
Bull. Pharm. Sci., Assiut University, Vol. 48, Issue 1, 2025, pp. 523-545. 

 

Bulletin of Pharmaceutical Sciences  
Assiut University 

Website: http://bpsa.journals.ekb.eg/  

 

 ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
Received : 6/8/2024 & Accepted : 2/12/2024 

*Corresponding author: Punet Kumar, E-mail: punetkumar987@gmail.com 

 

ANTIMICROBIAL RESISTANCE A GLOBAL BURDEN - 

MECHANISMS, CURRENT INSIGHTS, AND FUTURE DIRECTIONS 
 

Punet Kumar
1*

, Deepak Kumar
2
, Vivek Gautam

3
, Sangam Singh

4
, Mohammad Rizki Fadhil 

Pratama
5 

 
1
Department of Pharmaceutical Chemistry, Shri Gopichand College of Pharmacy, Baghpat, 

U.P., India. 
2
Department of Pharmacology, Shri Gopichand College of Pharmacy, Baghpat, U.P., India. 

3
Department of Pharmaceutics, Shri Gopichand College of Pharmacy, Baghpat, U.P., India. 

4
Department of Pharmaceutical Chemistry, Oxford College of Pharmacy, Ghaziabad, U.P., 

India 
5
Department of Pharmacy, Universitas Muhammadiyah Palangkaraya, Palangka Raya, 

Central Kalimantan, Indonesia 
 

Antimicrobial resistance (AMR) poses a significant global health threat, characterized by 

the increasing prevalence of drug-resistant infections and the diminishing pipeline of novel 

antibiotics. The development of resistance mechanisms, including target site alteration, efflux 

pumps, and enzymatic inactivation, has contributed to the spread of AMR among human 

pathogens, both within healthcare settings and the broader community. These resistance 

mechanisms often arise in response to the misuse and overuse of antibiotics. Antimicrobial 

agents exert their effects through various mechanisms, such as inhibiting cell wall synthesis 

(e.g., β-lactams), protein synthesis (macrolides, tetracyclines), nucleic acid synthesis 

(fluoroquinolones, rifampin), or metabolic pathways (trimethoprim-sulfamethoxazole). 

However, the emergence of AMR has challenged the efficacy of these agents. Addressing AMR 

requires a multifaceted approach, including optimizing antibiotic use, strengthening infection 

prevention and control measures, and accelerating the development of new antimicrobial 

agents and diagnostics. While some studies have shown the potential for reversing 

antimicrobial resistance under specific conditions, the overall challenge remains complex and 

multifaceted. This review provides an overview of AMR, its underlying mechanisms, and the 

critical need for global action to mitigate its impact. 

Keywords: Antimicrobial resistance, Cell wall synthesis, Macrolides, Tetracyclines, 

Fluoroquinolones 

 

INTRODUCTION 

 

Antibiotic resistance is a term used for 

significant worldwide public health concerns 

that will grow more serious in the upcoming 

years.
1,2

 Worldwide, public health continues to 

be seriously threatened by antimicrobial 

resistance (AMR), which requires an in-depth 

understanding of its scope and effects. The 

increasing prevalence of AMR undermines the 

effectiveness of antimicrobial agents, 

jeopardizing the treatment of various 

infections. To address this challenge, a 

comprehensive understanding of the extent and 

impact of AMR is crucial.
3
 

In 2022, a thorough investigation was 

undertaken to determine the global burden of 

bacterial AMR. Fungal resistance to 

antibiotics, which develops with modifications 

to microbes and decreases the effectiveness of 

antibiotics applied for therapy diseases, was 

identified as among the most severe health 

problems in our 21
st
 era.

4
 According to a 

worldwide cost of disease and risk factors 
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inquiry, it may be concluded that in 2019, 

antibiotic resistance was the third most 

common reason for deaths (as compared to 

each of the levels in the system), with severe 

heart states and a stroke.
1,5

 The World Health 

Organization Worldwide Plan for Antibiotic 

Resistance was published in 2001, and it 

provides methods to prevent the creation and 

spread of anti-resistant organisms.
6
 The United 

States Agency for Control and Prevention of 

Disease Board says that antibiotic-resistant 

diseases affect more than 2 million people 

annually, causing at least 23,000 deaths.
7
 

Antibiotic resistance grows worldwide 

with increased use and the distribution of 

medicines in underdeveloped nations.
8
 AMR is 

a necessary evolutionary result, as every 

species produces mutations that prevent 

harmful selection. While medicines treat 

personal infections, the microbe could keep 

growing with applied immunity causes.
9
 AMR 

is an international threat as novel resistance 

mechanisms are appearing and spreading 

worldwide, harming the capacity to cure 

prevalent illnesses that cause extra sickness, 

disorder, or death.
10

 To ensure people’s 

security, the Global Council of Health 

Promotion Unions established the World 

Association for Public Health and many 

international experts to assist with the delivery 

of difficult health policies.
12-13

 It provides 

instructions for both services (core activities 

(safety, detection, and growth) and functions 

(catalyst roles like administration, 

representation, limit, and knowledge). 

The escalating global health crisis of 

AMR is driven by the overuse and misuse of 

antimicrobials, particularly in low- and middle-

income countries. This phenomenon has led to 

a significant increase in morbidity and 

mortality rates associated with infectious 

diseases. 
14-16

 Both primary facilities with 

helping roles have been required to support the 

administration about vital global fitness issues 

like AMR. To address this pressing issue, a 

multi-faceted approach involving global, 

national, and individual efforts is imperative. 

