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Abstract: The World Health Organization (WHO) recently added snakebite envenoming to the 
priority list of Neglected Tropical Diseases (NTD). It is thought that ~75% of mortality following 
snakebite occurs outside the hospital setting, making the temporal gap between a bite and 
antivenom administration a major therapeutic challenge. Small molecule therapeutics (SMTs) have 
been proposed as potential pre-referral treatments for snakebite to help address this gap. Herein, 
we discuss the characteristics, potential uses and development of SMTs as potential treatments for 
snakebite envenomation. We focus on SMTs that are secretory phospholipase A2 (sPLA2) 
inhibitors and metalloprotease (MP) inhibitors.  
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1. Introduction 

Snakebite envenomation is a neglected tropical disease that causes more than 100,000 deaths 
every year [1]. Of the snakebites that are ultimately fatal, it is estimated that more than 75% occur 
before victims can reach the hospital for antivenom treatment [2–4]. There is an urgent need for novel 
interventions to address the therapeutic and temporal gap between a bite and hospital-level care. 
Small molecule therapeutics (SMTs) have been proposed for initiating the treatment of snakebite in 
the pre-hospital environment and as adjuncts to antivenom therapy [5,6]. 

2. Small Molecule Therapeutics 

SMTs represent a potentially useful adjunctive therapy to antivenoms, the current mainstay of 
care for symptomatic snakebite. Most SMTs are naturally occurring (e.g., alkaloid) or synthetic 
molecules that are usually intended to act on specific targets. SMTs could be used in multiple ways 
to decrease morbidity and mortality caused by snake envenomation (Figure 1). Ideally, an SMT 
could be given orally in the pre-referral setting to diminish or slow down the effects of 
envenomation. An SMT could also be used in an in-patient setting, either orally or intravenously, as 
an adjunct to antivenom and to increase the breadth of treatment efficacy. These uses could 
potentially reduce the required dosage of antivenom, and improve treatment costs by improving 
the performance of imperfectly matched antivenoms. Finally, an SMT could be administered 
post-hospitalization to reduce the chances of rebound effects from venom components not 
effectively or durably covered by antivenom.  
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Figure 1. Potential uses of an SMT, via PO (Oral) or IV (Intravenous). 

The search for non-serotherapy antidotes to snakebite is not new. Traditional healers have long 
used poultices and teas derived from plants to attempt treatment. Plants and fungi remain the basis 
for most active pharmaceutical ingredients used in modern medicine today [7]. The spectrum of 
small molecule inhibitor compounds for the treatment of snakebite has been reviewed by Carvalho, 
Soares, Lohse, Laustsen, Bastos and others [5,8–11]. As a field, only a small number of individuals 
and groups have directly addressed the question of developing small molecules for the treatment of 
snakebite and it remains largely unexplored [6,12–15]. No SMT for snakebite treatment has ever 
been approved for use in humans or animals; however, a clinical trial with cepharanthine, a small 
molecule, was recently conducted for the treatment of a Mamushi bite [16]. The potential benefits of 
using SMTs as an adjunctive therapy deserve further study. 

SMTs have many characteristics that make them potentially useful as an adjunctive therapy for 
snakebite treatment. If proven effective, SMTs might address some limitations of antivenom and 
vice-versa (Figure 2). By their nature, SMTs are at low risk for allergenicity or anaphylactic shock as 
compared to most serum-based therapies [17]. In addition, many venoms have in common active 
toxic components that could be targeted by SMTs, including the secreted phospholipase A2 
(sPLA2), metallo- and serine-proteases (svMPs and SPs, respectively), and the non-enzymatic 
three-finger toxins (3-FTX). If the inhibitory targets are common among snake species, SMTs could 
potentially have “venom agnostic” effects. This would potentially decrease the importance of snake 
identification and would increase the usefulness of SMTs as first-line therapeutics. Venom agnostic 
SMTs could be used in a broad range of geographical areas and potentially eliminate the need of an 
expert to confirm snake species prior to initializing treatment, though newly developed rapid 
diagnostics could rapidly refine the specificity of treatment and improve the clarity and powering 
of clinical studies where more than one type of venomous snake is prevalent [18,19]. Finally, in 
theory, multiple SMTs developed against various venom proteins could be combined to inhibit 
wider varieties of toxins present across snake species. 

 
Figure 2. Advantages and limitations of antivenom and SMTs. If proven effective, an SMT might 
address some limitations of antivenom and vice-versa. (COGS = Cost of Goods). 
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For SMTs to be potentially useful as an adjunctive therapy for snakebite, they should be heat 
stable and easily administered, allowing point-of-care treatments in the field. Also, the 
manufacturing cost-of-goods (COGS) of SMT should be comparatively low. Consideration of 
repositioned (repurposed) compounds with a history of use in humans, a strategy discussed in 
detail below, could further decrease costs of development [6,20]. Also, venom distributes outside 
the blood, with an average volume of distribution in animals of 0.054-0.070 L/Kg, where antivenom 
cannot distribute [21]. Given their small molecular weight and charge, SMTs will generally have 
much higher volumes of distribution and tissue penetration than antivenom, allowing them to 
distribute within vulnerable tissues [21–25].  

WHO has provided a detailed pre-clinical assessment for antivenom development for 
snakebite treatment and has recently been reviewed in detail by Gutierrez et al. [26,27]. However, 
none exists for SMT development for snakebite. Based on the WHO guidelines, previous studies on 
antivenom development, and our experience in the development of SMTs, the preclinical 
assessment of SMTs for snakebite treatment can be envisioned (Table 1).  

