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A B S T R A C T

Background: Antimicrobial peptides (AMPs) are a critical component of the innate immune sys-
tem, playing a key role in defending against a variety of pathogenic microorganisms. While many
AMPs act primarily on the cell membrane of target pathogens, leading to lysis and subsequent cell
death, less is known about their nonlytic membrane activity. This nonlytic activity allows AMPs
to target and disrupt bacterial cells without causing lysis, leading to bacterial death through
alternative mechanisms.Understanding these nonlytic properties of AMPs is crucial, as they
present a promising alternative to traditional antibiotics, which can induce bacterial resistance
and have adverse effects on human health and the environment. The mechanisms by which AMPs
exhibit nonlytic membrane activity are still being explored. However, it is believed that AMPs
penetrate the bacterial membrane and interact directly with internal cellular components such as
DNA, RNA, and various enzymes essential for microbial survival and replication. This interaction
disrupts metabolic homeostasis, ultimately resulting in bacterial death.The nonlytic activity of
AMPs also results in minimal damage to host cells and tissues, making them attractive candidates
for the development of new, more effective antibiotics. This review emphasizes the mechanisms
by which AMPs nonlytically target cellular components, including DNA, proteins, RNA, and other
biomolecules, and discusses their clinical significance. Understanding these mechanisms may
pave the way for developing alternatives to conventional antibiotics, offering a solution to the
growing issue of antibiotic resistance.

1. Background

Antimicrobial resistance in microorganisms has become a critical concern due to the misuse of antibiotics in medicine, agriculture,
and animal husbandry, particularly in developing nations [1]. Pharmaceutical companies face significant challenges in developing
new antibiotic drugs, primarily due to their low profitability. Consequently, industries are increasingly exploring alternative options to
replace conventional antibiotics [2].The innate immune system, recognized as the more ancient and rudimentary form of immunity
compared to the acquired or adaptive immune response [3], plays a fundamental role in protecting the host from a broad array of
toxins and infectious agents, including bacteria, viruses, fungi, and parasites. Among the various components of innate immunity,
antimicrobial peptides (AMPs) are integral element s [4]. AMPs are vital components in both prokaryotic and eukaryotic organisms
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[4]. These small peptides, typically consisting of 12–50 amino acids, exhibit broad-spectrum antibacterial, antifungal, and antiviral
capabilities, making them highly valuable for therapeutic and preventive applications in pharmacology [5].AMPs possess unique
properties that make it challenging for bacteria to develop resistance, unlike conventional antibiotics. This is due to their diverse range
of targets and mechanisms of action [6]. AMPs primarily interact with bacterial cell membranes through electrostatic interactions [7].
There are four commonly recognized modes of action that describe the membrane activity of AMPs: the barrel-stave model, the carpet
model, the aggregate/cluster model (micellization), and the toroidal-pore model [8].In the toroidal-pore model, the peptide first binds
to the membrane, and then incoming monomer units aggregate, causing the inward folding of lipid moieties in both outer and inner
membranes. This results in the formation of a continuous channel lined by multiple peptide units, with the peptide tightly associated
with the lipid head groups of membrane phospholipids [9]. The carpet model suggests that the accumulation of peptides on the outer
membrane triggers the formation of localized weaknesses, leading to the gradual disintegration of the membrane structure, which
takes on a carpet-like pattern [10]. The barrel-stave model differs in that peptide monomers align parallel to the membrane’s phos-
pholipids, forming a transmembrane channel lined with the hydrophilic side of the peptides facing inward and the hydrophobic side
facing outward, interacting with the lipid core of the bilayer [11]. In the aggregate/cluster model (micellization), AMPs aggregate on
the membrane surface, forming non-specific clusters or micelle-like structures. These aggregates disrupt the membrane by extracting
lipids, causing localized disturbances that lead to membrane thinning, curvature, and eventually cell lysis.Beyond their ability to
disrupt cell membranes, research indicates that AMPs may also impact bacterial viability through intracellular mechanisms of action
[12].

Numerous studies have explored the possibility that AMPs may target intracellular components within bacterial cells (Fig. 1).
However, the precise mechanisms by which certain AMPs penetrate bacterial cells remain under active investigation [13]. Proposed
mechanisms suggest that certain peptides, such as proline-rich AMPs, initially bind to the bacterial surface and subsequently trans-
locate into the cell through the formation of transient pores, ultimately exerting their effects on intracellular targets [14]. Additionally,
some research indicates that AMPs can cross bacterial membranes without forming pores, possibly through receptor-mediated
transport [15,16]. Once inside, these molecules may target intracellular macromolecules and disrupt critical biological processes,
including the inhibition of DNA replication, transcription, and translation [17].

Furthermore, AMPs have demonstrated the ability to inhibit key enzymes involved in various essential bacterial functions, such as
protein folding, cell division, cell wall synthesis, ion transport, and other vital metabolic processes [15–19]. Table 1 illustrates the
specific targets and modes of action of these antimicrobial peptides. There is growing interest in designing synthetic AMPs with
enhanced stability, specificity, and reduced toxicity. While many AMPs function by disrupting microbial membranes, others specif-
ically target intracellular components. Additionally, AMPs play a role in modulating the host immune response, highlighting their dual
role in direct antimicrobial activity and immune modulation—an emerging area of interest. Given the rapid advancements and
expanding applications of AMPs, an updated review is essential to synthesize recent findings, address current challenges, and identify
future research directions. The objective of this review is to provide a comprehensive overview of the intracellular targets and non-lytic
mechanisms exhibited by antimicrobial peptides, with a specific emphasis on their effectiveness against bacteria. Furthermore, the
review aims to elucidate the clinical significance of AMPs in treating bacterial infections.

List of abbreviations

AMPs Antimicrobial peptides
DNA Deoxyribonucleic acid
RNA Ribonucleic acid
NMR Nuclear magnetic resonance
CD Circular dichroism
FITC Fluorescein isothiocyanate
ct Calf thymus
IFNs Interferons
PrAMPs Proline-rich antimicrobial peptides
Prf Peptide chain release factor
EF Elongation factor
EB Ethidium bromide
RF Release factor
MIC Minimum inhibitory concentration
POP Human prolyl oligopeptidase
ARGO Acquired Resistance induced by Gene Overexpression
WAP Whey acidic protein
RTS Rapid translation system
UDP-MurNAc Uridine diphosphate N-acetylmuramic acid
FtsZ Filamenting temperature-sensitive mutant Z
RNAP RNA polymerase
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2. Methodology

This systematic review was conducted by searching relevant literature published between 1998 and 2024, using key terms such as
“AMPs acting on intracellular targets” and “non-lytic mechanisms of AMPs.” To ensure accessibility and transparency, only freely
available research articles were included in the review. No articles were intentionally selected or omitted to avoid bias, and the in-
clusion criteria were strictly based on the relevance of the content to the review’s objectives.

Antimicrobial peptides (AMPs),more recently referred to as host defense peptides, are found across virtually all forms of life. These
peptides are produced by organisms ranging from bacteria to plants, vertebrates, and invertebrates (Fig. 1). In bacteria, AMPs benefit
individual species by eliminating competing bacterial species that vie for the same nutrients and environmental niches. Bacterial
AMPs, known as bacteriocins, are classified into two categories: lantibiotics and non-lantibiotics. Lantibiotics are AMPs that contain
the non-natural amino acid lanthionine.

Nisin, a well-known lantibiotic, was one of the first AMPs to be isolated and characterized, extracted from Lactococcus lactis in
1947 [1]. It exhibits potent activity against a variety of Gram-positive bacteria, with a minimum inhibitory concentration (MIC) in the
nanomolar range, and has been used as a food preservative for 50 years without significant development of resistance [2]. Other
bacteriocins, such as mersacidin, have also been studied for their potential use against antibiotic-resistant Gram-positive bacteria [3].
Most AMPs identified to date are of eukaryotic origin, derived from plants, animals, and fungi (Fig. 1). Since 1885, bodily fluids such as
blood, sweat, saliva, plasma, white blood cell secretions, and granule extracts have been recognized for their antimicrobial properties
[4]. However, it wasn’t until 1981 that Hans Boman reported that the hemolymph (plasma and blood) of the silk moth (Hyalophora
cecropia) contained AMPs known as cecropins [4]. These cationic and amphipathic peptides display broad-spectrum activity, being
effective against a wide range of microorganisms, including Gram-positive and Gram-negative bacteria and fungi.The field expanded

Fig. 1. Nonmembrane intracellular targets of the antimicrobial peptides.
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Table 1
Nonmembrane target of the antimicrobial peptide and their mode of action.

AMPs Sequences Source Mode of action/
Target

Indolicidin (IR-13) ILPWKWPWWPWRR Neutrophils of
cows

Inhibition of DNA
replication and
transcription

Buforin-II TRSSRAGLQFPVGRVHRLLRK Stomach tissue
of Asian toad

Targeting DNA

Cathelicidins (LL-37) LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES Mammals Nucleic acids of
plasmacytoid
dendritic cells

Chensinensi SAVGRHGRRFGLRKHRKH Skin secretions
of the Chinese
brown frog,
Rana
chensinensis

Electrostatics
interaction with
DNA

AN5-1 YSKSLPLSVLNP Paenibacillus
alvei

Intercalation
binding with DNA

Apidaecin (Api-137) GNNRPVYIPQPRPPHPRI Honey bees Release factor 1
(PrfA)/ribosome

Bactenecin (Bac-5
and Bac-7)

RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP Mammalian
neutrophils

Ribosome & DnaK

Drosocin GKPRPYSPRPTSHPRPIRV Fruit fly
(Drosophila
melanogaster)

Class 1 release factor
of ribosome

Pyrrhocoricin VDKGSYLPRPTPPRPIYNRN Insects,
arthropods,
invertebrates,
animals

Misreading of tRNA
in ribosome

Oncocin (Onc112) VDKPPYLPRPPPPRRIYNNR Milkweed bug
(Oncopeltus
fasciatus)

Peptidyl transferase
center of the
ribosome

Micrococcin p1 SCTTCVCTCSCCTT Staphylococcus
equorum

Ribosomal protein
L11

Wheat antimicrobial
peptides (1a
&1b)

AQRCGDQARGAKCPNCLCCGKYGFCGSGDAYCGAGSCQSQCRG/AQRCGDQARGAKCPNCLCCGKYGFCGSGDAYCGAGSCQSQCRGCR Seeds of
Triticum
kiharae

Fungalysin

The human secretory
leukocyte
protease
inhibitor (SLPI)

SGKSFKAGVCPPKKSAQCLRYKKPECQSDWQCPGKKRCCPDTCGIKCLDPVDTPNPTRRKPGKCPVTYGQCLMLNPPNFCEMDGQCKRDLKCCMGMCGKSCVSPVKA Leukocyte of
human

Serine proteases

Potamin-1 (PT-1) DICTNCCAGTKGCNTTSANGAFICEGQSDPKKPKACPLNCDPHIAYA Potato tubers. Chymotrypsin,
trypsin, and papain

Bovine pancreatic
trypsin inhibitor
(BPTI).

