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Chapter

Snakebite Therapeutics Based
on Endogenous Inhibitors
from Vipers
Narumi Aoki-Shioi and Cassandra M. Modahl

Abstract

Venomous snakebite is a major human health issue in many countries and has
been categorized as a neglected tropical disease by the World Health Organization.
Venomous snakes have evolved to produce venom, which is a complex mixture of
toxic proteins and peptides, both enzymatic and nonenzymatic in nature. In this
current era of high-throughput technologies, venomics projects, which include
genome, transcriptome, and proteome analyses of various venomous species, have
been conducted to characterize divergent venom phenotypes and the evolution of
venom-related genes. Additionally, venomics can also inform about mechanisms of
toxin production, storage, and delivery. Venomics can guide antivenom and thera-
peutic strategies against envenomations and identify new toxin-derived drugs/tools.
One potentially promising drug development direction is the use of endogenous
inhibitors present in snake venom glands and serum that could be useful for snake-
bite therapeutics. These inhibitors suppress the activity of venom proteases, enzy-
matic proteins responsible for the irreversible damage from snakebite. This book
chapter will focus on insights from venomous snake adaptations, such as the evolu-
tion of venom proteases to generate diverse activities and snake natural resistance
to inhibit activity, and how this information can inform and have applications in
the treatment of venomous snakebite.

Keywords: venomous snake, snake venom metalloprotease, hemorrhagic,
nonhemorrhagic, toxin resistance, natural inhibitor, endogenous inhibitor

1. Introduction

There are over 3700 extant snake species, but only approximately 200 in
600 venomous snake species, belonging to families Viperidae, Elapidae,
Atractaspididae, and some of Colubridae, are considered medically important on
public health aspects of snakebite [https://www.who.int/snakebites/disease/en/;
http://www.reptile-database.org/, Accessed: 2019-11-22]. The World Health Orga-
nization (WHO) has recognized snakebite envenomation as a neglected tropical
disease and has characterized a subset of venomous snake species as being of higher
medical importance in the four geographical areas of the world snakebite is most
frequent. The definition of highest medical importance to human public health
(category 1) is “highly venomous snakes which are common or widespread and
cause numerous snakebites, resulting in high levels of morbidity, disability, or
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mortality” [1]. These species are predominately from Elapidae and Viperidae fami-
lies, but the majority of these species are from the family Viperidae (vipers and pit
vipers). Viperidae species consist of approximately 50–100% of listed species in
each geographical area and make up just over 60% of the entire list (Table 1).

Venom variation results in pharmacological and clinical symptomology differ-
ences across venomous snake species, primarily varying in the extent of snakebite
tissue damage and toxicity. In recent years, venom has been investigated using
comprehensive venomics approaches, combining proteomics, transcriptomics, and
genomics, in an attempt to better understand venom components responsible for
variation. Next-generation sequencing (NGS) has greatly accelerated the pace of

Geographical

regions

Species Total

Africa and the

Middle East

Atractaspididae Atractaspis andersonii 1

Elapidae Dendroaspis viridis, Dendroaspis angusticeps, Dendroaspis jamesoni,

Dendroaspis polylepis;

Naja anchietaea, Naja annulifera, Naja asheia, Naja arabica, Naja haje,

Naja katiensis, Naja melanoleuca, Naja mossambica, Naja nigricollis, Naja

nigricincta, Naja nivea, Naja oxiana, Naja senegalensis

17

Viperidae Bitis arietans, Bitis gabonicaa, Bitis nasicornis, Bitis rhinocerosa; Cerastes

cerastes, Cerastes gasperettii;

Daboia mauritanicaa, Daboia palaestinaea; Echis borkini, Echis carinatus,

Echis coloratus, Echis jogeri, Echis leucogaster, Echis ocellatus, Echis

omanensisa, Echis leucogaster,

Echis pyramidum; Macrovipera lebetina, Montivipera xanthina1;

Pseudocerastes persicus,

20

Asia and

Australasia

Elapidae Acanthophis laevisa;

Bungarus caeruleus, Bungarus candidus, Bungarus niger, Bungarus

magnimaculatus, Bungarus multicinctus, Bungarus sindanus, Bungarus

walli;

Naja atra, Naja kaouthia, Naja naja, Naja mandalayensis, Naja

philippinensis, Naja samarensis, Naja siamensis, Naja sumatrana, Naja

sputatrix, Naja oxiana;

Notechis scutatus;

Oxyuranus scutellatus; Pseudonaja affinis, Pseudechis australisb, Pseudonaja

mengdeni, Pseudonaja nuchalis, Pseudonaja textilis.

25

Viperidae Cryptelytrops albolabrisa, Cryptelytrops erythrurusa, Cryptelytrops

insularisa, Calloselasma rhodostoma;

Deinagkistrodon acutus, Daboia russeliia, Daboia siamensisa;

Deinagkistrodon acutu;

Echis carinatus;

Gloydius blomhoffii, Gloydius brevicaudus, Gloydius halys;

Hypnale hypnale; Macrovipera lebetina, Protobothrops flavoviridis,

Protobothrops mucrosquamatus;

Viridovipera stejnegeria,

17

Europe Viperidae Vipera ammodytes, Vipera berus, Vipera aspis, 3

the Americas Viperidae Agkistrodon bilineatus, Agkistrodon contortrix, Agkistrodon piscivorus,

Agkistrodon tayloria;

Bothrops asper, Bothrops atrox, Bothrops cf. atrox (Trinidad), Bothrops

bilineatus, Bothrops alternatus, Bothrops brazili, Bothrops caribbaeus (St

Lucia), Bothrops lanceolatus (Martinique), Bothrops diporusa, Bothrops

jararaca, Bothrops jararacussu, Bothrops leucurus, Bothrops

mattogrossensisa, Bothrops moojeni, Bothrops pictus, Bothrops venezuelensis;

Crotalus adamanteus, Crotalus atrox,

Crotalus durissus, Crotalus durissus (Aruba), Crotalus horridus, Crotalus

oreganusa, Crotalus simus, Crotalus scutulatus, Crotalus totonacusa,

Crotalus viridis, Lachesis muta

31

Table 1.
Venomous snakes of highest medical importance (category 1); The table was modified classified sub-area in
each of four broad geographical regions in tables 3-6 of Fifty-ninth report/WHO Expert Committee.
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venomics, making high-throughput outputs possible; several venom gland
transcriptomes can be sequenced together using multiplexed barcoded libraries,
with little difference in cost, and third-generation longer read technologies, such as
Oxford Nanopore (minION), are now available to correct transcriptome assembly
errors [2]. Venom characterization that integrates both transcriptomics with prote-
omics has optimized proteomics by providing a species-specific database (venom
gland transcriptome) for toxin identification, an ideal method to better distinguish
unique toxins present in each species [3]. Current venom gland transcriptomes,
completed using NGS technologies (Illumina and Roche) and E. coli, generated
cDNA clone libraries, and assembled genomes of venomous snakes categorized as of
highest medical importance are listed in Table 2. In our investigation, completed

Venom gland transcriptomes Venomous snake genomes

Species Reference Species Reference

Elapidae Naja kaouthia, [4, 5] Notechis scutatus Unpublished

Dendroaspis angusticeps, [6] Pseudonaja textilis Unpublished

Dendroaspis jamesoni, [6]

Dendroaspis polylepis, [6]

Dendroaspis viridis [6]

Pseudonaja nuchalis [7]

Pseudonaja textilis [7]

Viperidae Agkistrodon piscivorus [2, 8] Deinagkistrodon acutus [33]

leucostoma [9] Protobothrops mucrosquamatus [34]

Bitis gabonica [10] Protobothrops flavoviridis [35]

Bothrops alternatus [11, 12] Vipera berus [36]

Bothrops asper [13, 14] Crotalus viridis [37]

Bothrops atrox [4, 13, 15–17] Crotalus horridus [38]

Bothrops jararaca, [18]

Bothrops jararacussu [19–21]

Bothrops moojeni [19, 20, 22, 23]

Crotalus adamanteus [24, 25]

Crotalus durissus terrificus [12, 24]

Crotalus horridus [26]

Crotalus oreganus helleri [26]

Crotalus scutulatus, [11, 27, 28]

Crotalus simus [29]

Echis carinatus shochureki [29, 30]

Echis coloratus [66, 31]

Echis ocellatus [29]

Echis pyramidum leakeyi [32]

Lachesis muta [11]

Protobothrops flavoviridis

Table 2.
Venom gland transcriptomes and currently completed snake genomes of species in category 1.
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transcriptomes in snake species in category 1 are only about 20% despite the
advance in increasing sequencing data. Additionally, on the completed snake
genome, sequences are also less than 10% limited number.

