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Abstract: The emergence of antimicrobial resistance is a significant challenge in global
healthcare, necessitating innovative techniques to address multidrug-resistant pathogens.
Multidrug-resistant pathogens like Klebsiella pneumoniae, Acinetobacter baumannii, and Pseu-
domonas aeruginosa pose significant public health threats, as they are increasingly resistant
to common antibiotics, leading to more severe and difficult-to-treat infections. These
pathogens are part of the ESKAPE group, which includes Enterococcus faecium, Staphylo-
coccus aureus, and Enterobacter species. Animal venoms, derived from a wide range of
species such as snakes, scorpions, spiders, bees, wasps, and ants, represent a rich source
of bioactive peptides. Venoms have been a valuable source for drug discovery, providing
unique compounds with therapeutic potential. Venom-derived drugs are known for their
increased bioactivity, specificity, and stability compared to synthetic alternatives. These
compounds are being investigated for various conditions, including treatments for diabetes,
pain relief, cancer, and infections, showcasing their remarkable antimicrobial efficacy. In
this review, we provide a comprehensive investigation into the potential of venom-derived
compounds for developing new antimicrobial agents, including antibacterial, antifungal,
antiviral, and antiparasitic therapeutics. Key venom components, including melittin from
bee venom, phospholipase A; from snake venom, and chlorotoxin from scorpion venom,
exhibit potent antimicrobial effects through mechanisms such as membrane disruption,
enzymatic inhibition, and immune modulation. We also explore the challenges related
to the development and clinical use of venom-derived antimicrobials, including toxicity,
stability, and delivery mechanisms. These compounds hold immense promise as trans-
formative tools against resistant pathogens, offering a unique avenue for groundbreaking
advancements in antimicrobial research and therapeutic development.

Keywords: natural products; animal venoms; drug discovery; antimicrobial peptides;
antibiotics; multi-drug resistant
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Key Contribution: The potential of venom-derived antimicrobial compounds as innova-
tive solutions to combat antimicrobial resistance, addressing their mechanisms of action,
therapeutic applications, synergistic potential with conventional antibiotics, and challenges
in clinical translation.

1. Introduction

Infectious diseases have garnered unprecedented attention, owing to the escalating
challenge of their treatment, which has become increasingly complex and, at times, im-
possible [1]. Historically, antibiotics have formed the cornerstone of infectious disease
management. However, the widespread and often misguided application of certain con-
ventional antibiotics has triggered a crisis of antimicrobial resistance, leaving once-reliable
therapies powerless and creating a grave public health emergency. The World Health
Organization (WHO) has identified antimicrobial resistance (AMR) as one of the top ten
global public health threats to humanity [2,3]. It is estimated that bacterial AMR was
directly responsible for 1.27 million global deaths in 2019 and contributed to 4.95 million
deaths [3]. Additionally, the COVID-19 pandemic has further emphasized the urgency of
addressing infectious diseases [4]. Genomic analyses of bacterial strains have revealed over
20,000 genes implicated in multi-drug resistance (MDR), accentuating the relentless evolu-
tion of drug-resistance mechanisms across diverse pathogens [5]. The widespread impact of
MDR pathogens manifests in a spectrum of debilitating illnesses, ranging from bacteremia
and hepatitis induced by Gram-negative Burkholderia pseudomallei to skin infections, toxic
shock syndrome, psoriasis, and pneumonia instigated by Gram-positive Staphylococcus
aureus [6-9]. The extreme implications of this public health crisis necessitate the urgent
pursuit of innovative approaches and efficacious strategies to combat MDR pathogens.

Natural products, derived from various biological sources, offer a rich reservoir of
potentially novel drugs to combat the growing threat of drug-resistant infections. Plant
extracts, algae, and animal venoms have attracted global attention for their rich content of
bio-active compounds with a variety of biological effects, including antimicrobial, cytotoxic,
hemolytic, and anti-inflammatory properties [10-12]. These natural products are more
accessible and cost-effective than synthetic chemicals, which are expensive, toxic, and
adversely affect healthy cells. Among these natural sources, animal venom stands out as a
particularly powerful tool, not only for its biological richness, but also for its evolutionary
role in survival. Animal venom is a natural defense mechanism enabling animals to subdue
prey or deter predators. Interestingly, animal venoms also exhibit significant antimicrobial
properties against a broad spectrum of pathogens, including bacteria, fungi, viruses, and
parasites [13,14]. For instance, L-amino acid oxidase (L-AAO) from Bothrops marajoensis
snake venom has been shown to combat fungi (Candida albicans), bacteria (S. aureus), and
parasites (Leishmania chagasi and Leishmania amazonensis) [15].

Animal venom is a complex mixture of bioactive substances, including polypeptides,
enzymes, proteins, hydrocarbons, alkaloids, free amino acids, biogenic amines, formic acid,
and other components [16]. Peptides purified from animal venom are particularly noted
for their anti-microbial activity (Figure 1). Characteristics such as charge, hydrophobicity,
and structural stereochemistry make these peptides highly specific to their targets, causing
minimal damage to normal cells while exhibiting a broad spectrum of antimicrobial activity.
Specific peptides derived from Polistes wattii cameron wasp venom demonstrate antimicro-
bial activity against four strains of multi-drug-resistant bacteria: S. aureus, Streptococcus
mutans, Salmonella typhimurium, and Enterobacter cloacae [17]. Venom-derived antimicrobial
agents are exciting due to their multiple mechanisms to overcome microbial resistance [18].
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These mechanisms involve the formation of pores in microbial membranes, leading to the
release of cytoplasmic contents and eventual cell death. Additionally, they down-regulate
phosphorylation processes critical for protein synthesis signaling pathways, disrupt cell
walls, inhibit bacterial growth, and interfere with lipid bilayers, ultimately resulting in
either cell apoptosis or necrosis [18-20]. This diverse array of actions significantly reduces
the likelihood of microbes developing resistance to these agents.
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Figure 1. Schematic representation of animal venoms reviewed for their antimicrobial properties,
including antibacterial, antifungal, antiviral, and antiparasitic activities. Created in BioRender. Abd

El-Aziz, TM. 2025. https:/ /BioRender.com.

This review aims to build upon and extend previous work by providing a broad yet
detailed perspective on venom-derived antimicrobial compounds, focusing on their diverse
mechanisms of action, structural properties, and therapeutic potential. Unlike prior reviews,
we place special emphasis on recent advances in drug development strategies, including
chemical modifications, nanocarrier-based delivery, and bioengineering approaches that
enhance the stability, specificity, and clinical applicability of venom-derived molecules.
By integrating fundamental discoveries with translational insights, this review provides
a forward-looking perspective on how venom-based therapeutics can be developed into
viable antimicrobial agents, addressing key challenges and opportunities in this rapidly

evolving field.
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2. Venomous Animals as a Source of Antimicrobial Compounds

Venomous animals have long been identified as a rich source of bioactive compounds
with various biological activities [11,12]. Currently, several prominent drugs derived from
animal venoms have been approved by the US Food and Drug Administration (FDA) for
human use, with others either undergoing or progressing through clinical trials (Table 1).
A leading example of such drugs is Captopril (Capoten®, Bristol-Myers Squibb, New York
City, NY, USA), an antihypertensive drug developed based on the bradykinin potentiating
factor (BPF) found in the venom of the Brazilian pit viper, Bothrops jararaca [21]. Captopril,
approved in 1981, was the first drug derived from an animal toxin to be approved for
human use. Another example is Tirofiban, the first venom-derived anti-platelet drug, based
on the structure of echistatin. It is a peptide extracted from the venom of the saw-scaled
viper, Echis carinatus [22]. Additionally, Eptifibatide is a platelet aggregation inhibitor used
to prevent blood clots, derived from the venom of the southeastern pygmy rattlesnake,
Sistrurus miliarius barbouri [23]. Furthermore, Batroxobin, derived from the venom of the
Brazilian lancehead pit viper (Bothrops moojeni), is used to treat thrombotic disorders [24].
Another notable drug is Exenatide, a medication for type 2 diabetes derived from the
venom of the Gila monster, Heloderma suspectum [25]. From the cone snail’s venom, Conus
magus, ziconotide, is a potent analgesic approved in 2004 for treating chronic pain [26].
These drugs demonstrate the innovative use of venom components in advanced medicine,
highlighting the potential of natural toxins to resolve complex medical conditions.

Table 1. FDA-approved and clinical trial venom-based drugs: toxin sources and therapeutic applications.

