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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent responsible for the Coro
navirus Disease-2019 (COVID-19) pandemic, has infected over 185 million individuals across 200 countries since 
December 2019 resulting in 4.0 million deaths. While COVID-19 is primarily associated with respiratory ill
nesses, an increasing number of clinical reports indicate that severely ill patients often develop thrombotic 
complications that are associated with increased mortality. As a consequence, treatment strategies that target 
COVID-associated thrombosis are of utmost clinical importance. An array of pharmacologically active com
pounds from natural products exhibit effects on blood coagulation pathways, and have generated interest for 
their potential therapeutic applications towards thrombotic diseases. In particular, a number of snake venom 
compounds exhibit high specificity on different blood coagulation factors and represent excellent tools that could 
be utilized to treat thrombosis. The aim of this review is to provide a brief summary of the current understanding 
of COVID-19 associated thrombosis, and highlight several snake venom compounds that could be utilized as 
antithrombotic agents to target this disease.   

1. COVID-19 pandemic: a public health crisis of the globe 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) now 
represents a major global health threat responsible for the respiratory 
illness known as Coronavirus Disease-2019 (COVID-19) [1]. Early cases 
of COVID-19 emerged in the city of Wuhan in Hubei province, China, in 
December 2019 [2] and were considered to have started through zoo
notic transmission associated with Huanan Seafood Wholesale Market 
[3]. However, it is now believed that COVID-19 diagnoses were being 
documented as early as November 2019 [4], and low levels of SARS- 
CoV-2 may have been spreading throughout the province as early as 
mid-October to mid-November 2019 [5]. COVID-19 rapidly dissemi
nated, and by January 2020, cases were confirmed in nine countries, 
including China, Japan, Nepal, Taiwan, Thailand, Singapore, South 
Korea, the United States, and Vietnam [6]. On the 3rd of March 2020, 
COVID-19 cases expanded to 72 countries [7], and on the 11th of March 
2020, the World Health Organization declared the outbreak a global 
pandemic [8,9]. As of the 17th of August 2021, the current outbreak has 

affected the lives of approximately 207 million people and resulted in 
over 4.3 million deaths across 200 countries [10]. 

As shown in Table 1, COVID-19 has a range of clinical manifestations 
with mild symptomatic presentations, often characterized by fatigue, 
fever, dry cough, anorexia, myalgia, and dyspnea [11,12]. Severe 
complications can include pneumonia, acute respiratory distress syn
drome (ARDS), renal failure, heart failure, and multiple organ failure, 
and are fatal for some individuals [12,13]. Clinical data has also shown 
that many patients with severe COVID-19 exhibit coagulation abnor
malities such as microvascular thrombosis and venous or arterial 
thrombosis, often associated with increased mortality [14–16]. While 
several therapeutic agents have been proposed to target COVID-19- 
associated thrombosis, there are currently no effective treatments for 
this issue [16]. Novel pharmacologically active compounds from natural 
products have been an important source of numerous clinically useful 
agents [17,18]. In particular, snake venoms are rich sources of bioactive 
molecules, many of which interfere with the blood coagulation cascade 
and platelet aggregation [19,20]. The utilization of isolated venom 
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compounds as potential therapeutics has received increasing attention, 
and several drugs marketed for clinical use have been successfully 
designed from animal venoms [21–25]. This paper aims to briefly re
view the thrombotic complications observed in severe COVID-19 pa
tients and highlights several venom antithrombotic compounds that 
could be utilized as potential therapeutic agents to target this issue. A 
thorough understanding of COVID-19-associated thrombosis can have 
major implications for drug targeting and discovery. The studies dis
cussed herein were identified in public databases (MEDLINE, Scopus) in 
the life and biomedical sciences covering the antithrombotic potential of 
snake venoms and their purified components from 2010 to the present. 
The public search engines ScienceDirect (https://www.sciencedirect. 
com/), PubMed (pubmed.ncbi.nlm.nih.gov), and Google Scholar 
(https://scholar.google.com/) were used for searching the public data
bases with combinations of keywords such as snake venom, antith
rombotic, thrombolytic, anticoagulant and antiplatelet. 

2. The etiology of hematological complications and 
coagulopathy in COVID-19 patients 

Micro and macro-vascular coagulation are not uncommon in COVID- 
19 patients. Local direct vascular and endothelial injury in the lung and 
other organs leads to microvascular clot formation and angiopathy 
[26,27]. COVID-19 patients frequently develop hypercoagulability with 
hyperfibrinogenemia in the systemic circulation and present with 
extensive vessel thrombosis and significant thromboembolic sequelae 
such as thrombosis in deep veins (DVT), pulmonary arteries (PE), cor
onary arteries (myocardial infarction) or arteries of the brain (stroke) 
[16,28–33]. Coagulation profiles have revealed increased D-dimer and 
fibrin degradation products; abnormal prothrombin or activated partial 
thromboplastin time, altered fibrinogen levels; platelet activation; and 
increased clot strength in thromboelastometry [34–36]. In severe 
COVID-19 patients, PE and stroke have been reported in 20-30% and 3- 
5%, respectively, while post-mortem reports of lung and other organs 
have demonstrated thickened and stenosed vascular lumen in associa
tion with infiltration of polymorphonuclear and mononuclear cells and 

endothelial or mononuclear cell apoptosis [16,26,30–32,37–39]. 
Several mechanisms leading to the thromboinflammatory response 

are actively investigated. These include cytokine-mediated upregulation 
of tissue factor resulting in thrombin generation; increased fibrin gen
eration coupled with reduced fibrinolysis due to imbalances between 
PAI-1, activated protein C, and tissue factor pathway inhibitor, and 
hypoxic vaso-occlusion-induced microvascular and macrovascular 
thrombosis [40–43]. In addition, neutrophil extracellular traps (NETs) 
have also been implicated in propagating microvascular thrombi 
[44,45]. NETs are tangles of neutrophil-released DNA decorated with 
antimicrobial and nuclear proteins [46,47] that propagate intravascular 
thrombosis by augmenting activation of factor XII, tissue factor, and 
both trapping and activating platelets. As a consequence, both extrinsic 
and contact pathways of coagulation are initiated [48–51]. Indeed, se
vere COVID-19 patients are found to have increased markers of 
neutrophil activation and NET formation in their serum [52], and are 
correlated or preceded the development of venous thromboembolism 
[53]. Although critical for host defense, the dysregulated inflammatory 
response can result in endothelial disruption, tissue damage, and free 
activation of coagulation [42]. 

The SARS-CoV-2 spike glycoprotein (S-glycoprotein) mediates viral 
entry into cells through angiotensin-converting enzyme 2 (ACE2) re
ceptors, and the same has been identified in cells expressing ACE2 from 
autopsy specimens of SARS pneumonia [54–59]. The S protein-ACE2 
interaction leads to increased expression of NFκB (nuclear factor 
kappa-light-chain-enhancer of activated B cells), leading to the secretion 
of various proinflammatory cytokines, including interleukin (IL)-1β, IL- 
6, tumor necrosis factor-alpha, transforming growth factor-beta 1, and 
monocyte chemoattractant protein 1. These all have been implicated in 
dysregulated inflammation and thrombogenesis [60]. 

Mc Gonagle et al. [61] described the lung-restricted vascular 
immunopathology associated with COVID-19 and termed it diffuse 
pulmonary intravascular coagulopathy (PIC). In its early stage of 
development, PIC is distinct from disseminated intravascular coagula
tion (DIC) and presents with elevated cardiac enzyme (reflecting 
emergent ventricular stress induced by pulmonary hypertension) and D- 
dimer (reflecting pulmonary vascular bed thrombosis with fibrinolysis) 
levels in the background of normal fibrinogen and platelet levels [61]. 
The authors detailed that a macrophage activation syndrome (MAS)-like 
phenotype causes alveolar and interstitial inflammation, triggering 
extensive immunothrombosis distinct from the usual MAS and DIC. 

Up to 95% of COVID-19-induced acute respiratory distress syndrome 
(ARDS) is associated with blood clots in the pulmonary micro- and 
macrovasculature with or without DIC, and both blood and alveolar 
fluid studies have been consistent with a prothrombotic state [62–66]. 
Mechanistically, there is increased thrombin production (elevated tissue 
factor) accompanied by the compromised fibrinolytic response (elevated 
Plasminogen activator inhibitor-1). The bidirectional relationship be
tween coagulation and the innate immune system causes the initial 
hemostatic dysregulation to be primarily localized to the lungs. This 
cross-talk is facilitated by platelet degranulation and coordinated in
teractions with activated T cells, NETs, tissue factor-bearing micropar
ticles, neutrophils, monocytes, dendritic cells, as well as coagulation 
proteases [42,66–68]. These protective immunothrombi create a sterile 
barrier promoting pathogen recognition and prevent pathogen invasion. 
However, the mechanism can become maladaptive to interfere with 
organ perfusion [46,69,70]. In addition, studies on ARDS have shown 
both fibrin deposition (intra- and extra-vascular) and unregulated 
fibrinolysis during the process [64,71]. 

A mechanism for SARS-CoV-2-associated thrombus formation was 
proposed by McFadyen et al. [16]. Cytokine-activated endothelium 
upregulates von Willebrand factor, P-selectin, E-selectin, integrin αvβ3, 
and intercellular adhesion molecule leading to the recruitment of 
platelets and leukocytes and compliment activation. The inflamed 
endothelium releases inflammatory cytokines, including IL-8, IL-1, IL-6, 
RANTES, and monocyte chemoattractant protein-1. Neutrophil-derived 

Table 1 
Some common symptoms of COVID-19 complications and baseline severity 
categorization as outlined by the US Food and Drug Administration.  

Severity Category Clinical parameters/symptoms 

SARS-CoV-2 infection 
without symptoms 

Positive virologic test; asymptomatic 

Mild COVID-19 Positive virologic test; symptoms - fever, cough, sore 
throat, headache, muscle pain, nausea, vomiting, 
diarrhea, and loss of taste or smell; No shortness of 
breath or dyspnea 

Moderate COVID-19 Positive virologic test, respiratory rate ≥ 20 breaths 
per minute, heart rate ≥ 90 beats per minute, 
saturation of oxygen (SpO2) > 93% on room air at sea 
level; symptoms - those from mild illness and shortness 
of breath with exertion 

Severe COVID-19 Positive virologic test, respiratory rate ≥ 30 breaths 
per minute, heart rate ≥ 125 beats per minute, SpO2 ≤

93% on room air at sea level, PaO2/FiO2 < 300; 
symptoms - those from moderate illness and shortness 
of breath at rest, or respiratory distress 

Critical COVID-19 Positive virologic test, Evidence of critical illness, 
defined by at least one of the following: Respiratory 
failure (requiring at least one of the following: 
Endotracheal intubation and mechanical ventilation, 
oxygen delivered by high flow nasal cannula (heated, 
humidified), oxygen delivered via reinforced nasal 
cannula at flow rates >20 L/min with fraction of 
delivered oxygen ≥0.5), non-invasive positive pressure 
ventilation, ECMO, or clinical diagnosis of respiratory 
failure), Shock, or Multi-organ dysfunction. Critical 
complications may also include pulmonary embolism 
(PE), stroke, microvascular thrombosis, venous or 
arterial thrombosis  
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NETs cause direct activation of the contact pathway, while the activated 
complement upregulates endothelial and monocyte tissue factor levels 
leading to activation of platelets. The hypoxic environment further 
upregulates endothelial tissue factors through the production of 
hypoxia-inducible factors. These mechanisms orchestrate an unchecked 
generation of thrombin, leading to thrombus formation (Fig. 1) [16]. 

