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Abstract

Millions of deaths worldwide are attributed to antibiotic-resistant infections, and the spread of an
antimicrobial resistance crisis is a critical threat to public health. The selective pressure exerted by
conventional antibiotics not only restricts microbial evolutionary pathways, accelerating the onset
of resistance but also promotes the activation of several downstream mechanisms of resistance in a
very complex and interdependent manner. Once activated, such mechanisms are intrinsically more
challenging to inactivate when targeted independently. AMPs usually have activity on the basis of a
nonspecific disruption of microbial membranes, a mechanism that significantly lowers the chances
of the onset of resistance. AMPs are structurally and functionally diverse molecules, typically ranging
from 10-65 amino acids in length, with strong enrichment of cationic and hydrophobic residues. On
the basis of their structural features, AMPs are usually classified into distinct families, such as amino
acid-rich peptides, cysteine-rich peptides, and a-helical peptides. This review presents a comprehensive
and updated description of insect-derived AMPs, including information from the Insect Antimicrobial
Peptide Database with pertinent literature sources.
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INTRODUCTION

The increasing prevalence of AMR poses
a significant threat to global health systems
by reducing the effectiveness of conventional
antibiotics. Various authoritative bodies, including
the World Health Organization, have issued serious
warnings. Without the successful implementation
of new therapeutic alternatives, drug-resistant
infections are projected to one million deaths
annually by 2050.%2 Traditional antibiotics usually
attack microbial processes related to cell wall
synthesis, protein synthesis, or DNA replication.
However, this has inadvertently accelerated the
evolution of bacterial resistance mechanisms,
such as genetic mutations, the production of
inactivating enzymes, and the development of
efflux pumps capable of removing drugs from
the cell.? This continuous biological “arms race”
highlights the pressing need to find and develop
antimicrobial agents with novel modes of action
that would more effectively compete with or
bypass traditional resistance pathways.

Antimicrobial resistance is among the
leading causes of death worldwide. In 2019
alone, bacterial infection due to AMR was directly
responsible for an estimated 1.27 million human
deaths, indicating a very significant public health
burden with mortality rates reaching those of
major infectious diseases such as HIV/AIDS and
malaria during the same time period. Deaths
directly due to AMR are projected to indicate an
overall increase of approximately 70% by 2050.
The increased costs of second-line treatments and
extended hospital stays are increasing the global
healthcare burden. The present magnitude of the
AMR crisis necessitates an urgent and strategic re-
evaluation of traditional methods for developing
new therapeutic solutions.** The global mortality
from AMR (4.95 million fatalities) is considerably
greater than the number of deaths directly caused
by bacterial AMR (1.27 million). In 2019, AMR-
related deaths were much greater than deaths
from other more familiar infectious diseases, such
as malaria (0.86 million deaths) and HIV/AIDS (0.64
million).

In the search for new antimicrobial
agents, researchers are now focusing on the
innate immune systems of insects. Insects have
evolved as an efficient and rapid immune response

to survive in environments rich of dangerous
microorganisms.> AMP synthesis is a key element
of this defense mechanism. Insect-derived AMPs
have advantages over traditional antibiotics,
such as rapid bactericidal action, broad-spectrum
activity against a variety of bacteria, fungi,
viruses, and parasites, and a low tendency to
cause resistance. It is difficult for pathogens to
develop targeted resistance to AMPs because
they frequently work through non-specific,
membrane-disrupting mechanisms.® A data-driven
analysis of insect-derived antimicrobial peptide
database (IAMPDB) was used to identify important
features and research gaps, and recent findings
are summarized to provide a thorough overview
of the diversity, mechanisms, and applications of
insect AMPs.”

This review provides an in-depth overview
of AMPs from insects, covering studies published
after 2014. Both new and established families of
AMPs are covered, based on the structural and
functional diversity of AMPs, to emphasize their
important physicochemical features. Different
modes of action are also discussed, with a focus
on how the unique properties of these peptides
enable them to bypass conventional AMR. This
review further explores recent findings and new
biomedical and industrial applications, covering
the prevention of multidrug-resistant (MDR)
infections, the acceleration of wound healing,
and improvement in animal health. Based on
the literature evidence, important research gaps
were identified, and a strategic plan for tackling
the main issues with AMP stability, toxicity, and
large-scale production was proposed. Table 1
illustrates evolutionary and structural details of
representative insect-derived AMPs.

Diversity and structural classification of insect
AMPs

Insect AMPs represent a heterogeneous
group of molecules that are typically categorized
into three primary groups based on their
composition and structure: linear peptides,
cysteine-rich peptides, and peptides that contain
specific amino acids, such as proline or glycine.>?

Linear a-helical peptides
Linear a-helical peptides, represented by
Cecropins, are composed of a linear chain of amino
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Table 2. Major insect AMP families - sequences, structures and target spectra.*

Family Typical  Structural features Representative Typical targets

length peptide(s)

(aa)
Cecropins 30-40  Linear, a-helical, amphipathic Cecropin A, Cecropin B Gram-negative and some Gram-

positive bacteria, biofilms
Defensins 30-50  Cysteine-rich, disulfide bonds, Insect defensins Gram-positive bacteria,
B-sheet/af fungi

Pro/ Gly- 18-50 Enriched in Pro/Gly, often Apidaecin, Abaecin, Intracellular targets; Gram-
rich peptides unstructured Drosocin negative
Attacins / 70-200 Larger, glycine-rich proteins  Attacin, Diptericin Gram-negative bacteria
Diptericins
B-hairpin ~20-25 Disulfide-stabilized hairpins ~ Thanatin Gram-negative, fungi
peptides

acids that adopt an amphipathic a-helical structure
when interacting with membranes. These peptides
typically exhibit a net positive charge and lack
cysteine residues.> Cecropins, initially identified
in the giant silk moth (Hyalophora cecropia),
are extensively studied peptides known for their
potent bactericidal effects against both Gram-
negative and Gram-positive bacteria, which
function through pore-forming mechanisms in
microbial membranes.®

Cysteine-rich peptides

The most acknowledged members of
this family include defensins. During folding
into compact structures, the folding of B-sheets
by these peptides is stabilized by three to
four disulfide bridges, which result from 6-8
conserved cysteine residues.® In general, insect
defensins, such as those present in honeybees
(Apis mellifera), act with high efficiency toward
Gram-positive bacteria, including Staphylococcus
aureus (S. aureus). However, some of them exhibit
activity against fungi and Gram-negative bacteria.*
This indicates that the major determining factors
of a peptide’s biological activity include its specific
sequence and the three-dimensional structure it
assumes.

