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Abstract 

Antimicrobial resistance (AMR) is a major public health problem that is making infections 

increasingly difficult to treat and increasing the global burden of disease. Its effects are not 

limited to clinical outcomes; they also directly affect health systems, the economy, livestock 

production, agriculture, and the environment. This review examines the main factors involved 

in the emergence and spread of AMR, as well as the limitations of existing antibiotics. It also 

reviews current options, including new antibiotics, bacteriophages, endolysins, anti-virulence 

approaches, monoclonal antibodies, vaccines, and microbiota-based therapies. The role of 

rapid diagnostic methods in the timely initiation of appropriate treatment, the contribution of 

antimicrobial stewardship programs, and the importance of the One Health approach are also 

discussed. In conclusion, combating AMR requires more than the development of new drugs 

alone; it requires a comprehensive approach based on global collaboration, effective 

regulatory and oversight mechanisms, and strengthened data sharing across institutions. 
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1. Introduction 

Antimicrobial agents play a critical role in the treatment and prevention of infectious diseases 

observed across different living organisms.1 Antimicrobial resistance (AMR) arises when 

bacteria, viruses, fungi, and parasites no longer respond effectively to antimicrobial 

medicines. Consequently, antimicrobial drugs become ineffective, making infections difficult 

to treat and increasing the risk of disease spread, severe illness, and death.1–3 

AMR was directly responsible for 1.27 million deaths, while the total number of deaths 

indirectly associated with resistance exceeded 4.95 million.4 It has been reported that AMR-

related mortality has surpassed that of infectious diseases such as HIV/AIDS and malaria.4 

The economic burden of AMR is also substantial. It is estimated that AMR could impose an 

additional economic burden of USD 1–3·4 trillion on the global economy by 2050.5 

Although several solutions, i.e., rationalising clinical antimicrobial use, regulating use in 

livestock and crop production, controlling resistance genes in environmental reservoirs, 

implementing rapid diagnostic tests, and developing alternative biological therapies exist, the 

global burden of AMR has not decreased. This suggests that scientific and technological 

solutions have not been implemented adequately across health systems, environmental 

management, agriculture, and policy. This review addresses this lack of integration by 

examining clinical outcomes, the current antibiotic development pipeline, non-antibiotic 

alternative approaches, rapid diagnostic methods, antimicrobial stewardship programs, and the 
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 3 

One Health approach. The One Health approach is an integrated framework that recognises the 

close interconnection between human, animal, and environmental health.1,93 The review also 

highlights priority policy and research areas that could strengthen integration in the fight against 

AMR. 

2. Methodology 

This study was conducted as a narrative review to provide an integrated overview of current 

evidence on antimicrobial resistance across human, animal, and environmental health. The 

review aimed to synthesise evidence on the determinants of antimicrobial resistance, 

emerging therapeutic approaches, rapid diagnostic methods, antimicrobial stewardship 

programs, and the One Health framework. 

The literature included in this review was identified through searches of PubMed and Google 

Scholar, supplemented by screening the reference lists of relevant articles and reviews, as well 

as reports published by international organisations. The search strategy included combinations 

of keywords related to antimicrobial resistance, novel therapeutic approaches, rapid 

diagnostic methods, antimicrobial stewardship programs, and the One Health approach. 

Priority was given to recent original studies, systematic reviews, meta-analyses, and major 

policy documents published primarily between 2012 and 2026. A limited number of earlier 

publications were included where necessary to provide historical context and conceptual 

background. Studies that were not directly relevant to the objectives of this review were 

excluded. 

Relevant information from eligible sources was extracted and narratively synthesised. The 

evidence was then organised into thematic sections covering the major dimensions of 

antimicrobial resistance, including its determinants in human, animal, and environmental 

health, clinical outcomes, the antibiotic development pipeline, non-antibiotic therapeutic 

strategies, rapid diagnostic methods, antimicrobial stewardship programs, and the One Health 

approach. 

 

3. Multisectoral Determinants of Antimicrobial Resistance 

3.1. Determinants of AMR in Human Healthcare 

Patients’ knowledge regarding antimicrobial use plays an important role in antimicrobial use 

patterns, a pattern frequently observed in low- and middle-income countries.6 In India, primary 

healthcare providers prescribed antibiotics to half (49·9%) of patients presenting with clinical 

complaints that did not require them during 2020.7 In addition, non-prescription dispensing of 

antibiotics in pharmacies is more common in low-income countries than in high-income 

countries, with particularly higher prevalence in Sub-Saharan Africa, East Asia and the Pacific, 

and Latin America and the Caribbean.8 Hence, clinical decisions are shaped not only by medical 

necessity but also by knowledge levels, patient expectations, and the policy dynamics and 

regulatory oversight mechanisms of a country’s health system. 

