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Introduction
Antimicrobial Resistance
Antimicrobial resistance (AMR) refers to the ability of 
microorganisms—such as bacteria, viruses, fungi, and parasites—to 
survive exposure to antimicrobial agents that would typically kill 
them or inhibit their growth. This phenomenon renders standard 
treatments ineffective, leading to persistent infections and an 
increased risk of disease spread, severe illness, and death. AMR 
arises naturally over time, often through genetic changes, but its 
progression is significantly accelerated by factors such as misuse 
and overuse of antibiotics, poor infection prevention practices, 
and inadequate sanitation poses a severe threat to public health. A 
2019 analysis estimated that bacterial AMR directly caused 1.27 
million deaths worldwide, with indirect contributions to nearly 5 
million deaths. The World Health organization (WHO) has declared 
AMR one of the top ten global public health threats, emphasizing 
its potential to undermine decades of advancements in modern 
medicine, including surgical procedures and cancer treatments 
[Murray, C. J., et al. (2022) and Cassini, A., et al. (2019)].

The economic impact arming. By 2050, the global economy 
could lose up to $100 trillion due to productivity losses caused by 

drug-resistant infections. Health systems, particularly in low- and 
middle-income countries, face immense challenges in managing 
AMR due to limited resources and access to diagnostics and 
effective treatments [O’Neill, J. (2016)].

Thus, addressing antimicrobial resistance (AMR) requires a 
multi-faceted approach, encompassing the development of 
novel antibiotics and combination therapies, improved infection 
control measures, and robust global stewardship initiatives. This 
comprehensive strategy is crucial to combat the growing threat 
posed by resistant pathogens.

Scope and Objectives of the Review
The escalating crisis of antimicrobial resistance (AMR) 
necessitates urgent innovation in treatment modalities. Traditional 
antibiotics, which have been the cornerstone of modern medicine, 
are increasingly rendered ineffective by resistant pathogens, 
emphasizing the need for novel approaches. This review focuses 
on novel antibiotics and combination therapies because these 
strategies represent some of the most promising avenues to 
combat AMR and restore therapeutic efficacy against multidrug-
resistant organismstics are designed to circumvent established 
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Abstract
Antimicrobial resistance (AMR) has emerged as a critical global health challenge, threatening the efficacy of antibiotics and leading to untreatable infections. 
The World Health Organization (WHO) identifies AMR as one of the top 10 global public health threats, with multidrug-resistant bacteria responsible for 
significant morbidity and mortality worldwide. Contributing factors include the misuse of antibiotics in clinical, veterinary, and agricultural settings, coupled 
with a stagnation in the development of new antimicrobial agents.

In this context, novel antibiotics and combination therapies are pivotal in addressing AMR. Novel antibiotics aim to overcome resistance by targeting unique 
bacterial mechanisms, while combination therapies leverage synergistic effects to enhance treatment efficacy and mitigate resistance evolution. These 
approaches are critical for managing infections caused by multidrug-resistant organisms, such as carbapenem-resistant Enterobacteriaceae and methicillin-
resistant Staphylococcus aureus (MRSA).

This review examines the current scenario of AMR, highlighting the advancements in novel antibiotic development and the strategic role of combination 
therapies. Key takeaways include insights into the mechanisms underlying these approaches, their clinical applications, and the challenges faced in their 
implementation. The review also emphasizes the importance of global stewardship, research innovation, and policy reform to combat the AMR crisis and 
ensure sustainable therapeutic options for future generations.
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resistance mechanisms, offering new modes of action or enhanced 
potency. For instance, siderophore-conjugated antibiotics exploit 
bacterial iron uptake pathways, and new beta-lactamase inhibitors 
overcome enzymatic degradation by resistant strains. However, 
the development pipeline for such drugs is limited due to high 
costs, regulatory hurdles, and market disincentives. By analyzing 
advancements and challenges in novel antibiotic development, 
this review aims to shed light on their potential to address AMR.

Combinationificant promise by leveraging synergistic interactions 
between antimicrobial agents. These combinations can inhibit 
multiple pathways simultaneously, suppress resistance evolution, 
and potentially reduce the dosage of individual drugs, minimizing 
adverse effects. This review explores current applications, 
mechanisms, and limitations of combination therapies, emphasizing 
their role in managing drug-resistant infections.

The primary objective of thise a comprehensive analysis of recent 
advancements in novel antibiotics and combination therapies 
while highlighting challenges and gaps in research. It also seeks to 
promote an integrative perspective by discussing the implications 
of precision medicine and non-traditional adjunctive therapies as 
complementary approaches to combat AMR effectively.

Mechanisms of Antimicrobial Resistance
Genetic Mechanisms
Antimicrobial resistance (AMR) arises primarily from genetic 
adaptations that enable microorganisms to survive in the presence 
of antimicrobial agents. Three key genetic mechanisms drive the 
development and dissemination of resistance: horizontal gene 
transfer, mutations, and plasmid-mediated resistance [Munita, J. 
M., & Arias, C. A. (2016)].

Horizontal Gene Transfer (HGT)
HGT is a primary driver of resistance spread among bacterial 
populations. It involves the exchange of genetic material between 
organisms, enabling the rapid dissemination of resistance genes. 
The three major modes of HGT include transformation (uptake of 
free DNA from the environment), transduction (transfer mediated 
by bacteriophages), and conjugation (direct transfer of plasmids 
or chromosomal fragments through physical contact between 
cells). Conjugation is particularly concerning due to its efficiency 
in spreading multi-drug resistance genes across species [Blair, J. 
M., et al. (2015)].

Mutations
Spontaneous or induced mutations in bacterial genomes can alter 
target sites for antibiotics, rendering them ineffective. For instance, 
mutations in the gyrA and parC genes result in resistance to 
fluoroquinolones by modifying DNA gyrase and topoisomerase 
IV, which are critical for bacterial replication. Mutations can also 
increase the expression of efflux pumps or reduce membrane 
permeability, both of which contribute to resistance. Unlike HGT, 
mutations are often specific to a single organism but can confer 
high-level resistance under selective pressure [Partridge, S. R., 
Kwong, S. M., et al. (2018)].

