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Abstract: Antimicrobial resistance represents a significant challenge to future healthcare
provision. An acronym ESKAPEE has been derived from the names of the organisms recog-
nised as the major threats although there are a number of other organisms, notably Neisseria
gonorrhoeae, that have become equally challenging to treat in the clinic. These pathogens
are characterised by the ability to rapidly develop and/or acquire resistance mechanisms in Khondaker M. Rahman
response to exposure to different antimicrobial agents. A key part of the armoury of these pathogens is a se-

ries of efflux pumps, which effectively exclude or reduce the intracellular concentration of a large number of
antibiotics, making the pathogens significantly more resistant. These efflux pumps are the topic of consider-

able interest, both from the perspective of basic understanding of efflux pump function, and its role in drug
resistance but also as targets for the development of novel adjunct therapies. The necessity to overcome an-
timicrobial resistance has encouraged investigations into the characterisation of resistance-modifying efflux
pump inhibitors to block the mechanisms of drug extrusion, thereby restoring antibacterial susceptibility and
returning existing antibiotics into the clinic. A greater understanding of drug recognition and transport by
multidrug efflux pumps is needed to develop clinically useful inhibitors, given the breadth of molecules that

can be effluxed by these systems. This review discusses different bacterial EPIs originating from both natural
source and chemical synthesis and examines the challenges to designing successful EPIs that can be useful
against multidrug resistant bacteria.

Keywords: Antimicrobial resistance, Efflux Pump Inhibitors, Rational Drug Design, Medicinal Chemistry Optimi-
sation, Multiple efflux systems, Computational approaches.

1. INTRODUCTION A. baumannii, P. aeruginosa, and Enterobacter spe-
cies, extended here to “ESKAPEE” to include E.coli,
are showing increased prevalence of multidrug-
resistant and in some cases pan-drug resistant isolates,
making colonisation among patients more rapid and
routine operations life-threatening (Table 1) [3, 4]. Re-
cent analysis of the risks associated with the spread of
antibiotic resistant bacteria in North America, high-
lights the increasing numbers of Gram-negative bacte-
ria which are resistant to more than three classes of
front-line therapy, used widely as a definition of
multidrug resistance [5]. The report identifies carbap-
enem-resistant Enterobacteriaceae, used here only in
relation to K. pneumoniae and E. coli, as being respon-
sible for around 9000 cases of healthcare-associated
infections, leading to in excess of 600 deaths per an-

It is now well established that treatment options for
infections acquired by community and nosocomial
multi-drug resistant (MDR) bacteria are progressively
declining at an alarming rate, causing mounting con-
cern for human healthcare around the world. This in-
creasing resistance has rendered ineffective even drugs
thought of as the last resort, such as vancomycin,
which is administered for the treatment of infections
caused by methicillin-resistant Staphylococcus aureus
(MRSA), with many instances encountered in the
United States [1]. The indiscriminate use of antibiotics
also contributes to the fact that these “ESKAPE”
pathogens [2], E. faecium, S. aureus, K. pneumoniae,
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the highest risk level, urgent, within the classification
of potential public health threats. Neisseria gonor-
rhoeae is also allocated an urgent rating, due to the
30% of isolates which are resistant to all frontline
therapies and its common occurrence in the commu-
nity. In healthcare settings, multidrug resistant 4. bau-
mannii, P. aeruginosa and Enterobacteriaceae (exclud-
ing carbapenem-resistant strains) isolates are reported
in 63%, 13%, and 23% of hospital-associated infec-
tions caused by these organisms. These infections are
estimated to result in approximately 500, 1700 and 440
deaths, respectively, per annum. The numbers are al-
most certainly an underestimate, in the absence of
mandatory reporting for most of these Gram-negative
organisms, and mortality figures reflect only deaths
which are directly caused by the infection, not those
where it is a significant contributing factor. Whilst this
data is specific for the US, there is no reason to believe
that this differs fundamentally in other parts of the
world, and indeed carbapenem-resistant Enterobacte-
riaceae are endemic in many parts of the world [6].

