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Multidrug resistance has become a threat to global public health as a result of resistance of microbes toward
several drugs leading to prolonged period of illness, disability, incapacity, and death. Such multidrug resistance
is seen principally in organisms involved in nosocomial infections also called as hospital-acquired infections.
Enterococcus species, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species (ESKAPE pathogens) are one of the major causes of nosocomial
infections. Organisms acquire resistance to various antibiotics because of repetitive use and unprescribed
medication. There are different mechanisms responsible for multidrug resistance, viz. inactivation by enzymes
or alteration of drug, modification of drug binding site, reduction in intracellular drug accumulation, formation
of biofilm, and preventing drug access to target (efflux pump). Among these the most common mechanism
adopted by the organism is efflux pump and is profoundly seen in P. aeruginosa, Escherichia coli, and Candida
albicans. An efflux pump is the channel that actively exports antimicrobials and other compounds out of the
cell. Molecules involved in the inhibition of efflux mechanisms are known as efflux pump inhibitors. In this
review, we mainly focus on the efflux pump as the major cause of escape of pathogens (mainly ESKAPE
pathogens) from the action of antibiotics and strategies that can be used to overcome the resistance caused by

these pumps.

1. INTRODUCTION

We have entered the age of antibiotics with the discovery of
penicillin in 1929 and streptomycin in 1943 where treatment of
previously considered deadly bacterial infections was easy. The
time frame from 1950 to 1960 was viewed as the brilliant period
of anti-microbial revelation as one portion of the anti-microbial
utilized today were found in the 20th century. Since then, there has
been a worldwide increase in the number of microbial infections
over the previous years because of the increase of antimicrobial
resistance in organisms resulting in a phenomenon called
multidrug resistance. The multidrug resistance may be described
as the resistance shown by various microbial strains towards
known and notable antibiotics. This resistance of bacterial strains
toward antibiotics has been developed several years ago right
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after the invention of the very first miracle drug named penicillin.
Bacteria when exposed to a particular drug for a protracted period
can develop survival strategies toward the antibiotic to which it
was previously susceptible to. The foremost reasons behind this
acquired resistance are (a) overuse of medication; (b) misuse of
medicine; (¢) consumption of unprescribed drugs; (d) natural
selection process in microorganisms; (e) not taking the prescribed
dosage of medicine; (f) and negligence toward the correct usage
of antibiotics by a good range of the population. Some familiar
multidrug-resistant  organisms (MDROs) are methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-resistant
Enterococci, and extended-spectrum beta-lactamases-producing
Gram-negative bacteria.

Multidrug resistance has become a universal threat as an outsized
number of organisms including various potent pathogens have
significantly acquired resistance toward valuable drugs within
the market. This increasing resistance to antibiotics shown by
pathogens is extremely dangerous since it limits the treatment
options and has adverse effects on an individual’s health.
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Organisms involved in nosocomial infections (hospital-acquired
infection) are various bacteria, fungi, parasites, and other
infectious agents that have now become immune to the standard
antibiotics because of poor sanitation practices in hospitals and
continuous usage of the identical drugs for a protracted period.
The communicable disease Society of America refers to the
pathogens that cause nosocomial infections as ESKAPE pathogens
[1]. ESKAPE is that the abbreviation for Enterococcus species,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species.
Data from the National Nosocomial Infections television system
suggests that within the US the incidence of nosocomial MRSA
infections is steadily increasing which accounts for greater than
60% of the medical aid unit admissions. Staphylococcus aureus
has developed resistance to several drugs including second- and
third-line drugs [2]. Resistance shown by these pathogens toward
multiple drugs has become a burden on medical examiners and
economic systems. The results of this are high mortality and
morbidity rates, prolonged illness, diagnostic uncertainties, and
also ends up in the dearth of trust of patients on the system. Because
of these devastating effects of multidrug resistance on society it is
become a serious challenge for all scientists and medical workers
to guard the planet from life-threatening situations which will be
caused because of these MDROs and thus bring back the trust of
individuals within the system.

Since multidrug resistance has become a worldwide issue many
experts are working to search out the mechanisms in bacterial
cells that cause this mischievous behavior. By taking a more in-
depth look at the within of those resistant organisms five basic
mechanisms (Fig. 1) are described that might be to blame for
their throw off antimicrobial drugs. The mechanisms are as
follows: a. enzymatic inactivation of drug/alteration of the drug,
b. modification of drug binding site, c. reduced intracellular drug
accumulation, d. biofilm formation, and e. efflux pumps: this is
often the foremost commonly used mechanism by organisms to
amass resistance toward drugs.

2. EFFLUX PUMP

Efflux pumps are major determinants of drug resistance and
have an incredible role in this much-pronounced phenomenon
of multidrug resistance. These efflux pumps are channels that
export the antimicrobial substances out of the cell via porins
and thus prevent the action of the drug on the target. However,
certain molecules aid in overcoming this mechanism of resistance
and are referred to as efflux pump inhibitors (EPIs). Since efflux
pumps are a serious reason for resistance there need to be counter-
strategies to figure against the action of this pump to nullify the
effect and forestall the bacterium from escaping the antibiotics.
This review together with efflux pumps also focuses on EPIs as
prominent molecules in inhibiting the action of those pumps.

2.1. Insight into the Pumps

Efflux pump is a key component of obstruction seen generally
in all organisms but is prominently present in Gram-negative
micro-organisms and comprise a significant class of resistance
determinant. The qualities for this class of protein are situated on
chromosomes or plasmids [2]. These pumps have a significant
ability to expel harmful material just as colors, cleansers, substantial
metals, natural solvents, and above all antimicrobial substances
[3-6]; by doing so the organisms are fit for adjusting and getting
by in biological and physiological specialties [7]. Articulation of
this efflux action is dependent upon tight guidelines by nearby
and worldwide transcriptional controllers that show that efflux
pumps have physiological capacities particularly under pressure
transformation, improvement of pathogenesis and virulence of
microorganisms [8—10].

