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ABSTRACT:  

Cancer remains one of the leading causes of morbidity and mortality worldwide, necessitating the continuous 

exploration of novel and effective therapeutic strategies. Natural bioactive compounds, particularly animal venom–

derived peptides, have gained significant attention due to their diverse pharmacological properties. Melittin, a 26-

amino-acid amphipathic peptide and the principal component of honey bee (Apis mellifera) venom, constitutes 

nearly 40–60% of the venom’s dry weight and exhibits potent anticancer and anti-inflammatory activities. This 

review provides a comprehensive overview of the origin, biosynthesis, chemical composition, and therapeutic 

potential of melittin, with a special emphasis on its role in cancer therapy. The multifaceted mechanisms underlying 

its anticancer action—including membrane disruption, induction of apoptosis, inhibition of angiogenesis, 

suppression of metastasis, and modulation of key signaling pathways such as PI3K/Akt, JAK/STAT, NF-κB, and 

VEGF—are critically discussed. Additionally, the anti-inflammatory and immunomodulatory effects of melittin, 

mediated through downregulation of pro-inflammatory cytokines and oxidative stress pathways, are highlighted. 

Despite its promising preclinical efficacy, melittin’s nonspecific cytotoxicity and hemolytic activity present major 

challenges to clinical translation. Recent advances in chemical modification, nanocarrier-based delivery systems, 

and tumor-targeting conjugation strategies aimed at improving its safety profile and therapeutic index are reviewed. 

Overall, melittin emerges as a potent bioactive peptide with significant potential in cancer treatment, warranting 

further investigation to overcome its limitations and enable clinical application. 

 

1. Introduction 

Cancer represents one of the most serious global health 

challenges of the 21st century, exerting profound effects 

not only on individuals and societies but also on the 

global healthcare system. It accounts for approximately 

one in every six deaths worldwide and nearly one in four 

deaths from non-communicable diseases. Among 

individuals aged 30–69 years, cancer ranks among the 

top three causes of mortality and is the leading cause of 

death in 177 of 183 countries. Beyond mortality, cancer 

significantly reduces life expectancy and imposes 

substantial economic burdens on healthcare systems and 

societies, with costs varying according to cancer type, 

geographic region, and gender [1]. The morbidity and 

mortality associated with cancer remain alarmingly high 

worldwide, underscoring the urgent need for effective 

prevention and management strategies [2]. According to 

GLOBOCAN 2020 estimates, approximately 19.3 

million new cases and 10 million deaths were recorded 

globally in 2020 [3]. Projections suggest a substantial 

rise in cancer burden, with new cases expected to reach 

nearly 29.4 million annually and approximately 35 

million cases by 2050 [1,4]. Without significant 

intervention, global cancer incidence could increase to 

33 million cases with nearly 18 million deaths annually 

by 2050. In the United States alone, projections indicate 

approximately 1.9 million new cases and 618,000 deaths 

in 2025 [5]. 

Cancer is fundamentally a genetic disease characterized 

by uncontrolled cellular proliferation resulting from 
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genetic and epigenetic alterations in somatic cells, with 

the potential to invade and metastasize to distant tissues 

[6]. It is a complex, multifactorial disorder influenced by 

genetic susceptibility and modifiable risk factors [5,6]. 

Lifestyle and environmental determinants play a major 

role in cancer incidence and mortality. Tobacco use, 

alcohol consumption, obesity, unhealthy diet, physical 

inactivity, and exposure to carcinogens collectively 

contribute to more than half of global cancer deaths [5, 

6]. Several malignancies contribute substantially to 

global cancer incidence and mortality, with lung, 

colorectal, breast, and prostate cancers among the most 

prevalent and life-threatening types [5,6]. 

Epidemiological reports indicate that prostate cancer in 

men and breast cancer in women are the most commonly 

diagnosed cancers, accounting for approximately 29% 

and 31% of cases, respectively [7]. In recent years, an 

alarming rise in early-onset cancers among individuals 

younger than 50 years has been observed, particularly in 

younger generations [5]. This trend includes increasing 

incidence of breast and liver cancers, which are often 

diagnosed at advanced stages. Age-related genetic 

alterations, cumulative molecular damage, and 

progressive decline in immune surveillance are believed 

to contribute to the rising cancer burden [5]. Current 

cancer treatment strategies include both conventional 

and advanced therapeutic approaches. Traditional 

modalities such as surgery, chemotherapy, and 

radiotherapy remain fundamental components of cancer 

management, while newer approaches including targeted 

therapy, immunotherapy, and hormone therapy have 

significantly improved treatment outcomes [8,9]. These 

therapies act by targeting molecular pathways, cancer 

cells, tumor vasculature, immune responses, or endocrine 

mechanisms involved in tumor growth and progression 

[9]. Despite significant advances, limitations such as 

adverse effects, drug resistance, high costs, and 

incomplete therapeutic response persist, highlighting the 

ongoing need for novel and more effective treatment 

strategies. Natural bioactive compounds, particularly 

animal venom–derived peptides, have gained significant 

attention due to their diverse pharmacological properties 

[10]. 

Melittin is the principal bioactive peptide found in the 

venom of the Apis mellifera and constitutes nearly 40–

60% of its dry weight. It is a small, amphipathic peptide 

known for its strong anti-inflammatory, antimicrobial, 

and anticancer properties. Melittin exerts cytotoxic 

effects on cancer cells by disrupting cell membranes, 

inducing apoptosis, and inhibiting tumor growth 

pathways. Due to these biological activities, melittin has 

gained increasing attention as a potential therapeutic 

agent in cancer research and drug development. Melittin 

has a diverse spectrum of pharmacological activity. The 

central aspect of its action is its membrane disruption by 

pore formation on lipid bi-layers and this is at the centre 

of its cytolytic and antimicrobial action [11-13].  This 

effect of melittin allows the antimicrobial effect to be 

broad-spectrum and effective against bacteria, fungi, and 

drug-resistant microbes, e.g., vancomycin-resistant 

Staphylococcus aureus [14-19]. In addition to 

antimicrobial, melittin has shown a strong anticancer 

property in different cancer cells such as breast cancer, 

leukemia, lung cancer, and prostate cancer [12, 20, 21-

23]. Its anticancer effects include the induction of 

apoptosis, the inhibition of proliferation and metastasis, 

the suppression of inflammatory signal transduction 

pathways, such as IL-17, and the targeting of 

mitochondria to inhibit mitophagy flux [24, 25-28]. It has 

also been found that melittin is an anti-inflammatory 

agent that inhibits the production of pro-inflammatory 

cytokines, making it useful in conditions such as acute 

kidney injury and acne vulgaris [20, 21, 22, 29]. 

Although melittin has potential in therapy, its non-

selective cytotoxic and hemolytic effects restrict its 

clinical use, with researchers dealing with this by 

introducing N- and C-terminal PEGylation, fatty-acid 

residues, and encapsulation, which increases selectivity 

and stability in niosomes [12, 14, 30, 31]. It is also 

capable of modulating ion channels, and synergism with 

phospholipase A2 is mediated by the liquid-liquid 

miscibility phase changes in membranes [32]. 

