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INTRODUCTION

Antimicrobial resistance (AMR) has become one of the
most serious global health threats of the 21st century.™ It
arises when bacteria, viruses, fungi, or parasites adapt in
ways that reduce or eliminate the effectiveness of
treatments, making infections increasingly difficult to
manage. This alarming trend puts millions of lives at
risk, with projections estimating up to 10 million deaths
annually by the year 2050 if urgent action is not
taken. A

A major factor contributing to AMR is the widespread
misuse and overuse of antibiotics in both human and
veterinary medicine.) Antibiotics are often taken
without  proper  medical  guidance,  prescribed
unnecessarily, or used to treat illnesses like the common
cold, which do not require such treatment. Many people
stop taking antibiotics once they feel better, rather than
completing the prescribed course, allowing surviving
microbes to build resistance.’) Other practices, such as
sharing leftover antibiotics or using substandard or
counterfeit medications, also play a significant role in the
development of resistance. In addition, poor sanitation
and hygiene in many communities lead to the spread of
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infections, which in turn results in increased antibiotic
use and higher chances of resistance developing.™

The discovery of new antibiotics has not kept pace with
the rapid emergence of resistant microbes. As a result,
the world now faces what has been described as a post-
antibiotic era, where even minor injuries and common
surgical procedures could once again become life-
threatening.” To effectively combat AMR, global health
agencies have endorsed the One Health approach. This
strategy  recognises that human, animal, and
environmental health are closely connected and that
coordinated action across these sectors is essential.
Resistance genes can be exchanged between bacteria
found in humans and animals, highlighting the need for
integrated surveillance and control measures.

Although AMR is a global issue, its effects are especially
pronounced in low- and middle-income countries. In
these regions, infectious diseases remain a leading cause
of death, and the healthcare infrastructure often struggles
to cope with the rising burden of drug-resistant
infections. In India, for example, resistance rates are
increasing in hospitals, while data from community
settings remain limited. Challenges such as regional
disparities, insufficient research capacity, and lack of
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consistent treatment guidelines make it difficult to
contain the spread of resistance.®!

AMR is most commonly seen in bacteria and fungi, but
resistance is also emerging in viruses and parasites.
These forms of resistance are referred to as antibacterial
resistance, antifungal resistance, antiviral resistance, and
anthelmintic resistance, respectively.™”!

Despite growing political attention at international
forums, including the G7, public awareness of AMR
remains limited. Increasing health literacy, strengthening
healthcare systems, and promoting responsible antibiotic
use are essential steps toward controlling this crisis.
Addressing AMR requires a united global effort, with
individuals, communities, and governments working
together to preserve the effectiveness of life-saving
antimicrobial treatments for the future.

Basic anatomy of bacterial cell

Bacterial cells are structurally simple but functionally
efficient. Unlike eukaryotic cells, they lack all
membrane-bound organelles such as mitochondria,
lysosomes, Golgi apparatus, endoplasmic reticulum,
chloroplasts, peroxisomes, glyoxysomes, and true
vacuoles. Additionally, they do not possess a true
membrane-bound nucleus or nucleolus. Instead, their
genetic material is located in a region known as the
nucleoid, which lacks a nuclear membrane, nucleoplasm,
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and nucleolus. This nucleoid contains naked DNA that is
not associated with histone proteins. M2

The cell wall of bacteria plays a vital role in maintaining
the shape and rigidity of the cell. It is primarily
composed of peptidoglycan, a complex polymer of
sugars and amino acids. The sugar units include N-
acetylglucosamine (NAG) and N-acetylmuramic acid
(NAM), which are cross-linked by short peptide chains.
In some bacterial species, peptidoglycan may constitute
up to 90% of the cell wall, while in others, it may
account for as little as 109%.1**!

Based on differences in cell wall composition, bacteria
are classified into Gram-positive and Gram-negative
types.

e Gram-positive  bacteria  possess a thick
peptidoglycan layer and contain teichoic acid, which
serves as a major surface antigen. These bacteria
have onl?/ a single plasma membrane beneath the
cell wall.™”

e Gram-negative bacteria have a relatively thin layer
of peptidoglycan, which is surrounded by an
additional outer membrane. This outer membrane
contains lipopolysaccharide (LPS), which is
composed of Lipid A (a toxic component), a core
polysaccharide, and an O-antigen. The presence of
this outer membrane provides structural complexity
and contributes to the resistance of Gram-negative
bacteria to certain antibiotics.**!*%

Gram-negative

Peptidoglycan —>

Cytoplasmic
membrane

>— Periplasm

/

Outer membrane
Fig. 1. Schematic illustration of the structure of Gram-positive and Gram-negative bacterial cell walls.
(https://commons.wikimedia.org/wiki/File:Bacterial_cell_walls.jpg)

