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Abstract: Antimicrobial resistance (AMR) represents a major threat to global health. Infection caused by Methicillin-resistant
Staphylococcus aureus (MRSA) is one of the well-recognized global public health problem globally. In some regions, as many as
90% of S. aureus infections are reported to be MRSA, which cannot be treated with standard antibiotics. WHO reports indicated that
MRSA is circulating in every province worldwide, significantly increasing the risk of death by 64% compared to drug-sensitive forms
of the infection which is attributed to its antibiotic resistance. The emergence and spread of antibiotic-resistant MRSA strains have
contributed to its increased prevalence in both healthcare and community settings. The resistance of S. aureus to methicillin is due to
expression of penicillin-binding protein 2a (PBP2a), which renders it impervious to the action of B-lactam antibiotics including
methicillin. The other is through the production of beta-lactamases. Although the treatment options for MRSA are limited, there are
promising alternatives to antibiotics to combat the infections. Innovative therapeutic strategies with wide range of activity and modes
of action are yet to be explored. The review highlights the global challenges posed by MRSA, elucidates the mechanisms underlying
its resistance development, and explores mitigation strategies. Furthermore, it focuses on alternative therapies such as bacteriophages,
immunotherapy, nanobiotics, and antimicrobial peptides, emphasizing their synergistic effects and efficacy against MRSA. By
examining these alternative approaches, this review provides insights into the potential strategies for tackling MRSA infections and
combatting the escalating threat of AMR. Ultimately, a multifaceted approach encompassing both conventional and novel interventions
is imperative to mitigate the impact of MRSA and ensure a sustainable future for global healthcare.
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Introduction

Background of Staphylococcus aureus
Staphylococcus aureus belongs to the genus staphylococcus. The bacteria was first identified in 1871 by Von Recklinghausen.’
Scottish surgeon Ogston later confirmed its role in abscesses and suppurative diseases in 1880. Ogston observed the cocci in
grape-like clusters and named it Staphylococcus due to its resemblance to a bunch of grapes. Rosenbach further classified
them as Staphylococcus aureus and Staphylococcus albus in 1884, with the latter later renamed as Staphylococcus
epidermidis.®> S. aureus is a non-spore-forming, non-motile, gram positive cocci that commonly reside in the skin and
upper respiratory system. It is a major component of the body’s microbiota and often associated with infections, particularly
bacteremia. Pathogenic strains of S. aureus can cause several infections, from mild infections to fatal conditions like
bloodstream infections and pneumonia.® The emergence of strains resistant to antibiotics, especially S. aureus resistant to
the drug methicillin (MRSA), is a significant global health concern. MRSA poses a substantial threat both in medical settings
and community settings, where it spreads rapidly.

MRSA is well known for spreading quickly and infecting people.* It can be transmitted through direct contact with
infected individuals, contaminated surfaces, or contaminated healthcare settings.5 This ease of transmission contributes to
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its rapid spread within communities and healthcare facilities.® The bacteria can colonize the skin and mucous membranes
of individuals without causing infection. This colonization can lead to a reservoir of MRSA, allowing for its rapid
proliferation and subsequent transmission.” The resistance of MRSA to multiple antibiotics, including methicillin, makes
it difficult to treat and control. This resistance allows MRSA to survive and multiply in the presence of antibiotics, further
contributing to its rapid proliferation.® MRSA is a common cause of healthcare-associated infections, such as surgical site
infections, bloodstream infections, and pneumonia.” The close proximity of patients in healthcare settings, compromised
immune systems, and invasive medical procedures can facilitate the rapid spread of MRSA within these environments. '’
MRSA can also cause infections in the community, particularly among individuals with close skin-to-skin contact, such
as athletes in contact sports or individuals living in crowded conditions. These community-associated infections
contribute to the overall burden of MRSA and its rapid proliferation."' Most of S. aureus-related morbidity and mortality
can be attributed to MRSA. The prevalence of antibiotic resistance has made treatment challenging, necessitating the

search for effective therapies.'"'*"?

Antimicrobial Resistance

Although using antibiotics in modern medicine for treating infections caused by bacteria has changed the field,
throughout time, the indiscriminate, improper, and frequently abusive use of antibiotics has led bacteria to develop
drug resistance. These bacterial strains are resistant to common treatment interventions. Realizing that development of
AMR has outpaced the invention of potential antibiotics is disappointing.'* AMR has been designated by the World
Health Organization (WHO) among the leading global health threats.'”> AMR is a condition in which microorganisms
proliferate or reproduce in application of medications intended to stop or kill them.'>'® AMR occurs when microbes
adapt to the effects of antimicrobial agent intended to kill or inhibit them. These cause infections to become more
difficult to be treated, leading to a higher chance of disease transmission, complicated illness and increased mortality.'”
The significantly rising prevalence of AMR pathogen poses a significant threat to human and animal health, limiting
treatment options for bacterial infections, which in turn affects treatment outcome, while decreasing affordability of
treatment and increasing mortality.'® The majority of the world is infested with multidrug-resistant superbugs and
bacteria. Antibiotic resistance pathogens significantly raise both morbidity and mortality rates.'® Antimicrobial resistance
is growing quickly and poses a threat to outpace the introduction of new antimicrobials.*’

AMR is a serious threat to the entire world and is rapidly getting worse.'® In 2016, AMR was expected to lead over
700,000 annual death, of which 50,000 deaths were occurred in Europe and the United States of America. As implied by
O’Neill J, high death rate of 700,000 per year would increase to an extremely worrying 10 million annually.?' According
to the estimation of World Health Organization, if viable alternatives to existing antibiotics are not discovered, by 2050
antimicrobial resistance may result in 10 million deaths per year at a cost of hundred trillion dollars worldwide, with the
highest rates of mortality occurring in Africa and South Asia. This would surpass the rates of cancer and heart disease.*”

As determined by a global survey in 2019, antimicrobial resistance has accounted for 4.95 million deaths, which
significantly surpasses O’Neill J prediction of annual deaths due to AMR?', of which 25% of deaths were attributed by
bacterial AMR. Among the surveyed 23 pathogenic bacteria, thoracic and lower respiratory infections, abdominal and
bloodstream infections resulted for 79% of the deaths brought by antimicrobial resistant pathogens. The most common
bacteria attributed to AMR were ESKAPE pathogen. MRSA resulted in over 100, 000 deaths.”> The emergence of
antibiotic resistance is the main cause of the increased incidence rate of MRSA. MRSA strains are resistant to a wide
range of medications, including beta-lactam antibiotics like methicillin. MRSA is more challenging to treat because of its
resistance to the effects of common antibiotics. Methicillin and other beta-lactam antibiotics, however, continue to work
against MSSA strains.** The primary mechanism of antibiotic resistance in S. aureus is the acquisition of resistance
genes, like the mecA gene that confers methicillin resistance. Other mechanisms include the synthesis of efflux pumps,
beta-lactamase enzymes, modifications to drug targets, and decreased drug permeability due to modifications in the

bacterial cell wall.?

