Mudhalkar Karan, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 2, 3759-3768 | Review

[ISSN: 0975-4725; CODEN(USA): 1JPS00]
Journal Homepage: https://www.ijpsjournal.com

INTERNATIONAL JOURNAL OF ———

PHARMACEUTICAL SCIENCES  pep éf:"(& ACCESS
o

Review Article

Rational Use of Antibiotics in the Era of Antimicrobial Resistance:
Recent Advances and Future Directions

Mudhalkar Karan, Kotgire Omkar, Dr. Giri Ashok Bhimrao

Shivlingeshwar College of Pharmacy Amala, Tq- Ausa, District- Latur, Maharashtra- 413520

ARTICLE INFO

ABSTRACT

Published: 23 Feb 2026
Keywords:

Antimicrobial resistance,
rational use of antibiotics,
antimicrobial stewardship,
rapid diagnostics, One
Health, antibiotic policy.
DOI:
10.5281/zenodo.18749307

Antimicrobial resistance (AMR) represents a critical global public health threat,
undermining a century of medical advancement and posing significant risks to modern
healthcare systems. The irrational and excessive application of antibiotics in human and
animal medicine is a principal accelerator of this crisis. This narrative review
synthesizes contemporary evidence, drawing from PubMed, Web of Science, and key
guideline databases from 2015 to 2024, to evaluate strategies for the rational deployment
of antibiotics. We examine established interventions, including structured antimicrobial
stewardship programs, the integration of rapid diagnostic technologies, and the
application of biomarkers for clinical decision-making. Recent progress in genomics,
point-of-care diagnostics, and artificial intelligence is scrutinized for its role in refining
prescribing accuracy. The review further explores the imperative of the One Health
paradigm and proposes future trajectories, such as novel economic models to stimulate
antibiotic innovation and robust global surveillance frameworks. Ultimately, curbing
AMR necessitates a sustained, collaborative effort across sectors, underpinned by public
education and dedicated investment in research.

INTRODUCTION

1.1 Background

The discovery of penicillin by Alexander Fleming
in 1928 heralded a new era in medicine,
dramatically reducing mortality from bacterial
infections. However, the subsequent decades have
witnessed an inexorable rise in antimicrobial

resistance  (AMR),

natural  evolutionary

phenomenon profoundly exacerbated by human
activity. The World Health Organization (WHO)
has declared AMR one of the top ten global public
health threats. A seminal report by the O’Neill
Commission projected that by 2050, AMR could
cause 10 million deaths annually and cumulatively
cost the global economy up to $100 trillion if left
unchecked. The burden extends beyond mortality,
encompassing prolonged hospital stays, increased
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healthcare costs, and the failure of routine medical
procedures like surgeries, chemotherapy, and
organ transplants.

1.2 Drivers of AMR

The proliferation of resistant pathogens is fueled
by a complex interplay of factors. In human
medicine, a cornerstone driver is the inappropriate
prescribing of antibiotics,
conditions like the common cold or acute

often for wviral
bronchitis, against which they are ineffective. This
is compounded in many regions by the over-the-
counter availability of antibiotics without a
prescription, facilitating self-medication.

Simultaneously, the agricultural sector accounts
for a substantial proportion of global antibiotic
consumption, utilizing these drugs not only for
treating sick animals but, problematically, for
growth promotion and routine prophylaxis in
intensive farming. Environmental contamination
through pharmaceutical effluent and inadequate
wastewater treatment creates reservoirs of

resistance genes.

Finally, the stark disparity between the rapid
spread of resistance and the anaemic pipeline of
novel antibacterial agents creates a therapeutic
vacuum for multi-drug resistant infections.

1.3 Definition of Rational Use

Rational antibiotic use is a cornerstone concept in
combating AMR. It is systematically defined by
the WHO as patients receiving medications
appropriate to their clinical needs, in doses that
meet their own individual requirements, for an
adequate period of time, and at the lowest cost to
them and their community. This is operationalized
as the "five rights": the right patient, the right drug,
the right dose, the right route, and the right
duration.
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Achieving this requires accurate diagnosis, an
understanding of local epidemiology and
resistance  patterns, and consideration of
pharmacokinetic/pharmacodynamic (PK/PD)
principles.

1.4 Aim and Scope

This review aims to provide a comprehensive
analysis of the current landscape surrounding
It will delineate the
persistent challenges, consolidate evidence on
effective strategies and interventions, highlight
technological and methodological advances from
recent years, and propose actionable future

rational antibiotic use.

directions for policymakers, clinicians, and
researchers committed to mitigating the AMR

crisis.