3.2. Determinants of AMR in Agriculture and Food Production 
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Antibiotics are a cornerstone of animal health; however, their increasing use at subtherapeutic 

doses to promote growth and prevent disease, in place of hygiene practices, creates substantial 

selection pressure for the evolution of resistance.9 Globally, 73% of all antimicrobials sold are 

used in animals raised for food.10 The high volumes of antibiotic use in industrial livestock 

systems promote the emergence and persistence of resistant bacterial strains.11 Antibiotics used 

in veterinary settings further contribute to the dissemination of AMR by facilitating the transfer 

of plasmid-mediated resistance genes from the animal microbiota to environmental bacteria and 

human pathogens.12 Consequently, the animal production chain becomes a major predisposing 

context in which resistance determinants are shared across humans, animals, and the 

environment. 

Although increasing evidence suggests agroecosystems significantly contribute to resistance 

gene selection and exchange, AMR remains elusive in crop production systems. Crop 

production systems redistribute resistance across environmental interfaces. 

Several economically important diseases in agricultural production systems are managed by 

antibiotics, including streptomycin and oxytetracycline. These are sprayed to the soil and affect 

non-target microbiota, insects, and water systems. Hence, the use of antibiotics in agriculture 

sector establishes broader microbial interaction networks. 

Natural occurrence of antibiotic-producing microorganisms gives rise to resistance 

determinants. Nevertheless, exogenous application of these compounds may intensify 

selection pressure and mobilisation of antimicrobial resistance genes (ARGs).12,13 Although 

the Food and Agriculture Organisation of the United Nations (FAO) and the World Health 

Organisation (WHO) stress that antimicrobial stewardship must include crop systems, 

surveillance mechanisms remain limited compared with those in the veterinary and clinical 

domains. Plant-associated antibiotic use is lower than livestock use, yet the ecological 

diffusion potential per application is comparatively higher due to environmental exposure and 

runoff. 

3.3. Environmental and Wastewater Determinants of AMR 

The environment is recognised as a key component in the selection, dissemination, and 

transport of antimicrobial resistance. Wastewater, healthcare facilities, pharmaceutical 

manufacturing plants, inadequate sanitation, and antimicrobial use in crop production are 

among the vectors that introduce antibiotics and antimicrobial resistance genes into the 

environment.13 Concentrations of 22 antibiotics, including fluoroquinolones, sulfonamides, 

and macrolides, were detected in river water and fish muscle from the Haihe River in China. 

Ciprofloxacin and erythromycin in particular showed a marked tendency to bioaccumulate in 

fish muscle.14 Persistent antibiotic residues in the environment may facilitate the selection of 

resistant bacterial strains and accelerate both the emergence and environmental dissemination 

of antibiotic resistance genes.14 Uncontrolled wastewater mixing with aquatic ecosystems that 

are actively used by communities can serve as both a reservoir and a distribution node for the 

spread of antimicrobials and resistance genes. 

3.4. Diagnostic and Surveillance Gaps 

Population-based surveillance data on cases of community-acquired pneumonia requiring 

hospitalisation show that respiratory viruses (27%) are detected more frequently than bacterial 

pathogens (14%).15 This implies that empiric antibacterial therapy initiated in this setting 
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 5 

often lacks a microbiological basis.15 Without bacterial confirmation, empiric antibiotic use 

may provide no clinical benefit and may potentially result in antibiotic-associated harm.16 

Rapid identification of the causative pathogen and its resistance profile is a key determinant of 

success in antimicrobial therapy, enabling timely initiation of appropriate treatment.17–19 

However, standard culture-based methods for organism identification require 48–72 hours to 

produce a definitive result, whereas rapid diagnostic tests can provide definitive identification 

within hours.20 This delay creates a major gap by increasing both mortality risk and unnecessary 

use of broad-spectrum antibiotics in severe infections. Moreover, it predisposes to prolonged 

hospital stays; delayed initiation of appropriate therapy results in economic losses and can strain 

hospital bed capacity. 

