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Abstract 

Overuse and inappropriate use of antibiotics in human medicine, agriculture and environmental 

pollution. It is one of the biggest public health risks of the 21st century. The discovery of new antibiotics 

slowdown and the emergence of multidrug-resistant (MDR) microorganisms has highlighted the urgent 

need to Creative approaches to fighting opposition. This review explores the current challenges in 

antibiotic use, the factors driving resistance, and the strategies being implemented to address these 

issues. We examine the role of antibiotics in modern medicine, highlighting their indispensable role in 

treating infections but also acknowledging the increasing risks associated with their misuse. Unusual 

trade international travel and the misuse of antibiotics in agriculture. It greatly facilitates the spread 

of drug-resistant bacteria. The economic and scientific challenges hindering the development of new 

antibiotics are also discussed, along with emerging approaches to incentivize research and 

development. Key strategies for combating AMR include improving stewardship practices, 

implementing regulatory measures and developing alternative treatments such as vaccines, 

antimicrobial peptides (AMPs) and AI-driven drug discovery. We also review innovative interventions 

like the use of phage therapy and immune modulators. The article highlights the importance of a 

multifaceted approach, combining regulatory frameworks, scientific innovation, and global 

collaboration to mitigate the threat of AMR. Case studies such as Denmark’s successful ban on growth 

promoters and MIT’s AI-driven discovery of halicin provide valuable insights into potential solutions. 

Despite the challenges, promising advancements offer hope for overcoming the AMR crisis, but global 

cooperation and sustained investment in research are essential for long-term success in combating 

resistant infections. 

 

Keywords: Antibiotic discovery, antibiotic misuse, antimicrobial resistance (AMR), alternative 

therapies, antibiotic stewardship, global health, multidrug-resistant bacteria  

 

 

INTRODUCTION 

Antibiotics are considered the most revolutionary medical advance in human history. Since the 

accidental discovery of penicillin by Alexander Fleming in 1928, antibiotics have played a pivotal role 

in combating bacterial infections, saving millions of 

lives globally and dramatically improving life 

expectancy. Before antibiotics, common infections 

like pneumonia, tuberculosis and wound infections 

were often fatal [1, 2]. Their introduction not only 

revolutionized medical practice but also enabled the 

development of modern medicine, including 

complex surgeries, organ transplants and cancer 

treatments, which rely on effective infection 

prevention and treatment.  Despite their immense 

contributions, the utility of antibiotics is 

increasingly at risk. Over the past few decades 

antimicrobial resistance (AMR) arises from the 

overuse of antibiotics misuse and poor antibiotic 
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management [3]. This process occurs when bacteria develop powerful defences against the effects of 

drugs. The implications of this resistance are profound, ranging from prolonged illnesses and increased 

healthcare costs to higher mortality rates.  

 

AMR has been identified by the World Health Organization (WHO) as one of the top ten threats to 

public health worldwide. A comprehensive study published in The Lancet in 2022 [4] estimated that 

nearly 1.3 million deaths worldwide in 2019 were directly attributed to antibiotic-resistant infections.  

Compounding the issue is the stark inequality in global antibiotic access and usage. In high-income 

countries, antibiotics are often overprescribed, sometimes for viral infections where they are ineffective. 

Conversely, in many low- and middle-income countries, lack of access to antibiotics results in untreated 

infections and preventable deaths. Adding to the complexity is the widespread use of antibiotics in 

agriculture, which contributes significantly to resistance. Approximately 70% of antibiotics used 

globally are administered to livestock, often for non-therapeutic purposes like growth promotion, a 

practice that introduces resistant bacteria into the food chain and environment [5]. The stagnation of 

new antibiotic development remains another major obstacle. While bacterial resistance evolves rapidly, 

the pipeline for novel antibiotics has nearly dried up. The high costs and low profitability associated 

with antibiotic research deter pharmaceutical companies, leaving the medical community reliant on 

aging drugs. If current trends persist, humanity faces the prospect of entering a “post-antibiotic era,” 

where minor infections or routine surgeries could once again become life-threatening.  

  

In this review, we aim to explore the multifaceted challenges surrounding antibiotics in the modern 

era. We will examine the drivers of antibiotic misuse, the global burden of resistance and the 

socioeconomic factors exacerbating the problem. 

 

Additionally, we have discussed current strategies to mitigate resistance and highlighted innovative 

approaches and policies that offer hope for the future. The growing crisis demands a coordinated effort 

from policymakers, healthcare providers, researchers, and the public to preserve the effectiveness of 

antibiotics for future generations.   

 

The Role of Antibiotics in Medicine and Beyond 

Antibiotics have fundamentally shaped the practice of medicine, public health and various sectors 

beyond healthcare. Their role extends far beyond curing infections, encompassing critical support in 

medical procedures, livestock farming and even certain industrial applications [6]. Understanding their 

diverse uses highlights both their importance and the risks posed by their misuse.   

