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Abstract

Antimicrobial peptides (AMPs) selectively recognize and destroy microorganisms and, unlike conventional antibiotics, have 
a unique advantage in terms of harmlessness to host cells. AMPs are characterized by cationic properties and amphiphilicity, 
which facilitates their interaction with microbial membranes. The crucial role of AMPs in resolving infections is based on 
two main mechanisms: direct destruction of pathogens and immune modulation. AMPs expand their therapeutic potential 
through adaptive immunity. Finally, by enhancing both innate and adaptive immunity, AMPs facilitate pathogen elimination 
through destroy microbial membranes, lysis of foreign cells via promoting the activation of T- and B-lymphocytes, neutrophils 
and macrophages stimulation. Due to their diverse modes of action/multitasking, AMPs demonstrate a reduced likelihood of 
developing resistance to them. Since the most difficult infections to treat are intracellular bacterial infections, where antibiotics 
are virtually ineffective, AMPs are becoming a promising alternative for treatment. In summary, one and the same AMP can 
express itself in multiple structural and functional forms, which increases their adaptability and effectiveness against various 
microbial attacks.
Antimicrobial peptides (AMPs) are essential components of immune system, capable of selectively recognizing and 
eliminating microorganisms that inhabit the host body. Unlike conventional antibiotics, AMPs offer a unique advantage in 
targeting pathogens without causing harm to host cells. These short peptides, typically ranging from 12 to 50 amino acids, are 
characterized by their cationic properties due to an abundance of positively charged amino acids. This enables them to exhibit 
amphiphilic behavior, with both hydrophilic and hydrophobic regions that facilitate interactions with microbial membranes. 
AMPs are critical not only for their bactericidal properties but also for their ability to modulate immune responses, thus 
enhancing both innate and adaptive immunity. AMPs play a pivotal role in the resolution of infections through two primary 
mechanisms: direct pathogen killing and immune modulation. They accomplish the former by disrupting microbial membranes, 
leading to cell lysis, while the latter involves the stimulation of immune cells such as neutrophils and macrophages, which 
amplify inflammation and accelerate pathogen clearance. Recent studies have revealed that AMPs also influence adaptive 
immunity, facilitating the activation of T and B-lymphocytes, thereby expanding their therapeutic potential. Importantly, AMPs 
exhibit a reduced likelihood of resistance development due to their diverse and simultaneous modes of action. One of the most 
challenging infections to treat is intracellular bacterial infections, where pathogens replicate within host cells. Antibiotics 
often fail in these cases due to their limited ability to penetrate host cells and the growing issue of antibiotic resistance, which 
prevents the therapeutic concentrations of antibiotics from reaching effective levels within the infected cells. Consequently, 
these infections can persist and become chronic, evading standard antibiotic treatment. In contrast, AMPs are emerging as 
a promising alternative for managing intracellular infections. In summary, the same AMP can exhibit multiple structural 
and functional properties, demonstrating a high degree of versatility. These overlapping characteristics often enhance their 
adaptability and efficacy against diverse microbial threats.
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Introduction

Antimicrobial peptides (AMPs) represent a cutting-edge 
approach to managing intracellular infections, leveraging 
their exceptional structural and functional adaptability. 
Unlike conventional antibiotics, which primarily target 
extracellular pathogens, AMPs are uniquely equipped to 
penetrate host cell membranes and effectively neutralize 
intracellular pathogens. Their multifaceted mechanisms 
of action - ranging from disrupting microbial membranes 
to modulating host immune responses - make them highly 
effective against intracellular infections. Furthermore, 
their ability to adapt to extreme physiological conditions 
ensures sustained efficacy where traditional antibiotics 
often fail. This unparalleled capability positions AMPs 
as a transformative addition to the therapeutic arsenal, 
particularly for combating intracellular infections caused by 
antibiotic-resistant strains. 

Over 3,500 cationic AMPs have been identified or 
predicted across six biological kingdoms, highlighting the 
widespread and conserved nature of these molecules [1]. 
Notably, AMPs are effective against microbes that have 
developed resistance to conventional antibiotics, positioning 
them as essential alternatives in the fight against drug-
resistant infections [2]. Due to their ability to modulate 
immune responses and interact directly with bacterial 
membranes, AMPs offer a mechanism of action that is less 
susceptible to bacterial resistance. In addition, induced in 