Peptides rich in specific amino acids

This group includes peptides that
have the characteristic of one or a few amino
acids dominating their sequences. Proline-rich
peptides, such as Drosocin and Metchnikowin
from Drosophila melanogaster, are usually short

in length (15-39 residues) and tend to exert their
mode of action via intracellular targets rather
than direct interactions with the cell membrane.?
The second major subgroup includes glycine-rich
peptides such as attacins and diptericins. These
peptides display potent activity against Gram-
negative bacteria, although their mode of action
may differ.® Insect AMPs may be grouped into
primary families according to their structures and
sequence motifs. The representative insect AMP
families and their characteristic features are listed
in Table 2.

AMPs have the potential to transform into
more helical forms upon adhering to a microbial
surface, which is crucial for their antibacterial
effect. The increased levels of proline and glycine
in these peptides confer significant efficacy
against Gram-negative bacteria.?® Six major classes
of insect-derived AMPs have been identified.
Insect-derived AMPs can be classified into various
structural families. These include Cecropins,
Defensins, Diptericins, Drosocin, Metchnikowin,
Attacins, and Coleoptericin. Cecropins are a-helical
peptides, whereas insects known as defensins, are
characterized as cysteine-rich peptides. Proline-
rich peptides include drosocin and metchnikowin.
Attacins and coleoptericin are glycine-rich
peptides/proteins. These AMPs demonstrate
antimicrobial activity against various pathogens,
including bacteria, fungi, parasites, and viruses.
The diverse antimicrobial spectrum of insect AMPs
suggests different modes of action. Insect AMPs
are integral to the innate immune system and
hold promise for use as antimicrobial agents. The
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structural classification of AMPs is shown in Figure
1. A detailed classification of AMPs is discussed
below.

Defensins

Ancient natural antibiotics known as
defensin peptides have potent antibacterial
activity against a wide range of pathogens.? They
include 6-8 conserved cysteine residues and
18-45 amino acids.” Insect defensins (a class of
inducible antibacterial peptides) and traditional
defensins include 29-35 amino acids. Three
disulfide bonds typically serve to stabilize the
defensin molecule, and the o-hairpin is its main
structural component.*® Defensins attach to the
cell membrane or create membrane flaws that
resemble pores to allow the outflow of vital ions
and nutrients.?! Insect defensins are effective
against a wide variety of bacteria, including S.
aureus and other pathogenic microorganisms.3?
By disrupting the bacterial membrane, these
peptides inhibit antibiotic resistance.? Defensins
play crucial role in the regulation of microbial
infections within the innate immune system, and
exhibit different modes of action. The B-sheet and
a-helix structures are joined by two intramolecular
disulfide bonds to form a Cys-stabilized alpha-beta
structure.®*

Cecropins

Most linear helical AMPs are members of
the cecropin family. These AMPs were originally
obtained from the hemolymph of the lepidopteron

Hyalophora cecropia. Before maturation, insect
Cecropins consist of 58-79 amino acids.** The
major component is effective against Gram-
negative bacteria whereas the other components
are effective against Gram-positive bacteria.
The active ones possess 34-55 residues.®® The
C-terminus of Cecropins is amidated because post-
translational modification process increases the
antibacterial activity of most Cecropins.?” Insect
Cecropins have been examined from a structural
and biological perspective to assess their in vitro
activity. The mechanism of action of Cecropin A
remains unclear because of its stabilized helical
structure, which is associated with reduced levels
of NADP+and glutathione, and its role in inducing
oxidative stress through the production of reactive
oxygen species (ROS).3®

Attacins

Attacins are glycine-rich proteins
extracted from the hemolymph of Hyalophora
cecropia pupae that have been exposed to the
bacterium.* Attacins are made from pre-pro-
proteins that have a solo peptide, which consists of
a pro-peptide, an N-terminal attacin domain, and a
signal peptide. The G1 and G2 domains consist of
regions that are rich in lysine residues.* Attacins
prevent Gram-negative bacteria from synthesizing
primary outer membrane proteins during division,
thereby compromising cell wall integrity and
facilitating the growth of long bacterial chains.*
Attacins are effective in eradicating Escherichia coli
(E. coli) and other Gram-negative bacteria. Attacins

- R S
Structural division of
AMPs
Alpha-helical Cysteine-rich Proline-rich Glycine-rich

peptides p%/t%e peptide p@e
Cecropins Defensins Drosocin Metchnikowin Attacin Coleoptericin Diptericins

i i ‘ G ¥ e ‘ SN, L TN Y i

Hyalop hqra Sarcophg 99 Apis dorsata Anaphgles Hy alophz_)m Tenebrio molitor Drosophila
cecropia peregrina gambiae cecropia
St N ¥ N o E LS LT

Figure 1. Classification of AMPs on the basis of their structure
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represent the second class of antibacterial proteins
in the humoral immune system of Hyalophora
cecropia, following cecropin lysozyme.** Attacin
and analogous proteins have been identified
in various insect species, including Bombyx
mori, Glossina morsitans, Samia cynthia, Musca
domestica, Heliothis virescens, and Trichoplusia
ni.®

Drosocin

Drosophila melanogaster synthesizes
a specific peptide known as drosogon. This
peptide is an antimicrobial compound that
has a unique O-glycosylation modification. It
consists of 19 amino acids, with the sequence
GKPRPYSPRPTSHPRPIRV—NHZ.““'45 O-glycosylation
is essential for the peptide to exhibit optimal
biological activity. Glycosylation plays a significant
role as a post-translational modification for various
proline-rich AMPs.*¢ Drosocin is resistant to almost
all Gram-negative bacteria and M. luteus (a Gram-
positive bacteria).*” The activity of drosocin is
eliminated upon the removal of the initial five
N-terminal residues. Glycosylated drosopin has
no efficacy against E. coli or fungi.*®

Diptericins

Diptericins are AMPs derived from
proteins present in the hemolymph of flies
(Dipterans). These AMPs are a group of AMPs
identified in insects, particularly within the
Drosophilidae family, and play a vital role in the
innate immune system, functioning as a primary
barrier against bacterial infections. These peptides

Peptide Length Distribution

200
175
150
] 125
3
S 100
75
50
25
0
0 100 200 300 400
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(A)

are characterized by a high glycine content,
have a molecular weight of approximately
8 kDa, and consist of 82 amino acids.*® D.
melanogaster, Sarcophaga peregrina (the fresh
fly), and Mayetiola destructor all express diptericin
(Hessian fly).*° Diptericin A is the most common
peptide in this family. Only a limited number
of Gram-negative bacteria (E. coli K12, Erwinia
hericola T, and Erwinia carotovora 11) are resistant
to this peptide. Diptericin-A primarily affects the
cytoplasmic membrane of bacteria.®! Peptides
present numerous benefits and complexities in the
context of their prospective medicinal application.