The expulsion of antimicrobials from the bacterial cell is done
by explicit cell membrane proteins which behave as pumps and
decline the degrees of harmful substances within the cell. Gigantic
work is being performed on examining the specific structure of
these proteins to eventually consider the working of efflux pumps
[11]. These pumps show wide explicitness and high productivity

2. Alternative
enzyme

Figure 1: Mechanisms of drug resistance shown by organisms. 1. Drug (in blue capsule) inactivation. 2. Use of alternative enzyme. 3. Decreased uptake. 4. Biofilm
formation. 5. Efflux pump.
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Figure 2: Schematic representation of the main types of bacterial efflux systems. MFS: Major facilitator superfamily; SMR: Small multidrug resistance family;
MATE: Multidrug and toxic compound extrusion family; ABC: ATP binding cassette superfamily; RND: Resistance nodulation family.

of drug expulsion in which drug efflux is combined with a proton
intrusion and in this way these pumps are named H+ antiporters
[12,13]. These antiporters based on their composition, number of
transmembrane spanning region, energy sources, and substrates are
distributed into five families (Fig. 2), which are described below.

2.1.1. Adenosine triphosphate (ATP) binding cassette (ABC)
super-family

The ATP binding cassette superfamily is ubiquitously present in
bacterial organisms and is normally recognized as ABC transporters
due to the fact they are involved in the transport of substrate from
the interior to exterior of the cell. The first attribute member of the
ABC family is of the eukaryotic foundation being P-glycoprotein
and MRP-1 [13]. ABC transporters are membrane proteins that act
as efflux pumps for more than a few lipids, drugs, natural products,
and peptides. These transporters act as cleaning devices expelling
nonpolar compounds from membrane bilayer to the exterior by
means of using power derived from ATP hydrolysis [14]. ABC
carriers comprise four centre areas explicitly two Nucleotide
binding domains (NBDs) and two transmembrane domains (TMDs)
The NBDs are located at the cytoplasmic face of the membrane and
are responsible for the power era through ATP hydrolysis whilst
the TMDs are accountable for determining the transporter function
[15]. This 4-domain employer is enough and indispensable for
purposeful ABC transporter. Studies have shown that the two TMDs
form a long chamber within the membrane that opens to the outside
and constitutes a drug-binding pocket of ABC pumps.

2.1.1.1. Working. ABC transporters basically utilize ATP
hydrolysis to power unidirectional transport of substrate
throughout the membrane. Transport begins with the binding of the

substrate in transmembrane domains which drives conformational
changes in NBDs. This leads to the dimerization of NBDs and
extended affinity of NBDs toward ATP. Dimerization of NBDs is
accountable for closure on inward-facing substrate-binding site
and opening of the outward-facing binding sites [16]. Two face-
off models have been described for subsequent steps. (a) The
ATP swap model: this model states that the binding of nucleotide
consequences in a power stroke that affords power for the transport
of substrate and then ATP hydrolysis leads to resetting of NBDs to
its basal configuration [17]. (b) Alternating catalytic sites model:
this model says that drug extrusion is coupled to the relaxation
of excessive electricity catalytic site conformation generated
through the ATP-hydrolysis step. ATP hydrolysis and subsequent
release of inorganic phosphate and adenosine diphosphate cause
transporter to reset to unique confirmation [18]. ABC transporter
considered in Escherichia coli is MacB is a phase of the tripartite
efflux system MacAB. When overexpressed the gadget confers
resistance against macrolides composed of lactones. Another
example is the BrcA protein of Bacillus licheniformis which is
responsible for bacitracin resistance. The protein simply removes
the bacitracin molecule from its membrane target This BrcA protein
shares homology with hydrophilic ATP binding components of
ABC transporters of transport proteins [19]. Interestingly genes
coding for ABC transporters in Mycobacterium tuberculosis
occupy 2.5% of its genome. 30 ABC transporters were identified
in M. tuberculosis which potentially participated in drug transport
and for this reason are predominant elements contributing to
multidrug resistance considered in M. tuberculosis [20]. Other
ABC transporters include SrmB, oleB, DrrAB from Streptomyces
species, lantibiotic exporters PepT and SalXY from Streptococcus
species [16].
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2.1.2. Resistance nodulation (RND) family

The RND group of efflux system is the largest and generally
noticeable among all different families. This system is generally
present in Gram-negative microscopic organisms like E. coli,
P aeruginosa, Serratia marcescens, and Stenotrophomonas
maltophilia. The external layer of Gram-negative microorganisms
comprises an additional coverage that goes about as a boundary for
a section of poisonous substrates [21]. In any case, concentrates
altogether indicated that substrates like beta-lactams could pass
this external layer within a moment making it evident that the
external film alone can’t go about as a barrier to prevent the
entry of medicine but requires another process to figure with it
in collaboration and this process was revealed to be the RND
efflux framework [22]. The RND efflux pumps exist in a three-
way structure crossing over both external and internal membrane
[23] subsequently fit for pumping out medications directly within
the periplasm not permitting them to reemerge cytosol. The three-
sided complex comprises three segments (a) A carrier protein
(example AdeB) located within the inner layer (b) Periplasmic
adornment protein or membrane fusion protein (MFP) (example
AdeA) (c) Outer film protein channel (example AdeC) present
within the outer film of Gram-negative bacteria [23,24]. All the
three parts together are to fault for the working of RND pumps
and likewise, the absence of anybody segment makes it nonuseful.
The qualities encoding for MFP are found in an exceedingly single
operon or could be a part of operon coding for a unique efflux
pump [25]. As indicated by a survey in Acinetobacter baumanii the
carrier protein AdeB catches its substrate from inside the internal
layer of phospholipid bilayer film or the cytoplasm. This substrate
is then shipped into the extracellular layer through MFP (AdeC)
and this vehicle is intervened by means of periplasmic protein.
The individuals from this group of efflux framework are proton
antiporters utilizing the proton angle to control efflux, trading one
proton for one drug molecule [24].

