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Antimicrobial peptides:
natural templates for
next-generation therapeutics
against antimicrobial resistance
Ng Ngashangva, Surmani Huidrom and Indira Sarangthem Devi*

Microbial Resources Division, Institute of Bioresources and Sustainable Development (IBSD) Takyelpat,
Imphal, Manipur, India
Antimicrobial resistance is a growing global health crisis, responsible for nearly

five million deaths annually and projected to double by 2050 as conventional

antibiotics fail against multidrug-resistant pathogens. AMR is aggravated by

antibiotic misuse, weak regulations, inadequate prevention, high treatment

costs, and the limited discovery of new antimicrobials. In this context,

antimicrobial peptides, including natural, synthetic, and computationally

designed variants, have emerged as promising alternatives. AMPs display

broad-spectrum antibacterial, antifungal, antiviral, antiparasitic, antibiofilm, and

immunomodulatory activities, with a lower tendency to induce resistance. Their

mechanisms include membrane disruption, intracellular targeting, immune

modulation, and selective binding to negatively charged microbial membranes.

Structural features such as a-helices, b-sheets, cyclic motifs, and post-

translational modifications enhance potency and specificity. Recent advances

in chemical modification, recombinant expression systems, nanotechnology,

and AI-driven computational approaches have improved AMP stability,

bioavailability, and therapeutic efficacy. Synthetic derivatives like innate

defense regulators and conjugated AMPs further enhance immunomodulatory

properties and reduce toxicity, while combination therapies increase

effectiveness. Challenges remain, including degradation, short half-life,

production costs, and microbial defenses such as biofilms and efflux pumps.

Nevertheless, high-throughput sequencing and screening, structural biology,

and structure–activity relationship studies continue to accelerate AMP

development, positioning them as vital next-generation therapeutics

against AMR.
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Introduction

The discovery of antibiotics revolutionized medicine, extending

human life expectancy and transforming the treatment of infectious

diseases (Harvey et al., 2015). However, as Fleming warned, the

efficacy of penicillin would be temporary, and today antimicrobial

resistance (AMR) has emerged as a critical clinical and public health

crisis (Fleming, 1929; ECDC, 2013). The World Health

Organization (WHO) describes AMR as a “silent pandemic” and

“ticking time bomb,” attributing its rise to antibiotic misuse, weak

regulatory frameworks, inadequate preventive measures, high

medication costs, lack of new antimicrobial, and inequitable

access to clean water (WHO, 2014). In 2019, resistant bacterial

infections were associated with nearly 4.95 million deaths; including

1.27 million directly attributed to AMR, and imposed an economic

burden exceeding $1.7 billion USD (WHO, 2022). By 2050, annual

deaths could reach 10 million, with a projected global economic loss

of $134 trillion, reducing gross domestic product (GDP) by 2-3.8%

(Antimicrob Res Collab, 2022). Conversely, delaying resistance by

even a decade could generate $65 trillion in savings between 2014

and 2050 (Antimicrob Res Collab, 2022).

The burden of AMR is unevenly distributed, with low- and

middle-income countries (LMICs) disproportionately affected due

to unregulated antibiotic sales, inappropriate prescribing, and

extensive use of antimicrobials in agriculture and industry. These

factors, along with globalization, traveling, food chain transmission,

and climate change, accelerate the spread of resistant microbes

(Morar and Wright, 2010; Wellington et al., 2013; WHO, 2022).

Vulnerable populations such as children under five, the elderly,

neonates, and immunocompromised individuals face the highest

risks (Morgan et al., 2011). Seven bacterial groups-Enterococcus

faecium , Staphylococcus aureus , Klebsiella pneumoniae ,

Acinetobacter baumannii , Pseudomonas aeruginosa, and

Enterobacter species (ESKAPEE pathogens) account for over 70%

of AMR-associated deaths, overlapping with the WHO priority

pathogens list (Antimicrob Res Collab, 2022).

Resistance against antibiotics arises through intrinsic microbial

traits or adaptive, acquired, and phenotypic mechanisms (Hughes and

Andersson, 2015; Blair et al., 2014). Environmental dissemination of

antibiotics via agriculture, industrial waste, and animal husbandry

amplifies selection pressure and accelerates resistance (DCosta et al.,

2011; Berendonk et al., 2015). As a result, AMR undermines medical

interventions, including surgery, organ transplantation, cancer therapy,
Abbreviations: API, Active pharmaceutical ingredients; ADME, Absorption,

distribution, metabolism, and excretion; AMR, Antimicrobial resistance; AMPs,

Antimicrobial peptides; BGCs, Biosynthetic gene clusters; CRAMP, Cathelin-

related antimicrobial peptide; D, Dalton; gp41, Glycoprotein 41; HIV-1, Human

immunodeficiency virus; kDa, Kilo Dalton; LMICs, Low and middle income

countries; MCC, Microcin; MW, Molecular weight; MDR, Multidrug-resistant;

MAF-1, Musca domestica antifungal peptide-1; NRPSs, Nonribosomal peptide

synthetases; PIA, Poly-N-acetylglucosamine; QSAR, Quantitative structure-

activity relationship; RSP, Ribosomally synthesize peptide; STAMP, specifically

targeted AMP; SIC, Streptococcal Inhibitor of Complement.
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and HIV treatment (WHO, 2022). Meanwhile, the discovery of new

antibiotics has declined, hindered by long development timelines, rapid

resistance emergence, and poor commercial incentives (Schaberla and

Hack, 2014).

In this context, antimicrobial peptides (AMPs) have gained

increasing attention (Kaspar and Reichert, 2013). In 2020, the global

AMP market was valued at $5 million and is projected to reach $6

million by 2027, representing a compound annual growth rate

(CAGR) of 5.4% (Uhliga et al., 2014; Global Antimicrobial Peptides

Sales Market Report, 2021; Transparency Market Research, 2012).

AMP-based therapeutics are promising against AMR due to their

slower resistance development, broad-spectrum activity, potent

antimicrobial effects, including efficacy against multidrug-resistant

(MDR) and ESKAPEE pathogens and antibiofilm properties,

targeting biofilm which is responsible for 65% of infections

(Fosgerau and Hoffmann, 2015; Brown and Wright, 2016;

Shriwastav et al., 2025; Malmsten, 2014; de la Fuente-Nunez

et al., 2023). They act on multiple cellular components, such as

membrane integrity, cell wall biosynthesis, and cytoplasmic

processes, individually or in combination, while minimizing

damage to non-target cells (Magana et al., 2020). Structurally,

AMPs possess large surface areas, high chirality, and complex

conformations amenable to genetic engineering and chemical

synthesis, and their resemblance to endogenous metabolites

facilitates active transport and enhances biological effects,

including immune modulation (Ganesan, 2008).

Despite these advantages, AMPs face challenges such as low oral

bioavailability, poor plasma stability, short circulation times,

hemolytic effects, and delivery limitations (Muttenthaler et al.,

2021). Orally administered peptides typically have half-lives of

less than 30 minutes due to degradation by gastrointestinal

enzymes and efflux pumps (Asif et al., 2024), and most AMPs

current applications are topical (Cesaro et al., 2023). Strategies like

amino acid modifications and chemical synthesis are being explored

to enhance stability, prolong half-life, improve delivery, and

minimize toxicity (Price and Patel, 2023).

A comprehensive understanding of AMPs’ mechanisms of

action, structural and physicochemical properties, biosynthetic

pathways, metabolism, delivery methods, and resistance

mechanisms is crucial for optimizing therapeutic potential. AMP

databases provide curated information on applications, efficacy

against pathogens, and mechanistic insights to guide rational

design against AMR (Lee et al., 2022; Epand and Vogel, 1999). The

vast diversity of known and unexplored organisms, including

extremophiles and species whose genomes may not have been

exposed to antibiotics underscores the importance of natural AMP

templates, yet only an estimated 3% of bacterial natural product

biosynthetic pathways have been experimentally characterized,

highlighting untapped potential for novel therapeutics (Newman

and Cragg, 2020; Davies, 2011). Structure–activity relationships

(SARs) studies of AMPs hold great potential, as their biological

properties are basically determined by their structure, making them

valuable natural templates to design AMR drugs.

Advances in computational deep learning, artificial intelligence

(AI), and high-throughput experimental platforms have
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significantly accelerated the discovery and chemical modification of

AMPs for preclinical and clinical applications (Magana et al., 2020;

Stokes et al., 2020; Cresti et al., 2024; Cesaro et al., 2025; Zhang,

2025). Complementing these approaches, breakthroughs in whole

genome sequencing (WGS), proteomics, and metabolomics have

enabled identification of novel peptides and metabolites, while

supporting advanced diagnostic development (van der Hooft

et al., 2020). These technologies have strengthened surveillance

and facilitated detection and characterization of antimicrobial

resistance genes (ARGs) (Hendriksen et al., 2019). WGS provides

single-nucleotide resolution for AMR gene detection, pathogen

typing, virulence factor characterization, and tracing genetic

ancestry (Pillay et al., 2022). WGS-based antimicrobial

susceptibility testing (AST), exemplified by the ResFinder tool,

generates reliable in silico antibiograms comparable to

conventional phenotypic methods (Zankari et al., 2012).

Beyond laboratory research, effective strategies to combat AMR

must encompass strengthening health surveillance, promoting

responsible antibiotic use, enhancing resistance monitoring, and

advancing antimicrobial stewardship and infection control at local

and national levels. In countries like India, educational programs

targeting schools, communities, healthcare workers, professionals,

drug manufacturers, vendors, and the public can play a critical role

in these interventions. The growing threat of AMR endangers the

achievement of global Sustainable Development Goals (SDGs),

underscoring the need for interdisciplinary research and

coordinated actions to guide global priority setting, inform public

health policies, and support evidence-based treatment decisions and

reinforced with WHO One Health initiative (WHO, 2022).

In this study, we highlight the health and economic burden of

AMR, AMP sources, structural properties, mechanisms, limitations,

examine their current clinical applications and rediscovering their

potentials. We examine the SARs studies that identify structural

features that govern its biological activities. We further explore how

integrating omics datasets with cutting-edge AI and machine

learning (ML) can accelerate AMP discovery and development,

positioning peptides as effective alternatives to counter resistant.