response to stimuli during inflammation, AMPs penetrate 
the cell membrane due to their amphiphilic structure 
[3]. AMPs are equipped with hydrophilic, cationic, and 
hydrophobic domains and have been shown to modulate not 
only the innate but also the adaptive immune response [4]. 
But initially studied for their direct antimicrobial properties, 
AMPs have primarily been shown to be critical effector 
molecules within the innate immune system [5]. These 
peptides are distributed across a wide range of life forms, 
providing a universal defense against diverse pathogenic 
microorganisms, including gram-positive and gram-negative 
bacteria, viruses, archaea, fungi, and parasites [6]. AMPs 
exhibit considerable structural and sequence variability, yet 
share common characteristics that define their antimicrobial 
activity. Most AMPs are relatively short, typically consisting 
of 12-50 amino acids, and possess a net cationic charge due 
to the presence of arginine (Arg) and lysine (Lys) amino acids 
critical for AMPs ability to disrupt the pathogen membranes 
integrity leading to microbial membrane lysis [7]. Due to 
their remarkable structural and functional flexibility, AMPs 
possess a unique ability to adapt and protect the body 
even in extreme conditions. Their mechanisms of action go 
beyond traditional antibiotics, particularly in their superior 
ability to penetrate host cells and combat intracellular 
pathogens. This ability makes AMPs an invaluable asset in 
the fight against intracellular infections, where pathogens 
reside within host cells, evading conventional antibiotics 
that primarily target extracellular bacteria. Moreover, 
AMPs are less prone to resistance development due to 
their multifaceted mechanisms, which include disrupting 
microbial membranes, modulating the immune response, 
and interfering with intracellular processes (Figure 1).

Figure 1: Due to cationic amino acids ˗ bacterial phospholipids interaction, AMPs induce intracellular bacterial cells lysis.
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According to AMPs structure they can be classified 
as amphipathic α-helical peptides, β-sheet peptides 
stabilized by disulfide bonds, stabilized by a single disulfide 
bridge cyclic loop peptides, and tryptophan-rich peptides 
[8]. Amphipathic α-helical peptides, such as cathelicidins, 
adopt an α-helical conformation upon interacting with lipid 
membranes. Their amphipathic nature enables them to 
integrate into and disrupt microbial membranes effectively 
[9]. A prominent example of stabilized by disulfide bonds 
β-sheet peptides defensins are characterized by β-sheets 
reinforced by multiple disulfide bonds that confer structural 
stability, enabling the peptides to retain their activity in 
diverse environmental conditions [10]. Cyclic loop peptides 
stabilized by a single disulfide bridge, bactensins are 
representatives mainly of cyclic conformation maintained 
by a single disulfide bond. These AMPs enhance resistance 
to proteolytic degradation and facilitate interactions with 
microbial membranes [11]. Tryptophan-rich peptides, 
indolicidins exhibit functional properties showing ability 
to intercalate into lipid bilayers and disrupt microbial 
membranes [12]. Indolicidins might combine tryptophan-rich 
motifs with other structural features to enhance membrane 
targeting while maintaining stability and activity across 
different conditions. This classification highlights the diverse 
structural adaptations AMPs employ to combat a wide range 
of pathogens. Each structural class contributes uniquely 
to the peptide’s mechanism of action and stability under 
physiological and pathological conditions. AMPs can exhibit 
multiple structural or functional properties simultaneously, 
rather than being restricted to just one classification 
(structural/functional overlap). For instance, depending 
on environment or interactions with microbial membranes 
certain AMPs might predominantly adopt an α-helical 
structure but also contain β-sheet segments stabilized by 
disulfide bonds. Environmental influence can lead to the 
conformational change in AMPs in dynamic way [13]. So, an 
AMP might adopt an amphipathic α-helical structure when 
interacting with lipid bilayers but remain unstructured in 
aqueous environments. Functional versatility of AMPs is 
based on their ability to exhibit dual or multi-functional roles 
beyond their primary antimicrobial activity. For instance 
α-helical cathelicidins not only disrupt microbial membranes 
but may also exhibit immunomodulatory effects, such as 
enhancing chemotaxis or neutralizing endotoxins [14]. 
β-Sheet peptides defensins can act synergistically with other 
components of the immune system and also demonstrate 
activity against a range of pathogens, including viruses, 
fungi, and bacteria [10]. Given these advantages, AMPs hold 
immense potential as complementary tools in addressing 
intracellular infections caused by antibiotic-resistant strains. 
Their versatility and efficacy highlight their promise in 
expanding the therapeutic arsenal against a broad spectrum 
of challenging pathogens.

Conclusion

AMPs action mechanism differs from that of conventional 
antibiotics, as AMPs exhibit selectivity, targeting specific 
bacterial membranes, unlike non-selective antibiotics.

Due to their special structural and functional flexibility, 
AMPs are able to adapt the body to protection in extreme 
situations, significantly exceeding the effect of antibiotics 
in their ability to penetrate cells and fight intracellular 
foreigners. 

In the battle against intracellular infections, AMPs 
represent a valuable complement to antibiotics, particularly 
for strains that have developed resistance. AMPs hold promise 
not only for addressing the pressing issue of antimicrobial 
resistance but also for strengthening host defenses against 
elusive pathogens.
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