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A B S T R A C T

Despite years of research, technological advancements, and the widespread use of vaccines and antibiotics as tools
to combat microbial threats to humans, methicillin-resistant Staphylococcus aureus (MRSA) infections remain a
serious threat to global healthcare systems. The challenge of MRSA is a result of the bacteria's remarkably rapid
evolution and adaptation, building up a collection of resistance genes that defeat the mechanism of traditional
antibiotics. Conventional antibiotics, including the most notable beta-lactam antibiotics, such as penicillin and
cephalosporin, are increasingly inadequate against the rapid adaptability and resistance of MRSA. Consequently,
the scientific community's therapeutic arsenal for battling MRSA infections is becoming increasingly limited,
necessitating innovative interventions. Antimicrobial peptides (AMPs), with their precise targeting mechanisms
and innate modifiability, have emerged as promising therapeutic agents. By selectively interrupting bacterial
processes and boosting innate immunological responses, AMPs offer a multifaceted strategy. Modern biotech-
nological and bioinformatics advancements have enabled the refinement of AMPs for improved efficacy. This
comprehensive review delves into the intricate facets of MRSA pathogenicity, determinants of resistance, foun-
dational tenets of peptide-based therapeutics, and recent scientific breakthroughs. A comprehensive analysis of
the current research landscape, clinical implications, and persistent challenges underscores the potential of
precisely tailored peptides as formidable weapons for counteracting the enduring threat of MRSA infections.
1. Introduction

Methicillin-resistant Staphylococcus aureus (MRSA) infections have
emerged as a critical and complex challenge for modern healthcare sys-
tems worldwide [1,2]. The persistent and adaptive characteristics of
MRSA, a type of Staphylococcus aureus that has developed resistance to
various routinely used antibiotics, have created an urgent need for cre-
ative and effective interventions [3]. According to reports, AMR may
become even more deadly than cancer in less than three decades, killing
10 million people by 2050 [4]. MRSA, first identified in the 1960s, has
undergone a remarkable evolutionary trajectory, emerging as a signifi-
cant cause of community-acquired infections, healthcare-associated in-
fections, and extensive outbreaks in various contexts [5]. The challenge
of MRSA lies in its ability to quickly evolve and adapt, building a
collection of resistance genes that defeat the mechanisms of traditional
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antibiotics. Multiple classes of antimicrobial drugs, most notably
beta-lactam antibiotics, such as penicillin and cephalosporin, are affected
by this strong resistance. Consequently, the therapeutic arsenal for bat-
tling MRSA infections is becoming increasingly limited [6]. Therefore, a
paradigm shift in strategy is required because the efficacy of conven-
tional antibiotics has been compromised. Antimicrobial peptides (AMPs),
which exhibit broad-spectrum biological actions with high specificity
and low toxicity, have emerged as promising alternatives for combating
MRSA infections and antibiotic resistance. Peptides, condensed chains of
amino acids, are essential constituents of proteins and are involved in a
variety of complex biological processes [7]. Their innate adaptability and
diverse mechanisms render them attractive options for combating
drug-resistant pathogenic diseases such as MRSA infections. The appeal
of peptides lies in their natural capacity to be carefully tailored to target
particular aspects of bacterial physiology, hence obstructing essential
processes necessary for bacterial survival [8,9]. Consequently, the
of Technology, Ogbomosho, Oyo State, Nigeria.
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Abbreviations

AMR antimicrobial resistance
MRSA methicillin-resistant Staphylococcus aureus
AMPs antimicrobial peptides
3D three-dimensional
VRSA vancomycin-resistant MRSA strains
ClfB clumping factor B
SSTIs skin and soft tissue infections
FnBPA fibronectin-binding protein A
FnBPB fibronectin-binding protein B
ClfA clumping factor A
Cna ClfB, collagen adhesin
PMNs polymorphonuclear leukocytes
Ag accessory gene regulator
SCCmec staphylococcal cassette chromosome mec
ccr cassette chromosomal recombinase
PBPs penicillin-binding proteins

HDPs host defense peptides
MCP monocyte chemoattractant protein
RANTES regulated upon activation, normal T cell expressed and

secreted
IL interleukin
IDR innate defense regulator peptide
MPO myeloperoxidase
GM-CSF granulocyte-macrophage colony stimulating factor
MDR-PA multi-drug resistant pseudomonas aeruginosa
MIC minimum inhibitory concentration
AFM atomic force microscopy
TEM transmission electron microscopy
MBEC minimum biofilm-eradication concentration
TKC time-kill curve
APD Antimicrobial Peptide Database
PEG polyethylene glycol
HPG hyperbranched polyglycerol
CFUs colony-forming units

T.T. Odunitan et al. Pharmaceutical Science Advances 2 (2024) 100034
likelihood of rapid evolution of resistance, a hallmark of MRSA, is
reduced. This sophisticated approach sharply contrasts with the indis-
criminate action of traditional antibiotics. Additionally, peptides can
interact with bacterial membranes, causing permeabilization, and ulti-
mately, cellular death. By altering the host immunological response, this
mode of action enhances the body's natural defense against infections
[9]. Modern developments in biotechnology and bioinformatics have
enhanced the dynamic adaptability of these peptides. These innovations
have enabled researchers to precisely tailor peptides and improve their
stability, specificity, and efficacy. This convergence of scientific disci-
plines has paved the way for designing tailored peptides to overcome the
intricate challenges posed by MRSA [10]. This review explores the
complex web of MRSA infections and the emerging potential of thera-
peutic peptides as potential defense mechanisms. Additionally, the
complex mechanisms underlying MRSA resistance, ideas for peptide
therapies, and outstanding advances in peptide development with
exquisite affinity for MRSA are also discussed. Our goal was to provide a
comprehensive understanding of how therapeutic peptides are emerging
as the most effective weapons against the enduring threat of MRSA in-
fections by analyzing the current research landscape, clinical implica-
tions, and remaining challenges (see Figs. 1–5).

2. Therapeutic peptides: the basics

2.1. Peptide ssructures and properties

Therapeutic antimicrobial peptides (AMPs) are ubiquitous. They are
found in various organisms, including animals, bacteria, plants, fungi,
and other mammals [11]. Naturally occurring peptides, which are
encoded by genes that have been conserved throughout evolution,
Fig. 1. Classification of antimicrobial peptides based on structure. Different stru
α-Helical structure; example: human cathelicidin LL-37 (PDB code 2K6O); (B) β-she
indolicidin (PDB code 1G89); and (D) mixed structure; example; human β-defensin-2
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exhibit a range of activities against different pathogens in numerous
organisms [12,13] and they share some chemical properties. For
example, they are relatively short (<100 amino acids) [14]. AMPs are
generally positively charged (typically ranging from þ2 to þ11) and
contain approximately 50% hydrophobic residues [15]. Their amphi-
pathic nature allows them to dissolve in water-based environments
because of the presence of hydrophobic and hydrophilic regions [16].
Anionic AMPs, which range in length from 5 to 70 amino acid residues
and have a net charge ranging from -1 to -8, constitute the first subgroup
[17]. Although some anionic AMPs are compact molecules with geneti-
cally encoded information, a sizable portion of them are peptide frag-
ments that undergo proteolysis. Their structural components include
cyclic cysteine knots and α-helical peptides from specific amphibians
[17]. The cationic α-helical AMPs form the second group. These short
peptides, which typically have fewer than 40 amino acids, have a net
charge ranging from þ2 to þ9 and frequently have an amidated C-ter-
minus [18]. In contrast to their tendency to have a disordered confor-
mation or structure in aqueous solution, the structures of these peptides
change completely or partly to α-helices upon exposure to tri-
fluoroethanol and sodium dodecyl [19]. Apart from the known AMPs,
there is also a less common group of anionic AMPs with negative net
charges (ranging from -1 to -7) which can be found in invertebrates,
vertebrates, and plants [20]. These peptides incorporate charged aspartic
and glutamic acid residues and are present in important organs, such as
the brain, respiratory tract, and gastrointestinal tract [21]. Anionic AMPs
function differently than their counterparts. To improve their in-
teractions with target organisms, some anionic antimicrobial peptides
(AMPs) use metal ions to create salt bridges with charged components of
microbial membranes. This salt bridge helps them penetrate cells accu-
rately and effectively. Once anionic AMPs enter the cytoplasm, they bind
ctural classes of therapeutic antimicrobial peptides, using specific examples. (A)
et; example: polyphemusin (PDB code 1RKK); (C) extended structure; example:
(PDB code 1FQQ).



