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INTRODUCTION 

 

Staphylococcus (S.) aureus is considered a bacterium of utmost 

importance regarding both animal and human health concerns. 

The genus consists of 81 species and subspecies in which the 

majority of the species are mammalian commensals or 

opportunistic pathogens that establish in habitats like skin, 

nares, and various mucosal membranes of the target host (Haag 

et al. 2019). Several species are having significant medical and 

veterinary importance e.g., S. aureus is considered the most 

pervasive and significant pathogen on the human and animal 

side. It involves a wide range of conditions in human and animal 

health ranging from mild infections to lethal disease 

manifestations which can lead to life-threatening conditions 

(Leonard and Markey 2008). The pathogenic properties like 

phagocytic evasion, biofilm formation, and the development of 

antibiotic avoidance, shield the bacteria from degradation and 

evolve to be a pathogen of worry around the globe (Monistero 

et al. 2018). 

Antibiotic resistance, being an emerging global public health 

concern, has become one of the biggest challenges of the 21st 

century (Roca et al. 2015). The emergence of antibiotic 

resistance and the spread of antimicrobial-resistant pathogens 

can be anticipated by a proper understanding of evolutionary 

events responsible for the development of antimicrobial 

resistance. S. aureus exhibits resistance to antibiotics by mecA 

and blaZ gene responsible for encoding penicillin-binding 

protein 2a (PBP2a) (Aires-de-Sousa 2017). As beta-lactams are 

the most commonly used antibiotics in field conditions so it is 

necessary to understand the molecular mechanisms of 

resistance to these antibiotics (Alves et al. 2020). This 

mechanistic knowledge, along with structural information will 

help plan control strategies to reduce the clinical problem 

caused by MRSA. Continued and multidimensional efforts by 

the Antimicrobial Stewardship Program are urgently needed to 

promote the rational use of antimicrobials, infection 

prevention, and containment of antimicrobial resistance (Rice 

2012).  

 

Staphylococcus aureus: A prevalent pathogen of human 

and veterinary significance 

 

S. aureus is considered a contagious pathogen that can be 

transferred between animals and humans posing a serious 

public health threat. Besides research on staphylococcal 

pathogenesis in humans, S. aureus is considered a major cause 

of infection and sickness in a variety of animal species, 

resulting in important public health and agricultural 

consequences (Peton and Le Loir 2014). The resistive action 

of S. aureus against antibiotics facilitates the establishment of 

persistent and recurring infections and made the treatment 

strategies ineffective. The dearth of remedies against this 

pathogen along with the lavish use of beta-lactam antibiotics 

has given rise to resistance against S. aureus strains (Gao et 

al. 2012). Methicillin-resistant Staphylococcus aureus (MRSA) 

strain is an important drug-tolerant microorganism with 

higher genetic capabilities having the characteristic of evading 

host immune response (Brady et al. 2011). Studies have 

proved MRSA is a zoonotic bacteria that can transfer from 

infected bovine milk and the environment to the people who 

are taking care of animals but also those who are consuming 

milk and milk products, animal handlers, and veterinarians 

are also at risk to get MRSA infection (Juhász-Kaszanyitzky 

et al. 2007). 

In humans, MRSA has long been thought to be a healthcare-

associated pathogen, with known risk factors for nosocomial 

infection including protracted antibiotic treatment, surgical 

intervention, delayed recovery, treatment in an ICU, and 

close contact with other MRSA-infected or colonized persons 

(Devriese et al. 2005). In S. aureus infection, the frontal nares 

can be thought of as a natural ecological niche in infected 

persons. In nasal carriers, S. aureus also inhabits the skin 

occasionally and the transmission is thought to occur mostly 

via hands. In humans, the first report on MRSA was published 

in the United Kingdom in 1961, followed by reports in Europe 

in 1965, Australia in 1966, the United States in 1968, and Asia 

in the 1970s. However, recent studies have also shown that 

MRSA from livestock sources which are known as livestock-

associated MRSA (LA MRSA) can also colonize associated 

occupational workers in the vicinity of animals (Rinsky et al. 

