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 Antimicrobial resistance poses a global threat to economic stability, public health, 
and food security, contributing to the deaths of an estimated 5 million people annually 
associated with resistant infections. This review examines the current knowledge of 
antimicrobial resistance (AMR) by analyzing the complex, multi-sectoral 
transformation dynamics of resistant pathogens among human, animal and 
environmental reservoirs using One Health principles. Novel antibiotics, 
bacteriophage therapy, CRISPR-Cas systems, and antimicrobial peptides are 
innovative therapies with promising results but face significant challenges including 
high costs, stability, and scalability limitations. Surveillance, policy enforcement, and 
public awareness are key strategies for addressing the AMR through One Health 
approach, which provides an integrated framework linking human, animal, and 
environmental health. Practical examples from Sweden and Jordan demonstrate the 
potential of regulations and multi-sectoral collaboration. The significant hurdles arise 
because of the global gap in coordination, funding and behavioral resistance. This 
review underscores the need for advanced diagnostics, sustained research, and 
equitable access to interventions for combating AMR. Addressing this global crisis 
requires coordinated efforts encompassing scientific innovation, community 
engagement, and effective policymaking to protect future generations. 
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INTRODUCTION 

 
Microbes develop resistance to antimicrobial agents, a 

process defined as antimicrobial resistance (AMR) (Tang 
et al., 2023). This resistance affects all classes of microbes, 
including viruses, bacteria, parasites, and fungi (Hazards et 
al., 2021; Tang et al., 2023). Antimicrobial resistance 
(AMR) enables bacteria to resist antibiotic treatment and 
complicates the management of infection (Mancuso et al., 
2021; Tarin-Pello et al., 2022; Tang et al., 2023). When a 
disease-causing bacterium or microbe faces challenges like 
antibiotics, they adapt and becomes stronger by developing 
resistance against those antibiotics. This selective pressure 
drives the emergence of resistance (Gan et al., 2024). Rapid 
bacterial evolution driven by selective pressure from 
antibiotic use is the primary driver of antimicrobial 
resistance. Resistance development is accelerated through 
spontaneous mutation, horizontal gene transfer, and an 
increase in selective pressure from antibiotic overuse 
(Normark and Normark, 2002; Andersson et al., 2020). 
Infections caused by antimicrobial-resistant microbes 

require more expensive alternative therapies and are 
difficult to treat (Pinheiro et al., 2020; Tarin-Pello et al., 
2022). The spread of antimicrobial resistance can be 
slowed by narrow-spectrum antibiotics use and improved 
hygienic practices (Kollef and Micek, 2005; Harbarth et al., 
2015). These antimicrobial resistant microbes pose a dual 
threat to both animal and human health, while risking the 
global environmental integrity, which demands 
comprehensive One Health approach (Aslam et al., 2021). 

Bacterial infections have historically caused diseases 
in both humans and animals (Pearce-Duvet, 2006; 
Breitschwerdt et al., 2010). While antibiotics effectively 
manage microbial infections, their continued use and 
misuse paradoxically drive the development of 
antimicrobial resistance (Fraise, 2002; Deresinski, 2007). 
If no measures are taken to reduce the present emergence 
and spread of AMR, it is estimated to cause a financial loss 
of 100 trillion dollars and deaths of 100 million people by 
2050 (Moyer et al., 2017; Bastawrous and Suni, 2020). 
According to the World Health Organization (WHO), 5 
million deaths are associated with antimicrobial-resistant 
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infections annually, making them top global public health 
threat (Habte-Gabr, 2008; Walsh et al., 2023). Moreover, 
the WHO reports that AMR caused 1.27 million deaths in 
2019 (Aslam et al., 2024). AMR spread results from 
population growth, increased human-animal contact, 
intensive farming practices, pollution, climate change, and 
ecosystem degradation (Woolhouse et al., 2015; Hazards et 
al., 2021; Magnano San Lio et al., 2023). These factors also 
drive the emergence of new pathogens, for which the 
development of new antimicrobial agents is required 
(Cassell and Mekalanos, 2001). 

The shared ecosystem of animals and humans 
facilitates the spread of resistant bacteria and antimicrobial 
genes between species (Da Costa et al., 2013; Baquero et 
al., 2019). Because of the ecosystem and reliance on 
animals for various products and by-products, human 
health is directly linked to them. This environmental 
expansion of resistance genes can trigger pandemics at the 
regional or global level. Conventional therapies face 
limitations in controlling and preventing infectious 
diseases, for which One Health approach has emerged 
(Mackenzie et al., 2013; Ellwanger et al., 2021). As a 
transdisciplinary approach, One Health shifts the focus 
from disease control and treatment to surveillance and 
disease monitoring (Conrad et al., 2009; Kelly et al., 2017; 
Scarpa and Casu, 2024). The integrating research on 
resistant microbes through One Health approach enhances 
the ability to understand the complex epidemiology of 
antimicrobial resistance, which is revolving in animals, 
humans and the environment (Hernando-Amado et al., 
2019; Aslam et al., 2021). 

This review examines the latest findings, emergence 
and spread of AMR, and techniques to tackle the AMR 
through One Health approach. It provides a base reference 
for understanding future scientific inventions of this global 
health threat. 
 