Fig. 2. Daptomycin. (Source: Pubchem).
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to ribosomes or inhibit ribonuclease activity [22]. A specific group of
anionic AMPs, such as theromyzin derived from Theromyzon tessulatum
[23] rely on zinc as a cofactor. Interestingly, zinc complexes also exhibit
activity [24]. Based on their structures, the antimicrobial peptides can be
classified into linear α-helical peptides (different lengths); extended,
cyclic, and mixed structures; and peptidomimetics [12].

Cationic antimicrobial peptides generally carry a positive charge and
contain helical polypeptides with a very short amino acid sequence
comprising less than hundred amino acid residues, including positively
charged amino acids such as arginine, histidine, and lysine [25].
Amphiphilic peptide molecules are αhelices comprising both hydropho-
bic and hydrophilic halves, and can exhibit amphiphilicity while inter-
acting with various types of bacterial cell membranes [26,27] Positively
charged antimicrobial peptides can interact with negatively charged
bacterial cell membranes via different types of interactions, including
electrostatic interactions, thereby facilitating membrane adsorption and
various conformational changes [27,28]. Cyclic antimicrobial peptides
can be divided into two groups: head-to-tail and side-chain cyclized.
Side-chain cyclization is achieved through the formation of lactams
(between asparagine and lysine) and disulfide bridges between the
cysteine residues in the peptide chain. Most natural peptides are cyclic in
nature and this gives them higher membrane permeability and stability.
Daptomycin is a good example of a cyclic antimicrobial peptide [29].

Peptidomimetics are produced by changing the side chains or back-
bones of peptides. The pharmacophores of peptidomimetics mimic nat-
ural peptides or proteins in a 3D space. They interact with different
biological targets and elicit the same biological reactions as peptides
[30].
3

2.2. Comparison of AMPs and conventional antibiotics in MRSA treatment

Comparison of AMPs and conventional antibiotics as potential treat-
ments for MRSA infections requires a comprehensive evaluation of a
multitude of critical factors. These factors encompass intricate elements,
such as their distinct mechanisms of action, extent of their effectiveness,
likelihood of resistance development, safety profiles, and an array of
potential challenges associated with their application. In the subsequent
analyses, we delved deeper into each of these dimensions to highlight the
contrasting attributes of these therapeutic approaches [31].

2.2.1. Mechanisms of action
AMPs and conventional antibiotics have contrasting mechanisms of

action. Conventional antibiotics primarily concentrate on specific bac-
terial elements such as cell walls or protein production apparatuses. In
contrast, AMPs adopt a more comprehensive strategy by destabilizing
bacterial membranes, impeding internal processes, and even adjusting
the host immune response to effectively combat infections [32]. Con-
ventional antibiotics target specific components that are critical for
bacterial survival. They often interfere with essential processes, such as
cell wall synthesis, protein synthesis, and DNA replication. Conventional
antibiotics such as penicillin and cephalosporin disrupt the formation of
the bacterial wall, leading to structural instability and eventually cell
lysis, whereas conventional antibiotics such as tetracycline target bac-
terial ribosomes, inhibiting protein synthesis and preventing the bacteria
from producing vital proteins [22,26]. In contrast, AMPs use adaptable
approaches to combat MRSA, such as binding to bacterial cell mem-
branes, thereby forming pores and disrupting the lipid bilayer leading to
cellular content leakage [26,27]. Some AMPs can also penetrate the



Fig. 3. Hypothetical models of AMP in MRSA cytoplasmic membrane disruption. Using several models, such as the barrel-stave, toroidal-pore, aggregate, and
carpet models, the peptide dominates its membrane penetration until it reaches the surface of the targeted cell membrane.

Fig. 4. Cell wall/membrane disruption and intracellular targeting strategies of antimicrobial peptides against MRSA. The various therapeutic mechanisms
used by AMPs against MRSA include cell membrane damage and the inhibition of key intracellular processes such as DNA synthesis, mRNA synthesis, and pro-
tein synthesis.
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bacterial cell wall and interfere with internal processes, such as protein
and nucleic acid synthesis, thereby disrupting key cellular functions.
AMPsmay also modulate the host immune response, attract immune cells
to the site of infection, enhance phagocytosis, and promote the release of
4

antimicrobial substances that contribute to the overall defense against
MRSA infection [27].



Fig. 5. Incorporation of non-canonical amino acid by genetic code expansion. The application of genetic code expansion enables the site-specific incorporation
of non-canonical amino acid in peptide engineering which contribute to peptide structures, functions, and relative concentrations.
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2.2.2. Effectiveness
Assessing the effectiveness of AMPs and conventional antibiotics in-

volves evaluating their ability to eliminate MRSA. Conventional antibi-
otics may encounter challenges due to the increasing prevalence of
antibiotic-resistant strains, whereas the multifaceted modes of action of
AMPs may offer efficacy against a wider range of bacterial strains,
including MRSA [33]. Conventional antibiotics, the cornerstone of bac-
terial infection treatment, face a significant hurdle in terms of increasing
antibiotic resistance. This is particularly evident in the case of MRSA,
where strains develop resistance to multiple antibiotics, rendering con-
ventional treatments less effective. In contrast, AMPs present a promising
alternative due to their adaptable modes of action [26–28]. Unlike con-
ventional antibiotics, which often target specific bacterial structures or
functions, AMPs exhibit broad-spectrum activity. Their mechanisms of
action includemembrane disruption, interference with bacterial cell-wall
synthesis, and immune response modulation. This multifunctional
approach enhances their potential efficacy against a diverse array of
bacterial strains, including those resistant to conventional antibiotics,
such as MRSA. Therefore, AMPs offer a versatile solution that may
overcome the limitations of antibiotic resistance and provide a more
robust and adaptable strategy against bacterial infections [27].

2.2.3. Resistance development
A significant focal point in the field of infectious disease treatment is

the rise in resistance. The targeted nature of conventional antibiotics
frequently triggers bacterial resistance as bacteria may adapt to evade the
action of antibiotics, leading to the emergence of resistant strains.
Conversely, AMPs present a resistance profile that is less straightforward,
given that their modes of operation encompass engagement with bacte-
rial membranes and diverse cellular processes, which can render the
development of resistance more intricate [34]. The widespread use of
conventional antibiotics has significantly contributed to the global
challenge of antibiotic resistance. Bacteria exposed to these drugs over
time develop mechanisms to resist their effects, limiting the effectiveness
of these treatments and necessitating the search for alternative strategies.
Antimicrobial peptides, with their versatile modes of action, show
promise in addressing the limitations associated with resistance. The
adaptability of AMPs in targeting bacterial vulnerabilities beyond
5

specific structures may present a potential solution to the evolving
landscape of resistance, offering a more sustainable approach for infec-
tious disease treatment [26–28].