2013). 

In animals, S. aureus can be a cause of wide range of infections 

which may include skin and soft tissue infections, joints, bones, 

implant infections, pneumonia, septicemia, and mastitis. It may 

produce systemic disease in animals, but it is considered a 

major cause of bovine mastitis (Holmes and Zadoks 2011). 

Even the first isolation of MRSA from animals was found in the 

milk of  mastitic  cows (Devriese and Hommez 1975). Mastitis 
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in bovines caused by S. aureus is the most prevalent, accounting 

for 30-40% of all mastitis cases and 80% of subclinical bovine 

mastitis. The ever-increasing prevalence of antimicrobial-

resistant strains of S. aureus proved a significant constraint in 

developing a dairy industry globally (Fey and Olson 2010). 

Infected udders and teat skin are the principal reservoirs in a 

dairy herd. Infected cows can shed bacteria through their milk, 

and MRSA mostly spread from udder to udder during milking 

due to contaminated milking machines, farmer's hands, or 

contaminated bedding (Sakwinska et al. 2011).  

The rise in the global incidence of virulent and multidrug-

resistant S. aureus strains poses a new threat to the dairy 

business, necessitating more concern to address the problem 

(Cuny et al. 2015). Hence, the current chapter discusses the 

evolution of resistance mechanisms in S. aureus with the main 

context of the beta-lactam resistance development over time. 

Moreover, different therapeutic regimes and resistance 

modulation strategies for beta-lactam resistant S. aureus using 

herbal, nanoparticles, and non-antibiotics in combination will 

be reviewed. 

 

Evolution of antimicrobial resistance mechanisms in S. 

aureus 

 

Antibiotics are widely employed in both human and veterinary 

medicine, as well as in other agricultural operations. Over the 

last several decades, greater industrial usage of these 

medications increased the number and kind of drug-resistant 

bacteria, resulting in increased public health issues in terms of 

morbidity, mortality, and treatment costs. The trend of 

resistance, which began in hospitals and subsequently expanded 

to the general population and livestock, is now well-established 

and repeats itself with each new wave of antimicrobial 

resistance (Chambers 2001).  

In the laboratory, bacterial mutants may be produced 

spontaneously at a rate of 106 to 108 per cell. Therefore, when 

first antibiotic resistance appeared in natural populations, it was 

presumed that selection and mutation had developed these 

resistant species (Bitrus et al. 2018). However, once extra-

chromosomal DNA elements and horizontal genes transfer 

(HGT) was discovered, gene mutation was gradually limited to 

a secondary role in the development of antibiotic-resistant 

bacteria. It is now known that the acquisition of distinct genetic 

'accessory' elements such as transposable genetic elements, 

plasmids, and genomic islands drives staphylococci resistance to 

various antimicrobial drugs. These elements include pre-

formed antimicrobial resistance genes and are passed down 

through generations of bacteria by horizontal gene transfer 

across related strains and even between different genera and 

species. 

In S. aureus, the classical microbial HGT pathways including 

transduction, transformation, and conjugation have been 

established. Although, there is a fourth mechanism that is 

responsible for the more rapid transfer of plasmid DNA is 

known as “phage-mediated conjugation”. However, it's 

unknown how much each of these pathways contributes to 

the spread of antibiotic resistance genes in the environment. 

Furthermore, the availability of restriction-modification 

systems containing enzymes that may destroy unmodified 

DNA might impact the acceptability of certain S. aureus 

strains as HGT receivers (Waldron and Lindsay 2006). 

