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Abstract 

 

Antimicrobial peptides (AMPs) represent a versatile and innovative class of biomolecules with unique 

mechanisms of action, including membrane disruption, immunomodulation, and multi-target synergy, 

positioning them as promising alternatives to conventional antibiotics in combating drug-resistant 

pathogens. Their broad-spectrum activity and low resistance development have enabled transformative 

applications across medicine, agriculture, and food industries. In healthcare, AMPs show potential in 

treating multidrug-resistant infections and eradicating biofilms, while their role as natural 

preservatives extends food shelf life by targeting spoilage microorganisms. Agricultural advancements 

include transgenic crops expressing AMPs for disease resistance and livestock feed additives 

enhancing immune responses. Emerging technologies such as AI-driven peptide design, 

nanotechnology-based delivery systems, and CRISPR-engineered production platforms are addressing 

challenges in stability, scalability, and targeted action. Despite these strides, hurdles remain in large-

scale synthesis, cost-effectiveness, and clinical translation. Collaborative efforts integrating 

computational biology, material science, and regulatory frameworks will be pivotal in harnessing 

AMPs’ full potential, offering sustainable solutions to global health crises, food security challenges, 

and antimicrobial resistance in the post-antibiotic era. 
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Globally, approximately 90% of annual antibiotic consumption occurs in food-producing animal 

operations (Lutfiyati et al., 2024; Ngunguni et al., 2024), showing their widespread application in 

animal production systems (Ngunguni et al., 2024). Although this practice has boosted production 

efficiency and economic returns in animal farming, excessive antibiotic use has triggered significant 

challenges (Korver, 2023). For instance, antibiotic overuse leads to hazardous residue levels in animal-

sourced food products, posing direct health risks to consumers. Long-term consumption of antibiotic-

contaminated products may disrupt human gut microbiota balance, potentially leading to various health 

disorders. More worryingly, the abuse of antibiotics has driven the widespread emergence of antibiotic 

resistance (AR). AR not only reduces therapeutic efficacy but may also leave previously treatable 

infections untreatable or incurable.  

AR, a subset of antimicrobial resistance, refers to the ability of certain microorganisms (especially 

pathogens) to tolerate antibiotics that were once effective against them. This means these microbes can 

survive and proliferate in the presence of antibiotics, diluting their capacity to treat infections (Mba 

and Nweze, 2022; Ranjbar and Alam, 2022). The World Health Organization (WHO) defines such 

pathogens as those with "the capacity to block antimicrobial activity," and AR is now recognized as a 

major threat to global health, causing around 700,000 deaths annually from untreatable infections 

(Organization, 2019). AR reduces the efficacy of traditional treatments, prolongs disease duration, 

increases mortality rates, and wastes healthcare resources. Recent years have seen a surge in multidrug-

resistant pathogens with heightened virulence, exacerbating challenges in antimicrobial therapy 

(Ranjbar and Alam, 2022). The rise of AR is driven by factors such as excessive antibiotic use, target 

site modification, reduced antibiotic permeability, enhanced drug inactivation/efflux (Mulani et al., 

2019). Antibiotic residues in animal-sourced products, such as chloramphenicol, beta-lactams, 

streptomycin, sulfonamides, tetracyclines, and quinolones in dairy, can trigger allergic responses and 

come into being resistant bacteria (Chiesa et al., 2020). In response, the WHO urged against using 

antibiotics as growth promoters in animal production, emphasizing concerns over residual 

contamination in animal-sourced foods (e.g., meat and dairy) (Organization, 2019). These residues 

may accumulate in the environment and accelerate the spread of resistant strains. This stance addresses 

dual risks: environmental antibiotic accumulation and accelerated evolution of multidrug-resistant 

pathogens. Resistant strains compromise conventional treatments, significantly increasing infection 

management complexity and costs. 

Thus, the development of antibiotic alternatives has become critical in modern animal production, 

with significance across multiple dimensions. (1) Curbing antibiotic overuse and resistance. 

Implementing alternatives reduces antibiotic overuse, thereby preserving antibiotic efficacy and 

curbing resistant pathogen transmission. (2) Ensuring food safety. Alternative strategies minimize drug 

residues in animal-sourced foods, lowering risks of allergic responses and chronic health impacts on 

consumers. (3) Enhancing animal welfare. Unlike broad-spectrum antibiotics that disrupt gut 

microbiota, targeted alternatives maintain microbial balance while preventing infections, improving 

animal health outcomes. (4) Meeting market demands for sustainable agriculture. Growing consumer 



preference for antibiotic-free products drives sustainable agriculture development. Alternatives enable 

producers to align with this trend while maintaining productivity. 

Given the above, developing antibiotic alternatives addresses critical needs across multiple fronts: 

mitigating resistance transmission, reducing residue-related risks, enhancing animal welfare, and 

meeting market demands for safer food systems. Among emerging solutions, antimicrobial peptides 

(AMPs), naturally occurring host defense molecules in plants and animals, have garnered significant 

attention as antibiotic alternatives (Gani et al., 2025; Mba and Nweze, 2022). 

 

 Overview of AMPs 

AMPs are a category of oligopeptides containing diverse numbers of amino acids, ranging from 

10 to 50. Their unique amino acid sequences and cationic properties endow them with strong 

bactericidal properties. Not only are they highly effective against bacteria, but also exhibit biological 

activity against fungi, parasites, and viruses. Remarkably, some AMPs even have inhibitory effects on 

cancer cells. These peptides are widely distributed in plants, insects, and mammals. As key molecules 

in the innate immune system, AMPs possess remarkable antimicrobial and immunomodulatory 

activities (Valdez-Miramontes et al., 2021; Yu et al., 2025). AMPs concentrate at pathogen entry portals 

and immunologically active sites, including epithelial barriers (e.g., skin, respiratory/gastrointestinal 

tracts), mucosal surfaces (e.g., oral cavity, eyes, reproductive organs), and specialized immune tissues 

(e.g., bone marrow, thymic epithelium) (Linde et al., 2009). Their primary role is to neutralize 

pathogens by disrupting microbial membranes and modulating host immune responses, thereby 

protecting the host from pathogenic challenges. 

The discovery of AMPs began in 1939 when researchers isolated an antimicrobial agent from soil 

bacterium Bacillus spp. that protected mice from Streptococcus pneumoniae infections (Dubos, 1939; 

Hotchkiss and Dubos, 1940). This compound was later named AMP. In 1941, (Dubos and Hotchkiss, 

1941) purified the extract and identified a specific AMP called tyrothricin. Subsequently, another AMP, 

tyrocidine, was discovered and found effective against both Gram-negative and Gram-positive bacteria 

(Balls et al., 1942). Another AMP, named as purothionin (Wada and Buchanan, 1981), was isolated 

from the plant Triticum aestivum and found effective against fungi and some pathogens certain 

pathogenic bacteria (Kang et al., 2019). 

The diversity and widespread distribution of AMPs reflect their critical roles and multifunctional 

nature in biological systems. These peptides not only serve as frontline defenders against external 

pathogens but also play essential roles in maintaining internal homeostasis and regulating immune 

responses (Lai et al., 2022; Satchanska et al., 2024). With ongoing research, AMPs have emerged as 

promising candidates for novel antibiotic alternatives. Their potential applications could address the 

urgent challenge of antibiotic resistance by offering new solutions to combat pathogenic infections. 

 

 Structural characteristics of AMPs 

Most AMPs contain cysteine residues, which confer them exceptional molecular stability 

(Nguyen et al., 2011). Despite this conserved feature, AMPs exhibit remarkable diversity in their 



primary sequences and secondary structural arrangements. This structural variability leads to unique 

functionalities, interactions, and biological activities (Wang, 2015; Wang et al., 2016b). In 

biochemistry, secondary structure refers to the spatial organization of amino acid residues within a 

protein (Lai et al., 2022). The two most common elements are α-helices and β-sheets. An α-helix is a 

coiled conformation stabilized by hydrogen bonds between adjacent residues, forming a rigid spiral 

structure. β-sheets, in contrast, are planar structures formed by hydrogen-bonded β-strands arranged 

in parallel or antiparallel orientations, creating layered sheet-like conformations. AMPs are classified 

into four major types based on their dominant structural features. The first type is linear α-helical 

peptides, which are rich in α-helical structures and crucial for stability and interactions. For example, 

the cecropin, a typical AMP, has an α-helical structure. The combination of helix length, charge 

distribution, and hydrophobic residue orientation within these peptides explains their broad-spectrum 

antimicrobial activities (Graf et al., 2017; Porcelli et al., 2013; Staczek et al., 2024; Sugden et al., 

2016). The second type is linear extended structures that lack common α-helical or β-sheet structures 

and are often composed of continuous sequences of specific amino acids (e.g., glycine, arginine, 

tryptophan, or proline). These AMPs may have other secondary structures or disordered structures. 

Although they lack obvious secondary structures, they are biologically active, such as human histatin 

and psoralen, which play important physiological roles in signal transduction, metabolic regulation, 

and defense against pathogens (Andersson et al., 2012; Kokryakov et al., 1993; Min et al., 2017). 

Furthermore, certain AMPs are characterized by abundant β-sheet structures, forming sheet-like 

conformations. β-sheets are common secondary structures in proteins, formed by hydrogen bonds 

between amino acid residues, and play a key role in protein stability and function. In proteins, β-sheets 

enhance stability and are essential for functional performance through parallel or antiparallel 

arrangements of peptide chains linked by hydrogen bonds (Min et al., 2017). This structural 

characteristic allows these AMPs to play key roles in various biological processes, including defense 

mechanisms against microbial infections and enhancement of molecular stability. Specific amino acid 

sequences can significantly influence the formation and stability of β-sheet structures. Interactions 

between certain amino acid residues, such as hydrophobic interactions and hydrogen bonds, contribute 

to stabilizing these β-sheets. These sequence characteristics are crucial for the correct folding and 

functional performance of proteins (Koehbach, 2017). Consequently, AMP molecules rich in β-sheets 

may possess unique stability and functional properties. A fourth class of AMPs combines α-helical and 

β-sheet structures, notably exemplified by defensins. These molecules are widely distributed across 

the biological kingdom and exhibit potent biological activities. Besides α-defensins, other categories 

of defensins exist other structural variants that integrate both α-helices and β-sheets into their 

architecture (de Oliveira et al., 2025; Shafee et al., 2017). This structural diversity allows defensins to 

perform similar defensive roles across species, though their specific mechanisms and efficacy may 

vary with evolutionary adaptations. Notably, defensins are not only found in humans and other 

mammals but also in various invertebrates and plants (de Oliveira et al., 2025; Gil et al., 2024; Tietz 

et al., 2017). This broad distribution indicates that defensins have important conservation and 

functional diversity in the process of biological evolution. In different organisms, defensins may be 



involved in innate immunity, antibacterial, antiviral, and other biological processes, protecting the 

organism from external pathogens (Lorenzón et al., 2012; Tietz et al., 2017). Together, the four AMP 

types, including α-helical peptides, linear extended peptides, β-sheet-containing peptides, and α/β 

hybrid peptides, exhibit distinct structural and functional characteristics. These differences enable 

AMPs to engage in varied biological processes and signaling pathways, from membrane disruption to 

immune modulation, reflecting their adaptability in combating pathogens and maintaining host 

homeostasis. 

 

 Classification of AMPs 

Generally, AMPs can be divided into four classes based on its target and mode of action, including 

antibacterial peptides, antiviral peptides, antifungal peptides, and antiparasitic peptides. 

 

 Antibacterial peptides 

Antibacterial peptides are a class of bioactive molecules that primarily inhibit bacterial growth. 

Research on antibacterial peptides, especially cationic ones, is extensive, with a focus on their ability 

to disrupt bacterial cell membranes. At sufficient concentrations, these peptides can cause membrane 

disintegration and bacterial death (Xie et al., 2011). However, their mechanisms are not limited to 

membrane disruption. For example, Buforin II can diffuse into bacterial cells and bind to DNA and 

RNA, inhibiting synthesis processes and causing bacterial death (Otvos et al., 2000). This intracellular 

action is more targeted than membrane disruption. Other antibacterial peptides, such as Drosocin, 

pyrrhocoricin, and apidaecin, typically have 18-20 amino acid residues and specific intracellular 

binding sites (El-Kazzaz and Abou El-Khier, 2020; Kragol et al., 2001; Staczek et al., 2024). These 

sites enable them to interact with specific cellular components, achieving their antibacterial effects. 

Some antibacterial peptides can even kill antibiotic-resistant bacteria. For instance, Nisin, like the 

antibiotic vancomycin, can block cell wall synthesis (Li et al., 2021). In summary, antibacterial 

peptides are diverse and versatile. They can kill bacteria by disrupting membranes or interfering with 

intracellular processes, making them potential antibiotic alternatives and offering new strategies for 

combating bacterial infections. 

 

 Antiviral peptides 

Antiviral peptides (AVPs) are bioactive peptides that neutralize viruses through diverse 

mechanisms to protect host cells from infection. A common strategy involves integrating into viral 

envelopes or host cell membranes, destabilizing viral integrity and infectivity. Enveloped RNA and 

DNA viruses, whose lipid bilayer membranes resemble host cell membranes, are particularly 

susceptible to AVP targeting. By disrupting viral envelope structure, AVPs render viruses incapable of 

infecting host cells (Agamennone et al., 2022; Boas et al., 2019). Additionally, some AVPs bind viral 

surface glycoproteins to block viral attachment to host cells. For instance, defensins neutralize herpes 

simplex virus (HSV) by inhibiting glycoprotein-mediated binding, preventing viral entry and 

replication (Jenssen et al., 2004; Ohradanova-Repic et al., 2023; Sukmarini, 2022). This mechanism 



reduces both viral attachment and infectivity, exhibiting potent activity against enveloped viruses like 

HSV (Owliaee et al., 2025; Skalickova et al., 2015). 

