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Abstract

Antimicrobial resistance (AMR) signifies a critical global health issue that erodes decades of treatment
progress. Resistant microorganisms diminish the effectiveness of available treatments, leading to longer
disease courses, higher fatality rates, and escalating healthcare expenditures. The phenomenon is driven
by inappropriate antibiotic use in humans and animals, weak infection-control practices, and limited
innovation in drug discovery.

Furthermore, the environmental dissemination of resistant genes through untreated waste and agricultural
runoff creates a self-reinforcing cycle of resistance that transcends clinical settings. Addressing AMR
requires coordinated international strategies that integrate a One Health paradigm linking environmental
health, animal, and human, to ensure robust surveillance, stewardship, regulatory oversight, and
investment in novel interventions. Raising public awareness, ensuring rational prescribing, and fostering
cross-sectoral collaboration are essential to safeguard future generations. This review outlines the
magnitude of the problem and explores sustainable approaches across healthcare, agriculture, and policy.
Beyond primary infections, the rise of AMR threatens the safety of routine surgical procedures and cancer
treatments, potentially transforming manageable medical interventions into high-risk endeavors.
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1. Introduction

Antimicrobial resistance (AMR) has become one of the leading prominent health threats of the present
age. It is defined as the capacity of microorganisms including viruses, bacteria, parasites and fungi to
survive exposure to antimicrobial agents that previously suppressed or eliminated them. This phenomenon
erodes decades of advancement in medicine and undermines the reliability of modern healthcare systems
[11. The World Health Organization (WHO) has repeatedly classified AMR as a global priority, cautioning
that without immediate intervention, even minor injuries and routine infections could over again prove
lethal 1. The scale of the crisis is alarming. In 2019, bacterial AMR was directly responsible for an
estimated 1.27 million mortalities and connected with approximately 5 million worldwide BI. Forecasts
suggest thereby 2050, AMR could account for up to 10 million mortalities yearly, exceeding cancer as a
predominant cause of mortality . Beyond human health, AMR also jeopardizes food security, economic
stability, and sustainable development, given its impact on agriculture, veterinary medicine, and
international trade 1,

The economic repercussions are profound. The World Bank projects that AMR could decrease global
GDP by 1.1% to 3.8% by 2050, with minimum-income countries disproportionately affected [,
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Healthcare costs rise sharply due to prolonged hospital stays, reliance on costly second-line therapies, and
increased morbidity [1. Moreover, AMR threatens the safety of medical procedures such as organ
transplantation, chemotherapy, and major surgeries, all of which depend on effective prophylactic
antimicrobials 8. Although the discovery of penicillin in 1928 revolutionized medicine, resistance was
reported within a decade of its widespread use . Since then, improper and excessive utilization of
antimicrobials in human health services, agriculture, and aquaculture has accelerated the emergence of
resistant strains %1, The globalization of trade and travel has further facilitated the rapid dissemination of
resistance genes across borders [*3. Table 1 shows Global burden of antimicrobial resistance.

Table 1. Global burden of antimicrobial resistance

Region Estimated AMR deaths | Projected deaths | Economic impact (GDP
(2019) (2050) loss %)

Global ' 1.27 million 10 million 1.1-3.8%

Europe 1 133,000 390,000 1.6%

South Asia M 389,000 2.5 million 2.0%

Sub-Saharan Africa | 255,000 4.1 million 3.0%

[12]