This review distinguishes itself from earlier work by offering a

comprehensive, integrative examination of AMPs as sustainable,

natural product-based solutions to combat AMR. While previous

reviews often address isolated aspects of AMP biology, this study

considers AMPs holistically as natural molecules, as modifiable

templates for high-throughput innovation, and as entities

increasingly advanced by modern omics- and AI-driven discovery

tools. Developed over the past decade (2015–2025), it aligns with

the One Health framework and synthesizes the key attributes of

AMPs needed to guide the rational design of next-generation

therapeutics against AMR.
Literature search methodology

A structured literature search was conducted using PubMed,

Google Scholar, and Scopus to identify peer-reviewed publications

relevant to antimicrobial resistance (AMR), antimicrobial peptides
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(AMPs), structure–activity relationship (SAR) studies, delivery

technology, and advances in omics and artificial intelligence–

driven peptide discovery. Searches were performed using

combinations of keywords such as “antimicrobial peptides against

antimicrobial resistance”, “antimicrobial peptides,” “AMR,”

“structure–activity relationship,” “peptide stability,” “WGS-based

AMR detection,” “AI and ML in AMPs drug discovery,” and

“peptide in therapeutic applications.” The initial search retrieved

1,298 publications. After an assessment of titles and abstracts, 700

papers were excluded for not meeting the study scope, and 42

papers related to AMPs applications which are not align with our

manuscript were excluded. An additional 268 articles were removed

during full-text screening based on predefined exclusion criteria,

resulting in 288 studies being included in the final synthesis.
Exclusion criteria comprised
• Non-original research (e.g., commentaries, editorials,

conference abstracts).

• Irrelevant focus, including studies unrelated to AMPs,

AMR, SAR, peptide design, or omics technologies.

• Insufficient methodological detail or absence of mechanistic

or experimental data.

• Duplicate publications across search engines.

• Non-English language articles, due to limits in

standardized interpretation.
This approach ensured that only high-quality, relevant, and

methodologically robust studies were included to support the

analysis of AMPs, their mechanisms, limitations, and the

emerging role of computational and omics technologies in

peptide-based drug development.
Source of peptides

The study of biologically active peptides dates back to the early

20th century. In the late 1920s, Alexander Fleming discovered

lysozyme, the first peptide reported with antimicrobial activity

(Fleming, 1929), followed by René Dubos’ isolation of gramicidin

from a soil Bacillus strain in 1939, marking the first clinically tested

antibacterial peptide effective against pneumococcal infections in

mice (Lopes et al., 2022). In the 1980s, Hans Boman identified an

induced cecropin from the hemolymph of Hyalophora cecropia

pupae (Steiner et al., 1981), and subsequently, AMPs were gradually

discovered across multiple phyla and environments (Haas et al.,

1938; Dimarcq et al., 1998; Tomasz, 2006; Maroti et al., 2011;

Jansson and Tas, 2014; Mathieu et al., 2017) (Supplementary Table

S1). As of January 2025, the APD3 database (https://aps.unmc.edu/)

catalogs 5,099 peptides, including 3,306 natural AMPs from six

kingdoms-410 bacterial bacteriocins, 5 from archaea, 8 from

protists, 29 from fungi, 268 from plants, and 2,580 from animals-

along with 1,299 synthetic and 231 computational predicted AMPs

(Wang et al., 2016) (Table 1) (Supplementary Figure S1). Although
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peptides are highly conserved, their evolutionary lineage across

kingdoms remain incompletely understood (Vizioli and Salzet,

2002; Huan et al., 2020). These naturally encrypted peptides are

valuable natural templates for alternative antibiotics and

bioinspired engineered therapies (Torres et al., 2021).

AMPs are produced through diverse biosynthetic pathways

involving post-translational modifications (PTMs) (Wang, 2012).

Non-ribosomal peptides (NRPs) exhibit heightened resistance to

hydrolases and enhanced in vivo stability compared to ribosomally

synthesized peptides (Finking and Marahiel, 2004; Arnison et al.,

2013). In multicellular organisms, ribosomally synthesized AMPs

such as cathelicins are induced as part of the innate immune

response via gene transcription and translation (Ganz, 2003).

NRPs, including bacteriocins, are typically synthesized as

prepropeptides with an N-terminal signal sequence, pro-segment,

and C-terminal cationic peptide, often containing lanthionine, h-

methyllanthionine, and other modifications, forming lantibiotics

which further classified into five classes (Katz and Demain, 1997).

Proteolytic cleavage of larger proteins also yields cryptic AMPs with

distinct functions, contributing to their structural diversity, often

augmented by non-proteinogenic amino acids and extensive PTMs

(Arnison et al., 2013; Wang, 2012). Most extensively studied NRPs

originate from bacteria and fungi, which produce secondary

metabolites (SMs) in ecological niches to compete for resources
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(Seiple et al., 2016; Rosenblueth and Martinez-Romero, 2006;

Friesen et al., 2011; Klaenhammer, 1988; Riley and Wertz, 2002).

Paired omics datasets, peptidogenomics, metabolomics, and high-

throughput ML tools are increasingly used to integrate genomic and

metabolomic data, enabling novel peptide discovery, improved

metabolite annotation, expanded peptide libraries, efficient

dereplication, and streamlined prioritization workflows for

antimicrobial development (Schorn et al., 2021; Srinivas et al.,

2010). Deep learning models now further enable de novo design

of peptides, accelerating AMP discovery (Siegers et al., 1996).

Plant-derived AMPs were first exemplified by purothionin from

wheat flour (Jenssen et al., 2006), and subsequently, several families

have been identified, including thionins, defensins, lipid transfer

proteins, hevein-like peptides, knottin-type peptides, a-hairpins,
snakins, and cyclotides (Höng et al., 2021; Shanmugaraj et al.,

2021). These peptides exhibit antibacterial, antifungal, insecticidal,

and anticancer activities and are widely used in commercial

biopesticides (Fritig et al., 1998; Nawrot et al., 2014). Amphibians,

particularly frogs of genera Xenopus, Silurana, Hymenochirus, and

Pseudhymenochirus (Pipidae family), produce AMPs that protect

against pathogens (Barra and Simmaco, 1995; Huan et al., 2020).

Insects also provide AMPs such as magainins and defensins,

synthesized primarily in fat bodies and blood cells (Bulet et al.,

1999; Torrent et al., 2012). Microbial sources include unculturable
TABLE 1 Peptide based drugs from diverse sources, along with their structures, modes of action, and activities against AMR pathogens.

Peptide Structure Source Mode of action Activity

Defensing b-sheet Human neutrophil,
rabbit, primate

Membrane
permeabilization and/
or lysis

Candida ablicans, anti-enveloped viruses, Anticancer, Broad-spectrum antibacterial,
wound healing, Antiparasite, Immune defense, Staphylococcus aureus

Magainin a-helix Xenopus laevis Permeabilizes
bacterial membrane

C. ablicans, spermicidal

Indolicidin Non-ab Bovine neutrophil Membrane
permeabilization
activity

Escherichia coli, Pseudomonas aeruginosa, Salmonella typhimurium

Cecropin a-helix Chlamydia trochomatis Membrane
destabilizing

Cytotoxic to pathogens, HIV

Cathelicidins Amphipathic
a-helices

Treponema palladium,
animals neutrophils

Disintegration of cell
membrane

Inhibits multiplication of pathogens

Nisin Cationic Bacteriacea Inhibition of cell wall
synthesis

P. aeruginosa, increase cellular immunity, Helicobacter pylori, and oral mucositis

Bacteriocins Amphiphilic
a- helix

Bacteria Pore forming Related bacterial strains, E. coli

Alamethecin a-helix Trichoderma viride Channel forming Antimicrobial

Gramicidin S Antiparallel
b-sheet

Bacillus brevis Cell Permeation Spermicide, Sexually transmitted disease

Plant
defensing
(thionins)

hairpin-like
helical peptide

Plants Cell Permeation Antifungal, Inhibits
phytopathogenic bacteria

Mellitin a-helix Insects Membrane
destabilizing, Cellular
target

Anticancer, Antivenom

Drosomycin a-helical and
b-sheet

Fly Hyphae lysis Antifungal, Toll signal pathway, Innate immunity
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soil bacteria, exemplified by teixobactin, which shows potent

activity against Mycobacterium tuberculosis and methicillin-

resistant Staphylococcus aureus (MRSA) with low cytotoxicity and

minimal resistance development (Ling et al., 2015). Additional

sources include synthetic peptide libraries and in silico

mutagenesis (Zhang et al., 2021), while ML approaches can

identify potential AMPs from de-extinct genomes and optimize

peptide activity and selectivity (Szymczak et al., 2023).
Properties of AMPs

The AMP family encompasses a diverse range of functions,

commonly referred to as cationic host defense peptides (CHDPs),

and derived from various sequences and organisms. They primarily

target microbial cell membranes, where mutations and resistance

development are less frequent compared to conventional antibiotics

(Peschel and Sahl, 2006). Typically, AMPs are small peptides,

averaging fewer than 100 amino acid residues, and carry a net

charge of +2 to +9 (Huan et al., 2020). Their structural diversity,

shaped by PTMs, enhances the spectrum of antimicrobial activity

(McIntosh et al., 2009). Within the APD3 database, AMPs are

categorized based on biosynthetic mechanism, origin, function,

covalent bonding pattern, three-dimensional (3-D) structure,

biological activity, and molecular target (Wang, 2015). They range

in length from 2 to 183 residues (average 33.27), with the majority

(88.5%) between 11 and 60 residues. Most AMPs (96.2%) have a net

charge between -5 and +10 (average +3.33) and a high proportion of

hydrophobic residues (typically 50%) (Wang et al., 2016).

Interestingly, some neutral and anionic AMPs exhibit distinct

behaviors, avoiding membrane modification and resistance

development (Dennison et al., 2018).

AMPs are cat ionic , amphiphi l ic , and membrane-

permeabilizing, with amphipathicity being essential for

interaction with pathogen membranes (Reddy et al., 2004; Shai,

2002; Zhang et al., 2021). This structural balance enables solubility

in aqueous environments and interaction with negatively charged

microbial surfaces (Zasloff, 2002; Gan et al., 2021). Hydrophobicity

facilitates membrane permeabilization, though excessive levels can

induce mammalian cell toxicity and reduce selectivity (Chen et al.,

2005). Most AMPs (98.6%) have hydrophobicity between 10 and

80%, peaking at 40-50%. The antimicrobial activity of AMPs is pH-

dependent and varies with sequence, mechanism, and pathogen cell

wall composition. For Gram-negative bacteria (GNB), activity

typically decreases with increasing pH (pH 4-9), whereas for

Gram-positive bacteria (GPB), higher pH can enhance potency

(Walkenhorst et al., 2013; Wimley, 2010).

The cationic nature of AMPs promotes accumulation near

negatively charged bacterial surfaces, which differ between Gram-

negative and Gram-positive species (Malanovic and Lohner, 2016).

AMPs target negatively charged cell wall components such as

teichoic and lipoteichoic acids in GPB, deterring resistance

development (Papagianni, 2003; Huang, 2006; Silva et al., 2016).

Bacterial membranes rich in phosphatidylglycerol (PG) attract

cationic AMPs, whereas eukaryotic membranes composed mostly
Frontiers in Cellular and Infection Microbiology 05
of neutral lipids like phosphatidylcholine (PC) and sphingomyelin

(SM), limit peptide binding (Yang et al., 2001). Similarly, cancer

cells often exhibit negatively charged outer membranes due to loss

of membrane asymmetry, explaining AMP activity against tumor

cells (Mader and Hoskin, 2006).

AMPs exhibit broad-spectrum antimicrobial activity,

contrasting with the specificity often sought in novel therapeutics.

