


Snake Venom Therapeutic Potential against Cardiovascular Diseases



Abstract
Snakes, belonging to the Phylum Chordata and Class Reptilia, are among the most evolutionarily adaptable and biologically diverse vertebrates. Venomous snakes possess specialized salivary glands that produce and store venom, a complex mixture of biologically active proteins, polypeptides, and non-protein components. These venom components exhibit dominant bioactivities such as neurotoxicity, haemotoxicity, and cytotoxicity, which disrupt fundamental physiological systems in envenomed victims. If left untreated, snake envenomation can lead to severe morbidity or death. Snake envenomation is a significant global health challenge, with an estimated 4.5–5.4 million bites annually, resulting in tens of thousands of fatalities and numerous cases of chronic disabilities due to tissue damage and systemic complications. Despite this, snake venoms have garnered increasing attention for their therapeutic potential. Their biologically active toxin mixtures exhibit diverse pharmacological properties, making them valuable in drug discovery and development. The success of captopril, the first drug derived from the bradykinin-potentiating peptide of Bothrops jararaca venom, highlights the potential of snake venom components as lead compounds for novel therapeutic agents. Significant progress has been made in developing drugs targeting cardiovascular diseases, including treatments for coagulopathies, hemostasis, and stroke prevention. This review explores the therapeutic potential of snake venom components in addressing cardiovascular diseases. It focuses on the mechanisms through which these components influence blood pressure regulation and clotting pathways, underscoring their importance in the continuous search for innovative medical treatments.
Keywords: Snake, Venom toxins, Therapeutic Agents, Cardiovascular Diseases