Drug Name Venom Source Medical Use Biological Target FDA ézgroval Ref.
Bothrops jararaca Inhibition of
Captopril (Brazilia;; J it viper) Hypertension angiotensin-converting 1981 [27]
prtvip enzyme (ACE)
Sistrurus miliarius Acute coronar Antagonist of the platelet
Eptifibatide (Pygmy rattlesnake) svndrome y receptor glycoprotein 1998 [28]
ygmy Y IIb /1l1a receptor
Echis carinatus Acute coronar Reversible antagonist of
Tirofiban (Saw-scaled viper) svndrome Y the platelet glycoprotein 1998 [29]
P y IIb /111a receptor
Ziconotide Conus magus (Cone Severe c.:hromc Block N-type calcium 2004 [30]
snail) pain channels
Binding and activation of
Exenatide Helodfzrma suspectum  Type 2 dlabetes GLP-1 receptor to reduce 2005 [31]
(Gila monster) mellitus plasma glucose and
lower HbA1lc
Dalazatide Stichodactyla Autoimmune
helianthus (Sea diseases Kv1.3 potassium channel  In clinical trials [32]
(ShK-186) o
anemone) (psoriasis, MS)
- Hadronyche %nfensa Card19protectlon Acid-sensing ion channel o .
Hila (Australian during heart la (ASIC1a) In clinical trials [33]
funnel-web spider)  attack and stroke
Leiurus Matrix
. quinquestriatus Tumor imaging, metalloproteinase-2 . .
Chlorotoxin (Deathstalker glioma targeting (MMP-2), annexin A2, In clinical trials [34]

scorpion)

and chloride channels
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Antimicrobial compounds from venom have gathered significant attention for their
potential therapeutic applications [14]. From snakes and scorpions to spiders, bees, wasps,
and ants, a wide array of venomous animals produces compounds capable of combating
microbial pathogens. These compounds, from peptides and proteins to enzymes and small
molecules, exhibit noteworthy anti-microbial properties against bacteria, fungi, viruses, and
parasites [13]. This section investigates the attractive world of venom-derived antimicrobial
compounds, exploring their therapeutic potential across various venomous animal species

(Table 2).

Table 2. Overview of antimicrobial agents reported from animal venoms.

Active

Animal Source Species Component Activity Type Target Pathogens Ref.
Ophiophagus L-amino acid Antibacterial, Staphylococcus aureus, [35]
hannah oxidase (L-AAO) antifungal Staphylococcus epidermidis
Crotalus durissus Antibacterial, Escherichia coli, Bacillus
iy Crotamine antifungal, subtilis, Candida spp., [36,37]
terrificus . o . .
antiparasitic Plasmodium falciparum
. . Staphylococcus aureus,
Hy drop his Cathelicidin Antibacterial Escherichia coli, Vibrio [38,39]
cyanocinctus (Hc-CATH)
cholerae
Bunearus Propionibacterium acnes,
8 Cathelicidin-BF Antibacterial Klebsiella pneumoniae, [40,41]
fasciatus L
Salmonella typhimurium
Snake Staphylococcus aureus,
. . Antibacterial, Pseudomonas aeruginosa,
Bothrops L-amino acid . . . ; )
. ) ) antifungal, Candida albicans, Leishmania [15]
marajoensis oxidase (L-AAO) . o C .
anti-parasitic chagasi, Leishmania
amazonensis
L PLA, . . Staphylococcus aureus,
Naja naja (NN-XIb-PLA,) ~ ‘ntibacterial Bacillus subtilis [421
Qxyurqnus Omwaprin Antibacterial Bacillus megaterium, . [43]
microlepidotus Staphylococcus warneri
Crotalus Burkholderia pseudomallei,
PLA; (CaTx-II) Antibacterial Staphylococcus aureus, [44]
adamanteus
Enterobacter aerogenes
Staphylococcus aureus,
Escherichia coli, Klebsiella
pneumoniae, Pseudomonas
. . aeruginosa, measles, severe
Lychas Mucroporin-M1 Antlb.ac.terlal, acute respiratory [45-47]
mucronatus antiviral .
Scorpion syndrome coronavirus
(SARS-CoV), hepatitis B
virus (HBV), and influenza
H5N1
Pandznus Pand.lrun Antifungal Candida albicans [48]
imperator peptides
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. . Active . .
Animal Source Species Component Activity Type Target Pathogens Ref.
Staphylococcus aureus,
Mesobuthus BmKn2, Antibacterial, Mzcrococ.cus lute'us,
.. .. Escherichia coli, [49-51]
martensii BmKn2-7 antiviral ;
Pseudomonas aeruginosa,
Scorpion Neisseria gonorrhoeae, HIV-1
Androctonus AaeAP1, Antibacterial, Staphylococcus aureus, [52]
aeneas AaeAP2 antifungal Candida albicans
Isometrus scorpion Imcroporin Antibacterial Methicillin-resistant [53]
Staphylococcus aureus
Staphylococcus aureus,
Lycosa M-lycotoxin- Antibacterial, Bacillus subtilis, Escherichia [54]
singoriensis Ls3a antifungal coli, Pseudomonas
aeruginosa, Candida albicans
) . . Staphylococcus aureus,
Spider Hogna M-lycotoxin- Antibacterial, Bacil;;usysub tilis. Candida [55]
carolinensis Hcla antifungal .
albicans
Escherichia coli,
Loxosceles gaucho ~ U1-SCRTX-Lgla Antibacterial Pseudomonas aeruginosa, [56]
Enterobacter cloacae
Methicillin-resistant
Staphylococcus aureus,
Escherichia coli,
Acinetobacter baumannii,
Melittin and Antibacterial, Candida albicans, Herpes
Apis mellifera PLA antifungal, simplex virus (HSV), [67-63]
Honeybee 2 antiviral Human immunodeficiency
virus (HIV), severe acute
respiratory syndrome
coronavirus 2
(SARS-CoV-2),
Apis cerana PLA, Antibacterial Escherichia coli [64]
Vespa orientalis Whole venom Antibacterial Bacillus cereus, [65]
Staphylococcus aureus
Enterococcus faecalis,
Vespa basalis Mastoparan B Antibacterial Bacillus subtilis, Shigella [66]
flexneri
Wasp
Staphylococcus aureus,
Bacillus subtilis, Escherichia
Polybia paulista Polybia-CP Antibacterial coli, Pseudomonas [67,68]

aeruginosa, Staphylococcus
epidermidis
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Table 2. Cont.
Animal Source Species Active Activity Type Target Pathogens Ref
P Component yyp & & ’
Streptococcus pneumoniae,
. . Staphylococcus aureus,
Solenopsis invicta Solenopsins Ant1l?acter1al, Enterococcus faecalis, [69,70]
antifungal
Stenotrophomonas
maltophilia, Candida auris
Geobacillus
stearothermophilus, Bacillus
A . . . o . ! .
nt Pachy con.(flyla Ponericins Antibacterial subtilis, Bacillus megaterium, [71]
goeldii :
Lactococcus lactis,
Pseudomonas aeruginosa
. . Cronobacter sakazakii,
. Antibacterial, . . .
Tetramorium L . Helicobacter pylori, Candida
S Bicarinalin antifungal, . . . [72,73]
bicarinatum . o albicans, Aspergillus niger,
antiparasitic

Leishmania infantum

2.1. Antimicrobial Agents from Snakes

Snake venoms represent a valuable source of biologically active substances, includ-
ing oligopeptides such as waprins and larger polypeptides (e.g., cardiotoxins), along
with proteins such as lectins, metalloproteinases, serine proteinases, L-amino acid oxi-
dases, and phospholipases type Ay (PLAj; Figure 2) [74]. Numerous in vitro studies have
demonstrated the bactericidal and bacteriostatic activities of snake venom PLA;s against
Gram-positive bacteria, such as S. aureus and Bacillus subtilis, as well as Gram-negative
bacteria, including Escherichia coli, Salmonella paratyphi, Klebsiella pneumoniae, and Vibrio
cholerae, with inhibitory dosages varying depending on the specific PLA; subtype [75,76].

Figure 2. The molecular structure PLA; from Agkistrodon halys [77]. The colored parts reflect the
secondary conformation structures of the peptides (the blue for the helices, orange for the 3-sheets,
hinges in cyan, and loops in gray). The molecular structure was visualized by BioRender. Al-Sabi, A.
2025. https:/ /BioRender.com.