3.5. Governance, Policy, and Economic Determinants of AMR 

Obtaining antibiotics without a prescription and inappropriate dosing often arise not simply 

from a lack of knowledge but from responses to competitive, commercial environments in 

which ethical practice is economically penalised.21–24 Historical experience shows that the 

sequential introduction of multiple antibiotics with similar spectra of activity has led to 

rapidly diminishing returns on investment and market collapses, suppressing corporate 

investment in the antimicrobial space.25–27 Subscription models proposed under legislative 

frameworks such as the United States PASTEUR (Pioneering Antimicrobial Subscriptions to 

End Upsurging Resistance) Act aim to address the low return-on-investment problem for 

antibiotics by decoupling industry revenue from sales volume.28 Nevertheless, this approach 

alone may not be sufficient to ensure long-term financial sustainability.28 Antibiotics are also 

framed as a “societal trust” because each use can affect the treatment options available to 

others in the community; therefore, their stewardship requires shared responsibility.29 This is 

especially salient when institutions are profit-driven, strong ministerial policies are absent, 

and regulatory oversight mechanisms are functionally inadequate—conditions that can render 

the health system increasingly unsafe. 

 

4. Clinical Outcomes and the Limitations of Current Antibiotics 

In this review, clinical outcomes refer to measures such as mortality, treatment success, length 

of hospital stay, hospital readmissions, microbiological eradication, and healthcare utilisation 

associated with antimicrobial resistance. Resistant bacterial infections have become one of the 

most challenging conditions to manage in clinical practice, primarily due to the progressive 

decline in effective antibiotic options. This not only complicates treatment but also increases 

mortality and imposes a substantial burden on health systems.4,30 Bloodstream infections 

account for a considerable share of this burden and were associated with approximately 2·91 

million deaths in 2019.31 

The impact of antimicrobial resistance extends beyond clinical outcomes alone. Resistant 

infections are typically associated with longer hospital stays, more frequent readmissions, and 

increased treatment costs. In addition, the need for adjunctive therapies and greater healthcare 

utilisation further exacerbates the overall burden. Taken together, these data clearly indicate 

that resistant infections pose a serious threat to both individual patient outcomes and the 

sustainability of healthcare systems.32–34 Given that antibiotic development has not kept pace 

with resistance, accelerating antibiotic discovery and development is essential. 
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5. New Molecules 

One of the major challenges posed by antibiotic resistance is the slow pace of new antibiotic 

development relative to clinical needs. Many pharmaceutical companies have withdrawn 

entirely from antibiotic research and development because of the low profitability of 

antibiotics.35,36 The drivers of AMR are multifactorial; however, excessive antimicrobial use, 

inappropriate prescribing, and misuse due to incorrect treatment indications are widely 

recognised as key factors that increase the burden of AMR.37 

WHO has published a global analysis of antibacterial agents in clinical and preclinical 

development, providing an up-to-date assessment of the current antibacterial pipeline.38  

Several novel agents in the current pipeline, with diverse target pathogen spectra and 

mechanisms of action, are summarised in Table 1. 

The agents included in Table 1 were selected to provide representative examples of antibacterial 

candidates currently under clinical development, based on their relevance to antimicrobial 

resistance and the availability of published information. 

Table 1: Some new molecules 

Antibiotic Target Pathogen Mode of Action References 

SCH-79797 Broad-spectrum, 

including MDR 

pathogens 

Folate metabolism and 

membrane disruption 

39 

Plazomicin Broad-spectrum Inhibits binding at the 

aminoacyl site of bacterial 16S 

ribosomal RNA 

40 

PA-69180 Pseudomonas 

aeruginosa 

Cell shape-determining protein 

MreB 

41 

Halicin Broad-spectrum, 

including multidrug-

resistant bacterial 

pathogens 

Disturbs the maintenance of the 

proton gradient, resulting in 

reduced ATP production 

42 

Evybactin Mycobacterium 

tuberculosis 

The antibiotic targets DNA 

gyrase and enters the bacterial 

cell through the BacA 

transporter 

43 

Clovibactin Gram-positive 

pathogens 

Blocks cell wall formation by 

binding to pyrophosphate 

peptidoglycan intermediates 

44 

Abaucin Acinetobacter 

baumannii 

Lipoprotein trafficking through 

a LolE-dependent pathway 

45 

Zosurabalpin Acinetobacter 

baumannii 

Inhibits lipopolysaccharide 

transport 

46 
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Corbomycin Gram-positive 

pathogens 

Inhibits autolysin function 47 

 

 

 In the post-antibiotic era, the pace of new antibiotic discovery has fallen behind the steadily 

growing problem of resistance, rendering even common infections potentially fatal and 

highlighting the urgent need for alternative therapeutic strategies.48 Unless novel agents are 

developed judiciously and used strategically, any gains they offer may prove transient in the 

face of continuing resistance evolution. 