AMR in S. aureus has significant clinical implications. Compared to methicillin-susceptible
S. aureus (MSSA) infections, MRSA infections are linked to longer hospital stays, treatment failures, and greater
death rates. Treatment options are further restricted by the spread of multidrug-resistant MRSA strains, such as

vancomycin-resistant MRSA (VRSA) and linezolid-resistant MRSA.*°
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Methicillin Resistant Staphylococcus aureus (MRSA)

MRSA is Staphylococcus aureus with that possess SCCmec element encoding pbp2a. PBP2a has a low affinity for most
of the beta-lactam antibiotics, rendering most of beta lactam antibiotics ineffective in inhibiting the trans-peptidase
activity of the enzyme and preventing cell wall synthesis. This mechanism confers resistance to a wide range of beta-
lactam antibiotics.?” The other mechanism is through production of beta lactamase. Some MRSA strains produce beta-
lactamase, and they can hydrolyze beta lactam antibiotics, including methicillin.?® MRSA was originally discovered in
1960, soon after methicillin was made available as a treatment for penicillin-resistant S. aureus. MRSA exhibits
antibiotic resistance through PBP2a and PBP2c proteins encoded by the mecA and mecC genes, respectively. The
transposable genetic element called staphylococcal chromosomal cassette mec (SCCmec) possesses the mecA or mecC
gene, which code for a penicillin-binding protein (PBP2a). Acquiring the SCCmec makes the bacteria resistant to beta-
lactam antibiotics. PBP2a alternative penicillin-binding protein, encoded by the mecA gene, is responsible for high-level
methicillin resistance.*’

Although MRSA was discovered shortly after methicillin became readily available, whole-genome sequencing revealed
that MRSA emerged of long before the use of methicillin, suggesting that the occurrence of MRSA was not initially fueled by
the use of methicillin; instead, utilization of penicillin has driven the selection for S. aureus strains possessing the gene that
codes for penicillin-binding protein ie mecd before the methicillin has developed.*®*' MecA, is not to Staphylococcus aureus,
it is incorporated from an extra species. It has been suggested that the species Staphylococcus sciuri is the source for
MecA >3 S. sciuri is a source for the staphylococci mecA gene that leads resistance to the drug methicillin.>*

MRSA is a serious pathogen that found in both within community and hospitals. Methicillin, works by interfering
penicillin-binding protein engaged in crosslinking of peptidoglycan, a trans-peptidase that catalyzes cell-wall cross-
linking, S. aureus develops resistance to this class of drug by expressing penicillin-binding protein, that carry out the
normal tasks for the host being resistant to methicillin treatment.*’

The expanding development of AMR staphylococci is becoming threat around the world because it leads to critical
mortality and morbidity due to their related healthcare or community-acquired infections. MRSA strains first observed in
adult patients who visited hospital, having previous history of methicillin usage. MRSA was also isolated from people
who appeared to be in good health and who had never visited a hospital or had any other contact with health care
facilities. These show that Staph and MRSA can also cause infection outside of hospitals and medical facilities. Strains of
MRSA that present in healthcare setting, in livestock, and community setting are classified as health care, livestock, and
community associated, respectively.>®>®

Health care associated MRSA (HA-MRSA) primarily present in healthcare participants and hospitalized patients.*
Community-associated MRSA (CA-MRSA) are infections in people with good health with no previous hospitalization
and medical procedure. CA-MRSA reported for the first time 1980s among residents of Western Australian villages who
had never been hospitalized before."' Soon after the strains there have quickly disseminating in a variety of populations
all over the world, with outbreaks being reported in various nations.*” The strains emerged as a serious pathogen in
healthcare, and community settings, studies have shown that the health care and community associated MRSA coexist
within both community and healthcare settings.***' Livestock associated MRSA (LA-MRSA) was reported in 2005. LA-
MRSA is primarily associated with clonal complex (CC) 398, considered a significant pathogen in animal that is also
capable of colonizing and infecting humans.*** MRSA is now a major concern for public health worldwide. Research
from various parts of the globe consistently show that MRSA is more common than MSSA. For instance, data from more
than 200 studies were analyzed in a systematic review and meta-analysis that was published in the Lancet Infectious
Diseases in 2018. The study revealed that MRSA was more common than MSSA overall across all regions, including
Europe, North America, Asia, and Africa.** The emergence of antibiotic resistance is the main cause of the increased
incidence rate of MRSA. Methicillin and other beta-lactam antibiotics are among the many medications to which MRSA
strains have developed resistance. Because of this resistance, MRSA is more challenging to treat since it can withstand
the effects of common antibiotics leading to higher mortality rate than MSSA. On the other hand, methicillin and other
beta-lactam antibiotics continue to work on MSSA strains.*> This resistance allows MRSA to survive and thrive in
environments where MSSA strains would be susceptible to treatment, leading to a higher incidence of MRSA infections.
MRSA has demonstrated enhanced transmissibility compared to MSSA. The altered cell wall structure and increased
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virulence factors in MRSA strains contribute to their ability to persist on surfaces, survive in the environment, and spread
between individuals. MRSA can be transmitted through direct contact with infected individuals, contaminated surfaces,
or through respiratory droplets.** The higher incidence rate of MRSA relative to MSSA can be attributed to its antibiotic
resistance, the prevalence of healthcare-associated and community-associated infections, enhanced transmission
dynamics, the emergence of livestock-associated strains, and limited treatment options. Addressing these factors requires
a multifaceted approach, including improved infection control measures, antibiotic stewardship, and continued research
into alternative treatment options.*®

Mechanisms of AMR Development in S. aureus

Antimicrobial resistance development is not a condition that is associated with simple process, rather influenced by numerous
elements, including organisms’ genetic makeup, environmental factors, and the use of antibiotics. The genetic makeup of an
organism is a crucial factor in the AMR. Mutations can lead to structural alteration or protein function which can make the
organism less susceptible to drugs. Additionally, certain genetic elements can provide resistance to number of drugs, for
example antibiotic resistance genes. Bacterial defenses have evolved aiming to defend themselves from external pressures like
antimicrobials. While most bacterial cells in the presence of lethal stress die, persister cells can survive and, continue growth
after the perturbing stress is removed. Persisters are group of bacterial cells that possess the ability to survive when exposed to
intense stressors, thereby presenting obstacles in the complete eradication of infections.*’” In particular, Staphylococcal
bacteria can adopt several phenotypes, like “small colony variations” and development of biofilm, that help the persistent
cells. These particular lifestyles help staphylococci become more resilient to antibiotics.*® !

S. aureus can develop antibiotic resistance through genetic acquisition or gene mutation. Bacteria with the resistance
genes are forced to survive and proliferate, resulting from selective pressure from extensive antibiotic usage.” (I)
Mutation: spontaneous changes in the bacterial chromosome that cause some bacteria to become resistant to antibiotics.
Every time the bacterium divides there is a possibility for mutations to occur. These mutations can appear anywhere in
the DNA and are random. External factors like radiation or harmful chemicals can also cause mutations. While some
mutations are harmful for the bacteria, others can be advantageous under the right conditions. If a mutation gives
a bacterium an advantage in a specific environment it will be selected and persist in the population, then grow faster and
reproduce more readily than its neighbors. Some mutations might make the bacterium develop antibiotic resistance.
Staphylococcus aureus develops fluoroquinolone resistance due to changes in amino acid sequence in specific locations
in the topoisomerase IV A subunit, DNA gyrase A and B subunits through efflux mediated by NorA.**>* NorAn is
a variant of an efflux pump that demonstrates a significant contribution to bacterial multidrug resistance. Efflux pumps
are specialized proteins located in the bacterial cell membrane that actively expel various substances, including
antibiotics.”®> NorAn, specifically, is commonly found in Staphylococcus aureus and plays a defensive role by facilitating
the removal of antibiotics from the cell, thereby reducing their efficacy. This efflux pump variant presents a challenging
hurdle in the treatment of bacterial infections, as it diminishes the intracellular concentration of antibiotics and
contributes to multidrug resistance.’*>*