Most generally examined efflux pumps of the RND family are
AcrAB-Tol arrangement of £. coli and MexAB-OprM arrangement
of P. aeruginosa [26,27]. These RND efflux pumps are substrate-
specific as an example the ArcAB framework in Proteus mirabilis
follows up on novobiocin [24], the ArcAB-TolC arrangement
of E. coli acts on a large range of substrates—beta-lactams,
chloramphenicol, fluoroquinolones, macrolides, novobiocin
and in a similar manner the MexAB-OprM arrangement of P,
aeruginosa not just follows up on beta-lactams, chloramphenicol,
fluoroquinolones, macrolides, novobiocin yet additionally on
aminoglycosides, tetracycline and trimethoprim [23,24]. Different
individuals from the RND framework incorporate the SdeAB-
SmeC framework of S. marcescens, ArcAB arrangement of K.
pneumoniae and Klebsiella oxyloca, AdeAB-AdeC arrangement
of Acinetobacter baumani, and so on.

2.1.3. Small multidrug resistance (SMR) family

The SMR family is a proton-driven group of efflux framework
having a little size, basic structure, and shows a double topology
[28]. The individuals from this family comprise transport proteins
situated within the inward layer of the cell. The polypeptide
chains of SMR efflux pumps that are found in the inward film

of Gram-negative microbes, are 100—140 amino acid build-ups
long and contain four transmembrane helices [29,30]. The most
usually contemplated SMR efflux pumps incorporate EmrE of
P. aeruginosa, SsmE of S. marcescens, EmrE of E. coli, EbrAM
of Bacillus subtilis. These pumps are mostly engaged with the
expulsion of quaternary ammonium mixes just as antimicrobials.
Aside from drug expulsion SMR relatives are likewise associated
with the expulsion of guanidinium mixes by going about as
guanidinium H antiporters, in this way sending out guanidinium
particles from the cytoplasm by coupling its movement with
proton motive force [28]. The SMR family can be isolated into
three unique subclasses dependent on their capacity to present host
protection from an expansive scope of medications [31]. The three
classes are as follows: 1. Silencer of groEL mutations (silencer of
groEL); 2. Paired SMR; and 3. Small multidrug pumps [30,32].
SMR proteins related to multidrug opposition are found on
plasmids or associated with horizontal gene transfer. SMR family
is engaged with reflux of a wide scope of substrates, for example,
lipophilic medications, nicotine, polyamine, DNA intercalating
colors, and other poisonous mixes also [30,33,34]. SMR efflux
pump AbeS in A. baumanii shows protection from antibiotics,
hydrophobic mixes, cleansers, and disinfectants [29] while the
EmrE efflux arrangement of E. coli gives protection from harmful
mixes like ethidium, acriflavine, tetraphenylphosphonium,
benzalkonium, streptomycin, and tobramycin. Consequently,
both these individuals from the SMR efflux framework are of
incredible incentive for the bacterium to present protection from
numerous substrates and advance endurance for a more extended
timeframe. Studies have likewise demonstrated that an E. coli
gene ynfA, an SMR quality relative, may be associated with the
complex guidelines by which beforehand defenseless microbes
become safe over the span of evolution [35].

2.1.4. Major facilitator superfamily (MFS)

The MEFS is the most important family of all membrane transporter
families concerned with the efflux of drugs. The contributors of
this family are ubiquitously present in all domains of lifestyle such
as microorganisms, archaea, and eukarya [28,36,37]. Maximum
efflux pumps of this family incorporate uniporters, symporters,
and antiporters that are concerned about antibiotic resistance.
These pumps concerned in the extrusion of substrates are present
on the plasma membrane, thereby stopping the build-up of
antibiotics inside the cell [36]. The structure of MFS transporters
is such that it carries transmembrane helices and structural motifs.
Most of the MFS transporters encompass 400-600 amino acyl
residues in duration with the central helices organized in pseudo-
symmetrical helix bundles. Moreover, research has also shown
that these residues play a crucial role in catalysis and the two
bundles incorporate inverted topology repeats of three bundles
each [38]. The structure consists of a vital pore with two domain
names that switch conformations from the cytoplasmic aspect of
the membrane to the periplasmic facet as a result of the gradient of
Na+ or H+ ions [37]. The MFS efflux proteins may be divided into
distinct clusters with either 12 or 14 transmembrane segments. The
transporter category database has further grouped the MFS family
into 76 subfamilies primarily based on phylogenetic analysis,
substrate specificity, and mechanisms. Genes encoding for these
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family of transporters is ordinarily chromosomal but now and
again can be located on plasmids [36]. Out of all the subfamilies
family, 2 and 3 encompass drug efflux structures and own 12
and 14 transmembranes, respectively. The families are known as
DHA14 and DHA12 and work as H" antiporters to catalyze drug
efflux [39].

Studies show that the MFS individuals follow a two-step
mechanism for the extrusion of antimicrobials. The sooner
proposed version become referred to as a rocker-switch version;
however latest studies led to a replace and the model changed
into named as the clamp-and-switch model [38,40,41]. The up-
to-date model shows that structural modifications are concerned
in the extrusion; first, the helices that line the inner pore bend and
are assumed to present upward thrust to an occluded country (the
clamping step). Then the domains alternatively rotate exposing
the binding area to one of the alternative facets of the internal
membrane (the switching step). The exit of the substrate is thru
the outer membrane thru the TolC protein [40].