2.2.4. Safety profile
Comparing the safety of AMPs and conventional antibiotics requires an

understanding of their potential impact on host cells and tissues. Con-
ventional antibiotics may lead to off-target effects and disruption of
beneficial microbiota. In contrast, AMPs exhibit selective antimicrobial
activity, potentially reducing collateral damage to the host [35]. Moreover
conventional antibiotics disrupt the beneficial microbiota of the host. This
disturbance can have flow-on effects on the overall health of the host
because a balanced microbiota plays a crucial role in various physiological
processes. In contrast, AMPs exhibit selective antimicrobial activity. This
selectivity allows them to target specific pathogenswhile minimizing harm
to the host cells. This characteristic suggests a potential advantage in
reducing collateral damage associated with antimicrobial treatments,
which could be particularly advantageous for preserving the overall health
and functionality of host tissues during antimicrobial therapy [23–26].

3. Mechanisms of MRSA infections

3.1. MRSA pathogenesis

3.1.1. Staphylococcus aureus colonization
Typically, S. aureus lives on the skin before causing infections [40].

Sometimes, infections can occur even if there is no prior S. aureus colo-
nization. MRSA mainly lives in the nose, but can also be found in other
areas, such as the throat and perineum [41]. MRSA can spread through
items that touch the skin, such as clothes, ties, pens, and phones. MRSA
remain present for a long time both in the body and in homes, making it
difficult to eliminate [42]. The time that MRSA stays on the skin varies,
and the use of antibiotics may affect how long it remains on the skin. In
one study, patients with MRSA who left the hospital had an average
hospital stay of approximately 282 days [43]. Most of these patients
(81%) had long-lasting skin problems that could cause MRSA to adhere.
In addition to personal factors, the type of MRSA and bacteria in the nose
can affect the duration of the MRSA infection.
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3.1.2. Dynamics of colonization
During S. aureus colonization, the bacteria first adhere to the

epithelial cells of the body using a substance called teichoic acid on the
bacterial outer layer. Later, other parts of the bacteria that recognize
specific molecules on the skin surface help adhere to the skin inside the
nose [44,45]. Among these parts, a factor in S. aureus known as clumping
factor B (ClfB) has been studied both in lab settings and in people. In one
study, a normal type of MRSA and a version with clfB removed were
placed into human volunteer noses [46]. The version without clfB was
eliminated from the nose more quickly than the normal version. How-
ever, even the version without clfB could still attach to nose cells, sug-
gesting that there are multiple ways for the bacteria to attach to the skin
[47]. Importantly, this study used only one MRSA strain. S. aureus pos-
sesses a wide range of harmful traits including molecules that help it
attach, harm host cells, and affect the immune system, and these traits
can be different or missing in various MRSA groups [48,49]. This trait
diversity explains the many different infections S. aureus can cause [50,
51]. Numerous virulence genes linked to these harmful traits can move
around in the bacterial DNA; therefore, different groups of MRSA may
have different combinations of these genes, even if they are closely
related. It is difficult to determine whether certain traits are linked to
specific types or severities of MRSA infections because many of these
traits are similar.

This section focuses on the most prominent virulence mechanisms
and typical routes of invasion.

3.1.2.1. Initiation of infection. Skin and soft tissue infections (SSTIs)
caused by S. aureus often begin when bacteria move from the primary
source in the nose to small openings or injuries on the skin, usually
through hand contact [50,51]. Specific proteins on the surface of
S. aureus such as fibronectin-binding protein (FnBP) A, FnBPB, clumping
factor (Clf) A, ClfB, and collagen adhesin (Cna), adhere to proteins in the
surrounding environment. This allows bacteria to attach to the injured
tissue and grow [52].

3.1.2.2. Abscess formation. The coagulase proteins of S. aureus trigger
the creation of fibrin pseudo-capsules around bacteria and immune cells,
known as PMNs. This layer prevents additional white blood cells from
entering the area [53]. S. aureus can also hinder opsonization, which
helps immune cells recognize and target bacteria. This can occur through
the production of a protective outer layer made of a sugar molecule
(polysaccharide microcapsule) and by blocking the complement system
[54], which is part of the immune response. Notably, certain MRSA
strains, such as USA300, do not contain this protective microcapsule.

3.1.2.3. Regulation and adaptation. The majority of the harmful features
of S. aureus are controlled in various ways by the accessory gene regulator
(Agr) quorum-sensing system and other control systems [55]. Several
clones of CA-MRSA, including USA300, have Agr systems that are
extremely active. This results in a large production of toxins and is related
to their strong ability to cause skin and soft tissue infections as well as
more severe infections, even in individuals without underlying health
issues [56].
3.2. Mechanisms of methicillin resistance

A significant turning point in the evolution of S. aureus was the
distinct acquisition of the SCCmec complex by numerous strains during
the early 1960s that were resistant to different medications, such as
penicillin, streptomycin, tetracycline, and erythromycin [57]. Conse-
quently, S. aureus developed resistance to most antibiotics in the B-lactam
family. Twelve distinct SCCmec types (I–XII) were identified based on the
type of the cassette chromosomal recombinase (ccr) complex and the
class of the mec complex. Types I, II, and III are large SCCmec elements
primarily observed in HA-MRSA [58]. They carry genes that confer
6

resistance to various types of antibiotics. Smaller components, such as
types IV and V SCCmec, have been discovered in some prevalent
HA-MRSA clones, including ST22-MRSA-IV, ST45-MRSA-IV, and
ST5-MRSA-VI, as well as in CA-MRSA strains USA300 and USA400.
Although they became less distinct over time, the two epidemiological
subgroups (HA-MRSA and CA-MRSA) still exist [59]. Except for type XI,
which has a corresponding mecC gene, all SCCmec types possess the
mecA gene. PBP2a is a peptidoglycan transpeptidase encoded by mecA
gene [60]. PBP2a has relatively little affinity for the majority of
beta-lactam antibiotics,. This is important when beta-lactam drugs block
native S. aureus penicillin-binding proteins (PBP1, PBP2, PBP3, and
PBP4). MecC, a variant of mecA, has been discovered in numerous
S. aureus clones from both animal and human sources [61]. PBP2aLGA,
named after its original isolation from the MRSA strain LGA251, is
encoded by mecC. MecC and genes from the genetic background of the
strain contributed to methicillin resistance of the LGA251 strain. In 2018,
S. aureus was found to possess a mecB-related plasmid carrying methi-
cillin resistance [62]. However, much remains to be learned about the
precise resistance mechanism of mecB. It is important to note that some
MRSA clones are now resistant to vancomycin [63], the main therapy for
severe MRSA infections in hospitalized patients since the 1960s.

4. AMP mechanisms in the treatment of MRSA infections

A proper understanding of the biological targets of AMPs is crucial
during the later stages of clinical development. AMPs are regarded as
alternatives to conventional antibiotics because of their unique antibac-
terial mechanisms and diverse antibacterial effects. Thus, this represents
a new prospect for MRSA therapeutics [64]. AMPs can target bacterial
membrane layers as well as many other targets. In addition, bacterial
resistance generated by mutated genes is minimal in the therapeutic
application of peptides; therefore, antimicrobial development against
MRSA is more complex and difficult with AMPs than with conventional
antibiotics [65]. The various therapeutic mechanisms of AMPs against
MRSA infections include cytoplasmic membrane disruption, osmotic
stability, intracellular targeting, and immune stimulation.

4.1. Cytoplasmic membrane disruption

Previous studies have shown that the basic mechanism of AMPs ac-
tivity involves the disruption of target bacterial cytoplasmic membranes.
The two major physical features of AMPs are their hydrophobic residues
and cationic charges. The interaction of AMPs with the negatively
charged target cytoplasmic membrane is enhanced by their cationic
charges. In addition, the insertion of AMPs into the lipophilic cytoplasmic
membrane is promoted by the presence of hydrophobic residues in their
components, which increases AMP interactions with the lipid constitu-
ents of the membrane [66]. The bacterial membrane penetration of AMPs
is also enhanced by AMPs hydrophobic residues, positive charge, and
membrane-selective transmittance [67]. The main contact between
cationic peptides and negatively charged elements on the extracellular
surface of the bacterial envelope is through electrostatic interactions,
which explain the attraction between two oppositely charged ions in a
chemical compound. The peptide dominates its membrane penetration
until it reaches the targeted cell membrane surface using a variety of
models, including the (a) barrel-stave, (b) toroidal-pore, and (c) aggre-
gate and (d) the carpet models.