(IT) Acquisition of foreign DNA through horizontal or vertical gene transfer, also known as “mobile genetic
elements” (MGEs). Antibiotic resistance can be either chromosome-maintained or plasmid mediated. Acquired
resistance is the process by which a microorganism that was once liable for a particular antibiotic became resistant.
Resistance acquisition can come from incorporation of genetic materials from donor bacteria to competent recipient
bacteria or incorporation of the intended genetic material from the resistome. Some bacterial genes are contained on
mobile genetic elements (MGE) which enhance motility of antimicrobial resistance genes (ARGs), allowing them to
disseminate quickly within a bacterial community.’*>® MGEs, which can spread a range of AMR factors across
bacterial genomes: including chromosomal cassettes, plasmids, insertion sequences, integrons, phages, pathogenicity
islands, and transposons. Other MGEs integrate into the host DNA, whereas plasmids are often extrachromosomal. The
development of drug resistance in staphylococci is facilitated by MGEs. For instance, S. aureus gained resistance to
vancomycin and methicillin by acquiring VanA operon from enterococci, and chromosomal cassette harboring mecA

. 2
respectively.>>?
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Bacterial species also have the capacity to withstand the effects of antibiotics through intrinsic resistance, which is
found within their genomes. Certain microorganisms are resistant to certain antimicrobial agents. For instance, for
antibiotics that target cell wall to exert an effect, the bacteria must possess the cell wall. Natural resistance can either be
inherent or induced. The inherent resistance results from an organism’s biology, independent of horizontal transmission
of genes and selective pressure of antibiotics. Decrease in the outer membrane’s permeability and the normal activation
of pumping efflux are the two most frequent bacterial mechanisms implicated in intrinsic resistance. Inherent resistance
could result from; lack of antibiotic affinity for bacterial target, the antibiotic’s inability to enter the bacterium cell, the
bacteria may use chromosomally encoded efflux pumps to extrude the medication, or may possess enzymes that are able
to degrade the target drug.>>* %2

Horizontal gene transfer (HGT), is the exchange of genetic material between bacterial species. HGT is a crucial factor in
the dissemination of antimicrobial resistance genes (ARGs) throughout various bacterial populations. This is crucial element
in the emergence of new strains of resistant organisms.®® Various investigations have demonstrated that bacteria from livestock
and associated environments contain mobile genetic components harboring ARGs, this poses a potential risk since these
resistance characteristics can be transferred between human and animal pathogenic bacteria.** Horizontal gene transfer has
enabled AMR to expand from nonpathogenic organisms to pathogenic ones, fueling pathogen evolution. It is now widely
accepted that all pathogenic bacteria, commensal bacteria, environmental bacteria, phages and MGEs collectively house the
resistome (ARGs). The pathogenic bacteria can incorporate the resistance genes from the resistome.®’

There are three recognized mechanisms by which genetic transfer in bacteria is accomplished: transformation,
conjugation, and transduction. Among those conjugations is believed to have the most impact on the propagation of
AMR genes. This is because it provides better environmental protection, an effective way of entering the target cell than
transformation, and has a wider host range compared to bacteriophage transduction.®® Antimicrobials work by killing,
inhibiting, or neutralizing the microorganism without harming the host cell; by interrupting bacterial cell wall synthesis,
interfering with vital process like protein and folate synthesis.®’ Bacterial growth is inhibited, when the antibiotic
effectively interacts with its target. To make this interaction happen; the target must be recognized by the antibiotic, and
there must be high enough concentration of antibiotic present at the target to effectively impede its function. Therefore,
all resistance mechanisms are based on either altering the target or lowering the amount of free antibiotic that can reach

1619 There are two main mechanisms that bacteria withstand the effects of antibiotics: (i) decreasing the

the target.
concentration of antibiotic reaching its target or preventing at all. (ii)) Modifying the target that antibiotics act on.
Decreased permeability of the cell wall, enhancing efflux, altering drug target site, and inactivating the drug are the main
molecular mechanisms that bacteria use to alter the drug target or lower the concentration of the antibiotics reaching the

target, thereby enhancing resistance.?>®

Factors Associated with Resistance Development

Although it is thought that antibiotic resistant genes existed prior to the discovery of antimicrobials, utilization of these
antimicrobials has enhanced the development and dissemination of AMR genes in pathogenic bacterial strains.” The way
antibiotics are used has impact on how quickly and how much resistance develops. It is truly amazing how well bacteria can
adapt and change in response to a wide range of selective pressures, including the presence of antimicrobial agents. Although
bacteria develop antibiotic resistance through natural selection or through adaptation to perturbing environmental conditions,
there are many factors that trigger development of resistance (Figure 1).”° Inappropriate use of antimicrobials, poor and lack of
diagnostics, substandard/falsified medicines, antimicrobial use in agriculture, environmental antimicrobial residues are among
the main factors associated with resistance development.”!

Inappropriate Use of Antimicrobials

Although microorganisms can develop resistance to certain antimicrobial agents naturally, improper utilization of
antibiotics has highly influenced the emergence of resistance.”” Antibiotic misuse and overuse are the primary risk
factors for emergence of AMR. Inappropriate use of antibiotics selects resistant bacteria. Resistant microbes can grow
even when the antibiotics are present. Inappropriate use of antibiotics can perturb gut microbiota, these make resistant
microbes outcompete susceptible microbes and can spread the genetic information encoding resistance. Numerous
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Figure | Diagrammatic representation of factors contributing to AMR development.

studies have provided evidence demonstrating a strong connection between the inappropriate use and excessive use of
antibiotics and the emergence of resistance in MRSA. For example, a 2017 study published in the Journal of
Antimicrobial Chemotherapy examined antibiotic consumption and the prevalence of MRSA in hospitals.”* The findings
revealed a significant correlation between higher antibiotic usage rates and a greater incidence of MRSA infections. This
association remained statistically significant even after accounting for factors such as patient characteristics and infection
control practices. In another study published in the New England Journal of Medicine in 2018, researchers investigated
the impact of antibiotic exposure on MRSA colonization among residents of nursing homes. The results indicated that
individuals who had recently received antibiotics were more likely to be colonized with MRSA compared to those who
had not been prescribed antibiotics.”* This suggests that antibiotic mis use increases the risk of MRSA colonization and
subsequent infections.

Antibiotic-related changes to the normal flora are selected for highly resistant bacteria. The gut is well known to have
a significant role in host health. Reduced microbial diversity and modifications to the functional characteristics of the
microbiota pave a way for the emergence and selection of AMR strains. Antibiotic misuse is fairly common practice in
both high-income and low-income nations worldwide. In Africa, the most popular prescribed drugs are antibiotics. A survey
conducted on factors predicting antibiotic use in five African countries, it found that among the 90% of acutely ill people who
sought care outside the home 36% of patients received antibiotics. One in four people who received antibiotics came from an
informal dispenser, and more than 30% of people accessed antibiotics without a prescription.’""

The use of antibiotics in excess and in the wrong circumstances in agriculture is a significant public health issue
because it serves as a major driver of antibiotic resistance. When antibiotics are used in agriculture, they can create an
environment that enhances the growth of AMR bacteria. These resistant bacteria can spread through the air, water, soil,
and other sources, leading to the spread of AMR pathogens in humans. Furthermore, in animal when infections are
treated with antibiotics, these AMR bacteria can spread to humans from interaction with animals, food, and other sources.
As a result, the excessive application of antibiotics in agriculture has a direct impact on human health, leading to
increased risk of developing antibiotic-resistant infections. Because antibiotic-resistant bacteria linked to animals can

have medical importance ie Humans can get diseases from animals, found widely distributed in the environment through
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animal waste, and are simply transmittable to humans through food chains. These could result in complex, incurable, and
protracted infections in people, increasing healthcare costs and occasionally even resulting in death.”®