MATERIALS AND METHODS 
 

This review utilizes Google Scholar 
(www.scholar.google.com) as primary search platform. 
Other secondary websites include the use of Scopus 
(www.scopus.com), PubMed (pubmed.ncbi.nlm.nih.gov), 
ResearchGate (www.researchgate.net) and ScienceDirect 
(www.sciencedirect.com). The keywords used across 
Google Scholar, ScienceDirect, PubMed, and 
ResearchGate were “Antimicrobial activity, AND, 
antimicrobial resistance, AND One Health approach,” 
which showed results and used as the basis for making this 
review.  
 
Mechanisms for developing antimicrobial resistance: 
Understanding the drivers and mechanisms of AMR is 
essential for mitigating its threats to human health and 
biosecurity. While microorganisms naturally develop 
antimicrobial resistance, its selection and amplification are 
primarily driven by exposure to antimicrobials in health 
care, agriculture, and environmental settings (Serwecińska, 
2020; Hazards et al., 2021; Irfan et al., 2022). The 
standards of infection control, sanitation, access to clean 
water, travel, migration, availability of quality 
antimicrobials, and diagnostics can affect the transmission 
of AMR (Abd El Ghany et al., 2020; Endale et al., 2023). 

Microorganisms employ five primary mechanisms of 
resistance through molecular and genetic processes. These 
include enzymatic drug inactivation, target site 
modification, reduced drug accumulation, metabolic 
pathways bypass, and horizontal gene transfer (McManus, 
1997; Kumar and Varela, 2013; Belay et al., 2024).  

Antimicrobial resistance (AMR) is not merely a set of 
bacterial defense mechanisms but rather product of active 
evolutionary processes driven by selective pressure from 
antimicrobial use. Two primary evolutionary mechanisms 
drive resistance development: (1) spontaneous mutations 
that generate genetic variation, and (2) horizontal gene 
transfer that rapidly spreads previously evolved resistance 
genes. These evolutionary adaptations are manifested in the 
following mechanisms described as enzymatic 
inactivation, target modification, efflux and metabolism 
bypass. This evolutionary perspective of AMR is important 
to understand, as it provides an explanation of the velocity, 
tenacity, and versatility of resistant pathogens at the 
interface of humans, animals, and the environment. 

Enzymatic degradation is the most common AMR 
strategy by microorganisms through the production of 
enzymes that degrade or exhibit chemical modification of 
antimicrobial compounds, making them ineffective before 
they can act on their targets (Wright, 2005; Annunziato, 
2019; Murugaiyan et al., 2022). Aminoglycoside provides 
antimicrobial activity by binding to the bacterial 
ribosomes, resulting in inhibition of bacterial protein 
synthesis (Eustice and Wilhelm, 1984; Davis, 1987). 
Microorganisms resist these antimicrobial agents through 
acetyltransferase, phosphotransferase, or 
nucleotidyltransferases and chemically modify the drug, 
preventing it from binding to ribosomes (Wright, 2005; 
Van Duijkeren et al., 2018; El-Khoury et al., 2022). 
Bacteria resist chloramphenicol through enzyme 
inactivation via chloramphenicol acetyltransferases (CAT). 
This CAT-mediated inactivation blocks the 
chloramphenicol’s interaction with the 50S ribosomal 
subunit (Schwarz et al., 2004). The β-lactam antibiotics 
bind to the penicillin-binding proteins (PBPs) and inhibit 
bacterial cell wall synthesis. Bacteria resist β-lactam 
antibiotics by producing β-lactamases, enzymes that 
hydrolyze the β-lactam ring structure, inactivating 
cephalosporins and penicillins (Fernandes et al., 2013; 
King et al., 2017). Extended-spectrum β-lactamases 
(ESBLs) can inactivate the third generation of 
cephalosporin antibiotics. 

Colistin (polymyxin E), a cationic lipopeptide 
antibiotic that is a derivative of Paenibacillus polymyxa 
and is used as a last-resort antibiotic against severe 
infections caused by multidrug-resistant Gram-negative 
bacteria. It interacts with lipid A of lipopolysaccharide 
(LPS), which destabilizes the outer membrane, resulting in 
bacterial death. Colistin resistance is an emerging AMR 
concern and is primarily caused by lipid A modification 
through either chromosomal mutations in PhoPQ and 
PmrAB regulatory systems or via plasmid-mediated mcr 
genes that rapidly spread among bacterial populations. In 
livestock and poultry production, particularly in pigs and 
chickens, therapeutic and prophylactic use of colistin 
creates high selection pressure. Consequently, resistant 
bacteria and mcr genes are spread in the environment, meat 
products, and food animals, and are transmitted further 
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along the food chain to humans, posing a significant One 
Health issue. 

Bacteria achieve reduced drug accumulation by 
limiting intracellular drug concentration. Efflux pumps and 
decreased membrane permeability are the primary 
mechanisms mediating this resistance strategy (Pagès and 
Amaral, 2009; Masi et al., 2017). Some microorganisms 
develop alternative metabolic pathways, allowing them to 
bypass the inhibitory effects of antimicrobial drugs and 
thus produce AMR (Annunziato, 2019; Moo et al., 2020). 
Sulfonamides and trimethoprim inhibit the folate synthesis, 
which is essential for DNA synthesis. However, resistant 
bacterial strains possessing dihydrofolate reductase genes 
circumvent this inhibition by modifying their metabolic 
pathways (Capasso and Supuran, 2019). 