Through the horizontal transfer of mobile genetic elements, 

this pathogen may rapidly gain and lose virulence features and 

resistance from other members of the genus Staphylococci, 

which is responsible for its worldwide growth and stability ( 

Waldron and Lindsay 2006; Bloemendaal et al. 2010; Bitrus et 

al. 2018). According to whole-genome sequencing studies, the 

S. aureus genome has two parts: 1) Stable core genome which 

consists of 75-80% of the total genome 2) Less stable mobile 

genetic elements (MGE) that include plasmids, pathogenicity 

islands, Staphylococcus cassette chromosomes, transposons, 

insertion sequence, and bacteriophage ( Lowy 2003; Holden et 

al. 2004). With the help of a horizontal transfer, lineage-specific 

MGEs in S. aureus easily integrate, recombine, and move in and 

out of the genome (Lindsay 2014). They encode a diverse set 

of virulence and resistance genes, as well as immune evasion 

genes, allowing MRSA to adapt and form new, pathogenic, and 

highly resistant clones (Bitrus et al. 2018). Methicillin was the 

first semisynthetic penicillinase-resistant penicillin, being 

introduced in 1961. The acquisition of the mecA gene, which 

encodes the penicillin-binding protein 2a (PBP2a), a slightly 

different PBP with a poor affinity for beta-lactam antibiotics was 

the cause of such a novel resistance. The blaZ gene, which 

codes for beta-lactamase enzymes, is involved in penicillin 

resistance (Deurenberg et al. 2007). Beta-lactamase is an 

extracellular enzyme that is produced in response to beta 

lactam antibiotics. It decreases penicillin therapeutic action by 

hydrolyzing the beta lactam ring (Lowy 2003). 

 

Beta-lactam resistance: Mechanisms and impact 

 

The development of resistance by S. aureus against various 

antibiotics has led to the fact that even minor infections and 

injuries can prove fatal for the life of host (Miragaia 2018). The 

resistance development in pathogens can be better understood 

by keeping methicillin-resistant S. aureus as a model because of 

the gradual development of resistance against methicillin in S. 

aureus and the abundance of published literature on MRSA, a 

global health hazard of public and animal origin (Lindsay 2013; 

Otto 2013).  

The most important antibiotics that have become resistant to 

S. aureus infections belong to the beta-lactam group. Beta-

lactam antibiotics including penicillin are the most commonly 

used in human and veterinary practice (Lowy 2003). These 

antibiotics are highly efficacious drugs with the least toxicity 

issues which is the reason for their abundant usage (Shahid et 

al. 2009). These antibiotics are bactericidal and inhibit the 

synthesis of the cell walls in gram-positive bacteria like S. aureus 

(Rice 2012). The synthesis of the S. aureus cell wall is mainly 

comprised of transglycosylation, in which the glycan strand 

elongation occurs, and transpeptidation in which cross-linking 

occurs between stem peptides of different glycan strands 

(Macheboeuf et al. 2006). The resultant major structural 

constituent of the cell wall, peptidoglycan, comprises glycan 

strands that are composed of N-acetylglucosamine and N-

acetylmuramic acid disaccharides linked by peptide cross-links 

between N-acetylmuramic acid moieties on adjacent strands 

(Holden et al. 2004). Both reactions i.e. transglycosylation and 

transpeptidation included in the polymerization of 

peptidoglycan are mainly mediated by a protein named, 

Penicillin-binding protein (PBP) (Giesbrecht et al. 1998). Beta-

lactam antibiotics are known to target PBP which is an essential 

constituent to synthesize peptidoglycan of the cell wall. The 

inactivation of penicillin-binding protein after attachment with 

beta-lactams causes the inhibition of peptidoglycan synthesis by 

blocking transpeptidation which will ultimately stop the cell 
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wall synthesis and cell growth usually resulting in cell death 

(Tang et al. 2014). 
 

Beta-lactam resistance associated with beta-lactamase 

enzyme production 

 

The resistance against beta-lactam antibiotics has emerged 

over time which is just because of continuous exposure of 

Staphylococci to these antibiotics in different forms. The 

tremendous use of these antibiotics as food additives or 

supplements in the feed of farm animals, the routine clinical use 

of this antibiotic group in dealing with the bacterial infections 

of animals and humans, and the co-existence of Staphylococci 

with penicillin producing fungi in the soil are considered major 

driving forces for continuous exposure of the bacteria with the 

beta-lactam antibiotics and ultimately the emergence of beta-

lactam resistance in Staphylococci (Westh et al. 2004; Castanon 

2007). The beta-lactam resistance in S. aureus can be possibly 

due to three different mechanisms. The first mechanism is the 

use of the beta-lactamase enzyme to hydrolyze the beta-lactam 

ring of these antibiotics to make them ineffective. The other 

possible mechanisms include the decreased reach of beta-

lactams to penicillin-binding proteins or the development of 

intrinsic resistance both in beta-lactamase resistant and 

sensitive S. aureus by reducing the binding affinity of these 

antibiotics with PBPs (Rice 2012).  

