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Abstract—Antimicrobial resistance (AMR) is a pressing 

global health crisis, undermining the efficacy of 

antibiotics and increasing morbidity, mortality, and 

economic burdens. This review synthesizes current 

literature on AMR, detailing its molecular mechanisms, 

drivers, global impacts, and mitigation strategies. 

Bacterial AMR is projected to cause 39 million deaths 

by 2050, driven by antibiotic overuse in healthcare and 

agriculture, inadequate infection control, and a 

dwindling antibiotic pipeline. Resistance mechanisms, 

including enzymatic inactivation, target modification, 

efflux pumps, reduced permeability, biofilms, and 

metabolic bypass, enable rapid microbial adaptation. 

Strategies such as antibiotic stewardship, enhanced 

surveillance, infection prevention, and innovative 

technologies offer hope, but global coordination is 

critical. The One Health approach, integrating human, 

animal, and environmental health, is essential to 

address AMR’s complexity. This review calls for urgent, 

multisectoral action to preserve antimicrobial efficacy 

and mitigate the escalating threat to global health. 
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I. INTRODUCTION 

 

Antimicrobial resistance (AMR) occurs when 

microorganisms, including bacteria, viruses, fungi, 

and parasites, develop the ability to withstand 

antimicrobial treatments, rendering drugs like 

antibiotics, antivirals, and antifungals ineffective (1). 

This phenomenon threatens modern medicine by 

complicating the treatment of infections, increasing 

disease transmission, and elevating risks of severe 

illness and death. The World Health Organization 

(WHO) ranks AMR among the top ten global health 

threats, emphasizing its impact on healthcare 

systems, economies, and societal well-being (1). A 

landmark 2024 study in The Lancet projects that 

bacterial AMR will cause 39 million deaths between 

2025 and 2050, with low- and middle-income 

countries (LMICs) bearing the heaviest burden (2). 

The rise of multidrug-resistant (MDR) and 

extensively drug-resistant (XDR) pathogens, such as 

carbapenem-resistant Enterobacteriaceae (CRE) and 

methicillin-resistant Staphylococcus aureus 

(MRSA), underscores the urgency of addressing this 

crisis. 

 

AMR’s complexity stems from its biological, 

behavioral, and systemic drivers. Debates persist 

over the relative contributions of clinical antibiotic 

misuse versus agricultural overuse, with both sectors 

significantly influencing resistance patterns (3). For 

example, inappropriate prescribing in outpatient 

settings and the use of antibiotics as growth 

promoters in livestock have accelerated the spread of 

resistance genes like blaNDM-1 and tet (4). 

Additionally, global travel and trade facilitate the 

rapid dissemination of resistant strains, as seen with 

the New Delhi metallo-β-lactamase (NDM-1) gene, 

first identified in India in 2008 and now detected 

worldwide (5). This review aims to provide a 

comprehensive analysis of AMR’s mechanisms, 

drivers, impacts, and mitigation strategies, 

synthesizing recent literature to inform policy, 

research, and public health initiatives. By addressing 

knowledge gaps, particularly in LMICs, and 

advocating for a One Health approach, this review 

seeks to contribute to global efforts to combat AMR. 

 

II. HISTORICAL CONTEXT 

 

The antibiotic era began with Alexander Fleming’s 

serendipitous discovery of penicillin in 1928, 

marking a transformative period in medical history 

(6). This “golden age” of antibiotic discovery, 

spanning the 1930s to 1950s, introduced major 

classes such as sulfonamides (1932), 

aminoglycosides (1943), tetracyclines (1948), and 

glycopeptides (1955), extending human lifespan by 

an estimated 23 years and saving millions of lives (6). 

However, resistance emerged almost immediately 
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after clinical use, driven by microbial evolutionary 

pressures. For example, penicillin-resistant S. aureus 

was reported by 1945, just four years after penicillin’s 

introduction, and tetracycline resistance was 

documented within five years of its 1948 debut (7). 