Bacteria exchange genetic material through three 
primary mechanisms: conjugation (plasmid transfer), 
transduction (phage-mediated transfer), and transformation 
(environmental DNA uptake). In conjugation, bacteria 
transfer plasmids carrying resistance genes to other bacteria 
through direct contact (Leungtongkam et al., 2018). In 
transduction, bacteriophages transfer resistance genes 
between two bacteria (Volkova et al., 2014; Colavecchio et 
al., 2017; Fillol-Salom et al., 2019). Transformation occurs 
when bacteria incorporate exogenous genetic material from 
the environment into their chromosomes. Streptococcus 
pneumoniae exemplifies this process by acquiring and 
incorporating DNA from the commensal streptococci 
(Claverys et al., 2000; Johnsborg and Håvarstein, 2009; 
Marks et al., 2012). Bacteria modify antimicrobial target 
sites, reduce drug binding affinity and render the 
antimicrobials ineffective (Reinert et al., 2003; Jalava et 
al., 2004; Nye et al., 2019). The fluoroquinolones are 
rendered ineffective against microorganisms because their 
mechanism of action involves targeting the DNA gyrase 
and topoisomerase IV enzymes, leading to the development 
of resistance. Resistance develops when these mutations 
alter enzyme structure, preventing drug binding. 

 
Reservoirs of antimicrobial resistance: Reservoirs serve 
as evolutionary channels where resistant genes are 
maintained, recombined and selected. The reservoirs of 
AMR refer to a setting where microorganisms having 
antimicrobial resistant properties persist, survive, and 
spread in the environment, humans, and animals 
(Despotovic et al., 2023). Ticks are the biological vectors 
for various pathogens like anaplasmosis, babesia, etc. 
which contribute to the livestock AMR through bacterial 
transmission, protozoal parasites can also contribute to the 
development of resistance (Nawaz et al., 2020). These 
bacteria spread from reservoirs at both the global and local 
levels (Fig. 1). These reservoirs can be natural or come 
from man-made environments. Understanding these 
reservoirs is essential for controlling the global threat of the 
antimicrobial resistance crisis.  

Due to frequent and inappropriate antibiotic use, the 
human gut microbiome is a notable reservoir for AMR. 
Trillions of bacteria take up residence in the human gut, 
and studies have revealed that certain bacteria within this 
environment carry antibiotic resistant genes (ARG). These 
genes transfer between commensal bacteria and pathogens 
through horizontal gene transfer mechanisms. Healthy 
individuals harbor antibiotic-resistant strains of 

Enterococcus, Escherichia coli, Klebsiella pneumoniae in 
their intestines (Wang et al., 2022; Ribeiro et al., 2023). 
These commensal bacteria serve as a source of AMR 
through horizontal gene transfer. Hospitals are major 
hotspots for resistant pathogens transmission due to 
extensive antibiotic use, cross contamination through 
medical devices, health workers, and surfaces, and high 
prevalence of immunocompromised patients (Firesbhat et 
al., 2021). Methicillin-resistant Staphylococcus aureus 
(MRSA), vancomycin-resistant Enterococcus (VRE), and 
Carbapenem-resistant Enterobacteriaceae (CRE) are 
common hospital-acquired resistant pathogens (Chen et al., 
2019). 

Because of the extensive use of antibiotics, animals are 
also a major AMR reservoir. The livestock and poultry 
industries significantly contribute to AMR emergence 
through intensive antibiotic use for growth promotion, 
leading to shifts in microbial community composition and 
increased antibiotic-resistant gene prevalence (de Mesquita 
Souza Saraiva et al., 2022). Because antibiotics are used 
for growth promotion, disease prevention, and treatment in 
livestock, prolonged exposure selects for resistant bacteria 
in animal production systems. Resistant bacteria spread to 
humans through contaminated meat and dairy products, 
agricultural manure, and direct animal contact (Ali and 
Alsayeqh et al., 2022). When resistant bacteria enter water 
systems, they can affect aquatic organisms and humans; 
additionally, aquaculture facilities routinely use antibiotics 
such as oxytetracycline and chloramphenicol (Hossain et 
al., 2022). Resistance to these antibiotics produces AMR in 
aquatic animals and subsequently transfers to humans 
through food consumption. Animal-source foods harbor 
multiple AMR pathogens, including multidrug-resistant 
Salmonella from poultry, carbapenem-resistant Escherichia 
coli from pork, and cephalosporin-resistant Escherichia coli 
from veal calves (Silva et al., 2019). Seafood products also 
contains a number of carbapenem-resistant bacteria, 
including Stenotrophomonas, Pseudomonas, and Myroides 
species (Ramírez-Castillo et al., 2023). 

These reservoirs sustain AMR through complex, 
interconnected transmission routes that facilitate the spread 
of resistant bacteria and genes. Environmental 
dissemination is the critical pathway whereby human and 
animal waste rich in antibiotics and resistant bacteria enters 
aquatic and terrestrial ecosystems via wastewater, 
agricultural runoff, and manure application, creating 
environmental resistomes. These compartments serve as 
hotspots for horizontal gene transfer and facilitate human 
exposure to contaminated irrigation water or recreational 
water. This dissemination is perpetuated through food 
animals via intensive selective pressure exerted by 
antimicrobials used for growth promotion and disease 
prevention.  