The plasma membrane (also known as the cell
membrane) lies beneath the cell wall and is composed of
phospholipids and proteins. It plays a crucial role in
regulating the selective transport of molecules such as
sugars, amino acids, and other nutrients. The nucleoid,
considered the bacterial equivalent of a nucleus,
functions as the control center of the cell. It governs all
cellular activities and stores hereditary information.
Unlike eukaryotic nuclei, it is not enclosed by a nuclear
envelope and lacks internal structures such as the
nucleolus and nucleoplasm.™
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Cytoplasm

Fig. 2: Bacterial cell structure. (https://i.pinimg.com/originals/e7/a0/a2/e7a0a2de8670feed276f650549000689.jpg)

Ribosomes in bacterial cells are of the 70S type, which
are smaller than the 80S ribosomes found in eukaryotic
cells. Bacterial ribosomes are universal organelles
composed of RNA and proteins, and their primary
function is to synthesise proteins essential for cellular
structure and metabolic activity.™ Structurally, they
consist of two subunits: the 30S subunit, which decodes
messenger RNA (mRNA), and the 50S subunit, which
catalyzes peptide bond formation. Together, these form
the functional 70S ribosome.61i*2

Table 1: Common antibacterial Drugs (Mode of Action).

Antimicrobial Drugs

Antimicrobial drugs can be grouped according to the
microorganisms they act primarily against. For example,
antibiotics are used against bacteria, and antifungals are
used against fungi. Common antibacterial drugs can be
grouped by their mode of action. Examples of modes of
action include inhibiting cell wall biosynthesis, inhibiting
biosynthesis of proteins, and inhibiting nucleic acid
synthesis.

Mode of Action Target

Drug Category

Penicillin-binding proteins

B-lactams: Penicillin, cephalosporins,
Monobactams, Carbapenems

Inhibit cell wall synthesis

Peptidoglycan subunits

Glycopeptides

Peptidoglycan-subunit transport

Bacitracin

30s ribosomal subunit

Aminoglycosides, Tetracyclines

Inhibit protein synthesis

50s ribosomal subunit

Macrolides, Lacosamide,
Chloramphenicol, Oxazolidinones

Interrupt membrane

Lipopolysaccharide, inner and
outer membranes

Polymyxin B, Colistin, Daptomycin

RNA

Rifampicin

Inhibit nucleic acid synthesis DNA

Fluoroguinolones

Antimetabolites

Folate synthetase

Sulfonamides, Trimethoprim

Mycolate synthetase

Iso-nicotinic acid hydrazide

Mycobacterial adenosine triphosphate
(ATP) synthase inhibitor

Mycobacterial ATP synthetase

Diarylquinoline

Inhibition of cell

Inhibition of
nucleic acid synthesis

wall synthesis
— membrane functlon

Disruption of cell

Inhibition of / \ Block pathways and
protein synthesis J/“f\\\ s inhibit metabolism
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Fig. 3: Mechanism of action of Antibiotic Drugs.
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Mechanisms of AMR

The restricted uptake of p-lactam antibiotics is a
resistance mechanism that occurs when changes in porin
channels within the bacterial cell membrane limit the
entry of the drug. In some cases, bacteria also use efflux
pumps to actively expel B-lactam antibiotics from the
periplasmic space, reducing their effectiveness. This
reduced uptake mechanism is frequently seen in
Pseudomonas aeruginosa, Acinetobacter baumannii, and
members of the Enterobacteriaceae family. For instance,
P. aeruginosa can resist antibiotics through mutations or
alterations in the OprD2 porin, which impairs drug entry
into the cell.l*]

Target mutations and modification are key mechanisms
by which bacteria develop resistance to antimicrobial
drugs. These resistant strains acquire spontaneous
mutations in specific genes, which significantly reduce
the drug’s ability to bind to or act on its target. In many
cases, these genetic changes allow the bacterial cell to

Activation of Drug
Efflux Pumps

Efflux Pump

Alternation
of Drug Target

Modified Cell Wall

Protein

Q @ Inhibition of
© DrugUptake
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maintain internal balance (homeostasis), but only in the
continued presence of the antibiotic. Overall, resistance
due to mutation often arises through one or more of the
following processes: (i) decreased uptake of the drug, (ii)
activation of efflux pumps that expel the drug, and (iii)
alterations in metabolic pathways that bypass the drug’s
effects.l*”]

Typical resistance mechanisms in bacteria include the
enzymatic modification or degradation of antibiotics,
which renders them ineffective. Bacteria may also limit
the uptake of antibiotics to prevent their accumulation
within the cell. Additionally, modifications to antibiotic
target sites, such as ribosomes, can reduce drug binding
and efficacy. Alterations in metabolic pathways allow
bacteria to bypass the antibiotic's effects, while increased
activity of efflux pumps helps expel antibiotics from the
cell before they reach therapeutic levels. These strategies
collectively contribute to reduced antibiotic susceptibility
and the persistence of resistant infections.™®

Inactivation of
Drug by Enzymes

©

Bacterial Cell

Fig. 4: Mechanism of antimicrobial resistance in bacteria.

