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Abstract

Among bioactive peptides, those with antimicrobial activity have attracted increasing
attention due to their potential as alternatives to traditional antibiotics. Antimicrobial
peptides (AMPs) are small molecules, typically composed of 6 to 60 amino acid residues,
and some with low cytotoxicity and minimal side effects. They exhibit broad-spectrum
activity against bacteria, viruses, fungi, and parasites through diverse mechanisms of
action and interactions with the immune system. This review presents the main aspects
of AMPs, including their biochemical characteristics, sources, mechanisms of action, and
computational tools used for their identification and analysis. It also examines recent
progress in clinical trials and the current limitations that restrict the development and
commercialization of AMPs. The review discusses the application of AMPs beyond human
medicine, including their use in food preservation to prevent microbial contamination and
in veterinary medicine to control infections in livestock, thereby reducing dependence on
conventional antibiotics. Overall, AMPs represent a versatile class of antimicrobial agents
whose effective implementation across health, food, and veterinary sectors will require
integrated multidisciplinary approaches.

Keywords: bioactive peptide; food preservation; machine learning; peptide database

1. Introduction

Bioactive peptides (BAPs) are small molecules that usually contain 2-50 amino acid
residues and have molecular masses less than 10 kDa [1]. However, BAPs with longer
chains, consisting of up to 50 amino acids, have also been reported, likely due to improve-
ments in peptide synthesis and manufacturing technologies [2]. The biological activity
of peptides depends on their amino acid composition and sequence, which determine
their physiological effects. BAPs have been gaining increasing attention in biomedical,
food, and pharmaceutical sciences because of their specific functional properties, such as
antimicrobial, antioxidant, immunomodulatory, and antitumor activities [3,4]. These amino
acid oligomers are present in a wide variety of organisms and play key roles in cellular
communication, immune defense, and metabolic regulation [3]. Although numerous stud-
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ies have reported various potential biological activities of peptides, their antimicrobial
potential remains highly promising [5].

Antimicrobial peptides (AMPs) are molecules capable of combating disease-causing
microorganisms such as bacteria, viruses, fungi, and parasites through different mecha-
nisms. The first report on the identification of AMPs was published in 1939 by René Dubos,
who isolated a compound (gramicidin) from a Bacillus lineage that could protect mice
against pneumococcal infections [6]. Subsequently, a series of AMPs have been identified in
a wide range of organisms, which employ them in defense strategies against pathogens [7].
The Antimicrobial Peptide Database 3 (APD3), which was updated in September 2025,
currently includes data on 5680 peptides. Of this, 3351 are natural AMPs, 1733 synthetic,
and 329 predicted. In terms of biological activity, 4865 peptides exhibit antibacterial effects,
1664 antifungal, 348 antiparasitic, and 270 antivirals [8].

Most AMPs consist of 6 to 60 amino acid residues and typically exhibit a positive net
charge and cationic properties [9]. Unlike conventional antibiotics, AMPs kill microbial
cells by disrupting membrane integrity or the ionic gradient through interactions with
the negatively charged cellular membrane. They have multiple mechanisms of action,
such as inhibiting the synthesis of proteins, DNA, and RNA, or interacting with specific
intracellular targets [10,11].

2. Broad-Spectrum Activity of Peptides

Antimicrobial peptides can act against different microorganisms, and several databases
compiling various aspects related to AMPs have been established. Figure 1 shows
the types of activities associated with AMPs: antibacterial, antiviral, antifungal, and
antiparasitic activities.
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Figure 1. Distribution of AMPs according to their specific activities in different databases. Information
obtained from databases available at: DBAASP (https://dbaasp.org/home) [12]; CAMP (https:
/ /camp.bicnirrh.res.in/) [13]; SATPdb (http:/ /crdd.osdd.net/raghava/satpdb/) [14]; APD3 (https:
//aps.unmc.edu/AP/) [8]; Peptipedia (https:/ /app.peptipedia.cl/) [15]; DRAMP (http://dramp.
cpu-bioinfor.org) [16]; AMPDB (https:/ /bblserver.org.in/ampdb/) [17]; PlantPepDB (http:/ /www.
nipgr.ac.in/PlantPepDB/) [18] (accessed on 24 August 2025).

2.1. Antibacterial Activity

Most AMPs have been reported to show antibacterial effects. This may be related to
the large number of studies seeking approaches to combat antibiotic resistance (AMR), a
major challenge to global public health that has resulted in hard-to-treat infections and
a shortage of effective therapies [19,20]. Moreover, the lack of effective actions to control
these microorganisms can have devastating consequences, claiming millions of lives and
increasing treatment costs to over USD 100 trillion annually [21]. The organization of
pathogenic microorganisms into biofilms prevents antibiotics from interacting with the
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bacterial cells [22]. Peptides have also been explored as potential solutions to counteract
the aggravating factors in AMR [23].

According to their mechanism of action, antibacterial peptides can be classified as
membrane peptides (e.g., those that affect the structure of the plasma membrane) and
non-membrane peptides (e.g., those that affect the synthesis of nucleic acids and proteins).
In addition to their effect on microorganisms, some AMPs are immunomodulatory and help
combat infectious processes. Therefore, these AMPs have limited potential for enhancing
resistance, as they target highly conserved structures [7].

2.2. Antiviral Activity

Despite the predominance of AMPs combating bacterial infections, AMPs targeting
viral infections have gained importance because of the high number of deaths caused by
these infections. This has led the World Health Organization (WHO) to develop a list of
priority diseases to accelerate research and development. In July 2024, the list included
28 viral families, and the priority diseases, which are associated with a higher risk of
epidemics or pandemics, included Ebola virus disease, Marburg virus disease, Lassa fever,
Crimean-Congo hemorrhagic fever, Middle East respiratory syndrome (MERS), severe acute
respiratory syndrome (SARS), other known viral diseases, and the still-unknown “Disease
X.” Concerns regarding the risks associated with these diseases are reported monthly by
the WHO, with records showing that they affect various regions of the world [24].

In addition to mortality rates, the emergence of new viruses, viral resistance mecha-
nisms, delays in vaccine development, and the severe adverse effects of antiviral drugs
have contributed to the complexity of this problem. In this context, natural and synthetic
antiviral peptides (AVPs) have emerged as a new class of antiviral agents offering several
advantages [25].

2.3. Antifungal Activity

The growing incidence of fungal infections has become a topic of concern since mil-
lions of individuals are estimated to die annually as a result of such infections. Some
of the main human fungal pathogens include Candida albicans, Cryptococcus neoformans,
Aspergillus fumigatus, and the emerging multidrug-resistant Candida auris. The increase
in fungal infections is associated with several factors. When considering the currently
available treatment options, the limited number of antifungal drug classes combined with
the development of resistance across different genera has driven the search for integrated
and effective strategies [26].

Another factor that favors fungal infections is the growing number of vulnerable indi-
viduals resulting from various treatments involving immunosuppressive and chemothera-
peutic drugs. In this context, antifungal peptides (AFPs) possess properties that could help
overcome the limitations imposed by current therapies and can be applied to the control of
fungal contamination in food products [27].

2.4. Antiparasitic Activity

Among the AMPs identified in various databases, those with antiparasitic activity
were the least frequently represented. Parasitism is a biological interaction that can lead
to disease and, in severe cases, result in host death. Among the most relevant human
parasites are protozoans (e.g., Toxoplasma gondii, Plasmodium species, and Trypanosoma cruzi),
which cause infections classified by the WHO as neglected diseases and, consequently,
receive little investment for the development of new treatments. For some groups, the
available drugs are toxic and only partially effective, and the emergence of resistant strains
has driven the search for alternative strategies [28]. In this scenario, recent advances in
research on antiparasitic peptides have demonstrated that these molecules can act through
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specific mechanisms and targets and may, therefore, represent innovative solutions for com-
bating these pathogens [29]. The peptides cruzioseptin-1, cruzioseptin-4, cruzioseptin-16,
dermaseptin-SP2, and pictuseptin-1 (originally identified in frog skin secretions) demon-
strated in vitro cytotoxic activity against Leishmania mexicana, Plasmodium falciparum, and
Trypanosoma cruzi, while showing low toxicity in human cell lines [30].

3. Approaches for Obtaining AMPs

With advances in biotechnology and protein engineering, the demand for efficient,
scalable, and selective peptide production methods has substantially increased. Different
routes are employed to produce peptides of interest, including chemical synthesis, en-
zymatic hydrolysis of proteins, extraction from natural sources, and expression through
recombinant technologies. Each method shows specific advantages and limitations in
terms of cost, purity, yield, stability, specificity, scalability, and the possibility of structural
modifications (Table 1) [31,32].

Table 1. Comparative summary of the main characteristics of peptide production methods.

Criterion Chemical Synthesis Enzymatic Natural Recombinant
Cost High Moderate Variable Low
Yield Medium Low Very Low High

Scalability High Moderate Low Very High

Technical Complexity High Low Medium High
Application Versatility Very High Moderate Low High
Level of Specificity Very High High Moderate High
Stability (Half-life) High Moderate Variable High

3.1. Peptide Production via Chemical Synthesis

Chemical peptide synthesis is one of the most widely used approaches for producing
specific peptide chains, enabling the precise modification of amino acid sequences with
high reproducibility and structural control. This method is particularly important in the
industrial and pharmaceutical contexts, where the production of peptides with well-defined
characteristics (such as stability, enzymatic resistance, or optimized biological activity) is
essential [4]. One of the major advantages of this approach is the possibility of incorporating
non-natural amino acids or artificial post-translational modifications such as cyclization,
glycosylation, and even fluorescent or radioactive labeling, which significantly broadens
the applications of the peptides in pharmacokinetic and therapeutic studies [32].

The classic solid-phase peptide synthesis (SPPS) method remains the most widely
adopted method, primarily because of its compatibility with automated and scalable
processes. In this process, peptide assembly begins at the carboxyl end, which is anchored
to a solid resin. Protected amino acids are added individually in alternating steps of
coupling and deprotection until the full peptide chain is built. In some cases, hybrid solid-
and liquid-phase synthesis can be employed, combining the stepwise assembly control of
solid-phase synthesis with the chemical flexibility of liquid-phase methods, thus enabling
the efficient production of longer or structurally complex peptide chains [33].