A series of high level documents have highlighted
the potential dangers if the emerging problem of resis-
tance is not addressed as an urgent priority. For exam-
ple, the Chief Medical Officer in England, identified
the very real potential that “any one of us could go into
hospital in 20 years for minor surgery and die because
of an ordinary infection that can't be treated by antibi-
otics” [7]. On a more global scale the UK Government
Review on Antimicrobial Resistance, chaired by Lord
O’Neill, has suggested that antimicrobial resistance
(AMR) may be responsible for 50 million deaths per
year by 2050, if the current situation is not resolved [8].
These themes are echoed by high level policy docu-
ments throughout the world, a report on emerging an-
timicrobial resistance threats from the US Centres for
Disease Control, and documents from the World Health
Organisation and European Union. All of these docu-
ments highlight the importance of improving the usage
of currently available antibiotics, by exploring new
methods for diagnosing infections and developing
novel adjunct therapies, alongside the longer term ob-
jective of reinvigorating the antibiotic pipeline. With
Big Pharma having largely withdrawn from antibacte-
rial research despite the desperate medical need, we are
faced with an even greater predicament than was for-
merly perceived [9]. It is clear that governments and
the pharmaceutical sector must work in collaboration to
re-incentivise the production of new classes of active
antimicrobial medicines and also agents that can rein-
state activity of antibiotics, to which bacteria have al-
ready become resistant.
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Table 1. Multiple drug-resistant (MDR) bacterial
pathogens that are causing major problems in

clinic.

Pathogen Clinical settings and resistance headlines
Enterococcus Bloodstream, surgical site and urinary tract

faecium infections (UTI)

Staphylococcus | Skin and wound infections, pneumonia,
Aureus bloodstream infections

Klebsiella Bloodstream, UTI, catheter-related infec-

pneumoniae tions, ventilator associated pneumonia

(VAP).

Major issues with resistance to carbapenems;
notably through emergence of “Klebsiella
pneumoniae carbapenemase” (KPC) produc-
ing isolates

Acinetobacter Bloodstream infections, wounds, VAP

baumannii At least 63% of Acinetobacter isolates are
resistant to >3 classes of front-line antibiotic.
Pseudomonas Bloodstream, urinary tract and surgical site
Aeruginosa infections, pneumonia (cystic fibrosis), VAP
~13% of Pseudomonas isolates are resistant
to >3 classes of front-line antibiotic.
Enterobacter sp | Bloodstream, UTI, catheter-related infec-

tions,

Escherichia coli | Bloodstream, urinary tract and surgical site

infections, pneumonia (cystic fibrosis)

Burkholderia Cystic fibrosis, VAP
cepacia / ceno- | Intrinsically drug resistant and becoming a
cepacia major problem in conjunction with other
pathogens in the lung
Stenotropho- Various
monas malto- Intrinsically drug resistant and associated
philia with infections in a number of hospital set-

tings.

Bacterial resistance to antibiotics and other forms of
biotic and abiotic stress takes a variety of different
forms that enable them to survive in hospital environ-
ments. For example, resistance to aminoglycosides, -
lactams, fluoroquinolones and the macrolides, has
manifested via target site modification and by inactiva-
tion of the antibiotic in a wide variety of different bac-
terial species [10-13]. In many cases, these resistance
mechanisms may function in concert with mechanisms
that reduce the ability of drugs to enter the cell (e.g.
porin loss) and reduce the intracellular concentration of
the drugs by pumping them out of the cell. Targeting
these so called efflux pumps is an attractive solution to
address the lack of effective antibiotics.

There are a number of clear examples where efflux
pumps contribute to the resistance of bacterial cells to
antimicrobial agents and likely many more examples
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where these effects are less evident due to lack of tools
to directly analyse efflux pump activity. Recently re-
viewed by Dreier and Ruggerone (2015), resistance
nodulation division (RND) type efflux pumps from P.
aeruginosa have an astonishing array of substrates. For
example, the MexAB-OprM pump, one of an estimated
12 such systems in P. aeruginosa, transports several
clinically-important antibiotics from diverse classes,
including beta-lactams (and most carbapenems), ami-
noglycosides, fluoroquinolones, macrolides and tetra-
cyclines [14, 15]. Such efflux systems may be regu-
lated by cellular responses, including oxidative or ni-
trosative stress responses, or upregulated directly as a
response to antibiotic exposure. For that reason,
upregulation of efflux pumps is a common feature of
multidrug resistant clinical isolates in a variety of spe-
cies, including P. aeruginosa (e.g. MexAB-OprM)
[16], A. baumannii (e.g. AdeABC) [17, 18] and S.
aureus (e.g. NorA) [19]. In the same way that efflux
pumps can confer resistance to a wide range of antibi-
otics, efflux pump inhibitors (EPIs) could potentially
provide useful adjunct therapies to be used in conjunc-
tion with a number of antibiotic classes.

The development of efflux pump inhibitors that act
as competitive and non-competitive adjuvants to reduce
resistance has attracted much attention although, as yet,
no compounds have successfully reached the clinic
[20]. Such inhibitors are capable of successfully inter-
fering with membrane-bound efflux pumps that sys-
tematically work together to remove toxic metabolites
to promote the survival of the bacterial cell [21]. This
approach to targeting efflux pumps may exhibit more
evident benefits over others such as dual antibiotic
combination therapy. Dual therapy may accentuate re-
sistance further and pharmacokinetic optimisation of
the second antibiotic is required in order to achieve a
similar desired effect, entailing additional complexity
[22, 23].

