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INTRODUCTION 

Multidrug-resistant bacteria (MDRB) have emerged as a 

significant global concern in recent years, posing a grave 

threat to public health and healthcare systems worldwide. 

These bacteria, commonly referred to as superbugs, are 

strains that have developed resistance to multiple classes 

of antibiotics, rendering them difficult or even impossible 

to treat using conventional antibiotic therapies.1 The rise 

of MDRB has been attributed to several factors, including 

the misuse and overuse of antibiotics, inadequate 

infection control measures, and the horizontal transfer of 

resistance genes among bacterial populations.2 

ABSTRACT 

 

Multidrug-resistant bacteria (MDRB) are a global concern due to their resistance to multiple antibiotics. The rise of 

MDRB is attributed to factors like antibiotic misuse and horizontal gene transfer. Limited treatment options led to 

increased morbidity, mortality, and healthcare costs. MDRB spreads within healthcare and community settings, 

posing risks to vulnerable populations. Urgent efforts are needed to combat MDRB, including antibiotic synergy, 

which enhances therapeutic efficacy. Synergy disrupts bacterial processes, improves penetration and intracellular 

accumulation, and inhibits resistance mechanisms. It is crucial in treating biofilm-associated infections. Methods like 

checkerboard assays and time-kill assays assess synergistic effects, while high-throughput screening enables rapid 

identification. The rise of multidrug resistance has prompted urgent calls for concerted efforts to address this global 

health crisis. Antibiotic synergy broadens treatment options, allows dose reduction, and addresses biofilm infections. 

Careful implementation is necessary to minimize resistance and drug interactions. Successful case studies highlight 

the potential of antibiotic synergy against MDRB. 
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One of the primary consequences of multidrug resistance 

is the limited availability of effective treatment options 

for bacterial infections. Infections caused by MDRB are 

associated with increased morbidity, mortality, and 

healthcare costs.3 Patients affected by these infections 

often experience prolonged hospital stays, delayed 

recovery, and higher rates of treatment failure. 

Furthermore, the spread of MDRB within healthcare 

settings poses a significant risk to vulnerable populations, 

such as immunocompromised individuals, elderly 

patients, and those undergoing invasive medical 

procedures. 

MDRB are not confined to a specific geographical region 

but have become a global phenomenon. They can be 

found in hospitals, long-term care facilities, community 

settings, and even in the environment. The rapid global 

movement of people and goods facilitates the 

dissemination of multidrug-resistant strains across 

borders, making it a shared concern for countries 

worldwide.4,5 Additionally, the impact of MDRB extends 

beyond human health, affecting veterinary medicine, 

agriculture, and food production.6 

The rise of multidrug resistance has prompted urgent calls 

for concerted efforts to address this global health crisis. 

Strategies such as antimicrobial stewardship, infection 

prevention and control measures, and the development of 

novel antibiotics or alternative treatment modalities are 

being pursued to combat MDRB.7 One such measure 

includes the application of antibiotic synergy in such 

clinical scenarios. 

Antibiotic synergy is being explored as a potential 

solution to combat MDRB due to its ability to enhance 

therapeutic efficacy beyond what can be achieved with 

single antibiotics alone.8 The emergence and spread of 

MDRB have significantly limited the effectiveness of 

traditional antibiotic therapies, leading to treatment 

failures and increased morbidity and mortality rates. In 

this context, antibiotic synergy offers a promising 

approach to overcome resistance mechanisms and 

improve treatment outcomes. The objective of the paper 

is to review the mechanisms underlying antibiotic 

synergy and discuss its clinical implications in MDRB 

infections. 

LITERATURE SEARCH  

This study is based on a comprehensive literature search 

conducted on June 25, 2023, in the Medline and Cochrane 

databases, utilizing the medical topic headings (MeSH) 

and a combination of all available related terms, 

according to the database. To prevent missing any 

possible research, a manual search for publications was 

conducted through Google Scholar, using the reference 

lists of the previously listed papers as a starting point. We 

looked for valuable information in papers that discussed 

antibiotic synergy as a strategy for combating MDRB l 

infections. There were no restrictions on date, language, 

participant age, or type of publication. 