The choice of coupling reagents, such as O-benzotriazole-N,N,N’,N’- tetramethyl-
uronium-hexafluoro-phosphate (HBTU), O-(7-azabenzotriazol-1-yl)-N,N,N,N’ -tetrame
thyluronium hexafluorophosphate (HATU), or N,N’- diisopropylcarbodiimide (DIC),
as well as protection systems (e.g., Fmoc-9-fluorenylmethyloxycarbonyl and Boc-tert-
butyloxycarbonyl) directly influences the reaction efficiency, final purity, and failure rates
during synthesis [3].
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In certain situations, hybrid approaches combining solid- and liquid-phase syntheses
are used to produce larger peptides or peptides with more complex cyclic structures. A
well-known example is cyclotide kalata B1, a cysteine-rich peptide found in plants and
characterized by a cyclic cystine knot (CCK) motif. Kalata B1 shows strong antimicro-
bial properties and is being studied as a structural framework for the development of
therapeutic peptides, including receptor agonists and enzyme inhibitors [32].

Despite its versatility, chemical synthesis faces major challenges in scaling up the
production of long or structurally intricate peptides in a cost-effective manner. Additionally,
traces of leftover organic solvents and toxic reagents, such as dimethylformamide (DMF)
and carbodiimide-based activators, require thorough purification, which can substantially
increase production costs [4].

3.2. Peptide Production via Enzymatic Pathways

The production of peptides through enzymatic hydrolysis is a widely explored al-
ternative, especially when seeking a more sustainable process with lower environmental
impact and greater cleavage selectivity. This approach is based on the controlled action of
proteases on natural proteins derived from milk, algae, eggs, fish, or plants, generating BAP
fragments with various functions such as antioxidants, antihypertensive, antimicrobial,
and other activities [4,33].

Bioactive peptides generated through enzymatic hydrolysis are often referred to as
cryptopeptides or cryptic peptides, as they remain inactive within the native structure of
their parent proteins and are only released following specific cleavage. These sequences are
typically hidden within the full-length protein and become biologically active only under
controlled hydrolytic conditions, supporting the concept that proteins act as reservoirs of
latent peptides with distinct physiological effects [33,34]. The choice of enzymes, such as
trypsin, chymotrypsin, pepsin, alcalase, flavourzyme, or microbial proteases, depends on
the desired cleavage pattern and the nature of the protein source. Advances in enzymatic
processing, including both in vitro and in silico approaches, have enabled the identification
and characterization of these encrypted peptides [4]. For example, Bosso et al. [35] identified
a cryptic peptide located at the C-terminal region of casein. This peptide, named KNR50,
was recombinantly expressed and demonstrated antimicrobial activity both in vitro and
in vivo. Notably, the authors highlight that its mechanism of action minimizes the risk of
resistance development [35].

Recent technological developments have facilitated the combination of physical tech-
niques with enzymatic hydrolysis to boost both the yield and specificity of peptides.
Pretreatments such as ultrasound-assisted extraction (UAE), pulsed electric fields (PEF),
and high hydrostatic pressure (HHP) can help improve enzyme access to the inner regions
of the protein, increase the efficiency of hydrolysis, and enable the production of peptides
with specific bioactivities [33].

For instance, enzymatic hydrolysis of marine microalgae such as Tetraselmis suecica
has been shown to produce peptides with strong antimicrobial properties. One variant,
AQ-1766, demonstrated significant efficacy against a wide range of pathogenic bacteria, in-
cluding Escherichia coli, Staphylococcus aureus, Salmonella typhimurium, Listeria monocytogenes,
and Pseudomonas aeruginosa. These peptides typically disrupt microbial membranes and
have potential in food preservation and therapeutic applications [34].

Enzymatic processes offer several advantages, including high specificity, environmen-
tal compatibility, and production of peptides that are generally considered safe, often elimi-
nating the need for further chemical modifications. Nonetheless, this approach presents
challenges such as variability in raw materials, high enzyme costs, and the need for addi-
tional purification steps, such as ultrafiltration, chromatography, and lyophilization [4,34].
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3.3. Peptide Extraction from Natural Sources

Direct extraction of peptides from natural sources is one of the oldest methods still
in use today, especially for AMPs and immunomodulatory compounds. A wide range
of organisms, including plants, marine animals, bacteria, and fungi, naturally produce
BAPs with important biological roles in pathogen defense, cell signaling, and metabolic
regulation [1,3].

In plants, many of these defense-related peptides are rich in cysteine and are stabilized
by disulfide bonds, which help maintain their three-dimensional structures. Well-known
peptide families exhibiting potent antifungal and antibacterial activities, such as defensins,
cyclotides, thionins, and snakins, can be isolated from plant tissues such as leaves, seeds,
and roots using conventional extraction methods such as maceration, solvent precipita-
tion, chromatography, and ultrafiltration. Other examples include lipid transfer proteins
(LTPs) and hevein-like peptides, which also contribute to pathogen resistance and can be
extracted through similar procedures [31,32]. The antimicrobial activity of these molecules
is generally associated with their cationic nature and their interactions with anionically
charged membranes of microorganisms [32].

Antimicrobial peptides have been extensively described in marine organisms such as
sponges, mollusks, echinoderms, and fish. These molecules include arenicins from marine
worms, piscidins from fish, and holothuroidins from sea cucumbers, which inhibit the
growth of multidrug-resistant bacteria, fungi, and viruses even in extreme environments.
Other noteworthy examples include mytilins from mussels and defensin-like peptides from
marine sponges, both of which display broad antimicrobial spectra [36-38]. Extraction of
these molecules involves isolation from tissues or fluids (such as mucus, hemolymph, or
pseudocoelom), followed by purification using reversed-phase HPLC, size-exclusion or
ion-exchange chromatography, and subsequent structural analysis by mass spectrometry
and NMR spectroscopy [3].

Microorganisms such as bacteria and fungi produce AMPs as part of their de-
fense mechanisms. Nisin, produced by Lactococcus lactis, is a well-established example,
widely used as a food preservative (E234) due to its strong activity against Gram-positive
bacteria [39]. Additionally, one of the first defensins isolated from fungi was plectasin,
obtained from Pseudoplectania nigrella and acts by inhibiting bacterial cell wall biosynthesis
through binding to a cell wall precursor [40]. Other microbial AMPs, such as subtilin
(Bacillus subtilis), lacticin 3147 (Lactococcus lactis), microcin J25 (Escherichia coli), and thuricin
CD (Bacillus thuringiensis), exhibit antimicrobial properties, with potential applications in
food preservation and medical therapy [7,39,41,42].

Despite the high therapeutic potential and natural diversity of these peptides, direct
extraction from natural sources faces major limitations such as low yields, seasonality,
and complexity of the extracts; these factors limit the ability to obtain such compounds
on an industrial scale. Therefore, many natural peptides are cloned or synthesized using
recombinant or chemical methods once their sequences have been identified [33,34].

3.4. Peptide Production via Recombinant Technology

Recombinant DNA technology is widely used for large-scale peptide production, es-
pecially for peptides that cannot be feasibly obtained using natural extraction or traditional
chemical synthesis. In this approach, genes encoding the peptides of interest are inserted
into plasmid vectors and expressed in hosts, such as bacteria, yeast, filamentous fungi, or
even mammalian cells [27].

Recombinant production is particularly advantageous for producing peptides with
specific post-translational modifications or when utilizing cellular systems for proper
folding and disulfide bridge formation, as in the case of cyclotides and defensins. For
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small peptides, techniques such as fusion expression with carrier proteins (e.g., glutathione
S-transferase [GST] or maltose-binding protein [MBP]) are used to increase solubility and
facilitate purification [43].

The recombinant production of bacteriocins using genetically modified Lactobacillus
strains allows the use of GRAS (generally recognized as safe) organisms to produce bioac-
tive compounds for functional and therapeutic food applications. Common GRAS species
include Lactobacillus plantarum, L. casei, L. vhamnosus, and L. acidophilus widely accepted
due to their long history of safe use in fermented foods and probiotic products [44].
Other frequently used GRAS organisms in food biotechnology include species from the
genera Bacillus (e.g., B. subtilis, B. coagulans), Streptococcus thermophilus, and the yeast
Saccharomyces cerevisiae [45]. Other strategies, such as the use of strong promoters, site-
directed mutagenesis, and codon optimization, have also been explored to enhance recom-
binant peptide yield and expression efficiency [33,46].

The main challenges of this approach include peptide toxicity to the host organism,
formation of inclusion bodies, and the need for additional purification steps. Despite these
challenges, recombinant methods are considered one of the most promising methods for
producing BAPs with high purity and relatively low cost, particularly for pharmaceutical
and industrial applications [27,32].

4. Biochemical Characteristics of AMPs

Antimicrobial peptides come from various sources, and their structural and biochemi-
cal characteristics, such as amino acid composition and three-dimensional structure, affect
both their biological activity and mechanism of action (Figure 2). Despite their diversity,
many AMPs share common features, including low molecular weight, positive charge, and
hydrophobic residues [5].
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Figure 2. The scheme represents the different sources of production, biological activities and bio-
chemical influences of AMPs. The central part shows examples of structures described for AMPs.
Information obtained from DRAMP (http://dramp.cpu-bioinfor.org/) [16] and predicted by PEP-
FOLD3 (https:/ /bioserv.rpbs.univ-paris-diderot.fr/index.html) [47] (accessed 25 August 2025) and
figures constructed with clean png (https:/ /www.cleanpng.com/).

4.1. Structure

The most common secondary structures in AMPs are x-helices, as seen in melittin,
(from bee venom) [48], and (3-sheets, as in ramoplanin (from Actinoplanes) [49]. Other
structure types include linear peptides, such as the synthetic Bac8c [50], and cyclic peptides
stabilized by disulfide bridges, as seen in novexatin (synthetic) [51,52]. Plant-derived
peptides show specific conformations due to the rich content of amino acids such as
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thionine and cysteine, which not only favor antifungal and antimicrobial activity but
also enable functions like ribosome inactivation and trypsin inhibition [31]. For example,
cyclotides which show a three-dimensional structure containing loops and disulfide bridges,
exhibit favorable biological activity and show resistance to proteolytic enzymes [53]. The
combination of «-helix and 3 chains is an important condition for antimicrobial activity, as
observed in human (3-defensin 1 [54]. While x-helix favors membrane ruptures, 3-sheets
and cyclical structures are often involved in peptide internalization [36]. Additionally, some
tryptophan-rich AMPs can show transmembrane effects, promote ion channel formation
and lead to rupture [55].