By providing an overview of cancer's epidemiology, 

underlying molecular processes, risk factors, and current 

therapy modalities, as well as pointing out the 

shortcomings of current therapies, this review aims to 

objectively investigate cancer as a significant worldwide 

health concern. Additionally, in order to facilitate the 

creation of safer and more efficient anticancer 

treatments, this work attempts to assess the therapeutic 

potential of honey bee-derived compounds as 

prospective natural agents for cancer prevention and 
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therapy. A representative image of a honey bee and its 

hive is shown in Figure 1. 

Figure 1: Portrait of a honey bee and a bee nest 

1.1 The History of Melittin 

The investigation of curative qualities of natural 

elements and especially elements of animal venom has 

exhausted a lengthy record [33,34]. Bee venom is a 

complicated biological product of secretes on which 

generations of scientists conduct research [34, 35, 36]. 

The analysis of the composition of the bee venom was 

conducted by Langer in 1897, and by Neumann and 

Habermann in 1954, who revealed that the peptides and 

proteins were the ones that caused the biological activity 

of the venom [37]. 

In the near future, melittin was identified as the major 

component of bee venom that constitutes 30-50 per cent 

of the dry weight [37, 38]. It possesses distinct structural 

and functional peculiarities, such as a high hemolytic 

activity and amphipathic character, which predetermine 

it as a very interesting research object [37, 39]. The study 

of the Nate structure, folding, and action of peptides and 

proteins in membranes has been of interest to scientists, 

and it is the use of melittin that has made the study easier 

because of its ability to bind to the lipid bilayer 

membrane, fold into empathetic helical secondary 

structure, and break up initial barriers [40,41]. 

Despite the scientific explanation of it, the bee venom, 

and consequently, melittin, developed into a therapeutic 

agent by conventional medicines. The use of bee 

products as a therapeutic agent can be traced to ancient 

Egypt, Greece, and China [42-44]. It received more 

official acceptance in the West when an Austrian 

physician by the name Philip Terc published an article in 

1888, relating bee stings to rheumatism. This research is 

widely recognized to have given the bee venom therapy 

to rheumatic patients [43]. It is highly stressed by this 

historical application from the perspective of the recent 

attention attracting the medicinal quality of the bee 

venom constituents. The chemical structural of Melittin 

is represented in the Figure 2. 

 

Figure 2: Structure of Melittin 

1.2 Biosynthetic Pathway  

Unlike synthesis in its mature form, Melittin is a 26-

amino acid peptide synthesized by a complex process of 

biosynthesis in the honey bee venom glands. This is a 

select messenger RNA (mRNA) that is first transcribed 

in the venom glands of queen and worker bees out of 

deoxyribonucleic acid [45-47]. Melittin mRNA gives 

rise to the major structural product of pre-pro-melittin, a 

70 amino acid polypeptide [41, 48-49]. This 

preproprotein has displayed an N-terminal signal 

peptide, which is needed in the regulation of its synthesis 

to the secretion pathways of the endoplasmic reticulum 

[41, 49]. 

In the course of passing through the endoplasmic 

reticulum membrane and into its lumen, the growing 

polypeptide chain is exposed to enzymes which break 

down signal peptides [49, 50]. This cleavage reaction 

transforms pre-pro-melittin to an intermediate, pro-

melittin [46, 48]. The pro-melittin subsequently gets 

deteriorated further in the venom recipient through the 

enzyme of the dipeptidyl-peptidase IV, which splits the 
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portion of the pro part to result in the physiologically 

active, complete sized melittin [50]. As the age of bees 

increases, pro-melittin is gradually digested to yield 

melittin [50]. 

It is also interesting to add that the levels of productions 

are not produced in the pupal period but during the first 

week of adulthood, the levels of melittin levels rise to a 

high extent of about 95 ug per worker bee and the level 

does not change thereafter, but instead, it undergoes 

gradual decline [50].The levels of productions are also 

found to take the first week of adulthood, and on the other 

hand, the levels of productions decrease during the 

second week to a low of about 95 μg per worker bee and 

cease The expression is controlled on the transcriptional 

level [50]. Recent researchers have indicated that honey 

bees can synthesize melittin in fat cells and venom gland. 

Interestingly enough, such cells are no longer under the 

influence of the harmful effects of the peptide [51]. This 

complex biosynthetic process guarantees that an 

important uniform of protection in bee venom is 

produced (melittin). Biosynthetic pathway of Melittin & 

its development with the time is shown in the Figure 3. 

Figure 3: Biosynthetic pathway of Melittin and its 

development with time 

 

 

1.3. The composition of Bee Venom Melittin  

Honey bee venom from the Apis mellifera is a protein-

rich, biologically active secretion that plays an essential 

role in defence and survival. It is a complex mixture 

composed of enzymes, biogenic amines, peptides, and 

other non-peptide components that contribute to its 

diverse biological activities [45, 52-53]. 

Melittin is the principal component of bee venom, 

accounting for approximately 40–60% of its dry weight 

[51-52, 54]. It is a 26-amino-acid amphiphilic peptide 

responsible for the pain, inflammation, and hemolytic 

effects associated with bee stings. Melittin interacts with 

and disrupts cell membranes, triggering the release of 

inflammatory mediators and ultimately leading to cell 

death [39, 52-54]. Other biologically active peptides 

present in bee venom are summarized in Table 1. 

Another important component of bee venom from the 

Apis mellifera is its enzymatic fraction, which facilitates 

the spread of venom through tissues and enhances its 

biological and toxic effects. These enzymes increase 

membrane permeability, promote local tissue damage, 

and intensify inflammatory responses. The principal 

enzymes present in bee venom are summarized in Table 

2. 

Bee venom from the Apis mellifera contains a complex 

mixture of biologically active constituents, including 

peptides, enzymes, and physiologically active amines 

such as norepinephrine, histamine, and epinephrine [60, 

61]. These components are responsible for the pain, 

inflammatory reactions, and vasoconstrictive effects 

associated with envenomation. In addition, bee venom 

comprises lipids, carbohydrates (including fructose and 

glucose), and free amino acids, all of which contribute to 

its distinctive pharmacological profile [43]. 

The synergistic interaction of these constituents 

underlies the diverse biological activities of bee venom, 

including antibacterial, anti-inflammatory, and notably 

anticancer properties [53, 56, 62]. A thorough 

understanding of this complex composition is essential to 

harness its full therapeutic potential [60, 61].
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Table 1. List of biologically active peptides of Bee venom 

Peptide 

Approximate 

content in Bee 

venom 

Biological 

activity 
Structure Mechanism Reference 

Apamin 
1-3% of dry 

venom 

Neurotoxic 

coma anti-

inflammatory 

 

Blocks the Ca2+ 

activated K+ channel, 

affecting neuronal 

excitability 

[52, 55-56] 

Mast degranulating 

peptide (MCD) 

Minor 

component 

Induce 

histamine, 

shows anti-

inflammatory 

effects 

 

Stimulates mast cell 

degranulation, 

leading to 

inflammatory 

mediator release 

[54, 56] 

Adolapin 
0.1-0.8% of dry 

venom 

Anti-

inflammatory, 

anti-rheumatic, 

antipyretic, and 

anti-analgesic 

NA 

Inhibits prostaglandin 

synthesis and 

cyclooxygenase 

activity 

[55-57] 