The blaZ gene typically resides on a large transposon on a 

plasmid and is responsible for the production of the beta-

lactamase enzyme (Lowy 2003). These enzymes are 

extracellular and are of four different types A, B, C, and D. 

These enzymes are synthesized by S. aureus on exposure to 

penicillin or other beta-lactam antibiotics that are opposite to 

the beta-lactamases produced by gram-negative bacteria which 

produce this enzyme continuously (Lyon and Skurray 1987). 

The production of this enzyme under the influence of the blaZ 

gene results in hydrolysis of beta-lactam ring making the beta-

lactam antibiotics ineffective against S. aureus (Rice 2012). The 

blaZ gene is controlled by two adjacent regulatory genes 

including repressor BlaI and antirepressor BlaR1 genes (Lowy 

2003). The current studies revealed that the cleavage of 

regulatory proteins BlaR1 followed by the cleavage of BlaI on 

exposure of bacteria to beta-lactam antibiotics is necessary for 

the production of the β-lactamase enzyme. In presence of beta-

lactams, BlaR1, a transmembrane sensor-transducer, cleaves 

itself (Gregory et al. 1997) and is thought to cleave the 

repressor BlaI either directly or indirectly and permits the blaZ 

gene to synthesize beta-lactamase enzyme (Fig 1) (Lowy 2003). 

This enzyme has higher efficacy to hydrolyze the beta-lactam 

ring of ampicillin and penicillin-G while the efficacy against 

semisynthetic penicillins like oxacillin and methicillin is poor 

(Lyon and Skurray 1987). The beta-lactamase associated beta-

lactam resistance has emerged in over 90% of S. aureus isolates 

of human origin (Lowy 2003).  

 

Beta-lactam resistance associated with the formation 

of PBP2a protein 

 

To lessen the health hazards caused by beta-lactamase 

producing S. aureus, semi-synthetic penicillin named methicillin 

was used effectively but in the same year, in 1961, the 

resistance against methicillin was documented in S. aureus 

isolates. It was hypothesized that continuous exposure of 

bacteria to methicillin has resulted in the development of 

resistance (Leonard and Markey 2008). The methicillin 

resistance is acquired by the acquisition of the mecA gene by S. 

aureus (Chambers 2001) which is responsible for the 

production of PBP2a (Penicillin-binding protein 2a) (Hartman 

and Tomasz 1984; Song et al. 1987). The gene is a part of a 

large mobile genetic element named Staphylococcal 

chromosomal cassette mec (SCCmec) (Itou et al. 2000). Upon 

exposure to beta-lactam antibiotics, just like the regulation of 

blaZ gene, the response of mecA gene is also regulated by two 

regulatory genes, mecI and mecR1. In the presence of beta-

lactam antibiotics, mecR1 induces synthesis and inactivates the 

MecI that will allow the PBP2a synthesis (Lowy 2003). Unlike 

the PBP, the active sites of protein PBP2a prevent binding of all 

beta-lactams and thus exhibit low affinity for these antibiotics. 

This protein will allow the transpeptidation process to proceed 

and help bacteria to survive even in high concentrations of 

beta-lactam antibiotics (Lowy 2003). MRSA responds to 

antibacterial agents in a much poorer way compared to 

methicillin-sensitive S. aureus (Hurley et al. 2003). 