Table 1. Assessment of desirable pre-clinical characteristics of an SMT. 

Safe 
 Minimize off-target toxicity [28] 
 Without adverse interactions with antivenom 
 Broad therapeutic index 

Efficacy (in vitro) 

 Nano- or sub-nanomolar in vitro potency (IC50) 
for scalability [28–30] 

 Determination of affinity, minimum active 
concentrations, physical characteristics, 
stability, mechanisms of action, dose-response, 
and drug effects [6,26,27,29–39] 

Efficacy (in vivo) 

 Tested with both: 
o Minimum acceptable: Pre-mixing of 

venom and antidote prior to injection 
(ED50 determination) [27] 

o Ideal: Venom administration prior to 
administration of antidote [6,26,40] 

Broad Spectrum 
 Depending on target selection (ubiquity and 

medical importance of inhibitory target among 
snake species) [41,42] 

Heat Stable 
 Real-time stability studies up to 30 °C (±2 °C) 

and relative humidity of 75% (±5%) (WHO 
“Climatic Zone IVb”) [43] 

Ease of Administration  Oral solution, rectal or nasal formulations 
 Auto-Injectable [34] 

Bioavailability  For oral formulations, adequate bioavailability 
in fed state  

Half-life 
 For field antidotes, half-life of at least 5 to 7 

hours [44–46] 
 Consideration of re-dosing strategies 

 

3. Pathway for Development of an SMT 

3.1. Venom Target Selection 

As put by Laustsen, snake venom is likely to be the “most complex pharmaceutical target” 
known, composed of a multitude of toxin components and complex biochemical interactions [42]. 
Thus, SMT targets for inhibition should be, ideally, abundant across as many of the medically 
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important snake species as possible. For understanding venom properties and targeting, proteomic 
analysis of snake venom has been crucial to reveal species variation in venom composition and 
toxicity [41,47,48]. Proteomic analysis has revealed a wide array of active toxic ingredients from at 
least 26 protein families, but the most common medically relevant components are found within 
four families in varying proportions [49–51]. These proteins are the phospholipase A2 (PLA2s), 
snake venom metallo- and serine-proteases (svMPs and SPs, respectively), and the non-enzymatic 
three-finger toxins (3-FTX) [41,50–52]. Not all snake venoms, however, have unique toxins that are in 
this group of four, including mambas with dendrotoxins and some rattlesnakes with low molecular 
mass cationic myotoxins [53–55]. Continued research into the proteomic and toxicovenomic 
characterization of the most medically relevant venoms are crucial in order to have a more 
comprehensive understanding of drug and antivenom targeting in these species, as well as to 
understand the nature of therapeutic failures when they occur. The use of tools, such as the newly 
developed Toxicity Score, which combines the medical importance and the relative abundance of a 
specific toxin, can aid the identification of a target [41,42]. 

Herein, we focus on sPLA2 as a candidate for inhibition by SMTs because of its ubiquity and 
clinically significant effects [26,51]. Snake venom sPLA2s play roles in early- and late-onset 
symptomology, as well as synergistic and regulatory roles for other co-existing snake venom 
components [56–63]. sPLA2s are also some of the most pharmacologically active, multi-effect 
(neuro- myo- cyto- hemotoxic) venom components (Table 2) [56–63].  

Table 2. Generic Pathogenesis of Major Toxins in Snake Venom. 

Family PLA2 svMP SP 3-FTX 
Neurotoxic Yes - - Yes 
Hemotoxic Yes Yes Yes - 
Myotoxic Yes Yes - - 
Cytotoxic Yes Yes - Yes 

 
While sPLA2 inhibition might prove sufficient as a “bridge-to-survival” for many types of 

venoms when administered in a pre-referral setting and, at times, be sufficient for treatment, future 
SMTs might be mixtures of other SMT (Figure 3a). Some targets could also be inhibited indirectly by 
SMTs, such as three-finger toxins, whose effects might sometimes be mitigated by 
acetylcholinesterase inhibitors, though the use of these inhibitors remains controversial despite 
decades of use for this purpose [52,61,64–66]. In addition, SMTs might be used to slow the spread of 
venom by paralyzing lymphatic smooth muscles (e.g., with lignocaine) [67]. SMTs could also be 
paired with antibodies or other biologicals to increase the range of efficacy or extend their 
paraspecificity (Figure 3b).  

 

 
(a) (b) 

Figure 3. Hypothetical pipeline of SMTs for snakebite treatment. (a) Targeted inhibition of major 
snake venom enzymatic toxins through a combination of multiple inhibitory small molecules. (b) In 
combination with biologicals or others as adjuncts to antivenom for hospital administration (e.g., for 
targeting non-enzymatic toxins, such as 3-FTX). 
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3.2. Strategies for Discovery of Lead Compounds 

There is a variety of strategies to discover new SMTs as listed in Figure 5. Some strategies 
involve the screening of entire compound libraries against the selected target, such as High 
Throughput Screening (HTS) (Figure 3). HTS requires no previous knowledge of potentially 
successful chemotypes. Compounds that show a pre-determined percentage of inhibition, for 
example more than 50% inhibition at 10M, are advanced to the Confirmation of Hits stage. 
Confirmation of Hits would test the screened compounds with a dose-response curve, utilizing 
multiple concentrations, to determine the IC50 (half-maximal Inhibitory Concentration) and, 
therefore, the effectiveness of the compound at inhibiting the active components of snake venom. 
Other methods, such as focused screening, are less time consuming but require more knowledge. 
Focused screening involves screening a small amount of existing developed drugs for potential 
repurposing for snakebite. The strategy chosen to discover a lead snakebite SMT depends on the 
resources and knowledge available to the investigator. 