According to the barrel-stove model, antimicrobial peptides form
channels that lead to cell lysis by aggregating and forming polymers. This
process involves a shift in the phospholipid head and membrane thin-
ning, which causes peptide aggregation and conformational changes. An
example is alamethicin [68–70]. The toroidal-pore model, also known as
the wormhole model, explains how antimicrobial peptides can insert
vertically into the membrane, creating a ring hole with a diameter of one
to 2 nm. This mechanism differs from the barrel-stave model, which in-
volves bonding of the peptide helices with the lipid layer [71,72]. In the
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carpet model, antimicrobial peptides interact with the cell membrane by
aligning parallel to it. High concentrations of AMPs are required for
electrostatic interactions that cause membrane damage. Peptides act as
detergents, leading to partial or complete membrane lysis and cell death
without channel or AMP insertion [69,73]. In the aggregate model, AMPs
adhere to the cytoplasmic membrane, creating peptide-lipid complex
micelles. AMP channels allow intracellular contents to leak, leading to
cell death, and allow them to move into the cytoplasm [74,75].

The five main proposed processes include quorum-sensing disruption,
biological membrane potential destruction, alarm system inhibition,
degradation of the biofilm matrix and polysaccharides, and transporter
expression modulation [76]. Irrespective of the approach utilized, AMPs
eventually depolarize the cytoplasmic membrane and cause bacterial
lysis. For the selective action of AMPs in bacteria on mammalian cells, the
presence of negatively charged phospholipid constituents in the bacterial
membrane, compared to the predominant neutrally charged lipids in
eukaryotes, is an important factor [67].
4.2. Osmotic stability

AMPs are present on bacterial membranes under stable osmotic
conditions at sub-inhibitory concentrations (concentrations that do not
directly kill cells). Because of their stability, AMPs can bind to the
membrane for a longer period. The structural integrity of the membrane
may vary over time due to the interaction between AMPs and the
membrane [77]. The synergistic interaction between antibiotic activity
and AMP-induced membrane disruption renders bacterial cells more
susceptible to antibiotic activity. Even at concentrations where the
antibiotic is typically sub-inhibitory, this synergy increases bactericidal
efficacy [78]. Antibiotics such as methicillin and vancomycin can enter
bacterial cells more easily when membrane permeability is increased.
This higher uptake of methicillin can result in resistance mechanisms in
the case of MRSA, which is resistant to methicillin owing to changes in
cell wall components, allowing the antibiotic to target the cell's target
locations. In previous studies, the human milk protein-lipoid complex
was shown to desensitize MRSA to methicillin and VRSA to vancomycin
by depolarizing the bacterial membrane and displacing proton dynamics
[79].
4.3. Intracellular targeting

Based on several studies, it is evident that many cellular physiological
processes, such as protein synthesis, enzyme activity, DNA synthesis, cell
wall synthesis, and protein folding, are affected by the activities of AMPs
[80]. This attribute shows a possible avenue of replacing conventional
antibiotics with AMPs to exert antibacterial effectiveness, and thus, a
possible solution to microbial resistance. Plectasin is a fungal defensin
that attaches to lipid II and prevents bacterial cell wall synthesis [81].
Another potent example is nisin, a bacteriocin found in Lactococcus
lactis. It also attaches to lipid II and blocks the development of pepti-
doglycan, which inhibits cell wall synthesis [82] and induces membrane
disruption. Notably, both nisin and vancomycin target the same
biochemical pathway of cell wall formation.

However, nisin is thought to interact with a different moiety inside
lipid II than vancomycin does. Similarly, research has shown that pep-
tides are also capable of reaching internal targets located in the bacterial
cytoplasm, in addition to disrupting membranes and impeding the for-
mation of bacterial cell walls. Pleurocidin, an antimicrobial peptide
isolated from fish, and the antimicrobial peptide PR-39 both prevent
protein synthesis and DNA replication [83,84]. Similarly, dermaseptin,
An AMP found in frog skin, prevents RNA and DNA synthesis without
depolarizing the membrane [67]. Indolicidin, which is produced by
bovine neutrophils, disrupts cell membranes and inhibits DNA synthesis
[85,86].
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4.4. Immunostimulation

Host defense peptides (HDPs) are one of the crucial components of the
innate immune system present in different types of animals, which are
the first species to contain AMPs. Many AMPs eliminate cellular endo-
toxins, increase innate immunity, and exert antibacterial effects. For
example, cathelicidins from humans (LL-37), cows (indolicidin), and pigs
(PR-39) facilitate the attraction of immune cells, including neutrophils,
monocytes, T cells, and mast cells, to the site of infection [87–89].

Immune cell chemotaxis is facilitated by LL-37 through the induction
of several chemokines, including MCP-1, RANTES, and IL-8 [90,91]. As
evidenced by the discovery that animals lacking the AMP cathelicidin are
more susceptible to bacterial infections [92], human defensin peptides
play a crucial role in immune responses against infections. Despite
lacking innate antibacterial action in vitro, innate defense regulator
peptide-1 (IDR-1) has been demonstrated to protect mice against infec-
tion with antibiotic-resistant S. aureus. In addition to increasing the
production of the anti-inflammatory cytokine IL-10 in the circulation,
IDR-1 selectively decreases pro-inflammatory cytokines such as TNF- and
IL-6 at the site of infection [93]. In addition, IDR-1 promotes the syn-
thesis of many chemokines, including RANTES and MCP-1, which draw
monocytes and macrophages to the infection site [93]. Protection against
infection was significantly enhanced by RANTES and MCP-1 [93–95].
Monocytes are also shielded by IDR-1 from the cytotoxic effects of
S. aureus [93].

In animal studies, mice infected with MRSA were protected from
infection by the host defense peptide fowlicidin-1 and its analogs [96].
The lactoferrin-derived peptide hLF1-11 has immunomodulatory prop-
erties because it can attach to human monocytes and prevent the pro-
duction of myeloperoxidase (MPO), a negative regulator of IL-10.
Additionally, hLF1-11 promotes the development of monocytes produced
from granulocyte-macrophage colony-stimulating factor (GM-CSF) into
macrophages, which have higher antibacterial activities against S. aureus
[97].

4.5. Biofilm and quorum sensing inhibition

Recently, specific antimicrobial peptides (AMPs) have been widely
recognized as inhibiting the attachment of unbound cells to biofilms,
inducing alterations in cellular morphology. An established mechanism
involves AMPs disrupting quorum sensing, subsequently reducing the
expression of genes that directly influence biofilm formation [98].
Quorum sensing ability of bacteria involves the coordination of gene
expression in a cell density-related manner through the production and
signaling of small extracellular molecules known as autoinducers. This
mechanism allows cell-to-cell communication, acting as a general signal
for different bacterial species and thereby promoting combinedmicrobial
resistance [80,99,100]. This holds particular significance for a range of
bacteria, such as MDR-PA, where biofilm development plays a pivotal
role in infection. A pertinent example of this phenomenon can be found
in studies on antimicrobial peptides targeting MRSA. In one study, AMP
P5 exhibited antibacterial properties by dismantling biofilms, thereby
facilitating the death of carbapenem-resistant Pseudomonas aeruginosa
[77]. Such actions present an opportunity for antibiotic resensitization,
and the potential synergy between MRSA-targeting AMPs and antibiotics
holds promise for combating infections. Orlando et al. employed
anti-biofilm synergistic strategy against Staphylococcus aureus and
Enterococcus faecalis. This combination included BMAP-28 (peptide) and
vancomycin (combined compound). The proposed mechanism involves
AMP-mediated uptake [101]. A chimeric peptide composed of
RNAIII-inhibiting peptide (RIP) and DD13, which is known to disrupt
Staphylococcus quorum sensing, was reported to exhibit potent anti-
biofilm activity in a model of MRSA-infected rat graft infection [102]. By
effectively undermining the biofilm integrity, AMPs create avenues for
overcoming antibiotic resistance and establishing innovative approaches
for infection management. This underscores the significance of AMPs not
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only in directly combating bacterial growth but also in disrupting critical
mechanisms that contribute to their virulence.
4.6. Recent methods and strategies in AMP development against MRSA