Transcriptome and proteome analyses of Viperidae species have consistently
found that snake venom metalloproteinases (SVMPs), phospholipases A2 (PLA2s),
serine proteinases, and L-amino acid oxidases are the most abundant toxins in these
venoms [39]. These toxins are all enzymatic, providing immobilization and diges-
tive roles in prey capture. Snakebites from these species result in local tissue dam-
age, hemorrhage, and impaired coagulation symptoms in humans, which can lead to
disability and mortality [40].

To date, the only effective snakebite treatment is intravenous administration of
antibodies (often called antivenom), which come from animals immunized with
toxins. However, using heterologous antibodies generated from numerous venom
components has inherent weaknesses, such as an increased likelihood of an allergic
reaction or life-threatening anaphylactic shock. Further, antivenom does not abol-
ish local tissue damage, as it is intravenous and is usually not administered quickly
enough. Thus, there is the issue of incomplete neutralization because of geographic
venom variation, and high manufacturing costs and regulations have resulted in a
struggle to properly match antivenom to venomous snakes of each locality and
maintain antivenom stock [40]. To alleviate these issues, specific toxin inhibitors
are actively being characterized and evaluated that neutralize snake venom toxicity
and would work as an alternative antivenom snakebite therapy [41–43]. The chal-
lenge still remains to investigate the safety and efficiency of these toxin inhibitors to
treat snakebite envenoming in humans.

Venomous snakes have endogenous inhibitors circulating in their plasma that
provide resistance to their own venoms. These inhibitors can suppress the activity
of enzymatic venom components, such as SVMPs, with high specificity. SVMPs are
key venom components in viper venoms that contribute to hemorrhage and tissue
damage; therefore, targeting these enzymes would greatly reduce human morbidity
and mortality from snakebite. In this review, an overview of SVMPs is provided,
with a focus on structure-function relationships within the various classes of
SVMPS across snake families, and is followed by insights into how snake endoge-
nous inhibitors function to abolish SVMP activity. The goal of our group is to design
peptide inhibitors that bind to hemorrhagic SVMPs with high affinity and effec-
tively neutralize these toxins. This chapter deeply understands the target SVMP
behaviors on the snakebite issue and is a summary of our current work with
historical studies in endogenous inhibitor of venomous snake.

2. Metalloproteinases

Metalloproteinases (MPs) are one of the most functionally diverse proteases in
more than 50 families characterized in the MEROP database [44]. MPs play a
significant role in organism homeostasis, and are involved in, cell invasion, cell
fertilization, self-defense, and reproduction. Metalloproteinases are classified into
two subgroups known by their enzyme commission numbers (ECNs), exopepti-
dases (ECN 3.4.17), and endopeptidases (ECN 3.4.24). The second group are
enzymes from the metzincin family and include serralysins, astacins, adamalysins
(a disintegrin and metalloproteinase domain; ADAMs), and matrix metallopro-
teinases (MMPs). There have been many studies documenting endogenous
metalloproteinase dysregulation in cancer cells [45], especially mammalian
ADAMs. ADAM proteins and SVMPs belonged to the same M12 family [46], and
similar domain features are present for both. For SVMPs, three-dimensional
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structures and well-characterized effects on animal models in vivo have been
published. Thus, the functional and structural insights provided by SVMPs have
been useful for human ADAM inferences.

2.1 Structural classification of snake venom metalloproteinases (SVMPs)

All SVMP genes exhibit a conserved signal peptide region and a pro-(pre) domain.
The number of domains following these conserved N-terminal regions varies, and the
arrangements of the domains have resulted in the categorization of SVMPs into three
main classes. SVMPs of the P-III class consist of the metalloproteinase domain (MD),
disintegrin-like domain (DID), and cysteine-rich domain (CRD). P-IIs have a MD
and DID, and P-I has only a MD. Further, each class has subclasses classified for
different representation forms (P-Ia, P-IIa-e, P-IIIa-d). These subclasses include
dimeric or truncate isoforms that have only been observed within the venom and are
generated mainly by post-translational modifications.

There have been many observations of gene neofunctionalization generating large
families of venom proteins with multiple functionalities, and the SVMP gene family is
an example of this. SVMPs originated from the gene duplication of an ancestral
ADAM gene. The ADAM 28 precursor gene is the closed SVMP homolog present in
nonvenomous snakes and is also present in mammalian species [47, 48]. Sequence
comparisons between the lizard (Anolis carolinensis) ADAM 28 gene and viper (Echis
ocellatus) SVMP gene suggested that SVMPs originated from a nonsense mutation
following ADAM gene duplication. This nucleotide substitution resulted in a chain-
termination codon (STOP codon) at the end of exon 12, following the CRD. The
modified gene precursor produced proteins that were devoid of the C-terminal
membrane anchor and cytoplasmic region present in ADAMs [49]. As more snake
genome sequences have become available, it has been hypothesized that the ancestral
SVMP coded for the P-III class of SVMPs. Gene duplications of P-III SVMPs resulted
in P-II and P-I SVMP genes, each generated by domain loss from splicing site muta-
tions. These last two classes, P-II and P-I, are only found in Viperidae. The reason
why a large number of different SVMPs are expressed in viper venoms is still unclear,
even though some of these SVMPs are not primary lethal toxins.

SVMPs constitute more than 30% of the total venom proteins present in many
Viperidae species. While these proteins are less abundant in the venoms of Elapidae,
Atractaspididae, and Colubridae, they appear to be ubiquitously occurring [50, 51].
These observations suggest that P-III SVMP in Elapidae, Atractaspididae, and
Colubridae venoms may have a conserve ancestral function and serve a common
biological role in snake envenomation. Therefore, the functional roles of the diver-
sified SVMPs are important for the clinical symptomology associated with
Viperidae envenoming in humans. Domain structure, at least the topological shape,
and sequence, especially the catalytic motif on the MD, are very similar among
SVMPs, but SVMP activities vary, including their target substrates. Elucidating the
structure-function relationships within this protein superfamily has applications for
both protein evolution and snakebite treatment.

2.2 SVMP structure-function relationships and mechanism of action

Viperid snakebites are characterized by severe hemorrhagic, microvessel dam-
age and inflammation, both local and systemic [52]. There is strong evidence from
in vivo and in vitro studies of isolated SVMPs that these proteins are responsible for
snakebite hemorrhage. Mitigating hemorrhage is critical in snakebite treatment;
therefore studying the SVMP molecular mechanism of inducing hemorrhage is of
critical importance. Hemorrhage results from SVMP proteolysis, targeted cleavage
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of extracellular matrix components, transmembrane receptors, and fibrinogen,
mostly around microvessels. Interestingly, despite sharing similar catalytic activity,
not all SVMPs induce hemorrhage in vivo. SVMP effects also include blood coagu-
lation irregularities, platelet aggregation, cell infiltration, apoptosis-induced activ-
ity, and alternations in vascular permeability, even if these SVMPs do not show
hemorrhagic activity [52]. These additional functionalities and targets likely result
from C-terminal P-III SVMP binding, not only the catalytic activity of the N-
terminally located MP domain [53]. To design inhibitors to neutralized hemorrhagic
effects of SVMPs, we must first understand SVMP targets, as well as the tissue
distribution and localization of SVMPs upon envenomation.

Both of P-III and P-I SVMPs have hemorrhagic activities, but P-III SVMPs tend to
show greater hemorrhagic activity than P-I SVMPs [54, 55]. It has been proposed that
the occurrence of hemorrhage results from the degradation of the vascular basement
membrane of capillaries. Immunofluorescence confocal microscopy, immunochemi-
cal and proteomic analyses of tissue, and exudate in vivo have revealed a distinct
pattern of P-I and P-III SVMP distribution in tissue. Observations from SVMPs
labeled with Alexa Fluor 647 have found that P-III SVMP co-localized with capillary
collagen IV, especially in those of microvesicles. P-I SVMPs applied to whole tissues
appear to function primarily in the degradation of basement membrane components
[56]. Hemorrhagic P-I and P-III SVMPs show a preference for type IV collagen in
targeted degradation. J.M. Gutiérrez et al. provided a two-step hypothesis for SVMP
mechanism of hemorrhage [56]. First, SVMPs hydrolyze type IV collagen and
perlecan at the basement membrane components of capillaries and surrounding
endothelial cells, resulting in a weakening of the mechanical stability of the basement
membrane and microvessel wall. The second step occurs when the biophysical
hemodynamic forces operating in microcirculation induce a distention in the wall,
causing capillaries to disrupt, followed by consequent extravasation.