While scientific research has highlighted the 

risks of AMR, translating this knowledge into 

effective policy and public health interventions 

remains a challenge. 
11

 The urgent need for 

international collaboration and coordinated 

action is underscored by the alarming statistic 

that AMR is responsible for an estimated 

50,000 deaths annually in the US and EU 

alone. 
17,18

 The World Medical Association has 

called for a global strategy to combat 

antimicrobial resistance, emphasizing the 

importance of a coordinated response from the 

global health community. 
19 

AMR poses a significant global health 

threat, particularly in regions with high burdens 

of infectious diseases. Staphylococcus aureus, 

a common cause of serious infections, has 

developed resistance to multiple antibiotics, 

leading to increased morbidity and mortality.
20

 

AMR exacerbates the severity of infections, 

prolongs hospital stays, and elevates healthcare 

costs, including the need for more expensive 

treatment options.
21

 

India and Africa are particularly 

vulnerable to the impact of AMR. India's high 

burden of infectious diseases, compounded by 

poor sanitation and malnutrition, creates a 

conducive environment for the emergence and 

spread of AMR.
22

 Similarly, in Africa, 

infectious diseases are a leading cause of death, 

especially among children under six years, 

further exacerbating the challenges posed by 

AMR.
23

 The prevalence of hunger in these 

regions, coupled with the high burden of 

infectious diseases, makes them particularly 

susceptible to the devastating consequences of 

AMR.
5 
 

This growing crisis is fueled by factors 

such as the overuse and misuse of antibiotics, 

the dissemination of resistant strains, and the 

limited development of novel antibiotics. In 

recent years, there has been a surge in reports 

of AMR among various pathogens, including 

Escherichia coli and respiratory tract 

pathogens. For instance, resistance rates to 

fifth-generation cephalosporins and 

fluoroquinolones in E. coli have been 

documented to range from 0.88% to 0.98%, 

while resistance to ketolides among different 

bacterial strains varies from 8% to 77%.
24

 

Similarly, respiratory pathogens exhibit 

resistance rates ranging from 0% to 99%, and 

E. coli resistance to fluoroquinolones is 

estimated to be between 1% and 40%.
25 

This 

alarming rise in AMR has positioned it as a 

major global health challenge in the 21
st
 

century, underscoring the urgent need for 

innovative solutions to combat this crisis.
26
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By 2051, infections could become the 

leading cause of death worldwide if effective 

measures are not implemented.
27

 The global 

economic burden of AMR-related deaths is 

projected to reach a staggering one trillion 

dollars annually by 2030.
28

 Regulatory bodies, 

often hindered by limited funding, struggle to 

effectively address this crisis.
29

 To combat 

AMR, it is imperative to explore innovative 

strategies beyond conventional approaches. 

Emerging technologies, such as advanced 

therapeutic combinations, smart delivery 

systems, and AI-powered drug discovery, hold 

promise in addressing this challenge.
30

 This 

review delves into these novel approaches, 

highlighting the need for adaptive, 

multidisciplinary strategies to mitigate the 

devastating impact of AMR on global health 

systems.
31 

 

 

Understanding the Drivers of Antimicrobial 

Resistance 

The emergence and spread of AMR is a 

complex global health challenge driven by a 

combination of human, animal, and 

environmental factors.
32

 Inappropriate 

antibiotic use in healthcare settings, including 

overprescription, misuse, and non-adherence, 

contributes significantly to the development of 

resistant strains.
25,33

 Over-the-counter antibiotic 

availability and self-medication practices 

further exacerbate this issue. Poor infection 

control measures and inadequate sanitation in 

healthcare facilities and communities facilitate 

the transmission of resistant organisms.
44

 

In agriculture and veterinary medicine, the 

widespread use of antibiotics as growth 

promoters and disease preventatives in animals 

contributes to the development of resistant 

bacteria. These resistant organisms can then 

enter the human food chain through 

contaminated food products or direct contact 

with animals.
35,36

 Environmental 

contamination, resulting from pharmaceutical 

waste and agricultural runoff, introduces 

antibiotics into the environment, creating 

selective pressures that promote the emergence 

of resistant bacterial populations.
37,38

 

Globalization and increased travel 

facilitate the rapid dissemination of resistant 

bacteria across borders, further challenging 

global health efforts.
39

 Economic and policy-

related barriers, particularly in low- and 

middle-income countries, hinder effective 

AMR management.
40,41

 Limited investment in 

AMR surveillance and stewardship programs, 

coupled with a shortage of novel antibiotics 

due to high research costs and low financial 

incentives, exacerbate the problem.
41,42

 Finally, 

public behavior and social factors, such as 

misconceptions about antibiotic use, lack of 

awareness, and limited access to healthcare, 

contribute to inappropriate antibiotic 

consumption and the spread of AMR.
43,44

 

Cultural and socioeconomic factors often 

influence self-medication practices and 

unregulated access to antibiotics, accelerating 

the global AMR crisis.  

 

Perspectives on Antibiotic Resistance 

AMR is the ability of microorganisms to 

resist the effects of antimicrobial medications, 

such as antibiotics, antivirals, antifungals, and 

antiparasitics. This phenomenon poses a 

significant threat to global health, as it can lead 

to treatment failures, prolonged illness, 

increased healthcare costs, and higher mortality 

rates.
25,45

 AMR arises from the natural ability 

of microorganisms to adapt and evolve over 

time. However, human activities, including the 

overuse and misuse of antimicrobials in 

medicine, agriculture, and animal husbandry, 

have accelerated the development and spread 

of drug-resistant pathogens.
46 

 

 

Sources of Bacterial Resistance 

Bacterial susceptibility to antimicrobial 

agents varies widely among different species 

and strains.
47

 Minimum Inhibitory 

Concentration (MIC) is a critical factor 

determining resistance levels, with high MICs 

indicating resistance and low MICs suggesting 

susceptibility.
48

 Intrinsic resistance, a natural 

characteristic of certain species, results in 

consistently high MICs for specific drugs.
49

 

Bacteria can acquire resistance through 

the acquisition of resistance genes, which can 

be transferred horizontally between different 

species.
50

 The effectiveness of these acquired 

resistance genes varies, with some conferring 

minimal protection and others providing 

significant resistance. Understanding the 

complex interplay between intrinsic resistance, 

acquired resistance mechanisms, and horizontal 

gene transfer is essential for developing 
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effective antimicrobial strategies and 

mitigating the emergence of drug resistance.
51

 