Further, phospholipase A2 (PLA2) has been implicated in SARS-CoV- 
2 entry and pathogenesis (Fig. 2). PLA2 is involved in the early steps of 
the arachidonic acid (AA) pathway, and platelet-activating factor (PAF) 
and eicosanoids generated through AA pathway play a crucial role in the 
context of coagulopathy and thrombosis in COVID-19 [72]. PAF causes 
platelet activation and aggregation and further releases NET from neu
trophils, which can activate platelets and initiate the coagulation 
cascade that results in thrombosis [73–78]. Similarly, AA and the 
eicosanoid thromboxane A2 have platelet-activating effects [72,79]. 
Indeed, studies have demonstrated NET markers, hypercoagulability, 
and increased platelet activity in COVID-19 patients presenting with 
thrombotic complications [80–83]. 

Overall, SARS-CoV-2 infects epithelial and endothelial cells that lead 

to the secretion of proinflammatory cytokines, and the subsequent 
dysregulated immune system and thromboinflammatory changes dam
age the vascular and organ systems, including cardiovascular and ner
vous, renal, liver, gastrointestinal, ocular, and dermatological systems 
[26]. 

3. Antithrombotic therapy in COVID-19 patients: Current 
strategy and key issues 

Because of the clinicopathologic reports showing that severe coa
gulopathy is associated with SARS-CoV-2 infection, the International 
Society on Thrombosis and Hemostasis (ISTH) has released recent 
interim guidance about hospital management of coagulopathy in 
COVID-19 patients [84]. Similarly, quite a few groups of clinicians in 
close unanimity have developed and prepared guidelines for the diag
nosis, treatment and/or prevention of venous thromboembolism (VTE) 
as well as risk assessment in clinically diagnosed COVID-19 patients 
[85,86]. Noteworthy, several other countries may be expected to have 
similar thrombosis treatment guidelines soon. Table 2 shows the 

Fig. 1. Proposed mechanisms of COVID-19-associated thrombosis [Redrawn from McFadyen et al. [16], Circulation Research, 127(4), pp.571-587]. SARS-CoV-2 
gains entry to host lung epithelial cells by the binding of the transmembrane spike (S) glycoprotein to ACE-2 (angiotensin-converting enzyme 2). The S1 subunit of 
the S protein binds to ACE-2 and mediates viral attachment. Proteolytic cleavage of the S protein at the S1/2 junction by the proteases, furin, and TMPRSS-2 
(transmembrane protease serine 2), facilitates viral entry. SARS-CoV-2 can also directly invade the endothelial cells by binding to ACE-2. Infected cells undergo 
pyroptosis leading to the release of danger-associated molecular patterns (DAMPs) and triggering the release of proinflammatory cytokines and chemokines. The 
activated endothelium upregulates the expression of VWF (von Willebrand factor) and adhesion molecules including ICAM (intercellular adhesion molecule)-1, αvβ3, 
P-selectin and E-selectin leading to recruitment of platelets and leukocytes and complement activation. Neutrophils release neutrophil extracellular traps (NETS), 
causing direct activation of the contact pathway. Complement activation potentiates these mechanisms by increasing endothelial and monocyte tissue factor (TF), 
further platelet activation and amplifies endothelial inflammation, which increases production of proinflammatory cytokines from the endothelium including IL 
(interleukin)-1, IL-8, RANTES (regulated on activation, normal T-cell expressed and secreted), IL-6, and MCP (monocyte chemoattractant protein)-1. The hypoxic 
environment can induce HIFs (hypoxia-inducible factors) which upregulates endothelial TF expression. These mechanisms ultimately lead to the unchecked gen
eration of thrombin, resulting in thrombus formation. The fibrin degradation product, D-dimer, which is a marker of coagulation activation, appears to be a strong 
prognostic marker associated with high mortality in patients with COVID-19. 
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recommended and non-recommended antithrombotic drugs for the 
treatment of thrombotic complications in COVID-19 patients. 

However, as mentioned below, several vital concerns are raised 
against the current anticoagulant treatment of COVID-19 patients with 
thrombotic complications.  

1. There is no uniformity in treatment regime or explicit unanimity 
concerning the timing, dosage, and duration of anticoagulation 
treatment for the in-patient management of coagulopathy in COVID- 
19 patients in addition to the need for post-discharge prophylaxis 
[85].  

2. COVID-19 patients receiving antiplatelet agents and anticoagulants 
risk drug-drug interactions [87]. 

3. Should COVID-19 patients with disseminated intravascular coagu
lation (DIC) syndrome (a pathological condition of blood clot for
mation throughout the body) who do not have bleeding and are 
devoid of immobility be administered a prophylactic or therapeutic 
dose of anticoagulation [87].  

4. Occurrence of thrombosis is frequently reported in seriously ill 
COVID-19 patients regardless of the prophylactic usage of low mo
lecular weight heparin (LMWH). Consequently, there is a crucial 
need for randomized clinical trials, which may be used for selecting 
the most suitable antithrombotic drugs [88].  

5. Some randomized clinical studies have explicitly demonstrated 
detrimental consequences in COVID-19 patients after treatment with 
oral anticoagulants [89].  

6. Clinical studies have shown that COVID-19 patients treated with 
therapeutic doses of anticoagulants were devoid of mortality benefits 
[89].  

7. Antiplatelet therapy with ADP receptor antagonists does not provide 
additional benefit on mortality of COVID-19 patients; however, an 
enthralling risk of harm is unlikely to be associated with this therapy 
[90]. 

Therefore, except for the use of LMWH, there is a lack of practical 
approaches regarding anticoagulants’ therapeutic use and choice in the 
clinical management of COVID-19. The use of certain antithrombotic 
drugs to treat coagulopathy in COVID-19 patients has produced con
tradictory results (Table 2). Consequently, an extensive drug discovery 
programme has been suggested to develop efficacious but safe antith
rombotic drugs for the treatment and/or prophylaxis of hypercoagula
bility disorders in COVID-19 patients. In this regard, snake venoms, 
which contain an arsenal of relatively non-toxic but highly efficacious 
proteins and polypeptides, may be proposed as a choice for the treat
ment of thrombosis-associated complications in SARS-CoV-2 infected 
patients. 

4. A brief account on antithrombotic drug prototypes from 
snake venoms 

Snake venom toxins often act synergistically as complexes that aid 
the snakes in immobilizing, killing, and digesting their prey [91–93]; 
however, several of these compounds are non-toxic in their isolated 
forms [94,95]. More importantly, they exhibit a wide array of phar
macological effects that can be exploited to develop life-saving drug 
prototypes for diverse diseases, including thrombotic disorders [96–98]. 
It has been observed that toxins present in the venoms of Viperid and 
Crotalide, and a few snakes of the Elapid family target different com
ponents of the hemostatic system, including blood coagulation factors 

Fig. 2. SARS-CoV-2 and activation of phospholipase A2s events [Redrawn from Casari et al. [72], Progress in Lipid Research, 82, p.101092]. Pathways activated by 
cytosolic phospholipase A2 (cPLA2) and secretory phospholipase A2 (sPLA2) potentially involved in virus entry and pathogenesis including COVID-19- 
associated thrombosis. 
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Table 2 
A list of some antithrombotic drugs which are either recommended or not-recommended for treatment and/or prevention of coagulopathy in COVID-19 patients 
admitted to hospital. The common adverse effects of these drugs are also mentioned.  

Category of drug Mechanism of action and 
commercial name 

Common adverse effects Recommendation for the treatment of COVID-19 
patient 

References 

1. Anticoagulants (blood 
thinner) 

A. Direct inhibitor of thrombin 
Argatroban Life-threatening bleeding complications in 

patients who receive direct oral anticoagulants 
(DOACs) [170], liver injury and gastrointestinal 
disorders [171], universal unobtainability of 
specific reversal agents [85]. 

Recommended for the treatment of circuit 
thrombosis post LMWH treatment. 

[172] 

Should be considered in a patient specific 
manner. 

[173] 

Not recommended because of possible adverse 
drug-to-drug interaction. 

[174] 

Low risk of interaction with other drugs. [87] 
Bivalirudin -do- No data available on drug-drug interaction. [87] 
Betrixaban -do- -do- [174] 
Dabigatran -do- Moderate risk of interaction with other drugs. [87] 
B. Direct inhibitor of factor Xa 
Apixaban -do- Not recommended; high risk of interaction with 

some drugs. 
[87,174] 

Edoxaban -do- -do- [87,174] 
Fondaparinux -do-, long life-related toxicity [85]. Not recommended; low to high risk of interaction 

with some other drugs. However, it is preferred 
over UHF due to no need to monitor the aPTT 
which requires patient contact. 

[85,87,174] 

Heparin, unfractionated 
(UFH) 

Non-bleeding complications including heparin- 
induced thrombocytopenia, skin lesions [175]. 

Low risk of interaction with other drugs. 
Recommended for use in COVID-19 patient with 
COVID-19 with renal insufficiency. 

[85,87] 

Heparin, low molecular 
weight (LMWH) 
(enoxaparin, dalteparin) 

Same as above but the magnitude of side effect is 
significantly less. 

Recommended for the prevention of thrombotic 
events and organ damage. Low risk of interaction 
with other drugs. 

[87,174] 

Rivaroxaban Life-threatening bleeding complications in 
patients who are receiving direct oral 
anticoagulants (DOACs) [170], liver injury and 
gastrointestinal disorders [171]. 

Not recommended; high risk of interaction with 
some drugs. 

[87,174] 

C. Vitamin K antagonist 
Warfarin (dicoumarol) Narrow therapeutic index, drug-drug and drug- 

food interactions, requirement of a varied dosing 
range for maintaining therapeutic international 
normalized ratio (INR) [85]. 

Not recommended for low therapeutic index and 
interaction with some other drugs and foods; 
however, recommended for use in COVID-19 
patient with renal insufficiency. 

[85,174] 

2. Antiplatelet drugs 
(inhibitors of platelet 
aggregation) 

Abciximab (inhibitor of 
platelet αIIbβ3 receptor) 

Bleeding complications, thrombocytopenia, and 
cost of medicine [176]. 

Interaction with anticoagulant should be studied. 
Should be considered in a patient-specific 
manner. 

[87,173] 

Aspirin (irreversible 
inhibitor of ADP receptor 
of platelet) 

Increased risk of bleeding [177]. Very less study. Does not seem to provide 
additional benefit to moribund patents. 

[90] 

Clopidogrel (irreversible 
inhibitor of ADP P2Y12 
receptor of platelet) 

Increased risk of bleeding [177]. Moderate risk of interaction with other drugs, 
may be used in combination with anticoagulants. 
However, there is no advantage or disadvantage 
of use in COVID-19 patient. 

[87,90] 

Eptifibatide (Inhibitor of 
platelet αIIbβ3 receptor) 

Bleeding complications, thrombocytopenia, and 
cost of medicine [176]. 

No such direct evidence of its use in COVID-19. 
However, coronary thrombosis in COVID-19 
patients may be unresponsive to optimal 
pharmacological αIIbβ3 infusion. 

[178] 

Ticagrelor (inhibitor of 
ADP P2Y12 receptor) 

Increased risk of bleeding [177]. No current evidence of its therapeutic use in 
COVID-19 patient; however, high risk of 
interaction with some other drugs. 

[87] 

Tirofiban (inhibitor of 
platelet αIIbβ3 receptor) 

Bleeding complications, thrombocytopenia, and 
cost of medicine [176]. 