RPDFCLEPPYTGPCKARMIRYFYNAKAGLCQPFVYGGCRAKRNNFKSSEDCMRTCGGA Bovine source Serine protease
enzymes

PSI-1.2 KACPRNCDTDIAYMVCPSSGERIIRKVCTNCCAAQKGCKLFRSNGSIKCTGT Potato tubers Trypsin and
Chymotrypsin

Psysol 2 GLPICGESCVGGTCNTPGCTCTWPVCTRN Psychotria
solitudinum

Prolyl
oligopeptidase

(continued on next page)
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Table 1 (continued )

AMPs Sequences Source Mode of action/
Target

Kunitzin AAKIILNPKFRCKAAFC Skin secretions
of Rana
esculenta

Trypsin

Bldesin GWGCNIFGGNDYRCHRHCKSISGYKGGYCKLGGICKC Blastomyces
dermatitidis

Chymotrypsin
protease, elastase,
and serine protease

Histatin 5 DSHAKRHHGYKRKFHEKHHSHRGY Primates Clostripain
SWD PTRHSKPRPQPLPRPGTCPDTSGIITTCEVTERNCFSDSQCGPGQKCCPLGCGRECLAVGPPYGKGRW Hemocytes of

the black tiger
shrimp

Subtilisin A

Plectasin GFGCNGPWDEDDMQCHNHCKSIKGYKGGYCAKGGFVCKCY Insect source Lipid II
Nisin ITSISLCTPGCKTGALMGCNMKTATCNCSIHVSK Streptococcus

spp.
Lipid II

Copsin QNCPTRRGLCVTSGLTACRNHCRSCHRGDVGCVRCSNAQCTGFLGTTCTCINPCPRC Basidiomycete
coprinopsis

Ljipid II

Mersacidin CTFTLPGGGGVCTLTSECIC Bacillus strain Lipid II
Pep5 TAGPAIRASVKQCQKTLKATRLFTVSCKGKNGCK Staphylococcus

epidermidis
Teichoic and
teichuronic acids

L27-11 TWLKKRRWKKAKPP Synthetic OstA protien
POL7001 – Synthetic Lipid II
Mutacin 1140 KSWSLCTPGCARTGSFNSYCC Streptococcus

spp
Lipid II

Temporin L FVQWFSKFLGRIL Skin of Rana
temporaria.

FtsZ protein

Microcin 25 GGAGHVPEYFVGIGTPISFYG Escherichia coli Filamentation of the
cell

Human α-defensin 5 ATCYCRTGRCATRESLSGVCEISGRLYRLCCR Gut of human Bleb formation,
cellular elongation,
and clumping

CRAMP GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPE Bacillus subtilis FtsZ protein
Pyrrhocoricin VDKGSYLPRPTPPRPIYNRN Insect source DnaK and GroEL
Apidaecin GNNRPVYIPQPRPPHPRI Insect source DnaK and GroEL
Drosocin GKPRPYSPRPTSHPRPIRV Fruit fly DnaK
Abaecin YVPLPNVPQPGRRPFPTFPGQGPFNPKIKWPQGY Bumblebees DnaK
Bac7 RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFPRPGPRPIPRPLPFPRPGPRPIPRP Neutrophils of

Mammals
DnaK

SPINK9 KQTKQMVDCSHYKKLPPGQQRFCHHMYDPICGSDGKTYKNDCFFCSKVKKTDGTLKFVHFGKC Skin of human SKP
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES Mammals Palmitoyl

transferase
microcin J25

(MccJ25)
GGAGHVPEYFVGIGTPISFYG Escherichia coli Bacterial RNA

polymerase
Melitti GIGAVLKVLTTGLPALISWIKRKRQQ Honeybee

venom
Ca-ATPase

MIAP GIGKFLHSAGKFGKAFVGEIMKS Analogue of
Magainin-I

F1F0-ATPase

Human neutrophil
peptide

ACYCRIPACIAGERRYGTCIYQGRLWAFCC Human
neutrophil

Phospholipid/Ca2+
protein kinase

(continued on next page)
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Table 1 (continued )

AMPs Sequences Source Mode of action/
Target

Lipid transfer
proteins (LTP1&
(LTP2)

ITCQQVTSELGPCVPYLTGQGIP/ITCQQVTAELEPCVPYLTQGIP Plant source α-amylase
inhibiition

Hp-1935 KLSPSLGPVSKGKLLAGQR Skin secretions
of Boana
pulchella

Acetylcholinesterase

Griselimycin VPSLPLVPLG Streptomyces Sliding clamp DnaN
Microcin H47 GGAPATSANAAGAAAIVGALAGIPGGPLGVVVGAVSAGLTTGIGSTVGSGSASSSAGGGS Human FoF1 ATP synthase
β -KTx KSTVGQKLKKKLNQAVDKVKEVLNKSEYMCPVVSSFCKQHCARLG Scorpion venom potassium channel
AtPDF2.3 RTCESKSHRFKGPCVSTHNCANVCHNEGFGGGKCRGFRRRCYCTRHC Scorpion blocks Kv1.2 and

Kv1.6 potassium
channels

Bldesin GWGCNIFGGNDYRCHRHCKSISGYKGGYCKLGGICKCY Fungaldefensin Kv1.3 channel/
chymotrypsin

BmKDfsin4 GFGCPFNQGQCHKHCQSIRRRGGYCDGFLKTRCVCYR Scorpion
defensin

Kv1.1, Kv1.2, and
Kv1.3 potassium
channels
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further when researchers such as Robert Leher, Shunji Natori, and Michael Zasloff isolated and described defensins [5] (from
mammalian macrophages), sarcotoxins [6] (from fly larvae), and magainins [7] (from the skin of frogs Xenopus laevis), respectively.

2.1. History of AMP

The discovery of AMPs dates back to 1939, when Dubos [20]. extracted an antimicrobial agent from a soil Bacillus strain. This
extract was demonstrated to protect mice from pneumococci infection. In the following year, Hotchkiss and Dubos [21] fractionated
this extract and identified an AMP named gramicidin. Despite some reported toxicity associated with intraperitoneal application,
gramicidin was found effective for topical treatment of wounds and ulcers [22]. In 1941, another AMP, tyrocidine, was discovered and
found to be effective against both Gram-negative and Gram-positive bacteria [23]. However, tyrocidine exhibited toxicity to human
blood cells [24]. In the same year, another AMP was isolated from the plant Triticum aestivum [25]. 1942, which was later named
purothionin and found effective against fungi and some pathogenic bacteria [26].

The first reported animal-originated AMP is defensin, which was isolated from rabbit leukocytes in 1956 [27]. In the following
years, bombinin from epithelia [28] and lactoferrin from cowmilk [ 31] were both described. During the same time, it was also proven
that human leukocytes contain AMPs in their lysosomes [29].

In total, more than 5000 AMPs have been discovered or synthesized up to date [30]. Natural AMPs can be found in both prokaryotes
(e.g., bacteria) and eukaryotes (e.g., protozoan, fungi, plants, insects, and animals) [31–34]. In animals, AMPs are mostly found in the
tissues and organs that are exposed to airborne pathogens and are believed to be the first line of innate immune defense [ 38–39]
against viruses, bacteria, and fungi [35]. Thus, AMPs play an important role in stopping most infections before they cause any
symptoms. For example, frog skin is the source of more than 300 different AMPs [36].

Most AMPs are produced by specific cells at all times, while the production of some AMPs is inducible. For example, using silk moth
as a model system, Hultmark and colleagues [37] demonstrated that P9A and P9B can be induced in hemolymph by vaccination with
Enterobacter cloacae. In another study [38], epithelial cells from different tissues of mice showed an increased rate of mRNA tran-
scription for defensin production after infection with Pseudomonas aeruginosa PAO1.

Several types of eukaryotic cells are involved in AMP production, such as lymphocytes, epithelial cells in gastrointestinal and
genitourinary systems [39,40], phagocytes [41], and lymphocytes of the immune system [42]. In addition to direct involvement in
innate immunity, AMPs have also been found to influence the host’s inflammatory responses during an infection [43–45]. It is known
that lipopolysaccharide (LPS) molecules, released from bacteria as a result of antibiotic treatment or host immunity, can induce AMP
production in mammals [41]. For example, HEK293 cells produce defensin in response to LPS stimulation [46]. Some AMPs (e.g.,
CAP18 [47], CAP35 [48], and a lactoferrin-derivative [49]) can also block LPS-induced cytokine release by macrophages. Thus, these
AMPs can reduce the inflammatory response. In comparison, antibiotics do not have this type of regulation on the inflammatory
response of the host immune system; and LPS secretion following antibiotic treatment might cause over-reaction of the host immune
system.

2.2. AMPs targeting nucleic acid and its biosynthesis

The mode of action of AMPs is widely recognized to involve the inhibition of bacterial DNA replication and transcription [50].
However, the precise mechanisms by which AMPs bind to DNA and interfere with transcription remain to be fully understood. Gel
retardation assays commonly show that AMPs affect the mobility of DNA/RNA in agarose gels. In addition, various low-resolution
methodologies, including micropatterned surface chemistry microscopy and spectroscopic techniques such as fluorescence and cir-
cular dichroism (CD), in conjunction with high-resolution NMR spectroscopy, are widely used for studying AMP and nucleic acid
interactions [51].

This review discusses AMPs that target nucleic acids inside cells. Tachyplesin I, for instance, is a 17-amino-acid cationic antimi-
crobial peptide that adopts an antiparallel beta-sheet conformation connected by a beta-turn with two disulfide bridges. Tachyplesin I
binds to the minor groove of DNA duplexes, and studies have presented initial findings regarding the interaction between DNA and
small peptides with distinctive antiparallel β-sheet conformations [52].