Metchnikowin

In 1995, scientists identified a new
inflammatory-inducible peptide in D. melanogaster
characterized by 26 proline residues that has
demonstrated efficacy against Gram-positive
bacteria and fungi. This peptide was termed
HRHEGPIFNTRPSPFNPNEPRPGPIY—NHZ.51 Gram-
negative bacteria, exhibit resistance to this
peptide. This peptide was named Metchnikowin
in recognition of E. Metchnikowin, the pioneer of
this field of study. The Oregon Drosophila strain of
Metchnikowin presents two isoforms that differ by
a single residue (His versus Arg).4>!

Data-driven analysis from IAMPDB

For an overview of the diversity of the
AMPs derived from insects from a quantitative
perspective, we performed an analysis driven by
data from the IAMPDB repository. We summarized
important physicochemical and functional trends

Molecular Weight Distribution
160

140
120
100

80

Count

60
40
20

0 10000

20000
Molecular Weight (Da)

(B)

30000 40000 50000

Figure 2. Peptide length distribution (A) and molecular weight distribution (B)
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occurring within documented insect AMPs. A
comparison of peptide length and molecular
weight distributions revealed characteristic length
and weight ranges that may influence membrane
interactions, stability, and bioactivity. Further
categorization based on antimicrobial function
reflects their diversity regarding pathogen targets
and tendencies in activity profiles unique to
peptides of insects. In addition to these features,
an evaluation of amino acid composition and
dipeptide motifs provided further insights into the
sequence patterns that may regulate specificity
and potency. Overall, the integrated analyses here
establish a quantitative basis for understanding
the molecular signatures of insect AMPs, building
a basis for their rationale as continued promising
therapeutic candidates.

Peptide length and molecular weight

Analysis of length and molecular weight
data revealed a bimodal distribution, with peptides
primarily represented in the short-chain range
of 10-65 amino acids. ldentifying peptides of
this length, which have maximal membrane-lytic
activity and confer stability against proteolytic
processing, is highly important. Some peptides,
such as apolipophorin I, with 186 residues, and
baramicin A1, with 257 residues, are much longer
and have the potential for utilization as precursors
or peptides with more complicated modes of
action that do not involve cell lysis. The molecular
weight distribution of AMPs exhibits a similar
pattern, with a high concentration of peptides
below 10 kDa. Figure 2 shows the peptide length

Amino Acid Composition of Insect AMPs

Relative Frequency
o Il I o
o o [=] -
S o @ o
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o

0.00
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Table 3. Frequencies of the top five amino acid and
dipeptide.®>*

Amino Average Dipeptides Total
acids frequency count
(%)
Alanine 9.9 Glycine-Leucine 75
Leucine 9.1 Alanine-Glycine 64
Glycine 8.8 Alanine-Arginine 56
Serine 5.5 Isoleucine-Lysine 45
Lysine 5.3 Alanine-Alanine 45

distribution and molecular weight distribution of
insect AMPs derived from data obtained from the
IAMPDB database.?®

Distribution by antimicrobial activity

Analysis of antimicrobial activities shows
that AMPs that are active against Gram-negative
bacteria are most frequently reported, followed
by Gram-positive bacteria and fungi. This may
partly be due to the sampling bias in the database,
but it also reflects the evolutionary pressures on
insects, whose immune systems have co-evolved
to combat a variety of environmental pathogens,
many of which are Gram-negative.”

Amino acid composition and dipeptide motifs
The amino acid composition data revealed
a high frequency of positively charged residues
like lysine (K) and arginine (R) and hydrophobic
residues such as leucine (L), isoleucine (1), and
valine (V) (Table 3). This chemical signature is the
direct molecular basis for the amphiphilic structure
of the peptides, which is necessary for their

Dipeptide frequency heatmap (normalized)
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Figure 3. Amino acid composition (A) and dipeptide composition (B) of AMPs.?®
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Table 4. Key physicochemical properties of selected insect AMPs.?®

Peptide Name Source Length Molecular ~ Net Charge GRAVY  Structural
(IAMPDB_ID) Organism (residues) Weight (Da) atpH 7 Index Class
Cecropin-Al (IAMP1)  Drosophila melanogaster 63 6770.90 +4.09 0.27 Alpha-helical
Drosocin (IAMP8) Drosophila melanogaster 64 7084.52 +6.12 0.12  Alpha-beta
Baramicin A1 (IAMP3) Drosophila melanogaster 257 28036.03 +15.70 -0.76  Alpha-beta
Defensin-B (IAMP25)  Aedes aegypti 98 10583.11 -1.40 0.11  Beta-sheet
Apidaecin (IAMP247)  Bombus pascuorum 17 1963.32 +3.09 -1.21  Alpha-beta
Tenecin-1 (IAMP92) Tenebrio molitor 84 9175.82 +1.76 0.36  Beta-sheet

initial electrostatic attraction to and subsequent
hydrophobic insertion into negatively charged
microbial membranes. Further analysis of the
dipeptide composition refines this understanding
through specific motifs that are part of a signature
of certain AMP families. The high prevalence of
proline-rich motifs (PR, HP, and PP) and glycine-rich
motifs (GG) in the dataset correlates directly with
the structural hallmarks of proline-rich and glycine-
rich AMPs, which have distinct mechanisms of
action apart from simple membrane disruption.>%3
The amino acid composition and dipeptide
composition of AMPs are illustrated in Figure
3. Table 4 presents the key physicochemical
properties of the selected insect AMPs.

Mechanism of action and advantages of insect
AMPs over conventional antibiotics
Multifaceted approach to pathogen neutralization
Insect AMPs demonstrate a variety
of mechanisms of action, and this diversity
provides significant advantages over traditional
antibiotics by rendering the development of
pathogen resistance unlikely. Physical disruption
is a prevalent mechanism of action among most
AMPs. This process is generally initiated by
electrostatic attraction between cationic AMPs
and negatively charged components of bacterial
membranes, such as lipopolysaccharide (LPS) in
Gram-negative bacteria or teichoic acids in Gram-
positive bacteria.'***** Membrane disruption
allows antibiotics to inhibit DNA, RNA, or protein
synthesis by usually bypassing the bacterial
cell membrane and increasing local bacterial
susceptibility, leading to enhanced bactericidal
activity at lower drug concentrations.? Microbial
biofilms maintain metabolically inert cells and
prevent the penetration of therapeutic agents;
thus, they are associated with antibiotic resistance.

