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INTRODUCTION 

Microbial multidrug resistance develops when microbes termi-
nate to persist defenseless to the medicaments which were for-
merly defenseless. The minimum inhibitory concentration (MIC), 
is the lowest concentration of an anti-microbial drug essential to 

prevent microbial survival. In the era of 21st-century medical his-
tory, it has been encountered one of the darkest eras in front of the 
discovery of antibiotics. This was mainly due to the lack of available 
options for curing bacterial infections. Most Antibiotic drugs used 
so far have been discovered in the present era. At the beginning of 
the 1940s, antibiotic resistance concerning penicillin was reported 
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ABSTRACT
From the last some decades, microbial multidrug resistance (MDR) has developed as one of 
the main treatments in many drug therapies. Due to this effect so, many sectors have been 
affected including the pharmaceutical sector, animal husbandry sector as well as the agricul-
ture sector to some extent. There are so many mechanisms were developed by the microbes 
to generate resistance towards the medicines consisting of the development of degrading 
enzymes, structural modification in the microbes which is responsible to bind the drug, and 
last but not least the development of many efflux pumps to push drug molecules outside of 
the microbial cell. Many studies demonstrated that lots of antibiotics and anticancer agents 
are majorly get affected by efflux pumps present on the cell wall. These mechanisms have 
been observed in many common microbes including gram-positive and gram-negative mi-
crobes. As a result, efflux pumps should be taken on top priority for the minimization of 
multidrug resistance. Up to date, lots of work has been done regarding the permeation gly-
coprotein (P-gp) efflux pump inhibition, but still, there is a need to explore more innovative 
approaches towards MDR. In this current perspective, we have discussed the key points 
related to pre-existing and future prospects in this regard.
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Figure 1. Consequences of multidrug resistance. 

for the first time in gram -ve bacteria. After the 1950s, the dosing, 
formulation, and administration methods of anti-microbial were 
expanded.[1, 2] Additionally, the mechanism of action of anti-micro-
bial was re-investigated in detail. Nevertheless, meanwhile the start 
of the 1990s and the 2000s, anti-microbial resistance has increased 
to importance. The Centers for Disease Control and Prevention re-
ported a mortality rate of 23,000 out of 2 million individuals in the 
United States of America (USA) who get diseased with antibiot-
ic-resistant bacteria yearly. It has been showed that more often than 
not, the plasmids in a bacterial cell carry the expansion gene rather 
than the deoxyribonucleic acid (DNA). Over time, such resistant 
gene can be developed by the bacteria via progression or mutation 
and then be passed onto succeeding generations by duplication. 
An additional technique by which bacteria obtain resistant genes 
is horizontal gene transfer. Some antibiotic degrading enzymes 
such as different beta-lactamases destroy cephalosporin, penicillin, 
and other related class of anti-microbial that comprise beta-lactam 
rings.[3-6]

Though, amongst the different multidrug resistance mechanisms, 
P-gp efflux pumps have been originate widely in gram -ve microbes 
and gram +ve microorganisms. Such extrusion of a structurally di-
verse class of antibiotics gives rise to microbial multidrug resistance 
(MDR) bacteria, i.e., bacteria resistant to more than one antibiotic 
drug. P-gp efflux pump is one of the major transporter solely re-
sponsible for the MDR effect in microbes. There are several p-gp 
efflux pump inhibitors that have been discovered to date but 
these conventional inhibitors have other issues too, such as sec-
ondary pharmacological and toxicological effects, accumulation 
in the different tissue mass that may cause toxic effects. In this 
current perspective, we have tried to explain the pre-existing prob-
lem of p-gp efflux pump and their current and future scope in this 
regard (Figure 1).[7]