 

Natural/intrinsic resistance 

Bacterial resistance can be broadly 

categorized into intrinsic and acquired/induced 

resistance.
52

 Intrinsic resistance, a fundamental 

characteristic of a bacterial species, is not 

influenced by prior antibiotic exposure and is 

independent of horizontal gene transfer.
53

 This 

inherent resistance is often associated with 

reduced outer membrane permeability, 

particularly in Gram-negative bacteria, and the 

intrinsic activity of efflux pumps.
54

 

In contrast, acquired resistance results 

from the acquisition of resistance genes 

through various mechanisms, including 

mutation and horizontal gene transfer.
55

 The 

activation of multidrug efflux pumps is a 

common mechanism underlying acquired 

resistance, enabling bacteria to expel 

antibiotics from the cell. Table 1 provides 

examples of bacterial species exhibiting 

intrinsic resistance to specific antimicrobials. 

 

Acquired resistance 

Bacteria can acquire resistance genes 

through various mechanisms. Horizontal gene 

transfer (HGT), which encompasses 

transformation, transposition, and conjugation, 

is a primary route for acquiring external genetic 

material.
56

 Plasmid-mediated transmission is 

the most common method for transferring 

resistance genes between bacteria, while 

phage-mediated transfer is less frequent.
58

 

Some bacteria, such as Acinetobacter species, 

can naturally take up DNA from their 

environment.
59

 Within the bacterial cell, 

genetic material can move through processes 

involving insertion sequences and integrons.
60

 

Stressful conditions, including starvation, 

UV radiation, and chemical exposure, can 

induce genetic mutations such as substitutions 

and deletions.
61

 Bacteria typically experience 

one mutation for every 10
6
 to 10

9
 cell divisions, 

and most of these mutations harm the cell.
62

 

While the majority of mutations are detrimental 

to the bacterium, those that confer resistance to 

antimicrobial agents can confer a significant 

survival advantage. Such mutations often occur 

in genes encoding antibiotic-modifying 

enzymes, drug transporters, drug targets, or 

regulators of drug transporter activity.
50 

 

 

 

Table 1: Instances of Bacteria Exhibiting Intrinsic Resistance to Antimicrobials. 

Intrinsic against Organism 

Aminoglycosides, many β-lactams, quinolones Bacteroides (anaerobes) 

Aztreonam All Gram positives 

Aminoglycosides, cephalosporins, lincosamides Enterococci 

Cephalosporins Listeria monocytogenes 

Glycopeptides, lipopeptides All Gram negatives 

Macrolides Escherichia coli 

Ampicillin Klebsiella spp. 

Macrolides Serratia marcescens 

Sulfonamides, ampicillin, cephalosporins, chloramphenicol, 

tetracycline 

Pseudomonas aeruginosa 

Aminoglycosides, β-lactams, carbapenems, quinolones Stenotrophomonas maltophilia 

Acinetobacter spp. ampicillin, glycopeptides 
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Adaptive resistance 

Adaptive resistance is a transient, 

reversible mechanism employed by bacteria to 

survive adverse conditions, including sub-

inhibitory antibiotic concentrations, pH 

fluctuations, nutrient limitations, and oxidative 

stress.
63

 Unlike acquired resistance, which 

involves permanent genetic alterations or 

horizontal gene transfer, adaptive resistance 

relies on temporary physiological and 

metabolic adjustments.
64

 These adaptations 

often involve changes in gene expression or 

protein activity, enhancing bacterial resilience 

to antimicrobial agents under challenging 

circumstances.
65

 Once the stressful conditions 

subside, bacteria typically revert to their 

original, non-resistant state.
66

 

This adaptive strategy is crucial for 

bacterial survival in hostile environments, such 

as during antibiotic therapy. By temporarily 

altering their physiology, bacteria can evade 

the effects of antimicrobial agents.
67

 However, 

these adaptive responses often come at a cost. 

For instance, methicillin-resistant 

Staphylococcus aureus (MRSA) exhibits 

slower growth rates.
68

 Using these medications 

increases resistance, a major problem related to 

antimicrobial resistance.
69

 Moreover, repeated 

exposure to sub-inhibitory antibiotic 

concentrations can select for resistant strains, 

leading to the emergence of hypermutable 

bacteria with increased rates of mutation and 

enhanced resistance to multiple antimicrobial 

agents.
70-71 

 

 

Mechanism of Resistance 

Microorganisms have evolved a diverse 

array of mechanisms to resist antimicrobial 

agents. These strategies can be broadly 

categorized into four primary types, as detailed 

in Table 2. 

Gram-negative bacteria, with their outer 

membrane, can employ a combination of these 

mechanisms, including efflux pumps, drug 

inactivation, and reduced permeability. In 

contrast, gram-positive bacteria, lacking an 

outer membrane, rely more heavily on 

mechanisms such as target site modification 

and metabolic adaptation. These intricate 

strategies contribute to the emergence and 

spread of antibiotic resistance, posing 

significant challenges to global health.
79,80

 The 

general mechanisms of AMR are mentioned in 

Fig. 1. 

 

Table 2: Mechanisms of Antimicrobial Resistance. 

Types Detailed mechanism 

Reduced Drug Uptake 

Bacteria can modify their cell membranes to limit the entry of 

antimicrobial agents, thus reducing their intracellular 

concentration and efficacy.
72

 

Target Site Modification 

Microorganisms can alter the structure or function of their cellular 

targets, such as ribosomes or enzymes, to diminish the binding 

affinity of antimicrobial drugs.
73

 

Efflux Pump 

Overexpression 

Bacteria can actively expel antimicrobial agents from their 

cytoplasm using efflux pumps, thereby reducing their intracellular 

concentration. This mechanism, often mediated by proteins like 

AcrAB-TolC in E. coli, can be upregulated in response to sublethal 

antibiotic exposure.
74,75

 

Metabolic Adaptation 

Some bacteria can enter a dormant or slow-growing state, known 

as the "persister" phenotype. This metabolic adaptation allows 

bacteria to tolerate antibiotic stress by reducing their metabolic 

activity and susceptibility to drug-targeted processes.
76,77

 Certain 

bacteria can produce enzymes that inactivate or degrade 

antibiotics, neutralizing their antimicrobial activity.
78
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Fig. 1: The general mechanisms of AMR. 