1.0 Introduction
Snakes, members of the Phylum Chordata and Class Reptilia, are among the most evolutionarily adaptable and biologically diverse vertebrates (Database, 2023). Within the suborder Serpentes (Alejandro, 2007), snakes have developed an array of survival strategies, with venom emerging as one of their most remarkable adaptations (Gold et al.,  2002). Of over 4,000 snake species globally, around 600 (15-17%) are venomous, and approximately 200 of these are medically significant, presenting both public health risks (Nicola et al., 2021). These venomous snakes belong to four primary families; Viperidae, Atractaspididae, Elapidae, and Colubridae with Viperidae further subdivided into the highly toxic Viperinae and Crotalinae subfamilies (de Franca and Tambourgi, 2023; Gutiérrez et al., 2017).	Comment by Dr Yahyea B Laskar: should be written in italics 
Snake envenomation represents a significant global health challenge, with 4.5–5.4 million bites occurring annually, leading to tens of thousands of fatalities and countless cases of chronic disabilities caused by tissue damage and systemic complications (WHO, 2023). Beyond their role in envenomation, snake venoms are increasingly recognized for their untapped therapeutic potential, owing to their biologically active toxin mixtures with diverse pharmacological properties (Kodama et al., 2015; Frangieh et al., 2021; Lu et al., 2023)
Composed predominantly of proteins and peptides, snake venom is a sophisticated arsenal targeting diverse physiological systems in prey, including the nervous, cardiovascular, and musculoskeletal systems (Frangieh et al., 2021; Bedraoui et al., 2024; Bittenbinder et al.,  2024). Enzymatic toxins like phospholipases, metalloproteinases, and serine proteases work alongside non-enzymatic molecules, including neurotoxins and cardiotoxins, to immobilize prey efficiently and initiate predigestion (Ledsgaard et al., 2023; Vuong et al., 2021; Monsalve et al., 2020; Ferraz et al., 2019; Costa et al., 2014; Jacinthe et al., 2021). The specificity and potency of these venom components make them highly effective, not only in an envenomation but also as therapeutic candidates (Darwish et al., 2021).
Recent advances in biomedical research highlight snake venom's potential in addressing human diseases, particularly cardiovascular conditions such as hypertension, thrombosis, and heart failure (Kodama et al., 2015; Chen et al., 2018; Lazarovici, Marcinkiewicz, and Lelkes, 2019; Bayer, et al., 2020; Frangieh et al., 2021; Estrada et al., 2022; Wang and Zou, 2023; Lu, et al., 2023)
The strategy behind developing venom-derived drugs is based on the ability of snake venom compounds to modulate ion channels, such as Na+, K+, and Ca2+ ion channels, block receptors and membrane transporters and inhibit enzymes activity (Frangieh et al., 2021; Bedraoui et al., 2024; Averin and Utkin, 2021). 
An example of this is captopril, the first drug derived from viper venom, which gained approval from the Food and Drug Administration for treating hypertension and congestive heart failure (Frangieh et al., 2021). Captopril works by inhibiting the ACE enzyme, which is responsible for converting angiotensin I to angiotensin II. Angiotensin II is a potent vasoconstrictor, so its reduction leads to relaxation of blood vessels and reduced blood pressure (Kodama et al., 2015; Frangieh et al., 2021)
This review focuses on the application of snake venom in cardiovascular medicine, exploring the mechanisms by which venom components influence blood pressure regulation and clotting pathways. By elucidating the molecular and pharmacological actions of these compounds, this review aims to underscore their therapeutic potential and outline the challenges in developing venom-derived drugs for safe human use.
2.0 Methodology
2.1 Search strategy
Relevant papers were searched using electronic databases such as PubMed/MEDLINE, Embase, Cochrane Library, Scopus, and Google Scholar. The following search terms were employed: "antivenom" OR "venom-derived peptide" OR "snake venom" AND "cardiovascular disease" OR "hypertension" OR "atherosclerosis" AND "drug development" OR "mechanism of action" OR "ACE inhibition." This search strategy was designed to include all relevant articles on the pharmacological effects of snake venom on the cardiovascular system.
2.2.  Inclusion and exclusion criteria
2.2.1 Inclusion criteria