 

Current therapeutic regimes used against S. aureus 

infections  

 

Multidrug-resistant strains are becoming more common, and 

they are becoming a primary source of illness and mortality. As 

a result, creative approaches to combat multidrug-resistant 

organisms are critical. Endolysins, which are produced from 

bacteriophages and other peptidoglycan hydrolyses with the 

capacity to rupture cell walls, might be used as an alternative 

to antibiotics. These lytic enzymes have a high level of host 

specificity and might replace or complement antibiotics in the 

treatment of infections caused by Gram-positive drug-resistant 

bacterial pathogens like methicillin-resistant S. aureus (MRSA). 

LysK is a well-studied endolysin that has an action against a 

variety of staphylococcal species (Ajuebor et al. 2016; Hosseini 

et al. 2016; Schmelcher and Loessner 2016). 

Initially, penicillin was considered efficacious for treating S. 

aureus infections; however, penicillin resistance is commonly 

prevalent in most countries of the world (Levy and Bonnie 

2004). Other-lactam antibiotics, such as penicillins, 

cephalosporins, carbapenems, and monobactams, have also 

become resistant to methicillin-resistant S. aureus strains 

(Rayner and Munckhof 2005). In the United States before the 

development of CA MRSA infection, infections caused by S. 

aureus were regularly cured with oral antistaphylococcal 

penicillins, like dicloxacillin, or cephalosporins, such as 

cefadroxil or cephalexin (Stevens et al. 2005).  

Daptomycin is a new lipoglycopeptide antibiotic that is rapidly 

effective against MRSA infections (Straus and Hancock 2006). 

It was recently approved for the treatment of bacteremia and 

right-sided endocarditis caused by S. aureus including MRSA 

after a study proved that daptomycin was less effective as 

compared to vancomycin for this treatment. The strains of 

MRSA with heteroresistance towards vancomycin may also 

exhibit daptomycin heteroresistance even if they have never 

been exposed to daptomycin (Pillai et al. 2007). Although the 

resistance against daptomycin has been reported in some 

clinics, the higher concentrations of this antibiotic are still 

efficacious toward S. aureus (Bayer 2013). 

Quinolones are a group of broad-spectrum antibiotics assumed 

to give promising results in treating the hospital-acquired 

infections caused by already resistant strains to some older 

antibacterial     agents     (Wafi   Siala   2014).    In    hospitals,  
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Figure 1. Mechanism of Beta-lactam resistance in S. aureus 
 

fluoroquinolones can be used as an effective antimicrobial 

against MRSA infections (Haas et al. 2009). However, 

resistance to fluoroquinolones has also been detected in S. 

aureus isolates (Redgrave et al. 2014), and this antibiotics class 

is linked with a higher risk of MRSA colonization due to which 

its use is prohibited (Tacconelli et al. 2008).  

At the moment, trimethoprim-sulfamethoxazole (TMP-SMX) 

and clindamycin are the most often used antimicrobial 

medicines for the outpatient treatment of CA MRSA infections 

in the United States while in other parts of the world 

combination of rifampin and fusidic acid is commonly used. 

TMP-SMX appears to be the agent of choice for adult therapy 

in the US, although clindamycin is also chosen by many 

pediatricians (Robert et al. 2007). From the results of in-vitro 

evidence-based recent study, the use of TMP-SMX was 

considered in favor to treat MRSA infections and it exhibited 

increased bactericidal activity than the other drugs like 

linezolid, clindamycin, rifampicin, and minocycline (Kaka et al. 

2006). 

Despite the lack of evidence that a combination medication is 

beneficial, some physicians have used a combination of rifampin 

with TMP-SMX or long-acting tetracycline regimens. During 

therapy, rifampin is usually used with fusidic acid to avoid 

mutual resistance. In clinical studies, linezolid is the only orally 

accessible antibiotic that is effective against MRSA infection. 

Pediatricians also commonly prescribe clindamycin to treat skin 

and soft-tissue infections, particularly CA-MRSA infections. 

This drug has also the potential to minimize MRSA's production 

of Panton-Valentine leukocidin and other virulence factors 

(Moellering 2008).  

Based on clinical trials, Linezolid, an antibiotic belonging to the 

oxazolidinone group is effective in the treatment of MRSA 

infections and more effective than vancomycin in treating 

complicated skin infections due to MRSA (Weigelt et al. 2004). 