In an age where resistance to conventional antibiotics is increasing,
there has been a notable surge in interest in AMPs as potential treat-
ments, particularly over the past ten years. Various techniques have been
developed to improve the selectivity, stability, solubility, and efficacy of
AMPs.
4.7. Peptide selectivity and stability

Peptides, which are short chains of amino acids, have emerged as a
promising class of antimicrobial agents owing to their unique properties
and ability to disrupt bacterial membranes and target essential cellular
processes. Relevant examples such as LL-37, WR12 and DIK8, further
underscore the practical significance of these peptides against bacterial
infections [36,150]. Several studies have shown how to imitate, stabilize,
or develop an ideal secondary structure to enhance the biological effi-
cacy, solubility, selectivity, and stability using medicinal chemistry
techniques.

4.7.1. Cyclization
Disulfide bond cyclization of AMPs occurs naturally, such as in the

family of human β-defensins (hBDs) [103]. Antimicrobial activity and
selectivity are increased through cyclization, resulting in reduced flexi-
bility and enhanced stability in the designed AMPs [104–106]. Notably,
various systemically active antimicrobial peptide drugs, including, bac-
itracin, tyrothricin, and daptomycin are cyclic peptides [107,108].

4.7.1.1. Techniques and synthetic routes for peptide cyclization. One or two
pairs of non-amide disulfide linkages in heterodetic cyclic peptides can
be used to initiate cyclization. During this process, homodetic cyclic
therapeutic peptides, particularly those with thioether bridges and amino
acids like methyllanthionine (Mla) and/or lanthionine (Lan), cycle
through an amide. Naturally occurring AMPs such as the human
β-defensins (hBDs) family are important examples of this process. In
engineered AMPs, cyclization, particularly through disulfide bonds, im-
proves stability and reduces flexibility while boosting antibacterial ac-
tivity and selectivity (adapted from https://service-support.bachem.co
m/newsletter/peptide-trends-march-2016/).

Cyclization is an essential step in the synthesis of cyclic peptides and
there are several routes to accomplish this, each of which gives the final
molecule unique properties. Heterodetic cyclization is a noteworthy
route in which one or more disulfide bridges are formed by the oxidation
of thiol groups in the cysteine side chains. This alteration gives cyclic
peptides a stronger framework and increases their structural stability.
Heterodetic cyclization plays a crucial role in controlling the overall
shape and characteristics of cyclic peptides by carefully placing disulfide
links [105,106].

Another important route for the synthesis of cyclic peptides is lac-
tamization. Homodetic cyclic peptides are produced by the formation of
intramolecular peptide bonds. The resultant structures help the cyclic
peptides remain stable overall by increasing their resistance to environ-
mental stimuli and enzyme breakdown. This cyclization process imparts
high levels of structural stiffness, which guarantees that the cyclic pep-
tides retain their desired shapes in a variety of scenarios.

Homodetic amide disulfide bonds are created inside the peptide
structure during cyclization, which increases structural complexity and
stability. Disulfide bonds are incorporated into cyclic peptides to alter
their overall 3D structure, which affects their pharmacological and bio-
logical characteristics. This cyclization approach is particularly helpful
for designing and synthesizing cyclic AMPs, where stability and struc-
tural complexity are critical for efficient activity.
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In general, amide homodetic cyclization (also known as amide
homodetic cyclization) and/or the formation of disulfide bonds [a type of
non-amide heterodetic cyclization) are possible ways of synthesizing
cyclic AMPs. When thiol groups on the side chains of cysteine (Cy) are
oxidized, single or multiple disulfide bridges are formed, leading to
heterodetic cyclization. Heterodynamic cyclization is also frequently
used to create, improve, and modification of antimicrobial peptides. In
contrast to their linear counterparts, cyclic peptides with one or more
disulfide bridges are more likely to acquire secondary or higher-order
structures. This structural modification helps increase their overall sta-
bility and decrease their susceptibility to enzymatic degradation [109,
110]. Lactamization, which results in the production of homodetic cyclic
peptides via intramolecular peptide bonds, is another method used to
create robust cyclic AMPs [111]. There are other ways to create extra
peptide bonds, including head-to-tail, side-chain-to-head/tail, and
side-to-side-chain linkages.

In addition, many bacteria can produce cyclic peptides with special
amino acids such as lanthionine and/or methyllanthionine, which are
connected via thioether bridges. These include well-known peptides,
such as nisin and bacteriocins. Importantly, peptides with disulfide
bridges tend to be less stable than those with intramolecular thioether
bridges [112,113]. The methods described above provide scientists and
bioengineers with useful tools for creating novel antimicrobial thera-
peutic peptides with improved stability.

4.7.2. Peptide modification by genetic code expansion
The 20 canonical/conventional amino acids that constitute natural

proteins, representing a modest and constricting array of amino acids,
substantially limit the range and complexity of protein structure and
function. This limitation was overcome by the invention of Genetic Code
Expansion approximately 20 years ago [114,115]. Genetic Code Expan-
sion presents a method for selectively adding non-canonical amino acids
(ncAAs), each of which has unique chemical and physical properties, to a
developing polypeptide chain during protein translation [116,117]. To
achieve this, four components are required: (1) a ncAA with the neces-
sary chemical and physical characteristics; (2) a specific codon, such as a
quadruplet codon or UAG, also known as an amber stop codon, to define
ncAAs; (3) a unique orthogonal transfer RNA (tRNA) molecule that does
not interfere with its natural counterpartscan inhibit the function of the
codon; (4) an orthogonal amino-acyl tRNA synthetasethat can correctly
load ncAA onto the orthogonal transfer RNA (Trna) molecule with no
effect on the native amino-acyl tRNA synthetase/tRNA combinations
[118–121].

4.7.3. N-alkylation
Alkylating nitrogen atoms in peptide chains is a very successful

method. Except when a peptide bond appears before a proline residue,
peptides often adopt the trans conformation. One of the most important
aspects of the structural alterations caused by N-alkylation is the equi-
librium between cis- and trans-isomerization. Cis-trans isomerization can
be used as a creative molecular timer to control the intensity and dura-
tion of certain biological processes. These characteristics may provide
new opportunities for therapeutic interventions [132,133]. Additionally,
the elimination of the NH-group group limits the possibility of hydrogen
bonding at both the intra- and intermolecular levels. Careful conforma-
tional control or the application of steric hindrance, in turn, contributes
to improving the metabolic stability [134]. Additionally, peptides have
increased resistance to enzymatic cleavage when N-alkylation is per-
formed. Consequently, N-alkylated peptides exhibit superior therapeutic
properties, such as increased metabolic stability and greater capacity to
selectively bind to receptors [135].

Over 200 ncAAs with a variety of functions have been genetically
introduced into various organisms, including viruses, Escherichia coli,
mammalian cells, yeasts, and animals. Consequently, a priceless collec-
tion of tools has become available to study and work with proteins
[122–127]. Systematic modification and progress of chemically

https://service-support.bachem.com/newsletter/peptide-trends-march-2016/
https://service-support.bachem.com/newsletter/peptide-trends-march-2016/
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engineered recombinant proteins is can genetically incorporate a range
of ncAAs. These altered proteins have well-established structures, func-
tions, and relative concentrations [128–131].

