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Abstract

Global health is seriously threatened by antimicrobial resistance (AMR). One of the most significant
opportunistic pathogens linked to elevated morbidity and mortality globally, methicillin-resistant
Staphylococcus aureus (MRSA) is a significant cause of nosocomial and community-acquired
infections. The World Health Organization (WHO, 2024) states that MRSA is one of the priority
pathogens that need immediate therapeutic action, and that antibiotic resistance remains a major
global health concern. Genetic factors like the mecA gene, which produces penicillin-binding protein
2a (PBP2a), which confers resistance to p-lactam antibiotics, are the main cause of MRSA resistance
The efficacy of traditional antibiotic treatments is further diminished by other resistance mechanisms,
such as biofilm development, efflux pump activity, and p-lactamase synthesis. As a result, treating
MRSA infections is still difficult, requiring the investigation of new drug targets and cuttingedge
therapeutic approaches with better safety and efficacy profiles. Through a comprehensive evaluation of
current publications published between 2020 and 2024, this study sought to assess new molecular
therapeutic targets for the fight against MRSA. Filamenting temperature-sensitive protein Z (FtsZ),
enoyl-acyl carrier protein reductase (Fabl), teichoic acid biosynthesis pathways, aminoacyl-tRNA
synthetases, Sortase A inhibitors, quorum-sensing inhibitors, peptidoglycan biosynthesis enzymes,
and membrane-targeting antimicrobial peptides were among the promising therapeutic targets that
were highlighted. Promising future possibilities for MRSA management were also emphasised,
including host directed therapeutics, omics-guided antimicrobial design, artificial intelligence-assisted
drug development, and nanoparticle based antimicrobial systems.

Keywords: Methicillin-resistant Staphylococcus aureus, antimicrobial resistance, molecular
drug targets, antimicrobial therapeutics.

INTRODUCTION

Antibiotics continue to be the major treatment for bacterial infections, and their usage has
greatly increased life expectancy and decreased patient mortality. Antimicrobial resistance
(AMR) among bacterial pathogens has emerged and expanded due in large part to the
indiscriminate, improper, and excessive use of antibiotics over time, notwithstanding their
extraordinary efficacy in modern medicine (Assefa, 2023). One of the most urgent
worldwide public health issues of the twenty-first century is antibiotic resistance, which
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jeopardizes the efficacy of current antimicrobial treatments and the successful management
of infectious diseases.

Recent data from around the world indicate that AMR considerably raises morbidity,
mortality, and healthcare expenditures globally, with resistant bacterial infections
continuing to jeopardize treatment results (Wan et al., 2021; Maddina et al., 2016). AMR is
seen as a severe and quickly escalating danger to global health (Saha et al., 2021). Over
700,000 deaths globally were attributed to drug-resistant illnesses in 2016, with over 50,000
of those deaths occurring in the US and Europe. According to O'Neill's projections, AMR-
related mortality could reach 10 million per year by 2050 if effective treatments are not put
in place (O'Neill et al., 2023).

In a similar vein, the World Health Organization (WHO, 2025) calculated that antibiotic
resistance might lead to significant worldwide economic losses and mortality rates that
surpass those brought on by cancer and cardiovascular diseases, especially in South Asia
and Africa. Additionally, a 2019 global survey found that bacterial antibiotic resistance was
responsible for almost 4.95 million deaths globally.

Staphylococcus aureus continues to be one of the most clinically important resistant bacterial
infections. A significant human pathogen, Staphylococcus aureus causes a variety of diseases,
including bacteremia, endocarditis, pneumonia, skin and soft tissue infections, and other
potentially fatal illnesses (Abboud et al., 2021).

Methicillin resistant Staphylococcus aureus (MRSA) has emerged as a result of S. aureus
developing resistance to several kinds of antibiotics throughout time, especially p-lactam
antibiotics (Abou-Zeid et al., 2023; Shorr, 2007). MRSA is a type of S. aureus that has the
mecA gene, which codes for penicillin binding protein 2a (PBP2a), on the staphylococcal
cassette chromosome mec (SCCmec). Due to PBP2a's low affinity for the majority of $-lactam
antibiotics, bacterial cell wall production cannot be effectively inhibited and resistance to a
wide variety of P lactam drugs is conferred. Multidrug resistance and treatment failure are
also influenced by other resistance mechanisms including as biofilm formation, efflux pump
activity, B-lactamase generation, and changes in antimicrobial target sites.

It is widely recognised that methicillin resistant Staphylococcus aureus can spread quickly in
both community and healthcare settings (O'Hara et al., 2019). Direct contact with infected
people, contaminated surfaces, or settings connected to healthcare can all result in
transmission (Weber et al., 2013). Furthermore, MRSA can colonise healthy people's skin and
mucous membranes without infecting them right away, establishing reservoirs for long-term
transmission and quick spread in hospitals and communities (Al-Kharabsheh et al., 2022;
Popovich et al., 2021).

Due to widespread antibiotic abuse, self medication, inadequate infection control measures,
and a lack of antimicrobial stewardship initiatives, antimicrobial resistance is a significant
public health concern in Nigeria. Multidrug resistant organisms, such as MRSA, are
becoming more common in hospitals and communities across the nation, according to recent
reports. Evidence from epidemiological research indicates that patient groups, healthcare
settings, and geographic location all affect MRSA occurrence (Akinjogunla et al., 2020).
Emerging resistance patterns in Northern Nigeria have been linked to poor surveillance
systems, uncontrolled access to antibiotics, and inadequate diagnostic facilities, especially in
semi-urban and rural areas (Abubakar, 2020; Ezeh et al., 2023).According to recent estimates,
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AMR is responsible for a significant portion of mortality in Nigeria, underscoring the critical
need for efficient intervention techniques.