Transmission between humans and animals is 
bidirectional, occurring through direct contact, food chain 
and waste, which are mainly exposed in poorly maintained 
environments. These transmission routes collectively 
enable community transmission into individuals beyond 
direct clinical transmission. The lack of sufficient 
infrastructure in terms of water, sanitation, and hygiene 
leads to overcrowded centers in many areas, where faceo-
oral transmission of resistant organisms is enhanced and 
serves as evidence of the relationship between the built 
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environment and the healthcare sector and the wider 
ecological transmission systems. The environment serves 
as a long-term reservoir of resistant genes because of 
pollution and the waste of animals. There is an increase in 
the number of antibiotic-resistant bacteria in rivers, lakes, 
and groundwater around farms and hospitals. Bacteria such 
as Pseudomonas aeruginosa may persist in pipes bearing 
biofilm, potentially creating reservoirs for antibiotic 
resistance (Sib et al., 2019). Agricultural practices also 
facilitate the infiltration of resistant bacteria into the soil 
using manure and wastewater application. Additionally, 
resistant microbes may be transported by plants, while 
heavy metals in soil may co-select resistance. 

 
Epidemiology of AMR: The epidemiology of 
antimicrobial resistance (AMR) is characterized by 
multidirectional transmission of resistant bacteria and 
genes across human, animal, and environmental 
compartments. This interdependence flow is at the core of 
One Health approach, highlighting that the resistance 
developed in one area could be quickly transferred to other 
areas through various ecological and anthropogenic routes. 
Environmental pollution, food systems, direct contact, and 
zoonotic transmission are key pathways facilitating 
continued circulation of resistance determinants (Endale et 
al., 2023).  

The AMR spread in reservoirs is highly contributed by 
human activities. Within healthcare settings, the 
combination of frequent antibiotic usage and high 
population density provides fertile ground for the 
emergence and proliferation of multidrug-resistant 
organisms, like MRSA and CRE, and these organisms may 
then contaminate wastewater, posing a risk to the 
surrounding environment. Resistance is further spread in 
the community by self-medication, international traveling 
and consumption of contaminated food or water. At the 
same time, livestock and aquaculture antimicrobial use 
leads to the excessive release of antibiotics and 
antimicrobial-resistant bacteria into manure and effluent. 
On soil or released into water bodies, these contaminants 
form hotspots in the environment where horizontal gene 
transfer takes place, and molecular resistance has the 
potential to survive and be transmissible across 
environmental and clinically relevant bacteria.  

The underestimated contribution of companion 
animals is also important in the epidemiology of AMR. The 
frequent physical contact with human beings, coexistence, 
and clinical care practices put their lives in bilateral routes 
of transmitting the zoonotic pathogens. Recent surveillance 
information of the United States (2019-2021) indicates 
strong resistance in companion animals, such as high non-
susceptibility rates of urinary E. coli to amoxicillin (33.0%) 
(Maeda et al., 2025), as well as, of dermal Staphylococcus 
pseudintermedius to first-line cephalosporins (41.9%) 
(Feuer et al., 2024). The geographical trends, including the 
high resistance in southeastern states, indicate the regional 
drivers, which should be investigated more closely. These 
reservoirs are further linked via environmental pathways 
such as wastewater discharge, agricultural runoff, and 
unconventional vectors like aerosols and wildlife, which 
allow these resistance genes to circulate across through 
food, water and direct exposure to human and animal 
populations.  

This integrated transmission cycle is highly complex 
and makes it essential to consider a One Health surveillance 
strategy. Clinical, veterinary, or environmental samples 
used in isolation are not enough to provide the dynamics of 
AMR in all its manifestations. Rather, there is a need for 
integrated systems that simultaneously measure the trends 
of resistance in all sectors to map the routes of 
transmission, the high-risk interfaces, and put specific 
interventions in place. Due to the interconnected nature of 
AMR, stakeholders can produce more efficient approaches 
to reducing the spread of resistance and protecting human, 
animal, and environmental health. 
 
One Health approach to AMR: One Health provides the 
most effective ways for dealing with AMR as it recognizes 
the interconnection between animals, humans, and 
environmental health. This method is important as the 
resistant genes and pathogens circulate freely between 
humans, livestock and their ecosystems through various 
routes of transmission (Endale et al., 2023), as described in 
the Fig. 2. The continuous use of antibiotics in livestock 
production creates a reservoir of resistant bacteria in 
animals, while the overuse of antibiotics in humans drives 
resistance in communities. The environment acts as an 
amplifier and the receipt of resistance through soil, food 
systems and contaminated water.  

Integrated surveillance is a key factor in the health 
approach as it monitors all the sectors for the presence of 
resistance patterns simultaneously. The surveillance of 
wastewater can identify an early warning of spread of 
resistance. International programs like WHO’s GLASS 
(Global Antimicrobial Resistance and Use of Surveillance 
System and CDC’s NARMS (National Antimicrobial 
Resistance Monitoring System) trace the newly existing 
resistance (Karp et al., 2017). The control of AMR requires 
coordinated work from both human medicine and animal 
reproduction to decrease the unnecessary use of antibiotics 
(Kasimanickam et al., 2021). One Health approach is 
important, as it targets the interconnected environments 
that facilitate the evolution and dissemination of resistance. 
Thus, healthcare facilities, such as farms and food 
industries, must adopt infection prevention practices to 
break the transmission chain. Moreover, improved 
treatment of waste and handling of manure are environment 
managemental strategies which can compensate for the 
spread of resistance. 