Microorganisms utilize a wide range of strategies to resist antimicrobial activity, including enzymatic
breakdown of drugs, structural modifications at target sites, activation of efflux systems, and the formation
of biofilms ['2. The exchange of genetic material through horizontal gene transfer additionally speeds up
the distribution of resistance traits over different species and ecological niches 3], The emergence of
multidrug-resistant pathogens such as Escherichia coli, Klebsiella pneumoniae, and methicillin-resistant
Staphylococcus aureus (MRSA) illustrates the serious clinical consequences of these mechanisms 4],
Several interconnected factors drive the rapid development and spread of resistance. In human medicine,
inappropriate prescribing practices and poor patient adherence remain major contributors !>, At the same
time, widespread use of antimicrobials in agriculture and aquaculture encourages the evolution of resistant
strains that can reach humans through environmental exposure and food chains '), Weak infection-control
measures in healthcare facilities intensify the problem, enabling resistant organisms to spread more easily
[17] Additionally, contamination from pharmaceutical production and improper waste disposal creates
reservoirs of resistance genes in soil and aquatic environments, sustaining their persistence and circulation
[18]

Effective surveillance is essential for tracking antimicrobial resistance (AMR) patterns, yet many regions
still lack robust monitoring frameworks %), Programs such as the Global Antimicrobial Resistance
Surveillance System (GLASS) were developed to standardize data collection, but differences in laboratory
infrastructure and reporting capacity remain significant obstacles [*%). Advances in genomic sequencing
and specialized AMR databases now offer promising avenues for earlier detection and targeted
interventions (>,

The economic consequences of AMR are severe. According to World Bank estimates, global GDP could
reduce by 1.1% to 3.8% by 2050, with low-income nations facing the greatest impact ??l. Healthcare
systems are burdened by extended hospital admissions, reliance on costly second-line treatments, and
increased rates of morbidity ?*!. In addition, AMR undermines the safety of critical medical procedures
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including organ transplants, chemotherapy, and major surgeries that depend on reliable prophylactic

antimicrobials 24,

Addressing AMR requires a coordinated and multifaceted global strategy. Core measures include:

e Implementation of antimicrobial stewardship programs to ensure rational prescribing %!,

e Investment in innovative therapeutics, including new antibiotics, vaccines, and alternatives such as
bacteriophage therapy.

e Strengthening infection prevention and control practices in hospitals and communities.

e Public education campaigns to encourage responsible antimicrobial use.

e International cooperation and policy frameworks that guarantee equitable access to diagnostics and
medicines.

Mechanisms of Resistance

Antimicrobial resistance emerges through a variety of biochemical and molecular processes that permit
microorganisms to withstand exposure to therapeutic substances. These mechanisms are shaped by
microbial physiology, evolutionary pressures, selective environments, and horizontal gene transfer. A clear
understanding of these pathways is crucial for designing effective interventions, advancing drug discovery,
and guiding stewardship initiatives.

A. Enzymatic Degradation and Modification: One of the most recognized mechanisms involves
enzymatic inactivation of drugs. B-lactamases, for instance, break down the B-lactam ring in penicillins
and cephalosporins, rendering them ineffective [*°!. Carbapenemases and Extended-spectrum p-lactamases
(ESBLs) are of significant concern, as they impart resistance to last-line antibiotics 7).
Aminoglycoside-modifying enzymes including acetyltransferases, nucleotidyltransferases, and
phosphotransferases alter drug structures, preventing them from binding to ribosomal targets 28],

B. Target Site Alteration: Resistance can also arise through mutations or modifications in drug-binding
sites. For example, changes in penicillin-binding proteins [PBPs] lead to B-lactam resistance in
Streptococcus pneumoniae [*). Alterations in DNA gyrase and topoisomerase IV are central to
fluoroquinolone resistance . In Mycobacterium tuberculosis, mutations in the rpoB gene encoding RNA
polymerase result in rifampicin resistance, a hallmark of multidrug-resistant tuberculosis 1*!).

C. Efflux Pumps: Efflux systems actively transport antimicrobial drugs out of the cell, decreasing
intracellular drug concentrations below therapeutic thresholds. The AcrAB-TolC efflux pump in
Escherichia coli is a classic example, capable of expelling B-lactams, tetracyclines, fluoroquinolones, and
chloramphenicol [**. These pumps are often controlled by global transcriptional regulators, allowing
bacteria to adapt quickly to environmental stress >3], Schematic diagram of efflux pump activity in
Gram-negative bacteria is shown in figure 1.
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Figure 1: Schematic diagram of efflux pump activity in Gram-negative bacteria.