P-GP STRUCTURE AND PHYSIOLOGICAL ROLE IN 
THE BODY

Permeability glycoprotein also recognized as P-gp is MDR1. P-gp 
is one of the most important transporters in the cell membrane, 
majorly focused on the metabolism of the foreign particles and 
effluxing out all of them outside of the cell. P-gp efflux action is 
substrate-dependent and is reliant upon adenosine triphosphate 
(ATP). This protein is widely observed in the different microbes 
like fungi, animals, and bacteria, and is supposed to be expected 
convoluted in the protection mechanism in contradiction of foreign 
materials. P-gp is comprehensively dispersed widely in the body 
and contributes mainly in efflux roles of the intestine, bile ducts 
and liver cells, kidney cells (such as proximal tubules) and capillary 
endothelial, basically endothelial cells including blood-testis barrier, 
blood-brain barrier (BBB). This efflux transporter protein is also 
observed in other parts of the body such as pancreatic cells, adrenal 
gland, and colon. P-gp is mostly observed to be overexpressed in 
the cancer cells which inhibits cell entry of numerous anticancer 
agents hampering effective cancer treatment. It inhibits tissues 
from vulnerable noxious materials and improves the elimination of 
metabolites, but bile ducts secrete them in the lumen of the gastro-
intestinal tract (GIT).[8, 9]

P-gp exists in the human species in two isoforms as class I and 
class II. Class I isoform contains MDR1 ATP Binding Cassette 
Subfamily B Member 1 (ABCB1) transporter protein. Class II iso-
form contains MDR2 and ABCB4. The only gene P-gp transporter 
protein can transmit an extensive range of the chemical compounds 
which may be relatively dissimilar in their molecular weights in the 
case of different antibiotic compounds. P-gp transporter is recog-
nized for efflux wide range of mechanically different compounds. 
Chemical compounds of the hydrophobic environment have a 
greater tendency to interact with anti-cytotoxic agents, steroids, 
cardiac glycosides, immune-suppressants, and many more.[10, 11]

P-gp is from the ATP Binding Cassette (ABCs) transporter sub-
class family, an ATP-dependent efflux pump wiht a molecular 
weight of 170 kDa, encrypted by the human 207 MDR gene. It 
is made up of 12,801 amino acids arranged in a very precise form 
observed from 208 cDNAs. Structural properties show that P-gp 
has two symmetrical amino acids (N) and 209 carboxyl (C) ends 
in association to further ABC transporters. The efflux of 210 xe-
nobiotics from the human body, is also contributing to various 
functions which involve almost 211 body functions including cl- 
channel activity, from lymphocytes cytokine secretion, from adre-
nal glands steroid secretion, 212 dendritic cell migration, and cell 
death regulation beside 213 with participation in cell discrepancy.[12] 
P-gp demonstrates expression for 5 dissimilar types of the genes 
comprising MDR1, MDR2, MDR3, 215 MDR1A, and MDR1B. 
Thus, MDR1 and MDR3 are known to be expressed in humans 
while MDR2, MDR1A, and MDR1B are observed expressions 
in other organisms. As MDR1 spreads widely in the body and is 
related to the MDR3 gene, there are nearly 217 drug molecules af-
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Figure 2. Schematic representation of P-gp structure and its inhibitory mechanism (Created with software 
ChemBioDraw Ultra 14.0. PerkinElmer, Waltham, Massachusetts, United States.)

fecting MDR1 (Figure 2).[13]

P-GP EFFLUX PUMP INHIBITORS

Efflux pump inhibitors have been exposed to wide-ranging re-
search for the checking of their mode of action. This has left many 
efflux pump inhibitors with proof of their action as a potentiator 
deprived of elucidating their action mechanism. In this case, the 
classification of efflux pump inhibitors grounded on their origin or 
sources becomes vital. Consequently, based on the source, EPIs can 
be classified into natural-based e.g. flavonoids, flavones, and chal-
cones Alkaloids Terpenes Polyphenols, etc. Secondly, it is synthetic 
source-based e.g. peptidomimetics, Quinoline and its derivatives, 
Pyranopydirine, pyridopyrimidine and their derivatives, Arylpiper-
idines, aryl piperazine, and their derivatives, etc.[3] Other classes of 
efflux pump inhibitors are derived from microbes. Few are based on 
interfering with the driving force (energy generation) of the efflux 
pump. And some of the inhibitors with direct binding affinity to 
efflux pumps, and so on. Many natural types as well, as synthetic, 
conventional, and novel efflux pump inhibitors are discovered and 
studied, but still, there is no significant data is available to prove 
the exact mechanism and inhibition pathways behind the same. 
Therefore, there is a need to investigate novel inhibitors with ideal 
properties to restrict the MDR effect in microbes.[3, 14, 15]