SVMP hemorrhage disrupts capillary networks, facilitating toxin dispersion. In
2016, reviews by Sanhajariya and colleagues investigated snake venom pharmacoki-
netics using an ELISA time course, varying venom concentrations mixed with the
plasma of laboratory animals (rat, rabbit, and sheep) and humans [57]. In laboratory
animals, two phases were observed in the metabolism of snake venom by intravenous
injection of the venoms or toxins: the first phase consisting of rapid distribution with
half-lives of 5–48 min and a second a slow elimination phase with half-lives of 0.8–28
h. Half-lives of the second phase did not show a significant difference among the
species (Bothrops alternatus, Vipera aspis, and Naja sp.) explored under intravenous
injection, but Naja sp. did show a twofold shorter phase time than Vipera aspis 32
hours after intermuscular injection. For humans, venom concentrations in plasma
were examined from 24 pharmacokinetic studies in humans that used similar ELISA
criteria. Venom concentrations of the patients bitten by vipers were typically higher
than those of by elapids. Eventually, total 218 timed concentration data of 145
patients bitten by snakes of Viperidae and Elapid were used for the computational
analysis within a nonlinear mixed-effects modeling framework with NONMEM. The
result provided an estimated venom elimination half-life of 9.71 � 1.29 h. Interest-
ingly, these data also show that there is no big difference between Viperid and Elapid.
It is very important to understand the certain pharmacokinetic of venom for post-
treatment of inhibitor to neutralize toxicity of venoms.

3. Toxin resistance in venomous snakes

Given the toxic and proteolytic nature of venom, it is of the utmost importance
that venomous snakes are protected against the activity of their own venom. This is
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an interesting area of research because venoms, especially viper venoms, have high
concentrations of proteases that must be stored in an inactive state in the venom
gland to prevent degradation of both the snake’s own tissue and other proteins
present in the venom. These proteases must then be readily activated when deliv-
ered into prey, requiring a finely tuned on/off switch. Here, we briefly summarize
how these toxins are regulated in snake venom glands, with a focus on endogenous
inhibitors, especially SVMP inhibitors, as SVMPs are one of the major venom
compounds in Viperid snake venoms.

3.1 Mechanisms of toxin resistance

Three toxin resistance mechanisms have been proposed for venomous snakes:
(1) target receptor mutations, (2) venom gland physiological conditions, and (3)
inhibitors present in the venom gland or blood circulation. For the first mechanism,
limited mutations on target receptors in snakes prevent the binding of their own
toxins [58–60]. An example of this has been described by Takacs et al., where
resistance against conspecific α-neurotoxins, major lethal components of Elapidae
venoms, has been shown to be mediated by a unique N-glycosylation of the nico-
tinic acetylcholine receptor ligand binding domain of Elapidae snakes [58]. This
observation has only been made for a few Elapidae species, but there is currently a
limited amount of research in this area. The second mechanism involves the phys-
iological conditions within the venom gland and those required for enzymatic
toxins to be active. A high concentration of citrate is present in venom, and this
results in a low pH environment. It is estimated that 25% of dried crude venom (30–
150 mM) from Crotalus sp., Agkistrodon sp., Bothrops sp. Dendroaspis sp., Sistrurus
miliarius barbouri, Bitis gabonica gabonica, Vipera russellii russellii, and Lachesis muta
is citrate. Citrate concentrations of 18 or 27 mM exogenously added to whole venom
have been shown to inhibit protease activity in vitro [61]. Secreted whole venom of
Crotalus sp. has been observed to be acidic (pH 5.25–5.75), suggestive of an acidic
storage condition for venom enzymes, which then when delivered into prey or
human tissue at a pH of 7.2–7.4, these enzymes become activated [62]. In addition
to the acidic storage conditions of the venom gland, four tripeptide inhibitors of
venom metalloproteinases, pEKW, pENW, pEQW, and pERW, have been
documented in the venoms of Protobothrops mucrosquamatus [63, 64], Bothrops asper
[65], Echis ocellatus, Cerastes cerastes cerastes [66], and some rattlesnakes [67] and are
likely present in the venom gland lumen. These inhibitors have been found in
relatively large amounts (approximate concentrations in P. mucrosquamatus venom
were reported greater than 5.0 mM), but their inhibitory activity is not strong, with
IC50 values between 0.15 and 0.95 mM for different SVMPs in vitro [63, 67]. The
X-ray crystal structure of a SVMP complexed with a pExW inhibitor revealed the
indole ring of Trp in the pExW inhibitor stacked against the imidazole in the first
histidine residue of the SVMP Zn2+ binding site [64]. In 2007, Philippe and col-
leagues discovered the 2–3 kDa polyHis-polyGly peptides in venom of Atheris
squamigera by mass spectrometry-based strategies, and it was identified as a new
class of peptides with clusters of histidine and glycine residues [68]. Similar
peptides were found coded in C-type natriuretic peptide (CNP) and bradykinin-
potentiating peptide (BPP)–CNP transcript precursors and were isolated from
E. ocellatus and Atheris sp. venoms. Interestingly, these pHpGs have shown stronger
inhibitory effect against SVMP in vivo than tripeptides [66].

In addition to inhibitors present in the venom and venom gland, serum proteins
in some venomous snakes have also been found to bind toxins with high affinity and
neutralize toxin pathophysiological effects [69]. These serum proteins and those
found in the venom/venom gland are referred to as “endogenous inhibitors,” but
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kinds of their inhibitor are different. Serum inhibitors circulate in the blood to
effectively bind and neutralize host toxins, but they are different than immune
antibodies. The roles of these endogenous inhibitors and their classifications will be
discussed in the next sections.

3.2 Endogenous inhibitor protein families

There are three main endogenous inhibitor classes; these are phospholipase A2
inhibitors (PLI) [70, 71], anti-hemorrhagic factors [72], and small serum proteins
[73–76], which have predominately been found in the blood of vipers. All endogenous
inhibitors are stable at high temperatures and in acidic conditions and have been
purified by reverse-phase high-performance liquid chromatography (RP-HPLC).

3.2.1 Phospholipase A2 inhibitors (PLIs)

Snake venom PLA2s are ubiquitous to Viperidae and Elapidae venoms and one
of the primary components in viper venoms. These toxins are versatile and can
induced a variety of effects, including neurotoxicity, myotoxicity, cardiotoxicity,
hemolysis, and anticoagulation [77]. Inhibitors of PLA2s, PLIs, have been identified
and characterized from the blood sera of both venomous and nonvenomous snakes.
PLI genes have been found uniquely expressed in snake liver tissues [78]. This
suggests that the secretion of PLIs into blood circulation could be to provide pro-
tection against accidental self-envenomation in venomous snakes.

PLIs are divided into three groups (PLIα, PLIβ, and PLIγ) based on structural
characteristics. PLIαs are glycoproteins with molecular masses ranging from 75 to
120 kDa and more than three non-covalently associated subunits. Their structural
features demonstrate sequence homology to the carbohydrate-recognition domain
of Ca2+-dependent lectins (C-type lectin-like domain), but they lack the
carbohydrate-binding ability. A highly conserved region (residues 49–143) shares
80–90% sequence identity between PLIαs and appears to be responsible for PLA2

binding [79]. PLIβs are 150–160 kDa glycoproteins composed of three non-
covalently bonded subunits and have nine tandem leucine-rich repeats.
A homology analysis by BLAST shows similarity to human leucine-rich
α2-glycoproteins, which structurally forms horseshoe-shaped molecules, as
observed in Toll-like receptors [80]. PLIβs have been purified and characterized
from only one venomous snake, Gloydius brevicaudus [81], whereas there are a
couple examples of these proteins that have been found in nonvenomous colubrids
(Elaphe quadrivirgata and Elaphe climacophora) [82, 83]. The presence of a PLIβ
gene in Lachesis muta was discovered by Lima et al., but the exact function of this
inhibitor has not been identified [84]. PLIβs from G. brevicaudus specifically
inhibited only group-II basic PLA2s, forming stable toxin-inhibitor complexes at a
1:1 molar ratio [80]. PLIγs are acidic glycoproteins consisting of oligomers with 20–
30 kDa subunits, the primary structure of which consists of conserved patterns of
cysteine residues to form two units of repeats known as three-finger motifs. Struc-
turally related proteins belong to the urokinase activating plasminogen receptor (u-
PAR)/ly-6 superfamily [85]. This gamma class inhibitor comprises the greatest
number of endogenous PLIs and has been isolated from the sera of many snake
species, including those from Elapidae, Viperidae, Hydrophidae, Boidae, and
Colubridae families [70].