 

Bacteria have evolved various 

mechanisms to evade the antimicrobial effects 

of antibiotics. One common strategy involves 

limiting drug uptake. Gram-negative bacteria, 

with their outer lipopolysaccharide (LPS) layer, 

form a barrier against certain antibiotics. This 

structural feature contributes to the intrinsic 

resistance of some bacteria, such as the reduced 

susceptibility of mycobacteria to hydrophilic 

drugs due to their high lipid content.
72 

 

In contrast, Gram-positive bacteria, 

lacking an outer membrane, are generally more 

susceptible to antibiotic entry. However, some 

species, like enterococci, exhibit inherent 

resistance to aminoglycosides due to their cell 

wall structure.
81

 Furthermore, bacteria can 

modify porin channels, which are protein pores 

in the outer membrane of Gram-negative 

bacteria. Alterations in porin number or 

structure can hinder the entry of drugs like 

carbapenems in Enterobacteriaceae
82

 and 

tetracyclines and beta-lactams in Neisseria 

gonorrhoeae.
83 

Biofilms, complex structures 

formed by bacterial communities, play a 

significant role in antimicrobial resistance. 

These biofilms, often composed of species like 

Pseudomonas aeruginosa, can limit drug 

penetration and shield bacteria from immune 

responses, necessitating higher drug dosages 

for effective treatment.
84

 Furthermore, biofilms 

facilitate horizontal gene transfer, thereby 

promoting the spread of resistance genes 

among bacterial populations.
85

 

Bacteria can also develop resistance by 

modifying drug targets. For instance, 

alterations in penicillin-binding proteins 

(PBPs), particularly in Gram-positive bacteria, 

hinder the binding of beta-lactam antibiotics. 

The mecA gene in S. aureus encodes a 

modified PBP (PBP2a), which confers 

resistance to beta-lactam antibiotics.
86

 In Gram-

negative bacteria, LPS can impede the entry of 

drugs like vancomycin, while mutations in cell 

wall components can compromise the 

effectiveness of antibiotics such as daptomycin 

and vancomycin.
87

 Additionally, mutations in 

ribosomal subunits or DNA synthesis proteins 

can confer resistance. Moreover, alterations in 

folate biosynthesis enzymes can render bacteria 

resistant to sulfonamides and trimethoprim.
88 

 

Bacteria can directly inactivate antibiotics 

through enzymatic degradation or chemical 

modification. For example, beta-lactamase 

enzymes hydrolyze the beta-lactam ring of 

antibiotics, rendering them ineffective. 
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Similarly, transferases can add chemical groups 

to antibiotics, altering their structure and 

function.
89 

 

Efflux pumps, encoded by bacterial genes, 

play a pivotal role in antibiotic resistance by 

actively expelling antimicrobial agents from 

the bacterial cell.
90

 These pumps are 

categorized into five major families: ABC, 

RND, SMR, MATE, and MFS. While each 

family possesses distinct structural and 

functional characteristics, they collectively 

contribute to multidrug resistance (MDR) 

phenotypes. Notably, gram-negative bacteria 

often utilize multi-component efflux systems to 

efficiently expel drugs across their complex 

cell envelope. In contrast, gram-positive 

bacteria primarily rely on MFS-type pumps to 

efflux drugs like fluoroquinolones, whereas 

RND pumps are particularly significant in 

Gram-negative bacteria.
91

 These intricate 

defense mechanisms pose significant 

challenges in the treatment of bacterial 

infections.
80

 Fig. 2 illustrates the fundamental 

structures of different efflux pump families.  

 

Recent Advances, and Trends in AMR 

Research 

AMR is an increasingly urgent global 

health crisis, undermining the effectiveness of 

traditional treatments for bacterial and fungal 

infections. The alarming prevalence of drug-

resistant microorganisms, such as third-

generation cephalosporin-resistant E. coli and 

MRSA), highlights the urgent need for 

innovative solutions.
92

 The World Health 

Organization (WHO) has emphasized the 

growing threat of antimicrobial resistance, 

particularly its impact on human health.
93

 

Fungal infections, especially in 

immunocompromised individuals, are 

notoriously difficult to treat and often exhibit 

resistance to conventional antifungal agents.
94

 

AMR is a pressing global health crisis, 

causing millions of infections and deaths 

annually. A recent study published in The 

Lancet estimated that AMR resulted in 

approximately 5 million deaths worldwide in 

2020.
95

 In the United States alone, the CDC's 

2018-2019 antimicrobial-resistant risks survey 

reported nearly 2.8 million AMR-related 

infections and approximately 35,000 associated 

deaths.
96

 These alarming figures underscore the 

urgent need for continued research and 

innovative strategies to combat this growing 

threat. 

 

 
 

Fig. 2:  Fundamental structure of different efflux pump families. 
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AMR poses a significant global health 

threat by compromising the efficacy of 

treatments for various infections, including 

bacterial, fungal, parasitic, and viral.
21

 This 

growing challenge is driven by the overuse and 

misuse of antimicrobial agents in human 

medicine, agriculture, and animal husbandry.
65

 

Consequently, the prevalence of AMR 

continues to rise, impacting both common and 

severe infections.
97

 The increasing resistance to 

antibiotics, antivirals, antifungals, and 

antiparasitics further complicates the 

management of infectious diseases. 

Addressing the global challenge of AMR 

necessitates a One Health approach, 

recognizing the interconnectedness of human, 

animal, and environmental health. 