Plasmid-Mediated Resistance
Plasmids, circular DNA molecules independent of chromosomal 
DNA, often carry multiple resistance genes. These mobile 
genetic elements are easily transferred between bacteria through 
conjugation. Plasmids frequently harbor genes encoding beta-
lactamases, which hydrolyze beta-lactam antibiotics, or other 
enzymes that degrade or modify antimicrobial agents. The global 
spread of extended-spectrum beta-lactamase (ESBL)-producing 
Escherichia coli and Klebsiella pneumoniae exemplifies the 
significant role plasmids play in AMR dissemination [Wozniak, 

R. A. F., & Waldor, M. K. (2010) and Smillie, C., Garcillán-Barcia, 
M. P., et al. (2010)].

Understanding these genetic mechanisms is essential for 
developing targeted interventions, such as novel antibiotics or 
inhibitors designed to counteract resistance pathways and prevent 
further dissemination.

Biochemical Pathways
Antimicrobial resistance (AMR) often results from sophisticated 
biochemical mechanisms that bacteria employ to neutralize, 
evade, or overcome the action of antibiotics. These mechanisms 
include enzyme-mediated degradation, efflux pumps, and target 
modification, each contributing to the survival of resistant strains 
[Munita, J. M., & Arias, C. A. (2016)].

Enzyme-Mediated Degradation
One of the most common biochemical pathways is the enzymatic 
degradation of antibiotics, rendering them inactive.
•	 Beta-lactamases: These enzymes hydrolyze the beta-lactam 

ring found in penicillins, cephalosporins, and carbapenems, 
neutralizing their antimicrobial effects. Examples 
include extended-spectrum beta-lactamases (ESBLs) and 
carbapenemases, such as New Delhi metallo-beta-lactamase 
(NDM-1).

•	 Aminoglycoside-modifying enzymes (AMEs): These enzymes 
acetylate, phosphorylate, or adenylate aminoglycosides, 
reducing their ability to bind bacterial ribosomes.

The global spread of beta-lactamase-producing bacteria has led to 
a significant reduction in the efficacy of these essential antibiotics, 
necessitating the development of inhibitors like clavulanic acid 
and avibactam [Blair, J. M. A., et al. (2015), Partridge, S. R., et 
al. (2018) and Poole, K. (2012)].

Efflux Pumps
Efflux pumps are transport proteins that actively expel antibiotics 
out of bacterial cells, reducing intracellular drug concentrations 
below therapeutic levels.
•	 Major efflux systems: The resistance-nodulation-division 

(RND) family, such as AcrAB-TolC in Escherichia coli, 
is particularly efficient in exporting multiple classes of 
antibiotics, including fluoroquinolones, tetracyclines, and 
beta-lactams.

•	 Clinical significance: Efflux pumps contribute to multidrug 
resistance (MDR), especially in pathogens like Pseudomonas 
aeruginosa and Acinetobacter baumannii.

Efflux pumps not only mediate resistance but also reduce the 
efficacy of combination therapies by expelling synergistic drugs. 
Inhibiting efflux systems is an emerging area of research to restore 
antibiotic susceptibility [Fair, R. J., & Tor, Y. (2014)].

Target Modification
Target modification involves structural or functional changes in 
the bacterial components that antibiotics are designed to attack.
•	 Altered Penicillin-Binding Proteins (PBPs): In methicillin-

resistant Staphylococcus aureus (MRSA), the mecA gene 
encodes PBP2a, which has a low affinity for beta-lactams, 
conferring resistance.

•	 Ribosomal modifications: Mutations in the 23S rRNA gene 
or methylation by enzymes like Erm proteins confer resistance 
to macrolides, lincosamides, and streptogramins (MLSB 
resistance).

•	 Altered DNA gyrase and topoisomerase IV: Mutations in 
gyrA and parC genes lead to resistance to fluoroquinolones 
by reducing drug binding affinity.
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Target modification is particularly challenging as it directly affects 
the antibiotic’s mode of action, requiring the development of drugs 
with novel binding properties [Fischbach, M. A., & Walsh, C. T. 
(2009) and Li, X. Z., & Nikaido, H. (2009)].

Novel Antibiotics: Advancements and Challenges
The rise of antimicrobial resistance (AMR) necessitates the 
development of novel antibiotics with innovative mechanisms 
of action. Emerging antibiotic classes address these challenges 
by targeting resistant pathogens through unique pathways, often 
circumventing existing resistance mechanisms. This section 
explores three prominent advancements: siderophore-conjugated 
antibiotics, beta-lactamase inhibitors, and antimicrobial peptides.

Emerging Antibiotic Classes
Siderophore-Conjugated Antibiotics
Siderophores are small molecules secreted by bacteria to scavenge 
iron, an essential nutrient. Siderophore-conjugated antibiotics 
exploit this mechanism, “hijacking” bacterial iron uptake pathways 
to deliver antibiotics directly into bacterial cells [Ito, A., et al. 
(2018) and Shionogi & Co., Ltd. (2020)].
•	 Cefiderocol is a notable example. It combines a cephalosporin 

core with a siderophore moiety, enabling it to bypass efflux 
pumps and achieve high intracellular concentrations. 
Cefiderocol has demonstrated potent activity against 
carbapenem-resistant Acinetobacter baumannii and 
Pseudomonas aeruginosa.

•	 This approach enhances drug delivery and broadens the 
activity spectrum of antibiotics, particularly against Gram-
negative bacteria, which are notoriously difficult to treat due 
to their robust outer membranes.

Beta-Lactamase Inhibitors
Beta-lactamase inhibitors protect beta-lactam antibiotics from 
enzymatic degradation by beta-lactamase enzymes, restoring their 
efficacy. The latest inhibitors target both serine and metallo-beta-
lactamases, expanding their utility [Lagacé-Wiens, P. R., et al. 
(2019) and Bush, K., & Bradford, P. A. (2020)].
•	 Avibactam: This non-beta-lactam beta-lactamase inhibitor 

is active against ESBLs and carbapenemases, such as KPC 
(Klebsiella pneumoniae carbapenemase). When combined 
with ceftazidime, it effectively treats infections caused by 
resistant Enterobacteriaceae.