MRSA is becoming more frequent, which has greatly decreased the efficacy of commonly
used antibiotics and increased reliance on last resort medications like linezolid and
vancomycin. However, there are now fewer treatment choices and more challenges in
managing infections due to decreased susceptibility and resistance to these drugs (Murray et
al., 2022). The ongoing evolution of MRSA resistance mechanisms continues to be a
significant barrier to effective treatment, despite advancements in antibiotic research.
Finding and creating new molecular therapeutic targets that can circumvent traditional
resistance pathways is therefore crucial.

Alternative therapeutic targets related to bacterial survival, pathogenicity, metabolism, and
cell division have received more attention in recent years. Enoyl-acyl carrier protein
reductase (Fabl), filamenting temperature-sensitive protein Z (FtsZ), teichoic acid
production pathways, aminoacyl-tRNA synthetases, and other crucial bacterial activities are
promising targets. Since many of these targets are either absent or structurally different in
humans, they present prospects for the development of selective antimicrobial drugs with
lower host toxicity. With a focus on current developments in anti-MRSA drug discovery and
potential future treatments, this study sought to critically assess novel therapeutic
approaches and developing molecular pharmacological targets for the fight against MRSA.

Classification of MRSA

Although MRSA was discovered shortly after methicillin became readily available, whole-
genome sequencing revealed that MRSA emerged long before the clinical use of methicillin,
suggesting that the occurrence of MRSA was not initially driven by methicillin use. Instead,
the extensive use of penicillin selected for Staphylococcus aureus strains possessing the mecA
gene before the development of methicillin (Harkins et al., 2017; Kuroda et al., 2001). The
mecA gene is not native to Staphylococcus aureus but is believed to have originated from other
staphylococcal species, particularly Staphylococcus sciuri (Stapleton et al., 2002; Wu et al.,
2001). S. sciuri has therefore been suggested as the source of the mecA gene responsible for
methicillin resistance in staphylococci (Zeman et al., 2017).

Initially, MRSA was primarily associated with healthcare settings, including hospitals and
long-term healthcare facilities. However, over time, MRSA emerged as a major cause of
community-associated infections and established reservoirs in both healthcare and
community settings. Consequently, MRSA is no longer regarded solely as a nosocomial
pathogen (Sahreena et al., 2018). From an epidemiological perspective, MRSA is commonly
classified into three major types based on origin and prevalence: healthcare-associated
MRSA (HA-MRSA), community-associated MRSA (CA-MRSA), and livestock-associated
MRSA (LA-MRSA). Each type has evolved within distinct ecological environments and
possesses unique genomic characteristics (Stefani et al., 2012).

Healthcare-Associated MRSA (HA-MRSA)

From its first discovery in 1961 until the 1980s, MRSA infections occurred mainly among
hospitalized patients and individuals exposed to hospital environments and were therefore
termed healthcare-associated MRSA (HA-MRSA) (Saravolatz et al., 1982).

HA-MRSA remains one of the most common causes of multidrug-resistant nosocomial
infections worldwide and continues to represent a major hospital-associated pathogen with
high incidence in many regions (Stefani et al., 2012; Kock, et al., 2010). HA-MRSA infections
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are often difficult to treat because of resistance to multiple antibiotics, resulting in increased
morbidity and mortality

According to the World Health Organization (WHO) Global Antimicrobial Resistance and
Use Surveillance System (GLASS), East Asia and Africa reported some of the highest
numbers of bloodstream infections caused by MRSA among countries participating in the
surveillance program in 2022. Molecular epidemiological studies have identified sequence
types ST239 and ST5 as the predominant global pandemic clones of HA-MRSA (Lee et al.,
2018; Liu et al., 2023). In addition, epidemic MRSA-15 (EMRSA-15), belonging to sequence
type ST22, has become widely disseminated worldwide. ST22 is currently the dominant HA-
MRSA clone in Europe and has increasingly been reported in Asia, including China, Russia,
and India (Zhao et al., 2023; Gostev et al., 2021; Abrudan et al., 2023). The increasing global
dissemination of ST22 suggests its strong pandemic potential and highlights the need for
continued surveillance.

Community-Associated MRSA (CA-MRSA)

Community-associated MRSA (CA-MRSA) infections are diagnosed in outpatients or within
48 hours of hospitalization in individuals without previous hospitalization, hemodialysis,
surgery, or indwelling medical devices during the preceding year (Sisodia et al., 2025). CA-
MRSA was first described during the 1980s among residents of Western Australian
communities who had no previous exposure to healthcare facilities (David et al., 2010). Since
then, CA-MRSA strains have spread rapidly across different populations worldwide, with
outbreaks reported in numerous countries (Uehara et al., 2022).

Since the mid-1990s, there has been a substantial increase in MRSA infections among healthy
individuals without healthcare exposure, leading to the recognition of new strains
collectively referred to as CA-MRSA (Shoaib et al., 2022). Initially, these strains were mainly
associated with skin and soft tissue infections (SSTIs), but they are now increasingly
implicated in severe healthcare-associated infections as well (Otter et al., 2011). The
emergence of CA-MRSA has significantly altered the epidemiological profile of MRSA by
increasing virulence, transmissibility, and disease burden globally (Liu et al., 2022).
Genetically, CA-MRSA differs from HA-MRSA in several important ways. CA-MRSA
strains are generally resistant to fewer non-p-lactam antibiotics, carry smaller SCCmec
elements, and frequently produce Panton-Valentine leukocidin (PVL), a cytotoxin
associated with enhanced virulence (Van et al., 2016; Vittorakis et al., 2024).