Bacteria develop strong resistance to antibiotics when
multiple defense strategies work together. This resistance
can spread through two key processes. The first is
vertical gene transfer, where resistance traits are
inherited from parent bacteria by their offspring. The
second, more rapid method is horizontal gene transfer,
where the bacteria exchange resistance genes with other
bacteria, even those from different species. This sharing
of genetic material allows resistance to spread quickly,
making it increasingly difficult to treat infections
effectively.

Transmission of Antibacterial Resistance

AMR spreads through the transfer of genetic material.
This transfer can be ‘vertical,” when antibiotic-resistant
genes are passed down to new generations, or
'horizontal,’ when bacteria (and sometimes viruses) share
and exchange fragments of genetic material with each
other.1*
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Fig. 5: Genetic transfer in AMR- (1) conjugation, transfer of genes from one bacterial cell to another that
requires cell-to-cell contact, (2) transformation-uptake of free DNA from the environment, (3) transfer of
plasmid genes from one cell to another by viruses, (4) Gene transfer agents like bacteriophages, which are

released upon cell lysis.

AMR in Specific Pathogens

Anthelmintic resistance (AR) in cattle parasites is
becoming a serious global issue, with recent cases in
northern  Germany showing resistance to both
macrocyclic lactones and benzimidazoles. The fecal egg
count reduction test (FECRT) is commonly used to
detect resistance, but results can vary depending on the
method and analysis tools like Egg Counts and Bayes
Counts. Genetic testing (nemabiome) found Ostertagia
ostertagi and Cooperia oncophora to be the most
common parasites, but the unexpected variety across
farms suggests the problem may be bigger than it seems.
Finding resistance to multiple drugs on some farms is a
warning sign that it shows the need for smarter, more
targeted treatments, combining drugs, and better
teamwork between farmers, vets, and researchers to
protect cattle health.[*!

The study looked at 208,233 Salmonella genomes from
148 countries between 1900 and 2023 to understand
global patterns of antimicrobial resistance (AMR) and
what causes it. AMR levels changed depending on the
type of Salmonella, the source, and the location.
Resistance increased in samples from chickens, food,
wild animals, and the environment, but decreased in
those from cattle, pigs, and turkeys. A special type of S.
Typhimurium was found in the United States earlier than
in China. The main factors linked to AMR were
antibiotic use, farming, climate, city growth, healthcare,
and living conditions. This study also created a global
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map of Salmonella genes to help track how AMR spreads
and changes over time.[*!

Global Epidemiology and Trends

Antibacterial drug development remains slow and
insufficient, with only twelve new agents approved
between 2017 and 2021, most offering limited innovation
and targeting existing resistance mechanisms. The
pipeline lacks effective options for critical Gram-
negative pathogens like carbapenem-resistant A.
baumannii and P. aeruginosa, as well as pediatric and
oral treatments. Nontraditional approaches show promise
but face regulatory and funding challenges. High attrition
in preclinical development and limited investment
further hinder progress. COVID-19 has delayed
programs and diverted resources. Urgent global action,
funding, and innovation are needed to address the
growing threat of antimicrobial resistance.*

The COVID-19 pandemic led to an increase in antibiotic
use in hospitals, even though studies showed that
bacterial co-infections at admission were rare. Using
antibiotics when they are not needed provides no benefit
and can cause harm, including allergic reactions, organ
toxicity, and Clostridioides difficile infections. About one
in five hospitalized patients who receive antibiotics
experience an adverse drug event. These findings
highlight the importance of improving how antibiotics
are used and ensuring they are only given when truly
necessary, in both humans and animals.*!
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Although bacterial coinfections in COVID-19 patients
were less than 10 percent, approximately 75 percent
received antibiotics, potentially contributing to
antimicrobial resistance. This study examined monthly
antibiotic sales data for cephalosporins, penicillins,
macrolides, and tetracyclines from 71 countries between
March 2020 and May 2022. Using panel data regression,
the analysis showed that a 10 percent increase in
COVID-19 cases was associated with small but
consistent rises in antibiotic sales, especially macrolides,
with the largest increases observed in Europe, North
America, and Africa. No consistent association was
found between antibiotic sales and COVID-19

vaccination rates. These findings emphasize the
continued importance of antibiotic  stewardship
throughout the pandemic.!

Tackling antimicrobial resistance requires global

investment in stewardship, infection prevention, and new
treatments. High-risk groups, especially older adults,
should be prioritized. Strategies must be tailored to
regional needs, with stronger surveillance and global
data sharing. Continued research and coordinated
international action are essential to reduce the growing
AMR burden.!