2. CURRENT
ANTIBIOTIC USE

CHALLENGES IN

2.1 Overprescribing and Misuse

Despite decades of awareness campaigns,
inappropriate  antibiotic prescribing remains
endemic. Studies consistently show that a

significant percentage of outpatient antibiotic
prescriptions—often estimated between 30% and
50%—are unnecessary, most commonly for acute
respiratory infections. This practice is perpetuated
by diagnostic uncertainty, time constraints in
clinical practice, and perceived or explicit patient
demand for a "quick fix."

A systematic review by Drekonja et al. noted that
clinician education alone has limited impact
without addressing these systemic and behavioral
pressures. Furthermore, a lack of wupdated
knowledge on local resistance patterns and optimal
antibiotic choices among some prescribers
contributes to the selection of overly broad-
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spectrum agents when narrower alternatives would
suffice.

2.2 Access vs. Excess

The challenge of antibiotic use is dichotomous. In
many high-income countries, the primary issue is
overuse and excess. In contrast, in low- and
middle-income countries (LMICs), lack of access
to effective, quality-assured antibiotics remains a
leading cause of mortality from bacterial
infections. This access disparity creates a
paradoxical situation where resistant infections,
bred by overuse in some parts of the world or
within affluent segments of society, threaten
populations that already struggle to access first-
line treatments.

The issue is further complicated by the circulation
of substandard and falsified antibiotics, which
often contain sub-therapeutic drug levels that
promote resistance.

2.3 Agricultural and Veterinary Use

Non-human antibiotic consumption vastly exceeds
human use In animal
husbandry,
therapeutic purposes, metaphylaxis (treating a
group when some are sick), and, in places where it
is still permitted, growth promotion. This constant

in many countries.
antibiotics are employed for

low-dose exposure creates a powerful selective
pressure for resistant bacteria in livestock, which
can then transfer to humans through the food
contact, or environmental

chain, direct

contamination.

For instance, the use of colistin, a last-resort
antibiotic for humans, as a growth promoter in pigs
was a major factor in the global spread of the
plasmid-borne mcr-1 gene conferring colistin
resistance.
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2.4 Regulatory and Infrastructural Gaps

Effective antibiotic policy requires robust
regulatory frameworks and infrastructure, which
are often lacking. Enforcement of prescription-
only laws is weak in many regions. Diagnostic
infrastructure, particularly in primary care and
LMIC settings, is frequently inadequate; clinicians
are forced to prescribe empirically without
microbiological guidance. This "blind" treatment
encourages broad-spectrum use. Surveillance
systems to track resistance patterns and antibiotic
consumption are fragmented or non-existent in
many areas, hindering the data-driven guidance of

therapy and policy.

3. STRATEGIES
ANTIBIOTIC USE

FOR RATIONAL

3.1 Antimicrobial
(ASPs)

Stewardship Programs

Antimicrobial stewardship is a coherent set of
actions designed to promote the responsible use of
antibiotics. Effective hospital-based ASPs, as
defined by the Infectious Diseases Society of
America (IDSA), typically include two core
strategies: prospective audit and feedback (where
an expert reviews prescriptions and provides
advice), and formulary restriction/pre-
authorization for certain high-end antibiotics.
These are supported by the development and
dissemination of evidence-based local treatment
guidelines. The success of ASPs hinges on
dedicated personnel (infectious disease physicians
and pharmacists), institutional leadership support,
and information technology. Increasingly, ASP
principles are being adapted for primary care and
long-term care facilities.
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Table 1. Core Components of Effective Antimicrobial Stewardship Programs (ASPs)

Component Description Key Example Interventions
Leadership Institutional support through dedicated Appointment of ASP leadership, allocation
Commitment financial, human, and IT resources. of protected time, formal stewardship
committee.
Accountability | Designation of individuals responsible for Infectious disease physician and clinical
stewardship outcomes. pharmacist co-leads.
Drug Expertise Access to expertise in antimicrobial Involvement of ID specialists and
pharmacotherapy and infectious diseases. antimicrobial pharmacists.
Action Implementation of targeted interventions | Prospective audit and feedback, formulary
to improve antibiotic use. restriction, pre-authorization of broad-
spectrum agents.
Tracking Monitoring antibiotic prescribing, Defined daily doses (DDD), days of therapy
resistance trends, and clinical outcomes. (DOT), resistance rate surveillance.
Reporting Regular feedback of data to prescribers Prescribing performance dashboards,
and hospital leadership. antibiogram updates.
Education Continuous education for healthcare Prescribing guidelines, seminars, decision
workers and patients. aids, patient information leaflets.

3.2 Diagnostic Stewardship

Diagnostic stewardship involves optimizing the
use of microbiological tests to guide clinical
decisions. The advent of rapid diagnostic tests
(RDTs) has been transformative. Techniques like
multiplex PCR panels can identify pathogens and
key resistance genes from positive blood cultures
in hours rather than the days required for
traditional culture and sensitivity. Matrix-assisted
laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry allows for
rapid microbial identification.