4.2. Charge, pH, Saline Concentration

For antimicrobial function, peptides with a positive charge under physiological con-
ditions and amphipathic chains are more common, as shown in Table 2. According to
APD3, 87% of active peptides are cationic, 7% are neutral, and 6% are negative [8]. The
positive charge interacts better with the anionic membranes of pathogens, promoting better
interactions in the destruction and lysis capacity. Most AMPs have net charges ranging
from +2 to +11, due to a high content of lysine and/or arginine residues [56,57].
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Table 2. Examples of biochemical characteristics of AMPs in clinical trials.
Peptide Biological . Delivery Molecular
Name Sequence Structure Source Activity Target Site Path Weight pl Charge Reference
Rel d I
eltecimod, ey . . . mmune
p2TA ASPMLVAYDA 5(2;2? Synthetic Antibacterial modulation v 1.0 3.8 -1 [58]
Ramoplanin, . . . Disrupt cell wall Oral/
NTLS851 NNXXTXXXEXXXXGLAX M Actinoplanes ~ Antibacterial ol Fstie] 1.5 5.52 0 [49]
%ﬂ : . . Topical
XOMA-629 KLFRXQAKX Synthetic Antibacterial  Cell membrane cream. 1.1 11.17 +3 [59]
Mycoprex Not disclosed \\“,10\ Insects Antifungal ~ Cell membrane v - - - [60]
Demegal, FAKKFAKKFKK- . . .
DA FAKKEAKFAFAF Synthetic Antibacterial  Cell membrane v 2.7 10.9 +9 [61]
e
Glutoxim, DL-gGlu-DL-Cys-Gly- : . . . B
NOV-002 ¢Glu-DL-Cys-Gly2Na+ Mﬁ‘ Synthetic Antibacterial  Cell membrane v 0.68 3.8 2 [62]
Oﬁé%f‘zgzn' ILRWPWWPWRRK ;% Synthetic  Antibacterial ~Cell membrane  Topical 1.7 123 +4 [63]
DrsgEitle RIVPA & Sorthere  Awmiiegisl TS v 0.55 975 1 [64]
SGX942 y modulation ’ ’
. . Disrupt
Surotomycin, . Actino . . .
MK-426 Not disclosed w bacteria Antibacterial cytoplasmic Oral - - = [65]
membrane
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Table 2. Cont.
Peptide Biological . Delivery Molecular
Name Sequence Structure Source Activity Target Site Path Weight pl Charge Reference
Cailbwemsiy, Nt dzelosed Sorihee  Amibeaemsl  Call ol v ; ; ; [66]
TD-1792 ot disclose ynthetic ibacteri e
Peceleganan, KWKSFLKTF KSA . . . Topical
PL.5 AKTVLHTALKAISS w Synthetic Antibacterial  Cell membrane spray 2.8 10.7 +6 [67]
DXHEKRHHGYRRKFHE- Anti- Cell membrane/ Mouth
Histatin KHHSHREFPFYGDY- Human ndidal mitochondrion h 4.8 8.32 +1 [68]
GSNYLYDN candida activity was
PXLO01 Not disclosed - Synthetic Antibacterial . Inhlblts. v - - - [69]
inflammation
Modimelano- KKKKKKSYSME- \ . . . Immune
tide, AP-214 HFRWGKPV Synthetic Antibacterial modulation v 2.3 10.47 +7 [70]
TFFRLENRSFTQAL- Mouth
C16G2 GKGGGKNLRIIRK - Synthetic Antibacterial Cell membrane . 4 12.02 +9 [71]
GIHIIKKY rnse
Melantropin,  gyq) e HERWGKPY St AT AP el fom syt 16 833  +1 [72]
CZEN-002 y candidal p ' '
DPK-060 Not disclosed = Kininogen . Ant.l M'embraime Topical - - - [73]
-infective disruption
. GSSFLSPEHQRV- e E . Anti-
Ghrelin QQRKESKKPPAKLQPR Synthetic infective Cell membrane v 3.2 11.07 +5 [74]
HXP124, Not disclosed = Plant Antifungal  Cell membrane Topical - - - [75]
Ppdefl
Inimex, . Anti- Immune
IMX942 KSRIVPAIPVSLL - Synthetic infective modulation v/ 1.3 11 +2 [76]
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Table 2. Cont.

Peptide Biological . Delivery Molecular
Name Sequence Structure Source Activity Target Site Path Weight pl Charge Reference
N(I)\\I/\e;;aTt‘m, RRRRRRR Synthetic Antifungal Cell wall Topical 1.1 12.78 +7 [51]
IGKEFKRIVER- . . . i1 .
OP-145 IKRFLRELVRPLR Synthetic Antibacterial Lipid bilayer Topical 3 11.72 +6 [77]
Anti- Mouth
P113 AKRHHGYKRKFH Human . . Cell membrane 1.5 11.17 +5 [78]
infective wash
PAC113 AKRHHGYKRKFH Human Antifungal = o Yo 15 11.17 +5 [79]
mitochondria
Bl et @eellosed Sunthete  Amibacimal (el memlimn v 1 ; - [80]
PMX-30063 ot disclose ynthetic acteria ell membrane .
SWETWEREIENY- HIV fusion
Sifuvirtide = TRQIYRILEESQEQQDRN Synthetic Anti-HIV e v 4.6 4.33 —6 [81]
inhibitor
ERDLLE
. . Inhibition of
hLF1-11 GRRRRSVQWCA Humana  “odpacterial o g by iron i 13 12 +4 [82]
Antifungal . Topical
scavenging
LLGDFFRKSKEKIGK Membrane Topical /
LL-37 EFKRIVQRIKDFLR Human Antibacterial di . . hpl . 44 10.61 +6 [83]
NLVPRTES isruption inhalation
Membrane Topical
LTX-109 R-Tbt-R-NH-EtPh Synthetic Antibacterial  disruption and (ngsal) 0.78 - - [84]

cell lysis.
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Table 2. Cont.

Peptide

Biological

Delivery

Molecular

Name Sequence Structure Source Activity Target Site Path Weight pl Charge Reference
cyclo[D-Asn-D-Trp-D-
Lotilibcin O
WAP- NEEUEL ORI SR 2 Ly Obaeliar o ecieel] AR v 15 - - [85]
8094A2 isohexyl) -Ser-D-Asn- ¥ species disruption
Ser-Gly- D- N(Me)Phe-
Leu-D-Orn-Glu]
: . . Permeability
. Recombinant Antibacterial ) .
Opebacan Not disclosed = EIE T e — Antiviral increasing v = = = [86]
protein
Friulimicin B Not disclosed fﬁ ACt-Z nop Zar.zes Antibacterial  Cell membrane v 1.3 - - [87]
friuliensis
S Reduction of
IDR-1 KSRIVPAIPVSLL-NH2 Synthetic Anti- pro” vy 13 11 +2 [88]
2{'({‘ yn infective inflammatory Topical '
cytokines
NVB302 Not disclosed - Synthetic Antifungal Lipid bilayer v - - - [89]
Plectasin CELIENCIARIDIE DD Pseudoplectania v/
NZ2114 ’ QCHNHCKSIKGYK - i Z 1 Antibacterial Lipid bilayer Tobical 44 777 +1 [90]
GGYCAK GGFVCKCY 8 opIc
Vasoactive HSDAVFTDNY- G-protein-
intestinal TRLRKQMAYV- Human Antibacterial coupled IV /Inhalati 3.3 9.82 +3 [91]
peptide KKYLNSILN receptors

(-) no information. Molecular weight is represented in kDa. All information was collected and reviewed in the DRAMP database (http://dramp.cpu-bioinfor.org/), Chinese Clinical
Trial Registry [ChiCTR] (https://www.chictr.org.cn/indexEN.html), European Union Clinical Trials Register (https:/ /www.clinicaltrialsregister.eu/ctr-search/search), ClinicalTrials.gov
(https:/ /www.clinicaltrials.gov /) (accessed 28 August 2025).
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Anionic AMPs have a net charge ranging from —1 to —8 and mostly generated as
peptide fragments through proteolysis. These peptides interact with microbial membranes
by using metal ions and negatively charged components to form salt bridges, such as
the synthetic peptide glutoxim [62,92]. Some AMPs display both anionic and cationic
regions, such as F8 from egg yolk. They are typically derived from larger precursor proteins
and exhibit antimicrobial activity by interfering with cell division and targeting the cell
poles [92,93].

Furthermore, the pH and saline concentration can also affect the antimicrobial potential
of highly active structures. High salinity is a determinant of peptide activity. Most structures
are stable in the pH range of 4 to 6 because an acidic pH favors the protonation of some
amino acids and the action of positive charges against the bacterial cell wall [94].

4.3. Hydrophobicity

The hydrophobicity of AMPs modulates their efficiency and specificity. Most AMPs
contain approximately 50% hydrophobic residues. This favors the entry of these pep-
tides into the lipid bilayer of pathogens [57]. There is no perfect combination of positive
charge and hydrophobic chain length that can maximize activity and reduce cytotoxicity,
instead the balance between positive charges and hydrophobicity modulates the interac-
tion of the peptide with microorganisms. Higher hydrophobicity at a given charge has
been shown to increase the antimicrobial effect, whereas lower hydrophobicity decreases
this effect [56]. However, this relationship is not always proportional, and reports have
shown that increments in hydrophobicity can reduce antimicrobial activity and toxic ef-
fects in mammals [57]. Therefore, the ratio of charge to hydrophobicity is a key factor in
the Pasupuleti development of AMPs. Brogden [9], proposed that ratios ranging from
1:1 to 2:1 between the hydrophobic and basic residues may be an efficient combination.
Thus, amphipathic chain characteristics and positive charges can improve the efficiency of
antimicrobial activity [9,95].

5. Antimicrobial Peptide Action Mechanism

The amino acid sequence, hydrophobicity, charge, and three-dimensional structure
are essential for understanding the mode of action of AMPs. Variations in these aspects
across AMP classes ensure specific interactions with their respective targets. AMPs can
interact directly with the target microorganism (cell surface or intracellular components),
leading to its death, or act indirectly by modulating the host immune system to combat
the infection. In addition, many AMPs possess the ability to act on multiple targets and,
consequently, exert more than one convergent mechanism of action contributing to their
antimicrobial activity [92,96].