•	 Vaborbactam: Paired with meropenem, this inhibitor 
specifically neutralizes class A carbapenemases, such as KPC.

•	 Novel combinations like imipenem-relebactam and 
aztreonam-avibactam address gaps in the treatment of MDR 
Gram-negative infections.

Antimicrobial Peptides (AMPs)
AMPs are naturally occurring or synthetic peptides with broad-
spectrum antimicrobial activity. They act by disrupting bacterial 
membranes, inhibiting intracellular targets, or modulating host 
immune responses [Lei, J., et al. (2019) and Mahlapuu, M., et 
al. (2016)].
•	 Polymyxins, such as colistin and polymyxin B, are AMP-

derived drugs effective against multidrug-resistant Gram-
negative bacteria. However, their nephrotoxicity has spurred 
the development of less toxic derivatives.

•	 Synthetic AMPs, including engineered peptides like 
omiganan, are in clinical trials for treating skin infections 
and catheter-related bloodstream infections.

•	 AMPs also show promise in overcoming biofilm-associated 
infections and are being explored in combination therapies 
to enhance their efficacy.

Challenges in Novel Antibiotic Development
Despite the critical need for new antibiotics, the development 
of novel antimicrobial agents faces significant hurdles. These 
challenges are multifaceted, involving regulatory complexities, 
financial constraints, and scientific limitations that slow down 
innovation and implementation in the fight against antimicrobial 
resistance (AMR).

Regulatory Challenges
The regulatory pathway for novel antibiotics is complex and costly. 
Agencies like the U.S. FDA and EMA require extensive clinical 
data to ensure the safety and efficacy of new drugs. However, this 
process is both time-consuming and expensive [Kesselheim, A. 
S., et al. (2020) and Sanders, P., et al. (2020)].
•	 Lengthy clinical trials: Antibiotic development involves 

multiple phases of clinical trials, often spanning several years. 
With the limited number of patients who meet the criteria 
for specific resistant infections, conducting large-scale trials 
becomes difficult.

•	 Antibiotic stewardship concerns: Regulatory bodies are 
increasingly cautious about approving antibiotics due to the 
risk of overuse and misuse, which may accelerate resistance. 
This cautious approach, while necessary, also leads to a 
delayed introduction of novel antibiotics into the market.

•	 Post-market surveillance: Continuous monitoring and post-
market surveillance for long-term safety and effectiveness add 
further regulatory burdens. However, for antibiotics that target 
resistant pathogens, post-marketing studies are essential to 
ensure they do not lose efficacy over time due to emerging 
resistance.

Financial Challenges
The financial risks associated with antibiotic development are 
another significant hurdle. Developing a new antibiotic is a costly 
endeavor, and the economic returns are often not commensurate 
with the investment, especially when compared to drugs for 
chronic diseases [Outterson, K., et al. (2015) and Holmes, A. H., 
et al. (2016)].
•	 High R&D costs: Antibiotic development requires substantial 

investments in research and clinical trials. In many cases, the 
potential market for a novel antibiotic is limited, especially 
when effective resistance management strategies are 
implemented. As a result, pharmaceutical companies may 
be reluctant to invest in antibiotic research.

•	 Market failure: Due to the emphasis on antimicrobial 
stewardship, new antibiotics are often not used unless 
absolutely necessary. This reduces the return on investment, 
as these drugs may be reserved for only the most severe or 
multi-drug-resistant infections, leading to a lack of financial 
incentives.

•	 Short-term sales cycles: Unlike drugs for chronic conditions, 
antibiotics are typically prescribed for short-term use. This 
means pharmaceutical companies have fewer opportunities 
for repeat sales, which can deter long-term investment in 
new antibiotic research.

Scientific Challenges
The scientific hurdles in antibiotic development are just as 
significant as the financial and regulatory barriers. Despite recent 
advancements, there remain considerable difficulties in identifying 
new drug targets and overcoming existing resistance mechanisms 
[Wright, G. D. (2017) and Boucher, H. W., et al. (2013)].
•	 Discovery of novel targets: The rapid evolution of resistance 

mechanisms, such as the development of efflux pumps, beta-
lactamases, and modifications to antibiotic targets, limits the 
number of viable targets for new antibiotics.
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•	 Complexity of resistance: Many pathogens have multiple 
resistance mechanisms that complicate the development of 
drugs that can overcome these defenses. This is particularly 
true for Gram-negative bacteria, whose thick outer membranes 
act as a barrier to many antibiotics.

•	 Antibiotic resistance persistence: Even when novel 
antibiotics are developed, resistance can emerge quickly 
due to selective pressure in the microbial environment. This 
phenomenon is particularly challenging in the context of 
biofilm formation, where bacteria are shielded from drug 
action.

•	 Target validation: The identification of effective molecular 
targets is a long and complicated process. Not all potential 
targets can be successfully translated into druggable 
compounds, especially when faced with bacterial mechanisms 
like horizontal gene transfer that facilitate the rapid spread 
of resistance.

Current Innovations: Use of AI and Computational Biology 
in Drug Discovery
The development of novel antibiotics has been significantly 
accelerated through the application of artificial intelligence (AI) 
and computational biology. These advanced technologies are 
increasingly being used to identify potential drug candidates, 
predict their efficacy, and optimize their molecular structures. As 
traditional antibiotic discovery processes face growing challenges 
due to complexity and time constraints, AI-driven approaches 
offer new hope in overcoming antimicrobial resistance (AMR).

Artificial Intelligence in Antibiotic Discovery
AI technologies, including machine learning (ML) and deep 
learning (DL), have shown remarkable promise in speeding up 
the discovery and optimization of antibiotics. AI algorithms are 
able to process and analyze vast datasets, including genomic 
sequences, chemical properties, and biological responses, to 
predict interactions between antibiotics and bacterial targets. 
These tools help identify previously unknown compounds that may 
be effective against resistant pathogens [Zhang, Z., et al. (2020), 
Stokes, J. M., et al. (2020) and Vamathevan, J., et al. (2019)].
•	 Drug repurposing: AI also aids in the repurposing of existing 

drugs, by analyzing available data to identify molecules 
that may exhibit antimicrobial properties. This approach 
significantly shortens the time frame for bringing new 
treatments to the clinic.