Beyond envelope disruption and receptor blocking, AVPs can also prevent viral entry by 

occupying specific host cell receptors critical for viral attachment. Heparan sulfate, for example, plays 

a key role in HSV particle binding to host cells (Papy-Garcia and Albanese, 2017). Another mechanism 

involves AVPs entering host cells to modulate gene expression, enhancing antiviral immunity or 

blocking viral gene expression (Mahajan et al., 2021). NP-1, a peptide derived from rabbit neutrophils, 

inhibits HSV-2 infection in Vero and CaSki cells without competing for cell surface receptors; instead, 

it prevents intercellular viral spread (Heydari et al., 2021). These multifaceted mechanisms, 

encompassing membrane disruption, receptor interference, and intracellular modulation, enable AVPs 

to combat viruses through diverse, synergistic pathways (Nayab et al., 2022; Wimley and Hristova, 

2011). 

 

 Antifungal peptides 

Antifungal peptides are bioactive molecules that target fungal cell walls or intracellular 

components to kill fungi, leveraging mechanisms that differ from antibacterial peptides due to 

structural disparities between bacterial membranes and fungal cell walls (Sharma et al., 2025; van der 

Weerden et al., 2013). Unlike bacterial targets, fungal cell walls contain chitin as a primary component, 

enabling certain antifungal peptides to bind specifically through sequences or domains that form stable 

complexes with chitin, destabilizing cell wall integrity and causing fungal cell lysis (Rautenbach et al., 

2016). Others inhibit enzymes critical for chitin synthesis during cell wall biogenesis, blocking fungal 

growth by disrupting this key metabolic pathway (De Cesare et al., 2020; Ul Haq et al., 2024).  

The relationship between antifungal peptide structure and their target specificity is multifaceted. 

While many contain polar and neutral amino acids (Sharma et al., 2025), structural diversity, including 

α-helical, extended, and β-sheet conformations, reflects their functional adaptability (Struyfs et al., 

2021; Ul Haq et al., 2024). Their efficacy is determined not solely by structural features but by a 

combination of amino acid sequence, charge distribution, hydrophobicity, and physicochemical 

properties that collectively govern their interaction with fungal cells (Gamage and Pan, 2024; Pandidan 

and Mechler, 2025; Zasloff, 1987). This complexity underscores the versatility of antifungal peptides 

in targeting diverse fungal pathogens through mechanisms that transcend simple structural correlations. 

 

 Antiparasitic peptides 

Antiparasitic peptides, though representing a smaller subset within the AMPs family, exhibit 

unique bioactivities and mechanisms of action. While research in this domain remains limited 

compared to antibacterial, antiviral, or antifungal AMPs, significant advancements have emerged. 

Magainin(Zasloff, 1987), the first reported antiparasitic peptide, demonstrates potent activity against 

protozoans like Paramecium. Building on this, synthetic peptides targeting Leishmania parasites, 

causative agents of cutaneous leishmaniasis (black fever), have been engineered, offering novel 

therapeutic candidates (Alberola et al., 2004). Cathelicidins further exemplify this class, eliminating 



multicellular parasites such as Caenorhabditis elegans through pore-forming activity in cellular 

membranes (Schneider et al., 2016). 

Notably, despite targeting multicellular organisms, antiparasitic peptides share mechanistic 

parallels with other AMPs, primarily relying on direct membrane interaction to disrupt cellular 

integrity. This conserved mode of action, combining rapid membrane destabilization with selective 

toxicity, positions antiparasitic peptides as versatile agents against diverse parasitic infections, with 

reduced resistance risks due to their physical disruption mechanisms. 

 

 The antimicrobial mechanism of AMPs 

AMPs exert bactericidal effects through two primary mechanisms after binding to bacterial cell 

membranes (Khavani et al., 2024; Pirtskhalava et al., 2021). The first mechanism involves direct 

disruption of the membrane structure, leading to compromised integrity and leakage of cellular 

contents, which rapidly causes bacterial death (Wimley, 2010). The second mechanism involves AMPs 

penetrating into the bacterial cytoplasm, where they inhibit critical cellular processes such as DNA 

replication, transcription, and translation, disrupt cell wall synthesis, and suppress intracellular enzyme 

activities, ultimately leading to bacterial demise (Lan et al., 2010; Pirtskhalava et al., 2021). Notably, 

the membrane-disrupting mechanism is more rapid in action compared to the intracellular pathway 

(Benfield and Henriques, 2020; Lan et al., 2010; Nayab et al., 2022).  

 

 AMPs act on microbial cell membranes 

AMPs exert antimicrobial activity through non-specific electrostatic interactions with microbial 

membrane phospholipids (Dawson and Liu, 2008; Nayab et al., 2022; Shai, 2002). The cationic charge 

of AMPs, derived from their alkaline amino acids, enables selective binding to negatively charged 

components on bacterial surfaces, lipoteichoic acids in Gram-positive bacteria and lipopolysaccharides 

in Gram-negative bacteria (Tong et al., 2021). Eukaryotic cell membranes have a positive charge, 

preventing AMP binding. This charge-based selectivity ensures AMPs target bacterial cells specifically 

(Ma et al., 2024). This charge-driven mechanism underlies AMPs' broad-spectrum efficacy. Unlike 

receptor-targeted antibiotics, AMPs rely on electrostatic attraction to initiate membrane interaction, 

bypassing pathogen-specific resistance pathways (Priyadarshini et al., 2022). Hydrophobic residues in 

AMPs further mediate insertion into the lipid bilayer by binding to membrane hydrophobic tails. 

Concurrently, their hydrophilic residues disrupt the membrane’s hydrophobic core, inducing pore 

formation or structural collapse. This dual action triggers rapid osmotic imbalance, cytoplasmic 

leakage, and bacterial death (Hale and Hancock, 2007; Yoon et al., 2024). To date, the interaction 

mechanisms between AMPs and bacterial membranes are primarily explained by four dominant 

models, including barrel-stave model, carpet model, toroidal pore model, and aggregate model (Fig. 1) 

(Khavani et al., 2024; Pálffy et al., 2009; Pouny et al., 1992). These models describe how AMPs disrupt 

membrane integrity to induce microbial cell death, depending on peptide concentration, membrane 

composition, and structural features of the AMPs. 

In 1991, it has been reported that the mechanism of pore formation employed by pardaxin and its 



analogues with lipid bilayers could be described by the “barrel-stave” model (Rapaport and Shai, 1991). 

In the barrel-stave model, AMPs insert their hydrophobic regions into the lipid bilayer, aligning parallel 

to the membrane plane. The hydrophobic regions of the AMPs interact with lipid tails, while their 

hydrophilic regions face the aqueous environment, creating a transmembrane pore. The peptides act 

as rigid "staves", forming transmembrane channels that resemble the staves of a barrel. These channels 

allow ions and molecules to pass through the membrane, disrupting the cellular internal environment, 

leading to osmotic imbalance and cell death (Kumari and Booth, 2022). Typically observed in α-helical 

AMPs with a clear hydrophobic/hydrophilic charge separation (e.g., magainin). Moreover, AMPs 

preferentially affects Gram-negative bacteria due to their thinner peptidoglycan layer. For instance, 

alamethicin forms transmembrane channels by arranging itself in a barrel-like structure around an 

aqueous pore (Wimley, 2010). The hydrophobic regions of alamethicin interact with the membrane 

lipids, while the hydrophilic regions form the interior of the channel (Nagao et al., 2015; Wimley, 

2010). Another example that forms barrel-stave channels is that gramicidin S creates pores that allow 

ions to pass through the membrane of Staphylococcus aureus, Enterococcus faecalis and E. faecium 

(Berditsch et al., 2019; Talapko et al., 2022).  

The carpet model was first reported in 1992 (Pouny et al., 1992). Here, AMPs accumulate parallel 

to the membrane surface like a "carpet," driven by electrostatic interactions with lipid headgroups. 

Upon reaching a critical concentration, they disrupt lipid packing through detergent-like effects, 

causing global membrane thinning and micellization. In this model, antimicrobial peptides induce 

global membrane thinning, rather than form specific pores. This action is very effective against 

membranes with high anionic lipid content. This non-pore-forming mechanism is characteristic of 

temporins and other short helical peptides. The indolicidin, a tryptophan-rich AMP, was observed to 

cover the model membranes by an in situ atomic force microscopy, following the carpet model (Shaw 

et al., 2006). These authors also found that the indolicidin-membrane association is influenced greatly 

by specific electrostatic interactions, lipid fluidity, and peptide concentration (Shaw et al., 2006). 

Aurein 1.2 exerts its bioactivity through aggregation-driven membrane permeation, inducing 

spontaneous curvature on the membrane by altering outerleaflet tension, ultimately leading to 

membrane destabilization and disintegration (Fernandez et al., 2012; Shahmiri et al., 2015). The carpet 

model for the membrane permeabilization mechanism also adapts to other AMPs, such as LFampin 

265-284 (Bastos et al., 2011), copolyoxetane (Wang et al., 2016a), melittin (Wimley, 2018), pepD2M 

(Chen et al., 2023), cecropin A (Tian et al., 2024), and so on. 

Proposed and established in 1996 (Matsuzaki et al., 1996), this toroidal pore model has seen 

ongoing refinements over the years. AMPs form toroidal (doughnut-shaped) pores in the cell 

membrane. These pores create a pathway for the exchange of ions and molecules between the inside 

and outside of the cell, disrupting the cell's homeostasis and causing death. There is emerging evidence 

that cryo-electron microscopy visualizes lipid headgroup reorientation around pores (Sui et al., 2018). 

The peptides are embedded at the hydrophilic and hydrophobic interface of the membrane, and the 

lipid head groups are arranged on the inner side of the pore. In the model, pores maintain continuity 

between membrane leaflets and are preferred by flexible peptides with proline hinges (e.g., protegrin), 



which resist pore closure due to lipid involvement. It has been reported that protegrin-1 forms toroidal 

pores in bacterial membranes (Langham et al., 2008). Moreover, extension of sticholysins N-terminal 

α-helix induces membrane lipid curvature, thereby facilitating the formation of toroidal pores (Schreier 

et al., 2025). This highlights the critical role of structural dynamics in AMPs and membrane interaction, 

as conformational changes directly modulate lipid organization and pore formation efficiency. 

The aggregate model involves AMPs interacting with the membrane phospholipids and causing 

them to aggregate into large structures (Hale and Hancock, 2007). AMPs disrupts the normal structure 

and function of the cell membrane, leading to the loss of cellular contents and bacterial cell death. The 

aggregation of lipids and peptides results in the formation of non-bilayer structures that compromise 

the membrane's integrity (Luo and Song, 2021). The aggregate model primarily associated with 

peptides enriched in β-sheet structures stabilized by disulfide bonds, which induce non-specific 

membrane disruption rather than pore formation and remain effective at low peptide concentrations. 

Atomic force microscopy (AFM) evidence confirms that these peptides generate membrane ripples 

and aggregation-induced defects, destabilizing lipid bilayers through collective peptide-membrane 

interactions and ultimately leading to cell permeabilization (Alsteens et al., 2017; Swana et al., 2021). 

Magainin 2 interact with the membrane phospholipids and cause them to aggregate into large structures 

(Salnikov and Bechinger, 2011). This aggregation disrupts the normal structure and function of the cell 

membrane, leading to the loss of cellular contents and bacterial cell death (Salnikov and Bechinger, 

2011). Another peptide that follows the aggregate model, dermaseptin-PH forms peptide-lipid 

complexes that compromise the integrity of the cell membrane (Huang et al., 2017). 

The choice of model often depends on the AMPs’ structural features and the target membrane’s 

physicochemical properties. For example, α-helical peptides align with the barrel-stave mechanism, 

while β-sheet-rich peptides may prefer the toroidal or aggregate models. Interestingly, these models 

are not mutually exclusive, as many AMPs may transition between mechanisms depending on factors 

such as peptide concentration, membrane composition, and environmental conditions. For instance, 

low peptide concentrations might favor pore formation (barrel-stave or toroidal), while high 

concentrations could induce carpet-like membrane collapse. Experimental evidence, such as lipid 

leakage assays, electron microscopy, and molecular dynamics simulations, supports the coexistence of 

these pathways in different contexts. Collectively, these models highlight the versatility of AMPs in 

exploiting membrane vulnerabilities to execute their antimicrobial function and evolutionary 

adaptation to counter varying microbial membrane architectures. 

 

 AMPs act on internal molecules of microbes 

Although the above membrane permeabilization mechanisms ultimately cause microbial cell 

death, accumulating evidence suggests that AMPs have extra intracellular targets (Ma et al., 2024; 

Nicolas, 2009). Certain AMPs can directly enter bacterial membranes and interfere with essential life 

activities inside, such as DNA replication, transcription, translation, protein synthesis, folding, and cell 

division. AMPs enter membranes mainly through non-energy-dependent direct penetration or energy-

dependent endocytosis (Goda et al., 2010). After entering and accumulating in the cell membrane, 



AMPs can target intracellular macromolecules and biological processes for further action. These AMPs 

exhibit specific and diverse intracellular targets, including nucleic acid interactions, protein binding, 

and interference with protease activity (Le et al., 2017). As mentioned above, AMPs exert their 

antimicrobial activity through diverse intracellular mechanisms, acting on multiple targets to disrupt 

critical cellular processes. These mechanisms can be specifically summarized as follows: nucleic acid 

binding, protein synthesis interference, enzyme activity & energy metabolism suppression, oxidative 

stress & organelle damage, and multi-target synergy (Fig. 2). 

