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Review Article

Advancements in Understanding Snake Venom: A Comprehensive Review of Biochemical Composition, Pharmacological Properties, and Therapeutic Applications
ABSTRACT

	Snake venom, a complex mixture of bioactive molecules evolved for predation and defence, has captivated researchers for its diverse pharmacological properties and therapeutic potential. This review comprehensively examines the composition, mechanisms of action, clinical manifestations of envenomation, and therapeutic applications of snake venom components. We look into the complex interplay between venom toxins and their targets within the prey's body, elucidating the pathophysiological effects of envenomation on humans and animals. Antivenom therapy, the primary treatment modality for snakebite envenomation, is discussed in detail, highlighting challenges in accessibility, efficacy, and future directions for improvement. Furthermore, we explore the burgeoning field of venom-based drug discovery, showcasing innovative approaches to pain management, cancer therapy, and neurological disorders. With a focus on interdisciplinary collaboration, biotechnological innovation, and community engagement, we envision a future where snake venom research translates into impactful solutions for global health challenges. This review underscores the importance of understanding and harnessing the therapeutic potential of snake venom, paving the way for novel treatments and interventions that benefit human and animal well-being worldwide.
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1. INTRODUCTION 

Snake venom is a potent cocktail of bioactive molecules that has fascinated researchers for centuries due to its complex composition and diverse effects on biological systems (Calvete et al., 2021). The study of snake venom has been an important part of human history, from prehistoric times to the present, in elucidating the lethal mechanisms of venom and the possible medicinal uses of its constituents. Comprising a myriad of proteins, peptides, enzymes, and other bioactive molecules, snake venom exhibits remarkable variation across species, habitats, and evolutionary lineages (Boldrini-França et al., 2017). This diversity underscores the adaptive strategies employed by snakes for prey capture, defence, and competition within their ecological niches. Moreover, the clinical manifestations of snake envenomation can range from local tissue damage to systemic effects (Mehta and Sashindran, 2002), creating substantial obstacles for healthcare providers and public health initiatives in areas plagued by poisonous snakes.  Our knowledge of the composition & function of snake venom has been radically altered by recent developments in analytical methods including genomic sequencing, mass spectrometry, & proteomics (Tan, 2022). These methodologies have unravelled intricate biochemical pathways, revealing novel drug targets and therapeutic leads that hold promise for the development of next-gen. antivenoms & pharmacological agents. The purpose of this study is to present a complete overview of current snake venom knowledge, including its molecular composition, evolutionary importance, ecological roles, clinical consequences, and therapeutic prospects. By synthesizing findings from diverse fields of study, an attempt to shed light on various types & complex properties of snake venom & its profound effect on welfare of human being is made. Emerging trends and future directions in venom research is highlighted, offering insights into the dynamic interplay between snakes, their venoms, and the broader ecosystem. This study integrates recent advances in the biochemical and pharmacological profiling of snake venom to enhance understanding of its molecular complexity. It merges traditional toxinology with modern biomedical research to reveal the therapeutic potential of venom-based compounds for drug discovery. The study serves as a valuable tool for scientists working to develop novel antivenoms and bioactive treatments, encouraging interdisciplinary cooperation between biotechnology, pharmacology, and toxicology.


2. Composition of Snake Venom
Venom from snakes is a fascinating blend of bioactive chemicals which have evolved over millions of years to subdue prey, deter predators, & aid in digestion (Holford et al., 2018). Comprising a diverse array of enzymes, peptides, proteins, & numerous different compounds, it exhibits remarkable specificity in targeting various physiological systems of the envenomated organism. 
Table-1: Composition of snake venom

	Category
	Sub-category
	Function
	References

	Proteins
	
	
	

	
	Enzymes
	Essential for digestion and immobilization of prey
	Kang et al., 2011

	
	Proteases
	Include metalloproteases, serine proteases, and phospholipases; facilitate tissue degradation, blood coagulation inhibition, and disruption of cellular membranes
	Bickler, 2020

	
	Hyaluronidases
	Degrade hyaluronic acid in connective tissues; aid in spreading venom within the body
	De França and Tambourgi, 2023

	
	L-amino acid oxidases
	Catalyze oxidation of L-amino acids, generating cytotoxic metabolites that promote tissue damage
	Izidoro et al., 2014

	Peptides
	
	
	

	
	Neurotoxins
	Attack nerve cells and tissues by interfering with synaptic transmission or ion channel function
	Kudryavtsev et al., 2020

	
	Cardiotoxins
	Disrupt cardiac function by inducing arrhythmias, cardiomyocyte damage, or vascular leakage
	Averin et al., 2022

	
	Cytotoxins
	Cause cell death or membrane disruption, contributing to tissue necrosis and inflammation at envenomation site
	Bittenbinder et al., 2024

	Other Bioactive Molecules
	
	
	

	
	Lipids
	Act as surfactants and cell membrane disruptors; phospholipids and sphingomyelins increase venom lethality
	

	
	Carbohydrates
	May influence the impact of venom through immunomodulatory or anticoagulant mechanisms
	