Numerous studies have described highly effective inhibition of PLA2 toxicity
in vitro and in vivo by PLIs purified as a highly soluble protein from snake serum.
However, binding sites, as well as inhibitory mechanism, have not been fully eluci-
dated for these proteins because each PLIs’ group targets different PLA2s.
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Currently, there are two review articles that have attempted to determine the PLA2

targets of PLI classes based on structural predictions [70, 71]. In 2015, Zhen and
colleagues successfully established recombinant expression of PLIγ in Escherichia
coli. After expression optimization, the amount of recombinant PLIγ achieved was
23 mg/l of culture, and the recombinant PLIγ demonstrated inhibitory activity
against Deinagkistrodon acutus venom purified PLA2s, and D. acutus, Naja atra, and
Agkistrodon halys crude venoms in vitro and in vivo. This type of experimental work
will make it possible in the future to determine the inhibitory mechanism by
inhibitor mutant analysis and/or obtaining the three-dimensional structure of the
inhibitor and PLA2 complexes.

3.2.2 Anti-hemorrhagic factors

As previously detailed, hemorrhage, one of the main symptoms of viper enven-
omation, is induced by snake venom metalloproteinases (SVMPs). The first anti-
hemorrhagic factor, habu serum factor (HSF), was identified from the serum of
Protobothrops flavoviridis by Omori-Satoh et al. in 1972 [86]; in 1992, the complete
amino acid sequence was determined for this protein [87]. To date, anti-hemorrhagic
factors habu serum factor (HSF), BJ46a [88], and mamushi serum factor (MSF) [89]
have been purified and characterized from the venomous snakes P. flavoviridis
(habu), Bothrops jararaca, andGloydius blomhoffii, respectively (Table 3). These anti-
hemorrhagic factors belong to the fetuin family, part of the cystatin superfamily,
consisting of two cystatin-like domains and a His-rich domain. These anti-
hemorrhagic factors show high sequence identity and are all single-chain, acidic
glycoproteins. They also all demonstrate strong anti-hemorrhagic activity in vivo
against the crude venom of the snake species they are isolated from. HSF and MSF
showed relatively broad range inhibitory activity against both nonhemorrhagic and
hemorrhagic SVMPs, as well as both P-I and P-III SVMP classes, but preferentially
inhibited P-III SVMPs. These observations were also exhibited in the differences in
the degree and specificity of inhibition against individual SVMP [89, 90]. HSF
strongly inhibited the proteolytic and hemorrhagic activities in vivo and in vitro of
HR1 and HR2 (P-III SVMPs), the main toxins in P. flavoviridis venom. Similarly,
BJ46a is a potent inhibitor of atrolysin C (P-I SVMP) and jararhagin (P-III SVMP)
proteolytic activities and the overall hemorrhagic activity of B. jararaca venom
[88]. HSF and MSF did appear to be specific to SVMPs and were found to not
inhibit cysteine proteases, such as papain and cathepsin B, serine proteases trypsin
and chymotrypsin, or thermolysin, a bacterial MP. Binding studies of these factors
suggest that they are forming noncovalent complexes with the MD of SVMPs; this
has been hypothesized because they interacted with P-I SVMPs, but did not bind
to the C-terminal region of SVMP jararhagin-C. Interestingly, the molar ratios for
complex formation vary between inhibitors; for HSF and brevilysin H6 (P-III
SVMP), a 1:1 ratio is required, but complex formation between BJ46a and
jararhagin (or atrolysin C) was found in a 1:2 ratio. The N-terminal region of HSF
(residues 5–89) has been found to be responsible for anti-hemorrhagic activity
[91], and sequence comparisons between HSF and a HSF-like protein (HLP),
which does not show SVMP inhibition, identified a substitution difference in the
first cystatin-like domain [92]. These results suggested that N-terminal region of
HSF is potentially responsible for SVMP binding.

Recently, BaltMPI [93] was found as a hemorrhagic inhibitor in Bothrops
alternatus serum. BaltMPI should also be of the fetuin family as the N-terminal
region consists of 60 amino acid residues (determined by Edman degradation) that
showed high homology (97%) with BJ46a. BaltMPI has potent anti-hemorrhagic
activity and inhibited the proteolytic activity of Batroxase and BjussuMP-I but has
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Inhibitor name Species pI Molecular

Weight

Target MP Family Reference Database

accession

numbers of

sequence
venomous

snake 1

(neutralized

own toxin)

calculated* observed by SDS-

PAGE**

(kDa)

Habu serum

factor; HSF

Protobothrops

flavoviridis

5.9 4 55 (Crude venom) Protobothrops flavoviridis (SVMPs from

Protobothrops flavoviridis) HR1A (P-III), HR1B (P-III), HR2a

(P-III), HR2b (P-III), H2 proteinase (P-I) (SVMP from Gloydius

blomhoffi brevicaudus) Brevilysins H3, Brevilysins H4, Brevilysins

H6, Brevilysins L4.

Cystatin

super family

(Fetuin

family)

[87, 109] AB058635

BJ46a Bothrops

Jararaca

5.7 5.2 55.4 (Crude venom) B. jararaca (SVMP) jararhagin (P-III from B.

jararaca) atrolysin C (P-I from Crotalus atrox)

[88] AF294836.1

Mamushi

serum factor;

jMSF (Japanese

MSF)

Gloydius

blomhoffii

blomhoffii

5.6 N.D 48 (Crude venom) Gloydius blomhoffi brevicaudus (SVMP from

Gloydius blomhoffi brevicaudus) brevilysin H2, brevilysin H3,

brevilysin H4, brevilysin H6 (P-III SVMP from Protobothrops

flavoviridis) HR2a (weak)

[89] AB200169

cMSF

(Chainese

MSF)

Gloydius

blomhoffi

brevicaudus

5.6 N.D 48 (Crude venom) Gloydius blomhoffi brevicaudus (SVMP from

Gloydius blomhoffi brevicaudus) brevilysin H3, brevilysin H4,

brevilysin H6 (P-III SVMP from Protobothrops flavoviridis) HR1A,

HR1B

[89] Q5KQS4.1

BaSAH Bothrops asper N.D 5.2 66 (Crude venom) Bothrops asper (10 microgram) (SVMP) BaH1

(Bothrops asper, 0.18 microgram)

N.D [98] N.D

XX Agkistrodon

contortrix

mokasen

N.D 4.6 64–68 (Crude venom) Agkistrodon c. mokassen Agkistrodon piscivorus

conanti

N.D [99] N.D

XX Crotalus atrox N.D N.D 65–80 (Crude venom) Crotales atrox (SVMP) hemorrhagic toxin-e (from

Crotales atrox)

N.D [100] N.D

XX Vipera

palaestinae

N.D 4.7 80 (Crude venom) Vipera palaestinae Echis colorata Cerastes cerastes. N.D [101] N.D
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TMI Protobothrops

mucrosquamatus

N.D N.D 47 (Crude venom) P. mucrosquamatus P. flavoviridis P. stejnegeri (SVMP

from P. mucrosquamatus) TM-1, TM-2, TM-3

N.D [102] N.D

venomous snake 2 (neutralized toxin from other species)

BaltMPI Bothrops

alternatus

N.D 5.27 60.5 and

42.4

(SVMP) Batroxase (P-I MP from B. atrox) BjussuMP-I (P-III MP

from B.jararacussu)

N.D [93] N.D

Non-venomous

NtAH (serum) Natrix tessellata N.D N.D 880, 70,

100, 150

(Crude venom) Bothrops asper (SVMP from Bothrops asper) BaH1 N.D [104] N.D

XX Dinodon

semicarinatu

N.D N.D 59 and 52 (Crude venom) Trimeremrus flavovlridis N.D [105] N.D

XXX Drymarchon

couperi

N.D N.D Whole

serum

(Crude venom) Agkistrodon contortrix N.D [106] N.D

N.D; not determined, XX; not named or not determined,
*Theoretical Isoelectric point (pI) were calculated on the ProtParam of ExPASy server (https://web.expasy.org/protparam/),
**sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) under reducing condition

Table 3.
Antihemorrhagic proteins from snake sera (or plasma).
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yet to be investigated against the crude venom Bothrops alternatus, the snake species
it originates from.

