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Abstract  

It was thought that bacterial illnesses would go extinct with the development of antibiotics. Instead, 

it caused microorganisms with defence mechanisms against antibiotics to be selected for and evolve. 

Antibiotic efflux is a key process by which bacteria use unique transporter proteins known as efflux 

pumps to pump antibiotics out of their cellular interior and into the surrounding environment. Given 

the scarcity of new antibiotics, inhibiting these pumps appears to be a desirable tactic. Efflux pump 

inhibitors (EPIs) are molecules that have the potential to block these pumps. They are being 

considered as possible therapeutic agents that could reactivate antibiotics that have lost their 

effectiveness against bacterial diseases. EPIs are characterised by their general efflux inhibition 

methods. 

 

Graphical abstract  

 

 
 

Keywords: Antibiotics, efflux pumps, multiple drug resistance, pathogens, therapeutics 

 

https://jptcp.com/index.php/jptcp/issue/view/79
mailto:balram.micro@aiimsrishikesh.edu.in


Efflux Pump Inhibitors: Paving The Way From Research Bench To Bedside Battle Against Bacterial Pathogens 

 

Vol.30 No.16 (2023): JPTCP (905-922)  Page | 906 

Introduction  

The early 20th century saw the discovery of penicillin and streptomycin, ushering in the antibiotic 

age in which previously thought to be fatal bacterial illnesses could be readily treated. The "golden 

age" of antibiotic discovery occurred in the middle of the 20th century, as about half of the drugs 

currently in use were found during that time [1]. However, the widespread unnecessary, mishandling, 

and abuse of antibiotics hastened bacterial evolution and conduct to the selection of microorganisms 

resistant to antibiotics [2]. According to estimates from the USA's Centres for Disease Control and 

Prevention (CDC), over 30% of antibiotic prescriptions for outpatients are superfluous [3]. The issue 

has also been made worse by the careless application of broad-spectrum antibiotics as growth 

promoters in animal agriculture. The fact that about two million people in the United States suffer 

from hospital-acquired illnesses caused by drug-resistant germs, which result in approximately 

100,000 deaths, illustrates the seriousness of the condition [4]. Calculation on medical expense per 

patient with antibiotic-resistant illnesses vary from $18,588 to $29,069 which ultimately equates to a 

healthcare loss as high as $20 billion and a productivity loss of $35 billion every year [5]. Poor 

hygienic, health, and medical conditions are common in economically disadvantaged countries, 

where the condition is significantly worse. The prevalence of microbes that are resistant to multiple 

drugs, including multidrug-resistant (MDR), extensively drug-resistant (XDR) and pan-drug-resistant 

(PDR) strains, has increased. This has led to the possibility of a "post-antibiotic era," in which 

antibiotics will no longer be effective and common infections could become fatal [6]. The UN General 

Assembly acknowledged the grave threat this situation poses and created a framework for 

international cooperation in the fight against antimicrobial resistance [7]. Four main mechanisms 

(Fig. 1) are used by bacteria to develop resistance to antibiotics: (i) changing cellular permeability to 

prevent antibiotics from entering the cells; (ii) changing the antibiotics' molecular targets so they can 

no longer act on them; (iii) enzymatically altering the antibiotics to render them inactive; and (iv) 

expressing efflux pumps to remove antibiotics from the cellular milieu [8]. These resistance-causing 

variables may be acquired through different processes or they may be innate. Drug resistance has 

spread to a broad range of bacterial genera and geographical places due to the availability of resistance 

determinants on mobile genetic components like plasmids and transposons as well as the unrestricted 

mobility of human carriers. The goal of the research project, which was originally limited to finding 

new antibiotics, has expanded to include studying how resistance develops and developing 

countermeasures. This review addresses the advancements made thus far in blocking these resistance 

determinants, with a particular emphasis on the efflux pumps, one of the sources of antibiotic 

resistance. 

 

 
Fig.1 The four main processes by which bacterial cells acquire multiple drug resistance are as 

follows: (i) changing permeability to prevent antibiotics from entering the cells; (ii) changing the 

targets of the antibiotics so that they can no longer act on them; (iii) enzymatically changing the 

antibiotics to make them inactive; and (iv) expressing efflux pumps to remove antibiotics from the 

interior of the cell. 
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The role of bacterial efflux systems in predicting multidrug resistance  

Bacterial transport proteins called efflux pumps are involved in the extrusion of substrates from inside 

cells into the surrounding environment. These substrates frequently contain antibiotics, which provide 

an antibiotic resistance phenotype on the bacteria that express the efflux pump [9]. Since the discovery 

of the first drug-resistant efflux pump in the 1990s, advances in molecular microbiology have allowed 

for the characterization of numerous efflux pumps in both Gram-positive (GPB) and Gram-negative 

(GNB) bacteria, including Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae, 

Stenotrophomonas maltophilia, Campylobacter jejuni, Pseudomonas aeruginosa, Neisseria 

gonorrhoeae, Vibrio cholerae, and Salmonella spp. [10,11]. These efflux pumps rely on energy 

because they move substrates against a gradient in concentration. Generally speaking, there are two 

types of efflux pumps based on the process by which they obtain this energy. While the secondary 

efflux pumps obtain their energy from chemical gradients created by protons or ions like sodium, the 

primary efflux pumps derive their energy from the active hydrolysis of ATP. Prokaryotes have been 

found to have five major families of efflux pumps (Fig. 2): (i) primary active transporters, the ATP 

binding cassette (ABC) family; (ii) small multidrug resistance family; (iii) multidrug and toxin 

extrusion (MATE) family; (iv) major facilitator superfamily (MFS); and (v) resistance nodulation 

cell division (RND) family. All of these families are secondary active transporters [12]. These pump 

proteins' intricate organisation has shed light on their structure and the molecular process behind 

substrate transport. The efflux pumps in GNB are more complex because of their multi-layered cell 

envelop: the inner, or cytoplasmic, membrane and the outer membrane, which are separated by the 

periplasmic space and combine to form a tripartite protein channel through which the drug is effluxed. 

