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ABSTRACT

Antibiotic resistance (ABR) is a major public health crisis that undermines the effectiveness of modern medicine worldwide.
This narrative review synthesizes recent evidence on the global burden, mechanisms, drivers, and clinical implications of
ABR, emphasizing its One Health context. We performed a comprehensive literature review (2019-2025) of peer-reviewed
studies, reports, and surveillance data. Findings indicate that antibiotic-resistant infections caused an estimated 1.27 million
deaths in 2019 and were associated with nearly 5 million deaths globally. The highest burden occurs in low- and middle-
income regions, where limited healthcare resources and lax regulation fuel resistant strains. Resistance mechanisms are
diverse, including drug inactivation, efflux pumps, target modification, and biofilm formation, reflecting antibiotic use as an
ancient bacterial survival strategy. Key drivers include inappropriate antibiotic use in human and veterinary medicine,
agricultural use for growth promotion, and environmental contamination from pharmaceutical waste. Clinically, resistance
has rendered common infections harder to treat and has made routine surgeries and treatments (e.g., chemotherapy,
transplants) riskier. The economic impact is substantial, with projected multi-trillion-dollar losses by 2030. Our review
highlights One Health stewardship strategies — infection prevention, optimized antibiotic use, new diagnostics and vaccines,
and global cooperation - as essential to curbing ABR. Urgent action is required to preserve antibiotic efficacy for future
generations.
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Introduction

Antibiotic resistance (ABR) occurs when bacteria evolve mechanisms to withstand antimicrobial drugs,
turning once-treatable infections into life-threatening conditions. ABR is widely recognized as a critical global
health and development threat of the 21st century. The World Health Organization (WHO) estimates that
bacterial antimicrobial resistance was directly responsible for 1.27 million deaths worldwide in 2019, with
resistance playing a role in nearly 4.95 million additional deaths. These figures highlight that antibiotic
resistance now rivals HIV/AIDS and malaria combined in mortality and endangers advances in medicine.
Resistance undermines the effectiveness of antibiotics across clinical medicine; it turns routine infections into
untreatable illnesses and makes medical procedures such as surgery, cesarean delivery, and cancer
chemotherapy much riskier.

ABR is a naturally occurring, ancient phenomenon: antibiotics themselves evolved as microbial
metabolites over hundreds of millions of years, and corresponding resistance genes are embedded in bacterial
genomes. However, human activities have dramatically accelerated the emergence and spread of resistant
pathogens. Excessive and inappropriate use of antibiotics in humans and animals imposes strong selective
pressure, favoring bacteria that carry resistance traits. Moreover, globalization, including international travel
and trade, has facilitated the rapid spread of resistant bacteria across regions. The epidemiology of ABR is
therefore complex and multifactorial, linked to interconnected One Health domains (humans, animals,
environment). In this context, addressing ABR requires a multidisciplinary, systems-level approach.

This review aims to provide a comprehensive overview of current knowledge on antibiotic resistance as
a global health challenge, with a focus on clinical implications. We summarize recent findings on the burden
of resistance, the biological mechanisms and drivers of resistance emergence, and the consequences for patient
care and public health. We also discuss strategies to mitigate this crisis, drawing on global policy frameworks
and scientific evidence.
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Methodology

A narrative literature review was conducted focusing on antibiotic resistance (ABR) in the years 2019—
2025. We searched databases including PubMed, PMC, and Google Scholar, using terms such as “antibiotic
resistance,” “AMR,” “antimicrobial stewardship,” “global burden,” and “One Health.” We also reviewed
recent reports from WHO and CDC and relevant high-impact journals (Lancet, Cell, Frontiers, etc.). Inclusion
criteria were peer-reviewed reviews, surveillance reports, and original studies that provided epidemiological
data, mechanistic insights, or clinical analysis on ABR. Exclusion criteria were non-English papers and articles
not focused on bacterial resistance. A single reviewer performed title/abstract screening followed by full-text
assessment of potentially eligible articles. Relevant data on mortality estimates, resistance trends, mechanisms,
clinical outcomes, and mitigation strategies were extracted. Findings were synthesized qualitatively across
thematic areas.