 

The Role of Antibiotics in Modern Medicine   

Treatment of Infectious Diseases 

Antibiotics are the primary defence against bacterial infections, including pneumonia, tuberculosis, 

urinary tract infections (UTIs) and sepsis. For example, penicillin and its derivatives have prevented 

millions of deaths since their discovery. The global incidence of syphilis, a bacterial sexually 

transmitted infection, was dramatically reduced following the widespread availability of penicillin in 

the mid-20th century [7]. A notable case is the eradication of yaws, a chronic bacterial infection 

affecting skin and bones, in several regions. A single dose of azithromycin has proven effective in 

treating this disease, as demonstrated in a WHO-led campaign in the Pacific islands, significantly 

reducing its prevalence in endemic areas.   

 

Help During Severe Medical Conditions  

Antibiotics are essential in preventing and treating infections associated with medical surgery [8]. 

For example: Surgeries: Antibiotics are administered prophylactically before procedures like joint 

replacements and cardiac surgeries to minimize infection risks. In the absence of antibiotics, 

postoperative infections could complicate recovery or lead to life-threatening sepsis. Cancer treatment: 

Chemotherapy often weakens the immune system. As a result, patients are at increased risk of infection. 
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Broad-spectrum antibiotics like cefepime or piperacillin-tazobactam are frequently used to manage 

febrile neutropenia in cancer patients.  

  

Organ Transplants: Immunosuppressed transplant recipients rely on antibiotics to prevent bacterial 

infections during recovery.   

 

Management of Chronic Conditions  

Certain chronic conditions, such as cystic fibrosis, require long-term antibiotic use to manage 

recurrent lung infections caused by Pseudomonas aeruginosa. This targeted use improves the quality 

of life for patients while posing unique challenges in managing resistance.   

 

Case Study: The Impact of Antibiotics in Neonatal Sepsis   

Neonatal sepsis is a leading cause of death among newborns in low- and middle-income countries 

(LMICs). A study conducted in Malawi demonstrated that administering gentamicin and ampicillin 

reduced neonatal mortality by 50%. However, the same study highlighted the growing prevalence of 

resistant bacterial strains, underscoring the dual role of antibiotics as lifesavers and contributors to 

resistance [9].   

 

Use of Antibiotics Beyond Medicine   

Antibiotics in Agriculture 

Agriculture accounts for most of the antibiotic use worldwide, particularly in livestock farming, 

where antibiotics are employed for growth promotion, disease prevention and the treatment of 

infections. Sub-therapeutic doses of antibiotics, such as tetracyclines, are commonly administered to 

animals to promote weight gain, a practice that was widespread in countries like the U.S. until recent 

regulations. The emergence of antibiotic-resistant pathogens has helped a great deal in this breach. In 

high-density farming environments, antibiotics are also used prophylactically to prevent bacterial 

infections, but this practice fosters the proliferation of resistant bacteria that can transfer to humans 

through the food chain.  

 

Additionally, antibiotics are utilized in veterinary medicine to treat bacterial infections in animals, a 

necessary but often unregulated practice that increases the risk of resistance [10]. Together, these 

agricultural practices play a major role in the emergence and spread of antibiotic resistance, 

emphasizing the urgent need for stricter regulations and more sustainable farming practices.  

 

Antibiotics in Aquaculture 

The aquaculture industry heavily relies on antibiotics to prevent infections in farmed fish. For 

example, salmon farming in Norway has seen a reduction in bacterial infections thanks to vaccines and 

antibiotic use. However, in countries like Vietnam, unregulated antibiotic use in shrimp and fish 

farming has led to resistant bacteria contaminating water sources [11].  

 

Environmental Impact of Agricultural Antibiotics 

The overuse of antibiotics in farming introduces resistant bacteria and antibiotic residues into soil 

and water ecosystems. A study in China found high concentrations of antibiotic residues in agricultural 

runoff, leading to resistance gene transfer among environmental bacteria [12].   

 

Industrial and Scientific Applications   

Antibiotics are sometimes used in food preservation, such as treating dairy products to inhibit 

bacterial growth. While less common today due to regulatory restrictions, these practices persist in some 

regions, contributing to low-level antibiotic exposure. Antibiotics like streptomycin and kanamycin are 

widely used in molecular biology research. They help scientists study bacterial gene functions and 

develop innovative treatments, such as CRISPR-based therapies [13]. However, laboratory misuse of 

antibiotics can contribute to resistance, particularly in university or industrial research settings.   
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The Dual-Edged Sword 
While antibiotics are indispensable across these domains, their indiscriminate use creates pathways 

for resistance to emerge and spread. In healthcare, overprescription and incomplete courses of 
antibiotics contribute to resistant strains. In agriculture, antibiotics in animal feed promote resistance 
that spreads through food chains. Environmental contamination introduces resistant genes into 
ecosystems, creating a global crisis.   