Classification of efflux P-gp pump inhibitors 

Natural sources based efflux pump inhibitors
Flavonoids are secondary metabolites of plants with a polyphenolic 
structure. They were notion to promote health advantages due to 
their antioxidant action. Flavones are a subcategory of flavonoids 
with a non-saturated 3-carbon chain and double bonds between 
carbon-2 and carbon-3.[16] The Hydroxyl group on the carbon-3 is 
lacking in flavones. Chalcones are absent from the carbon ring of 
usual flavonoid molecules. Therefore, they may be also known as 
open-chain flavonoids. It is present in the thyme leaves of the plant 
Thymus vulgaris and Scutellaria baicalensis georgi.[17, 18] 

Reserpine has been used as an antipsychotic and antihypertensive 
drug. It is isolated and extracted from the roots of the herb Rau-
wolfia serpentine. It has clutched interest as an auspicious efflux 
pump inhibitor that objectives for efflux pump inhibitions.[19] Tests 
in numerous medical isolates, along with Mycobacterium tubercu-
losis, have proven potentiation in rifampicin pastime with the aid of 
using inhibiting anonymous efflux pump whilst used with piperine. 
In Mycobacterium smegmatis, piperine has been proven to reduce 
the MIC of ethidium bromide, representing its application as an 
efflux pump inhibitor throughout bacterial genera.[20, 21] Testing nu-
merous extracts of Laminaria japonica and Sargassum horneri, nor-
mally referred as brown algae and Gracilaria species, and Porphyra 
dentata, and red algae, showed their ability as efflux pump inhibi-
tors in opposition to drug-resistant Escherichia coli. Observations 
discovered that those extracts potentiated the activities of antibiotic 
drugs to various extents.[6] The extracts and the drug clarithromycin 
showed synergism. The majority of the recognized efflux pump in-
hibitors have aromatic structures, while the extracts from numerous 
seaweeds integrated numerous terpenes, terpenoids, phenolic com-
pounds, indoles, pyrrole derivatives, alkaloids, and halogenated ar-
omatic compounds of their structures. Epicatechin gallate is barely 
greater efficacious than epigallocatechin gallate. However, at low 
concentrations, each compound had been mentioned to expose ef-
flux mediation activities. The concept of wonderful binding sites of 
each of the molecules at the efflux pump with various affinities has 
been propounded. Small amounts of catechins enhance the efflux 
of the substrate through binding to excessive-affinity binding sites. 
Nevertheless, their characteristic as an efflux pump inhibitor is seen 
at high concentrations only.[22, 23]

Synthetic sources based efflux pump inhibitors
Among 200,000 synthetic and herbal molecules screened, phenyl-
alanine-arginine-beta-naphthylamide (PAβN), became the primary 
molecule recognized as an efflux pump inhibitor. With the aid of 
using RND efflux pump inhibition, PAβN restored gram-negative 
microorganisms’ susceptibility to fluoroquinolones, macrolides, and 
chloramphenicol. Various PAβN analogs have been synthesized 
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after PAβN becomes unstable in biological systems including mice, 
rats, or human serum. Throughout their tests, they figure out the 
susceptibility potentiation of levofloxacin in opposition to Pseu-
domonas aeruginosa. It influenced stability in biological structures 
and additionally vulnerability potentiation of levofloxacin each in 
vitro and in vivo, just like the unique PAβN molecule. Numerous 
screening strategies in clinical traces of MDR microorganisms pro-
duced quinoline and quinoline-like molecules.[17, 24] Quinoline and 
quinazoline derivatives represented an auspicious boom in drug 
liability to resistant clinical bacterial strains thatoverexpress efflux 
pumps some of the numerous derivatives. The MIC values of chlor-
amphenicol, tetracycline, and fluoroquinolone have been depreci-
ated 4-fold–16-fold whilst the above-mentioned derivatives have 
been administered. The search for novel EPIs resulted withinside 
the high-throughput screening of many N-heterocyclic molecules 
for his or her capacity to reverse MDR effects in bacterial strains.[25] 
The spacer between the piperazine ring and the benzene ring and 
the presence of substituted halogens on the benzene ring became 
responsible for regulating the inhibitory activity of aryl pipera-
zines. Analysis of Arylpiperazines used for MDR restoring pastime 
found out that the efficiency and efficacy have been more desirable 
because of the spacer’s elongation and substituted halogens.[26, 27]

