Cerastes cerastes Viper. Biochemistry 2003, 42, 10609–10618.
[CrossRef]

105. Silva, F.P.; De-Simone, S.G. S1 Subsite in Snake Venom Thrombin-like Enzymes: Can S1 Subsite Lipophilicity Be Used to Sort
Binding Affinities of Trypsin-like Enzymes to Small-Molecule Inhibitors? Bioorganic Med. Chem. 2004, 12, 2571–2587. [CrossRef]
[PubMed]

106. Hedstrom, L.; Lin, T.-Y.; Fast, W. Hydrophobic Interactions Control Zymogen Activation in the Trypsin Family of Serine Proteases.
Biochemistry 1996, 35, 4515–4523. [CrossRef] [PubMed]

107. Almeida, J.R.; Mendes, B.; Patiño, R.S.P.; Pico, J.; Laines, J.; Terán, M.; Mogollón, N.G.S.; Zaruma-Torres, F.; Caldeira, C.A.D.S.; Da
Silva, S.L. Assessing the Stability of Historical and Desiccated Snake Venoms from a Medically Important Ecuadorian Collection.
Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2020, 230, 108702. [CrossRef] [PubMed]

108. Patiño, R.S.P.; Salazar-Valenzuela, D.; Medina-Villamizar, E.; Mendes, B.; Proaño-Bolaños, C.; Da Silva, S.L.; Almeida, J.R. Bothrops
atrox from Ecuadorian Amazon: Initial Analyses of Venoms from Individuals. Toxicon 2021, 193, 63–72. [CrossRef]

109. Meléndez-Martínez, D.; Plenge-Tellechea, L.F.; Gatica-Colima, A.; Cruz-Pérez, M.S.; Aguilar-Yáñez, J.M.; Licona-Cassani, C.
Functional Mining of the Crotalus spp. Venom Protease Repertoire Reveals Potential for Chronic Wound Therapeutics. Molecules
2020, 25, 3401. [CrossRef] [PubMed]

110. Alharbi, H.A.; Alabbas, L.M.; Sumnudi, R.I.; Felemban, S.; Alhindi, Y. A Review on Anti-Thrombotic Agents Derived from Snake
Venom Protein. PJMHS 2022, 16, 948–952. [CrossRef]

111. Van Hinsbergh, V.W.M.; Engelse, M.A.; Quax, P.H.A. Pericellular Proteases in Angiogenesis and Vasculogenesis. ATVB 2006, 26,
716–728. [CrossRef] [PubMed]

112. Paes Leme, A.F.; Prezoto, B.C.; Yamashiro, E.T.; Bertholim, L.; Tashima, A.K.; Klitzke, C.F.; Camargo, A.C.M.; Serrano, S.M.T.
Protease A, a Unique Highly Glycosylated Serine Proteinase, Is a Potent, Specific Fibrinogenolytic Agent. J. Thromb. Haemost.
2008, 6, 1363–1372. [CrossRef] [PubMed]

113. Serrano, S.; Sampaio, C.; Mentele, R.; Camargo, A.; Fink, E. A Novel Fibrinogen-Clotting Enzyme, TL-BJ, from the Venom of the
Snake Bothrops jararaca: Purification and Characterization. Thromb. Haemost. 2000, 83, 438–444. [CrossRef] [PubMed]

114. Yamashiro, E.T.; Oliveira, A.K.; Kitano, E.S.; Menezes, M.C.; Junqueira-de-Azevedo, I.L.; Paes Leme, A.F.; Serrano, S.M.T.
Proteoforms of the Platelet-Aggregating Enzyme PA-BJ, a Serine Proteinase from Bothrops jararaca Venom. Biochim. Biophys. Acta
(BBA)–Proteins Proteom. 2014, 1844, 2068–2076. [CrossRef]

115. Serrano, S.M.D.T. The Isolation and Structural and Functional Characterization of Serine Proteinases in the Venom of Bothrops
jararaca. J. Venom. Anim. Toxins 1999, 5, 226. [CrossRef]

116. Serrano, S.M.T.; Oliveira, A.K.; Menezes, M.C.; Zelanis, A. The Proteinase-Rich Proteome of Bothrops jararaca Venom. Toxin Rev.
2014, 33, 169–184. [CrossRef]

117. Menaldo, D.L.; Bernardes, C.P.; Santos-Filho, N.A.; Moura, L.D.A.; Fuly, A.L.; Arantes, E.C.; Sampaio, S.V. Biochemical Char-
acterization and Comparative Analysis of Two Distinct Serine Proteases from Bothrops pirajai Snake Venom. Biochimie 2012, 94,
2545–2558. [CrossRef]

118. Silva, N.B.; Dias, E.H.V.; Costa, J.D.O.; Mamede, C.C.N. Bothrops moojeni Snake Venom: A Source of Potential Therapeutic Agents
Against Hemostatic Disorders. Int. J. Cardiovasc. Sci. 2024, 37, e20220075. [CrossRef]

119. Zaqueo, K.D. Caracterização Estrutural da BpirSP-39 e Isolamento e Caracterização da Primeira Serinoprotease do Veneno da
Serpente Bothrops Brazili. Ph.D. Thesis, Universidade Federal de Rondônia, Porto Velho, Brazil, 2015.