	
	Metals
	Zinc, copper, and magnesium can alter venom enzyme activity or help stabilize venom proteins
	Bhargava et al., 2022



Determining the mechanisms of action of snake venom and creating successful antivenom treatments require an understanding of its composition. An in-depth analysis of the intricate interactions between venom components and their targets within the victim's body can provide researchers with valuable insights into snake venom biology. This knowledge may potentially be harnessed for therapeutic purposes to improve human health.
3.  Primary Snake Venom Compounds of Concern to Humans

Table-2: Venom compounds- features, mode of action and significanceTop of Form

	Compound
	Features
	Snake Family
	Mechanism of Action
	Biological Significance/Therapeutics
	References

	Bradykinin Potentiating Peptides (BPP)
	Peptides of 5-14 amino acids, pyro-glutamyl residue at N-terminal, rich in proline
	Viperidae
	Inhibits angiotensin-converting enzyme (ACE), preventing the conversion of angiotensin I to angiotensin II, leading to vasodilation and hypotension.
	Lowers blood pressure in prey. Enhances bradykinin activity, leading to vasodilation. Basis for drugs like Captopril used to treat hypertension.
	Bedraoui et al., 2024

	Secreted Phospholipase A2 (PLA2)
	13-19 kDa, 5-8 disulfide bridges, conserved structural framework
	Colubridae, Elapidae, Viperidae
	Hydrolyzes sn-2 ester bond in glycerophospholipids, releasing fatty acids and lyso-phospholipids.
	Group I PLA2: Neurotoxic, causing paralysis by acting on neuromuscular junctions. Group II PLA2: Myotoxicity, myonecrosis, anticoagulant action, local tissue injury, and cell membrane damage.
	Averin and Utkin, 2021

	Three Finger Toxins (3FTx)
	6-8 kDa, 60-75 amino acids, 3 β-stranded loops, 4-5 disulfide bridges
	Colubridae, Elapidae
	Binds to ion channels, receptors, and enzymes, targeting nAChRs, mAChRs, and L-type calcium channels.
	Causes paralysis and poor neurotransmission by binding to acetylcholine receptors at neuromuscular junctions. Potential for treating HIV, multiple sclerosis, myasthenia gravis, muscular dystrophy, and amyotrophic lateral sclerosis.
	Averin and Utkin, 2021; Bedraoui et al., 2024

	Disintegrins (DIS)
	 M.W. 4-15 kDa, non-enzymatic, Arg-Gly-Asp sequence, rich in cysteine residue.
	Elapidae, Viperidae, Atractaspididae, Colubridae
	Binds to cell surface integrin receptors, inhibiting integrins critical for cell migration, proliferation, and survival.
	Inhibits platelet aggregation, causing bleeding, tissue death, and necrosis. Basis for thrombolytic medications like tirofiban and eptifibatide. Potential use in reducing prostate cancer and platelet accumulation.
	Chakrabarty and Chanda, 2015; Clissa et al., 2024

	Snake Venom Serine Proteases (SVSP)
	20-35 kDa, catalytic triad (histidine, aspartic acid, serine), round structure
	Colubridae, Viperidae, Elapidae
	Hydrolyses specific proteins involved in blood coagulation, platelet aggregation, and fibrinolysis using a catalytic triad of histidine, aspartic acid, and serine.
	Disrupts haemostasis, causing hypotension and immobilization of prey.
	Lu et al., 2005; Latinović et al., 2020

	Snake Venom Metalloproteinases (SVMPs)
	20-110 kDa, zinc-dependent, categorized as P-I, P-II, P-III
	Atractaspididae, Colubridae, Elapidae, Viperidae
	Zinc-dependent endopeptidases that degrade extracellular matrix (ECM) proteins and proteins essential for platelet adhesion and aggregation.
	Causes local tissue damage, bleeding, anti-coagulant effects, myonecrosis, and systemic reactions. Potentially used for their anticoagulant and pre-digestive properties.
	Gasanov, 2014; De; Gâz Florea et al., 2016; Sousa et al., 2017

	L-amino Acid Oxidases (LAAO)
	Homo-dimer, 60-70 kDa, flavin adenine dinucleotide (FAD)
	Elapidae, Viperidae
	Oxidizes L-amino acids to α-keto acids, producing NH3 and H2O2, leading to cytotoxicity, oxidative stress, apoptosis, and various anti-parasitic, anti-microbial, and anti-viral actions.
	Potential for developing anti-cancer therapies due to specific cytotoxic effects on cancer cells. Inhibits growth of human lung and breast cancer cells.
	Lu et al., 2005; Bedraoui et al., 2024

	Kunitz Peptides
	~60 amino acids, ~6 kDa, cysteine-rich with three disulfide bridges
	Elapidae, Viperidae, Colubridae
	Inhibit serine proteases (e.g., plasmin, kallikrein, trypsin); interfere with coagulation and fibrinolysis
	Modulate coagulation, inflammation, neuroprotection, cancer metastasis, microbial infection. Textilinin-1 as antibleeding agent
	Kodama et al., 2020; Bedraoui et al., 2024