Efflux pump inhibitors that interfere with the driving force
Bacterial cell substrates, efflux pump inhibitors, concentrates on 
strategies that produce energy have a good chance to weaken the 
efflux pump’s utility. Progressions that produce energy consist of 
ATP hydrolysis, proton motive force, Na+ gradient, and in a few 
belongings, a combination of proton cause force and Na+ gradient. 
Similarly, MDR microorganisms had been determined to employ a 
couple of types of efflux pumps. Among the most popular labora-
tory efflux pump inhibitors, carbonyl cyanide-m-chlorophenylhy-
drazone (CCCP) stays the most popular ionophore.[28, 29] It hinders 
the proton cause force by affecting the transmembrane capability 
and transmembrane pH. Accordingly, the bacterial cells are meta-
bolically neutralized, it is thtought whether the CCCP synergism 
with multiple antimicrobials is because of the efflux pump deacti-
vation or the bacterial cells’ metabolic deactivation.[30] Apparently, 
CCCP renovated tetracycline activity in opposition to Helicobacter 
pylori and Klebsiella species. Supposedly, carbapenems and CCCP 
synergism is now no longer dependent on the inhibitory interest 
of CCCP. This most effective approach that helps the speculation 
referred to above of metabolic deactivation of bacterial cells via 
way of means of CCCP, ensuing in synergism thru antimicrobials. 
While, CCCP is constrained to the laboratory completely because 
of its toxicity in mammalian cells.[31, 32]

Efflux pumps inhibitors with direct binding affinity
Additional mechanism with the aid of using efflux inhibition pro-
ceeds place is with the aid of using directly required to the efflux 
pump. The necessary conditions can be competitive, i.e., binding 
to the efflux pump’s substrate-binding site such that the sub-
strate-binding is absolutely obstructed.[33] Another type of binding 

may be non-competitive, i.e., binding to the efflux pump, thereby 
reducing its affinity in the substrate direction. However, inhibition 
by non-competitive binding may be effortlessly conquered with the 
aid of using microorganisms by efflux pump protein modification. 
PAβN, a substrate for Resistance-nodulation-division (RND)[34] 

sort of efflux pumps, has been determined to potentiate the activity 
of levofloxacin, erythromycin, and chloramphenicol in opposition 
to Pseudomonas aeruginosa expressing efflux pumps by using com-
petitively binding to the efflux pumps.[35] PAβN now no longer 
potentiates the activity of tetracycline or carbenicillin. This shows 
the possibility that tetracycline and carbenicillin would possibly 
have exceptional binding sites than the ones of PAβN. Specific 
indole-derived EPIs bonded with the outer/exit duct of the TolC 
efflux pump expressed in Escherichia coli. By binding to the outer 
duct, efflux channel closing turned into achieved, and efflux was 
attenuated.[36–38]

CURRENT STATUS OF EFFLUX PUMP INHIBITORS

Efflux pump inhibitors are particular chemical compounds that 
hamper antibiotic drug compounds’ active transport exterior to 
the microbial cell wall.[31] The approach behind the usage of efflux 
pump inhibitors is based on the idea that any compound responsi-
ble to enhance the intracellular concentration of active anti-micro-
bial drug compounds will inhibit the resistance conferred to that 
microbial cell by efflux pumps. Other methods using this concept 
are currently employed such as i.) Enhanced cell wall penetration 
ii.) Drug transportation by passive transport. These methods target 
the developed resistance and the inherent properties of the bac-
teria. We can attain the p-gp efflux pump inhibition by different 
approaches, comprising, i) Counter-regulating the expression by 
hindering the genetic regulation, ii.) Manipulating the anti-micro-
bial drugs undistinguishable (as substrates) by the efflux pump iii.) 
Obstructing the association of well-designed efflux pumps (Ob-
structing the translation process), iv) Blocking the pump to inhibit 
binding of anti-microbial compounds to the binding site, and v.) 
Obstructing the mechanism that produces the driving force of ef-
flux pumps.[16, 26, 29]