•	 Molecular docking: AI-driven molecular docking algorithms 
enable the rapid screening of vast chemical libraries to identify 
promising antibiotic candidates. These AI models simulate 
how different molecules interact with bacterial proteins, 
allowing researchers to select the most likely candidates for 
further study.

•	 Predicting resistance patterns: AI is increasingly used to 
predict bacterial resistance patterns, allowing researchers to 
design antibiotics that can effectively combat resistant strains. 
This predictive ability is crucial in addressing the evolving 
landscape of AMR.

Computational Biology in Antibiotic Discovery
Computational biology plays a vital role in drug discovery by 
simulating biological systems and predicting the effects of potential 
antibiotics. By integrating genomic data, protein structures, 
and biochemical pathways, computational models can identify 
bacterial vulnerabilities and suggest novel drug targets [Huo, H., 
et al. (2020), Pavan, M., et al. (2018) and Li, X., et al. (2021)].
•	 Genome-wide association studies (GWAS): Computational 

biology allows for the identification of genetic variations 
associated with antibiotic resistance. By understanding the 

genetic basis of AMR, researchers can design drugs targeting 
specific bacterial genes or mutations, potentially preventing 
resistance development.

•	 Proteomics and genomics: Advanced computational 
techniques are used to analyze the proteome and genome 
of bacterial pathogens, which helps in the identification of 
novel targets for antibiotic therapy. This is particularly useful 
in tackling multi-drug-resistant organisms, where traditional 
antibiotic targets may no longer be effective.

•	 Synthetic biology and pathway prediction: Computational 
models are also used in synthetic biology to design new 
biosynthetic pathways that can produce novel antibiotics 
or enhance the production of existing antibiotics. Pathway 
prediction helps in identifying new antimicrobial compounds 
by simulating biosynthetic processes in microorganisms.

Innovative Approaches for AI and Computational Biology 
Integration
Emerging technologies have enabled the seamless integration of 
AI and computational biology, creating hybrid approaches for 
antibiotic discovery. By combining AI models with computational 
simulations, researchers can screen compounds, design molecules, 
and predict interactions more effectively [Zhang, W., et al. (2021) 
and Papoutsakis, E. T., et al. (2020)].
•	 Integrated systems: Researchers are developing AI systems 

that combine genomic data with structural biology tools to 
identify new antibiotic candidates. These integrated platforms 
enable the simulation of how compounds interact with 
bacterial proteins, accelerating the screening and optimization 
of drug candidates.

•	 Drug design optimization: AI-driven drug design platforms 
use algorithms to optimize the pharmacological properties of 
antibiotics, including their solubility, stability, and toxicity 
profiles. These platforms use computational feedback loops 
to refine molecular structures, increasing the likelihood of 
discovering viable drug candidates.

Combination Therapies: A Synergistic Approach
Mechanism of Action: How Combinations Enhance Efficacy 
and Reduce Resistance
Combination therapies, which involve the use of two or more 
antimicrobial agents, have become a critical strategy in addressing 
antimicrobial resistance (AMR). These therapies are designed 
to exploit synergistic interactions between drugs, enhancing 
their overall efficacy while minimizing the risk of resistance 
development. The mechanisms by which combination therapies 
enhance efficacy and reduce resistance are diverse, involving a 
range of biochemical, pharmacological, and genetic processes.

Synergistic Effects
One of the primary mechanisms by which combination therapies 
enhance efficacy is through synergistic interactions. Synergy 
occurs when the combined effect of two or more drugs is greater 
than the sum of their individual effects. This interaction can be 
achieved through various mechanisms, such as targeting different 
steps in a bacterial pathogen’s life cycle, inhibiting multiple 
pathways, or enhancing the bioavailability and activity of one 
drug via the other. For instance, combining a beta-lactam antibiotic 
with a beta-lactamase inhibitor (such as clavulanate) can overcome 
the bacterial resistance to beta-lactams, as the inhibitor prevents 
the degradation of the antibiotic by bacterial enzymes [Zong et 
al., (2020)]. Similarly, combining antibiotics with non-antibiotic 
agents, such as immune modulators or biofilm disruptors, can 
enhance bacterial susceptibility by targeting different aspects of 
bacterial physiology [Zhang et al., (2021)].
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Overcoming Resistance
Combination therapies also help to delay or prevent the development 
of resistance. When used in a well-chosen combination, drugs 
with different mechanisms of action can prevent bacteria from 
developing resistance to both drugs simultaneously. For example, 
a combination of antibiotics that target bacterial cell wall synthesis 
and protein synthesis can prevent resistance mechanisms that 
affect either pathway alone. This approach limits the chance that 
a bacterium will simultaneously evolve resistance to both drugs, 
making it less likely for the pathogen to evade treatment [Gullberg 
et al., (2011)]. Furthermore, the use of combination therapies can 
exploit pharmacokinetic and pharmacodynamic properties that 
prevent the emergence of resistant strains by maintaining drug 
concentrations at therapeutic levels for prolonged periods.

Targeting Different Pathways
Combination therapies are particularly effective in targeting 
multiple bacterial pathways. For instance, combining an antibiotic 
that inhibits bacterial cell wall synthesis (e.g., a beta-lactam) 
with a second drug that disrupts protein synthesis (e.g., an 
aminoglycoside) creates a dual assault on the bacterial machinery, 
which can overwhelm the pathogen’s defense mechanisms. This 
combined attack increases the likelihood of pathogen eradication 
and reduces the chances of resistance arising from mutations in a 
single pathway [Roca et al., (2015)]. Similarly, combining drugs 
that target different bacterial components, such as the membrane 
and the cell wall, enhances the drug’s ability to penetrate bacterial 
defenses.

Modulation of Efflux Pumps and Biofilm Disruption
Efflux pumps are a key mechanism by which bacteria expel 
antibiotics, reducing the drug’s effectiveness. Combination 
therapies that include efflux pump inhibitors can prevent 
bacteria from expelling the antibiotic, thus increasing the drug’s 
effectiveness. Moreover, many bacteria, especially in chronic 
infections, form biofilms that shield them from antibiotic action. 
Combining antibiotics with biofilm disruptors, such as enzymes 
that degrade extracellular matrix components, can enhance the 
penetration of antibiotics into the biofilm and increase their 
bactericidal effects [Ciofu & Tolker-Nielsen, (2019)].