 
Case Study: The Spread of Colistin Resistance 

Colistin, an antibiotic of last resort, has increased its use in treating bacterial infections in animals. 
In 2015, researchers in China identified the mcr-1 gene, which confers resistance to colistin and can be 
transferred between bacteria. This discovery underscored the global risk of unregulated antibiotic use, 
leading to calls for stricter controls on colistin in agriculture [14].   

 
Challenges in Antibiotic Use   

The challenges associated with antibiotic use are multifaceted, encompassing biological, behavioral 
and systemic factors. While antibiotics have proven indispensable in treating bacterial infections, their 
widespread misuse and overuse have given rise to critical issues such as resistance, diminished efficacy, 
and an alarming lack of new antibiotics in development.   

 
Antibiotic Resistance  

Antibiotic resistance occurs when bacteria develop defence mechanisms from exposure to drugs [15]. 
Resistance occurs in many ways, such as: 

 
Genetic mutations: Antibiotics may become ineffective due to unplanned changes to the bacterial 

DNA, for example, mutations in the bacteria. Mycobacterium TB causes multidrug-resistant (MDR) 
strains, making TB more difficult to treat. 

 
Spontaneous genetic changes in bacterial DNA may render antibiotics ineffective. The emergence of 

infection Multidrug resistant (MDR) strains of Mycobacterium tuberculosis has emerged from 
mutations that make treating tuberculosis more difficult. 

 
Case Study: Carbapenem-Resistant Enterobacterales (CRE)   

CRE are a group of bacteria that have developed resistance to carbapenems, a class of antibiotics 
often used as a last resort. These “superbugs” are responsible for severe hospital-acquired infections. 
From studies in the United States The death rate for patients infected with CRE is 50% higher than for 
patients infected with non-resistant strains [16]. 

 
Global burden of Resistance 

According to the World Health Organization (WHO), antimicrobial resistance (AMR) could kill 10 
million people per year by 2050 if no action is taken. The economic impact is equally staggering, with 
a potential cost of $100 trillion to the global economy.   

 
Overuse and Misuse of Antibiotics   
Inappropriate Prescriptions 

In many healthcare systems, antibiotics are overprescribed for viral infections, such as colds and 
influenza, despite their ineffectiveness against viruses. Studies have shown that up to 50% of antibiotic 
prescriptions written for outpatient use in the United States are unnecessary [17]. In low- and middle-
income countries (LMIC), the disease is largely undiagnosed. This trend is intensified by empirical 
prescribing. 
 

Self-Medication and Accessibility 

In LMICs, antibiotics are generally purchased without a prescription. Self-medication leads to 

incorrect dosing, incomplete courses and inappropriate drug selection [18]. For instance, in India, over 

60% of antibiotics are sold without prescriptions, fuelling widespread misuse.   
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Agricultural Overuse 

Globally, about 70% of antibiotics are used in agriculture, often for non-therapeutic purposes such 

as growth promotion. This practice introduces antibiotics into the food chain and environment, 

accelerating resistance. A study in China found that tetracycline residues in poultry farms were linked 

to the emergence of resistant Escherichia coli strains [19]. These bacteria were detected in nearby water 

sources, demonstrating how agricultural misuse can impact broader ecosystems. 

 

Lack of New Antibiotics   

The rapid evolution of bacterial resistance has outpaced the development of new antibiotics, with 

only two new classes of antibiotics approved between 1980 and 2010. This decline is primarily driven 

by economic and scientific challenges. 

 

Economically, antibiotics are typically prescribed for short durations, making them far less profitable 

than medications for chronic conditions. Therefore, most drugmakers are reluctant to spend money on 

antibiotic research and development.  

 

Scientifically, creating antibiotics that effectively target resistant bacteria while avoiding harm to 

human cells is a highly complex and resource-intensive process, further hindering progress in this 

critical area. 

 

In 2019, the Pew Charitable Trusts reported that only 41 antibiotics were in development globally, 

with most being derivatives of existing drugs rather than novel classes. This highlights the stagnation 

in innovation and the need for alternative therapies [20].   

 

Globalization and the Spread of Resistance 

International travel, trade and migration greatly contribute to the spread of drug-resistant bacteria 

across borders. Tourists traveling to regions with high rates of antibiotic resistance, such as South Asia, 

often return carrying resistant bacteria like Klebsiella pneumoniae, potentially introducing these strains 

into their home countries.  

 

Similarly, the importation of food, including meat and produce contaminated with antibiotic-resistant 

bacteria, exposes populations to resistant pathogens, further exacerbating the global spread of 

antimicrobial resistance. The New Delhi Metallo-beta-lactamase-1 (NDM-1) gene, first identified in an 

Indian hospital patient in 2008, confers resistance to multiple antibiotics, including carbapenems [21]. 

Within two years, it had spread to over 70 countries, partly through medical tourism.   