Secapin Trace amounts 
Antimicrobial 

activity 
 

Exhibits activity 

against the bacterial 

membrane 

[53, 54, 57] 

Tertiapin Trace amounts 
Parasympathom

imetic effect 

 

Blocks the inward 

rectifier potassium 

(Kir) channel 

[53, 54, 57] 

Procamine Trace amounts 

Limited 

characterized 

biological 

activity 
 

Minor venom pip 

died with reported 

psychological effects 

[53, 54, 57] 

Cardiopep Trace amounts 
Antiarrhythmic 

activity 
NA 

Modulates cardiac 

electrical activity 
[57] 

Bombolittins 

Present in 

bumblebee 

venom 

Cytolytic 

activity 
NA 

Structurally related to 

melittin 
[41] 
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Table: 2 List of enzymes present in bee venom 

Component Approximate 

amount 

Malfunction Allergen status References 

Phospholipase A 2 

(PLA2) 

10 to 12 percent of 

dry venom second 

most abundant 

Breaks down phospholipids in cell 

membranes, damages cells, releases fatty 

acids and lysophospholipids, causes 

hemolysis and inflammation 

Major allergen [45, 54, 58] 

Hyaluronidase Enzyme minor 

component 

Brake hyaluronic acid in the extracellular 

matrix, increased tissue permeability, 

helps venom spread 

Major allergen [45, 53, 56] 

Acid phosphatase 

(alpha-glucosidase) 

Enzyme Contributes to overall venom activity by 

breaking phosphate containing molecule 

Major allergen [45, 55, 59] 

Phospholipase B Enzyme Supports venom pharmacological effects 

by acting on membrane lipids 

NA [55, 59] 

Bee venom from the Apis mellifera contains a complex 

mixture of biologically active constituents, including 

peptides, enzymes, and physiologically active amines 

such as norepinephrine, histamine, and epinephrine [60, 

61]. These components are responsible for the pain, 

inflammatory reactions, and vasoconstrictive effects 

associated with envenomation. In addition, bee venom 

comprises lipids, carbohydrates (including fructose and 

glucose), and free amino acids, all of which contribute to 

its distinctive pharmacological profile [43]. 

The synergistic interaction of these constituents 

underlies the diverse biological activities of bee venom, 

including antibacterial, anti-inflammatory, and notably 

anticancer properties [53, 56, 62]. A thorough 

understanding of this complex composition is essential to 

harness its full therapeutic potential [60, 61]. 

2. METHODOLOGY 

This review is based on a comprehensive evaluation of 

published literature from 1990 to 2025. In extensive 

literature search was performed using major scientific 

databases, including PubMed, Scopus, SciFinder, 

ScienceDirect, MEDLINE, and Google Scholar. The 

search strategy focused on studies related to bee venom, 

melittin, and their pharmacological activities. Databases 

were queried using combinations of keywords such as 

“bee venom,” “Apis mellifera,” “melittin,” “cancer 

therapy,” “pharmacological activity,” and “biological 

activity.” 

3. MECHANISM OF ACTION OF MELITTIN: 

ANTI-CANCER AND ANTI-INFLAMMATORY 

EFFECTS 

Melittin, the principal peptide component of bee venom, 

has attracted significant scientific interest due to its broad 

spectrum of biological activities, particularly its potent 

anti-inflammatory and anticancer effects. These 

therapeutic properties arise from multiple 

pharmacological mechanisms involving complex 

biochemical interactions and modulation of cellular 

functions at different levels. This section integrates 

chemical and pharmacological perspectives to describe 

the mechanisms through which melittin exerts its anti-

inflammatory and anticancer actions. 

3.1 Mechanisms Underlying Anticancer Activity 

The anticancer mechanism of melittin is complex and 

continues to be elucidated. Its activity is primarily 

attributed to direct cytolytic effects, induction of 

programmed cell death, and interference with key 

signaling pathways involved in oncogenesis. These 

actions are closely related to its amphipathic structure 

and its interactions with cellular membranes and 

intracellular targets [63-65]. 
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3.1.1 Chemical-Physical Mechanism of Membrane 

Disruption and Pore Formation 

One of the most rapid and effective anticancer 

mechanisms of melittin is its ability to disrupt cellular 

membranes, resulting in cell lysis. This chemical-

physical process is mainly governed by the amphipathic 

nature and positive charge of the peptide [38, 64]. 

Chemical and Structural Basis of Melittin 

Melittin is a linear peptide composed of 26 amino acids 

[66]. Structurally, it possesses a net positive charge of 

approximately +6 at physiological pH due to positively 

charged residues such as lysine and arginine [38, 63]. 

The molecule consists of a hydrophobic N-terminal 

region and a hydrophilic C-terminal region, creating an 

amphiphilic configuration that facilitates insertion into 

lipid bilayers [38]. 

3.1.1.1. Mechanism of Interaction with Cell 

Membranes 

Electrostatic attraction and insertion 

The positively charged C-terminal region of melittin is 

attracted to negatively charged phospholipid head groups 

present on cell membranes. Cancer cells often exhibit a 

higher negative surface charge than normal cells, which 

may enhance melittin selectivity. Upon binding, melittin 

undergoes conformational change into an amphipathic α-

helical structure [67, 68]. 

Oligomerization of monomers 

At low concentrations, melittin monomers align parallel 

to the membrane surface and remain relatively inactive. 

At higher concentrations, the monomers aggregate and 

oligomerize within the membrane [67, 69, 70]. 

Pore formation models 

Melittin aggregates form membrane pores through 

barrel-stave or toroidal pore mechanisms. In these 

models, peptides insert perpendicularly into the lipid 

bilayer, forming a hydrophilic channel lined by peptide 

monomers while interacting with lipid acyl chains 

externally. This creates a continuous pathway for water 

and ions [63, 70]. 

Detergent-like mechanism 

At high peptide-to-lipid ratios, melittin may act similarly 

to a detergent, solubilizing membrane lipids and forming 

micelle-like structures that disrupt membrane integrity 

[71]. 

Conformational transition 

A critical step in pore formation involves reorientation of 

melittin from a parallel alignment to a perpendicular 

insertion within the membrane. This transition is 

essential for pore formation and subsequent cell lysis 

[67]. 

3.1.1.2. Pharmacological Consequences of Membrane 

Disruption 

Formation of membrane pores results in rapid and 

uncontrolled ion flux and leakage of essential 

intracellular components, leading to loss of cellular 

homeostasis [64]. 

Oncotic necrosis 

Unregulated influx of ions and water causes cell swelling 

and eventual necrotic death. Membrane disruption can 

occur within seconds following melittin exposure, with 

intracellular debris released over several minutes. 

Melittin-induced necrosis has been observed in several 

cancer cell lines, including gastric cancer [69, 71, 41, 

42]. 

Disruption of intracellular organelles 

Melittin’s membrane-lytic action also damages 

intracellular organelles, particularly mitochondria, 

leading to metabolic dysfunction and enhanced cell 

death. Cancer cells are especially susceptible due to 

differences in membrane composition and membrane 

potential [68, 70-71]. 
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3.1.2. Programmed Cell Death Modulation: 

Apoptotic Signaling 

Melittin is a potent inducer of apoptosis, a tightly 

regulated form of programmed cell death. Its pro-

apoptotic activity involves both membrane disruption 

and modulation of intracellular signaling pathways. This 

mechanism represents one of the key anticancer actions 

of melittin. 