3.2.3 Small serum proteins (SSPs)

Since 2007, a new class of endogenous inhibitors, named small serum proteins
(SSP-1 to SSP-5), has been characterized from Japanese vipers, P. flavoviridis
(habu) and G. b. blomhoffii, that have been found to effectively neutralize various
snake toxins [73, 75]. SSP-1, SSP-2, and SSP-5 consist of two domains of approxi-
mately 90 amino acid residues, while SSP-3 and SSP-4 have only a 60 residue
N-terminal domain. All serum proteins have conserved cysteine residues and
belong to the prostatic secretory protein of 94 amino acid (PSP94) family, despite
only limited sequence identity to any mammalian PSP94 [94]. These inhibitors
target different toxins; SSP-2 and SSP-5 have high affinity for CRISP family toxins
[73, 95], while SSP-1, SSP-4, and SSP-3 inhibit distinct SVMPs. These results
suggested SSP-1 to SSP-5 contributes to a snake’s natural resistance against toxins.
SSP-1 and SSP-4 complex with HSF, inhibiting apoptosis induced by HV1, a P-III
SVMP from P. flavoviridis venom [74]. Each SSP alone could bind to target SVMPs,
but SSP-1 and SSP-4 inhibit HV1 through a ternary complex involving HSF, SSPs,
and HV1 (SSP-4, data has not published). In contrast, SSP-3 alone inhibits
flavorase, a P-III SVMP from P. flavoviridis [76], and is not dependent on other
proteins. These results suggested that the inhibition mechanisms of the SSP group
are different, but they are noncompetitive. Recently, the crystal structure of com-
plex SSP-2 and triflin, an ion channel-blocking CRISP toxin, was determined [96].
The interface between these two proteins consists of the two short β-strands of
SSP-2 binding to the concave region centrally located in the N-terminal domain of
triflin. Interestingly, the key β-strand on the N-terminal of SSPs is a hypervariable
region, which might correspond to the ability to bind and target different venom
toxins. This is in agreement with the molecular evolution of SSP genes, where the
number of non-synonymous nucleotide substitutions is significantly greater than
those of synonymous substitutions in N-terminal regions. Additionally, these
mutational hotspots are found on the molecular surface, specifically located on
the toxin interaction interface, while the protein scaffold structure is highly
conserved [97].

4. Undetermined proteinous inhibitors

Isolated proteins from the serum of Bothrops asper [98], Agkistrodon contortrix
[99], Crotalus atrox [100], and Vipera palaestinae [101] have shown effective neu-
tralization of hemorrhagic activity in vivo from crude venom corresponding to each
species or species-specific toxins (Table 3). The SVMP inhibitor isolated from
Protobothrops mucrosquamatus serum, named TMI, demonstrated a 1000-fold
stronger in vitro inhibitory activity than endogenous tripeptides (IC50 = 0.2–1.0
μM) and additionally inhibited venom proteolytic activity from other species [102].
Despite in vivo and in vitro experimental evidence, the sequence of these inhibitors
has not yet been determined. A novel group of endogenous inhibitors may be
responsible for this activity, as the molecule sizes of these proteins are different
than what has been previously reported for other characterized inhibitors.

Venom resistant has been discovered in some species in mammals, birds, and
reptiles, which are either predators or prey of venomous snakes. Natural inhibitors
isolated from resistant animals are detailed in reviews by Domont et al. [69, 103]
and Bastos et al. [72], which summarized toxin resistance corresponding to several
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snake species from the plasma, serum, and muscle of mammals. There are a few
reports of natural inhibitors isolated from nonvenomous snakes, such as NtAH from
Natrix tessellate [104] and a 59 kDa protein from Dinodon semicarinatus [105].
Recently, the whole serum of Drymarchon couperi [106] has also shown anti-
hemorrhagic activity to venom, but the protein responsible for this activity has yet
to be determined. These natural inhibitors in nonvenomous snakes are potentially
protective for a diet that consists of venomous snakes, while resistance to SVMPs
may be relatively widespread among snake species.

Endogenous inhibitor genes are expressed in the liver of venomous snakes, and
these genes appear to be evolving by gene duplication and rapid diversification.
This facilitates the neutralization of various toxins within venoms, which also are
evolving under similar mechanism [97, 107]. Thus, a detailed characterization of
inhibitors against species-specific toxins may help to decipher the evolution of
endogenous natural resistance in venomous snakes. Unfortunately, the structural
features that govern the inhibitor interaction are still unknown. Recently, there are
reports that making a computational analysis predicted three-dimensional struc-
ture available [81], and one paper demonstrated that recombinantly expressed
BJ46 was able to produce using the expression system of the methylotrophic yeast
Pichia pastoris [108]. The ability to recombinantly produce these inhibitors will
provide material for future work deciphering complex formations between inhib-
itors and toxins from mutation and structural analyses, providing insight into the
molecular mechanisms behind toxin activity inhibition. With current technolo-
gies, it is not difficult to comprehensively evaluate venomous snake sera compo-
nents or the sera from resistant animals. However, we have to be informed from
structure-function studies to correlate amino acid sequence to the physiological
activity of an inhibitor. It is possible that different inhibitors are operating under
different mechanisms, even if they show high similarity, as has been the case
for various venomous snake toxins. Thus, understanding in depth how toxin
inhibitors function may aid in identifying novel inhibitors and new strategies for
snakebite treatment.

5. Conclusions and remaining challenges

There are still many current challenges in the field of toxin inhibitors. Systemic
effects of envenomation in humans by snakebite are often mitigated by antivenom
therapy, the medically accepted treatment to date. Inhibitors have yet to gain
acceptance in clinical use. However, local tissue damage is not neutralized by
antivenom and results in permanent morbidity and disability in patients [109].
Local tissue damage is incurred by enzymatic toxins and thus is one of the reasons
that Viperidae species occupy just over 60% of venomous snakes listed as Category
1 of highest importance to human health (Tables 1 and 2). Endogenous inhibitors
isolated from almost all Viperidae show potent inhibition against their own venom
and have also demonstrated to be selective toward highly lethal enzymes within
these venoms. The serum inhibitor genes of venomous snakes might have evolved
by gene duplication and rapid diversification to facilitate the neutralization of
various venom toxins. These serum inhibitors are very stable (resistant to acidic,
alkaline, and high temperature environments), selective in inhibitory activity
against snake toxins, and are nontoxic, given they exist in blood serum and consist
of amino acids (Table 3). However, the molecule mechanism of toxin neutraliza-
tion involving endogenous inhibitors remains unclear due to a lack of three-
dimensional structures detailing toxin and inhibitor complexes. By exploring
molecular mechanisms responsible for natural toxin resistance in snakes, we may
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begin to understand the specificity and selectivity of endogenous inhibitors and use
these insights in the design of better therapeutic agents for the treatment of snake-
bite victims.

Conflict of interest

The authors declare no conflict of interest.

Author details

Narumi Aoki-Shioi1* and Cassandra M. Modahl2

1 Department of Chemistry, Faculty of Science, Fukuoka University, Fukuoka,
Japan

2 Department of Biological Sciences, National University of Singapore, Singapore

*Address all correspondence to: anarumi@fukuoka-u.ac.jp

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

14

Medical Toxicology



References

[1] Fifty-ninth report/WHO Expert
Committee on Biological
Standardization. WHO Technical
Report Series; No. 964. ISSN: 0512-3054,
ISBN: 978 92 4 120964 6

[2]Hargreaves AD, Mulley JF. Assessing
the utility of the Oxford Nanopore
MinION for snake venom gland cDNA
sequencing. PeerJ. 2015;3:e1441

[3] Calvete JJ. Next-generation snake
venomics: Protein-locus resolution
through venom proteome
decomplexation. Expert Review of
Proteomics. 2014;11:315-329

[4] Xu N, Zhao H-Y, Yin Y, et al.
Combined venomics, antivenomics and
venom gland transcriptome analysis of
the monocoled cobra (Naja kaouthia)
from China. Journal of Proteomics.
2017;159:19-31

[5] Tan KY, Tan CH, Chanhome L, et al.
Comparative venom gland
transcriptomics of Naja kaouthia
(monocled cobra) from Malaysia and
Thailand: elucidating geographical
venom variation and insights into
sequence novelty. PeerJ. 2017;5:e3142