In the 1990s, R and D in the area of efflux pump inhibitor be-
gan. Widespread laboratory investigation has established that 
efflux pump inhibitors is one of the greatest hopeful prospects for 
combating increased anti-microbial resistance in microbes. Con-
sequently, the expansion of efflux pump inhibitors has also been 
observed as a revolutionary invention.[33] Nevertheless, technical, 
academic, administrative and commercial factors continue to chal-
lenge the commercialization and cost-effectiveness of effusion 
pump inhibitors. An important impediment is the value of efflux 
pump inhibitor as a pharmaceutical preparation. Pharmaceutical 
monsters abstain from being accompanied with this field since 
efflux pump inhibitors are technically a completely dissimilar and 
novel compound that in the pharmaceutical segment is considered 
as a New Chemical Entity (NCE). The noteworthy problems with 
NCEs is that their development, analysis, and modification will 
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involve wide-ranging experimentation. At last, these experimen-
tations will contribute to an increase in new documents or alter-
ations to the old information. This means an changing or retaining 
presently known data is related to anti-microbial with a thorough-
ly-documented pharmacological outline and clinical data from 
plentiful patient records from both clinical trials and prescriptions. 
Development is a very monotonous task.[25] Academicians regularly 
search for clinical trials from natural and synthetic bases. Though, 
their large-scale manufacturing has not yet been considered at the 
laboratory level. Efflux pump inhibitors from natural sources have a 
problematical and higher molecular weight. This creates them chal-
lenging to manufacture. On the other hand, Efflux pump inhibi-
tors from synthetic bases are easy to prepare. But these molecules 
normally show toxicity, solubility, and cell permeability issues. The 
innovation of NCEs needs a broad investment in relations to equal 
founding and time. It is worth noting that hard work is mandatory 
to meet strict guidelines and standards. Since financially the profits 
are diffidently productive, this determines efflux pump inhibitors 
or other NCEs.[18, 39] Therefore, there is a need to find out other 
natural-based as well as economic alternatives which can inhibit 
efflux pumps.[17]

A FUTURE PROSPECT OF EFFLUX PUMP INHIBITORS

Nowadays, there is a need for pharmaceutical industries to invest in 
such projects which may solve the problem of MDR. Efflux pump 
inhibitors can also not be used alone or in combination with for-
mulation. They will be used to increase the action of anti-microbial 
drugs, creating the utmost feasible combination treatment selection. 
Consequently, there should be no chemical interaction between ef-
flux pump inhibitors and anti-microbial drugs. The pharmacokinet-
ics and pharmacodynamics of both the anti-microbial compound 
and the efflux pump inhibitors must accompany each other for an 
effective therapeutic combination. Nevertheless, this knowledge 
gets extreme attention as far as their clinical investigation or ap-
plication is troubled. One example is the combination of a calcium 
channel blocker (verapamil) with an anti-microbial drug (clarithro-
mycin) has been witnessed to be dangerous. Clarithromycin aims at 
a cytochrome that facilitates the metabolism of verapamil. When 
these drugs are used in combination, accumulation of verapamil 
takes place efflux pump inhibitors have been witnessed to demon-
strate specificity in their proficiency to potentiate the action of 
anti-microbial.[25] This means that, in contrast to a s specific efflux 
pump, the efflux pump inhibitors that potentiate one anti-microbi-
al drug’s action do not potentiate other anti-microbial drugs’ action 
for the similar efflux pump. Correspondingly, many efflux pump 
inhibitors target a definite substrate-binding site inside the efflux 
pump. Consequently, in order to confirm competitive inhibition, 
an expressively high efflux pump inhibitors concentration would be 
essential for the pump’s preferred substrate anti-microbial interac-
tion.[40, 41]

Several approaches have been applied to prevent the efflux pump 

of such drugs via efflux transporters, comprising combination with 
P-gp inhibitors, chemical alterations, and others, but with inade-
quate results. Excipients or inactive ingredients used in different 
formulations are purposefully added in various potent formulations 
to modify the properties of drugs. At the moment, there is growing 
attention in exploring the inhibitory action of these conventionally 
used excipients on the efflux pump, as they have been designated 
to origin delicate variations, which can disturb efflux pumps on 
the cell membrane. Numerous literatures have clarified the role of 
definite P-gp inhibitors in enhancing drug delivery, nevertheless, 
there is not abundant data to discover excipients for their charac-
teristic meaning and P-gp inhibitory action. The excipients can be 
used to modify membrane transporter inhibition action and explore 
the mechanism involved. Definite formulations are formulated by 
means of such excipients or ingredients which may augment drug 
absorption and reduce associated toxicity. Therefore, the pharma-
ceutical R and D department need to invest in such novel proj-
ects.[42, 43]