3.1.2.1. Pharmacological Routes 

Caspase-dependent apoptosis 

Melittin activates caspase cascades that execute 

apoptosis. Activation of caspases has been demonstrated 

in various malignancies, including leukemia (U937, 

Jurkat), melanoma (A2058), hepatocellular carcinoma 

(SMMC7721, Hep3B, HepG2, BEL7402), prostate 

cancer (PC3, LNCaP, DU145), and cervical cancer cells 

[73]. Melittin promotes the upregulation of pro-apoptotic 

proteins while downregulating anti-apoptotic proteins 

such as Bcl-2, Bcl-xL, and members of the inhibitor of 

apoptosis protein [74]. In gastric cancer SGC7901 cells, 

melittin induces mitochondrial-mediated apoptosis, 

resulting in cytochrome-c release and activation of 

caspase-3 [71, 75]. 

Inhibition of the PI3K/Akt pathway 

Melittin suppresses the Akt signaling pathway by 

inhibiting Akt phosphorylation. The PI3K/Akt/mTOR 

pathway is frequently overactivated in cancers and 

promotes cell growth, survival, and proliferation. By 

blocking this pathway, melittin suppresses survival 

signaling and promotes apoptotic cell death [74]. 

Downregulation of the JAK2/STAT3 pathway 

Melittin inhibits cancer cell proliferation by suppressing 

the JAK2/STAT3 signaling pathway and activating death 

receptor pathways [68, 76]. STAT3 is commonly 

overexpressed in cancers and promotes angiogenesis, 

cell survival, and tumor progression [76]. 

Induction of death receptors 

Melittin enhances the expression of cell-surface death 

receptors, thereby activating the extrinsic apoptotic 

pathway upon ligand binding [68, 71]. 

 

Activation of p38 MAPK signaling 

Melittin has been shown to increase phosphorylation of 

p38 MAPK [74]. This pathway regulates stress 

responses, cell cycle arrest, and apoptosis in cancer cells 

[81]. 

3.1.3 Impact on Cell Proliferation and Metastasis 

Melittin exhibits significant inhibitory effects on tumor 

progression by suppressing cancer cell proliferation, 

angiogenesis, invasion, and metastasis [33, 46]. These 

activities are essential for limiting tumor growth and 

preventing the spread of malignant cells. 

Mechanisms of Pharmacological Action 

3.1.3.1. Cell Cycle Arrest 

Melittin interferes with regulatory signaling molecules 

that control cell cycle progression. By arresting the cell 

cycle at specific checkpoints, it prevents uncontrolled 

cellular proliferation and inhibits tumor growth [77-79] 

3.1.3.2. Inhibition of Angiogenesis 

Melittin dramatically inhibits angiogenesis 

(development of new blood vessels needed in the 

promotion of tumor growth and metastasis). This is done 

through suppression of Veg2 and VEGFR2. Melittin 

suppresses/ decreases Vascular Endothelial Growth 

Factor (VEGF) and Vascular Endothelial Growth Factor 

receptor (VEGFR-2) [78, 80-81]. 

Suppression of VEGF and VEGFR-2 

Melittin suppresses vascular Endothelial Growth Factor 

and receptor [46]. VEGF is also one of the proangiogenic 

factors [73, 82-83]. 

Inhibition of VEGFR-2/Ras/Raf/MEK1/ERK1/2 

signaling 

Melittin blocks activation of MEK1/ERK1/2 pathways, 

thereby disrupting VEGFR-2 downstream signaling 

essential for endothelial cell proliferation and 

neovascularization [73, 82-83]. 

HIF-1α suppression 

Melittin is in a position to suppress epidermal Growth 

Factor-stimulated Hypoxia inducible factor-1alpha, a 

transcription factor that increases VEGF expression 
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under hypoxic conditions, which are known to be 

induced by malignancies [82-83]. It reduces the half-life 

of HIF1 and inhibits the interaction of DNA with the 

VEGF promoter [80, 82]. 

3.1.3.3. Anti-metastatic Activity 

Melittin inhibits cancer cell invasion and metastatic 

potential through multiple mechanisms: 

Inhibition of MMP-9 expression 

Melittin suppresses matrix metalloproteinase-9 (MMP-

9), an enzyme responsible for extracellular matrix 

degradation and tumor invasion. It interferes with AP-1 

and NF-κB transcription factors involved in MMP-9 

gene expression [73]. 

Modulation of ERK and JNK pathways 

Melittin inhibits PMA-induced phosphorylation of ERK 

and JNK signaling pathways, which regulate cancer cell 

migration, survival, and proliferation [80, 82]. 

Overall, melittin restricts tumor progression by halting 

cell division, suppressing angiogenesis, and preventing 

metastatic dissemination. The comprehensive 

mechanisms of melittin’s anticancer activity are 

summarized in Figure 4. 

 

Figure 4: Summary of mode of action of Melittin in 

Anti-Cancer action 

3.2 Mechanisms of Anti-Inflammatory action 

Melittin exhibits potent anti-inflammatory activity at 

low, non-toxic concentrations. This dual behavior 

reflects its complex pharmacological nature, as bee 

venom can produce pro-inflammatory effects such as 

pain and irritation during stings, while demonstrating 

significant anti-inflammatory properties under controlled 

therapeutic conditions [84-85]. The anti-inflammatory 

potential of bee venom has been recognized since ancient 

medical practices and has been applied in the 

management of chronic inflammatory disorders [84]. 

3.2.1 Modulation of the NF-κB Signaling Pathway: A 

Central Regulator of Inflammation 

The NF-κB signaling pathway plays a pivotal role in 

regulating inflammatory responses by controlling the 

expression of numerous pro-inflammatory genes. 

Inhibition of this pathway is a major mechanism 

underlying the anti-inflammatory effects of melittin [86-

87]. 

Pharmacological Mechanisms 

Inhibition of p65 and p50 Nuclear Translocation 

Melittin prevents the translocation of NF-κB subunits 

p65 and p50 from the cytoplasm into the nucleus. 

Nuclear translocation is essential for NF-κB binding to 

DNA and initiating transcription of inflammatory 

mediators. By blocking this step, melittin suppresses 

inflammatory gene expression [87, 88]. 

Prevention of IκB Degradation 

Melittin inhibits phosphorylation and subsequent 

degradation of IκB (inhibitor of NF-κB). Under 

inflammatory stimuli, IκB is normally phosphorylated, 

ubiquitinated, and degraded, allowing NF-κB to 

translocate to the nucleus. By stabilizing IκB, melittin 

retains NF-κB in the cytoplasm and prevents activation 

of inflammatory pathways [88, 89]. 

Direct Interaction with NF-κB p50 Subunit 

Melittin can directly bind to the dimerization interface 

and C-terminal nuclear localization sequence of the NF-

κB p50 subunit. This interaction may inhibit NF-κB 

activation by preventing p50 nuclear translocation and 

blocking p50–p65 dimer formation [90]. 

Suppression of IKK Phosphorylation 

Melittin inhibits IκB kinase (IKK), the enzyme 

responsible for phosphorylating IκB. This action further 
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prevents NF-κB activation and reduces inflammatory 

mediator production [89]. 