Indolicidin is another short AMP, consisting of 13 amino acids with frequent tryptophan and proline residues, derived from the
cytoplasmic granules of neutrophils in cows. Despite its bactericidal activity and ability to disrupt bacterial membranes, indolicidin
does not cause cell lysis [53]. It hinders bacterial DNA synthesis, leading to bacterial cell filamentation. The PWWP motif in IR13 (a
variant of Indolicidin) has a distinctive structural feature that enables it to bind and stabilize duplex B-type DNA structures.
Substituting the central Trp-Trp pair with Ala-Ala, His-His, or Phe-Phe residues in the PXXP motif significantly impacts the peptide’s
capacity to stabilize duplex DNA. Microscopic investigations and spectroscopic data confirm that IR13 stabilizes the DNA duplex,
leading to the inhibition of both DNA replication and transcription [54]. Indolicidin’s binding to DNA has been shown in gel retar-
dation and fluorescence quenching experiments, with further sequence selectivity towards certain DNA sequences, although it
exhibited limited binding capability towards the ds [GT] sequence [55]. Additionally, indolicidin can inhibit topoisomerase I, a key
enzyme involved in DNA replication, supporting the notion that AMPs commonly exhibit multiple actions affecting DNA at the mo-
lecular level [56].

Buforin I, a 39-amino-acid peptide initially identified in the stomach tissue of the Asian toad (Bufo garagriozans), has a derivative,
Buforin II, consisting of 21 amino acids. Buforin II is more potent and devoid of significant hemolytic activity [61]. Buforin II shares
complete sequence identity with the N-terminal region of the histone H2A protein and exhibits a helical structure [62]. Experimental
findings using fluorescein isothiocyanate (FITC)-labeled Buforin II revealed its ability to hinder cellular processes by binding to the
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DNA and RNA of cells upon membrane penetration, leading to rapid cell death. This mechanism notably differs from that of magainin
2, despite their structural similarities as linear amphipathic α-helical pept ides [63]. The evaluation of various Buforin II variants in
relation to DNA binding affinity showed a correlation between antimicrobial activity and relative DNA binding affinity. Buforin IIb,
however, displayed cytotoxic effects on mammalian cells, including human red blood cells (RBCs) and fibroblasts, at high concen-
trations, thereby reducing the therapeutic index. To address this, novel cell-penetrating AMPs derived from Buforin IIb, named Buforin
III analogs, were designed based on structural information. Buforin IIIb and Buforin IIIc exhibited increased antimicrobial activity and
decreased hemolytic activity, resulting in a seven-fold improvement in the therapeutic index. The enhanced antimicrobial activity of
Buforin IIIb and IIIc is attributed to their higher helical content and DNA-binding affinity compared to Buforin IIb and other analogs
[64].

Cathelicidins, a class of host defense peptides (HDPs), are encoded by a single gene consisting of four exons. These peptides are
synthesized initially as pre-pro-peptides, featuring a signal peptide at the N-terminus that directs the peptide to secretory granules.
Within the pre-pro-peptide lies the conserved cathelin domain and an active mature peptide at the C-terminus [65]. Upon release by
neutrophils, cathelicidins, such as human cathelicidin LL-37, are in an inactive pro-peptide state and require extracellular enzymes like
elastase or proteinase-3 to liberate the biologically active C-terminal peptide [66]. LL-37 functions by interacting with molecules on
the bacterial cell wall, leading to perforations in the cytoplasmic membranes and eventual bacterial cell death [67]. Recent research
indicates that LL-37 also facilitates the detection of unmethylated CpG motifs, resulting in significant IFN-α production by plasma-
cytoid dendritic cells. Type I IFNs, particularly IFN-α/β, are pivotal in the innate immune response, directly combating viral infections
and promoting adaptive immune responses. Phylogenetic analysis reveals that porcine myeloid antimicrobial peptide (PMAP)-36,
among porcine cathelicidins, shares the closest relationship with human LL-37. Porcine cathelicidins efficiently interact with nucleic
acids in plasmacytoid dendritic cells, leading to robust IFN-α release, suggesting a role for nucleic acid-peptide interactions in immune
modulatio n [68].

Chensinin-1 is a naturally occurring peptide extracted from the skin secretions of the Chinese brown frog (Rana chensinensis). A
designed analogue, Chensinin-1b, exhibited potent broad-spectrum antimicrobial activity due to its enhanced hydrophobicity and
amphipathicity. To further enhance anticancer properties, three aliphatic analogs were developed by attaching lipid acids to the 17th
lysine residue within the sequence. The binding of Chensinin-1b and its lipo-analogs to calf thymus (ct) DNA has been demonstrated
using multiple biophysical techniques, including UV–Visible absorbance, agarose gel electrophoresis, and dynamic light scattering
measurements. Complex formation between ctDNA and the antimicrobial Chensinin-1b and its lipo-analogs has been observed, with
significant conformational changes in ctDNA, including increased helicity and disruption of base pair stacking. Iodide quenching and
viscosity measurements suggest an electrostatic binding mechanism between the peptides and ctDNA, rather than intercalation be-
tween DNA base p airs [69].

AN5-1 is an antimicrobial peptide discovered in the fermentation broth of Paenibacillus alvei strain AN5. It exhibits the ability to
disrupt bacterial membranes, thereby hindering cellular functions. In addition, AN5-1 targets genomic DNA as its secondary target, as
demonstrated by genomic DNA binding activity assays and spectroscopy. The decrease in emission intensity at 590 nm in the DNA-
–ethidium bromide (EB) system was observed upon the introduction of AN5-1 to DNA. The observed fluorescence quenching indicates
that AN5-1 can displace EB from the DNA–EB complex, suggesting that AN5-1 may interact with DNA through intercalation [57].
Reduced mobility in gel retardation assays confirms the plausible interaction between several antimicrobial peptides and model DNA
[58].

Despite these findings, the precise mechanisms behind the successful antimicrobial activity of AMPs, particularly from the
perspective of AMP-DNA interactions, still require further elucidation. DNA or RNA plays a vital role in protein synthesis and cell
proliferation, potentially acting as an intracellular target for various AMPs. Understanding these interactions can help develop new
strategies to combat antibiotic resistance. In addition to the AMPs discussed above, peptides like human hepcidin, pseudin-2, ABP-
CM4, Lasioglossin II, pBD2, AN5-1, YD1, Phibilin, and bacteriocin LFX01 have demonstrated the ability to interact with nucleic acids,
as confirmed by gel retardation assays or ultraviolet spectrometry. Their impact on antimicrobial activity remains a promising area for
further research [59–70].

2.3. AMPs targeting ribosome

The interaction between antimicrobial peptides (AMPs) and ribosomes is crucial for understanding the mechanism of action of
AMPs and their potential as antimicrobial agents. Ribosomes, the molecular machines responsible for protein synthesis in cells, consist
of two subunits: the small ribosomal subunit (30S in bacteria) and the large ribosomal subunit (50S in bacteria). These subunits work
together to read the genetic information in messenger RNA (mRNA) and synthesize proteins by linking amino acids in the correct order
[71].

AMPs interact with ribosomes in various ways, often disrupting protein synthesis at multiple stages. A key interaction involves
AMPs binding to ribosomal RNA (rRNA) within the ribosome, particularly to the 16S rRNA in the small subunit of bacterial ribosomes.
This binding can impair ribosomal function, leading to inhibition of protein synthesis and subsequent microbial cell death. AMPs can
also interact with ribosomal proteins, further affecting protein synthesis and ribosomal integrity. The exact mechanisms of these in-
teractions vary depending on the type of AMP and the microorganism involved [72].

2.4. Proline-rich antimicrobial peptides (PrAMPs)

Recent research has highlighted the effectiveness of proline-rich antimicrobial peptides (PrAMPs) in traversing bacterial
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membranes and disrupting protein synthesis. PrAMPs are particularly effective against Gram-negative bacteria and exhibit minimal
toxicity to eukaryotic cells, making them promising candidates for antimicrobial drug development [73]. Structural and biochemical
studies have identified the binding sites of PrAMPs on the ribosome, revealing that most PrAMPs bind within the nascent polypeptide
exit tunnel, though their mechanisms of action differ [74].

For instance, AMPs like Bac7, Onc112, pyrrhocoricin, and metalnikowin obstruct the transfer of aminoacyl-tRNA by EF-Tu to the
ribosomal A-site, while others like apidaecin 1b and Api137 interfere during translation termination by capturing release factors on the
70S ribosome after the nascent polypeptide chain has been hydrolyzed [75].

2.5. Apidaecins

Apidaecins I and II, derived from honeybees, are small peptides with a high proline content (up to 33 %) that display strong
antibacterial activity against Gram-negative bacteria without damaging cellular membranes [76]. Despite their high proline content,
which theoretically limits helical structure formation, Apidaecins are potent antimicrobial agents. Research has shown that Apidaecins
competitively bind to the A-site of ribosomes, specifically inhibiting the termination of translation associated with the UAG stop codon,
recognized solely by peptide chain release factor 1 (PrfA) [77].

High-resolution cryo-electron microscopy (cryo-EM) studies have provided insights into the interaction between the ribosome, RF1
(PrfA), and Api137. These studies revealed that Api137 binds within the ribosomal exit tunnel, inhibiting the release of newly syn-
thesized proteins by interacting with 23S rRNA nucleotides and ribosomal protein uL4 [78].

2.6. Bactenecin

Bactenecin, an antimicrobial peptide from bovine neutrophils, contains proline and arginine residues, accounting for over 65 % of
its amino acid composition. Bac7(1–35), a functional segment of bactenecin, is known to inhibit protein synthesis by binding to
bacterial ribosomes. It has been shown to enter Escherichia coli cells through the inner membrane protein SbmA and selectively hinders
specific ribosomal subunits or associated proteins. This interaction suggests a primary inhibition of translation rather than other
cellular processes like transcription or DNA replication [79,80].

The mode of action of another bactenecin fragment, Bac5, has also been studied. Bac5 exerts its inhibitory effect within the ri-
bosomal tunnel, preventing the transition from initiation to elongation during translation. Interestingly, Bac5 shows species-specific
inhibition, strongly affecting protein synthesis in E. coli but not in Thermus thermophilus, suggesting distinct modes of interaction
despite sharing a binding site with Bac7 [81].