Clinical Implications and Therapeutic Challenges
When bacteria become resistant to commonly used
antibiotics, it can delay the start of proper treatment,
leading to a higher risk of death, longer hospital stays,
and increased healthcare costs. To manage this, doctors
often turn to broad-spectrum antibiotics before lab results
are ready, but overusing these medicines can worsen
resistance. Understanding how multidrug-resistant
(MDR) infections spread, identifying high-risk patients,
and using the right antibiotic doses are all crucial steps.
Tools like rapid diagnostic tests, patient risk assessments,
and drug level monitoring can help guide more accurate
and targeted treatments, reducing unnecessary antibiotic
use and helping to slow the spread of resistance.?®!

AMR also has a big economic cost, with huge losses
expected in healthcare and farming. Scientists are
exploring how artificial intelligence (Al) can help, like
by improving how we diagnose and treat infections. But
there are still some issues, like making sure the data used
is accurate and fair. To fight AMR properly, we need a
One Health approach—this means working together
across human, animal, and environmental health. It’s
important to improve how we track resistant infections,
use antibiotics more carefully, and support research to
find new treatments. Raising public awareness, educating
people, and working together across countries are all key
to protecting the power of antibiotics for the future.!

Drug Discovery and Development Challenges

Despite the urgent need for new antibiotics, there’s a
major shortfall due to poor financial incentives. Unlike
drugs for cancer or chronic conditions, antibiotics offer
low returns on investment. New antibiotics are often held

' @ Creative Commons Attribution
4.0 International license.

International Journal of Modern Pharmaceutical Research

in reserve to prevent resistance, limiting their use and
revenue during the patent period. Additionally, pricing
pressures keep antibiotic costs low, making it hard for
developers to recover high R&D expenses.”’

Basel has become one of Europe’s main centers for life
sciences, with over 700 companies working in areas like
biotech, health technology, and drug development. Big
pharmaceutical companies like Roche, Novartis, and
Bayer have offices there, along with smaller groups
focused on fighting antimicrobial resistance, such as
BioVersys and Polyphor. This mix of big and small
companies creates a strong network where people and
ideas move easily.*

Antimicrobial Resistance Genes and Mobile Elements
Hospital-acquired infections caused by multidrug-
resistant (MDR) Klebsiella pneumoniae are a major
health concern, necessitating effective disinfection
strategies. This study analyzed 50 clinical MDR isolates
to evaluate antimicrobial susceptibility and biocide
efficacy. All isolates showed high resistance, with
multiple antimicrobial resistance (MAR) indices ranging
from 0.24 to 1. Benzalkonium chloride MICs increased
with resistance (up to 64 pg/mL), while chlorhexidine
MICs remained stable. The biocide resistance genes
qacEA1 and cepA were detected in 62% and 72% of
isolates, respectively, with qacEA1 significantly linked to
cephalosporin resistance. These findings highlight the
role of cepA in drug resistance and underscore the
importance of optimized biocide use in controlling MDR
K. pneumoniae infections.*!

The emergence of drug-resistant fungal pathogens like
Candida auris poses a major global health threat, with
mortality rates exceeding 40% and resistance rates over
90%. Due to limited antifungal options, this study
explores the role of histone H3 modifications in
resistance, focusing on acetylation by Gen5 and Rtt109
and methylation by Setl, Set2, and Dotl. Mutants
lacking these enzymes show altered drug sensitivity.
Notably, GCN5 deletion reduces histone H3 acetylation,
downregulates genes linked to ergosterol synthesis and
drug efflux, and heightens susceptibility to azoles and
polyenes. Gen5 also influences echinocandin resistance
and cell wall integrity via calcineurin signaling and Cas5.
In infection models, GCN5 deletion lowers virulence,
and the Gen5 inhibitor CPTH2 enhances caspofungin
efficacy without toxicity. These results identify Genb as a
key regulator of C. auris resistance and pathogenicity,
making it a promising antifungal target.”"

One Health Perspective

Efforts to combat AMR include monitoring antibiotic use
and implementing global strategies, such as the UN's
Sustainable Development Goals and the One Health
approach, which links human, animal, and environmental
health. Despite political attention from forums like the
G7, public awareness and health literacy remain
insufficient.(2) AMR is linked to each of these three

Volume 10, Issue 1. 2026 | 1SO 9001:2015 Certified Journal | 50



Gautam et al.

components due to the irresponsible and excessive use of
antimicrobials in various sectors (agriculture, cattle
raising, and human medicine)(31) AMR is a major global
threat impacting human, animal, and environmental
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health (Figure.5). Due to its complexity, addressing
AMR requires a multidisciplinary perspective within the
One Health approach.*?
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Fig. 6: Hlustration representing the concept of One Health Approach (2)

The One Health concept is a multisectoral approach that
requires joint efforts from all stakeholders to be effective.
The World Health Organization (WHO) works closely
with the Food and Agriculture Organization (FAO) and
the World Organisation for Animal Health to ensure
coordinated actions across sectors to reduce the risks of
antimicrobial resistance.**!