Their versatility, ability to target pathogen cell wall components,

and low tendency to induce resistance make them promising

candidates against ESKAPEE pathogens. They also demonstrate

efficacy against GPB, GNB, fungi, viruses, and cancer cells,

particularly in contexts where drug resistance is pronounced.
Structure of AMPs

Ribosomally synthesized natural AMPs are classified into major

families based on their secondary structures: alpha-helical (a), beta-
sheet (b), alpha-beta (ab), mixed a-helical and b-sheet, non-ab,
and cyclic conformations, with classification influenced by the

number, spacing, and connectivity of cysteine (Cys) residues

(Wang, 2008) (Figure 1). Representative examples include the a-
family peptide LL-37 (cathelicidin), the b-family peptide human

defensin 5, the ab-family avian b-defensin, and non-ab peptides

such as cattle indolicidin (Wang, 2008; Frasca and Lande, 2012;

Wang et al., 2016). AMPs are structurally flexible and can adopt

different conformations upon interacting with microbial

membranes, transitioning from unfolded forms to a-helices or b-
sheets, which facilitate alignment with lipid regions, pore formation,

and microbial cell disruption- a feature that can be exploited in

structure-based drug design (Wang, 2015; Oliveira Júnior

et al., 2025).

The structural and functional properties of AMPs have been

extensively characterized using solid-state Nuclear Magnetic

Resonance (NMR) spectroscopy, X-ray crystallography, and

computational approaches including molecular modeling,

docking, and molecular dynamics simulations (Marion et al.,

1988; Schibli et al., 2006; Holak et al., 1988). Conserved structural

motifs, such as a-helices, b-sheets, b-turns, and g-turns, are critical
for receptor recognition, antimicrobial potency, selectivity, and

proteolytic stability (Muttenthaler et al., 2021). For example, the

a-helical AMP buforin II, derived from frog histones, interacts with

microbial membranes via electrostatic and hydrophobic

interactions, and then accumulates intracellularly to inhibit

essential processes in E. coli (Wimley, 2010). In contrast, b-sheet
AMPs form oligomeric transmembrane b-barrels in anionic

membranes or b-sheet aggregates on cholesterol-containing

membranes (Wang et al, 2016). Certain extended AMPs, such as

drosocins, lack regular secondary structures but are enriched in

arginine (Arg), tyrosine (Tyr), and proline (Pro) residues,

illustrating functional diversity (Nguyen et al., 2011).

However, not only the secondary structure of AMPs, the

antimicrobial activity of AMPs is influenced by multiple factors,

including a threshold cationic charge, sufficient local concentration,

the capacity for self-assembly or multimerization, and the
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composition, fluidity, and phospholipid head group size of

microbial membranes (Yeaman and Yount, 2003). Leveraging the

structural versatility of AMPs remains an underexplored strategy

that could advance the rational design of peptide-based therapeutics

and enhance their efficacy against AMR pathogens.
Mechanism of action of AMPs

Biochemical studies have revealed AMP interactions with

microbial targets, including ligands and receptors, and

demonstrated that cationic AMPs, enriched in Arg and Lys

residues, preferentially bind to negatively charged bacterial

membranes through electrostatic interactions. Structural features

such as the N-terminal free amino group and C-terminal amidation

enhance binding, net charge, stability, and membrane activity

(Hancock and Diamond, 2000; Hasper et al., 2006; Epand and

Vogel, 1999). Fungal and parasitic AMPs, like ceropin and

cathelicidin, penetrate membranes to interact with intracellular

proteins, including heat-shock proteins (hsp), and inhibit ATPase

activity (Pitale et al., 2020). Depending on their targets, AMPs are

classified as antibacterial, antifungal, antiviral, or antiparasitic,

though many display broad-spectrum activity, highlighting their

potential against MDR pathogens.

In GNB, cationic AMPs such as MSI-78, a synthetic magainin 2

analogue, initially interact with lipopolysaccharides (LPS) to

facilitate penetration into the inner membrane, disrupting

intracellular components and inducing leakage that leads to cell
Frontiers in Cellular and Infection Microbiology 06
death (Hallock et al., 2003; Bechinger and Gorr, 2017). Beyond

membrane disruption, AMPs act intracellularly to inhibit DNA

replication, RNA transcription, ribosome translation, or other

essential processes (Brogden, 2005; Zhang et al., 2021). Their

antimicrobial effectiveness depends on factors such as peptide

concentration, conformational changes, peptide-to-lipid ratio, and

the composition, fluidity, and headgroup size of microbial

membranes (Hasper et al., 2006; Yeaman and Yount, 2003)

(Figure 2). Some AMPs also enhance host defenses by modulating

immune components, indirectly contributing to pathogen

clearance. Importantly, the nonspecific electrostatic and

hydrophobic interactions with bacterial membranes reduce the

likelihood of resistance development, distinguishing AMPs from

conventional antibiotics, which target specific metabolic pathways

(Epand and Vogel, 1999; Witek et al., 2017).

Four principal models describe AMP-induced membrane

perturbation: barrel-stave, toroidal pore, carpet, and aggregate

models (Shai, 2002). In the barrel-stave model, peptides insert

and aggregate within oriented lipid bilayers, forming pores as

observed for alamethicin (Huang, 2006; Mohr and Kleinkauf,

1978). Toroidal pore formation, exemplified by magainins, aurein

2.2, melittin, nisin, and colistin, occurs when peptides induce lipid

monolayers to bend through the pore, with both peptides and lipid

headgroups lining the water core (Matsuzaki et al., 1989; Hancock

and Lehrer, 1998; Mihajlovic and Lazaridis, 2010). The carpet

model involves parallel peptides adsorption onto the membrane,

generating detergent-like effects that form micelles and disintegrate

membranes, demonstrated in dermaseptin and insect-derived
FIGURE 1

Schematic representation of 3-D structure of antimicrobial peptides shown are representatives from each family. (A) a-helical structure of human
cathelicidin LL-37 (PDB entry: 2K6O) (Wang, 2008) (B) the b-sheet structure of Human defensin 5 (PDB entry: 2LXZ) (Wommack et al., 2012) (C) the
ab structure of avian b-defensin (PDB entry: 6QES) (Guyot et al., 2020); and (D) the non-ab structure of cattle indolicidin peptide derivative with P–
>A substitution (PDB entry: 1HR1) (Friedrich et al., 2001; Wang et al., 2016; Sehnal et al., 2021).
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peptides (Huang, 2006; Rozek et al., 2000). In the aggregate model,

peptides cluster on or within membranes, forming transient pores

that promote cytoplasmic leakage (Teixeira et al., 2012). Although

these models are grounded in the fluid mosaic framework, they do

not fully capture all AMP actions, highlighting the need for further

mechanistic studies.

Experimental techniques for elucidating AMP mechanisms

include live-cell imaging, artificial membrane assays, microscopy

with labeled peptides, circular dichroism (CD) spectroscopy for

peptide folding, dual-polarization interferometry for lipid ordering,

X-ray crystallography, neutron diffraction, and vesicle

permeabilization assays (Kelly and Price, 2000; Matsuzaki et al.,

1989; Wommack et al., 2012; Wang, 2015; Fani et al., 2012). For

example, specific cationic pro-rich peptides penetrate bacterial

membranes and disrupt intracellular targets, while others like

edeine, tuberactinomycins, and dityromycin inhibit ribosomal

protein biosynthesis, reflecting the possibility of multiple,

overlapping mechanisms for a single AMP (Brogden, 2005;

Bechinger, 1999). Despite their diverse modes of action, AMPs

primarily target microbial membranes without cross-resistance,

making them promis ing candidates for nove l ant i -

AMR therapeutics.
Antiviral activity

The escalating resistance among viruses, combined with the

pandemic risk posed by emerging pathogens such as coronavirus 2
Frontiers in Cellular and Infection Microbiology 07
(SARS-CoV-2), Dengue, Chikungunya, Ebola, Mpox, and Zika,

underscore the urgent need for effective antiviral therapeutics

(Chowdhury et al., 2020; Ashaolu et al., 2021; Mora et al., 2022).

Conventional antiviral drugs often face limitations including

emerging resistance, suboptimal efficacy, and side effects. In

contrast, antiviral peptides (AVPs), a specialized subset of AMPs,

provide a promising alternative due to their potential for chemical

and biological modifications, enabling enhanced therapeutic design

and reduced viral resistance (Vilas et al., 2019). AVPs act by

disrupting viral replication cycles through multiple mechanisms,

including destabilization of viral envelopes, inhibition of cellular

entry and intracellular trafficking, interference with transcription

and translation, and prevention of virion maturation (Lee et al.,

2022). These mechanisms operate either directly on viral particles

or indirectly by targeting host cell receptors and modulating

immune responses, thereby enhancing antiviral defense and

maintaining homeostasis (Wild et al., 1992; Mookherjee

et al., 2020).

AVPs display broad-spectrum antiviral potential, destabilizing

viral membranes, inhibiting DNA replication, damaging virions,

and reducing infectivity (Ahmed et al., 2019; Pu et al., 2019).

Against non-enveloped viruses such as rhinoviruses (RVs),

human papillomavirus (HPV), and adenoviruses (AVs), AVPs

can block capsid uncoating and prevent nuclear entry of viral

genomes (Chen et al., 2013; Lee et al., 2022). Certain AVPs,

including those targeting herpes simplex virus (HSV) and human

immunodeficiency virus (HIV), interact with host cell receptors

essential for viral entry, while others, like CHDPs, exert
FIGURE 2

Schematic diagram of antimicrobial peptide mode of action models with mechanisms for interaction of AMPs with bacterial cell membranes using
X-ray electron density and neutron studies. (A) The mechanism of action of AMP is through cell membrane damage, intracellular bactericidal
mechanism, inhibition of the synthesis of macromolecules, damage of the organelles to cause DNA fragmentation, inhibition of enzyme activity, and
antimicrobial effect via participating in immune regulation. (B) (a) Cell membrane and AMP (b) Barrel-stave model, (c) Toroidal pore model, (d) Carpet
model, and (e) Aggregate model (Huang, 2006). (Image: Created in BioRender.com).
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immunomodulatory effects that enhance phagocytosis and regulate

cytokine signaling (Morimoto et al., 1991; Mookherjee et al., 2020).

This combination of direct virucidal and host-directed activities

contributes to their high efficacy, low toxicity, and clinical potential

(Liu et al., 2023).