Investigation towards efflux inhibitors was origi-
nally initiated around the same time as the discovery of
the first efflux transporter, P-glycoprotein (P-gp) in
1976 [24]. Since then, the few that have reached clini-
cal trials have failed, mostly due to the fact that they
are far too toxic at concentrations essential for activity,
greatly hindering their medical application [25, 26].
This review attempts to summarise the literature identi-
fying known EPIs as resistance-modulating agents both
from natural extracts and those synthesised chemically,
and how they can be employed as a new method to
prevent and eventually reverse the mechanisms of re-
sistance.

Mahmood et al.

2. THE UNMET NEED IN ANTIBACTERIAL
THERAPY: THE IMPORTANCE OF EPIS

The past two decades have seen an almost empty
pipeline of antibacterial drugs in development as the
progression of anti-infective research continues to
wane. As yet, no new class has emerged since lipopep-
tides in 1987 to treat Gram-positive infections (Fig. 1)
[27].
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The discovery dates of distinct classes of antibiotics. No new classes have been discovered since 1987.

1920 ———u—

Fig. (1). The antibiotic discovery timeline. The 2013 World
Economic Forum, adapted from L. L. Silver, Clinical Micro-
biology Reviews, 2011 [28].

Whilst significant advances have been made in the
treatment of patients with infections such as MRSA
[29], those with critical illness arising from Gram-
negative pathogens remain at the highest risk, due to
the fact that of the 160 antibiotics approved, few re-
main successful against them. As an illustration which
is particularly relevant to the role of efflux in bacterial
resistance, P. aeruginosa is one of the most prevalent
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types of hospital acquired bacteria. It is the principal
cause of higher mortality rates and expenditure on pa-
tient management in pulmonary diseases such as cystic
fibrosis, and is a major contributor to bacteraemia,
meningitis and urinary tract infections [30]. Its notori-
ous versatility has allowed it to swiftly adapt even
when under stress in nutrient poor environments, in-
cluding water systems, with its high intrinsic resistance
attributed to a combined effect of poor outer membrane
permeability and overexpression of efflux transporters
[31]. Evidence of this in the literature has shown that
deletion of genes encoding these MDR efflux systems
in wild-types of bacteria confers an expectedly high
degree of susceptibility to a wide structural variety of
antibiotics as well as many other dissimilar substrates
such as bile acids and detergents [7]; this will be dis-
cussed in more detail below. This poly-substrate speci-
ficity has enabled the bacteria to show insensitivity to-
wards novel antibiotics, which were intended to over-
come this, even whilst they were still undergoing clini-
cal trials, [32]. Regrettably, many of these compounds
were anticipated to be potentially active against a broad
spectrum of highly conserved targets in both Gram-
negative and Gram-positive pathogens [5] and this has
limited their usefulness in the clinic. The broad sub-
strate specificity of the efflux pumps is also a major
part of the challenge to develop effective inhibitors that
have sufficiently low toxicity to be used as adjunct
therapies.

It is apparent from this core information that a
global response strategy of a completely novel nature
needs to be adopted. While screening for a completely
new class of antibiotic that could avoid MDR efflux
completely might seem obvious, the physiology of the
Gram-negative bacteria in particular, significantly re-
duces the hit-rate. Such contenders would be unlikely
to possess physical properties that would allow passage
between two distinctly different membranes [8].

Small molecule efflux pump inhibitors in many
ways present themselves as the most promising ap-
proach to tackle this looming crisis and remain an ex-
panding topic for research. They could prevent the
emergence of new mutant strains and simultaneously
weaken intrinsic and acquired resistance [33]. Moreo-
ver, inhibitors could be designed to interact with genes
that encode for efflux pumps to disrupt pump assem-
bly, obstruct the channel through the pump or even act
by collapsing the energy-dependent processes some
rely on to pump out such toxic solutes. Most impor-
tantly, it has been suggested that efflux inhibitors could
also be implemented as weapons to reduce bacterial
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pathogenicity in vivo, where certain efflux pumps have
been found to stimulate the secretion of bacterial toxins
as well as defend themselves against other host-derived
inhibiting substrates such as bile salts and fatty acids
[34].