Although CA-MRSA strains were originally restricted to community settings and associated
with mild infections, increasing reports have demonstrated their invasion into healthcare
settings, where they have caused nosocomial outbreaks (Hou et al., 2023; Rimi et al., 2024).
As a result, the epidemiological and molecular distinctions between CA-MRSA and HA-
MRSA have become progressively less defined. Differences among CA-MRSA clones are
also observed across geographical regions. In the Asia-Pacific region, ST59 is the
predominant clone, whereas ST8 is dominant in the United States and commonly exhibits
resistance to clindamycin and trimethoprim-sulfamethoxazole (TMP-SMX) (Turner et al.,
2019). In Europe, ST80 remains particularly prevalent (Otter et al., 2010). The growing
development of antimicrobial-resistant staphylococci poses a major global threat because of
the increased morbidity and mortality associated with healthcare-associated and
community-acquired infections (Jiajing et al., 2025). In addition to healthcare and community
settings, MRSA has also been isolated from livestock and animal-related environments.
Strains associated with livestock are referred to as livestock-associated MRSA (LA-MRSA)
(Rayga et al., 2009; Anjum et al., 2019). LA-MRSA strains are commonly associated with
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individuals who have close contact with farm animals, including livestock workers,
veterinarians, and agricultural communities. The emergence of LA-MRSA further
demonstrates the adaptive capacity and epidemiological expansion of MRSA across multiple
ecological niches. Collectively, healthcare-associated, community-associated, and livestock-
associated MRSA strains continue to contribute substantially to the global burden of
antimicrobial resistance and remain significant public health concerns worldwide.

MRSA Resistance Mechanisms

Global public health and economic stability are seriously threatened by the emergence of
antimicrobial resistance (AMR). MRSA drug-resistance mechanisms are intricate and varied,
encompassing several facets (Yichen et al., 2025). Drug efflux pumps, biofilm development,
enzyme synthesis, gene-mediated resistance, and target-site modifications are only a few of
the many facets of MRSA’s complex and diverse drug-resistance mechanisms. These
mechanisms collectively enhance bacterial survival under antimicrobial pressure and
contribute significantly to treatment failure and persistent infections. The intricate resistance
mechanisms of MRSA, genetic control, and biochemical consequences are all covered in this
section. In addition to successfully illustrating the evolution of MRSA, a thorough
investigation of the mechanisms underlying MRSA resistance can aid in the creation of new
anti-infective medications and control strategies.

Intrinsic and Acquired Resistance Mechanisms

Through two main mechanisms, intrinsic and acquired resistance, methicillin-resistant
Staphylococcus aureus (MRSA) exhibits a sophisticated ability to withstand antimicrobial
drugs. Penicillin-binding protein 2a (PBP2a), encoded by the mecA gene, forms the
fundamental molecular basis of MRSA intrinsic resistance. By rearranging the cell wall
manufacturing route, this protein offers a strong defense against 3-lactam antibiotics (Abebe
et al., 2023). Because of its significantly lower drug-binding capacity, PBP2a is unaffected by
B-lactams, unlike constitutively produced PBPs that possess high affinity for these
antibiotics. PBP2a compensates for the inactivation of endogenous PBPs by carrying out the
crucial transpeptidase function required for bacterial cell wall synthesis, thereby enabling
bacterial survival under antimicrobial pressure (Mlynarczyk et al., 2022). However, this
conventional mechanism does not adequately explain the diversity and environmental
adaptability observed among MRSA phenotypes, including variations in resistance patterns
associated with differences in staphylococcal cassette chromosome mec (SCCmec) types
(Kinross et al., 2017). SCCmec is regarded as the site of drug-resistance gene insertion and
accumulation, also known as the “drug resistance island” of Staphylococcus aureus, where
almost all drug-resistance genes are located (Yichen et al., 2025). mecA and its regulatory
genes are carried by the SCCmec element, a mobile genetic element that is easily transferred
from one organism to another. Penicillin-binding proteins (PBP2a/2c) are produced when
SCCmec is inserted into susceptible strains, resulting in low affinity to p-lactam antibiotics
and subsequent resistance development (Uehara et al., 2022).

Auxiliary genes such as fem and vanA further enhance this resistance mechanism through
synergistic regulation (Akkiraju et al., 2024; Clark et al., 2004). According to recent research,
the agr quorum-sensing system indirectly shapes resistance phenotypes by dynamically
regulating virulence factor expression, including biofilm formation and osmotic resistance
(Rimi et al., 2024), while the fem gene family affects PBP2a functional efficiency by
controlling peptidoglycan precursor metabolism (Ambade et al., 2023; Hou et al., 2023).
These findings imply that intrinsic resistance in MRSA is fundamentally a complex system
maintained by multi-level regulatory networks and driven by core genes.
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While the mecA gene is the principal determinant of methicillin resistance, there is no
substantial association between the expression level of PBP2a and the degree of resistance.
Drug resistance is also influenced by auxiliary genes such as femA, femB, femC, femD, femE,
and femF. These genes work together to regulate bacterial cell-wall synthesis and enhance
resistance expression (Akkiraju et al., 2024; Chen et al., 2015; El-Baghdady et al., 2020).
Studies have shown that insertional inactivation of femA and femB genes results in the loss of
methicillin resistance despite continued production of PBP2a, suggesting that these genes
regulate PBP2a activity indirectly. Similarly, femC and femD influence basal resistance levels
and may contribute to the emergence of highly resistant subclones (Appelbaum et al., 2007).
MRSA resistance to glycopeptide antibiotics is strongly associated with the transfer of the
vanA gene. The vanA gene, carried on transposon Tn1546, was initially identified in
Enterococcus species but can be transferred to Staphylococcus aureus through plasmid-
mediated horizontal gene transfer. The encoded proteins alter bacterial cell-wall synthesis,
thereby reducing glycopeptide binding affinity and diminishing bactericidal activity (Clark
et al., 2005). The emergence of vancomycin-intermediate Staphylococcus aureus (VISA) and
vancomycin-resistant Staphylococcus aureus (VRSA) further complicates clinical treatment
and significantly limits therapeutic options.