In addition, Cathelicidins are a family of antimicrobial peptides that have been ex-
tensively studied in the venoms of snakes, particularly within the Elapidae and Viperidae
families [78]. In 2008, Zhao and colleagues were the first to identify snake venom-derived
cathelicidins. Their study revealed peptides isolated from both the venom and tissues of
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three Asian elapid species (Table 3). Key findings included NA-CATH from the Chinese co-
bra (Naja atra), OH-CATH from the king cobra (Ophiophagus hannah), and two peptides from
the banded krait (Bungarus fasciatus), namely BF-CATH and cathelicidin-BF [40,79,80]. To
date, 11 naturally occurring cathelicidins were identified and reported to possess significant
antibacterial activity against Gram-positive and Gram-negative bacteria, including S. aureus
and E. coli (Table 3) [78]. They are part of innate immunity and are characterized by a highly
conserved anionic cathelin domain. These peptides exhibit a potent mechanism of action by
rapidly compromising the integrity of microbial lipoprotein membranes. This is achieved
through their ability to fuse with lysosomes within macrophages, leading to the swift de-
struction of the invading pathogens. Hc-cath, a cathelicidin peptide derived from the venom
of the sea snake Hydrophis cyanocinctus, has demonstrated potent and broad-spectrum
anti-microbial activity against a wide range of human pathogenic micro-organisms, with
minimum inhibitory concentrations (MICs) ranging from 0.16 to 20.67 uM [38,39]. Remark-
ably, many of these pathogens resist to traditional anti-biotics, such as ampicillin. He-cath is
composed of 30 amino acids, with the sequence KFFKRLLKSVRRAVKKFRKKPRLIGLSTLL.
Hc-CATH has shown nearly equivalent efficacy against Gram-negative and Gram-positive
bacteria [38]. Cathelicidin-BF, another potent cathelicidin-like anti-microbial peptide, is
derived from the venom of the banded krait (Bungarus fasciatus) [40]. Its amino acid se-
quence, KFFRKLKKSVKKRAKEFFKKPRVIGVSIPE, is composed of 30 residues, featuring
12 basic residues (9 lysines and 2 arginines), 5 phenylalanines, and a single acidic residue
(glutamic acid) [40]. This lysine and phenylalanine-rich composition contributes to its
strong anti-microbial properties. Cathelicidin-BF has demonstrated potent antimicrobial
activity, particularly against Gram-negative bacteria, including both standard strains and
clinically isolated drug-resistant strains. Additionally, Cathelicidin-BF has shown signifi-
cant antibacterial activity against Propionibacterium acnes, a common pathogen in skin
infections [41]. OH-CATH30, a cathelicidin analog identified in the venom gland of the king
cobra (Ophiophagus hannah), exhibits robust, salt-resistant antibacterial activity against both
Gram-positive and Gram-negative bacteria, with MICs ranging from 1 to 20 pg/mL [80].
Additionally, OH-CATH30 demonstrates minimal hemolytic activity, with only about 10%
hemolysis observed at a concentration of 200 pg/mL. Overall, these cathelicidins have
shown potent anti-microbial activity both in vitro and in vivo, including effectiveness
against several multidrug-resistant strains.

Table 3. Active peptide sequences of snake venom-derived cathelicidins with antimicrobial activity.

Number of Ref.

Cathelicidin Name Snake Species Active Peptide Sequence Residues (aa)
NA-CATH Naja atra KRFKKFFKKLKNSVKKRAKKFFKKPKVIGVTFPF 34 [79]
OH-CATH Ophiophagus hannah KRFKKFFKKLKNSVKKRAKKFFKKPRVIGVSIPF 34 [30]

Cathelicidin-BF Bungarus fasciatus KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF 30 [40]
OH-CATH30 Ophiophagus hannah KFFKKLKNSVKKRAKKFFKKPRVIGVSIPF 30 [81]
Hc-CATH Hydrophis cyanocinctus KFFKRLLKSVRRAVKKFRKKPRLIGLSTLL 30 [38]
SA-CATH Sinonatrix annularis KFFKKLKKSVKKHVKKFFKKPKVIGVSIPF 30 [82]
CATHPb1 Python bivittatus KRFKKFFRKIKKGFRKIFKK TKIFIGGTIPI 31 [83]
Ba{g?;&‘é;““ Bothrops atrox KREKKFFKKLKNSVKKRVKKFFRKPRVIGVTEPF 34 [84]
Crotalicidin (Ctn) Cmtfgfrif?g‘gssus KRFKKFFKKVKKSVKKRLKKIFKKPMVIGVTIPF 34 (85]
Pt_CRAMP1 Pseudonaja textilis KRFKKFFMKLKKSVKKRVMKFFKKPMVIGVTFPF 34 [84]
Pt_CRAMP2 Pseudonaja textilis KRFKKFFRKLKKSVKKRVKKFFKKPRVIGVTIPF 34 [84]
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Crotamine, a highly basic peptide from the venom of Crofalus durissus terrificus rat-
tlesnake, demonstrated low activity against both Gram-positive and Gram-negative bacte-
ria, but showed potential as an anti-yeast or candicidal agent at low concentrations, with
minimal harmful effects on normal mammalian cells [36]. Crotamine also exhibits potent
anti-plasmodial activity, inhibiting the development of Plasmodium falciparum parasites in a
dose-dependent manner, with an ICsy value of 1.87 uM [37]. The whole venom of Crotalus
durissus cumanensis, along with fraction II containing crotoxin and Crotoxin B, exhibits
anti-Plasmodium falciparum activity. The entire venom is effective at 0.17 £ 0.03 pg/mL,
fraction Il at 0.76 £ 0.17 pg/mL, and Crotoxin B at 0.6 & 0.04 ug/mL [86].

Omwaprin (Figure 3), a 50-amino-acid cationic protein from inland taipan (Oxyuranus
microlepidotus) venom, exhibited selective, species-specific, and dose-dependent antibac-
terial activity against Gram-positive bacteria, with minimum inhibitory doses ranging
from 2 to 10 pg in radial diffusion assays. It notably lacks hemolytic activity on human
erythrocytes [43].

L-AAOQ isolated from Bothrops marajoensis venom (Figure 4) demonstrated inhibitory
effects on the growth of Pseudomonas aeruginosa, Candida albicans, and S. aureus, as well as
the parasitic growth of Leishmania chagasi and Leishmania amazonensis [15]. L-AAO from
king cobra (Ophiophagus hannah) venom exhibited potent activity against Gram-positive
bacteria, with MICs of 0.78 ug/mL (0.006 uM) and 1.56 pg/mL (0.012 uM) for S. aureus
and S. epidermidis, respectively, but showed moderate efficacy against Gram-negative
bacteria (P. aeruginosa, K. pneumoniae, and E. coli), with MICs ranging from 25 to 50 pug/mL
(0.2-0.4 uM) [35].

Figure 3. The molecular structure Omwaprin from Oxyuranus microlepidotus [87]. The colored parts
reflect the secondary conformation structures of the peptides (the blue for the helices, orange for the
[-sheets, hinges in cyan, and loops in gray). The molecular structure was visualized by BioRender.
Al-Sabi, A. 2025. https:/ /BioRender.com.

Crotacetin, a novel C-type lectin homolog of convulxin from the venom of the South
American rattlesnake Crotalus durissus terrificus and the first member of its family identified
with antibacterial activity, inhibits the growth of the Gram-negative bacteria Xanthomonas
axonopodis pv. passiflorae and Clavibacter michiganensis by 87.8% and 96.4%, respectively, at a
concentration of 150 pg/mlL [88].
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Figure 4. The molecular structure of L-amino acid oxidase (LAAO) from Bothrops jararacussu [89]. The
colored parts reflect the secondary conformation structures of the peptides (the blue for the helices,
orange for the 3-sheets, hinges in cyan, and loops in gray). The molecular structure was visualized
by BioRender. Al-Sabi, A. 2025. https://BioRender.com.

Snake venom serine proteinases have not previously been associated with anti-
microbial activity; however, a 27 kDa serine proteinase purified from the venom of the
Peruvian snake Bothriopsis oligolepis showed an MIC of 80 ug/mL against S. aureus [90].
Venoms from Bitis arietans, Naja haje, and Naja pallida were tested against Gram-positive
bacteria (B. cereus, S. aureus, and Salmonella typhi) and Gram-negative bacteria (E. coli and
Klebsiella pneumoniae). Naja haje and Naja pallida venoms demonstrated superior antibac-
terial activity compared to some commonly used antibiotics, while Bitis arietans venom
was ineffective against the tested pathogens [91]. These findings emphasize the potential
of snake venom-derived components as promising antimicrobial agents, offering novel
therapeutic prospects against resistant bacterial and fungal pathogens.