The antimicrobial activity of peptides targeting nucleic acids (DNA/RNA) primarily arises from 

their ability to disrupt bacterial genetic processes through structural intercalation or electrostatic 

interactions (Chen et al., 2025a). Positively charged AMPs bind to the anionic phosphate backbone of 

DNA via electrostatic adsorption, while hydrophobic domains enable intercalation into the DNA minor 

groove, destabilizing base-pair stacking. For instance, buforin II derivatives insert into DNA helices 

via hydrophobic interactions without disrupting the helical backbone (Rubio-Olaya et al., 2022; 

Uyterhoeven et al., 2008), whereas indolicidin forms covalent bonds with phosphate groups to block 

replication enzymes (Yuan et al., 2024). Structural specificity is crucially dependent on amphipathic 

α-helical conformations, where cationic residues (e.g., lysine, arginine) mediate electrostatic binding, 

and hydrophobic residues (e.g., leucine, phenylalanine) facilitate intercalation (Zhou and Pang, 2018; 

Zhu et al., 2015). Binding efficiency correlates with genomic AT content, as demonstrated by buforin 

II’s stronger affinity for AT-rich Staphylococcus aureus DNA compared to Escherichia coli. Functional 

outcomes include replication arrest and transcriptional suppression. AMPs like NK-18 stall replication 

forks by inhibiting helicase binding, while P5 peptide downregulates dnaA and rnhA expression by 

2.79- and 2.36-fold, respectively, in E. coli (Yan et al., 2018). Charge and hydrophobicity critically 

modulate these interactions: increased net charge (e.g., P7 peptide, +7) enhances DNA binding, 

whereas excessive hydrophobicity may prioritize membrane over nucleic acid targeting (Dathe et al., 

1997; He et al., 2021). Experimental validation employs gel-shift assays, spectral analyses (e.g., UV 

absorption shifts), and flow cytometry showing S-phase arrest (59.58% in P5-treated E. coli) (Lillebak 

and Kallipolitis, 2024; Thomson et al., 1999; Yakhnin et al., 2012). The multi-target nature of AMPs, 

simultaneously disrupting membranes and nucleic acids, reduces resistance risks, as seen in 

pleurocidin’s dual action against methicillin-resistant S. aureus (Piktel et al., 2024; Souza et al., 2013). 

Optimizing charge distribution and hydrophobic balance in peptide design could further enhance their 

precision in targeting genetic machinery, positioning AMPs as adaptable tools against evolving 

antimicrobial resistance. 

AMPs inhibit protein synthesis through multi-tiered molecular targets, including ribosomal 

interference, translation factor blockade, chaperone inhibition, and energy disruption (Chen et al., 

2025a). By directly binding ribosomal subunits, AMPs such as Bac7 (lactococcal bacteriocin) disrupt 

initiation by blocking mRNA loading via interactions with initiation factor IF2 (Koch et al., 2022; 

Seefeldt et al., 2016), while TurlA/B (insect-derived AMPs) interfere with elongation by targeting 

elongation factor EF-Tu to prevent aminoacyl-tRNA entry (Zhan et al., 2022). Structural 

destabilization of ribosomes occurs when peptides like Cecropin-xJ insert into ribosomal RNA’s 



hydrophobic regions, causing 60S subunit dissociation (Liu et al., 2016; Ramos-Martín and D'Amelio, 

2021). Translation is further impaired by AMPs targeting initiation factors. Indolicidin binds E. coli 

IF2 to block 30S subunit association (Caserta et al., 2006), and Microcin J25 indirectly halts initiation 

by inhibiting methionyl-tRNA formation (Ji et al., 2023). Molecular chaperones are also targeted. 

Apidaecin and Pyrrhocoricin bind heat shock proteins (DnaK, HSP70), inhibiting their ATPase activity 

and preventing protein folding, leading to unfolded protein accumulation and apoptosis (Kragol et al., 

2001). Energy depletion mechanisms include Gramicidin S disrupting ATP synthase activity via 

phospholipid enzyme displacement (Berditsch et al., 2017) and Pardaxin collapsing mitochondrial 

membrane potential to reduce ATP levels (Chen et al., 2021), while HGM-Hp peptides induce reactive 

oxygen species (ROS)-mediated damage to electron transport chain complexes (Peredo-Lovillo et al., 

2020). Mitochondrial dysfunction further exacerbates protein degradation by triggering cytochrome c 

release. Melittin enhances Ca²⁺ uptake to activate apoptosis pathways (Wang et al., 2024), as seen with 

cGA-N12 in Candida tropicalis (Li et al., 2018). Experimental validations, such as SDS-PAGE 

showing reduced protein bands in Staphylococcus aureus treated with BCp12 (Shi et al., 2022) and 

proteomic analyses revealing decreased ATP synthase subunits in PR-39-exposed E. coli, confirm these 

mechanisms (Zhao et al., 2020). By simultaneously targeting ribosomes, translation machinery, 

chaperones, and energy pathways, AMPs create a multifaceted inhibition network that significantly 

reduces bacterial resistance potential. 

Antimicrobial peptides disrupt bacterial physiology by targeting key enzymes and metabolic 

pathways. They inhibit cell wall synthesis by binding to lipid II precursors or directly suppressing Mur 

enzymes. For example, Nisin and Planosporicin block peptidoglycan chain elongation by interacting 

with lipid II (Prince et al., 2017; Wiedemann et al., 2001), while Feglymycin inhibits MurA and MurC 

(Rausch et al., 2011). These peptides also interfere with nucleic acid metabolism by inhibiting RNA 

polymerase or DNA gyrase; McCJ25 binds to the β-subunit of RNA polymerase (Mukhopadhyay et 

al., 2004), and certain AMPs target topoisomerase IV (Yele and Azam, 2020). 

AMPs further target metabolic pathway enzymes, such as hexokinase in the Embden-Meyerhof-

Parnas (EMP) pathway or succinate dehydrogenase in the tricarboxylic acid (TCA) cycle, reducing 

ATP production (Capuano et al., 2025; Huang et al., 2023). SIF4, a metal-containing AMP, inhibits 

both hexokinase and succinate dehydrogenase in E. coli, decreasing glucose metabolism efficiency 

and energy output (Li et al., 2023; Li et al., 2022). In terms of energy metabolism disruption, AMPs 

inhibit key enzymes like phosphofructokinase in the EMP pathway or components of the mitochondrial 

electron transport chain. For instance, Magainin inhibits succinate dehydrogenase and NADH 

dehydrogenase, interrupting oxidative phosphorylation (Boostan and Yazdanparast, 2018). They also 

suppress ATPase activities, affecting ion homeostasis and energy supply. Additionally, SIF4 reduces 

Na⁺/K⁺-ATPase activity in E. coli, disrupting membrane potential (Li et al., 2023; Li et al., 2022). 

Moreover, peptides like Pardaxin damage mitochondrial membrane structures, inhibiting complex I, 

III, and IV activities (Chen et al., 2021), while HGM-Hp peptides induce ROS production, damaging 

mitochondrial DNA and enzymes (Wang et al., 2019). AMPs exert multiple effects through synergistic 

mechanisms. For example, SIF4 disrupts both the EMP and TCA pathways while damaging cell 



membranes, causing a dual collapse in energy and material metabolism. Daptomycin forms ion 

channels to disrupt membrane potential and simultaneously inhibits RNA synthesis, reducing the risk 

of resistance development (Huang, 2020; Müller et al., 2016). Experimental validation includes 

spectrophotometric assays showing SIF4 reduces Na⁺/K⁺-ATPase activity by over 50% (Li et al., 2023; 

Li et al., 2022), metabolic profiling revealing decreased ATP and NADH levels in E. coli treated with 

PR-39 (Azari et al., 2020), and fluorescence probes demonstrating rapid mitochondrial membrane 

potential loss after Magainin treatment (Lee and Lee, 2014). In summary, AMPs create a multi-layered 

antibacterial network by targeting key enzymes, energy metabolism pathways, and structural 

components, which can contribute to enhancing bactericidal efficacy and effectively delaying 

resistance development. 

AMPs induce pathogen death by disrupting redox homeostasis and organelle integrity through 

oxidative stress and structural damage. These cationic peptides trigger excessive reactive oxygen 

species (ROS) production, such as H₂O₂ and superoxide anions, via membrane perturbation or 

metabolic interference. For instance, Maillard reaction-derived peptides (HGM-Hp1/Hp2) activate 

oxidative pathways, elevating intracellular H₂O₂ levels and causing DNA/protein oxidation, while 

histidine-rich AMPs bind mitochondrial membranes to disrupt respiratory complexes, amplifying ROS 

bursts (Habelreeh et al., 2025; Lipiski et al., 2013; Wang et al., 2019). Concurrently, AMPs cripple 

antioxidant defenses. LL-37 inhibits glutathione reductase, depleting glutathione (GSH) (Keshri et al., 

2025; Zhang et al., 2022), and SIF4 blocks superoxide dismutase (SOD), preventing ROS 

neutralization (Tsai et al., 2011). Oxidative imbalance further activates pro-apoptotic pathways (e.g., 

p38 MAPK and JNK) and oxidizes thiol groups in cysteine residues, destabilizing critical enzymes. 

Mitochondrial dysfunction is central to AMP lethality. Magainin collapses membrane potential (ΔΨm), 

releasing cytochrome c and activating caspase-dependent apoptosis, while gramicidin S disrupts 

electron transport chain complexes (I, III), halting ATP synthesis (Berditsch et al., 2017; Lal et al., 

2023). Endoplasmic reticulum (ER) stress compounds this damage, AWRK6 impairs 

Sarcoendoplasmic Reticulum Calcium ATPase (SERCA) pumps, causing calcium efflux and unfolded 

protein response (UPR) activation, whereas chaperone inhibition (e.g., BiP/Grp78) accumulates 

misfolded proteins, triggering Caspase-12-mediated apoptosis (Kawaguchi et al., 2020). Membrane 

integrity is breached through lipid peroxidation (e.g., malondialdehyde formation) and ion channel 

formation (Cecropin A-induced K⁺/Na⁺ leakage), culminating in osmotic collapse. Experimental 

validation includes fluorescence probing to detect increased ROS levels, flow cytometry with 

Rhodamine 123 to analyze mitochondrial membrane potential l (ΔΨm) changes, and transmission 

electron microscopy to observe organelle structural damage in treated bacteria (Neikirk et al., 2023; 

Wenzel et al., 2021). AMPs create a robust antibacterial environment based on a dual mechanism of 

oxidative stress and organelle damage that significantly minimizes resistance emergence. 

The exceptional efficacy and low resistance propensity of AMPs stem from their multi-target 

synergistic mechanisms, which orchestrate a multidimensional antimicrobial network targeting nucleic 

acid synthesis, protein translation, metabolic pathways, and mitochondrial function. AMPs like 

Buforin II exemplify this synergy by first compromising membrane integrity to expose intracellular 



DNA, then binding histone H2A to destabilize chromatin structure and block replication. 

Simultaneously, AMPs like LL-37 disrupt membrane integrity and bind fungal cell wall mannans to 

further inhibit nucleic acid repair (Tsai et al., 2011). Protein synthesis inhibition is coupled with 

metabolic blockades. For example, Bac7 binds 70S ribosomes to suppress translation while membrane 

damage reduces ATP synthase activity, exacerbating energy deficits (Mardirossian et al., 2018; Seefeldt 

et al., 2016). Apidaecin exemplifies molecular chaperone inhibition and post-translational regulation 

by blocking DnaK/GroEL-mediated protein folding and ubiquitin-proteasome systems, leading to 

unfolded protein accumulation (Huang et al., 2024). Metabolic and mitochondrial effects are 

intertwined. SR25 inhibits the TCA cycle enzyme succinate-quinone reductase (SQR) while collapsing 

mitochondrial membrane potential to trigger cytochrome c release and apoptosis (Luo et al., 2024). 

Melittin and HGM-Hp peptides further amplify lethality by inducing ROS-mediated mitochondrial 

damage and apoptosis (Wang et al., 2019; Wang et al., 2024; Wimley, 2018). Immunomodulatory 

synergy is achieved through AMPs like LL-37, which activate TLR4/MyD88-NF-κB pathways to 

boost pro-inflammatory cytokine release (IL-6, TNF-α) while directly killing pathogens, while 

defensins recruit neutrophils to enhance microbial clearance (Bodahl et al., 2022; Singh et al., 2014; 

Tsai et al., 2011). Clinically, AI-designed AMPs such as AMP-F2 combine membrane disruption and 

SQR inhibition for low minimum inhibitory concentration (MIC) values (0.5 μg/mL) against 

methicillin-resistance Staphylococcus aureus (MRSA) (Bajiya et al., 2025), and SR25-loaded 

hydrogels target biofilms and TCA pathways to achieve 80% efficacy in wound infections (Liu et al., 

2023a; Luo et al., 2024). By integrating membrane disruption, nucleic acid/protein inhibition, 

metabolic collapse, and immune activation into a four-dimensional network, AMPs create a complex, 

multitargeted defense that limits bacterial adaptive resistance. 