Sub-Standard or Falsified Medicines

Sub-standard medicines are products that purposefully or fraudulently conceal their origin, identity, or composition. Medical
products that are falsely labeled may be lacking the active ingredients, contain incorrect dosage of the appropriate active
ingredient, or miss the active ingredient itself.”” These falsely fabricated medical supplies could be poisonous in nature,
containing either lethal doses of the incorrect active ingredient or other harmful toxins. Falsified medicines are manufactured
in unsterilized and hazardous conditions by an inexperienced person, and unidentified ingredients and it is more likely those
products contaminate with bacteria. Inadequate antibiotics with low concentrations or incorrect dosages can lead to the
development of antimicrobial resistance. A study found that low- and middle-income countries’ poor antibiotics obtained from
unregulated sources had lower levels of active ingredients. This made resistant strains more likely to emerge and raised the risk
of treatment failure.”® Sub-standard medicines are frequently produced in poorly regulated or unregulated manufacturing
facilities with inadequate quality control methods. Insufficient quality control led to inconsistent drug composition and
dosages in subpar and counterfeit antibiotics found in Southeast Asia and Africa, as per a study by McManus and Naughton,
such differences could result in less-than-optimal treatment of infections like MRSA.”® Falsified antibiotics might have
insufficient amounts of their active components, which would cause the body to produce sub-therapeutic concentrations.
Bacteria may be subject to selective pressure as a result, which may favor the survival and spread of resistant strains like
MRSA. Ayukekbong et al conducted a study that brought attention to the possible role that sub-standard medications play in
the spread of MRSA and other forms of antimicrobial resistance in low- and middle-income nations.*

Sub-standard antibiotics may lead to sub-inhibitory concentrations of the active pharmaceutical ingredient. In
bacteria, low antibiotic concentrations can lead to the development of resistance and result in treatment failure. There
may be room for resistance to develop and be selected if the antibiotic concentration is lower than that required to kill or
cease bacterial growth.®!"%

Inefficient Diagnostic Facilities

Diagnostic facilities have crucial role in treatment efficacy and resistance development. They can help identify the
presence of drug-resistant bacteria or viruses that may be present in a person or environment. Diagnostic tests can also
help to identify the specific type and level of resistance present in a particular organism, which can influence treatment
decisions and choices. These help prevent the spread of drug-resistant organisms.®® Additionally, diagnostic tests can
help to identify the genetic components of drug-resistance, which can help inform the creation of novel treatments and
strategies to fight AMR pathogens. Diagnostics are crucial in avoiding inappropriate utilization of antibiotics, because it
guides medical professionals to choose the most appropriate prescription for a specific condition, thus reducing the
likelihood of antibiotic resistance.’”

The inability to precisely identify the specific pathogen causing an infection leads to prescription of inappropriate or
broad-spectrum antibiotics. This leads to unnecessary costs and promotes the emergence of antibiotic resistance. Poor
diagnosis leads to inappropriate use of antibiotics. For instance, when antibiotics are taken for a viral infection, the bacteria in
our body are attacked. These are bacteria that either help us or are not causing infection. When harmless flora are improperly
treated, they may develop antibiotic resistance traits that they can pass on to other bacteria, or it can lead to emergence of
potentially harmful bacteria to replace the harmless normal flora.** Budgetary constraints restrict how AMR surveillance is
prioritized. Mainly, low-income and developing countries lack quick, practical diagnostic equipment for medical profes-
sionals to identify the exact cause of infection.®>® A significant weapon in fighting AMR is good diagnosis. Treatment
effectiveness can be increased by tailoring drug of choice to infection while lowering costs by prescribing antibiotics that are
appropriate for the infection.®’ A strong diagnosis can help reduce the development of resistance by ensuring that the correct
medications are prescribed and taken as directed. This helps prevent drug-resistant bacteria from developing as a result of
misdiagnosis or incorrect medication. Additionally, a firm diagnosis may help identify and remove environmental sources of
infection, such as contaminated food or water supplies, which can also increase the emergence of resistance.>” One tool in the
arsenal of antimicrobial stewardship is the ability to differentiate viral and bacterial infections.*® Good diagnosis figures out
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the causative pathogen and its resistance profile. Diagnostics is crucial to mitigate the silent AMR pandemic through enabling
for active surveillance of drug resistance and enabling the best utilization of accessible medicines, ensuring the specific and
effective application of mediation. Molecular methods are often used in identifying the underlying genetic mechanism(s) for
AMR. Thanks to nucleic acid tests, the field of diagnostics has undergone a revolution by allowing medical professionals to
recognize pathogens and their AMR genes. NGS, or next-generation sequencing shown to be effective in identifying
mutations and locating ARGs. Development of affordable diagnostic tools that can be used in low-resource settings without
advanced laboratory equipment is challenging. Adoption of current diagnostics to more accurately diagnose infections could
reduce antibiotic misuse and the escalating threat of AMR.**%°

Utilization of Antimicrobials in Veterinary Setting

Antimicrobials are not only utilized in medical settings as treatment options for human diseases. They are widely utilized in
the production of livestock, where antibiotics can be used to treat animal diseases, as growth enhancer, to increase outcome of
feed conversion and disease prevention. With high concern given, the class and modes of action of these drugs used in
veterinary practice are close kinship or identical (the same member, perform similar tasks, and behave similarly) to those
prescribed to humans.”' Utilization of antibiotics in agricultural setting has connection with development of AMR in
bacteria. When antibiotics are used to treat livestock and poultry, the bacteria in the animals can develop resistance to the
drugs. This resistant strain of bacteria can spread to other animals, humans, and the associated environment, paving a way to
a greater risk of infection and dissemination of AMR bacteria. Residues of antibiotics present in the surrounding environment
can also lead to a greater risk of antibiotic resistance. When antibiotics are used on crops, the residue can enter the
environment and can have effect on bacteria population, leading to the development of resistant strains.’®*

This can happen when antibiotics are used on animals in factory farms, and then spread to via the food chain to
humans. It can also occur when antimicrobials are utilized in treating infections in farm animals allowing resistant
bacteria to survive and spread. The use of veterinary medications in animals used for food production can lead to
accumulation of antimicrobial residues in items made from animals (milk, meat, honey, and eggs), posing medical risk to
the consumers. In addition, utilization of antimicrobials in agricultural setting can enhance the spread of AMR pathogen
through water, soil, and air, which can then be passed on to humans.

In northern nations and Africa, frequent misuse of antibiotics happens in farming, fattening up animals for slaughter
and preventing disease in unhygienic factory farms.”> > The establishment of colistin resistance shows that resistance
can be further boosted by using high dosages of antibiotics to treat infections or promote growth. Utilization of avoparcin
as growth enhancer has also found to have the same effect. Also, the glycopeptide vancomycin, which is utilized in
treating MRSA, has made enterococci resistant to severe infections.”® Antibiotics used in agriculture to promote growth
are already prohibited by the European Union. A multifaceted strategy that incorporates various sectors is required to
effectively combat antimicrobial resistance in low- and middle-income nations.”’

Current Therapeutic Options
Antibiotic Stewardships

This approach focuses on the appropriate and judicious use of antibiotics to minimize the development of resistance. However,
inappropriate utilization may lead to resistance development. Using antibiotics only when it is necessary and following
guidelines for their optimal use is curtailed in minimizing the likelihood of resistance development.”® Antibiotics are the
mainstay of treatment for S. aureus infections. However, the treatment depends on the severity of the infection, the location of
the infection, and the antibiotic susceptibility of the bacteria. Commonly used antibiotics for S. aureus infections include beta-
lactams (such as penicillin and cephalosporins), macrolides (such as erythromycin), tetracyclines (such as doxycycline), and
fluoroquinolones (such as ciprofloxacin). However, some strains of S. aureus have developed resistance to these drugs, eg,
MRSA. Still majority of MRSA infections are treated with appropriate utilization of antibiotics. Most of simple skin and soft
tissue infections (SSTIs) that are suspected of having an MRSA infection can be empirically treated with oral antibiotics such
as clindamycin, trimethoprim/sulfamethoxazole, and tetracyclines like minocycline or doxycycline.’” In patients with normal
renal function, higher dosages of trimethoprim/sulfamethoxazole (160/800 mg, one tablet three times daily or two tablets
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twice daily in adults) are advised.”>"'®® More recent medications, like tedizolid and linezolid, as well as delafloxacin, can be
utilized as substitute oral regimens if they are accessible and economical.