5.1. Extracellular Target AMPs

Several factors influence the ability of AMPs to permeate and destabilize microbial
membranes, such as amino acid sequence, membrane lipids, and peptide concentration.
The lipid composition of cell membranes plays a crucial role in the selectivity and effec-
tiveness of antimicrobial peptides. Bacterial membranes are negatively charged due to
the presence of phospholipid head groups such as phosphatidylglycerol (PG), cardiolipin
(CL), or phosphatidylserine (PS). Additionally, the presence of lipopolysaccharides (LPS)
in Gram-negative bacteria and teichoic acids in Gram-positive bacteria contributes to this
negative charge [97,98]. These compositional differences between prokaryotic and eukary-
otic membranes are important to the selective action of AMPs. The physical properties of
membranes, such as fluidity, tension, and lipid packing, also influence AMP interactions,
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making both lipid composition and membrane mechanics critical factors for peptide efficacy
and selectivity [99,100].

In addition to anionic phospholipids, molecules such as cholesterol and sphingolipids
are important in maintaining membrane stability and fluidity, directly influencing interac-
tions with antimicrobial peptides. In eukaryotes, cholesterol acts as a permeability regulator,
reducing the space between lipid chains and hindering the insertion of AMPs into the
lipid bilayer. As a result, mammalian membranes, rich in cholesterol, are generally more
resistant to AMP-induced lysis, unlike bacterial membranes, which contain lower levels of
cholesterol [101]. Additionally, studies have shown that pore formation is strongly influ-
enced by lipid composition, as well as by the bilayer’s mechanical and structural properties,
with cholesterol being a major factor in enhancing membrane stability and resistance to
external stress [99,101].

Membrane-active AMPs are typically amphipathic and positively charged at physio-
logical pH 7.4. Due to their net positive charge and hydrophobicity, AMPs interact with
negatively charged bacterial membranes, where the negative charge arises from lipid head
groups and other anionic membrane components. This interaction is mediated by electro-
static forces on the bacterial surface, altering the cell’s electrochemical potential, disrupting
lipid organization, and leading to leakage of intracellular contents [93,102].

In general, AMPs follow two major types of membrane action: pore formation
(barrel-stave and toroidal pore) and non-pore mechanisms (carpet model and detergent-
like action) [93,102]. In the Barrel-stave model, AMPs insert perpendicularly into the
lipid bilayer, assemble into oligomers that form transmembrane pore with a hydrophilic
interior [96]. Hydrophobic residues interact with the fatty acid chains within the mem-
brane, stabilizing pore formation [98]. The synthetic peptide Mo-CBP3-Pep-CPAIQRCC
and magainin2 (GIGKFLHAS KKFGKAFVGEIMNS, Frog) act via barrel-stave model due
to their hydrophobicity and o-helical structure [48,103]. In the Toroidal pore model, pep-
tides interact with the polar head groups of membrane lipids to form pores, causing the
lipid bilayer to bend around the peptide and form a continuous curvature, resulting in
stable channels that allow the passage of ions and other molecules [97,104]. Peptides such
as YK5 (NKVKEWIKYLKSLFK, synthetic) and MSI-78 (GIGKFLKKAKKFGKAFVKILKK,
synthetic) exemplify this mechanism by forming toroidal pores in membranes [97,104].

In the Carpet model, peptides accumulate on the membrane surface at high concentra-
tions, aligning parallel to the membrane to form a dense layer resembling a carpet. When a
threshold concentration is reached, this layer disrupts and lyses the membrane without
forming pores [98,105]. Cecropin P1 (SWLSKTAKKLE NSAKKRISEGIAIAIQGGPR, nema-
tode) acts via this model, coating the lipid bilayer and inducing membrane rupture [106].
In the Detergent-like model, AMPs disrupt the membrane by solubilizing lipids, leading to
micelle formation and complete bilayer disintegration. This results in dissipation of the
electrochemical gradient. Although structurally predisposed to pore formation, the peptide
PepD2M-Myr (WKKLKKLLKKLKKL-NH2, synthetic) acts via a detergent-like mechanism,
collapsing the membrane into lipid aggregates [96].

Some AMPs act via alternative or combined mechanisms. The S-thanatin (GSKKPVPI-
IYCNRRSGKCQRWM, insect) peptide exerts multiple actions, combining membrane depo-
larization and interference with the bacterial respiratory chain, while maintaining low
toxicity to mammalian cells due to its selectivity for lipid composition [96]. Melimine
(TLISWIKNKRKQRPRVSRRRRRRGGRRRR, synthetic) and Mel4 (KNKRKRRRRRRGGR-
RRR, synthetic) peptides, acting against Pseudomonas aeruginosa, follow a sequence of events
including LPS neutralization, membrane depolarization, intracellular material release, and
ultimately cell lysis [107]. The hRNase 7 peptide directly interacts with the OprI lipopro-
tein of P. aeruginosa, promoting increased membrane permeability and cellular content
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leakage [108]. Unlike the previously mentioned peptides, x-defensin HD6 (CLLOQGRC-
NCNLKLGCKSGFCGGCVNLP, human) acts by forming nanonets on the bacterial surface
without directly inducing cell death. This physical net traps bacteria and prevents adhesion
and invasion, protecting the intestinal epithelium [109]. The F6 fraction from egg yolk
hydrolysate contained three cationic and ten anionic peptides that may act in a synergistic
manner. Cationic peptides destabilize bacterial membranes through electrostatic inter-
actions, while anionic peptides may use metal ions to facilitate membrane penetration,
suggesting that the overall effect of F6 results from the combined action of peptides with
opposite charges [93].

Antifungal peptides have emerged as a promising alternative in combating fungal
infections, especially in light of the global rise in resistance to conventional antifungals such
as azoles, polyenes, and echinocandins [110]. The mechanism of action of AFPs involves
the destabilization of the microbial cell membrane, a process mediated by electrostatic
interactions between the cationic residues of the peptides and the anionic phospholipids of
the membrane, such as phosphatidylglycerol. These peptides can create pores or disrupting
membrane permeability, which compromises cellular structural integrity, therefore the
result is cell death. Some examples include Mo-CBP3-Pep (CPAIQRCC, synthetic) and
RcAlb-Pep (AKLIPTIAL, synthetic), which facilitate pore formation in fungal membranes
and induce oxidative stress, thereby contributing to hyphal damage [111]. The AFP, derived
from Aspergillus giganteus, interacts with the fungal membrane without forming pores but
alters local membrane fluidity and compromises structural integrity, ultimately resulting in
fungal cell destruction. Some antifungal peptides, such as CAADIVGQCPAKLK, derived
from thaumatin, act through receptor-dependent mechanisms. This peptide interacts
with the PHO36 receptor, found in Saccharomyces cerevisiae and Candida albicans, triggering
apoptotic pathways mediated by oxidative stress [112].

The AVDPs are strongly related to their physicochemical structure, which enables spe-
cific interactions with viral components or essential cellular elements involved in the
viral replication cycle. Among these interactions, those with viral membranes, cellu-
lar receptors, or viral enzymes are particularly noteworthy worthy [113]. Inhibition of
viral entry is one of the most common mechanisms, especially for enveloped viruses.
Membrane active peptides display broad-spectrum antiviral properties by disrupting
the stability of the viral envelope. According to Hoffmann [114], these molecules in-
teract directly with the viral lipid bilayer, hindering endosomal fusion and inducing
virion aggregation, effects reported for pathogens such as influenza, dengue, and herpes
simplex viruses. Their specificity is linked to the pronounced curvature of viral mem-
branes and to the lack of repair or homeostatic mechanisms in these structures. In vitro
studies, the peptide p5 ([coil]-GGGYSKGGKGGGKGGKGGGKGGKGGGKGGKG, syn-
thetic) prevents viral attachment to host cells by binding to a heparan sulfate proteo-
glycan (HSPG) located on the cell surface, thereby blocking the entry of human and
murine cytomegaloviruses (HCMV and MCMV) [115]. Another example is enfuvirtide (Ac-
YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWE-NH2, synthetic), which interferes
with the formation of the six-helix bundle (6-HB) required for membrane fusion, while
peptide C60 reinforces the pre-formed 6-HB, preventing further fusion events, particularly
in endocytic pathways, with demonstrated efficacy against HIV [116]. In influenza A,
inhibitory activity has also been observed for peptides such as C18 (ARLPR, synthetic)
and C12-Hp (KKWK, synthetic) which target hemagglutinin subunits HA1 and HAZ2, re-
spectively, blocking membrane fusion. Another peptide with a similar mode of action is
C20-Jp-Hp (ARLPRKKWK, frog) which blocks the conformational rearrangement of HA2 and
interferes with endosomal acidification, a crucial step for viral activation [117]. Peptides
such as cecropin B (NH2-KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-CONH?2,
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cecropia moth), and CAP37 (NQGRHFCGGALIHARFVMTAASCFQ, human) have shown
efficacy against non-enveloped viruses like adenovirus and rotavirus by promoting capsid
disintegration or preventing viral entry through particle aggregation [118].

5.2. Intracellular Target AMPs

By crossing the cell membrane without the need to induce lysis, AMPs interact
with intracellular components such as DNA, RNA, enzymes, and metabolic systems,
ultimately leading to cell death. Peptides such as KT2 (NGVQPKYKWWKWWKKWW-
NH2, synthetic), RT2 (NGVQPKYRWWRWWRRWW-NH2, synthetic), and PR-39
(RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP-NH;, pig) exemplify cell entry with-
out pore formation or membrane lysis, a process facilitated by interactions with lipopolysac-
charides and exploitation of the bacterial electrochemical gradient. Once inside the cell,
they bind to DNA, thereby inhibiting transcription and translation [119,120]. Buforin II
(TRSSRAGLQFPVGRVHRLLRK, Asian Toad) is also capable of translocating across the
membrane without causing lysis and accumulate in the cytoplasm, where they strongly
bind to bacterial DNA and RNA, resulting in inhibition of their functions [121,122]. Simi-
larly, the AMP Oct-P2 (MFLVVKVLKYVYV, octopus) interacts directly with plasmid DNA,
promoting its aggregation and thereby impairing its functionality [123].