 

6. Non-antibiotic Strategies 

6.1. Bacteriophage Therapy 

Bacteriophages are viruses that can infect and kill specific pathogenic bacteria upon 

encountering them. After lysing bacteria, phages release new phage particles, which can 

disseminate to different sites of infection. Among antibacterial agents, phages are unique in 

their ability to replicate in the presence of their target bacteria. Moreover, they have minimal 

effects on non-target bacteria and human tissues.49 

A cohort study of 100 patients showed clinical improvement in 77.2% of infections and 

bacterial eradication in 61.3% of infections.50 In the same study, eradication of the targeted 

bacteria was 70% less likely when bacteriophage therapy was administered without 

concomitant antibiotics (odds ratio, 0.3; 95% confidence interval, 0.127–0.749), suggesting 

that adjunctive antibiotic therapy may improve bacterial eradication.50 However, higher-

quality studies are needed to generate reliable predictions about the effectiveness of 

bacteriophage therapies. Currently, some companies are developing and commercialising 

broad-spectrum phage products in accordance with contemporary standards, including 

preclinical studies focused on toxicity and pharmacology, as well as randomised controlled 

trials (RCTs).51 Nevertheless, substantial uncertainties remain regarding optimal dosing, 

frequency, and duration; pharmacokinetics (distribution and elimination in the body); effects 

on the host immune system; the dynamics of phage–bacterium interactions over time; and the 

regulatory frameworks required to govern these aspects. 

6.2. Endolysins 

Endolysins are bacteriophage (phage)-encoded enzymes that can specifically hydrolyse the 

bacterial cell wall and rapidly kill bacteria. The development of bacterial resistance to 

endolysins is thought to be relatively low; therefore, endolysins are considered a promising 

alternative approach to the growing resistance problem.52,53 When applied externally against 

Gram-positive bacteria, they rapidly degrade the cell wall and induce cell death. However, 

their activity against Gram-negative bacteria is largely limited due to the outer membrane 

barrier.54 Certain endolysins have been reported to act synergistically with some antibiotics.55 

Whereas antibiotics often eradicate bacteria indiscriminately due to their broad-spectrum 

effects—potentially harming the commensal microbiota—endolysins exhibit high specificity, 

enabling preservation of the microbiota by targeting specific pathogens.56 Phage–endolysin 

systems have been reported to eliminate large bacterial populations rapidly when 
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 8 

appropriately matched, and endolysins can kill both actively dividing and non-dividing cells 

by directly targeting peptidoglycan.56,57 However, their short half-lives and insufficient 

clinical studies represent important disadvantages.54  

Current evidence is largely based on in vitro experiments and animal models; therefore, more 

comprehensive pharmacokinetic, safety, and dose-finding studies are needed to define the 

real-world role of endolysins in the treatment of resistant infections. 

6.3. Anti-virulence and Biofilm Targeting 

Anti-virulence therapy is an emerging approach that aims to reduce the selective pressure 

driving resistance by targeting a pathogen’s disease-causing factors rather than directly killing 

the organism.58 Biofilm formation represents another major contributor to bacterial infections. 

A biofilm is a thin, gel-like matrix that harbours bacterial communities and facilitates 

bacterial adherence to host cells. This evolutionary strategy enables bacteria to better 

withstand antibiotics and host immune defences. Consequently, biofilm formation on surfaces 

can lead to persistent infections and increased antibiotic resistance. 59 

 

Pseudomonas aeruginosa and Staphylococcus aureus are among the clearest examples of 

pathogens in which biofilm formation contributes to increased resistance and enhanced 

persistence in bacterial infections. Biofilms have also been shown to facilitate processes such 

as horizontal gene transfer, thereby supporting the acquisition and spread of resistance traits 

in bacteria.60 

 

Biofilms act as barriers that protect bacteria from antibiotics. Quorum-sensing inhibitors 