2.7. Drosocin

Drosocin, a 19-residue peptide from Drosophila melanogaster, binds to ribosomes and stalls them at stop codons, likely by capturing
class 1 release factors associated with the ribosome, similar to the mechanism of apidaecin [82]. Recent studies have shown that while
only a few amino acids in the C-terminal region of apidaecin are crucial for binding, Drosocin interacts with multiple residues
throughout its sequence, indicating a more complex interaction with the ribosome [83].

2.8. Pyrrhocoricin

Pyrrhocoricin is another potent AMP known for its non-toxicity in healthy mammals and its effectiveness in eliminating resistant
bacteria. Its mechanism involves binding to the bacterial heat shock protein DnaK, disrupting chaperone-assisted protein folding and
inhibiting ATPase activity. However, bacterial strains lacking DnaK remain susceptible to pyrrhocoricin, suggesting additional
intracellular targets. Studies using in vitro protein synthesis systems have shown that pyrrhocoricin primarily inhibits translation,
similar to the antibiotic streptomycin [84].

2.9. Oncocin

Oncocin is a group of AMPs derived from the milkweed bug Oncopeltus fasciatus. These peptides inhibit protein synthesis not by
membrane lysis but by binding to the bacterial ribosome. Onc112, a derivative of oncocin, blocks both the peptidyl transferase center
and the peptide-exit tunnel, effectively halting translation [85].

2.10. Micrococcin P1

Micrococcin P1, a macrocyclic peptide antibiotic from Staphylococcus equorum (commonly found on French raclette cheese),
targets the ribosome. X-ray crystallography has shown that Micrococcin P1 binds between ribosomal protein L11 and helices 43 and 44
of the 23S rRNA, disrupting the binding of translation factor EF-G. This disruption impairs the turnover of EF-G during protein syn-
thesis, leading to the inhibition of protein synthesis [86,87].
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2.11. Protease inhibitor antimicrobial peptides

Proteases serve as key virulence factors (VFs) in the progression of diseases caused by diverse pathogens. Their ability to cleave
peptide bonds within proteins and peptides grants them significant virulence potential, facilitating the pathogen’s invasion into host
tissues. By targeting various host molecules, both intracellular and extracellular, proteases play a crucial role in evading host defenses
[88].

Protease inhibitors are a broad and diverse group of proteins and peptides that effectively impede the proteolytic functions of
proteases across various organisms [89]. Several antimicrobial peptides (AMPs) exhibit both protease-inhibiting and antimicrobial
properties as part of the host defense mechanism, with many sourced from plants.

Wheat Antimicrobial Peptides (WAMPs) 1a and 1b, identified in the seeds of Triticum kiharae, a robust wheat variety, are note-
worthy examples [90]. Upon fungal pathogen attack, fungi secrete compounds that compromise plant defenses. Among these, fun-
galysin, a proteinase from Fusarium verticillioides, degrades class IV chitinases, which are crucial plant defense proteins targeting
fungal cell wall chitin. WAMPs, as novel protease inhibitors, antagonize fungalysin, thereby impeding Fusarium verticillioides activity.
This inhibition underscores the significance of WAMPs as protease inhibitors in plant defense [91,92].

Potamin-1 (PT-1) is a small peptide derived from potato tubers, with a molecular weight of 5.6 kD. Sequence analysis reveals that
PT-1 shares 62 % similarity with a serine protease inhibitor from the Kunitz family. Experimental studies have demonstrated that PT-1
inhibits chymotrypsin, trypsin, and papain. PT-1’s polypeptide chains are interconnected by disulfide bridges, which are crucial for
maintaining its protease inhibitory and antifungal properties, as reduction of these bridges significantly diminishes PT-1’s activity
[93].

Basic Pancreatic Trypsin Inhibitor (BPTI) is a small polypeptide composed of 58 amino acids with a mass of 6512 Da. It is stabilized
by three disulfide bonds. In the family of BPTI-like peptides, the P1 site at position 15, occupied by Arginine (Arg) or Lysine (Lys), is
crucial for its activity. BPTI shows high stability against various environmental factors, such as temperature, pH, organic solvents, and
proteolytic degradation [94]. BPTI exhibits broad specificity in inhibiting serine protease enzymes, including trypsin, chymotrypsin,
and elastase. The formation of stable enzyme-inhibitor complexes may involve multiple intermediates and discrete reaction steps.
Additionally, BPTI inhibits nitric oxide synthase type-I and -II and interferes with the transport of potassium ions through
calcium-activated potassium channels [95].

PSI-1.2, a 52-amino-acid cysteine-rich polypeptide from the potato type II inhibitor family, is characterized by its high cysteine
content and exhibits inhibitory activity against trypsin and chymotrypsin enzymes [96].

Human prolyl oligopeptidase (POP) is an enzyme involved in memory and learning processes and is considered a therapeutic target
for cognitive deficits in psychiatric and neurodegenerative diseases such as schizophrenia and Parkinson’s disease. There is consid-
erable scope for discovering and developing POP inhibitors with favorable pharmacokinetic properties [97]. Cyclotides, a class of
peptides with protease inhibitory activity, could serve as promising starting points due to their stability in biological fluids and po-
tential oral bioavailability. Several cyclotide extracts from Psychotria solitudinum, Psychotria poeppigiana, Psychotria capitata, and
Viola tricolor have shown inhibitory effects on purified human POP, indicating their potential as therapeutic POP inhibitors [98].

Kunitzins, peptides from the skin secretions of the European frog species Rana esculenta and Chinese frog species Odorrana
schmackeri, consist of 17 amino acids. These peptides, characterized by an N-terminal Ala (A) residue and a C-terminal Cys (C) residue
connected by a disulfide bridge, exhibit potent inhibitory activity against bacteria [99]. Synthetic replicas of these peptides,
kunitzin-RE and kunitzin-OS, have shown strong inhibitory effects on trypsin. When Lys-13, a key residue for protease inhibitory
activity, is replaced with Phe (F), the trypsin inhibitory and antimicrobial activities against Escherichia coli decrease, though inhibition
against chymotrypsin increases [100].

Bldesin, a fungal defensin, exhibits inhibitory activity against Kv1.3 channels and serine proteases. In antimicrobial assays, Bldesin
is potent against Gram-positive Staphylococcus aureus, but not Gram-negative Escherichia coli. It uniquely inhibits chymotrypsin,
elastase, and serine protease-associated coagulation activities [101].

Histatin 5 (Hst 5), a histidine-rich peptide produced exclusively in humans and higher primates, is a competitive inhibitor of
clostripain, a cysteine proteinase from Clostridium histolyticum. With an inhibition constant (Ki) of 10 nM, Hst 5 remains resistant to
proteolysis at physiological concentrations [102].

SWD proteins, found in the hemocytes of the black tiger shrimp Penaeus monodon, contain a single whey acidic protein (WAP)
domain in their C-terminal region. Three isoforms, SWDPm1, SWDPm2, and SWDPm3, share characteristics with type III crustin
proteins in shrimp, including a Pro-Arg region and a WAP domain. Purified recombinant SWDPm2 (rSWDPm2) has shown antibac-
terial activity against several Gram-positive bacteria and acts as a competitive inhibitor of subtilisin A, suggesting its role in regulating
subtilisin A activity and protecting against Gram-positive bacterial infections [103].

2.12. AMPs inhibiting cell wall synthesis

Peptidoglycan, a key component of bacterial cell walls, is essential for maintaining bacterial integrity and survival. Lipid II, a
crucial precursor in peptidoglycan synthesis, plays a significant role in this process. Certain antimicrobial peptides (AMPs) have a
specific affinity for lipid II, inhibiting cell wall formation and making them effective therapeutic agents. Targeting lipid II is partic-
ularly advantageous because it is unique to bacterial cells and absent in eukaryotic cells, minimizing the risk of off-target effects in
human cells. This specificity makes compounds that interfere with lipid II synthesis appealing as potential antibiotics, similar to
traditional antibiotics [104,105].

Plectasin, a 40-amino acid fungal peptide with structural similarities to defensins found in various organisms (e.g., spiders,

G. K R et al. Heliyon 10 (2024) e38079 

10 



scorpions, dragonflies, and mussels), has been extensively studied for its role in inhibiting cell wall biosynthesis. Plectasin exerts its
antimicrobial activity by directly binding to lipid II. In vitro assays have confirmed that lipid II is its cellular target, forming a stoi-
chiometric complex with plectasin. Nuclear magnetic resonance spectroscopy and computational modeling have further identified key
residues involved in this interaction [105].

Defensin 3, another AMP, also targets cell wall biosynthesis, although its mechanism differs from that of plectasin. Transmission
electron microscopy has revealed localized protrusions in the cytoplasmic contents of bacteria treated with Defensin 3. These findings
suggest a buildup of the soluble final precursor UDP-MurNAc-pentapeptide, although Defensin 3 does not impair the overall
biosynthetic capacity of cells or cause gross leakage of small cytoplasmic compounds [106].

Nisin, a member of the lantibiotic family, has a remarkable ability to form pores in the bacterial cell wall by binding to lipid II. This
interaction significantly enhances nisin’s membrane-permeabilizing activity by three orders of magnitude. The nisin-lipid II complex
features a unique lipid II-binding motif, where the pyrophosphate moiety of lipid II is coordinated by the N-terminal backbone amides
of nisin through intermolecular hydrogen bonds [107].

Copsin, a defensin from the basidiomycete Coprinopsis cinerea, has been shown to bind specifically to lipid II, interfering with cell
wall biosynthesis. Unlike lantibiotics and other defensins, copsin’s effective binding relies on the presence of a specific amino acid at
the third position of the lipid II pentapeptide [108].

Mersacidin, a polycyclic peptide from the Bacillus strain HIL-Y 85,54728, has both antibiotic and immunosuppressive properties. It
selectively targets the conversion of lipid II into polymeric nascent glycan strands through transglycosylation. Mersacidin’s mechanism
is distinct from that of vancomycin, as it inhibits peptidoglycan formation from UDP-N-acetylmuramoyl-tripeptide and remains active
against Enterococcus faecium with the vanA resistance gene cluster, suggesting a unique molecular target [109–111].