In contrast, the drug resistance in GPB is primarily mediated by efflux transporters located in the 

cytoplasmic membrane. Tripartite in structure, RND family efflux pumps are the primary cause of 

intrinsic antibiotic resistance in GNB, which eliminates a wide range of antibiotics and biocides such 

as fluoroquinolones, β-lactams, tetracycline, and linezolid. Nonetheless, MFS transporters, such as 

NorA of S. aureus, PmrA of S. pneumoniae, and EmeA of E. faecalis, are prevalent in GPB and 

extrude a wide variety of antibiotics from various classes [10,11].  

 

 
Fig.2 The five categories of bacterial efflux pumps, (i) ATP-binding cassette superfamily, (ii) major 

facilitator superfamily, (iii) multidrug and toxic compound extrusion family, (iv) small multidrug 

resistance family, and (v) resistance nodulation division family. The arrangement of these efflux 

pumps varies between bacteria that are Gram-positive and those that are Gram-negative. 

  

Efflux pumps are more frequently intrinsic than most other resistance determinants. Both sensitive 

and resistant bacteria include the genes encoding for these transporters [13]. These genes are 

frequently components of an operon whose transcriptional regulation controls its expression. Drug 

resistance is the consequence of the hyperexpression of these efflux pumps caused by mutations in 

the regulatory proteins or in the promoters [13]. Bacterial efflux systems are classified as MDR efflux 

pumps if they are able to pump out multiple classes of antibiotics, such as MexAB-OprM, NorA, and 

BmrA, which extrude distinct classes of antibiotics, disinfectants, dyes, and detergents. Alternatively, 

they can be specific, extruding only one or a single class of antibiotics (e.g., TetA and AbaF, which 

https://jptcp.com/index.php/jptcp/issue/view/79


Efflux Pump Inhibitors: Paving The Way From Research Bench To Bedside Battle Against Bacterial Pathogens 

 

Vol.30 No.16 (2023): JPTCP (905-922)  Page | 908 

selectively exclude specific antibiotics, such as tetracycline and fosfomycin, respectively) [14]. While 

some MDR efflux pumps are encoded on plasmids (QacA/B of S. aureus) or transposons (MefA and 

MefB of Streptococcus spp.) that provide the transferable mode of resistance, the majority of MDR 

efflux pumps are chromosomally encoded, including NorA, NorB, MepA, and MdeA of S. aureus 

that are responsible for intrinsic resistance in bacteria to several antibiotics [15,16]. The physiological 

function of efflux pumps in bacteria goes beyond drug resistance and includes bile tolerance in enteric 

bacteria, which promotes colonisation, pathogenicity, biofilm production, and bacterial survival in 

the host [17].  

 

Efflux pump inhibitors: novel drugs for treatment  

It is reasonable to assume that avoiding these resistance factors may enhance the effectiveness of 

substrate antibiotics, given the role efflux plays in mediating antibiotic resistance. Redesigning 

antibiotics that are no longer recognised as substrates, (ii) downregulating the expression of efflux 

pump genes by interfering with genetic regulation, (iii) inhibiting the assembly of functional efflux 

pumps, (iv) blocking the pump to prevent substrate binding to the active site, and (v) collapsing the 

energy mechanism responsible for energising these pumps are some methods to achieve the 

elimination of efflux [18]. This review primarily concentrates on the final two groups, which make 

use of substances known as efflux pump inhibitors (EPIs) in an effort to block the efflux pumps. EPIs 

are the compounds that, through one or more methods, block efflux pumps, resulting in inactive drug 

transport. The effective accumulation of an antibiotic within the cell may result from this, hence these 

EPIs can be employed in conjunction with antibiotics as adjuncts to increase the antibiotics' efficacy 

against bacteria that produce efflux pumps. Since the turn of the century, there has been research 

being done on the potential use of EPIs to revive the activity of antibiotics. The first peptidomimetic 

EPI to be found was MC-207,110 [phenylalanyl arginyl β-naphthylamide (PAβN)], which was 

identified in 2001. It increases the antibacterial efficacy of erythromycin and levofloxacin against 

clinical isolates of P. aeruginosa that overexpress MexAB-OprM [19]. But there hasn't been much of 

a commercial success, with no EPI reaching that stage yet. A chemical entity seeking to become an 

approved EPI would need to pass a rigorous checklist. The chemical must not be inherently 

antibacterial first. The selection of mutants resistant to an antibacterial molecule's effect would 

ultimately have a negative impact on the molecule's usefulness as an EPI. Secondly, the chemical 

ought to be able to selectively block any eukaryotic efflux pump. Because efflux pumps are found in 

many different types of organisms and share many fundamental functions, it can be challenging to 

selectively inhibit bacterial efflux pumps. Thirdly, it should have the best possible pharmacological 

characteristics, including serum stability, good ADMET (Absorption, Distribution, Metabolism, 

Excretion and Toxicity) profile, high therapeutic and safety indices, and non-toxicity. Lastly, the 

manufacture of the EPI needs to be economically viable in order to succeed commercially [18].  