(QSIs), such as eugenol, curcumin, and furanones, disrupt biofilm formation by interfering 

with quorum-sensing (QS) signalling pathways, rendering bacteria embedded within biofilms 

more vulnerable to antibiotics.61,62 Moreover, because QSIs target virulence rather than 

bacterial viability, they reduce selective pressure for the development of antibiotic resistance; 

when used alongside antibiotics, they may also decrease horizontal gene transfer, suggesting 

that antibiotics and QSIs can act synergistically.63–66 However, due to the complexity of 

bacterial pathogenesis, despite hundreds of potential anti-virulence candidates being 

documented, no anti-virulence molecule has yet been approved for clinical use.58 Overall, 

current evidence suggests that anti-virulence and biofilm-targeting strategies are theoretically 

strong, but further translational work and well-designed clinical studies are required before 

these approaches can be incorporated into routine clinical practice for the treatment of 

resistant infections. Overall, the main advantages and disadvantages of anti-virulence therapy 

are summarised in Table 2. 

 

 

Table 2. Advantages and Disadvantages of Anti-virulence Therapy 

Advantages Disadvantages 

It exerts weaker evolutionary pressure than 

antibiotics. 

 

It is likely to have more limited therapeutic 

efficacy than antibiotics. 

 

The pathogen can be incapacitated without 

killing it. 

 

After treatment is discontinued, the remaining 

bacteria are likely to persist. 
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Quorum-sensing inhibitors can help reduce the 

production of several virulence factors by 

regulating the expression of virulence genes. 

 
It may not be effective against all forms of disease 

caused by the same pathogen. 

 

  

 

6.4. Monoclonal Antibodies 

Monoclonal antibodies are biologic molecules produced and engineered in laboratory settings 

to mimic the immune system’s capacity to combat pathogens and diseased cells.67 They are 

highly important in modern medicine because they offer effective therapeutic options across a 

wide range of conditions, including cancer, autoimmune disorders, infectious diseases, and 

many others. Owing to their high specificity, monoclonal antibodies have become 

indispensable tools in both diagnosis and treatment, providing clinicians with powerful means 

to address complex health problems.68 In addition, their narrow-spectrum activity is thought 

to be associated with a lower propensity for the development of resistance.69 However, some 

monoclonal antibodies can cause serious adverse reactions, including multiple organ failure, 

capillary leak syndrome, and cytokine release syndrome.67 

 

Because they can target specific pathogens or toxins, monoclonal antibodies represent a 

complementary option that may help reduce the need for antibiotics. Nevertheless, high costs, 

the requirement for parenteral administration, and the potential for severe adverse effects limit 

their widespread adoption as a first-line, broadly used solution in the fight against AMR. 

 

 

6.5. Vaccines and Immunoprophylactic Strategies 

 

Vaccines reduce the incidence of both drug-susceptible and drug-resistant bacterial infections, 

secondary infections, and viral infections for which antibiotics are frequently prescribed 

inappropriately.70 According to a WHO modelling report published in 2024, if 44 vaccines—

available, in development, or at the hypothetical stage—targeting 23 of 24 pathogens were 

implemented comprehensively, approximately 2·5 billion defined daily doses (DDD) of 

antibiotic use could be averted annually. This reduction corresponds to roughly 22% of 

human antibiotic consumption for the pathogens assessed, underscoring how vaccination can 

serve as a highly impactful public health tool at the global level to reduce the burden of 

AMR.70 

 

However, the real-world impact of vaccines on AMR is shaped not only by vaccine 

availability but also by “field” conditions, including access to vaccination, the coverage and 

regularity of immunisation programs, vaccine hesitancy in the community, and—particularly 

in low- and middle-income countries—the sustainability of cold-chain logistics. Therefore, 

while vaccines are a powerful population-level tool against AMR by reducing the need for 

antibiotics, realising their full expected benefit requires comprehensive immunisation 

strategies that strengthen health systems and promote global equity. 
 

6.6. Microbiota-Based Approaches 

Disruption of microbiome balance has been linked to increased susceptibility to many 

conditions, including cancer, diabetes, allergies, obesity, and infections.71 However, 

microbiome transplantation remains in its early stages of development and, aside from a few 
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notable exceptions, has achieved limited success in most clinical studies.71 Microbiome 

research is expanding rapidly, but translation into clinical practice and marketable products 

requires alignment not only among regulators but also between researchers and industry. Such 

alignment is crucial for developing effective pathways to address the diverse health problems 

associated with the gut microbiota, along with the technological challenges that accompany 

them. 72 

 

In this context, microbiota-based approaches are considered complementary options that 

could reduce the need for antibiotics by strengthening colonisation resistance and preventing 

certain infections at the outset. Nevertheless, this approach is not yet sufficiently robust to be 

implemented safely and standardised in routine clinical practice as part of the fight against 

AMR. The main alternative strategies to antibiotics, together with their advantages and 

limitations, are summarised in Table 3. 