Biofilm Formation

Biofilm formation represents another important mechanism contributing to MRSA
resistance. Biofilms are structured microbial communities enclosed within a self-produced
extracellular polymeric matrix that adheres to biotic and abiotic surfaces. This matrix acts as
a physical and chemical barrier, limiting antibiotic penetration and protecting bacterial cells
from host immune responses. Within biofilms, bacterial cells exhibit reduced metabolic
activity, which decreases antibiotic susceptibility and enhances persistence in hostile
environments (Parastan et al., 2020; Hosseini et al., 2020). Biofilm-associated MRSA infections
are therefore difficult to eradicate and are frequently associated with chronic and recurrent
infections. In addition, Biofilm formation facilitates horizontal gene transfer and promotes
the dissemination of antimicrobial-resistance determinants among bacterial populations.

Efflux Pumping System

MRSA exhibits highly complex resistance to multiple antibiotics partly because of its
powerful efflux-pump systems (Yichen et al., 2024). Efflux pumps are membrane transporter
proteins that expel antibiotics and other toxic compounds from the bacterial cytoplasm into
the extracellular environment. These systems reduce intracellular antibiotic concentrations
and consequently prevent effective inhibition or killing of bacterial cells (Dwivedi et al.,
2018; Silva et al., 2023).

The production of efflux-coding genes is often triggered by repeated exposure to
antimicrobial agents, resulting in enhanced drug extrusion and eventual antimicrobial
resistance. According to Foster et al., (2016), the efflux pumps implicated in MRSA
multidrug resistance are classified into chromosome-associated pumps such as NorA, NorB,
NorC, MdeA, SdrM, LmrS, MepA, and SepA, and plasmid-associated pumps including QacA,
QacB, QacG, QacH, Qac], and Smr. NorA primarily confers resistance to hydrophilic
fluoroquinolones such as ciprofloxacin and moxifloxacin, whereas NorB and NorC are
associated with resistance to hydrophobic fluoroquinolones such as norfloxacin and
sparfloxacin. Among plasmid-associated pumps, QacA is considered one of the most
significant exocytosis systems in MRSA (Noguchi et al., 2005).

Unlike ATP-dependent systems, this active efflux mechanism utilizes electrochemical
gradients generated by H+ ions across the bacterial membrane. The process is reversible and
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facilitates the extrusion of harmful intracellular substances, including antimicrobial agents,
while H+ ions move into the cell. Additional studies have demonstrated that the active
efflux system plays a significant role in MRSA antimicrobial resistance (Mo et al., 2007). Due
to their central role in multidrug resistance, efflux pumps are increasingly considered
attractive targets for the development of novel therapeutic approaches.

Production of Inactivated and Modified Enzymes

In addition to chromosomally mediated intrinsic resistance, MRSA also exhibits acquired
resistance through the production of antibiotic-inactivating enzymes. One of the most
important mechanisms involves the production of -lactamase enzymes encoded by the blaZ
gene. These enzymes hydrolyze the -lactam ring of antibiotics, thereby rendering the drugs
inactive (Bush et al., 2020).

The expression of the blaZ gene is regulated by the blaR1-blal system. Upon exposure to -
lactam antibiotics, the blaR1 sensor protein becomes activated, leading to hydrolysis and
dissociation of the inhibitory protein blal from the operator region. This process permits
transcription of the blaZ gene and subsequent B-lactamase production (Fuda et al., 2005).
Nevertheless, p-lactamase production alone is insufficient to confer complete resistance to
methicillin or other p-lactamase-resistant -lactams. According to Lade et al., (2023), both -
lactamase production and PBP2a expression are necessary for high-level p-lactam resistance
in MRSA.

Genetic Mutation-Mediated Drug Resistance

Gene mutation represents another important contributor to MRSA acquired resistance in
addition to the core mechanisms mediated by mecA, fem, and vanA genes (Chen et al., 2025).
Prolonged antibiotic misuse promotes the emergence of resistant strains such as hetero-
resistant Staphylococcus aureus and VRSA. Common point mutations in genes associated with
membrane synthesis, peptidoglycan metabolism, teichoic-acid biosynthesis, and transport
systems contribute to widespread heterogeneous resistance in S. aureus (Heidarian et al.,
2024).

Resistance to linezolid is primarily associated with mutations in the 23S rRNA gene at
positions G2576T, T2500A, and G2447T. These mutations interfere with linezolid binding to
its target site, thereby reducing antimicrobial efficacy ( Yoo 2020). Additionally, VRSA
strains arise through acquisition of the vanA gene from vancomycin-resistant enterococci via
horizontal gene transfer. The vanA-associated Tn1546 transposon alters peptidoglycan
precursors by replacing D-Ala with D-Lac or D-Ser, thereby reducing vancomycin binding
affinity and promoting glycopeptide resistance (Arredondo et al., 2021). Collectively, these
multifactorial resistance mechanisms provide MRSA with remarkable adaptability and
survival capacity under antimicrobial pressure. Their combined effects present significant
therapeutic challenges and underscore the urgent need for innovative antimicrobial
strategies and novel molecular drug targets to combat MRSA infections effectively.
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Table 1: Mechanisms of Resistance in MRSA