[6] Ainsworth S, Petras D, Engmark M,
et al. The medical threat of mamba
envenoming in sub-Saharan Africa
revealed by genus-wide analysis of
venom composition, toxicity and
antivenomics profiling of available
antivenoms. Journal of Proteomics.
2018;172:173-189

[7] Reeks T, Lavergne V, Sunagar K,
et al. Deep venomics of the Pseudonaja
genus reveals inter- and intra-specific
variation. Journal of Proteomics. 2016;
133:20-32

[8] Jiang Y, Li Y, Lee W, et al. Venom
gland transcriptomes of two elapid
snakes (Bungarus multicinctus and Naja
atra) and evolution of toxin genes. BMC
Genomics. 2011;12:1

[9] Francischetti IMB, My-Pham V,
Harrison J, et al. Bitis gabonica (Gaboon
viper) snake venom gland: toward a
catalog for the full-length transcripts
(cDNA) and proteins. Gene. 2004;337:
55-69

[10]Cardoso KC, Da Silva MJ, Costa GG,
et al. A transcriptomic analysis of gene
expression in the venom gland of the
snake Bothrops alternatus (urutu). BMC
Genomics. 2010;11:605

[11]Durban J, Juárez P, Angulo Y, et al.
Profiling the venom gland
transcriptomes of Costa Rican snakes by
454 pyrosequencing. BMC Genomics.
2011;12:259

[12] Amazonas DR, Portes-Junior JA,
Nishiyama MY Jr, et al. Molecular
mechanisms underlying intraspecific
variation in snake venom. Journal of
Proteomics. 2018;181:60-72

[13] Junqueira-de-Azevedo ILM, Bastos
CMV, Ho PL, et al. Venom-related
transcripts from Bothrops jararaca
tissues provide novel molecular insights
into the production and evolution of
snake venom. Molecular Biology and
Evolution. 2015;32:754-766

[14]Neiva M, Arraes FBM, de Souza JV,
et al. Transcriptome analysis of the
Amazonian viper Bothrops atrox venom
gland using expressed sequence tags
(ESTs). Toxicon. 2009;53:427-436

[15] Cidade DAP, Simão TA, Dávila
AMR, et al. Bothrops jararaca venom
gland transcriptome: Analysis of the
gene expression pattern. Toxicon. 2006;
48:437-461

[16] Zelanis A, Andrade-Silva D, Rocha
MM, et al. A transcriptomic view of the
proteome variability of newborn and
adult Bothrops jararaca snake venoms.
PLoS Neglected Tropical Diseases. 2012;
6:e1554

15

Snakebite Therapeutics Based on Endogenous Inhibitors from Vipers
DOI: http://dx.doi.org/10.5772/intechopen.90625



[17]Gonçalves-Machado L, Pla D, Sanz
L, et al. Combined venomics, venom
gland transcriptomics, bioactivities, and
antivenomics of two Bothrops jararaca
populations from geographic isolated
regions within the Brazilian Atlantic
rainforest. Journal of Proteomics. 2016;
135:73-89

[18] Kashima S, Roberto PG, Soares AM,
et al. Analysis of Bothrops jararacussu
venomous gland transcriptome focusing
on structural and functional aspects11All
sequence data reported in this paper will
appear in the GenBank database under
the following accession numbers: BOJU-I
(AY 185200), BOJU-II (AY 185206),
BOJU-III (AY 145836), BOJUMET-I (AY
55005), BOJUMET-II (AY 25584),
BOJUMET-III (AY 258153), C-type lectin
(AY 251283), serine-proteases (AY
251282).: I—gene expression profile of
highly expressed phospholipases A2.
Biochimie. 2004;86:211-219

[19] Rokyta DR, Wray KP, Lemmon AR,
et al. A high-throughput venom-gland
transcriptome for the Eastern
Diamondback Rattlesnake (Crotalus
adamanteus) and evidence for pervasive
positive selection across toxin classes.
Toxicon. 2011;57:657-671

[20] Rokyta DR, Lemmon AR, Margres
MJ, et al. The venom-gland transcriptome
of the eastern diamondback rattlesnake
(Crotalus adamanteus). BMCGenomics.
2012;13:312

[21] Amorim FG, Morandi-Filho R,
Fujimura PT, et al. New findings from
the first transcriptome of the Bothrops
moojeni snake venom gland. Toxicon.
2017;140:105-117

[22]Nicolau CA, Carvalho PC,
Junqueira-de-Azevedo ILM, et al. An in-
depth snake venom proteopeptidome
characterization: Benchmarking
Bothrops jararaca. Journal of Proteomics.
2017;151:214-231

[23] RokytaDR,MargresMJ,WardMJ,
et al. The genetics of venom ontogeny in

the eastern diamondback rattlesnake
(Crotalus adamanteus). PeerJ. 2017;5:e3249

[24] Rokyta DR, Wray KP, Margres MJ.
The genesis of an exceptionally lethal
venom in the timber rattlesnake
(Crotalus horridus) revealed through
comparative venom-gland
transcriptomics. BMC Genomics. 2013;
14:394

[25] Boldrini-França J, Rodrigues RS,
Fonseca FPP, et al. Crotalus durissus
collilineatus venom gland
transcriptome: Analysis of gene
expression profile. Biochimie. 2009;91:
586-595

[26] Strickland J, Mason A, Rokyta D,
et al. Phenotypic variation in mojave
rattlesnake (Crotalus scutulatus) venom
is driven by four toxin families. Toxins.
2018;10:135

[27]Durban J, Pérez A, Sanz L, et al.
Integrated “omics” profiling indicates
that miRNAs are modulators of the
ontogenetic venom composition shift in
the Central American rattlesnake,
Crotalus simus simus. BMC Genomics.
2013;14:234

[28]Durban J, Sanz L, Trevisan-Silva D,
et al. Integrated venomics and venom
gland transcriptome analysis of juvenile
and adult mexican rattlesnakes Crotalus
simus, C. tzabcan, and C. culminatus
revealed miRNA-modulated
ontogenetic shifts. Journal of Proteome
Research. 2017;16:3370-3390

[29] Casewell NR, Harrison RA, Wüster
W, et al. Comparative venom gland
transcriptome surveys of the saw-scaled
vipers (Viperidae: Echis) reveal
substantial intra-family gene diversity
and novel venom transcripts. BMC
Genomics. 2009;10:564

[30] Aird SD, Watanabe Y, Villar-
Briones A, et al. Quantitative high-
throughput profiling of snake venom
gland transcriptomes and proteomes

16

Medical Toxicology



(Ovophis okinavensis and Protobothrops
flavoviridis). BMC Genomics. 2013;14:
790

[31]Wagstaff SC, Harrison RA. Venom
gland EST analysis of the saw-scaled
viper, Echis ocellatus, reveals novel α9β1
integrin-binding motifs in venom
metalloproteinases and a new group of
putative toxins, renin-like aspartic
proteases. Gene. 2006;377:21-32

[32] Junqueira-de-Azevedo ILM, Ching
ATC, Carvalho E, et al. Lachesis muta
(Viperidae) cDNAs Reveal Diverging
Pit Viper Molecules and Scaffolds
Typical of Cobra (Elapidae) Venoms:
Implications for Snake Toxin Repertoire
Evolution. Genetics. 2006;173:877-889

[33] Yin W, Wang Z, Li Q, et al.
Evolutionary trajectories of snake genes
and genomes revealed by comparative
analyses of five-pacer viper. Nature
Communications. 2016;7:13107

[34] Aird SD, Arora J, Barua A, et al.
Population genomic analysis of a
pitviper reveals microevolutionary
forces underlying venom chemistry.
Genome Biology and Evolution. 2017;9:
2640-2649

[35] Shibata H, Chijiwa T, Oda-Ueda N,
et al. The habu genome reveals
accelerated evolution of venom protein
genes. Scientific Reports. 2018;8:11300

[36]Ullate-Agote A, Milinkovitch MC,
Tzika AC. The genome sequence of the
corn snake (Pantherophis guttatus), a
valuable resource for EvoDevo studies
in squamates. The International Journal
of Developmental Biology. 2014;58:
881-888

[37] Li J-T, Gao Y-D, Xie L, et al.
Comparative genomic investigation of
high-elevation adaptation in
ectothermic snakes. Proceedings of the
National Academy of Sciences of the
United States of America. 2018;115:
8406-8411

[38] Schield DR, Card DC, Hales NR,
et al. The origins and evolution of
chromosomes, dosage compensation,
and mechanisms underlying venom
regulation in snakes. Genome Research.
2019;29:590-601