Novel Therapeutic Approaches, Public Health and
International Strategies

Antimicrobials are agents designed to kill or inhibit
harmful microbes. The global rise in antimicrobial
resistance (AMR) is a growing public health concern.
While developing new drugs is a key strategy, it is a slow
and resource-intensive process. Meanwhile, multi-drug
resistant (MDR) bacteria continue to evolve rapidly. To
keep pace, research is increasingly focusing on boosting
the effectiveness of existing antimicrobials through
combination therapies, bacteriophage therapy, adjuvant
use, and nanotechnology.*"

Public awareness and education are vital to combat
AMR. People must understand proper antibiotic use, the
dangers of misuse, and the importance of completing
prescribed treatments.**!

Healthcare professionals must remain informed about
antimicrobial stewardship, infection prevention, and
control practices. In hospital settings, stewardship
includes establishing guidelines, staff education, and
implementing protocols to ensure prudent antibiotic use.

' @ Creative Commons Attribution
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In outpatient care, it emphasizes patient education,
accurate diagnostics, and prescribing antibiotics only
when necessary. Cultivating a culture of responsible
antimicrobial use reduces microbial selection pressure
and slows the emergence of resistance.

Alternative strategies to AMR include

o Developing new antibiotics (addresses resistance to
existing drugs).

o Combination therapy (synergy can
effectiveness, reduce resistance).

o Phage therapy (using viruses that infect bacteria to
target specific bacterial strains).

o Prebiotics and probiotics  (support
microbiota, reduces space for pathogens).

o Immunotherapy (enhancing the body’s immune
response to fight infections).

o Drug repurposing.

o Non-antibiotic alternatives.

o Public education (rational antibiotic use involves
prescribing only when necessary and ensuring the
appropriate dosage and duration).

o  Surveillance systems.

enhance

healthy

CONCLUSION

Antimicrobial resistance (AMR) is a rapidly growing
global health challenge that threatens to reverse many
advances in modern medicine. It stems from the
improper use of antimicrobials in humans, animals, and
the environment, along with insufficient progress in
developing new treatments. The impact of AMR is far-
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reaching, leading to delayed treatments, higher mortality
rates, increased healthcare costs, and limited therapeutic
options. Combating this threat requires a comprehensive
and coordinated approach that includes improving public
awareness, promoting responsible antibiotic use,
strengthening healthcare systems, and investing in
research and innovation. The One Health approach,
which integrates efforts across human, animal, and
environmental health, is crucial to addressing the
complex nature of AMR. With global collaboration and
sustained commitment, it is possible to slow the spread
of resistance and preserve the effectiveness of life-saving
antimicrobial treatments for future generations.

REFERENCES

1. Oliveira M, Antunes W, Mota S, Madureira-
Carvalho A, Dinis-Oliveira RJ, Dias da Silva D. An
Overview of the Recent Advances in Antimicrobial

Resistance. \ol. 12, Microorganisms.
Multidisciplinary — Digital ~ Publishing Institute
(MDPI), 2024.

2. Tang KWK, Millar BC, Moore JE. Antimicrobial
Resistance (AMR). \Vol. 80, British Journal of
Biomedical Science. Institute of Biomedical Science
(IBMS), 2023.

3. Ho CS, Wong CTH, Aung TT, Lakshminarayanan R,
Mehta JS, Rauz S, et al. Antimicrobial resistance: a
concise update. Lancet Microbe [Internet], 2024 Sep
12; 100947.

4. Ahmed SK, Hussein S, Qurbani K, lbrahim RH,
Fareeq A, Mahmood KA, et al. Antimicrobial
resistance: Impacts, challenges, and future prospects.
Journal of Medicine, Surgery, and Public Health
[Internet], 2024 Apr 1 [cited 2025 Jun 19]; 2:
100081.

5. Tufts Medicine. Tufts Medicine. 2025. Taking
Antibiotics: What You Need to Know — Use, Risk +
Tips.

6. Zabala GA, Bellingham K, Vidhamaly V, Boupha P,
Boutsamay K, Newton PN, et al. Substandard and

falsified  antibiotics:  Neglected  drivers  of
antimicrobial resistance? BMJ Glob Health, 2022
Aug 18; 7(8).

7. Irfan M, Almotiri A, AlZeyadi ZA. Antimicrobial
Resistance and Its Drivers—A Review. Vol. 11,
Antibiotics. MDPI, 2022.

8. Ganesh Kumar S, Adithan C, Harish BN, Sujatha S,
Roy G, Malini A. Antimicrobial resistance in India:
A review. Vol. 4, Journal of Natural Science,
Biology and Medicine, 2013; 286-91.