A few efflux participants of the MFS family are MefA undercover
agent of Streptococcus pyogenes that is a macrolide-efflux
protein and is also observed in Streptococcus pneumoniae
and Lactococcus lactis, Orf 1 Sco a transmembrane protein
of Streptomyces coelicolor, TetV Msm a tetracycline-resistant
determinant found in Mycobacterium smegmatis, faucet multidrug
resistance efflux pump of Mycobacterium fortuitum and so
on [42]. Mefa expels 14 membered macrolides which include
erythromycin and oleandomycin whereas any other characterized
drug efflux pump Cmr of Corynebacterium glutamicum confers
resistance to tetracycline, puromycin and bleomycin. The
genome of S. aureus has greater than 30 putative efflux pumps
out of which the antiporter DHA-2 belonging to the MFS own
family is the maximum enormous. Alongside the DHA-2 family
members also export bile salts and dyes; NorA, NorB, QacA/B are
a few different most studied MFS efflux individuals in S. aureus
[36]. Every other efflux pump of S. aureus Tet38 has involved
in resistance to tetracyclin while NorA and NorB are involved
within the extrusion of fluoroquinolones. Regulators for the
participants of the MFS family of efflux pump include emrAB of
E. coli, expression of MdrT pump beneath negative manage of
TetR like repressor or BtrA in Listeria monocytogenes, and the
farAB operon in Neisseria gonorrhoeae [37,43,44]. Consequently,
because of all the above-stated traits of the MFS family, they take
place to grow to be a primary motive for multidrug resistance in
each Gram-positive in addition to Gram-negative microorganism.

2.1.5. Multidrug and toxic compound extrusion (MATE) family

MATE is another group of the efflux framework that guides
the bacterium in the expulsion of harmful mixes, xenobiotics,
an enormous number of anti-infection agents, and in this
manner causes the bacterium to give opposition against a wide
assortment of substrates coming about in multidrug obstruction.
Like the MFS family, these efflux frameworks are likewise
pervasively present among all spaces of life that incorporate
archaea, microscopic organisms, and eukarya. Individuals from
this family trade anti-infection agents or substrates by means
of transmembrane H* or Na“ particle gradients [45,46]. MATE

relatives are natural cation exporters that discharge metabolic
wastes or xenobiotic cations from the microbe and are unequipped
for trading substrates conveying a negative charge [47,48]. The
regular substrates for the MATE group of efflux frameworks are
fluoroquinolones, aminoglycoside antitoxins, and some anticancer
chemotherapeutic agents [47]. The MATE family is separated
into three subfamilies dependent on their amino acid arrangement
similarity (a) DinF (damage inducible protein F), (b) NorM,
and (c) eukarya subfamily [33,37,39]. The main MATE carrier
structure that was contemplated was the NorM carrier in 1988
[49]. X-ray crystallography uncovered the presence of 12 alpha
transmembrane helices with N and C terminal domains. The NorM
structure showed a V shape with each arm of the V being made out
of six transmembranes, isolating the carrier into two comparably
collapsed areas: the N (TM1-TM6) and C space (TM7-TM12).
The V-molded structure has the ability of adjusting itself into
internal confronting conformation and outward-confronting
conformation. The instrument of expulsion is with the end goal
that when Na+ particles tie to cation free, drug bound, extracellular
confronting carrier it triggers the movement of TM7 and TMS
making the medication be separated from the carrier. The cation
bound, without drug carrier at that point changes to an intracellular
adaptation to block another medication from the cytoplasm [48].
The most examined carrier of this family is NorM since it is
associated with protection from an enormous assortment of anti-
microbials, for example, ciprofloxacin, norfloxacin, kanamycin,
streptomycin trimethoprim, acriflavine, and ethidium bromide
(EtBr). Further investigations prompted the identification of more
MATE relatives, for example, AbeM from A. baumanii; HmrM
from Hemophilus influenzae; VchM, VemB, VemD, and VerM
from Vibrio cholerae; and VmrA from Vibrio parahaemolyticus
[37]. As of late a quality coding for MATE family efflux siphon
was contemplated: EmmdR from the chromosome of Enterobacter
cloacae and this efflux siphon speaks to an arising and promising
objective for putative efflux siphon inhibitors.

Aside from the five referenced groups of efflux siphon, specialists
have discovered two new families that have a place with this
framework and are named as Proteobacterial antimicrobial
compound efflux (PACE) family and p-aminobenzoyl-glutamate
transporter (ABgt) family [37]. The PACE group of efflux carriers
are generally present in Gram-negative microorganisms, for
example, Pseudomonas, Klebsiella, Enterobacter, Salmonella,
and Burkholderia species and are engaged with giving obstruction
toward a scope of biocides utilized as disinfectants and sterilizers,
for example, chlorhexidine and acriflavin [46]. All the PACE
proteins contemplated show four transmembrane helices that are
coordinated into two couple bacterial transmembrane pair domains
[50]. The significance of PACE family proteins is probably going
to reach out in this field of medication obstruction. The ABgt
group of efflux carriers is a class of anti-metabolite carrier and can
be a noteworthy objective for the improvement of anti-microbial
to fix microbial diseases [51].