Several AVPs have been translated into clinically approved

drugs. Enfuvirtide (T-20) is the first FDA-approved fusion

inhibitor for HIV, while boceprevir and telaprevir target the

Hepatitis C Virus (HCV) nonstructural 3/4 protease, effectively

blocking viral replication (Dando and Perry, 2003; Divyashree et al.,

2020). AVPs have also shown promise against SARS-CoV-2,

highlighting their potential for emerging viral threats

(Chowdhury et al., 2020). Databases such as APD3, AVPdb, and

ParaPep consolidate information on AVPs, facilitating the

identification, design, and optimization of new antiviral peptides

(Ourth, 2004; Wang et al., 2017). Collectively, AVPs represent a

versatile and potent class of antiviral agents capable of addressing

viral resistance and emerging infections while providing a

framework for future drug development.
Antifungal activity

Fungal infections range from common ailments such as fungal

nail infections and thrush to life-threatening diseases like invasive

candidiasis (Lee et al., 1999). The arsenal of effective antifungal

agents remains limited, primarily comprising polyenes

(amphotericin B), triazoles (fluconazole), echinocandins

(caspofungin), and adjunctive drugs such as 5-flucytosine (De

Lucca and Walsh, 1999). Amphotericin B, a polyene macrolide

produced by Streptomyces nodosus via a polyketide synthase (PKS),

is the only natural product with systemic antifungal activity (Buda

et al., 2020). Widespread use of these drugs in healthcare and

agriculture has contributed to the emergence of resistant strains of

Candida, Cryptococcus, and Aspergillus, while some pathogens like

mucorales and Candida auris exhibit intrinsic resistance (Fisher

et al., 2018). Additionally, fungal biofilms, which form on both

biotic and abiotic surfaces including medical devices, significantly

enhance resistance and complicate treatment (Yang et al., 2022).

Antifungal peptides (AFPs) have shown promising activity

against clinical, agricultural, and food-associated fungi, including

Aspergillus, Candida albicans, and filamentous molds (Yang et al.,

2022). They discriminate between mammalian and fungal cells by

targeting fungal cell wall and plasma membrane components such

as sphingolipids, chitin, b-glucans, and mannoproteins (Essig et al.,

2014). AFPs exert antifungal effects through multiple mechanisms,

including disruption of membrane integrity, interference with

mitochondrial function as observed with histatin-5 and inhibition

of intracellular processes (Mookherjee et al., 2020). For instance,

AMP-17, derived from Musca domestica, demonstrates potent in

vitro activity against both planktonic cells and biofilms of

Cryptococcus neoformans, destabilizing membranes through

multi-target interactions, thus offering a promising therapeutic

approach for cryptococcal infections (Yang et al., 2022; Buda

et al., 2020).
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The scarcity of effective antifungal agents and the rising

incidence of resistant strains underscore the urgent need to

develop novel antifungal therapies. AFPs, with their ability to

selectively target fungal cells, disrupt biofilms, and modulate

intracellular pathways, present a valuable resource for addressing

clinical and agricultural fungal challenges (Zhang and Zhu, 2009).
Antiparasite activity

Neglected tropical diseases (NTDs) cause substantial mortality

and morbidity, with approximately 200,000 deaths and 19 million

disability-adjusted life years (DALYs) lost annually, affecting over

one billion people worldwide (Olano et al., 2011; Jones et al., 2008;

WHO, 2014). Diseases such as lymphatic filariasis, onchocerciasis,

schistosomiasis, trypanosomiasis, leishmaniasis, and malaria caused

by Plasmodium spp. pose serious health, social, and economic

challenges (Shahabuddin et al., 1998; Flannery et al., 2013). The

rise in drug-resistant parasites has created an urgent need for novel

therapeutic strategies. Antiparasitic peptides (APs), a subset of

AMPs, have demonstrated efficacy against pathogens responsible

for malaria, leishmaniasis, and trypanosomiasis (ECDC, 2014;

Pitale et al., 2020). For instance, Palestine-2 from honeybee

venom showed significant anti-leishmanial activity without

hemolytic effects on mouse macrophages or human erythrocytes

(Pitale et al., 2020).

Insects, as vectors for many parasitic diseases, produce diverse

AMPs, including magainins, defensins, cecropins, and melittin,

which exhibit strong antiparasitic activity (Torrent et al., 2012).

Apidaecin, an 18–20 residue peptide from Apis mellifera, displays

both antibacterial and antiparasitic activity with minimal

cytotoxicity (Li et al., 2006; Fieck et al., 2010). Synergistic

combinations of insect-derived AMPs, such as magainin II,

cecropin, and melittin, enhance antiparasitic potency, achieving

IC50 values as low as 0.70 mM (Fieck et al., 2010). Melittin, a 26-

residue peptide from honeybee venom, exhibits broad antimicrobial

activity and inhibits kinases such as protein kinase C, protein kinase

II, and myosin kinase, highlighting its potential for therapeutic

applications beyond parasitic infections, including HIV, cancer, and

neurological disorders (Verma et al., 2013). Its lethal dose (LD100)

against trypomastigotes has been reported as 30 mM, emphasizing

its potent antiparasitic effect. Overall, AMPs offer a promising

avenue for treating parasitic diseases and NTDs, providing both

direct antimicrobial effects and potential synergistic activity, which

could he lp address the growing cha l lenge of drug-

resistant parasites.
AMPs immune modulation

Natural peptides (NPs) exhibit a remarkable range of biological

activities despite diverse sequences and structures. They are crucial

effectors of innate immunity in both invertebrates and vertebrates,

protecting against pathogens and modulating host defenses by

disrupting microbial membranes, blocking vital cellular processes,
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influencing cytokine production, and activating downstream

immune pathways that coordinate innate and adaptive responses

(Boman, 2003; Lemire et al., 2013; Lyu et al., 2023). AMPs interact

with the host immune system to modulate inflammatory responses,

including acting as chemoattractants and activating classical

complement pathways (Gan et al., 2021).

In chronic autoimmune diseases such as systemic lupus

erythematosus and scleroderma, cytokine-induced cathelicidin

expression and overexpression of human defensins confer protection

against skin infections (Hilchie et al., 2013). AMPs recruit and activate

immune cells during infection, enhancing microbial killing and

controlling inflammation in both in vitro and in vivo models,

including sepsis (Mookherjee et al., 2020). Their anti-inflammatory

properties can suppress both acute and chronic inflammatory

conditions (Frasca and Lande, 2012). Synthetic innate defense

regulators (IDRs), such as IDR-1 and IDR-1018, mimic natural

AMPs and suppress pro-inflammatory cytokines through adaptive

immune pathways involving T and B cells (Kumar et al., 2018).

For example, IDR-1018 has been shown to reduce harmful

neural inflammation in severe malaria when used alongside anti-

malaria agents, without exhibiting direct anti-parasitic activity

(Nijnik et al., 2010). Understanding the mechanisms by which

CHDPs modulate immunity is crucial for developing peptide-based

therapeutics that protect against infection, resolve inflammation,

and maintain immune homeostasis (Powers and Hancock, 2003).

CHDPs are also linked to alterations in the host gut microbiota,

regulating microbial community composition and enhancing

defense against pathogens (De Smet and Contreras, 2005). These

multifaceted effects underscore the importance of multidisciplinary

research to harness AMPs for the development of novel anti-

infective and immunomodulatory therapies.
Resistance mechanisms of AMPs

AMP cross-resistance through diverse structural and functional

mechanisms could limit their utility as microbicides (Maria-Neto et al.,

2015). Prolonged exposure to therapeutic AMPsmay induce resistance,

reducing effectiveness against both naturally occurring host AMPs and

administered peptides (Bechinger and Gorr, 2017; Mader and Hoskin,

2006; Afacan et al., 2012). Band and Weiss outlined four primary

resistance strategies: (1) proteolytic degradation of peptides, (2)

bacterial surface modifications that alter AMP targets, (3) membrane

shielding via capsule production, and (4) downregulation of AMP

activity through immunomodulation. In effect, bacteria destroy AMPs,

alter their targets, shield themselves, or interfere with host immune

responses (Band and Weiss, 2015) (Figure 3).

A major resistance pathway involves the PhoP/PhoQ two-

component regulatory system, which modulates transcriptional

responses to AMP stress and nutrient limitation. AMPs activate

PhoQ kinase, which transfers a phosphate to PhoP, regulating AMP

resistance genes (Bader et al., 2005). This system is present in GNB

such as Shigella flexneri, Y. pestis, and P. aeruginosa, as well as in

GPB like Streptomyces spp., facilitating peptide expulsion or

inactivation via proteolytic degradation (Li et al., 2007). In GPB,
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secreted proteases neutralize AMPs extracellularly, whereas in

GNB, proteases are often membrane-bound. For example,

aureolysin, a metalloprotease from Staphylococcus aureus,

hydrolyzes and inactivating the C-terminal domain of AMPs like

LL-37 (Nawrocki et al., 2014).

Bacteria also evade AMPs by modifying membrane charge and

composition. Negatively charged lipids, such as phosphatidylglycerol

(PG) and cardiolipin, can be replaced or modified by covalent

attachment of Lys or alanine (Ala) residues, reducing AMP binding

(Andersson et al., 2016; Bechinger and Gorr, 2017). D-alanylation via

the dlt operon, lysinylation, O-acetylation, N-deacetylation of

peptidoglycan, and glycosylation of wall teichoic acids collectively

decrease membrane negativity, protecting against AMPs including

human LL-37 and Cathelicidin-related antimicrobial peptide

(CRAMP) in mice (Abi Khattar et al., 2009; Aubry et al., 2011;

Meireles et al., 2020).

Secreted or surface-bound proteins also confer resistance by

sequestering AMPs. Streptococcus pyogenes secretes Streptococcal

Inhibitor of Complement (SIC) and M protein serotype 1 (M1),

both of which inactivate LL-37, enhancing bacterial invasiveness

(Nawrocki et al., 2014). Additionally, bacteria employ efflux pumps

and ABC transporters to actively remove AMPs from the cell

(Collins et al., 2010). These include adenosine triphosphate (ATP)

driven primary transporters and secondary transporters driven by

electrochemical gradients, with examples such as RosA/RosB in

Yersinia enterocolitica, MtrCDE in Neisseria gonorrhoeae, and

SpaIFEG in Bacillus subtilis to prevent self-damage from secreted

AMPs (Stein et al., 2005; Gaurav et al., 2023). Resistance is further

modulated by cell wall signaling through sigma factors and global

regulators (sB, sL, VirR, LiaR) controlling genes like dlt,mprF, and

ABC transporters, enhancing bacterial survival under AMP stress

(Bergholz et al., 2013).

Biofilms represent another critical barrier. The extracellular

slime matrix, primarily composed of exopolysaccharides, acts as

both a physical and chemical shield, repelling AMPs and modifying

their structure, reducing efficacy (Magana et al., 2020). For example,

P. aeruginosa produces alginate, while GPB like S. aureus use

polysaccharides such as poly-N-acetylglucosamine (PIA);

deacetylation of PIA further enhances biofilm resistance (Band

and Weiss, 2015).