The effectiveness of One Health approach can be 
demonstrated by successful implementation done by 
various nations. The ban of antibiotics in Denmark on the 
use of growth promoters in livestock sector reduced the 
resistance and maintained the productivity (Jensen and 
Hayes, 2014). The “Search and Destroy” program of 
Netherland for the combined screening of MRSA at both 
the hospital and farm levels reduced the infection rates 
(Wertheim et al., 2004). Sweden became the global leader 
in restraining AMR because it adopted One Health early 
(Eriksen et al., 2021). Still, the enormous challenges 
remain unchallenged like funding gaps, negligence of 
government, and behavioral use of antibiotics. To 
overcome these challenges, there is a need for international 
cooperation, alternative treatment expenses, and innovative 
technologies for predicting antimicrobial resistance. Thus, 
the  AMR  control  depends  upon  the  ability  to  retain the 
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Fig. 1: Reservoirs of AMR and its interconnection between public, animals, and environmental health. 
 
integrated system having multi-sector approach through 
research management. 

The effectiveness of One Health approach can be 
demonstrated by successful implementation done by 
various nations. The ban of antibiotics in Denmark on the 
use of growth promoters in livestock sector reduced the 
resistance and maintained the productivity (Jensen and 
Hayes, 2014). The “Search and Destroy” program of 
Netherland for the combined screening of MRSA at both 
the hospital and farm levels reduced the infection rates 
(Wertheim et al., 2004). Sweden became the global leader 
in restraining AMR because it adopted One Health early 
(Eriksen et al., 2021). Still, the enormous challenges 
remain unchallenged like funding gaps, negligence of 
government, and behavioral use of antibiotics. To 
overcome these challenges, there is a need for international 
cooperation, alternative treatment expenses, and innovative 
technologies for predicting antimicrobial resistance. Thus, 
the AMR control depends upon the ability to retain the 
integrated system having multi-sector approach through 
research management. 
 
Traditional strategies for the control of AMR: AMR is 
a silent global threat to the health, food security and 
economy of a state, with potential for pandemic-scale 
impacts. This all proceeds because of overuse and misuse 
of antibiotics in human medicine, agriculture and livestock 
production accelerating the emergence of drug-resistant 
pathogens, causing the treatment against microbes 
ineffective (Rahman et al., 2022). The strategies used for 
combating AMR include the development of novel 
antibiotics, antimicrobial peptides, combination therapies, 
CRISPR-CAS systems, immune modulation, drug 
repurposing, nanotechnology, bacteriophage therapy, 
probiotics, and antibody therapies. 

The continuous occurrence of resistant bacteria 
prioritizes the invention and development of new 
antibiotics that target the previously unnoticed mechanisms 
of bacteria. Texiobactin, Cefiderocol, and Lefamulin are 
recently developed novel antibiotics that have properties of 
targeting the unexplored mechanisms of bacteria (Cattoir 
and Felden, 2019; Taheri et al., 2021; Muteeb et al., 2023). 
Tiexobactin targets the cell wall precursors and is effective 
against Gram-positive pathogens (Homma et al., 2016; 
Chiorean et al., 2020), Cefiderocol disrupts the cell wall 
synthesis by exploiting the iron uptake system of bacteria 
and is effective against carbapenem-resistant Gram-
negative bacteria (Syed, 2021; Yousefi et al., 2024), and 
Lefamulin inhibits the protein synthesis of bacteria by 
binding to 50S ribosomal subunit and is effective against 
resistant strains like MRSA (Veve and Wagner, 2018; Wu 
et al., 2020; Goudarzi et al., 2021). But this strategy is 
expensive and requires more time because of lengthy 
development. Antimicrobial peptides are a broad spectrum 
of naturally occurring molecules effective against bacteria, 
viruses and fungi (Erdem Büyükkiraz and Kesmen, 2022). 
They work through the disruption of cell membrane and 
immune system modulation. LL-37, defensins, and 
polymyxins are some examples of antimicrobial peptides 
that have lower risks of resistance because of their multiple 
target potentials and fast killing. Polymyxin B shows 
higher efficacy in reducing the antimicrobial activity and 
against Carbapenem-resistant gram-negative bacterial 
infections (Zhuang et al., 2025). But there is a need for the 
optimization of high cost, toxicity, and stability. 

Combined therapies can be a way of dealing with 
AMR as combining antibiotics enhances efficacy and 
reduces the development of resistance because of different 
mechanisms of action. Trimethoprim-sulfamethoxazole 
and ceftazidime-avibactam combined therapies provide 
effective   dealing   with   MRSA   and   multidrug   resistant 
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Fig. 2: Routes of transmission of antimicrobial resistance and its reservoirs in humans, animals, and the environment. 
 
Gram-negative infections, respectively. But there is a risk 
of drug interactions with this strategy. CRISPR-Cas 
systems are gene editing tools that target and eliminate the 
selective antimicrobial resistance genes or virulence factors 
of bacteria. Phage therapy and nano-based therapy are 
applications of this system, which involves the modified 
bacteriophages CRISPR-Cas delivery for the disruption of 
resistance genes in the pathogen's structure and nano-sized 
CRISPR molecules for targeting the mecA gene, 
respectively.  