Chemical–Pharmacological Link in NF-κB 

Modulation 

The anti-inflammatory activity of melittin is closely 

linked to its chemical structure and its ability to interact 

with key components of the NF-κB signaling pathway. 

Melittin is an amphipathic α-helical peptide containing 

positively charged residues that facilitate electrostatic 

and hydrophobic interactions with intracellular proteins. 

These structural features enable melittin to interact with 

NF-κB components such as p50 and IκB, thereby 

interfering with inflammatory signaling [88]. 

 

Melittin and bee venom have been shown to inhibit NF-

κB activation by preventing the nuclear translocation of 

the p50 subunit. This inhibition is believed to occur 

through interaction with sulfhydryl (–SH) groups of the 

p50 protein and by suppressing IκB kinase (IKK) 

activation. As a result, phosphorylation and degradation 

of IκB are prevented, allowing NF-κB to remain 

sequestered in the cytoplasm and blocking transcription 

of pro-inflammatory genes. 

 

Figure 5a illustrates the mechanism of NF-κB pathway 

modulation by melittin, highlighting its role in 

suppressing inflammatory responses. 

 

 
Figure 5a: NF-kB Pathway Modulation to show anti-

inflammatory activity. 

3.2.2 Downregulation of Cytokines and Pro-

Inflammatory Mediators 

Melittin attenuates the inflammatory cascade by 

suppressing the synthesis and release of key pro-

inflammatory mediators and cytokines, thereby reducing 

tissue inflammation and immune overactivation. 

Mechanism of Pharmacological Action 

Inhibition of COX-2 and iNOS Expression 

Melittin significantly inhibits the expression of 

cyclooxygenase-2 (COX-2) and inducible nitric oxide 

synthase (iNOS). Prostaglandins produced via COX-2 

and nitric oxide generated by iNOS are potent mediators 

of pain, fever, and inflammation. By suppressing these 

enzymes, melittin reduces inflammatory mediator 

production. Experimental studies have shown that 

melittin (≈1 g/mL) decreases COX-2 expression and 

nitric oxide production in lipopolysaccharide (LPS)-

stimulated macrophages [88, 91]. 

Decreased Production of Pro-Inflammatory 

Cytokines 

Melittin suppresses the production of major pro-

inflammatory cytokines such as interleukin-1β (IL-1β) 

and tumor necrosis factor-α (TNF-α) [89, 91]. These 

cytokines play critical roles in initiating and sustaining 

inflammatory responses. Melittin has been reported to 

reduce LPS-induced mRNA expression of TNF-α and 

IL-1β, thereby limiting inflammatory signaling. 

Inactivation of the JNK Pathway 

Melittin inhibits the c-Jun N-terminal kinase (JNK) 

signaling pathway, which regulates cellular responses to 

stress and inflammation. Suppression of JNK signaling 

contributes to the anti-inflammatory and anti-arthritic 

effects of melittin by reducing inflammatory gene 

expression [88, 91]. 

Chemical–Pharmacological Interconnection 

The regulation of NF-κB and JNK signaling by melittin 

directly influences the expression of iNOS, COX-2, and 

pro-inflammatory cytokines. The amphipathic structure 

and charged residues of melittin enable interactions with 

key components of these signaling pathways, leading to 
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suppression of inflammatory mediator gene expression 

and overall reduction of inflammation. 

Inhibitory effect of melittin on the COX and LOX 

inflammatory pathways is shown in Figure 5b.                       

 

Figure 5b: Inhibitory Effect of Melittin on the 

COX and LOX Inflammatory Pathways 

3.2.3 Immunomodulatory and Antioxidant Effects 

The anti-inflammatory activity of melittin is further 

strengthened by its antioxidant properties and its ability 

to modulate immune cell function. By regulating 

oxidative stress and immune responses, melittin 

contributes to the control of chronic inflammatory 

conditions. 

Mechanism of Pharmacological Action 

Activation of the Nrf2/HO-1 Pathway 

Melittin promotes the nuclear translocation of nuclear 

factor erythroid 2–related factor 2 (Nrf2), leading to the 

expression of antioxidant defense genes such as heme 

oxygenase-1 (HO-1). This activation enhances cellular 

antioxidant capacity and reduces oxidative stress, a key 

contributor to chronic inflammation. Molecular docking 

studies suggest that melittin may directly interact with 

Kelch-like ECH-associated protein 1 (Keap1), the 

negative regulator of Nrf2, thereby facilitating Nrf2 

activation [92-94]. 

 

Modulation of Immune Cell Function 

As a therapeutic agent, at low doses, melittin can be used 

to control the activity of immune cells (macrophages) to 

minimize hyper-irritation of immune responses, but at 

high doses, it results in an inflammatory response (e.g., 

NLRP3 inflammasome activation and discharging IL1b 

at lytic concentrations) [95-96]. Finally, due to the 

distinct set of physicochemical characteristics, melittin 

permits the development of a variety of interrelated 

anticancer and anti-inflammatory effects. Its 

amphipathic nature and positive charge make it cause 

cell lysis (a rapid chemical-physical activity), which can 

occur through direct membrane lysis [84]. 

Non Membrane Disruptive Mechanisms 

Beyond its membrane-lytic activity, melittin can exert 

biological effects through non-lytic pathways. It may 

directly interact with intracellular signaling proteins such 

as calmodulin and other regulatory molecules, 

influencing inflammatory signaling cascades and 

immune responses [83]. 

Integrated Pharmacological Significance 

Melittin’s amphipathic structure and positive charge 

enable diverse biological interactions. While membrane 

disruption contributes to rapid cytolytic effects, its 

antioxidant activation and immune modulation pathways 

support broader anti-inflammatory and anticancer 

actions. Figure 6 illustrates the immunomodulatory and 

antioxidant mechanisms of melittin. 

 
Figure 6: MOA of Immunomodulatory and Antioxidant 

Effects 
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4. TOXICOLOGICAL PROFILING OF MELITTIN 

Despite its promising therapeutic potential, the toxicity 

of melittin presents significant challenges for clinical 

application. A comprehensive understanding of its 

toxicological profile—from chemical properties to 

pharmacological effects—is essential to minimize 

adverse effects and improve its therapeutic index [97]. 

4.1. Chemical Basis: Non-Specific cytotoxicity and 

haemolytic Activity 

The strong hemolytic and nonselective cytotoxicity of 

Melittin is the main toxicological concern [73, 98]. These 

effects are directly related to its physicochemical 

properties, especially its amphipathic nature and positive 

charge. Melittin can interact directly with cell 

membranes, forming pores [83]. This is possible with 

virtually any type of cell because of the presence of 

positively charged amino acids, making it highly 

effective and leading to the destruction of phospholipid 

bilayers and subsequent pore formation [73, 87].  

The light-activated melittin can cause hemolysis, or the 

bursting of RBCs and the release of hemoglobin, which 

is especially dangerous to erythrocytes [73, 87]. Melittin 

was found to have a median of volatility concentration of 

16.28 ± 0.17 ug/mL in the human RBC (2% suspension) 

[83]. The strong lytic activity of melittin is related 

directly to the fact that it permeabilizes cell membranes 

and causes loss of the intercellular contents and the death 

of the cell [99]. The cationic property of Melittin 

facilitates the first electrostatic interaction of Melittin 

with the negatively charged phospholipid head groups on 

the cell membrane surface. This property is found in both 

normal and cancerous (including erythrocytes) cells [87]. 