2.2. Antimicrobial Agents from Scorpions

Scorpion venom comprises several bioactive components, including peptides, nu-
cleotides, amino acids, enzymes, lipids, mucoproteins, biogenic amines, and unknown
substances [92]. Various scorpion species’ venoms have demonstrated antimicrobial effec-
tiveness against both Gram-positive and Gram-negative bacteria, including Enterococcus
faecium, Streptococcus agalactiae, Micrococcus luteus, S. aureus, E. coli, Pseudomonas aeruginosa,
and Enterobacter cloacae [93].

Mucroporin-M1, a peptide derived from the venom of the Chinese swimming scor-
pion (Lychas mucronatus), possesses potent anti-microbial properties. Mucroporin-M1 is a
17-amino acid o-helical peptide (LFRLIKSLIKRLVSAFK) that was designed based on the
protein sequence of mucroporin and exhibits amphipathic characteristics, allowing it to
interact effectively with microbial membranes [45]. It has demonstrated broad-spectrum
activity against Gram-positive and Gram-negative bacteria, including S. aureus, E. coli,
Pseudomonas aeruginosa, and Klebsiella pneumoniae [45]. Beyond its antibacterial capabilities,
it also exhibits antiviral effects, particularly against pathogens such as measles, severe
acute respiratory syndrome coronavirus (SARS-CoV), hepatitis B virus, and influenza
H5NI1 viruses [46,47]. It demonstrated strong inhibitory effects, with EC50 values of
715 ug/mkL (3.52 uM) for measles virus, 14.46 ug/mL (7.12 uM) for SARS-CoV, and
2.10 pug/mL (1.03 uM) for H5N1. Moreover, Mucroporin-M1 exhibited significantly en-
hanced anti-viral activity compared to the original mucroporin peptide, which lacked
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efficacy against these viruses. Three identified cysteine-free venom peptides (Pandinin 1,
Pandinin 2, and Pandinin 3) from the venom of the African scorpion Pandinus imperator
exhibit potent bactericidal effects against Gram-positive bacteria. They are also effec-
tive against the fungus Candida albicans. However, these peptides demonstrate minimal
antimicrobial activity against Gram-negative bacteria [48].

BmKn2 is an anti-microbial peptide (AMP) derived from the venom of the Manchurian
scorpion (Mesobuthus martensii Karsch) [49]. It has vigorous antibacterial activity against S.
aureus, Micrococcus luteus, B. subtilis, E. coli, Pseudomonas aeruginosa, and Neisseria gonorrhoeae.
To enhance its antibacterial potency and minimize hemolytic activity, a derivative called
BmKn2-7 was developed. BmKn2-7 demonstrated significantly improved inhibitory activity
against Gram-positive and Gram-negative bacteria compared to the original BmKn2 [50].
Additionally, BmKn2-7, but not BmKn2, exhibited strong inhibition of HIV-1 through direct
interaction with viral particles [51].

AaeAP1 and AaeAP2, isolated from the North African scorpion Androctonus ae-
neas, contain 17 amino acids and lack disulfide bridges. They show more selective
growth-inhibitory activities against the Gram-positive bacterium S. aureus (16 mg/L) and
the yeast Candida albicans (32 mg/L) compared to the Gram-negative bacterium E. coli
(512 mg/L) [52].

Opistoporin 1 and parabutoporin, pore-forming peptides isolated from the venom of
the South African scorpion Parabuthus schlechteri, exhibited activity in inhibiting the growth
of Gram-negative bacteria (1.3-25 pM) [94]. Imcroporin, a cationic anti-microbial peptide
derived from the venom of the scorpion Isometrus maculatus, has proven potent growth-
inhibitory activity against antibiotic-resistant bacteria, particularly methicillin-resistant
S. aureus, while showing minimal effect on Gram-negative bacteria and relatively low
hemolytic activity against human erythrocytes [53].

Opisin, an antimicrobial peptide isolated from the scorpion Opistophthalmus glabrifrons,
comprises 19 amino acid residues and lacks disulfide bridges. It inhibits the growth of
tested Gram-positive bacteria, with MIC values ranging from 4.0 to 10.0 uM. In contrast, it
exhibits significantly lower activity against the tested Gram-negative bacteria and fungi [95].
Additionally, over 20 peptides derived from scorpions have been shown to possess signifi-
cant antifungal activity, while 10 peptides with antiparasitic properties have been reported
to date [96,97]. Scorpion venom thus represents a promising reservoir of antimicrobial
compounds with potential applications in pharmaceutical research and development.

Gao et al. [98] isolated two linear cationic peptides, meucin-24 and meucin-25, from the
venom glands of Mesobuthus eupeus, which have antimalarial activity and low cytotoxicity.
These peptides, similar to frog skin magainins, inhibited P. berghei development and killed
P. falciparum at micromolar concentrations without affecting human GC-2 cell viability at
50 uM or causing hemolysis in mouse erythrocytes at 100 puM.

2.3. Antimicrobial Agents from Spiders

Recent studies have shed light on the potential of anti-microbial peptides found in
spider venoms as a valuable resource for developing novel anti-infective compounds
capable of combating drug-resistant microbes [99,100]. Spider venom serves as a promising
reservoir of antimicrobial agents. Numerous anti-microbial peptides have been identified
in various spider species, including Lachesana tarabaevi, Cupiennius salei, Oxyopes takobius,
Hogna carolinensis, Lycosa erythrognatha, and Lycosa singoriensis [100].

Several lycotoxins have been identified for their potent anti-microbial properties.
Particularly, M-lycotoxin-Ls3a, derived from the venom of Lycosa singoriensis, and inhibits
the growth of both Gram-positive (S. aureus and B. subtilis) and Gram-negative (E. coli and
Pseudomonas aeruginosa) bacteria, as well as fungi such as Candida albicans, at micromolar
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concentrations [54]. The MICs of M-lycotoxin-Ls3a against E. coli, Pseudomonas aeruginosa,
and B. subtilis range from 3.14 to 6.29 uM, 5.02-10.05 uM, and 1.57-3.14 uM, respectively,
while for Candida albicans, the MIC is between 1.25 and 2.51 pM [54]. Another lycotoxin, M-
lycotoxin-Hcla, a 25-amino acid peptide from the Carolina wolf spider (Hogna carolinensis),
also exhibits anti-microbial activity [55]. These lycotoxins share an amphipathic alpha-
helical structure, characteristic of antimicrobial pore-forming peptides, contributing to their
ability to disrupt microbial membranes.

Lytx-Pa2a, a peptide identified from the venom of the spider Pardosa astrigera, demon-
strated potent antibacterial activity against both Gram-negative (E. coli and Pseudomonas
aeruginosa) and Gram-positive bacteria (B. cereus and S. aureus) [101]. U1-SCRTX-Lgla is a
peptide isolated from the venom of the spider Loxosceles gaucho, exhibiting selective antimi-
crobial activity against Gram-negative bacteria, including E. coli, Pseudomonas aeruginosa,
and Enterobacter cloacae. It shows no hemolytic activity against human erythrocytes or cyto-
toxicity toward HeLa cells. The peptide is active within a concentration range of 1.15 uM
(1.9 pg/mL) to 4.6 uM (7.6 ng/mL), with Pseudomonas aeruginosa being the most sensitive,
displaying a MIC of 1.15 uM (1.9 pg/mL). However, U1-SCRTX-Lgla is ineffective against
Gram-positive bacteria such as Micrococcus luteus, S. aureus, and B. subtilis, as well as fungi
(Aspergillus niger) and yeasts (Candida albicans and Candida krusei) [56].

AATX-Ab2a and AATX-Ab3a were identified from the venom gland transcripts of the
Argiope bruennichi spider through an in silico approach. Experimental validation confirmed
that both peptides exhibit strong inhibitory effects against a broad spectrum of pathogens,
including Gram-positive bacteria (B. cereus and S. aureus), Gram-negative bacteria (E. coli
and Pseudomonas aeruginosa), multidrug-resistant P. aeruginosa, and fungal species such
as Candida albicans and Fusarium oxysporum [102]. This highlights the rich potential of
spider venom as a source of diverse antimicrobial compounds with broad applications in
combating infectious diseases.