Linezolid has a bioavailability of 100% and penetrates deep into 

the epithelial lining of the lungs as well as diseased skin and soft 

tissues in diabetic individuals (Leach et al. 2011; Liu et al. 2011; 

Rodvold and Mcconeghy 2014). Although linezolid resistance 

in MRSA has been identified it has not yet become a severe 

clinical problem (Tsiodras et al. 2001). It may also be 

particularly useful for serious skin infections like necrotizing 

fasciitis due to its ability to inhibit the production of toxins 

(Stevens et al. 2007). The continuous medication with linezolid 

includes reversible myelosuppression (including anemia, 

leucopenia, thrombocytopenia, and pancytopenia), therefore 

complete blood counts should be examined weekly in those 

patients who are receiving linezolid for more than 2 weeks. 

With prolonged therapy (>28 days) sometimes adverse events 

are also observed that include lactic acidosis, optic neuropathy, 

and peripheral neuropathy (Rodvold and Mcconeghy 2014).  

Based on clinical controlled trials, US Food and Drug 

Administration (FDA) has approved the following 5 anti-

infective agents like daptomycin, tigecycline, linezolid, 

ceftaroline, and telavancin for the treatment of MRSA 

infections (Nguyen and Graber 2009; Stryjewski and Corey 

2009). Vancomycin is considered the gold standard parenteral 

therapy for treating complicated MRSA infections. However, 

decreased efficacy due to rising resistance among MRSA strains 

has tainted that benchmark (Sakoulas and Moellering 2008; 

Tenover and Moellering 2007). Over the last decade, 

daptomycin and linezolid have recognized a significant role as 

first-line treatment in specific patients. Other older and newer 

agents have been limited in their usage due to a lack of clinical 

effectiveness data, medication product availability, and safety 

concerns. The present pipeline of research drugs used for the 

treatment of MRSA infections seems promising, and numerous 

new alternatives to overcome antibacterial resistance must be 

developed. 
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Figure 2: Resistance modulation strategies to combat antimicrobial 

resistance 
 

Resistance Modulation Strategies for Beta-lactam 

Resistant S. aureus 

 

Use of Nanoparticles 

 

Various chemicals and drugs other than antibiotics can be used 

to modulate resistance produced by microorganisms (Fig. 2) 

(Wei et al. 2004). Several organoselenium compounds have 

been produced and demonstrated in-vitro for their remarkable 

antibacterial properties, including 2,4,6-tri-

paramethoxyphenylselenopyrylium chloride, 9-para-

chlorophenyloctahydr oselenoxanthene, and 

perhydroselenoxanthene, which are particularly effective 

against S. aureus (Küçükbay et al. 2003; Pietka-Ottlik et al. 2008; 

Tran and Webster, 2011). Antibiotics ( Katva et al. 2018; Mazur 

et al. 2020), hydrogen peroxide (Alkawareek et al. 2019), and 

some of the other metallic nanoparticles (copper & tungsten 

carbide), all have synergistic effects with AgNPs, according to 

several investigations (Katva et al. 2018; Aqib et al. 2022; Ijaz 

et al. 2022). Moreover, the free hematoporphyrin and silver 

nanoparticles show minimal photodynamic action against 

methicillin-resistant S. aureus (MRSA). The antibacterial activity 

of hematoporphyrin is significantly increased when it is 

integrated into a silver-silica shell (Ahmadov et al. 2016; 

Bankier et al. 2019). 

In addition, some inorganic nanoparticles also exhibited great 

capability in the treatment of S. aureus infections. Because of its 

ability to stimulate bone regeneration, the β-tricalcium 

phosphate nanoparticles have undergone remarkable progress 

in the treatment of S. aureus osteomyelitis ( Chou et al. 2014; 

Uskoković and Desai 2014). The antibacterial action against 

intracellular S. aureus was significantly higher when niosomes 

loaded with ciprofloxacin were phagocytosed rather than free 

ciprofloxacin (Akbari et al. 2015).  