3. EFFLUX PUMP INHIBITORS

Since efflux pumps are known to have such a noticeable job in
multidrug resistance obstruction developing strategies to cancel
these pumps would permit the antitoxins or antibiotics to work
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Figure 3: Strategies to inhibit efflux pump. 1. Altered drug structure. 2. Suppressed expression. 3. Collapsing efflux energy.4. Application of competitive/
noncompetitive drug. 5. Blocking inner/outer membrane proteins. 6. Disruption of pump assembly.

effectively and execute the objective. Six fundamental strategies
(Fig. 3) have been proposed to sidestep the efflux activity: 1.
Adjusting the structure of medication to which microscopic
organisms have gotten safe or resistant; 2. Disturbance of the efflux
pump gets together; 3. Down managing the outflow of efflux pumps
by genetic adjustments; 4. Imploding the energy that is needed for
the framework to work; 5. Use of competitive or noncompetitive
inhibitor with drugs; and 6. Blocking of inner/outer membrane
proteins [52]. EPIs are particles that repress the transport of drugs
to the outside of cell and along these lines can collect the antibiotics
inside the cell and in the end assist the medications with following
up on its objective. Analysts are playing out various examinations
to discover the different manners by which EPIs can work, one of
them being the capacity of these atoms to rejuvenate the action of
antitoxins. Peptidomimetic EPI-MC-207,110 [phenylalanyl-arginyl-
naphthylamide (PaN)], an important EPI was discovered for the first
time after several years of struggle with multi drug resistance. It
demonstrates erythromycin and levofloxacin’s antibacterial activity
against clinical isolates of P. aeruginosa that overexpress MexAB-
OprM [52]. An ideal EPI should have the following characteristics:

1. It should not be toxic to the human body.

2. It should provide synergistic effects in combination with other drugs.

3. It should have a simple structure and should be effective on
various targets.

3.1. Classifications of EPIs

Many molecules have shown potential as EPIs, but the mode of
action is not known for most of the molecules. Therefore, these
compounds are categorized based on their sources rather than their
mechanism of action that include 1) natural sources, i.e., EPIs
derived from plant products and microorganisms and 2) synthetic
compounds. Various classes of EPIs with their detailed chemical
structure are mentioned in Table 1.

3.1.1. Natural sources

The application of knowledge regarding the natural sources
of the traditional physicians provided helpful information for
investigating new drugs. The antibiotic potential of naturally
derived substances is studied widely in different parts of the world
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[53]. These products have provided important bioactive molecules
which are active against infectious and noninfectious diseases.

3.1.2. EPIs derived from plants

EPIs derived from medicinal plants are very promising as
they provide secondary metabolites which are chemically and
structurally diverse with multiple pharmacological properties.
Studies have shown that medicinal plants contain phytochemicals
that block the efflux pump in both Gram-positive and Gram-
negative bacteria and potentially restore the activity of the
antibiotics, thus allowing the molecules of antibiotics to reach
inside of the bacterial cell at effective concentration [54]. These
plant-derived EPIs work in synergy with antibiotics, which in
combination provides active treatments for patients that are
suffering from MDR-associated conditions [55,56]. Major classes
of plant derived EPIs are listed below.

3.1.2.1. Alkaloids. a. Reserpine is an indole alkaloid that is extracted
from the roots of Rauwolfia serpentina and Rauwolfia vomitoria and
is used as an antipsychotic drug. It shows efflux pump inhibitory
activity against the MFS and RND efflux pump superfamily [57].
It is an effective EPI of tetracycline efflux which is exhibited by
the Gram-positive B. subtilis via the BMR pump [58]. Reserpine
involves direct binding to the B. subtilis membrane protein (BMR)
pump that contains two phenylalanine residues (at positions 143
and 306) and one valine (at position 286). The studies show that
Reserpine increases the activity of tetracycline by a fourfold
decrease in maximum inhibitory concentration (MIC) in two
MRSA isolates that contain Tet (k) and results in the eliminating the
resistance possessed by the Nora efflux of S. aureus [59]. After the
administration of Reserpine, the BMR protein pump expressed by
B. subtilis increases the susceptibility to fluoroquinolones and other
antibiotics [60]. Because of its nephrotoxic nature, Reserpine has not
yet been used in human research with antimicrobial agents [61].

b. Piperine is another alkaloid that is isolated from black pepper
(Piper nigrum) which acts as a NorA inhibitor of mutant strains of
MRSA by possessing the ability to reverse ciprofloxacin resistance
[62]. Piperine along with its derivative pipridine exhibit efflux
pump inhibitory activity against the pathogenic bacteria including
S. aureus and Mycobacteria spp [63]. According to the studies in
M. tuberculosis H37Rv and few other clinical isolates, piperine
inhibits an uncharacterized efflux pump Rv1258c by enhancing
the activity of rifampicin [64].

3.1.2.2. Phenolic metabolites: flavonoids. a. 5’-methoxy-
hydnocarpin is a flavolignan which is isolated from Berberis
plant and acts as a successful EPI of the NorA pump. It helps in
restoring the activity and also accumulates the berberine which
is an antibiotic produced by the same species of plant. However,
the clinical application is doubtful, due to its toxic nature [65].
Other plant-derived isoflavines isolated from Lupinus argenteus
that comprises orobol, genistein, and biochanin A, has appeared to
reduce the MIC of antibiotics, for example, repression of the MDR
superfamily of efflux pump in S. aureus and M. smegmatis by use
of berberine and norfloxacin [66].

b. Baicalein, a 5, 6, 7-trihydroflavone is a trihydroxy compound
isolated from thyme leaves (Thymus vulgaris), is a weak

antimicrobial flavone (MIC 100 mg/l). When administered along
with antibiotics like ciprofloxacin, tetracycline, and B-lactam
including cefmetazole, oxacillin, and ampicillin it enhances the
susceptibility of clinical MRSA strain [67,68].

3.1.2.3. Polyphenols. a. Catechin gallate is a polyphenol, which
is isolated from green tea extract, and has proven to reverse the
resistance caused by the MRSA strains [69]. According to the EtBr
inhibition assay, both epicatechin gallate and epigallocatechin gallate
show weak inhibitory activity toward the NorA transporter, with
epicatechin gallate being slightly more potent than epigallocatechin
gallate. The studies suggest that these compounds bind two different
sites with different affinities on NorA efflux pumps. Therefore, their
activity as EPIs is only observed at higher concentrations [70].

b. Epigallocatechin gallate when administered along with other
antibiotics such as tetracycline, erythromycin, and ciprofloxacin
upgrades their potencies in TetK-overexpressing Staphylococci
and in Campylobacter spp. However, because of its toxic nature,
further preclinical investigations were not completed [71].