Same as Eptifibatide. [178] 

Vorapaxar (inhibitor of 
thrombin-induced 
platelet aggregation) 

Increased bleeding [179]. No current evidence of its use in treating COVID- 
19 patient.  

3. Phosphodiesterase 
inhibitor 

Dipyridamole (inhibitor 
of nucleoside transport 
and PDE3) 

In-depth studies are warranted to determine its 
mechanism of action, adverse effects and doses 
requirements [180]. 

Recommended as an adjunct therapy. [181] 

4. Thrombolytic drugs 
(clot bursting) 

Alteplase (tissue 
plasminogen activator, 
tPA) 

Increased risk of bleeding sometime which is sever 
or even fatal. Risk of gastrointestinal angioedema 
is also reported. 

Less commonly used. However, recommended in 
a low dose to critically ill patients even after the 
treatment with anticoagulants. However, further 
clinical phase-II studies to determine the safety, 
efficacy, and optimal dosing of t-PA to treat 
moderate/severe COVID-19–induced acute 
respiratory distress syndrome (ARDS) is 
necessary. 

[182–184] 

Lumbrokinase (direct 
fibrinolytic enzyme) 

Studies are warranted to know the safety of this 
drug. 

No current evidence of its use in treating COVID- 
19 patient.  

Nattokinase (fibrinolytic 
enzyme of bacterial 
origin) 

-do- -do-  

(continued on next page) 
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and platelet function, that results in coagulopathy in victims upon en
venomation [99,100]. Nevertheless, it is essential to appreciate that the 
clinical manifestation of coagulopathy is a concerted consequence of the 
action of several venom toxins rather than a single protein [91–93]. 
Therefore, relatively non-toxic venom proteins and peptides from these 
families of venomous snakes have been extensively characterized for 
their potential use as drug prototypes for the treatment and/or pre
vention of thrombotic disorders. Notably, the primary advantage of 
these toxins over other cardiovascular drugs is the high binding affinity 
towards their targets. Since these toxins have naturally evolved to target 
the components of the hemostatic system, their specificity and selec
tivity are incomparable [99,101]. Furthermore, most of these toxins are 
very potent and can exhibit their pharmacological traits at picomolar to 
nanomolar concentrations [94,95]. 

The antithrombotic action of venom toxins can be classified into 
three major categories – (i) anticoagulant (blood thinner), (ii) anti
platelet, and (iii) thrombolytic (clot bursting), and several proteins and 
peptides have been characterized from snake venoms in the last decade 
that target the pathways involved in each category (Table 3, Fig. 3). In 
the following sections, we discuss some candidate antithrombotic drug 
prototypes purified from snake venoms for which the mechanism of 
antithrombotic action has been established. 

4.1. Anticoagulant drug prototypes from snake venom 

The anticoagulant mechanism of snake venom toxins is primarily 
attributed to the non-enzymatic inhibition of one or more blood clotting 
factors. However, phospholipid hydrolysis by PLA2 enzymes and fibri
nogenolysis by proteases (snake venom metalloprotease, SVMP, and 
snake venom serine protease, SVSP) also result in an anticoagulant ac
tion (Fig. 3). It has been observed that the anticoagulant action of many 
venom toxins is through targeting factor Xa and/or thrombin, the key 
components of the blood coagulation cascade. The tenase complex 
consisting of tissue factor, factor VIIa, and Ca2+ (extrinsic pathway), or 
factor IXa and factor VIIa (intrinsic pathways) converts the inactivated 
factor X to Xa [102], and several venom toxins primarily from the PLA2 
(Daboxin P), snaclec (Cc-Lec), protease (Atrase B, VaaSPH-1), and three- 
finger toxin (Exactin, Ringhalexin) families attenuate this activation 
[103–108]. As a result, the coagulation cascade is stalled, and the for
mation of the prothrombinase complex is abrogated, resulting in blood 
anticoagulation. Similarly, the prothrombinase complex that comprises 
the serine protease, factor Xa, a cofactor Va, and Ca2+ converts the 
inactive zymogen prothrombin (factor II) to thrombin (factor IIa) [109]. 
This first committed step is very critical in the blood coagulation cascade 
for thrombus formation, and venom proteins from PLA2 (Cc1-PLA2, Cc2- 
PLA2, Daboxin P, Nk-PLA2α, RVVA-PLA2-I), Kunitz-type serine protease 
inhibitors (KSPI; Rusvikunin II), and snaclec (ACF isoforms, Cc-Lec, 
RVsnaclec) families, and a few peptides (ACH-11, Ruviprase) inhibit 

the catalytic activation of prothrombin [94,103,104,110–117]. Conse
quently, thrombin, which catalyzes fibrin clot formation from fibrin
ogen, is hindered, resulting in inhibition of thrombus formation. 

Several venom toxins such as Bothrojaracin (snaclec), Nk-PLA2β, 
NnPLA2-I and RVAPLA2 (PLA2), Rusvikunin, and Rusvikunin II (KSPI), 
and the peptide Ruviprase also inhibit fibrinogen clotting activity by 
directly binding to thrombin [94,95,111,117–119]. Thrombin has three 
functional sites – an active site with serine protease activity, a 
fibrinogen-binding exosite I, and the heparin-binding exosite II [120]. 
The snaclec Bothrojaracin from the venom of Bothrops jararaca binds to 
exosite I of thrombin and, in turn, impairs the binding of fibrinogen to 
thrombin. Consequently, fibrinogen is not accessible to thrombin for 
catalysis, and fibrin clot formation is inhibited (Fig. 4) [119]. Notably, 
Ruviprase, a 4.4 kDa peptide, and Rusvikunin II, a 7.1 kDa KSPI from the 
venom of Russell's Viper, exhibit dual inhibition of thrombin and factor 
Xa, and are additional examples of potential anticoagulant drug pro
totypes (Fig. 4) [94,117]. Thrombin and factor Xa, which catalyze the 
penultimate steps of the blood coagulation cascade, are crucial drug
gable targets for the prevention and/or cure of thrombosis. However, 
commercial thrombin inhibitors such as Argatroban, Dabigatran, etc., 
and factor Xa inhibitors including heparin, Fondaparinux are associated 
with life-threatening bleeding complications and other side-effects 
(Table 2). Under such circumstances, thrombin and factor Xa in
hibitors derived from snake venoms capable of acting at a nanomolar 
concentration and possessing extreme target specificity have the po
tential to be developed as better anticoagulant agents for the prevention 
of COVID-19-associated thrombosis. 

Apart from inhibiting blood coagulation factors, phospholipid hy
drolysis by PLA2 enzymes also contributes to their anticoagulant action 
[112,121,122]. Phospholipids play an essential role in the blood coag
ulation cascade and are required during the catalytic conversion of 
prothrombin to thrombin [109]. Therefore, most of the PLA2 enzymes 
exhibit anticoagulant action by their plasma phospholipid hydrolytic 
activity. Notably, concomitant non-enzymatic inhibition of other blood 
coagulation factors by these PLA2 enzymes (as described above) po
tentiates their anticoagulant property. In addition, snake venom pro
teases including SVMPs (Atrase B, BpMP-I, Moojenin, etc.) and SVSPs 
(Bhalternin, DAnase, Russelobin) demonstrate preferential degradation 
of the Aα and/or Bβ chains of fibrinogen [105,123–127]. Consequently, 
due to the unavailability of functional fibrinogen molecules in the 
bloodstream, fibrin clot formation is impaired, resulting in blood 
anticoagulation. 

4.2. Antiplatelet agents from snake venom 

While platelet activation and aggregation is an integral step in 
thrombus formation, to date, their role in COVID-19 remains unclear. 
Thrombocytopenia has been reported in several COVID-19 patients 

Table 2 (continued ) 

Category of drug Mechanism of action and 
commercial name 

Common adverse effects Recommendation for the treatment of COVID-19 
patient 

References 

Reteplase (recombinant 
non-glycosylated human 
tPA) 

Bleeding complications, stomach pain, vomiting. Recommended for vascular interventional 
management of superior mesenteric vein 
thrombosis. However, more case studies are 
necessary. 

[184,185] 

Streptokinase 
(plasminogen activator) 

Drug allergy, higher rate of hemorrhagic stroke. Low risk of interaction with other drugs. In a 
limited trial recommended its use in thrombolysis 
in pulmonary thrombosis. However, the 
effectiveness of thrombolysis by this drug should 
be confirmed in randomized clinical trials. 

[87,186] 

Tenecteplase 
(recombinant tPA 

Bleeding at venepuncture sites. Further studies on 
safety, efficacy, and optimal dosing of this drug are 
warranted. 

Due to acute shortages of Alteplase, use of 
Tenecteplase as replacement is recommended. 
However, clinical trials are required. 

[184,187] 

Urokinase (directly 
cleaves plasminogen to 
produce plasmin) 

Bleeding complications, but further clinical studies 
are necessary. 

No such evidence of its therapeutic use.   
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Table 3 
List of snake venom toxins demonstrating antithrombotic potential.  

Category of drug Name of the toxin Snake species Molecular mass and 
nature 

Mechanism of action Type of 
study 

References 

1. Anticoagulant (blood 
thinner) 

ACF I Agkistrodon acutus 29.6 kDa, homodimeric 
snaclec 

Inhibition of factor Xa and factor IX In vitro 
and in 
vivo 

[115] 

ACF II Agkistrodon acutus 29.4 kDa, homodimeric 
snaclec 

Inhibition of factor Xa and factor IX In vitro 
and in 
vivo 

[114] 

ACH-11 Agkistrodon acutus 1.3 kDa, peptide Inhibition of factor Xa In vitro 
and in 
vivo 

[116] 

Atrase B Naja atra 49.4 kDa, P-III SVMP Fibrinogenolytic activity, inhibition of 
coagulation factor VIII 

In vitro 
and in 
vivo 

[105] 

Ba SpII RP4 Bothrops alternatus 14.2 kDa, PLA2 Phospholipid hydrolysis In vitro [188] 
BF9 Bungarus fasciatus 6.2 kDa, KSPI Inhibition of factor XIa In vitro [189] 
Bhalternin Bothrops alternatus 31.5 kDa, SVSP Degradation of Aα and Bβ chains of fibrinogen In vitro 

and in 
vivo 

[125] 

BleucMP Bothrops leucurus 23.8 kDa, SVMP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[190] 

Bmoo FIBMP-I Bothrops moojeni 22.8 kDa, SVMP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[191] 

BmooSP Bothrops moojeni 30 kDa, SVSP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[192] 

Bothrojaracin Bothrops jararaca 27 kDa, snaclec Inhibition of thrombin In vitro 
and in 
vivo 

[119] 

BpMP-I Bothropoides 
pauloensis 

23 kDa, SVMP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[193] 

Cc1-PLA2 and Cc2- 
PLA2 

Cerastes cerastes 13.5 and 13.4 kDa, PLA2 Inhibition of factor Xa In vitro [110] 

Cc-Lec Cerastes cerastes 34.2 kDa, snaclec Inhibition of factor Xa and factor IXa In vitro 
and in 
vivo 

[104] 

CCSV-MPase Cerastes cerastes 70 kDa, SVMP Degradation of Bβ chain of fibrinogen In vitro 
and in 
vivo 

[194] 

Daboxin P Daboia russelii 13.5 kDa, PLA2 Inhibition of factor X and factor Xa In vitro 
and in 
vivo 

[103] 

DAnase Deinagkistrodon 
acutus 

25 kDa, homodimeric 
SVSP 

Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[127] 

Exactin Hemachatus 
haemachatus 

6.6 kDa, 3FTx Inhibition of factor X In vitro [107] 

Fasxiator Bungarus fasciatus 6.9 kDa, KSPI Inhibition of factor XIa In vitro 
and in 
vivo 