 

 
Figure 4. Hit to Lead: a variety of strategies to discover new SMTs and an example of processes and 
targets for High Throughput Screening (HTS) of candidate snake venom SMTs. There are many 
potential targets in addition to sPLA2, and svMP and SP. 3-FTX lack enzymatic activity and present 
a challenging target for an SMT. Different assay methods are used for each type of enzymatic 
activity so screens would be run separately even if compound libraries were the same.  

3.3. Repurposing as a Strategy for Discovery and Development 

To achieve a lower-cost SMT product that can be commercialized and priced sustainably, its 
development costs need to be lowered. The development of a new drug from lead discovery to 
launch can take many years and cost more than one billion USD [28]. Repurposing, a strategy for 
accelerated drug development by reviving or expanding indications of existing drugs, might be 
beneficial to the development of a potential SMT for snakebite. Repurposing, or repositioning, is a 
powerful way to reduce the cost of drug development, particularly for NTDs that do not offer 
sufficiently alluring markets to larger pharmaceutical companies, such as snakebite [20,68]. 
Repurposing compounds already in development can accelerate entry to clinical trials and result in 
significant savings. Repurposing can also revive the potential of drugs that never reached 
commercialization, or expand the purpose of existing drugs by applying them to new indications 
[69]. Examples of successfully repurposed drugs include Thalomid (Thalidomide) for side effects of 
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leprosy and Viagra (Sildenafil) for pulmonary hypertension [20,69]. In 1972, Banerjee et al. presented 
an early example of repurposing an SMT for snakebite when neostigmine was used to treat the 
paralytic effects of an elapid bite [52]. Multiple groups have since investigated the use of this class of 
acetylcholinesterase inhibitors in the clinical setting with variable results [52,61,65,66]. Development 
of a hypothetical SMT using a repurposing pathway are shown in Figure 4. 

 
Figure 5. Scheme of a potential SMT development pathway. “Sections” correspond to paragraphs 
that follow. The repurposing pathway accelerates development and lowers costs by starting at a 
more advanced stage of development than a new chemical entity  

Drug repurposing does not generally require further optimization or structural modification of 
an FDA-approved drug or lead compound, though formulations may require extra characterization 
and testing if altered from the original studies in order to establish equivalency [20]. Therefore, data 
from efficacy, safety, pharmacokinetics/dynamics studies and others conducted for the initial 
indication of the compound can be re-used for the new indication if the originators donate, license, 
or sell access to their data [31]. In regards to safety, Klug et al. note that “the most common side 
effects of the repurposed drugs are minor in comparison to those of many existing NTD 
therapeutics” [20]. Repurposing can be a cost-effective, lower-risk strategy to rapidly develop new 
SMTs for snakebite treatment. 

4. Repurposed Drugs and Model SMT Candidates for Enyzmatic Inhibition of Snake Venom  

We recently identified a previously studied sPLA2 inhibitor, varespladib (syn LY315920, S-920) 
and its orally bioavailable prodrug, methyl-varespladib (syn LY333013, A-002) as a candidate 
treatment for snake envenomation [6]. Varespladib appears to be a potent sPLA2 inhibitor against a 
broad spectrum of snake venom sPLA2s. As mentioned above, the ubiquity and clinically 
significant effects of snake venom sPLA2s across venom types make it a plausible candidate for 
inhibition by an SMT with potential for broad spectrum of efficacy. Figure 6 shows the structures of 
the sPLA2 inhibitor, varespladib and the anti-svMP peptidomimetic SMTs, prinomastat and 
marimastat [12,13,34]. 
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Figure 6. Structure of: varespladib (top left), its orally bioavailable pro-drug, methyl-varespladib (top 
right), prinomastat (bottom left) and marimatsat (bottom right). Marimastat and prinomastat are 
both orally bioavailable and could be combined (mixed or co-packaged) for more extensive coverage 
as field antidotes [1,34]  

In vitro, varespladib was observed to be a surprisingly potent inhibitor of snake venom 
sPLA2s. The observed consistent potency (nano- and sub-nanomolar range) against a range of 
sPLA2s from more than 25 medically important snakes from six continents suggests that these 
could be scaled for human use at reasonable dose volumes and dosage forms [6]. Varespladib, for 
the indication snakebite, is an example of a potentially repurposed compound. In recent decades, 
several large pharmaceutical industry endeavors focused on sPLA2 inhibition for potential 
anti-inflammatory and cardiovascular drugs, but to date, none came to market [70,71]. sPLA2 
enzymes are present throughout the animal kingdom and are involved in multiple key processes, 
such as synaptic transmission and inflammation. PLA2s are implicated as having roles in various 
important diseases such as sepsis, cardiovascular disease, neurological disease, rheumatological 
disease, and cancer [72]. In attempts to treat these diseases, several companies devoted extensive 
resources to developing sPLA2 inhibitors as targets for drug development. These inhibitors could 
be considered for repurposing as SMTs for snakebite treatment. Similarly, MP inhibitors that have 
previously been developed for cancer treatment such as batimastat, marimastat, and prinomostat 
could also be considered [11,12,34,51]. Varespladib is a sPLA2 inhibitor originally developed by 
Shionogi, Lilly for treatment of pancreatitis and sepsis, and later, licensed to Anthera, for treatment 
of acute chest syndrome and heart disease [74,75]. This makes it an inviting candidate for 
repurposing because of the known safety profile and, thus, potentially reduced development costs 
[6,76,77].  