Combination Therapy

Combination therapy is a type of medical treatment that involves the use of two or more drugs or therapies to achieve
a better therapeutic effect than what could be achieved with a single therapy alone. The rationale behind combination
therapy is that different drugs or therapies may have different mechanisms of action or targets, and when used together,
they can complement each other’s effects, enhance efficacy, and reduce side effects.'”’ Combination therapy is used in
cases where the infection is particularly severe or resistant to a single antibiotic treatment. In some cases, like MRSA
infection combining different antibiotics can be more effective against drug-resistant bacteria than using a single
antibiotic. This approach can help overcome resistance mechanisms and improve treatment outcomes. The choice of
empirical antibiotic therapy for MRSA infections depends on a number of factors, including the patient’s profile, drug
availability, side effect profile, disease type, and local patterns of S. aureus resistance. With other resistance profile
screened, alternative antibiotics such as vancomycin, daptomycin, linezolid, and ceftaroline are used to treat MRSA
infections.'®> For MRSA infections, Vancomycin is the primary antibiotic used. Vancomycin and other glycopeptides are
frequently the antibiotics of choice for treating MRSA infections in various parts of the world.'”> Vancomycin is often
considered the drug of choice for severe MRSA infections. It works by inhibiting bacterial cell wall synthesis. However,
in some cases, MRSA strains may develop resistance to vancomycin, leading to treatment failure.

In some cases, linezolid or daptomycin may be used as an alternative or in combination with vancomycin.'®*
However, the incidence of vancomycin intermediate S. aureus (VISA), which is less susceptible to vancomycin than
other strains, and vancomycin resistant S. aureus (VRSA), which is resistant to vancomycin, is making the treatment
ineffective.'®® Linezolid works by inhibiting bacterial protein synthesis. It is effective against MRSA and is often used as
an alternative to vancomycin, especially in cases where vancomycin resistance is a concern.'®®

Commonly used combination therapies used to treat MRSA infections include Beta-lactam antibiotics plus aminoglycosides,
a combination often used to treat serious MRSA infections such as endocarditis or sepsis. Combination of vancomycin and
rifampin or gentamycin is used to treat methicillin-resistant S. aureus (MRSA) infections.'”” Although administration of
antibiotics is effective in treating MRSA infection, the depletion in microbiota and the emergence of drug resistance are concerns.

There is a need for novel therapeutic option to treat this important group of pathogen without perturbing the microbiota.'*

Surgical Treatment
While antibiotics are commonly used to treat MRSA infections, surgical intervention may also be necessary in certain cases. In
some cases, staph infections can involve deep tissue or bone, making it difficult for antibiotics to reach the site of infection.
In such cases, surgical debridement (removal of infected tissue) is being implemented to control the infection.
Furthermore, surgical management was found to be particularly beneficial in cases of recurrent or persistent MRSA
infections. By removing the source of infection, surgical interventions helped break the cycle of reinfection and
contributed to long-term resolution.'®
MRSA infections can sometimes lead to the formation of abscesses, which are collections of pus that form in tissue. If
abscess is large or located in a sensitive area, surgical drainage may be necessary to remove the pus and prevent further spread
of infection. The infection can sometimes affect joints, causing septic arthritis. In these cases, surgery may be necessary to
drain the joint and remove any infected tissue. Sometimes infection may occur in patients with prosthetic devices, such as joint

replacements or pacemakers. In these cases, surgical removal of the device may be necessary to control the infection.''

Mitigation Strategies
One Health Approach

AMR cannot be effectively combated without an ecological strategy rooted in “One Health” idea.''' The aim of one
health is obtaining suitable outcomes for health recognizing the interdependence between animal, people and the
environment they share (Figure 2). Human population growth and spread into new locations puts people in close contact
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Figure 2 Schematic representation of AMR mitigation under one health perspective, and alternative therapeutic approaches to combat AMR.

with both domestic and wild animals. Land use and climate change disrupt habitats, which creates new possibilities for
disease transmission. There are numerous instances where family members of farmer have the same AMR bacteria as
their livestock. Resistant bacteria can be common in livestock. Veterinarians who treat livestock are also susceptible to
carrying antimicrobial resistant bacteria, the pathogen might then continue to spread in the community.''* Every animal
has bacteria living on their bodies. Antibiotics are frequently used in animal farms to promote growth as well as to treat
and prevent infections. Once antibiotic-resistant bacteria have colonized the farm animals, they may then spread to other
animals. It is more likely that the bacteria could be introduced to the meat processing or slaughter. Animal manure can
contaminate crops that come in contact with. Consuming bacteria-contaminated food can result in an infection.
Additionally, genes or bacterial strains that are resistant may be transmitted to the microbiota of the utilizers. The
resistant bacteria may later lead to infections, or spread to other individuals.''® Bacteria may circulate spread through
water while drinking or through other mechanisms, such as irrigation, washing, cooking utensils, or hygienic needs.
Numerous water sources, including rivers, treatment plants with sewage effluents, and drinking water sources, have been
found to contain resistant bacteria. Typhoid fever, cholera, and other bacterial diseases can spread through contaminated
water. Resistant bacteria can enter the water in several ways; the significant source is the release of untreated animal and
human waste.''* AMR is a serious issue affecting human, environmental, and animal health worldwide. Since AMR is
a complicated issue, it is essential to look at it from several perspectives to tune it in the context of the one health
concept. Sixty percent of human pathogens, on average and 75% of emerging illnesses that affect people are zoonotic.
Interactions between humans and animals are growing, which increases the danger of zoonotic infections and the
establishment of resistant pathogens. WHO recommends utilizing the One Health model to combat antibiotic resistance
that integrates health of people, animals, and the environment.''> The one health approach to the approach takes into
account that antimicrobial resistance can arise from utilization of antimicrobial substances in people, animals, and
environment they share. Strategies for limiting AMR expansion include the judicious utilization of antimicrobial agents
in human and animal health settings, improved hygiene practices, and improved animal husbandry practices.''® In order
to track MRSA and its dynamics of transmission, the One Health approach places a strong emphasis on the integration of
environmental, animal, and human surveillance systems. An integrated surveillance system can effectively identify the
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sources, transmission routes, and risk factors associated with MRSA infections in humans and animals.!'” WHO has
released new recommendations for the use of medically significant antimicrobials in animals used for food production,
urging farmers and food producers to avoid routine usage of antimicrobials to promote growth and avoid sickness in
wholesome animals. By limiting their usage in animals, this directive aids in protecting the potency of antimicrobials that
are crucial for human therapy. One health strategy would aid in the prevention of AMR through awareness campaigns,
education on proper antibiotic use, political commitment, and antimicrobial stewardship. Collaboration and communica-
tion between the veterinary, environmental, and human health sectors are prioritized in the One Health approach. This
collaboration enables the sharing of knowledge, resources, and best practices to prevent and control MRSA.'"’

Novel Therapeutic Strategies

The use of antimicrobials has paved novel way to treat infections successfully, saving the lives of countless patients and
improving their health globally. However, our capacity to treat widespread illnesses is in danger due to development and
dissemination of antimicrobial resistant pathogens.''® WHO has implicated the development and dissemination of AMR
as an international problem and the significant rise in morbidity and mortality caused by antibiotic-resistant. As AMR
increases new, novel, and powerful therapeutic and preventative measures are needed to address the challenges typically
linked with the emergence AMR.'* AMR has remained a threat to public health, of which MRSA has given the highest
priority. Due to this novel strategies like bacteriophage therapy, antimicrobial peptides, nanobiotics, combination therapy
are being utilized to combat AMR (Figure 2). These strategies offer a benefit over antibiotics in that most of them have
constrained inhibition spectra, making them effective for targeted treatment, and allow the selection of medications based
on the specific target bacteria without harming commensal bacteria, and preventing collateral harm of microbiota.'