Noncarriers, because of their efficient delivery and 
antimicrobial properties, are known therapies for dealing 
with AMR. Metal-organic frameworks (MOFs), silver 
nanoparticles (AgNPs), and constructed DNA nano 
platforms are examples of nanoparticles used for 
combating AMR. DNA multifunctional nano platform 
works as a versatile carrier for the delivery of bacteria 
specific antibiotics such as ciprofloxacin etc. (Wu et al., 

2023). They are characterized by the improved drug 
solubility and resistance provided by biofilm, but this 
therapy faces toxicity and production issues on a larger 
scale. Enhancing the immune system of an individual 
provides reduce reliance on antibiotics and reduces the 
risks of AMR and modulates the IgE-mediated Pathways 
which offers a more effective approach for combating 
resistant bacteria (Zhou et al., 2022). Such immune 
modulation can be done through the strategies of 
vaccination, immunostimulant, and Granulocyte-Colony-
Stimulating Factor (G-CSF). Another strategy for 
combating AMR is bacteriophage therapy, in which the 
phage viruses infect and lyse the specific bacteria (Muteeb 
et al., 2023). Pyobacteriophages and lysins are applications 
of bacteriophage therapy, which is highly specific and safe 
for the ecosystem, but they have narrow ranges, and 
stability has to be maintained at specific values (Guo et al., 
2024; Patil et al., 2025).  
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Table 1: Various antibacterial therapies / prophylaxis, their mechanisms, level of toxicity, risks of AMR and their clinical uses 
Therapy  Microbial activity  Stability  Mechanism  Toxicity  AMR risk  Clinical use  References 
Antibody-
antibiotic 
conjugate 

Eradicates 
intracellular 
pathogens, high 
specificity but 
ineffective against 
microbes lacking 
surface antigens  

Has good 
stability 
because of its 
extended 
serum half-life  

It works by 
minimizing the 
systemic exposure 
of the pathogen by 
delivering the 
antibiotic payload 
directly to the 
infected cells  

Have minimal 
toxic effects 
because of 
localized 
release.   

Low risk of 
AMR as it 
targets 
intracellular 
niches 

Phase II trials 
for methicillin-
resistant 
Staphylococcus 
aureus  

(Lehar et 
al., 2015; 
Zheng et 
al., 2017) 

Antimicrobi
al peptides 

High bactericidal 
activity is because 
of broad spectrum 
action against both 
Gram positive and 
Gram-negative 
bacteria and fungi.  

Good water 
solubility and 
maintain 
activity at pH 
3-9 but 
degrades 
through 
proteases 
because of 
short half-life 
and stability in 
circulation 

Works through 
the disruption of 
microbial 
membranes 
through 
electrostatic 
interactions and 
poor formation 

Have the 
potential to 
cause 
cytotoxicity 
and hemolytic 
activity. 

Low risk of 
AMR and 
require lipid 
membrane 
modifications 
for the 
development 
of resistance. 

Used as topical 
pexiganan for 
diabetic ulcers, 
phase III. 

(Hancock 
and Sahl, 
2006; 
Mookherje
e et al., 
2020) 

Bacterioph
ages 

Species-specific 
lysis, high 
specificity, minimal 
disruptions to 
host but narrow 
spectrum and have 
no access to 
intracellular 
pathogens  

The lyophilized 
formulation can 
stabilize for 
years at lower 
temperatures 
and sensitive to 
UV light  

Works through 
the activation of 
lytic enzymes like 
endolysins, 
degrading the 
peptidoglycan, 
cause the osmotic 
lysis of the cell.    

Safe, but 
anaphylaxis is 
seen in phage 
component 
cases. 

Moderate 
risk of AMR 
as bacteria 
can develop 
receptor 
mutations  

Used for multi-
drug-resistant 
Pseudomonas 
aeruginosa 
against wound 
infections 

(Bull et al., 
2019; Jault 
et al., 2019) 

CRISPR-
CAS9 
antimicrobi
al  

Gets antimicrobial 
property by 
targeting the 
antimicrobial 
genes with single 
precision. 

Good stability 
in lipid 
nanoparticles 
or phage 
delivery, 
requires for the 
protection of 
gRNA                  

Works by the 
cleavage of DNA, 
which induces the 
break of resistant 
strain’s lethal 
double-strand 

Have the 
potential to 
activate the 
immune 
system as it is 
an off target 
editing in host 
microbiota 

Higher risk 
of AMR if 
bacteria 
mutate the 
Proto-
spacer-
Adjacent 
motifs 
(PAMs) 

Used pre-
clinically 
against 
Carbapenem-
Resistant 
Enterobacteriac
eae ((El-
Mowafy et al., 
2021)) 

(Bikard et 
al., 2014a; 
Bikard et 
al., 2014b; 
El-Mowafy 
et al., 2021) 

Silver 
nanoparticl
es (AgNPs)  

Provides 
antimicrobial 
activity through 
the disruption of 
biofilm, broad 
spectrum actions 

Have good 
stability and 
shelf life for 5 
years but 
aggregates in 
saline 

Works by 
releasing silver 
ions, which 
stimulates the 
generation of 
reactive oxygen 
species (ROS) and 
causes disruption 
of thiol groups 

Has the 
potential to 
develop 
cytotoxic 
effects to the 
mammalian 
cells  

Low risk of 
AMR 
because of 
its multi-
target action  

Clinically used 
in the catheter 
coating 

(Rai et al., 
2009; 
Lansdown, 
2010; Rai 
et al., 2014) 

Probiotics  Competitive 
elimination of 
pathogens 

The stability of 
probiotics 
depends on 
gastric acid and 
drying-freezing 
protection 

Works through 
the production of 
bacteriocin, which 
kills bacteria, pH 
modulation and 
immune 
stimulation 

Even though it 
is normally 
considered 
safe, 
bacteremia 
can occur in 
immune-
compromised 
patients, albeit 
rarely. 