In vivo, rescue studies using lethal doses of coral snake (M. fulvius) and common adder (V. 
berus) venom were performed on mice to whom venom was administered subcutaneously followed 
by intravenous varespladib in the lateral tail vein, and all survived for at least 24 h, while those 
receiving only venom died in a matter of minutes or hours. Similarly, mice subjected to 
intraperitoneal administration of venoms were rescued by intravenous, intramuscular and per-oral 
routes of drug administration against venoms from snakes such as D. russelli, E. carinatus sochureki, 
O. scutellatus, C. scutulatus, and C. durissus terrificus (unpublished data). In addition, recent results 
by Wang et al. (2018) showed the inhibitory effect of varespladib treatment on D. acutus, A. halys, N. 
atra and B. multicinctus in vitro and in vivo [78]. The results of these experiments have led to several 
new questions, including the exact mechanism by which survival is enhanced by these 
experimental drugs.  

varespladib methyl-varespladib

prinomastat marimastat

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 8 of 14 

 

For a repurposed compound, attention should be given to the safety signals seen in prior trials. 
Consideration of the difference in use of an SMT between previous indication and snakebite might 
mitigate safety risks: for example, an SMT for snakebite would be used acutely, with one or few 
doses, rather than chronically. In terms of efficacy, the risk that inhibition of one toxin (e.g. sPLA2, 
svMP or 3FTX) might not be sufficient and can be mitigated by addressing additional targets, and 
having backup molecules potentially more suitable for different geographic regions [34]. Lastly, 
means for commercialization should be evaluated early on to determine real world feasibility of 
implementing an SMT.   

5. Conclusions 

SMTs constitute a potentially useful class of compounds meeting criteria for development as 
initial field treatment for snakebite and as adjuncts to antivenom with heretofore unrealized 
potential. 

The development of an SMT commences with selecting an inhibitory target and determination 
of the breadth of efficacy across snake species. The breadth of effect helps determine the 
applicability to specific geographical regions and snake types. Aiding the discovery step is the 
availability of SMTs already developed by the pharmaceutical industry for other indications, which, 
if repurposed, could substantially lower development costs and increase the potential for 
accelerated approvals. Preclinical studies to evaluate the safety and efficacy of the SMT follow 
similar assays used in antivenom testing, but other assays to test heat stability, ease of 
administration, and bioavailability are likely to be additionally performed. Overall, the 
development of varespladib, can be used as an example for pathways of SMT development. A 
careful, systematic, and multidisciplinary approach will be required to determine the most 
appropriate next steps in the development and deployment of new therapeutic classes for the initial 
treatment and overall management of snakebite. 

Acknowledgments: No external funding. XXX acknowledges the helpful comments and patience of XXX. XXX 
acknowledges XXXX and XXX & XXX.  

Author Contributions: XXX and XXX contributed equally to the production of this manuscript.  

Conflicts of Interest: XXX is associated with intellectual property related to the commercial development of 
XXXX. XXX has no conflicts of interest. 

References 

1.  Gutiérrez, J. M.; Calvete, J. J.; Habib, A. G.; Harrison, R. A.; Williams, D. J.; Warrell, D. A. Snakebite 

envenoming. Nat. Rev. Dis. Prim. 2017, 3, 17063, doi:10.1038/nrdp.2017.63. 

2.  Chippaux, J. P. Snake-bites: appraisal of the global situation. Bull. World Health Organ. 1998, 76, 515–24. 

3.  Sharma, S. K.; Chappuis, F. F.; Jha, N.; Bovier, P. A.; Loutan, L.; Koirala, S. Impact of snake bites and 

determinants of fatal outcomes in Southeastern Nepal. Am. J. Trop. Med. Hyg. 2004, 71, 234–238. 

4.  Vaiyapuri, S.; Vaiyapuri, R.; Ashokan, R.; Ramasamy, K.; Nattamaisundar, K.; Jeyaraj, A.; Chandran, V.; 

Gajjeraman, P. Snakebite and Its Socio-Economic Impact on the Rural Population of Tamil Nadu, India. 

PLoS One 2013, 8, e80090, doi:10.1371/journal.pone.0080090. 

5.  Laustsen, A. H.; Engmark, M.; Milbo, C.; Johannesen, J.; Lomonte, B.; Gutiérrez, M.; Lohse, B.; Biology, 

S.; Picado, C.; Microbiología, F. De; Rica, U. D. C.; José, S.; Rica, C. From Fangs to Pharmacology: The 

Future of Snakebite Envenoming Therapy. Curr. Pharm. Des. 2016, 22, 5270–5293, 

doi:10.2174/1381612822666160623073438. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 9 of 14 

 

6.  Lewin, M.; Samuel, S.; Merkel, J.; Bickler, P. Varespladib (LY315920) Appears to Be a Potent, 

Broad-Spectrum, Inhibitor of Snake Venom Phospholipase A2 and a Possible Pre-Referral Treatment for 

Envenomation. Toxins (Basel). 2016, 8, doi:10.3390/toxins8090248. 

7.  Samy, R. P.; Gopalakrishnakone, P.; Chow, V. T. Therapeutic application of natural inhibitors against 

snake venom phospholipase A2. Bioinformation 2012, 8, 48–57, doi:10.6026/97320630008048. 