Mechanism Molecular Basis/ Mode of Action Examples of References
Key Genes Affected Antibiotics
Target modification mecA(SCCmec), Produced altered Penicillin, Uehara et al.,
PBP2a penicillin binding methicillin, 2020; Hou et al .,
protein with low cephalosporins 2023
affinity for beta
lactams
Enzymatic Aminoglycoside Chemically alters the = Gentamacin, Alghamdi et al.,
modification modifying enzymes  binding affinity of tobramycin 2023
the antibiotic
Enzymatic BlaZ (beta Hydrolyzes Blactam  Penicillin, ampicillin ~ Yichen et al., 2025
inactivation lactamase) ring inactivating the
antibiotic
Efflux pump Chromosomes and Actively expels Flouroquinolones, Jiajing et al., 2025
activity plasmid associated antibiotics tetracycline
Biofilm formation Polysccharide Reduces drug Multiple antibiotics Abebe and
intercellular penetration and Birhanu, 2023
adhensin (PIA) enhances survival
Gene regulatory Agr, sarA Modulate virulence, = Multiple drugs
system stress response,
resistance expression
Reduced/altered Cell wall thickening, Decreased antibiotic Mlynarczyk et
permeability altered teichoic penetration al., 2022

acids or surface
charge

Conventional treatments and challenges

Due to the organism's ability to develop and acquire a variety of resistance mechanisms that
compromise the effectiveness of traditional antimicrobial drugs, the treatment of methicillin-
resistant Staphylococcus aureus (MRSA) has grown increasingly complicated. As a result, the
therapeutic utility of well-established medicines is becoming more limited, which calls for
ongoing assessment of treatment approaches and their related drawbacks.

Treatment of MRSA infections is extremely difficult because methicillin-resistant
Staphylococcus aureus is resistant to several classes of antibiotics, such as p-lactams,
aminoglycosides, tetracyclines, macrolides, and fluoroquinolones. Its resistance mechanism
involves gene mutation, biofilm effect, drug efflux pumps, etc. (ARC 2022). As a result, a
variety of conventional antimicrobial agents have been used in clinical practice, increasing
resistance and treatment related complications continue to limit their effectiveness.

Current Antibiotics

Glycopeptides

Due to their capacity to prevent the manufacture of bacterial cell walls, glycopeptides
particularly vancomycin are unquestionably the preferred medication for the clinical
treatment of MRSA and have long been regarded as the cornerstone of MRSA therapy
(Jiajing et al., 2025). However, MRSA's susceptibility to vancomycin has been declining
recently as a result of the drug's excessive use. Furthermore, high dose treatment causes
ototoxicity and nephrotoxicity, and the clinical efficacy is inadequate. The emergence of
vancomycin resistant Staphylococcus aureus (VRSA) has further complicated treatments
strategies.

Newer lipoglycopeptides such dalbavancin and oritavancin, which have longer half-lives
and better pharmacokinetic characteristics that enable less frequent dosing, have been
developed in response to vancomycin's drawbacks (Hou et al., 2023).
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Oxazolidinones, such as linezolid and tedizolid, are commonly used to treat complicated
MRSA infections because they inhibit the synthesis of bacterial proteins (Alghamdi et al.,
2023). Similar to this, daptomycin is very useful for treating bloodstream infections since it
damages the integrity of bacterial membranes (Mlynarczyk-Bonikowska et al., 2022).
However, research indicates that daptomycin may be considered a salvage therapy for
infective endocarditis caused by Staphylococcus aureus. In addition, it is not advised to use
linezolid and daptomycin concurrently to treat S. aureus infective endocarditis because
linezolid's antibacterial activity may antagonise daptomycin. Additionally a more recent
fluoroquinalone called delafloxacin has demonstrated improved efficacy against MRSA,
increasing the range of treatment options (Bassetti et al., 2019)

Emergence of Resistance

The effectiveness of treatment is severely limited by the ongoing evolution of resistance
despite the availability of these antimicrobial agents. Vancomycin-intermediate
Staphylococcus aureus (VISA) and vancomycin-resistant Staphylococcus aureus (VRSA). VISA
strains commonly exhibit thickened cell walls that trap vancomycin molecules before they
reach their target sites, thereby reducing antibiotic effectiveness. In contrast, VRSA primarily
develops through horizontal transfer of resistance genes, particularly vanA, from
enterococci. Vancomycin binding affinity is greatly decreased as a result of the
peptidoglycan precursor being changed from D-Ala-D-Ala to D-Ala-D-Lac (Mlynarczyk-
Bonikowska et al., 2022; Hou et al., 2023).

Furthermore, mechanisms including target site mutations (e.g., gyrA, parC) and higher efflux
pump activity, which lower intracellular antibiotic concentrations, have been linked to
resistance to other antibiotic classes (Hou et al., 2023). These resistance pathways are often
promoted by prolonged or inappropriate antibiotic use, which exerts selective pressure on
bacterial populations.

Clinical treatment limitations

Methicillin resistant Staphylococcus aureus (MRSA) infections are becoming more difficult to
treat due to a number of therapeutic restrictions, such as decreased medication efficacy,
toxicity, and the development of resistance. Although vancomycin remains the first line
therapeutic agent, several studies have shown worse than ideal clinical results, such as
lower cure rates and, in certain situations, higher mortality when compared to other
treatments ( Adamu et al., 2024).

Although oxazolidinones, such linezolid, show better clinical efficacy, their usage is
constrained by negative haematological side effects, such as anaemia and thrombocytopenia,
especially during long-term therapy (Liu et al., 2024). Similarly, daptomycin has
demonstrated decreased susceptibility in persistent infections despite being effective in
bloodstream infections, which further complicates therapy (International Journal of
Infectious Diseases, 2024).

Additional clinical challenges associated with MRSA include recurrent infections, prolonged
hospital stays, increased healthcare costs, and increased morbidity associated with
multidrug-resistant strains (Maddiboyina et al., 2023). The organism's capacity to
continuously develop resistance mechanisms under selective antimicrobial pressure makes
these problems worse.