AMPs may prevent the formation of biofilms or
disrupt preformed biofilms by breaking down
extracellular polymeric substances and killing
embedded cells. AMPs, when combined with
conventional antibiotics, significantly improve
antibiotic access to biofilm-associated bacteria and
restore antimicrobial susceptibility, leading to the
resolution and healing of chronic infections.®*
AMPs can cross microbial membranes
and interact with intracellular targets, such as
nucleic acids, ribosomes, and important metabolic
enzymes. Combination therapy combining AMPs
with antibiotics allows targeting at multiple sites,
evades bacterial stress responses, and minimizes
the risk of acquired resistance mechanisms.> AMPs
inhibit bacterial resistance mechanisms, including
efflux pump activity, changes in membrane charge,
and the expression of resistance-associated genes.
AMPs increase the susceptibility of bacteria to co-
administered antibiotics, which in turn reverses
resistance phenotypes and enhances the in vivo
efficacy of existing therapies.®?* In addition to
their direct antimicrobial action, most AMPs
have immunomodulatory effects, such as the
recruitment of immunocytes, enhancement of
phagocytosis, and modulation of inflammatory
responses. In the combination therapy approach,
these properties reinforce the action of antibiotics
by enhancing the immune defense of the host,
accelerating the clearance of pathogens, and,
consequently, tissue repair.?®> The synergistic
interactions between AMPs and antibiotics often
allow for dosage reductions of both agents,
thereby reducing drug-related toxicity and
side effects. This is particularly the case in the
treatment of severe or chronic diseases, for which
large antibiotic dosages are usually necessary.”®
Following membrane binding, hydrophobic
residues promote the intercalation of AMPs
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into the lipid bilayer, resulting in membrane
permeabilization.>® Different models illustrating
insect-derived mechanism of action of AMPs are
presented in Figure 4.

Barrel-stave model

AMPs have hydrophilic portion and
hydrophobic portions. In this model, amphipathic
helices combine to create a membrane-spanning
pore as the peptide adheres to the surface and
then plunges into the hydrophobic interior. The
peptide presents an inward-curved, hydrophilic
face that creates an aqueous interior, while its
hydrophobic face is apposed against the lipid
portion of the bacterial membrane. Since the
peptides bind more avidly to the membrane
than to the solvent, they induce opening or
dilation of the channel, resulting in bursting of
the microbial cell. These peptides insert into the
lipid bilayer to form a barrel-like structure, in
which a transmembrane pore forms. This breaks
the integrity of the membrane, allowing rushes
of the intracellular contents to escape and break
the membrane potential. Cecropins are classic
examples that work in this manner. As peptide

A Carpet model

B Toroidal model

Figure 4. Insect-derived mechanism of action of AMPs

concentration at the membrane increases, the
pore can dilate, peaking during osmotic collapse
and resulting in lysis of the microbe.

Carpet model

AMPs accumulate on the membrane
surface, forming a thick layer that act as a
detergent. This leads to membrane disruption and
disintegration when a threshold concentration is
reached. Amphipathic peptides align parallel to
the lipid bilayer, with hydrophobic regions oriented
toward the acyl domains and cationic residues
interacting with anionic headgroups. At subcritical
concentrations, this structure maintains bilayer
integrity, but upon reaching a threshold density,
cooperative disruption results in disintegration of
the membrane into mixed micellar aggregates,
such as surfactant-induced solubilization.>”>

Toroidal pore model

In the toroidal model, the clusters of
peptides are perpendicular to the membrane, with
their heads facing toward the center of the pore.
The major difference between this model and the
previous barrel stave model is the presence of the
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inward-bent membrane in the former, resulting
in the formation of pores. The AMPs bend the
membrane in the toroidal pore model. This results
in the orientation of the lipid head groups toward
the interior of the pore. The disorder in the toroidal
pores formed by AMPs is substantial.? In this
model, the AMPs are inserted into the membrane.
Therefore, the lipid bilayer folds inward. The pores
are lined by the peptides and the lipid head groups
in the folded lipid bilayer.*®

Certain peptides, particularly those that
are rich in proline, like apidecins, can penetrate
bacterial cells without causing substantial
membrane damage. Upon entry, these peptides
inhibit essential intracellular processes, such as
binding to DNA gyrase to obstruct DNA replication
or targeting the bacterial ribosome to prevent
protein synthesis. Similarly, glycine-rich attacins

Phylogenetic distribution of insect-derived AMPs
Panel A = totals, Panel B = activities

induce structural instability by inhibiting the
synthesis of outer membrane proteins in Gram-
negative bacteria. Bacteria encounter a significant
challenge in developing resistance via single-point
mutations because of the complex nature of
damage to the cell membrane and the intracellular
machinery.>>%¢

Combination therapies

In addition to their individual effects,
AMPs frequently exhibit synergistic behavior,
where the concurrent action of multiple peptides
or the combination of peptides with conventional
antibiotics proves to be more effective than the
mere aggregation of their separate effects. The
therapeutic potential of AMPs depends largely
on synergistic interactions. AMPs may act as
permeabilizers, disturbing the bacterial membrane

Insect Order

[ T I[

Totu APy [ e isan ] a

Thysanoptera
Blattodea
Hemiptera
Coleoptera
Lepidoptera
Hymenoptera
Diptera
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Figure 5. Phylogenetic tree representing all insect orders of AMPs
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36 trait value
length=0.7

204.667

== Coleoptera
L
= Hymenoptera
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Figure 6. lllustration of trait mapping length charge in all insect orders of AMPs
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Table 5. Key applications and examples of insect AMPs.%384

Application Area Mechanism of Action

Key AMP Examples

MDR Bacterial Infections

Membrane disruption, intracellular

Cecropins, Defensins, Drosocin, Tenecins

targeting, synergy with antibiotics

Antiviral Therapy

Virion inhibition, blocking viral entry,

immune system modulation

Wound Healing
keratinocyte proliferation
Animal Farming
anti-inflammatory effects
Food Preservation

Antimicrobial activity, stimulation of
Pathogen control, growth promotion,

Broad-spectrum antimicrobial activity

Cecropin-A, Melittin
Defensins
Cecropin A-D hybrid

Tenebrin from Tenebrio molitor

against food-borne pathogens

and allowing the penetration of conventional
antibiotics that would otherwise be excluded by
efflux pumps or the outer membrane.>*¢° This
combined approach is specifically effective against
biofilms, which are highly resistant to antibiotics.
The peptide A3, which is isolated from scorpion
venom, has been shown to effectively potentiate
the action of conventional antibiotics against
multidrug-resistant and biofilm-forming bacteria.
This significantly hindered the development of
Pseudomonas aeruginosa biofilms. This suggest
that AMPs may be developed as adjuvants to
potentiate the action of otherwise ineffective
antibiotics rather than as independent therapeutic
agents. A combined treatment with lower doses
of both agents could delay the onset of new
resistance mechanisms while decreasing costs and
side effects.®*

Recent discoveries and emerging applications
Identification of novel AMP families and structures