Some AMPs directly interfere with bacterial enzymatic activity. The peptide AP-
KHKEMPFPKYP from bovine (3-casein, acts against Staphylococcus aureus by inhibiting
critical enzymes such as DNA gyrase and dihydrofolate reductase (DHFR) through hy-
drogen bonding, hydrophobic interactions, and m—m stacking. This interaction blocks
DNA replication and cellular metabolism, ultimately leading to bacterial death [124]. The
induction of reactive oxygen species (ROS) is a mechanism observed in several AMPs.
The peptide LTX (315-KKWWKKW-f3-difenilalanina-K-NHj, synthetic) induces oxidative
stress by increasing the production of nitric oxide and hypochlorite, disrupting NAD+
metabolism and ATP production, and thereby compromising bacterial viability [125]. Pep-
tides such as CM15 (KWKLFKKIGAVLKVL, synthetic) and MM63:CHx37 from bacteria,
also induce oxidative stress by generating superoxide, hydroxyl radicals, and hydrogen
peroxide, especially under aerobic conditions, while LL-37 (LLGDFFRKSFKKLGKRLLRF-
FLSKSA, human) causes oxidative stress by interfering with the cytochrome oxidase-bd
complex in the periplasm [126]. The peptide [K4K15]-CZS-1 (GFLKIVKGVGKVALKA-
VSKLE, frog) not only permeabilizes membranes but also disrupts bacterial metabolism by
inhibiting essential pathways such as fatty acid biosynthesis, phospholipid metabolism,
and the tricarboxylic acid (TCA) cycle, thereby hindering cellular recovery and enhancing
bacterial death [127].

In addition to cell membrane action of AFPs, many antifungal peptides target
essential intracellular components related to fungal metabolism. AMPs such as his-
tatin5 (DSHAKRHHGYKRKFHEKHHSHRGY, human) can interfere with genomic DNA
without forming pores in the fungal membrane. As a result, these peptides cause mor-
phogenetic defects, such as irregular chitin distribution, abnormal hyphal branching, and
eventual cell lysis [128]. Metchnikowin (MQLNLGAIFLALLGVMATATSVLAEPHRHQG-
PIFDTRPSPENPNQPRPGPIY) for example, derived from Drosophila melanogaster, acts
specifically against Fusarium graminearum by inhibiting succinate-coenzyme Q reductase
(SQR), an enzyme essential for mitochondrial energy production. Furthermore, Mtk in-
terferes with fungal cell wall synthesis by inhibiting 3 (1,3)-glucanosyltransferase Gell, a
crucial enzyme for cell wall formation in Fusarium [129].

The peptide IJ4 (Ac-cKWAFWKAFAKAFAKNH?2, shrimp) exhibits antifungal activ-
ity against various Candida species and other filamentous fungi by oxidative stress and
stimulating the production of reactive oxygen species (ROS), which compromise fungal
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cellular components [130]. The peptide AMT (RRWWRE, synthetic) and its variants (AMT2-
HRRWWRE, cyclo-AMT2, AMT3-HGHRRWWRE, and cyclo-AMT3) interact with fungal
membranes, leading to structural disruption and membrane destabilization. These pep-
tides were initially designed to inhibit lanosterol demethylase. However, studies indicated
that their antifungal activity mainly relies on membrane interaction rather than enzyme
inhibition [131].

The AVPs may also function through diverse pathways beyond extracellular bind-
ing. For example, the synthetic peptide WL-1 (GWKRIKQRIKDKLRNL) combats herpes
simplex virus type 1 (HSV-1) by blocking viral attachment, suppressing replication, and
downregulating pro-inflammatory cytokine production [118]. Direct inhibition of viral
enzymes, such as influenza polymerase or essential replication proteases, has been ob-
served for P9 (NGAICWGPCPTAFRQIGNCGHFKVRCCKIR, synthetic) and LVLQTM
from pB-casein [118].

5.3. Immunomodulatory AMPs

Antimicrobial peptides, also known as host defense peptides (HDPs), are pro-
duced by the immune system and play immunomodulatory roles that support pathogen
clearance [132]. In humans, the main classes are defensins and cathelicidins, although
other peptides, such as calprotectin and adrenomedullin, also contribute to immune
responses [132,133]. HDPs regulate intracellular signaling pathways, including NF-«B,
MAPK, and PI3K, by interacting with cytoplasmic proteins or G protein-coupled receptors.
These interactions promote dendritic cell differentiation, leukocyte recruitment, and the
production of anti-inflammatory cytokines, while inhibiting pro-inflammatory mediators
such as TNF-«, IL-6, and IL-8. In addition, HDPs help bridge innate and adaptive immunity
by activating antigen-presenting cells and lymphocytes, contributing to immune regulation
and tissue repair [132,133].

The human peptide LL-37 is a well-studied example of an immune regulator. Its
activity involves binding to bacterial components such as LPS, which prevents excessive
macrophage stimulation and decreases TNF-a production. Furthermore, LL-37 disrupts
the interaction between LPS and LBP (binding protein), reducing TLR4 activation and
limiting the development of sepsis. The LL-37 peptide promotes the recruitment of immune
cells by inducing chemokines such as IL-8 and MCP-1 and increasing the expression of
chemokine receptors such as IL-8RB, CXCR-4, and CCR2 [134]. The peptide’s activity is
dose-dependent, so at low concentrations it functions as an “immune sentinel,” while at
higher levels it promotes cell migration. According to Fjell et al. [135], LL-37’s antimicrobial
action is strengthened by its ability to directly penetrate bacterial membranes without the
need for active endocytosis, whereas its immunomodulatory effects rely on its translocation
into eukaryotic cells.

The peptides HV2 (RRVHVHVDPGVHVHVRR-NH?2, synthetic) and PA-13-KIAKRIWKI
LRRR, Synthetic- also exhibit immunomodulatory activity. Their mechanism involves
neutralizing LPS from Gram-negative bacteria, thereby inhibiting TNF-o« production in
RAW264.7 macrophage cells. This action is essential for protecting the host against en-
dotoxic shock, which can result from severe Gram-negative [136]. Another example of
an immunomodulatory peptide is 3-defensin 1 (MRTSYLLLFTLCLLLSEM ASGGNFLT-
GLGHRSDHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK, human), which acts on
macrophages infected with Staphylococcus aureus by activating the PI3K-AKT-NF-«B signal-
ing pathway. Activation of this cascade leads to increased expression of proinflammatory
cytokines such as TNF-«, IL-6, CXCL10, CD40, and RANTES. Inhibition of this pathway
significantly reduces cytokine expression, underscoring its importance in the immune
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response. Moreover, eBD-1 stimulates the expression of phagocytosis-related proteins such
as CD16 and paxillin, thereby promoting efficient pathogen clearance [54].

6. Clinical Trial of AMPs

Over 5000 antimicrobial peptides have been described, yet only 31 have reached
preclinical trials, 38 are in phases I-III (Table 2), and 17 have been FDA-approved and
are currently on the market (Table 3). This scenario is primarily attributable to the phar-
macokinetic and regulatory challenges associated with the use of AMPs in vivo, such as
selective toxicity, low bioavailability, proteolytic degradation, and a lack of standardization
in establishing specific legislative guidelines [95,137,138]. Nevertheless, AMPs remain
promising alternatives for treating antibiotic resistance because they offer rapid antimicro-
bial activity, fewer adverse reactions, and broad therapeutic applications. This has led to a
growing search for peptides with desirable characteristics as well as for peptide-engineering
techniques and delivery systems that optimize their pharmacological profile [95,137].
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Table 3. AMPs approved for FDA and in market.
Peptide Name Sequence Structure Source B e Medical Use Target Site DRy Company Reference
Activity Path
: Prevent pneumonia and ]
Bacitracin Leu-D-Glu I.le-Lys-D-Orn- ; Bac%llus : Antibacterial empyema in infants, skin and Cell wall Topical Var10u§ [139]
Ile-D-Phe-His-D-Asp-Asn licheniformis . . companies
eye infections.
Dalbavacin Semi Acute bacterial skin infections,
X Not available . Antibacterial Osteomyelitis and septic Cell wall v DALVANCE® [140]
ydalba synthetic e
arthritis
. Complicated skin infections
Daptomyc1n e ARINIED G ALt Antibacterial and bloodstream infections Ll v CUBICIN® [141]
Cubicin DaDGsED 10Se0Sporus . membrane
(bacteremia)
Enfuvirtide YTSLIHSLEESQN- Human Immunodeficien Fusion protein
Fuzeon QQEKNEQELLEL- Synthetic Anti-HIV u Vi (H?V? lciency s10 1210 € sC FUZEON® [142]
20 DKWASLWNWF s &P
PP VGALAVVVWLW : ] . . . . . . Cell . Various
Gramicidin D LWLW-ethanolamine Bacillus brevis Antibacterial Skin lesions and eye infections membrane Topical companties [143]
cyclo[Leu-D -Phe - . . q
Gramicidin S -Pro-Val-Orn-Leu-D-Phe- Bacillus brevis Antibacterial Sperm1c1df? agalpst iz el Topical Var1ou§ [144]
and fungi; genital ulcers membrane companies
Pro-Val-Orn]
Obiltoxaximab Not available Not available n';c;lr;?bccl)c()ir;al Antibacterial Inhalational anthrax Antitoxin v ANTHIM® [145]
. . . . Semi ; . . . KIMYRSA™
Oritavancin Not available Not available synthetic Antibacterial Acute bacterial skin Cell wall v ORBACTIV® [146]
monoclonal Prevent serious lung infections Blocking viral
Palivizumab Not available Not available " Antiviral caused by respiratory syncytial ne ™M SYNAGIS® [147]
antibody - replication
virus-RSV
Polymyxin B Not available Not available Bacillus polymyxa Antibacterial InfecFlons ol i ity e, e v Var10u§ [148]
meninges, and blood stream membrane companies
Polymyxin E 6-mh-DabTDab . . . Acute or chronic infections due Cell Various )
Colistin [*DablLDabDabT] Bacillus polymyxa o to Gram-negative bacilli membrane oo companies [149]
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Table 3. Cont.