The smart novel nano systems having simulated invasion 

mechanisms for S. aureus which is particularly targeted at the 

intracellular S. aureus, the resistant S. aureus, and S. aureus with 

biofilm must be developed in the future by studying the 

modification mechanisms of nanoparticles at the cellular, 

molecular, and animal levels to achieve satisfactory results. To 

increase the therapeutic effects of S. aureus infectious disease, 

there is a need of producing smart nanoparticles aimed at the 

invasion process of S. aureus. Later, the erythrocyte 

membrane-coated nanogel system was discovered based on 

the characteristics of S. aureus cell membrane penetration 

(Zhou et al. 2018). When bacteria recognize certain receptors 

on the erythrocyte membrane and subsequently penetrate the 

RBC-nanogel by producing β-toxin and δ-toxin, the loaded 

antimicrobial chemicals can make use of the RBC-nanogel to 

kill S. aureus.  

Nanoparticles with reduced toxicity have recently become a 

popular option and an important component of 

nanotechnology in treatment trials. Garlic-derived 

phytochemically reduced NPs had improved bactericidal 

activity against multiple drug-resistant  S. aureusat higher doses 

(0.5, 1.0 mg/50ul). However, green manufactured NiO-NPs are 

potential activists in the fight against drug resistance as well as 

an environmentally friendly catalytic agent that might be used 

on a large scale (Haider et al. 2020). 

Inorganic minerals such as Ag, Cu, Au, ZnO, CuO, and TiO2 

have been shown to have substantial antibacterial efficiency; 

among these nanoparticles, ZnO is a promising contender due 

to its simplicity of synthesis, environmentally compatible, and 

cost-effectiveness. Therefore, green generated ZnO-NPs 

derived from Zingiber officinale root extracts could be a possible 

antibiotic replacement in advanced medicine and could help to 

resolve the global issue of drug resistance against pathogenic 

bacterial diseases as well (Haider et al. 2020). 

 

Use of Nano antibiotics 

 

Antibacterial nanomaterials on their own, or nanomaterials 

that enhance the efficacy and safety of administering antibiotics 

(Li et al. 2008; Abeylath and Turos 2008) are referred to as 

"Nano antibiotics," and their ability to overcome infections 

both in vitro and in vivo has been explored and demonstrated. 

In contrast to many antimicrobial drugs currently being used in 

the clinics, antimicrobial NPs may not have any immediate or 

acute adverse effects, and their long-term toxicity is unknown 

(Kim et al. 2007). The most important aspect is that the 

antimicrobial NPs target many biological pathways prevalent in 

a wide range of bacteria; therefore, developing resistance to 

NPs' antimicrobial activity would necessitate numerous 

concurrent changes. Furthermore, some NPs can endure 

extreme circumstances, such as sterilization at high 

temperatures, which makes the use of conventional antibiotics 

unsuccessful. There are several advantages of using 

nanoparticles to administer antibiotics: 1) regulated and rather 

uniform dispersion in the target tissue, 2) better solubility, 3) 

release in a controlled and sustained manner, 4) enhanced 

patient compliance, 5) minimal adverse reactions, and 6) 

improved cellular internalization in the target tissue (Sosnik et 

al. 2010; Mansour et al. 2009; Santos-Magalhães and Mosqueira 

2010). 

Antibacterial NPs include naturally occurring antibacterial 

chemicals, metals and metal oxides, some carbon-based 

nanomaterials, and surfactant-based nano emulsions. 

According to a recent study, naturally occurring bacteria do 

not acquire antimicrobial resistance to metal nanoparticles 

(Kędziora et al. 2020). The antimicrobial processes of 

nanomaterials include 1) the photocatalytic production of 
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reactive oxygen species (ROS) that cause damage to the 

cellular and viral constituents, 2) disruption of bacterial cell 

wall, 3) inhibition of enzyme activity and synthesis of DNA, and 

4) the disruption of the energy transduction (Rabea et al. 2003; 

Kim et al. 2007; Huang et al. 2008; Li et al. 2008). The metallic 

NPs (such as cadmium sulfide [CdS], gold [Au], and silver [Ag]) 

have recently been synthesized intracellularly or extracellularly 

using microbial cells or enzymes as a new biological and 

environment-friendly production of NPs (Saravanan and Nanda 

2010; AbdelRahim et al. 2017). 