Table 1. Timeline of Antibiotic Discovery and Resistance  

Antibiotic Class Discovery Clinical Use Resistance Reported 

Organoarsenics 1909 1910 1912 

Penicillins 1928 1941 1945 

Sulfonamides 1932 1935 1939 

Aminoglycosides 1943 1946 1946 

Tetracyclines 1948 1948 1953 

Glycopeptides 1955 1958 1987 

The rapid emergence of resistance reflects an 

evolutionary arms race between microbes and 

antimicrobial agents. Early antibiotics targeted a 

limited range of bacterial processes, allowing 

bacteria to adapt through mutations or horizontal 

gene transfer via plasmids, transposons, and 

integrons (7). By the 1980s, antibiotic discovery 

slowed significantly due to scientific and economic 

challenges, with no new major classes introduced 

since the lipopeptides (e.g., daptomycin) in the early 

2000s (8). This stagnation, coupled with the global 

spread of resistance genes, has fueled the current 

AMR crisis. For instance, the mecA gene, conferring 

methicillin resistance in MRSA, has spread across 

healthcare and community settings, complicating 

treatment of skin, bloodstream, and respiratory 

infections (9). 

 

Debates continue over the primary drivers of 

resistance. Clinical misuse, such as overprescribing 

broad-spectrum antibiotics, has been implicated in 

the rise of resistant pathogens like Clostridium 

difficile (10). Simultaneously, agricultural use of 

antibiotics, particularly in livestock, has contributed 

to environmental reservoirs of resistance genes, as 

seen with tetracycline resistance in soil and water 

near farms (11). Understanding this historical context 

is critical for designing effective interventions to 

address AMR’s root causes and prevent further 

escalation. 

 

III. MECHANISMS OF RESISTANCE 

 

Microorganisms employ diverse strategies to evade 

antimicrobials, often mediated by chromosomal 

mutations or acquired resistance genes transferred via 

plasmids, transposons, or integrons (12). These 

mechanisms, detailed below, enable rapid adaptation 

and contribute to the rise of MDR and XDR 

pathogens. 

 

3.1 Enzymatic Inactivation 

Enzymatic inactivation involves the production of 

enzymes that chemically modify or degrade 

antibiotics. The most prominent example is β-

lactamases, which hydrolyze the β-lactam ring in 

penicillins, cephalosporins, and carbapenems, 

disrupting their ability to inhibit cell wall synthesis 

(12). Over 1,000 β-lactamases have been identified, 

ranging from narrow-spectrum enzymes to extended-

spectrum β-lactamases (ESBLs) like CTX-M, 

prevalent in Escherichia coli and Klebsiella 

pneumoniae, and carbapenemases like NDM-1 and 

KPC (13). NDM-1, first identified in 2008, has 

spread globally, conferring resistance to last-resort 

carbapenems and complicating treatment of Gram-

negative infections (14). Other enzymes, such as 

aminoglycoside-modifying enzymes (e.g., 

acetyltransferases) and chloramphenicol 

acetyltransferases, inactivate aminoglycosides and 

chloramphenicol, respectively, by adding chemical 

groups that block antibiotic function (12). 

 

3.2 Target Modification 

Bacteria alter antibiotic target sites to reduce or 

eliminate drug binding. In MRSA, the mecA gene 

encodes an alternative penicillin-binding protein 

(PBP2a) with low affinity for β-lactam antibiotics, 

allowing cell wall synthesis to continue (12). 

Similarly, rifampicin resistance in Mycobacterium 

tuberculosis results from mutations in the rpoB gene, 

which encodes the RNA polymerase β-subunit, 

altering the rifampicin-binding site (15). Tetracycline 

resistance often involves ribosomal protection 

proteins like Tet(M), which prevent tetracycline from 

binding to bacterial ribosomes, ensuring 

uninterrupted protein synthesis (12). 
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3.3 Efflux Pumps 

Efflux pumps are membrane-bound proteins that 

actively expel antibiotics, reducing intracellular drug 

concentrations below therapeutic levels. The AcrAB-

TolC system in E. coli is a well-characterized 

tripartite pump that extrudes tetracyclines, 

fluoroquinolones, and β-lactams, contributing to 

multidrug resistance (12). Overexpression of efflux 

pumps, often triggered by environmental stress or 

mutations, exacerbates resistance, as seen in 

Pseudomonas aeruginosa infections in cystic fibrosis 

patients (16). 

 

3.4 Reduced Permeability 

Gram-negative bacteria limit antibiotic entry by 

altering outer membrane porins. For example, P. 

aeruginosa reduces carbapenem uptake through 

mutations in the OprD porin, while 

Enterobacteriaceae downregulate porins to block 

cephalosporin entry (12). This mechanism often 

synergizes with efflux pumps and β-lactamases, 

creating robust resistance profiles. 