 

Environmental Contamination   

Antibiotic residues originating from healthcare facilities, pharmaceutical industries and agricultural 

practices significantly contaminate soil and water ecosystems. These residues create a selective pressure 

that promotes the proliferation of resistant bacteria. For instance, a study conducted in Hyderabad, India, 

revealed extremely high concentrations of antibiotics in wastewater near pharmaceutical manufacturing 

plants, highlighting the environmental impact of pharmaceutical waste.  

 

Similarly, agricultural runoff from livestock farms, often laden with antibiotics, introduces these 

drugs into natural ecosystems [22]. This contributes to the development of resistance in environmental 

bacteria, which can subsequently transfer their resistance genes to human pathogens, amplifying the 

global threat of antimicrobial resistance. 

 

Challenges in Low-Resource Settings   

In LMICs, systemic issues such as lack of diagnostic tools, poor regulation and limited healthcare 

access exacerbate antibiotic misuse. Patients often resort to traditional healers or unqualified 

practitioners who prescribe antibiotics indiscriminately. A survey in Nigeria found that 70% of 
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participants used antibiotics without prescriptions, often for conditions like fever or diarrhea [23]. The 

absence of robust regulatory frameworks allowed this trend to persist, increasing the risk of resistance.   

 

Factors Driving Misuse of Antibiotics   

The misuse of antibiotics is a complex global issue driven by a combination of human behavior, 

systemic gaps and economic pressures. Misuse encompasses overprescription, improper dosing, self-

medication and non-therapeutic uses in agriculture and aquaculture. This section delves into the key 

factors underlying antibiotic misuse, supported by real-world examples and case studies.  

  

Practices in Healthcare  

Overprescribing of antibiotics is a leading cause of antibiotic misuse. For viral illnesses such as the 

common cold or the flu Doctors often prescribe antibiotics even when they are necessary. This occurs 

due to several reasons:   

• Diagnostic Uncertainty: In the absence of rapid and accurate diagnostic tools, physicians may 

prescribe antibiotics “just in case” to cover potential bacterial infections.   

• Patient Expectations: Patients frequently demand antibiotics, believing them to be a quick fix for 

any illness. Physicians may yield to these demands to ensure patient satisfaction.   

• Time Constraints: In busy healthcare settings, especially in low-resource areas, physicians may 

lack the time to educate patients about why antibiotics are unnecessary [24].   

 

A study conducted in the United States found that nearly 30% of antibiotic prescriptions in outpatient 

settings were unnecessary, with the highest rates seen in conditions like sinusitis and bronchitis. Similar 

trends are observed globally, particularly in LMICs where diagnostic resources are scarce. In many 

countries, particularly those with resource-limited healthcare systems, there are no strict guidelines for 

antibiotic prescribing. The absence of monitoring mechanisms allows healthcare providers to prescribe 

antibiotics indiscriminately.   

 

Public Misconceptions and Behavior   

• Antibiotics as a Cure-All: Many people perceive antibiotics as a universal remedy for any type of 

illness, including viral infections. This misconception leads to widespread misuse, such as taking 

antibiotics for fevers, colds, or diarrhea, conditions often caused by non-bacterial pathogens [25].   

• Stopping prematurely: After not taking antibiotics for the recommended length of time. Patients 

often stop taking it as soon as they feel better. This practice leaves bacteria partially treated, 

increasing the likelihood of resistance.   

• Self-Medication: In countries where antibiotics are easily accessible over the counter, self-

medication is rampant. This often results in inappropriate drug selection, incorrect dosing, or 

incomplete treatment courses.   

 

Example: Antibiotic Use in India   

India, the world’s largest consumer of antibiotics, exemplifies the dangers of unregulated access. A 

2019 study revealed that nearly 50% of the population used antibiotics without a prescription, often for 

minor illnesses. The lack of awareness about antibiotic resistance exacerbates the problem.   

 

Agricultural Practices   

Low doses of antibiotics are administered to animals to accelerate growth and increase meat yield, 

while healthy animals in overcrowded farms are routinely given antibiotics to prevent bacterial 

infections. The public’s health is seriously threatened by these methods since they greatly contribute to 

the development of antibiotic-resistant bacteria, which can spread to people through the ingestion of 

tainted meat or contact with animal waste [26]. About 70% of antibiotics supplied in the United States 

were used in cattle until the country outlawed the use of medically critical antibiotics for growth 

promotion in 2017. 
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Despite the ban, enforcement remains a challenge and similar practices continue in other countries 

with weaker regulatory frameworks.   

 

The aquaculture industry, particularly in countries like China, Vietnam and Thailand, relies heavily 
on antibiotics to prevent infections in farmed fish and shellfish. This practice not only introduces 
resistance into aquatic ecosystems but also contaminates the human food chain. Agricultural antibiotic 
use leads to environmental contamination. Antibiotic residues in animal waste are often applied to fields 
as fertilizer or discharged into water sources, spreading resistant bacteria [27]. 