2.4. Anti-Microbial Agents from Honeybees

Honeybee venom, a complex biotoxin, comprises a diverse range of dynamic compo-
nents, including proteins (PLA; and hyaluronidase), small peptides (such as apamin and
melittin) (Figure 5), as well as amines (histamine, dopamine, norepinephrine), and amino
acids [103,104]. Bee venom (BV) has been used therapeutically since Ancient Egypt. Its
applications were further expanded by notable figures (Hippocrates, Aristotle, and Galen)
during Greek and Roman times, as well as in Traditional Chinese Medicine and other
ancient practices, particularly for treating inflammatory conditions such as rheumatoid
arthritis, tendonitis, fibrosis, lupus, and multiple sclerosis [105]. BV exhibits remarkable
anti-microbial effects primarily attributed to melittin, a key peptide component [57,58].
Melittin enhances cell permeability by integrating into phospholipid bilayers at low concen-
trations, ultimately creating pores in cell membranes [58]. BV exhibits potent antibacterial
effects against Methicillin-resistant S. aureus (MRSA) strains CCARM 3366 and CCARM
3708. The MIC of BV was determined to be 0.085 pg/mL for MRSA CCARM 3366 and 0.11
ug/mL for MRSA CCARM 3708, while the minimum bactericidal concentrations (MBC)
were 0.106 pg/mL and 0.14 pg/mL for the respective strains [106]. The antibacterial proper-
ties of BV and purified melittin against E. coli and S. aureus were evaluated by determining
their MICs and post-antibiotic effects (PAEs). The PAEs of whole BV against E. coli were
0.15hat1 x MIC and 2.4 h at 5 x MIC, while for S. aureus, it was 3.45h at 1 x MIC. Melittin
showed PAEs of 0.1 hat1 x MIC and 3.2 h at 5 x MIC for E. coli, and 4.35 h at 1 x MIC for
S. aureus [107].
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Figure 5. The molecular structure of representative honey bee peptides (A) melittin [108],
(B) PLA; [109] and (C) apamin [110] from Apis mellifera. The colored parts reflect the secondary
conformation structures of the peptides (the Blue for the helices, orange for the 3-sheets, hinges in
cyan, and loops in gray). The molecular structure was visualized by BioRender. Al-Sabi, A. 2025.
https:/ /BioRender.com.

BV and its primary components, melittin and PLA;, were evaluated against oral
bacteria linked to tooth decay, with BV showing MICs ranging from 20 to 40 pug/mL
for pathogens such as Streptococcus species (S. salivarius, S. sobrinus, S. mutans, S. mitis,
and S. sanguinis), Lactobacillus casei, and Enterococcus faecalis. Melittin demonstrated MIC
values between 4 and 40 ug/mL, while PLA; required concentrations above 400 ug/mL.
Additionally, both BV and melittin altered the structure and size of Borrelia burgdorferi
biofilms, the bacteria behind Lyme disease, while anti-biotics often led to relapse after
treatment was stopped [63,111]. BV’s constituents exhibit robust antiviral properties,
effectively targeting a broad spectrum of viruses. BV and its main components demonstrate
significant anti-viral properties against various enveloped and non-enveloped viruses,
including influenza A virus and Respiratory Syncytial Virus, as well as Vesicular Stomatitis
virus, Herpes Simplex virus, Enterovirus-71, and Coxsackievirus [112]. Moreover, BV has
emerged as a potent therapeutic agent for combating fungal infections, demonstrating
efficacy against various fungal illnesses. BV effectively inhibits dermatophytosis caused by
Trichophyton mentagrophytes and Trichophyton rubrum, demonstrating greater potency
than fluconazole, a commonly used antifungal medication [113]. BV exhibited MIC against
ten clinical isolates of Candida albicans ranging from 62.5 to 125 ug/mL [114]. Additionally,
melittin displayed antimicrobial activity against various fungal strains, with MIC values
between 30 and 300 pg/mL [115]. Also, BV and melittin present promising therapeutic
options for treating microbial infections. However, their potential clinical application is
hindered by significant hemolysis and cellular toxicity, which pose grave side effects that
need to be addressed for their future development.

2.5. Antimicrobial Agents from Wasps

Wasps belong to the Hymenoptera, the third-largest order of insects. They are
equipped with venom containing a diverse array of bioactive compounds [116]. This
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venom comprises proteins, enzymes, small peptides, and low molecular weight molecules,
including bioactive amines, amino acids, and various potent antibacterial agents [116].
Remarkably, venom contains anti-microbial peptides, which exhibit broad-spectrum ac-
tivity against both Gram-negative and Gram-positive bacteria, as well as viruses, fungi,
and protozoa [117,118]. The venom of wasps (Vespa orientalis) demonstrated vigorous
antimicrobial activity, with Gram-positive bacteria (B. cereus and S. aureus) being more
sensitive than Gram-negative bacteria (Salmonella typhimurium and E. coli) and the fungal
strain (Candida albicans). The highest inhibition zones were 29.3 mm for B. cereus and
24.3 mm for S. aureus. Minimum inhibitory concentrations ranged from 0.16 to 1.25 mg/mL,
with B. cereus having the lowest value at 0.16 mg/mL [65]. Another study on Vespa orientalis
venom also highlighted its antimicrobial properties. In this case, Gram-positive bacteria,
such as S. aureus and B. subtilis, were more sensitive than Gram-negative strains (E. coli and
Klebsiella pneumonia). The inhibition zones reached 22.7 mm for B. subtilis and 12.6 mm for
S. aureus, with MIC as low as 8 ug/mL for B. subtilis [119].

Forty mastoparan sequences have been identified in the venoms of social wasps, while
six have been found in solitary wasps. Mastoparan-L, derived from the venom of Vespula
lewisii, exhibits more potent toxicity in S. aureus than in E. coli and human erythrocytes by
promoting K* efflux and phospholipid release [120]. Another example is the Mastoparan-
M peptide, which exhibited broad-spectrum antimicrobial activity against Gram-positive
and Gram-negative bacteria [121]. Mastoparan B (MP-B), an amphiphilic alpha-helical
peptide isolated from the hornet Vespa basalis, demonstrated significant anti-microbial
efficacy against both Gram-positive and Gram-negative bacteria, with MIC values of
3.3 mg/mL against Enterococcus faecalis LS-101 and B. subtilis PCI 219, and 6.25 mg/mL
against Shigella flexneri EW-10 and Shigella sonnei EW-33 [66]. Mastoparan-VT1, isolated
from Vespa tropica and closely related to mastoparan-M from Vespa mandarinia, demonstrated
extensive anti-microbial activity against various standard and clinically isolated strains.
The scored MIC values varied between 2.5 and 10 pg/mL for Gram-positive bacteria,
5 to 40 ug/mL for Gram-negative bacteria, and 10 to 40 pug/mL for different Candida
strains [122].

Two natural AMPs derived from the venom of the solitary eumenine wasp Eumenes
micado were successfully converted into «-helical AMPs with reduced toxicity, effectively
targeting and killing the Gram-negative pathogens E. coli and Pseudomonas aeruginosa [123].
Polybia-CP, a 12-amino acid peptide from the venom of the wasp Polybia paulista, exhibits
antimicrobial and chemotactic properties. It effectively combats Gram-positive bacteria,
such as S. aureus and B. subtilis, as well as Gram-negative bacteria, such as E. coli and
Pseudomonas aeruginosa and S. epidermidis [67,68]. However, it demonstrates significant
toxicity to mammalian cells. Researchers have used a physicochemical-guided design
strategy to address this issue by reducing its toxicity while maintaining its antibacterial effi-
cacy [124]. This emphasizes the therapeutic potential of wasp venom-derived compounds
in combating infectious diseases.

2.6. Antimicrobial Agents from Ants

Ant venom comprises a diverse array of bioactive compounds, including proteins,
peptides, hydrocarbons, free amino acids, biogenic amines, formic acid, salts, and sug-
ars [125]. However, stinging ants of the genera Solenopsis and Monomorium stand out for
producing venom with fewer proteins and a higher alkaloid content compared to other ant
species [126,127]. Peptides derived from ant venom exhibit notable antimicrobial proper-
ties [71,128]. The crude venom of Pachycondyla goeldii demonstrated intense antimicrobial
activity, with the most sensitive Gram-positive bacteria being Geobacillus stearothermophilus,
B. subtilis, B. megaterium, and Lactococcus lactis, while Pseudomonas aeruginosa was the most
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sensitive Gram-negative bacterium [71]. Fifteen novel peptides, named ponericins, exhibit-
ing antibacterial and insecticidal properties, were purified from the venom of the predatory
ant Pachycondyla goeldii. According to their primary structure similarities, they can be
classified into three families: ponericin G, W, and L [71].