 

 

Table 3. Alternative strategies to antibiotics 

Strategy Advantages 

(benefits) 

Disadvantages References 

Bacteriophage 

therapy 

High specificity, 

synergistic potential, 

and low side effects 

Lack of 

standardisation, 

absence of 

randomised 

controlled trials 

49,50,73 

Endolysin therapy Rapid effect, low 

risk of resistance 

development 

Mainly effective 

against Gram-

positive bacteria 

52,53,54 

Anti-virulence 

therapy 

Low selective 

pressure preserves 

microbiota 

Limited efficacy as 

monotherapy 

61,63,74 

Monoclonal 

antibody therapy 

Specific targets, low 

resistance risk 

Production is time-

consuming and 

costly 

67,68,69 

Microbiota therapy Restoration of 

natural flora 

Limited success in 

human clinical 

studies 

71,72 

Vaccines Protective effect, 

reduced resistance 

pressure, decreased 

need and use of 

antibiotics 

Complex process, 

distribution 

challenges of cold-

chain vaccines in 

regions without 

electricity 

9,75,76 

 

  

7. Rapid Diagnostic Methods 

One of the most critical components of effective antimicrobial therapy is identifying the 

causal pathogen and its resistance profile as rapidly as possible. Because classical culture-
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based methods often require prolonged turnaround times, a range of rapid diagnostic methods 

has been developed in recent years to shorten the time to diagnosis and enable earlier, more 

targeted treatment decisions. 

7.1. Multiplex Polymerase Chain Reaction (PCR) Panels 

Multiplex PCR panels enable the rapid identification of pathogens and resistance genes in 

patients with positive blood cultures.77–79 In addition, they integrate nucleic acid extraction, 

amplification, detection, and analysis, delivering results in approximately 65 minutes.80 This 

can allow empiric therapy in severe sepsis and septic shock to be narrowed early or 

appropriately modified. 

 

7.2. Matrix-Assisted Laser Desorption/Ionisation Time-of-Flight Mass Spectrometry 

(MALDI-TOF MS) 

MALDI-TOF MS can identify bacteria and fungi to the species level within minutes.81 While 

the high accuracy and short turnaround times of MALDI-TOF MS systems provide a major 

advantage, they demonstrate superior performance for the identification of direct colony 

isolates.82 However, it is insufficient on its own to determine resistance profiles as MALDI-

TOF MS cannot directly detect antimicrobial resistance genes. 

7.3. Next-Generation Sequencing (NGS) 

Next-generation sequencing (NGS) is an efficient technology that enables high-throughput, 

massively parallel sequencing of millions of DNA or RNA molecules within hours.83,84 

Beyond identifying the causative agent at the species level, NGS can simultaneously reveal a 

broad spectrum of genetic information, including resistance genes and virulence factors. 

However, the complexity of data analysis, high costs, and the need for advanced 

bioinformatics infrastructure limit its widespread implementation in routine clinical practice. 

7.4. Scattered Light Integrated Collector (SLIC) 

The Scattered Light Integrated Collector (SLIC) is regarded as a major step forward in 

antimicrobial susceptibility testing (AST). Owing to its high sensitivity, SLIC facilitates the 

detection of subtle changes in microbial populations. While the current limit of detection 

(LoD) of existing photonic technologies is approximately 10,000 microbial cells per millilitre, 

SLIC has an LoD of 25 cells/mL. Its capacity to determine antimicrobial resistance in real 

time, in under 30 minutes, represents a major shift for microbiological healthcare services.85 

Each method has distinct advantages and limitations; it should be kept in mind that selecting 

the appropriate method can collectively improve clinical outcomes and enable faster treatment 

decisions.86 The main rapid diagnostic techniques, together with their turnaround times, 

strengths, and limitations, are summarised in Table 4. 