[161] 

Lahirin Naja kaouthia 6.5 kDa, 
fibrinogenolytic peptide 

Preferential degradation of Aα chain of 
fibrinogen, followed by Bβ and γ chains 

In vitro [195] 

LmrTX Lachesis muta 
rhombeata 

14.2 kDa, PLA2 Phospholipid hydrolysis In vitro 
and in 
vivo 

[196] 

Malabarase Trimeresurus 
malabaricus 

23.4 kDa, SVSP Degradation of Aα and Bβ chains of fibrinogen In vitro [197] 

Metalloproteinase SP Agkistrodon acutus 22.9 kDa, SVMP Degradation of Aα, Bβ, and γ chains of 
fibrinogen 

In vitro 
and in 
vivo 

[198] 

Moojenin Bothrops moojeni 45 kDa, SVMP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[124] 

NEUPHOLIPASE Daboia russelii 13.0 kDa, PLA2 Phospholipid hydrolysis In vitro 
and in 
vivo 

[122] 

Nk-PLA2α and Nk- 
PLA2β 

Naja kaouthia 13.4 and 13.2 kDa, PLA2 Inhibition of factor Xa and thrombin, 
respectively, and phospholipid hydrolysis 

In vitro [111] 

NKV 66 Naja kaouthia 66 kDa, SVMP Degradation of Aα chain of fibrinogen In vitro [199] 
NnPLA2-I Naja naja 15.2 kDa, PLA2 Phospholipid hydrolysis and inhibition of 

thrombin 
In vitro [118] 

PA11 14 kDa, PLA2 Phospholipid hydrolysis [200] 

(continued on next page) 
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Table 3 (continued ) 

Category of drug Name of the toxin Snake species Molecular mass and 
nature 

Mechanism of action Type of 
study 

References 

Pseudechis 
australis 

In vitro 
and in 
vivo 

Ringhalexin Hemachatus 
haemachatus 

7.4 kDa, 3FTx Inhibition of factor X In vitro [108] 

Russelobin Daboia russelii 51.3 kDa, SVSP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[126] 

Rusvikunin Daboia russelii 6.9 kDa, KSPI Inhibition of fibrinogen clotting and plasma 
clotting activity of thrombin 

In vitro 
and in 
vivo 

[95] 

Rusvikunin-II Daboia russelii 7.1 kDa, KSPI Inhibition of factor Xa and fibrinogen clotting 
activity of thrombin 

In vitro 
and in 
vivo 

[94] 

Ruviprase Daboia russelii 4.4 kDa, peptide Inhibition of thrombin and factor Xa In vitro 
and in 
vivo 

[117] 

Rv(i) PLA2 Daboia russelii 13.6 kDa, PLA2 Phospholipid hydrolysis In vitro [201] 
RVAPLA2 Daboia russelii 13.8 kDa, PLA2 Hydrolysis of plasma phospholipids and by 

non-enzymatic inhibition of thrombin 
In vitro 
and in 
vivo 

[121] 

RV-FVP isoforms Daboia russelii 32.9-34. kDa, SVSP Degradation of Aα and Bβ chains of fibrinogen In vitro 
and in 
vivo 

[202] 

RVsnaclec Daboia russelii 66.3 kDa, heterodimeric 
snaclec 

Inhibition of factor Xa In vitro 
and in 
vivo 

[113] 

RVVA-PLA2-I Daboia russelii 58.0 kDa, homodimeric 
PLA2 

Hydrolysis of plasma phospholipids and by 
non-enzymatic inhibition of factor Xa 

In vitro [112] 

SLPC Deinagkistrodon 
acutus 

14 kDa, snaclec-like Degradation of α, β, and γ chains of fibrinogen In vitro 
and in 
vivo 

[203] 

VaaSPH-1 Vipera ammodytes 
ammodytes 

35 kDa, SVSP Inhibition of factor VIIIa In vitro [106] 

2. Antiplatelet drug 
candidates (inhibitors 
of platelet 
aggregation) 

ACH-11 Agkistrodon acutus 1.3 kDa, peptide Inhibition of ADP-induced platelet aggregation In vitro 
and in 
vivo 

[116] 

Agkisacucetin (trade 
name Anfibatide) 

Agkistrodon acutus 30 kDa, heterodimeric 
snaclec 

Inhibition of GPIb-VWF interaction In vitro 
and in 
vivo 

[131] 

AHPM Agkistrodon halys 
Pallas 

110 kDa, dimeric SVMP Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro 
and in 
vivo 

[204] 

Atrase B Naja atra 49.4 kDa, P-III SVMP Inhibition of ristocetin- and thrombin-induced 
platelet aggregation, cleavage of integrin GPIb 

In vitro 
and in 
vivo 

[105] 

BaltDC Bothrops alternatus 32 kDa, SVMP Inhibition of ristocetin- and epinephrine- 
induced platelet aggregation 

In vitro [205] 

BaltPLA2 Bothrops alternatus 14 kDa, PLA2 Inhibition of ADP- and epinephrine-induced 
platelet aggregation 

In vitro [206] 

Barnettlysin-I Bothrops barnetti 23.38 kDa, SVMP Inhibition of ristocetin-, collagen- and VWF- 
induced platelet aggregation 

In vitro 
and in 
vivo 

[143] 

BmooAi Bothrops moojeni 15.2 kDa, homodimeric 
toxin (unknown class) 

Inhibition of epinephrin-, collagen- and ADP- 
induced platelet aggregation 

In vitro [207] 

BmooMPα-II Bothrops moojeni 22.5 kDa, SVMP Inhibition of ristocetin-, collagen- and ADP- 
induced platelet aggregation 

In vitro [208] 

BmooPLA2 Bothrops moojeni 13.6 kDa, PLA2 Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro [209] 

BpirPLA2-I Bothrops pirajai 13.7 kDa, PLA2 Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro [210] 

BpPLA2-TXI Bothrops 
pauloensis 

13.6 kDa, PLA2 Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro [211] 

Cc1-PLA2 and Cc2- 
PLA2 

Cerastes cerastes 13.5 and 13.4 kDa, PLA2 Inhibition of ADP- and arachidonic acid- 
induced platelet aggregation via targeting 
P2Y12 and TPα receptors 

In vitro [110] 

Cc-5′NTase Cerastes cerastes 70 kDa, 5′-NT Inhibition of ADP-induced platelet aggregation In vitro 
and in 
vivo 

[212] 

Cc-Lec Cerastes cerastes 35.2 kDa, snaclec Inhibition of ADP-, arachidonic acid- and 
fibrinogen-induced platelet aggregation 

In vitro 
and in 
vivo 

[104] 

Cc-PDE Cerastes cerastes 73.5 kDa, PDE Inhibition of ADP- and ATP-induced platelet 
aggregation 

In vitro 
and in 
vivo 

[213] 

(continued on next page) 
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Table 3 (continued ) 

Category of drug Name of the toxin Snake species Molecular mass and 
nature 

Mechanism of action Type of 
study 

References 

Cerastategrin Cerastes cerastes 13.8 kDa, disintegrin Inhibition of ADP-induced platelet 
aggregation, integrin αIIbβ3 antagonist 

In vitro 
and in 
vivo 

[134] 

DAA-8 Deinagkistrodon 
acutus 

1 kDa, peptide Inhibition of collagen-, thrombin- and ADP- 
induced platelet aggregation 

In vitro 
and in 
vivo 

[214] 

DAnase Deinagkistrodon 
acutus 

25 kDa, homodimeric 
SVSP 

Inhibition of ADP-induced platelet aggregation In vitro 
and in 
vivo 

[127] 

Eptifibatide-PLGA Sistrurus miliarius 
barbouri 

0.8 kDa, peptide 
conjugated to 
nanoparticles 

Integrin αIIbβ3 antagonist In vitro [135] 

GVB-PA Gloydius 
brevicaudus 

32.6 kDa, SVSP Inhibition of ADP-induced platelet aggregation In vitro 
and in 
vivo 

[147] 

Jerdonibitin Trimeresurus 
jerdonii 

25 kDa, heterodimeric 
snaclec 

Inhibition of ristocetin-induced platelet 
aggregation, integrin GPIb antagonist 

In vitro 
and in 
vivo 

[215] 

KT-6.9 Naja kaouthia 6.9 kDa, peptide Inhibition of arachidonic acid-, thrombin- and 
ADP-induced platelet aggregation 

In vitro [216] 

Metalloproteinase SP Agkistrodon acutus 22.9 kDa, SVMP Inhibition of arachidonic acid-, collagen- and 
ADP-induced platelet aggregation 

In vitro 
and in 
vivo 

[198] 

NKV 66 Naja kaouthia 66 kDa, SVMP Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro [199] 

NN-PF3 Naja naja 67.81 kDa, SVMP Inhibition of epinephrine-, collagen- and ADP- 
induced platelet aggregation 

In vitro [217] 

r-Cam-dis Crotalus 
adamanteus 

14 kDa, recombinant 
SVMP 

Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro [218] 

Rusvikunin and 
Rusvikunin-II 

Daboia russelii 6.9 and 7.1 kDa, KSPI Inhibition of collagen- and ADP-induced 
platelet aggregation, integrin αIIbβ3 antagonist 

In vitro [136] 

Ruviapyrase Daboia russelii 79.4 kDa, apyrase Inhibition of ADP-induced platelet aggregation In vitro [219] 
SLPC Deinagkistrodon 

acutus 
14 kDa, snaclec-like Inhibition of arachidonic acid- and ADP- 

induced platelet aggregation 
In vitro 
and in 
vivo 

[203] 

SV-PAD-2 Protobothrops 
elegans 

110 kDa, homodimeric 
SVMP 

Inhibition of collagen- and ADP-induced 
platelet aggregation 

In vitro [220] 

TFV-1 Trimeresurus 
flavoviridis 

7.3 kDa, disintegrin Inhibition of collagen-, thrombin- and ADP- 
induced platelet aggregation, integrin αIIbβ3 
antagonist 

In vitro 
and in 
vivo 

[133] 

Troα6 and Troα10 Tropidolaemus 
wagleri 

0.78 and 1.15 kDa, 
peptides from the 
snaclec Trowaglerix 

Inhibition of collagen-induced platelet 
aggregation, integrin GPVI antagonist 

In vitro 
and in 
vivo 

[139] 

VP-i Vipera palaestinae Hetero-oligomer 
complex of 13, 17, 19 
and 20 kDa snaclecs 

Inhibition of collagen-induced platelet 
aggregation, integrin α2β1 antagonist 

In vitro [132] 

3. Thrombolytic 
/fibrinolytic agents 
(clot bursting) 

Agkihpin Gloydius halys 
Pallas 

25.5 kDa, SVSP Fibrin(ogen)olytic enzyme by cleaving Aα and 
Bβ chains of fibrinogen and fibrin. Inhibits in 
vivo thrombus formation in murine models 

In vitro 
and in 
vivo 

[146] 

AHPM Agkistrodon halys 
Pallas 

110 kDa, dimeric SVMP Fibrin(ogen)olytic and thrombolytic activities In vitro 
and in 
vivo 

[204] 

Barnettlysin-I Bothrops barnetti 23.386 kDa, single- 
chain SVMP 

Dissolves fibrin clots and devoid of 
haemorrhagic activity 

In vitro [143] 

Batroxase Bothrops atrox 22.9 kDa, P1-SVMP Cleaves both Aα and Bβ-chains of the 
fibrinogen, dissolve fibrin clots, and shows 
plasminogen activation, in vitro thrombolytic 
activity whereas in vivo it shows thrombolytic 
activity in a concentration-dependent manner. 