. Biological . . Delivery
Peptide Name Sequence Structure Source Activity Medical Use Target Site Path Company  Reference
Raxibacumab Not available Not available Hzﬁ?;é(g;al Antibacterial Inhalational anthrax Antitoxin v RAXI(%BACUI\ [11]
Telavancin . . . . . . Osteomyelitis and Cell ®
TD-6424 Not available Not available - Semi synthetic ~ Antibacterial bacterial infections membrane v VIBATIV [150]

Infected skin and

Tyrothricin Not available Not available - Brevzbaczll.us Ant1l?acter1al infected oropharyngeal Cell Topical/ Var1ou§ [151,152]
parabrevis Antifungal mcous membranes membrane Oral companies
SDAAVDTSSEITT- : Immuno
Thymalfasin KDLKEKKEVVEE- A Synthetic Antiviral Hepatitis B and C. v ZADAXIN® [153]
AEN i modulator
Septicemia, infective

Vancomycin Not available AN 'colatolp o185 Antibacterial sine e i, Skl.n’ e Cellwall IV /Oral Var10u§ [154]

orientalis and lower respiratory companies

tract infections.

Intravenous injections (IV), Subcutaneous injections (SC) Intramuscular injections (IM). All information was collected and reviewed in the DRAMP database (http://dramp.cpu-bioinfor.
org/) [16], Drugbank (https://go.drugbank.com/) [155] and Pubchem (https://pubchem.ncbi.nlm.nih.gov/) [156] (accessed 3 August 2025).
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Peptides exhibit low bioavailability owing to their instability at acidic pH, enzymatic
action, and poor intestinal mucosal absorption, which is why most AMPs are administered
via injection [138]. However, this characteristic can be advantageous depending on the
type of treatment, as demonstrated by surotomycin, an antibacterial peptide in phase III
clinical trials (NCT01598311). This peptide exhibits minimal systemic absorption, making
it ideal for treating Clostridium difficile-associated diarrhea and for achieving the required
high drug concentrations in the colon. Additionally, surotomycin is a cyclic lipopeptide,
ensuring greater stability and proteolytic resistance [65,157].

Most AMPs are administered via parenteral, representing almost 80% of peptide
delivery, despite the potential benefits of oral delivery [138,158]. Among these routes,
intravenous (IV) injections provide 100% bioavailability, reaching the maximum plasma
concentration (Tmax) more rapidly than other methods. In contrast, subcutaneous (SC)
administration exhibits slower absorption and delayed Tmax [158]. However, even when
pharmacokinetic barriers are addressed, challenges such as rapid metabolism, protein
binding, and conformational instability remain. To overcome these limitations, transdermal
delivery has emerged as a promising non-invasive alternative, self-administration, avoiding
gastrointestinal degradation and first-pass metabolism [138].

An important consideration is the potential cytotoxic effect of AMPs, which is associ-
ated with their low target specificity and biochemical properties such as hydrophobicity,
amphipathicity, and charge. Excessive hydrophobicity increases lytic activity, whereas
cationicity enhances the selectivity toward bacterial membranes [11,135,137]. Further-
more, studies have highlighted the importance of selecting appropriate in vivo and in vitro
models, particularly for erythrocyte-based assays, since interspecies differences can affect
the dose dependence of peptides [159]. Murepavadin is an example of an unsuccessful
molecule that reached a phase III trial (NCT03582007) for the oral treatment of resistant
Pseudomonas aeruginosa infections but exhibited dose-dependent nephrotoxicity [160,161].

To improve the success of clinical trials, certain strategies are employed, such as
topical or inhalable administration, which minimize systemic exposure. Examples such as
XOMA-629, Omiganan, and PL-5 are applied topically as sprays or creams and are in phase
III clinical trials. Meanwhile, nanotechnology-based systems using metallic nanomaterials
(e.g., gold and silver nanoparticles) or polymeric materials (e.g., chitosan and lipid-based
formulations), particularly with techniques like oil-in-water nanoemulsions, liposomes,
and micelles, can optimize AMP delivery, absorption, and half-life [162,163]. Nisin A,
an oral AMP used in preclinical testing, demonstrated greater stability and antimicrobial
activity against Staphylococcus aureus strains when formulated in chitosan/sodium alginate
(CS/SA) microspheres [164].

Additionally, chemical modifications, such as substituting L-amino acids with their
D-enantiomers, N-methylation, PEGylation, glycosylation, cyclization, and lipidation, can
enhance AMP performance. These structural changes can improve solubility and sta-
bility in aqueous solutions, reduce renal clearance, extend antimicrobial function, and
influence peptide activity through multiple mechanisms [165-167]. For example, orita-
vancin, a semisynthetic lipoglycopeptide antibiotic derived from vancomycin, is used
to treat Gram-positive bacteria, including resistant strains. Its spectrum of activity and
half-life are extended by its cyclic structure, lipophilic aromatic side chain, and amino acid
d-enantiomers [167,168].

7. Computational Approaches for AMPs Discovery and Design

Recent studies have shown notable advancements in computational methods for the
discovery and optimization of AMPs. Existing research typically follows two complemen-
tary strategies: (1) bioinformatics-based mining of natural sequences to identify novel
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AMPs and (2) rational design of synthetic AMPs, either by modifying known templates
through structure-based approaches or by employing de novo computational methods [169].
These strategies are summarized in Figure 3.

Data Sources Machine Learning Structure )
Approaches Prediction (20/3D)
Detateses ( s;el'ecée& s:‘mgé? 1 Rm”““"é’é‘(?;{’m;»q gf
Sequence —> |(e.9. QKALNEINQF)) Deep Learning: ANNS, s
Structure Others CNNs, DNNs, RNNs
Mechanism ’
Pten
l Validation
De Novo Sequence Optimization
Predictive Tools icteides C
2 787 _ Non AMP or AMP Simulations and Docking
Amit.;aﬁerial Studies
Deepleaming ~ * (Designed Sequence) .
(e. IQPKTKVIPYVR) Antitumoral & -
Generative Models S S Antiparasitic % " §
Variational Autoencoder Mic iy '
Diffusion Models Other Propertieec. v

Figure 3. Two complementary strategies guide the discovery of antimicrobial peptides (AMPs): The
identification of novel candidates from natural sources and the computationally guided design of
synthetic AMPs. Protein images used in this figure were obtained from the freely accessible BioArt
resource (https:/ /bioart.niaid.nih.gov/).

Quantitative structure—activity relationship (QSAR) modeling is one of the longest-
standing computational approaches in AMP research. This method predicts biological
activity on the basis of the molecular structure, operating under the principle that struc-
turally similar compounds exhibit similar functions [170]. Traditional QSAR employs
linear regression models, in which biological activity is calculated as the weighted sum
of molecular descriptors. More advanced ML-based QSAR utilizes nonlinear algorithms,
including random forest, artificial neural networks, K-nearest neighbor, and support vector
machines, to capture complex structure-activity relationships through hierarchical feature
interactions rather than simple weighted sums [171,172]. Overall, the previously cited ML
strategies and other approaches (e.g., hidden Markov models, logistic regression, fuzzy
K-nearest neighbor, discriminant analysis), have substantially enhanced AMP classification
accuracy within a hierarchical multilevel description [173,174].

Discriminative models such as convolutional neural networks (CNNs), deep neu-
ral networks (DNNs), and recurrent neural networks (RNNSs) are often integrated into
pipelines for tasks such as AMP classification, property prediction, and bioactivity cat-
egorization [174,175]. Building on these advances, Brizuela et al. [176] identified five
hierarchical levels of tool functionality: (1) distinguishing AMPs from non-AMPs, (2) cate-
gorizing inputs by bioactivity, (3) target classification and prediction, (4) predicting AMP
properties, and (5) estimating minimum inhibitory concentrations (MICs).

With the emergence of new methods, researchers are employing approaches combining
evolutionary algorithms, codon-based optimization, and Al to design AMPs with enhanced
antimicrobial activity and reduced host toxicity [169]. For de novo AMP design, deep
learning-based generative models, such as variational autoencoders (VAEs), diffusion
models, and generative adversarial networks (GANs), have shown notable success when
trained on large datasets of known AMPs. These models generate novel peptide sequences
while optimizing desired properties [177].

Computational tools such as AlphaFold [178], RoseTTAFold [179,180] and PEP-
FOLD [47] can be employed to predict AMP secondary and tertiary structures. Once
structural models are available, molecular docking approaches, using platforms such as
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AutoDock [181], HADDOCK [182] and CABS-dock [183], allow the evaluation of potential
interactions with target membranes or proteins. Subsequently, molecular dynamics simu-
lations with packages such as GROMACS [184], CHARMMS36 [185] or the coarse-grained
MARTINI force field [186] provide insights into AMP stability, binding mechanisms, and
dynamic behavior in biological environments. Table 4 shows the common tools for AMP
analysis, supporting researchers in the identification of AMPs and the generation of novel
peptide sequences.

Table 4. AMPs tools for analysis.

Database Name Functionality Additional Information URL Reference
Prediction of whether it is an AMP and its potential activity.
The classification method ~ https:/ /github.com/Fuhaoyi/
ACEP Identification of AMPs. is based on deep learning ACEP (accessed [187]
(DL). 30 October 2025)
Designing novel peptides, L http:
ADAPTABLE predicting their activities, and ‘glfe:iz;?zri%?a?at: i?érefr / /gec.upicardie.fr/adaptable/ [188]
identifying functional motifs. pbep ' (accessed 30 October 2025)
A novel deep learning model It onlv needs the peptide https:/ /inner.wei-group.net/
AFP-MFL that can predict antifungal SZ sence to rﬂnp AFPMFL/#/ (accessed [189]
peptides. 9 ' 30 October 2025)
A web server tool for predicting . . https:
AMP- Scanner if it is an AMP based on amino Only 1n::;d;ssbacter1a / /www.dveltri.com/ascan/ [190]
acid sequence. gets: (accessed 30 October 2025)
A web server tool for identifying a:g;?fgﬁg;mrgsisnzg https:/ /tcoffee.crg.eu/apps/
AMPA active regions in antimicrobial prop Y ampa/do (accessed [191,192]
. scale to generate an
proteins. .. . . 30 October 2025)
antimicrobial profile.
Deep learning approach to https:/ /github.com/milad7
AMPDeep predict hemolytic activity of It was built on Python. 3s/AMPDeep (accessed [193]
AMPs. 30 October 2025)
A python application for The classification method https:/ / github.com/
amPEPpy predicting antimicrobial peptide . tlawrence3/amPEPpy [194]
is based on random forest.
sequences. (accessed 30 October 2025)
The classification method http:/ /biongram.biotech.uni.
A web server tool for .
AmpGram identification of AMPs is based on random forest ~ wroc.pl/AmpGram/ (accessed [195]
’ and n-gram analysis. 30 October 2025)
It is a collection of . .
sequence-based machine The classification method https://app.cbbio.online/
AXPEP . . ampep/home (accessed [196]
learning methods for AMPs is based on random forest.
.. 30 October 2025)
prediction.
An;:x;ﬁ::fofi};porf d\;}:tor Were based on 310 AMPs https:/ /sourceforge.net/
CS-AMPPred . : pred and 310 non-antimicrobial projects/csamppred/ [197]
antimicrobial activity in eptide sequences (accessed 30 October 2025)
cysteine-knotted proteins. pep q '
. A Perl package for revealing Cysteine motlfs. are https:/ /github.com/
Cysmotif . ) common to various o
peptide sequences possessing e fallandar/cysmotifsearcher [198]
Searcher . . families of AMPs and other
cysteine motifs. . . . (accessed 30 October 2025)
cysteine-rich peptides.
A tool for predicting protein The classification method https:/ /github.com/
deepAMP AMPylation sites from binary  is based on a convolutional MehediAzim/DeepAmp [199]
profile representation. neural network. (accessed 30 October 2025)
DL approach to identifying https:/ /github.com/joy50706
iAMPCN antimicrobial peptides and their It was built on Python. /iIAMPCN (accessed [200]
functional activities. 30 October 2025)
Multi-label DL approach to https:/ /github.com/
MLBP identifying multi-functional It was built on Python. tangwending/MLBP (accessed [201]

bioactive peptide functions.