CONCLUSION

Microorganisms resistance to many antimicrobial drugs is in-
creasing day by day and this concern has become one of the major 
challenges for existing anti-microbial drugs. This problem can’t be 
solved by NCEs discovery, because NCEs found that sufficient 
money and time were needed. Therefore, efflux pump inhibitor 
seems to be a feasible way for MDR microorganisms. Though, these 
problems should by no means demoralize the profits efflux pump 
inhibitors give. The efflux pump inhibitors give a novel perspective 
on the use of existing anti-microbial drugs, preventing scientists 
and clinicians from spending a lot of time distracting themselves 
from discovering new anti-microbial drugs. Efflux pump inhibitors 
may have enough potential to make effective currently available 
anti-microbial drugs. Efflux pump inhibitors are encouraging since 
they have been shown to inverse MDR but have not been seen 
to build up MDR. Despite eye-catching approaches, efflux pump 
inhibitors practice has numerous breaches that must be shielded 
beforehand creating it accessible for the convention. The current era 
needs to solve the pre-existed efflux pump inhibitors problems and 
to be re-investigate the alternate molecules of efflux pump inhibi-
tors, such as different formulation of excipients which may be able 
to reduce all efforts.

Acknowledgments
We, thank you to the MET’s, Institute of Pharmacy, BKC, affiliated 
under Savitribai Phule Pune University, Nashik, for their constant 
support and providing all facilities to complete this work.

Author contributions
Ahire ED wrote and revised the first draft. English editing and 
proofreading was performed by Kshirsagar SJ both authors are 



Page 6 of 7Community Acquired Infection |  Volume 9 | 2021

Ahire ED and Kshirsagar EPI: New hope in microbial MDR

agreed the final version and submitted the article.

Ethics approval and consent to participate 
Not applicable.

Acknowledgement
We are thankful to the Ministry of Tribal Affairs Govt. of India for 
providing financial assistance in the form of fellowship (Award No 
- 202021-NFST-MAH-01235).

Funding
This work was supported by the Ministry of Tribal Affairs Govt. of 
India (Award No - 202021-NFST-MAH-01235). 

Conflicts of interest
Eknath D. Ahire is an Editorial Board Member of the journal. 
The article was subject to the journal’s standard procedures, with 
peer review handled independently of this editor and his research 
groups. 

REFERENCES 

1.	 Spreacker PJ, Thomas NE, Beeninga WF, Brousseau M, Hibbs 
KM, Henzler-Wildman KA. A new substrate triggers susceptibility 
by uncoupling a bacterial multidrug resistance efflux pump. bioRxiv 
2021. (Preprint)

2.	 Wright GD. Antibiotics: a new hope. Chem Biol 2012;19:3–10.
3.	 Katrajkar K, Darji L, Kethavath D, Thakkar S, Kshirsagar B, Misra M. 

Shedding light on interaction of so called inactive ingredients (ex-
cipients) with permeability-glycoprotein. J Drug Deliv Sci Technol 
2019;52:531–552.

4.	 Davin-Regli A, Pages JM, Ferrand A. Clinical Status of Efflux Re-
sistance Mechanisms in Gram-Negative Bacteria. Antibiotics (Ba-
sel) 2021;10:1117

5.	 Seukep AJ, Fokoua-Maxime CD, Mbuntcha HG, Chen G, Assob 
JCN,Tenniswood M, et al. Bacterial Drug Efflux Pump Inhibitors 
from Plants, in Antimicrobial Resistance 2022. Springer, Singa-
pore.2022:487–532.

6.	 Tegos GP, Haynes M, Strouse JJ, Khan MM, Bologa CG, Oprea TI, 
Sklar LA. Microbial efflux pump inhibition: tactics and strategies. 
Curr Pharm De 2011;17:1291–1302.