Collaborative efforts across these sectors are 

crucial to promote prudent antimicrobial use, 

strengthen surveillance systems, and implement 

effective infection prevention and control 

measures.
98

 Research and innovation are 

pivotal in combating AMR. Ongoing efforts 

focus on developing novel antimicrobial 

agents, exploring alternative therapeutic 

strategies, and refining diagnostic tools. These 

advancements aim to address the growing 

threat of AMR and improve patient outcomes.
99

 

Global efforts to combat AMR have 

gained significant momentum in recent years. 

Organizations such as WHO and the Food and 

Agriculture Organization (FAO) have 

spearheaded initiatives to strengthen 

surveillance systems, promote responsible 

antimicrobial use, and foster innovation in 

antimicrobial research and development.
100

 

Governments worldwide are implementing 

policies and regulations to curb the misuse of 

antimicrobials in various sectors, including 

human health, animal health, and agriculture.
101

 

Public awareness campaigns and educational 

initiatives are also being employed to raise 

awareness about AMR and the importance of 

infection prevention practices.
102

 However, 

AMR remains a formidable challenge that 

requires ongoing attention and collaboration. 

Despite substantial progress, significant 

hurdles persist in effectively addressing this 

global health crisis.
103

 

 

 

 

Clinical Implications of AMR 

AMR has profound clinical implications, 

impacting patient outcomes, healthcare costs, 

and treatment strategies.
25

 The emergence of 

resistant pathogens prolongs hospital stays, 

increases medical expenses, and elevates the 

risk of complications and mortality.
104

 

Infections caused by resistant microorganisms 

often necessitate more aggressive treatment 

regimens, including the use of last-resort 

antibiotics, which may exhibit reduced efficacy 

and increased side effects.
105

 

Patients with AMR infections often 

experience prolonged illness, increased 

morbidity, and mortality.
106

 Patients with 

resistant infections may experience prolonged 

illness and require additional medical 

interventions, which not only affects their 

quality of life but also strains healthcare 

resources. The extended duration of these 

infections can lead to secondary complications 

and chronic health problems, further straining 

healthcare resources.
107,108

 

From an economic perspective, AMR 

contributes to soaring healthcare costs. The 

emergence of drug-resistant infections 

necessitates the use of more expensive and less 

effective treatments, prolonging hospital stays 

and increasing healthcare expenditures.
21

 

Beyond direct medical costs, AMR indirectly 

impacts economies through lost productivity 

and the broader societal consequences of 

increased illness and death.
109

 

Moreover, AMR complicates treatment 

regimens, forcing healthcare providers to adapt 

their strategies in response to evolving 

resistance patterns.
110

 This often necessitates 

empirical therapy, which may not always be 

optimal and can lead to treatment delays and 

suboptimal clinical outcomes.
111

 As a result, 

frequent consultations with infectious disease 

specialists may be required, further hindering 

the timely initiation of appropriate treatment.
112

 

The clinical implications of AMR are far-

reaching, influencing not only individual 

patient outcomes but also the efficiency and 

effectiveness of healthcare systems 

worldwide.
113

 Combating AMR necessitates a 

multi-faceted approach, including optimizing 

antibiotic stewardship, investing in research 

and development of novel antimicrobial agents, 

and implementing robust surveillance systems 

to monitor resistance trends.
114

 By 
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comprehending and addressing the clinical 

consequences of AMR, we can significantly 

improve patient care and mitigate the global 

health burden associated with antimicrobial 

resistance.
100

 

 

Smart Delivery and Combination Strategies 

for AMR 

A promising approach to combat AMR 

involves the combination of novel drugs with 

advanced drug delivery systems.
115

 These 

strategies offer several advantages, including 

enhanced drug efficacy, reduced side effects, 

and a decreased likelihood of resistance 

development.
116

 By targeting drugs directly to 

the infection site, these approaches can 

maximize therapeutic benefits while 

minimizing damage to healthy tissues.
117

 

Innovative delivery systems, including 

nanoparticles, liposomes, and infection-

responsive polymers, offer promising solutions 

to address AMR.
118

 These technologies enable 

targeted drug delivery, ensuring optimal 

antibiotic concentrations at the infection site.
119

 

For instance, nanoparticles can be designed to 

release antibiotics in response to infection-

specific cues, leading to more precise and 

controlled drug release.
120

 Additionally, 

liposomal carriers can enhance drug stability 

and bioavailability, while infection-responsive 

polymers can adapt to changes in the infection 

microenvironment.
121

 Combining these smart 

delivery systems with synergistic drug 

combinations offers a powerful approach to 

combat AMR.
122

 This integrated strategy has 

the potential to improve treatment efficacy and 

minimize the development of resistance, 

ultimately preserving the effectiveness of 

antibiotics for future generations.
123

 Key 

innovative methods include: 

 

Nanoparticle-Directed Delivery Systems 

Nanoparticles (NPs) have emerged as 

promising tools for targeted drug delivery due 

to their tunable size, surface properties, and 

ease of functionalization.
122

 Metallic NPs, 

including silver, gold, and zinc oxide, exhibit 

intrinsic antimicrobial properties.
124

 These NPs 

can be engineered to target bacterial 

membranes or even penetrate resistant bacteria, 

enabling direct delivery of antibiotics to the 

infection site.
125

 Polymeric NPs offer the 

advantage of encapsulating antibiotics, 

protecting them from degradation and 

minimizing off-target effects, thereby reducing 

toxicity to host cells. Furthermore, these NPs 

can be designed to release their payload in 

response to specific bacterial cues, such as 

enzymes or pH changes, enhancing efficacy 

and mitigating the development of resistance. 