Current Applications: Examples of Successful Combinations 
in Clinical Practice
Combination therapies have been pivotal in treating a range of 
multidrug-resistant (MDR) and extensively drug-resistant (XDR) 
infections. Clinical applications of such combinations are crucial, 
particularly for infections caused by pathogens resistant to first-
line antibiotics. Successful application examples illustrate how 
these therapies enhance efficacy, improve clinical outcomes, and 
help combat AMR.

Piperacillin/Tazobactam with Meropenem for Multidrug-
Resistant Pseudomonas aeruginosa
One prominent example of a successful combination is the use 
of piperacillin/tazobactam combined with meropenem to treat 
infections caused by multidrug-resistant Pseudomonas aeruginosa. 
This combination targets different aspects of bacterial cell wall 
synthesis, helping overcome resistance mechanisms, such as beta-
lactamase production and efflux pump activity. Clinical studies 
have demonstrated that this combination significantly improves 
treatment outcomes in critically ill patients, particularly those with 
ventilator-associated pneumonia (VAP) and bloodstream infections 
caused by P. aeruginosa [Wang et al., (2020)]. By inhibiting beta-
lactamase enzymes with tazobactam while enhancing meropenem’s 
activity, this combination reduces resistance development.

Colistin and Rifampin for Carbapenem-Resistant 
Enterobacteriaceae
Infections caused by carbapenem-resistant Enterobacteriaceae 
(CRE), such as Klebsiella pneumoniae and Escherichia coli, have 
been successfully managed with the combination of colistin and 
rifampin. Colistin, a polymyxin, targets the bacterial cell membrane, 
while rifampin inhibits RNA synthesis. This combination has 
been shown to enhance bactericidal activity, especially in severe 
infections such as those involving the bloodstream or the urinary 
tract. Studies have confirmed that the synergy between colistin 
and rifampin reduces the emergence of resistance and enhances 
clinical efficacy in CRE infections [Shan et al., (2021)].

Vancomycin and Rifampin for Methicillin-Resistant 
Staphylococcus aureus (MRSA)
Combination therapy with vancomycin and rifampin has been 
widely used in the treatment of methicillin-resistant Staphylococcus 
aureus (MRSA) infections. Vancomycin, a glycopeptide antibiotic, 
inhibits cell wall synthesis, while rifampin targets bacterial RNA 
polymerase. This combination has been particularly useful in 
treating endocarditis, osteomyelitis, and skin and soft tissue 
infections caused by MRSA. The combination’s synergistic 
effect is well-documented, as rifampin enhances the bactericidal 
activity of vancomycin by disrupting bacterial protein synthesis 
and increasing the penetration of vancomycin into the bacterial 
cell [Moran et al., (2018)].

Daptomycin and Beta-lactam for Gram-Positive Infections
Daptomycin, a lipopeptide antibiotic, has shown clinical success 
when combined with beta-lactams (such as ceftriaxone) in 
treating gram-positive bacterial infections, including MRSA and 
Enterococcus spp. This combination works by synergistically 
disrupting bacterial membrane function (daptomycin) while 
targeting cell wall synthesis (beta-lactam). Clinical studies 
indicate that this combination is especially effective in treating 
complicated infections such as endocarditis, especially those 
caused by Enterococcus faecium and Staphylococcus aureus 
[Moise-Broder et al., (2021)]. The combination is particularly 
important for patients who may not respond to monotherapy, 
reducing the development of resistance and enhancing bactericidal 
activity.

Trimethoprim/Sulfamethoxazole and Amikacin for Urinary 
Tract Infections
For urinary tract infections (UTIs) caused by multidrug-resistant 
gram-negative organisms, combination therapy involving 
trimethoprim/sulfamethoxazole and amikacin has demonstrated 
efficacy. While trimethoprim/sulfamethoxazole inhibits bacterial 
folic acid synthesis, amikacin, an aminoglycoside, disrupts protein 
synthesis. This combination targets different bacterial mechanisms, 
making it an effective option for treating UTIs, especially when 
the causative pathogens exhibit resistance to first-line agents 
[Gibson et al., (2020)]. Research indicates that the synergistic 
effect of this combination significantly improves clinical outcomes 
and reduces the development of resistance in multidrug-resistant 
Escherichia coli strains.

Limitations and Risks: Resistance Development and Adverse 
Effects
Combination therapies, while highly effective in treating infections 
caused by antimicrobial-resistant (AMR) pathogens, are not 
without limitations and risks. The development of resistance, even 
with combination therapies, as well as adverse effects, presents 
significant challenges in the fight against AMR.
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Resistance Development Despite Combinations
One of the main concerns with combination therapies is the 
potential for resistance development, even when multiple agents 
are used together. While combination therapy can initially 
overcome resistance mechanisms, pathogens can still adapt over 
time. In particular, Escherichia coli, Klebsiella pneumoniae, and 
Staphylococcus aureus have demonstrated the ability to develop 
resistance to combination regimens through various mechanisms 
such as the selection of mutations that reduce drug binding affinity, 
the development of new efflux pumps, and the acquisition of 
resistance genes through horizontal gene transfer [Martinez 
et al., (2020)]. For example, P. aeruginosa has been shown to 
develop resistance to beta-lactam and beta-lactamase inhibitor 
combinations by acquiring additional beta-lactamase-producing 
strains or modifying existing enzymes, which leads to treatment 
failure over time [Liu et al., (2021)].

Adverse Effects of Combination Therapy
The use of combination therapy also presents risks in terms of 
adverse effects, especially when combining drugs that can have 
toxic effects or lead to drug-drug interactions. For example, 
the combination of aminoglycosides (like amikacin) with beta-
lactams can increase the risk of nephrotoxicity and ototoxicity, 
especially in patients with preexisting kidney conditions [Liu et 
al., (2020)]. Similarly, combining colistin with other antibiotics 
such as rifampin can exacerbate nephrotoxicity, potentially 
leading to kidney damage [Zhao et al., (2020)]. In addition, some 
combinations may lead to gastrointestinal issues, such as diarrhea, 
due to dysbiosis caused by broad-spectrum antibiotics.