The inclusion criteria for relevant studies focus on research investigating snake venom toxins and their effects on cardiovascular diseases. This encompasses preclinical studies, including in vitro and in vivo experiments, and clinical research examining the cardiovascular impacts of venom components. Additionally, systematic reviews, meta-analyses, and randomized controlled trials evaluating snake venom's therapeutic potential for treating cardiovascular conditions were considered. Only published articles in English that were peer-reviewed, as well as conference proceedings and dissertations, were included in this review.
2.2.2 Exclusion criteria
The research's exclusion criteria involved several vital factors. Non-research-based literature, such as opinions, commentaries, and editorial articles, was not considered. Furthermore, studies focused exclusively on conditions unrelated to cardiovascular diseases, such as neurotoxicity or dermatological effects, were excluded. The criteria further stipulated that non-peer-reviewed sources or grey literature lacking sufficient scientific rigour could not be included. Finally, articles presenting incomplete data or unclear methodologies were excluded from the research review.
3.0 Biochemical Properties of Snake Venom Toxins
Snake venom toxins are highly stable due to multiple disulfide bonds, making them resistant to degradation by enzymes in prey (Oliveira et al., 2022).  Many toxins are highly specific for certain physiological targets, such as nicotinic acetylcholine receptors or phospholipids in cell membranes (Sani et al., 2019). This specificity allows venom toxins to have rapid and precise effects on biological processes. Venom contains a mixture of toxins that often work synergistically, enhancing each other's effects (Ferraz et al., 2019). For instance, enzymes like hyaluronidase, metalloproteinases and PLA2s in venom can disrupt tissue barriers, allowing other toxins easier access to deeper tissues or the bloodstream (Ledsgaard et al., 2023; Sani et al., 2019).
3.1 Snake venom compositions
Snake venoms comprise a mixture of biologically active proteins and polypeptides (Sani et al., 2019) (comprising approximately 90–95% of a venom load), along with other non-protein components including carbohydrates, lipids, amines, and inorganic salts of which the majority (>90%) are peptides and proteins, with the dominant bioactivities including neurotoxicity, haemotoxicity and cytotoxicity depending on the snake species (Oliveira et al., 2022; Ferraz et al., 2019).
3.1.1 Enzymes in Snake Venom
The unique biochemical stability and specificity of snake venom toxins are not only essential for their survival strategies but also lay the foundation for a variety of mechanisms that buttress their toxic effects. Among these, enzymatic components stand out for their role in degrading tissue barriers and altering blood flow, processes that are critical both for prey immobilization and potential therapeutic applications.
3.1.1.1 Phospholipase A2 (PLA2)
[bookmark: _Hlk179638396]PLA2 (phosphatide 2-acylhydrolase, EC 3.1.14) They are usually small proteins that contain disulfide bonds, which stabilize their structure and make them resistant to degradation (Oliveira et al., 2022) and its often one of the key components of snake venom, particularly in the venoms of elapids, viperids, and crotalids (Berg et al., 2001). Snake venom phospholipase A2 enzymes (PLA2s) act by hydrolyzing the sn-2 ester bond in phospholipids, resulting in the release of free fatty acids, commonly arachidonic acid, along with lysophospholipids (Ferraz et al., 2019) which in turn promotes inflammation and pain (Sofyantoro et al., 2022). PLA2s can also contribute to muscle damage and myonecrosis (muscle cell death) (Sani et al., 2019). Depending on the type, snake venom PLA2s can either promote or inhibit blood clotting. Some act as anticoagulants by disrupting platelet function, while others may induce coagulation cascades, leading to local clotting and hemorrhage (Oliveira et al., 2022). Naja (cobra) and Bothrops (pit viper) venoms contain potent PLA2 enzymes, making them highly toxic and capable of rapid tissue degradation.
3.1.1.2 Snake Venom Metalloproteinases (SVMPs)
SVMPs are enzymes with a variable molecular mass ranging from 20 to 100 kDa (Tasoulis et al., 2022). They are large proteins with multiple domains that bind to substrates with high specificity. These enzymes rely on divalent metal ions, like zinc, which are essential for maintaining their three-dimensional structure required for catalytic activity (Oliveira et al., 2022). These zinc-dependent enzymes degrade extracellular matrix proteins, such as collagen, elastin, and fibrin.  SVMPs disrupt blood vessel integrity, leading to hemorrhage, inflammation, and local tissue destruction (Ferraz et al., 2019). They play a major role in venom-induced bleeding and contribute to necrosis at the site of the bite (Ledsgaard et al., 2023; Munawar et al., 2018). SVMPs are predominantly found in viper venoms, such as from the Russell’s viper (Daboia russelii) and Bothrops species, these enzymes causes extensive bleeding and tissue damage (Oliveira et al., 2022).