 

Liposome-Based Delivery Systems   

Liposomes, spherical vesicles composed 

of phospholipid bilayers, have emerged as 

promising drug delivery systems for targeting 

bacterial infections. By encapsulating drugs 

within their lipid bilayer, liposomes protect 

them from degradation and enhance their 

delivery to the target site. Cationic liposomes, 

in particular, can interact with the negatively 

charged bacterial cell membrane, facilitating 

drug uptake and release.
126

 Further, liposomes 

can be modified with targeting ligands to 

selectively bind to bacterial cells, thereby 

minimizing off-target effects and reducing the 

risk of antibiotic resistance. This approach has 

been successfully applied to deliver antibiotics 

to intracellular pathogens like Mycobacterium 

tuberculosis, enhancing drug accumulation 

within infected cells.
127 

 

 

Infection-Responsive Polymer-Controlled 

Delivery Systems   

One promising approach to combat 

antibiotic resistance involves the development 

of infection-responsive polymer-based delivery 

systems. These systems utilize polymers that 

are designed to respond to specific infection-

associated cues, such as bacterial enzymes or 

acidic environments, to release antibiotics 

precisely at the site of infection. For example, 

pH-responsive hydrogels can release their drug 

payload in the acidic microenvironment 

typically found in infected tissues. 

Additionally, enzyme-sensitive polymers, 

which degrade in the presence of bacterial 

enzymes like beta-lactamase, can trigger 

targeted drug release when pathogenic bacteria 

are present.
128

 By limiting systemic exposure to 

antibiotics, these systems can help reduce the 

development of antibiotic resistance. 

 

Combination Therapies with Localized 

Delivery 

A promising strategy to combat 

antimicrobial resistance involves combining 
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antibiotics with non-antibiotic adjuvants and 

delivering them using advanced carrier 

systems.
129,130

 Nanocarriers, such as liposomes 

and Layer-by-layer (LbL) nanoparticles, offer 

the potential to co-deliver multiple agents 

directly to the infection site. By co-delivering 

antibiotics with adjuvants, these nanocarriers 

can enhance antibiotic efficacy by overcoming 

resistance mechanisms like efflux pump 

activity or biofilm formation. Moreover, LbL 

nanoparticles enable the controlled release of 

multiple drugs over time, optimizing 

therapeutic outcomes for complex infections. 

Multi-drug-loaded liposomes can synchronize 

the release of two or more drugs, further 

potentiating their antimicrobial effects against 

multi-drug-resistant pathogens.
131

 

 

CRISPR-Cas9 Guided Antimicrobial Therapy   

CRISPR-Cas9 technology offers a novel 

approach to combat antibiotic resistance. By 

precisely targeting and inactivating resistance 

genes within bacterial populations, CRISPR-

Cas9 systems can enhance the efficacy of 

conventional antibiotics. This innovative 

strategy involves the delivery of CRISPR-Cas9 

systems directly to resistant bacteria, often 

utilizing phage-based vectors or nanoparticles. 

By reducing the prevalence of resistant strains, 

this approach aims to minimize the 

development of further resistance.
132 

 

 

Bacteriophage-Polymer Hybrid Systems   

Bacteriophages, viruses that infect 

bacteria, have emerged as promising tools to 

combat antibiotic-resistant infections. 

Combining bacteriophage therapy with 

antimicrobial agents can provide a synergistic 

approach to combat multidrug-resistant 

bacteria. Encapsulation of phages within 

responsive polymers or nanoparticles offers 

several advantages, including enhanced 

stability, targeted delivery, and controlled 

release. These hybrid systems can protect 

phages from environmental degradation, extend 

their lifespan, and improve their ability to reach 

the infection site. Furthermore, by combining 

phage therapy with antibiotics, these systems 

can effectively reduce bacterial load and 

potentially prevent the development of 

antibiotic resistance.
133 

 

 

Localized Antimicrobial Photodynamic 

Therapy 

Antimicrobial photodynamic therapy 

(aPDT) offers a promising alternative to 

traditional antibiotics by leveraging the power 

of light and photosensitizers. This approach 

involves the use of photosensitizing agents, 

often encapsulated in nanoparticles, that 

generate reactive oxygen species (ROS) upon 

exposure to light. These highly reactive species 

can effectively kill bacteria without relying on 

antibiotic mechanisms, thereby reducing the 

risk of developing antibiotic resistance. Gold 

nanoparticles and other metal-based 

nanoparticles are commonly used due to their 

efficient light absorption properties and ease of 

functionalization. 

By targeting the delivery of 

photosensitizers to specific sites, aPDT aims to 

overcome key mechanisms of antibiotic 

resistance, including reduced permeability, 

efflux pumps, and biofilm formation. This 

localized and controlled approach offers a 

potential solution to the growing challenge of 

antibiotic resistance. Additionally, combining 

aPDT with traditional antibiotics or other 

antimicrobial agents may provide synergistic 

effects, further enhancing their therapeutic 

efficacy.
134 

 

 

Global and National Strategies to Combat 

AMR 

The WHO's Global Action Plan on AMR, 

launched in 2015, provides a comprehensive 

framework to address this challenge. Key 

strategies outlined in the plan include raising 

awareness, strengthening surveillance systems, 

optimizing antimicrobial use, and investing in 

research and development for new 

antimicrobial agents and diagnostics.
135,32

 To 

support member countries, the WHO has 

established the Global Antimicrobial 

Resistance Surveillance System (GLASS) to 

track AMR trends and inform evidence-based 

policy decisions.
136

 

The global community has recognized the 

urgent need to address AMR and has 

implemented various strategies. A key 

approach is the One Health framework, 

advocated by the WHO, the FAO, and the 

World Organisation for Animal Health 

(WOAH). This framework emphasizes the 

interconnectedness of human, animal, and 
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environmental health and promotes a 

coordinated response to AMR.
21,137

 

The United Nations Interagency 

Coordination Group (IACG) on AMR, 

established in 2016, further facilitates 

international cooperation, sustainable funding, 

and improved agricultural practices to combat 

AMR.
138

 Organizations such as the Welcome 

Trust and the Bill & Melinda Gates Foundation 

have made significant contributions through 

funding AMR research. Additionally, the 

Global Antibiotic Research and Development 

Partnership (GARDP) is actively working to 

develop novel antibiotics and alternative 

treatments.
139,140

 