Table 4. Rapid diagnostic techniques 

Technique Turnaround 

time 

Advantage 

(Strengths) 

Disadvantage References 
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Multiplex 

PCR 

panels 

A few hours Allows rapid detection 

of resistance genes 

Expensive, limited 

panel 

77,79,80 

MALDI-

TOF MS 

Within 

minutes 

Very rapid and 

accurate diagnosis 

Cannot detect 

antimicrobial 

resistance genes 

81,82 

NGS A few hours The most 

comprehensive data 

Data analysis is 

complex and costly 

83,84 

SLIC <30 min Very low LoD (25 

cells/mL), real-time 

New in clinical 

practice 

85 

 

  

8. Antimicrobial Stewardship Programs 

Hospitals implement antimicrobial stewardship programs (ASPs) to reduce antibiotic 

resistance, prevent adverse drug reactions and treatment failures, and decrease costs arising 

from inappropriate prescribing and prolonged lengths of stay. These programs encompass 

appropriate drug selection, optimisation of dose and treatment duration, surveillance of 

antimicrobial use and resistance patterns, and the provision of regular education and feedback 

to prescribers.87 Studies have shown that ASPs significantly reduce inappropriate 

antimicrobial use. 88,89 

ASPs are currently considered one of the cornerstone strategies for controlling antimicrobial 

resistance.90 By promoting more rational antibiotic use, these programs not only improve 

patient care but also make an important contribution to the fight against AMR.91 Evidence 

from different centres indicates that ASP implementation can markedly reduce antibiotic 

consumption and, in some settings, achieve reductions of up to 91%, while improving 

adherence to treatment guidelines.92 While the effectiveness of ASPs in conferring an 

advantage against resistance is clear, the failure to develop and implement ASPs broadly 

contributes to delays in addressing this pandemic-scale resistance problem. 

9. One Health 

The One Health approach represents an integrated and unifying framework, developed 

through collaboration among the WHO, FAO, World Organisation for Animal Health 

(WOAH) and United Nations Environment Programme (UNEP), aimed at reducing the 

impact of current and future challenges arising from interactions among humans, animals, 

plants, and the environment, and at achieving optimal and sustainable health outcomes.1,93 

Building on this premise, it recognises that the health of humans, domestic and wild animals, 

plants, and the broader environment is not independent but closely interconnected.1 

While AMR is widely regarded as one of the most significant challenges in global public 

health, it also constitutes a critical threat to animal and plant health, food security, and 

economic development.13 This is largely because uncontrolled and inappropriate antimicrobial 

use across sectors such as agriculture, livestock production, and human medicine directly 

affects each of these interconnected domains. Inadequate antimicrobial governance facilitates 

the spread of resistance mechanisms through uncontrolled infections, agricultural residues, 

environmental contamination, and the movement of humans and animals carrying resistant 

bacteria.94 
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Environmental factors also play a pivotal role in the dissemination of AMR. Antibiotic 

residues originating from hospitals, communities, and agricultural activities can enter waste 

sites and sewage systems, creating conditions that favour the selection and spread of resistant 

microorganisms; water, soil, and air then serve as media that facilitate the transport of 

resistant bacteria and resistance genes.95 In this context, the One Health approach to AMR is 

not limited to mitigating resistance-related risks and burdens in human populations; it also 

provides a framework that may contribute to addressing the “triple planetary crisis”, which 

refers to the interconnected challenges of climate change, biodiversity loss, and pollution and 

waste.13 Although One Health appears theoretically robust, implementation often falls short in 

practice due to a lack of mechanisms to mandate and enforce cross-sector accountability and 

data sharing, resulting in health, agriculture, and environmental institutions operating largely 

within their own silos. 

10. Discussion 

Antimicrobial resistance is no longer merely a microbiological phenomenon. It is 

fundamentally shaped by how health systems, economic incentives, and agricultural and 

environmental governance are designed and implemented. Unless current trends change, the 

post-antibiotic era should be viewed as an increasingly visible societal risk.1,4,5 This situation 

reflects not only a lack of new molecules, but also the continued uncontrolled and 

inappropriate use of antibiotics in many countries, the persistence of growth-oriented 

antimicrobial, pesticide, and herbicide practices in agriculture and livestock production, and 

the inadequacy of regulatory and oversight frameworks to correct these dynamics.9,13 