4.7.3.1. Synthetic N-alkylation. In peptide chemistry, selective alkylation
of nitrogen atoms within peptide chains is an intricate technique. By
carefully using steric hindrance to improve stability, this technique
makes it easier to add alkyl groups to the nitrogen atoms while main-
taining fine conformational control. This technique optimizes the peptide
structure and increases resistance to enzyme cleavage by precisely
adjusting the alkyl substituents. Better therapeutic characteristics are
ultimately the result of selective receptor binding, which is made possible
by selective alkylation and contributes to increased metabolic stability.

In addition to selective alkylation, the cis-trans isomerization mech-
anism, which functions as a molecular timer, is an essential factor in the
regulation of biological activities. This special process influences the
timing of various biological events and acts as a regulatory tool. More-
over, peptides with NH groups removed are used to support metabolic
stability. By eliminating the NH groups that are prone to deterioration,
the overall stability is improved. The synthesis of peptides with improved
structures, increased stability, and customized biological activity has
been made possible by cutting-edge techniques, including cis-trans
isomerization and N-alkylation. These developments represent important
breakthroughs in peptide-based therapeutic designs [159].
4.8. Peptide delivery

Effective delivery of antimicrobial peptides to sites of infection is
crucial for their therapeutic potential. MRSA infections can be localized
or systemic, and both scenarios require targeted delivery strategies.
Although significant efforts have been dedicated to the identification of
potent and selective AMPs, the exploration of the drug delivery aspects of
these compounds has received much less attention in the existing liter-
ature [135]. This is somewhat unexpected, given the numerous potential
challenges associated with the effective and safe delivery of AMPs. One
such challenge arises from the fact that infected tissues often exhibit high
levels of proteolytic activity, influenced by both bacterial proteases and
proteases from human defense cells. Consequently, unless AMPs are
specifically designed to resist proteolysis, their administration in sce-
narios such as cystic fibrosis-affected lungs, chronic wounds, or infected
eyes could lead to the swift degradation of peptides and subsequent loss
of their antimicrobial effectiveness [136]. Moreover, after administration
via the parenteral route, AMPs, similar to other cationic and amphiphilic
peptides and proteins, tend to bind to serum proteins and are rapidly
cleared from the bloodstream. Various approaches for improving peptide
delivery are described in Sections 5.1. and 5.2.

4.8.1. Antimicrobial peptides and nanoparticles
Nanotechnology offers innovative approaches to enhance the delivery

of AMPs, thereby enhancing their stability, reducing toxicity, and
improving target selectivity [135]. For instance, the vulnerability of
AMPs to proteolytic enzymes limits their application. Nanoscale engi-
neering can be used to design AMPs with minimal toxicity [137].
Lipid-based nanoparticles, which utilize liposomal systems, have found
extensive applications in delivering anticancer drugs, offering numerous
advantageous attributes such as maintaining physical and chemical sta-
bility and minimizing harm to healthy cells [138]. Recently, a new type
of liposome modified with an antimicrobial peptide, WLBU2, was shown
to exhibit potent antimicrobial effects against MRSA. Using nanoparticles
for AMP delivery has the potential to prolong its half-life and prevent its
susceptibility to proteolytic breakdown [139].

4.8.2. Antimicrobial peptides and topical formulations
The protective layers of skin cells (epidermis and dermis) and their

secretions create a semipermeable barrier against the environment. As
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the first line of defense against various microorganisms, this barrier
protects the human body from ongoing attacks. Nevertheless, this barrier
can be broken in circumstances such as surgery, burns, accidents, skin
problems, microbial infections, and metabolic abnormalities [140].
Opportunistic pathogens, such as gram-positive Staphylococcus aureus,
can colonize wounds and create biofilms. These biofilms consist of bac-
terial cells immobilized within an adhesive extracellular matrix. Micro-
bial biofilms are challenging to eliminate because of poor penetration by
antibiotics and host defense mechanisms such as antibodies and phago-
cytes [141]. Topical formulations contain peptides that can be used as
delivery systems for localized MRSA infections. These formulations
include creams, gels, or wound dressings designed to release antimicro-
bial peptides over time at infection sites [140]. Recent advances in
peptide delivery strategies have yielded promising results in preclinical
studies. Nanostructured systems, liposomal formulations, and hydrogels
have enhanced AMP stability, bioavailability, and efficacy against MRSA.
The convergence of these technologies holds the potential for personal-
ized medicine approaches, where patient-specific factors guide the se-
lection and design of AMP-based therapies. As researchers continue to
unravel the complexities of AMP-MRSA interactions and refine delivery
methods, the prospects of effective AMP-based treatments for MRSA in-
fections are becoming more promising [142]. The synergy between
innovative peptide delivery systems and the unique mechanisms of AMPs
offers a glimpse into the future, where these agents play a pivotal role in
curbing the threat of MRSA infections, ultimately providing a lifeline for
both patients and clinicians.
4.9. Synergistic approaches

In the quest for viable solutions to microbial challenges, the explo-
ration of combination therapies has emerged as a promising approach to
overcome the growing issue of antibiotic resistance. This endeavor has
culminated in the deliberate fusion of two influential candidates in the
field of antimicrobials: antimicrobial peptides (AMPs) and traditional
antibodies [143].

4.9.1. Combination therapies: peptides and conventional antibodies
The rise of multidrug-resistant variants epitomized by MRSA has

highlighted the need for combined interventions capable of addressing
these tenacious pathogens through diverse strategies. A promising route
in this endeavor involves the synergistic combination of AMPs and
conventional antibiotics. This strategic blend capitalizes on the distinc-
tive merits of each component, enabling the circumvention of the ob-
stacles posed by drug resistance. By combining the advantages inherent
to both AMPs and conventional antibiotics, a multifaceted approach can
be used against infections impervious to antibiotics.

4.9.1.1. Enhanced efficacy. The concurrent use of AMPs and antibiotics
can result in synergistic outcomes that augment antimicrobial efficacy.
This collaborative interaction has the potential to result in decreased
doses of each constituent, thereby mitigating the likelihood of undesir-
able effects [144].

4.9.1.2. Broadened spectrum. The ability of AMPs to target various mi-
crobial components complements the specific mechanisms of antibiotics.
This synergy can extend the range of susceptible pathogens, including
those with established resistance mechanisms [145].

4.9.1.3. Reduced resistance development. The multifaceted mechanisms
of AMP action make it challenging for bacteria to simultaneously develop
resistance to both AMPs and antibiotics. This reduced selective pressure
slows the emergence of resistance [146].

4.9.1.4. Targeting resilient biofilms. Biofilm formation is a major
contributor to antibiotic resistance. The ability of AMPs to disrupt
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biofilms combined with cellular targeting by antibiotics offers a potent
strategy against these complex microbial communities [147] (see
Table 1).

5. Efficacy and challenges

The efficacy of antimicrobial peptides against MRSA is evident
through their potent antimicrobial activity, ability to disrupt biofilms,
and promising outcomes in in vivo models [25,26]. However, challenges
persist, including the potential for resistance development and the need
for optimization of formulations to enhance stability and reduce toxicity.
Addressing these challenges is crucial to harness the full therapeutic
potential of antimicrobial peptides to combat MRSA infections. The study
specifics detailed in Table 2 highlight the diverse efficacy and challenges
of therapeutic peptides against MRSA. Each study has investigated
different peptides and presented unique findings and insights.

5.1. In vitro: killing MRSA in the lab

Mohamed et al. investigated the efficacy of the synthetic antimicro-
bial peptides WR12 and D-IK8 against multidrug-resistant staphylococci.
The in vitro experiments provided insights into the antibacterial potential
of these peptides.