In this global fight, India faces the dual 

challenge of a high infectious disease burden 

and rising AMR levels.
141

 Recognizing this, 

India has implemented a comprehensive 

National Action Plan on AMR (2017-2021) to 

address AMR across both human and animal 

health sectors.
142

 A key component of India's 

strategy is the establishment of a robust AMR 

surveillance network by the National Centre for 

Disease Control (NCDC). This network 

monitors resistance patterns in various 

pathogens, informing clinical guidelines and 

facilitating timely public health 

interventions.
143

 To promote rational antibiotic 

use, India has implemented Antibiotic 

Stewardship Programs (ASPs) in healthcare 

facilities, emphasizing evidence-based 

prescribing practices and educating healthcare 

professionals.
144

 Additionally, public 

awareness campaigns, in collaboration with the 

WHO, aim to educate the public about the risks 

of self-medication and the importance of 

appropriate antibiotic use.
145

 Infection 

Prevention and Control (IPC) measures, 

including hand hygiene, sterilization, and 

isolation protocols, play a crucial role in 

preventing the spread of resistant bacteria and 

are a central part of India's AMR strategy.
146

 

The global challenge of AMR necessitates 

a multi-faceted approach. India has made 

strides in addressing this issue through 

regulatory measures restricting the use of 

antibiotics as growth promoters in livestock.
147

 

Additionally, surveillance of antibiotic residues 

in food products underscores the importance of 

the One Health approach, which recognizes the 

interconnectedness of human, animal, and 

environmental health.
148

 

Globally, countries have established 

surveillance networks like the European 

Surveillance of Antimicrobial Consumption 

Network (ESAC-Net) and India's National 

Antimicrobial Resistance Surveillance Network 

(NARS-Net) to monitor AMR trends and 

inform evidence-based policymaking.
149

 

National Action Plans (NAPs), aligned with 

WHO guidelines, are tailored to specific 

national contexts.
150

 For example, India's NAP 

prioritizes antibiotic stewardship and public 

awareness, while the UK's AMR Strategy 

(2019-2024) emphasizes reducing 

antimicrobial demand through improved 

hygiene and infection control.
151

 

To mitigate the growing threat of AMR, 

countries worldwide have implemented various 

strategies. These include legislative measures 

to restrict over-the-counter antibiotic sales and 

regulate their use in agriculture.
152

 For 

example, Europe has tightened regulations on 

livestock antibiotic use, while India's "red-line" 

campaign has limited antibiotic access without 

prescriptions.
22

 National investments in AMR 

research have also increased, with 

organizations like India's Biotechnology 

Industry Research Assistance Council (BIRAC) 

and the United States Biomedical Advanced 

Research and Development Authority 

(BARDA) supporting innovations in 

diagnostics, antibiotics, and alternative 

therapies.
153

 

However, challenges persist, including 

limited funding, inconsistent regulatory 

standards, and data-sharing gaps.
154

 To 

effectively combat AMR, enhanced 

international collaboration, stricter regulatory 

enforcement, and investment in novel detection 

and therapeutic technologies are imperative.
155

 

A unified, multi-sectoral approach is crucial for 

achieving sustainable outcomes and 

safeguarding global health systems.
156

 

 

The Role of Artificial Intelligence and 

Computational Tools in AMR Mitigation 

Artificial intelligence (AI) and 

computational biology are rapidly transforming 

the landscape of AMR research. These 

technologies offer powerful tools to expedite 

drug discovery, predict resistance patterns, and 

improve diagnostic accuracy. AI-driven 

algorithms are revolutionizing drug discovery 

and repurposing by analyzing vast datasets to 
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identify novel antimicrobial compounds or 

repurpose existing drugs for combating 

resistant bacteria.
157

 These algorithms can 

screen chemical databases and predict the 

efficacy of compounds, significantly 

accelerating the identification of potential 

therapeutic candidates. Furthermore, AI-

assisted drug repurposing offers a cost-

effective alternative to traditional discovery 

approaches, enabling researchers to leverage 

approved drugs in innovative ways.
158

 Machine 

learning (ML) models are being employed to 

analyze genomic and epidemiological data, 

enabling the prediction of resistance patterns 

and the identification of high-risk areas for the 

emergence of resistant infections.
159

 These 

predictive capabilities empower healthcare 

providers to make informed decisions, tailor 

treatment plans, and implement targeted 

interventions to prevent the spread of resistant 

infections. 

Advanced computational biology plays a 

pivotal role in combating AMR. Bioinformatics 

tools enable the decoding of bacterial genomes, 

facilitating the identification of genes 

associated with resistance.
160

 These tools 

facilitate the analysis of genomic mutations and 

the detection of resistance markers, guiding the 

development of precision therapies and 

enhancing real-time surveillance.
161

 Whole-

genome sequencing (WGS) and metagenomics 

provide a comprehensive understanding of 

resistance mechanisms, enabling targeted 

interventions.
162

 

AI-powered rapid diagnostics streamline 

the identification of resistant pathogens, 

significantly reducing diagnosis time from days 

to hours.
163

 AI-driven techniques such as deep 

learning and pattern recognition can analyze 

microbiological images, automate susceptibility 

testing, and identify resistance genes directly 

from clinical samples. This leads to faster and 

more accurate diagnoses, enabling the timely 

administration of targeted therapies, thereby 

reducing the need for broad-spectrum 

antibiotics and mitigating the further spread of 

AMR.
164

 

Moreover, AI platforms can aggregate vast 

amounts of data from diverse sources, 

including hospitals, public health records, and 

environmental samples, to monitor global 

AMR trends.
165

 By analyzing real-time data, 

these systems enable the early detection of 

resistance outbreaks, track the spread of 

resistant organisms, and provide critical 

insights to inform timely public health 

interventions.
166

 These innovative applications 

of AI and computational biology have the 

potential to revolutionize our approach to 

AMR, leading to more effective strategies and 

improved patient outcomes. 