9. Prashant Dahal. Microbe Notes. 2022. Antimicrobial
resistance (AMR) and Antibacterial Resistance
(ABR).

10. Gaurab Karki. Bacteriology, Microbiology. 2017.
Bacterial cell structure and function.

11. Shridhar Rao PN. ANATOMY OF BACTERIA
CELL [Internet].

12. Biology Discussion. Anatomy of Bacteria.

13. Rohde M. The Gram-Positive Bacterial Cell Wall.
Microbiol Spectr, 2019 May 31; 7(3).

' @ Creative Commons Attribution
4.0 International license.

International Journal of Modern Pharmaceutical Research

14. Kapoor G, Saigal S, Elongavan A. Action and
resistance mechanisms of antibiotics: A guide for
clinicians. Vol. 33, Journal of Anaesthesiology

Clinical Pharmacology. Medknow Publications,
2017; p. 300-5.

15. Biologylnsights Team.  Microbiology.  2025.
Ribosomes Bacteria: Key Roles in Protein
Synthesis.

16. Devi NS, Mythili R, Cherian T, Dineshkumar R,
Sivaraman GK, Jayakumar R, et al. Overview of
antimicrobial resistance and mechanisms: The
relative status of the past and current. The Microbe,
2024 Jun; 3: 100083.

17. Chis AA, Rus LL, Morgovan C, Arseniu AM, Frum
A, Vonica-tincu AL, et al. Microbial Resistance to
Antibiotics and Effective Antibiotherapy. Vol. 10,
Biomedicines. MDPI, 2022.

18. Dominguez DC, Meza-Rodriguez SM. Development
of antimicrobial resistance: future challenges.
Pharmaceuticals and Personal Care Products: Waste
Management and Treatment Technology Emerging
Contaminants and Micro Pollutants [Internet]. 2019
Jan 1 [cited 2025 Jun 27]; 383-408.

19. Ehnert P, Kriicken J, Fiedler S, Horn F, Helm CS,
Neubert A, et al. Anthelmintic resistance against
benzimidazoles and macrocyclic lactones in
strongyle populations on cattle farms in northern
Germany. Sci Rep, 2025 Dec 1; 15(1).

20. Wang Y, Xu X, Jia S, Qu M, Pei Y, Qiu S, et al. A
global atlas and drivers of antimicrobial resistance in
Salmonella during 1900-2023. Nature
Communications, 2025 Dec 1; 16(1).

21. Gigante V, Sati H, Beyer P. Recent advances and
challenges in antibacterial drug development.
ADMET DMPK, 2022 Mar 4; 10(2): 147-51.

22. Karaba SM, Jones G, Helsel T, Smith LL, Avery R,
Dzintars K, et al. Prevalence of co-infection at the
time of hospital admission in COVID-19 Patients, A
multicenter study. Open Forum Infect Dis, 2021 Jan
1; 8(1).

23. Nandi A, Pecetta S, Bloom DE. Global antibiotic use
during the COVID-19 pandemic: analysis of
pharmaceutical sales data from 71 countries, 2020—
2022. EClinical Medicine, 2023 Mar 1; 57.

24. Selvaraj V, Sudhakar S, Sekaran S. Global trends
and projections in antimicrobial resistance. The
Lancet [Internet], 2025 May 31 [cited 2025 Aug 1];
405(10493): 1906-7.

25. Kalin G, Alp E, Chouaikhi A, Roger C.
Antimicrobial Multidrug  Resistance:  Clinical
Implications for Infection Management in Critically
1] Patients. \ol. 11, Microorganisms.
Multidisciplinary  Digital ~ Publishing Institute
(MDPI), 2023.