A. Reduced Permeability: Alterations in microbial membrane permeability can restrict the entry of
antimicrobial agents. In Enterobacteriaceae, the loss or modification of porin proteins such as OmpF and
OmpC reduces sensitivity to p-lactams and fluoroquinolones . Gram-positive bacteria, by contrast,
often develop thicker cell walls and altered lipid structures, which further impede drug penetration 351,

B. Biofilm Formation: Biofilms create a specialized environment that enhances microbial survival
against antimicrobials. Within these communities, reduced metabolic activity, limited drug diffusion, and
the persistence of dormant cell populations contribute to resistance 6l Infections linked to biofilms,
particularly those associated with indwelling medical devices—are notoriously difficult to treat and
eradicate (71,

C. Horizontal Gene Transfer Resistance: Genes are consistently spread through mobile genetic
elements such as transposons, integrons and plasmids, enabling rapid dissemination across species and
ecosystems [ Processes like conjugation, transformation, and transduction facilitate the acquisition of
these genes, often clustering multiple resistance determinants together °1. The global spread of NDM-1
carbapenemase exemplifies the epidemiological importance of plasmid-mediated transfer 141,

D. Adaptive and Intrinsic Resistance: Some microorganisms naturally resist antimicrobials due to
inherent structural or metabolic traits. For example, Pseudomonas aeruginosa demonstrates innate
resistance through efflux systems and reduced membrane permeability [*}l. Adaptive resistance, however,
is transient and arises under stress conditions, such as exposure to sub-inhibitory antibiotic concentrations
[42]

E. Resistance in Fungi, Viruses, and Parasites: Although bacterial resistance dominates discussions,
other pathogens also exhibit resistance. In fungi, mutations in ERG11 confer azole resistance in Candida
species 3, Viral resistance often results from mutations in polymerase enzymes, as seen with HIV reverse
transcriptase inhibitors (41, In parasites, resistance to antimalarials such as chloroquine and artemisinin is
linked to transporter gene mutations and altered drug metabolism 151, Table 2 depicts major mechanisms
of antimicrobial resistance.
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F. Clinical Implications: The coexistence of multiple resistance mechanisms within a single pathogen
can cause multidrug-resistant (MDR) and widely drug-resistant (XDR) phenotypes 6. These strains
severely restrict therapeutic options and are related with higher mortality, morbidity and higher health
services costs [47],

G. Future Perspectives: Advances in genomics, proteomics, and structural biology continue to reveal the
complexity of resistance pathways. These insights provide opportunities for novel drug development,
efflux pump inhibitors, B-lactamase inhibitors, and anti-biofilm strategies [“8l. Integrating molecular

knowledge with surveillance systems and stewardship programs is essential to mitigate the AMR crisis
[49,50]

Table 2. Major mechanisms of antimicrobial resistance

Mechanism Example Pathogen Molecular Basis Clinical Impact

Enzymatic Klebsiella B-lactamase production Carbapenem resistance

degradation [27] pneumoniae

Target site alteration | Streptococcus Mutations in PBPs Penicillin resistance

(28] pneumoniae

Efflux pumps (3] E. coli AcrAB-TolC system Multidrug resistance

Reduced Enterobacter cloacae | Loss of OmpF/OmpC | Fluoroquinolone

permeability [84] porins resistance

Biofilm formation 89 | Pseudomonas Persister cells, matrix | Device-associated
aeruginosa protection infections

1. Drivers of Antimicrobial Resistance

Human Misuse: Improper use of antimicrobials in clinical practice remains the leading factor driving
resistance. Excessive prescribing, patient expectations, and the absence of rapid diagnostic tools often
result in unnecessary antibiotic administration 3. Self-medication and incomplete treatment courses
further intensify the problem, as pathogens are exposed to sub-therapeutic drug levels that encourage
adaptation 2. In many low- and middle-income countries, unrestricted access to antibiotics without
prescription has led to widespread misuse 31,