 
Socioeconomic and Systemic Issues   

• Lack of Access to Diagnostics: In many LMICs, the lack of affordable and accessible diagnostic 
tools forces healthcare providers to prescribe antibiotics empirically, even when they may not be 
necessary.   

• Economic Pressures: Farmers, particularly in low-income settings, use antibiotics as an economic 
tool to maximize productivity and profits.  

• Similarly, healthcare providers may overprescribe antibiotics to meet patient expectations or 
compete with other practitioners.   

• Inefficient Healthcare Systems: Inadequate healthcare infrastructure, such as poorly regulated 
pharmacies and a shortage of trained healthcare professionals, contributes to the misuse of 
antibiotics. Patients often turn to unlicensed medical professionals who are not well trained in 
administering antibiotics [28].   

 

In sub-Saharan Africa, a large proportion of the population relies on informal healthcare providers 
who frequently prescribe antibiotics without proper diagnosis. A study in Uganda found that 80% of 
patients treated by informal providers received antibiotics, often unnecessarily.   

 
Lack of Awareness and Education   

• Limited Public Awareness: Public awareness initiatives regarding the risks of antibiotic abuse are 
inadequate in many parts of the world. The general population frequently does not comprehend how 
resistance arises or why it is so important to finish recommended courses.  

• Education of Healthcare Providers: It is possible that even healthcare professionals are 
undertrained on antibiotic stewardship. This disparity results in inappropriate prescription practices, 
particularly in underserved or rural communities [29].   

 
Sweden has successfully reduced antibiotic consumption through extensive public awareness 

campaigns. Programs like “Strama” have educated citizens and healthcare providers about the risks of 
resistance, resulting in a 43% reduction in antibiotic use over two decades [30].   

 
Pharmaceutical Practices   

The overproduction and aggressive marketing of antibiotics by pharmaceutical companies contribute 
significantly to their overuse and misuse, particularly in low- and middle-income countries (LMICs) 
where regulatory frameworks are often weaker. In these regions, companies frequently produce large 
quantities of antibiotics and promote them heavily, creating a culture of dependency and improper use. 
For example, in countries like Vietnam and Indonesia, antibiotics are readily available in markets and 
pharmacies without the need for a prescription. This unrestricted access encourages misuse, such as 
self-medication or inappropriate dosing, further fuelling the development and spread of antibiotic 
resistance [31]. 

 
Current Strategies to Combat Resistance  

Governments, healthcare organizations, researchers other stakeholders have implemented various 
strategies aimed at combating resistance. These strategies focus on prevention, regulation, innovation, 
education and international collaboration, each with a distinct rationale to reduce resistance and 
preserve the efficacy of existing antibiotics. 
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Antibiotic Stewardship Programs (ASPs) 

These initiatives aim to maximize the use of antibiotics to improve patient outcomes, reduce drug 

resistance and save on treatment costs. These programs place great emphasis on prescribing the right 

antibiotics for the right amount of time [32].   

 

Key Components   

1. Guidelines and Protocols: Development of evidence-based guidelines to ensure appropriate 

prescribing.   

2. Education and Training: Training healthcare providers on proper antibiotic use and resistance 

mechanisms.   

3. Audit and Feedback: Regular audits of prescribing practices with constructive feedback to 

clinicians.   

 

The U.S. Centers for Disease Control and Prevention (CDC) initiated a nationwide ASP program in 

hospitals, resulting in a 13% decrease in antibiotic use between 2011 and 2020. Hospitals with active 

ASPs also reported a significant reduction in hospital-acquired infections caused by resistant bacteria.   

 

Controlling the Use of Antibiotics in Agriculture 

Excessive use of antibiotics in agriculture contributes to antimicrobial resistance (AMR) by 

promoting the growth of resistant bacteria in animals. These drug-resistant bacteria pose a serious threat 

to public health. Because it can spread to people through contact with food. contaminated water or 

environment. Regulating antibiotic use in agriculture is essential to mitigating this threat. Key measures 

to address this issue include banning the use of medically important antibiotics as growth promoters in 

livestock, ensuring veterinary oversight to make antibiotics available only through prescriptions and 

implementing robust monitoring and surveillance systems to track antibiotic usage and resistance trends 

in agricultural settings [33].   

 

A compelling example is Denmark’s ban on antibiotic growth promoters in 1999. Following this 

policy change, studies reported a 50% reduction in antibiotic use in livestock without negatively 

impacting productivity.  

 

Additionally, resistance levels in bacteria associated with animals significantly declined. Denmark’s 

success illustrates the effectiveness of well-enforced regulatory measures in curbing antibiotic misuse 

in agriculture and reducing the spread of resistance. 

 

Strengthening Surveillance Systems 

Surveillance helps identify resistance trends, track the spread of resistant pathogens and guide 

targeted interventions. It also provides essential data for policymaking and global collaboration.   