	Cysteine-rich Secretory Proteins (CRISP)
	20-30 kDa, PR-1 domain at N-terminus, CRD at C-terminus
	Colubridae, Elapidae, Viperidae
	Inhibit ion channels involved in muscle contraction and glandular secretion
	Cause paralysis, low blood pressure, prevent platelet aggregation, induce hypothermia, immobilize prey
	Yamazaki and Morita, 2004; Bedraoui et al., 2024 

	Natriuretic Peptides (NP)
	25-30 amino acids, 2-3 kDa, disulfide bonds
	Viperidae, Elapidae
	Bind to natriuretic peptide receptors, increase cGMP levels, block angiotensin-converting enzyme
	Hypotensive effect, cardioprotective, diuretic, vasodilatory effects. Therapeutic in heart failure, hypertension
	Ang et al., 2022; Messadi, 2023

	Snake Venom C-type Lectin-like Proteins (SNACLEC)
	120-140 amino acids, CRD with ~130 residues
	Viperidae, Elapidae
	Inhibit/activate platelet receptors (GpIb, GpVI, integrin αIIbβ3), modulate immune responses
	Modulate haemostasis, coagulation, immune responses. Potential antithrombotic, anticoagulant agents
	Lu et al., 2005; Clemetson et al., 2005; Arlinghaus and Eble, 2012

	Tripeptides
	Contains 3 amino acids, Glu-Val-Trp
	Viperidae
	Inhibit metalloprotease activity, bind to specific receptors, inhibit enzymatic activity
	Antiplatelet aggregation, antithrombotic properties. Potential in antivenom development, pain management
	Munawar et al., 2018

	Sarafotoxins (SRTXs)
	15-30 amino acids, mostly with 25 amino acids
	Atractaspididae
	Adhere to endothelin receptors (ETA, ETB), activate PLC pathway, stimulate visceral muscle contraction
	Vasoconstriction, cardiac arrest, bronchoconstriction. Potential in cardiovascular, renal, respiratory therapies
	Mahjoub et al., 2015; Malaquin et al., 2016

	Waglerin
	 Mainly target nicotinic acetylcholine receptors (nAChRs)
	Viperidae (Temple Pit Viper)
	Adhere to nAChRs in muscle, prevents ACh binding, causes neuromuscular blockade
	Muscle paralysis, respiratory failure. Potential analgesic, muscle relaxant
	Munawar et al., 2018

	Acetylcholine esterases (AChE)
	Enzyme that hydrolyses acetylcholine
	Colubridae, Elapidae
	Hydrolyses acetylcholine at cholinergic synapses, inhibits nerve signalling
	Causes paralysis, potentiates other venom effects. Model for Alzheimer's disease treatments
	Vyas et al., 2013; Bourne et al., 2015; (Fonar et al., 2021)


	Arginine Esterases
	Hydrolyse peptide bonds involving arginine
	Viperidae
	Hydrolyse ester bonds in arginine-containing proteins
	Contribute to envenomation toxicity, potential therapeutic targets
	Vyas et al., 2013

	Hyaluronidases
	Degrade hyaluronic acid, enhance venom spread
	Viperidae, Colubridae, Elapidae
	Break β-1,4 glycosidic bonds in hyaluronic acid
	Facilitate venom distribution, enhance toxicity, trigger inflammation. Applications in drug delivery, cancer treatment
	Kemparaju and Girish, 2005; De França and Tambourgi, 2023

	Phosphodiesterases (PDE)
	Hydrolyse phosphodiester bonds in cyclic nucleotides
	Viperidae, Colubridae, Elapidae
	Degrade cAMP and cGMP, impair cellular signalling
	Promote blood clot formation, localize tissue damage. Potential in drug delivery, cancer therapy
	 El-Aziz et al., 2019; Uzair et al., 2018

	Prothrombin Activators
	Convert prothrombin to thrombin
	Viperidae, Elapidae
	Cleave prothrombin, create thrombin, amplify clotting cascade
	Rapid clot formation, potential for anticoagulant and thrombolytic therapies
	Kini and Koh, 2016; Bradford et al., 2010; Maduwage and Isbister, 2014

	Nerve Growth Factors (NGF)
	Dimeric proteins, bind to TrkA and p75^NTR receptors
	Viperidae, Elapidae
	Activate MAPK/ERK, PI3K/AKT, and PLCγ pathways
	Induce pain, modulate inflammation, promote neuronal survival. Therapeutic potential in pain, neurological, inflammatory diseases
	Williams et al., 2019; Katzir et al., 2003; Sunagar et al., 2013