Although high-level AMP resistance may emerge, it is generally

slower than resistance to conventional antibiotics and depends on

administration methods. Careful design and delivery of AMPs

combined with antibiotic or peptide co-therapy can reduce resistance

development and attenuate pathogen virulence (Sanguinetti et al., 2015;

Matejuk et al., 2010). These multifaceted strategies underscore the

dynamic nature of bacterial defenses and the challenges in employing

AMPs therapeutically, highlighting the need for continued research

and innovative approaches to circumvent resistance.
Connecting chemotype to genotype

Microbial extracellular SMs play key roles in microbe-host and

microbe-microbe interactions, with many organisms producing
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SMs that possess antimicrobial activity and influence ecological

funct ions (Rosenblueth and Mart inez-Romero, 2006 ;

Klaenhammer, 1988). However, numerous novel biomolecules

remain undiscovered due to technological limitations and

research biases toward known compounds. Linking these diverse

SMs, including AMPs, to their biosynthetic genes via genomics,

proteomics, and metabolomics provides a powerful strategy for

discovering novel molecules (Cimermancic et al., 2014; Nijman,

2015). Tools such as AntiSMASH identify and annotate

biosynthetic gene clusters (BGCs) in microbial genomes, whereas

Joint Genome Institute secondary metabolism collaboratory (JGI

SMC) enables large-scale comparison and analysis across species.

AntiSMASH excels in detecting individual BGCs but is constrained

by incomplete references and assemblies, while JGI SMC offers

broader insights dependent on the quality of input BGC data (Blin

et al., 2025; Udwary et al., 2025).

The Nature Product Peptidogenomics (NPP) method uses mass

spectrometry (MS)-guided chemotype-to-genotype mining to

iterat ively match de novo tandem MS/MS data with

corresponding BGCs in sequenced organisms, efficiently

identifying novel peptides and their biosynthetic genes (Challis,

2008; Srinivas et al., 2010; Mohammad et al., 2015; Hancock and

Chapple, 1999; Madsen et al., 2022). For example, NPP

characterized the ribosomal lantipeptide AmfS from Streptomyces

griseus IFO 13350 and the non-ribosomal lipopeptide stendomycin

I from Streptomyces hygroscopicus ATCC 53653 along with their

respective BGCs (Kersten et al., 2011). Similarly, transcriptomic and

bioinformatic analysis of Bacillus halodurans C-125 revealed genes

encoding precursor peptides clustered with LanM-type synthetases.

MS analysis of cell-free supernatants (CFS), in vitro enzyme
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reconstitution, antimicrobial assays, and mutagenesis enabled

structural characterization of the two-component lantibiotic

haloduracin (Velasquez and van der Donk, 2011).

BGCs often contain accessory genes, including transporters,

regulatory elements, and immunity genes, in addition to core

biosynthetic enzymes, which contribute to peptide assembly,

maturation, and host resistance (Barra et al., 1998; Walsh and

Fischbach, 2010). In silico mining of the human microbiome using

metagenomic libraries from the Human Microbiome Project (HMP)

and profile hidden Markov models (HMMs) has revealed bacteriocin

gene clusters across diverse body niches, including the gut microbiome

(Walsh et al., 2017; Chu et al., 2016). Genes for nisin production in

Lactococcus lactis, encompassing maturation, immunity, and

regulation, are located on the conjugative transposon Tn5276, which

also carries determinants of sucrose metabolism (Figure 4). The

biosynthesis of nisin and its small-molecule products has been

reconstituted in heterologous hosts (Lubelski et al., 2008; Chen et al.,

2020; Xiang et al., 2009; Siegers et al., 1996).

In animal systems, full-length cDNA sequences of piscidin and

hepcidin AMPs from Seriola lalandi encode a 65-residue

prepropeptide, including a 25-residue mature peptide predicted to

form an amphipathic helix-loop-helix structure (Muncaster et al.,

2018; Diamond et al., 1991). We illustrated the 3-D conformation of

an NRPS predicted from LC-MS/MS analysis of Paenibacillus

peoriae IBSD35 (PTJM00000000) metabolomics, deposited at

ModelArchive (A0A2S6P0H9; ma-z4hip) (Ngashangva et al.,

2021). Integrating genomics, metabolomics, genome mining, and

structural elucidation enhances the discovery of novel AMPs that

are stable, specific, and effective in countering AMR (Ngashangva

et al., 2022).
FIGURE 3

Mechanisms of antimicrobial resistance. AMP resistance mechanisms are changes in (a, b) cell envelope charge and composition modification, (c)
producing surface or secreted proteins that bind and sequester AMPs, (d) degradation of AMP by proteases, (e) switching on and off of gene
expression, (f, g) extrusion by efflux pumps and transport systems, and (h) released capsular polysaccharide. (Created in BioRender. Ngashangva, N.
(2025) https://BioRender.com/sdl7tq9).
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Therapeutic applications of peptides

Insulin was the first commercial peptide drug, introduced in

1923, offering life-saving therapy for diabetes (Vecchio et al., 2018;

Wang et al., 2022). Decades later, peptide-based antimicrobials

gained prominence: gramicidin and polymyxin B were included

in Neosporin® in 1955, followed by colistin (polymyxin E) in 1962,

and daptomycin in 2003 to counter antibiotic-resistant bacteria

(Chen and Lu, 2020). Nisin, a 34-amino-acid AMP with

antimicrobial activity against GPB, has been successfully applied

in pharmaceuticals and food preservation to treat colonic infections

(McAuliffe et al., 2001). Currently, several AMPs, including nisin,

gramicidin, polymyxins, daptomycin, vancomycin, oritavancin,

dalbavancin, telavancin, and melittin, are in clinical use as

alternatives to conventional antibiotics. Since 2000, numerous

peptides such as setmelanotide, edotreotide gallium Ga-68,

lutetium Lu 177 dotatate, etelcalcetide, afamelanotide, lixisenatide,

carfilzomib, tesamorelin, mifamurtide, icatibant, pramlintide,

ziconotide, enfuvirtide, teriparatide, carbetocin, taltirelin, and

nisin A have been FDA-approved (Table 2) (Chen and Lu, 2020).

Additionally, lucinatant, linaclotide, peginesatide, dulaglutide,

CB183315, and oritavancin are either on the market or in

development (Kaspar and Reichert et al., 2013). Over 60 peptide

drugs are FDA-approved, with more than 400 under clinical

evaluation (Wang et al., 2022).

AMPs in preclinical and clinical studies, including histatin,

plectasin, omiganan, IMX942, iseganan, LL-37, and P113, are

being explored for anti-infective applications (Table 3).

Combination therapy using AMPs with conventional antibiotics

or other peptides has shown additive or synergistic effects. For

example, AMP R9 conjugated to magainin-M15 enhanced

translocation across lipid bilayers and increased antimicrobial

activity against GNB, while nisin combined with penicillin or

chloramphenicol improved efficacy against Enterococcus faecalis

(Lee et al., 2019; Tong et al., 2014).

Beyond antibacterial activity, AMPs exhibit antiviral and

anticancer properties. Cecropin A inhibits HIV replication by

suppressing viral gene expression and is active against herpes
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simplex virus (HSV) types 1 and 2 and Junin virus (JV) (Vilas

Boas et al., 2019). AMPs selectively target cancer cells due to the

higher expression of negatively charged molecules, such as heparan

sulfate, O-glycosylated mucins, and sialylated gangliosides, which

increase membrane fluidity and transmembrane potential (Felicio

et al., 2017). Aurein 1.2, for instance, demonstrates cytotoxicity

against approximately 50 cancer cell lines with minimal effect on

healthy cells (Rozek et al., 2000). This selective targeting involves

binding to phosphatidylserine (PS) exposed on cancer cell

membranes, leading to membrane disruption and cell death,

presenting a promising alternative to conventional chemotherapy

(Thundimadathil, 2012; Morgan et al., 2011).
AMPs under clinical trials

AMPs hold significant promise as therapeutic agents for

preventing and treating infections. However, their clinical

translation remains limited due to challenges such as short half-

life, poor bioavailability, susceptibility to enzymatic degradation,

and high production costs, necessitating innovative delivery

strategies (Muttenthaler et al., 2021; Asif et al., 2024; Stielow

et al., 2023). Despite these barriers, several AMPs have advanced

through clinical trials, demonstrating diverse mechanisms

including membrane disruption, immunomodulation, and target-

specific activity, highlighting their potential to address AMR and

unmet therapeutic needs (Table 4).

Nisin, widely approved as a food preservative in over 80

countries, is also being evaluated for treating oral cavity

squamous cell carcinoma and exhibits spermicidal activity in vivo

without causing inflammation or tissue damage (Chikindas et al.,

2018; Reddy et al., 2004). Hlf1-11, derived from human lactoferrin,

shows in vivo efficacy against MRSA, Klebsiella pneumoniae, and

fungal pathogens, with additional immunomodulatory effects,

including promotion of monocyte differentiation and pro-

inflammatory cytokine release (van der Does et al., 2012). The

specifically targeted AMP (STAMP) C16G2 is in phase II trials for

preventing dental caries by selectively targeting Streptococcus
FIGURE 4

Schematic illustration of the transcriptional organization of nisin biosynthetic gene cluster adapted from Lubelski et al., 2008. The genes for nisin
biosynthesis are transcriptionally organized into four operons, i.e., nisABTC, nisIP, nisRK, and nisFEG. The ribosomally synthesized precursor nisin (Nis
A) is encoded by the nisA gene. Specific Ser and threonines (Thr) in the core peptide of precursor nisin are intracellularly dehydrated by the
dehydratase NisB; subsequently, the dehydrated amino acids are added by the cyclase NisC, forming thioether ring-like structures (Lubelski et al.,
2008). The fully modified precursor nisin is exported to the exterior by the ABC transporter NisT, followed by the cleavage of the leader peptide by
the extracellularly located Ser protease NisP to release active nisin. nisI gene is preceded by an internal promoter, which enables the expression of
the immunity protein before full nisin production is established. The regulatory two-component system (TCS) genes, nisRK, are preceded by a weak
promoter. The fourth operon encodes the immunity proteins nisFEG. Promoters marked P* are controlled by a TCS NisRK, whereas transcription of
nisRK and nisI (P) is constitutive (Lubelski et al., 2008).
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mutans while preserving the oral microbiome (Kaplan et al., 2011;

Sullivan et al., 2011).

Synthetic and derivative peptides have also demonstrated

therapeutic potential. 1DR-1018, a derivative of bovine

cathelicidin bactenecin, promotes wound healing by enhancing

keratinocyte migration and proliferation at doses much lower

than LL-37, with reduced cytotoxicity (Steinstraesser et al., 2012).

Fuzeon, a synthetic fusion inhibitor, blocks HIV-1 gp41-mediated

viral entry and is used in combination therapy for HIV/AIDS (Qiu

et al., 2012). Omiganan (MBI-226), an indolicin-based AMP,

completed phase III trials for catheter-related infections,

demonstrating safety and efficacy against both GPB and GNB

(Fjell et al., 2012; Friedrich et al., 2000).