Bacteriophage Therapy

Bacteriophages are bacteria infecting viruses. Phage therapy involves utilization of bacteriophages to infections caused
by bacteria. There are countless varieties of bacteriophages, from the environment to our guts.'® There are two types of
these viruses: lytic and lysogenic. Given their capacity to result in bacterial lysis, lytic phages have the most promise in
medicine in treating bacterial infections. Infectious disease control is seriously challenged by AMR in bacterial
pathogens. The globe is significantly seeking for new medicines. The long-considered medicinal use of bacteriophages
is supported by a large number of anecdotal stories of its efficacy. The practice of phage-based therapy is a method that
has been employed for nearly a century for the treatment of bacterial infections. Phages possess the ability to specifically
target and eliminate certain bacterial strains, including those forming biofilms."'® Biofilms are communities of bacteria
surrounded by a protective matrix they produce themselves, making them highly resistant to antibiotics and immune
responses. Phages have developed different mechanisms to penetrate and disrupt biofilms, and an important strategy
involves the production of depolymerases.'*® Using depolymerase enzymes, bacteriophages can potentially damage the
matrix outside the cells of the biofilm. Depolymerases are enzymes produced by phages that can break down the
extracellular polymeric substances (EPS) present in the biofilm matrix. EPS generally consists of polysaccharides,
proteins, and DNA, which contribute to the structural integrity and protection of the biofilm.'*' Research studies have
made advancements in identifying various phage species that show potential against Methicillin-resistant Staphylococcus
aureus (MRSA) in the context of phage therapy and biofilm eradication.'® Researchers have successfully isolated and
characterized phages that specifically target MRSA in their investigations, eg, phages like MR-10, MR-11, MR-12, and
MR-14, which have displayed effectiveness against MRSA strains in laboratory and animal models.'**'** These phages
have demonstrated their ability to selectively attack and destroy MRSA cells, leading to a reduction in their population.
A study published in “Antimicrobial Agents and Chemotherapy”, researchers assessed the efficacy of a combination of
phages, known as a phage cocktail, against MRSA biofilms.'*> The phage cocktail consisted of multiple phages that
targeted different MRSA strains. The results revealed that the phage cocktail significantly decreased the biomass of the
biofilms and disrupted their structure, thereby increasing the susceptibility of MRSA to antibiotics and facilitating
bacterial clearance, showing bacteriophages could be useful agents in curing clinical biofilm infection. Recent therapeutic
achievements in case studies using customized phage cocktails have rekindled interest in phage therapy, and numerous

. . 119,126,12
clinical trials are underway.''®-'2¢:127
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A recent case study report showed that MRSA infection has been successfully treated with phage therapy, an old man
of 72-year who has presented with persistent MRSA infection of a prosthetic joint, successfully recovered after
intravenous administration of specific phage.'*® Several phages have demonstrated efficacy in treating MRSA infection
(Table 1). Studies have shown that phage therapy’s clinical outcomes are enhanced by the immunological modulation that
the phage itself causes. PhiMRO0O03 is a MRSA phage, showing significant virulent effect and a broad spectra to clinical
isolates of MRSA in vitro. Wounds infected with MRSA strains treated with phiMR003 showed a decrease in number of
bacteria, a decrease in inflammation, and a quicker rate of wound healing.'?’ Patients typically receive a variety of
phages (a “cocktail”) that attack bacteria in various ways. Phage cocktail NOV012, prepared from two highly character-
ized staphylococcus aureus phages (phage P68 and K710) appears safe to use for extended periods to treat sinuses and it
could infect and lyse a wide range of S. aureus including MRSA. Long-term administration of NOVO12, locally applied
to the frontal sinus twice a day for 20 days was regarded as safe, without inducing inflammatory responses or tissue
damage with sinus mucosa. NOVO12 is the most promising products, a phage cocktail, administered as a form of gel for
topical treatment of MRSA.'*°

Bacteria have evolved phage resistance via a variety of mechanistic methods which function throughout the entire
phage life cycle to endure the ongoing phage effect. The “innate” defense mechanisms employed by bacteria against
phage predation include preventing adhesion of the phage to the surface receptors of the bacteria (receptors hiding or
mutation); preventing phage genome incorporation, Restriction-Modification mediated degradation of phage genome, and
utilizing the abortive infection systems. The other system, known as Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) works by incorporating short viral sequences into CRISPR locus of the bacterium to provide
sequence-specific adaptive immunity. Consequently, the bacteria are able to identify and clear infections. Phage
resistance emerges once per 10’ host cells which is tenfold lower than that of antibiotics.'**'*> When using phage
therapy, particularly to treat MRSA, phage resistance is a crucial factor to take into account. Phage-resistant bacteria,
such as MRSA, can evolve defense mechanisms against phage infection, which reduces the efficacy of phage-based
therapies.'*® Studies on MRSA have revealed phage resistance. For example, a study published in the journal “Frontiers
in Microbiology” examined the evolution of phage resistance in MRSA strains.'>” The researchers looked at the genetic
changes that occurred in MRSA when it developed resistance to specific phages. They found that certain genes involved
in the phage infection process had phage receptor mutations that promoted resistance. Another investigation into the
frequency of phage resistance in clinical isolates of MRSA showed bacteriophage resistance. The investigators examined
a set of MRSA strains and evaluated each one’s susceptibility to a range of phages. They discovered differences in the
MRSA strains’ susceptibilities to various phages, suggesting the existence of phage resistance.'*

Studies have shown that phage resistance can be overcome using phage cocktail or, substituting with other phage.
Clinical trial conducted using bacteriophage to treat a patient presented with Netherton syndrome (NS), chronic MRSA
skin infection and allergy to multiple groups of antibiotics, found to be effective. By the 7th day of treatment with
Pyophage cocktail and Sb-1 phage topically and orally, the infiltrated, hyperemic areas became smaller, the thickness of
the yellowish film layer reduced, and mobility improved in the joints and areas of normal skin began to appear. No

Table | Summary of Successful Phage Therapy Case Reports Against MRSA

Patient’s Phage Isolate Type of Infection Route of Outcome Ref

Sex; Age Administration

Female; 61 SaWIQO0456AQ | Refractory MRSA chronic IV and intranasal Clearance of infection and return to [131]
rhinosinusitis health, negative culture

Male; 72 phiMR003 Prosthetic joint MRSA Wound site Decrease in inflammation, and a faster [128]
infection rate of wound closure

Female; 80 1493 and 1815 Prosthetic joint MRSA Local injection Eradication of biofilm [132]
infection

Female; 30 676/F, A3/R, and A5/80 | Intestinal Oral Eradication of bacteria [133]
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allergic reactions toward the phage preparations were seen. This study also showed that phage resistance can be usually
overcome by substituting another phage preparation.'*®

Recent research on animals indicates that mutations in bacteria that increase resistance to phage may have fitness
expenses for the bacteria, which might be helpful to the host. In certain situations, the changes made to the bacteria that
encourage phage resistance also make them more susceptible to antibiotics, which increase their effectiveness when used
in conjunction with the antibiotics to enhance efficacy.'**'**'*® The bacteria may cost for mutations that give them
resistance to phages, which could impair their general fitness or capacity to tolerate other stresses. These mutations may
change the metabolism or physiology of the bacteria, unintentionally increasing their susceptibility to antibiotics. Stated
differently, the modifications that confer resistance against phages could potentially compromise the bacteria’s ability to
fend off antibiotics.'*® Phage resistance-related mutations may affect the bacterial cell surface receptors or other
biological elements that phages use to enter and multiply within their host. These changes may also have an effect on
how antibiotics interact with their targets, which could make the bacteria more susceptible to certain antibiotics.'*' Phage
resistance mechanisms in MRSA may affect the expression or functionality of efflux pumps, which are responsible for
removing antibiotics from bacterial cells. Changes in the efflux pump activity may inadvertently impact the efficacy of
antibiotics, thereby the bacteria’s susceptibility to them.'?