Veterinary and Agricultural Use: Heavy reliance on antimicrobials in agriculture and aquaculture
promotes the emergence of resistant strains that can be transmitted to humans through food chains and
environmental exposure 4. Despite international recommendations to limit such practices, antibiotics
continue to be used for growth promotion and prophylaxis in livestock °l. Resistant organisms, including
ESBL-producing E. coli, have been identified in food animals, underscoring the zoonotic dimension of
AMR B,

Environmental Contamination: Pharmaceutical production, hospital effluents, and agricultural runoff
contribute to reservoirs of resistance in the environment ), Residual antibiotics in soil and water exert
selective pressure, enabling resistant organisms to persist %81, Wastewater treatment facilities have been
identified as hotspots for genetic exchange, facilitating the spread of resistance genes into broader
ecosystems 591,

Globalization and Travel: The interconnected nature of modern societies accelerates the global
dissemination of resistant pathogens. International travel and trade allow resistance traits to cross borders
rapidly 8%, Qutbreaks of carbapenemase-producing Enterobacteriaceae and NDM-1 have been linked to
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medical tourism and global mobility 81, Migration patterns and international food supply chains further
complicate containment strategies [®2. Table 3 includes key drivers of antimicrobial resistance.

Table 3. Key drivers of antimicrobial resistance
Driver Example Context Impact on Resistance Spread
Human misuse [50-54 Overprescription, Selection of resistant strains
self-medication
Veterinary/agricultural B  Growth promotion in livestock Zoonotic transmission of resistant

571 bacteria
Environmental 58-601 Wastewater contamination Reservoirs of resistance genes
Globalization/travel [61.62] Medical tourism, trade Rapid international dissemination

2. Impact of Antimicrobial Resistance

Clinical Outcomes: Antimicrobial resistance undermines the effectiveness of therapies for common
infections such as urinary tract infections, sepsis and pneumonia [®3l. Resistant pathogens are linked to
prolonged illness, elevated mortality rates, and a greater likelinood of complications 4. Conditions such
as multidrug-resistant tuberculosis and extensively drug-resistant Gram-negative infections highlight the
severe clinical consequences of AMR [°],

Economic Burden: The financial impact of AMR is substantial. Resistant infections drive healthcare
costs upward due to extended hospital stays, reliance on expensive second-line treatments, and increased
admissions to intensive care units %, The World Bank has cautioned that AMR could decrease global
GDP by trillions of dollars by 2050, with low-income nations bearing the greatest losses [¢71. Productivity
declines caused by prolonged illness and premature deaths further intensify the economic strain 681,
Projections of global mortality: Due to AMR by 2050 emphasize that low- and middle-income countries
will be most severely affected. Asia is expected to account for approximately 4.73 million deaths [47.3%],
followed by Africa with 4.15 million deaths (41.5%). In contrast, Europe and Latin America are projected
to face around 390,000-392,000 deaths (about 3.9%), North America about 317,000 [3.1%], and Oceania
the lowest at 22,000 (<0.5%). Together, Asia and Africa are anticipated to bear nearly 90% of the global
burden (661,

Threats to Modern Medicine: AMR poses a serious risk to the safety of medical interventions such as
chemotherapy, organ transplantation, and major surgical procedures, all of which depend on effective
prophylactic antimicrobials [®°1. Without reliable drugs, routine medical practices could become
life-threatening [, The emergence of pan-resistant organisms raises the possibility of a “post-antibiotic
era,” where even little infections could once again prove fatal ["Y]. Clinical and economic impacts of AMR
are shown in Table 4.