WR12 and D-IK8 exhibited significant antibacterial activity against
the MRSA strains. They inhibited 50% of strains at 2 μM concentration
and 90% at 8 μM. Their efficacy was extended to clinical MRSA isolates,
with WR12 showing superior bactericidal potency. Both peptides
exhibited rapid bactericidal action. At 10 times their minimum inhibitory
concentration (MIC), they eradicated MRSA within 30 min to 4 h. In
contrast, the conventional antibiotics showed slower effects after 24 h.
WR12 and D-IK8 eliminated persister cells in MRSA strains within 2 and
6 h, respectively. Conventional antibiotics had a minimal impact, high-
lighting the potency of the peptides against persister cells. The peptides
effectively disrupted mature biofilms of S. aureus and S. epidermidis. At
four times their MIC, they disrupted over 50% of 24-h-old biofilms,
surpassing the performance of conventional antibiotics. WR12 and D-IK8
targeted intracellular MRSA and MSSA infections, particularly D-IK8,
reducing counts by over 90% [152].

Ma et al. [151] investigated the antimicrobial properties of the novel
engineered peptide, WRL3, against MRSA infections. WRL3 exhibited
remarkable antibacterial efficacy against MRSA, with a geometric mean
MIC of 4 μg/mL. This potency was comparable to that of established
antibiotics, such as polylysine and ceftriaxone. However, the activity of
WRL3 against S. aureus was lower than that against vancomycin and
gentamicin. WRL3 outperformed conventional antibiotics in terms of
bactericidal effects on MRSA cells. At a concentration of 4 μg/mL, WRL3
achieved a substantial eradication of MSRA at 93.8%, whereas antibiotics
exhibited limited bactericidal efficacy. A noteworthy discovery was the
ability of WRL3 to synergistically enhance the antimicrobial activity of
ceftriaxone against MRSA, thereby opening new avenues for potential
combination therapies. WRL3 exhibited an impressive ability retained its
antimicrobial properties against MRSA, even in the presence of diverse
salts or serum. This resilience is in contrast to conventional antibiotics,
which experience reduced efficacy under such conditions. Moreover, the
WRL3 activity remained relatively unaffected or increased in the pres-
ence of serum. An intriguing aspect of WRL3 action was its selectivity
towards MRSA cells within a co-culture setup. This selectiveness
remained evident even at higher concentrations (64 μg/mL), indicating a
potential for targeted therapeutic applications. WRL3 mode of action
centered on disrupting the integrity of the MRSA cell membrane, ulti-
mately inducing cell death. This mechanism was confirmed using various
techniques, including propidium iodide staining, atomic force micro-
scopy (AFM), transmission electron microscopy (TEM), and dye-leakage
assays. WRL3 demonstrated substantial efficacy against MRSA biofilms,
leading to a significant reduction in both cell viability and biofilm
biomass. Interference with biofilm cell surfaces resulted in decreased
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MRSA density within the biofilm structure [150].
Dosler and Mataraci [149] explored the in vitro activities of three

distinct antimicrobial peptides (AMPs): indolicidin, CAMA, and nisin.
The focus was to evaluate their individual and combined efficacy with
antibiotics against both standard and clinically derived MRSA biofilms.
The main objective of this study was to determine the bactericidal at-
tributes of AMPs and their potential synergistic interactions with anti-
biotics. Using a meticulous approach, researchers have developed
various techniques to assess the effectiveness of AMPs and their use in
combination with antibiotics. MIC and minimum biofilm eradication
concentration (MBEC) values were determined using the microbroth
dilution method. The time-kill curve (TKC) methodology further
revealed the bactericidal behavior of AMPs and antibiotics against MRSA
biofilms. These findings are significant: AMPs, both as single agents and
in combination with antibiotics, clearly manifested the capacity to
disrupt MRSA biofilms. Synergistic interactions were evident, with nisin
þ daptomycin/ciprofloxacin, indolicidin þ teicoplanin, and CAMA þ
ciprofloxacin pairings emerging as noteworthy examples. Notably, these
beneficial interactions occurred without antagonistic tendencies. The
insights gained from this section underscore the compelling antimicro-
bial potential intrinsic to AMPs with indolicidin, CAMA, and nisin in the
context of MRSA biofilms. This discovery also highlighted the added
value derived from the conjoint administration of antibiotics, enhancing
the overall efficacy of the treatment approach. This knowledge will
significantly contribute to advancing MRSA infection management
through innovative treatment modalities [148].

Menousek et al. [152] developed a pivotal methodology based on the
rigorous scrutiny of 30 selectively chosen peptides sourced from diverse
biological origins via the Antimicrobial Peptide Database (APD). Among
the scrutinized peptides, six compounds emerged as potent candidates
with robust antimicrobial activity against MRSA. The distinguishing at-
tributes of these six compounds include their short length, absence of
cysteine, and cationic nature. The significance of this cluster was further
highlighted as five of the six compounds manifested a broad-spectrum
antibacterial range. Specifically, the peptide-labeled DASamP1 stood
out because of its unique ability to effectively target MRSA. Its antimi-
crobial effects are primarily focused onMRSA, and it has a limited impact
on other types of bacteria such as Escherichia coli, Bacillus subtilis, and
Pseudomonas aeruginosa [151].

Mohamed et al. assessed the antimicrobial potential of two concise
synthetic peptides, RRIKA and RR, against diverse strains of Staphylo-
coccus aureus, Including MRSA and VRSA. This study demonstrated the
robust antimicrobial effects of the peptides, with RRIKA surpassing RR in
effectiveness. The antimicrobial activity was increased by appending
three amino acids to the C terminus of the peptides. Notably, both pep-
tides exhibited swift bactericidal actions, eradicating MRSA and VRSA
isolates within a mere 20-min timeframe. Impressively, they showed the
capacity to disrupt adherent biofilms of S. aureus and S. epidermidis, thus
outperforming conventional antibiotics. Crucially, the activity of the
peptides remained unhampered in the presence of physiological salt
concentrations and were non-toxic to mammalian cells. Moreover, this
study revealed their synergy with lysostaphin, which increased their
killing efficacy. The mode of action of the peptides is centered on per-
meabilizing the bacterial membrane, resulting in the release of cyto-
plasmic contents and eventual cell demise [153].

Kumar et al. explored the potential of a derivative of aurein 2.2Δ3,
known as peptide 73, as a therapeutic agent for combating bacterial in-
fections [156]. This study aimed to enhance antimicrobial activity,
mitigate toxicity and aggregation issues, and investigate the efficacy of
formulated peptides against biofilms in a murine model of cutaneous
abscess. Peptide 73 exhibited superior antimicrobial activity compared to
the parent peptide aurein 2.2Δ3. Notably, it displayed an 8-fold increase
in activity against an MRSA strain. However, the addition of a C-terminal
cysteine residue to peptide 73 (peptide 73c) resulted in a 4-fold decrease
in antimicrobial activity. To overcome toxicity and aggregation concerns,
peptides have been formulated using polyethylene glycol (PEG) or



Table 1
Comparison between AMP and a conventional antibiotic drug (vancomycin).

LL-37 (AMP) Vancomycin Comparison Ref

Mechanism of
action

Disruption of bacterial cell membranes,
cell death, and influence on immune
responses.

Inhibition of cell wall development. LL-37 disrupts cell membranes and vancomycin inhibits cell
wall synthesis.

[36]

Effectiveness Effective against MRSA and a range of
other pathogens.

The emergence of vancomycin-resistant
MRSA strains (VRSA) has reduced its
effectiveness.

Vancomycin was effective against MRSA, but resistance has
emerged. LL-37 has broad-spectrum activity.

[37]

Resistance
development

Resistance to LL-37 is less common due to
its multifaceted mode of action.

Vancomycin resistance has increased. The multifaceted action of LL-37 makes resistance less likely.
Vancomycin resistance has emerged due to genetic changes
at target sites.

[38]

Safety LL-37 is part of the human innate immune
system and is generally considered safe.