In vitro 
and in 
vivo 

[140,141] 

BbrzSP-32 Bothrops brazili 32.52 kDa, SVSP Fibrinolytic activity and degrades the Aα-chain 
of fibrinogen 

In vitro [221] 

BjSP Bothrops jararaca 28.0 kDa, SVSP Degrading fibrin clots the Aα and Bβ chains of 
fibrinogen 

In vitro [222] 

BpirMP Bothrops pirajai 23.1 kDa, P-1 SVMP Fibrin(ogen)olytic and thrombolytic activities In vitro [144] 
BpirSP27 and 
BpirSP41 

Bothrops pirajai 27.12 and 40.64 kDa, 
respectively. SVSP 

Degrade fibrin and blood clots In vitro [223] 

Colombienase-1 and 2 Bothrops 
colombiensis 

25.0 kDa, SVMP A direct acting fibrinolytic enzyme without 
activating the fibrinolytic system 
(plasminogen/plasmin), but devoid of 
hemorrhagic, hemolytic, cytotoxic, 
plasminogen activation and coagulant 
activities. A promising thrombolytic agent 

In vitro 
and in 
vivo 

[142] 

GBV-PA Gloydius 
brevicaudus 

32.6 kDa, SVSP Exhibits thrombolytic, plasminogen activation, 
and antiplatelet activity. Does not show 
fibrinolytic activity. 

In vitro 
and In 
vivo 

[147] 

(continued on next page) 
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[128,129], whereas platelet count and size were average in others 
[80,130]. Increased platelet activation has also been observed in severe 
COVID-19 patients but not those with mild symptoms [80,81]. 
Furthermore, platelets from COVID-19 patients demonstrated increased 
adhesion and spreading on fibrinogen [80], a primary ligand for αIIbβ3. 
Notably, several snake venom toxins inhibit platelet aggregation 
induced by an array of agonists, including ADP, thrombin, collagen, 
epinephrine, and ristocetin (Fig. 3). While a majority of the toxins 
belonging to SVMP, SVSP, PLA2, nucleotidase, and KSPI snake venom 
protein families suppress platelet aggregation induced by the above 
agonist, disintegrins and snaclecs can specifically interact with platelet 
receptors (integrins) and block platelet activation and aggregation. For 
example, Agkisacucetin (trade name Anfibatide), a homodimeric snaclec 

of 30 kDa isolated from the venom of Agkistrodon acutus binds to the 
GPIb-IX-V platelet receptor and inhibits the association of vWF with this 
platelet receptor (Fig. 4) [131]. Similarly, the hetero-oligomeric snaclec 
VP-i is an integrin α2β1 (collagen receptor) antagonist that inhibits 
collagen-induced platelet aggregation [132]. In addition, the dis
integrins TFV-1 (purified from Trimeresurus flavoviridis venom) and 
Cerastategrin (purified from Cerastes cerastes venom), and disintegrin 
derivatives Tirofiban (a peptide mimetic from Echis carinatus venom), 
Eptifibatide (a peptide from the venom of Sistrurus miliarius barbouri), 
and Rusvikunins from Daboia russelii venom (Fig. 4) act as integrin 
αIIbβ3 antagonist and block the platelet-platelet adhesion mediated by 
binding of fibrinogen to the αIIbβ3 receptor [133–137]. Notably, while 
disintegrins interact with platelet receptors primarily via a conserved 

Table 3 (continued ) 

Category of drug Name of the toxin Snake species Molecular mass and 
nature 

Mechanism of action Type of 
study 

References 

rGBV-PA Gloydius 
brevicaudus 

32.6 kDa, recombinant 
SVSP (plasminogen 
activator) 

rGBV-PA, like tPA, can prevent the formation of 
thromboses in the inferior vena cava of rats. 
This is devoid of hemorrhagic activity 

In vitro 
and in 
vivo 

[148] 

NN-PF3 Naja naja 67.81 kDa, SVMP Fibrinolytic activity and preferentially 
hydrolysed the alpha polymer of fibrin 

In vitro 
and in 
vivo 

[145] 

PT-H2 protease Protobothrops 
tokarensis 

22.5 kDa, non 
hemorrhagic SVMP 

Potent fibrinolytic activity In vitro [224]  

Fig. 3. A schematic diagram of the different components of the hemostatic system that are affected by snake venom proteins with antithrombotic potential. Venom 
components exhibit antithrombotic action by virtue of their anticoagulant, antiplatelet, and thrombolytic activities. Anticoagulant venom proteins can inhibit one or 
more coagulation factors of the blood coagulation cascade. Antiplatelet agents suppress platelet aggregation induced by agonist, or via interaction with platelet 
receptors (integrins) that blocks platelet activation and aggregation. Thrombolytic venom proteins can cause dissolution of fibrin or blood clots. 
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RGD motif [138], the binding of Rusvikunins and their peptides (RusPep 
and cycRusPep) to the αIIbβ3 receptor was found to be RGD- 
independent [136]. Furthermore, the Troα6 and Troα10 peptides 
derived from the snaclec Trowaglerix (isolated from the venom of Tro
pidolaemus wagleri) function as antagonists to integrin GPVI, the primary 
collagen receptor and thereby inhibit collagen-induced platelet aggre
gation [139]. These antagonistic activities of the snake venom compo
nents on different platelet receptors affect platelet activation that 
ultimately inhibits thrombus formation; therefore, these venom-derived 
toxins are potential antithrombotic agents. 

4.3. Thrombolytic proteins from snake venom 

The thrombolytic potential of snake venom components, especially 
the weak or non-hemorrhagic SVMPs, and SVSPs are well appreciated. 
Among them, the PI-SVMP Batroxase purified from Bothrops atrox 
venom deserves special attention. Under in vitro conditions, the weakly 
hemorrhagic PI-SVMP Batroxase directly dissolved fibrin clots without 
activating the endogenous fibrinolytic system (plasminogen/plasmin), 
whereas, in an animal model of venous thrombosis, the PI-SVMP 
exhibited potent antithrombotic activity [140,141]. Other weak or 
non-hemorrhagic PI-SVMPs, including Colombienase-1 and 2, 
Barnettlysin-I, and BpirMP, have also demonstrated potent fibrinolysis 
under in vitro conditions [142–144]; however, these studies lack in vivo 
evidence of their thrombolytic potential. 

A non-hemorrhagic high molecular weight (67.8 kDa) PIII-SVMP 
NN-PF3 purified from the venom of Naja naja exhibited potent 

fibrinolytic activity under in vitro conditions and caused defib
rinogentaion, prolongation of bleeding time, and reduction in the blood 
fibrinogen level in the Swiss albino mice model [145]. Apart from the 
SVMPs mentioned above, the in vivo thrombolytic potential of a few 
SVSPs was also demonstrated in rat and canine thrombosis models. For 
example, Agkihpin, a 25.5 kDa SVSP isolated from the venom of Gloydius 
halys exhibited fibrinolysis under in vitro conditions and reduced 
thrombin-induced venous thrombosis in a Sprague Dawley rat model 
[146]. Another SVSP GBV-PA, a 32.6 kDa plasminogen activator from 
the venom of Gloydius brevicaudus exhibited hydrolysis of rabbit blood 
clots under in vitro conditions. More importantly, intravenous injection 
of GBV-PA significantly reduced the thrombus weight and length in rat 
inferior vena cava (thrombin-induced venous thrombosis model) and 
ferric chloride-induced carotid artery thrombosis models. Furthermore, 
GBV-PA demonstrated antithrombotic potential in a canine (dog) acute 
ischemia-reperfusion stroke model by augmenting arterial thrombosis 
recanalization rates. Notably, GBV-PA was reported with a lower hem
orrhagic effect and a longer antithrombotic half-life than tissue plas
minogen activator and urokinase [147]. 

Considering the tremendous potential yet low abundance of this 
snake venom plasminogen activator, the venom toxin was cloned into a 
prokaryotic expression vector (pET-42a) and expressed in Escherichia 
coli. The recombinant molecule (rGBV-PA) was functional and it repli
cated the pharmacological activities exhibited by the parent toxin [148], 
suggesting the prospect of utilizing recombinant DNA technology for the 
large-scale production of therapeutically important snake venom toxins. 
Moreover, considering the life-threatening bleeding complications 

Fig. 4. Antithrombotic mechanisms of Bothrojaracin, Anfibatide, Rusvikunin-II and Ruviprase. Bothrojaracin binds to exosite I of thrombin and interferes with the 
binding of fibrinogen to thrombin. Consequently, fibrinogen is not accessible to thrombin for catalysis and fibrin clot formation is inhibited. Anfibatide binds to the 
GPIb-IX-V platelet receptor and inhibits the association of vWF with this platelet receptor which subsequently inhibits platelet aggregation. Ruviprase and Rusvikunin 
II exhibit dual inhibition of thrombin and factor Xa. While Ruviprase binds to the active site of thrombin, Rusvikunin II occupies thrombin exosite I and inhibits the 
conversion of fibrinogen to fibrin. In addition, the synthetic peptide cycRusPep derived from Rusvikunin II binds to the αIIbβ3 receptor and inhibits platelet ag
gregation mediated by the association of fibrinogen to this receptor. 
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associated with current clot bursting drugs such as Alteplase, Urokinase, 
and Streptokinase (Table 2), the development of snake venom-derived 
thrombolytic agents against COVID-19-related cardiovascular compli
cations seems promising. 

5. Strategies for augmenting the therapeutic application and 
commercialization of antithrombotic proteins and peptides 
derived from snake venoms: a road map 

5.1. An update of the status of a few snake venom toxins showing 
antithrombotic property 

Despite the plethora of antithrombotic drug candidates characterized 
from snake venom, a considerable gap exists between preliminary in 
vitro and pre-clinical laboratory findings and their translation for clin
ical applications, mainly due to cost, time, efficacy, and long term side- 
effects [98]. Nevertheless, a few snake venom toxins or their derived 
counterparts with antithrombotic potential have completed rigorous 
pre-clinical and clinical investigations and are approved by the US Food 
and Drug Administration (FDA) for commercialization. Table 4 sum
marizes the commercialization status or clinical trials of a few venom 
toxins and their derivatives showing antithrombotic properties. Notably, 
with the advancement in drug development technologies, significant 
effort has been dedicated to improving and successfully commercial
izing antithrombotic snake venom agents. 

5.2. Commercialization strategies for antithrombotic snake venom 
proteins and peptides 

5.2.1. Large-scale production of snake venom antithrombotic proteins by 
recombinant DNA technology will improve their commercial potential 

Isolation and purification of many snake venom enzymes and pro
teins for their commercial application are cumbersome and costly and 
may not be feasible because of the scarcity of commercial snake venoms. 
However, the production of a large number of enzymes and the antith
rombotic efficacy can be achieved by recombinant DNA technology and 
site-directed mutagenesis, respectively. 

Boldrini-França et al. (2015) reported the heterologous expression of 
an SVSP named collinein-1 from the venom of Crotalus durissus collili
neatus in Pichia pastoris (methyltropic yeast) that resulted in the pro
duction of 56 mg/L of recombinant collinein-1 (rCollinein-1), and 
importantly, retained its functional integrity to hydrolyze bovine 
fibrinogen. A subsequent study has shown that rCollinein-1 may have 
therapeutic potential in preventing thrombus formation [149]. An acute 
and repeated dose (28 days) toxicity study of a recombinant thrombin- 
like defibrinogenating enzyme, batroxobin expressed in Pichia pastoris, 
showed no adverse effects at a dose of 2.5 NIH u/kg in rats and 1 NIH u/ 
kg in dogs, indicating clinical potential in the treatment of hemostatic 
disturbances [150]. In another approach, a novel thrombin-like enzyme 
with fibrinogenolytic activity from Deinagkistrodon acutus venom was 
expressed in soluble form in E. coli. The recombinant enzyme retained its 
biological activity, reinforcing its large-scale industrial production for 

commercial exploitation as a therapeutic molecule [151]. 