Escalation of Resistance in Opportunistic Pathogens
While combination therapies are designed to target the resistance 
mechanisms of primary pathogens, they can inadvertently promote 
resistance in opportunistic pathogens that are part of the human 
microbiota. For example, the use of vancomycin and rifampin 
against Staphylococcus aureus can result in the selection of resistant 
Enterococcus faecium strains, which are often part of the gut 
microbiota. These opportunistic pathogens may evolve resistance 
through similar mechanisms, further complicating the treatment of 
infections and contributing to the overall AMR crisis [Barchiesi et 
al., (2019)]. Additionally, multidrug-resistant Clostridium difficile 
infections have been reported as a consequence of prolonged 
antibiotic use, including combination therapies that disrupt gut 
microbiota balance [Vinderola et al., (2021)].

Financial and Logistical Challenges
The use of combination therapies, particularly novel combinations, 
often involves high costs and logistical issues. The development 
and production of multiple antibiotics for combination use may 
increase overall treatment costs, making them less accessible, 
particularly in resource-limited settings. This can exacerbate 
inequalities in access to life-saving treatments, as well as contribute 
to the development of resistance in less-regulated environments 
where the combination may not be administered properly [Bergen 
et al., (2020)]. Additionally, the availability of these therapies is 
often limited by regulatory barriers, and their use is constrained 
by concerns over antibiotic stewardship.

Integrative Approaches and Non-Traditional Therapies
Role of Precision Medicine in Combating Antimicrobial Resistance
Precision medicine, also referred to as personalized medicine, 
is a transformative approach that tailors medical treatment to 
the individual characteristics of each patient, such as genetic 
makeup, microbiome composition, and specific resistance patterns 
of infecting pathogens. This approach is increasingly viewed as a 
promising strategy for combating antimicrobial resistance (AMR), 

as it can optimize the efficacy of antimicrobial treatments while 
minimizing unnecessary exposure to broad-spectrum antibiotics 
that contribute to resistance development.

Tailoring Therapy to the Patient’s Specific Needs
In precision medicine, the use of targeted therapies based on 
patient-specific data can lead to more effective management of 
infections. By using genomic data, clinicians can identify the exact 
pathogen causing an infection and the resistance mechanisms it 
employs, such as beta-lactamase production or efflux pump activity. 
This allows for the selection of the most appropriate antibiotics, 
potentially avoiding ineffective treatments and reducing the risk 
of resistance development [Moya et al., (2021)]. For example, 
genetic testing can be used to identify mutations in Mycobacterium 
tuberculosis that confer resistance to specific antibiotics, enabling a 
more personalized treatment plan for tuberculosis patients [Adams 
et al., (2020)].

Integration of Microbiome Data
Another key aspect of precision medicine is the incorporation of 
microbiome analysis. The human microbiome plays a crucial role 
in the development and spread of AMR, and understanding the 
microbiome’s composition in individual patients can help guide 
the use of antibiotics. For instance, a patient’s gut microbiome 
might reveal the presence of resistant bacteria that are not causing 
an infection but could act as reservoirs for resistance genes. 
By integrating microbiome data, healthcare providers can use 
narrow-spectrum antibiotics to treat infections while preserving 
the balance of beneficial microbes, thereby minimizing the risk 
of resistance [D’Angelo et al., (2021)].

Advances in Biomarker Discovery and Diagnostics
Recent advancements in biomarker discovery are also playing a 
crucial role in precision medicine. Through the identification of 
specific biomarkers associated with resistance, physicians can 
rapidly diagnose infections and predict the potential for AMR. For 
example, biomarkers of infection and resistance can be detected 
using high-throughput sequencing and molecular diagnostics, 
allowing for faster, more accurate identification of resistant 
pathogens and enabling clinicians to select the most effective 
therapy quickly [Liu et al., (2022)].

Personalized Antibiotic Stewardship
Precision medicine also contributes to antibiotic stewardship 
programs by ensuring that the right antibiotic is used at the right 
dose for the right patient. By combining clinical, microbiological, 
and pharmacogenomic data, physicians can optimize antibiotic 
prescribing practices, reducing unnecessary antibiotic use and 
minimizing the selective pressure that drives the development of 
resistance [Nori et al., (2021)]. This approach helps in reducing 
both the incidence of AMR and the adverse effects associated 
with antibiotic overuse.

Adjunctive Strategies in Combating Antimicrobial Resistance
As antimicrobial resistance (AMR) continues to rise globally, 
researchers are exploring adjunctive therapies to complement 
traditional antibiotic treatments. These strategies aim to enhance 
the effectiveness of current antibiotics, reduce the emergence 
of resistance, and offer alternatives for patients with resistant 
infections. Key adjunctive approaches include bacteriophage 
therapy, immune modulators, and probiotics.

Bacteriophage Therapy
Bacteriophage therapy involves the use of viruses that specifically 
infect bacteria to treat bacterial infections. Phages, which are 
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naturally occurring in the environment, can be highly specific to 
their bacterial targets, providing a targeted approach to therapy. 
This specificity reduces collateral damage to the beneficial 
microbiota, unlike broad-spectrum antibiotics, which disrupt the 
normal flora and contribute to resistance development [Górski 
et al., (2020)]. Recent studies have demonstrated the potential 
of bacteriophages in treating infections caused by multidrug-
resistant (MDR) pathogens, such as Pseudomonas aeruginosa, 
Acinetobacter baumannii, and Escherichia coli [Alvarez et al., 
(2021)]. However, challenges remain in phage therapy, including 
issues related to regulatory approval, the potential for resistance 
to phages, and the variability of phage efficacy.