3.5 Biofilm Formation 

Biofilms are structured bacterial communities 

encased in a protective extracellular matrix, 

hindering antibiotic penetration and shielding 

dormant cells from immune responses (12). Biofilms 

are implicated in chronic infections, such as P. 

aeruginosa in cystic fibrosis or S. epidermidis on 

indwelling medical devices like catheters (17). The 

matrix physically blocks antibiotics, while slow-

growing cells are less susceptible to drugs targeting 

active division, such as β-lactams. 

 

3.6 Alternative Metabolic Pathways 

Bacteria bypass antibiotic-targeted pathways by 

adopting alternative routes. Vancomycin-resistant 

enterococci (VRE) modify cell wall precursors, 

replacing D-alanine-D-alanine with D-alanine-D-

lactate, reducing vancomycin’s binding affinity (12). 

Similarly, some bacteria develop alternative folate 

synthesis pathways to evade sulfonamides and 

trimethoprim (18). 

Table 2. Key Resistance Mechanisms  

Mechanism Description Examples 

Enzymatic Inactivation Enzyme-mediated antibiotic degradation CTX-M, NDM-1 in  

Enterobacteriaceae 

Target Modification Altered antibiotic binding sites MRSA ( 

mecA 

), rifampicin resistance 

Efflux Pumps Active antibiotic extrusion AcrAB-TolC in  

E. coli 

Reduced Permeability Limited antibiotic entry via porins OprD mutations in  

P. aeruginosa 

3.7 Genetic Basis and Global Spread 

Resistance mechanisms are often plasmid-mediated, 

enabling rapid dissemination across bacterial species. 

For instance, NDM-1 is frequently encoded on 

plasmids, facilitating its spread from India to over 70 

countries within a decade (14). Horizontal gene 

transfer via conjugative plasmids, integrons, and 

bacteriophages accelerates the global dissemination 

of resistance, underscoring the need for robust 

surveillance systems (19). 

 
IV. DRIVERS OF AMR 

 

AMR is driven by a complex interplay of biological, 

behavioral, economic, and systemic factors, each 

contributing to the emergence and spread of resistant 

pathogens. 

 

4.1 Overuse and Misuse in Healthcare 

Antibiotic overuse in human healthcare is a primary 

driver of AMR. Studies estimate that 30–50% of 

antibiotic prescriptions for respiratory infections, 

such as bronchitis or the common cold, are 

unnecessary, as these conditions are predominantly 

viral (20). In the United States, the Centers for 

Disease Control and Prevention (CDC) reports that 

90% of such prescriptions are issued by general 

practitioners, often due to patient pressure, diagnostic 

uncertainty, or time constraints (21). Broad-spectrum 

antibiotics, such as fluoroquinolones, are frequently 

overprescribed, contributing to the rise of MDR 

pathogens like C. difficile and MRSA (22). In LMICs, 

over-the-counter antibiotic access, self-medication, 

and limited diagnostic tools exacerbate misuse, with 

studies in Southeast Asia showing up to 80% of 

antibiotic use occurring without prescriptions (23). 
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4.2 Agricultural Antibiotic Use 

The use of antibiotics in agriculture, particularly as 

growth promoters in livestock, significantly 

contributes to AMR. In the United States, 

approximately 70% of antibiotics are used in 

agriculture, with much allocated to non-therapeutic 

purposes (24). Antibiotics like tetracyclines and 

macrolides, used in animal feed, leave residues in 

meat, milk, and eggs, leading to chronic human 

exposure and fostering resistance in the microbiome 

(25). Environmental contamination from livestock 

waste spreads resistance genes, such as tet genes, into 

soil, water, and crops, as documented in studies near 

poultry farms in China (26). Resistant bacteria, 

including Salmonella and E. coli, are transmitted via 

the food chain, with outbreaks linked to contaminated 

poultry and pork (27). While the European Union 

banned antibiotic growth promoters in 2006, many 

LMICs continue the practice due to economic 

incentives and weak regulations (28). 

 

4.3 Poor Infection Control 

Inadequate infection prevention and control (IPC) 

measures facilitate the spread of resistant bacteria. 