30 October 2025)
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Table 4. Cont.

Database Name Functionality Additional Information URL Reference
The program uses graphs . .
sAMPpred- A web tool for identification of constructed based on . http://bliulab net/
GAT AMPs predicted peptide sAMPpred-GAT /server [202]
' (accessed 30 October 2025)
structures.
Design of Peptides
_— . . https:/ /webs.iiitd.edu.in/
AntiBP 3.0 scaﬁr:ivr?bjﬁglcigzip;eiilcirll\%’l’s Based o?ez?lz:::ihllr::slearnmg raghava/antibp3/ (accessed [203]
& snmg : ques. 30 October 2025)
An algorithm to design It was developed based on . httpS:/ / github.com/
Joker antimicrobial peptides amino acid motifs williamfp7/Joker (accessed [204]
pep ’ ’ 30 October 2025)
It includes the following
A I.’ython package for working modulfes: sequence https:/ /modlamp.org/
ModIAMP with any sequence of natural generation, sequence [205]
. . . b (accessed 30 October 2025)
amino acids. library analysis and
description calculation.
Prediction of Structure
https:/ /colab.research.google.
To predict a protein/peptide’s com/github/sokrypton/
AlphaFold 3D structure based on amino Al éﬁ)telrz ngeﬁlﬁg by ColabFold /blob/main/ [206,207]
acid sequence. & P ' AlphaFold2.ipynb (accessed
30 October 2025)
- It also provides a https:/ /zhanggroup.org/I-
iTASSER A ::rell;cizile foofr ﬁgi:;izmg structure-based function TASSER/ (accessed [208]
P ’ annotation. 30 October 2025)
A web tool for predictin The model was trained and https:/ /webs.iiitd.edu.in/
PEP2D N dai 2?11 (’:urp ef ¢ t;gd tested based on raghava/pep2d/ (accessed [209]
Seco y structure of pephices. 3100 peptide structures. 30 October 2025)
. https:/ /mobyle2.rpbs.univ-
PEP-FOLD 4 Afiﬁiﬁ;ﬂﬁ?ﬁlﬁ Efﬁ;ﬁ? The peptides should have paris-diderot.fr/cgi-bin/ [209]
pbep acid sequences 5 to 50 amino acids. portal.py#forms:: PEP-FOLD4
! ’ (accessed 30 October 2025)
A Python-based Al tool for - https://github.com/
RoseTTAFold rotein /peptide structur The structure prediction RosettaCommons/ [179]
0se © prote I;‘,:gictif)r? cture method is based on DL. RoseTTAFold?tab=readme-ov-
p ' file (accessed 30 October 2025)
. It supports interactive .
SWISS-MODEL A web tf)o.I for protein st1jucture modeling for both simple wissmodel.expasy.org [210]
prediction and modeling. (accessed 30 October 2025)
and complex needs.
Molecular Docking and Molecular Modeling
A tool to predict how small It has two options: https:
AutoDock molecules bind to a receptor of AutoDock-GPU and / /autodock.scripps.edu/ [181]
know 3D structure. AutoDock Vina. (accessed 30 October 2025)
. It requires the sequence of https:/ /biocomp.chem.uw.
CABS-dock A V\;E]:e?fivgr ;O(;i fdoscﬂie;lble a protein receptor and a edu.pl/CABSdock (accessed [183]
p pep & peptide sequence. 30 October 2025)
Broad-scope molecular There is no cost to https:
CHARMM36 simulation software for complex academic students / /academiccharmm.org/ [185]
environments. ’ (accessed 30 October 2025)
Powerful open-source suite for Broad spgctrum of https:// manual,gromflcs.org /
. . . calculation types, archive/4.6.7 /online/
GROMACS molecular dynamics simulation . . . [184]
and analysis preparation and analysis speptide.html (accessed
’ tools. 30 October 2025)
A data-driven docking ) .
A web platform for biomolecular approach guided by https:/ /rascar.science.uu.nl/
HADDOCK haddock2.4 (accessed [97]

docking simulations.

ambiguous interaction
restraints (AIRs).

30 October 2025)
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Database Name Functionality Additional Information URL Reference
Coarse-grained force field for
biomolecular simulations, ) ..
MARTINI parameterized using Based ona four-to-one https:/ /cgmartini.nl/ [186]
: - mapping scheme. (accessed 30 October 2025)
experimental data and atomistic
simulations.
Agagl?elz{,riccifgfaioétZZﬁiiosr It uses the program VHD https:/ /www.ks.uiuc.edu/
NAMD P . . 4 for simulation setup and Research/namd/ (accessed [211]
simulations of large . .
. trajectory analysis. 30 October 2025)
biomolecules.
A program to display, animate https:/ /www.ks.uiuc.edu/
VMD and analyze large biomolecules It has 3-D graphics. Research/vmd/ (accessed [5]

systems.

30 October 2025)

Regardless of how the models are constructed, tool performance improves proportion-
ally with database accuracy and proper structural organization [171,212]. Table 5 presents
the widely used databases containing AMP data. These databases provide a comprehensive
annotation on AMPs, including details such as amino acid sequence (composition and
length), source organisms, biological activity, physicochemical properties (hydrophobicity
and charge), secondary structures, mechanisms of action, and additional data [169].

Table 5. AMPs databases.

Database Name

Type of data

Additional Information

URL

Reference

ADAM

Comprehensive AMPs
database.

It contains tools for searching and
predicting whether peptides are
antimicrobial.

http:/ /bioinformatics.cs.ntou.

edu.tw/adam/index.html
(accessed 30 October 2025)

[213]

AMPDb

Extensively curated
AMPs.

It assimilates information from
various resources: NCBI, EMBL,
UniProt, RCSB-PDB and PubMed.

https:
/ /bblserver.org.in/ampdb/
(accessed 30 October 2025)

[17]

APD

Manually curated
AMPs.

It contains 5099 peptides

https:/ /aps.unmc.edu/
(accessed 30 October 2025)

(8]

CAMP

Conserved sequence
signatures represented
by 45 families.

It includes sequence, protein
definition, accession numbers,
activity, source organism, target
organisms and protein family
descriptions

https:
/ /classamp.bicnirrh.res.in/
(accessed 30 October 2025)

[13]

CARD

Antibiotics, resistance
genes, their products
and associated
phenotypes.

It includes tools as BLAST and can
predict resistome based on
homology and SNP models.

https:/ /card. mcmaster.ca/
(accessed 30 October 2025)

[214]

DADP

Manually curated
database of AMPs and
defense peptides.

Described minimum-inhibiting
concentration (MIC) against at least
one microorganism.

https:

/ /webs.iiitd.edu.in/raghava/

satpdb/catalogs/dadp/
(accessed 30 October 2025)

[215]

dbAMP

Manually curated
AMPs.

It includes tools that can discover
novel AMPs or relate functional
activities by predictive models.

http:
/ /awi.cuhk.edu.cn/dbAMP
(accessed 30 October 2025)

DBAASP

Structure-activity of
peptides.

It includes a tool that predicts
whether the amino acid sequence
has antimicrobial potential.

https:/ /dbaasp.org/home
(accessed 30 October 2025)

DRAMP

Manually curated
AMPs.

It includes the annotations:
sequences, structures, activities,
physicochemical, patent, and clinical

http:
//dramp.cpu-bioinfor.org/
(accessed 30 October 2025)
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Manually curated It contains experimentally validated http://crdd.osdd.net/
Hemolytik peptides, including hemolytic and non-hemolytic raghava/hemolytik/ (accessed [217]
AMPs. peptides. 30 October 2025)
https:
1 It includes extensive annotations: / /ciencias.medellin.unal.edu.
Specialized database of . S
name, sequence, length, secondary co/gruposdeinvestigacion/
InverPep AMPs from ) . . . o, [218]
invertebrates structure, molar mass, charge, prospeccionydisenobiomoleculas/
’ isoelectric point, hydrophobicity, etc. InverPep/public/home_en
(accessed 30 October 2025)
Hand-curated Sources include Antibacterial i
resistance genes for Biocide and Metal Resistance Genes htps:
MEGARes o ; . / /www.meglab.org/megares/ [219]
antimicrobial drugs, (BacMet), CARD, ResFinder, (a d 30 October 2025)
biocides and metals. PointFinder, AMRFinderPlus. ceesse ctobe
Users can get all information about )
different functional htp:
Information about . . ’ //14.139.61.8/PlantPepDB/
PlantPepDB . physicochemical and structural . [18]
plant peptides 05 of a sinel . pages/simplesearch.php
properties of a single peptide, in a (accessed 30 October 2025)
single entry.
Peptiedia Tool for peptide Uses 76 databases and reports on https:/ /app.peptipedia.cl/ [15]
Pip sequence activity and sequence (accessed 30 October 2025)
Annotations: structural,
Manually curated phy51co?herp1cal and . .
pharmacokinetic properties, https:/ /peptherdia.
. database of approved . .F . . .
PepTherDia eptide drues and indications, routes of administration, herokuapp.com/ (accessed [220]
Pep 18 production methodologies, 30 October 2025)
diagnostic agents. . i .
marketing authorization and origin
of their design.
It is possible to search for all the https:
SATPdb Structurally annotated peptides containing a common / /webs iiitd.edu.in/raghava/ [14]
therapeutic peptides. segment (motif) or well-known satpdb/sub_search.php
motifs. (accessed 30 October 2025)
It includes sequence, indication,
Approved and ap- haﬁ;?gglin;r%casdégzci ¢ http://crdd.osdd.net/
ThPDB proved/investigational P . Y - Y raghava/thpdb/ (accessed [221]
. . metabolism, absorption, half-life,
therapeutic peptides. - S ) . 30 October 2025)
patent information, interaction with
other drugs, targets, others.
Structurally annotated Include anticancer, antiviral, https:/ /webs.iiitd.edu.in/
YADAMP peptides classified into antiparasitic, antibacterial, drug raghava/satpdb/index.html [222]

10 categories.

delivery and toxic peptides.

