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Abstract: Honeybee (Apis mellifera) venom (BV) and its principal bioactive peptide, melittin, have emerged as potent natural
therapeutic candidates in translational oncology. Melittin exerts robust cytotoxic effects across diverse cancer cell phenotypes through
non-specific cell membrane disruption, pore formation, receptor tyrosine kinase (RTK) signal pathway suppression, and induction of
mitochondrial apoptosis. However, systemic application of native melittin has historically been limited by non-selective hemolysis, acute
off-target organ toxicity, and rapid degradation in circulation. To overcome these biopharmaceutical hurdles, advanced nanomedicine
platforms-including lipid nanoparticles, polymeric conjugates, inorganic platforms, and stimuli-responsive smart carriers-have been
developed to achieve targeted tumor delivery and controlled peptide release. This review synthesizes the molecular mechanisms of
action of honeybee venom and melittin, details current progress in targeted nano-formulations, highlights synergistic multi-agent
combination therapies, and addresses key clinical translation challenges.
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1. Introduction

Malignant neoplasms remain one of the leading causes of
global  mortality, with  conventional systemic
chemotherapies often compromised by acquired drug
resistance and severe off-target systemic toxicities [1].
Natural product biopeptides have attracted significant
attention in modern drug discovery due to their broad-
spectrum biological activities and novel mechanisms of
action distinct from traditional small-molecule drugs [1, 2].
Among natural bio-toxins, honeybee (Apis mellifera)
venom (BV) represents a rich complex mixture of bioactive
peptides, enzymes, and non-peptide amines [2].

Melittin, a 26-amino acid cationic amphipathic peptide,
comprises approximately 40% to 50% of dry honeybee
venom by weight and serves as the primary driver of its
antitumor activity [2, 3]. In vitro and in vivo studies have
demonstrated melittin's capacity to selectively disrupt
cancer cell proliferation, induce apoptotic cascades, inhibit
angiogenesis, and suppress metastatic invasion [3, 4].
Despite its powerful potency, native melittin causes
significant intravascular hemolysis and systemic toxicity
when administered intravenously, restricting its direct
clinical application [4, 5]. Recent breakthroughs in
nanobiotechnology have provided innovative strategies to
encapsulate or conjugate melittin into targeted, smart drug
delivery vehicles, unlocking its therapeutic potential in
precision oncology [5, 6].

2. Molecular Mechanisms of Antitumor
Activity
Melittin  exerts cytotoxic effects through multiple

complementary molecular pathways:

2.1 Membrane Permeabilization and Pore Formation

Melittin adopts an amphipathic alpha-helical conformation
upon interaction with lipid bilayers. The positively charged
C-terminal domain binds electrostatically to negatively
charged phospholipids overexpressed on cancer cell
membranes (e.g., phosphatidylserine). Following insertion,
melittin induces toroidal pore formation or operates via a
detergent-like carpet model, causing rapid cell membrane
disruption, ion leakage, loss of membrane potential, and
osmotic lysis [3, 4].

2.2 Receptor Signaling Inhibition and Apoptosis
Induction

Beyond direct physical membrane disruption, sub-lytic
concentrations of melittin modulate intracellular signaling
pathways:

o Receptor Tyrosine Kinase (RTK) Suppression:
Melittin inhibits the phosphorylation of EGFR, HER2,
and VEGFR-2, shutting down downstream pro-survival
Akt/mTOR and MAPK/ERK pathways [4, 7].

e Mitochondrial Apoptotic Cascade: Melittin
downregulates anti-apoptotic Bcl-2 while upregulating
pro-apoptotic Bax, triggering cytochrome c release into
the cytosol and activating Caspase-9 and Caspase-3
cascades [3, 7].

e NF-kB Pathway Suppression: Melittin directly
interacts with IkB kinase (IKK), blocking NF-«B
translocation to the nucleus and suppressing
inflammatory and pro-survival gene transcription [2, 8].

3. Targeted Nano-Delivery Strategies for
Melittin
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Nanoparticle Class Formulation Strategy Primary Advantage Key Antitumor OQutcome
Lipid Nanoparticles|  Solid lipid matrix or liposomal Shields red blood cells; prevents | High tumor accumulation via
(LNPs) encapsulation hemolysis [5, 6] EPR effect [5]
Polymeric PLGA, PEGylated chitosan, or Sustained peptide release and Suppressed tumor growth
Nanocarriers dendrimers enhanced half-life [6, 9] without systemic toxicity [9]
Stimuli-Responsive | pH-sensitive or enzyme-cleavable |Targeted release strictly within tumor| Zero off-target toxicities in
Vehicles bonds microenvironment [5, 9] preclinical models [5]
Inorganic Hybrid Gold/Silica nanoparticles Enables combined photothermal and | Complete tumor regression in
Platforms functionalized with melittin peptide therapy [10] synergy studies [10]

4. Multi-Agent Combination Therapies

Combining melittin nano-formulations with conventional
chemotherapeutics (e.g., paclitaxel, doxorubicin, cisplatin)
or immune checkpoint inhibitors has demonstrated striking
synergistic efficacy [7, 8]. By transiently permeabilizing
cancer cell membranes, melittin enhances the intracellular
accumulation of  co-administered chemo-agents,
overcoming multidrug resistance (MDR) mechanisms [7,
9]. Furthermore, melittin-induced immunogenic cell death
(ICD) promotes dendritic cell maturation and T-cell
infiltration, enhancing response rates to anti-PD-1/PD-L1
immunotherapies [8, 10].

5. Clinical Translation Challenges and Future
Directions

Despite promising preclinical data, several key obstacles

must be resolved prior to clinical transition:

1) Scalable GMP Synthesis: Producing highly purified,
standardized recombinant or synthetic melittin at
commercial scale under Good Manufacturing Practice
(GMP) conditions [2, 5].
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6. Conclusion

Honeybee venom and melittin possess extraordinary
antitumor capabilities capable of bypassing established
drug-resistance ~ pathways.  Advanced nanomedicine
formulations effectively overcome historical challenges of
toxicity and non-specific hemolysis. With ongoing
refinements in stimuli-responsive nanocarriers and targeted
combination regimens, melittin-based nanotherapeutics
hold substantial promise as next-generation agents in
clinical oncology.
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