26. Paul Eschmann. Drug Discovery & Development.
2022. Combatting the rise of antimicrobial
resistance.

27. Paul Eschmann. Drug Discovery & Development.
2022. The Review on Antimicrobial Resistance.

Volume 10, Issue 1. 2026 | 1SO 9001:2015 Certified Journal | 52


https://pubmed.ncbi.nlm.nih.gov/39338594/
https://pubmed.ncbi.nlm.nih.gov/39338594/
https://pubmed.ncbi.nlm.nih.gov/39338594/
https://pubmed.ncbi.nlm.nih.gov/39338594/
https://pubmed.ncbi.nlm.nih.gov/39338594/
https://pubmed.ncbi.nlm.nih.gov/39338594/
https://pubmed.ncbi.nlm.nih.gov/37448857/
https://pubmed.ncbi.nlm.nih.gov/37448857/
https://pubmed.ncbi.nlm.nih.gov/37448857/
https://pubmed.ncbi.nlm.nih.gov/37448857/
https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(24)00200-3/fulltext
https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(24)00200-3/fulltext
https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(24)00200-3/fulltext
https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(24)00200-3/fulltext
https://www.sciencedirect.com/science/article/pii/S2949916X24000343
https://www.sciencedirect.com/science/article/pii/S2949916X24000343
https://www.sciencedirect.com/science/article/pii/S2949916X24000343
https://www.sciencedirect.com/science/article/pii/S2949916X24000343
https://www.sciencedirect.com/science/article/pii/S2949916X24000343
https://www.sciencedirect.com/science/article/pii/S2949916X24000343
https://www.bing.com/ck/a?!&&p=b1b162103a2ede929cd99610aa38a63c8bc1125fcf372c3ae2459de50c6f0ea8JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Tufts+Medicine.+Tufts+Medicine.+2025.+Taking+Antibiotics%3a+What+You+Need+to+Know+%e2%80%93+Use%2c+Risk+%2b+Tips.+&u=a1aHR0cHM6Ly93d3cudHVmdHNtZWRpY2luZS5vcmcvYWJvdXQtdXMvbmV3cy90YWtpbmctYW50aWJpb3RpY3Mtd2hhdC15b3UtbmVlZC1rbm93LXVzZS1yaXNrLXRpcHM
https://www.bing.com/ck/a?!&&p=b1b162103a2ede929cd99610aa38a63c8bc1125fcf372c3ae2459de50c6f0ea8JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Tufts+Medicine.+Tufts+Medicine.+2025.+Taking+Antibiotics%3a+What+You+Need+to+Know+%e2%80%93+Use%2c+Risk+%2b+Tips.+&u=a1aHR0cHM6Ly93d3cudHVmdHNtZWRpY2luZS5vcmcvYWJvdXQtdXMvbmV3cy90YWtpbmctYW50aWJpb3RpY3Mtd2hhdC15b3UtbmVlZC1rbm93LXVzZS1yaXNrLXRpcHM
https://www.bing.com/ck/a?!&&p=b1b162103a2ede929cd99610aa38a63c8bc1125fcf372c3ae2459de50c6f0ea8JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Tufts+Medicine.+Tufts+Medicine.+2025.+Taking+Antibiotics%3a+What+You+Need+to+Know+%e2%80%93+Use%2c+Risk+%2b+Tips.+&u=a1aHR0cHM6Ly93d3cudHVmdHNtZWRpY2luZS5vcmcvYWJvdXQtdXMvbmV3cy90YWtpbmctYW50aWJpb3RpY3Mtd2hhdC15b3UtbmVlZC1rbm93LXVzZS1yaXNrLXRpcHM
https://www.bing.com/ck/a?!&&p=fdc1a3248726fd1a546091376c9a2d79c62b8ad19c598bdc1a71b2de3b11db12JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Zabala+GA%2c+Bellingham+K%2c+Vidhamaly+V%2c+Boupha+P%2c+Boutsamay+K%2c+Newton+PN%2c+et+al.+Substandard+and+falsified+antibiotics%3a+Neglected+drivers+of+antimicrobial+resistance%3f+BMJ+Glob+Health.+2022+Aug+18%3b7(8).+&u=a1aHR0cHM6Ly9naC5ibWouY29tL2NvbnRlbnQvYm1qZ2gvNy84L2UwMDg1ODcuZnVsbC5wZGY
https://www.bing.com/ck/a?!&&p=fdc1a3248726fd1a546091376c9a2d79c62b8ad19c598bdc1a71b2de3b11db12JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Zabala+GA%2c+Bellingham+K%2c+Vidhamaly+V%2c+Boupha+P%2c+Boutsamay+K%2c+Newton+PN%2c+et+al.+Substandard+and+falsified+antibiotics%3a+Neglected+drivers+of+antimicrobial+resistance%3f+BMJ+Glob+Health.+2022+Aug+18%3b7(8).+&u=a1aHR0cHM6Ly9naC5ibWouY29tL2NvbnRlbnQvYm1qZ2gvNy84L2UwMDg1ODcuZnVsbC5wZGY
https://www.bing.com/ck/a?!&&p=fdc1a3248726fd1a546091376c9a2d79c62b8ad19c598bdc1a71b2de3b11db12JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Zabala+GA%2c+Bellingham+K%2c+Vidhamaly+V%2c+Boupha+P%2c+Boutsamay+K%2c+Newton+PN%2c+et+al.+Substandard+and+falsified+antibiotics%3a+Neglected+drivers+of+antimicrobial+resistance%3f+BMJ+Glob+Health.+2022+Aug+18%3b7(8).+&u=a1aHR0cHM6Ly9naC5ibWouY29tL2NvbnRlbnQvYm1qZ2gvNy84L2UwMDg1ODcuZnVsbC5wZGY
https://www.bing.com/ck/a?!&&p=fdc1a3248726fd1a546091376c9a2d79c62b8ad19c598bdc1a71b2de3b11db12JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Zabala+GA%2c+Bellingham+K%2c+Vidhamaly+V%2c+Boupha+P%2c+Boutsamay+K%2c+Newton+PN%2c+et+al.+Substandard+and+falsified+antibiotics%3a+Neglected+drivers+of+antimicrobial+resistance%3f+BMJ+Glob+Health.+2022+Aug+18%3b7(8).+&u=a1aHR0cHM6Ly9naC5ibWouY29tL2NvbnRlbnQvYm1qZ2gvNy84L2UwMDg1ODcuZnVsbC5wZGY
https://www.bing.com/ck/a?!&&p=fdc1a3248726fd1a546091376c9a2d79c62b8ad19c598bdc1a71b2de3b11db12JmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Zabala+GA%2c+Bellingham+K%2c+Vidhamaly+V%2c+Boupha+P%2c+Boutsamay+K%2c+Newton+PN%2c+et+al.+Substandard+and+falsified+antibiotics%3a+Neglected+drivers+of+antimicrobial+resistance%3f+BMJ+Glob+Health.+2022+Aug+18%3b7(8).+&u=a1aHR0cHM6Ly9naC5ibWouY29tL2NvbnRlbnQvYm1qZ2gvNy84L2UwMDg1ODcuZnVsbC5wZGY
https://www.bing.com/ck/a?!&&p=85fed1541bf2112425df4549d639281f2ee42228f3b1aa48936b584f650db1deJmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Irfan+M%2c+Almotiri+A%2c+AlZeyadi+ZA.+Antimicrobial+Resistance+and+Its+Drivers%e2%80%94A+Review.+Vol.+11%2c+Antibiotics.+MDPI%3b+2022.+&u=a1aHR0cHM6Ly93d3cubWRwaS5jb20vMjA3OS02MzgyLzExLzEwLzEzNjIvbm90ZXM
https://www.bing.com/ck/a?!&&p=85fed1541bf2112425df4549d639281f2ee42228f3b1aa48936b584f650db1deJmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Irfan+M%2c+Almotiri+A%2c+AlZeyadi+ZA.+Antimicrobial+Resistance+and+Its+Drivers%e2%80%94A+Review.+Vol.+11%2c+Antibiotics.+MDPI%3b+2022.+&u=a1aHR0cHM6Ly93d3cubWRwaS5jb20vMjA3OS02MzgyLzExLzEwLzEzNjIvbm90ZXM
https://www.bing.com/ck/a?!&&p=85fed1541bf2112425df4549d639281f2ee42228f3b1aa48936b584f650db1deJmltdHM9MTc2MDA1NDQwMA&ptn=3&ver=2&hsh=4&fclid=0c43cb0f-b6f2-6bfa-266c-deacb7006ac1&psq=Irfan+M%2c+Almotiri+A%2c+AlZeyadi+ZA.+Antimicrobial+Resistance+and+Its+Drivers%e2%80%94A+Review.+Vol.+11%2c+Antibiotics.+MDPI%3b+2022.+&u=a1aHR0cHM6Ly93d3cubWRwaS5jb20vMjA3OS02MzgyLzExLzEwLzEzNjIvbm90ZXM