3.1.2.4. Phenolic diterpenes. a. Carnosic acid and carnosol are
examples of phenolic diterpenes and are isolated from Rosemary
(Rosmarinus officinalis) act as EPIs. These phenolic diterpenes
help in increasing the activity of erythromycin and tetracycline
against the macrolide-resistant strain of S. aureus which expresses
ABC transporter Msr (A) and Tet (K) [72].

b. Geraniol is also known as monoterpenoid alcohol and is isolated
from Helichrysum italicum. In several Gram-negative bacterial
species, geraniol has been reported to modulate drug resistance
by targeting MDR efflux pump mechanism. This compound
decreases the MIC of chloramphenicol in Enterobacter aerogenes
CM-64 strain which is known to overexpress the tripartite efflux
pump, AceAB-TolC [73].

3.1.2.5. Heterocyclic macrocycles. a. Pheophorbide A is a
natural porphyrin found in the Berberis plant and represents a
very different class of inhibitors that acts against the NorA efflux
pump. Pheophorbide A is a product of cholesterol metabolism
and consists of four modified pyrrole subunits. This compound
increases the susceptibility of S. aureus toward berberine, but
due to the difficulties that were associated during the synthesis
and purification there further development was affected, and
also because of the unpredictable toxic nature caused reduce in
research interest [74].

b. Orizabins a heterocyclic oligosaccharide sensitizes the
resistance activity of norfloxacin by inducing a 4-16-fold increase
in its activity against S. aureus strain (SA119B) that overexpresses
NorA pump. When administrated in lower concentrations, these
compounds show greater potency. Orizabins appear to be a
promising inhibitor for developing an antimicrobial adjuvant as it
shows weak cytotoxic and antitumor activity [75].

3.1.3. Mode of action of plant-derived EPI

Even though efflux pumps are primarily dependent on cellular
energy, energy decoupling and the efflux activity possessed by
these pumps represent an intriguing approach to efflux pump
inhibition via proton gradient or ATPase activity [52]. As most of



184 Saabir et al.: Journal of Applied Biology & Biotechnology 2022;10(03):177-194

the energy utilized by the efflux system for their functioning is from
H+ and Na+ electrochemical gradient, the EPIs principal mode of
action is to target these H+/Na+ motive forces of the efflux pump
mechanism or by targeting the competitive or noncompetitive
inhibition with the binding substance. Another operation of the
mode of action comprises (i) ionic gradient dissipation through
the cell membrane; (ii) targeting the transcribing pathway of the
particular gene that encrypts the efflux pumps; (iii) interfering
with ATP hydrolysis, which compromises the efflux pump
and increases permeability in the Gram-negative bacteria’s
outer membrane; and (iv) causing conformational changes in
the structure of efflux pump or by targeting the assembly of
multicomponent pumps such as RND pumps.

3.1.4. Microbial-derived EPI

As we know that most of the EPIs have their origin from plant
products or semi-synthetic/synthetic chemical compounds, there is
a small fraction of EPIs that are derived from microbes. Microbial
fermentation products that are obtained after the screening process
can be used as EPIs. EA-371a and EA-371d are examples of
inhibitors that are originated from the microbial source. They
were first obtained from the fermentation extract of Streptomyces
spp and are recognized as a potent inhibitor of the MexAB-OprM
pump in P. aeruginosa. EA-371a and EA-371d fail to display
selective activity against the other strains of P. aeruginosa [76].
These two compounds are important because of their ability to
inhibit the tripartite efflux pump in multidrug resistant Gram-
negative pathogens. Their novel structure is an opportunity for
the researchers to manufacture derivatives that have increased
bioavailability, reduced toxicity, and high potency that act against
the efflux pump.

2-(2-Aminophenyl) indole (RP2) — Derivative of indole (RP2),
an efflux inhibitor, is another compound that is originated from a
soil bacterium. The studies show that it is a potential efflux pump
that is used to overcome the efflux-mediated resistance possessed
by the strains of S. aureus. This compound was further tested in
combination with other antibiotics to check the action against the
efflux pump that is overexpressed by the strains of S. aureus. It was
also examined for uptake of EtBr, efflux inhibition assay which
is the hallmark of EPI functionality, and cytoplasmic membrane
depolarization. RP2 is an ideal microbial-derived EPI, which
can be used as an effective therapeutic regimen along with other
antibiotics in order to eradicate infections caused by S. aureus [77].

3.1.5. Fungal EPIs

EPIs that are derived from yeast are further characterized into
five groups: (i) Tacrolimus (FK506) has the ability to potentiate
azoles in the pathogenic strains that are known to overexpress the
CDR1 and CaMDR genes [78]. (ii) Phenothiazines are known to
potentiate ketoconazole in a strain that expresses Pdr5p, Snq2p,
and Yorlp by showing characteristic antimicrobial activity [79].
(iii) Propafenone enhances the activity of azoles and terbinafine
in the strains that do not possess Cdrlp and Cdr2p [80]. (iv) The
effects of cycloheximide or cerulenin on Pdr5p-overexpressing
cells are enhanced by isonitrile and enniatin and inhibiting Sng2p
(a homologous of PdrSp) [81]. Enniatins exhibit similarities

with FK506 against the mutants of PdrSp. The inhibitory action
possessed by enniatin is competitive against FK506. It is reported
that enniatin is more potent and also shows less toxicity than that
of FK506. Nevertheless, enniatin does not effectively inhibit
Sng2p (a homolog of Pdr5p), and it is known to be toxic to yeast
cells [82]. (v) N-methylpiperazine (a derivative quinazolinone)
and milbemycin derivatives are characterized as fungal-derived
EPIs. These compounds are known to enhance the efficacy of
fluconazole in Candida albicans [83,84]. While increasing the
solubility of these compounds an analog was discovered which
possessed improved physical properties and activity against
isolates of Candida spp [85]. Further additions were made to the
list of EPIs that are derived from the fungal source with the cyclic
peptides: unnarmicin A and unnarmicin C. The modifications came
from a catalogue of marine microbes [86] and sulfated sterols
deduced from the marine sponge Topsentia sp, [87], acridone [88]
derivatives, and ibuprofen [89].