Hospitals are hotspots for resistant infections due to 

high antibiotic use, invasive procedures, and 

vulnerable patient populations (29). Poor hygiene 

practices, such as inadequate handwashing or 

improper sterilization, enable transmission of 

pathogens like MRSA, CRE, and Acinetobacter 

baumannii. The WHO estimates that healthcare-

associated infections (HAIs) affect 7–10% of 

hospitalized patients globally, with rates exceeding 

20% in LMICs due to underfunded IPC programs 

(30). In communities, poor sanitation, lack of clean 

water, and overcrowding amplify resistance, 

particularly for diseases like multidrug-resistant 

tuberculosis (MDR-TB) (31). 

 

4.4 Lack of New Antibiotics 

The antibiotic development pipeline is critically 

limited, with only 97 antibacterial agents in clinical 

development by 2023, including just 12 in Phase 3 

trials (32). Scientific challenges, such as the difficulty 

of targeting Gram-negative bacteria with complex 

cell walls, and economic disincentives, including 

short market life due to resistance, deter investment 

(33). Pharmaceutical companies have largely 

abandoned antibiotic research, with major firms like 

Pfizer and Novartis exiting the field (34). Innovative 

funding models, such as the UK’s subscription-based 

“Netflix” model and public-private partnerships like 

CARB-X, aim to stimulate development, but 

progress remains slow (35). 

 

4.5 Economic and Systemic Challenges 

Economic barriers, including low profitability of 

antibiotics and high development costs, exacerbate 

AMR. Antibiotics are typically used for short 

courses, unlike drugs for chronic conditions, limiting 

revenue potential (36). In LMICs, reliance on 

affordable, older antibiotics due to cost constraints 

perpetuates resistance, while limited access to 

diagnostics hinders appropriate prescribing (37). 

Regulatory hurdles, such as lengthy approval 

processes, further discourage innovation. Global 

coordination is lacking, with fragmented 

implementation of the WHO’s Global Action Plan on 

AMR (2015), particularly in resource-constrained 

regions (38). 

 

V. IMPACTS OF AMR 

 

AMR exacts a profound toll on global health and 

economies. In 2021, bacterial AMR directly caused 

1.14 million deaths and was associated with 4.71 

million deaths, according to a 2024 Lancet study (2). 

By 2050, these figures are projected to rise to 1.91 

million direct and 8.22 million associated deaths, 

with LMICs facing the greatest burden due to limited 

healthcare infrastructure (2). Economically, AMR 

costs an estimated $66 billion annually for treatment 

and lost productivity, with projections of $159 billion 

by 2050 (39). In the European Union, AMR results in 

2.5 million extra hospital days and €1.5 billion in 

annual losses, impacting healthcare systems and 

workforce productivity (40). 

AMR also undermines medical advancements, 

threatening procedures like organ transplants, 

chemotherapy, and surgeries, which rely on effective 

antibiotics to prevent infections (41). The rise of 

MDR and XDR pathogens, such as CRE and MDR P. 

aeruginosa, limits treatment options, increasing 

reliance on toxic or less effective drugs like colistin 

(42). Socially, AMR disproportionately affects 

vulnerable populations, including children, the 

elderly, and those in LMICs, exacerbating health 

inequities (43). 

 

VI. CURRENT STATUS 

 

The 2022 WHO Global Antimicrobial Resistance and 

Use Surveillance System (GLASS) report reveals 

alarming resistance trends: 42% median resistance 
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for third-generation cephalosporin-resistant E. coli 

across 76 countries, 35% for MRSA, and over 50% 

for K. pneumoniae and Acinetobacter spp. in 

bloodstream infections (44). Regional variations are 

stark, with South Asia reporting higher resistance 

rates due to widespread antibiotic misuse and poor 

surveillance (45). Data gaps in LMICs, where 

diagnostic and reporting systems are limited, hinder 

accurate assessments, underscoring the need for 

expanded surveillance networks (46). 

Table 3. Global Resistance Rates (2022, GLASS)  

Pathogen Resistance Rate (Median) Notes 

Third-gen Cephalosporin-resistant  

E. coli 

42% 76 countries 

MRSA 35% Global 

Klebsiella pneumoniae >50% Bloodstream infections 

Acinetobacter 

spp. 

>50% Bloodstream infections 

 
VII. STRATEGIES TO COMBAT AMR 

 

Combating AMR requires a multifaceted approach, 

integrating clinical, agricultural, and environmental 

interventions. 