4. Mechanisms of action of snake venom toxins & its pharmacological properties

Snake venom exerts its devastating effects on prey and predators alike through a variety of intricate mechanisms that target key physiological systems (Casewell et al., 2020). Understanding these mechanisms is crucial for elucidating the pathophysiology of envenomation and developing effective therapeutic interventions. The information in this section covers the diverse modes of action employed by snake venom components, highlighting their roles in prey immobilization, tissue damage, and systemic toxicity.
4.1 Neurotoxicity
Many snake venoms contain neurotoxins that specifically target the nervous system, disrupting synaptic transmission or ion channel function (Silva et al., 2017). α-Neurotoxins, for example, bind irreversibly to nicotinic acetylcholine receptors at neuromuscular junctions, leading to paralysis by blocking neurotransmission (Nirthanan, 2020). β-Neurotoxins inhibit voltage-gated sodium channels in nerve cells, preventing the generation of action potentials and causing muscle weakness or paralysis (Bickler et al., 2023).
4.2 Hemotoxicity
Haemorrhagic and coagulopathic effects are common manifestations of snakebite envenomation, attributable to the action of hemotoxic components in venom (Berling and Isbister, 2015). Metalloproteases and serine proteases degrade components of the blood clotting cascade, leading to coagulopathy, haemorrhage, and systemic bleeding (Gutiérrez et al., 2016; Alvarez-Flores et al., 2016). Phospholipases A2 (PLA2) disrupt cell membranes and activate platelets, promoting thrombosis, microvascular leakage, and tissue ischemia (Gasanov, 2014).
4.3 Myotoxicity
Snake venom myotoxins induce muscle damage and necrosis, contributing to local tissue destruction and systemic inflammation (Mebs and Ownby, 1990). These toxins may directly lyse muscle cell membranes or disrupt intracellular signalling pathways, leading to calcium influx, oxidative stress, and mitochondrial dysfunction. Myotoxicity can result in compartment syndrome, renal failure due to myoglobinuria, and long-term muscle fibrosis in severe cases of envenomation (Sanhajariya et al., 2021).
4.4 Cytotoxicity
Various components of snake venom, including cytotoxins and phospholipases, exert cytolytic effects on cells by disrupting membrane integrity or inducing apoptosis (Hiu and Yap, 2020). Cytotoxicity contributes to local tissue necrosis, inflammation, and secondary infections at the site of envenomation (Royte and Sawarkar, 2023). In addition to direct cell damage, cytotoxic venom components may modulate immune responses and exacerbate tissue injury through the release of pro-inflammatory mediators (Yacoub et al., 2018).
4.5 Cardiotoxicity 
Certain snake venoms contain toxins that affect the cardiovascular system, causing alterations in heart rate, blood pressure, and cardiac contractility (Averin and Utkin, 2021). These toxins have been instrumental in elucidating mechanisms of arrhythmias, ischemic heart disease, and heart failure (Averin et al., 2022).  Additionally, they have inspired the development of new pharmacological agents for managing cardiovascular conditions.
4.6 Other Modes of Action
Some snake venoms contain components with diverse pharmacological activities, including vasodilation, hypotension, neuroexcitation, and immunomodulation. These effects may contribute to the systemic manifestations of envenomation, such as shock, multi-organ failure, and death.
By deciphering the intricate mechanisms of action of snake venom components, researchers can develop targeted therapeutic interventions to mitigate the deleterious effects of envenomation. From antivenom therapy to the exploration of venom-derived molecules as potential drug leads, understanding the pharmacology of snake venom holds promise for improving clinical outcomes and saving lives threatened by snakebite envenomation.

Top of Form
5. Evolution of venom composition in different snake species 

Researchers have found that the evolution of venom composition in different snake species is driven by their specific prey and environment (Davies and Arbuckle, 2019). For example, snakes that primarily feed on insects may have venom that is more cytotoxic to break down the hard exoskeletons of their prey, while snakes that hunt mammals may have more neurotoxic components to quickly immobilize and kill their prey. By studying these adaptations, scientists can gain valuable insights into the diversity and potential benefits of venom for medical applications. While it is true that venom composition can be influenced by prey and environment, other factors such as competition for resources and genetic mutations may also play a significant role in shaping the evolution of venom in snake species (Casewell et al., 2020). Additionally, the potential benefits of venom for medical applications are still being researched and may not always be straightforward or easily applicable.