Crucially, community-associated MRSA (CA-MRSA) and healthcare-associated MRSA (HA-
MRSA) have different treatment outcomes. Due to their multidrug resistant profiles and
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correlation with serious hospital acquired infections, HA-MRSA infections are often more
challenging to treat and frequently necessitate long-term combination therapy. On the other
hand, CA-MRSA infections can be more virulent and cause serious illness in otherwise
healthy people, even though they are typically more responsive to a wider variety of
antibiotics. When taken as a whole, these drawbacks show how inadequate the available
treatments are and emphasise how urgently new antimicrobial tactics that target different
molecular pathways must be developed.

Emerging Drug Targets in MRSA and Their Mechanisms of Action

The ongoing development of resistance in methicillin-resistant Staphylococcus aureus
(MRSA) and the deteriorating efficacy of current antibiotic classes highlight the critical need
to investigate new molecular drug targets that interfere with vital bacterial functions beyond
conventional mechanisms. Filamenting temperature-sensitive Z protein (FtsZ), enoyl-acyl
carrier protein reductase (Fabl), teichoic acid biosynthesis pathways, and aminoacyl-tRNA
synthetases (aaRS) are among the promising targets that have been identified in this area.

Temperature-Sensitive Z Protein Filamentation (FtsZ)

The bacterial cytoskeleton, composed of structural proteins, provides the framework
required for bacterial cell division through binary fission. There is currently no clinically
approved drug that specifically targets the highly conserved bacterial divisome protein FtsZ
(Margolin et al., 2005; Silber et al., 2020). At the mid-cell of a dividing bacterium, the
GTPase FtsZ polymerises into a structure known as the Z-ring (Ventola et al., 2015; Murray
et al.,, 2022). FtsZ is considered an attractive antibacterial target because it is widely
conserved among Gram-positive and Gram-negative bacteria but absent in human cells
(Bryan et al., 2024). The FtsA and FtsZ proteins are major cytoskeletal components that
initiate bacterial division, ultimately resulting in daughter cells that continue bacterial
proliferation (Adams et al., 2009; Erickson et al., 2010; Loose et al., 2014; Max et al., 1999;
Margolin et al., 2005). The effectiveness of FtsZ-targeting drugs depends largely on drug
permeability and intracellular accessibility. FtsZ inhibitors have demonstrated notable
activity against Gram-positive pathogens such as MRSA, although their activity against
Gram-negative organisms is often limited by the outer membrane barrier. Recent studies
have identified several small-molecule inhibitors with potent activity against resistant
bacteria, supporting FtsZ as a promising target for novel antibiotic development.

Enoyl-acyl Carrier Protein Reductase (Fabl)

Membrane lipid biosynthesis depends on enoyl-acyl carrier protein reductase (Fabl), an
essential enzyme in the bacterial fatty acid synthesis (FAS-II) pathway. Fabl catalyses the
reduction of trans-2-enoyl-ACP to saturated acyl-ACP, which represents the final step in
each elongation cycle of bacterial fatty acid synthesis (White et al., 2004; Massengo-Tiassé et
al., 2009). Unlike many enzymes involved in fatty acid biosynthesis, enoyl reductases
demonstrate considerable structural and sequence variability among bacterial species
(Massengo-Tiassé et al., 2009). Because fatty acid biosynthesis is critical for membrane
formation and bacterial survival, Fabl has emerged as an attractive antibacterial target.
Inhibition of Fabl disrupts membrane lipid synthesis, leading to impaired bacterial growth
and eventual cell death. Several Fabl inhibitors have demonstrated promising antibacterial
activity against MRSA and other resistant bacterial pathogens.

Teichoic Acid Biosynthesis Pathways

One of the major challenges associated with chronic and invasive MRSA infections is biofilm
formation, which involves bacterial communities attached to biological or non-biological
surfaces such as medical devices (Aboelnaga et al., 2024). Biofilm-associated bacteria are
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considerably more resistant to antibiotics than planktonic cells and are therefore more
difficult to eradicate. Current treatment strategies often require prolonged antibiotic
therapy, which may contribute to tissue damage and persistence of infection (Swoboda et al.,
2010). Consequently, there is an urgent need for novel agents capable of preventing or
disrupting MRSA biofilm formation (Vanamala et al., 2021). Teichoic acids are important
glycopolymers present within the cell wall of S. aureus. They consist mainly of polyribitol
phosphate polymers substituted with D-alanine and GIcNAc residues and linked to
MurNAc-containing peptidoglycan (Sewell et al., 2014). Two major forms of teichoic acid
exist: wall teichoic acid (WTA) and lipoteichoic acid (LTA) (Zhu et al., 2018). WTA is
covalently attached to peptidoglycan, whereas LTA is anchored primarily to the cytoplasmic
membrane. Although structurally related, they are synthesised through distinct biosynthetic
pathways (Naclerio et al., 2020). Enzymes involved in teichoic acid synthesis and transport
have therefore become attractive therapeutic targets (Levin et al., 2020). Several WTA
inhibitors have been investigated due to the importance of teichoic acids in cell wall
integrity and bacterial growth regulation. Targocil, for example, inhibits the membrane-
bound ABC transporter responsible for WTA export across the cell membrane (Wang et al.,
2013). Interestingly, targocil enhances the susceptibility of MRSA to P-lactam antibiotics
when used in combination therapy (Pasquina et al., 2013).

Since MRSA relies on glycosylated WTA as a scaffold for proper PBP2a function, inhibition
of WTA biosynthesis significantly weakens [3-lactam resistance. Suppression of teichoic acid
synthesis has therefore been shown to impair bacterial growth, reduce virulence, and
increase susceptibility to conventional antibiotics, making these pathways highly promising
targets for MRSA therapy.