8.  Bastos, V. A.; Gomes-Neto, F.; Perales, J.; Neves-Ferreira, A. G. C.; Valente, R. H. Natural Inhibitors of 

Snake Venom Metalloendopeptidases: History and Current Challenges. Toxins (Basel). 2016, 8, 250, 

doi:10.3390/toxins8090250. 

9.  Soares, A. M.; Ticli, F. K.; Marcussi, S.; Lourenço, M. V; Januário, A. H.; Sampaio, S. V; Giglio, J. R.; 

Lomonte, B.; Pereira, P. S. Medicinal plants with inhibitory properties against snake venoms. Curr. Med. 

Chem. 2005, 12, 2625–41. 

10.  Carvalho, B. M. A.; Santos, J. D. L.; Xavier, B. M.; Almeida, J. R.; Resende, L. M.; Martins, W.; Marcussi, 

S.; Marangoni, S.; Stábeli, R. G.; Calderon, L. A.; Soares, A. M.; Da Silva, S. L.; Marchi-Salvador, D. P. 

Snake venom PLA2s inhibitors isolated from Brazilian plants: synthetic and natural molecules. Biomed 

Res. Int. 2013, 2013, 153045, doi:10.1155/2013/153045. 

11.  Xiao, H.; Pan, H.; Liao, K.; Yang, M.; Huang, C. Snake Venom PLA2, a Promising Target for 

Broad-Spectrum Antivenom Drug Development. Biomed Res. Int. 2017, 2017, 6592820, 

doi:10.1155/2017/6592820. 

12.  Howes, J.-M.; Theakston, R. D. G.; Laing, G. D. Neutralization of the haemorrhagic activities of viperine 

snake venoms and venom metalloproteinases using synthetic peptide inhibitors and chelators. Toxicon 

2007, 49, 734–9, doi:10.1016/j.toxicon.2006.11.020. 

13.  Escalante, T.; Franceschi, A.; Rucavado, A.; Gutiérrez, J. M. Effectiveness of batimastat, a synthetic 

inhibitor of matrix metalloproteinases, in neutralizing local tissue damage induced by BaP1, a 

hemorrhagic metalloproteinase from the venom of the snake bothrops asper. Biochem. Pharmacol. 2000, 

60, 269–74. 

14.  Angulo, Y.; Lomonte, B. Inhibitory effect of fucoidan on the activities of crotaline snake venom 

myotoxic phospholipases A(2). Biochem. Pharmacol. 2003, 66, 1993–2000. 

15.  Murakami, M. T.; Arruda, E. Z.; Melo, P. A.; Martinez, A. B.; Calil-Eliás, S.; Tomaz, M. A.; Lomonte, B.; 

Gutiérrez, J. M.; Arni, R. K. Inhibition of myotoxic activity of Bothrops asper myotoxin II by the 

anti-trypanosomal drug suramin. J. Mol. Biol. 2005, 350, 416–26, doi:10.1016/j.jmb.2005.04.072. 

16.  Hifumi, T.; Yamamoto, A.; Morokuma, K.; Okada, I.; Kiriu, N.; Ogasawara, T.; Hasegawa, E.; Kato, H.; 

Inoue, J.; Koido, Y.; Takahashi, M. Clinical Efficacy of Antivenom and Cepharanthine for the Treatment 

of Mamushi (Gloydius blomhoffii) Bites in Tertiary Care Centers in Japan. Jpn. J. Infect. Dis. 2013, 66, 26–

31, doi:10.7883/yoken.66.26. 

17.  de Silva, H. A.; Ryan, N. M.; de Silva, H. J. Adverse reactions to snake antivenom, and their prevention 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 10 of 14 

 

and treatment. Br. J. Clin. Pharmacol. 2016, 81, 446–52, doi:10.1111/bcp.12739. 

18.  Sharma, S. K.; Kuch, U.; Höde, P.; Bruhse, L.; Pandey, D. P.; Ghimire, A.; Chappuis, F.; Alirol, E. Use of 

Molecular Diagnostic Tools for the Identification of Species Responsible for Snakebite in Nepal: A Pilot 

Study. PLoS Negl. Trop. Dis. 2016, 10, e0004620, doi:10.1371/journal.pntd.0004620. 

19.  Hung, D. Z.; Lin, J. H.; Mo, J. F.; Huang, C. F.; Liau, M. Y. Rapid diagnosis of Naja atra snakebites. Clin. 

Toxicol. 2014, 52, 187–191, doi:10.3109/15563650.2014.887725. 

20.  Klug, D. M.; Gelb, M. H.; Pollastri, M. P. Repurposing strategies for tropical disease drug discovery. 

Bioorg. Med. Chem. Lett. 2016, 26, 2569–76, doi:10.1016/j.bmcl.2016.03.103. 

21.  Sanhajariya, S.; Duffull, S. B.; Isbister, G. K. Pharmacokinetics of Snake Venom. Toxins (Basel). 2018, 10, 

doi:10.3390/toxins10020073. 

22.  Bayer Pharmaceuticals | Bayer - Small and large molecules Available online: 

http://pharma.bayer.com/en/innovation-partnering/technologies-and-trends/small-and-large-mole

cules/ (accessed on Apr 3, 2017). 

23.  Borges, R. J.; Lemke, N.; Fontes, M. R. M. PLA2-like proteins myotoxic mechanism: a dynamic model 

description. Sci. Rep. 2017, 7, 15514, doi:10.1038/s41598-017-15614-z. 