Results

Global Burden of Antibiotic Resistance

Recent global estimates confirm that antibiotic resistance poses a vast public health burden. The
landmark Global Burden of Disease (GBD) 2021 study estimated 4.71 million deaths in 2021 were associated
with bacterial AMR, including 1.14 million deaths directly attributable to resistant infections. Children under
five saw a marked decrease in AMR-related mortality over past decades, but older adults saw dramatic
increases: AMR deaths rose by over 80% in people aged 70+ from 1990 to 2021. The pathogens with the
largest increase were methicillin-resistant Staphylococcus aureus (MRSA), which more than doubled in
attributable deaths (from ~57,000 in 1990 to ~130,000 in 2021), and Gram-negative bacteria (e.g., E. coli,
Klebsiella, Acinetobacter) showing rising carbapenem resistance.

GBD forecasts indicate that if current trends continue, AMR will be involved in 8.2 million deaths
annually by 2050 (8.2 million “associated” and 1.9 million “direct”). Developing regions bear a
disproportionate share: South Asia and sub-Saharan Africa are projected to have the highest future AMR
mortality rates. Over 2025-2050, models predict more than 39 million direct AMR deaths worldwide (not
including associated deaths) under the status quo. Notably, these worst-case projections assume no major
breakthroughs; scenario analyses suggest that improving healthcare access and stewardship could avert tens of
millions of deaths.

In high-income countries, AMR data are often more robust due to surveillance networks (e.g., EARS-
Net, CDC AR Lab Network), revealing persistent threats from hospital-associated organisms. In the United
States, for example, CDC reported tens of thousands of deaths annually from multidrug-resistant
Enterobacterales, MRSA, and Candida auris. Lower-income countries face higher burdens due to weaker
healthcare systems and minimal regulation of antibiotic use[10][24]. Overall, AMR’s mortality burden in 2019
was comparable to HIV/AIDS or malaria[1], underscoring its global significance.

Mechanisms of Resistance

Bacteria deploy diverse mechanisms to survive antibiotics. These include enzymatic inactivation of
drugs (e.g., B-lactamases), modification of drug targets (e.g., altered penicillin-binding proteins), reduced drug
uptake or increased efflux, and protective biofilm formation. The Cell Host & Microbe review emphasizes that
AMR is “equally ancient” to antibiotics and reflects complex genetic networks of resistance elements in
microbial populations[3]. Many resistance genes are carried on mobile genetic elements (plasmids,
transposons) facilitating horizontal gene transfer between species. For instance, the spread of carbapenemase
genes (like NDM-1) across different bacteria is a prime example of how resistance traits move globally.

Biofilms - structured bacterial communities adherent to surfaces - also enhance resistance by impeding
drug penetration and enabling shared defenses. In this way, even subpopulations of tolerant cells (“persisters”)
can survive high antibiotic levels. Resistance can also emerge via spontaneous mutations during treatment;
incomplete or prolonged antibiotic courses intensify selection for these mutants. Examples: Mutations in
Acinetobacter or Pseudomonas can upregulate efflux pumps, while mutations in ribosomal RNA genes confer
high-level resistance to aminoglycosides in Mycobacterium tuberculosis. Overall, the evolutionary flexibility
of bacteria means that virtually all antibiotic classes eventually face resistance, necessitating ongoing drug
development and stewardship.
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One Health Drivers and Spread