Bicarinalin is an antimicrobial peptide isolated from the venom of the ant Tetramorium
bicarinatum and, structurally, it is a linear, cysteine-free peptide composed of 20 amino
acid residues. This peptide demonstrates a broad spectrum of activity against various
micro-organisms, including bacteria, fungi, and parasites, with MICs ranging from 2 to
25 umol/L. Bicarinalin effectively targets multiple bacterial strains, such as Staphylococcus,
Enterobacteriaceae, and Cronobacter sakazakii, as well as resistant strains of Pseudomonas aerug-
inosa. Additionally, it exhibits antifungal activity against Candida albicans and Aspergillus
niger, and it is active against the parasite Leishmania infantum, with a minimal inhibitory
concentration of 2 umol/L [72,73]. Remarkably, Bicarinalin has low hemolytic activity
against human red blood cells. Furthermore, bicarinalin shows promise as an anti-infective
agent against antibiotic-resistant pathogens. For instance, research indicates it is effective
against Helicobacter pylori, the bacterium responsible for various gastric diseases. Also,
Bicarinalin inhibits the adherence of H. pylori to gastric cells while exhibiting low toxicity
to human cells [129].

Solenopsins are a group of alkaloids found in the venom of fire ants (Solenopsis invicta).
These compounds can inhibit the growth of various bacteria, including Streptococcus pneu-
moniae, S. aureus, Enterococcus faecalis, and Stenotrophomonas maltophilia [69]. Additionally,
natural and synthetic solenopsins have shown effectiveness against Candida auris strains
from different clades, including those resistant to fluconazole and amphotericin B. More-
over, these alkaloids inhibit matrix deposition and alter the cellular metabolic activity of C.
auris under biofilm conditions [70]. This emphasizes the complex mechanisms ant employs
in combating microbial threats, highlighting their potential in antimicrobial research and
drug development.

3. Mechanisms of Action of Venom-Based Anti-Microbial Agents

Venom, usually linked to danger and toxicity, contains bioactive compounds with
remarkable biological properties [14,118]. These venom-derived molecules have evolved
over millions of years to serve specific functions, including prey capture and defense.
AMPs hold immense promises for combating MDR pathogens due to their unique and
multifaceted mechanisms of action [130,131]. Unlike traditional antibiotics that often target
a single mechanism of action in microbes, venom-derived AMPs employ a comprehensive
arsenal to take MDR pathogens (Figure 6). Their primary weapon is membrane disrup-
tion [132]. This disrupts the membrane’s integrity, leading to the leakage of vital cellular
contents and, ultimately, cell death.

Furthermore, some venom-derived AMPs can act as molecular disruptors, inhibiting
the synthesis or integrity of the bacterial cell wall [133]. This critical structure, essential
for maintaining shape and protection, becomes compromised, leaving the bacteria vul-
nerable to external factors. Venom-derived AMPs can also target the core of microbial
existence—essential intracellular processes [134]. They might disrupt protein synthesis
by targeting ribosomes, inhibit DNA replication, or interfere with crucial signaling path-
ways [135]. By disrupting these processes, venom-derived AMPs effectively impede the
microbe’s ability to function and replicate.
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Figure 6. Mechanisms of action of animal venom-derived antimicrobial peptides. This schematic
highlights the diverse mechanisms by which animal venom-derived antimicrobial peptides contribute
to pathogen neutralization and immune modulation. Key actions include pore formation (e.g., PLA;),
membrane permeabilization (e.g., crotamine), inhibition of DNA replication and transcription (e.g.,
melittin and proline-rich peptides), generation of reactive oxygen species (ROS) (e.g., L-amino acid
oxidase), and promotion of phagocytosis (e.g., cathelicidins). Created in BioRender. Hegazy, A.M.
2025. https:/ /BioRender.com.

The power of venom-derived AMPs goes beyond direct microbial attack. Some venom-
derived AMPs exhibit immunomodulatory properties, meaning they can work in tandem
with the host’s immune system [136]. They might recruit immune cells to the infection site,
enhance the engulfment of microbes (phagocytosis), or directly activate immune defenses.

3.1. Antibacterial and Antifungal Mechanisms of the Action of Animal Venom

Snake venom contains effective enzymes such as PLAjs, which can form pores in
microbial cell membranes, leading to cell apoptosis [76,137]. The Crotalus adamanteus toxin-
II (CaTx-II), a basic PLA; enzyme from Crotalus adamanteus venom, effectively disrupts
bacterial cell walls of S. aureus, Burkholderia pseudomallei, and Enterobacter aerogenes, while
exhibiting low toxicity to normal lung, skin fibroblast cells [44]. Moreover, crotamine,
a myotoxin from the venom of South American rattlesnake (Crotalus durissus terrificus;
Figure 7), inhibits the growth of E. coli through membrane permeabilization, with a MIC of
25-100 mg/mL and no hemolytic effects [138]. Short peptides derived from the C-terminal
region of Bothrops asper myotoxin II, specifically Lys49 and Asp49 PLA;, have been shown
to interact functionally with bacterial lipo-polysaccharide (LPS). Initial sequence modifi-
cation, introducing a triple Tyr to Trp substitution, significantly increased the peptides’
bactericidal potency [139,140]. King cobra venom L-AAOs exert their antibacterial effects
by generating hydrogen peroxide through their oxidative activity, inducing oxidative
stress in target cells [35]. Omwaprin disrupts bacterial membranes, a mechanism of ac-
tion confirmed through scanning electron microscopy [43]. Crotamine, with a positive
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net charge on its surface, binds to negatively charged membranes, causing perturbation,
disruption, and eventual rupture of the target membrane, without involving membrane
permeabilization, and demonstrates activity against Candida spp. [141]. Snake venom-
derived cathelicidins, such as NA-CATH, OH-CATH, Hc-CATH, SA-CATH, CATHPb1,
and cathelicidin-BF, demonstrate potent antimicrobial activity through a dual mechanism
involving direct pathogen targeting and modulation of host immune responses [79]. Mech-
anistically, these peptides initially exert their effects by interacting with negatively charged
microbial membranes, causing membrane destabilization, pore formation, and subsequent
cell lysis. Beyond their direct antimicrobial actions, snake cathelicidins critically modulate
innate immune pathways [142]. For example, the sea snake cathelicidin Hc-CATH not
only inhibits microbial growth, but also suppresses the production of pro-inflammatory
cytokines such as tumor necrosis factor o« (TNF-«), interleukin-1 (IL-1), interleukin-6 (IL-6),
and nitric oxide (NO) following lipopolysaccharide (LPS) stimulation [38]. Hc-CATH di-
rectly binds to LPS, Toll-like receptor 4 (TLR4), and myeloid differentiation factor 2 (MD2),
thereby inhibiting LPS-induced inflammatory signaling through the TLR4/MD2 complex.
Similarly, SA-CATH significantly reduces LPS-induced production of pro-inflammatory
cytokines in mouse peritoneal macrophages, while CATHPb1 enhances immune defense
by recruiting macrophages and neutrophils to infection sites, promoting their proliferation
and enhancing bactericidal activity, often synergizing with cytokines or 3-defensins [82,83].

Figure 7. The molecular structure of crotamine from Crofalus durissus terrificus [143]. The colored
parts reflect the secondary conformation structures of the peptides (blue for the helices, orange for
the 3-sheets, and loops in gray). The molecular structure was visualized by BioRender. Al-Sabi, A.
2025. https:/ /BioRender.com.

Hadrurin, a peptide from the venom of the scorpion Hadrurus aztecus, exhibits antimi-
crobial properties through a membrane destabilization mechanism. It inhibits the growth of
bacteria, including Salmonella typhi, Klebsiella pneumoniae, Enterococcus cloacae, Pseudomonas
aeruginosa, E. coli, and Serratin marcescens [144]. Androctonin, a peptide extracted from
the hemolymph of Androctonus australis scorpions, has demonstrated activity against both
bacteria (Gram-positive and Gram-negative) and fungi. Initially, the peptide interacts elec-
trostatically with the target membrane, losing its 3-sheet structure. It then aligns parallel
to the lipid monolayer, causing membrane permeabilization and the subsequent efflux of
potassium ions [145].

The wolf spider (Lycosa carolinensis) produces antimicrobial peptides in its venom,
known as lycotoxins-I and II. These lycotoxins form pores in microbial cell membranes,
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causing calcium ion efflux and dissipating voltage gradients by altering membrane perme-
ability. These mechanisms exhibit anti-microbial activity against bacteria, such as E. coli,
and yeast (Candida glabrata) [146].

Melittin is a linear cationic peptide consisting of 26 amino acid residues. Identified
around 1970, it is a significant component of the venom of the European honeybee, Apis
mellifera [147]. Melittin is one of the most thoroughly researched AMPs [148]. It has
shown broad-spectrum bactericidal activity, effective against reference and clinical bacterial
strains, including antibiotic-resistant bacteria such as Acinetobacter baumannii and Pseu-
domonas aeruginosa [149]. Consequently, melittin is commonly used as a positive control
in assessing the anti-microbial activity of newly discovered or developed AMPs. Melittin
causes cell lysis through a pore-formation mechanism in various bacterial and fungal
strains [150]. Melittin targets phosphatidylcholine in bacterial cell membranes due to the
positive charge of its N-terminus, supporting attachment and subsequent pore formation or
downregulating protein phosphorylation, resulting in cell disruption [19,20]. Melittin also
inhibits methicillin-resistant S. aureus [151]. Additionally, melittin penetrates compromised
membranes to interfere with DNA replication by binding DNA, inhibiting polymerase and
topoisomerase activity, and potentially disrupting transcription [152].