7.	 Ebbensgaard AE, Løbner-Olesen A, Frimodt-Møller J. The Role of 
Efflux Pumps in the Transition from Low-Level to Clinical Antibiotic 
Resistance. Antibiotics (Basel) 2020;9:855.

8.	 Thakur V, Uniyal A, Tiwari V. A comprehensive review on pharma-
cology of efflux pumps and their inhibitors in antibiotic resistance. 
Eur J Pharmacol 2021;903:174151.

9.	 Putnam, D. Exploitation of P-glycoprotein Over-expression for Tar-
geted Drug Delivery to Breast Cancer 2011. https://apps.dtic.mil/
sti/citations/ADA571769. Accessed on February 20, 2022. 

10.	 Zhou SF. Structure, function and regulation of P-glycoprotein and 
its clinical relevance in drug disposition. Xenobiotica 2008;38:802–
832. 

11.	 Mizutani T, Masuda M, Nakai E, Furumiya K, Togawa H, Nakamura 
Y, et al. Genuine functions of P-glycoprotein (ABCB1). Curr Drug 
Metab 2008;9:167–174.

12.	 Li Y, Yuan H, Yang K, Xu W, Tang W, Li X. The structure and func-
tions of P-glycoprotein. Curr Med Chem 2010;17:786–800.

13.	 Johnstone RW, Ruefli AA, Smyth MJ. Multiple physiological func-
tions for multidrug transporter P-glycoprotein? Trends Biochem Sci 

2000;25:1–6.
14.	 Dewanjee S, Dua TK, Bhattacharjee N, Das A, Gangopadhyay M, 

Khanra R, et al. Natural Products as Alternative Choices for P-Gly-
coprotein (P-gp) Inhibition. Molecules 2017;22:871.

15.	 Georgantzopoulou A, Skoczyńska E, Van den Berg JH, Brand W, 
Legay S, Klein SG, et al. P-gp efflux pump inhibition potential of 
common environmental contaminants determined in vitro. Environ 
Toxicol Chem 2014;33:804–813.

16.	 Rathi E, Kumar A, Kini SG. Computational approaches in efflux 
pump inhibitors: current status and prospects. Drug Discov Today 
2020;25:1883–1890. 

17.	 Sharma A, Gupta VK, Pathania R. Efflux pump inhibitors for 
bacterial pathogens: From bench to bedside. Indian J Med Res 
2019;149:129–145.

18.	 Monteiro KLC, de Aquino TM, Mendonça Junior FJB. An Update 
on Staphylococcus aureus NorA Efflux Pump Inhibitors. Curr Top 
Med Chem 2020;20:2168–2185.

19.	 Seukep AJ, Kuete V, Nahar L, Sarker SD, Guo M. Plant-derived 
secondary metabolites as the main source of efflux pump inhibitors 
and methods for identification. J Pharm Anal 2020;10:277–290.

20.	 Choudhury D, Talukdar AD, Chetia P, Bhattacharjee A, Choudhury 
MD. Screening of Natural Products and Derivatives for the Identifi-
cation of RND Efflux Pump Inhibitors. Comb Chem High Through-
put Screen 2016;19:705–713.

21.	 Seukep AJ, Kuete V, Nahar L, Sarker SD, Guo M. Plant-derived 
secondary metabolites as the main source of efflux pump inhibitors 
and methods for identification. J Pharm Anal 2020;10:277–290.

22.	 Stavri M, Piddock LJ, Gibbons S. Bacterial efflux pump inhibitors 
from natural sources. J Antimicrob Chemother 2007;59:1247-60.

23.	 AlMatar M, Albarri O, Makky EA, Köksal F. Efflux pump inhibitors: 
new updates. Pharmacol Rep 2021 Feb;73:1–16. 

24.	 Durães F, Pinto M, Sousa E. Medicinal Chemistry Updates on 
Bacterial Efflux Pump Modulators. Curr Med Chem 2018;25:6030–
6069.

25.	 Wang Y, Venter H, Ma S. Efflux Pump Inhibitors: A Novel Approach 
to Combat Efflux-Mediated Drug Resistance in Bacteria. Curr Drug 
Targets 2016;17:702–219.