 

Key Initiatives   

1. Global Antimicrobial Resistance Surveillance System (GLASS): Launched by the WHO, GLASS 

collects and analyzes data on AMR globally to guide policy decisions [34].   

2. National Action Plans: Many countries have developed surveillance programs to monitor resistance 

at the local level.   

3. Thailand’s national AMR surveillance program integrates data from hospitals, laboratories and 

agricultural sectors. The project’s critical approach to counterproductive trends results in more 

successful public health initiatives. 

 

Antibiotic Research and Development (R&D) 

Creating new antibiotics is essential in the fight against increasing drug resistance. However, the 

pipeline for new antibiotic classes has slowed due to significant economic and scientific challenges. To 

overcome these obstacles, innovative incentives and collaborative research models are essential to 
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stimulate antibiotic research and development. Key strategies to address these challenges include push 

incentives, pull incentives and collaborative efforts such as grants and subsidies, aim to reduce the 

financial burden associated with early-stage research and development, reward successful antibiotic 

development through mechanisms like market entry rewards or guaranteed purchase agreements, 

ensuring financial returns for pharmaceutical companies.  

 

Additionally, collaborative research models that involve partnerships between governments, 
academic institutions and private companies help to pool resources, expertise and knowledge, fostering 

innovation in antibiotic R&D [35]. 
 

Biopharmaceutical Accelerator for Antibiotic Resistant Bacteria (CARB-X), which funds early-stage 
antibiotic research. It is a well-known example of this type of cooperation. Since its inception, CARB-

X has funded over 50 innovative projects, several of which have advanced to clinical trials. This 
program offers the promise of creating new treatments. powerful to address global health concerns It 

highlights how thoughtful funding and collaboration can spur progress in the fight against antibiotic 
resistance [36]. 

 

Vaccination and Infection Prevention 

Vaccines and infection prevention strategies play a critical role in reducing the incidence of bacterial 

infections, thereby lowering the demand for antibiotics and slowing the development of resistance. 
Expanding access to vaccines, such as those against Streptococcus pneumoniae (pneumococcus) and 

Haemophilus influenzae type b (Hib), helps prevent bacterial infections that often require antibiotic 
treatment.  

 
Additionally, promoting hygiene and sanitation measures, including handwashing, access to clean 

water and rigorous hospital infection control practices, further reduces infection rates. The introduction 
of pneumococcal conjugate vaccines (PCVs) has had a profound impact, significantly reducing 

antibiotic use in children by preventing bacterial pneumonia and other pneumococcal infections [37]. 
For example, a study in the United States reported a 20% decline in antibiotic prescriptions for children 

under five years of age following the widespread adoption of PCVs, highlighting the effectiveness of 
such preventive measures.   

 
Public Education Campaigns 

Educating the public about the dangers of antibiotic misuse empowers individuals to use antibiotics 

responsibly, reducing self-medication and demand for unnecessary prescriptions.  
  

Key Initiatives   

1. Global Awareness Campaigns: WHO’s World Antibiotic Awareness Week promotes responsible 

antibiotic use through community engagement and media outreach [38].   
2. Behavioral Change Programs: Localized efforts to change attitudes and practices related to 

antibiotic use.  
  

AMR and the importance of discontinuing treatment with prescribed antibiotics were the focus of a 
2017 UK public awareness campaign. Surveys showed increased awareness and a measurable decline 

in inappropriate antibiotic requests.  
 

Alternative Therapies 

With resistance limiting the effectiveness of traditional antibiotics, alternative therapies provide new 

avenues for treatment and prevention. Key alternatives include: 
1. Phage Therapy: Using bacteriophages (viruses that infect bacteria) to target resistant pathogens 

[39].   

2. Antimicrobial Peptides: Small molecules that disrupt bacterial membranes.   

3. CRISPR Therapy: A gene editing technique to inactivate bacterial resistance genes. 
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In 2019, a critically ill patient in the U.S. with a multidrug-resistant Acinetobacter baumannii 

infection was successfully treated using a personalized phage therapy, demonstrating the potential of 

this approach (Table 1). 
 

Table 1. Overview of Antibiotics, Their Uses and Resistance Challenges. 
Antibiotic Class Specific 

Antibiotics 

Primary Use Resistant 

Pathogens 

Resistance 

Mechanisms 

Clinical 

Implications 

Beta-lactams Penicillin, 
Amoxicillin 

Gram-positive 
infections 
(Streptococcus) 

Streptococcus 
pneumoniae, 
MRSA 

Beta-lactamase 
production, altered 
PBPs 

Treatment failure 
in pneumonia, 
endocarditis 

Carbapenems 
(Meropenem) 

Severe infections, 
last-resort therapy 

Klebsiella 
pneumoniae, 
Pseudomonas 

Carbapenemases 
(e.g., KPC, NDM) 