Possesses a 
non-lethal 
mode of 
action, so 
has a 
negligible 
risk of AMR 

Clinically used 
for C. difficile, 
approved by 
FDA 

(Ouwehan
d et al., 
2002; Suez 
et al., 2018) 

mRNA 
Vaccines 

Prophylactic 
actions microbes 
by preventing the 
infection rather 
than to treat.  

Since it is a 
vaccine, so the 
cold chain has 
to be 
maintained, for 
which ultra-
cold storage. 

Works by priming 
the adaptive 
immunity through 
spike protein 
expression 

Can cause 
local 
reactions, rare 
cases have 
shown 
myocarditis 

There is no 
risk of AMR 
as it 
prevents the 
infection 

Pfizer/ 
BioNTech 
COVID-19 
vaccine 

(Pardi et 
al., 2018; 
Verbeke et 
al., 2019) 

Photodyna
mic therapy  

Localized 
antimicrobial 
activity for the 
biofilm of 
dentation  

Has good 
stability under 
the influence of 
light as the 
name indicates  

Works through 
the production of 
singlet oxygen, 
which damages 
the cellular 
components  

Safe but mild 
photosensitivit
y appears in 
patients. 

Low risk of 
AMR 

Clinically used 
to treat 
periodontitis  

(Bekmukha
metova et 
al., 2020; 
Mathur et 
al., 2023) 

Enzybiotics  Provides antibiotic 
activity against 
specific gram-
positive bacteria 

Showing good 
stability at 
room 
temperature 
for 2 years 

Works through 
the hydrolysis of 
peptidoglycan 
through glycosidic 
bond cleavage. 

No signs of 
toxicity in 
mammals  

Shows a very 
low risk of 
AMR 

Used in phase 
III (Exobases) 

(Fischetti, 
2016; 
Francis et 
al., 2026) 
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Probiotics are commensal bacteria which out-
competes the pathogens and allow the body to regrow or 
restore the normal microbiota (Norton et al., 2024). 
Lactobacilli and bifidobacteria inhibit E. coli and S. aureus, 
respectively, reduces the use of antibiotics but are strain 
specific in nature (El Far et al., 2024). Drugs repurpose is 
a strategy in which an already existing drug with secondary 
antimicrobial actions provides a faster solution. Statins and 
chlorpromazine are applications of drug repurpose having 
safe profiles for faster clinic adoption, but suffer because 
of limited applicability and dose (Lago and Bahn, 2018). 
Antibody therapies are also a solution for controlling AMR 
as the monoclonal antibodies target a specific component 
of bacteria. Salvecin and bezlotoxumab are monoclonal 
antibodies having a lower risk of resistance and long-
lasting effects but suffer from complex development and 
enormous cost for production (Adedokun et al., 2025).  
 
Strategies for tackling AMR through One Health 
approach: For addressing AMR, there is a need for a 
holistic One Health approach, which recognizes the 
interconnections of animals, humans, and environmental 
health. Traditional therapies and efforts focus on clinical 
setting but neglect the focus on the spread of resistant 
bacteria through contaminated water, food, and ecosystems 
(Serwecińska, 2020). This focus requires cross-sector 
collaboration to stop the spread of resistant bacteria. A 
single stage of the food chain contributes to the global 
threat of AMR crisis, from the farm-level antibiotics 
overuse to the environmental contamination and exposure 
of consumers (Founou et al., 2016; Hazards et al., 2021). 
Various strategies have been proposed for tackling 
antimicrobial resistance through One Health approach as 
summarized in Table 1. 

The basic way of tackling AMR is through 
strengthening the governance and policy frameworks of 
nation, having proposed actions of developing and 
enforcing the AMR nation plans in collaboration with 
whom global actions (World Health, 2021), banning the 
use of antibiotics in the livestock sector as a growth 
promoter or any other non-therapeutic use, establishing a 
committee for steering AMR at multi-sectoral coordination 
from agriculture, health and environmental agencies, and 
links the AMR abidance for private companies to get 
licensing. The evidence can be seen from the work of 
Jordan’s National Action Plan (NAP) on AMR involving 
One Health strategies and the Sweden’s success ratio in 
reducing the risk of AMR by applying strict rules and 
regulations on use of antibiotics in livestock sector (Wierup 
et al., 2021; Nashwan et al., 2024; Ala’a et al., 2025). 