Vancomycin can cause adverse effects,
including kidney damage and allergic
reactions.

LL-37 is a part of the human immune system, whereas
vancomycin has known adverse effects and requires
monitoring.

[39]

Table 2
Efficacy and challenges of therapeutic peptides in MRSA treatment.

References Peptide Result Dose Duration Question-relevant summary Study Design

[150] WRL3, ceftriaxone Antimicrobial, synergy,
biofilm inhibition, wound
healing

Not specified Not
specified

WRL3 efficacy against MRSA,
synergy with ceftriaxone, and
biofilm reduction.

Not specified

[153] WR12, D-IK8 Antibacterial, persisters,
intracellular clearance,
anti-inflammatory

2% fusidic acid, 2% WR12, 2%
D-IK8, linezolid

3 days Efficacy against resistant
staphylococci, persisters, and
MRSA in skin lesions.

Experimental

[152] RR, RRIKA Bacterial counts
reduction, anti-
inflammatory

2% fusidic acid, 2% RR, 2%
RRIKA, 1% RRIKA, 0.5%
lysostaphin, or 1% RRIKA plus
0.5% lysostaphin

3 days RR and RRIKA superior in
MRSA lesions, potential for
topical treatment.

Mouse model

[148] AMPs alone or in
combination with antibiotics

Reduced MIC and MBEC,
synergistic interactions

AMPs alone or with antibiotics Not
specified

AMPs effective against MRSA
biofilms, synergy observed,
potential for preventing
resistance.

In vitro
pharmacokinetics

[151] Novel peptides Antimicrobial, biofilm
suppression

200 μg 14 days DASamP1 effective against
MRSA USA300, suppresses
biofilm in vivo.

Experimental

[153] RRIKA, RR Antimicrobial, salt
resistance, biofilm
reduction

Not specified Not
specified

RRIKA and RR potent, salt-
resistant, superior biofilm
reduction.

Experimental

[155] Formulated aurein derived
antimicrobial peptides with
pegylated phospholipid
micelles

Enhanced antimicrobial,
reduced toxicity, in vivo
efficacy

Not specified Not
specified

Formulated peptides 73c, D-73
improve activity, reduce
toxicity, and show in vivo
efficacy.

Experimental
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hyperbranched polyglycerol (HPG) to create micelles. The encapsulation
of micelles reduces aggregation and toxicity while preserving antimi-
crobial activity. Micelle-encapsulated peptides demonstrated improved
efficacy against the inhibition and eradication S. aureus biofilms
compared to non-encapsulated peptides [155].
5.2. In vivo: animal models and beyond

Mohamed et al. extended this model to an in vivo murine model of
methicillin-resistant Staphylococcus aureus (MRSA) skin infection,
further demonstrating the potential of WR12 and D-IK8 [153]. Topical
application of WR12 and D-IK8 significantly reduced the bacterial load in
MRSA-infected skin lesions. Both peptides achieved 1.7–1.8 log re-
ductions, comparable to fusidic acid and oral linezolid. WR12 and D-IK8
decreased pro-inflammatory cytokines TNF-α and IL-6 in MRSA-infected
skin lesions, beyond direct antibacterial action [152].

Ma et al. [151] extended the applicability beyond the laboratory to an
in vivo context, demonstrating the real-world potential of WRL3. In a
mouse model of MRSA-infected burn wounds, WRL3 exhibited promising
outcomes. It significantly eliminated MRSA colony-forming units (CFUs)
and played a pivotal role in wound healing. Remarkably, the healing
efficiency of WRL3 rivalled that of vancomycin and surpassed that of
methicillin. Furthermore, WRL3 reduced inflammatory cytokine levels
and promoted angiogenesis in infected tissues, establishing its multifac-
eted therapeutic role [150].
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Mohamed Seleem & Mohamed performed an in vivo test in a mouse
model of MRSA skin infection [155]. They primarily focused on evalu-
ating the potential of two short peptides, RR and RRIKA, in terms of their
antimicrobial and anti-inflammatory properties, for the treatment of
MRSA skin infections. Both compounds demonstrated the ability to
effectively lower bacterial counts in MRSA-infected skin lesions. Notably,
the synergistic effects of RRIKA with the known antimicrobial agent
lysostaphin yielded particularly promising results. This combination
therapy exhibited elevated anti-staphylococcal and anti-inflammatory
activities compared with monotherapy [154].

Menousek et al. [152] moved beyond laboratory settings to in vivo
experiments, where the focus shifted to observing how DASamP1 in-
teracts with early biofilm formation in a mouse model of catheter-related
MRSA infections. This is crucial because MRSA biofilms are important for
the spread of infections in both healthcare and community settings. The
findings of this study have several important implications. The ability of
DASamP1 to inhibit biofilm growth highlights its potential as a strong
candidate for use in therapy [151].

Kumar et al. conducted an in vivo study and showed that peptide 73
reduced bacterial loads 2.2 times and abscess size by 36% in a mouse
model of cutaneous abscess compared with aurein 2.23. The more active
peptides, 73c and D-73, reduced the size of the abscesses by 85% and
63%, respectively, and decreased the bacterial burden. Red blood cells
and human peripheral blood mononuclear cells are less susceptible to the
encapsulated peptides [155].
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6. Discussion

In combating antibiotic-resistant MRSA infections, expert opinions
underscore the critical need for innovative approaches. Renowned mi-
crobiologists and infectious disease specialists have advocated a para-
digm shift towards therapeutic peptides [156]. Recognizing the
limitations of conventional antibiotics, these experts emphasized the
potential of peptides to revolutionizeMRSA treatment. Their consensus is
based on the versatile and targeted action of the peptides, which offer a
breakthrough in the battle against antibiotic resistance. Therapeutic
peptides, with broad-spectrum biological actions, high specificity, and
low toxicity, are promising alternatives to traditional antibiotics. Their
innate adaptability and diverse mechanisms make them attractive can-
didates for combating drug-resistant pathogens such as MRSA. Peptides
can be tailored to target specific bacterial membranes, thereby causing
permeabilization and cell death. In addition, they enhance the natural
defense mechanisms of the body against infections. The potential of
peptides in MRSA treatment is supported by in vitro and in vivo studies
that have demonstrated their antimicrobial activity, ability to disrupt
biofilms, and synergistic effects when combined with conventional an-
tibiotics [151–155]. Peptides have shown promising results in reducing
bacterial load, eradicating MRSA cells, and promoting wound healing.
However, challenges remain in the development of these peptides,
including their selectivity, stability, and delivery. Researchers are
actively working to improve peptide selectivity, stability, and solubility
by using techniques such as cyclization and genetic code expansion.
Innovative delivery systems, such as lipid-based nanoparticles, hold
promise for enhancing peptide stability, reducing toxicity, and improving
target selectivity [157–160].

7. Conclusion and future prospects

The escalating threat of antibiotic-resistant MRSA infections neces-
sitates a transformative treatment approach. This article highlights the
promising potential of therapeutic peptides, demonstrating their unique
attributes such as broad-spectrum biological actions, high specificity, and
low toxicity. Although challenges persist in peptide development,
ongoing research guided by expert opinions is actively addressing the
issues of selectivity, stability, and delivery.

Future prospects lie in continued synergy between innovative
peptide-based therapies and conventional antibiotics. As advances in
biotechnology and bioinformatics have led to refined peptide design,
enhanced stability, and improved efficacy, the prospects of effective
treatments for MRSA infections are becoming increasingly promising.
These developments not only provide a lifeline for patients and clinicians
in the ongoing battle against antibiotic-resistant infections but also mark
a pivotal moment in the evolution of antimicrobial therapies. The
multifaceted approach offered by peptides, coupled with the relentless
pursuit of scientific understanding, positions therapeutic peptides as
beacons of hope in the challenging landscape of MRSA treatment.
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