 

Types of EPIs according to mechanism of action 

As therapeutic adjuvants, EPIs have demonstrated good potential in laboratory settings. Despite the 

fact that numerous EPIs with various mechanisms of action have been documented, these can be 

generally divided into two categories: 

 

Energy dissipation  

Since cellular energy is required for efflux pumps to function, separating energy from efflux activity 

offers an intriguing method of inhibiting efflux. Many EPIs have been explored targeting the proton 

gradient or the ATPase that powers these pumps. The efflux pump itself does not need to directly 

interact with the inhibitor in such an inhibition scheme. Given that numerous efflux pumps rely on 

the proton gradient, this strategy seems to be beneficial as it provides a universal means of blocking 

them. Most people are probably familiar with carbonyl cyanide-m-chlorophenylhydrazone (CCCP), 

a type of laboratory EPI. It is an ionophore that modifies both of the proton motive force's (PMF) 

components, Δψ and ΔpH [20], to cause disruption. This renders the bacterial cells metabolically 

inactive as well, sparking a discussion about whether the synergistic impact of CCCP with other 
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antibiotics is due to the cells' metabolic inactivity or the inactivity of the efflux pump. It has been 

documented that the CCCP restores tetracycline action in Helicobacter pylori and Klebsiella species 

[21,22]. It has also been shown that carbapenems and CCCP work in concert, independently of 

CCCP's efflux inhibition function. This finding lends credence to the earlier theory that CCCP causes 

cells to become metabolically inactive, which in turn produces antibiotics that work in concert with 

it [23]. This, together with its inherent toxicity to mammalian cells, has prevented CCCP from being 

used outside of laboratories.  

 

Inhibition by direct binding  

The binding of EPIs to functional efflux pumps, which reduces the pumps' capacity to interact with 

their substrates, is another way of efflux pump inhibition. This binding may be non-competitive, in 

which the binding of EPI to the pump results in a decrease in the affinity of the pump towards its 

substrates, or competitive, in which the EPI and the substrates compete for the same binding site. But 

bacteria can always change the target sites of these inhibitors by mutating their efflux pumps, which 

makes them ineffective. Screened from a synthetic library as a potentiator of levofloxacin against P. 

aeruginosa cells expressing MexAB, MexCD, and MexEF pumps, PAβN (or MC-207,110) is a 

paradigm in synthetic EPIs as it was the first inhibitor of the RND family pumps. Additionally, this 

molecule potentiates erythromycin and chloramphenicol [19]. It functions as a competitive inhibitor 

of substrate binding and efflux since it is also a substrate for the RND pumps. Combining PAβN with 

tetracycline and carbenicillin does not increase its effectiveness, which suggests that the binding sites 

of these antibiotics are not the same as PAβN's. The exact mechanism of action of PAβN is not well 

understood by science, although computational simulations using AcrB have suggested that it 

interacts with residues F135, F178, F615, F628, Q176, and E673 [24]. Further research is necessary 

to make a firm claim, even if there is some indication that it also influences the permeability of the 

outer membrane [19]. Verapamil is a medication used to treat hypertension that functions as an ion 

channel blocker. Verapamil has been demonstrated in studies involving Mycobacterium tuberculosis 

to enhance the effects of ofloxacin and bedaquiline [25, 26]. Verapamil has been found in additional 

research to impair MATE pump activity. Its low level of toxicity to bacterial cells that do not contain 

MATE efflux pumps suggests that it selectively inhibits bacteria that express these pumps through a 

competitive mechanism. Verapamil binds to the active site of MATE efflux pumps similarly to the 

pump's substrates, as verified by crystallisation experiments. Verapamil had distinct interactions with 

the two prototype MATE pumps, NorM and DinF, but overall, the inhibition of pump activity was 

the same [27]. 1-(1-napthylmethyl)-piperazine (NMP), another molecule that falls under this 

category, was created by deriving from a parent molecule that was filtered out of a synthetic 

compound library [28]. Potentiators of levofloxacin in E. coli cells overexpressing the efflux pumps 

AcrAB and AcrEF were evaluated in the library. Levofloxacin accumulated more in the cells as a 

result of NMP, which boosted its action. Additionally, it was discovered that NMP diminished the 

effects of fluoroquinolones, azithromycin, clindamycin, nitrofurantoin, and doxycycline while 

amplifying oxacillin, rifampin, chloramphenicol, and clarithromycin [28]. Error-prone PCR 

mutagenesis produced AcrB mutants that were resistant to NMP's potentiating action. As a 

consequence, the core residues G141, N282, and F610 were discovered, which are essential for NMP 

binding. NMP binds with the F610 residue in AcrB, changing its conformation and causing non-

competitive inhibition [29]. The chemical may also have a secondary target because it also exhibits 

antibacterial activity at a concentration four times greater than that of an EPI. 

 

Types of EPIs based on their origin  

While a large number of compounds have demonstrated potential as EPIs, most of them have 

unknown mechanisms of action. As a result, it becomes challenging to include these compounds in a 

classification system that takes into account their method of action. EPIs without a clear mode of 

action can be accommodated by classifying them according to their source. This gives rise to three 

general groups of EPIs: those originating from microbes, synthetic chemicals, and plant products. 
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Plant-derived EPIs  

A vast range of chemical adjuvants found in plants called phytochemicals can work in concert to 

increase an antibiotic's potency by multiple orders of magnitude [30]. The following is a list of 

significant subclasses of EPIs generated from plants: 

 

Plant alkaloids: Rauwolfia serpentina roots are the source of the antipsychotic medication resperine, 

a potential EPI that inhibits the efflux pumps of the MFS and RND superfamily [30]. By directly 

interacting with amino acid residues in the efflux transporter protein Bmr, which causes tetracycline 

efflux in B. subtilis, serpine is believed to enhance the antibacterial action of antibiotics. Furthermore, 

it has been demonstrated that reserpine reverses NorA-mediated resistance in S. aureus by up to four 

times the activity of norfloxacin [31]. However, because reserpine is nephrotoxic, its practical 

application with commonly used antibiotics has not yet been accomplished [32]. Another alkaloid 

that inhibits the human P-glycoprotein of ABC transporters through cytochrome P450-mediated 

pathways is piperine, which is extracted from Piper nigram. Both piperine and its derivative 

piperidine have been shown to have efflux pump inhibitory action against pathogenic bacteria, such 

as S. aureus and Mycobacteria spp.[33]. According to a study done on S. aureus, piperine increases 

ciprofloxacin accumulation by blocking the NorA efflux pump. Piperine has been found to increase 

the action of rifampicin in M. tuberculosis H37Rv and numerous clinical isolates by blocking an 

uncharacterized efflux pump, Rv1258c. It has been demonstrated that piperine reduces the MIC of 

ethidium bromide in Mycobacterium smegmatis, suggesting that it can be used as an EPI in a variety 

of bacterial genera [34].  