4.2. In Vivo Safety, Toxicity, and Adverse Effects 

In vivo experiments have shown that melittin has other 

broader deleterious effects than cell cytotoxicity. 

Systemic toxicity would be evidenced with higher 

dosages by a median lethal dose of 4.98 mg/kg, which 

Melittin depicts, when fed high concentrations of 

melittin orally into the peritoneal cavity of BALBc mice 

[100]. Melittin is not long-lived and, due to the effect of 

high dosage, a high dosage is necessary to reach 

treatment dosages, as it is quickly broken down in the 

biological fluids, and is a nonspecific lytic agent which 

aggravates its side effects [73, 101].  

As melittin is active on a broad spectrum of 

psychological systems, it can cause local inflammation, 

discomfort, pruritus and more serious diseases, it can 

cause system wide reactions leading to its entrapping in 

the mails, e.g. can cause heart and mechanical 

hyperalgesia, or of primary damage, and it can cause heat 

hypersensitivity by potentiating sodium channels in 

primary sensory neurons which are not vulnerable to 

some form of tetrodotoxin inflammatory and can cause 

serious pathological diseases [20, 102]. These releases of 

tissue-injurious compounds, such as lysosomal enzymes, 

serotonin, and histamine, following migraine disruption, 

also contribute to inflammatory and painful responses 

[99]. This systemic toxicity significantly limits its direct 

clinical acceptability. 

4.3. Pharmacological and chemical strategies for 

toxicity mitigation 

For successful clinical translation, melittin must be 

engineered to reduce toxicity while preserving 

therapeutic efficacy. Current strategies aim to enhance 

tumor specificity and minimize off-target effects [87, 

103]. 

4.3.1. Chemical modification approaches 

4.3.1.1. PEGylation 

Conjugation with polyethylene glycol (PEG) increases 

hydrodynamic size, improves enzymatic stability, 

reduces renal clearance, and significantly decreases 

hemolytic activity while maintaining anticancer efficacy. 

4.3.1.2. Amino acid substitution 

Targeted amino acid substitutions can modify peptide 

charge, hydrophobicity, and secondary structure, 

improve cancer cell selectivity and reduce damage to 

normal cells. 

4.3.1.3. Fusion protein formation 

Fusion of melittin with carrier molecules (e.g., 

glutathione or targeting peptides) reduces systemic 

toxicity while preserving anti-inflammatory and 

anticancer activity. 

Melittin must be successfully translated to clinical use to 

become non-toxic. To increase its therapeutic index, 

researchers have reviewed its pharmacological and 

http://www.jchr.org/


 
 

 

1094 

Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2026) 16(1), 1082-1105 | ISSN:2251-6727 

chemical alternatives, mainly through the increase of 

tumor specificity and decrease of off-target effects. The 

Techniques of Chemical modification of melittin is 

shown in the Figure 7. 

                       

Figure 7: Techniques for chemical modification and 

delivery of melittin 

4.3.2. Nanotechnology based delivery systems 

4.3.2.1. Liposomes  

Encapsulation of melittin in lipid vesicles protects 

normal cells—especially erythrocytes—thereby 

reducing hemolysis [63, 103]. 

4.3.2.2. Polymeric nanoparticles 

Biodegradable polymeric carriers enable controlled 

release and protect melittin from premature degradation 

[103]. 

4.3.2.3. Perfluorocarbon nanoparticles 

These nanoparticles interact with lipid monolayers and 

facilitate targeted delivery to tumor vasculature by 

binding angiogenic endothelial integrins and exploiting 

enhanced permeability and retention (EPR) effects. This 

improves tumor inhibition while reducing systemic 

toxicity [104]. 

4.3.3. Tumor-Targeting ligand conjugation of 

Melittin or its nano-formulations 

Melittin or melittin-loaded nanocarriers can be 

conjugated with tumor-targeting ligands that recognize 

receptors overexpressed on cancer cells to achieve active 

targeting. 

4.3.3.1. Antibodies/ peptides 

Ligands, which include antibodies or tumor-homing 

peptides, can be used to address melittin-loaded 

nanoparticles and increase treatment in the cancer site 

and tumor sparing in healthy tissues. One such instance 

is that a bifunctional melittin within a peptide containing 

an RGD peptide motif (arginine, glycine, aspartic acid) 

has since been designed to get the target to triple-

negative breast cancer (TNBC) cells to have a charged 

melittin C-terminus sequence. The approach minimizes 

non-therapeutic effects and increases specificity to a 

considerable extent [20]. 

These are the more intricate chemical and 

pharmacological engineering approaches that are needed 

in the conversion of melittin into a strong yet toxic 

peptide to a useful clinical drug. 

5. TRIPLE NEGATIVE BREAST CANCER 

(TNBC): THERAPY OUTCOME 

Triple-negative breast cancer presents a serious problem 

in cancer treatment as it is highly invasive; it lacks 

adequate therapeutic options; and in most cases, its 

prognosis is low, in comparison to other types of this 

cancer [105].  The active targeting is possible through 

conjugation with tumor-targeting ligands such as melittin 

in a nano-formulation, as well as ligands specific to 

receptors (which are highly expressed on the cancer 

cells). Peptides loaded in nanoparticles can be directed to 

a specific region of the human body (e.g., cancer cells) 

using ligands like antibodies or tumor-homing peptides 

to maximize treatment in the tumor location and to avoid 

normal tissues [106].  

A case in point is targeting TNBC cells using a 

bifunctional melittin modified with a charged C-terminus 

and an RGD (arginine–glycine–aspartic acid) motif, 

which reduces off-target effects and enhances specificity. 

Advanced chemical and pharmacological engineering is 

required to develop melittin into a clinically useful drug. 

TNBC is highly aggressive, has limited treatment 

options, poor prognosis, lacks estrogen, progesterone, 

and HER2 receptors, and does not respond to HER2-

targeted or hormonal therapies [105, 107]. It is this 

desperate nature of lacking any molecular target that the 

desperate methods are aimed at [67, 105]. This is because 

of its chemical specialty and pharmacological 
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multimodality, which gives melittin an important part of 

the bee venom therapeutic potential in TNBC in a 

preclinical study. It still is not an established medical 

treatment but has good preclinical results in animal 

models and cell lines, and there have been several 

hurdles to its use in humans [73, 108]. 

5.1. Chemical basis of selective action at TNBC 

This selective mechanism and the ability of Melittin to 

select and affect TNBC cells is largely attributed to the 

nature of the chemical aspects [65, 109]. 

5.1.1. Surface linked to the charge 

Melittin is a 26-amino-acid linear peptide (~2847.5 Da) 

with an amphipathic structure and a net positive charge 

of +6 at physiological pH due to arginine- and lysine-rich 

regions. Its hydrophobic N-terminal region and overall 

positive charge enable initial electrostatic interaction 

with cell membranes. Cancer cells, including TNBC 

cells, are more negatively charged than normal cells 

because of higher levels of negatively charged 

phospholipids (e.g., phosphatidylserine) in the outer 

membrane leaflet, promoting selective melittin binding 

with relatively less damage to healthy tissues [67, 70, 73, 

110]. 