Emerging AMPs with unique mechanisms include dusquetide

(SGX942), a first-in-class IDR that modulates immune responses

via the p62 adaptor protein, currently in phase III trials for oral

mucositis (Kudrimoti et al., 2016), and ramoplanin (NTI-851),

which disrupts GPB cell wall synthesis, in phase III trials for

vancomycin-resistant Enterococcus and phase II trials for C.

difficile infections (Alshrari et al., 2023). Novexatin® (NP213), an

AFP, is being evaluated for onychomycosis, functioning by

penetrating the nail and disrupting fungal membranes without

systemic exposure or significant adverse effects (Mercer et al., 2020).
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Murepavadin (POL7080), a 14-amino acid cyclic b-hairpin
peptide, targets the outer membrane protein LptD of P. aeruginosa,

disrupting LPS assembly and causing cell death. It has demonstrated

potent activity against extensively drug-resistant (XDR) strains,

including colistin-resistant isolates, and is being developed as an

inhaled therapy for cystic fibrosis. However, its intravenous phase III

trials for nosocomial pneumonia/ventilator-associated bacterial

pneumonia (HABP/VABP) were halted due to a high incidence of

acute kidney injury (nephrotoxicity) (Martin-Loeches et al., 2018).

Locilex (pexiganan 0.8% cream), a 22-amino-acid synthetic

analogue of magainin II, was developed for treating mild diabetic

foot ulcer infections. However, it failed to meet both primary and

secondary endpoints: it was not superior to vehicle plus standard of

care in achieving clinical success, nor did it demonstrate improved

bacterial eradication. Additionally, higher-than-expected serious

adverse events including increased rates of osteomyelitis and

cellulitis were reported (Da Silva et al., 2021).

Recent advances in AMPs have highlighted their potential as

therapeutic agents against infections and cancer. A Phase I/II trial

completed in 2024 evaluated an LL-37-derived peptide for

melanoma, demonstrating safety and tolerability via intratumoral

in j e c t ions and revea l ing modu la t i on o f the tumor

microenvironment that may enhance immune responses against
TABLE 2 Peptide-based drugs approved since 2000 along with their targets and indications for approval.

Target name Peptide name Year of approval Approved indication

Melanocortin-4 receptor Setmelanotide 2020 Indicated for chronic weight management of obesity

Somatostatin receptors Edotreotide gallium Ga-68 2019 Indicated for diagnose somatostatin receptor positive
neuroendocrine tumors

Somatostatin receptors Lutetium Lu 177 dotatate 2018 Treatment of somatostatin receptor-positive
gastroenteropancreatic neuroendocrine tumors

AT1 receptor Angiotensin II 483 2017 Indicated for sepsis and septic Shock

CaSR Etelcalcetide 2016 Indicated for secondary hyperparathyroidism

MC1 receptor Afamelanotide 2014 Prevention of phototoxicity

GLP-1 receptor Lixisenatide 2013 Indicated for Type 2 Diabetes Mellitus

Binding to active site of the 20S
proteasome

Carfilzomib 2012 Treatment of multiple myeloma

GHRH receptor Tesamorelin486 2010 Reduction of HIV lipodystrophy

NOD2 protein Mifamurtide474 2009 Treatment of high-grade, resectable, non-metastatic
osteosarcoma

Beta2-receptor Icatibant 2008 Approved for use in acute attacks of hereditary angioedema

Calcitonin receptor Pramlintide 2005 Treatment of Type 1 and Type 2 Diabetes Mellitus

N-type calcium channels Ziconotide 2004 Management of severe chronic pain

gp41 Enfuvirtide 2003 Used in combination therapy for the treatment of HIV-1

PTH1 receptor Teriparatide 2002 Treatment of osteoporosis

OT receptor Carbetocin 2001 Used for postpartum hemorrhage

TRH receptor Taltirelin 2000 Spinocerebellar degeneration

Nisin Nisin A 1988 A food preservative in 1988 due to its heat stability and
tolerance of low pH
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tumor cells (Zheng et al., 2025). In antimicrobial applications, 58

venom-derived peptides (VEPs) were identified and synthesized,

showing potent activity against multiple WHO-priority bacterial

pathogens through computational discovery and experimental

validation (Del Olmo and Andreu, 2025). Among these,

Mastoparan X from wasp venom displayed strong bactericidal

activity against MRSA, including the USA300 strain, by

disrupting bacterial membranes and reducing biofilm formation,

indicating its promise as a novel anti-MRSA agent (Lu et al., 2025).

These studies collectively underscore the versatility of AMPs in

targeting MDR pathogens and in repurposing existing peptides for

oncology, illustrating the growing translational potential of AMPs

as next-generation therapeutics.
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Despite these promising candidates, the clinical advancement of

AMPs is challenged by formulation difficulties, susceptibility to

proteolytic degradation, potential inflammatory effects, and

production costs. Nonetheless, advances in peptide design,

delivery systems, and combination therapies are progressively

address ing these l imitat ions , re inforc ing AMPs as a

transformative avenue for combating AMR and unmet infectious

disease needs.
Limitations of AMPs

AMR is an ancient, natural adaptation of microbes, arising

through mutations, gene amplification, and horizontal gene transfer

(Peschel and Sahl, 2006; DCosta et al., 2011). Resistance genes have

even been detected in pristine environments with no prior

antimicrobial exposure, showing that bacteria evolved such traits

long before human drug production (Larsson and Flach, 2022). It is

reported that AMPs, like conventional antibiotics, encounter

natural resistance mechanisms in diverse environments (Band

and Weiss, 2015; Andersson et al., 2016).

Bacteria resist AMPs through multiple strategies, including

altering outer membrane composition to reduce peptide binding,

secreting proteases that degrade peptides, and forming biofilms that

block AMP penetration (Zasloff, 2002; WHO, 2022). Sub-inhibitory

concentrations of polymyxin B and colistin can even promote

biofilm formation, further complicating therapeutic use (Sato

et al., 2018). These resistance traits are also present in host-

associated microbiota, where bacteria can tolerate endogenous
TABLE 3 Peptide-based drugs currently available on the market and in
the development pipeline.

Code
name

Mechanism of
action

Disease treatment

Lucinatant Lung surfactant Respiratory distress syndrome

Linaclotide Receptor agonist Gastrointestinal disorders

Peginesatide Receptor agonist Anemia, Chronic kidney disease

Carfilzomib Protease inhibitor Hematological cancer

Dulaglutide GLP-1R agonist Type 2 diabetes mellitus

Oritavancin GPB cell membrane
disruption

Acute bacterial skin and skin
structure infections

CB183315 Clostridium difficile cell
membrane
disruption

C. difficile associated
Diarrhea
TABLE 4 Peptide-based drugs in clinical trials that showcased and reinforced their therapeutic potential.

Name Description Medical use Stage of
development

Company

Nisin A (Type A
lantibiotic)

Lactococcus lactis subsp Urogenital tract infections; Spermicidal activity
(Rabbit model; In-vivo)

Preclinical Unknown

IDR-1 Derivative of bactenecin from
bovine neutrophils

Prevention of infections in the immune
compromised

Phase 1 Unknown

DP178 (T20,
Enfuvirtide &
Fuzeon)

C-terminus of the ectodomain of
gp41

HIV-1 membrane fusion inhibitor; AIDS Proved by FDA Trimeris

Colicin E1
(Bacteriocin)

E. coli H22 Gastrointestinal tract infections; Stomach and
intestine infections (Murine model; In-vivo)

Preclinical Unknown

Bacteriocin OR-7 Lactobacillus salivarius NRRL B-
30514

Gastrointestinal tract infections; Campylobacter
infection (Chicken model; In-vivo)

Preclinical Unknown

MX-594AN Indolicidin based Treatment of catheter-related acne Phase IIb
Completed

Migenix (Vancouver, British
Columbia, Canada)

HB-107 19-amino-acid fragment of
cecropin B

Wound healing Preclinical Helix Biomedix (Bothell,
Washington, USA)

PTX001 Potent anti-angiogenic agents Broad-spectrum antimicrobial; Antiendotoxin Preclinical PepTx

Locilex 22-amino acid magainins Infections of diabetic foot ulcers Phase III (Failure) Genaera

Murepavadin POL7080, a novel 14–amino acid
cyclic b-hairpin peptide

Cystic fibrosis Phase III (Failure) Polyphor
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host-defense peptides, posing a challenge to AMP-based drug

design (Ostaff et al., 2013).

In addition to microbial resistance, AMPs face pharmacological

limitations. They often show cytotoxicity, antigenicity, and allergic

potential, with variable safety profiles in mammalian systems

(Zhang et al., 2021; Oman and van der Donk, 2010; Fox, 2013).

Their pharmacokinetic properties are also unfavorable: peptides are

rapidly degraded by proteolytic enzymes, exhibit short plasma half-

lives (often <30 minutes), and have poor oral bioavailability due to

instability at acidic pH and low intestinal absorption (Diao and

Meibohm, 2013; Azman et al., 2022). These features lead to limited

systemic exposure and reduced efficacy at the infection site.

Despite their theoretical advantages, AMPs have not yet

demonstrated consistent superiority over conventional antibiotics in

phase II or III clinical trials (Elad et al., 2012). Many therapeutic

peptides fail in vivo due to toxicity, including hemolysis from

membrane disruption and nephrotoxicity from renal accumulation.

Selectivity seen in vitro collapses in physiological environments with

serum proteins and diverse membranes, while rapid proteolysis and

renal clearance cause poor pharmacokinetics and limiting their efficacy

(Wang et al., 2021, Wang et al., 2022). Combined with high production

costs and formulation challenges, these barriers currently prevent

AMPs from becoming widely adopted therapeutic alternatives.
Cost barriers in production and
peptide manufacturing

Extracting natural AMPs remains limited by low yield,

impurities, labor-intensive protocols, and high costs associated

with methods. To overcome these challenges, scalable alternatives

like chemical synthesis and recombinant production are being

explored (Fang et al., 2024). Bioactive peptides can be obtained

via biosynthesis (enzymatic hydrolysis, microbial fermentation,

recombinant DNA technology) or chemosynthesis (solution- and

solid-phase methods). Their purification relies on membrane

separation, chromatography, or electrophoresis, while structural

identification employs mass spectrometry and NMR (Reimann

et al., 2019). Peptide nanostructures are stabilized by non-

covalent forces, including hydrogen bonding, hydrophobic

interactions, and p-p stacking (Wen et al., 2023).

Traditional methods, such as ammonium sulfate precipitation

from CFS, remain time-consuming and yield impure products

(Indira et al., 2022). Recombinant DNA technology has

transformed AMP production, though translation into clinical use

is constrained by costly high-throughput synthesis and the time

required for screening (Cesaro et al., 2023).

Solid-phase peptide synthesis (SPPS), first described by Merrifield

in 1963, revolutionized chemical production by coupling and

deprotecting amino acids on a solid resin support (Merrifield, 1963).

Modern advances include automated synthesizers and peptide libraries,

which facilitate homogeneous peptide preparation at laboratory scale

and have greatly accelerated therapeutic peptide development (Wang

et al., 2022; Sadeeq et al., 2025). Recombinant systems offer another

major route. Prokaryotes such as E. coli are widely used because of their
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low cost and high yield (Musa et al., 2016). However, they often lack the

ability to perform PTMs. Eukaryotic hosts, such as yeast

(Saccharomyces cerevisiae, Pichia pastoris), allow glycosylation, signal

peptide processing, and disulfide bond formation, which are critical for

Cys-rich AMPs (Mattanovich et al., 2012; Cereghino and Cregg, 2000).