Flavonoids: Isolated from thyme leaves (Thymus vulgaris), baicalein, a 5,6,7-trihydroflavone, 

exhibits mild antibacterial properties. It increases the clinical MRSA strain's resistance to oxacillin, 

cefmetazole, ampicillin, and ciprofloxacin, as well as other β-lactam antibiotics [35, 36]. By 

preventing the uptake of [3H] tetracycline, baicalein is also reported to boost the efficacy of 

tetracycline in TetK-overexpressing Staphylococci [36]. By blocking this proton pump, 5'-methoxy-

hydnocarpin, a flavolignan that was isolated from Berberis fremontii, has been shown to increase the 

effectiveness of a number of NorA substrates, such as norfloxacin and berberine. However, there is 

question about its clinical success due to its poisonous nature [37]. By inhibiting the MDR efflux 

pumps, genistein, orobol, and biochanin A—some of the other plant-derived isoflavones that were 

separated from Lupinus argenteus—have been shown to lower the MIC of berberine and norfloxacin 

in clinical S. aureus and M. smegmatis [38].  

Polyphenols: It has been reported that a class of phenolic metabolites called catechin gallates can 

reverse the MRSA resistance. The NorA efflux pump is weakly inhibited by catechin gallates, with 

epicatechin gallate being somewhat more effective than epigallocatechin gallate. It's interesting to 

note that both substances have been shown to increase efflux at low concentrations [39]. It has been 

suggested that these molecules interact to the NorA efflux transporter through two distinct sites with 

varying affinities. Catechins occupy high-affinity binding sites at low concentrations, which increases 

NorA substrate outflow. They only show an effect as an EPI at larger concentrations. Additionally, it 

has been observed that epigallocatechin gallate increases the effectiveness of ciprofloxacin, 

erythromycin, and tetracycline in TetK-overexpressing Gram-positive Staphylococci and Gram-

negative Campylobacter spp. However, more in vivo and pre-clinical research were not conducted 

because of associated toxicity concerns [40].  

Phenolic diterpenes: It has been reported that phenolic diterpenes, including carnosic acid and 

carnosol, which were isolated from the plant rosemary (Rosmarinus officinalis), are EPIs. These 

increase the effectiveness of antibiotics like erythromycin and tetracycline against macrolide-resistant 

strains of S. aureus that exhibit TetK efflux pumps [41] and the ABC transporter MsrA. It has also 

been reported that geraniol, a monoterpenoid alcohol derived from Helichrysum italicum, modifies 

drug resistance in a number of GNB species by focusing on MDR efflux pathways. When the 

Enterobacter aerogenes CM-64 strain overexpresses the tripartite efflux pump AcrAB-TolC [42], it 

lowers the minimum inhibitory concentration (MIC) of chloramphenicol.  
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Synthetically derived EPIs 

In addition to naturally occurring plant-derived compounds, one helpful method for identifying 

possible EPIs is the screening of innovative semi-synthetic or synthetic diverse chemical libraries. 

Numerous screening attempts have produced results, but with differing degrees of success. These 

artificial small molecule EPIs fall into the following further categories: 

Peptidomimetic compounds: One of the first EPIs identified using a chemical genetics approach was 

the dipeptide amide molecule PAβN. By blocking RND efflux pumps, it has been shown to enhance 

the effects of several antibiotics, such as macrolides, fluoroquinolones, and chloramphenicol, in GNB 

[19,24]. However, because it was poisonous to mammalian cells, its clinical potential was limited. 

Despite the evaluation of some synthetic derivatives with various basic qualities like improved 

solubility, increased stability, and decreased toxicity, none of the active analogues were able to 

considerably lessen the disadvantage of the parent molecule. Therefore, PAβN and its new derivatives 

can only be used as standards in the lab to measure the amount of antibiotic-specific inhibitor-

sensitive efflux in different bacterial pathogens [43]. 

Quinoline derivatives: Using a variety of screening techniques against clinical MDR bacterial strains, 

this new family of chemicals was found. By functioning as a competitive inhibitor of the AcrAB-

TolC efflux pump in E. aerogenes overexpressing it, quinoline derivatives such pyridoquinolones can 

reinstate the activity of norfloxacin [44]. In clinical isolates of K. pneumoniae and E. aerogenes [45], 

it has also been shown that certain additional synthetic analogues, such as 4-substituted thioalkyl, 

alkylamino, and alkoxy quinolone, increase the action of tetracyclines, norfloxacin, and 

chloramphenicol. By altering the flavone scaffold, a number of 2-phenyl-4 (1H)-quinolone and 2-

phenyl-4-hydroxyquinoline derivatives have been produced, and these have been shown to be 

effective NorA efflux pump inhibitors in S. aureus [46]. 

Arylpiperidines and derivatives of aryl piperazine: It has been observed that arylpiperidine and its 

derivatives, such as 3-arylpiperidine, improve linezolid accumulation in E. coli [47] and restore 

susceptibility to the drug. Phenylpiperidines, a different class of analogues, are known to selectively 

block serotonin reuptake, which in turn prevents S. aureus MDR efflux pumps from functioning. 