5.2.2. Synthetic and peptidomimetics approaches for snake venom 
antithrombotic molecules to improve their commercialization 

Several of the low molecular mass polypeptides from snake venoms 
(see Table 3) have demonstrated appreciable antithrombotic activity. 
With the advancement of cost-effective automated protein synthesis 
technology, a synthetic biology approach for the production of antith
rombotic proteins and enzymes will overcome the cumbersome task of 
isolating and purifying protein/polypeptide from natural resources 
[152–154]. A similar approach may also be applied for the production of 
antithrombotic snake venom proteins and polypeptides. 

A small peptide that has been designed to mimic a particular region 
of a protein or enzyme yet displays its biological function is known as a 
peptidomimetic. Several of such peptidomimetic inhibitors that target 
blood coagulation factors and platelet receptors or regulate various 
stages of the coagulation cascade to produce an antithrombotic effect 
have been projected as drug prototypes to treat thrombotic disorders 
[155–158]. The peptidomimetics of a small stretch of snake venom 
toxins that target and inhibit the function of blood coagulation factors 
and/or platelet receptors [136] will be a unique approach for inventing 
improved antithrombotic drug prototypes to treat coagulation disorders 
in COVID-19. 

5.3. Augmenting the antithrombotic efficacy and oral delivery of 
recombinant antithrombotic proteins 

5.3.1. Site-directed mutagenesis for enhancing the antithrombotic potency 
of recombinant proteins 

Improving the efficacy of snake venom antithrombotic proteins can 
be achieved via a site-directed mutagenesis approach. Results of several 
experiments have demonstrated enhanced antithrombotic efficacy of 
proteins by site-directed mutagenesis, which is considered a new 
approach for treating or preventing acute thrombotic and thromboem
bolic conditions [159,160]. Similarly, it has been demonstrated that 
site-specific mutagenesis of Fasxiator, a KSPI from Bungarus fasciatus 
venom, increased its potency to inhibit factor XIa both in vitro and in 
vivo conditions by approximately 1000 times [161]. The authors suggest 
that the development of Fasxiator as a novel anticoagulant candidate 
seems promising. A review article also highlighted the importance of 
recombinant and chimeric snake venom disintegrins in preclinical 
research [162]. Therefore, it is anticipated that there is enough scope for 
the improvement of therapeutic efficiency and potency of other snake 
venom antithrombotic molecules by in silico alanine scanning muta
genesis, followed by structural stability analysis of native protein, het
erologous expression of mutated recombinant protein in a suitable host, 
and finally comparing the potency of the mutated recombinant protein 
with that of the native protein. Such improved antithrombotic proteins 
will have more commercialization potential. 

Table 4 
Current status of commercialization or clinical trials of snake venom-based antithrombotic agents.  

Snake venom toxins/ 
peptides 

Nature of molecule Source snake species Therapeutic target Current status (FDA approved/ 
clinical trial) 

Aggrastat (Tirofiban) An analog of venom disintegrin Echis carinatus Integrin αIIbβ3 antagonist FDA approved 
Anfibatide Snaclec Agkistrodon acutus Inhibitor of GPIb-VWF interaction Phase 2 clinical trial 
Captopril Synthetic analog of an ACE-inhibiting 

peptide 
Bothrops jararaca Angiotensin-converting enzyme 

inhibitor 
FDA approved 

Defibrase/Reptilase 
(Batroxobin) 

Thrombin-like enzyme Bothrops atrox and 
B. moojeni 

Defibrinogenation FDA approved 

Enalapril (Vasopril) Synthetic analog of an ACE-inhibiting 
peptide 

Bothrops jararaca Angiotensin-converting enzyme 
inhibitor 

FDA approved 

Integrilin (Eptifibatide) Peptide Sistrurus miliarus Integrin αIIbβ3 antagonist FDA approved  
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5.3.2. Improvement of therapeutic efficiency by combination of two 
antithrombotic drugs 

In treated animals, a therapeutic combination of two antithrombotic 
drugs demonstrated improvement of broad preclinical efficacy against 
thrombotic disorders without enhancing bleeding complications [163]. 
A similar approach may also be adopted by combining two or more 
snake venom antithrombotic drugs to enhance their antithrombotic 
potency. 

5.3.3. Nanoparticle conjugation and PEGylation of snake venom 
antithrombotic drugs to improve their efficacy as well as oral delivery 

Applying a targeted nanoparticulate drug delivery system to improve 
the therapeutic efficacy of antithrombotic drugs has gained significant 
attention in recent years. Strategies such as nanoencapsulation, delivery 
via liposomes or inorganic nanoparticles, and PEGylation have been 
extensively investigated to deliver antithrombotic agents (Fig. 5). In a 
thrombus-targeting therapy approach, it has been demonstrated that 
activated platelet-homing liposomes containing tissue plasminogen 
activator (tPA) and cRGD peptides exhibit improved thrombolytic ef
fects of tPA with low toxicity risk [164]. Mechanistically, upon incu
bation with activated platelets, cRGD peptides interacted with the 
platelet receptor integrin αIIbβ3, which resulted in the fusion of platelet 
membrane and liposomes and a subsequent release of tPA within one 
hour of incubation (Fig. 5) [164]. Inorganic nanoparticles such as 
mesoporous silica, gold, and carbon nanotubes have also been tested for 
cellular delivery to enhance the bioavailability and circulation time of 
antithrombotic drugs [165]. 

PEGylation, i.e. the process of attaching polyethylene glycol (PEG) to 
molecules and macrostructures, is yet another widely used approach to 

enhance the systemic circulation time of antithrombotic agents. Kuo 
et al. demonstrated that the PEGylated antiplatelet disintegrin deriva
tive [KGDRR]trimucrin (an αIIbβ3 antagonist purified from the venom 
of Trimeresurus mucrosquamatus) inhibited platelet aggregation at an 
IC50 value which was ~4 times lower than the parent molecule. 
Furthermore, the in vivo half-life of the PEGylated form was marginally 
longer (~1.3 fold) than [KGDRR]trimucrin (Fig. 5) [166]. Apart from 
increasing the circulation time of antithrombotic drugs, nanoparticle- 
based polymers have been employed to enhance the bioavailability of 
drugs via the oral route. For example, the oral bioavailability of heparin 
conjugated to hydroxypropyl methylcellulose phthalate (HPMCP)- 
modified nanoparticles was ~2.5 fold higher than in pure nanoparticles 
[167]. Therefore, considering the remarkable progress in developing 
antithrombotic nanomedicines in recent years [165,168,169], applica
tion of a targeted nanoparticulate drug delivery system to improve the 
antithrombotic efficiency of snake venom toxins seems promising. 

6. Conclusion 

SARS-CoV-2 can result in adverse health conditions among infected 
individuals around the world. Apart from the common respiratory 
illness, increasing reports have pointed towards cardiovascular disor
ders in COVID-19 patients. Although several drugs have been approved 
for the treatment and/or prevention of cardiovascular disorders, the 
clinical management of COVID-19-associated thrombosis has become 
challenging in terms of use, dose, and choice of anticoagulants. Under 
these circumstances, developing antithrombotic agents from snake 
venoms with high specificity and lower toxicity for the prevention and/ 
or treatment of cardiovascular disorders in COVID-19 patients seems 

Fig. 5. Improvement of efficacy and targeted delivery of antithrombotic agents using diverse strategies. A. Nanoencapsulation of venom proteins/peptides aids 
effective delivery to the target. B. Activated platelet-homing liposomes harboring tissue plasminogen activator (tPA) and cRGD peptides exhibit targeted delivery and 
improved thrombolytic effects of tPA with low toxicity risk. C. PEGylated [KGDRR]trimucrin (an αIIbβ3 antagonist) inhibits fibrinogen-induced platelet aggregation 
at an IC50 value ~4 times lower and at a half-life ~1.3 fold longer than the parent molecule. 
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promising. Further, selecting an appropriate delivery system will 
augment the antithrombotic potential and bioavailability of such 
candidate snake venom molecules. 
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[32] I. Léonard-Lorant, X. Delabranche, F. Séverac, J. Helms, C. Pauzet, O. Collange, 
F. Schneider, A. Labani, P. Bilbault, S. Molière, Acute pulmonary embolism in 
patients with COVID-19 at CT angiography and relationship to D-dimer levels, 
Radiology 296 (3) (2020) E189–E191. 

[33] T.J. Oxley, J. Mocco, S. Majidi, C.P. Kellner, H. Shoirah, I.P. Singh, R.A. De Leacy, 
T. Shigematsu, T.R. Ladner, K.A. Yaeger, Large-vessel stroke as a presenting 
feature of Covid-19 in the young, N. Engl. J. Med. 382 (20) (2020), e60. 

[34] M. Ranucci, A. Ballotta, U. Di Dedda, E. Bayshnikova, M. Dei Poli, M. Resta, 
M. Falco, G. Albano, L. Menicanti, The procoagulant pattern of patients with 
COVID-19 acute respiratory distress syndrome, J. Thromb. Haemost. 18 (7) 
(2020) 1747–1751. 

[35] M. Panigada, N. Bottino, P. Tagliabue, G. Grasselli, C. Novembrino, 
V. Chantarangkul, A. Pesenti, F. Peyvandi, A. Tripodi, Hypercoagulability of 
COVID-19 patients in intensive care unit: a report of thromboelastography 
findings and other parameters of hemostasis, J. Thromb. Haemost. 18 (7) (2020) 
1738–1742. 

[36] N. Tang, D. Li, X. Wang, Z. Sun, Abnormal coagulation parameters are associated 
with poor prognosis in patients with novel coronavirus pneumonia, J. Thromb. 
Haemost. 18 (4) (2020) 844–847. 

[37] T. Li, H. Lu, W. Zhang, Clinical observation and management of COVID-19 
patients, Emerg. Microbes Infect. 9 (1) (2020) 687–690. 

[38] L. Lin, L. Lu, W. Cao, T. Li, Hypothesis for potential pathogenesis of SARS-CoV-2 
infection–a review of immune changes in patients with viral pneumonia, Emerg. 
Microbes Infect. 9 (1) (2020) 727–732. 

[39] M. Zhou, X. Zhang, J. Qu, Coronavirus disease 2019 (COVID-19): a clinical 
update, Front. Med. 14 (2) (2020) 126–135. 

[40] S.C. Sebag, J.A. Bastarache, L.B. Ware, Therapeutic modulation of coagulation 
and fibrinolysis in acute lung injury and the acute respiratory distress syndrome, 
Curr. Pharm. Biotechnol. 12 (9) (2011) 1481–1496. 

[41] L.B. Ware, X. Fang, M.A. Matthay, Protein C and thrombomodulin in human acute 
lung injury, american journal of physiology-lung cellular and molecular, 
Physiology 285 (3) (2003) L514–L521. 

[42] F. Frantzeskaki, A. Armaganidis, S.E. Orfanos, Immunothrombosis in acute 
respiratory distress syndrome: cross talks between inflammation and coagulation, 
Respiration 93 (3) (2017) 212–225. 

[43] M.E. Colling, Y. Kanthi, COVID–19-associated coagulopathy: an exploration of 
mechanisms, Vasc. Med. 25 (5) (2020) 471–478. 