Multiple interconnected drivers in humans, animals, and the environment fuel the ABR crisis.
Inappropriate antibiotic use in clinical settings (overprescription, empirical use without diagnostics) directly
selects for resistance. In community health, self-medication and use of leftover antibiotics are common in some
regions, contributing to incomplete treatment courses. Globally, misuse in agriculture is a major factor:
antibiotics are widely used in livestock and aquaculture for growth promotion and disease prevention. This
creates reservoirs of resistant bacteria that can spread to humans via the food chain or through environmental
contamination.
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Fig. 1. One Health drivers of antibiotic resistance. Inappropriate antibiotic use in humans (top) and in
livestock (bottom) leads to drug residues and resistant bacteria entering the environment (center),
contaminating soil and water. These bacteria can then infect humans and animals, completing a cycle of
resistance spread. (Adapted from Aslam et al. 2021).

Environmental factors amplify the spread of resistance. Pharmaceutical manufacturing waste,
agricultural runoff (with antibiotic residues or animal fecal waste), and hospital effluent can introduce
antibiotics and resistant bacteria into soil and water. These environmental reservoirs serve as mixing grounds
where resistance genes can transfer among diverse microbial communities. For example, municipal wastewater
often harbors a wide diversity of antibiotic resistance genes (ARGs) and antibiotic-resistant bacteria (ARB)
released from both hospital and community sources.

In a global analysis of published data, antibiotic residues and ARGs were found across many habitats
(farms, cities, hospitals, and water bodies) worldwide. Asia (especially China) dominated published reports of
environmental ARGs, followed by Europe and North America. The same analysis revealed that ARGs
conferring resistance to -lactams, glycopeptides, and multidrug efflux were abundant in hospital-associated
environments, while tetracycline and sulfonamide resistance genes were widespread in agricultural soils and
water.

These findings underline that preventing ABR requires a One Health strategy: coordinated surveillance
and intervention across human medicine, veterinary practice, and environmental management. Recent global
initiatives, such as the WHO’s Global Action Plan on AMR and national One Health policies, reflect this
approach. However, gaps remain: many countries lack integrated surveillance linking human and animal health
data, and environmental monitoring of AMR is still in early stages.
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Clinical Implications of Resistance

Antibiotic resistance profoundly affects patient outcomes. Resistant infections are harder and more
expensive to treat, often requiring longer hospital stays and use of last-resort drugs (which may be less effective
or more toxic). Mortality is higher when first-line therapies fail. For example, a patient with bloodstream E.
coli sepsis resistant to standard treatment has a markedly higher risk of death than one with a susceptible strain.
Common hospital-acquired infections by MRSA, carbapenem-resistant Enterobacterales, or vancomycin-
resistant enterococci (VRE) are associated with significant morbidity and mortality.

ABR also jeopardizes routine medical procedures. WHO and other analyses highlight that surgeries,
cancer chemotherapy, organ transplants, and even childbirth rely on effective antibiotics to prevent and treat
infections. When prophylactic antibiotics fail (for example, surgical prophylaxis for hip replacement), the risk
of postoperative infection rises sharply. A case in point is Helicobacter pylori infection: increasing resistance
of H. pylori to clarithromycin and other first-line antibiotics has led to declining cure rates of this
gastrointestinal pathogen, necessitating alternative treatment regimens. Though H. pylori is not a typical
“hospital” pathogen, it exemplifies how AMR in common infections can complicate care and drive the use of
broader-spectrum therapies.

Economically, AMR imposes huge burdens on healthcare systems. Without effective antibiotics,
patients require more intensive care (e.g., ventilators, isolation), and infections last longer, tying up hospital
beds. The WHO reports that unchecked AMR could add roughly US\$1 trillion to healthcare expenditures and
cost 1-3.4% of global GDP by 2030. In low-income settings, the financial strain is even greater, often pushing
families into poverty due to medical costs. Productivity losses from prolonged illness or death further hinder
economic development.

Given these implications, antibiotic stewardship programs (optimizing antibiotic selection and use) have
been widely implemented in hospitals to reduce inappropriate use and curb resistance spread. Early evidence
shows that stewardship and infection control can reduce hospital-resistant infections (for example, MRSA
rates) in high-resource settings. However, many low-resource settings lack robust stewardship infrastructure,
leading to continued over-the-counter antibiotic misuse.