Although ant venom can be extracted only in small quantities due to the ants’ size,
it has significant pharmacological uses. It has been used as a Chinese anti-inflammatory
medicine for a long time. Ponericins are a set of 15 peptides identified in the venom of the
predatory ant Pachycondyla goeldii, categorized into three families based on similarities in
their primary structures: ponericins G, W, and L. Ponericins G share significant similari-
ties with cecropins, while ponericins L are like dermaseptins. Both groups exhibit potent
antibacterial activity, using a “carpet-like” mechanism to disrupt cell membranes [71].
P17, a peptide derived from the venom of the ant Tetramorium bicarinatum, activates the
arachidonic acid (AA)/leukotriene B4 (LTB4)/peroxisome proliferator-activated recep-
tor gamma (PPARy)/Dectin-1-mannose receptor (MR) axis. This activation induces the
production of reactive oxygen species (ROS) and inflammasome-dependent interleukin
(IL)-1B, enhancing the ability to recognize and engulf the fungus Candida albicans, resulting
in fungal cell death [153]. Bicarinalin, another peptide from the same ant venom, exhibited
broad-spectrum antibacterial and antifungal activities, and antiparasitic effects against
Leishmania infantum by permeabilizing cell membranes [153].

3.2. Antiviral Mechanisms of the Action of Animal Venom

Components of snake venom, such as L-AAO, PLA;, and metalloproteases, demon-
strate anti-viral properties against HIV and Dengue virus. PLAjs from Bothrops leucurus
snake venom have been shown to reduce the amount of DENV RNA in infected cells [154].
Venom sPLA;s, such as NmmCMIII from the Naja mossambica mossambica and taipoxin
from the Oxyuranus scutellatus, have significant inhibitory effects on HIV-1 infection. These
sPLAjs can protect various host cell types from the replication of primary HIV-1 iso-
lates [155]. Similarly, PLA; from the honeybee Apis mellifera has also been shown to prevent
the intracellular release of the viral capsid proteins of both HIV and hepatitis C virus
(HCV) [155]. The melittin peptide from bee venom can inhibit viral replication in both
enveloped and non-enveloped viruses in vitro, and it has also been shown to limit the
influenza A virus HIN1 [112]. A new antiviral peptide Smp76, derived from the venom of
the Egyptian scorpion Maurus palmatus, exhibits anti-viral properties against viruses in the
Flaviviridae family, including HCV and dengue virus (DENV). Smp76 can inhibit DENV
infection before viral entry, making it a potential treatment for DENV viremia [156]. The
Alopecosa nagpag spider produces a defense peptide named Antiviral-Lycotoxin-Anla (Av-
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LCTX-Anla), which inhibits the protease NS2B-NS3 of DENV and Zika virus, preventing
flavivirus infection [157].

3.3. Antiparasitic Mechanisms of the Action of Animal Venom

Mastoparan from Polybia paulista wasp venom functions as both an antibacterial
and antiparasitic agent by inhibiting the formation of the vital enzyme glyceraldehyde-3-
phosphate dehydrogenase in Trypanosoma cruzi. Additionally, melittin has been reported to
eradicate parasites through its immunomodulatory effect on macrophages. On the other
hand, ant venom contains the bicarinalin peptide, which exhibits antibacterial and antifun-
gal properties via membrane permeabilization. It also shows antiparasitic activity against
Leishmania infantum. The venom of the Crotalus durissus terrificus snake contains a cathe-
licidin peptide named crotalicidin, which exerts antiparasitic effects against Trypanosoma
cruzi through necrosis, marked by membrane disruption and loss of integrity. Furthermore,
Crotalus durissus terrificus snake venom includes the crotamine peptide, known for its
antiparasitic activity, particularly antiplasmodial activity. Crotamine is localized in the
nucleus and porous vacuoles of the parasite, with its antimalarial mechanism of action
thought to induce apoptosis through disruption of the parasite’s acidic compartment H*
homeostasis [37].

4. Synergistic Interactions and Combination Therapies

Animal venoms represent a promising frontier in the fight against antimicrobial re-
sistance due to their unique evolutionary adaptations and diverse mechanisms of action
(Table 4). Venom-derived peptides, such as melittin from honeybees and cathelicidins
from snake venoms, exhibit broad-spectrum activity against bacteria, fungi, and even
drug-resistant pathogens like Methicillin-resistant S. aureus and Candida albicans. Unlike
conventional antibiotics, which often target specific molecular pathways prone to resistance,
venom components disrupt microbial membranes through pore formation or enzymatic
degradation, making it more difficult for pathogens to develop resistance. Additionally,
some venom peptides modulate host immune responses, enhancing the body’s natural
defenses while suppressing biofilm formation. The ability of venom peptides to act syn-
ergistically with existing antibiotics further amplifies their therapeutic potential. Despite
challenges such as toxicity and stability, advancements in peptide engineering and delivery
systems are unlocking safer, more effective venom-based therapies.

Table 4. Comparative minimum inhibitory concentration (MIC) analysis of venom-derived peptides
and conventional antibiotics.

Venom-Derived Target MIC Conventional MIC
Peptide Source Microbe (ug/mL) Antibiotic (ug/mL) Notes Ref.
Disrupts bacterial
Melittin HOI;Xey‘bee Staphylococcus 2-10 Vancomvein 1-2 membranes vs. cell [158,159]
(Apis aureus y wall synthesis ¢
mellifera) T
inhibition.
Banded Membrane
i krait Escherichia . . permeabilization
Cathelicidin-BF (Bungarus coli 5-20 Ciprofloxacin 0.1-1 vs. DNA gyrase [41,160]
fasciatus) inhibition.
Scorpion Pseud Pore formation vs.
Hadrurin (Hadrurus seuaomonas 10-50 Ceftazidime 2-8 cell wall synthesis ~ [144,159]
aeruginosa NS
aztecus) inhibition.
Chinese Generates ROS vs.
Cardiotoxin 1 cobra (Naja acl%lz?galzg 6-50 Fluconazole 14 Z?;i:;?sl [161,162]

atra)

inhibition.
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Combining venom-derived peptides with commercial antibiotics has emerged as
an effective strategy to combat resistant bacteria. This approach enhances the activity of
existing antibiotics and provides a multifaceted solution by targeting resistance mechanisms.
Combination therapy offers several advantages, including increased efficacy, rapid clinical
application, lower doses, excellent stability, and fewer side effects compared to conventional
antibiotics. By neutralizing bacterial resistance mechanisms while enhancing the efficacy of
antibiotics, this synergistic approach provides more effective treatments for life-threatening
infectious diseases.

4.1. Cssb4 AMP

Cssb4 AMP was isolated and purified from the crude venom of the scorpion Cen-
truroides suffusus, and then combined with commercial antibiotics (e.g., Rifampin, Isoni-
azid, and Pyrazinamide) [163]. Css54 exhibited the best results when paired with the
antibiotic rifampicin. The treatment of S. aureus with Css54 (14 mg/mL) combined with
rifampicin alone demonstrated a synergistic effect. In contrast, the combining Css54 peptide
(14 mg/mL) with rifampicin, isoniazid, pyrazinamide, and ethambutol showed only an ad-
ditive effect. Although Mycobacterium tuberculosis shows strong resistance to rifampicin,
the combination of Css54 AMP and rifampicin proved effective in treating tuberculosis.

4.2. Macropin

Macropin, isolated from the venom of the solitary bee Macropis fulvipes (Hymenoptera:
Melittidae), demonstrated improved inhibition of bacterial growth when combined
with commercial antibiotics (e.g., Gentamycin, Tobramycin, Ciprofloxacin, Levofloxacin,
Piperacillin, or Oxacillin) [164]. Combining Macropin with oxacillin showed a partial syner-
gistic effect with a 0.52 fractional inhibitory concentration index against S. aureus. However,
combinations with other antibiotics such as gentamicin, tobramyecin, ciprofloxacin, lev-
ofloxacin, piperacillin, or oxacillin resulted in an additive effect against S. aureus bacteria.
Treatment of S. aureus and Pseudomonas aeruginosa with macropin-induced membrane blebs,
damage, atrophy, destruction, and shrinking, suggesting the peptide’s ability to affect
bacterial membrane integrity [164]. Combination therapy with Macropin and antibiotics
demonstrated antibacterial potential at lower doses compared to when the peptide or an-
tibiotics were used alone. Overall, the antibiotics and Macropin exhibited partial synergistic
or additive effects.