Another way of tackling AMR through One Health 
approach is through integrated surveillance and monitoring 
having actions of AMR real-time surveillance networks 
covering hospitals, lab and ecosystem, using genomic 
sequencing for tracking the resistant genes, monitoring the 
food products, water and soil for the antimicrobial residues, 
and launching a dashboard at a national level for sharing data 
(Fitzpatrick et al., 2021; Struelens et al., 2024). Evidence can 
be seen in the expansion of Jordan’s AMR surveillance from 
8 to 42 sites. Through integrated surveillance monitoring, 
Jordan highlights the multi-sector transmission risks and 
detects MDR E. coli, Salmonella, and MRSA in poultry 
farms, dairy farms, and irrigation water. 

The proposed actions of Antimicrobial Stewardship 
(AMS) across the food chain for tackling the antimicrobial 
resistance includes enforced veterinary observations for 
control of antibiotics prescriptions in livestock sector, 
promotion of alternatives of antibiotics such as vaccines, 
probiotics, and phage therapy, and training farmers to 
reduce the infections by biosecurity measures. Public 
awareness and behavioral changes should be followed to 
guide the public to tackle the AMR (Gilham et al., 2024). 
Launching national campaigns for the awareness of AMR 
in farmers, food keepers, food handlers, consumers and 
introducing the education of antimicrobial resistance into 
the curriculum of schools for inducing the long-term 
behavioral changes in the upcoming generations are the 
ideal actions through public awareness (Lambrou et al., 
2021). Raising awareness among farmers, shop handlers 
and consumers will reduce the misuse of antibiotics in 
livestock, maintain the hygienic practices to prevent 
contamination, and safe food handling, respectively. The 
importance of public awareness and behavioral changes on 
One health approach can be estimated by the success rate 
of Sweden in reducing the risk of AMR through public 
educational campaigns. 

Through environmental management, One Health 
approach can help in tackling AMR through regulating 
antibiotic disposal, surveillance and monitoring the water 
sources, and promoting sustainable farming practices. 
These actions will help in preventing the environment from 
contamination, search for resistant pathogens in water, and 
treatment of manure before using it as a fertilizer. The 
treatment plants in Jordan found antibiotic residues, which 
indicates the need for management. Research and 
innovation are key factors for tackling AMR with One 
Health perspectives. Research and innovation can help in 
establishing an AMR Research fund at an international 
level for studying transmission pathways and alternative 
treatments of antibiotics, and pilot-test precision diagnostic 
facilities for inhibiting the misuse of antibiotics in the 
livestock sector. HPLC-MS/MS based quantification of 
antimicrobial agents in human plasma is a precision 
diagnostic for monitoring the concentration of antibiotics 
(Lou et al., 2024). The research and innovation projects of 
Jordan and Sweden have international collaborations with 
WHO, FHO for the support in AMR research efforts. 

For the effective tackling of AMR in the food chain, a 
well combined and coordinated One Health strategy is 
important. Policies and governance help in strengthening 
the regulations across multi-sectors. Surveillance provides 
the AMR monitoring integration in human, animals and 
environment, stewardship inhibits the misuse of antibiotics 
through alternatives and veterinary observations, 
awareness helps in educating the farmers and handlers 
regarding AMR risks, research helps in investing 
innovative solutions while environment helps in prevention 
of contamination of water and soil. The expanded AMR 
surveillance and policy framework of Jordan provides a 
model for other low-income countries. However, there is a 
need to sustain funding, enforcement and international 
collaboration for long-term success in tackling 
antimicrobial resistance with One Health perspectives. 

 
Limitations: The review provides the important challenges 
in tackling the AMR, including the prolonged development 
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of novel antibiotics and high costs, which inhibits timely 
solutions. The use of combined therapies faces a risk of 
drug interactions, while the alternative therapies face 
specificity, stability, and scalability issues. Complications 
occur because of lack of global coordination in surveillance 
gaps and behavioral resistance. Shortages in funding, 
inconsistency in enforcement of policies, and multi-
sectoral combination limit the world impact of One Health 
approach. These hurdles highlight the need for equitable, 
integrated and innovative strategies for combating AMR 
effectively.  
 
Conclusions: Resistance is a critical global threat to food 
security, economic stability, and antimicrobial public 
health, requiring urgent and coordinated actions. This 
review provides an overview of the AMR complexity 
driven by the adaptability of microbes, overuse of the 
antibiotics, and contamination of environment. Since 
innovative therapies like CRISPR-Cas, bacteriophage 
therapy, novel antibiotics are good at rendering 
antimicrobial resistance, the use of One Health approach 
offers promising results for control of AMR but requires 
more attention and coordination from all the sectors. The 
effectiveness of alternative therapies is limited because of 
high costs, stability issues, requires more time because of 
lengthy development, and scalability. The gaps in global 
monitoring, behavioral resistance, and lack of policy 
enforcement to stewardship complicate the efforts for 
combating AMR. One Health approach interconnecting 
human, animal and environmental health arises as a vital 
framework for controlling AMR. The countries like 
Sweden and Jordan sets the examples of combating AMR 
through multi-sector collaboration, public awareness 
campaigns, and regulation potentials. But still, the existing 
barriers like sustained funding, international cooperation, 
and equitable access to the solutions are important to 
overcome. The key factors for addressing AMR are to 
prioritize research, advance diagnostic facilities, and foster 
innovations. The fight against AMR requires a united 
global effort combining scientific advancement, 
community engagement, and policymaking to safeguard 
future generations from this alleviating crisis. 
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