 

 AMPs act on host immune systems 

AMPs modulate host immunity through multifaceted mechanisms, including innate immune 

activation, adaptive immune enhancement, inflammatory regulation, and tissue repair, creating a 

synergistic network to combat infections. They activate innate immunity by engaging pattern 

recognition receptors (PRRs) such as TLRs and NLRs (Liu et al., 2024; Liu et al., 2023b; Owliaee et 

al., 2025; Thapa et al., 2020). LL-37 triggers neutrophil ROS release and cytokine production (IL-6, 

TNF-α) via TLR4/MyD88 signaling (Bodahl et al., 2022; Keshri et al., 2025; Zhang et al., 2022), 

while α-defensins recruit dendritic cells through CCL20 receptor activation to enhance antigen 

presentation (Bodahl et al., 2022; Keshri et al., 2025; Singh et al., 2014; Zhang et al., 2022). AMPs 

also act as chemokines, attracting immune cells like monocytes and macrophages to infection sites. β-

defensins upregulate phagocytic receptors (e.g., CR3) on macrophages to boost pathogen clearance 

(Agarwal et al., 2022). In adaptive immunity, AMPs stimulate dendritic cell maturation and migration 

to lymph nodes, promoting B-cell differentiation into plasma cells that secrete antibodies (e.g., 

intestinal antimicrobial peptides enhance IgA production to reinforce mucosal barriers) (Liu et al., 

2022). Simultaneously, some AMPs like prostate specific antigen (PSA) from Bacteroides fragilis 

activate regulatory T cells (Tregs), inducing IL-10 secretion to suppress excessive inflammation and 



protect tissues (Kayama and Takeda, 2014; Ramakrishna et al., 2019). AMPs dynamically balance 

inflammation. During acute phases, AMPs activate NF-κB and MAPK pathways to release pro-

inflammatory cytokines (IL-1β, IL-12), recruiting immune cells (e.g., cathelicidins enhance neutrophil 

chemotaxis) (Zheng et al., 2025). In chronic inflammation, they counteract overactivation by inhibiting 

lipopolysaccharides (LPS)-induced TNF-α and neutralizing endotoxins, LL-37 directly binds LPS to 

reduce systemic inflammation, while S-thanatin lowers endotoxin and TNF-α levels in sepsis models 

(Yang et al., 2020a). Tissue repair is supported by AMPs like LL-37, which activate EGFR signaling 

to promote epithelial cell proliferation/migration (enhancing wound healing) and upregulate tight 

junction proteins (e.g., occludin) to strengthen intestinal barriers (Yang et al., 2020a). Additionally, 

AMPs stimulate vascular endothelial growth factor (VEGF) secretion, driving angiogenesis to improve 

microcirculation in chronic ulcers. Beyond bacteria, AMPs exhibit antiviral and antiparasitic effects. 

AMPs block viral entry by binding envelope proteins (e.g., HIV gp41), inhibit nucleic acid replication 

via ROS-mediated damage (e.g., HBV DNA), and activate interferon pathways to enhance antiviral 

responses (Neghabi Hajigha et al., 2024). Against parasites, AMPs like BMAP-27 disrupt 

mitochondrial membrane potential to suppress ATP synthesis, induce calcium influx, and trigger 

apoptosis while activating macrophages for synergistic clearance (Yang et al., 2019). This integrated 

immune modulation, combining direct pathogen killing, immune cell recruitment, inflammation 

control, and tissue repair, positions AMPs as versatile candidates for combating infections while 

mitigating resistance and promoting host recovery. 

 

 Application of AMPs 

AMPs have gained significant attention due to their broad-spectrum antimicrobial activity, 

leading to their increasing application in diverse fields such as pharmaceuticals, food processing, 

animal production, and plant disease management. 

  

 Biomedical applications 

AMPs are emerging as promising candidates to address multidrug-resistant bacterial challenges, 

offering both standalone therapeutic potential and synergistic effects when combined with antibiotics, 

antivirals, or other antimicrobial agents (Ali et al., 2022). Several AMPs have advanced to clinical or 

preclinical stages, such as Omiganan and Cethromycin. LTX-109, a fusion peptide of modified tumor 

necrosis factor α and β-defensin, has demonstrated efficacy in treating bacterial infections, 

musculoskeletal disorders, and respiratory diseases, completing Phase I trials for bronchiectasis 

(Jayakumar et al., 2023; Sakr et al., 2019). The hLF1-11, a broad-spectrum antibacterial and antifungal 

peptide, is being developed to treat infections in immunocompromised stem cell transplant recipients 

(van der Velden et al., 2009), while synthetic DPK-060, derived from human kallikreinogen, exhibits 

activity against Gram-positive and Gram-negative bacteria, alongside anti-inflammatory properties, 

showing positive results in Phase II trials for atopic dermatitis (Javia et al., 2022). 

AMPs also hold promise for oral and skin infections. In dentistry, cariogenic bacteria like acid-

producing species are major oral pathogens (Izadi et al., 2020), and CSA-13 effectively targets 



cariogenic and periodontal pathogens, such as Porphyromonas gingivalis, supporting its use in 

preventing and treating oral microbial diseases (Isogai et al., 2009). Histatins, rich in histidine, further 

control dental plaque and cariogenic bacteria, finding applications in oral care products (DiNubile and 

Lipsky, 2004). For skin infections, Pexiganan, a naturally occurring peptide from African clawed frogs, 

became the first AMP evaluated for treating wound infections (Thapa et al., 2020), while LL-37 and 

tylotoin show therapeutic potential in managing severe skin infections (Heilborn et al., 2003; Mu et 

al., 2014). These advancements highlight AMPs’ versatility in addressing diverse clinical needs 

through direct pathogen inhibition and immune modulation. 

 

 Food industry 

Traditional chemical food preservatives, often synthetic in origin, pose potential health risks to 

humans, driving growing interest in natural alternatives. AMPs have emerged as promising natural 

preservatives due to their potent inhibition of foodborne bacteria and fungi, making them a focal point 

in food preservation research. 

Nisin, an AMP produced by Lactococcus lactis, is widely used in dairy products to inhibit 

pathogens like Salmonella and extend shelf life, classified as Generally Recognized as Safe (GRAS) 

by the Food and Drug Administration (FDA) for food preservation (Cotter et al., 2005; Khan and Oh, 

2016). Lactoferrin, an iron-binding defense protein extracted from milk, significantly reduces E. coli 

in beef when treated with its antimicrobial peptide form (Bruni et al., 2016). Enterocin AS-48 and 

Enterocin CCM4231 demonstrate efficacy in preserving cider, fruit juices, and soy milk (Rai et al., 

2016). Recent studies further highlight AMPs’ versatility. A study found that ACWWP1, an AMP 

isolated from mackerel, reduced Staphylococcus aureus in milk by 4.8 log CFU/mL within 24 hours, 

with continued bacterial decline over 72 hours (Pu and Tang, 2017). Another study identified LCWAP 

(amino acid sequence FTKPGVCPRRWGAG) from flounder whey acidic protein, which achieved a 

minimum inhibitory concentration (MIC) of 15.6 μg/mL against S. aureus. At twice the MIC, LCWAP 

eliminated all detectable bacteria in milk within 7 days, contrasting with untreated milk containing 9.2 

log CFU/mL (Yang et al., 2020b). Dong et al. combined mytimacin-4 (a cysteine-rich, cationic AMP 

from mussels) with chitosan to create a coating for pork preservation, extending shelf life by 3-4 days 

at 4 °C by inhibiting spoilage bacteria and slowing quality degradation (Dong et al., 2024). Similarly, 

Bi et al. encapsulated Sm-A1 (a novel cationic peptide from flounder viscera) into a PVA/chitosan 

hydrogel for salmon preservation. This formulation slowed microbial growth, volatile base nitrogen 

(TVB-N), and lipid oxidation (measured by TBARS) over 14 days, maintaining safety and texture 

beyond untreated samples (Bi et al., 2020). These studies underscore AMPs’ potential to enhance food 

safety and shelf life through targeted antimicrobial activity while minimizing synthetic additives. 

 

 Animal production 

AMPs, as environmentally friendly and side-effect-free antimicrobial agents, have emerged as a 

novel feed additive due to their broad-spectrum antimicrobial activity and unique bactericidal 

mechanisms. Researches indicated that AMPs can improve animal production performance, gut 



microbiota balance, immune response, and disease prevention (Feng et al., 2020; Liang et al., 2022), 

offering a promising alternative to conventional additives while addressing concerns over antibiotic 

resistance and adverse effects (Liang et al., 2024). 

Cathelicidin BF can reduce diarrhea, relieve intestinal inflammation, enhance intestinal barrier 

function, and reduce the contents of serum IL-6, IL-8 and tumor necrosis factor in weaned piglets 

(Feng et al., 2020). The AMP gloverin2 from Bombyx mandarina was observed antimicrobial 

properties against the three piglet diarrhea-related bacteria, E. coli ATCC 25922, S. derby ATCC 13076, 

and Clostridium perfringens CVCC 2032 (Liang et al., 2022). Oral administration of mastoparan X 

(20 mg/kg diet) significantly improved growth performance, immunity, and intestinal permeability and 

microbiota populations of broiler chickens (Zhu et al., 2022). Dietary supplementation with AMP 

products helps cats during transportation by modulating gut microbiota and metabolites, reducing 

oxidative stress and inflammation, and thus alleviating stress-induced diarrhea while promoting gut 

and host health (He et al., 2023). Moreover, dietary cecropin stimulated growth, immune response, 

maintained gut integrity and microbial homeostasis in nursery pigs (Ouyang et al., 2024). Another 

research with cecropin revealed various immunostimulatory function in the chicken primary 

hepatocyte-non-parenchymal cells, showing inflammatory mitigation and antioxidant enhancement 

(Márton et al., 2024). Recently, a novel AMP with selective antibacterial properties was identified from 

amphioxus, named as ribosomal protein L2751-72 (Chen et al., 2025b). 

 

 Plant disease management 

AMPs are gaining traction in agriculture as innovative biocontrol agents, offering sustainable 

solutions to combat plant pathogens and mitigate crop losses (Lin et al., 2023). Their application 

addresses critical challenges posed by fungal infections such as aflatoxin contamination in maize and 

peanuts, Penicillium digitatum-induced citrus green mold, Botrytis cinerea infections in strawberries, 

and postharvest mycotoxin accumulation in fruits (Liu et al., 2007). Transgenic approaches further 

amplify AMPs’ potential. For instance, citrus plants engineered with cecropin B genes exhibit 

enhanced resistance to citrus greening disease (Huanglongbing), reducing reliance on synthetic 

fungicides (Zou et al., 2017). For combating soybean phytophthora blight, a study demonstrated that 

the triple-mutated peptide TP (D10K, G11I, S14L) exhibits significantly enhanced antimicrobial 

efficacy and reduced toxicity compared to the wild-type AMP_04, operating via a mechanism 

resembling the barrel-stave model during membrane disruption (Ran et al., 2024). By integrating 

AMPs into crop protection strategies, agricultural systems can achieve pathogen suppression while 

aligning with eco-friendly practices, ultimately safeguarding both yield and food safety. 

 

 Summary and future prospects 

AMPs have emerged as a powerful tool against drug-resistant bacteria, leveraging their unique 

mechanisms of action to overcome traditional antibiotic limitations. As a potential alternative to 

conventional antibiotics, AMPs hold significant research value due to their broad-spectrum activity, 

low resistance development, and multi-target functionality. Their applications span diverse fields, 



including medicine (e.g., combating multidrug-resistant infections), food preservation (e.g., natural 

antimicrobial agents), animal production (e.g., enhancing animal health and growth), and plant disease 

resistance (e.g., transgenic crops with improved pathogen tolerance). This review provides an 

overview of AMPs classification, mechanisms of action, and their wide-ranging applications, while 

summarizing the latest research advancements and practical implementations in the field. 

AMPs hold transformative potential across diverse fields, yet their full realization requires 

addressing key challenges through innovative strategies. (1) Mechanistic exploration and optimization. 

Leveraging machine learning and computational biology to design AMPs with enhanced stability, 

specificity, and reduced toxicity. For example, tools like AlphaFold and AMP-Designer can predict 

peptide structures and optimize sequences for targeted applications (Wang et al., 2025). Meanwhile, 

investigating AMPs in combination with traditional antibiotics or other therapeutic agents to enhance 

efficacy and overcome resistance mechanisms. (2) Clinical translation and therapeutic applications. 

Advancing AMP-based therapeutics for resistant infections, chronic wounds, and immunomodulation 

is essential, with clinical trials focusing on safety, pharmacokinetics, and efficacy for regulatory 

approval. Developing targeted delivery systems, such as nanocarriers (e.g., liposomes, hydrogels), can 

improve AMP stability, bioavailability, and targeted delivery to infection sites. (3) Agricultural and 

food industry innovations. Engineering transgenic plants expressing AMPs to enhance disease 

resistance and reduce pesticide use. Expanding the use of AMPs as natural preservatives to extend 

shelf life and reduce foodborne pathogens, with a focus on cost-effective production and regulatory 

compliance. (4) Sustainability and scalability. Developing sustainable methods for AMP synthesis, 

such as microbial fermentation or plant-based expression systems, to reduce production costs and 

environmental impact. Addressing challenges in low-resource settings by creating affordable and 

accessible AMP-based solutions for infections and agricultural losses. (5) Interdisciplinary 

collaboration. Encouraging collaboration between microbiologists, material scientists, computational 

biologists, and clinicians to accelerate AMP discovery and application. Establishing guidelines for the 

safe and ethical use of AMPs in medicine, agriculture, and food industries. (6) Emerging technologies. 

Utilizing gene-editing tools CRISPR and synthetic biology to engineer AMP-producing organisms or 

enhance host immune responses. Integrating AMPs with advanced materials (e.g., antimicrobial 

coatings, smart packaging) for multifunctional applications. By addressing these challenges and 

opportunities, AMPs can revolutionize antimicrobial strategies, offering sustainable and effective 

solutions to global health, food security, and agricultural productivity in the post-antibiotic era. 

 

 Acknowledgments 

No funding. Authors are greatly thankful to Zhejiang Shuren University, Hangzhou 310015, 

China and Sun Yat-Sen University, Guangzhou, 510275, China 

 

 Data availability statement 

 This review paper does not use any data. The required files were all obtained from the internet. 