3.1.6. EPIs derived from synthetic source

3.1.6.1.Peptidomimeticcompounds.a. Phe-Arg-p-naphthylamide
(MC-207, 110; MC-02,595; MC-04, 127), commonly known as
PapN, is a dipeptide amide which was one of the leading EPI
compounds discovered through the synthetic approach. PABN has
been found useful in potentiating the activity of various different
classes of antibiotics including 4-fluoroquinolones, macrolides,
and chloramphenicol by inhibiting efflux pump MDR pathogens
[90-92]. This compound is capable of inhibiting MexAB-OprM
proteins that are overexpressed by the strains of P aeruginosa
[93]. PAPN increases the activity of levofloxacin eightfold and
also increases the activity of other antibiotics against MexCD-
Opr] and MexEF-OprN efflux transporters of P. aeruginosa.
However, due to its cytotoxic property toward the mammalian
cells, this compound along with its derivatives had limited
clinical potential [94]. Therefore, PABN is used as a research tool
compound to determine the antimicrobial resistance of the newly
identified EPIs.

b. Elacridar (GF120918), Biricodar (VX-710), and Timcodar
(VX-853): These three synthetic compounds have the ability to
potentiate the activity of drug sensitivity in a mammalian cell
that expresses efflux proteins such as MRP-1 and P-gp while
producing minimal in-vivo toxicity [95,96]. Elacridar is a multi-
cyclic compound that targets multiple drug resistance in cancer.
Elacridar (GF120918) acts as an inhibitor of ABC-transporter of
MDR-1 (P-gp) and BCRP. It also increases the bioavailability
of cytotoxic antitumor drugs [97,98]. Biricodar is a compound
developed by Vertex Pharmaceutical and it is used as an adjunct
therapy in ovarian cancer [99]. This compound is used in blocking
two major multiple drug resistance mechanisms including
P-glycoprotein (MDR-1) and multidrug resistance-associated
protein (MRP) [100]. Timcodar (VX-853) compound belongs
to the class of phenylalanine and derivatives. This compound is
known to increase the potency of isoniazid and rifampicin which
act as anti-tuberculosis drugs against M. tuberculosis [101].

3.1.6.2. Quinoline derivatives. Quinoline acts as an inhibitor
of an antibiotic efflux pump that is found in the isolates of
multiple drug-resistant bacterial pathogens such as E. aerogenes
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Table 1: Various EPIs with their chemical structures.

Plant Derived EPI Structure
Alkaloids:

1. Resperine

2. Piperine

Flavonoids:

1. 5'-methoxy-hydnocarpin

2. Baicalein

Polyphenols:

1. Catechin gallates

HO

2. Epicatechin gallate

Continued
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3. Epigallocatechin gallate

HO

Phenolic diterpenes:

1. Carnosic acid

2. Carnsol

3. Geraniol HO

Heterocyclic Macrocycles:

1. Pheophorbide

2. Orizabins

Continued
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Microbial-derived EPI
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1. EA-371a

Cl

2. EA-371d

3.RP2

EPI derived from synthetic sources

a. Peptidomimetic compounds

2. Phe-Arg-B-naphthylamide (PAPN)
a. MC-207, 110

b. MC-02,595

2T

Continued
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c. MC-04, 127

2. Elacridar (GF120918)

3. Biricodar (VX-710)

4. Timcodar (VX-853)
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b. Quinolines derivatives

\
/

1. Pyridoquinolones

/
\

c. Arylpiperazine and Arylpiperidine derivatives

N

OH

1. 1-(1- Naphthylmethyl)-piperazine (NMP)

2. Arylpiperidine

Pyridopyrimidine Derivatives:

1. D13-9001 H

Continued



190 Saabir et al.: Journal of Applied Biology & Biotechnology 2022;10(03):177-194

2.D2

d. Pyranopyridine Derivatives:

MBX2319

[102]. Quinoline derivative pyridoquinolones have the ability to
potentiate the activity of norfloxacin against AcrAB-TolC efflux
pump that is overexpressed in E. aerogenes [103]. 4-substituted
thioalkyl, alkylamino, and alkoxy quinolone are other synthetic
analogs that are known to enhance the activity of antibiotics such
as tetracyclines, norfloxacin, and chloramphenicol in organisms
like K. pneumoniae and E. aerogenes [104]. By modifying the
flavone scaffold a series of derivatives have been synthesized such
as 2-phenyl-4(1H)-quinolone and 2-phenyl-4-hydroxyquinoline
and according to the studies these derivatives have been reported
to be effective NorA EPIs in S. aureus [105].

3.1.6.3. Arylpiperazine and arylpiperidine derivatives.
Arylpiperazine compound known as 1-(1-Naphthylmethyl)-
piperazine (NMP) is one of the leading compounds that has shown
to possesses EPI activity by inhibiting both AcrAB and AcrEF efflux
pump [106,107]. These compounds have the ability to increase the
susceptibility of fluoroquinolones in the clinical isolates of E. coli
[108]. It was also able to show a partial reversal in drug resistance
in species of Enterobacteriaceae, e.g., E. aerogenes, K. pneumoniae
[109], and A. baumannii [106]. The mechanism of action of NMP
is by causing interference with the functional assembly of the AcrB
efflux pump and also by the movement of G-loop that plays a role
in extrusion of certain substrates [110]. However, due to their
relatively low potency, arylpiperazin has shown limited success
as EPIs. Also, these compounds possess structural similarity with
serotonin which further hindered their development [74].