Table 4. Clinical and economic impacts of AMR

Impact Area Example Outcome Evidence/Statistic

Clinical outcomes 631 | Increased mortality in sepsis 2-3x higher mortality with resistant
strains

Economic burden 8681 | |_onger hospital stays +8-20 days per patient

Threats to medicine % | Unsafe surgeries, chemotherapy | WHO warning of “post-antibiotic era”

& risks
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3. Surveillance and Data Gaps

Global Initiatives (GLASS, EARS-Net, etc.)

Surveillance as a Foundation: Monitoring systems are central to effective management of antimicrobial
resistance (AMR). The World Health Organization’s Global Antimicrobial Resistance Surveillance
System (GLASS) was established to provide standardized approaches for data collection and reporting
across participating nations [’2. GLASS prioritizes harmonization of laboratory practices and integration
of clinical and epidemiological information. In Europe, the European Antimicrobial Resistance
Surveillance Network (EARS-Net) has played a vital role in tracking resistance trends and shaping policy
responses [®l. Together, these initiatives underscore the importance of coordinated global action to
produce reliable and comparable datasets.

The WHO’s GLASS enrollment map (September 2022) illustrates the global distribution of participation.
Countries are color-coded by their enrollment status: dark blue indicates involvement in both AMR
(antimicrobial resistance) and AMC (antimicrobial consumption), purple reflects AMR-only participation,
orange denotes AMC-only, while light gray marks non-enrolled nations and dark gray those not
applicable. This visualization highlights regions actively contributing to surveillance efforts, contrasted
with areas still outside the program 72,

Challenges in Resource-Limited Settings: Despite progress, surveillance capacity remains uneven.
Many low- and middle-income countries lack sufficient laboratory infrastructure, skilled personnel, and
financial resources to maintain long-term monitoring programs . Limited diagnostic capabilities
contribute to underreporting and delays in identifying emerging resistance [®1. Additionally, fragmented
health systems and weak regulatory oversight hinder effective data sharing and integration ["®l. Table 5
shows global surveillance initiatives and challenges.

Role of Genomics and Big Data: Recent advances in whole-genome sequencing [WGS] and
bioinformatics have transformed AMR surveillance. Genomic tools allow rapid detection of resistance
genes, mapping of transmission pathways, and support for outbreak investigations ['7. Big data platforms
and global repositories such as the Comprehensive Antibiotic Resistance Database [CARD] enable
real-time monitoring and predictive modeling 81, However, fair access to these technologies persist a
significant issue, particularly in resource-constrained regions ["l,

Table 5. Global surveillance initiatives and challenges

Initiative Coverage Strengths Challenges in LMICs
Region
GLASS [WHO] Global Standardized Limited lab capacity
[72,73] methodology
EARS-Net [EU] [74- Europe Harmonized EU data Resource disparities
76]
National plans [77- UK, India, GCC Policy integration Weak enforcement, fragmented
79] systems

4. Solutions and Strategies

A. Antimicrobial Stewardship (25%o)

Antimicrobial stewardship programs [ASPs] are designed to ensure the judicious use of antimicrobials,
thereby enhancing patient outcomes and slowing the development of resistance. These initiatives focus on
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refining prescribing practices, minimizing inappropriate drug use, and enhancing overall treatment
effectiveness. Evidence indicates that stewardship programs play a substantial role in reducing resistance
rates, contributing approximately 25% to the overall success of AMR containment strategies %,

Key elements of ASPs include adherence to evidence-based prescribing guidelines, timely de-escalation
of therapy when appropriate, and structured audit-and-feedback mechanisms to monitor and improve
clinical practice Y. Successful implementation of these programs has consistently demonstrated
reductions in unnecessary antibiotic prescriptions and improved patient outcomes across a variety of
healthcare settings 82,