Successful expression of cecropins, defensins, ABP-CM4, CAP18/LL37,

and hybrid peptides has been demonstrated in P. pastoris (Wang et al.,

2011; Hsu et al., 2009). Despite higher production costs, yeast systems

are advantageous for producing complex AMPs.

Plant-based bioreactors represent a promising low-cost alternative,

requiring only soil, water, and light. Transgenic strategies have enabled

AMP gene expression in crops such as corn, soybean, and tobacco

(Shanmugaraj et al., 2021). High yields of AMPs like Cn-AMP1,

clavanin A, Cm-AMP5, and parigidina-br1 were achieved in tobacco

leaves (Leite et al., 2019). Recent advances demonstrated efficient

production of recombinant and amidated AMPs in Nicotiana

benthamiana, including the clinical peptide IDR-1002, through

transient expression systems that reduce plant toxicity and

downstream processing costs (da Cunha et al., 2017; Chaudhary and

Mahfouz, 2024). Chemical synthesis, microbial fermentation, and

plant-based systems have all advanced AMP production, scalability

remains hindered by cost, stability, and efficiency challenges. Continued

innovation in expression systems and downstream processing is

essential to make AMP manufacturing commercially viable.

Recent innovations are addressing longstanding cost barriers.

Cell-free protein synthesis (CFPS) platforms allow AMP production

without living hosts, avoiding issues of peptide toxicity to microbial

cells, enabling rapid prototyping, and supporting the generation of

diverse peptide libraries at reduced cost (Lee et al., 2023). Similarly,

microfluidic high-throughput screening integrates peptide

synthesis, folding, and antimicrobial activity testing in

miniaturized systems, lowering reagent costs while enabling large-

scale functional screening (Ma et al., 2022; Devrani et al., 2025).

These approaches, when combined with ML-guided design, hold

promise for accelerating the discovery and scalable production of

next-generation AMPs with reduced manufacturing costs.

Despite rapid advances in AMP discovery, major non-scientific

barriers impede commercialization. Regulatory agencies such as the

FDA and European Medicines Agency (EMA) lack clear approval

pathways for peptide therapeutics, resulting in additional requirements

for toxicity, immunogenicity, and manufacturing consistency (Elsayed

et al., 2025). Patentability further limits translation, natural peptides are

difficult to protect because they may be considered products of nature,

and strong patents are typically granted only for synthetic

modifications (Domingo-Fernandez et al., 2024). Economically,

AMPs suffer from the antibiotic market failure: high development

cost and low return discourage investment without incentives such as

market entry rewards or subscription reimbursement models

(Theuretzbacher et al., 2020).
Rediscovering AMPs

Advanced strategies are crucial to optimize AMPs by improving

potency, stability, bioavailability, delivery, immunomodulatory
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activity, and lowering toxicity and production costs (Melo et al.,

2006; Lam, 2007; Gautam et al., 2016). Conventional methods

include amino acid substitution, gene overexpression, cloning,

peptide coating, hydrophobic end-tags, epitope mapping, and

pharmacophore-based modifications (Pasupuleti et al., 2009).

More recent approaches emphasize peptidomimetics, AI-guided

design, and advanced drug delivery platforms (Ho et al., 2024).

Xiao et al. highlight several formulation strategies that are

advancing peptide-based therapeutics. Terminal modifications,

particularly N-acetylation, C-amidation, and albumin fusion,

enhance proteolytic stability and are key approaches for

prolonging plasma half-life. Beyond D-amino acid substitution,

they identify backbone cyclisation, side-chain modification, and

incorporation of non-natural amino acids as major structural

design principles to improve stability and activity (Xiao et al.,

2025). Despite these advances, achieving oral or alternative

delivery routes with sufficient stability and bioavailability remains

a significant challenge in peptide drug development.

Nanotechnology enhances AMP performance by improving

solubility, circulation time, biofilm penetration, and protection

against enzymatic degradation (Bahrami et al., 2020; Carnero

Canales et al., 2025). Nanostructures such as nanotubes,

graphene, and metal nanoparticles facilitate targeted delivery; for

instance, diphenylalanine nanotubes selectively eradicated Gram-

positive biofilms while reducing host toxicity (Carratalá et al., 2020).

These nanosystems also improve oral bioavailability (Roque-Borda

et al., 2022). In parallel, structure-based drug discovery including

protein protein interaction (PPI)-guided peptide design offers

complementary strategies (Wang et al., 2022).

Chemical modifications such as cyclization, phosphorylation,

acetylation, halogenation, and incorporation of D- or unnatural

amino acids enhance protease resistance, selectivity, and

pharmacokinetics (Zhong et al., 2020; White and Yudin, 2011).

Charge engineering and analog development further expand

antimicrobial and anti-inflammatory properties (Timón et al.,

2019; Kong et al., 2022). Genetic and biosynthetic tools, including

NRPS engineering, site-directed mutagenesis, and heterologous

expression, support high-throughput creation of novel AMP

variants (Xiang et al., 2009; Yan et al., 2018).

Biophysical modeling, including molecular dynamics, free

energy perturbation, and membrane interaction simulations,

guides AMP optimization to maximize antibacterial activity while

minimizing host toxicity (Torcato et al., 2012). Other promising

directions include targeting bacterial-specific pathways, improving

pharmacokinetic parameters, and designing synergistic

combinations to slow resistance development (Cardoso et al.,

2021; Gupta et al., 2019). Understanding resistance mechanisms

remains critical for translation into clinical use (Maria-Neto

et al., 2015).

The integration of high-throughput sequencing and AI is

rapidly transforming AMP discovery to combat AMR. Sequencing

technologies unlock vast genomic, proteomic, and metagenomic

datasets, revealing an immense peptide sequence space that would

be impossible to evaluate experimentally. AI models then processes

this landscape with precision: discriminative models predict
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antimicrobial activity, toxicity, and stability, enabling efficient

prioritization, while generative models learn sequence-activity

patterns and design entirely novel peptides that may surpass

natural AMPs (Szymczak et al., 2023). AI further enhances the

pipeline through SARs forecasting and rapid navigation of large

sequence libraries (Wan et al., 2024). This capability has already

produced AMPs with potent antibacterial and antifungal efficacy in

vivo (Wang et al., 2025), as well as small molecules active against A.

baumannii (Swanson et al., 2024).

Sequencing-driven computational mining reinforces this

progress by evaluating physicochemical properties such as net

charge, hydrophobicity, and peptide length, Torres et al. scanned

42,361 human protein sequences and identified 2,603 peptide

candidates, many previously unrecognized as antimicrobials, several

of which were experimentally validated (Pane et al., 2017; Torres

et al., 2024). Beyond the human proteome, large-scale mining of

63,410 metagenomes and 87,920 microbial genomes predicted nearly

onemillion AMP candidates, compiled into the AMPSphere database

(Santos-Júnior et al., 2024). Together, these advances demonstrate

how sequencing provides unprecedented access to natural peptide

diversity, while AI enables the design of realistic and idealized

synthetic peptides, accelerating discovery and reducing the cost and

uncertainty of traditional antibiotic development.

ML and bioinformatics accelerate discovery by predicting

structure-activity relationships (SARs), optimizing charge,

hydrophobicity, and amphipathicity, and avoiding dereplication

of known peptides (Lee et al., 2016; Wang, 2015; Ciulla and

Gelain, 2023). Display technologies (phage, yeast, mRNA,

ribosome, DNA) have yielded macrocyclic ligands and

therapeutic leads, advancing peptide-based drug pipelines

(Josephson et al., 2014; Passioura et al., 2014; Zhang et al., 2014).

Proteomics combined with deep learning-assisted mining has

uncovered thousands of new AMPs, many showing in vivo

efficacy against MDR and ESKAPEE pathogens (Witek et al.,

2017; Ho et al., 2024).

AMPs serve as natural templates for designing novel

therapeutics, and SAR studies are essential for linking chemical

structure to biological activity, including antimicrobial potency,

selectivity, and toxicity, specially the natural peptides templates

where the function are strongly influence by the structure

(Supplementary Table S2). Tang et al. developed ultrashort

“tadpole-like” AMPs, comprising an amphipathic a-helical head
fused to a flexible aromatic tail. Systematic variation of head charge,

tail aromaticity, and peptide topology yielded HT2 and RI-HT2,

which exhibited broad-spectrum activity, minimal cytotoxicity, and

low resistance induction. SARs analysis revealed that increased head

charge enhances electrostatic interactions with bacterial

membranes, while the aromatic tail supports membrane insertion

and stability, highlighting the importance of balanced charge and

aromatic density (Tang et al., 2023).

Brunicardi et al. examined clovibactin using ala/D-residue scans

and analogue profiling, identifying residues Phe¹, D-Leu², Ser4, D-

Hyn5, Leu7, and especially Leu8 as critical for activity. Backbone

integrity and stereochemistry were essential: N-methylation

abolished activity, and the enantiomer was inactive. Clovibactin
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showed potent activity against GPB but negligible effects on GNB

due to outer membrane barriers. SAR analysis indicated that

hydrophobic residues drive binding to lipid II and other

pyrophosphate-containing targets, while polar residues stabilize

interactions, explaining its Gram-positive selectivity (Brunicardi

et al., 2024).

Hernández-Ortiz et al. studied DICAMs, tripeptides conjugated

to a fatty amine with net charges from −2 to +1. Activity depended

on the hydrophobic tail, central Pro residue, and C-terminal Glu. A

long aliphatic chain (C16–C18) and Pro were indispensable for

membrane insertion and conformation, while the C-terminal Glu

tolerated minor variations. N-terminal modifications modulated

activity without abolishing it, and cationic charge was not required.

DICAMs exhibited selective Gram-positive activity, with Gram-

negatives resistant due to outer-membrane exclusion (Hernández-

Ortiz et al., 2024).

Radzishevsky et al. investigated acyl-lysine oligomers, showing

that long hydrophobic acyl chains (C12–C16) and di- or tri-lysine

repeats were critical for potent antibacterial activity. Excessively

long oligomers increased hemolysis, emphasizing the need to

balance hydrophobic tails and cationic residues. Active oligomers

adopted amphipathic conformations enabling membrane insertion,

demonstrating that fine-tuning chain length and lys repeats can

achieve broad-spectrum potency with minimal host toxicity

(Radzishevsky et al., 2008).