3.1.1.3 Snake Venom Serine Proteinases (SVSP)
SVSP belong to the serine protease family, characterized by a conserved catalytic triad (Ser195-His57-Asp102) that is critical for enzymatic activity (Asega et al., 2020). SVSP are enzymes that cleave peptide bonds in proteins (Vilca-Quispe et al., 2023). They are smaller than metalloproteinases and contain catalytic triads that are essential for their activity SVSPs are similar to SVMPs in that they are primarily hemotoxic and act as procoagulants, disrupting blood coagulation, altering fibrinogen levels, affecting blood pressure, and inhibiting platelet aggregation (Yue et al., 2021; Vaiyapur et al., 2011). 
3.1.2 Neurotoxins
Neurotoxins in snake venom target nerve cells, disrupting the transmission of electrical signals, often leading to paralysis (Marte et al., 2022).
3.1.3.1Three-Finger Toxins (3FTx)
3FTx are a diverse group of neurotoxic proteins primarily found in the venoms of elapids, hydrophiids, and colubrids, α-Bungarotoxin from krait venom and cobratoxin from cobra venom are well-known examples. They are named for their distinctive three-fingered structure (Koludarov et al., 2023). They are small, structurally stable peptides with a characteristic three-finger-like structure (Kessler et al., 2017). They are resistant to degradation due to multiple disulfide bonds (Dyba et al., 2021; Utkin, 2019). These toxins act as either agonists or antagonists on cholinergic receptors, particularly the nicotinic acetylcholine receptors at the neuromuscular junction. This binding leads to paralysis by blocking nerve impulse transmission to muscles (Kessler et al., 2017; Yang, et al., 2016; Roman-Ramos et al., 2024). 
3.1.2.2 Phospholipase A2 Neurotoxins:
Some PLA2 enzymes in snake venoms are modified to target neurons specifically (Tasoulis et al., 2022). These neurotoxic PLA2s are structurally similar to other PLA2s but bind to receptors on nerve cells, disrupting neurotransmission (Sofyantoro et al., 2022).
3.1.2.3 Cardiotoxins
Cardiotoxins, primarily found in elapid venoms, are polypeptides with a structure stabilized by disulfide bridges. These toxins are small and highly cationic, allowing them to interact with cell membranes effectively (Kodama et al., 2015; Frangieh et al., 2021). Cardiotoxins disrupt cardiac muscle cells by binding to the cell membrane, leading to cell depolarization, leakage of ions, and cell death (Antzelevitch, 2005). This results in arrhythmias, cardiac arrest, or heart failure in severe cases (Lei et al., 2024). Cobra venoms, especially those of the Naja species, contain cardiotoxins that can cause rapid and severe cardiovascular symptoms (LarabaDjebar and Chérif, 2021; Averin and Utkin, 2021; Manjunatha and Yeow, 2020).
3.1.2.4 Hemotoxins
Snake venom hemotoxins are a complex mixture of proteins and peptides that primarily target the hemostatic system, leading to significant physiological effects (Talukdar et al., 2022). The toxins are varied and consist of SVMPs, SVSPs, and toxic variants of Factor X and Factor V. (Kini and Koh, 2016) and prothrombin activators like oscutarin C and ecarin (Slagboom et al., 2017), These toxins can disrupt blood coagulation, cause hemorrhage, and affect blood pressure, making them both dangerous to envenomated individuals and valuable for therapeutic applications (Gary et al., 2021).   
3.1.2.5 Myotoxins
Myotoxins from snake venom are small, basic peptides that target muscle cell membranes, often by forming pores or disrupting membrane integrity (Bittenbinder et al., 2024). They primarily affect the nervous system by interacting with ion channels and receptors involved in pain signaling pathways (Oliveira et al., 2022). These toxins induce rapid muscle cell necrosis, leading to local swelling, pain, and the release of muscle proteins, such as myoglobin, into the bloodstream. If untreated, this can result in kidney damage and systemic toxicity (Gasanov et al., 2014). Specific myotoxins, such as Lys49 myotoxins, activate purinergic receptors through ATP release, which triggers pain responses like thermal hyperalgesia and mechanical allodynia (Zhang et al., 2017). Additionally, venom-derived peptides can selectively modulate the TRPV1 ion channel, a key player in nociceptive pathways, thus influencing pain perception (Hwang et al., 2022). Some myotoxins also inhibit sodium channels, such as NaV 1.7, crucial for pain signaling, presenting a promising pathway for developing potent analgesics (Shahriyar and Chaim, 2022).