Immune Modulators
Immune modulators are substances that can enhance or suppress 
the immune system’s response to infections. In the context of 
AMR, immune modulation can be used to support the body’s 
natural defense mechanisms, aiding in the clearance of resistant 
pathogens. Immunotherapy can include the use of monoclonal 
antibodies, immune checkpoint inhibitors, and cytokine therapies 
that enhance the host’s immune response to infection. For example, 
the use of monoclonal antibodies targeting Staphylococcus aureus 
toxins has shown promise in reducing the severity of infections 
and preventing bacterial resistance [Del Río et al., (2021)]. 
Additionally, immune-modulatory therapies like granulocyte-
colony stimulating factor (G-CSF) have been explored to enhance 
the activity of neutrophils and improve outcomes in patients with 
chronic bacterial infections.

Probiotics
Probiotics, which are live microorganisms that confer health 
benefits to the host, are being explored as adjunctive therapies in 
the context of AMR. The human gut microbiome plays a crucial 
role in protecting against pathogenic infections, and probiotic 
supplementation can help restore the balance of the microbiota 
that may be disrupted by antibiotic use. Probiotics may offer a 
twofold benefit: first, by preventing the overgrowth of resistant 
pathogens, and second, by preventing the colonization of harmful 
bacteria [Suez et al., (2020)]. Several clinical trials have shown 
that probiotics can reduce the incidence of antibiotic-associated 
diarrhea and may reduce the risk of developing infections caused 
by resistant organisms, such as Clostridium difficile [Zhao et al., 
(2021)].

Future Perspectives
Research Gaps in Combating Antimicrobial Resistance
The global rise in antimicrobial resistance (AMR) poses significant 
challenges to public health, necessitating extensive research to 
identify effective solutions. Although considerable progress has 
been made in understanding AMR mechanisms and developing 
new antibiotics and therapies, several critical research gaps remain. 
These gaps, if addressed, could accelerate the development of 
novel strategies to combat AMR.

Understanding the Genetic and Molecular Basis of Resistance
While significant advances have been made in deciphering the 
genetic mechanisms of resistance, there remains a need for deeper 
exploration of how resistance genes evolve and spread, particularly 
in complex environments like hospitals and agricultural settings. 
Comprehensive studies on horizontal gene transfer, mutations, and 
the dynamics of mobile genetic elements are essential to better 
predict and counteract the emergence of resistance [Boucher et 
al., (2020)]. Further, the role of environmental reservoirs in the 
transmission of resistant pathogens needs to be studied in greater 
detail, especially as they contribute significantly to resistance 
spread.

Exploring the Human Microbiome and its Role in AMR
Recent research has highlighted the importance of the human 
microbiome in the development of AMR. However, more detailed 
studies are needed to understand how microbiome disruptions 
contribute to the selection and spread of resistant bacteria. There 
is a need for comprehensive microbiome mapping across different 
populations and environments to develop targeted strategies for 
preserving beneficial microbes and reducing resistance risk [Suez 
et al., (2021)]. Research into the interactions between microbiota 
and antimicrobial agents is crucial to understanding how these 
drugs may unintentionally promote the emergence of resistance.

Novel Antibiotic Development
Despite the emergence of new classes of antibiotics, the rate of 
discovery of novel compounds remains slow. There is an urgent 
need for innovative approaches to antibiotic discovery, particularly 
in the development of drugs that target multidrug-resistant 
pathogens. While phage therapy, antimicrobial peptides, and other 
novel approaches show promise, they are still in early stages 
of clinical application. Thus, there is a need for investment in 
high-throughput screening, AI-assisted drug discovery, and novel 
chemical libraries that could identify new antibiotic candidates 
[Baker et al., (2022)].

Mechanisms of Antibiotic Resistance in the Microbiome
The mechanisms through which antibiotics affect the human 
microbiome and contribute to resistance are still not fully 
understood. Research is needed to better understand the ways 
in which antibiotics disrupt the gut microbiome and promote 
resistance, as well as the long-term impacts of this disruption. 
This research could inform the development of microbiome-based 
therapeutics, such as probiotics or prebiotics, that help maintain 
a healthy microbial ecosystem and reduce the spread of resistant 
strains [Suez et al., (2020)].

Global Surveillance and Data Sharing
While global surveillance of AMR has improved, there is still a 
lack of standardization in data collection and reporting, particularly 
in low- and middle-income countries (LMICs). Research is needed 
to enhance the capacity for global data sharing and surveillance 
systems to monitor resistance patterns across regions and in real-
time. This would enable more targeted interventions and the 
rapid detection of emerging resistance threats [Laxminarayan et 
al., (2020)]. Moreover, the integration of molecular diagnostics 
into clinical practice would help provide precise information on 
resistance patterns at the point of care, allowing for more accurate 
antibiotic prescribing.

Optimizing Combination Therapies
While combination therapies have been shown to reduce resistance 
and enhance efficacy, more research is needed to understand 
the mechanisms that drive synergy between drug pairs. The 
identification of optimal combinations, particularly for MDR 
and XDR pathogens, remains an area of active research. Studies 
focused on the pharmacokinetics and pharmacodynamics of 
combination therapies are essential to improving their success in 
clinical settings [Yong et al., (2021)].

Policy and Stewardship: Global Initiatives to Support 
Antibiotic Development and Appropriate Use
The global rise in antimicrobial resistance (AMR) necessitates 
a coordinated approach to antibiotic stewardship and the 
development of effective policies. These initiatives are crucial 
to address the threat posed by resistant pathogens and ensure 
that antibiotics remain effective in the future. Several key global 
strategies are being implemented to support antibiotic development 
and improve their use, aiming to combat AMR.
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Global Antibiotic Research and Development (R&D)
One of the most significant global initiatives is the call for 
increased investment in the research and development (R&D) 
of new antibiotics. The World Health Organization (WHO), 
the Global Health Security Agenda (GHSA), and the Global 
Antibiotic Research and Development Partnership (GARDP) 
have all emphasized the urgent need for new drug discoveries to 
combat multidrug-resistant (MDR) and extensively drug-resistant 
(XDR) infections. Public-private partnerships, such as the AMR 
Action Fund, have been launched to provide funding for the R&D 
of novel antibiotics. This initiative aims to advance up to 15 new 
antibiotics or treatments by 2030, a critical goal in reversing the 
decline in antibiotic innovation [Laxminarayan et al., (2020) and 
WHO, (2021)]. These partnerships are necessary to bridge the gap 
between the scientific discovery phase and the commercialization 
of antibiotics, ensuring that the market remains attractive for 
pharmaceutical companies despite the economic challenges.