Over the last decade, this known
repertoire of AMPs of insects has expanded
markedly, in large part due to improvements
in transcriptomics, proteomics, and genomics.
These results further underscore the evolutionary
plasticity of AMPs, as evidenced by the frequent
gain and loss events for AMP genes across different
insect lineages. Antimicrobial peptides from the
black soldier fly, an insect acknowledged for
high immunocompetence, have recently been
reported. The Arsenal includes 35 cecropins, 9
defensins, and 4 attacins.®%%*

Examinations of AMPs in ancient insect
lineages, including Collembola, have yielded new
AMP families, including diapausin. Diapausin

was detected in all five species of Collembola
examined, although its expression in other
orders of insects was not always present. This
indicates that this family represents an ancient
immunological gene. In concert with the spotty
presence of other key AMP families, such as
Defensins and Cecropins, these data support
the notion that AMP evolution in hexapods is
characterized by a considerable number of gene
acquisitions and deletions rather than a linear
process of acquisition. The evolutionary flexibility
of insects makes them a great and underexploited
repository of novel AMPs.®*

Expanding the therapeutic horizon

The therapeutic potential of insect AMPs is
expanding beyond their conventional antibacterial
functions. Most AMPs rapidly eliminate target
species by increasing their permeability in their cell
membranes. AMPs derived from various sources
are considered promising lead structures for the
development of new antifungal and antibacterial
agents. Numerous synthetic peptides derived
from human, pig, bovine, and frog AMPs have
progressed to clinical trials; however, insect AMPs
have only been investigated in animal infection
models to date. The following subsections present
different insect AMPs, accompanied by a detailed
discussion of the peptides demonstrated to
possess antimicrobial properties in experimentally
infected animals.®

Antiviral activity

AMPs are being investigated as a novel
class of antiviral agents. Studies on AMPs derived
from insects such as the moth Hyalophora cecropia
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and the honeybee Apis mellifera have shown
their in vitro efficacy against various mammalian
viruses, including HIV-1 and influenza A. Numerous
antiviral strategies have been proposed, such as
modulating host immune responses, blocking viral
entry into host cells, and inhibiting virion activity.®
The potential mechanisms of action for AMPs
are: (i) interaction with surface carbohydrates to
block the initial stages of viral entry; (ii) interaction
with specific cellular receptors to prevent viral
adsorption or penetration of host cells; (iii)
interaction with and inactivation of viral envelope
glycoproteins; (iv) modification of host cell antiviral
responses; and (v) prevention of the intracellular
expression of viral genes and/or production of
viral proteins.®” By rupturing the viral vesicle
membrane, AMPs like LL-37, MXB-5, and MXB-9
directly inactivate HSV-1 extracellularly, preventing
its attachment to infecting host cells.®® StPIP1
triggers the plant defensive response against
potato Y virus (PVY) through the production of
ROS and the activation of defense-related genes.*
The interaction of magainin with viral capsid
components leads to a loss of capsid integrity.
Because of their diverse modes of antiviral
activity, AMPs represent promising candidates
for the development of broad-spectrum antiviral
therapies capable of addressing both existing and
emerging viral threats.”

Anti-biofilm strategies

The most important use of AMPs of insect
origin is to combat microbial biofilms. Biofilms are
aggregates of bacteria stuck in their self-produced
matrix and exhibit high resistance to antibiotics.
AMPs interfere either at the initial step of biofilm
formation or disrupt already formed structures.
The anti-biofilm action of AMPs is enhanced when
they are combined with conventional antibiotics,
which often results in a strong synergistic effect
against pathogens such as P. geruginosa and
other members of the ESKAPE group.®* Owing
to the way the EPS matrix attaches and whether
surrounding bacterial communities participate,
biofilms can be monolayered or multilayered.
The formation of biofilms usually commences
with bacterial attachment to a solid surface.
Due to hydrophobicity, many organic molecules
dissolved in water accumulate at the solid-water
interface as thin film, resulting in the seeding

microcolonies in the form of small clusters. The
EPS consists of proteins, glycopeptides, glycolipids,
lipopolysaccharides, and extracellular DNA.”* A
complete biofilm develops after the completion
of phase Il and is essentially an irreversible
microbial attachment, with microcolonies showing
phenotypic and gene expression profiles distinct
from those of the planktonic forms. N-acyl
homoserine lactones act as a sensing molecule for
cell-to-cell communication and can be deposited
on a surface to initiate the differentiation process.”?
Biofilm formation under nutrient-poor conditions
provides a survival advantage; thus, it is expected
that malnutrition promotes biofilm development.
In addition, organisms that are cultured or starved
exhibit more resistance to antibiotics. Microbial
organisms can survive in inhospitable conditions
by forming biofilms.”® Biofilm formation can
occur on any surface, living tissue, or prosthetic
implant. Bacterial cells constitute the predominant
microbial component of biofilms, accounting for
approximately 99% of the microbial population.™
Oral biofilms contain more than 500 different
microbial species.”

Biomedical and industrial applications of AMPs
Combatting MDR pathogens

The primary biomedical application
of insect AMPs is their ability to combat MDR
pathogens (Table 5). Cecropins and defensins
exhibit significant effectiveness against challenging
clinical threats, such as vancomycin-resistant
Enterococcus (VRE), methicillin-resistant S. aureus
(MRSA), and extended-spectrum B-lactamase
(ESBL) producing E. coli. The potent antibacterial
properties of beetle-derived tenecins against
MDR strains and honeybee defensins against
Gram-positive bacteria indicate their potential as
targeted therapeutic agents.527¢77

Wound healing

In addition to their bactericidal
properties, certain AMPs have been shown to
accelerate wound healing by promoting tissue
regeneration and modulating the inflammatory
response (Table 5). Bacterial biofilms, among
which S. aureus and P. aeruginosa are commonly
isolated pathogens, are linked to more than 80%
of chronic wounds. Approximately 20%-75% of
individuals are intermediate carriers of S. aureus.”