Aminoacyl-tRNA Synthetases (aaRS)

Aminoacyl-tRNA synthetases (aaRSs) are essential enzymes responsible for attaching amino
acids to their corresponding transfer RNAs during the early stages of protein synthesis
(Francklyn et al., 2019). These enzymes ensure accurate translation of the genetic code by
specifically matching amino acids with the correct tRNA anticodon sequences (Pang et al.,
2021). The resulting aminoacylated tRNAs are subsequently utilised by ribosomes during
protein synthesis.

Beyond their role in translation, aaRSs are involved in several important cellular processes,
including transcriptional regulation, RNA splicing, and maintenance of cellular integrity
(Elbaramawi et al., 2017). Due to their essential role in bacterial survival, aaRSs have become
promising antibacterial targets. Structural differences between bacterial and human aaRS
enzymes allow for selective inhibition of bacterial protein synthesis with reduced host
toxicity.

Inhibition of aaRS activity disrupts protein synthesis, leading to bacterial growth arrest and
cell death. Their unique mechanism of action also lowers the risk of cross-resistance with
existing antibiotic classes. Consequently, aaRS inhibitors represent promising candidates for
the development of novel antibacterial therapies. Beyond intracellular metabolic targets,
anti-virulence strategies have emerged as promising therapeutic approaches against MRSA
infections.

Sortase A Inhibitors

Despite the availability of several antibacterial agents against Staphylococcus aureus, the
organism continues to evolve resistance mechanisms, resulting in the emergence and spread
of MRSA (Lowy et al., 2003; Cascioferro et al., 2015; Alharthi et al., 2021). This resistance is
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largely driven by selective pressure exerted by conventional antibiotics that target bacterial
survival. Consequently, anti-virulence strategies that reduce pathogenicity without directly
affecting bacterial viability have gained increasing attention (Dickey et al., 2017; Escaich et
al., 2008; Wan et al., 2020; Hintzen et al., 2024; Sivaramalingam et al., 2024). Bacterial adhesion
to host tissues represents the initial and critical step in colonisation and infection (Sauer et
al., 2000). This process also contributes significantly to biofilm formation, which protects
bacteria from host immune responses and antimicrobial agents (Gunn et al., 2016). Therefore,
inhibition of bacterial adhesion has emerged as a promising anti-virulence strategy
(Pecoraro et al., 2023).

In Gram-positive bacteria, adhesion is mediated by cell wall-anchored proteins, including
pili and microbial surface components recognising adhesive matrix molecules
(MSCRAMMs), which facilitate attachment to host extracellular matrix proteins such as
collagen, fibrinogen, and fibronectin (Cascioferro et al., 2014). Sortases are cysteine
transpeptidases responsible for anchoring these proteins to the bacterial cell wall. Among
them, Sortase A (SrtA) is the most extensively studied and functions by recognising and
cleaving the LPXTG sorting motif present in surface proteins, thereby enabling their
covalent attachment to peptidoglycan. Sortase A plays an important role in bacterial
adhesion, colonisation, immune evasion, and biofilm formation, making it an attractive
molecular target for novel anti-virulence therapies (Dmitry et al., 2024).

Importantly, inhibition of SrtA significantly reduces bacterial virulence without directly
affecting bacterial viability, thereby potentially reducing selective pressure for resistance
development.

Quorum Sensing Inhibitors

A bacterial cell-to-cell communication system called quorum sensing (QS) allows bacteria to
create, recognise, and react to extracellular signalling molecules called autoinducers. These
signalling chemicals build up in the surrounding environment as bacterial population
density rises, enabling coordinated control of gene expression and group bacterial behaviour
(Otto, 2023). Biofilm development, virulence factor synthesis, motility, sporulation,
conjugation, antibiotic tolerance, and antimicrobial resistance are among the physiological
processes that bacteria control through QS systems (Abo Kamer et al., 2023; Hetta et al.,
2024).

According to recent research, QS inhibition can dramatically lower bacterial pathogenicity,
prevent the formation of biofilms, and increase the effectiveness of traditional antibiotics.
Inhibition of S. aureus's accessory gene regulator (agr) quorum sensing system, which is
crucial for controlling virulence and biofilm dynamics, has received special attention (Wang
et al.,2020; Otto, 2023). As a result, QS inhibitors are presently being studied as potential
therapeutic drugs to treat MRSA infections (Abo Kamer et al., 2023; Hetta et al., 2024).

Membrane-Targeting Antimicrobial Peptides

Disruption of bacterial membrane integrity has drawn a lot of attention as a treatment
option against methicillin-resistant Staphylococcus aureus (MRSA), in addition to enzyme-
targeting techniques. Antimicrobial peptides (AMPs) that target membranes have shown
encouraging efficacy against MRSA and other multidrug-resistant infections (Ganesan et al.,
2023).

AMPs are typically short, amphipathic, cationic peptides that interact with negatively
charged bacterial membranes in a specific way (Mahlapuu et al.,2016; Ganesan et al., 2023).
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Through processes like hole creation, membrane destabilisation, and modification of
membrane organization, their antibacterial action is mainly caused by disruption of
membrane integrity. These consequences result in intracellular content leakage, membrane
potential dissipation, and ultimately bacterial cell death (Melcron et al., 2023).Membrane-
targeting AMPs show rapid and wide-spectrum antibacterial activity, which lowers the
chance of resistance development in contrast to traditional antibiotics that target certain
intracellular pathways (Li et al., 2024). Crucially, AMPs have also shown efficacy against
persister cells and bacterial biofilms, which are often resistant to conventional antibiotics
(Ganesan et al., 2023).

The stability, selectivity, and antibacterial effectiveness of these molecules have been further
enhanced by recent developments in peptide engineering, nanotechnology-assisted delivery
methods, and artificial intelligence-guided peptide design (Li et al., 2024). As a result, a very
promising class of new treatments for MRSA infections is membrane-targeting antimicrobial
peptides (Ganesan et al., 2023; Melcron et al., 2023).