6. Clinical Manifestations of Snakebite Envenomation: From Local Effects to Systemic Toxicity

Snakebite envenomation represents a significant public health concern globally (Guile et al., 2023; WHO, 2023), with diverse clinical manifestations ranging from local tissue damage to life-threatening systemic toxicity. According to estimates from the World Health Organisation (WHO), there are between 4.5 and 5.4 million snakebite incidents worldwide each year, which results in 81,000 to 138,000 fatalities (WHO, 2023). Understanding the spectrum of clinical effects is crucial for timely diagnosis, appropriate management, and prevention of complications. This section provides a comprehensive overview of the clinical manifestations of snakebite envenomation, highlighting the local and systemic effects observed in affected individuals.
6.1 Local Effects
6.1.1 Pain:
Immediate pain at the site of the snakebite is a common presenting symptom, often accompanied by erythema, edema, and local tissue tenderness (Mehta and Sashindran, 2002; Ghasempouri et al., 2024).
6.1.2 Swelling:
Localized swelling may develop rapidly following envenomation, affecting the bitten limb or adjacent tissues (Mehta and Sashindran, 2002). The extent of swelling can vary depending on factors such as the species of snake and the amount of venom injected.
6.1.3 Ecchymosis and blistering:
Ecchymosis (bruising) and blister formation may occur at the site of the snakebite due to local tissue injury, haemorrhage, and inflammation (Mehta and Sashindran, 2002).
6.1.4 Tissue necrosis:
Severe envenomation, particularly by species with potent cytotoxic or hemotoxic venom, can lead to tissue necrosis and ulceration at the site of the bite (Feola et al., 2020).
6.2 Systemic Effects
6.2.1 Neurotoxicity:
Certain snake venoms contain neurotoxins that target the nervous system, leading to symptoms such as ptosis, diplopia, dysphagia, dysarthria, and descending flaccid paralysis. Respiratory failure may ensue if respiratory muscles are affected (Silva et al., 2017).
6.2.2 Haemotoxicity:
Haemorrhagic and coagulopathic effects are common systemic manifestations of snakebite envenomation, presenting as spontaneous bleeding, petechiae, ecchymosis, gingival bleeding, haematuria, and gastrointestinal bleeding (Larréché et al., 2021; Naik, 2021).
6.2.3 Cardiovascular effects:
Snake envenomation can cause cardiovascular instability, including hypotension, tachycardia, arrhythmias, myocardial injury, and cardiac arrest (Virmani, 2002). These effects may result from direct cardiotoxicity or secondary to systemic inflammation and shock.
6.2.4 Renal failure:
Acute kidney injury (AKI) can occur following severe snakebite envenomation, either due to direct nephrotoxic effects of venom components or as a consequence of systemic hypoperfusion, rhabdomyolysis, and haemolysis (Albuquerque et al., 2013; Vikrant et al., 2017; Sarkar et al., 2021).
6.2.5 Systemic inflammation:
Envenomation triggers a systemic inflammatory response characterized by fever, leucocytosis, elevated acute-phase reactants, and cytokine release syndrome (Voronov et al., 1999; Paolino and Di Nicola, 2020). Systemic inflammation contributes to the pathogenesis of organ dysfunction and shock (Bittenbinder et al., 2024).
6.2.6 Anaphylaxis:
Rarely, individuals may experience anaphylactic reactions to snake venom proteins, manifesting as urticaria, angioedema, bronchospasm, hypotension, and cardiovascular collapse (Amin et al., 2008; De Silva et al., 2015).
6.2.7 Delayed tissue necrosis:
In some cases, tissue necrosis and secondary infections (Wagener et al., 2017) may develop days to weeks after the initial snakebite, leading to chronic wounds, abscess formation, and long-term disability.
6.2.8 Psychological trauma:
Snakebite envenomation can have profound psychological effects on victims, leading to anxiety, depression, post-traumatic stress disorder (PTSD), and avoidance behaviours related to outdoor activities (Bhaumik et al., 2020).
By recognizing the diverse clinical manifestations of snakebite envenomation, healthcare providers can initiate appropriate interventions, including antivenom therapy, supportive care, and management of complications. Public education, snakebite prevention strategies, and access to timely medical treatment are essential for reducing the morbidity and mortality associated with snakebite envenomation worldwide (Vaiyapuri et al., 2023).
7. Research Methods and Techniques
7.1 Methods for extracting and analysing snake venom
There are several methods for extracting and analysing snake venom, including milking the venom glands of live snakes (Hayes et al., 2019), dissecting the snake’s post-mortem, and using chromatography techniques (El-Aziz et al., 2020) to separate and identify the different components of the venom. 
7.2 Techniques for studying the effects of snake venom in vitro and in vivo
Some argue that using live snakes for venom extraction perpetuates the exploitation of animals for human gain (Sells, 2003). Despite this counterargument, studying the effects of snake venom in vitro and in vivo is essential for developing effective antivenom treatments. 

Table -3: Various techniques used to study the effects of snake venom (Sahyoun et al., 2022)


	Technique Type
	Specific Techniques
	Description

	In Vitro Techniques
	Cell Culture Studies
	

	
	Cell Lines
	Various cell lines exposed to venom to observe cytotoxic effects, cell viability, & morphological changes.

	
	MTT Assay
	Measures cell metabolic activity as an indicator of cell viability & cytotoxicity.

	
	 LDH Release Assay
	Assesses cell membrane integrity by measuring lactate dehydrogenase released from damaged cells.

	
	Biochemical Assays
	

	
	Enzyme Activity Assays
	Measure the activity of specific venom enzymes (e.g., phospholipases, proteases) on various substrates.

	
	Protein and Peptide Analysis
	Use techniques such as SDS-PAGE and mass spectrometry to identify and characterize venom proteins and peptides.

	
	Molecular Biology Techniques
	

	
	PCR and qPCR
	Quantify changes in gene expression in cells exposed to venom.

	
	 Western Blotting
	Detect specific proteins affected by venom exposure.

	
	Flow Cytometry
	Analyse cell surface markers, apoptosis, and necrosis in cells treated with venom.

	
	Microscopy
	

	
	Light and Fluorescence Microscopy
	Observe morphological changes in cells.

	
	Electron Microscopy
	Examine ultrastructural changes in cells and tissues.

	
	Binding Studies
	

	
	ELISA
	Quantify venom binding to specific receptors or antibodies.

	
	Surface Plasmon Resonance (SPR)
	Measure the binding kinetics and affinity of venom components to target molecules.