DISCUSSION  

One key advantage of antibiotic synergy is its ability to 

target different cellular processes or pathways within 

bacteria.9 Combining antibiotics with distinct 

mechanisms of action can disrupt multiple vital functions 

simultaneously, making it more challenging for bacteria 

to develop resistance. By targeting different cellular 

processes, antibiotic synergy can enhance the overall 

bactericidal activity and prevent the emergence of 

resistance against the individual drugs. This cooperative 

action increases the effectiveness of treatment, 

particularly against multidrug-resistant strains that have 

developed intricate resistance mechanisms. Furthermore, 

antibiotic synergy can enhance the penetration and 

intracellular accumulation of antibiotics within bacteria.10 

Some antibiotic combinations work synergistically by 

improving the ability of one drug to penetrate the 

bacterial cell wall and facilitating the entry of the other 

drug. This enhanced penetration enables greater exposure 

of bacteria to the antibiotics, increasing their 

effectiveness against resistant strains that may have 

developed mechanisms to limit antibiotic entry. 

Additionally, certain combinations can promote the 

intracellular accumulation of antibiotics, allowing for 

higher concentrations within bacteria and better 

eradication of intracellular pathogens.11 

Another important aspect of antibiotic synergy is its 

potential to inhibit antibiotic resistance mechanisms 

employed by bacteria.12 Some combinations can act 

synergistically to inhibit efflux pumps or enzymes 

responsible for antibiotic degradation or modification. By 

simultaneously targeting these resistance mechanisms, 

antibiotic synergy can overcome or delay the 

development of resistance, making it a valuable strategy 

for combating MDRB. Moreover, antibiotic synergy can 

play a critical role in addressing biofilm-associated 

infections.13 Biofilms, complex communities of bacteria 

encased in a self-produced matrix, are notoriously 

resistant to antibiotic treatment. By combining antibiotics 

with complementary actions, such as agents that disrupt 

biofilm architecture or enhance antibiotic penetration 

through the matrix, antibiotic synergy can effectively 

target and eradicate biofilm-associated pathogens. 

Combining antibiotics that target different cellular 

processes can disrupt multiple pathways in bacteria, 

leading to enhanced bacterial killing.14 Bacteria possess 

various cellular processes that are essential for their 

survival and growth, such as cell wall synthesis, protein 

synthesis, DNA replication, and metabolism.15,16 When 

different antibiotics with distinct mechanisms of action 

are used together, they can simultaneously interfere with 

multiple cellular processes, causing a more significant 

disruption to bacterial homeostasis and increasing the 

likelihood of bacterial killing. This synergy occurs 
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because the combined effects of the antibiotics exceed the 

additive effects of each drug alone, leading to enhanced 

bacterial eradication. Certain antibiotic combinations can 

enhance penetration into bacterial cells or promote 

intracellular accumulation, improving their effectiveness 

against resistant bacteria.10 Some bacteria employ 

mechanisms to limit antibiotic entry into their cells, such 

as reducing the permeability of their cell membranes or 

activating efflux pumps that actively remove antibiotics 

from the cell. By combining antibiotics that have different 

cell entry mechanisms or that can bypass these resistance 

mechanisms, the overall penetration into bacterial cells 

can be improved.17 For example, one antibiotic may 

disrupt the cell membrane, allowing easier entry for 

another antibiotic that targets intracellular processes. This 

enhanced penetration ensures greater exposure of the 

bacteria to the antibiotics, increasing their efficacy 

against resistant strains. 

Synergistic combinations can also inhibit resistance 

mechanisms employed by bacteria, such as efflux pumps 

or enzymatic inactivation, thereby overcoming 

resistance.18 Efflux pumps are cellular transporters that 

actively pump antibiotics out of the bacterial cell, 

reducing their intracellular concentrations and rendering 

them less effective. Some antibiotic combinations can 

inhibit or block these efflux pumps, preventing the 

expulsion of the drugs and allowing for higher 

intracellular concentrations.19 Similarly, certain 

combinations can inhibit enzymatic inactivation of 

antibiotics by bacterial enzymes, preserving the activity 

of the drugs and overcoming resistance mechanisms.20 

Antibiotic synergy is particularly valuable in combating 

biofilm-associated infections. Biofilms are complex 

communities of bacteria embedded within a self-produced 

matrix, making them highly resistant to antibiotic 

treatment.21 Synergistic combinations can target different 

stages of biofilm formation, disrupting the attachment of 

bacteria to surfaces, inhibiting matrix production, or 

enhancing the penetration of antibiotics through the 

biofilm matrix.22 By addressing multiple aspects of 

biofilm formation and stability, antibiotic synergy can 

effectively target and eradicate biofilm-associated 

pathogens that are notoriously difficult to eliminate using 

monotherapy. 