Table 2: Emerging Drug Targets in MRSA

Category Target Biological Example Effect on MRSA Reference
Function Inhibitor
Essential FtsZ Cell division PC190723 Inhibits septum Adams &
Intracelular protein formation — lysis Errington, 2009
Target
Fabl Fatty acid Afabicin Disrupt lipid Kaplan 20212
biosynthesis synthesis— growth
inhibition
Teichoic acids Cell wall Targocil, Sensitizes MRSA to Brown et al.,
structure Tunicamycin ~ f-lactams 2013
Aminoacyl- Protein Mupirocin, Inhibits translation Rathod et al.,
tRNA synthesis PheRS leading to growth 2011
inhibitors arrest
Alternatives Sortase A Surface protein Reduce adhension Dmitry etal.,
/antivirulence anchoring and biofilm 2024
strategies formation
Quorum sensing  Cell to cell Reduce virulence Otta 2023
system communication and biofilm
formation
Peptidoglycan Cell wall Disrupt cell wall - Galinier et al.,
biosynthesis synthesis lysis 2023
Antimicrobial Membrane Disrupt membrane Ganesan et al.,
peptide integrity —rapid cell death 2023
CONCLUSION

Due to its growing resistance to several antibiotic classes and its capacity to adapt through a
variety of intricate processes, methicillin-resistant Staphylococcus aureus (MRSA) continues to
pose a serious threat to global health. These include biofilm formation, acquired and innate
resistance, and changes in antimicrobial targets, all of which severely restrict the efficacy of
currently available treatment approaches. Key proteins and processes involved in bacterial
cell division, fatty acid biosynthesis, teichoic acid formation, protein synthesis, virulence
control, and cell wall integrity are among the promising therapeutic targets highlighted in
this review. The creation of specific and potent anti-MRSA drugs is made possible by targets
like FtsZ, Fabl, teichoic acid biosynthesis enzymes, aminoacyl-fRNA synthetases, Sortase A,
quorum sensing systems, peptidoglycan biosynthesis enzymes, and membrane components.
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The ongoing development of resistance to both older and more recent antibiotics highlights
the critical need for novel approaches despite advancements in antimicrobial therapy. The
development of multi-target and combination therapies, the identification of new drug
targets, and the integration of cutting-edge techniques like omics-guided antimicrobial
design, artificial intelligence-driven drug discovery, and nanoparticle-based delivery
systems should be the top priorities for future research.

Antimicrobial peptides, bacteriophage therapy, host-directed medicines, and other targeted
interventions are examples of developing therapeutic pipelines that present promising
solutions for overcoming resistance and enhancing treatment outcomes. To guarantee their
safety, effectiveness, and clinical usefulness, more study is necessary. In conclusion,
combating the increasing threat of MRSA will necessitate an all-encompassing strategy that
incorporates the discovery of new drug targets, the creation of creative therapeutic
approaches, and the application of efficient infection control techniques to stop the spread of
resistant strains.

Future Direction

Improved antimicrobial medications and tactics are desperately needed to fight bacterial
resistance since MRSA strains are becoming more and more resistant to currently available,
widely used antibiotics, posing a serious threat to human lives. Future tactics to combat
methicillin-resistant Staphylococcus aureus (MRSA) should use integrative, multi-target
treatment techniques in addition to traditional antibiotic research. The effectiveness of
current medications may be restored while reducing the establishment of resistant strains by
combining conventional antibiotics with antivirulence medicines and resistance-modifying
adjuvants (Czaplewski et al., 2016). Bacteriophage treatment, which uses viruses that
exclusively infect and lyse S. aureus cells with great specificity and few off-target effects, is
one emerging strategy (Chan et al., 2013). Similarly, it is possible to selectively disrupt
virulence factors or resistance genes like mecA using CRISPR-Cas-based genome editing
tools, making MRSA more susceptible to current medications (Bikard & Barrangou, 2017).

Recent developments demonstrate the expanding significance of artificial intelligence (Al)-
driven drug discovery, which uses large-scale data analysis and predictive modelling to
quickly identify and optimise novel antibacterial chemicals. Simultaneously, omics-guided
methods such as metabolomics, transcriptomics, and genomes offer a deeper understanding
of MRSA pathophysiology and make it easier to identify critical molecular targets for
precision antibacterial design. Furthermore, because of their capacity to improve stability,
penetrate bacterial biofilms, and improve drug delivery, nanoparticle-based antimicrobial
systems have become attractive substitutes. These systems have the ability to break down
bacterial membranes, produce reactive oxygen species, and get beyond traditional defence
mechanisms (RSC, 2024; Springer, 2023). Targeted drug delivery to infection areas is made
possible by advanced nanoplatforms, which enhance therapeutic results and lessen systemic
toxicity (Journal of Nanobiotechnology, 2023).

Host-directed treatments (HDTs), which try to alter the host immune response instead of
specifically targeting bacterial cells, are another promising tactic. This strategy improves
pathogen clearance while lowering the selective pressure for resistance development.
Additionally, by lysing bacterial cells or specifically destroying resistance genes like mecA,
bacteriophage therapy and CRISPR-Cas-based genome editing tools provide extremely
specific methods for targeting MRSA (Chan et al., 2013; Bikard & Barrangou, 2017).
Furthermore, antimicrobial peptides and small-molecule inhibitors that target cell wall
production, biofilm formation, and quorum sensing continue to have great potential as next-
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generation treatments (Mahlapuu et al., 2016). When taken as a whole, these cutting-edge
strategies offer a thorough and proactive framework for preventing MRSA infections and
tackling the worldwide problem of antibiotic resistance.
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