Gautam et al.

28.

29.

30.

31.

32.

33.

34.

@ ® |Creaﬁvec°m"‘°"“‘“r“’“ﬁ°" Volume 10, Issue 1. 2026 | 1SO 9001:2015 Certified Journal |

Tackling drug-resistant infections globally: final
report and recommendations.

Makled AF, Labeeb AZ, Moaz HM, Sleem AS.
Chlorhexidine  and  benzalkonium  chloride:
promising adjuncts in combating multidrug resistant
Klebsiella pneumoniae in healthcare settings. BMC
Infect Dis, 2025 Dec 1; 25(1).

Zhang Y, Zeng L, Huang X, Wang Y, Chen G, Moses
M, et al. Targeting epigenetic regulators to overcome
drug resistance in the emerging human fungal
pathogen Candida auris. Nature Communications,
2025 Dec 1; 16(1).

Laxminarayan R, Duse A, Wattal C, Zaidi AKM,
Wertheim HFL, Sumpradit N, et al. Antibiotic
resistance—the need for global solutions. Lancet
Infect Dis [Internet], 2013 Dec 1 [cited 2025 Jun
18]; 13(12): 1057-98.

Velazquez-Meza ME, Galarde-Lopez M, Carrillo-
Quiréz B, Alpuche-Aranda CM. Antimicrobial
resistance: One Health approach. Vol. 15, Veterinary
World. Veterinary World, 2022; 743-9.

World Health  Organisation.  Antimicrobial
Resistance, 2023.

Chew-Li Moo SKYKYMAWTAASHEL and KSL.
Mechanisms of Antimicrobial Resistance (AMR)
and Alternative Approaches to Overcome AMR.
Bentham Science Publishers, 2020; 17(4): 430-47.
Fletcher-Miles Hayley GJWSHJ. A scoping review
to assess the impact of public education campaigns
to affect behavior change pertaining to antimicrobial
resistance. Am J Infect Control, 2020 Apr 1; 48(4):
433-42.

4.0 International license.

International Journal of Modern Pharmaceutical Research

53