26.	 Samreen, Ahmad I, Qais FA, Maheshwari M, Rumbaugh KR. 
Efflux Pump Inhibitors and Their Role in the Reversal of Drug Re-
sistance. Antibacterial Drug Discovery to Combat MDR. Springer, 
Singapore. 2019:251–275.

27.	 Kumar M, Singh K, Naran K, Hamzabegovic F, Hoft DF, Warner 
DF, et al. Design, Synthesis, and Evaluation of Novel Hybrid Efflux 
Pump Inhibitors for Use against Mycobacterium tuberculosis. ACS 
Infect Dis 2016;2:714–725.

28.	 Gupta D, Singh A, Khan AU. Nanoparticles as Efflux Pump and 
Biofilm Inhibitor to Rejuvenate Bactericidal Effect of Conventional 
Antibiotics. Nanoscale Res Lett 2017;12:454.

29.	 Handzlik J, Matys A, Kieć-Kononowicz K. Recent Advances in 
Multi-Drug Resistance (MDR) Efflux Pump Inhibitors of Gram-Posi-
tive Bacteria S. aureus. Antibiotics (Basel) 2013;2:28–45.

30.	 Vila J, Martí S, Sánchez-Céspedes J. Porins, efflux pumps and 
multidrug resistance in Acinetobacter baumannii. J Antimicrob 
Chemother 2007;59:1210–1215.

31.	 Opperman TJ, Nguyen ST. Recent advances toward a molecular 
mechanism of efflux pump inhibition. Front Microbiol 2015;6:421.

32.	 Zechini B, Versace I. Inhibitors of multidrug resistant efflux systems 
in bacteria. Recent Pat Antiinfect Drug Discov 2009;4:37–50.

33.	 Schindler BD, Jacinto P, Kaatz GW. Inhibition of drug efflux pumps 
in Staphylococcus aureus: current status of potentiating existing 
antibiotics. Future Microbiol 2013;8:491–507.

34.	 Ruggerone P, Murakami S, Pos KM, Vargiu AV. RND efflux pumps: 
structural information translated into function and inhibition mecha-
nisms. Curr Top Med Chem 2013;13:3079–100.

35.	 Sun J, Deng Z, Yan A. Bacterial multidrug efflux pumps: mecha-
nisms, physiology and pharmacological exploitations. Biochem 
Biophys Res Commun 2014 Oct 17;453:254–267.



Page 7 of 7 Community Acquired Infection |  Volume 9 | 2021

Ahire ED and Kshirsagar EPI: New hope in microbial MDR

36.	 Nikaido H, Takatsuka Y. Mechanisms of RND multidrug efflux 
pumps. Biochim Biophys Acta 2009;1794:769–781.

37.	 Mahamoud A, Chevalier J, Alibert-Franco S, Kern WV, Pagès JM. 
Antibiotic efflux pumps in Gram-negative bacteria: the inhibitor re-
sponse strategy. J Antimicrob Chemother 2007;59:1223–1229.

38.	 Ernst R, Kueppers P, Stindt J, Kuchler K, Schmitt L. Multidrug ef-
flux pumps: substrate selection in ATP-binding cassette multidrug 
efflux pumps--first come, first served? FEBS J 2010;277:540–549.

39.	 Ahire ED, Sonawane VN, Surana KR, Talele S. Drug Discovery, 
Drug-Likeness Screening, and Bioavailability: Development of 
Drug-Likeness Rule for Natural Products. Apple Academic Press 
2021;191–208.

40.	 Askoura M, Mottawea W, Abujamel T, Taher I. Efflux pump inhib-
itors (EPIs) as new antimicrobial agents against Pseudomonas 
aeruginosa. Libyan J Med 2011;13:6. 

41.	 Lamut A, Peterlin Mašič L, Kikelj D, Tomašič T. Efflux pump inhibi-
tors of clinically relevant multidrug resistant bacteria. Med Res Rev 
2019;39:2460–2504.

42.	 Song L, Wu X. Development of efflux pump inhibitors in antituber-
culosis therapy. Int J Antimicrob Agents 2016;47:421–429.

43.	 Lomovskaya O, Watkins W. Inhibition of efflux pumps as a novel 
approach to combat drug resistance in bacteria. J Mol Microbiol 
Biotechnol 2001;3:225–236.