 

Perspectives on Future Directions of AMR 

The future of combating AMR presents a 

complex interplay of promise and challenge. 

Recent advancements, such as the development 

of novel antimicrobial agents, diagnostic tools, 

and therapeutic strategies, offer hope for 

addressing this pressing global health issue
167

. 

However, significant hurdles remain. 

Substantial investments in research and 

development are essential to fuel the pipeline 

of innovative antimicrobial therapies. 

Moreover, enhanced global surveillance and 

data sharing are crucial for monitoring 

resistance trends and informing effective 

interventions. Implementing robust 

antimicrobial stewardship programs across 

human health, animal health, and agriculture is 

imperative to mitigate the spread of AMR
33

. 

The multifaceted nature of AMR 

necessitates a comprehensive One Health 

approach that considers the interconnectedness 

of human, animal, and environmental health
21

. 

Continuous education and global collaboration 

are crucial to raising awareness and fostering 

international cooperation. This requires 

exploring novel therapeutic targets, harnessing 

advanced technologies like genetics and 

artificial intelligence, and researching 

unconventional antibacterial agents.
168

 To 

ensure the long-term efficacy of antimicrobial 

therapies, a concerted effort is needed to 

promote prudent antibiotic use, invest in 

research and development, and implement 

coordinated global strategies
169

. 

To combat the rising threat of AMR, a 

comprehensive approach that integrates 

healthcare interventions is essential. Expanding 

current intermediate-care antimicrobial 

stewardship (AMS) programs can address 

many of the challenges associated with 

AMR.
170

 The identification of potential genetic 

risk factors, such as human leukocyte antigen 

(HLA) or non-HLA markers, may aid in early 

detection and targeted management of 
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individuals at risk for AMR. Studies have 

indicated a correlation between the presence of 

donor-specific antibodies (DSA) and the 

development of AMR in transplant recipients, 

highlighting the importance of careful patient 

selection and immunosuppression 

management
171

. 

Effective antibiotic stewardship is crucial 

in mitigating AMR. This involves optimizing 

antibiotic prescribing practices, promoting 

adherence to treatment guidelines, and 

reducing unnecessary antibiotic use
172

. 

Establishing and strengthening hospital-based 

antibiotic stewardship programs, educating 

healthcare providers and the public about 

appropriate antibiotic use, and fostering 

interdisciplinary collaboration are key 

strategies for achieving these goals
173

. 

To combat the escalating threat of AMR, 

robust preventive and inhibitory measures are 

imperative
174

. This necessitates the 

implementation of stringent sanitation 

protocols, vigilant oversight of healthcare-

associated infections, and strict adherence to 

preventive measures within healthcare 

settings
175

. Furthermore, disseminating 

information on early detection strategies can 

significantly mitigate the adverse consequences 

of drug-resistant infections
176

.   

 

Discussion 

Antimicrobial resistance (AMR) poses an 

escalating threat to global health, fueled by the 

overuse of antibiotics, insufficient regulatory 

measures, and inadequate monitoring in 

resource-limited regions. This review 

emphasizes the complexity of resistance 

mechanisms and the urgent call for innovative 

solutions. While emerging strategies like 

nanoparticle-based delivery systems, liposome-

targeted therapies, and CRISPR-Cas9 

technology show promise, they also face 

significant obstacles in terms of cost, 

scalability, and clinical validation.
132 

Artificial intelligence and computational 

biology have advanced the fight against AMR 

by improving our ability to track resistance 

patterns and accelerate drug discovery. 

However, these technologies bring ethical 

concerns and highlight skill gaps that must be 

addressed. India’s efforts to curb AMR through 

regulatory actions and public awareness 

initiatives are a step forward, though there 

remains a need for stronger infrastructure and 

more rigorous enforcement. Global cooperation 

is vital to establish robust AMR surveillance 

and coordinated strategies that can prevent the 

spread of resistance internationally. 

On a clinical level, AMR has driven up 

treatment costs and mortality rates, 

underscoring the importance of rigorous 

antibiotic stewardship and enhanced public 

education. Although there are challenges, a 

comprehensive approach including advanced 

drug delivery systems, AI integration, policy 

reinforcement, and international collaboration 

is essential to curb AMR’s impact and support 

sustainable treatment pathways. 

 

Conclusion 

This review highlights the escalating 

threat of AMR to global public health. The 

emergence and spread of antibiotic-resistant 

pathogens are driven by a complex interplay of 

genetic factors, horizontal gene transfer, and 

selective pressures. To combat this challenge, a 

multi-faceted approach is essential, 

encompassing judicious antibiotic use, 

enhanced surveillance, the development of 

novel antimicrobial agents, and the exploration 

of alternative therapies like phage therapy and 

immune modulation. Strengthening 

collaboration among healthcare providers, 

policymakers, researchers, and the 

pharmaceutical industry is crucial to mitigating 

the rising burden of antibiotic resistance. 

Vulnerable populations, such as children, the 

elderly, and immunocompromised individuals, 

are particularly susceptible to the consequences 

of antibiotic resistance. Urgent action is 

necessary to reduce health disparities and 

ensure equitable access to effective 

antimicrobial treatments worldwide.  
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 قسم الكيمياء الصيدلانية، كلية شري جوبيتشاند للصيدلة، باغبات، الهند

2

 قسم الصيدلة، كلية شري جوبيتشاند للصيدلة، باغبات، الهند

3

 قسم الصيدلانيات، كلية شري جوبيتشاند للصيدلة، باغبات، الهند
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 قسم الكيمياء الصيدلانية، كلية الصيدلة بجامعة أكسفورد، غازي أباد، الهند
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 قسم الصيدلة، الجامعة المحمدية بالانجكارايا، بالانجكا رايا، كاليمانتان الوسطى، إندونيسيا

β-lactams
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