	In Vivo Techniques
	Animal Models
	

	
	Rodents (Mice, Rats)
	Commonly used to study systemic effects, toxicity, and pharmacokinetics of venom.

	
	Alternative Models (e.g., Zebrafish, Chick Embryos)
	Used for specific applications like developmental toxicity and neurotoxicity studies.

	
	Toxicological Studies
	

	
	LD50 Determination
	Establish the lethal dose of venom that kills 50% of the test animals.

	
	Pathological Examination
	Histological analysis of tissues to identify damage caused by venom.

	
	Pharmacokinetic Studies
	

	
	Blood Sampling and Analysis
	Monitor venom concentration and its metabolites in blood over time.

	
	Behavioural Studies
	

	
	Observational Studies
	Observe changes in behaviour, motor functions, and neurological status in animals exposed to venom.

	
	Immunological Studies
	

	
	 Antibody Production
	Evaluate the immune response and potential for antivenom production.

	
	 Cytokine Profiling
	Assess changes in cytokine levels to understand immune modulation by venom.

	
	Electrophysiological Studies
	Record electrical activity in nerves and muscles to study the neurotoxic effects of venom.

	Integrated Approaches
	Omics Technologies
	

	
	Genomics, Transcriptomics, Proteomics, & Metabolomics
	Provide comprehensive insights into the molecular and systemic effects of venom.

	
	High-Throughput Screening
	Use automated systems to screen large libraries of compounds or cell lines against venom components to identify potential therapeutic targets or antidotes.

	
	Computational Modelling
	

	
	Molecular Docking & Simulation
	Predict interactions between venom components and their molecular targets.

	
	Pharmacokinetic Modelling
	Simulate venom distribution and effects in the body.



By utilizing these techniques, scientists can better understand the mechanisms of snake venom and work towards improving the overall treatment of snake envenomation.
7.3 Advances in venom research technology
Advances in venom research technology Such as venom gland extraction and synthetic venom production, may eventually make the use of live snakes for venom extraction obsolete (Lüddecke et al., 2023). This could help alleviate ethical concerns while still allowing for important research to continue. As technology continues to improve, scientists may be able to find more humane ways to study snake venom and develop life-saving antivenom treatments. In the meantime, the knowledge gained from in vivo studies remains critical in the fight against snakebite deaths worldwide.

8.  Applications of Snake Venom Research

Antivenom therapy remains the cornerstone of treatment for snakebite envenomation, offering the most effective means of neutralizing venom toxins and mitigating the clinical effects of envenomation (Alangode et al., 2020). However, the development, production, and distribution of antivenom pose significant challenges, particularly in regions where snakebite prevalence is high and resources are limited (Potet et al., 2021). 
8.1 Development of Antivenom
8.1.1 Production methods:
Antivenom is typically produced by hyper-immunizing large animals, such as horses or sheep, with snake venom antigens (WHO). The animals' immune response generates polyclonal antibodies against venom toxins, which are then harvested and purified for clinical use.
8.1.2 Venom selection:
Antivenom formulations are tailored to target the venoms of specific snake species prevalent in a given geographic region, ensuring optimal neutralization of local snakebite envenomations.
8.1.3 Quality control:
Stringent quality control measures are employed throughout the production process to ensure the safety, potency, and efficacy of antivenom products.
8.2 Mechanisms of Action
Antivenom neutralizes venom toxins through antigen-antibody binding, preventing their interaction with target receptors and mitigating their toxic effects (Madhushani et al., 2021).
Polyclonal antibodies present in antivenom preparations recognize multiple venom components, providing broad-spectrum neutralization against diverse venom toxins (Alangode et al., 2020). Antivenom may also facilitate venom clearance from the bloodstream through opsonization and phagocytosis by immune cells, enhancing the body's ability to eliminate circulating toxins.
8.3 Clinical Efficacy
Antivenom therapy has demonstrated efficacy in reducing morbidity and mortality associated with snakebite envenomation, particularly when administered promptly following envenomation. Clinical outcomes, including resolution of local tissue damage, reversal of systemic toxicity, and improvement in laboratory parameters (e.g., coagulopathy), have been documented in numerous studies. The effectiveness of antivenom may vary depending on factors such as the specific venom composition, the dose and timing of antivenom administration, and individual patient characteristics (Silva and Isbister, 2020).
8.4 Challenges in Antivenom Therapy
8.4.1 Accessibility and affordability:
Limited availability of antivenom in remote or resource-limited areas poses a significant barrier to timely treatment of snakebite envenomation, leading to avoidable morbidity and mortality (Gutiérrez, 2012).
8.4.2 Variability in potency:
Antivenom efficacy may be compromised by variations in venom composition, antigenicity, and antibody specificity, necessitating regular updates and optimization of antivenom formulations.
8.4.3 Adverse reactions:
Hypersensitivity reactions, including anaphylaxis, serum sickness, and delayed hypersensitivity, represent potential risks associated with antivenom administration, highlighting the importance of vigilant monitoring and supportive care (Deshpande et al., 2013).
8.5 Future Directions
8.5.1 Novel antivenom technologies:
Advances in biotechnology, including recombinant antibody production, phage display libraries, and monoclonal antibody engineering, hold promise for the development of next-generation antivenom with improved safety, specificity, and efficacy (Vanuopadath et al., 2023; Slagboom et al., 2024).
8.5.2 Accessible and affordable antivenom:
Efforts to enhance antivenom accessibility through innovative distribution models, cost-effective production methods, and international collaboration are essential for addressing the global burden of snakebite envenomation.
8.5.3 Multimodal treatment approaches:
Integrating antivenom therapy with adjunctive treatments, such as supportive care, wound management, and rehabilitation services, can optimize clinical outcomes and reduce long-term disability in snakebite survivors.
Antivenom therapy remains an indispensable component of snakebite management (Gamulin et al., 2023), yet persistent challenges underscore the need for continued research, innovation, and advocacy to ensure equitable access to safe and effective antivenom worldwide. By addressing these challenges and embracing novel therapeutic approaches, we can strive to reduce the burden of snakebite envenomation and improve the prognosis for affected individuals.