Both the clinical and preclinical antibacterial pipelines struggle to keep pace with the global 

burden of AMR in terms of the number of candidates and the breadth of targeted pathogen 

spectra.35,38 The high costs and long timelines of developing new agents, combined with 

relatively low returns, have pushed the private sector away from this field.96,97 These 

observations support the view that, while indispensable, new molecules do not constitute a 

stand-alone solution under current conditions. At this juncture, non-antibiotic approaches 

emerge as important tools, but they are often mispositioned. Bacteriophages, endolysins, anti-

virulence agents, monoclonal antibodies, vaccines, and microbiota-based strategies may offer 

meaningful benefits for specific pathogens and clinical scenarios; however, the evidence base 

is still largely derived from in vitro studies, animal models, and limited human data, and the 

number of large-scale, well-designed clinical trials remains small.49,73,71 For this reason, it is 

more accurate to frame these approaches not as “alternatives” that replace antibiotics, but as 

complementary tools that—when used appropriately—can support therapy and help reduce 

antibiotic selection pressure.52,70 

From a clinical perspective, what ultimately determines the quality of care is not only which 

drug is selected, but also how rapidly a diagnosis can be clarified and how effectively that 

information is translated into prescribing behaviour. The multi-day turnaround times of 

conventional culture-based methods often force clinicians to rely on broad-spectrum empiric 

therapy in severe infections, with substantial downstream consequences for both mortality and 

resistance dynamics.15,20 The impact of rapid diagnostic technologies becomes most apparent 

when they operate alongside antimicrobial stewardship programs. Although ASPs have been 

shown to substantially reduce antibiotic consumption, stewardship implementation remains 

limited in many health systems, and rapid diagnostic capacity often cannot be scaled due to 

cost, infrastructure constraints, and misaligned incentives.92,98 
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These tensions within human healthcare, when combined with animal health, food production, 

and environmental reservoirs, make the One Health approach a practical necessity. In many 

countries, the total volume of antibiotics used in livestock can reach approximately four times 

that used in humans, and the extensive use of these agents for growth promotion or 

prophylaxis—rather than treatment—expands the reservoir of resistant bacteria.11,94 In 

parallel, intensive use of pesticides, herbicides, and other chemicals, together with the transfer 

of agricultural and urban waste into water and soil systems, facilitates the accumulation and 

recirculation of resistance genes in the environment.13,99 This landscape suggests that the 

fragmentation of health, agriculture, and food policies creates AMR risk, and that the One 

Health framework must be translated into concrete action that also encompasses pesticide 

policy and waste management. 93 

Globally, solution capacity is as unevenly distributed as the burden itself. High-income 

countries are relatively better positioned to institutionalise rapid diagnostics, ASPs, and 

vaccination programs, whereas in low- and middle-income countries, access to effective 

antibiotics, diagnostic tests, and basic vaccines is both limited and often poorly regulated.13,100 

In settings where cold-chain systems cannot be sustained, barriers to vaccine access increase 

the burden of preventable infections and further fuel uncontrolled and inappropriate antibiotic 

use.70,76 These inequities influence not only access to treatment but also the geographical 

distribution and pace of resistance emergence, with the heaviest burden falling on vulnerable, 

low-income communities. In a world characterised by extensive international travel and 

trade—and ecosystems that do not respect national borders—AMR cannot be treated as a 

problem solvable within individual countries alone. 

Accordingly, the fight against AMR depends less on the strength of any single tool than on 

how these tools are integrated. New antibiotics, non-antibiotic strategies, rapid diagnostic 

technologies, ASPs, and One Health approaches are often implemented as separate programs; 

yet institutions require an integrated, guideline-level framework that specifies where each tool 

should be deployed, how responsibilities should be allocated, and which pathways to follow. 

From a research agenda perspective, priority areas include RCTs that clarify dosing, 

pharmacokinetics, and safety profiles for phage and endolysin therapies; clinical and cohort 

studies that track the long-term effects of anti-virulence and microbiota-based interventions 

on resistance; and implementation research that evaluates the real-world impact of rapid 

diagnostic–ASP integration using field data.19,52,73 At the policy level, surveillance systems 

that jointly monitor use and resistance in human and animal health, financing reforms that 

incentivise appropriate prescribing and deter misuse, and national action plans that make One 

Health genuinely binding across ministries of health, agriculture, and environment should be 

viewed as core instruments capable of generating sustained impact against AMR.29,92 

This review has some limitations. It was not conducted as a systematic review, and the 

included sources were identified through database searches, reference screening, and review 

of reports from international organisations. Because antimicrobial resistance is a rapidly 

evolving field, some recently published studies may not have been included. Nevertheless, 

current studies, relevant policy documents, and international reports were included to reflect 

the broad scope of the topic. 
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