 



 Ethics statement 

For this review paper, neither human nor animal testing was conducted.  

 

 Declaration of interests 

No potential conflict of interests were reported by the authors. 

 

Reference 

 

Agamennone M., Fantacuzzi M., Vivenzio G., Scala M.C., Campiglia P., Superti F., Sala M. (2022). 

Antiviral Peptides as Anti-Influenza Agents. Int. J. Mol. Sci., 23: 11433. 

Agarwal S., Chauhan A., Singh K., Kumar K., Kaur R., Masih M., Gautam P.K. (2022). 

Immunomodulatory effects of β-defensin 2 on macrophages induced immuno-upregulation and their 

antitumor function in breast cancer. Bmc Immunology, 23: 53. 

Alberola J., Rodríguez A., Francino O., Roura X., Rivas L., Andreu D. (2004). Safety and efficacy of 

antimicrobial peptides against naturally acquired leishmaniasis. Antimicrob. Agents Chemother., 48: 

641–643. 

Ali W., Elsahn A., Ting D.S.J., Dua H.S., Mohammed I. (2022). Host Defence Peptides: A Potent 

Alternative to Combat Antimicrobial Resistance in the Era of the COVID-19 Pandemic. Antibiotics-

Basel, 11: 475. 

Alsteens D., Gaub H.E., Newton R., Pfreundschuh M., Gerber C., Müller D.J. (2017). Atomic force 

microscopy-based characterization and design of biointerfaces. Nat. Rev. Mater., 2: 17008. 

Andersson H.S., Figueredo S.M., Haugaard-Kedström L.M., Bengtsson E., Daly N.L., Qu X.Q., Craik 

D.J., Ouellette A.J., Rosengren K.J. (2012). The α-defensin salt-bridge induces backbone stability to 

facilitate folding and confer proteolytic resistance. Amino Acids, 43: 1471–1483. 

Azari M., Asad S., Mehrnia M.R. (2020). Heterologous production of porcine derived antimicrobial 

peptide PR-39 in Escherichia coli using SUMO and intein fusion systems. Protein Expr. Purif., 169: 

105568. 

Bajiya N., Kumar N., Raghava G.P.S. (2025). Prediction of inhibitory peptides against E.coli with 

desired MIC value. Sci Rep, 15: 4672. 

Balls A.K., Hale W.S., Harris T.H. (1942). A crystalline protein obtained from a lipoprotein of wheat 

flour. Cereal Chemistry, 19: 279–288. 

Bastos M., Silva T., Teixeira V., Nazmi K., Bolscher J.G.M., Funari S.S., Uhríková D. (2011). 

Lactoferrin-Derived Antimicrobial Peptide Induces a Micellar Cubic Phase in a Model Membrane 

System. Biophys. J., 101: L20–L22. 

Benfield A.H., Henriques S.T. (2020). Mode-of-Action of Antimicrobial Peptides: Membrane 

Disruption vs. Intracellular Mechanisms. Front. Med. Technol., 2: 610997. 

Berditsch M., Afonin S., Reuster J., Lux H., Schkolin K., Babii O., Radchenko D.S., Abdullah I., 

William N., Middel V., et al. (2019). Supreme activity of gramicidin S against resistant, persistent and 

biofilm cells of staphylococci and enterococci. Sci Rep, 9: 17938. 



Berditsch M., Trapp M., Afonin S., Weber C., Misiewicz J., Turkson J., Ulrich A.S. (2017). 

Antimicrobial peptide gramicidin S is accumulated in granules of producer cells for storage of bacterial 

phosphagens. Sci Rep, 7: 44324. 

Bi J.R., Tian C., Jiang J.H., Zhang G.L., Hao H.S., Hou H.M. (2020). Antibacterial Activity and 

Potential Application in Food Packaging of Peptides Derived from Turbot Viscera Hydrolysate. J. 

Agric. Food Chem., 68: 9968–9977. 

Boas L., Campos M.L., Berlanda R.L.A., Neves N.D., Franco O.L. (2019). Antiviral peptides as 

promising therapeutic drugs. Cell. Mol. Life Sci., 76: 3525–3542. 

Bodahl S., Cerps S., Uller L., Nilsson B.O. (2022). LL-37 and Double-Stranded RNA Synergistically 

Upregulate Bronchial Epithelial TLR3 Involving Enhanced Import of Double-Stranded RNA and 

Downstream TLR3 Signaling. Biomedicines, 10: 492. 

Boostan N., Yazdanparast R. (2018). Augmentation of endogenous GABA pool size induced by 

Magainin II peptide. Biochem. Biophys. Res. Commun., 506: 891–894. 

Bruni N., Capucchio M.T., Biasibetti E., Pessione E., Cirrincione S., Giraudo L., Corona A., Dosio F. 

(2016). Antimicrobial Activity of Lactoferrin-Related Peptides and Applications in Human and 

Veterinary Medicine. Molecules, 21: 752. 

Capuano A., Cocca E., Montone A.M.I., D'Urso G., Del Prete S., Agrillo B., Marino C., Palmieri G., 

Casapullo A. (2025). Disclose ATP-synthase as a protein target of the antimicrobial peptide RiLK1 in 

Escherichia coli: An alternative receptor-mediated bactericidal mechanism. Food Chemistry, 479: 

143838. 

Caserta E., Tomsic J., Spurio R., La Teana A., Pon C.L., Gualerzi C.O. (2006). Translation initiation 

factor IF2 interacts with the 30 S ribosomal subunit via two separate binding sites. J. Mol. Biol., 362: 

787–799. 

Chen E.H.L., Wang C.H., Liao Y.T., Chan F.Y., Kanaoka Y., Uchihashi T., Kato K., Lai L.S., Chang 

Y.W., Ho M.C., Chen R.P.Y. (2023). Visualizing the membrane disruption action of antimicrobial 

peptides by cryo-electron tomography. Nat. Commun., 14: 5464. 

Chen P.Y., Zhang T.M., Li C.Y., Praveen P., Parisi K., Beh C., Ding S.Y., Wade J.D., Hong Y.N., Li 

S.H., et al. (2025a). Aggregation-prone antimicrobial peptides target gram-negative bacterial nucleic 

acids and protein synthesis. Acta Biomater., 192: 446–460. 

Chen Y., Yi M.M., Wang Y.S., Yao L., Ji G.D., Gao Z. (2025b). Identification of a novel antimicrobial 

peptide from amphioxus ribosomal protein L27. Fish Shellfish Immunol., 157: 110063. 

Chen Y.P., Shih P.C., Feng C.W., Wu C.C., Tsui K.H., Lin Y.H., Kuo H.M., Wen Z.H. (2021). Pardaxin 

Activates Excessive Mitophagy and Mitochondria-Mediated Apoptosis in Human Ovarian Cancer by 

Inducing Reactive Oxygen Species. Antioxidants, 10: 1883. 

Chiesa L.M., DeCastelli L., Nobile M., Martucci F., Mosconi G., Fontana M., Castrica M., Arioli F., 

Panseri S. (2020). Analysis of antibiotic residues in raw bovine milk and their impact toward food 

safety and on milk starter cultures in cheese-making process. LWT-Food Sci. Technol., 131: 109783. 

Cotter P.D., Hill C., Ross R.P. (2005). Bacteriocins: Developing innate immunity for food. Nat. Rev. 

Microbiol., 3: 777–788. 



Dathe M., Wieprecht T., Nikolenko H., Handel L., Maloy W.L., MacDonald D.L., Beyermann M., 

Bienert M. (1997). Hydrophobicity, hydrophobic moment and angle subtended by charged residues 

modulate antibacterial and haemolytic activity of amphipathic helical peptides. FEBS Letters, 403: 

208–212. 

Dawson R.M., Liu C.Q. (2008). Properties and applications of antimicrobial peptides in biodefense 

against biological warfare threat agents. Crit. Rev. Microbiol., 34: 89–107. 

De Cesare G.B., Cristy S.A., Garsin D.A., Lorenz M.C. (2020). Antimicrobial Peptides: a New Frontier 

in Antifungal Therapy. mBio, 11: e02123–02120. 

de Oliveira S.S.S., Cherene M.B., Taveira G.B., Mello É., Carvalho A.D., Gomes V.M. (2025). Plant 

Antimicrobial Peptides and Their Main Families and Roles: A Review of the Literature. Curr. Issues 

Mol. Biol., 47: 34. 

DiNubile M.J., Lipsky B.A. (2004). Complicated infections of skin and skin structures: when the 

infection is more than skin deep. J. Antimicrob. Chemother., 53: 37–50. 

Dong B., Wang Y.J., Cui G.R., Wang Y.A., Lin Y.J., Su Z.W., Zhao G.Z. (2024). In vitro antimicrobial 

activity of the novel antimicrobial peptide mytimacin-4 and its influence on the microbial community 

and quality of pork during refrigerated storage. Food Control, 163: 110486. 

Dubos R.J. (1939). Studies on a bactericidal agent extracted from a soil bacillus II. Protective effect of 

the bactericidal agent against experimental pneumococcus infections in mice. The Journal of 

experimental medicine, 70: 11–17. 

Dubos R.J., Hotchkiss R.D. (1941). The production of bactericidal substances by aerobic sporulating 

bacilli. The Journal of experimental medicine, 73: 629–640. 

El-Kazzaz S.S., Abou El-Khier N.T. (2020). Effect of the lantibiotic nisin on inhibitory and bactericidal 

activities of antibiotics used against vancomycin-resistant enterococci. J. Glob. Antimicrob. Resist., 

22: 263–269. 

Feng J.S., Wang L., Xie Y.S., Chen Y.B., Yi H.B., He D.S. (2020). Effects of antimicrobial peptide 

cathelicidin-BF on diarrhea controlling, immune responses, intestinal inflammation and intestinal 

barrier function in piglets with postweaning diarrhea. Int. Immunopharmacol., 85: 106658. 

Fernandez D.I., Le Brun A.P., Whitwell T.C., Sani M.A., James M., Separovic F. (2012). The 

antimicrobial peptide aurein 1.2 disrupts model membranes via the carpet mechanism. Phys. Chem. 

Chem. Phys., 14: 15739–15751. 

Gamage Y.I., Pan J.J. (2024). Nanoscale Perturbations of Lipid Bilayers Induced by Magainin 2: 

Insights from AFM Imaging and Force Spectroscopy. Chem. Phys. Lipids, 263: 105421. 

Gani Z., Kumar A., Raje M., Raje C.I. (2025). Antimicrobial peptides: An alternative strategy to 

combat antimicrobial resistance. Drug Discov. Today, 30: 104305. 

Gil T.D.C., Moleón M.S., Marelli B.E., Siroski P.A. (2024). Host defense peptides in crocodilians - A 

comprehensive review. Peptides, 182: 171312. 

Goda T., Goto Y., Ishihara K. (2010). Cell-penetrating macromolecules: Direct penetration of 

amphipathic phospholipid polymers across plasma membrane of living cells. Biomaterials, 31: 2380–

2387. 



Graf M., Mardirossian M., Nguyen F., Seefeldt A.C., Guichard G., Scocchi M., Innis C.A., Wilson 

D.N. (2017). Proline-rich antimicrobial peptides targeting protein synthesis. Nat. Prod. Rep., 34: 702–

711. 

Habelreeh H.H., Athinarayanan J., Periasamy V.S., Alshatwi A.A. (2025). Antioxidant activity and 

immunocompatibility of Maillard reaction carbon dots derived from arginine-glucose model system. 

Food Biosci., 64: 105916. 

Hale J.D., Hancock R.E. (2007). Alternative mechanisms of action of cationic antimicrobial peptides 

on bacteria. Expert Rev. Anti-Infect. Ther., 5: 951–959. 

He S., Stone T.A., Deber C.M. (2021). Uncoupling Amphipathicity and Hydrophobicity: Role of 

Charge Clustering in Membrane Interactions of Cationic Antimicrobial Peptides. Biochemistry, 60: 

2586–2592. 

He S.S., Yang K., Wen J.W., Kuang T., Cao Z.H., Zhang L.N., Han S.F., Jian S.Y., Chen X., Zhang 

L.M., et al. (2023). Antimicrobial Peptides Relieve Transportation Stress in Ragdoll Cats by 

Regulating the Gut Microbiota. Metabolites, 13: 326. 

Heilborn J.D., Nilsson M.F., Kratz G., Weber G., Sorensen O., Borregaard N., Ståhle-Bäckdahl M. 

(2003). The cathelicidin anti-microbial peptide LL-37 is involved in re-epithelialization of human skin 

wounds and is lacking in chronic ulcer epithelium. J. Invest. Dermatol., 120: 379–389. 

Heydari H., Golmohammadi R., Mirnejad R., Tebyanian H., Fasihi-Ramandi M., Moghaddam M.M. 

(2021). Antiviral peptides against Coronaviridae family: A review. Peptides, 139: 170526. 

Hotchkiss R.D., Dubos R.J. (1940). Fractionation of the bactericidal agent from cultures of a soil 

bacillus. Journal of Biological Chemistry, 132: 791–792. 

Huang H.W. (2020). DAPTOMYCIN, its membrane-active mechanism vs. that of other antimicrobial 

peptides. Biochim. Biophys. Acta-Biomembr., 1862: 183395. 

Huang L.J., Tao S.K., Zhu Y., Pan Y.G., Zhang Z.K., Yu Z.Q., Chen Y.Z. (2023). Regulation of 

Embden-Meyerhof-Parnas (EMP) Pathway and Tricarboxylic Acid (TCA) Cycle Concerning Aberrant 

Chilling Injury Behavior in Postharvest Papaya (Carica papaya L.). Int. J. Mol. Sci., 24: 13898. 