Pep5, a lantibiotic produced by Staphylococcus epidermidis, indirectly causes cell wall lysis by activating lytic enzymes. Pep5’s
strong binding affinity to teichoic and teichuronic acids in Gram-positive bacteria’s cell walls displaces cell wall-associated amidases,
leading to premature autolytic enzyme release and subsequent cell lysis [112].

Two peptides, L27-11 and POL7001, have been developed to target LptD, a protein involved in outer membrane biogenesis in
Gram-negative bacteria. These peptides do not significantly increase cell permeability but instead bind to LptD, disrupting its function.
This leads to defects in the outer membrane structure, resulting in internal accumulation of membrane-like materials and alterations in
lipid A composition [113].

Mutacin 1140 (MU1140), produced by Streptococcus mutans, shares structural similarities with nisin and also binds to lipid II.
Molecular simulations of the MU1140-lipid II complex suggest that a single MU1140-lipid II complex can transport water molecules
across the bacterial wall through a single-file water transport mechanism. At higher concentrations, this interaction can disrupt
bacterial wall integrity, providing valuable insights for developing improved peptide variants with enhanced antimicrobial properties
[114,115].

2.13. AMPs inhibiting cell division

Antimicrobial peptides (AMPs) can hinder bacterial cell division, leading to the formation of elongated cellular structures. This
effect is often attributed to the interaction of AMPs with the transmembrane protein PhoQ, which, upon exposure, phosphorylates
PhoP. This phosphorylation triggers the overexpression of QueE, a protein that obstructs the formation of the divisome complex, or
suppresses outer membrane development, leading to structural irregularities in the membrane [116]. Researchers have used a com-
bination of fluorescence microscopy, mass spectrometry, and bioinformatics analyses to investigate the impact of AMPs on cell division
[117].

Several key proteins are involved in bacterial cell division, including FtsZ, FtsA, MurG, MukB, and MreB. These proteins work in a
highly regulated cellular machinery to ensure the safe separation of the cell into two daughter cells. FtsZ, which shares similarities with
bacterial tubulin, is crucial in this process and is expressed in both Gram-positive and Gram-negative cells. It initiates bacterial cell
division by polymerizing into filaments using GTP molecules, leading to the formation of a ring-like structure called the Z ring at the
division site. Subsequently, FtsZ recruits other proteins to create the divisome complex, which drives the constriction of the cell en-
velope, ultimately resulting in cell division. AMPs are reported to target these proteins, inhibiting cell division and causing fila-
mentation [117].

Temporin L (TL), a naturally occurring peptide produced in the skin of the European frog Rana temporaria, exhibits significant
activity against both Gram-positive and Gram-negative bacteria, including E. coli [85]. Temporin L can penetrate the bacterial outer
membrane and specifically targets FtsZ, inhibiting its GTPase activity through competitive inhibition. This impairs bacterial cell di-
vision, leading to the formation of long cell filaments and eventual cell death. However, Temporin L’s haemolytic activity limits its
potential as a standalone antibiotic, although sequence optimization could reduce this drawback [118].

Microcin 25, a peptide antibiotic secreted by Escherichia coli, consists of approximately 20 amino acid residues. Exposure to
microcin 25 causes bacterial cells to form filaments, indicating that it disrupts cell division [104].

Human α-defensin 5 (HD5), a 32-residue cysteine-rich host-defense peptide, is known for its broad-spectrum antimicrobial activity
and plays a significant role in innate immunity. In its oxidized form (D5ox-HD5), it exhibits three regiospecific disulfide bonds, leading
to distinct morphological changes in Escherichia coli and other Gram-negative bacteria, such as bleb formation, cellular elongation, and
clumping. Fluorescence studies have shown that HD5ox specifically localizes to the site of cell division and cell pole formation,
suggesting its involvement in the cell division process [84].

The α-helical peptide CRAMP, which shares sequence similarities with a 40-amino acid peptide found in Bacillus subtilis, has been
studied for its effects on Salmonella cell division. CRAMP causes the formation of long filamentous structures in Salmonella, indicating
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impaired cell division. Additionally, a related peptide from Bacillus subtilis inhibits the tubulin-like protein FtsZ, preventing improper
Z-ring formation during sporulation. CRAMP has been found to bind to FtsZ and inhibit its assembly and GTPase activity in vitro.
Computational analysis suggests that CRAMP binds to the cavity of the T7 loop of FtsZ, involving both hydrophobic and ionic in-
teractions, leading to the malfunction of FtsZ [118].

2.14. AMPs inhibiting the chaperon proteins

Chaperones play a critical role in facilitating the correct folding and assembly of recently synthesized proteins. Among these, DnaK
stands out as a major bacterial heat shock protein 70 (Hsp70) and serves as a vital component in the chaperone pathways in bacteria
[119]. A group of AMPs are able to inhibit bacterial growth by interrupting the protein-folding pathway. AMPs interfere with protein
folding are discussed here.

Short antimicrobial peptides (AMPs) derived from insects, ranging from 18 to 20 amino acids in length, have demonstrated the
ability to inhibit bacterial growth by interfering with the protein-folding pathway. Some notable examples include pyrrhocoricin,
which was isolated from the hemipteran insects. Pyrrhocoricin, apidaecin, and drosocin exhibit robust interactions with bacterial
lipopolysaccharides (LPS) in their solution form, suggesting that their multiple inhibitory actions predominantly commence with the
initial contact with a component of the bacterial cell wall [87]. Notably, both pyrrhocoricin and apidaecin effectively interact with
DnaK and GroEL and disrupting the ATPase activity of DnaK (103–105). On the other hand, drosocin effectively inactivates DnaK and
GroEF [87]. These AMPs prevent DnaK from refolding misfolded proteins by inducing a permanent closure of the DnaK
peptide-binding cavity [120]. Importantly, the binding of these three antimicrobial peptides to DnaK exhibits a highly specific spatial
orientation, rendering them advantageous in terms of cell selectivity, thereby preventing toxicity, as they do not target the human
equivalent chaperone Hsp70 [121].

Abaecin, a linear peptide found in bumblebees, exhibits antimicrobial properties only when it associates with another antimicrobial
peptide called hymenoptaecin from the same organism. The mechanism of action involves abaecin interacting with the bacterial
chaperone DnaK. However, to effectively penetrate the bacterial membrane and access its intracellular target(s) to exert its full
antimicrobial activity, abaecin relies on the pore-forming action of AMPs like hymenoptaecin. This cooperative action allows abaecin
to display its complete efficacy against the target microorganism [122].

The peptide Bac7, belonging to the proline-rich cathelicidin group, effectively eliminates bacteria in a specific manner by entering
target cells without causing any observable damage to the cell membrane. It achieves this antibacterial action by binding to intra-
cellular targets that remain unidentified. A study using affinity chromatography identified a single protein with high affinity in
Escherichia coli cytoplasmic protein lysates, which was later identified as DnaK. This suggests that DnaK might play a crucial role in
mediating the antibacterial effect of Bac7 within the bacterial cells [123]. SPINK9 is a potent antibacterial peptide isolated from
healthy human skin. Six different N-terminal variants of SPINK9 in the outermost layer of the skin. In Escherichia coli cells, a bacterial
chaperone known as SKP has been identified as the primary interacting partner of SPINK9. When the SKP gene was deleted in mutant
bacteria, they became more susceptible to the bactericidal effects of SPINK9 compared to the wild-type control. This finding suggests
that the bactericidal activity of SPINK9 must overcome the resistance imposed by the bacterial chaperone SKP [124].

2.15. AMPs interfere with the activity of the different enzyme

Antibacterial peptides are recognized for their ability to inhibit bacterial enzymes through two primary mechanisms. First, they can
function as pseudo-substrates, misleading the bacterial enzymes into binding with them rather than their natural substrates. Second,
they can bind tightly to the active site of the bacterial enzymes, preventing the access of native substrates and disrupting normal
enzymatic function. These actions contribute to combating bacterial infections and represent a promising avenue for developing novel
antimicrobial treatments [125].

The mutant humanized antibacterial peptide LL-37 has demonstrated an enhanced antibacterial effect due to its inhibition of
palmitoyl transferase. This enzyme is responsible for transferring a palmitate residue from a phospholipid to lipid A or its precursors in
the outer membrane of certain Gram-negative bacteria, playing a crucial role in maintaining membrane integrity [126].

Microcin J25 (MccJ25), another antibacterial peptide, inhibits bacterial RNA polymerase (RNAP) by binding within its secondary
channel, the natural target for this enzyme. This secondary channel is essential for the entry of NTP substrates into the active site of
RNAP, where catalysis occurs. By obstructing the folding of the trigger loop, a vital step for efficient catalysis, MccJ25 hinders the
binding of NTP substrates, thereby inhibiting RNA polymerase activity [127].

Melittin, a natural peptide sourced from bee venom, completely inhibits Ca-ATPase activity, as revealed through time-resolved
phosphorescence and fluorescence spectroscopy. This inhibition is attributed to the restriction of microsecond protein rotational
motion caused by Melittin. The presence of Melittin decreases the fraction of more mobile monomer/dimer species while increasing
the fractions of larger oligomers and very large aggregates. The inhibitory effect of Melittin on Ca-ATPase is closely associated with its
capacity to induce enzyme aggregation [128].

MIAP, a designed peptide and analog of magainin-I, was created with improved antimicrobial properties. When tested against
Mycobacterium tuberculosis, MIAP demonstrated a two-fold increase in antimicrobial activity compared to magainin-I. Additionally, the
presence of antimicrobial peptides (AMPs) reduced the basal ATPase activity of mycobacterial plasma membrane vesicles by
approximately 24–30 %. MIAP, however, exhibited a more potent effect by completely abolishing the activity of the F1F0-ATPase, an
enzyme responsible for H+ pumping across M. tuberculosis plasma membranes. This inhibition suggests that AMPs can interfere with
bacterial internal pH regulation, potentially impacting bacterial viability [129].
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Human neutrophil peptides (HNPs), another class of antimicrobial peptides, inhibit phospholipid/Ca2+-dependent protein kinase
C (PKC), which is involved in the phosphorylation of endogenous proteins in the rat brain. HNP-2 is more potent than HNP-1 and HNP-
3. HNPs inhibit PKC noncompetitively with respect to phosphatidylserine (a phospholipid cofactor), Ca2+ (an activator), ATP (a
phosphoryl donor), and histone H1 (a substrate protein). HNPs have little or no effect on myosin light chain kinase (a calmodulin/
Ca2+-dependent protein kinase) and the holoenzyme or catalytic subunit of cyclic AMP-dependent protein kinase, indicating a
specificity of HNPs [130].