7.1 Antibiotic Stewardship 

Antibiotic stewardship programs promote judicious 

prescribing, reducing unnecessary use. In US 

hospitals, such programs have decreased antibiotic 

consumption by 22%, improving patient outcomes 

and reducing resistance rates (47). Decision-support 

tools, clinician education, and antimicrobial 

guidelines are critical components, particularly in 

primary care settings where overprescribing is 

prevalent (48). 

7.2 Infection Prevention 

Robust IPC measures, including hand hygiene, 

vaccination, and sterilization, reduce resistant strain 

transmission. Vaccination against pathogens like 

Streptococcus pneumoniae has decreased antibiotic 

use by preventing infections (49). In hospitals, 

enhanced sanitation and isolation protocols have 

lowered HAI rates, as demonstrated in Scandinavian 

countries with stringent IPC standards (50). 

7.3 Surveillance 

Global surveillance systems like GLASS and the US 

National Antimicrobial Resistance Monitoring 

System (NARMS) track resistance trends, informing 

policy and treatment guidelines (44). Expanding 

surveillance in LMICs, where data is sparse, is 

essential for understanding regional resistance 

patterns and guiding interventions (51). 

7.4 Research and Development 

Investment in novel antibiotics, diagnostics, and 

alternative therapies is critical. As of 2023, 97 

antibacterials were in development, but only a 

fraction target priority pathogens like CRE (32). 

Alternatives, such as bacteriophage therapy, 

monoclonal antibodies, and microbiome-based 

treatments, show promise but require further 

validation (52). Rapid diagnostic tools, like point-of-

care PCR, can guide precise prescribing, reducing 

misuse (53). 

7.5 Public Education 

Public awareness campaigns, such as the CDC’s “Get 

Smart” initiative, educate communities about 

appropriate antibiotic use, reducing patient-driven 

demand (47). In LMICs, community-based programs 

addressing cultural perceptions of antibiotics as 

“quick fixes” have shown success in reducing self-

medication (54). 

 

7.6 Policy Initiatives 

Regulatory reforms, such as banning non-therapeutic 

antibiotic use in agriculture, are effective, as seen in 

the EU’s 2006 ban (55). The UK’s 2024–2029 AMR 

action plan, targeting a 5% reduction in human 

antibiotic use, provides a model for national 

strategies, emphasizing stewardship, surveillance, 

and R&D investment (56). 

 

VIII. FUTURE DIRECTIONS 

 

Emerging technologies offer innovative solutions to 

combat AMR. Diagnostic biosensors enable rapid 

pathogen identification and resistance profiling, 

reducing inappropriate prescribing (57). Engineered 

antimicrobial surfaces, such as copper-coated 

hospital equipment, prevent bacterial colonization, 

while smart biomaterials like antibiotic-loaded 

nanoparticles target infections with precision (58). 

Cell engineering, including CRISPR-based 

approaches to disable resistance genes, and artificial 

intelligence for predicting resistance patterns are 

promising but require clinical validation (59). 
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The One Health approach, integrating human, 

animal, and environmental health, is critical for 

addressing AMR’s interconnected drivers. Global 

policies must prioritize phasing out agricultural 

antibiotic use for growth promotion, as demonstrated 

by successes in Denmark and the Netherlands (60). 

Incentivizing R&D through market entry rewards and 

public-private partnerships can address the antibiotic 

pipeline’s stagnation (61). Strengthening surveillance 

and research capacity in LMICs is essential to close 

data gaps and tailor interventions to regional needs 

(62). 

 

IX. CONCLUSION  

 

Antimicrobial resistance is a multifaceted global 

health crisis threatening medical progress and 

economic stability. Its molecular mechanisms—

enzymatic inactivation, target modification, efflux 

pumps, and others—enable rapid microbial 

adaptation, while drivers like antibiotic overuse, poor 

infection control, and a limited drug pipeline 

exacerbate the problem. With projections of 39 

million deaths by 2050, AMR demands urgent, 

coordinated action (2). Strategies such as antibiotic 

stewardship, infection prevention, surveillance, and 

innovative R&D offer hope, but their success hinges 

on global collaboration. The One Health framework, 

addressing human, animal, and environmental 

factors, is paramount. By bridging policy, research, 

and public health gaps, particularly in LMICs, we can 

preserve antimicrobial efficacy and safeguard future 

generations. 
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