24.  Bazin-Redureau, M.; Pepin, S.; Hong, G.; Debray, M.; Scherrmann, J. M. Interspecies Scaling of 

Clearance and Volume of Distribution for Horse Antivenom F(ab′)2. Toxicol. Appl. Pharmacol. 1998, 150, 

295–300, doi:10.1006/taap.1997.8363. 

25.  Smith, D. A.; Beaumont, K.; Maurer, T. S.; Di, L. Volume of Distribution in Drug Design. J. Med. Chem. 

2015, 58, 5691–5698, doi:10.1021/acs.jmedchem.5b00201. 

26.  Gutiérrez, J. M.; Solano, G.; Pla, D.; Herrera, M.; Segura, Á.; Vargas, M.; Villalta, M.; Sánchez, A.; Sanz, 

L.; Lomonte, B.; León, G.; Calvete, J. J. Preclinical Evaluation of the Efficacy of Antivenoms for 

Snakebite Envenoming: State-of-the-Art and Challenges Ahead. Toxins (Basel). 2017, 9, 

doi:10.3390/toxins9050163. 

27.  WHO WHO Guidelines for the Production, Control and Regulation of Snake Antivenom Immunoglobulins; 

Geneva, Switzerland, 2010; 

28.  Hughes, J. P.; Rees, S.; Kalindjian, S. B.; Philpott, K. L. Principles of early drug discovery. Br. J. 

Pharmacol. 2011, 162, 1239–49, doi:10.1111/j.1476-5381.2010.01127.x. 

29.  Price, J. A. Microplate fluorescence protease assays test the inhibition of select North American snake 

venoms’ activities with an anti-proteinase library. Toxicon 2015, 103, 145–54, 

doi:10.1016/j.toxicon.2015.06.020. 

30.  Price, J. A. A colorimetric assay for measuring phospholipase A2 degradation of phosphatidylcholine at 

physiological pH. J. Biochem. Biophys. Methods 2007, 70, 441–444, doi:10.1016/j.jbbm.2006.10.008. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 11 of 14 

 

31.  Evens, R. P. Drug and biological development : from molecule to product and beyond  ; Springer: New York, 

NY, USA, 2007; ISBN 9780387690940. 

32.  Wang, W.-J.; Shih, C.-H.; Huang, T.-F. A novel P-I class metalloproteinase with broad 

substrate-cleaving activity, agkislysin, from Agkistrodon acutus venom. Biochem. Biophys. Res. Commun. 

2004, 324, 224–30, doi:10.1016/j.bbrc.2004.09.031. 

33.  Gutiérrez, J. M.; Sanz, L.; Escolano, J.; Fernández, J.; Lomonte, B.; Angulo, Y.; Rucavado, A.; Warrell, D. 

A.; Calvete, J. J. Snake venomics of the Lesser Antillean pit vipers Bothrops caribbaeus and Bothrops 

lanceolatus: correlation with toxicological activities and immunoreactivity of a heterologous 

antivenom. J. Proteome Res. 2008, 7, 4396–408, doi:10.1021/pr8003826. 

34.  Arias, A. S.; Rucavado, A.; Guti?rrez, J. M. Peptidomimetic hydroxamate metalloproteinase inhibitors 

abrogate local and systemic toxicity induced by Echis ocellatus (saw-scaled) snake venom. Toxicon 2017, 

132, 40–49, doi:10.1016/j.toxicon.2017.04.001. 

35.  Maduwage, K.; Silva, A.; O’Leary, M. A.; Hodgson, W. C.; Isbister, G. K.; O’Leary, M. A.; Hodgson, W. 

C.; Isbister, G. K. Efficacy of Indian polyvalent snake antivenoms against Sri Lankan snake venoms: 

lethality studies or clinically focussed in vitro studies. Sci. Rep. 2016, 6, 26778, doi:10.1038/srep26778. 

36.  Warrell, D. A.; Gutiérrez, J. M.; Calvete, J. J.; Williams, D. New approaches &amp; technologies of 

venomics to meet the challenge of human envenoming by snakebites in India. Indian J. Med. Res. 2013, 

138, 38–59. 

37.  Theakston, R. D.; Reid, H. A. Development of simple standard assay procedures for the characterization 

of snake venom. Bull. World Health Organ. 1983, 61, 949–56. 

38.  Gené, J. A.; Roy, A.; Rojas, G.; Gutiérrez, J. M.; Cerdas, L. Comparative study on coagulant, 

defibrinating, fibrinolytic and fibrinogenolytic activities of Costa Rican crotaline snake venoms and 

their neutralization by a polyvalent antivenom. Toxicon 1989, 27, 841–8. 

39.  Escalante, T.; Núñez, J.; Moura da Silva, A. M.; Rucavado, A.; Theakston, R. D. G.; Gutiérrez, J. M. 

Pulmonary hemorrhage induced by jararhagin, a metalloproteinase from Bothrops jararaca snake 

venom. Toxicol. Appl. Pharmacol. 2003, 193, 17–28. 

40.  Gutiérrez, J. M.; León, G.; Rojas, G.; Lomonte, B.; Rucavado, A.; Chaves, F. Neutralization of local tissue 

damage induced by Bothrops asper (terciopelo) snake venom. Toxicon 1998, 36, 1529–38. 