(accessed 30 October 2025)

All information was collected and reviewed on 5 October.

8. AMPs and Their Use in the Food Industry

Antimicrobial peptides can be potentially used for food preservation, mainly because
they are considered ecological, safe, and economically viable in comparison with chemical
preservatives [41]. Moreover, plant- and animal-based foods can be enzymatically hy-
drolyzed to generate peptides with antimicrobial activity [42]. Research has highlighted the
challenges in applying AMPs in food systems, such as the use of nanotechnology through
nanoencapsulation, which can enhance stability, antimicrobial spectrum, and efficacy.

Microbial fermentation can generate BAPs from proteins of plant or animal origin.
These peptides exhibit antimicrobial, antioxidant, antihypertensive, and anti-inflammatory
properties, and show the potential for disease prevention and health promotion. Various
microorganisms, including lactic acid bacteria, Bacillus spp., and fungi (Aspergillus, Rhizopus,
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Saccharomyces), can contribute to the release of these compounds during the fermentation
of foods such as milk, meat, cereals, legumes, and seafood [223]. Bacteriocins are AMPs
derived from probiotics and produced by lactic acid bacteria in traditional fermented
foods. They have emerged as sustainable alternatives to antimicrobials and a means of food
biopreservation [41,224]. These bacteriocins act by forming pores and interfering with vital
cellular processes and are selective, which preserve the body’s beneficial microbiota [225].

The concept of “Clean Label” foods (foods produced with natural compounds) has
gained prominence due to consumers’ demand for healthier diets. This growing de-
mand has pressured the food industry to replace synthetic preservatives with sustainable
alternatives [39]. In this context, the use of bacteriocins and protective cultures has emerged
as a promising approach for food preservation. These active cultures release antimicrobial
substances directly into food, thereby increasing microbiological safety through a compre-
hensive effect against harmful bacteria, and are compatible with food systems [226,227].
Despite these benefits, issues related to transparency, regulation, and social acceptance
persist [228].

The combined use of probiotics and antimicrobials has been investigated as a novel
approach to improve food safety and extend the shelf life of products. Probiotics can
modulate microbiota, block pathogens, and simultaneously enhance the efficacy of AMPs.
Synergistic approaches include the local production of antimicrobials through probiotic
cultures and the strengthening of host immune defenses [229]. Analyses of toxicological
risks, potential negative effects on beneficial microbiota, and mechanisms of bacterial resis-
tance are important before these compounds can be used commercially [230]. Although
these compounds have great potential as natural alternatives to artificial preservatives,
information on their safety on a large scale is currently lacking. Obstacles include stan-
dardizing toxicological testing, investigating the effects on gut microbiota, and monitoring
bacterial resistance [231]. From this perspective, innovation should be guided not only by
technological efficiency but also by environmental sustainability, social justice, and public
health protection [42].

9. AMPs and Their Use in Veterinary Medicine

The abuse and inappropriate use of antibiotics have caused AMR to become a major
public health concern. One aspect of AMR has been discussed in Swann’s report published
in 1969, which highlights the influence of AMR in animals and the latent concern that this
may negatively affect humans [232].

In livestock animals, antibiotics are prophylactically used to promote growth. This ap-
proach employs sub-therapeutic doses, which are known to select resistant organisms [233].
The indiscriminate use of antibiotics to prevent and treat diseases generates selective pres-
sure that could lead to the transfer of AMR microorganisms to humans as a result of the
close relationship between the two. Wild animals may also aggravate this problem, since
they could function as an ecological pool of resistant organisms; however, the transmission
routes involving wild animals are difficult to untangle [234]. In this scenario, the application
of AMPs in the veterinary field may substantially contribute to resolving the issue at hand,
facilitating the treatment of pathologies and the modulation of the immune system [235].

Antimicrobial peptides can be directly applied as growth-promoting agents. A recom-
binantly expressed piscidin from Epinephelus lanceolatus was used to supplement chicken
feed. Animals fed 1.5%, 3%, and 6% recombinant E. lanceolatus peptide showed bet-
ter growth than those in the control groups, with an increase of approximately 15%,
20%, and 16% in weight gain, respectively [236]. Another study on piglets performed
with recombinant bovine lactoferrampin-lactoferricin as a dietary supplement suggested
that it may improve the digestive microbiome in weaned piglets [237]. Similarly, di-
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etary supplementation of weaning pig feed with 60 mg/kg of the antimicrobial pep-
tide P5 (KWKKLLKKPLLKKLLKKL-NH2, synthetic), improved nutrient digestibility and
growth performance [238].

Antimicrobial peptides also have potential therapeutic applications. In a pre-
vious study, MPX (H-INWKGIAAMAKKLL-NH2), a peptide found in wasp venom,
was found to counteract biofilm formation in vivo in a mouse model infected with
Actinobacillus pleuropneumoniae, a highly infectious and relevant pathogen in the pig in-
dustry. This peptide destroyed the bacterial cell membrane and significantly reduced
biofilm formation. MPX also prevented the death of mice infected with a lethal dose of
A. pleuropneumoniae [239]. In a study conducted on chickens, the peptide HJH-3 (VNFKLL-
SHSLLVTLRSHL), derived from the bovine erythrocyte, showed good antibacterial activity
against Salmonella pullorum, with low hemolysis and no cytotoxicity, and prevented death
in chickens infected with a lethal dose of S. pullorum [240].

Furthermore, animals can be rich sources of AMPs, since these amino acid sequences
are ubiquitous in the host defense system. Horses, for example, may be an interesting
source of these substances, which encompass a wide range of peptides subdivided into
several classes, including lysozymes, cathelicidins, defensins, and NK lysins [241]. Recently,
a study integrating deep learning and bioinformatics attempted to describe new AMPs
from the ruminant gastrointestinal microbiome, and the authors identified a peptide that
can inhibit methicillin-resistant Staphylococcus aureus (MRSA). Fish are also a promising
source of antimicrobial substances, since they are constantly exposed to pathogens [242].

Two recent reviews have focused on marine organisms and their application in aqua-
culture. Garcia-Beltrdn et al. [37] called attention to algae and cyanobacteria as sources of
AMPs. Their study identified a wide range of activities, including antibacterial, antipara-
sitic, antifungal, antioxidant, and anti-inflammatory activities. Rodrigues et al. [38], on the
other hand, focused on the AMPs derived from marine invertebrates. Their study identified
approximately 350 peptides from 10 different invertebrate phyla, some of which showed
broad-spectrum in vitro activities against pathogens, including fungi, Gram-positive bacte-
ria, Gram-negative bacteria, and viruses. The only caveat described in their paper was the
lack of in vivo studies reported in the literature, highlighting a research gap that should be
addressed [38].

10. Conclusions

Considering the potential advantages of using BAPs as therapeutic agents, along with
their market appeal, studies that refine the mode of action of these biomolecules have
gained increasing importance, requiring both advanced research and clinical validation.
The diversity of sources and methods to obtain BAPs makes them a rich and inexhaustible
reservoir of possibilities for advancing human and veterinary health.

The application of omics techniques, which combine the results of bioinformatics
analyses, has led to the identification of several peptide sequences with biological activities,
enabling the generation of these peptides through chemical synthesis or gene expression.
Several servers and databases are available to support research on biological activities and
the design of peptide amino acid sequences. These bioinformatics tools, combined with Al,
can predict the biological activity of a given amino acid sequence and suggest potential
modifications to optimize the functional properties of AMPs.
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Abbreviations

BAP Bioactive Peptide

AMP Antimicrobial Peptide

APD3 Antimicrobial Peptide Database 3

AMR Antibiotic Resistance

WHO World Health Organization

MERS Middle East respiratory syndrome

SARS Severe acute respiratory syndrome

AVP Antiviral peptides

AFP Antifungal peptides

SPPS Solid-phase Peptide Synthesis

HBTU  O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate
HATU  O-(7-azabenzotriazol-1-yl)-N,N,N’ N'-tetramethyluronium hexafluorophosphate
DIC N,N’-diisopropylcarbodiimide

CCK Cyclic Cystine Knot

DMF Dimethylformamide

UAE Ultrasound-assisted extraction
PEF Pulsed electric fields

HHP High hydrostatic pressure

Al Artificial Intelligence

ML Machine Learning

GST Glutathione S-transferase

MBP Maltose-binding protein
GRAS  Generally recognized as safe

PG Phosphatidylglycerol
CL Cardiolipin

PS Phosphatidylserine
LPS Lipopolysaccharides

HSPG  Heparan sulfate proteoglycan
HCMV  Human cytomegaloviruses
MCMV  Murine cytomegaloviruses
DHFR  Dihydrofolate reductase

TCA Tricarboxylic acid

SQR Succinate-coenzyme Q reductase
ROS Reactive oxygen species

HSV-1  Simplex virus type 1

HDPs Host defense peptides

LBP Binding protein

FDA Food and Drug Administration
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v Intravenous injections
M Intramuscular injections
SC Subcutaneous injections

CS/SA  Chitosan/sodium alginate

QSAR  Quantitative Structure—Activity Relationship
CNNs Convolutional Neural Networks

DNNs  Deep Neural Networks

RNNs Recurrent Neural Networks

VAEs Variational Autoencoders

GANs Generative Adversarial Networks

MRSA  Methicillin-resistant Staphylococcus aureus

DL Deep learning
SVM Support vector machines
AIR Ambiguous interaction restraints (AIRs).
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