Huang L.Y., Chen D., Wang L., Lin C., Ma C.B., Xi X.P., Chen T.B., Shaw C., Zhou M. (2017). 

Dermaseptin-PH: A Novel Peptide with Antimicrobial and Anticancer Activities from the Skin 

Secretion of the South American Orange-Legged Leaf Frog, Pithecopus (Phyllomedusa) 

hypochondrialis. Molecules, 22: 1805. 

Huang W.P., Baliga C., Aleksandrova E., Atkinson G., Polikanov Y.S., Vázquez-Laslop N., Mankin 

A.S. (2024). Activity, structure, and diversity of Type II proline-rich antimicrobial peptides from 

insects. EMBO Rep., 25: 5194–5211. 

Isogai E., Isogai H., Takahashi K., Okumura K., Savage P.B. (2009). Ceragenin CSA-13 exhibits 

antimicrobial activity against cariogenic and periodontopathic bacteria. Oral Microbiol. Immunol., 24: 

170–172. 

Izadi N., Keikha M., Ghazvini K., Karbalaei M. (2020). Oral antimicrobial peptides and new 

therapeutic strategies for plaque- mediated diseases. Gene Rep., 21: 100811. 

Javia A., Misra A., Thakkar H. (2022). Design and pharmacodynamic evaluation of DPK-060 loaded 



Nanostructured lipid carrier embedded gel for dermal delivery: A novel approach in the treatment of 

atopic dermatitis. Colloid Surf. B-Biointerfaces, 217: 112658. 

Jayakumar J., Vinod V., Biswas L., Kumar V.A., Biswas R. (2023). Exploring alternative strategies for 

Staphylococcus aureus nasal decolonization: insights from preclinical studies. Lett. Appl. Microbiol., 

76: ovad137. 

Jenssen H., Andersen J.H., Uhlin-Hansen L., Gutteberg T.J., Rekdal O. (2004). Anti-HSV activity of 

lactoferricin analogues is only partly related to their affinity for heparan sulfate. Antiviral Res., 61: 

101–109. 

Ji Q.C., Zhou B.X., Shen T., Jiang T.Y., Cheng C., He B.F. (2023). The lasso structure, biosynthesis, 

bioactivities and potential applications of Microcin J25: A novel antibacterial agent with unique 

mechanisms. Engineering microbiology, 3: 100096. 

Kang X.Y., Dong F.Y., Shi C., Liu S.C., Sun J., Chen J.X., Li H.Q., Xu H.M., Lao X.Z., Zheng H. 

(2019). DRAMP 2.0, an updated data repository of antimicrobial peptides. Sci. Data, 6: 148. 

Kawaguchi Y., Hagiwara D., Miyata T., Hodai Y., Kurimoto J., Takagi H., Suga H., Kobayashi T., 

Sugiyama M., Onoue T., et al. (2020). Endoplasmic reticulum chaperone BiP/GRP78 knockdown leads 

to autophagy and cell death of arginine vasopressin neurons in mice. Sci Rep, 10: 19730. 

Kayama H., Takeda K. (2014). Polysaccharide A of Bacteroides fragilis: Actions on Dendritic Cells 

and T Cells. Mol. Cell, 54: 206–207. 

Keshri A.K., Rawat S.S., Chaudhary A., Sharma S., Kapoor A., Mehra P., Kaur R., Mishra A., Prasad 

A. (2025). LL-37, the master antimicrobial peptide, its multifaceted role from combating infections to 

cancer immunity. Int. J. Antimicrob. Agents, 65: 107398. 

Khan I., Oh D.H. (2016). Integration of nisin into nanoparticles for application in foods. Innov. Food 

Sci. Emerg. Technol., 34: 376–384. 

Khavani M., Mehranfar A., Mofrad M.R.K. (2024). Antimicrobial peptide interactions with bacterial 

cell membranes. J. Biomol. Struct. Dyn.: 11–14. 

Koch P., Schmitt S., Heynisch A., Gumpinger A., Wüthrich I., Gysin M., Shcherbakov D., Hobbie S.N., 

Panke S., Held M. (2022). Optimization of the antimicrobial peptide Bac7 by deep mutational scanning. 

BMC Biol., 20: 114. 

Koehbach J. (2017). Structure-Activity Relationships of Insect Defensins. Front. Chem., 5: 45. 

Kokryakov V.N., Harwig S.S., Panyutich E.A., Shevchenko A.A., Aleshina G.M., Shamova O.V., 

Korneva H.A., Lehrer R.I. (1993). Protegrins: leukocyte antimicrobial peptides that combine features 

of corticostatic defensins and tachyplesins. FEBS letters, 327: 231–236. 

Korver D.R. (2023). Review: Current challenges in poultry nutrition, health, and welfare. Animal, 17: 

100755. 

Kragol G., Lovas S., Varadi G., Condie B.A., Hoffmann R., Otvos L. (2001). The antibacterial peptide 

pyrrhocoricin inhibits the ATPase actions of DnaK and prevents chaperone-assisted protein folding. 

Biochemistry, 40: 3016–3026. 

Kumari S., Booth V. (2022). Antimicrobial Peptide Mechanisms Studied by Whole-Cell Deuterium 

NMR. Int. J. Mol. Sci., 23: 11. 



Lai Z.H., Yuan X.J., Chen H.Y., Zhu Y.H., Dong N., Shan A.S. (2022). Strategies employed in the 

design of antimicrobial peptides with enhanced proteolytic stability. Biotechnol. Adv., 59: 107962. 

Lal J., Kaul G., Akhir A., Saxena D., Dubkara H., Shekhar S., Chopra S., Reddy D.N. (2023). β-Turn 

editing in Gramicidin S: Activity impact on replacing proline α-carbon with stereodynamic nitrogen. 

Bioorganic Chem., 138: 106641. 

Lan Y., Ye Y., Kozlowska J., Lam J.K.W., Drake A.F., Mason A.J. (2010). Structural contributions to 

the intracellular targeting strategies of antimicrobial peptides. Biochimica et Biophysica Acta (BBA) 

– Biomembranes, 1798: 1934–1943. 

Langham A.A., Ahmad A.S., Kaznessis Y.N. (2008). On the nature of antimicrobial activity: A model 

for protegrin-1 pores. J. Am. Chem. Soc., 130: 4338–4346. 

Le C.F., Fang C.M., Sekaran S.D. (2017). Intracellular Targeting Mechanisms by Antimicrobial 

Peptides. Antimicrob. Agents Chemother., 61: e02340. 

Lee W., Lee D.G. (2014). Magainin 2 Induces Bacterial Cell Death Showing Apoptotic Properties. 

Curr. Microbiol., 69: 794–801. 

Li R.F., Zhang R.L., Yang Y.H., Wang X.Q., Yi Y.J., Fan P., Liu Z.W., Chen C., Chang J.P. (2018). 

CGA-N12, a peptide derived from chromogranin A, promotes apoptosis of Candida tropicalis by 

attenuating mitochondrial functions. Biochem. J., 475: 1385–1396. 

Li T.X., Li L.L., Du F.Y., Sun L., Shi J.C., Long M., Chen Z.L. (2021). Activity and Mechanism of 

Action of Antifungal Peptides from Microorganisms: A Review. Molecules, 26: 3438. 

Li Y.Z., Xiao H.Q., Liu M., Wang L., Zeng M.Q., Zhao M.M. (2023). Non-Cytoplasmic Membrane 

Damage Antimicrobial Mechanism of Metal Antimicrobial Peptide SIF4 Against Escherichia coli 

Based on Cell Wall Target. Journal of Food Science and Biotechnology, 42: 78–83. 

Li Y.Z., Xiao H.Q., Wang L., Liu M., Zeng M.Y., Cao D., Zhao M.M. (2022). Antimicrobial 

mechanism of metal antimicrobial peptide SIF_4 against Escherichia coli based on glucose metabolism 

pathway and cytoplasmic membrane oxidative damage. Food and Fermentation Industries, 48: 122–

129. 

Liang Q.P., Cao L.Y., Zhu C.L., Kong Q., Sun H., Zhang F., Mou H.J., Liu Z.M. (2022). 

Characterization of Recombinant Antimicrobial Peptide BMGlv2 Heterologously Expressed in 

Trichoderma reesei. Int. J. Mol. Sci., 23: 10291. 

Liang Q.P., Liu Z.M., Liang Z.Y., Zhu C.L., Li D.Y., Kong Q., Mou H.J. (2024). Development 

strategies and application of antimicrobial peptides as future alternatives to in-feed antibiotics. Sci. 

Total Environ., 927: 172150. 

Lillebak E.M.S., Kallipolitis B.H. (2024). Experimental Validation of RNA-RNA Interactions by 

Electrophoretic Mobility Shift Assay. Methods in molecular biology (Clifton, N.J.), 2741: 195–206. 

Lin S.H., Chen X., Chen H.M., Cai X.X., Chen X., Wang S.Y. (2023). The Bioprospecting of 

Microbial-Derived Antimicrobial Peptides for Sustainable Agriculture. Engineering, 27: 222–233. 

Linde A., Wachter B., Höner O.P., Dib L., Ross C., Tamayo A.R., Blecha F., Melgarejo T. (2009). 

Natural History of Innate Host Defense Peptides. Probiotics Antimicrob. Proteins, 1: 97–112. 

Lipiski M., Deuel J.W., Baek J.H., Engelsberger W.R., Buehler P.W., Schaer D.J. (2013). Human Hp1-



1 and Hp2-2 Phenotype-Specific Haptoglobin Therapeutics Are Both Effective In Vitro and in Guinea 

Pigs to Attenuate Hemoglobin Toxicity. Antioxid. Redox Signal., 19: 1619–1633. 

Liu D.L., Liu J., Wang W.L., Xia L.J., Yang J.H., Sun S.R., Zhang F.C. (2016). Computational and 

Experimental Investigation of the Antimicrobial Peptide Cecropin XJ and its Ligands as the Impact 

Factors of Antibacterial Activity. Food Biophys., 11: 319–331. 

Liu X.R., Wang L.Y., Zhuang H.R., Yang Z.H., Jiang G.Q., Liu Z. (2022). Promoting intestinal IgA 

production in mice by oral administration with anthocyanins. Front. Immunol., 13: 826597. 

Liu Y.C., Gong H.N., Wang Z.W., Yuan C.Q., Lu J.R., Yan X.H. (2023a). Treatment of Superbug 

Infection through a Membrane-Disruption and Immune-Regulation Cascade Effect Based on 

Supramolecular Peptide Hydrogels. Adv. Funct. Mater., 33: 8. 

Liu Z.Y., Yang H.L., Li S., Cai G.H., Ye J.D., Zhang C.X., Sun Y.Z. (2024). Paraprobiotic and 

postbiotic forms of Bacillus siamensis improved growth, immunity, liver and intestinal health in 

Lateolabrax maculatus fed soybean meal diet. Fish Shellfish Immunol., 145: 109370. 

Liu Z.Y., Yang H.L., Wei C.Y., Cai G.H., Ye J.D., Zhang C.X., Sun Y.Z. (2023b). Commensal Bacillus 

siamensis LF4 induces antimicrobial peptides expression via TLRs and NLRs signaling pathways in 

intestinal epithelial cells of Lateolabrax maculatus. Fish Shellfish Immunol., 134: 108634. 

Liu Z.Y., Zeng M.Y., Dong S.Y., Xu J., Song H.X., Zhao Y.H. (2007). Effect of an antifungal peptide 

from oyster enzymatic hydrolysates for control of gray mold (Botrytis cinerea) on harvested 

strawberries. Postharvest Biol. Technol., 46: 95–98. 

Lorenzón E.N., Cespedes G.F., Vicente E.F., Nogueira L.G., Bauab T.M., Castro M.S., Cilli E.M. 

(2012). Effects of Dimerization on the Structure and Biological Activity of Antimicrobial Peptide Ctx-

Ha. Antimicrob. Agents Chemother., 56: 3004–3010. 

Luo X.Y., Hu C.M., Yin Q., Zhang X.M., Liu Z.Z., Zhou C.K., Zhang J.G., Chen W., Yang Y.J. (2024). 

Dual-Mechanism Peptide SR25 has Broad Antimicrobial Activity and Potential Application for 

Healing Bacteria-infected Diabetic Wounds. Adv. Sci., 11: 2401793. 

Luo Y., Song Y.Z. (2021). Mechanism of Antimicrobial Peptides: Antimicrobial, Anti-Inflammatory 

and Antibiofilm Activities. Int. J. Mol. Sci., 22: 11401. 

Lutfiyati H., At Thobari J., Yasin N.M., Ikawati Z. (2024). Evaluation of antibiotics in pediatrics using 

the defined daily doses method and the World Health Organization (WHO) access, watch, and reserve 

classification (AWaRe 2021): a cross-sectional study. Pan Afr. Med. J., 48: 88. 

Ma X., Wang Q., Ren K.X., Xu T.T., Zhang Z.G., Xu M.J., Rao Z.M., Zhang X. (2024). A Review of 

Antimicrobial Peptides: Structure, Mechanism of Action, and Molecular Optimization Strategies. 

Fermentation, 10: 540. 

Mahajan S., Choudhary S., Kumar P., Tomar S. (2021). Antiviral strategies targeting host factors and 

mechanisms obliging plus ssRNA viral pathogens. Bioorg. Med. Chem., 46: 116356. 

Mardirossian M., Pérébaskine N., Benincasa M., Gambato S., Hofmann S., Huter P., Müller C., Hilpert 

K., Innis C.A., Tossi A., Wilson D.N. (2018). The Dolphin Proline-Rich Antimicrobial Peptide Tur1A 

Inhibits Protein Synthesis by Targeting the Bacterial Ribosome. Cell Chem. Biol., 25: 530-+. 