Furthermore, biomarkers like procalcitonin can
help differentiate bacterial from non-bacterial
inflammation, supporting decisions to initiate or
discontinue antibiotics. A meta-analysis by
Schuetz et al. demonstrated that procalcitonin-
guided therapy significantly reduces antibiotic
exposure without compromising patient safety.

3.3 Education and Behavioral Interventions

Sustained education is vital for all stakeholders.
For healthcare professionals, this includes training
on

prescribing  guidelines, principles  of
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skills  to
manage patient expectations. Public awareness
campaigns, such as the European Centre for
and Control's (ECDC)
"Antibiotic Awareness Day," aim to educate the
community that antibiotics are not effective
against viruses.

microbiology, and communication

Disease Prevention

Behavioral interventions, such as publicly posting
prescribing feedback to clinicians or implementing
commitments (e.g., "post-prescription review"),
have shown promise in nudging behavior towards
more rational use.

3.4 Policy and Regulatory Measures

Strong policy is the backbone of national efforts.
This includes legislating to make antibiotics
prescription-only and enforcing these laws,
banning the use of medically important antibiotics
for growth promotion in agriculture (as done by
the European Union in 2006 and more recently by
others), and regulating antibiotic discharge from
pharmaceutical manufacturing. Internationally,
the WHO's Global Action Plan on AMR provides
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a blueprint for countries to develop National
Action Plans (NAPs).

The World Organisation for Animal Health (OIE)
and the UN Food and Agriculture Organization
(FAO) also provide critical frameworks for the
animal sector.

4. RECENT ADVANCES
4.1 Rapid and Point-of-Care Diagnostics

The field of diagnostics is advancing rapidly.
Next-generation sequencing (NGS) allows for the

detection of virtually all pathogens and resistance
markers in a single run, enabling outbreak
investigation and revealing complex resistance
mechanisms. For point-of-care use, innovations in
microfluidics and biosensor technology are
leading to portable, low-cost devices that could
perform complex tests
community settings in LMICs.

in clinics or even

Examples include chip-based systems that can
identify pathogens and resistance from small
sample potentially
management in resource-limited environments.

volumes, revolutionizing

Table 2. Comparison of Selected Rapid Diagnostic Technologies for Bacterial Infections

Technology Principle Time to Key Advantages Limitations
Result
Multiplex PCR Amplification of 1-2 hours | Rapid, detects multiple High cost, limited
(e.g., BioFire multiple pathogen- pathogens and resistance | panels, detects DNA
FilmArray) specific DNA targets genes simultaneously not viability
MALDI-TOF Protein spectral Minutes Very rapid Requires culture
MS fingerprinting of after identification, high (~18-24 h), high
microorganisms culture accuracy, low per- capital investment
growth sample cost
Molecular POCT | Cartridge-based PCR ~90 Decentralized testing, Limited pathogen
(e.g., GeneXpert) | testing at point of care minutes minimal technical menu, moderate per-
expertise test cost
Microfluidic / Detection of pathogens | 30 min—2 | Potential portability, low | Mostly experimental,
Chip-based or biomarkers using hours sample volume, sensitivity and
Sensors miniaturized systems suitability for LMICs validation challenges
4.2 Pharmacokinetic/Pharmacodynamic = Emerging software and AI models can now

(PK/PD) Optimization

The application of PK/PD principles is moving
from theory to routine practice through therapeutic
drug monitoring (TDM). TDM
measuring drug concentrations in a patient's blood
to individualize dosing, ensuring efficacy while
minimizing toxicity. This is particularly crucial for
antibiotics with a narrow therapeutic index (e.g.,

involves

vancomycin, aminoglycosides) and in critically ill
patients whose altered physiology dramatically
affects drug levels.
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integrate patient-specific data (renal function,
weight) with pathogen MIC (minimum inhibitory
concentration) to recommend  optimized,
personalized dosing regimens in real-time.

4.3 Digital Health and Artificial Intelligence

Digital tools are becoming integral to stewardship.
Clinical Decision Support Systems (CDSS)
embedded in Electronic Health Records (EHRs)
can alert prescribers to guideline deviations,
suggest optimal antibiotics based on local
susceptibility data, and flag potential allergies or
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drug interactions. Machine learning models are
being trained on vast datasets of electronic records
to predict infection risk, the likelihood of
resistance (e.g., predicting methicillin-resistant
Staphylococcus or extended-spectrum
beta-lactamase producers), and patient outcomes,
thereby providing data-driven decision support.

aurcus

4.4 Alternative and Adjunct Therapies

Given the challenges of antibiotic development,
alternatives are being actively explored.
Bacteriophage (phage) therapy, which uses viruses
to infect and kill specific bacteria, has seen
renewed interest for treating difficult multi-drug
resistant infections, with several compassionate-
use cases reported. Monoclonal antibodies
designed to neutralize bacterial toxins or virulence

factors are in development.