Overall, these SAR studies collectively highlight that

antimicrobial potency and selectivity rely on a precise balance of

hydrophobicity, charge distribution, peptide conformation, and

specific side-chain interactions. While hydrophobic anchoring

and amphipathic structures are crucial for membrane disruption,

stereochemistry, backbone integrity, and topology fine-tune activity

and selectivity, often conferring higher potency against

AMR pathogens.
Conclusion

AMR remains one of the most pressing challenges in modern

medicine, posing a profound threat to global health, food security, and

economic stability. Driven by the natural evolution of microbes,

horizontal gene transfer, environmental dissemination, and

widespread misuse of conventional antibiotics, AMR compromises

the effectiveness of existing therapeutic interventions and threatens to

render previously treatable infections life-threatening. Conventional

antibiotics, while historically transformative, are increasingly ineffective

against MDR and XDR pathogens, highlighting the urgent need for

innovative alternatives. In this context, AMPs have emerged as a

promising class of bioactive molecules that offer broad-spectrum

antimicrobial activity, immunomodulatory effects, antibiofilm

properties, and a reduced likelihood of resistance development. The

inherent versatility of AMPs, coupled with advances in chemical

synthesis and modification, recombinant production, and AI-guided

design, positions them as next-generation therapeutics.

The discovery and characterization of AMPs from diverse

natural sources including bacteria, fungi, plants, amphibians, and
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insects have provided rich natural resources for the development of

novel therapeutics. Both RSPs and NRPs exhibit remarkable

structural diversity and PTMs, enhancing stability, antimicrobial

potency, and functional versatility. RSPs, such as lantibiotics, are

genetically encoded and can be expressed and modified with high

specificity, whereas NRPs, assembled by multi-enzyme complexes,

allow for diverse chemical modifications that expand functional

diversity. Advances in genomics, metabolomics, high-throughput

screening, and ML now enable the discovery of novel AMPs from

previously unexplored or synthetic sources, including extinct

organisms and in silico peptide libraries. These high-throughput

and computational approaches are accelerating the identification of

AMPs with specific structural and functional properties, ultimately

facilitating the rational design of peptides capable of overcoming

conventional antibiotic limitations.

Structurally, AMPs are characterized by cationicity,

amphipathicity, and hydrophobicity, which enable selective

targeting of negatively charged microbial membranes while

sparing host cells. This selective interaction underlies their broad-

spectrum activity against bacteria, fungi, viruses, and even cancer

cells, while simultaneously minimizing the likelihood of resistance

development. The structural diversity of AMPs encompassing a-
helical, b-sheet, ab, cyclic, and non-ab conformations provides

flexibility for dynamic membrane interactions, pore formation, and

intracellular targeting, often enhanced by conserved motifs,

multimerization, and PTMs. Harnessing this structural versatility

through rational, structure-guided design enables the development

of AMPs with enhanced potency, selectivity, and stability, offering a

valuable arsenal against MDR pathogens.

SAR studies show that antimicrobial potency depends on

hydrophobicity, charge, and peptide conformation. Tadpole-like

AMPs and acyl-lysine oligomers rely on amphipathic structures and

optimal tail/chain lengths for membrane disruption. Clovibactin

and DICAMs require specific residues and backbone integrity for

Gram-positive selectivity. Overall, fine-tuning hydrophobic

anchoring, stereochemistry, and topology is key to effective and

selective antimicrobial design.

Beyond antibacterial activity, AMPs have demonstrated

significant potential as antiviral, antifungal, and antiparasitic

agents. AVPs can directly target viral particles, inhibit replication,

and modulate host immune responses, offering a strategy to combat

emerging and drug-resistant viral infections. Similarly, AFPs

selectively disrupt fungal cell walls and membranes, effectively

targeting planktonic cells and resistant biofilms, and addressing

the limited arsenal of existing antifungal drugs. Antiparasitic

peptides exhibit potent activity against Plasmodium, Leishmania,

and Trypanosoma species through mechanisms such as membrane

disruption and enzyme inhibition, while maintaining low toxicity to

host cells.

Collectively, these activities position AMPs as multifunctional

therapeutics capable of addressing a wide range of infectious

diseases that increasingly evade conventional treatment.

In addition to their direct antimicrobial effects, AMPs play a

crucial role in modulating the host immune system. They recruit and

activate immune cells, regulate cytokine production, and activate
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complement pathways, thereby enhancing microbial clearance while

controlling excessive inflammation. Synthetic derivatives, such as

IDRs, can further suppress harmful inflammatory responses in

chronic infections and autoimmune conditions. The integration of

antimicrobial and immunomodulatory properties provides an

opportunity to develop next-generation therapeutics that not only

target pathogens directly but also enhance the host’s intrinsic defense

mechanisms. AMPs also influence gut microbiota composition,

contributing to immune homeostasis and pathogen defense, yet

this critical aspect remains underexplored. There is a research gap

to address whether broad-spectrum AMPs pose risks similar to

traditional antibiotics, such as microbiome disruption and

dysbiosis, especially when administered systemically or orally.

Despite their promise, bacterial resistance to AMPs remains a

significant concern. Microbes employ sophisticated mechanisms to

counter AMP activity, including proteolytic degradation,

membrane and cell wall modifications, efflux pump-mediated

expulsion, and biofilm formation. Regulatory systems such as

PhoP/PhoQ and sigma factors enhance bacterial adaptability

under AMP-induced stress, while extracellular slime matrices and

capsule production limit peptide access to target sites. Although the

emergence of high-level AMP resistance is generally slower

compared to conventional antibiotics, careful design, strategic

administration, and combination therapies are essential to

maintain therapeutic efficacy. Utmost care must be taken that the

AMPs donot become like the antibiotics that developed resistant

against the pathogens at very fast rate. Therefore, understanding

these resistance mechanisms is critical for the rational development

of AMP-based therapeutics and for devising strategies to prolong

their clinical utility.

The integration of chemotype-to-genotype strategies has

revolutionized AMP discovery by linking chemical structures of

microbial SMs to their corresponding BGCs. Techniques such as

MS-guided peptidogenomics, genome mining, transcriptomics, and

in silico analyses enable the identification of novel AMPs and their

functional characterization. These approaches also uncover

regulatory, transport, and immunity-related elements within

BGCs, providing critical insights into biosynthesis, stability, and

activity. Chemotype-to-genotype methodologies thus accelerate the

discovery of stable, specific, and effective AMPs capable of

addressing emerging MDR pathogens, bridging the gap between

natural diversity and therapeutic application.

The clinical translation of AMPs has been exemplified by peptide

therapeutics such as insulin, nisin, gramicidin, daptomycin, and

colistin, demonstrating the broad applicability of peptides across

infectious, metabolic, and oncological contexts. AMPs have shown

promising antiviral and anticancer activity, selectively targeting

pathogen and cancer cell membranes while sparing host tissues.

Clinical trials of AMPs, including nisin, Hlf1-11, C16G2, and

Omiganan, demonstrate their versatility in infection prevention,

wound healing, and microbiome-targeted interventions. Despite

challenges such as enzymatic degradation, short half-life, and high

production costs, novel delivery methods, synthetic derivatives, and

combination therapies are enhancing the efficacy, safety, and

translational potential of AMPs. These developments underscore the
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transformative potential of AMP-based therapeutics in addressing

AMR and expanding clinical treatment options.

Intrinsic limitations of AMPs including susceptibility to

proteolytic degradation, cytotoxicity, poor bioavailability, and

pharmacokinetic challenges have constrained their widespread

clinical adoption. Bacterial adaptations such as altered membrane

composition, protease secretion, and biofilm formation further

reduce AMP efficacy and may contribute to resistance

development. High production costs and labor-intensive

purification processes limit large-scale manufacturing, while

pharmacological drawbacks, including antigenicity and rapid

clearance, pose additional challenges. Consequently, further

research is required to overcome these barriers, optimize peptide

stability, and enhance clinical applicability, ensuring AMPs can

achieve their full therapeutic potential.

Production and cost barriers remain central to AMP development.

Traditional extraction methods yield low quantities of peptides and

require extensive purification, making them expensive and impractical

for large-scale use. Chemical synthesis, particularly SPPS, recombinant

expression in prokaryotic and eukaryotic systems, and plant-based

bioreactors offer promising solutions for scalable, cost-effective

production with PTMs. Prokaryotic systems, such as E coli, enable

high-yield, low-cost expression, while eukaryotic systems, including

yeast and plant platforms, facilitate proper folding, disulfide bond

formation, and glycosylation. Plant-based bioreactors, such as N.

benthamiana, provide a low-cost and sustainable alternative for

AMP production with reduced downstream processing requirements.

Optimization of these production platforms is essential to meet

growing clinical and commercial demand for AMP therapeutics.

While scientific innovation in AMP discovery is accelerating, unclear

regulatory pathways, weak patent protection, and limited economic

incentives still obstruct translation into approved therapies. Addressing

these structural barriers through streamlined regulation, stronger

intellectual property frameworks, and sustainable reimbursement

models is essential for AMPs to reach patients and fulfill their

clinical potential.

Rediscovering AMPs through advanced strategies is transforming

their therapeutic potential. Chemical modifications, cyclization,

incorporation of unnatural amino acids, and charge engineering

improve stability, protease resistance, and antimicrobial activity.

Nanotechnology-based delivery systems, including nanotubes, metal

nanoparticles, and lipid-based carriers, enhance bioavailability, prolong

circulation, improve tissue targeting, and enable biofilm penetration.

ML, AI-guided design, and computational mining accelerate discovery,

optimize structure-activity relationships, and identify candidates with

potent activity against multidrug-resistant pathogens. The AMP

heavily relies its activity on structure, therefore, SARs studies has

potential to explore the chemical structure of a AMP to serve as

template and design the biological activities. Display technologies and

molecular dynamics simulations further guide the rational

development of AMPs with enhanced efficacy and safety.

Collectively, these multidisciplinary approaches provide a robust

platform for the design, optimization, and clinical translation of

next-generation AMPs to combat infectious diseases, AMR, and

other emerging health threats. Not only the laboratory and clinical
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research, but the socio-economic factors, awareness, and strong

legislation of antibiotics uses are crucially important to minimized

AMR in this era.

In conclusion, AMPs represent a versatile, multifunctional, and

transformative class of therapeutics with immense potential to

address the global challenge of AMR. Their broad-spectrum

activity, structural diversity, immunomodulatory properties, and

multi-target mechanisms distinguish them from conventional

antibiotics, providing innovative solutions for infectious, viral,

fungal, parasitic, and even oncological diseases. Despite inherent

limitations, including susceptibility to degradation, pharmacokinetic

challenges, and production costs, advances in chemical synthesis,

recombinant expression, nanotechnology, and AI-guided discovery

are rapidly overcoming these barriers. Integrating genomics,

metabolomics, structure-guided design, and advanced delivery

strategies promises the development of clinically translatable,

effective, and safe AMPs, offering a new paradigm in therapeutic

innovation and a vital weapon in the fight against MDR pathogens

and emerging infectious threats. Through continued research

technological innovation, and clinical translation, AMPs have the

potential to redefine antimicrobial therapy and provide sustainable,

next-generation solutions to the global AMR crisis. Since resistance is

an ancient evolutionary process, strong policies, public awareness,

proper antibiotic use, and synergistic strategies with old compounds

are essential to limit its development.
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