These substances also have a little impact on the AcrAB-TolC pump activity in E. Coli, but they have 

no effect on the efflux activity of the RND efflux pumps in P. aeruginosa, such as MexAB-OprM or 

MexCD-OprJ [48]. It has been demonstrated that NMP, one of the most well-known arylpiperazine 

compounds, can reinstate the activity of RND pump substrates, such as levofloxacin and EtBr, in E. 

coli strains that overexpress AcrAB and AcrEF. However, arylpiperazines' ability to impede serotonin 

reuptake means that these substances are probably hazardous to mammalian cells [28]. 

Pyridopyrimidine and pyranopyridine derivatives: In P. aeruginosa that overexpresses MexAB, 

pyridopyrimidine analogues D2 and D13-9001 have been shown to be MexAB-specific pump 

inhibitors in both in vitro and in vivo settings [49]. It has been suggested that D13-9001 binds to a 

particular location on efflux pumps (AcrB in E. coli and MexB in P. aeruginosa) to block the efflux 

of antibiotics. The hydrophobic tert-butyl thiazolyl aminocarboxyl moiety of D13-9001 reportedly 

binds securely to the hydrophobic trap in the deep substrate binding pocket of the pump, preventing 

conformational changes that are necessary for the pump's appropriate operation, according to 

additional crystallographic studies. Furthermore, it has been shown that the hydrophilic component 

of D13-9001 interacts with the pump's substrate binding channel, blocking substrate binding to the 

pumps [43]. From a library of small compounds, the synthetic pyrazolopyridine MBX2319 was tested 

as a fluoroquinolone antibiotic potentiator. It upregulates the effectiveness of piperacillin, 

levofloxacin, and ciprofloxacin against E. Coli AB1157 [29]. Moreover, MBX2319 caused AcrAB-

TolC-overexpressing E. coli [29] and wild type E. coli to accumulate more Hoechst dye 

intracellularly. According to a thorough X-ray crystallographic analysis, MBX2319 interacts with the 

AcrB pump's hydrophobic trap through a ring stacking contact with the amino acid residues [43,52] 

that is anticipated to occur on the pyridine ring. Furthermore, a large number of synthetic and 

semisynthetic compounds that primarily target the MDR efflux pump of both GPB and GNB have 

been intentionally synthesised (Table). 
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   List of efflux pump inhibitors from various sources   

 
Bacterial Strain  EPIs  Substrate  Target efflux pump  Refer

ences  

Streptococcus aureus, 

Pseudomonas 
aeruginosa 

Pheophorbide A Berberine, 

ciprofloxacin 

NorA, MexAB-OprM 50 

S. aureus  5′-MHC Berberine NorA 37,38 

S. aureus Carnosic acid Erythromycin MsrA 41 

S. aureus Carnosol Tetracycline MsrA, TetK 41 

Salmonella 
Typhimurium 

Cathinone Ciprofloxacin  acrAB-TolC 51,52 

S. Typhimurium, 

Klebsiella 
pneumoniae 

Theobromine Ciprofloxacin, 

tetracycline acrAB-TolC 

51 

Mycobacterium spp. Reserpine Ciprofloxacin, 

ofloxacin 

ABC: Rv2936-Rv2937- 

Rv2938 (DrrABC) Rv0933 

(PstB) Rv2686c-Rv2687c-

Rv2688c RND: Rv0678, 

Rv1145, Rv1146, Rv2942 

(mmpL7) MFS: Rv1410c 
(P55), Rv1877 Rv2846c SMR: 

Rv3065 (mmr) 

53 

S. aureus 4’,5’- O-dicaffeoylquinic acid 
Berberine, 
norfloxacin 

NorA 54 

S. aureus Curcumin 
Norfloxacin, 

ciprofloxacin 
NorA 55 

S. aureus Kaempferol 
Norfloxacin, 
ciprofloxacin 

NorA 56 

S. aureus N-trans-feruloyl 4’- O-methyldopamine 
Norfloxacin, 

ciprofloxacin 
NorA 57 

S. aureus Silibinin Norfloxacin NorA 49 

S. aureus Genistein, Isoflavone Berberine NorA 38 

Escherichia coli Artesunate 

Penicillin G; 

ampicillin, cefazolin, 

cefuroxime, 

cefoperazone 

AcrAB-TolC 58 

S. aureus Orizabins 
Norfloxacin, 

berberine 
NorA 49 

S. aureus 
Resin glycosides (Orizabins IX, 
Murucoidins, Stoloniferin) 

Norfloxacin, 
ciprofloxacin 

NorA 59 

S. aureus Citropten and furocoumarins 
Norfloxacin, 

ciprofloxacin 
NorA, ErmA, ErmB 60 

S. aureus Coumarins 
Norfloxacin, 
ciprofloxacin 

NorA 61 

S. aureus Crysoplenol and Crysoplenetin 
Berberine, 

norfloxacin 
NorA 62 

S. aureus Diosmetin 
Erythromycin, 
norfloxacin 

MsrA, NorA 63 

S. aureus Murucoidins Norfloxacin NorA 59 

S. aureus Chrysosplenol-D Berberine NorA 62 

Mycobacterium spp. Phenylpropanoid Et-Br 
Rv1145, Rv1146 Rv1877, 
Rv2846c Rv3065(mmr) 

64 

S. aureus Compound 1 Norfloxacin NorA 65 

Staphylococcus 

epidermidis 
Essential oils (Salvia species) Tetracycline Tet (K) 66 

Mycobacterium spp. Spectinamides 
Clarithromycin, 
Doxycycline and 

Clindamycin 

Rv1258c 67 

S. aureus, 

Mycobacterium spp. 
Diterpenes (ferruginol) 