Discussion

The evidence reviewed here confirms that antibiotic resistance is a rapidly escalating global crisis with
wide-ranging clinical and public health consequences. Its drivers are deeply entwined with human behavior
and environmental change. The pervasive nature of resistance means that no country or sector is immune:
resistant bacteria cross borders easily, via travel, trade, or ecological dispersal. The One Health reviews
emphasize that truly effective AMR control requires transdisciplinary action - aligning policies in human
health, veterinary medicine, and environmental stewardship.

Despite mounting awareness, significant challenges remain. Surveillance data from many regions
(especially in Africa and parts of Asia and Latin America) are still sparse or inconsistent, hindering precise
estimation of the problem. Without better data, it is difficult to prioritize interventions or quantify progress.
The slow pace of new antibiotic development worsens the situation: few novel classes have reached the clinic
in the past decades, and most new agents target known mechanisms susceptible to resistance. Alternative
therapies (phage therapy, monoclonal antibodies) and preventive measures (vaccines, rapid diagnostics) are
under development but not yet widely available.

On the clinical front, rising resistance is forcing changes in practice. For example, empiric therapy
guidelines in many hospitals now use broader-spectrum combinations as a precaution, which unfortunately
creates a vicious cycle of further resistance selection. One mitigating factor has been the reduction of antibiotic-
resistant infections in young children, likely due to improved vaccination (e.g., pneumococcal and
Haemophilus vaccines) and better infection control in pediatric care. This trend suggests that bolstering
preventive measures can pay dividends in AMR reduction.

Policy responses have accelerated: the WHO Global Action Plan (2015) and numerous National Action
Plans emphasize surveillance, stewardship, and innovation. By 2023, over 150 countries had some form of
AMR national plan. International partnerships (e.g., WHO-FAO-OIE tripartite) advocate for coordinated
research and funding. Notably, WHO’s GLASS surveillance system has improved data sharing. Yet
implementation gaps persist: many plans lack sustainable funding, measurable targets, or integration across
sectors. Behavior change is especially difficult; for instance, curbing antibiotic use in agriculture runs into
economic and regulatory hurdles.
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Innovation is essential to reverse current trends. Encouragingly, novel approaches are emerging:
Artificial intelligence for rapid diagnosis, novel antibiotics targeting Gram-negative bacteria, bacteriophage
therapies, and microbiome modulation are being explored. Vaccines against bacterial pathogens (like
Salmonella Typhi, E. coli, or S. aureus) could reduce infection incidence and thus antibiotic pressure.
Environmental measures, such as regulations on pharmaceutical waste and improvement of sanitation, can cut
environmental reservoirs of resistance.

Conclusions

Antibiotic resistance has evolved into a profound global health threat with dire clinical and
socioeconomic implications. Our synthesis of current evidence shows that resistant infections already cause
millions of deaths annually and threaten to escalate if unaddressed. The drivers of this crisis are multifaceted
— from molecular evolution of bacteria to global patterns of antibiotic use in human and animal populations.
Clinically, ABR undermines the efficacy of standard treatments and endangers all areas of medicine.

Combating ABR requires sustained, coordinated action on many fronts. Key strategies include
strengthening surveillance to fill data gaps; optimizing antibiotic use through robust stewardship and
regulation; advancing research to develop new antimicrobials, vaccines, and diagnostics; and adopting One
Health approaches that address the human-animal-environment interface. International collaboration and
equitable resource sharing are vital, as low-resource settings face the highest burden. Without urgent and
comprehensive action, the trajectory of antibiotic resistance will continue to reverse decades of medical
progress. Future work should focus on integrated solutions that combine public health interventions, scientific
innovation, and policy reforms to safeguard antibiotic efficacy for generations to come.
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