9.  Potential therapeutic uses of snake venom toxins

Some compounds found in snake venom have shown promise in treating conditions such as heart disease, cancer, and neurological disorders (El-Aziz et al., 2019). By harnessing the power of these toxins, scientists may be able to create new medications that could revolutionize the field of medicine. With ongoing research and collaboration, the full potential of snake venom toxins in therapeutic applications may be realized in the near future. Snake venoms, traditionally viewed as agents of injury and death, harbour a treasure trove of bioactive molecules with remarkable therapeutic potential. 

Table - 4: Therapeutic potential of snake venom toxins

	Therapeutic Application
	Specific Use
	Description
	References

	Pain Management
	Analgesic Peptides
	Peptides derived from viper venoms that exhibit potent analgesic properties by targeting specific ion channels and receptors involved in nociception.
	Vidya et al., 2021

	
	Nav1.7 Inhibitors
	Venom-derived peptides that selectively inhibit the Nav1.7 voltage-gated sodium channel, which is implicated in pain sensation, are promising non-opioid analgesics with reduced side effects.
	Eagles et al., 2020

	Cancer Therapy
	Cytotoxic Proteins and Peptides
	Cytotoxic molecules in snake venom induce apoptosis, inhibit cell proliferation, and disrupt tumor angiogenesis, making them attractive candidates for cancer therapy.
	Guo et al., 2024

	
	Disintegrins
	Disintegrins target integrin receptors involved in cell adhesion, migration, and survival, impairing tumor growth and metastasis.
	Selistre-de-Araujo et al., 2010

	Neurological Disorders
	Neuroprotective Peptides
	Bradykinin-potentiating peptides (BPPs) from Bothrops jararaca venom possess neuroprotective properties by modulating neurotransmitter release, neuronal excitability, and oxidative stress.
	Munawar et al., 2018

	
	Neuro-regenerative Factors
	Components like nerve growth factors (NGFs) and metalloproteases promote nerve regeneration, synaptic plasticity, and functional recovery following neurological injury or neurodegenerative diseases.
	Cañas et al., 2021; Ullah, 2022

	Cardiovascular Disorders
	Antithrombotic Agents
	Snake venom proteins such as disintegrins and metalloproteases exhibit potent antiplatelet and anticoagulant activities, offering potential therapeutic benefits in thrombotic disorders.
	Cañas et al., 2021

	
	Vasodilators
	Peptides like bradykinin-potentiating peptides (BPPs) and natriuretic peptides exert vasodilatory effects by modulating vascular tone, endothelial function, and blood pressure regulation.
	El-Aziz et al., 2019

	Other Therapeutic Applications
	Antimicrobial Peptides
	Snake venom peptides with antimicrobial properties have shown efficacy against a wide range of bacterial, fungal, and parasitic pathogens, highlighting their potential as novel antimicrobial agents.
	Yacoub et al., 2020

		Immunomodulatory Molecules



	



	




	C-type Lectins & Phospholipase A2 Inhibitors
	Venom-derived proteins and peptides that modulate immune responses hold promise for the treatment of autoimmune disorders, inflammatory diseases, and transplantation rejection.
		Ryan et al., 2021