3.1.2.6 Bradykinin-Potentiating Peptides (BPPs)
BPPs, or bradykinin-potentiating peptides, are small peptides that are proline-rich oligopeptides and consist of 5 to 14 amino acids. They can be found in the venom of certain snakes (Kodama et al., 2015; Frangieh et al., 2021). These peptides inhibit the angiotensin-converting enzyme (ACE), which converts angiotensin I into angiotensin II, a potent vasoconstrictor and hypertensive agent. By inhibiting ACE, BPPs reduce the formation of angiotensin II, leading to lower blood pressure (Sciani and Pimenta, 2017; Gouda and Mégarbane, 2021)	
3.1.2.7 Cytotoxins
Snake venom cytotoxins are amphipathic proteins that makeup approximately 40% to 70% of cobra venom, particularly from the Naja species (Feofanov et al., 2005). The toxicity associated with cytotoxins involves several mechanisms, including the modulation of membrane-bound enzyme activity, depolarization of excitable membranes in heart cells and neurons, inhibition of platelet aggregation, induction of hemolysis and cytotoxic effects, and the potential to cause cardiac arrest (Dubovskii et al., 2013). Cytotoxins cause localized damage to tissues, helping to immobilize and digest prey. These toxins result in swelling, necrosis, and cell death in the area surrounding the bite. It is widely accepted that the harmful effects of cytotoxins are primarily due to their ability to bind to cell membranes, altering the organization and function of lipid bilayers. (Gouda and Mégarbane, 2021). 
2.2 Therapeutic Potential of Snake Venom Toxins
2.3.1 cardiovascular disease 
[bookmark: _Hlk182391307]These snake venom components include, in particular, bradykinin-potentiating peptides (BPPs), natriuretic peptides (NPs) (Koh and Kini, 2019; Bedraoui, et al., 2024), sarafotoxins (SRTXs), and three-finger toxins (TFTs), including cobra cardiotoxins (CTs) (LarabaDjebar and Chérif, 2021), phospholipases A2 (PLA2s), and vascular endothelial growth factors (VEGFs) (Averin and Utkin, 2021; Frangieh et al., 2021)
2.3.1.1 Bradykinin-potentiating peptides 
[bookmark: _Hlk182402832]Bradykinin-potentiating peptides (BPPs) and proline-rich oligopeptides found in snake venoms, primarily exert their antihypertensive effects by inhibiting angiotensin-converting enzyme (ACE) (Frangieh et al., 2021; Soares et al., 2005; Munawar, et al., 2016; Pinheiro-Júnior, et al., 2018). This inhibition reduces the formation of vasoconstrictor angiotensin II and prevents the degradation of bradykinin, a vasodilator (Cintra et al., 1990). Elevated bradykinin levels enhance vasodilation by stimulating nitric oxide (NO) and prostaglandin release from endothelial cells, further relaxing blood vessels (Kodama, et al., 2015). This dual action; blocking angiotensin II formation and preserving bradykinin supports BPPs' blood pressure-lowering effects and inspired the development of captopril, the first venom-based ACE inhibitor (Ferreira, 1965).
Morais et al. (2011) identified Bj-PRO-5a, a compound isolated from Bothrops jararaca venom, which stimulates nitric oxide (NO) production and induces vasodilation in mice. The vasodilatory effect is mediated through bradykinin B2 and mAchR-M1 receptors, as confirmed by its inhibition with receptor-specific antagonists and NO synthase blockers. These findings suggest Bj-PRO-5a's potential therapeutic applications for cardiovascular and cognitive disorders.
Similarly, Claudiana et al. (2010) demonstrated that intracerebroventricular injection of the proline-rich peptide Bj-PRO-10c, also derived from Bothrops jararaca venom, significantly reduced mean arterial pressure (MAP) and heart rate (HR) in hypertensive rats. This antihypertensive effect is mediated by central nervous system (CNS) mechanisms involving Gi/o-protein pathways, calcium signaling, and neurotransmitter release (glutamate and GABA), independent of bradykinin and ACE inhibition.
In addition to inhibiting ACE, some BPPs kinetically modulate the activity of argininosuccinate synthase both in vitro and in vivo. This modulation stimulates nitric oxide (NO) production in endothelial cells, reduces blood pressure, and enhances the synthesis of protective molecules such as polyamines and agmatine. These molecules contribute to cardiovascular benefits, including a positive inotropic effect and potential modulation of Ca²⁺-ATPase activity in the sarcoplasmic reticulum, a key factor in heart failure (Averin & Utkin, 2021).