41.  Laustsen, A. H.; Lohse, B.; Lomonte, B.; Engmark, M.; Gutiérrez, J. M. Selecting key toxins for focused 

development of elapid snake antivenoms and inhibitors guided by a Toxicity Score. Toxicon 2015, 104, 

43–45. 

42.  Laustsen, A. H.; Laustsen, A. H. Toxin synergism in snake venoms. Toxin Rev. 2016, 35, 165–170, 

doi:10.1080/15569543.2016.1220397. 

43.  WHO Expert Committee on Specifications for Pharmaceutical Preparations WHO guidelines for 

stability testing of pharmaceutical products containing well established drug substances in 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 12 of 14 

 

conventional dosage forms Available online: 

http://apps.who.int/medicinedocs/en/d/Js5517e/12.1.html (accessed on Jun 30, 2017). 

44.  Ogunfowokan, O. Bite-to-hospital time and morbidity in victims of viper bite in a rural hospital in 

Nigeria. African J. Prim. Heal. Care Fam. Med. 2012, 4, doi:10.4102/phcfm.v4i1.371. 

45.  Sharma, N.; Chauhan, S.; Faruqi, S.; Bhat, P.; Varma, S. Snake envenomation in a north Indian hospital. 

Emerg. Med. J. 2005, 22, 118–20, doi:10.1136/emj.2003.008458. 

46.  Sarkhel, S.; Ghosh, R.; Mana, K.; Gantait, K. A hospital based epidemiological study of snakebite in 

Paschim Medinipur district, West Bengal, India. Toxicol. Reports 2017, 4, 415–419, 

doi:10.1016/J.TOXREP.2017.07.007. 

47.  Williams, D. J.; Gutiérrez, J.-M.; Calvete, J. J.; Wüster, W.; Ratanabanangkoon, K.; Paiva, O.; Brown, N. 

I.; Casewell, N. R.; Harrison, R. A.; Rowley, P. D.; O’Shea, M.; Jensen, S. D.; Winkel, K. D.; Warrell, D. A. 

Ending the drought: New strategies for improving the flow of affordable, effective antivenoms in Asia 

and Africa. J. Proteomics 2011, 74, 1735–1767, doi:10.1016/j.jprot.2011.05.027. 

48.  Calvete, J.; Lomonte, B. A bright future for integrative venomics. Toxicon 2015, 107, 159–162. 

49.  Relative Abundance Display | Tropical Pharmacology Lab Available online: 

https://tropicalpharmacology.com/venomics-display/relative-abundance-display/ (accessed on Dec 

4, 2017). 

50.  Casewell, N. R.; Wagstaff, S. C.; Wüster, W.; Cook, D. A. N.; Bolton, F. M. S.; King, S. I.; Pla, D.; Sanz, L.; 

Calvete, J. J.; Harrison, R. A. Medically important differences in snake venom composition are dictated 

by distinct postgenomic mechanisms. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 9205–10, 

doi:10.1073/pnas.1405484111. 

51.  Tasoulis, T.; Isbister, G. K. A Review and Database of Snake Venom Proteomes. Toxins (Basel). 2017, 9, 

doi:10.3390/toxins9090290. 

52.  Banerjee, R. N.; Sahni, A. L.; Chacko, K. A.; Vijay, K. Neostigmine in the treatment of Elapidae bites. J. 

Assoc. Physicians India 1972, 20, 503–9. 

53.  Laustsen, A. H.; Lomonte, B.; Lohse, B.; Fernández, J.; Gutiérrez, J. M. Unveiling the nature of black 

mamba (Dendroaspis polylepis) venom through venomics and antivenom immunoprofiling: 

Identification of key toxin targets for antivenom development. J. Proteomics 2015, 119, 126–142, 

doi:10.1016/j.jprot.2015.02.002. 

54.  Ownby, C. L.; Aird, S. D.; Kaiser, I. I. Physiological and immunological properties of small myotoxins 

from the venom of the midget faded rattlesnake (Crotalus viridis concolor). Toxicon 1988, 26, 319–23. 

55.  Oguiura, N.; Boni-Mitake, M.; Affonso, R.; Zhang, G. In vitro antibacterial and hemolytic activities of 

crotamine, a small basic myotoxin from rattlesnake Crotalus durissus. J. Antibiot. (Tokyo). 2011, 64, 327–

331, doi:10.1038/ja.2011.10. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 13 of 14 

 

56.  Kini, R.; Koh, C. Metalloproteases Affecting Blood Coagulation, Fibrinolysis and Platelet Aggregation 

from Snake Venoms: Definition and Nomenclature of Interaction Sites. Toxins (Basel). 2016, 8, 284, 

doi:10.3390/toxins8100284. 

57.  Kini, R. M. Structure–function relationships and mechanism of anticoagulant phospholipase A2 

enzymes from snake venoms. Toxicon 2005, 45, 1147–1161, doi:10.1016/j.toxicon.2005.02.018. 

58.  Kini, R. M.; Doley, R. Structure, function and evolution of three-finger toxins: Mini proteins with 

multiple targets. Toxicon 2010, 56, 855–867, doi:10.1016/j.toxicon.2010.07.010. 

59.  Harris, J. B.; Scott-Davey, T. Secreted phospholipases A2 of snake venoms: Effects on the peripheral 

neuromuscular system with comments on the role of phospholipases A2 in disorders of the CNS and 

their uses in industry. Toxins (Basel). 2013, 5, 2533–2571, doi:10.3390/toxins5122533. 