5.1.2. Chemical - Physical mechanism of membrane 

disruption by pore formation 

The binding of Melittin to the cell membrane leads to the 

penetration of those monomers into the lipid bilayer. It is 

conformationally changed by changes in the chemical 

environment of the membrane, where such monomers 

are clustered and form transmembrane holes in the shape 

of toroidal pores [70, 73, 110]. Such pores destroy the 

physical integrity of the membrane, and, as a rule, their 

diameter is 4.4 nm. This causes an unduly rapid influx of 

ions and loss of intracellular elements of vital usage [70, 

110]. It is necrotic cell death and osmotic lysis that led to 

the breakdown of cellular equilibrium [73]. 

It is important that the pore size and peculiarities of the 

ages of the membrane by melittin could be highly 

different based on the nature of the experiments and 

could be conditional on the character of the membranes 

[11]. In addition, the lytic activity and the pore formation 

of melittin depend much on the alignment of the melittin 

molecules on the margin of their parallel or 

perpendicular pose to the surface of the membrane [63]. 

Although the fast effects of complete cell studies are not 

reported most of the time, studies using lipid monolayers 

have confirmed apparent pore development and specific 

morphological changes [71]. The activity of melittin is 

more effective against cancer cells than in normal cells 

due to the increased membrane potential of the cancer 

cells [67]. 

5.2. Pharmacology efficacy in TNBC 

Along with the production of direct membrane-lytic 

effects, Melittin possesses a pharmacological profile in 

TNBC, such as activation of programmed cell death, and 

a range of other major intracellular signaling pathways. 

These have been found in animal models and pre-clinical 

cell culture to a great extent [73].  

5.2.1. Basic mechanisms: apoptosis and direct 

cytotoxicity induction 

Melittin has a convenient effect of decreasing the 

viability of TNBC cell lines, including human SUM159 

cells, under the pharmacological mode [85, 109]. A more 

controlled process is termed apoptosis, and is usually 

triggered together with this cytotoxicity. Cells treated 

with melittin have a significant increase in the proteins 

that are apoptotic-related, as indicated by cleaved 

caspase-3 in TNBC cells [85, 109-110]. In addition, the 

4T1 TNBC cancer cell study has attributed the melittin-

induced apoptosis to an elevation in the concentrations 

of dynamin-related protein 1 and mitochondrial fusion 

protein 2, which indicates that it affects the dynamics of 

mitochondria and activation of intrinsic apoptotic 

programs [85]. 

5.2.2. Signaling interference of growth factor 

receptors 

There is signaling interference of growth factor 

receptors, which results in desensitization and 

downregulation of the receptors during handling. The 

anti-receptor activity of Melittin to inhibit the activity of 

developmental factor receptors holds a valuable 

pharmacological ground against its effectiveness in 

TNBC and HER2-positive breast tumors [110]. Melittin 

does this by inhibiting epidermal growth factor and 

HER2 Phosphorylation of the plasma membrane of 
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breast cancerous cells. It has mutational analyses that 

positively charged C-terminal melittin sequence 

mediates this plasma membrane connection that directly 

affects its anticancer action [110]. Such interference 

results in an abnormal pharmacological down-regulation 

of the PI3K/Akt signaling pathways that are often 

abnormally stimulated in TNBC and required to warrant 

cell survival, proliferation, and growth [67, 85, 110]. 

5.2.3. Anti-Proliferative effects 

Melittin generates a direct anti-proliferative impact on 

cells, and this attribute adds to its efficacy on TNBC. The 

combination of all the above-mentioned ways, including 

the membrane rupture, apoptotic induction, and the 

inhibition of pro-survival signaling pathways, is 

cooperative in the prevention of the unrestricted growth 

of the TNBC cells and can be attributed to this treatment 

effect [77]. 

5.3. Strategies to improve therapeutic effectiveness 

Other strategies to enhance the effectiveness of melittin 

in the therapy of TNBC by chemical modification and 

the adoption of complex delivery methods to offset the 

non-specific toxicity of melittin, particularly its potent 

hemolytic effect and quick degradation, are being 

researched [73, 77, 112]. There is the imminent necessity 

to stress that the questions of delivery and safety are 

under research, and the alternative to the problem is not 

yet capable of being implemented at a clinical level [64, 

73]. The challenges are associated with its non-specific 

cytotoxicity, high rate of metabolism, poor absorption, 

and allergy [63, 112].  

5.3.1. Targeted delivery via chemical conjugation 

Melittin, in its turn, may be attached to certain targeting 

ligands through chemical conjugation to become more 

successful in its delivery to TNBC cells. To illustrate 

this, in order to make sure that the melittin only acts on 

the malignant cells with minimum effects on the normal 

cells, a bifunctional melittin peptide including a charged 

sequence in its C-terminus to contain an RGD motif 

(arginine, glycine, and aspartic acid) has been 

engineered. The combinations of Coupled Pharmacology 

are known as Coupled Pharmacology Combinations [20, 

110].  

 

5.3.2. Synergistic pharmacology 

Melittin demonstrates a certain degree of synergistic 

effectiveness with the traditional chemotherapy therapies 

that are typically applied to the treatment of TNBC, such 

as docetaxel and epirubicin [20]. Melittin has been 

shown to effectively decrease tumors that are resistant to 

docetaxel in vivo TNBC xenograft models and, 

therefore, may be of use in treating chemoresistance, and 

thus the combination of the two is of interest [62,70]. 

This synergy reduces the side effects, may reduce the 

toxicity of melittin internally, and also leads to some 

treatment outcomes, and could reduce individual drug 

dosage [20]. 

5.3.3. Nano-Delivery systems for targeting and 

pharmacokinetic enhancement 

Nanocarrier systems are a complicated chemical 

procedure of delivering that can not only protect against 

its undesirable effects but also provide tumor-targeting 

delivery [63, 112]. These are some of the cationic 

polymers, nanodiamond, perfluorocarbon nanoparticles, 

and liposomes [63, 103-104]. Such systems would 

reduce toxicity and improve the efficacy of tumor 

treatment by improving stability and controlled release 

[63-64, 73, 103]. To illustrate this, the use of the anti-

cancer property of melittin-loaded niosomes has been 

shown to be superior to melittin [70, 106]. 

Passive Targeting: These nanoparticles can also target 

the location of tumors, including TNBC, passively, 

because of the higher permeability and retention. This is 

because the tumor microenvironments contain leaky 

vasculatures and insufficient lymphatic drainage that 

permit extravasation of the nanoparticles and their 

preferential retention in the tumor [103, 113]. 

Active Targeting: This is dynamic and very specific to 

the TNBC cells by further modification of nanocarriers 

with specific ligands. In order to improve the drug 

delivery and raise the levels within the tumor bed and 

lower the levels in the systemic circulation, e.g., 

nanoparticles can be coated with receptors on the cancer 

cells or other over expresses on the angiogenic 

endothelial cells [104].  