By harnessing the therapeutic potential of snake venom components, researchers can unlock new avenues for drug discovery and therapeutic innovation, offering hope for the treatment of diverse medical conditions. However, translating venom-based therapies from bench to bedside requires rigorous preclinical validation, optimization of drug delivery systems, and careful consideration of safety and efficacy profiles. Nonetheless, the rich pharmacological diversity of snake venoms continues to inspire scientific curiosity and drive advancements in biomedicine, paving the way for the development of next-generation therapeutics with profound clinical impact.
Top of Form
10. Future Directions in Snake Venom Research
10.1 Emerging trends in venom research 
Snake venom research has made significant strides in recent years, uncovering novel insights into venom composition, mechanisms of action, and therapeutic potential (Simoes-Silva et al., 2018). Looking ahead, several exciting avenues of exploration hold promise for advancing our understanding of snake venoms and harnessing their therapeutic applications. 
10.1.1 Omics Approaches:
Genomics, transcriptomics, proteomics, and metabolomics offer powerful tools for comprehensive profiling of snake venoms, enabling the identification and characterization of novel toxins, pathways, and therapeutic targets (Mouchbahani-Constance and Sharif-Naeini, 2021). Integrating multi-omics data with bioinformatics and systems biology approaches can elucidate the complex interplay between venom components and host responses, paving the way for precision medicine and personalized therapies.
10.1.2 Venom Evolution and Diversity:
Exploring the evolutionary origins and ecological adaptations of venomous snakes provides valuable insights into the diversity and dynamics of venom composition across species, populations, and habitats. Comparative studies of venoms from phylogenetically diverse snake taxa offer opportunities to identify conserved toxin families, evolutionary hotspots, and adaptive convergences, informing drug discovery and antivenom development (Casewell et al., 2020).
10.1.3 Biotechnological Innovations:
Advancements in biotechnology, including recombinant protein expression, peptide synthesis, and gene editing techniques, facilitate the production of venom-derived molecules with enhanced stability, specificity, and therapeutic efficacy (Rajan et al., 2022). Engineered venom toxins and toxin mimetics hold promise for targeted drug delivery, molecular imaging, and precision medicine applications, opening new avenues for therapeutic innovation and disease management.
10.1.4 Therapeutic Translation:
Translating venom-based therapies from preclinical research to clinical practice requires rigorous validation, optimization, and regulatory approval processes to ensure safety, efficacy, and accessibility for patients. Collaborative initiatives between academia, industry, government agencies, and non-profit organizations are essential for accelerating the development, production, and distribution of venom-derived drugs and antivenoms on a global scale (Potet et al., 2021).
10.2 One Health Approach
Adopting a One Health approach that integrates human, animal, and environmental health perspectives is critical for addressing the complex challenges posed by snakebite envenomation, including disease burden, ecological conservation, and socio-economic impact ((Martins et al., 2022; Resiere et al., 2024). Interdisciplinary collaborations spanning fields such as medicine, veterinary science, ecology, anthropology, and public health are essential for developing holistic solutions to snakebite envenomation that promote health equity and sustainable development.
10.3 Community Engagement and Capacity Building
Empowering local communities, healthcare providers, and policymakers through education, training, and advocacy initiatives fosters awareness, preparedness, and resilience in snakebite-affected regions (Resiere et al., 2024). Building capacity for snakebite management, including first aid training, venomous snake identification, and antivenom administration, enhances community response capabilities and reduces the burden of envenomation-related morbidity and mortality (Gajbhiye et al., 2023). The future of snake venom research & therapeutic applications holds immense potential to mitigate global challenges regarding health & improving human life. Unlocking the complete medicinal arsenal of snake venoms & transforming dangerous creatures into partners for human health & prosperity can be achieved through engaging innovation, collaboration & One Health approach. We can make it to a future where everyone is safer, healthier, and more resilient if we set out on this path together.
10.4 Opportunities in the field
Despite few limitations, the potential benefits of using snake venom toxins in medicine are significant. Researchers keep searching for novel ways to use these toxic substances to treat an array of diseases and disorders, notably cancer and chronic pain. These powerful compounds have untapped potential that scientists may now fully capitalise on by thoroughly researching the effects upon human body & designing safe delivery strategies. Research into snake venom has great promise for the future of medicine & could improve the lives of many people thanks to technological advancements (El-Aziz et al., 2019).
10.5 Importance of continued research on snake venom
Continued research on snake venom is crucial in order to fully understand its potential benefits and risks. By further investigating the biochemical properties of venom toxins and their interactions with different cells and tissues, scientists can develop more targeted and effective treatments. Additionally, ongoing research can help to identify new applications for snake venom in areas such as antivenom development and drug discovery (Tan, 2022). The importance of continued research on snake venom lies in its potential to revolutionize medical treatments and ultimately save lives.

4. Conclusion

Research on snake venom is essential for unlocking its potential benefits and risks. By studying the biochemical properties and interactions of venom toxins, scientists can develop more targeted treatments. Furthermore, ongoing research can lead to new applications in areas like antivenom development and drug discovery. Ultimately, continued research on snake venom has the potential to revolutionize medical treatments and save lives. The implications of snake venom research are vast and promising. With a better understanding of venom toxins, scientists can create more effective antivenoms to treat snakebites. Additionally, the discovery of new bioactive compounds in snake venom could lead to the development of novel drugs for a variety of medical conditions. Overall, the potential applications of snake venom research are far-reaching and could greatly benefit the field of medicine in the future. In order to further advance the field of snake venom research, it is recommended that future research efforts focus on identifying new venom components and their potential therapeutic uses. Collaborations between scientists, medical professionals, and pharmaceutical companies should be encouraged to accelerate the development of new antivenoms and medications derived from snake venom. Additionally, studies on the ecological and evolutionary aspects of venomous snakes could provide valuable insights into the diversity and complexity of venom toxins. By prioritizing these research areas, we can continue to unlock the full potential of snake venom in improving healthcare outcomes.
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