4.3. Honeybee Venom and Its Melittin

The remarkable efficacy of honeybee venom and its constituents has prompted scien-
tists to explore potent evolutionary combinations for treating multidrug-resistant bacterial
infections. Synergistic effects are observed when honeybee venom is combined with an-
tibiotics or selected plant secondary metabolites, chosen for their diverse mechanisms
of action. Compounds such as sanguinarine and berberine, extracted from Chelidonium
majus L. and Berberis thunbergii DC, exhibit growth inhibition of microbes by damaging
their DNA, with fractional inhibitory concentration indexes ranging from 0.24 to 0.5 [165].
However, combinations of honeybee venom with berberine against methicillin-resistant S.
aureus or with amikacin against rapidly growing mycobacteria show additive properties,
with combination indexes ranging from 0.75 to 1 [115]. In another instance, adding half
the minimum inhibitory concentration of honeybee venom to half the minimum inhibitory
concentration of vancomycin demonstrates a synergistic effect against vancomycin-resistant
enterococci after 24 h [166]. The most effective triple drug combination involves treating
vancomycin-resistant enterococci with half the minimum inhibitory concentration of van-
comycin, combined with a quarter of the minimum inhibitory concentration of honeybee
venom and a quarter of the minimum inhibitory concentration of benzyl isothiocyanate (a
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plant secondary metabolite), resulting in a 104 decrease in colony counts after 24 h [115].
Studies have shown that honeybee venom, when combined with kanamycin and ampi-
cillin, acts synergistically against kanamycin-resistant S. aureus and E. coli, respectively, and
prolongs the half-life of antibiotics [167].

Melittin was combined with either carvacrol or benzyl isothiocyanate against
methicillin-resistant S. aureus and E. coli bacteria, resulting in fractional inhibitory con-
centration index values ranging between 0.24 and 0.5. Furthermore, research found that
melittin exhibits synergistic effects when paired with amoxicillin and cefuroxime against
Gram-positive bacteria and, similarly, when combined with erythromycin against Gram-
negative bacteria [168]. Melittin also demonstrates notable synergism when administered
with lactam antibiotics or polymyxin B against multidrug-resistant bacteria.

Despite increasing interest in venoms for their antibacterial potential, no therapeutic
approach has yet progressed to the clinical trial stage. However, the diverse mechanisms of
action exhibited by these therapeutic combinations offer promising avenues for overcoming
multidrug-resistant microbial challenges and restoring antibiotics efficacy.

5. Future Prospects and Challenges of Venom-Derived AMPs

Venom-derived AMPs represent a promising frontier in the fight against multidrug-
resistant pathogens due to their unique mechanisms of action, rapid bactericidal activity,
and reduced potential for resistance development. However, despite their therapeutic
potential, translating these peptides into clinical applications remains fraught with several
key challenges.

5.1. Pharmacokinetic Barriers and Administration Challenges

A major limitation of peptide-based therapeutics is their poor oral bioavailability,
primarily due to enzymatic degradation in the gastrointestinal tract and limited perme-
ability across epithelial barriers. Innovative delivery strategies, such as encapsulation in
nanoparticles or conjugation with cell-penetrating peptides, are being explored to over-
come these barriers. For example, coupling melittin with nanoparticles has enhanced its
in vivo stability and reduced off-target effects, opening doors for broader therapeutic ap-
plications [169]. Moreover, co-formulating AMPs with immunomodulatory or synergistic
agents may enhance both efficacy and delivery potential.

5.2. Toxicity and Selectivity Issues

One of the major limitations in the clinical applications of venom-derived AMPs is
their inherent cytotoxicity and lack of selectivity, which can result in damage to host cells,
including hemolysis and tissue injury. Melittin, for instance, while effective against a wide
range of pathogens, exhibits strong hemolytic activity that restricts its systemic use. To
addpress this, several innovative strategies have been employed to improve selectivity and
reduce toxicity. Peptide engineering approaches, including amino acid modifications to
optimize charge and hydrophobicity, and the design of truncated analogs, have shown
promise in preferentially targeting bacterial membranes over mammalian cells [170]. Modi-
fications such as N- and C-terminal capping, cyclization, and dimerization enhance peptide
stability and reduce toxicity. For instance, to improve the hemolytic efficiency of the tem-
porin peptide derived from the Rana temporaria frog, modifications were made by initially
constructing the peptide temporin and subsequently adding two lysine residues at the
N-terminus. Similarly, peptides AaeAP1 and AaeAP2 purified from Androctonus aeneas scor-
pion venom were optimized by increasing their net positive charge, thereby enhancing their
interaction with microbial cell membranes while minimizing toxicity to normal cells [52].
Various modifications have also been applied to LyeTxI-b, derived from the Lycosa erythrog-
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natha spider, including the removal of an amino acid group from its N-terminus followed
by acylation, resulting in enhanced peptide activity [171]. Additionally, modifications
to the omwaprin peptide, obtained from a snake, have led to the development of more
effective versions known as omw1 and omw2. These modified peptide forms hold promise
for advancing medical applications, such as using modified melittin as a coating for contact
lenses to inhibit microbial replication [172]. Furthermore, conjugation with polyethylene
glycol (PEGylation) and encapsulation in nanoparticles have been explored as delivery
systems to improve stability, control release, and minimize off-target effects [173]. A deeper
understanding of the mechanisms of action, particularly through detailed membrane in-
teraction studies, guides the rational design of more selective peptides [174]. Moreover,
combination therapies with conventional antibiotics may reduce the required peptide dose,
limiting toxicity while boosting efficacy [13]. Localized applications such as coating medical
devices or incorporating peptides into wound dressings allow the antimicrobial action to
remain confined, minimizing harm to surrounding tissues [175].

5.3. Production and Purity

A significant obstacle in the development of venom-derived antimicrobial agents
lies in the complexities associated with their production and purity. Natural venom is a
heterogeneous mixture composed of dozens to hundreds of biologically active peptides
and proteins, many of which exist in very low concentrations [176]. Isolating a specific
antimicrobial peptide from this complex matrix often requires extensive fractionation
and purification processes, which are labor-intensive, time-consuming, and yield limited
quantities of the desired compound. Moreover, venom components often belong to large
polygenic families, making it difficult to isolate a single isoform in sufficient purity and
quantity for downstream applications. Traditional purification techniques such as multi-
step chromatography can struggle to achieve the necessary resolution, leading to batch
variability and cross-contamination with other toxins [177]. To overcome these limitations,
heterologous expression systems have gained attention as promising alternatives, enabling
the recombinant production of venom peptides in bacterial, yeast, insect, or mammalian
cells [178]. However, these systems are not without their own challenges, including incor-
rect peptide folding, lack of post-translational modifications, and inclusion body formation,
which may affect biological activity. Furthermore, maintaining bioactivity while achieving
high expression levels and ensuring scalability for clinical development remains a persis-
tent hurdle. Efforts to optimize codon usage, engineer fusion proteins for better solubility,
or use synthetic biology approaches to design expression-compatible genes are currently
underway to overcome these technical barriers [179].

Overcoming the barriers of toxicity, immunogenicity, and production scalability will
be key to unlocking the clinical potential of venom-derived AMPs. The future of venom-
derived AMPs lies in addressing the outlined challenges through interdisciplinary ap-
proaches. Comprehensive in vivo studies are needed to validate the efficacy and safety of
modified peptides and delivery systems. Additionally, advancements in high-throughput
screening and computational modeling can accelerate the identification of novel AMPs
with optimal therapeutic profiles.

6. Conclusions

Exploring animal venoms and their peptides offers a promising frontier against antimi-
crobial resistance. The diverse range of bioactive compounds in these venoms presents a
rich resource for developing novel anti-microbial agents. Advances in peptide modification
techniques hold great potential for enhancing peptide activity while minimizing adverse
effects. By coupling the synergistic impact of venom peptides and conventional antibi-
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otics, innovative combination therapies are being developed to combat multidrug-resistant
pathogens. However, challenges such as peptide stability and safety profiles underscore the
importance of ongoing research and validation efforts. Moving forward, interdisciplinary
collaboration and rigorous clinical evaluation will be vital for translating these promis-
ing pre-clinical discoveries into effective clinical treatments, thereby shaping the future
landscape of anti-microbial therapy.
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