Tetracycline, 
erythromycin, 

norfloxacin isoniazid 

MsrA, TetK, NorA 68 

S. aureus, 
Mycobacterium spp. 

Totarol 
Erythromycin, 
isoniazid 

MsrA, TetK 69 

S. aureus Boeravinone B 
Norfloxacin, 

ciprofloxacin 
NorA 70 

S. aureus α-Terpinene Tetracycline TetK 71 

S. aureus Biochanin A 
Berberine, 
norfloxacin 

NorA 38 

S. aureus Cumin seed oil, cuminaldehyde Et-Br LmrS 72 

S. aureus 
Epigallocatechin gallate, Epicatechin 

gallate 
Tetracycline TetK 39,40 

S. aureus Galbanic acid 
Norfloxacin, 

ciprofloxacin 
NorA 73 

S. aureus Orobol Berberine NorA 38 
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S. aureus, E. coli Baicalein 
Ciprofloxacin, 

tetracycline 
NorA, TetK 35,36 

S. aureus Tannic acid 
Tetracycline, 

norfloxacin 
TetK, NorA 74 

Pseudomonas 

aeruginosa, 
Acinetobacter 

baumannii 

Conessine 

Cefotaxime, 
levofloxacin, 

tetracycline, 

novobiocin and 
rifampicin 

MexAB-OprM, AdeIJK 75,76 

S. aureus Linoleic and oleic acids Erythromycin MsrA 77 

S. aureus 
Tiliroside, kaempferol-3-O-b-d- (6-E-p-
coumaroyl)Glucopyranoside 

Norfloxacin, 
ciprofloxacin 

NorA 78 

S. aureus 
Capsaicin (8-methyl-N-vanillyl-6 

nonenamide) 

Norfloxacin, 

ciprofloxacin 
NorA 79 

Enterococcus faecalis, 
S. aureus 

Caeffeoylquinic acid Berberine NorA 54 

S. aureus, 

Mycobacterium spp. 
Piperine 

Norfloxacin, 

ciprofloxacin 
NorA, MdeA, Rv1258c 33,34 

S. aureus 
Clerodane diterpene 16α-hydroxycleroda-

3,13 (14)-Z-dien-15,16-olide 

Norfloxacin, 

ciprofloxacin 

norA, norB, norC, mepA, 

mdeA 
80 

S. aureus Chalcone 
Berberine, 

norfloxacin 
NorA 30 

S. aureus Olaanolic acid, Ulvaol Norfloxacin, oxacillin NorA 81 

Mycobacterium spp. Quercetin - Rv3065(mmr) 53 

Mycobacterium spp. Tetrandrine 
Isoniazid and 

ethambutol 

Rv2459 (jefA), Rv3728 

Rv3065(mmr) 
53 

Mycobacterium spp. Farnesol Et-Br - 53 

S. aureus 
4-acetyl-3-(4-fluorophenyl) - 1-(p-tolyl)-
5-methylpyrrole 

Norfloxacin, 
ciprofloxacin 

NorA 82 

S. aureus 
N-trans-3,4-O dimethylcaffeoyl 

Tryptamine 

Norfloxacin, 

ciprofloxacin 
NorA 83 

S. aureus 5,7 deoxyhydnocarpin-D (5,7-DHC-D) Berberine NorA 31 

S. aureus Chalcone and derivatives 
Norfloxacin, 
ciprofloxacin 

NorA 84 

S. aureus 
4-phenoxy-4’- dimethylaminoethoxy 

chalcone, (4-DAEC) 

Norfloxacin, 

ciprofloxacin 
NorA 57 

S. aureus SK-20 and SK-56 (Piperine analogs) 
Norfloxacin, 

ciprofloxacin 
NorA 33 

E. coli SLUPP-225, SLUPP-417 
Novobiocin and 

erythromycin 
AcrAB-TolC 85 

A. baumannii PAβN 

Trimethoprim, 

chloramphenicol and 

clindamycin 

AdeFGH 86 

A. baumannii, E. coli, 
Enterobacter 

aerogenes, K. 

pneumonia 

NMP (1-(1naphthylmethyl)-piperazine) Levofloxacin AdeABC, AcrAB, AcrEF 28 

S. aureus 5-MPC 
Norfloxacin, 

ciprofloxacin 
NorA 83 

M. tuberculosis Verapamil Isoniazid 

(efpA [Rv2846c], Rv1258c, 

jefA [Rv2459], and P55 
[Rv1410c]) and (Rv1819c and 

pstB [Rv0933] 

25,26,
53 

E. coli Piperazine Arylideneimidazolones Fluoroquinolones AcrAB Tol-C and AcrEF 87 

S. aureus 

Ethyl 6-amino-1 cyclopropyl- 7-[4-
(hydroxyimino)-3-methyl-3,4,7,8- 

tetrahydro-2H-thiopyrano[3,2-c] pyridin-6 

(5H)-yl]-8-methyl-4-oxo-1,4- 
dihydroquinoline-3-carboxylate (EDCQ) 

Norfloxacin, 
ciprofloxacin 

NorA 83 

S. aureus 

10-(4-(-3-phenylureido)- benzylamino)-9-

fluoro-3,7- dihydro-3-methyl-7-oxo-2H-
[1,4]oxazino[2,3,4-ij] quinoline-6-

carboxilic acid (Q6CA) 

Norfloxacin, 
ciprofloxacin 

NorA, MepA 68 

E. aerogenes Pyridoquinolines Norfloxacin AcrAB-TolC 44 

S. aureus 

2-phenyl-4-hydroxyquinoline 
derivativesN, N-diethyl-2- {[2-(4-

propoxyphenyl) quinolin-4-yl] oxy}-

ethanamine hydrochloride (PPQE) 

Norfloxacin, 

ciprofloxacin 
NorA 46 

S. aureus 
4-(2-piperidin-1-ylethoxy)- 2-(4 

propoxyphenyl) quinoline (PPQ) 