2.3.1.2 Natriuretic peptides
Natriuretic peptides (NPs) are synthesized as preprohormones, with ANP and BNP being biologically active forms that play crucial roles in cardiovascular regulation. NPs contain about 20 to 53 amino acid residues and are based on a conserved 17-aa sequence confined by a disulfide bond. 
There are three isoforms of mammalian NPs: namely atrial NP (ANP), brain NP (BNP) and C-type NP (CNP) (Averin and Utkin, 2021). NPs exert their effects through three identified receptors; natriuretic peptide receptor-A, -B, and -C (NPR-A, NPR-B, NPR-C), which activate intracellular signaling pathways leading to increased cGMP levels and cardioprotective effects (Mangiafico et al., 2013). Genetic studies indicate that variations in NP levels are associated with cardiac hypertrophy and fibrosis, highlighting their potential as therapeutic targets in heart failure (HF) (Kerkelä  et al.,  2015). ANP and BNP can contribute to vasorelaxation and natriuresis in animal models and humans with congestive heart failure (CHF), whereas CNP is likely to have a paracrine regulatory role on the vascular tone.  Atrial NPs are the key hormones in the regulation of pressure–volume homeostasis. 
These peptides interact with membrane-bound NP receptors (NPRs) in the heart, vasculature, and kidneys, reducing blood pressure and circulation volume. A common property of NPs is the ability to induce an increase in NO production and activate protein kinase G, which mediates their vasorelaxant effect (Averin and Utkin, 2021).
NPs play a crucial role in the venom's effectiveness by lowering blood pressure in the prey. This rapid decrease in blood pressure can lead to a swift loss of consciousness, immobilizing the prey and often resulting in its death. The ability of these peptides to induce such effects is a key aspect of their function in the context of snake predation (Erij, 2023). Over the last three decades, research has highlighted the potential of venom-derived natriuretic peptides in developing therapeutic options for heart failure. The first NP was discovered in the venom of the green mamba, and since then, these peptides have been recognized for their long half-lives and unique pharmacological profiles, which may differ from those of mammalian natriuretic peptides (Horng, 2013). This characteristic makes them promising candidates for drug development, as they may offer advantages in terms of efficacy and duration of action in therapeutic settings (Wei et al., 2022).
[bookmark: _Hlk180477336]2.3.1.3 Three finger Toxins
[bookmark: _Hlk182394033]Three-finger toxins (TFTxs) are a diverse group of neurotoxic proteins primarily found in the venoms of elapids (such as cobras, kraits, and mambas), hydrophiids (sea snakes), and colubrids. They are named for their distinctive three-fingered structure (Dyba et al., 2021). Structurally, TFTxs consist of 57 to 82 amino acid residues that fold into three β-stranded loops extending from a compact, hydrophobic core, stabilized by four conserved disulfide bridges (Kini & Koh, 2016). These loops resemble outstretched fingers, giving the toxins their characteristic name (Koludarov, et al., 2023; Roman-Ramos, et al., 2024). 
Despite sharing the same tertiary structure of three loops forming a flat, triple-stranded anti-parallel β-sheet, the biological roles of TFTxs vary widely (Utkin, 2019; Kessler et al., 2017). These toxins primarily modulate the activity of ion channels, receptors, and enzymes in their target organisms. For instance, key targets of TFTxs include nicotinic acetylcholine receptors (nAChRs), muscarinic acetylcholine receptors (mAChRs), and L-type calcium channels (Kessler et al., 2017; Yang et al., 2016). Binding to these targets can lead to physiological disruptions, such as paralysis, impaired neurotransmission, inhibition of platelet aggregation, or other effects that contribute to venom toxicity (Yang et al., 2016)).
In snake venom, TFTxs play a critical role in subduing prey by immobilizing it. The neurotoxic effects of TFTxs, which often result in flaccid paralysis and respiratory failure in snakebite victims, are among the most recognized outcomes of these toxins (Dyba et al., 2021). This paralysis occurs when specific TFTxs bind postsynaptically to acetylcholine receptors (AChRs) at neuromuscular junctions or inhibit acetylcholine breakdown. 
However, the pharmacological effects of TFTxs are highly varied; beyond neurotoxicity, certain TFTxs induce effects such as cardiac arrest, cytolysis, analgesia, seizures, insulin secretion, and changes in memory, blood pressure, heart rate, or sperm motility. Some TFTxs inhibit platelet aggregation, blood coagulation, or cell adhesion, which aligns with their role in venom, allowing snakes to quickly and efficiently immobilize or digest their prey. For instance, cardiotoxic TFTxs can induce myocardial damage and arrhythmias, while cytotoxic TFTxs lyse cells and tissues, facilitating digestion (Koh et al., 2018).
Interestingly, three-finger toxins from snake venoms also show significant therapeutic potential, particularly in cardiovascular medicine, due to their molecular interactions with cardiovascular cells. These toxins can modulate membrane properties and influence cellular signaling pathways, offering a range of medical applications. For example, KT-6.9, a three-finger toxin isolated and purified from Naja kaouthia venom, acts as an antiplatelet agent (Utkin, 2019). Similarly, calciseptine and FS2, also three-finger toxins purified from black mamba venom, function as L-type calcium channel blockers, inducing vasorelaxation in smooth muscle tissue and demonstrating hypotensive effects (de Weille et al., 1991). Additionally, muscarinic toxin α (MTα), another three-finger toxin from snake venom, has been identified as a potent antagonist for the α2B adrenoreceptor, making it a potential treatment option for managing blood pressure disorders (Koivula et al.,  2010
2.3.1.4 Beta-Cardotoxin
β-cardiotoxin, isolated from the king cobra (Ophiophagus hannah) venom, as a compound capable of blocking β1 and β2 adrenergic receptors, leading to decreased heart rates both in vivo and in vitro without noticeable cytotoxicity due to structural features limiting membrane interaction. However, it exhibits cytotoxic effects on smooth muscle cells but not on skeletal cells or cardiac myocytes. Additionally, β-cardiotoxin shows direct negative inotropic and lusitropic effects without altering intracellular calcium concentration during systole, suggesting mechanisms independent of adrenergic receptor (AR) activation. This highlights its potential utility in pharmacological research targeting adrenergic receptor subtypes, which play critical roles in managing cardiovascular system (CVS) pathologies such as hypertension, chronic heart failure, and arrhythmias (Rajagopalan et al., 2007).
2.3 Drugs Derived from Snake Venom	Comment by Dr Yahyea B Laskar: Provide reference.
Snake venom has been used since ancient times for both biological and medicinal purposes. In Ayurveda, it was utilized for treating gastrointestinal diseases and arthritis from the 7th century onward, and ancient Greeks also noted its pharmacological effects. Its medicinal use continued into the 19th century, with cobra venom being used for conditions like heart disease and cancer since 1853. Small doses of cobra venom have shown potent analgesic effects, outperforming morphine without addiction. The development of 'captopril,' derived from Bothrops jararaca venom, marked a significant advancement in venom-based drugs, while recent research has improved the understanding of snake venom components.