B. Infection Prevention and Control (30%0)

Infection Prevention and Control (IPC) Strengthening infection prevention and control measures is vital
to curbing the transmission of resistant organisms. Practices such as rigorous hand hygiene, environmental
sanitation, and patient isolation protocols are proven to reduce hospital-acquired infections. Preventive
strategies—including vaccination programs—extend beyond clinical settings, lowering transmission in
communities and collectively accounting for about 30% of the overall effectiveness in AMR containment
(83 The implementation of bundled IPC interventions in intensive care units has been shown to
significantly decrease multidrug-resistant infection rates 4. Vaccines also play a crucial role by reducing
bacterial disease incidence, thereby indirectly lowering antibiotic consumption %!,

C. Novel Therapeutics (New Antibiotics, Vaccines, Phage Therapy) (20%)

The slowdown in antibiotic discovery has prompted exploration of alternative therapeutic approaches.
New agents targeting resistant Gram-negative pathogens are under development, though challenges in
clinical translation persist %%, Vaccines, such as pneumococcal conjugate formulations, have successfully
reduced disease burden and indirectly mitigated resistance. Emerging strategies—including phage therapy,
which employs bacteriophages to selectively target resistant bacteria—are gaining renewed attention, with
clinical trials reporting encouraging outcomes. Collectively, these innovations contribute around 20% to
global AMR containment efforts 37581,

D. Policy Frameworks and Global Collaboration (25%)

Policy-driven interventions are essential for sustaining long-term progress against AMR. The WHO
Global Action Plan provides a framework for national strategies, emphasizing surveillance, stewardship,
and innovation ™). Collaborative initiatives such as the Transatlantic Taskforce on Antimicrobial
Resistance [TATFAR] promote knowledge exchange and harmonization of policies across regions %%,
Economic incentives—including market entry rewards and public-private partnerships—are being
explored to stimulate antibiotic development. International action plans, regulatory alignment, and
adoption of the One Health approach are critical for sustainable management, accounting for roughly 25%
of effectiveness in long-term AMR control !l Ultimately, integrating human, animal, and environmental
health perspectives is indispensable for a comprehensive response 2. Figure 2 depicts pie chart on %
global solutions and relative contributions to AMR. Table 6 shows key strategies to combat AMR.
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% Global Solutions and Relative Contributions to AMR

Anti-Microbial
Stewardship
25%

Infection, Prevention
and Control
30%

Novel Therapeutics
20%

Policy Frameworks and
Collaborations
25%

Figure 2: Pie chart on % global solutions and relative contributions to AMR

Table 6. Key strategies to combat AMR

Strategy Example Intervention Outcome

Stewardship (82 Audit-feedback programs | Reduced broad-spectrum use
Infection prevention 8% | Hand hygiene bundles Lower nosocomial infection rates
Novel therapeutics 528 | Phage therapy trials Promising clinical outcomes
Policy frameworks [#-91 | WHO Global Action Plan | Coordinated global response

5. Case Studies

Success Stories in Stewardship Programs: Antimicrobial stewardship programs [ASPs] have shown
clear success in curbing inappropriate prescribing and improving patient outcomes. In the United States,
hospital-based ASPs achieved notable reductions in broad-spectrum antibiotic use, which in turn lowered
rates of Clostridioides difficile infections . Australia’s nationwide stewardship initiatives have
contributed to a measurable decline in fluoroquinolone resistance among Gram-negative pathogens 4,
Likewise, pediatric stewardship programs in Canada have reduced unnecessary antibiotic prescriptions for
respiratory tract infections, all while maintaining patient safety [*®1,

National Action Plans (UK, India, EU, GCC): Several countries and regions have adopted
comprehensive national strategies to address AMR. The United Kingdom introduced its AMR plan in
2013, focusing on stewardship, surveillance, and innovation, which has led to reduced antibiotic
consumption in primary care [°®1. Within the European Union, coordinated efforts through the European
Commission and the ECDC have harmonized surveillance systems and promoted responsible
antimicrobial use [*7]. India launched its National Action Plan on AMR in 2017, emphasizing awareness,
surveillance, and infection prevention, though implementation challenges remain 8. In the Gulf
Cooperation Council (GCC), collaborative frameworks have been established to enhance laboratory
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capacity and align stewardship practices across member states °%1. National action plans and Stewardship
successes are shown in Table 7.