According to the reports, arylpiperidine along with its derivatives
such as 3-arylpipridine shows the ability to enhance the susceptibility
to linezolid in E. coli [111]. Another class of analogues known as
phenylpiperidines, which act as serotonin reuptake inhibitors, is
known to inhibit the activity of the MDR efflux pump in S. aureus.
The AcrAB-TolC pump activity in E. coli is partially affected by
these compounds but does not show any effect on efflux activity on
the RND efflux pump of P. aeruginosa [112].

3.1.6.4. Pyridopyrimidine derivatives. Pyridopyrimidine analogs
D13-9001 and D2 were reported to show activity against the
efflux pump (MexAB-OprM pump) expressed by P. aeruginosa
under both in-vivo and in-vitro conditions [113,114]. D13-9001
possesses the ability to inhibit the efflux of antibiotics by binding
to the specific site on the AcrB pump in E. coli and MexB pump in
P, aeruginosa [115]. The compound is known to have a hydrophilic
component that interacts with the substrate binding channel of
AcrB and MexB pumps which helps in preventing the substrate
from binding to the pump [116].

3.1.6.5. Pyranopyridine derivatives. Pyranopyridine compound
MBX2319 acts as a potent inhibitor of the AcrAB pump in E.
coli, but fails to show any activity in P. aeruginosa [114,117].
This compound helps in potentiating the activity of antibiotics
that are substrates of the AcrAB efflux pump [117]. Polymyxin
B nonapeptide when administered along with this compound
shows a noticeable increase in EPI potency against P. aeruginosa.
Furthermore, the crystallographic data suggest that there is an
interaction between MBX2319 and hydrophobic trap [115] of the
AcrB efflux pump and the pyridine ring formed a ring stacking
interaction with the amino acid residues.

4. CHALLENGES

Many pathogenic microorganisms have become resistant over a
period of time due to the different mechanisms, one of them being
the efflux pump. EPIs play a major role in tackling antimicrobial
resistance caused by the efflux pump mechanisms. Even though
EPIs have been used as a part of laboratory experimentations for
decades, many challenges are faced in order to develop successful
commercial EPIs. One of the major hurdles in developing an EPI
is its economic value. As EPIs are a new chemical entity (NCE),
the major pharmaceutical companies tend to stay away from these
compounds as they understand the problems associated with NCE.
Due to this, the idea of potentiating and modifying the resistant
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antibiotics using EPIs was trumped [52]. EPIs that are derived from
natural sources have a complex and bulky structure which makes
it difficult in synthesizing them. Although syntheses of synthetic
EPIs are relatively easier, these compounds have poor solubility,
toxicity, and problems with cell permeability. Another challenge in
developing EPIs is the lack of preclinical and clinical data. In order to
develop EPIs at a commercial level, information on model organisms
and patient data is required which is limited. Therefore, more work is
required to be carried out at the preclinical and clinical levels for the
successful development of EPIs [90]. EPIs are essentially given in
combination with antibiotics in order to potentiate them. This gives
rise to another challenge that is the compatibility of both partners.
For successful combination therapy, the pharmacokinetics of both
EPI and antibiotic must complement each other [52].

5. FUTURE PROSPECTIVE

The use of EPIs as therapeutic agents confronts several difficulties,
although this should in no way detract from their relevance and
benefits. EPIs are a glimmer of hope in a time when there is
antibacterial resistance, as they rejuvenate the action of already
accessible antibiotics. Because EPIs eliminate the need to develop
new antibiotics, this method saves a great deal of the time, effort,
and money involved in coming up with a new antibiotic.

Antibiotic resistance can be reversed using EPIs as therapeutic
agents. Since the present economic conditions favor the large-
scale manufacturing of previously optimized and stored antibiotics,
it assumes a significant importance. In the realm of EPIs, X-ray
crystallography and computational approaches could have a
significant impact (EPIs). Long-term molecular dynamic simulations
of already developed EPIs and various bacterial efflux pumps could
reveal the binding locations in efflux pump morphology that are
currently unknown. It may be able to generate therapeutically relevant
EPIs utilizing the rational drug design approach, which could be a
powerful weapon in the fight against antimicrobial resistance.

6. CONCLUSION

Due to increasing resistance shown by a wide range of organisms
against antibiotics, multidrug resistance has become a major
issue for the society. As discussed above, along with many other
strategies, efflux pumps play a vital role in aiding the organisms
to acquire resistance toward routine antibiotics. If the overuse and
misuse of drugs continues, being a major cause of MDR, there is no
harm in saying that the next “pandemic” hitting the world would be
an “antimicrobial resistance pandemic.” However, molecules like
the EPIs would provide a ray of hope in such a situation.

EPIs play a major role in inhibiting the escape of drugs. However,
choosing the source of EPIs sometimes becomes challenging as
the naturally derived EPIs have a complex structure and are larger
molecules, while the synthetic EPIs have problems like toxicity
and sometimes their synthesis becomes difficult.

Even though the use of EPIs as therapeutic agent faces a lot of
challenges, its power cannot be suppressed. The most remarkable
property of an EPI is that it can revive the activity of a drug to
which already the bacterial cell has acquired resistance and
therefore synthesizing a new drug is not essential. The use of EPIs
with other drugs has shown to provide synergistic effects.

Thus, to conclude, we can say that in this new era of MDR, the use
of EPIs could be a promising approach to decrease the resistance
for antibiotics shown by pathogens. Speaking more specifically,
EPIs in the coming future can be used to block the “escape of
ESKAPE pathogens,” thus acting as “saviors of life!”
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