[44] S.E. Fox, A. Akmatbekov, J.L. Harbert, G. Li, J.Q. Brown, R.S. Vander Heide, 
Pulmonary and cardiac pathology in african american patients with COVID-19: an 
autopsy series from New Orleans, the lancet, Respir. Med. 8 (7) (2020) 681–686. 

[45] B.J. Barnes, J.M. Adrover, A. Baxter-Stoltzfus, A. Borczuk, J. Cools-Lartigue, J. 
M. Crawford, J. Daßler-Plenker, P. Guerci, C. Huynh, J.S. Knight, Targeting 
potential drivers of COVID-19: neutrophil extracellular traps, J. Exp. Med. 217 (6) 
(2020). 

[46] V. Yadav, L. Chi, R. Zhao, B.E. Tourdot, S. Yalavarthi, B.N. Jacobs, A. Banka, 
H. Liao, S. Koonse, A.C. Anyanwu, ENTPD-1 disrupts inflammasome IL-1β–driven 
venous thrombosis, J. Clin. Invest. 129 (7) (2019) 2872–2877. 

[47] R.A. Ali, A.A. Gandhi, H. Meng, S. Yalavarthi, A.P. Vreede, S.K. Estes, O. 
R. Palmer, P.L. Bockenstedt, D.J. Pinsky, J.M. Greve, Adenosine receptor agonism 
protects against NETosis and thrombosis in antiphospholipid syndrome, Nat. 
Commun. 10 (1) (2019) 1–12. 

[48] K. Kambas, I. Mitroulis, K. Ritis, The emerging role of neutrophils in 
thrombosis—the journey of TF through NETs, Front. Immunol. 3 (2012) 385. 

[49] L. Liberale, E.W. Holy, A. Akhmedov, N.R. Bonetti, F. Nietlispach, C.M. Matter, 
F. Mach, F. Montecucco, J.H. Beer, F. Paneni, Interleukin-1β mediates arterial 
thrombus formation via NET-associated tissue factor, J. Clin. Med. 8 (12) (2019) 
2072. 

[50] D.F. Noubouossie, B.N. Reeves, B.D. Strahl, N.S. Key, Neutrophils: back in the 
thrombosis spotlight, Blood 133 (20) (2019) 2186–2197. 

B. Kalita et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045257792
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045257792
http://www.who.int/csr/don/05january-2020-pneumonia-of-unkown-cause-china/en/
http://www.who.int/csr/don/05january-2020-pneumonia-of-unkown-cause-china/en/
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045278330
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045278330
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045278330
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045278330
http://www.scmp.com/news/china/society/article/3074991/coronavirus-chinas-first-confirmed-covid-19-casetraced-back
http://www.scmp.com/news/china/society/article/3074991/coronavirus-chinas-first-confirmed-covid-19-casetraced-back
http://www.scmp.com/news/china/society/article/3074991/coronavirus-chinas-first-confirmed-covid-19-casetraced-back
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045290958
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045290958
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045303285
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045303285
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045303285
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004042318
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004042318
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004042318
https://www.who.int/news/item/29-06-2020-covidtimeline
https://www.who.int/news/item/29-06-2020-covidtimeline
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045547973
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045547973
https://covid19.who.int/
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004357648
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004357648
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004357648
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004357648
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045557382
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092045557382
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046021590
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046021590
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046106140
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046106140
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046348276
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046348276
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092046348276
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048242019
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048242019
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048250529
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048250529
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004372982
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004372982
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048266301
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048266301
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048268790
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048268790
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048268790
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048276236
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048276236
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048279369
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048279369
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048287807
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048287807
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048287807
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092031221555
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092031221555
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048288953
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048288953
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048288953
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048299021
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048299021
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048299021
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048299021
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004381994
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004381994
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048300253
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048300253
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048309512
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048309512
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048309512
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048309512
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048309512
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048309512
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004393819
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004393819
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004393819
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004393819
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092033440555
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092033440555
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092033440555
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092033440555
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004425114
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004425114
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004425114
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004425114
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004434495
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004434495
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004434495
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004443430
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004443430
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004443430
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004443430
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048319325
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048319325
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048319325
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048319325
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048319325
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048321387
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048321387
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092048321387
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049283417
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049283417
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049434789
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049434789
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049434789
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049526537
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049526537
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004454011
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004454011
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004454011
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004463592
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004463592
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004463592
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049539494
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049539494
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049539494
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049547471
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049547471
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004482300
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004482300
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004482300
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004494174
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004494174
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004494174
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004494174
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004504810
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004504810
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004504810
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004517338
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004517338
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004517338
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004517338
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004529434
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004529434
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004539575
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004539575
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004539575
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092004539575
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005212215
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005212215


International Journal of Biological Macromolecules 192 (2021) 1040–1057

1054

[51] C. Thålin, Y. Hisada, S. Lundström, N. Mackman, H. Wallén, Neutrophil 
extracellular traps: villains and targets in arterial, venous, and cancer-associated 
thrombosis, Arterioscler. Thromb. Vasc. Biol. 39 (9) (2019) 1724–1738. 

[52] Y. Zuo, S. Yalavarthi, H. Shi, K. Gockman, M. Zuo, J.A. Madison, C. Blair, 
A. Weber, B.J. Barnes, M. Egeblad, Neutrophil extracellular traps in COVID-19, 
JCI Insight 5 (11) (2020). 

[53] Y. Zuo, M. Zuo, S. Yalavarthi, K. Gockman, J.A. Madison, H. Shi, W. Woodard, S. 
P. Lezak, N.L. Lugogo, J.S. Knight, Neutrophil extracellular traps and thrombosis 
in COVID-19, J. Thromb. Thrombolysis 51 (2) (2021) 446–453. 

[54] Y. He, Y. Zhou, S. Liu, Z. Kou, W. Li, M. Farzan, S. Jiang, Receptor-binding 
domain of SARS-CoV spike protein induces highly potent neutralizing antibodies: 
implication for developing subunit vaccine, Biochem. Biophys. Res. Commun. 
324 (2) (2004) 773–781. 

[55] W. Li, T.C. Greenough, M.J. Moore, N. Vasilieva, M. Somasundaran, J.L. Sullivan, 
M. Farzan, H. Choe, Efficient replication of severe acute respiratory syndrome 
coronavirus in mouse cells is limited by murine angiotensin-converting enzyme 2, 
J. Virol. 78 (20) (2004) 11429–11433. 

[56] W. Li, M.J. Moore, N. Vasilieva, J. Sui, S.K. Wong, M.A. Berne, M. Somasundaran, 
J.L. Sullivan, K. Luzuriaga, T.C. Greenough, Angiotensin-converting enzyme 2 is a 
functional receptor for the SARS coronavirus, Nature 426 (6965) (2003) 
450–454. 

[57] X. Xiao, S. Chakraborti, A.S. Dimitrov, K. Gramatikoff, D.S. Dimitrov, The SARS- 
CoV S glycoprotein: expression and functional characterization, Biochem. 
Biophys. Res. Commun. 312 (4) (2003) 1159–1164. 

[58] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, T. 
S. Schiergens, G. Herrler, N.-H. Wu, A. Nitsche, SARS-CoV-2 cell entry depends on 
ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor, Cell 
181 (2) (2020) 271–280, e8. 

[59] D. Wrapp, N. Wang, K.S. Corbett, J.A. Goldsmith, C.-L. Hsieh, O. Abiona, B. 
S. Graham, J.S. McLellan, Cryo-EM structure of the 2019-nCoV spike in the 
prefusion conformation, Science 367 (6483) (2020) 1260–1263. 

[60] L. He, Y. Ding, Q. Zhang, X. Che, Y. He, H. Shen, H. Wang, Z. Li, L. Zhao, J. Geng, 
Expression of elevated levels of pro-inflammatory cytokines in SARS-CoV-infected 
ACE2+ cells in SARS patients: relation to the acute lung injury and pathogenesis 
of SARS 210 (3) (2006) 288–297. 

[61] D. McGonagle, J.S. O'Donnell, K. Sharif, P. Emery, C. Bridgewood, Immune 
mechanisms of pulmonary intravascular coagulopathy in COVID-19 pneumonia, 
Lancet Rheumatol. 2 (7) (2020) e437–e445. 

[62] R.C. Bone, P.B. Francis, A.K. Pierce, Intravascular coagulation associated with the 
adult respiratory distress syndrome, Elsevier, 1976. 

[63] R. Blondonnet, J.-M. Constantin, V. Sapin, M. Jabaudon, A pathophysiologic 
approach to biomarkers in acute respiratory distress syndrome, Dis. Markers 2016 
(2016). 

[64] J.F. Tomashefski Jr., Pulmonary pathology of acute respiratory distress 
syndrome, Clin. Chest Med. 21 (3) (2000) 435–466. 

[65] S. Vesconi, G.P. Rossi, A. Pesenti, R. Fumagalli, L. Gattinoni, Pulmonary 
microthrombosis in severe adult respiratory distress syndrome, Crit. Care Med. 16 
(2) (1988) 111–113. 

[66] M.E. Colling, Y. Kanthi, COVID–19-associated coagulopathy: an exploration of 
mechanisms, Vasc. Med. 25 (5) (2020) 471–478. 

[67] M. Koupenova, L. Clancy, H.A. Corkrey, J.E. Freedman, Circulating platelets as 
mediators of immunity, inflammation, and thrombosis, Circ. Res. 122 (2) (2018) 
337–351. 

[68] N. Mackman, The many faces of tissue factor, J. Thromb. Haemost. 7 (2009) 
136–139. 

[69] T. van der Poll, H. Herwald, The coagulation system and its function in early 
immune defense, Thromb. Haemost. 112 (10) (2014) 640–648. 

[70] E. Lefrançais, B. Mallavia, H. Zhuo, C.S. Calfee, M.R. Looney, Maladaptive role of 
neutrophil extracellular traps in pathogen-induced lung injury, JCI Insight 3 (3) 
(2018). 

[71] G. Glas, K. Van Der Sluijs, M. Schultz, J.J. Hofstra, T. Van Der Poll, M. Levi, 
Bronchoalveolar hemostasis in lung injury and acute respiratory distress 
syndrome, J. Thromb. Haemost. 11 (1) (2013) 17–25. 

[72] I. Casari, M. Manfredi, P. Metharom, M. Falasca, Dissecting lipid metabolism 
alterations in SARS-CoV-2, Prog. Lipid Res. 82 (2021), 101092. 

[73] M. Chignard, J.P. Le Couedic, M. Tence, B.B. Vargaftig, J. Benveniste, The role of 
platelet-activating factor in platelet aggregation, Nature 279 (5716) (1979) 
799–800. 

[74] S. Uchiyama, M. Yamazaki, S. Maruyama, Role of platelet-activating factor in 
aggregation of leukocytes and platelets in cerebral ischemia, Lipids 26 (12) 
(1991) 1247–1249. 

[75] N. Abdol Razak, O. Elaskalani, P. Metharom 18 (3) (2017). 
[76] O. Elaskalani, N.B. Abdol Razak, P. Metharom, Neutrophil extracellular traps 

induce aggregation of washed human platelets independently of extracellular 
DNA and histones 16 (1) (2018) 24. 

[77] C.C. Yost, M.J. Cody, E.S. Harris, N.L. Thornton, A.M. McInturff, M.L. Martinez, 
N.B. Chandler, C.K. Rodesch, K.H. Albertine, C.A. Petti, A.S. Weyrich, G. 
A. Zimmerman, Impaired neutrophil extracellular trap (NET) formation: a novel 
innate immune deficiency of human neonates, Blood 113 (25) (2009) 6419–6427. 