Limited options 
for multidrug-
resistant Gram-
negative bacteria 

Cephalosporins Ceftriaxone, 
Cefepime 

Respiratory, 
urinary, and 
bloodstream 
infections 

Escherichia coli, 
Klebsiella 

Extended-spectrum 
beta-lactamases 
(ESBLs) 

Resistance in UTIs 
and sepsis 

Fluoroquinolones Ciprofloxacin, 
Levofloxacin 

Respiratory and 
urinary infections 

E. coli, 
Pseudomonas 
aeruginosa 

Efflux pumps, 
target site mutations 
(gyrA/parC) 

Reduced efficacy 
in UTIs, 
pneumonia 

Aminoglycosides Gentamicin, 
Amikacin 

Severe Gram-
negative infections 

Enterococcus, 
Klebsiella 

Enzymatic 
modification of 
drug, efflux pumps 

Limited efficacy in 
combination 
therapies 

Macrolides Azithromycin, 
Erythromycin 

Respiratory tract 
infections 

Streptococcus 
pneumoniae, H. 
pylori 

Efflux pumps, 
methylation of 
ribosomal targets 

Resistance in 
pneumonia and H. 
pylori eradication 

Tetracyclines Doxycycline, 
Minocycline 

Acne, respiratory, 
and zoonotic 
infections 

Acinetobacter 
baumannii, E. 
coli 

Efflux pumps, 
ribosomal 
protection proteins 

Reduced options 
in zoonotic and 
hospital-acquired 
infections 

Glycopeptides Vancomycin MRSA, severe 
Gram-positive 
infections 

Enterococcus 
faecium (VRE) 

Alteration of 
peptidoglycan 
precursors 

Treatment failure 
in endocarditis and 
bloodstream 
infections 

Sulfonamides Trimethoprim-
sulfamethoxazole 

UTIs, 
opportunistic 
infections 

E. coli, 
Pneumocystis 
jirovecii 

Overproduction of 
target enzyme 
(DHFR) 

Resistance in UTIs 
and opportunistic 
infections in HIV 

Polymyxins Colistin MDR Gram-
negative infections 

Acinetobacter 
baumannii, 
Klebsiella 

mcr genes 
(plasmid-mediated 
resistance) 

Limited last-resort 
treatment options 

Oxazolidinones Linezolid MRSA, VRE, 
resistant Gram-
positive infections 

Enterococcus, 
Staphylococcus 
aureus 

Mutations in 
ribosomal RNA 

Emerging 
resistance in 
nosocomial 
infections 

Rifamycins Rifampin Tuberculosis, 
leprosy 

Mycobacterium 
tuberculosis 

Mutations in RNA 
polymerase 

Multi-drug-
resistant 
tuberculosis 
(MDR-TB) 

Note: MRSA: Methicillin-resistant Staphylococcus aureus; VRE: Vancomycin-resistant Enterococcus; ESBLs: Extended-
spectrum beta-lactamases, enzymes that degrade cephalosporins and penicillins; MDR: Multidrug-resistant. 

 

Emerging Innovations and Future Directions   
As the threat of antimicrobial resistance (AMR) intensifies, innovation and forward-thinking 

strategies are essential to outpace the growing crisis. Emerging technologies, alternative therapies and 
global partnerships offer new hope in the fight against AMR [40]. This section explores promising 
innovations and future directions that could reshape how we combat resistance, alongside their 
underlying rationale and potential impact. 
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Development of Next-Generation Antibiotics 
The rapid evolution of resistant bacteria necessitates antibiotics with novel mechanisms of action that 

can circumvent existing resistance pathways. Traditional antibiotics often target a narrow range of 
bacterial functions, making them vulnerable to resistance. Next-generation antibiotics aim to overcome 
these limitations.  
 
Key Advances May Include   
1. Non-Traditional Targets: Exploring new bacterial functions, such as virulence factors or quorum 

sensing, to disable pathogens without directly killing them.   
2. Dual-Action Antibiotics: Drugs that combine bacterial killing with resistance-suppression 

mechanisms.   
3. Synthetic Biology: Designing entirely new antibiotic molecules using advanced bioengineering 

techniques.  
 
CASE STUDY: TEIXOBACTIN   

Discovered in 2015, teixobactin represents a promising class of antibiotics that target bacterial cell 
wall synthesis in a way that minimizes resistance. Preclinical trials show efficacy against resistant 
Staphylococcus aureus and Mycobacterium tuberculosis [41].   

 
Phage Therapy and Its Advancements 

Phage therapy, which uses bacteriophages (viruses that infect bacteria) to target and kill specific 
pathogens, offers a precision tool to combat resistant infections. Unlike antibiotics, phages evolve 
alongside bacteria, potentially reducing the risk of resistance [42].   
 