Lipid transfer proteins (LTPs) are a prominent class of AMPs found in plants. Among these, Coffea canephora seeds contain a
specific peptide called Cc-LTP1, which exhibits potent fungicidal activity, particularly against pathogenic yeast. Cc-LTP1 also possesses
α-amylase inhibitory properties, a novel finding for this peptide family [131].

Hp-1935, a naturally occurring peptide obtained from the skin secretions of the Argentinian frog Boana pulchella, is identified as an
antimicrobial peptide with anti-acetylcholinesterase (AChE) properties. In the context of drug development for Alzheimer’s disease
(AD), traditional approaches have focused on targeting the formation of senile plaques and regulating acetylcholine (ACh) levels.
However, ACh regulation crucially involves acetylcholinesterase, the enzyme responsible for its hydrolysis at the synaptic level.
Compounds with inhibitory activity against acetylcholinesterase can enhance the duration of ACh after its release, offering potential
relief from AD symptoms [132].

Griselimycin derivatives, produced by Streptomyces species, have shown remarkable efficacy againstMycobacterium tuberculosis in
both laboratory conditions and live animal models. These derivatives inhibit the sliding clamp DnaN, an essential DNA polymerase
component. Resistance to griselimycins is rare, as it is associated with the amplification of a specific chromosomal segment containing
the dnaN gene and the ori site. These findings highlight the potential of griselimycins for tuberculosis treatment and validate DnaN as a
promising target for antimicrobial therapy [133].

2.16. Channel protein modulating AMPs

Ion transporters are recognized as a distinct class of channel proteins crucial for regulating ion homeostasis. They traverse cell
membranes by temporarily binding ions, facilitating their passage through the lipid barrier. Various synthetic and biomolecules can
modulate the activity of ion transporters, with potential applications in cancer therapy and sensitization. These molecules include
naturally occurring biomolecules such as peptides and antibiotics, as well as synthetically designed compounds like polyethers and
crown ethers [134,135]. Additionally, ion transporters have been proposed as antimicrobial agents, offering the added benefit of
immunomodulatory activity [136]. However, effective therapeutic application of these transporters faces challenges related to
formulation and targeting. One potential strategy to overcome these hurdles involves selective modulation at pathological sites.
Antimicrobial peptides with channel protein-modulating activity are summarized below [135].

The discovery of human β-defensin 2 (hBD2) as a Kv1.3 channel inhibitor has revealed a unique molecular mechanism and novel
immune modulatory function, suggesting that human β-defensins represent a new class of channel ligands. hBD2 has been observed to
suppress IL-2 secretion by blocking the Kv1.3 channel. Unlike hBD1, hBD2 interacts simultaneously with the extracellular S1-S2 linker
and pore region of the Kv1.3 channel. Chimeric channel and mutagenesis experiments have shown that hBD1 binds only to the
extracellular pore region, excluding the S1-S2 and S3-S4 linkers. These findings provide valuable insights into hBD2 as a novel
immune-related Kv1.3 channel blocker and underscore the significant functional distinctions between hBD1 and hBD2 [137].

The antibiotic action of microcin H47 relies on the presence of the ATP synthase complex in E. coli, which consists of a membrane-
bound Fo sector and a cytoplasmic F1 sector composed of eight distinct polypeptides. The presence of the FoF1 ATP synthase complex
is essential for the antibiotic activity of microcin H47. Alterations in the Fo portion of ATP synthase impacted the antibiotic’s effec-
tiveness, with the Fo proton channel being essential for microcin H47 action, while the F1 catalytic portion was dispensable [105].

β-KTx peptides, a class of scorpine antimicrobial peptides, are characterized by three disulfide bridges and exhibit two identifiable
domains: a flexible N-terminal sequence and a compact C-terminal region with a cysteine-stabilized α/β (CS-αβ) motif. These peptides
display cytolytic, antimicrobial, and K+ channel-blocking activities, with a remarkable structural and functional diversity. The full-
length peptide can induce cell lysis or combat microorganisms, while the C-terminal domain, containing the CS-αβ motif, is respon-
sible for K+ channel blockade [138].

In Arabidopsis thaliana, the defensin AtPDF2.3 exhibits a toxin signature (K-C5-R-G) in its amino acid sequence, similar to scorpion
toxins. Both AtPDF2.3 and scorpion toxins share a common CS-αβ motif, indicating a potential evolutionary relationship between
antimicrobial plant defensins and scorpion toxins. Synthetically produced recombinant AtPDF2.3 blocks Kv1.2 and Kv1.6 potassium
channels, similar to scorpion toxins. A recombinant variant, rAtPDF2.3 [G36N], with a KCXN toxin signature, shows higher potency in
channel blocking, while the variant rAtPDF2.3 [K33A], lacking the toxin signature, exhibits reduced channel-blocking activity.
However, the antifungal activity and Kv channel inhibitory function appear unrelated in these variants [138].

Bldesin, a fungal defensin, has been identified as a promising natural peptide with significant potential in antimicrobial drug
development. It exhibits potent activity against Gram-positive Staphylococcus aureus and inhibits the Kv1.3 channel. Additionally,
Bldesin demonstrates unique inhibitory effects on chymotrypsin, elastase, and serine protease-associated coagulation activities [139].

The scorpion defensin BmKDfsin4 from Mesobuthus martensii is a unique peptide with 37 amino acids, adopting a conserved CS-
α/β structural fold. It has been found to inhibit Kv1.1, Kv1.2, and Kv1.3 potassium channels, similar to scorpion neurotoxins. Critical
interactions between BmKDfsin4 and Kv1.3 involve basic residues Lys 13 and Arg 19. The peptide binds to the extracellular pore region
of the channel, suggesting a mechanism akin to classical scorpion toxins. This discovery highlights defensins as a novel class of po-
tassium channel blockers [139–141].
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3. Predictive models explain mechanism of action of AMPs

3.1. Molecular dynamics (MD) simulations

Molecular Dynamics (MD) simulations have become a cornerstone in the study of antimicrobial peptides (AMPs) due to their ability
to provide detailed, atomistic insights into the interactions between AMPs and microbial membranes. These simulations model the
physical movements of atoms and molecules over time, allowing researchers to observe and predict how AMPs interact with lipid
bilayers, proteins, and other cellular components in real time. The foundation of MD simulations is rooted in classical mechanics,
where the forces between atoms are calculated based on potential energy functions (force fields), and these forces dictate the
movement of atoms according to Newton’s laws of motion.

MD simulations offer unparalleled insights into the mechanisms of action of AMPs, particularly in their ability to disrupt microbial
membranes. The insertion and integration of AMPs into lipid bilayers are crucial steps in their mechanism of action. By simulating
these processes, MD studies can reveal how specific structural features of AMPs, such as amphipathicity (the presence of both hy-
drophobic and hydrophilic regions), charge distribution, and secondary structure (e.g., alpha-helices or beta-sheets), contribute to
their ability to destabilize membranes. For example, MD simulations have demonstrated that the amphipathic nature of AMPs allows
them to align with the lipid bilayer, inserting their hydrophobic regions into the membrane’s core while their hydrophilic regions
interact with the polar head groups of the lipids [142]. This interaction often leads to the thinning of the membrane, pore formation, or
complete membrane disruption.

One significant advancement in the application of MD simulations is the ability to model larger systems and longer time scales.
Traditionally, MD simulations were limited by computational resources, restricting the size of the system and the duration of the
simulation. However, with the advent of enhanced sampling techniques such as replica exchange molecular dynamics (REMD),
metadynamics, and accelerated MD, researchers can now overcome energy barriers that would be insurmountable in conventional
simulations. These techniques allow for the exploration of rare events, such as the transition states during pore formation, which are
critical for understanding the full mechanism of AMP action [143].

Moreover, the development of polarizable force fields has improved the accuracy of MD simulations by allowing for a more realistic
representation of electronic polarizability. This is particularly important in simulating the interactions between charged AMPs and the
polar head groups of membrane lipids. Polarizable force fields account for the redistribution of electron density in response to the local
electrostatic environment, leading to more accurate predictions of the binding affinities and insertion energies of AMPs [144].

Recent studies have also highlighted the utility of MD simulations in understanding the specificity of AMPs toward different mi-
crobial targets. For instance, by simulating the interaction of AMPs with membranes composed of different lipid compositions, re-
searchers can predict which peptides are more effective against certain types of bacteria. Gram-positive and Gram-negative bacteria,
for example, have distinct membrane compositions, and MD simulations can help design AMPs that preferentially target one over the
other by optimizing interactions with specific lipid species, such as phosphatidylglycerol or cardiolipin [145].

Another exciting application of MD simulations is in the study of AMPs’ effects on intracellular targets, such as nucleic acids or
proteins. While the primary mode of action for many AMPs is membrane disruption, some AMPs can penetrate cells and interact with
intracellular components. MD simulations have been used to model these interactions, providing insights into how AMPs can inhibit
protein synthesis or induce oxidative stress by interacting with DNA or RNA [146].

In summary, MD simulations are a powerful tool for unraveling the complex mechanisms of action of AMPs. They provide a
detailed, atomistic view of how these peptides interact with microbial membranes and other targets, leading to membrane disruption
and cell death. The ongoing advancements in computational power, enhanced sampling techniques, and the development of more
accurate force fields continue to expand the capabilities of MD simulations, making them an indispensable tool in the design and
optimization of new AMPs.

3.2. Quantitative Structure-Activity Relationship (QSAR) models

Quantitative Structure-Activity Relationship (QSAR) models are an essential computational tool in the field of drug discovery and
design, including the study of antimicrobial peptides (AMPs). QSAR models establish a quantitative link between the chemical
structure of a compound and its biological activity, enabling the prediction of the activity of new compounds based on their structural
features. These models rely on the concept that similar structures are likely to exhibit similar activities, and by identifying the key
molecular descriptors—such as hydrophobicity, charge distribution, molecular weight, and specific functional groups—QSAR models
can predict the antimicrobial potency of novel AMPs.