Norfloxacin, 

ciprofloxacin 
NorA 46 

E. coli 
4-(2-(piperazin-1-yl) ethoxy)-2-(4-

propoxyphenyl) quinolone - PQQ4R 

Ofloxacin, 

tetracycline 
AcrAB-TolC 88 

E. aerogenes 

(Z)-5-(2,4-dimethoxybenzylidene)-3- (2-

hydroxy-3-(isopropylamino) propyl) 

imidazolidine-2,4-dione 

Chloramphenicol, 

nalidixic acid and 

sparfloxacin 

AcrAB-TolC 89 
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S. aureus 
5-nitro-2-phenylindole, (INF 55, INF 240, 

INF 240, INF 271, INF 277) 
Ciprofloxacin NorA 83 

S. aureus 
[4-benzyloxy-2-(5-nitro-1H-2-yl)- 

phenyl]-methanol (BNPM) 

Berberine, 

norfloxacin 
NorA 83 

S. aureus 
2-phenylbenzo[b] thiophene-3 
carboxaldehyde (2-PTC) 

Ciprofloxacin NorA 83 

S. aureus 
3-(3,4-dihydronapth-2-yl)-propenoic acid 

isobutyl amide (3-PIA) 
Ciprofloxacin NorA 83 

S. aureus 
2-((2-(4-propoxyphenyl) quinolin-4-yl) 
oxy) alkylamines 1-4 

Ciprofloxacin NorA 46 

E. coli 
13-cyclopentylthio-5-OH-TC (13-CPTC), 

semisynthetic tetracycline (TC) analogs 
Tetracycline TetA or TetB 90 

S. aureus Cholecalciferol and alpha-tocopherol 
Erythromycin, 

tetracycline 
TetK, MsrA 91 

P. aeruginosa Phe-Arg-β-naphthylamide (MC-207, 110) Levofloxacin MexAB-OprM 19 

S. aureus, E. faecalis Biricodar, G-918 FQs, Norfloxacin NorA 49 

S. aureus, 
Mycobacterium spp. 

Timcodar 
Norfloxacin, 
isoniazid, rifampicin 

- 49 

Mycobacterium spp. SILA 421 - mdr-1 92 

S. aureus, E. coli 

Phenothiazine and its derivatives 

(methylene blue, promethazine, 
chlorpromazine and thioridazine) 

Norfloxacin, FQs NorA, AcrB 49 

Burkholderia 

pseudomallei 

Phenothiazine and its derivatives 

(methylene blue, promethazine, 
chlorpromazine and thioridazine) 

Erythromycin, 

levofloxacin and 
azithromycin 

- 49 

S. enterica Chlorpromazine Et-Br AcrB 49 

S. aureus phenyl-1,4-benzothiazine derivatives Ciprofloxacin NorA 93 

K. pneumonia, E. 

aerogenes 
Pyridoquinolines 

Tetracycline, 

norfloxacin, 
chloramphenicol 

AcrAB-ToIC 44 

S. aureus 
2-(4-Propoxy-phenyl) quinolone 

derivatives 
Ciprofloxacin NorA 46 

Mycobacterium spp. Valinomycin Isoniazid Rv1410c (P55) 57 

E. coli, P. aeruginosa 
Pyridopyrimidine analogues (D13-9001, 

D2) 
FQs AcrB and MexB 49 

E. coli Pyranopyridine derivatives (MBX2319) Ciprofloxacin AcrAB 29 

A. baumannii 
(E)-N-(3,4-difluorophenyl)- 2-(2-(3-
(methylthio) phenylimino)-4-

oxothiazolidin-5-yl 

Norfloxacin, 

ciprofloxacin 
AbeM 20 

E. coli DHA7, DHA 27 FQs AcrB 94 

S. aureus Riparin-B 
Ciprofloxacin, 
norfloxacin 

NorA 95 

S. aureus 
Nerol, Dimethyl octanol and Estragole 

(monoterpenes) 
Norfloxacin NorA 96 

S. aureus PA EPA amides Norfloxacin NorA 97 

S. aureus 

6-(aryl) alkoxypyridine-3-boronic acids, 

6-(3-Phenylpropoxy) pyridine-3-boronic 

acid 3i and 6-(4-phenylbutoxy) pyridine-
3-boronic acid 3j 

Ciprofloxacin NorA 98 

S. aureus Ginsenoside 20(S)-Rh2 (Rh2) Ciprofloxacin NorA 99 

E. coli Pimozide (neuroleptic drug) Et-Br AcrAB-TolC 100 

E. coli Sertraline 
Levofloxacin, 

tetracycline 

AcrAB, AcrEF, MdtEF and 

MexAB 
45 

P. aeruginosa 
EA-371α and EA-371δ 

(EPI from microbial source) 
Levofloxacin MexAB-OprM 101 

PA, piperic acid; EPA, 4-ethylpiperic acid; DHA7, dihydroartemisinine 7; PaβN, Phenylalanine-

arginine β-naphthylamide; 5′-MHC, 5’- methoxyhydnocarpin 

 

EPIs derived from microbes 

A tiny percentage of EPIs have been documented to come from microorganisms, despite the fact that 

the majority of EPIs come from natural products or semi-synthetic/synthetic chemical libraries. It has 

been established that EA-371α and EA-371d, which were initially isolated from the fermentation 

extract of Streptomyces species, are particular inhibitors of the MexAB-OprM pump in P. aeruginosa 

[101]. Because of these molecules' unique structures, researchers can create novel derivatives that are 

more potent, bioavailable, and less poisonous. The availability of the efflux pumps' three-dimensional 

crystal structure means that additional computational research may be helpful in determining how 

these chemicals interact molecularly with such MDR pumps. 
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Current challenges for EPIs as therapeutic agents  

Even though EPIs have been used in lab settings for research purposes since the 1990s, they represent 

one of the most promising developments in the fight against bacteria that are resistant to antibiotics. 