[39] Tasoulis T, Isbister G. A review and
database of Snake venom proteomes.
Toxins. 2017;9:290

[40] Kini R, Sidhu S, Laustsen A.
Biosynthetic Oligoclonal Antivenom
(BOA) for snakebite and next-
generation treatments for snakebite
victims. Toxins. 2018;10:534

[41] Laustsen AH, Karatt-Vellatt A,
Masters EW, et al. In vivo neutralization
of dendrotoxin-mediated
neurotoxicity of black mamba venom by
oligoclonal human IgG antibodies.
Nature Communications. 2018;9:3928

[42] Ainsworth S, Slagboom J,
Alomran N, et al. The paraspecific
neutralisation of snake venom induced
coagulopathy by antivenoms.
Communications Biology. 2018;1:34

[43] Lewin M, Gilliam L, Gilliam J, et al.
Delayed LY333013 (Oral) and LY315920
(intravenous) reverse severe
neurotoxicity and rescue juvenile pigs
from lethal doses of Micrurus fulvius
(eastern coral Snake) venom. Toxins.
2018;10:479

[44] Rawlings ND, Barrett AJ,
Bateman A. MEROPS: The peptidase
database. Nucleic Acids Research. 2010;
38:D227-D233

[45]Herrera C, Escalante T, Rucavado A,
et al. Metalloproteinases in disease:
Identification of biomarkers of tissue
damage through proteomics. Expert
Review of Proteomics. 2018;15:967-982

[46] Bjarnason JB, Fox JW. Snake venom
metalloendopeptidases: Reprolysins.
Methods in Enzymology. 1995;248:
345-368

17

Snakebite Therapeutics Based on Endogenous Inhibitors from Vipers
DOI: http://dx.doi.org/10.5772/intechopen.90625



[47] Bahudhanapati H, Bhattacharya S,
Wei S. Evolution of vertebrate Adam
genes; duplication of testicular Adams
from ancient Adam9/9-like loci. PLoS
One. 2015;10:e0136281

[48] Jia L-G, Shimokawa K-I,
Bjarnason JB, et al. Snake venom
metalloproteinases: Structure, function
and relationship to the ADAMs
family of proteins. Toxicon. 1996;34:
1269-1276

[49] Sanz L, Calvete J. Insights into the
evolution of a snake venom multi-gene
family from the genomic organization of
Echis ocellatus SVMP genes. Toxins.
2016;8:216

[50] Calvete JJ, Juárez P, Sanz L. Snake
venomics. Strategy and applications.
Journal of Mass Spectrometry. 2007;42:
1405-1414

[51] Fox JW, Serrano SMT. Exploring
snake venom proteomes:
Multifaceted analyses for complex
toxin mixtures. Proteomics. 2008;8:
909-920

[52] Rucavado A, Nicolau C, Escalante T,
et al. Viperid envenomation wound
exudate contributes to increased
vascular permeability via a DAMPs/
TLR-4 mediated pathway. Toxins. 2016;
8:349

[53] Kini RM, Koh CY. Metalloproteases
affecting blood coagulation, fibrinolysis
and platelet aggregation from snake
venoms: Definition and nomenclature of
interaction sites. Toxins (Basel). 2016;8.
DOI: 10.3390/toxins8100284

[54] Escalante T, Rucavado A, Fox JW,
et al. Key events in microvascular
damage induced by snake venom
hemorrhagic metalloproteinases. Journal
of Proteomics. 2011;74:1781-1794

[55]Gutiérrez JM, Rucavado A,
Escalante T, et al. Hemorrhage induced
by snake venom metalloproteinases:

Biochemical and biophysical
mechanisms involved in microvessel
damage. Toxicon. 2005;45:997-1011

[56] Baldo C, Jamora C, Yamanouye N,
et al. Mechanisms of vascular damage by
hemorrhagic snake venom
metalloproteinases: Tissue distribution
and in situ hydrolysis. PLoS Neglected
Tropical Diseases. 2010;4:e727

[57] Sanhajariya S, Duffull S, Isbister G.
Pharmacokinetics of snake venom.
Toxins. 2018;10:73

[58] Takacs Z, Wilhelmsen KC, Sorota S.
Cobra (Naja spp.) nicotinic
acetylcholine receptor exhibits
resistance to Erabu Sea Snake
(Laticauda semifasciata) short-chain
a-neurotoxin. Journal of Molecular
Evolution. 2004;58:516-526

[59] Takacs Z, Wilhelmsen KC, Sorota S.
Snake α-neurotoxin binding site on the
Egyptian cobra (Naja haje) nicotinic
acetylcholine receptor is conserved.
Molecular Biology and Evolution. 2001;
18:1800-1809

[60]冀宪红, 张尚斐, 高斌, et al. 受体的

多样性驱动蛇毒的进化. Zoological
Research. 2018;39:431-436

[61]Odell GV, Ferry PC, Vick LM, et al.
Citrate inhibition of snake
venom proteases. Toxicon. 1998;36:
1801-1806

[62]Mackessy SP, Baxter LM.
Bioweapons synthesis and storage: The
venom gland of front-fanged snakes.
Zoologischer Anzeiger—A Journal of
Comparative Zoology. 2006;245:
147-159

[63]Huang K-F, Hung C-C, Wu S-H,
et al. Characterization of three
endogenous peptide inhibitors for
multiple metalloproteinases with
fibrinogenolytic activity from the
venom of Taiwan Habu (Trimeresurus
mucrosquamatus). Biochemical and

18

Medical Toxicology



Biophysical Research Communications.
1998;248:562-568

[64]Huang K-F, Chiou S-H, Ko T-P,
et al. Determinants of the inhibition of a
Taiwan habu venom metalloproteinase
by its endogenous inhibitors revealed by
X-ray crystallography and synthetic
inhibitor analogues: Inhibition of a
SVMP by its endogenous inhibitors.
European Journal of Biochemistry.
2002;269:3047-3056

[65] Francis B, Kaiser II. Inhibition of
metalloproteinases in Bothrops asper
venom by endogenous peptides.
Toxicon. 1993;31:889-899

[66]Wagstaff SC, Favreau P,
Cheneval O, et al. Molecular
characterisation of endogenous snake
venom metalloproteinase inhibitors.
Biochemical and Biophysical Research
Communications. 2008;365:650-656

[67]Munekiyo SM, Mackessy SP.
Presence of peptide inhibitors in
rattlesnake venoms and their effects on
endogenous metalloproteases. Toxicon.
2005;45:255-263

[68] Favreau P, Cheneval O, Menin L,
et al. The venom of the snake genus
Atheris contains a new class of peptides
with clusters of histidine and glycine
residues. Rapid Communications in
Mass Spectrometry. 2007;21:406-412

[69] Perales J, Neves-Ferreira AGC,
Valente RH, et al. Natural inhibitors of
snake venom hemorrhagic
metalloproteinases. Toxicon. 2005;45:
1013-1020

[70] Campos PC, de Melo LA, Dias GLF,
et al. Endogenous phospholipase A2
inhibitors in snakes: A brief overview.
Journal of Venomous
Animals and Toxins including Tropical
Diseases. 2016;22:37

[71]Dunn RD, Broady KW. Snake
inhibitors of phospholipase A2 enzymes.

Biochimica et Biophysica Acta (BBA)—
Molecular and Cell Biology of Lipids.
2001;1533:29-37

[72] Bastos V, Gomes-Neto F, Perales J,
et al. Natural inhibitors of snake venom
metalloendopeptidases: History and
current challenges. Toxins. 2016;8:250

[73] Aoki N, Sakiyama A, Deshimaru M,
et al. Identification of novel serum
proteins in a Japanese viper: Homologs
of mammalian PSP94. Biochemical and
Biophysical Research Communications.
2007;359:330-334

[74] Shioi N, Ogawa E, Mizukami Y,
et al. Small serum protein-1 changes the
susceptibility of an apoptosis-inducing
metalloproteinase HV1 to a
metalloproteinase inhibitor in habu
snake (Trimeresurus flavoviridis). Journal
of Biochemistry. 2013;153:121-129

[75] Shioi N, Deshimaru M, Terada S.
Structural analysis and characterization
of new small serum proteins from the
serum of a venomous snake (Gloydius
blomhoffii). Bioscience, Biotechnology,
and Biochemistry. 2014;78:410-419

[76] Shioi N, Nishijima A, Terada S.
Flavorase, a novel non-haemorrhagic
metalloproteinase in Protobothrops
flavoviridis venom, is a target molecule
of small serum protein-3. Journal of
Biochemistry. 2015;158:37-48