 

Use of Herbal Products 

 

Due to the high expense of effective antimicrobials in 

undeveloped countries, a considerable part of the population 

relies on medicinal plants to cure infectious diseases. Several 

research studies have explored the antibacterial activities of 

herbal plants against MDR infections in recent years, as people 

have become more aware of the therapeutic potential of plants 

and herbal components. This pattern can be found throughout 

the world with no exception in developed countries. Research 

using extracts of plants in Thai traditional medicine indicated a 

significant action against MRSA (Garcinia mangostana, Quercus 

infectoria) (Voravuthikunchai and Kitpipit 2005) and Australia 

(Lepidosper maviscidum, Amyema quandong, Eremophila 

alternifolia, Eremophila duttonii) (Palombo and Semple 2002). 

 

Use of non-antibiotics 

 

Antibacterial activity has been discovered against a wide range 

of bacteria in compounds from numerous drug families, 

including anti-inflammatory, antihistamines, antihypertensive, 

tranquilizers, and antispasmodic drugs, as a result of systematic 

screening of licensed non-antibiotic compounds (Mazumdar et 

al. 2009). Diclofenac sodium improves the efficacy of 

streptomycin against E. coli, S. aureus, as well as Mycobacterium 

spp., and that of gentamicin against L. monocytogenes. 

Antibacterial activity has been demonstrated in several 

phenothiazine-derived drugs, synergistic to antibiotics 

currently used in clinics, against a broad range of bacteria, 

which includes Gram-positive and Gram-negative bacteria, as 

well as mycobacteria (Kristiansen et al. 2007; Amaral and 

Viveiros 2012). In various clinical isolates, the antipsychotic 

drug phenothiazine thioridazine has proven to enhance 

resistance to oxacillin in MRSA (Klitgaard et al. 2008; Bonde et 

al. 2011) and dicloxacillin (Poulsen et al. 2013). Oxacillin-

induced transcription of mecA and expression of PBP2a, in 

addition to transcription of some more genes that belong to 

the regulon of VraSR, are suppressed in the presence of 

thioridazine (Klitgaard et al. 2008). 

The use of combinations of antibiotic–adjuvant has several 

advantages over the use of novel antibiotics, including a lower 

risk of developing resistance (Balaji et al. 2009; Nanda and 

Saravanan 2009). There are various approaches including 

modern developments in the conventional adjuvants like beta-

lactamase and efflux pump inhibitors; novel approaches like 

targeting bacterial signaling pathways to interfere with bacterial 

response to antibiotics; and the use of high-output screening of 

already approved drugs to find out the drugs with unexpected 

adjuvant activity. The lack of introduction of modern antibiotic 

classes, the considerable issue of resistance acquirement to 

medicinal methods that depend solely on 

bacteriostatic/bactericidal activity, and the clinical efficacy of 

antibiotic/adjuvant combinations like Augmentin render the 

adjuvant approach a very appealing method for developing 

novel and effective therapeutic regimes for MDR bacterial 

infections (Bonde et al. 2011). 

 

Conclusion 

 

Antimicrobial resistance has emerged as a greater public health 

challenge. Beta-lactam antibiotics are widely used against S. 

aureus infections in animals and humans. With time, S. aureus 

has developed resistance to penicillin, cephalosporin, 

tetracyclines, chloramphenicol, methicillin, sulfonamides, and 

vancomycin. So, there is a need for alternative treatment 

strategies to combat antimicrobial resistance caused by this 

emerging pathogen. So, there is an urgent need for treatment 

options for patients infected with resistant S. aureus. More 

research is needed focusing on clinical outcomes and identifying 

the dynamics that promote resistance, high-risk strains, and the 

genetic basis of resistance. 
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