Journal of Pure and Applied Microbiology

12

www.microbiologyjournal.org



Gautam et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.4.17

The primary sites for colonization are skin, throat,
perineum, and nasal canals. In healthy people,
S. aureus colonization rarely results in major
health issues. However, hospitalized patients with
burns, wounds, and persistent ulcers are more
likely to have S. aureus infection. P. aeruginosa
is a prevalent bacterium that infiltrates natural
environments adjacent to human populations.
It is one of the most resistant bacteria in cystic
fibrosis. When isolated from the lower airways,
both representative species have frequently been
linked to a biofilm mode of development and have
been described as extremely resistant to antibiotic
treatments, 63667881

Animal farming

With increasing restrictions on antibiotic
use in agriculture, insect AMPs offer a promising
alternative to improve animal health and promote
growth (Table 5). Cecropin A and D hybrid AMP
improved the feed-to-gain ratio and reduced
intestinal inflammation in broiler chickens. Insect
AMPs could safeguard animal health in large-
scale production, representing a sustainable
and effective replacement for conventional
antibiotics.® The European Union has approved
the use of insect meals as protein supplements in
animal feed in response to the increasing demand
for protein sources in animal nutrition. This aims
to preserve production efficiency, animal health,
and welfare while lowering reliance on antibiotics.
Animal health benefits related to processed
insect proteins include improved immunity,
improved intestinal microbiota, and reduced
bacterial infections in farm animals. As excellent
sources of protein and AMPs, insect meals are
great alternatives to antibiotics in the treatment
of sickness, animal growth promotion, and food
preservation.?#2

Food preservation

AMPs from insects, especially those
isolated from Tenebrio molitor or mealworm
beetle, are exceptionally stable over wide pH
and temperature ranges. In addition, these
peptides exhibit high antimicrobial activity against
foodborne pathogens and fungi (Table 5). Overall,
these characteristics make them suitable for use as
natural preservatives in the food industry. Among

other unique properties, their tolerance to heat
is of particular interest for the food industry since
many conventional preservatives lose their activity
or degrade at high temperatures during cooking or
sterilization. Moreover, insect-derived AMPs have
broad antimicrobial spectrum activity and can act
against a wide range of spoilage microorganisms
including bacteria and fungi.®®* Compared with
certain synthetic preservatives that can be harmful
at specific concentrations, their low cytotoxicity to
eukaryotic cells is another significant advantage,
as they are safer for human consumption. Insect
AMPs thus represent an attractive alternative
to artificial chemicals, as consumer demand has
shifted toward natural food products over the
past few years. The chemical composition of
insect AMPs and their modes of action provide
valuable information for the design of the next
generation of sustainable, safe, and effective food
preservatives.848

Challenges in translational development
Barriers to clinical translation

Despite their enormous potential, there
are many obstacles in the clinical translation of
insect AMPs. The poor pharmacokinetics and low
stability of AMPs in biological settings are major
problems. Because AMPs are prone to proteolytic
degradation, their systemic administration is
limited. Potential cytotoxicity is a significant
concern because some AMPs can harm human
cells at relatively higher concentrations, which
raises safety concerns that must be resolved.
Peptide synthesis, purification, and large-scale
manufacturing are challenging due to their high
production cost. The mechanism of inhibition for
these multiple combinations of AMPs has not been
studied in detail. The interactions of AMPs in their
natural environment remain unknown, hindering
the development of multi-peptide therapies.
Regulatory challenges and insufficient in vivo
validation, along with a lack of standardized clinical
procedures, hinder the transition from laboratory
settings to clinical application.”®798687

Strategies to bridge translational gaps

A multidisciplinary approach is needed
to overcome these challenges and unlock the full
potential of insect AMPs.
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express shortened active fragments or peptidomimetics

cost

Structure-activity relationship (SAR) studies to reduce hemolysis; targeted

delivery (hydrogels, implants, nanoparticles)

Membrane activity can affect eukaryotic cells at high doses

Toxicity/

off-target effects

Delivery

PEGylation, lipidation, conjugation to carriers, inhalable or topical formulations

Rapid clearance, poor bioavailability

challenges

Peptide engineering

The instability of AMPs against proteases
in biological systems represents a significant barrier
to their adoption as therapeutic agents. Therefore,
derivatives of the cationic AMP Pep05 were
synthesized by substituting L-amino acid residues
with D- and unnatural amino acids. These included
D-lysine, D-arginine, L-2,4-diaminobutanoic
acid (Dab), L-2,3-diaminopropionic acid (Dap),
L-homoarginine, 4-aminobutanoic acid (Aib),
and L-thienylalanine. The modified peptides
were tested for their antimicrobial activities and
toxicities, as well as their stability against several
proteases. LC-MS allows the identification of
degradation products and an understanding of
degradation pathways. Both D- and unnatural
amino acid substitutions increase peptide stability
against proteases. The derivative DP06, with
L-lysine and L-arginine residues replaced by
D-amino acids, exhibited remarkable stability
and mild in vitro toxicity. The addition of one
Aib residue at the N-terminus of UP09 resulted
in significantly improved plasma stability and
enhanced in vivo activity. Compound UPQ9 is
reported as a promising AMP candidate for further
optimization, offering a new strategy for improved
bioavailability.® To address instability and toxicity
issues, peptide engineering strategies, such as
modifying amino acid sequences to increase
resistance to proteases or to increase specificity
toward microbial membranes, are employed.
Substitution of natural amino acids with non-
natural D-enantiomers or the introduction of
post-translational modifications like C-terminal
amidation can significantly improve AMP stability
and activity.®%°

Recombinant production

Improved production and scalability of
AMPs can be achieved at low costs via recombinant
expression systems. With the latest advances in
synthetic biology and genetic engineering, cost-
effective large-scale production of AMPs has
been reported on bacteria-, yeast-, or plant-based
platforms.?»92 AMPs are recognized as a promising
class of next-generation antibiotics for fighting
against drug-resistant pathogens. However,
their clinical applications are hindered by high
production cost and short plasma half-life. An
efficient method to produce bioactive amidated
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Table 7. Clinical trials based on non-insect derived AMPs

Clinical trials ID  Description/Summary Phase/ completion Ref.

year

NCT00563355  This study assessed the antibacterial activity and wound- 99
healing properties of Pexiganan (MSI-78) to determine its
safety and efficacy as a topical treatment for infected
diabetic foot ulcers.

The experiment was designed to evaluate the efficacy of
Omiganan, MBI-226, as an infection prophylaxis device in
preventing catheter-related bloodstream infections,
considering its broad-spectrum antibacterial properties.

This study assessed the safety and efficacy of Iseganan
(IB-367) in preventing oral mucositis in patients receiving
chemotherapy or radiotherapy.

This was a clinical trial that tested POL7080, a protein
epitope mimetic antimicrobial peptide, against Pseudomonas
aeruginosa infections by targeting LptD.

This study assessed the safety and efficacy of LL-37, a human
cathelicidin, in the management of wound healing in chronic

Phase Ill/Completed

NCT00231153 Phase lll/Completed 100

NCT00022373 Phase Ill/Terminated 101

NCT02096328 Phase Il/Completed 102

NCT02225366 Phase I/ll/Completed 103

non-healing ulcers.
NCT00509938

The safety and acceptability of hLF1-11, a lactoferrin-derived

Phase |/Completed 104

antimicrobial peptide, were tested in patients with invasive

bacterial or fungal infections.