[77]Manjunatha KR. Excitement ahead:
Structure, function and mechanism of
snake venom phospholipase A2
enzymes. Toxicon. 2003;42:827-840

[78] Kinkawa K, Shirai R, Watanabe S,
et al. Up-regulation of the expressions of
phospholipase A2 inhibitors in the liver
of a venomous snake by its own venom
phospholipase A2. Biochemical and
Biophysical Research Communications.
2010;395:377-381

[79]Hains PG, Broady KW. Purification
and inhibitory profile of phospholipase

19

Snakebite Therapeutics Based on Endogenous Inhibitors from Vipers
DOI: http://dx.doi.org/10.5772/intechopen.90625



A2 inhibitors from Australian elapid
sera. The Biochemical Journal. 2000;
346(Pt 1):139-146

[80]Okumura K, Ohkura N, Inoue S,
et al. A novel phospholipase a 2 inhibitor
with leucine-RICH repeats from the
blood plasma of Agkistrodon blomhoffii
siniticus: Sequence homologies with
human leucine-rich α2-glycoprotein.
The Journal of Biological Chemistry.
1998;273:19469-19475

[81]Ohkura N, Okuhara H, Inoue S,
et al. Purification and characterization
of three distinct types of phospholipase
A2 inhibitors from the blood plasma of
the Chinese mamushi, Agkistrodon
blomhoffii siniticus. The Biochemical
Journal. 1997;325:527-531

[82]Okumura K, Inoue S, Ikeda K, et al.
Identification of β-type phospholipase
A2 inhibitor in a nonvenomous snake,
Elaphe quadrivirgata. Archives of
Biochemistry and Biophysics. 2002;408:
124-130

[83] Shirai R, Toriba M, Hayashi K, et al.
Identification and characterization of
phospholipase A2 inhibitors from the
serum of the Japanese rat snake, Elaphe
climacophora. Toxicon. 2009;53:685-692

[84] Lima RM, Estevão-Costa MI,
Junqueira-de-Azevedo ILM, et al.
Phospholipase A2 inhibitors (βPLIs) are
encoded in the venom glands of Lachesis
muta (Crotalinae, Viperidae) snakes.
Toxicon. 2011;57:172-175

[85]Ohkura N, Inoue S, Ikeda K, et al.
The two subunits of a phospholipase A2
inhibitor from the plasma of Thailand
cobra having structural similarity to
Urokinase-type plasminogen activator
receptor and Ly-6 related proteins.
Biochemical and Biophysical
Research Communications. 1994;204:
1212-1218

[86]Omori-Satoh T, Sadahiro S,
Ohsaka A, et al. Purification and

characterization of an antihemorrhagic
factor in the serum of Trimeresurus
flavoviridis, a crotalid. Biochimica et
Biophysica Acta (BBA)—Protein
Structure. 1972;285:414-426

[87] Yamakawa Y, Omori-Satoh T.
Primary structure of the
Antihemorrhagic factor in serum of the
Japanese Habu: A snake venom
metalloproteinase inhibitor with a
double-headed cystatin domain. The
Journal of Biochemistry. 1992;112:
583-589

[88] Valente RH, Dragulev B, Perales J,
et al. BJ46a, a snake venom
metalloproteinase inhibitor: Isolation,
characterization, cloning and insights
into its mechanism of action. European
Journal of Biochemistry. 2001;268:
3042-3052

[89] Aoki N, Tsutsumi K, Deshimaru M,
et al. Properties and cDNA cloning of
antihemorrhagic factors in sera of
Chinese and Japanese mamushi
(Gloydius blomhoffi). Toxicon. 2008;51:
251-261

[90]Deshimaru M, Tanaka C, Fujino K,
et al. Properties and cDNA cloning of an
antihemorrhagic factor (HSF) purified
from the serum of Trimeresurus
flavoviridis. Toxicon. 2005;46:937-945

[91] Aoki N, Deshimaru M, Terada S.
Active fragments of the
antihemorrhagic protein HSF from
serum of habu (Trimeresurus
flavoviridis). Toxicon. 2007;49:653-662

[92] Aoki N, Deshimaru M, Kihara K,
et al. Snake fetuin: Isolation and
structural analysis of new fetuin family
proteins from the sera of venomous
snakes. Toxicon. 2009;54:481-490

[93] Palacio TZ, Santos-Filho NA,
Rosa JC, et al. Isolation and
characterization of a novel
metalloprotease inhibitor from Bothrops
alternatus snake serum. International

20

Medical Toxicology



Journal of Biological Macromolecules.
2017;98:436-446

[94] Aoki N, Matsuo H, Deshimaru M,
et al. Accelerated evolution of small
serum proteins (SSPs)—The PSP94
family proteins in a Japanese viper.
Gene. 2008;426:7-14

[95]Aoki N, Sakiyama A, Kuroki K, et al.
Serotriflin, a CRISP family protein with
binding affinity for small serum
protein-2 in snake serum. Biochimica et
Biophysica Acta (BBA)—Proteins and
Proteomics. 2008;1784:621-628

[96] Shioi N, Tadokoro T, Shioi S, et al.
Crystal structure of the complex
between venom toxin and serum
inhibitor from Viperidae snake. The
Journal of Biological Chemistry. 2019;
294:1250-1256

[97] Tanaka Y, Oyama S, Hori S, et al.
Accelerated evolution of Fetuin family
proteins in Protobothrops flavoviridis
(Habu Snake) serum and the discovery of
anL1-like genomic element in the Intronic
sequence of a Fetuin-encoding gene.
Bioscience, Biotechnology, and
Biochemistry. 2013;77:582-590

[98] Borkow G, Gutierrez JM, Ovadia M.
Isolation, characterization and
mode of neutralization of a potent
antihemorrhagic factor from the serum
of the snake Bothrops asper. Biochimica
et Biophysica Acta (BBA)—General
Subjects. 1995;1245:232-238

[99]Weinstein SA, Lafaye PJ, Smith LA.
Observations on a venom neutralizing
fraction isolated from serum of the
northern copperhead. Agkistrodon
contortrix mokasen. Copeia. 1991;1991:
777

[100]Weissenberg S, Ovadia M,
Kochva E. Inhibition of the proteolytic
activity of hemorrhagin-e from Crotalus
atrox venom by antihemorrhagins from
homologous serum. Toxicon. 1992;30:
591-597

[101]Ovadia M. Purification and
characterization of an antihemorrhagic
factor from the serum of the snake
Vipera palaestinae. Toxicon. 1978;16:
661-672

[102]Huang K-F, Chow L-P, Chiou S-H.
Isolation and characterization of a novel
proteinase inhibitor from the Snake
serum of Taiwan Habu (Trimeresurus
mucrosquamatus). Biochemical and
Biophysical Research Communications.
1999;263:610-616

[103]Domont GB, Perales J,
Moussatché H. Natural anti-snake
venom proteins. Toxicon. 1991;29:
1183-1194

[104] Borkow G, Gutierrez JM,
Ovadia M. A potent antihemorrhagin in
the serum of the non-poisonous water
snake Natrix tessellata: Isolation,
characterization and mechanism of
neutralization. Biochimica et Biophysica
Acta (BBA)—General Subjects. 1994;
1201:482-490

[105]Goetz SM, Piccolomini S,
Hoffman M, et al. Serum-based
inhibition of pit viper venom by eastern
indigo snakes (Drymarchon couperi).
Biology Open. 2019;8:bio040964

[106] Tomihara Y, Yonaha K, Nozaki M,
et al. Purification of an antihemorrhagic
factor from the serum of the non-
venomous snake Dinodon semicarinatus.
Toxicon. 1988;26:420-423

[107] Chijiwa T, Inamaru K, Takeuchi A,
et al. Unique structure (construction
and configuration) and evolution of the
array of small serum protein genes of
Protobothrops flavoviridis snake.
Bioscience Reports. 2019;39:
BSR20190560

[108] Shi Y, Ji M-K, Xu J-W, et al. High-
level expression, purification,
characterization and structural
prediction of a snake venom

21

Snakebite Therapeutics Based on Endogenous Inhibitors from Vipers
DOI: http://dx.doi.org/10.5772/intechopen.90625



metalloproteinase inhibitor in Pichia
pastoris. The Protein Journal. 2012;31:
212-221

[109] Gutiérrez JM, Calvete JJ,
Habib AG, et al. Snakebite envenoming.
Nature Reviews. Disease Primers. 2017;
3:17063

22

Medical Toxicology