Similarly, maintaining anti-viral defense mechanisms such as CRISPR-Cas adaptive immunity and DNA restriction-
modification enzymes has a cost.'*'4?

A variety of different phages are required to provide patients with adequate therapeutic options for a variety of
infectious diseases. Even though there is no proof that phage particles directly cause toxicity, it found important to
research the interaction of phage with mammalian cells. To prevent adverse host reactions, this necessitates that
preparations of phages to be free of bacteria, toxins, and other substances. The best methods for identifying bacter-
iophages continue to be electron microscopy. Bacteriophage genome sequencing is necessary to confirm their lifestyle
and to gain a more comprehensive understanding of their biology. Whole-genome sequencing will make it possible to

comprehend the role of phage-encoded proteins and biomolecules involved in the lysis and death of bacterial cells.'*

Antimicrobial Peptides

Antimicrobial peptides are gene-encoded polypeptide sequences which are important components of immune response of
most organisms. AMPs are small-sized proteins having role in host immunological defense in most living organisms.
Scientists trying to solve the issue of AMR have long been interested in the antibacterial capabilities of AMPs seen
in vitro settings. AMPs contain positively charged short chains of amino acids (of 10 t0 50 aa), they are amphiphilic,
these properties make them easily adhere to and pierce the bacterial membrane bilayer by “toroidal-pores”, “barrel-
staves”, and “carpets”, which cause intracellular leaking.'** AMPs exhibit broad-spectrum activity against multidrug-
resistant (MDR) bacteria and can also break down bacterial biofilms. While AMPs primarily target the cell membrane,
they can also interfere with protein folding, break down bacterial cell walls, and stop enzyme activity. Because antibiotic-
resistant bacteria have been growing steadily, antibiotics are gradually losing their effectiveness. Because of this, it is
imperative to create novel therapeutic strategies to combat MDR bacteria; one such strategy is the use of AMP as an
alternative to traditional antibiotics.'"*> It has been demonstrated that antimicrobial peptides (AMPs) have strong
antimicrobial activity against MRSA. Bacterial cell membranes with a negative charge attract catalytic peptides, or
AMPs. They interfere with the bacterial cell’s lipid bilayer, causing instability and disruption. The integrity of the
bacterial cell membrane may be compromised by the insertion of AMPs due to pore formation or membrane thinning.'*®
Once they are inserted into the bacterial cell membrane, AMPs can interfere with ion homeostasis. They have the ability
to create pores or channels that let ions like calcium and potassium enter the bacterial cell. This imbalance in ions can
cause cell death by interfering with essential cellular functions.'*” AMPs may increase the permeability of the bacterial
cell membrane, allowing cell contents to leak out. This includes essential substances such as nucleotides, amino acids,
and ATP (adenosine triphosphate). The absence of these necessary components further impairs the viability and function
of bacterial cells.'"*® Certain AMPs have the ability to target intracellular components by penetrating the bacterial cell
membrane. Through their interactions with intracellular proteins, RNA, or DNA, they can impair bacterial growth and
replication and interfere with vital cellular functions, for instance LL-37."* AMPs have the ability to directly combat
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microbes while also influencing the immune system. They have the ability to trigger the release of immune mediators
such as chemokines and cytokines, which in turn can enhance the recruitment of immune cells to the infection site and
incite an inflammatory response. By doing so, the infection may be eradicated and the host’s immune system may be
strengthened to combat MRSA.'*°

Studies have shown that the bactericidal action of antimicrobial peptides is by increasing permeability of membrane,
creation of asymmetry in membrane lipids, and causing the loss of vital metabolites and other components of the cell, all
of which result in death. The peptide can also kill the bacteria by preventing the synthesis of proteins, nucleic acids, and

other crucial proteins that have crucial role in the formation of cell wall.'”!

Antimicrobial peptides have been utilized to
treat wound MRSA infection (Table 2). AMPs can be applied topically to the site of the wound. They can be combined to
create dressings, ointments, gels, or creams that are applied directly to the contaminated area. Through this targeted
application, the AMPs can directly engage in antimicrobial activity and promote wound healing with the MRSA bacteria

that are present in the wound.'*

Apart from their antimicrobial properties, AMPs have also been demonstrated to have
immunomodulatory and wound-healing characteristics.'>® AMPs, when used in conjunction with standard antibiotics,
can enhance the management of MRSA-infection. The synergistic effects of AMPs and antibiotics can help overcome
antibiotic resistance and increase overall treatment efficacy. Combination therapy can eradicate MRSA bacteria, slow-
down the spread of new infections, and quicken the healing process of wounds.'>* Researchers have also looked at
creating bioengineered AMPs with enhanced stability and antimicrobial activity. These modified AMPs may be more
effective against drug-resistant bacteria like MRSA. The characteristics of AMPs, such as their increased stability,

toxicity reduction, and specific targeting to MRSA, can be enhanced by the application of bioengineering techniques.'>’

Live Bio-Therapeutics

Live bio-therapeutics is administration of beneficial, nonpathogenic bacteria to out compete pathogenic bacteria and aid
in their clearance. Understanding and appreciating the value of human microflora has contributed to the rise in the use of
probiotic supplements.'> Probiotics are crucial bacteria having significant importance to the host, form a symbiotic
relationship with the host and when properly ingested.'® Enhanced epithelial barrier, enhanced intestinal mucosal
adhesion, inhibition of microbial attachment and competition in the elimination of pathogenic microorganisms, the
generation of antimicrobial agents, and modulation of the immune response are among the main mechanisms by which
probiotics work. When the host receives antimicrobial therapy, the microflora gets disrupted, which favors selection of
drug-resistant pathogenic bacterial strains like MRSA. In animal studies, probiotics have been shown to modify the gut
microbiota, decrease the number of genes that lead to antibiotic resistance, and increase the efficacy of antibiotic
treatment. Research has indicated that certain probiotic strains have the ability to inhibit the growth and adhesion of
antibiotic-resistant pathogens, such as MRSA.'®' Suggesting probiotics may be useful in reducing the emergence of
antibiotic resistance. Probiotics can help maintain a healthy microbial balance and minimize the need for antibiotics by
using a variety of mechanisms, including immunomodulation, gut microbiota modulation, production of antimicrobial