AMPs through transient expression of glycine-
extended AMPs in Nicotiana benthamiana plants
engineered to express the mammalian enzyme
peptidylglycine a-amidating monooxygenase
(PAM) has been reported. The accumulation of
cationic AMPs in the PAM transgenic plants was
significantly higher than that in the non-transgenic
Nicotiana benthamiana plants. Like their synthetic
counterparts, purified AMPs demonstrated
remarkable killing activity against six highly
virulent, antibiotic-resistant ESKAPE pathogens by
preventing biofilm formation and showed synergy
with conventional antibiotics. Techno-economic
analysis revealed possible economic advantages
and scalability for industrial applications. This
study demonstrated the feasibility of the use of
plant systems for the large-scale production of
clinical-grade AMPs.*

Nanocarriers and drug delivery systems

AMPs represent an alternative class
of antimicrobials to conventional antibiotics,
especially those against drug-resistant bacteria,
due to their broad-spectrum antimicrobial
properties and lower tendency to develop drug
resistance. However, their systemic toxicity and
poor bioavailability limit their in vivo efficacy

against deep-seated infections. Nanoparticle-
based delivery systems represent a strategic
approach to improve the therapeutic index of
AMP. By preventing proteolysis, increasing the
concentration of AMPs at infection sites, and
reducing their toxicity, nanocarriers offer better
outcomes in the treatment of deep infection.’
The encapsulation of AMPs within nanocarriers
represents an effective strategy for enhancing
their stability and targeted delivery. Nanocarriers,
such as liposomes, solid lipid nanoparticles, and
polymeric systems, may protect AMPs from
degradation, increase their bioavailability, and
enable their targeted delivery into infection sites,
thus maximizing the therapeutic outcome with
minimal off-target effects.%>%

Combination therapies

The synergistic potential with
conventional antibiotics provides a strategic route
for development. AMPs used as adjuvants may
be able to restore existing antibiotics, reduce the
dose, and delay the development of new resistance
mechanisms. AMPs represent important immune
defense molecules in multicellular organisms.
AMPs exhibit antimicrobial activities via several
modes of action. It is hypothesized that they
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are unlikely to cause drug resistance, making
them promising candidates as new generation
antimicrobials. More than 30 AMP-related drugs
are currently under investigation in clinical
trials. AMPs have demonstrated synergy with
conventional antibiotics. The combination has
effectively eliminated drug-resistant pathogens,
hindered the development of drug-resistant
strains, and significantly improved the therapeutic
efficacy of antibiotics.®”*® Table 6 presents a
summary of the identified gaps, their causes, and
proposed mitigation strategies. Selected clinical
trials of non-insect-derived AMPs are presented
in Table 7 to provide a broader perspective on the
clinical translation of AMPs.

Data-driven insights from the IAMPDB dataset

An in-depth exploratory data analysis
of the IAMPDB dataset was performed, aiming
at obtaining quantitative insights into the
characteristics of insect AMPs. This may provide
a unique perspective regarding peptide properties,
distribution, and composition. Figures 5 and 6
show the phylogenetic tree of all insect orders
of AMPs and the trait mapping length charge,
respectively.?®

Profiling of insect AMP activity

Analysis of the reported antimicrobial
activities of the peptides revealed a diverse
but distinct profiles. The activity reported most
frequently is against Gram-negative bacteria,
followed by Gram-positive bacteria and fungi. A
smaller but significant number of peptides also
show antiviral activity, reflecting an increased
focus in this direction. This distribution underlines
the broad-spectrum nature of insect AMPs and
suggests that a large portion of these peptides
have evolved to combat common bacterial
threats.?

Figure 6 maps onto two of the most
important physicochemical properties (length
and net charge) across different insect orders.
The phylogenetic tree in the left panel maps trait
values for peptide length, whereas the tree in
the right panel maps values for net charge. In
this analysis, compute.brlen is used to ensure
that branch lengths are accurately represented.
The color gradient in trees represents the trait
value; in this case, red represents lower values,

and blue represents higher values. The coloring
of tree branches is based on the average lengths
of AMPs found in each insect order. Insect orders
like Thysanoptera (thrips) have a higher average
AMP length, reflected by the blue and dark blue
colorsin their respective tree branches. The order
of peptide length across the selected species
was Thysanoptera > Hemiptera > Lepidoptera >
Hymenoptera > Coleoptera > Diptera > Blattodea >
Odonata. This is consistent with the lower average
lengths in these orders. The colors of the branches
in the right panel of the tree refer to the average
net charge of the AMPs. The order of peptide
charge across the selected species was Diptera >
Blattodea > Coleoptera > Odonata > Lepidoptera
> Hymenoptera > Hemiptera > Thysanoptera.
This conclusion is consistent with the finding that
AMPs often have a high frequency of positively
charged residues such as lysine and arginine, which
are important for initial electrostatic attraction
to negatively charged microbial membranes.
Defensins possess a negative net charge (-1.40),
this falls into the red end of the spectrum on the
color bar. Odonata and Thysanoptera have a much
lower net charge; which is depicted by their red
and yellow colored tree branches, respectively.
This may indicate a possible difference in their
primary mechanisms of action compared to
the highly cationic AMPs from Diptera and
Hymenoptera.?6274°

Figure 7 illustrates the phylogeny and
multi-trait heatmap analysis of all the insect
orders of AMPs. Panel A presents the distribution
of key AMP traits in different insect orders as
visualized through a phylogenetic tree-heatmap
combination. The phylogenetic tree on the left
depicts the evolutionary relationships among
the orders. A color gradient heatmap, on the
right, represents the average value of six specific
traits calculated for the AMPs of each order. The
color grades vary from light yellow (low value)
to deep red (high value). Panel B presents the
clustered heatmap and dendrogram of insect order
clustering by AMP trait similarity. The color scheme
in this heatmap extends from red (high similarity/
trait value) to blue (low similarity/trait value).
Both dendrograms at the top and left cluster
insect orders and peptide traits, respectively, by
similarity.?®?’
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It is evident that Isoptera termites,
Diptera flies, and Coleoptera beetles cluster
together, suggesting that their AMPs have similar
overall physicochemical profiles. Hymenoptera
bees, wasps, ants and Hemiptera true bugs
form the next cluster, indicating that they share
a set of AMP traits. This could be illustrative of
convergent evolution or shared ancestry in their
immune defenses. The traits themselves also
cluster together. Hydrophobicity and GRAVY
are closely related, as are instability index and
mass shift. Figure 7 shows that the net charge
and isoelectric point also form a tight cluster,
which is expected since both are related to the
electrostatic properties of the peptides. This helps
to identify which traits tend to be co-expressed or
are functionally linked within the dataset.®*’

Challenges and future directions
Therapeutic applications of AMPs beyond their
antibacterial activity