KEY INNOVATIONS   
1. Phage engineering is the process of genetically modifying phages to increase their efficiency and 

selectivity against drug-resistant bacteria. 
2. Combination Therapies: Pairing phages with antibiotics to achieve synergistic effects.   
3. Phage Banks: Creating repositories of phages tailored to treat a broad range of infections.   

 
CASE STUDY: PHAGE THERAPY IN CYSTIC FIBROSIS   

In 2019, a patient with cystic fibrosis in the UK was successfully treated with phage therapy for a 
Mycobacterium abscessus infection resistant to all antibiotics. The promise of phage therapy for 
multidrug-resistant (MDR) disease is illustrated by this example. 

 
CRISPR-based antimicrobials: Precise gene editing made possible by Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) technology. When applied to bacteria, CRISPR-
based tools can selectively target and disable resistance genes or kill specific pathogens, leaving 
beneficial microbiota unharmed [43].  

 
This can be applied for: 
1. Targeting Resistance Genes: Delivering CRISPR payloads to bacterial populations to eliminate 

resistance plasmids.   
2. Creating a CRISPR system to target a specific strain or strain of bacteria is called “programmable 

killing.” 
3. Microbiome-Safe Treatments: Avoiding collateral damage to healthy bacteria, unlike broad-

spectrum antibiotics. 
 

Recent studies have demonstrated CRISPR’s potential to eradicate Escherichia coli carrying 
resistance genes in vitro and in animal models, paving the way for clinical applications.   

 

Antimicrobial Peptides (AMPs) 

Antimicrobial peptides (AMPs) are naturally occurring molecules that disrupt bacterial membranes, 

offering a unique mechanism of action distinct from traditional antibiotics. These molecules hold great 
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promise in combating multidrug-resistant (MDR) bacteria, biofilms and fungi, addressing some of the 

most challenging aspects of antimicrobial resistance. Recent advances in AMP research have focused 

on synthetic AMPs, broad-spectrum activity and biofilm penetration. Synthetic AMPs are engineered 

to enhance their stability, specificity, and therapeutic efficacy, overcoming limitations of natural 

peptides. The development of broad-spectrum AMPs has led to compounds that can target a wide range 

of infections. Some of which are resistant to common antibiotics [44].  
 

Additionally, biofilm-penetrating AMPs are being designed to disrupt the protective biofilm matrix 
that shields bacteria in chronic infections, a major obstacle in current antimicrobial therapies.   
 

One notable example is the clinical trials of AMPs like surotomycin, which has demonstrated 
potential against Clostridioides difficile infections. These trials highlight the ability of AMPs to serve 
as effective alternatives to existing therapies, particularly for infections where resistance has rendered 
conventional antibiotics less effective.  

 
Artificial Intelligence (AI) in Antibiotic Discovery 

Traditional antibiotic discovery is often hindered by its time-consuming and costly nature. This 
method is being revolutionized by artificial intelligence (AI), which analyses large data sets to find 
potential drug candidates and more accurately predict effectiveness. Drug repurposing involves finding 
new antimicrobial uses for existing drugs, offering a faster route to combating resistant infections. 
Novel molecule discovery leverages AI to screen extensive chemical libraries and identify compounds 
with potential antimicrobial properties.  
 

Additionally, resistance prediction utilizes AI to model bacterial evolution, helping to predict 
resistance mechanisms and guide the design of more robust drugs.   
 

A landmark example of AI’s impact came in 2020 when researchers at MIT used AI algorithms to 
discover halicin, a novel antibiotic. Halicin demonstrated effectiveness against a wide range of resistant 
bacteria, including carbapenem-resistant Enterobacteriaceae, underscoring AI’s potential to address 
the growing crisis of antibiotic resistance [45].  

 
CONCLUSIONS   

The global crisis of antimicrobial resistance (AMR) presents a daunting challenge to public health, 
agriculture and the environment. When it was touted as a miracle drug Antibiotics become less effective 
because of overprescribing. Widespread misuse and the unchecked development of drug resistance This 
alarming trend threatens to undermine decades of medical progress, risking a future where routine 
infections become deadly and complex medical procedures are no longer feasible. Through this review, 
we have explored the multifaceted nature of antibiotics, their indispensable role in modern medicine 
and the severe challenges arising from resistance. This problem is made worse by elements such as 
financial pressures. Inadequate laws and lack of knowledge All parties involved Whether it is the 
government sector Healthcare providers, businesses and individuals need to work together to solve these 
problems. 

 
Current strategies to combat resistance emphasize prevention, innovation and collaboration. 

Antibiotic stewardship programs, stricter regulations on antibiotic use and enhanced surveillance 
systems have proven effective in mitigating misuse and resistance. Advances in diagnostics, the 
development of next-generation antibiotics and alternative therapies like phage therapy and CRISPR-
based antimicrobials offer hope for the future. Furthermore, global initiatives such as the WHO’s Global 
Action Plan and the One Health approach demonstrate the importance of coordinated, multi-sectoral 
efforts to address AMR. 
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