Strengthening Stewardship Programs
Antibiotic stewardship programs are essential in ensuring the 
responsible use of antibiotics in both healthcare and agricultural 
settings. The WHO’s Global Action Plan on AMR (2015) outlines 
the need for countries to adopt national action plans that promote 
appropriate antibiotic use. These plans include setting national 
guidelines on prescribing practices, improving diagnostic testing 
to limit unnecessary antibiotic use, and providing education on 
the risks of misuse and overuse. Effective stewardship is critical 
not only in reducing the emergence of resistance but also in 
optimizing the therapeutic outcomes of available antibiotics. 
Successful stewardship programs in hospitals have demonstrated 
significant reductions in antibiotic consumption, thus curbing the 
development of resistance [Friedman et al., (2020)]. Globally, 
nations are being encouraged to track antibiotic use and resistance 
patterns through national surveillance systems to provide data-
driven insights for future policy development.

Regulatory Frameworks and Incentives for Antibiotic Development
One of the challenges in developing new antibiotics is the lack 
of financial incentives for pharmaceutical companies. Given 
the high costs and relatively low returns on investment, there 
is a pressing need for innovative financial models. Regulatory 
agencies in various countries, including the U.S. Food and Drug 
Administration (FDA) and the European Medicines Agency 
(EMA), have introduced expedited approval processes for new 
antibiotics. Additionally, “market entry rewards,” as proposed by 
the UK government and other bodies, offer financial incentives 
for companies that bring new antibiotics to market. These rewards 
aim to address the market failure that disincentivizes investment 
in antibiotic R&D [Aminov, (2021) and O’Neill, (2016)]. Such 
mechanisms are crucial for making the development of new 
antibiotics financially viable for pharmaceutical companies.

Global Education and Public Awareness Campaigns
Public awareness campaigns are an essential component of global 
efforts to combat AMR. Educating both healthcare providers 
and the general public about the risks of overuse and misuse of 
antibiotics is critical. WHO’s “Antibiotics: Handle with Care” 
campaign encourages rational use of antibiotics and seeks to 
curb self-medication and the purchase of antibiotics without 
prescription in low-resource settings. Educational programs 
targeting both healthcare workers and the general population 
have proven effective in reducing inappropriate antibiotic use 
in several countries [Bhutta et al., (2021)]. Moreover, public 
awareness campaigns can influence behavioral changes, reducing 
demand for antibiotics for conditions that do not require them, 
such as viral infections.

Integrating AMR Surveillance into Global Health Strategies
Global surveillance networks, such as the Global Antimicrobial 
Resistance Surveillance System (GLASS) by the WHO, aim 
to provide real-time data on AMR trends worldwide. These 
surveillance systems enable countries to monitor the effectiveness 
of antibiotics, track resistance patterns, and guide treatment 
decisions based on local resistance data. Strengthening these 
surveillance systems is critical for anticipating emerging resistance 
threats and responding effectively [Tate, (2020)]. By integrating 
AMR surveillance into broader global health frameworks, 
policymakers can develop targeted interventions that are specific 
to the needs of particular regions.

Conclusion
Antimicrobial resistance (AMR) remains one of the most pressing 
global health challenges, posing a significant threat to the effectiveness 
of antibiotics and other antimicrobial agents. This review highlights the 
multifaceted nature of AMR, which is driven by genetic mechanisms 
such as horizontal gene transfer, mutations, and plasmid-mediated 
resistance. Biochemical mechanisms, including enzyme-mediated 
degradation, efflux pumps, and target modification, further complicate 
the efficacy of existing antibiotics. Novel antibiotics, including 
siderophore-conjugated antibiotics, beta-lactamase inhibitors, and 
antimicrobial peptides, offer new hope, but their development faces 
regulatory, financial, and scientific challenges.

Combination therapies, which utilize multiple agents to enhance 
efficacy and reduce resistance, represent a promising approach. 
However, even these therapies are not immune to the risk of 
resistance development. Non-traditional strategies, such as 
precision medicine, bacteriophage therapy, and immune-
modulators, have shown potential in overcoming some limitations, 
but more research is needed to understand their full capabilities.

Global initiatives focusing on strengthening antibiotic stewardship, 
increasing investments in R&D, and fostering international 
collaboration are essential in the fight against AMR. While there 
are ongoing efforts, much work remains to ensure the sustainable 
development and responsible use of antibiotics.

The Role of Innovation and Global Cooperation in Combating 
AMR
Innovation and global cooperation are pivotal to addressing 
the AMR crisis. New antibiotic development is crucial, but 
the challenges in bringing these drugs to market require global 
collaboration, regulatory reforms, and financial incentives to 
stimulate research. The use of innovative technologies like AI 
and computational biology can expedite the discovery of novel 
compounds and optimize therapeutic strategies. These technologies 
are already playing a significant role in drug discovery, reducing 
the time and cost required to develop new antibiotics [Berenbaum 
et al., (2021) and McLellan et al., (2021)].

Moreover, global cooperation is essential for fostering policy 
alignment and ensuring equitable access to new treatments 
worldwide. Collaborative efforts between governments, 
international health organizations, pharmaceutical companies, and 
academic institutions can enhance the global response to AMR. 
The implementation of global action plans, such as the WHO’s 
Global Action Plan on AMR and the Global Antibiotic Research 
and Development Partnership (GARDP), has been instrumental 
in setting shared goals, promoting R&D, and ensuring that 
resources are allocated to the most critical areas [Laxminarayan 
et al., (2020)]. Surveillance systems, such as WHO’s GLASS 
initiative, continue to provide essential data to guide evidence-
based interventions.



                                                    Page 9 of 10J of Biomed Res & Biotech, 2026

In conclusion, while the road ahead remains challenging, the 
combination of innovative research, technological advancements, 
and global cooperation offers a path forward in mitigating the 
impact of AMR. Sustaining this momentum is critical to protecting 
the efficacy of antibiotics and ensuring public health safety for 
future generations.
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