Checkerboard and microdilution assays are commonly 

used to determine the interaction between antibiotics and 

assess their synergistic effects.23-25 In these assays, 

different concentrations of two or more antibiotics are 

combined in a matrix format, with varying concentrations 

of each antibiotic along the rows and columns. Bacterial 

cultures are then added to each well, and the growth 

inhibition or bacterial killing is measured. The 

combination effect is determined by comparing the 

growth inhibition of the combination with the expected 

additive effect of the individual antibiotics. Synergy is 

observed when the combination effect is greater than the 

sum of the effects of the individual antibiotics. 

Time-kill assays provide insights into the bactericidal 

activity of antibiotic combinations over time, helping to 

identify synergy.25 In these assays, bacteria are exposed to 

antibiotics either alone or in combination, and samples 

are taken at specific time points to measure bacterial 

viability. The reduction in bacterial colony-forming units 

(CFUs) over time is evaluated, allowing the 

determination of the bactericidal activity of the 

antibiotics. Synergy is observed when the combination 

demonstrates a more rapid and significant reduction in 

bacterial CFUs compared to the individual antibiotics. 

The E-test and gradient diffusion methods enable the 

determination of antibiotic concentration gradients to 

identify optimal synergistic combinations.25,26 In the E-

test, an antibiotic gradient strip containing a predefined 

concentration range is placed on an agar plate inoculated 

with bacteria. As the antibiotic diffuses from the strip into 

the agar, a concentration gradient is established. The 

point of intersection between the elliptical inhibition zone 

and the strip corresponds to the minimal inhibitory 

concentration (MIC). By placing two or more E-test strips 

on the same plate, different combinations of antibiotics 

can be evaluated to determine the optimal concentration 

gradient for synergistic effects. 

High-throughput screening techniques, such as robotic 

systems or automated platforms, allow for the rapid 

screening of numerous antibiotic combinations to identify 

synergistic interactions.27 These techniques employ 

microtiter plates with a large number of wells, each 

containing a different antibiotic combination. The growth 

or viability of bacteria is assessed using automated 

imaging or measurement systems. By systematically 

testing a vast array of combinations, high-throughput 

screening enables the identification of potential 

synergistic interactions and the optimization of antibiotic 

combinations for enhanced efficacy against MDRB. 

Antibiotic synergy has the potential to broaden the range 

of bacterial species or infections that can be effectively 

treated, including those caused by multidrug-resistant 

pathogens.18 By combining antibiotics with different 

mechanisms of action, the synergistic effect can 

overcome resistance mechanisms that a single antibiotic 

might not be able to tackle alone. This expanded coverage 

is particularly crucial in the context of MDRB, where 

conventional antibiotics may be ineffective due to the 

presence of multiple resistance mechanisms. Antibiotic 

synergy offers the opportunity to target these pathogens 

using combinations that can inhibit or bypass these 

resistance mechanisms, thereby improving treatment 

outcomes. 

Combining antibiotics with different mechanisms of 

action can also enable dose reduction, minimizing 

individual drug toxicity and associated side effects.28 In 

some cases, synergistic combinations allow for lower 

concentrations of each individual antibiotic to be used 

while achieving the desired therapeutic effect. This dose 
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reduction can help mitigate the toxicity and side effects 

associated with high antibiotic doses. By combining 

antibiotics that act through different pathways, the overall 

effectiveness can be enhanced, allowing for lower 

individual doses and reducing the risk of adverse 

reactions. 

Despite the potential benefits of antibiotic synergy, 

several challenges must be addressed to ensure its 

effective and safe implementation. One concern is the risk 

of increased antibiotic resistance development.29 The use 

of combination therapy may exert selective pressure on 

bacteria, potentially leading to the emergence of 

resistance to both antibiotics simultaneously. Close 

monitoring and surveillance of resistance patterns are 

essential to identify any emergence of resistance and 

adjust treatment strategies accordingly. 