substances, and competitive exclusion.'®*

Table 2 Summary of Effective AMPS Against MRSA

AMPs Origin Amino Acid Sequence Mechanism of Action on MRSA Ref.
Cathelicidin | Human derived LLGDFFRKSKEK- Affect quorum detection and gene expression in biofilms to [156]
LL-37 Cathelicidin AMPs IGKEFKRIVQRIK- stop growth
DFLRNLVPRTES
Citropinl.| Litoria citropa GLFDVIKKVASVIGGL-NH2 | Efficient against MRSA. Found to have MIC of 16 g/mL against | [I157]
isolate deep wound, cutaneous lesion MRSA isolate
Temporin A | Rana temporaria isolate FLPLIGRVLSGIL-NH2 Significantly affected both MRSA and MSSA. Exhibita MIC of 4 | [158]
(from skin secretion) g/mL against MRSA of surgical wound isolate
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The probiotics will aid in reestablishing the microflora that has been disturbed, thereby reducing the likelihood of the
emergence of resistant variants. Probiotic organisms’ have capacity to inhibit the binding of pathogens to host receptors,
the production of antimicrobial substances, improve host immune surveillance, and trigger inflammatory responses.'®®
Lactobacillus species, Enterococcus species, Bacillus species, Streptomyces species, Saccharomyces cerevisiae,
Corynebacterium accolens, and Lactococcus lactis derived Nisin are among the substances used as probiotics.'®*
Numerous studies have demonstrated a synergistic effect between probiotics and antimicrobial-based therapy in treating
of bacterial and fungal infections.'®* S. aureus’s ability to form biofilms could result in a further issue with its phenotype
of antibiotic resistance, which could lead to serious and persistent infections as of MRSA. To stop and damage pathogens
that are associated with biofilms, efficient antibiofilm agents are needed. Probiotics found to be effective in preventing
pathogen biofilm from forming as well as their colonization, and competing for nutrients, demonstrating great role in
combating the infection.® Use of probiotics reduces AMR genes carried by hospital surface microbiota. A study revealed
that the use of probiotic-based hospital sanitization reduce the frequency of AMR genes carried by hospital surface

microbiota by up to 99%.'®

Nanobiotics

Nanobiotics are nanomaterials that exhibit antibacterial activity or boost the effectiveness of existing antibiotics.'?
Nanobiotics have various applications like implantable medical device coatings. NPs are being utilized used as
antibacterial agents.'®® Application of nanobiotics in fighting AMR pathogens like MRSA is the emerging paradigm
that demonstrates the difficulties that human faced from infections caused by AMR bacteria. Nanobiotics can kill bacteria
using a variety of mechanisms.'®” Nanobiotics are nanomaterials that exhibit antibacterial activity or boost the effec-
tiveness of existing antibiotics. Since nanoparticles may specifically target a single bacterial cell, they can boost an
antimicrobial agent’s potency and prevent the emergence of resistance to it. Some nanoparticles act as antibiotics on their
own. There are several nanoparticles that can be used to treat bacterial infection, Silver nanoparticles (Ag NPs) and zinc
oxide nanoparticles (ZnO NPs), and gold nanoparticles (Au NPs). Silver nanoparticles (Ag NP) have the most effective

antibacterial activity of all nanobiotics.'®®'®

Silver Nano Particles (AgNPs)

Silver nanoparticles are particles of silver produced by nanotechnology with a size between 1 and 100 nm. Since they are
nanosized, they have far greater surface area to volume ratios, which considerably improves their broad-spectrum
antibacterial activities.'”® AgNPs are used in many different areas because of their special magnetic, optical, electrical,
and antibacterial qualities. Silver nanoparticles are becoming more and more popular as a result of their diverse modes of
action on bacteria. Including direct AgNPs attachment to the cell wall and changing membrane’s structural integrity.
AgNPs then penetrate the bacterial cell and cause more damage until the bacterial cell is unable to carry out essential
cellular functions (Table 3). The bacterium will be affected by oxidative attack caused by AgNPs’ ability to generate Free
radicals and reactive oxygen species. Another mechanism of action is through changing essential signaling transduction,
required for bacterial replication.'”''”*> AMPs and silver nanoparticles are becoming alternative treatments for MRSA
infection. Both substances have wide-ranging characteristics that make them good candidates for combating MRSA.

Table 3 AgNPs’ Antibacterial Action on MRSA

Properties of the Silver Mechanism of Action Ref.
Nanoparticles’

Spherical AgNPs with size range | AgNPs displays a 1.2 mg/mL MIC. Reactive oxygen species accumulating disrupt the MRSA membrane | [175]
of 4.5 to 26 nm and caused cell death.

Spherical AgNPs with size range | At a MIC of 8 g/mL, MRSA growth is inhibited, and AgNPs cause a buildup of reactive oxygen species | [176]
of 16-18 nm that causes MRSA to suffer oxidative damage.

Spheric AgNPs (5-10 nm) Inhibit MRSA growth at between | 1.25 and 45 pg/mL MIC value, dislodge the biofilm formed by MRSA | [177]

once observed under a scanning electron microscope.
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Although each agent has the ability to have independent antimicrobial effects, combining them can have a higher

antimicrobial effect due to their synergistic and complimentary effects.'”*

Opinion and Future Perspectives

The global challenges posed by antimicrobial resistance (AMR) are extensive and multifaceted. In order to successfully
stop the spread of these infections, it becomes crucial to possess a thorough understanding of the underlying molecular
mechanisms in the development of AMR. Without viable alternatives to existing antibiotics, we are facing a future where
the consequences of AMR could be devastating.”> We must actively seek out alternative treatments or be prepared to
witness once curable illnesses leading to preventable fatalities. Excessive antimicrobial utilization in both medical and
agricultural settings has contributed to the increasing levels of antibiotics in the environment, causing a range of
consequences on microbial ecosystems. Consequently, antibiotic resistance is spreading rapidly worldwide, posing
a significant threat to healthcare.

Embracing novel approaches like bacteriophages, probiotics, immunotherapy, nanobiotics, and AMPs, in combination
with judicious use of antibiotics, holds promise in controlling antimicrobial resistant and securing a better future for
global public health. Understanding the molecular mechanisms of AMR development, including the incorporation of
transposable genetic elements and their contribution to the emergence of novel antibiotic-resistant genes, is crucial to
comprehending the spread of AMR pathogens, including notorious bacteria like MRSA. Promising approaches, such as
the use of bacteriophages and the inhibition of bacterial biofilms, have shown potential in combating MRSA. However, it
is imperative to conduct further research to develop novel approach and gain increased knowledge of the molecular
mechanisms that leads to AMR development to effectively control the spread of this dangerous pathogen.

Understanding the molecular mechanisms underlying AMR, implementing a One Health approach, and exploring
novel therapeutic strategies are key to combatting this crisis. By investing in research, optimizing alternative treatments,
and fostering interdisciplinary collaborations, we can pave the way for a future where AMR is effectively controlled, and
global public health is safeguarded.

Conclusion

The challenges of antimicrobial resistance (AMR) are vast and complex. To combat the dissemination of these infections,
knowing the molecular mechanisms driving AMR development is essential. Without viable alternatives to current
antibiotics, estimates indicate that by 2050, AMR could lead to cost of hundred trillion USD globally and result
10 million annually deaths.”? The message is clear: we must seek alternative treatments or face a future where once
curable illnesses become preventable fatalities. The increasing levels of antibiotics in the environment, driven by medical
and agricultural demand, have severe consequences on microbial ecosystems, rapidly spreading antibiotic resistance
worldwide and posing a genuine threat to healthcare.

To mitigate the threats to health of people, animals, and the environment, a coordinated and interdisciplinary strategy
like one health is judged to be mandatory.'”® Employing novel strategies like bacteriophages, probiotics, immunotherapy,
nanobiotics, and antimicrobial peptides, alongside responsible antibiotic use, could effectively control the spread of
AMR-causing bacteria and ensure a better future for global public health. Understanding the molecular mechanisms of
AMR development is key in combating antimicrobial-resistant bacteria, including MRSA. Promising strategies, such as
bacteriophages and biofilm inhibition, have shown potential against MRSA. However, further research is needed to
develop more effective strategies and deepen our understanding of AMR’s molecular mechanisms to control its
dangerous spread.

While numerous novel therapeutic strategies have been described, only a few have progressed to advanced clinical
trials. Addressing challenges like stability, extraction costs, and cytotoxicity is crucial before employing these alternative
therapeutics in medical settings. Nevertheless, increased research efforts are expected to yield effective antibacterial
alternatives capable of treating life-threatening infections. Overall, combating AMR requires understanding, interdisci-

plinary collaboration, and optimized strategies.
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