Table 1: Snake Venom Toxins with Therapeutic Potential Against Cardiovascular disease 
	Toxins
	Drug
	Source
	Main biological target
	Mechanism of Action
	References

	Bradykinin-potentiating peptides (BPPs)
	Captopril
	Brazilian pit viper
	Angiotensin converting 
enzyme (ACE) 
	Captopril works by inhibiting the ACE enzyme, which is responsible for converting angiotensin I to angiotensin II. Angiotensin II is a potent vasoconstrictor, so its reduction leads to:
1.Relaxation of blood vessels.
2.Reduced blood pressure.
3.Decreased sodium and water retention.


	Kodama et al., 2015; Frangieh et al., 2021; Lu et al., 2023)


	[bookmark: _Hlk182691863]Echistatin
	Tirofiban
	Echis carinatus
	Fibrinogen
	Tirofiban blocks the glycoprotein IIb/IIIa receptor on platelets.
 Preventing the binding of fibrinogen and other adhesive molecules to these receptors, it reduces clot formation.
	(Wang and Zou, 2023; Lazarovici et al., 2019)



	Barbourin
	Eptifibatide
	Sistrurus miliarius barbourin
	Fibrinogen
	Eptifibatide binds reversibly to the glycoprotein IIb/IIIa receptor on platelets, which is the final common pathway for platelet aggregation. 
By blocking fibrinogen and von Willebrand factor binding to these receptors, it inhibits platelet aggregation and thrombus formation.

	  (Adeoye et al., 2024; Lazarovici et al., 2019)

	Snake venom thrombin-like enzyme (Batroxobin)
	Reptilase/Plateltex
	Bothrops atrox
	Fibrinogen
	Reptilase cleaves fibrinopeptide A from fibrinogen, converting it into fibrin.
	(Lan et al., 2024).

	Metalloproteinase (Moojenin)
	Defibrase
	Bothrops moojeni
	Fibrinogen
	Defibrase acts by breaking down fibrin, a key protein involved in blood clot formation, and indirectly affecting the coagulation cascade
	((Estrada et al., 2022; Chen et al., 2018)

	Snake venom thrombin-like enzyme
	Vivostat
	Bothrops moojeni
	Fibrinogen
	It involves the use of autologous blood to produce a fibrin-based sealant or platelet-rich fibrin (PRF), which aids in hemostasis, tissue sealing, and wound healing
	(Bayer et al., 2020)



3.Conclusion
Snake venom toxins exhibit a wide range of biochemical properties, enabling them to target specific systems in the human body with remarkable precision and potency. This unique attribute has made them promising candidates for the development of novel drugs, particularly for cardiovascular diseases. However, their potent effects necessitate stringent controls to mitigate toxicity. Future venom research should prioritize the exploration of unstudied snake species to uncover novel bioactive compounds for drug development and diagnostic applications. Advances in ultrasensitive analytical techniques are essential to investigate components present in minute quantities, which may hold significant therapeutic potential. 
Cutting-edge technologies, including recombinant DNA technology, proteomics, transcriptomics, and genomics, combined with structural determination methods such as X-ray crystallography and NMR spectroscopy, are revolutionizing snake venom research. These approaches facilitate a detailed biomolecular characterization of newly discovered compounds, potentially leading to the identification of innovative therapeutic agents.
As the understanding of molecular targets in various diseases expands, snake venoms can serve as a rich resource for discovering and designing new scaffolds for lead compounds. Nevertheless, critical challenges such as ensuring safety, managing toxicity, optimizing pharmacokinetics, and developing smart delivery systems for venom-derived drugs must be thoroughly addressed to unlock their full therapeutic potential.
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