Márton R.A., Sebök C., Mackei M., Tráj P., Vörösházi J., Kemény A., Neogrády Z., Mátis G. (2024). 



Cecropin A: investigation of a host defense peptide with multifaceted immunomodulatory activity in 

a chicken hepatic cell culture. Front. Vet. Sci., 11: 1337677. 

Matsuzaki K., Murase O., Fujii N., Miyajima K. (1996). An antimicrobial peptide, magainin 2, induced 

rapid flip-flop of phospholipids coupled with pore formation and peptide translocation. Biochemistry, 

35: 11361–11368. 

Mba I.E., Nweze E.I. (2022). Antimicrobial Peptides Therapy: An Emerging Alternative for Treating 

Drug-Resistant Bacteria. Yale J. Biol. Med., 95: 445–463. 

Min H.J., Yun H., Ji S., Rajasekaran G., Kim J.I., Kim J.S., Shin S.Y., Lee C.W. (2017). Rattusin 

structure reveals a novel defensin scaffold formed by intermolecular disulfide exchanges. Sci Rep, 7: 

45282. 

Mu L.X., Tang J., Liu H., Shen C.B., Rong M.Q., Zhang Z.Y., Lai R. (2014). A potential wound-

healing-promoting peptide from salamander skin. Faseb J., 28: 3919–3929. 

Mukhopadhyay J., Sineva E., Knight J., Levy R.M., Ebright R.H. (2004). Antibacterial peptide 

microcin J25 inhibits transcription by binding within and obstructing the RNA polymerase secondary 

channel. Mol. Cell, 14: 739–751. 

Mulani M.S., Kamble E.E., Kumkar S.N., Tawre M.S., Pardesi K.R. (2019). Emerging Strategies to 

Combat ESKAPE Pathogens in the Era of Antimicrobial Resistance: A Review. Front. Microbiol., 10: 

539. 

Müller A., Wenzel M., Strahl H., Grein F., Saaki T.N.V., Kohl B., Siersma T., Bandow J.E., Sahl H.G., 

Schneider T., Hamoen L.W. (2016). Daptomycin inhibits cell envelope synthesis by interfering with 

fluid membrane microdomains. Proceedings of the National Academy of Sciences of the United States 

of America, 113: E7077–E7086. 

Nagao T., Mishima D., Javkhlantugs N., Wang J., Ishioka D., Yokota K., Norisada K., Kawamura I., 

Ueda K., Naito A. (2015). Structure and orientation of antibiotic peptide alamethicin in phospholipid 

bilayers as revealed by chemical shift oscillation analysis of solid state nuclear magnetic resonance 

and molecular dynamics. Biochim. Biophys. Acta-Biomembr., 1848: 2789–2798. 

Nayab S., Aslam M.A., Rahman S.U., Sindhu Z.U.D., Sajid S., Zafar N., Razaq M., Kanwar R., 

Amanullah (2022). A Review of Antimicrobial Peptides: Its Function, Mode of Action and Therapeutic 

Potential. Int. J. Pept. Res. Ther., 28: 46. 

Neghabi Hajigha M., Hajikhani B., Vaezjalali M., Samadi Kafil H., Kazemzadeh Anari R., Goudarzi 

M. (2024). Antiviral and antibacterial peptides: Mechanisms of action. Heliyon, 10: e40121. 

Neikirk K., Lopez E.G., Marshall A.G., Alghanem A., Krystofiak E., Kula B., Smith N., Shao J.Q., 

Katti P., Hinton A., Jr. (2023). Call to action to properly utilize electron microscopy to measure 

organelles to monitor disease. Eur. J. Cell Biol., 102: 151365. 

Ngunguni S.M., Moodley A., Msefula C., Mkakosya R., Muloi D.M. (2024). Patterns and drivers of 

antibiotic use in small-scale broiler production systems in Lilongwe District, Malawi. Prev. Vet. Med., 

230: 106263. 

Nguyen L.T., Haney E.F., Vogel H.J. (2011). The expanding scope of antimicrobial peptide structures 

and their modes of action. Trends Biotechnol., 29: 464–472. 



Nicolas P. (2009). Multifunctional host defense peptides: intracellular-targeting antimicrobial peptides. 

Febs J., 276: 6483–6496. 

Ohradanova-Repic A., Prazenicová R., Gebetsberger L., Moskalets T., Skrabana R., Cehlar O., Tajti 

G., Stockinger H., Leksa V. (2023). Time to Kill and Time to Heal: The Multifaceted Role of 

Lactoferrin and Lactoferricin in Host Defense. Pharmaceutics, 15: 1056. 

Organization W.H. (2019). No time to Wait: Securing the future from drug-resistant infections. In. 

Otvos L., O I., Rogers M.E., Consolvo P.J., Condie B.A., Lovas S., Bulet P., Blaszczyk-Thurin M. 

(2000). Interaction between heat shock proteins and antimicrobial peptides. Biochemistry, 39: 14150–

14159. 

Ouyang K., Chen T., Sun R.P., Xie Y.L., Qi Q., Li X., Liu J., Liu Q.W., Wei L.M. (2024). Effects of 

dietary cecropin on growth performance, diarrhea rate and intestinal health of nursery Hainan pigs. 

Front. Microbiol., 15: 1298703. 

Owliaee I., Khaledian M., Shojaeian A., Madanchi H., Yarani R., Boroujeni A.K., Shoushtari M. 

(2025). Antimicrobial Peptides Against Arboviruses: Mechanisms, Challenges, and Future Directions. 

Probiotics Antimicrob. Proteins: 28. 

Pálffy R., Gardlík R., Behuliak M., Kadasi L., Turna J., Celec P. (2009). On the Physiology and 

Pathophysiology of Antimicrobial Peptides. Mol. Med., 15: 51–59. 

Pandidan S., Mechler A. (2025). Nano-viscosimetry analysis of membrane disrupting peptide 

magainin2 interactions with model membranes. Biophys. Chem., 318: 107390. 

Papy-Garcia D., Albanese P. (2017). Heparan sulfate proteoglycans as key regulators of the 

mesenchymal niche of hematopoietic stem cells. Glycoconjugate J., 34: 377–391. 

Peredo-Lovillo A., Romero-Luna H.E., Jiménez-Fernández M. (2020). Health promoting microbial 

metabolites produced by gut microbiota after prebiotics metabolism. Food Res. Int., 136: 109473. 

Piktel E., Wnorowska U., Gorbacz-Kononczuk J., Sienkiewicz J., Gluszek K., Okla S., Bucki R. (2024). 

From antimicrobial to anticancer: unraveling the potential of pleurocidin and pleurocidin-derived 

peptides in the treatment of cancers. Front. Pharmacol., 15: 1340029. 

Pirtskhalava M., Vishnepolsky B., Grigolava M., Managadze G. (2021). Physicochemical Features and 

Peculiarities of Interaction of AMP with the Membrane. Pharmaceuticals, 14: 471. 

Porcelli F., Ramamoorthy A., Barany G., Veglia G. (2013). On the Role of NMR Spectroscopy for 

Characterization of Antimicrobial Peptides. In Membrane Proteins: Folding, Association, and Design, 

G. Ghirlanda, and A. Senes, eds. (Humana Press Inc),  159–180. 

Pouny Y., Rapaport D., Mor A., Nicolas P., Shai Y. (1992). Interaction of antimicrobial dermaseptin 

and its fluorescently labeled analogues with phospholipid membranes. Biochemistry, 31: 12416–12423. 

Prince A., Sandhu P., Ror P., Dash E., Sharma S., Arakha M., Jha S., Akhter Y., Saleem M. (2017). 

Lipid-II Independent Antimicrobial Mechanism of Nisin Depends On Its Crowding And Degree Of 

Oligomerization Sci Rep, 7: 41346. 

Priyadarshini D., Ivica J., Separovic F., de Planque M.R.R. (2022). Characterisation of cell membrane 

interaction mechanisms of antimicrobial peptides by electrical bilayer recording. Biophys. Chem., 281: 

106721. 



Pu C.F., Tang W.T. (2017). Affinity and selectivity of anchovy antibacterial peptide for Staphylococcus 

aureus cell membrane lipid and its application in whole milk. Food Control, 72: 153–163. 

Rai M., Pandit R., Gaikwad S., Kövics G. (2016). Antimicrobial peptides as natural bio-preservative 

to enhance the shelf-life of food. J. Food Sci. Technol.-Mysore, 53: 3381–3394. 

Ramakrishna C., Kujawski M., Chug H., Li L., Mazmanian S.K., Cantin E.M. (2019). Bacteroides 

fragilis polysaccharide A induces IL-10 secreting B and T cells that prevent viral encephalitis. Nat. 

Commun., 10: 2153. 

Ramos-Martín F., D'Amelio N. (2021). Molecular Basis of the Anticancer and Antibacterial Properties 

of CecropinXJ Peptide: An In Silico Study. Int. J. Mol. Sci., 22: 691. 

Ran Y., Shehzadi K., Liang J.H., Yu M.J. (2024). Rationally Designed Novel Antimicrobial Peptides 

Targeting Chitin Synthase for Combating Soybean Phytophthora Blight. Int. J. Mol. Sci., 25: 3512. 

Ranjbar R., Alam M. (2022). Antimicrobial Resistance Collaborators. Global burden of bacterial 

antimicrobial resistance in 2019: a systematic analysis. Lancet, 400: 1102–1102. 

Rapaport D., Shai Y. (1991). Interaction of fluorescently labeled pardaxin and its analogues with lipid 

bilayers. The Journal of biological chemistry, 266: 23769–23775. 

Rausch S., Hänchen A., Denisiuk A., Löhken M., Schneider T., Süssmuth R.D. (2011). Feglymycin is 

an Inhibitor of the Enzymes MurA and MurC of the Peptidoglycan Biosynthesis Pathway. 

ChemBioChem, 12: 1171–1173. 

Rautenbach M., Troskie A.M., Vosloo J.A. (2016). Antifungal peptides: To be or not to be membrane 

active. Biochimie, 130: 132–145. 

Rubio-Olaya D., Cifuentes J., Ruiz-Puentes P., Castañeda O., Reyes L., Duitama J., Muñoz C., Cruz J. 

(2022). Buforin II- Escherichia coli’s DNA interactome: Detailed biophysical characterization 

revealed nanoscale complexes likely formed by DNA supercoiling. bioRxiv. 

Sakr A., Brégeon F., Rolain J.M., Blin O. (2019). Staphylococcus aureus nasal decolonization 

strategies: a review. Expert Rev. Anti-Infect. Ther., 17: 327–340. 

Salnikov E.S., Bechinger B. (2011). Lipid-Controlled Peptide Topology and Interactions in Bilayers: 

Structural Insights into the Synergistic Enhancement of the Antimicrobial Activities of PGLa and 

Magainin 2. Biophys. J., 100: 1473–1480. 

Satchanska G., Davidova S., Gergova A. (2024). Diversity and Mechanisms of Action of Plant, Animal, 

and Human Antimicrobial Peptides. Antibiotics-Basel, 13: 202. 

Schneider V.A.F., Coorens M., Ordonez S.R., Tjeerdsma-van Bokhoven J.L.M., Posthuma G., van Dijk 

A., Haagsman H.P., Veldhuizen E.J.A. (2016). Imaging the antimicrobial mechanism(s) of 

cathelicidin-2. Sci Rep, 6: 32948. 

Schreier S., Paulino J., Carretero G.P.B., Barbosa L.R.S., Cilli E.M., Alvarez C., Ros U. (2025). 

Extension of sticholysins N-terminal α-helix signals membrane lipids to acquire curvature for toroidal 

pore formation. Biochem. Biophys. Res. Commun., 742: 151071. 

Seefeldt A.C., Graf M., Perebaskine N., Nguyen F., Arenz S., Mardirossian M., Scocchi M., Wilson 

D.N., Innis C.A. (2016). Structure of the mammalian antimicrobial peptide Bac7(1–16) bound within 

the exit tunnel of a bacterial ribosome. Nucleic Acids Res., 44: 2429–2438. 



Shafee T.M.A., Lay F.T., Phan T.K., Anderson M.A., Hulett M.D. (2017). Convergent evolution of 

defensin sequence, structure and function. Cell. Mol. Life Sci., 74: 663–682. 

Shahmiri M., Enciso M., Mechler A. (2015). Controls and constrains of the membrane disrupting 

action of Aurein 1.2. Sci Rep, 5: 16378. 

Shai Y. (2002). Mode of action of membrane active antimicrobial peptides. Biopolymers, 66: 236–248. 

Sharma A., Singh G., Bhatti J.S., Gill S.K., Arya S.K. (2025). Antifungal peptides: Therapeutic 

potential and challenges before their commercial success. Int. J. Biol. Macromol., 284: 137957. 

Shaw J.E., Alattia J.R., Verity J.E., Privé G.G., Yip C.M. (2006). Mechanisms of antimicrobial peptide 

action:: Studies of indolicidin assembly at model membrane interfaces by in situ atomic force 

microscopy. J. Struct. Biol., 154: 42–58. 

Shi Y.N., Li Y.F., Yang K., Wei G.Q., Huang A.X. (2022). Antimicrobial Peptide BCp12 Inhibits 

Staphylococcus aureus Growth by Altering Lysine Malonylation Levels in the Arginine Synthesis 

Pathway. J. Agric. Food Chem., 70: 403–414. 

Singh D., Vaughan R., Kao C.C. (2014). LL-37 peptide enhancement of signal transduction by Toll-

like receptor 3 is regulated by pH: identification of a peptide antagonist of LL-37. Journal of Biological 

Chemistry, 289: 27614–27624. 