Another challenge is the potential for drug interactions 

when combining multiple antibiotics. Some combinations 

may exhibit antagonistic interactions, where the 

combined effect is less than the sum of the individual 

effects.30 Additionally, drug interactions can lead to 

increased toxicity or reduced efficacy. Careful 

consideration and evaluation of potential drug 

interactions are necessary when designing antibiotic 

synergy regimens. 

Methicillin-resistant Staphylococcus aureus (MRSA) is a 

well-known multidrug-resistant pathogen associated with 

a range of infections, including skin and soft tissue 

infections, pneumonia, and bloodstream infections.31 

Antibiotic synergy has been explored as an approach to 

enhancing the effectiveness of treatment against MRSA. 

Several studies have demonstrated successful applications 

of antibiotic synergy in combating MRSA infections.32-35 

One example of antibiotic synergy against MRSA 

involves the combination of a β-lactam antibiotic, such as 

oxacillin or cefoxitin, with an inhibitor of cell wall 

synthesis, such as a β-lactamase inhibitor like clavulanic 

acid or tazobactam.36 MRSA strains often produce β-

lactamases, enzymes that inactivate β-lactam antibiotics. 

By combining a β-lactam antibiotic with a β-lactamase 

inhibitor, the activity of the β-lactamase is blocked, 

allowing the β-lactam antibiotic to exert its bactericidal 

effects effectively. This synergy has been observed in 

vitro and in animal models, demonstrating enhanced 

killing of MRSA and improved treatment outcomes. 

Another example of antibiotic synergy in MRSA involves 

the combination of a β-lactam antibiotic with a non-β-

lactam antibiotic, such as a fluoroquinolone or an 

aminoglycoside.37 This combination targets different 

cellular processes, such as cell wall synthesis and protein 

synthesis, leading to synergistic bactericidal effects 

against MRSA. Studies have shown that these 

combinations exhibit enhanced killing of MRSA 

compared to monotherapy with either antibiotic alone. 

Extended spectrum β-lactamase producing 

Enterobacteriaceae (ESBL) are MDRB that produce 

enzymes called extended-spectrum β-lactamases, which 

confer resistance to a broad range of β-lactam antibiotics, 

including penicillins and cephalosporins.38 Antibiotic 

synergy has shown promise in overcoming resistance in 

ESBL-producing Enterobacteriaceae. One example of 

antibiotic synergy against ESBL-producing 

Enterobacteriaceae involves combining a β-lactam 

antibiotic, such as ceftazidime or cefepime, with a β-

lactamase inhibitor, such as avibactam or tazobactam.39 

The β-lactamase inhibitor prevents the inactivation of the 

β-lactam antibiotic, allowing it to exert its antimicrobial 

activity effectively. This combination has demonstrated 

enhanced activity against ESBL-producing 

Enterobacteriaceae in vitro and in clinical studies, 

providing an effective treatment option for infections 

caused by these multidrug-resistant pathogens. 

Overall, these studies illustrate the successful applications 

of antibiotic synergy in combating MDRB such as MRSA 

and ESBL-producing Enterobacteriaceae. By combining 

antibiotics with different mechanisms of action, the 

synergistic effect can overcome resistance mechanisms 

and enhance treatment outcomes. These findings 

highlight the potential of antibiotic synergy as a valuable 

strategy in the fight against multidrug-resistant pathogens. 

CONCLUSION 

Antibiotic synergy offers a promising approach to 

combating MDRB. By targeting different cellular 

processes, enhancing penetration, inhibiting resistance 

mechanisms, and addressing biofilm-associated 

infections, antibiotic synergy has shown efficacy against 

pathogens such as MRSA and ESBL-producing 

Enterobacteriaceae. However, cautious implementation is 

necessary due to the risk of increased antibiotic resistance 

and potential drug interactions. Close monitoring, 

surveillance of resistance patterns, and evaluation of drug 

interactions are essential. With further research, antibiotic 

synergy has the potential to revolutionize treatment 

outcomes and contribute to the global fight against 

antimicrobial resistance. 
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