120. Kini, R.M. Toxins and Hemostasis: From Bench to Bedside; Springer: Dordrecht, The Netherlands, 2010; ISBN 978-90-481-9295-3.
121. Bhat, S.K.; Joshi, M.B.; Ullah, A.; Masood, R.; Biligiri, S.G.; Arni, R.K.; Satyamoorthy, K. Serine Proteinases from Bothrops Snake

Venom Activates PI3K/Akt Mediated Angiogenesis. Toxicon 2016, 124, 63–72. [CrossRef]
122. Kadi-Saci, A.; Laraba-Djebari, F. Purification and Characterization of a Thrombin-like Enzyme Isolated from Vipera Lebetina

Venom: Its Interaction with Platelet Receptor. Blood Coagul. Fibrinolysis 2020, 31, 1–10. [CrossRef]
123. Zaganelli, G.L.; Zaganelli, M.G.M.; Magalhães, A.; Diniz, C.R.; De Lima, M.E. Purification and Characterization of a Fibrinogen-

Clotting Enzyme from the Venom of Jararacuçu (Bothrops jararacussu). Toxicon 1996, 34, 807–819. [CrossRef] [PubMed]
124. Moura-da-Silva, A.M.; Baldo, C. Jararhagin, a Hemorrhagic Snake Venom Metalloproteinase from Bothrops jararaca. Toxicon 2012,

60, 280–289. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cbpb.2006.03.010
https://doi.org/10.1016/S0006-291X(67)80055-X
https://doi.org/10.1016/S0041-0101(01)00187-8
https://www.ncbi.nlm.nih.gov/pubmed/11602278
https://doi.org/10.1021/bi034790b
https://doi.org/10.1016/j.bmc.2004.03.024
https://www.ncbi.nlm.nih.gov/pubmed/15110839
https://doi.org/10.1021/bi951928k
https://www.ncbi.nlm.nih.gov/pubmed/8605201
https://doi.org/10.1016/j.cbpc.2020.108702
https://www.ncbi.nlm.nih.gov/pubmed/31911190
https://doi.org/10.1016/j.toxicon.2021.01.007
https://doi.org/10.3390/molecules25153401
https://www.ncbi.nlm.nih.gov/pubmed/32731325
https://doi.org/10.53350/pjmhs22167948
https://doi.org/10.1161/01.ATV.0000209518.58252.17
https://www.ncbi.nlm.nih.gov/pubmed/16469948
https://doi.org/10.1111/j.1538-7836.2008.02995.x
https://www.ncbi.nlm.nih.gov/pubmed/18433459
https://doi.org/10.1055/s-0037-1613834
https://www.ncbi.nlm.nih.gov/pubmed/10744151
https://doi.org/10.1016/j.bbapap.2014.09.012
https://doi.org/10.1590/S0104-79301999000200010
https://doi.org/10.3109/15569543.2014.922581
https://doi.org/10.1016/j.biochi.2012.07.007
https://doi.org/10.36660/ijcs.20220075
https://doi.org/10.1016/j.toxicon.2016.11.001
https://doi.org/10.1097/MBC.0000000000000856
https://doi.org/10.1016/0041-0101(96)00006-2
https://www.ncbi.nlm.nih.gov/pubmed/8843581
https://doi.org/10.1016/j.toxicon.2012.03.026
https://www.ncbi.nlm.nih.gov/pubmed/22534074


Biomolecules 2025, 15, 154 25 of 25

125. Gutiérrez, J.M.; Rucavado, A.; Chaves, F.; Díaz, C.; Escalante, T. Experimental Pathology of Local Tissue Damage Induced by
Bothrops asper Snake Venom. Toxicon 2009, 54, 958–975. [CrossRef] [PubMed]

126. Costa, F.L.S.; Rodrigues, R.S.; Izidoro, L.F.M.; Menaldo, D.L.; Hamaguchi, A.; Homsi-Brandeburgo, M.I.; Fuly, A.L.; Soares, S.G.;
Selistre-de-Araújo, H.S.; Barraviera, B.; et al. Biochemical and Functional Properties of a Thrombin-like Enzyme Isolated from
Bothrops pauloensis Snake Venom. Toxicon 2009, 54, 725–735. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.toxicon.2009.01.038
https://www.ncbi.nlm.nih.gov/pubmed/19303033
https://doi.org/10.1016/j.toxicon.2009.05.040
https://www.ncbi.nlm.nih.gov/pubmed/19539638

	Introduction 
	Brazilian Snakes: An Overview of Species, Medical Significance, and Envenomation 
	Bothrops Snakes, a Widely Distributed and Medically Important Genus 
	Bothrops-Induced Clinical Manifestations 
	Local Envenomation Effects 
	Systemic Effects 

	Biochemistry of Bothrops Venoms 

	Introduction to Snake Venom Serine Proteases: From Catalysis to Functions 
	Bothrops Venoms: A Rich Source of Serine Proteases 
	Unveiling the Enzymatic Nature of Serine Proteinases 
	Serine Proteases: From Toxic Effects to Drug Templates and Clinical Use 
	Concluding Remarks 
	References