Skalickova S., Heger Z., Krejcova L., Pekarik V., Bastl K., Janda J., Kostolansky F., Vareckova E., 

Zitka O., Adam V., Kizek R. (2015). Perspective of Use of Antiviral Peptides against Influenza Virus. 

Viruses-Basel, 7: 5428–5442. 

Souza A.L.A., Díaz-Dellavalle P., Cabrera A., Larrañaga P., Dalla-Rizza M., De-Simone S.G. (2013). 

Antimicrobial activity of pleurocidin is retained in Plc-2, a C-terminal 12-amino acid fragment. 

Peptides, 45: 78–84. 

Staczek S., Kunat-Budzynska M., Cytrynska M., Zdybicka-Barabas A. (2024). Proline-Rich 

Antimicrobial Peptides from Invertebrates. Molecules, 29: 5864. 

Struyfs C., Cammue B.P.A., Thevissen K. (2021). Membrane-Interacting Antifungal Peptides. Front. 

Cell. Dev. Biol., 9: 649875. 

Sugden R., Kelly R., Davies S. (2016). Combatting antimicrobial resistance globally. Nat. Microbiol, 

1: 16187. 

Sui X., Arlt H., Brock K.P., Lai Z.W., DiMaio F., Marks D.S., Liao M., Farese R.V., Walther T.C. 

(2018). Cryo-electron microscopy structure of the lipid droplet-formation protein seipin. Mol. Biol. 

Cell, 29: P3204. 

Sukmarini L. (2022). Antiviral Peptides (AVPs) of Marine Origin as Propitious Therapeutic Drug 

Candidates for the Treatment of Human Viruses. Molecules, 27: 2619. 

Swana K.W., Nagarajan R., Camesano T.A. (2021). Atomic Force Microscopy to Characterize 

Antimicrobial Peptide-Induced Defects in Model Supported Lipid Bilayers. Microorganisms, 9: 1975. 

Talapko J., Mestrovic T., Juzbasic M., Tomas M., Eric S., Aleksijevic L.H., Bekic S., Schwarz D., 

Matic S., Neuberg M., Skrlec I. (2022). Antimicrobial Peptides-Mechanisms of Action, Antimicrobial 

Effects and Clinical Applications. Antibiotics-Basel, 11: 1417. 

Thapa R.K., Diep D.B., Tonnesen H.H. (2020). Topical antimicrobial peptide formulations for wound 



healing: Current developments and future prospects. Acta Biomater., 103: 52–67. 

Thomson A.M., Rogers J.T., Walker C.E., Staton J.M., Leedman P.J. (1999). Optimized RNA gel-shift 

and UV cross-linking assays for characterization of cytoplasmic RNA-protein interactions. 

Biotechniques, 27: 1032-+. 

Tian Y.Y., Wei H.X., Lu F.P., Wu H.Z., Lou D.Z., Wang S.C., Geng T. (2024). Antibacterial mechanism 

and structure-activity relationships of Bombyx mori cecropin A. Insect Mol. Biol., 33: 708–721. 

Tietz J.I., Schwalen C.J., Patel P.S., Maxson T., Blair P.M., Tai H.C., Zakai U.I., Mitchell D.A. (2017). 

A new genome-mining tool redefines the lasso peptide biosynthetic landscape. Nat. Chem. Biol., 13: 

470-+. 

Tong J.R., Zhang Z.H., Wu Q., Huang Z.H., Malakar P.K., Chen L.B., Liu H.Q., Pan Y.J., Zhao Y. 

(2021). Antibacterial peptides from seafood: A promising weapon to combat bacterial hazards in food. 

Food Control, 125: 108004. 

Tsai P.W., Yang C.Y., Chang H.T., Lan C.Y. (2011). Characterizing the Role of Cell-Wall β-1,3-

Exoglucanase Xog1p in Candida albicans Adhesion by the Human Antimicrobial Peptide LL-37. 

PLoS One, 6: e21394. 

Ul Haq I., Maryam S., Shyntum D.Y., Khan T.A., Li F. (2024). Exploring the frontiers of therapeutic 

breadth of antifungal peptides: A new avenue in antifungal drugs. J. Ind. Microbiol. Biotechnol., 51: 

kuae018. 

Uyterhoeven E.T., Butler C.H., Ko D., Elmore D.E. (2008). Investigating the nucleic acid interactions 

and antimicrobial mechanism of buforin II. Febs Letters, 582: 1715–1718. 

Valdez-Miramontes C.E., De Haro-Acosta J., Aréchiga-Flores C.F., Verdiguel-Fernández L., Rivas-

Santiago B. (2021). Antimicrobial peptides in domestic animals and their applications in veterinary 

medicine. Peptides, 142: 170576. 

van der Velden W., van Iersel T.M.P., Blijlevens N.M.A., Donnelly J.P. (2009). Safety and tolerability 

of the antimicrobial peptide human lactoferrin 1-11 (hLF1-11). BMC Med., 7: 44. 

van der Weerden N.L., Bleackley M.R., Anderson M.A. (2013). Properties and mechanisms of action 

of naturally occurring antifungal peptides. Cell. Mol. Life Sci., 70: 3545–3570. 

Wada K., Buchanan B.B. (1981). Purothionin: a seed protein with thioredoxin activity. FEBS Letters, 

124: 237–240. 

Wang C.Z., Zolotarskaya O.Y., Nair S.S., Ehrhardt C.J., Ohman D.E., Wynne K.J., Yadavalli V.K. 

(2016a). Real-Time Observation of Antimicrobial Polycation Effects on Escherichia coli: Adapting 

the Carpet Model for Membrane Disruption to Quaternary Copolyoxetanes. Langmuir, 32: 2975–2984. 

Wang G.S. (2015). Improved Methods for Classification, Prediction, and Design of Antimicrobial 

Peptides. In Computational Peptidology, P. Zhou, and J. Huang, eds. (Humana Press Inc),  43–66. 

Wang G.S., Li X., Wang Z. (2016b). APD3: the antimicrobial peptide database as a tool for research 

and education. Nucleic Acids Res., 44: D1087–D1093. 

Wang J.K., Feng J.W., Kang Y., Pan P.C., Ge J.X., Wang Y., Wang M.Y., Wu Z.X., Zhang X.C., Yu 

J.M., et al. (2025). Discovery of antimicrobial peptides with notable antibacterial potency by an LLM-

based foundation model. Sci. Adv., 11: eads8932. 



Wang J.X., Wei R.B., Song R. (2019). Novel Antibacterial Peptides Isolated from the Maillard 

Reaction Products of Half-Fin Anchovy (Setipinna taty) Hydrolysates/Glucose and Their Mode of 

Action in Escherichia Coli. Mar. Drugs, 17: 47. 

Wang K.L., Tao L.C., Zhu M.F., Yu X.Y., Lu Y.Y., Yuan B., Hu F.L. (2024). Melittin Inhibits Colorectal 

Cancer Growth and Metastasis by Ac-Tivating the Mitochondrial Apoptotic Pathway and Suppressing 

Epithelial-Mesenchymal Transition and Angiogenesis. Int. J. Mol. Sci., 25: 11686. 

Wenzel M., Dekker M.P., Wang B.W., Burggraaf M.J., Bitter W., van Weering J.R.T., Hamoen L.W. 

(2021). A flat embedding method for transmission electron microscopy reveals an unknown 

mechanism of tetracycline. Commun. Biol., 4: 306. 

Wiedemann I., Breukink E., van Kraaij C., Kuipers O.P., Bierbaum G., de Kruijff B., Sahl H.G. (2001). 

Specific binding of nisin to the peptidoglycan precursor lipid II combines pore formation and inhibition 

of cell wall biosynthesis for potent antibiotic activity. Journal of Biological Chemistry, 276: 1772–

1779. 

Wimley W.C. (2010). Describing the Mechanism of Antimicrobial Peptide Action with the Interfacial 

Activity Model. ACS Chem. Biol., 5: 905–917. 

Wimley W.C. (2018). How Does Melittin Permeabilize Membranes? Biophys. J., 114: 251–253. 

Wimley W.C., Hristova K. (2011). Antimicrobial Peptides: Successes, Challenges and Unanswered 

Questions. J. Membr. Biol., 239: 27–34. 

Xie Y., Fleming E., Chen J.L., Elmore D.E. (2011). Effect of proline position on the antimicrobial 

mechanism of buforin II. Peptides, 32: 677–682. 

Yakhnin A.V., Yakhnin H., Babitzke P. (2012). Gel mobility shift assays to detect protein-RNA 

interactions. Methods in molecular biology (Clifton, N.J.), 905: 201–211. 

Yan J.X., Liang X.L., Bai C.J., Zhou L.X., Li J., Wang K.R., Tang Y., Zhao L. (2018). NK-18, a 

promising antimicrobial peptide: anti-multidrug resistant leukemia cells and LPS neutralizing 

properties. Biochimie, 147: 143–152. 

Yang B.B., Good D., Mosaiab T., Liu W., Ni G.Y., Kaur J., Liu X.S., Jessop C., Yang L., Fadhil R., et 

al. (2020a). Significance of LL-37 on Immunomodulation and Disease Outcome. Biomed Res. Int., 

2020: 8349712. 

Yang S., Lee C.W., Kim H.J., Jung H.H., Kim J.I., Shin S.Y., Shin S.H. (2019). Structural analysis and 

mode of action of BMAP-27, a cathelicidin-derived antimicrobial peptide. Peptides, 118: 170106. 

Yang S., Li J., Aweya J.J., Yuan Z.J., Weng W.Y., Zhang Y.L., Liu G.M. (2020b). Antimicrobial 

mechanism of Larimichthys crocea whey acidic protein-derived peptide (LCWAP) against 

Staphylococcus aureus and its application in milk. Int. J. Food Microbiol., 335: 108891. 

Yele V., Azam M.A. (2020). Exploitation of Pare Topoisomerase IV as Drug Target for the Treatment 

of Multidrug-Resistant Bacteria: A Review. Pharm. Chem. J., 54: 462–468. 

Yoon J., Jo Y., Shin S. (2024). Understanding Antimicrobial Peptide Synergy: Differential Binding 

Interactions and Their Impact on Membrane Integrity. J. Phys. Chem. B, 128: 9756–9771. 

Yu X.Z., Yu Y., Liu Z.Y. (2025). Crosstalk Between Intestinal Microbiota and Host Defense Peptides 

in Fish. Biology-Basel, 14: 1243. 



Yuan H.X., Lyu Y., Cui X.X., Zhang C.Z., Meng Q.T. (2024). How antimicrobial peptide indolicidin 

and its derivatives interact with phospholipid membranes: Molecular dynamics simulation. J. Mol. 

Struct., 1312: 138625. 

Zasloff M. (1987). Magainins, a class of antimicrobial peptides from Xenopus skin: isolation, 

characterization of two active forms, and partial cDNA sequence of a precursor. Proceedings of the 

National Academy of Sciences of the United States of America, 84: 5449–5453. 

Zhan B.W., Gao Y.Q., Gao W.Q., Li Y., Li Z.Y., Qi Q., Lan X., Shen H.B., Gan J.H., Zhao G.P., Li J.X. 

(2022). Structural insights of the elongation factor EF-Tu complexes in protein translation of 

Mycobacterium tuberculosis. Commun. Biol., 5: 1052. 

Zhang Z., Chen W.Q., Zhang S.Q., Bai J.X., Lau C.L., Sze S.C.W., Yung K.K.L., Ko J.K.S. (2022). 

The human cathelicidin peptide LL-37 inhibits pancreatic cancer growth by suppressing autophagy 

and reprogramming of the tumor immune microenvironment. Front. Pharmacol., 13: 906625. 

Zhao Q., Shi Y.N., Wang X.F., Huang A.X. (2020). Characterization of a novel antimicrobial peptide 

from buffalo casein hydrolysate based on live bacteria adsorption. J. Dairy Sci., 103: 11116–11128. 

Zheng S.N., Tu Y.H., Li B., Qu G.E., Li A.Q., Peng X.M., Li S.J., Shao C.F. (2025). Antimicrobial 

peptide biological activity, delivery systems and clinical translation status and challenges. J. Transl. 

Med., 23: 292. 

Zhou H.X., Pang X.D. (2018). Electrostatic Interactions in Protein Structure, Folding, Binding, and 

Condensation. Chem. Rev., 118: 1691–1741. 

Zhu C.L., Bai Y.L., Xia X.J., Zhang M., Wu X.L., Wu Y.D., Bai Y.Y., Liu S.Q., Zhang G.P., Hu J.H., 

et al. (2022). Effects of the Antimicrobial Peptide Mastoparan X on the Performance, Permeability and 

Microbiota Populations of Broiler Chickens. Animals, 12: 16. 

Zhu X., Zhang L.C., Wang J., Ma Z., Xu W., Li J.P., Shan A.S. (2015). Characterization of 

antimicrobial activity and mechanisms of low amphipathic peptides with different α-helical propensity. 

Acta Biomater., 18: 155–167. 

Zou X.P., Jiang X.Y., Xu L.Z., Lei T.G., Peng A.H., He Y.R., Yao L.X., Chen S.C. (2017). Transgenic 

citrus expressing synthesized cecropin B genes in the phloem exhibits decreased susceptibility to 

Huanglongbing. Plant Mol.Biol., 93: 341–353. 

 

Received: 31 V 2025 

Accepted: 14 X 2025 

  



Figure captions 

Fig. 1 Membrane permeabilization mechanism of AMPs. (A) Aggregate model. (B) Carpet model. (C) 

Barrel-stave model. (D) Toroidal pore model. 

Fig. 2 Mechanism of intracellular damage. 
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