[78] T.A. Fuchs, A. Brill, D. Duerschmied, D. Schatzberg, M. Monestier, D.D. Myers Jr., 
S.K. Wrobleski, T.W. Wakefield, J.H. Hartwig, D.D. Wagner, Extracellular DNA 
traps promote thrombosis, Proc. Natl. Acad. Sci. U. S. A. 107 (36) (2010) 
15880–15885. 

[79] G.H. Rao, J.G. White, Role of arachidonic acid metabolism in human platelet 
activation and irreversible aggregation, Am. J. Hematol. 19 (4) (1985) 339–347. 

[80] B.K. Manne, F. Denorme, E.A. Middleton, I. Portier, J.W. Rowley, C. Stubben, A. 
C. Petrey, N.D. Tolley, L. Guo, M. Cody, A.S. Weyrich, C.C. Yost, M.T. Rondina, R. 
A. Campbell, Platelet gene expression and function in patients with COVID-19, 
Blood 136 (11) (2020) 1317–1329. 

[81] E.D. Hottz, I.G. Azevedo-Quintanilha, L. Palhinha, L. Teixeira, E.A. Barreto, C.R. 
R. Pao, C. Righy, S. Franco, T.M.L. Souza, P. Kurtz, F.A. Bozza, P.T. Bozza, Platelet 
activation and platelet-monocyte aggregate formation trigger tissue factor 
expression in patients with severe COVID-19, Blood 136 (11) (2020) 1330–1341. 

[82] E.A. Middleton, X.Y. He, F. Denorme, R.A. Campbell, D. Ng, S.P. Salvatore, 
M. Mostyka, A. Baxter-Stoltzfus, A.C. Borczuk, M. Loda, M.J. Cody, B.K. Manne, 
I. Portier, E.S. Harris, A.C. Petrey, E.J. Beswick, A.F. Caulin, A. Iovino, L. 
M. Abegglen, A.S. Weyrich, M.T. Rondina, M. Egeblad, J.D. Schiffman, C.C. Yost, 
Neutrophil extracellular traps contribute to immunothrombosis in COVID-19 
acute respiratory distress syndrome, Blood 136 (10) (2020) 1169–1179. 

[83] M. Leppkes, J. Knopf, E. Naschberger, A. Lindemann, J. Singh, I. Herrmann, 
M. Sturzl, L. Staats, A. Mahajan, C. Schauer, A.N. Kremer, S. Volkl, K. Amann, 
K. Evert, C. Falkeis, A. Wehrfritz, R.J. Rieker, A. Hartmann, A.E. Kremer, M. 
F. Neurath, L.E. Munoz, G. Schett, M. Herrmann, Vascular occlusion by neutrophil 
extracellular traps in COVID-19, EBioMedicine 58 (2020), 102925. 

[84] J. Thachil, N. Tang, S. Gando, A. Falanga, M. Cattaneo, M. Levi, C. Clark, T. Iba, 
ISTH interim guidance on recognition and management of coagulopathy in 
COVID-19, J. Thromb. Haemost. 18 (5) (2020) 1023–1026. 

[85] A. Chandra, U. Chakraborty, S. Ghosh, S. Dasgupta, Anticoagulation in COVID-19: 
current concepts and controversies, Postgrad. Med. J. (2021), https://doi.org/ 
10.1136/postgradmedj-2021-139923. In press. 

[86] Z. Zhai, C. Li, Y. Chen, G. Gerotziafas, Z. Zhang, J. Wan, P. Liu, I. Elalamy, 
C. Wang, Prevention and treatment of venous thromboembolism associated with 
coronavirus disease 2019 infection: a consensus statement before guidelines, 
Thromb. Haemost. 120 (06) (2020) 937–948. 

[87] B. Bikdeli, M. Madhavan, D. Jimenez, T. Chuich, I. Dreyfus, E. Driggin, 
C. Nigoghossian, W. Ageno, M. Madjid, Y. Guo, Global COVID-19 thrombosis 
collaborative group, endorsed by the ISTH, NATF, ESVM, and the IUA, supported 
by the ESC working group on pulmonary circulation and right ventricular 
function. COVID-19 and thrombotic or thromboembolic disease: implications for 
prevention, antithrombotic therapy, and follow-up: JACC state-of-the-art review, 
J. Am. Coll. Cardiol. 75 (23) (2020) 2950–2973. 

[88] W. Miesbach, M. Makris, COVID-19: coagulopathy, risk of thrombosis, and the 
rationale for anticoagulation, Clin. Appl. Thromb. Hemost. 26 (2020) 
(1076029620938149). 

[89] I. Wijaya, R. Andhika, I. Huang, The use of therapeutic-dose anticoagulation and 
its effect on mortality in patients with COVID-19: a systematic review, Clin. Appl. 
Thromb. Hemost. 26 (2020) (1076029620960797). 

[90] Y. Wang, G. Ao, B. Nasr, X. Qi, Effect of antiplatelet treatments on patients with 
COVID-19 infection: a systematic review and meta-analysis, Am. J. Emerg. Med. 
43 (2021) 27–30. 

[91] S.P. Mackessy, A.J. Saviola, Understanding Biological Roles of Venoms Among 
the Caenophidia: The Importance of Rear-fanged Snakes, Oxford University Press, 
2016. 

[92] Y. Banerjee, J. Mizuguchi, S. Iwanaga, R.M. Kini, Hemextin AB complex–a snake 
venom anticoagulant protein complex that inhibits factor VIIa activity, 
Pathophysiol. Haemost. Thromb. 34 (4–5) (2005) 184–187. 

[93] S. Dutta, A. Sinha, S. Dasgupta, A.K. Mukherjee, Binding of a Naja naja venom 
acidic phospholipase A2 cognate complex to membrane-bound vimentin of rat L6 
cells: implications in cobra venom-induced cytotoxicity 1861 (5) (2019) 
958–977. 

[94] A.K. Mukherjee, S.P. Mackessy, Pharmacological properties and 
pathophysiological significance of a kunitz-type protease inhibitor (Rusvikunin- 
II) and its protein complex (Rusvikunin complex) purified from Daboia russelii 
russelii venom, Toxicon 89 (2014) 55–66. 

[95] A.K. Mukherjee, S.P. Mackessy, S. Dutta, Characterization of a kunitz-type 
protease inhibitor peptide (Rusvikunin) purified from Daboia russelii russelii 
venom, Int. J. Biol. Macromol. 67 (2014) 154–162. 

[96] B. Kalita, A.K. Mukherjee, Recent advances in snake venom proteomics research 
in India: a new horizon to decipher the geographical variation in venom proteome 
composition and exploration of candidate drug prototypes, J. Proteins Proteomics 
(2019) 1–16. 

[97] A. Chanda, A.K. Mukherjee, Mass spectrometric analysis to unravel the venom 
proteome composition of indian snakes: opening new avenues in clinical research, 
Expert Rev. Proteomics 17 (5) (2020) 411–423. 

[98] K.C.F. Bordon, C.T. Cologna, E.C. Fornari-Baldo, E.L. Pinheiro-Junior, F.A. Cerni, 
F.G. Amorim, F.A.P. Anjolette, F.A. Cordeiro, G.A. Wiezel, I.A. Cardoso, I. 
G. Ferreira, I.S. de Oliveira, J. Boldrini-Franca, M.B. Pucca, M.A. Baldo, E. 
C. Arantes, From animal poisons and venoms to medicines: achievements, 
challenges and perspectives in drug discovery 11 (2020) 1132. 

[99] J. White, Snake venoms and coagulopathy, Toxicon 45 (8) (2005) 951–967. 
[100] M. Alvarez-Flores, F. Faria, S. de Andrade, A. Chudzinski-Tavassi, in: , Springer 

Netherlands, Dordrecht, 2016, pp. 1–20. 
[101] R. Thakur, A. Mukherjee, A brief appraisal on Russell’s viper venom (Daboia 

russelii russelii) proteinases, Snake Venoms (2015) 1–18. 
[102] L. Autin, M. Miteva, W. Lee, K. Mertens, K.P. Radtke, B. Villoutreix, Molecular 

models of the procoagulant factor VIIIa–factor IXa complex, J. Thromb. Haemost. 
3 (9) (2005) 2044–2056. 

[103] M. Sharma, J.K. Iyer, N. Shih, M. Majumder, V.S. Mattaparthi, R. Mukhopadhyay, 
R. Doley, Daboxin P, a major phospholipase A2 Enzyme from the Indian Daboia 
russelii russelii Venom Targets Factor X and Factor Xa for Its Anticoagulant 
Activity, PLoS One 11 (4) (2016), e0153770. 

B. Kalita et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049549333
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049549333
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049549333
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005252205
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005252205
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005252205
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005365570
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005365570
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005365570
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049559386
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049559386
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049559386
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049559386
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049561784
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049561784
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049561784
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049561784
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005381980
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005381980
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005381980
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092005381980
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049568960
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049568960
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049568960
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092034254963
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092034254963
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092034254963
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092034254963
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049571714
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049571714
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092049571714
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006111793
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006111793
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006111793
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006111793
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050053511
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050053511
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050053511
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006272408
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006272408
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050064644
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050064644
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050064644
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050074810
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050074810
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050083169
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050083169
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050083169
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050135464
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050135464
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050164078
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050164078
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050164078
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050172340
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050172340
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006296134
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006296134
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050224003
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050224003
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050224003
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006309533
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006309533
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092006309533
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050231983
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050231983
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050240896
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050240896
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050240896
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050242716
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050242716
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050242716
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007013222
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050408671
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050408671
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050408671
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050415225
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050415225
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050415225
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050415225
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007027977
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007027977
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007027977
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007027977
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007045710
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007045710
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050422758
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050422758
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050422758
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050422758
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050431405
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050431405
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050431405
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050431405
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050432764
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050432764
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050432764
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050432764
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050432764
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050432764
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050447224
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050447224
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050447224
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050447224
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050447224
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050460854
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050460854
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050460854
https://doi.org/10.1136/postgradmedj-2021-139923
https://doi.org/10.1136/postgradmedj-2021-139923
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007067432
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007067432
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007067432
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007067432
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007227734
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007238052
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007238052
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007238052
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007249145
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007249145
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092007249145
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050470691
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050470691
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092050470691
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092008186934
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092008186934
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092008186934
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092008230602
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092008230602
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092008230602
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051215664
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051215664
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051215664
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051215664
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051228845
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051228845
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051228845
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051228845
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051241189
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051241189
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051241189
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092010040356
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092010040356
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092010040356
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092010040356
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051357754
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051357754
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051357754
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011146516
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011146516
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011146516
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011146516
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011146516
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092051365877
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092035282899
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092035282899
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011179019
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011179019
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011207164
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011207164
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011207164
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011573533
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011573533
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011573533
http://refhub.elsevier.com/S0141-8130(21)02156-5/rf202110092011573533


International Journal of Biological Macromolecules 192 (2021) 1040–1057

1055

[104] S. Samah, C. Fatah, B. Jean-Marc, K.T. Safia, L.D. Fatima, Purification and 
characterization of cc-lec, C-type lactose-binding lectin: a platelet aggregation 
and blood-clotting inhibitor from Cerastes cerastes venom, Int. J. Biol. Macromol. 
102 (2017) 336–350. 

[105] Q.-Y. Sun, C.-E. Wang, Y.-N. Li, J. Bao, Inhibition of platelet aggregation and 
blood coagulation by a P-III class metalloproteinase purified from Naja atra 
venom, Toxicon 187 (2020) 223–231. 
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