It is established that the anticancer activity of free 

melittin is weaker in comparison with the application of 

these melittin-loaded nanocarriers [70]. To minimize the 
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overly negative side-effects and maximize the stability, 

scientists have continuously tried to make the systems 

more simplified [63, 104]. 

6. DISCUSSION 

Melittin, the principal bioactive peptide of honey bee 

venom, has emerged as a promising multifunctional 

anticancer agent due to its diverse and complementary 

mechanisms of action. Unlike conventional 

chemotherapeutic agents that often target a single 

molecular pathway, melittin exerts cytotoxicity through 

both direct membrane disruption and modulation of 

multiple intracellular signaling cascades. Its amphipathic 

α-helical structure and strong cationic charge enable 

selective electrostatic interaction with negatively 

charged cancer cell membranes enriched in 

phosphatidylserine and other anionic phospholipids. This 

physicochemical preference partly explains the enhanced 

susceptibility of malignant cells compared to normal 

tissues. Rapid pore formation induces ionic imbalance, 

mitochondrial dysfunction, membrane destabilization, 

and ultimately necrotic or apoptotic cell death. 

Importantly, this membrane-lytic mechanism reduces the 

probability of resistance development, a significant 

limitation associated with many targeted therapies. The 

overall percentage of research work reported of Mellitin 

is shown in Figure 8. 

Beyond its direct cytolytic effects, melittin interferes 

with several oncogenic signaling pathways involved in 

tumor proliferation, survival, angiogenesis, and 

metastasis. Inhibition of the PI3K/Akt/mTOR axis 

suppresses proliferative and anti-apoptotic signaling, 

while downregulation of JAK/STAT and NF-κB 

pathways attenuates inflammation-mediated tumor 

progression. Furthermore, suppression of VEGF and 

VEGFR signaling impairs angiogenesis, thereby limiting 

tumor vascularization and metastatic spread. These 

pleiotropic effects highlight melittin as a multi-target 

therapeutic candidate capable of disrupting tumor 

biology at multiple regulatory levels. Such broad-

spectrum activity may be particularly advantageous in 

aggressive and heterogeneous malignancies that 

frequently develop resistance to single-target therapies. 

In addition to its anticancer properties, melittin exhibits 

notable anti-inflammatory and immunomodulatory 

activities. Chronic inflammation is increasingly 

recognized as a critical contributor to carcinogenesis, 

tumor progression, and immune evasion. By inhibiting 

pro-inflammatory mediators such as TNF-α, IL-1β, 

COX-2, and iNOS, melittin may indirectly suppress 

tumor growth within an inflammatory 

microenvironment. Activation of antioxidant defense 

pathways, particularly Nrf2/HO-1 signaling, further 

enhances cellular protection against oxidative stress, a 

key driver of genomic instability and cancer 

development. However, the dual pro- and anti-

inflammatory behavior of melittin—dependent on 

concentration and biological context—underscores the 

complexity of its pharmacological profile and 

necessitates controlled delivery strategies. 

Despite its strong therapeutic potential, significant 

challenges remain regarding safety and clinical 

translation. The nonspecific cytotoxicity, pronounced 

hemolytic activity, rapid enzymatic degradation, and 

systemic toxicity resulting from indiscriminate 

membrane disruption limit its direct clinical application. 

Recent advances in chemical modification and 

nanotechnology-based delivery systems, including 

PEGylation, tumor-targeted conjugation, and 

nanoparticle encapsulation, have substantially improved 

tumor selectivity, reduced off-target toxicity, and 

enhanced pharmacokinetic stability. Passive targeting 

through enhanced permeability and retention (EPR) 

effects and active targeting via ligand modification 

further increase therapeutic precision. 

Notably, melittin has demonstrated promising preclinical 

efficacy against aggressive malignancies such as triple-

negative breast cancer (TNBC), a subtype lacking 

established molecular targets. Its ability to synergize 

with conventional chemotherapeutic agents suggests 

additional clinical value in overcoming drug resistance 

and reducing required dosages. However, challenges 

related to immunogenicity, optimal dosing strategies, 

large-scale manufacturing, and the absence of robust 

clinical trials continue to impede its translation into 

routine clinical practice. 

Future research should focus on improving melittin’s 

safety and tumor selectivity through advanced drug 

delivery systems such as nanoparticles, liposomes, and 

ligand-targeted formulations. Structural modifications, 

including PEGylation and peptide engineering, may 

enhance stability and reduce hemolytic effects. 

http://www.jchr.org/


 
 

 

1098 

Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2026) 16(1), 1082-1105 | ISSN:2251-6727 

Exploration of combination therapies and 

comprehensive pharmacokinetic and clinical studies will 

be essential to establish melittin as a safe and effective 

therapeutic agent in oncology. 

In summary, melittin represents a compelling lead 

compound for future anticancer drug development due to 

its multi-mechanistic action profile. Continued 

refinement of targeted delivery systems and 

comprehensive clinical evaluation will be essential to 

balance safety with therapeutic efficacy and to fully 

harness its potential in oncology. 

  

Figure 8: Proportion of research done every year on the 

Melittin (Google scholar, Pubmed, etc)  

7. CONCLUSION 

Melittin, the dominant bioactive peptide of honey bee 

venom, has emerged as a compelling prototype molecule 

in the pursuit of next-generation anticancer therapeutics. 

The collective evidence from studies published between 

1990 and 2025 highlights its capacity to function as a 

multi-target anticancer agent, exerting cytotoxic effects 

through coordinated mechanisms that include rapid 

membrane permeabilization, mitochondrial dysfunction, 

apoptosis induction, suppression of proliferative 

signaling, inhibition of angiogenesis, and attenuation of 

metastatic progression. Its regulatory influence on 

pivotal oncogenic pathways—PI3K/Akt/mTOR, 

JAK/STAT, NF-κB, MAPK, and VEGF/VEGFR—

underscores a systems-level mode of action that 

distinguishes it from conventional single-target 

chemotherapeutics. Moreover, its anti-inflammatory, 

immunomodulatory, and antioxidant activities suggest 

an additional capacity to remodel the tumor 

microenvironment, thereby amplifying therapeutic 

efficacy. 

Despite these promising attributes, the intrinsic 

limitations of melittin—including nonspecific membrane 

lysis, hemolytic toxicity, rapid proteolytic degradation, 

and systemic adverse effects—pose significant barriers 

to direct clinical application. These challenges, however, 

have catalyzed innovative advances in peptide 

engineering and nanomedicine. Chemical modifications 

(e.g., PEGylation, amino acid substitutions, and fusion 

constructs) and targeted delivery platforms (liposomes, 

polymeric nanoparticles, ligand-conjugated systems) 

have demonstrated substantial improvements in stability, 

tumor selectivity, and therapeutic index in preclinical 

models, particularly in aggressive and treatment-resistant 

malignancies. 

Taken together, melittin represents a potent and versatile 

lead scaffold with the potential to redefine peptide-based 

anticancer therapy. Future translational success will 

depend on rational molecular redesign, precision-

targeted delivery systems, rigorous pharmacokinetic 

optimization, and well-structured clinical investigations. 

With continued interdisciplinary integration across 

chemistry, oncology, pharmacology, and 

nanotechnology, melittin may transition from a naturally 

derived cytolytic peptide to a clinically viable, precision-

guided anticancer therapeutic. 
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