Adjunct therapies, such as probiotics to restore
healthy microbiota or immunomodulators to boost
the host's own defense systems, are being
investigated to improve outcomes and potentially
reduce reliance on antibiotics.

5. ONE HEALTH APPROACH

5.1 Integrating Human, and

Environmental Health

Animal,

The One Health concept recognizes that the health
of humans, animals, and ecosystems is
inextricably linked. AMR exemplifies this
interconnection, as resistant genes circulate freely
between these spheres. An effective response
therefore requires integrated surveillance that
tracks antibiotic use and resistance not just in
hospitals, but on farms, in food products, and in
the environment (water, soil). Policy must be
coordinated across human health, veterinary,
agricultural, and environmental agencies, breaking
down traditional silos.

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

5.2 Reducing Antibiotic Use in Agriculture

Reducing agricultural reliance on antibiotics
requires a multi-pronged strategy. Regulatory bans
on growth promotion are essential. This must be
coupled with the promotion of alternatives, such as
improved animal husbandry and hygiene, the use
of vaccines to prevent infections, and the
application of prebiotics and probiotics to support
animal gut health. Ensuring veterinary oversight
and establishing guidelines for prudent therapeutic
use in animals are equally important.

5.3 Environmental Mitigation

Antibiotics and resistant bacteria enter the

environment through pharmaceutical
manufacturing waste, agricultural runoff, and
human sewage. Advanced wastewater treatment
technologies, such as membrane bioreactors and
advanced oxidation processes, can significantly
reduce this load. Regulations to control effluent
from drug manufacturing plants are also critical to
prevent the creation of environmental "hotspots"

for resistance development.
6. FUTURE DIRECTIONS
6.1 Incentivizing Antibiotic Development

The traditional market model fails for antibiotics:
new agents must be used sparingly (as "last
resorts") to preserve their efficacy, which conflicts
with the need for high sales volume to recoup
R&D costs. New economic models are needed.
"Push" incentives (e.g., grants, public funding for
research) reduce upfront development costs. "Pull"
incentives  (e.g., market entry rewards,
subscription-based payment models where
governments pay for access regardless of volume)
create a viable market for innovators. Initiatives
like the UK's "subscription model" pilot and the
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CARB-X global partnership are testing these
approaches.

6.2 Strengthening Global Collaboration

AMR is a borderless threat requiring a unified
global response. Surveillance networks like the
WHO's Global Antimicrobial Resistance and Use
Surveillance System (GLASS) need to be
expanded and standardized. Data sharing between
countries must be improved to track emerging
threats.

Equitable access to both existing and new
antibiotics is a matter of global justice and
essential for effective containment; mechanisms
like the Global Antibiotic
Development Partnership (GARDP) are working
towards this goal.

Research and

6.3 Precision Medicine and Personalized
Therapy

The future of infection management lies in
precision. This includes moving beyond pathogen-
directed therapy to host-directed therapies that
modulate the immune response. Understanding an
individual's microbiome may guide strategies to
prevent pathogen colonization or treat infection by
restoring microbial balance. Pharmacogenomics
may identify genetic predictors of antibiotic
efficacy or adverse events, allowing for truly
personalized regimens.

6.4 Sustainable Behavior Change

Long-term success depends on entrenched
behavioral change. This requires continuous,
culturally adapted education for healthcare
professionals and the public from childhood
onwards. Community engagement programs and
strategic use of media can reshape social norms
around antibiotics. Prescribers must be equipped
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not only with knowledge but also with the time and
systemic support to make optimal decisions.

7. CONCLUSION

The rise of antimicrobial resistance is a complex,
multifaceted crisis driven fundamentally by the
misuse and overuse of antibiotics. Promoting their
rational use is not a single intervention but a
sustained, multi-pronged strategy. It requires the
seamless integration of robust stewardship
programs, cutting-edge diagnostic technology,
intelligent policy, and cross-sectoral collaboration

under the One Health umbrella.

While recent advances in diagnostics, Al, and
alternative therapies offer promising tools, their
potential can only be realized with parallel
progress in global governance, economic models
for antibiotic innovation, and deep-seated
behavioral change. The time for incremental
action has passed. A concerted, urgent, and well-
resourced global effort—engaging policymakers,
healthcare providers, the agricultural sector,
researchers, and the public—is imperative to
safeguard these indispensable medicines for future

generations.
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