Table 7. National action plans and Stewardship successes

Country/Region | Key Components Reported Outcomes

UK [l Stewardship, surveillance Decline in primary care antibiotic use
EU 7] Harmonized reporting Improved cross-border data sharing
India [°€] Awareness, IPC, surveillance | Early implementation challenges
GCcC P Regional collaboration Strengthened lab capacity

6. Future Directions

Research Priorities: Future research must focus on advancing rapid diagnostic tools, developing new
antimicrobials, and exploring alternative therapies. Point-of-care diagnostics are particularly important, as
they enable clinicians to distinguish bacterial infections from viral ones, thereby reducing unnecessary
antibiotic prescriptions %, Continued investment in antimicrobial discovery pipelines, especially those
targeting Gram-negative pathogens, remains a critical priority for global health [0,

One Health Approach: The One Health framework demonstrates the interdependence of animal, human,
and environmental health in tackling AMR. Coordinated surveillance across these domains is essential for
tracking resistance determinants and designing effective interventions %2, Incorporating veterinary and
environmental data into public health systems will enhance preparedness and strengthen global capacity
to respond to emerging resistance threats [,

Sustainable Innovation Models: Long-term innovation in combating antimicrobial resistance requires
both economic incentives and collaborative frameworks. Approaches such as public-private partnerships,
market entry rewards, and subscription-based payment systems are currently being explored to encourage
the development of new antibiotics %I, Global actions, including the Global Antibiotic Research and
Development Partnership (GARDP), serve as strong examples of cooperative models that drive progress
in this field %1, Ensuring that new therapies are distributed equitably while upholding stewardship
principles will be essential for achieving sustainable outcomes in the fight against AMR 2961071 Taple 8
shows research priorities and innovation models.

Table 8. Research priorities and innovation models

Priority Area Example Focus Potential Impact

Rapid diagnostics %121 | point-of-care tests Reduced inappropriate
prescribing

Novel antimicrobials [1°% | Gram-negative targets Expanded treatment options

103]

One Health integration | Veterinary/environmental Holistic containment of AMR

[104] surveillance

Innovation models %1% | GARDP, CARB-X partnerships Sustainable drug development

8. Conclusion
Antimicrobial resistance (AMR) stands as one among the most critical challenges confronting global
health, food security, and sustainable development. The evidence reviewed across mechanisms, drivers,
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impacts, surveillance gaps, and mitigation strategies highlights both the complexity of the problem and
the urgent need for coordinated international action. Resistant pathogens undermine the efficacy of
existing therapies, elevate mortality rates, prolong hospital admissions, and substantially increase
healthcare expenditures. Beyond clinical outcomes, AMR threatens the very foundations of modern
medicine, placing routine interventions such as surgery, chemotherapy, and organ transplantation at risk.
Encouraging examples from stewardship programs and national action plans demonstrate that meaningful
progress is achievable when evidence-based policies, surveillance systems, and innovation converge.
Nevertheless, disparities in infrastructure, resources, and governance remain major obstacles, particularly
in low- and middle-income countries. Looking ahead, future strategies must fully embrace the One Health
perspective, integrating human, animal, and environmental health, while advancing sustainable innovation
models that incentivize the development of new therapeutics and diagnostics.

Ultimately, confronting AMR requires global solidarity: harmonized surveillance, responsible
antimicrobial use, investment in novel solutions, and equitable access to healthcare. Without decisive and
sustained action, the world risks entering a post-antibiotic era where even little infections could once again
prove fatal. With continued commitment, innovation, and collaboration, however, AMR can be contained,
preserving the achievements of modern medicine for generations to come.
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