60.  Markland, F. S.; Swenson, S. Snake venom metalloproteinases. Toxicon 2013, 62, 3–18, 

doi:10.1016/j.toxicon.2012.09.004. 

61.  Ranawaka, U. K.; Lalloo, D. G.; de Silva, H. J. Neurotoxicity in snakebite--the limits of our knowledge. 

PLoS Negl. Trop. Dis. 2013, 7, e2302, doi:10.1371/journal.pntd.0002302. 

62.  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. Proteomics 

2015, 113, 260–267, doi:10.1016/j.jprot.2014.10.002. 

63.  Braud, S. Snake venom proteins acting on hemostasis. Biochimie 2000, 82, 851–859, 

doi:10.1016/S0300-9084(00)01178-0. 

64.  Anil, A.; Singh, S.; Bhalla, A.; Sharma, N.; Agarwal, R.; Simpson, I. D. Role of neostigmine and 

polyvalent antivenom in Indian common krait (Bungarus caeruleus) bite. J. Infect. Public Health 2010, 3, 

83–7, doi:10.1016/j.jiph.2010.01.002. 

65.  Currie, B.; Fitzmaurice, M.; Oakley, J. Resolution of neurotoxicity with anticholinesterase therapy in 

death-adder envenomation. Med. J. Aust. 1988, 148, 522–5. 

66.  Watt, G.; Theakston, R. D.; Hayes, C. G.; Yambao, M. L.; Sangalang, R.; Ranoa, C. P.; Alquizalas, E.; 

Warrell, D. A. Positive response to edrophonium in patients with neurotoxic envenoming by cobras 

(Naja naja philippinensis). A placebo-controlled study. N. Engl. J. Med. 1986, 315, 1444–8, 

doi:10.1056/NEJM198612043152303. 

67.  van Helden, D. F.; Thomas, P. A.; Dosen, P. J.; Imtiaz, M. S.; Laver, D. R.; Isbister, G. K. Pharmacological 

approaches that slow lymphatic flow as a snakebite first aid. PLoS Negl. Trop. Dis. 2014, 8, e2722, 

doi:10.1371/journal.pntd.0002722. 

68.  Brown, N. I. Consequences of Neglect: Analysis of the Sub-Saharan African Snake Antivenom Market 

and the Global Context. PLoS Negl. Trop. Dis. 2012, 6, e1670, doi:10.1371/journal.pntd.0001670. 

69.  Smith, R. B. Drug repurposing Repositioned drugs : integrating intellectual property and regulatory  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1


 14 of 14 

 

strategies. Drug Discov. Today Ther. Strateg. 2011, 8, 131–137, doi:10.1016/j.ddstr.2011.06.008. 

70.  Magrioti, V.; Kokotos, G. Phospholipase A(2) inhibitors for the treatment of inflammatory diseases: a 

patent review (2010-present). Expert Opin. Ther. Pat. 2013, 23, 333–344, 

doi:10.1517/13543776.2013.754425. 

71.  Kokotou, M. G.; Limnios, D.; Nikolaou, A.; Psarra, A.; Kokotos, G. Inhibitors of phospholipase A 2 and 

their therapeutic potential: an update on patents (2012-2016). Expert Opin. Ther. Pat. 2016, 27, 217–225, 

doi:10.1080/13543776.2017.1246540. 

72.  Dennis, E.; Cao, J.; Hsu, Y.; Magroti, V.; Kokotos, G. Phospholipase A2 Enzymes: Physical Structure, 

Biological Function, Disease Implication, Chemical Inhibition, and Therapeutic Intervention. Chem Rev 

2011, 111, 6130–6185, doi:10.1021/cr200085w. 

73.  Chaudhary, A. K.; Pandya, S.; Ghosh, K.; Nadkarni, A. Matrix metalloproteinase and its drug targets 

therapy in solid and hematological malignancies: An overview. Mutat. Res. Mutat. Res. 2013, 753, 7–23, 

doi:10.1016/j.mrrev.2013.01.002. 

74.  Karakas, M.; Koenig, W. Varespladib methyl, an oral phospholipase A2 inhibitor for the potential 

treatment of coronary artery disease. IDrugs 2009, 12, 585–92. 

75.  Styles, L. A.; Aarsman, A. J.; Vichinsky, E. P.; Kuypers, F. A. Secretory phospholipase A(2) predicts 

impending acute chest syndrome in sickle cell disease. Blood 2000, 96, 3276–8. 

76.  Nicholls, S. J.; Kastelein, J. J. P.; Schwartz, G. G.; Bash, D.; Rosenson, R. S.; Cavender, M. A.; Brennan, D. 

M.; Koenig, W.; Jukema, J. W.; Nambi, V.; Wright, R. S.; Menon, V.; Lincoff, A. M.; Nissen, S. E.; 

VISTA-16 Investigators Varespladib and cardiovascular events in patients with an acute coronary 

syndrome: the VISTA-16 randomized clinical trial. JAMA 2014, 311, 252–62, 

doi:10.1001/jama.2013.282836. 

77.  Kluwer, W. Varespladib. Am J Cardiovasc Drugs 2011, 11, 137–143. 

78.  Wang, Y.; Zhang, J.; Zhang, D.; Xiao, H.; Xiong, S.; Huang, C. Exploration of the Inhibitory Potential of 

Varespladib for Snakebite Envenomation. Molecules 2018, 23, 391, doi:10.3390/molecules23020391. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2018                   doi:10.20944/preprints201804.0358.v1

http://dx.doi.org/10.20944/preprints201804.0358.v1