The development of QSAR models involves several critical steps: data collection, descriptor calculation, model building, and
validation. Initially, a dataset of known AMPs with experimentally determined activities is compiled. Molecular descriptors that
quantitatively describe the chemical structure of each peptide are then calculated. These descriptors might include physicochemical
properties, such as hydrophobicity or hydrophilicity, electronic properties, such as charge distribution, and structural properties, such
as the presence of alpha-helices or beta-sheets. Advanced computational tools and software, such as MOE (Molecular Operating
Environment) or Dragon, are often used to calculate these descriptors.

Once the descriptors are calculated, statistical or machine learning methods are employed to build a predictive model. Techniques
such as multiple linear regression (MLR), partial least squares (PLS), and more recently, machine learning algorithms like random
forests, support vector machines (SVM), and neural networks, are used to establish the relationship between the molecular descriptors
and the biological activity of the peptides [147]. The model is then validated using cross-validation techniques and tested on an
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independent dataset to assess its predictive power.
QSAR models are particularly advantageous in the early stages of AMP design because they allow for the rapid screening of large

libraries of peptides. Instead of synthesizing and testing each peptide experimentally, QSAR models can predict which peptides are
likely to exhibit strong antimicrobial activity, significantly reducing the time and cost associated with experimental screening.
Moreover, these models can provide insights into the structural features that are most critical for antimicrobial activity, guiding the
rational design of new AMPs with enhanced efficacy and specificity.

Recent advancements in QSAR modeling have focused on incorporating more complex and informative descriptors, as well as
utilizing machine learning techniques to improve prediction accuracy. For example, three-dimensional QSAR (3D-QSAR) models
consider the spatial arrangement of atoms within the peptide, allowing for a more detailed representation of the peptide’s interaction
with microbial targets. Additionally, the use of deep learning techniques, which can handle large and complex datasets, has led to the
development of QSAR models with significantly improved predictive capabilities [148].

One of the significant challenges in QSAR modeling is ensuring that the model is robust and generalizable. A model that is
overfitted to the training data may perform well on the training set but fail to predict the activity of new peptides accurately. To
address this, recent approaches have emphasized the importance of using diverse training datasets that cover a broad range of chemical
space. Additionally, multitask QSAR models have been developed to predict multiple properties simultaneously, such as antimicrobial
activity, toxicity, and stability, providing a more comprehensive evaluation of potential AMP candidates [148].

Another critical application of QSAR models is in predicting the toxicity and side effects of AMPs. While AMPs are generally
considered to be less toxic than conventional antibiotics, some peptides can still exhibit cytotoxicity toward host cells or disrupt host
cell membranes. QSAR models can be used to predict these potential side effects, enabling the design of AMPs that are both potent
against pathogens and safe for host cells [147].

QSAR models are a powerful tool for the rational design and optimization of AMPs. By linking molecular structure to biological
activity, these models allow for the rapid screening of peptide libraries, guiding the design of new AMPs with enhanced efficacy and
reduced toxicity. The ongoing advancements in computational methods and the incorporation of machine learning techniques
continue to expand the capabilities of QSAR models, making them an indispensable tool in the fight against multidrug-resistant
pathogens.

3.3. Machine learning models

Machine learning (ML) has revolutionized the field of computational biology, offering powerful tools for analyzing complex
datasets and uncovering patterns that may not be immediately apparent through traditional methods. In the context of antimicrobial
peptides (AMPs), ML models have become increasingly important due to their ability to predict the antimicrobial activity, specificity,
and potential toxicity of novel peptides based on large datasets of known AMPs. These models can learn from vast amounts of data,
identifying key features that contribute to a peptide’s activity and generalizing these findings to predict the properties of new, unseen
peptides.

The application of machine learning in AMP research typically involves several steps: data collection, feature extraction, model
training, and validation. Initially, a comprehensive dataset of AMP sequences and their corresponding antimicrobial activities is
collected. These sequences are then transformed into numerical features that can be used by machine learning algorithms. Common
features include amino acid composition, sequence length, physicochemical properties (e.g., hydrophobicity, charge), and structural
motifs (e.g., alpha-helices, beta-sheets). Advanced techniques, such as natural language processing (NLP) tools, can also be employed
to extract more complex features from peptide sequences [149].

Once the features are extracted, the next step is to train a machine learning model. Various algorithms can be used, including
traditional methods like support vector machines (SVM), decision trees, and random forests, as well as more advanced techniques like
neural networks and deep learning models. Deep learning, in particular, has shown great promise in AMP research due to its ability to
automatically learn hierarchical features from raw sequence data, capturing complex patterns that may not be accessible through
simpler models [150].

Deep learning models, such as convolutional neural networks (CNNs) and recurrent neural networks (RNNs), have been used to
predict the antimicrobial activity of peptides with high accuracy. CNNs, which are particularly effective at detecting spatial patterns in
data, can identify important motifs within peptide sequences that are associated with antimicrobial activity. RNNs, on the other hand,
are well-suited for handling sequential data, making them ideal for analyzing peptide sequences and predicting their activity based on
the order of amino acids [149].

One of the key advantages of machine learning models is their ability to handle large and complex datasets, which is crucial given
the vast diversity of AMP sequences and the complexity of their interactions with microbial targets. Machine learning models can
analyze these datasets to identify the most important features that contribute to antimicrobial activity, guiding the design of new
peptides with optimized properties. For example, by training a model on a dataset of known AMPs and their activities, researchers can
use the model to predict the activity of new peptides, identifying candidates that are likely to be effective against specific pathogens
[150].

Recent advancements in machine learning have also focused on integrating these models with other computational tools, such as
molecular docking and molecular dynamics (MD) simulations, to provide a more comprehensive understanding of AMP mechanisms.
For instance, machine learning models can predict not only the antimicrobial activity of a peptide but also its binding affinity to
specific microbial targets, such as membrane proteins or nucleic acids. This integrated approach allows for the design of peptides that
are not only potent but also highly specific, reducing the risk of off-target effects [149].
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Furthermore, machine learning models are increasingly being used to predict the potential toxicity and side effects of AMPs. While
AMPs are generally considered to be safer than conventional antibiotics, some peptides can still exhibit cytotoxicity or cause unde-
sirable immune responses. By training machine learning models on datasets that include both effective and toxic peptides, researchers
can identify patterns that are associated with toxicity, guiding the design of safer AMPs [149].

Another important application of machine learning in AMP research is the identification of novel AMP sequences. By analyzing
large databases of natural peptides or even generating synthetic sequences, machine learning models can identify candidates that
exhibit similar features to known AMPs, but with potentially enhanced activity or stability. This approach has led to the discovery of
several new AMPs with promising antimicrobial properties, offering new avenues for the development of antibiotics [147].

Machine learning models are a powerful tool in the study and design of antimicrobial peptides. By leveraging large datasets and
advanced algorithms, these models can predict the activity, specificity, and toxicity of novel peptides, guiding the rational design of
new AMPs with optimized properties. The integration of machine learning with other computational tools, such as molecular docking
and MD simulations, further enhances the predictive power of these models, making them an indispensable resource in the fight
against multidrug-resistant pathogens.

3.4. Bioinformatics tools

Bioinformatics has played a pivotal role in advancing our understanding of antimicrobial peptides (AMPs), providing essential tools
for the prediction and analysis of their mechanisms of action. These tools leverage vast databases of peptide sequences and biological
information, enabling researchers to identify conserved motifs, predict antimicrobial activity, and explore potential interactions be-
tween AMPs and their microbial targets. Bioinformatics tools are indispensable for the discovery and design of new AMPs, as well as for
understanding the molecular basis of their activity.

One of the most valuable resources in AMP research is the availability of comprehensive databases that catalog known AMPs and
their properties. Databases such as the Antimicrobial Peptide Database (APD3) and the Collection of Antimicrobial Peptides (CAMP)
provide extensive information on the sequences, structures, and activities of AMPs from a wide range of organisms [151]. These
databases serve as a foundation for bioinformatics analyses, allowing researchers to compare novel peptides with known AMPs,
identify conserved motifs that are critical for activity, and predict the antimicrobial potential of new sequences.

Sequence alignment tools are among the most commonly used bioinformatics tools in AMP research. These tools allow for the
comparison of peptide sequences to identify regions of similarity and conservation, which can provide insights into the structural
features that are important for antimicrobial activity. Multiple sequence alignment (MSA) tools, such as Clustal Omega and MUSCLE,
are widely used to align AMP sequences and identify conserved regions that may be critical for their interaction with microbial
membranes or intracellular targets [152]. These conserved regions can then be used as templates for the design of new peptides with
similar properties.

Homology modeling is another crucial bioinformatics technique used in the study of AMPs. This technique involves constructing
three-dimensional models of peptides based on their sequence similarity to known structures. Homology modeling tools, such as
SWISS-MODEL and MODELLER, allow researchers to generate structural models of AMPs, which can be used to predict their inter-
action withmicrobial membranes or proteins [153]. These models are invaluable for understanding the structural basis of AMP activity
and for guiding the design of peptides with enhanced stability and efficacy.

In addition to sequence-based tools, bioinformatics also offers structural analysis tools that provide insights into the three-
dimensional conformation of AMPs and their interactions with microbial targets. Molecular docking tools, such as AutoDock and
ClusPro, are commonly used to predict the binding affinity of AMPs to specific microbial targets, such as membrane lipids or intra-
cellular proteins [154]. By simulating the docking process, researchers can identify the most likely binding sites and orientations of
AMPs, providing insights into their mechanism of action. Molecular docking is particularly useful for the design of AMPs that are
tailored to target specific pathogens or to minimize off-target effects.

Another significant application of bioinformatics in AMP research is the use of machine learning and artificial intelligence (AI) tools
to analyze large datasets of peptide sequences. These tools can identify patterns and correlations that may not be apparent through
traditional methods, leading to the discovery of novel AMPs with unique properties. For example, machine learning algorithms can be
trained on datasets of known AMPs to predict the antimicrobial activity of new peptides, guiding the selection of candidates for further
experimental validation [150]. AI tools are also being used to generate synthetic peptides with optimized properties, such as increased
stability or reduced toxicity, by learning from the features of successful AMPs.