There are many obstacles in the way of a profitable commercial EPI, though. These difficulties come 

in a variety of forms, from intellectual and scientific to administrative and financial. The economic 

value of an EPI is a significant barrier to its development and sale. Since EPI is essentially a new 

chemical entity, major firms in the pharmaceutical industry typically avoid this field (NCE). The 

concept of changing the existing approved antibiotics, which have a well-established pharmacological 

profile and clinical data from multiple patient records, is more appealing to drug professionals who 

are well-versed in the issues surrounding NCE [102]. Researchers have searched for EPIs derived 

from both natural and synthetic compounds, but their commercial production has not been considered 

at the laboratory level. The synthesis of naturally derived EPIs is a laborious process due to their 

complex and bulky structure; synthesis of synthetic molecules is simpler, but the resulting molecules 

frequently have poor solubility, toxicity, and cell permeability issues. A great deal of work is also 

expended on meeting the very strict regulatory requirements. The majority of pharmaceutical 

corporations avoid the discovery of EPIs and NCEs altogether due to the financial impossibility of 

such endeavours when paired with average economic returns. In essence, an EPI therapy would be a 

combination therapy. This presents an additional obstacle to the EPI and antibiotic partner's 

compatibility. For a medicinal combination to be successful, the pharmacokinetics of both partners 

must be complementary [102]. Although these factors are frequently disregarded in lab trials, they 

are crucial from a clinical perspective. For instance, the US FDA has issued a stern warning [103] on 

the potentially lethal combination of clarithromycin, a macrolide antibiotic, with verapamil, a Ca++ 

channel blocker. The cytochrome that is in charge of verapamil metabolism is the target of 

clarithromycin. When these medications are taken together, verapamil can build up to exceedingly 

toxic levels, which can cause kidney failure, hypotension, and even death [103]. Targets are a 

significant obstacle for EPIs as therapeutic agents in and of themselves. Although they are not 

necessarily the only mechanism, efflux pumps are one type of antibiotic resistance mechanism. 

Fluoroquinolone resistance in bacteria like A. baumannii and P. aeruginosa is frequently caused by 

point mutations in the gyrase-coding genes as well as efflux pumps [104]. Redundant substrates and 

the co-expression of several pumps exacerbate the issue. This creates a case-specificity in the EPI-

antibiotic combinatorial therapy and raises questions about its effectiveness at the community level. 

Even though EPIs typically work well as an antibiotic against the efflux pump, it is frequently 

observed that an EPI does not increase the activity of other efflux pump substrates. Only a specific 

group of antibiotics can be effectively potentiated by PAβN; other substrate antibiotics of the pump 

MexAB are not significantly potentiated by PaβN [19]. Similar to PAβN, a large number of EPIs act 

at a specific substrate-binding site and are substrates of the pumps. This discovery implies, indirectly, 

that a high concentration of EPI would be necessary to guarantee that they competitively prevent 

substrate antibiotics from interacting with the pump. Sadly, the do well with antibiotics that have a 

distinct substrate-binding site but are nonetheless the pump's substrate. As a result, an EPI's spectrum 

is significantly reduced, making it extremely selective for a small number of substrates. While it is 

challenging to identify an NCE that blocks an antibiotic's efflux from a pump, it is very challenging 

to identify an EPI that would block several pumps in several bacterial species. Despite sharing a 

common mechanism of inhibition, several compounds have also been observed to inhibit animal 

efflux pumps, leading to toxicity and an undesirable pharmacological profile [102]. A further obstacle 

to the effectiveness of EPIs is the dearth of pre-clinical and clinical data. To support the work of EPIs, 

there is a limited amount of data on model organisms and patient information. To advance the field 

of EPI research, more pre-clinical and clinical work is needed [102]. One benefit of employing EPIs 

is the low to nonexistent frequency of mutant production. Nevertheless, PCR-based random 

mutagenesis has produced efflux pump variants that are resistant to EPI32's effect while still 

maintaining their activity. It is undeniable that, in the face of intense selection pressure, bacteria may 

undergo such alterations that, in the end, protect them from the EPI-antibiotic combination therapy, 

even though it may seem like a remote possibility. 
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Conclusion and Future Perspectives  

While there are several obstacles in the way of using EPIs as therapeutic agents, this does not lessen 

their significance or benefits. By reviving the activity of currently available antibiotics, EPIs offer a 

glimmer of hope during periods when the antibacterial pipeline has nearly dried up. The usage of 

EPIs prevents the development of new antibiotics, which is an tactic that saves a significant amount 

of time, money, and effort when developing a novel antibiotic. It enables medical professionals to 

take advantage of the well-established pharmacological characteristics of well-known antibiotics. The 

potential of EPIs as therapeutic agents to reverse antibiotic resistance is a significant significance. It 

takes on significant significance when we take into account that the present economic climate is 

likewise favourable to the large-scale production of antibiotics that are already optimised and in stock. 

One notable benefit of employing EPIs is the incredibly low incidence of resistant mutant creation. 

As a result, the combination of antibiotic and EPI works well to both combat germs that are already 

resistant and to temporarily halt the spread of resistance in the future. After assessing the potential of 

EPIs, it seems that while using them is a desirable approach, its implementation is still far from 

complete. There are numerous holes that must be filled and a great deal of ground to cover. There is 

an urgent need to address the technical drawbacks and limitations of the EPIs. To emphasise the EPIs' 

benefits from a scientific and financial standpoint, more study is needed. In the end, this would aid in 

drawing in additional funding and the attention of the pharmaceutical businesses. In summary, a great 

deal of work is being done at the bench level right now, but more thought and work will need to be 

done before the EPIs can ideally reach the bedside. 
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