AMPs demonstrate excellent potential
both in cancer prevention and treatment. They
are large molecules with complex structures that
include disulfide bridges. Their production is
costly. Cost reduction requires the identification
of specific patterns in anticancer AMPs, which
will lead to better design of synthetic amphiphilic

Panel A: Phylogeny + multi-trait heatmap

peptides with more potency. Different AMPs
interact synergistically, which makes such
combinations much stronger in their ability to
act against tumors.’®® A better understanding of
the mechanisms and properties of AMPs allows
the development of more efficient and less costly
AMP-based anticancer medicines. The therapeutic
efficiency of hybrid peptides containing functional
motifs from several AMPs can be improved.
Peptide engineering techniques improve the
anticancer and antihemorrhagic effects of AMPs
as well as their hemolytic activity. AMPs can be
engineered to act more potently against tumors
and cause less hemorrhages by increasing their
positive charge along with their hydrophobic
properties. Changing the arrangement of certain
amino acids also enhances their performance. The
effectiveness of Cecropins and defensins against
parasites has been the focus of recent reviews
that outline current research on antimalarial
and antiparasitic peptides.'® The production of
AMPs in transgenic vectors such as mosquitoes is
a unique method for combating and preventing
the spread of parasites. In Egyptian yellow fever
mosquitos, for example, the defensin-A gene
under the control of the vitellogenin promoter
has been designed to be expressed in response
to blood meals.*® AMPs are abundant in insect

Panel B: Trait clustering (orders by similarity)
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Figure 7. Phylogeny and multi-trait heatmap analysis of all insect orders of AMPs26?7
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hemolymph, although none have been isolated
or identified.’®” Genomic sequence analysis can
help identify similar AMP genes in different
insect species. However, very small AMPs, such
as proline-rich peptides, might not be detected.
Using hemolymph to isolate and identify AMPs has
limitations since it works best for AMPs that are
present in large amounts. %1% Cecropins, moricins,
gloverins, and attacins have flexible structures in
water, whereas in hydrophobic environments,
such as microbial surfaces (e.g., LPS), they form
helical structures. This structural transition enables
the interaction of insect AMPs with microbial
membranes and the disruption of latter, which is
highly important for their antibacterial activity.®®

Challenges in the development and translation
of insect-derived AMPs

AMPs hold exceptional therapeutic
promise, but their clinical use is hindered by a
variety of issues. Among the main issues that
affect both their effectiveness and bioavailability,
one is related to the enzymatic degradation and
instability of AMPs in physiologically relevant
environments. In addition, AMPs can be toxic
to host cells, increasing their safety for systemic
applications. The development of resistance
to AMPs will also impact their long-term use
in practice, and further understanding of the
mechanisms of resistance is needed. In addition,
the high cost and complexity of production,
especially for complex peptide structures, is one
of the major hurdles that is still likely to delay
commercialization.

Owing to these limitations, new strategies
and emerging technologies are being investigated.
Various peptide engineering approaches are based
on cyclization and the addition of unnatural amino
acids, which stabilize peptides and increase their
resistance to enzymes. Many bioinformatics tools
that combine machine learning with artificial
intelligence are widely used to find AMPs that have
both low toxic effects on cells and a strong ability to
target specific targets. The combination of different
AMP functional sections into hybrid peptides
represents a promising strategy to improve their
effectiveness against multidrug-resistant bacteria.
The current development patterns show how
AMP functions have expanded beyond their
original antimicrobial role because insect-derived

AMP defensins perform immunomodulatory and
antiviral functions. The production of AMPs at a
large scale has become possible through different
expression systems which allow for sustainable
and accessible manufacturing methods.
Current discoveries together with upcoming
multidisciplinary investigations will overcome
current obstacles to enable the application of
AMPs in industrial and clinical settings.

Future directions

Future research on insect-derived AMPs
should focus on translating their promising clinical
activity into safe, effective, and clinically relevant
therapeutic candidates. Advances in peptide
engineering, structure-activity relationship
studies, computational modelling, and artificial
intelligence-assisted peptide design may facilitate
the identification and optimization of AMP
sequences with increased antimicrobial potency,
selectivity, stability, and reduced host-cell toxicity.
Integration of insect AMP databases, including
IAMPDB, with multi-omics, machine-learning,
and structural-bioinformatics approaches could
accelerate the discovery of novel candidates
and enable prediction of antimicrobial activity,
toxicity, stability, and mechanism of action
before experimental validation. Attention should
also be given to improving proteolytic stability,
pharmacokinetic properties, tissue penetration,
and targeted delivery through sequence
modification, cyclization, conjugation, and
advanced delivery systems such as nanoparticles,
hydrogels, and liposomal formulations.

Future studies should also move beyond
conventional antibacterial screening toward
multifunctional and non-antibacterial applications
of insect-derived AMPs, including antiviral,
antifungal, antiparasitic, immunomodulatory,
anticancer, and wound-healing activities.
Combination strategies involving AMPs with
conventional antibiotics or other therapeutic
agents may provide opportunities to enhance
efficacy and potentially reduce the emergence
of antimicrobial resistance. Nevertheless,
progression toward clinical translation will require
standardized methods for AMP characterization
and susceptibility testing, comprehensive
toxicity and immunogenicity evaluation, robust
pharmacokinetic and pharmacodynamic studies,
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and well-designed in vivo studies followed by
appropriately controlled clinical trials. Establishing
reproducible manufacturing processes,
formulation strategies, and regulatory frameworks
will ultimately be essential for converting the
considerable diversity of insect-derived AMPs
into clinically and commercially viable therapeutic
products.

CONCLUSION

This review covers the promise of insect
AMPs asanintegral part of the future of antibacterial
drugs. Insect AMPs will serve as a weapon of
choice in a post-antibiotic era to counter bacterial
threats. The mechanistic versatility resulting
from diverse structural forms of insect AMPs
provides a robust protective measure in an era of
widespread bacterial resistance to conventional
antibiotics. IAMPDB elucidates the relationship
between peptide length, amino acid composition,
and functionality, highlighting the importance
of specific physicochemical properties in their
structures. Researchers are attempting to resolve
stability, toxicity and scalability issues. Recent
progress in peptide engineering, recombinant
expression systems, and advanced nanocarrier-
based delivery offers encouraging prospects for
therapeutic development. Furthermore, the
exploration of synergistic combinations of AMPs
among themselves and with existing antibiotics
represents a particularly appealing strategy to
retard the emergence of resistance mechanisms
and potentiate the reconstituted potency of failing
antibiotic drugs. Entomology, bioinformatics, and
pharmacology need to be combined to promote
fundamental research on insect AMPs. This
would allow us to make extensive use of the most
widespread natural resources and ensure the
future of better health against ongoing antibiotic
resistance disasters.
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