Recent advancements in bioinformatics have also focused on integrating multi-omics data—such as genomics, transcriptomics,
proteomics, and metabolomics—to provide a more comprehensive understanding of AMP mechanisms. Systems biology approaches,
which integrate these diverse data types, allow researchers to model the global effects of AMPs on microbial cells, predicting not only
their primary targets but also their downstream effects on cellular processes [155]. This holistic approach provides a deeper under-
standing of how AMPs interact with complex biological systems and can guide the design of peptides that are effective against a broad
range of pathogens.

Bioinformatics tools are essential for the prediction, analysis, and design of antimicrobial peptides. These tools provide critical
insights into the sequence and structural features that determine AMP activity, guiding the discovery of new peptides with optimized
properties. The integration of bioinformatics with other computational and experimental approaches continues to enhance our un-
derstanding of AMPs and their potential as therapeutic agents in the fight against multidrug-resistant pathogens.
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3.5. Development of bacterial resistance to AMPs

Bacterial resistance to antimicrobial peptides (AMPs) involves several mechanisms, each contributing to the bacteria’s ability to
survive in hostile environments. Bacteria utilize active efflux pumps to transport AMPs out of the cell, reducing their intracellular
concentration and minimizing their antimicrobial effects. This mechanism is particularly significant in Gram-negative bacteria, where
efflux systems like the resistance-nodulation-division (RND) family play a crucial role in resistance [156]. Additionally, certain
bacteria secrete proteinases that degrade AMPs in the extracellular environment, neutralizing them before they can reach the bacterial
cell membrane. Some bacteria also possess surface proteins that can bind to and trap AMPs, preventing their interaction with bacterial
membranes. Similarly, bacteria can secrete specific proteins that block or inhibit AMPs in the extracellular space, rendering them
ineffective before they reach the membrane [157–159].Bacterial pili—hair-like appendages on the cell surface—can physically block
AMPs from accessing the bacterial membrane, reducing the likelihood of membrane disruption. The bacterial capsule serves as another
defense mechanism by acting as a physical barrier that traps AMPs, preventing them from diffusing through to the membrane [153,
156–162]. Furthermore, bacteria can modify their cytoplasmic membrane phospholipids by incorporating cationic residues, reducing
the membrane’s negative charge and decreasing the binding affinity of AMPs. Some bacteria also influence the host’s immune
response, leading to the downregulation of AMP production by mucosal host cells, thereby facing less selective pressure from these
antimicrobial agents [162,163]. These mechanisms highlight the adaptability of bacteria in developing resistance to AMPs, enabling
them to thrive even in environments where these antimicrobial agents are present.

3.6. Clinical significance of antimicrobial peptides

AMPs are gaining renewed attention due to their potential to combat rising antibiotic resistance and their diverse therapeutic
applications. AMPs possess potent activity against a wide range of pathogens, including bacteria, viruses, fungi, and parasites. This
broad-spectrum activity is especially crucial in treating infections caused by multi-drug-resistant (MDR) organisms such as Methicillin-
resistant Staphylococcus aureus (MRSA) and Vancomycin-resistant Enterococcus (VRE). The unique mechanism of action of AMPs,
which often involves disrupting microbial membranes, reduces the likelihood of resistance development compared to traditional
antibiotics [164]. AMPs are being explored as potential treatments for various infectious diseases, including skin infections, respiratory
infections, and sepsis. Their rapid bactericidal action and broad-spectrum efficacy make them promising candidates for use either as
standalone therapies or in combination with conventional antibiotics [165]. AMPs like LL-37 are known to enhance wound healing by
promoting cell proliferation and modulating immune responses, in addition to their antimicrobial properties. This dual role makes
them valuable in managing chronic wounds and burns [166]. Some AMPs exhibit selective cytotoxicity towards cancer cells, making
them potential candidates for cancer therapy. These peptides can induce apoptosis in cancer cells while sparing normal cells, offering a
novel approach to anticancer treatment [167].

AMPs play a significant role in modulating the immune response, which is critical not only for combating infections but also for
maintaining immune homeostasis. They can enhance the recruitment of immune cells to infection sites, modulate cytokine production,
and even promote tissue repair, making them attractive for treating inflammatory and autoimmune diseases [168]. The rise in
antibiotic-resistant infections has led to an urgent need for new therapeutic approaches. AMPs, with their unique mechanisms of action
and low propensity for inducing resistance, offer a promising solution. They can be used to potentiate the effects of existing antibiotics,
thereby reducing the dosage required and slowing the development of resistance [169].

Despite their potential, the clinical application of AMPs is hindered by challenges such as toxicity, stability, and production costs.
Recent advances in peptide design, such as the development of synthetic and engineered AMPs, are helping to overcome these
challenges by enhancing the stability, reducing toxicity, and improving the cost-effectiveness of AMP-based therapies [170].

AMPs represent a promising new class of therapeutics with significant clinical potential, particularly in the fight against antibiotic
resistance. Their broad-spectrum activity, combined with immune-modulating properties, positions them as valuable candidates for a
range of therapeutic applications, including infectious disease treatment, wound healing, and cancer therapy. However, ongoing
research and technological advancements are needed to fully realize their clinical potential.

4. Future directions and potential uses of AMPS

AMPs are gaining significant attention as potential alternatives to traditional antibiotics, especially in light of the growing issue of
antibiotic resistance. Their unique mechanisms of action, which include disruptingmicrobial membranes and interfering with essential
microbial processes, make them promising candidates for treating infections that are resistant to conventional drugs. However,
challenges such as peptide stability, potential toxicity, and high production costs must be addressed. For example, LL-37, a human
AMP, is currently being studied for its efficacy against resistant bacterial strains like MRSA (Methicillin-resistant Staphylococcus aureus)
[171].

In the context of topical treatments, AMPs are being explored for applications in wound healing, burn care, and skin infection
management. Their ability to promote healing and prevent infections at injury sites is particularly advantageous. However, main-
taining peptide effectiveness upon application and avoiding skin irritation are critical considerations. Clinical trials have shown that
pexiganan, an AMP, is effective in treating diabetic foot infections, highlighting its potential as a topical therapeutic agent [172].

There is also a growing interest in developing AMPs for systemic use to treat internal infections. This application requires over-
coming challenges related to peptide degradation and absorption in the human body. Stability, delivery systems, and potential
immunogenicity are significant concerns that need to be addressed for successful systemic administration. Polymyxin B, for instance, is
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used for treating systemic infections, though its nephrotoxicity limits its widespread use [173].
Another promising area of research involves the combination of AMPs with traditional antibiotics or other AMPs to achieve

synergistic effects. This approach not only enhances the efficacy of the treatment but also reduces the likelihood of resistance
development. Identifying effective combinations and understanding the interactions between different agents are complex but
essential tasks. Studies have shown that combining AMPs with existing antibiotics can significantly increase their effectiveness against
multidrug-resistant pathogens [174].

In biotechnology and genetic engineering, efforts are focused on bioengineering AMPs to improve their properties, such as
enhancing stability, reducing toxicity, and increasing potency. Advances in genetic engineering have enabled the creation of modified
AMPs with improved characteristics. However, it is crucial to ensure that these modifications do not compromise the peptides’
antimicrobial activity or introduce unwanted side effects. For example, engineered AMPs with increased resistance to proteolytic
enzymes have shown promise [175]. Additionally, scalable production of AMPs using microbial or mammalian expression systems is
being explored to make these therapies more accessible and cost-effective [176].

AMPs are also being investigated for their potential in diagnostic applications. Their specificity for microbial targets makes them
suitable for developing novel diagnostic tools that can detect infections or monitor immune responses. The challenge lies in designing
assays that are both sensitive and specific to the target pathogens. For instance, peptide-based biosensors are being developed for the
rapid detection of bacterial infections, offering a new approach to diagnostics [177].

In the agricultural sector, AMPs hold promise as natural pesticides or herbicides, targeting specific pests or plant pathogens without
causing harmful environmental effects. Ensuring their stability and effectiveness in agricultural settings is essential for their successful
application. AMPs are being tested for their ability to control plant pathogens like Fusarium spp., which can devastate crops [178,179].
Additionally, AMPs can be used in food preservation to enhance food safety by preventing the growth of spoilage and pathogenic
microorganisms, thereby extending shelf life. Regulatory approval and the impact on food quality are important factors to consider in
this application [180].

Personalized medicine is another area where AMPs could play a significant role. Customized therapies using AMPs tailored to
individual patient profiles, including specific microbial profiles or genetic variations, offer a promising approach to treatment.
However, developing personalized therapies requires detailed patient data and sophisticated delivery systems. For instance, AMP
treatments could be tailored based on a patient’s specific microbial resistance profiles, potentially leading to more effective and
targeted interventions [177].

Research and development efforts are crucial to fully understanding the mechanisms of action of AMPs, including their interactions
with microbial membranes and host cells. Continued research is needed to elucidate these complex interactions and optimize
experimental models. For example, studies are ongoing to explore how AMPs disrupt bacterial membranes or modulate immune re-
sponses, providing insights that could lead to more effective therapeutic applications (Brown & O’Connor, 2021). Additionally, the
exploration of natural sources and synthetic peptide libraries may lead to the discovery of new AMPs with unique properties and
applications. Identifying and characterizing new peptides and developing scalable production methods are key challenges in this area.
Screening of diverse natural sources like marine organisms has already led to the discovery of novel AMPs with potential therapeutic
benefits (Miller & Kim, 2023) [175,177].

5. Conclusion

AMPs represent a highly promising alternative to traditional antibiotics, particularly for treating bacterial infections caused by
multidrug-resistant pathogens. This comprehensive review explores the non-membrane targets of AMPs and their potential to combat
antibiotic-resistant infections. The unique mechanisms of action exhibited by these peptides, which target intracellular components
essential for bacterial survival, offer a novel strategy for combating drug-resistant pathogens.

AMPs employ diverse mechanisms to effectively combat bacterial infections, targeting bacterial transcription, translation, cell wall
synthesis, cell division, chaperone proteins, enzyme activity, and channel proteins. These multifaceted actions make AMPs promising
candidates for novel antimicrobial treatments, with specificity against prokaryotic microorganisms. The distinct advantage of non-
membrane-targeting AMPs over traditional membrane-targeting AMPs lies in their ability to bypass bacterial resistance mecha-
nisms and infiltrate bacterial biofilms effectively.

However, further research is crucial to optimize these peptides for real-world applications. Key areas of focus include enhancing
selectivity, ensuring safety, and developing targeted delivery methods to fully harness their therapeutic potential while safeguarding
human cells.
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