3. CLASSES OF MDR EFFLUX TRANSPORTERS
IN CLINICALLY RELEVANT BACTERIA

Multidrug resistant efflux systems play a pivotal
role in bacterial cell metabolism and are widely distrib-
uted in the cytoplasmic and extracellular membranes of
all types of bacteria as well as in eukaryotes. These
ubiquitous proteins are typically encoded by chromo-
somal operons and are classified into five distinct
groups (Fig. 2), where only a single class, the ATP
binding cassette (ABC) superfamily, utilises the energy
generated by ATP hydrolysis). The others use the en-
ergy derived from the electrochemical gradient of the
proton motive force across the membrane. These are
known as the major facilitator superfamily (MFS), the
multidrug and toxic-compound extrusion family
(MATE), the small multidrug resistance family (SMR)
and finally, the resistance nodulation division (RND)
family and are termed secondary transporters [35].

The intricacy with which these proteins are arranged
has also provided insight into their structures and
mechanisms of transport as well as elucidation of many
possible drug binding pockets that would assist in the
design of innovative therapies as inhibitors of drug ef-
flux [35, 36]. Efflux transporters are not only character-
ised by their energy source but also by the substrates
they readily export and the number of components that
comprises their complete structure. Individual species
of bacteria are capable of expressing transporters be-
longing to more than one family, in addition to differ-
ent pumps in the same family. An example of this ca-
pacity has widely been established in the Gram-
negative RND efflux pumps of P. aeruginosa
(MexAB-OprM, MexCD-OprJ, and MexEF-OprN) and
E. coli (AcrAB-TolC) [37-39]. Due to the second
membrane barrier, the majority of efflux pumps found
in Gram negative bacteria possess a particular unique
tripartite system that is necessary in order to achieve
efficient trans-envelope transport, which is the direct
removal of substrates into the external medium after
capture from the periplasm and inner membrane [40].
However, this may also be accomplished via the slower
single-component transporters such as the tetracycline
(TET) resistance pumps and other transmembrane pro-
teins such as porins (Fig. 3) [41].
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Fig. (2). A schematic representation of the five common classes of MDR efflux pump. Their general position within the mem-
brane, common substrates and examples of individual and multiple protein components that make up their structures are illus-

trated.
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Fig. (3). An illustration of the competitive pathways of drug uptake and efflux traversing the lipopolysaccharide bilayer and the
outer and inner cell membranes of Gram-negative pathogens. The active extrusion of drug molecules occurs via single and
multi-component efflux pumps, where the multi-component tripartite complex comprises a membrane fusion protein, an efflux
protein pump in the inner membrane and an outer membrane protein.

The tripartite system encompasses an accessory
membrane fusion protein (MFP) also known as the pe-
riplasmic adaptor protein that bridges between a cyto-
plasmic membrane efflux pump (that binds the sub-
strate) and an anchored extracellular membrane protein
which is usually a TolC-type exit channel [42]. Recent
literature has published an enormous amount of struc-
tural information on such proteins that make up these
tripartite systems [43, 44].

The complexity of the interactions between antibac-
terial compounds and efflux pumps provides significant
challenges to generate effective inhibitors of such sys-
tems [14]. The chemical properties of the breadth of
substrates that are effluxed through RND pumps, some
of which are also competitive or non-competitive in-
hibitors are staggering [39]. There is no single prop-
erty, in terms of molecular weight, net charge or loga-
rithm of partition (logP), total polar surface area
(TPSA) that defines whether a compound will be an
effective substrate and/or inhibitor. This requires these
efflux systems to have the capacity to interact with
compounds over a large surface area, rather than hav-
ing a single substrate binding site that would be ame-

nable to the development of high affinity non-
competitive inhibitors. For this reason, there are no
simple rules to guide the selection of suitable com-
pound libraries for screening of new inhibitors and, as
such, known inhibitors have been identified from a
wide variety of different sources, both natural and syn-
thetic. Our current knowledge of such compounds is
outlined below.

4. CLASSES OF EFFLUX PUMP INHIBITORS
4.1. EPIs Derived from Natural Sources

Plants like other living organisms produce certain
beneficial molecules that provide protection against
invading species of bacteria, such as cytotoxic phyto-
nutrients that aid vitality and is the main reason behind
the few diseases observed in wild plant life [45]. Vari-
ous articles discuss their inhibitory proficiency when
working in synergy with antibiotics, which can poten-
tially offer useful active combination treatments for
patients suffering from MDR-associated conditions
[46, 47]. Many different chemical structure types have
already been identified.
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4.1.1. Plant Alkaloids

Reserpine (1) is an example of an indole plant alka-
loid used for its antipsychotic and antihypertensive ac-
tivity. It is extracted from the roots of Rauwolfia ser-
pentina and R. vomitoria and is an effective EPI of tet-
racycline efflux via the BMR pump of Gram-positive
Bacillus subtilis [48]. The mechanism of reserpine in-
volves the direct binding to a BMR target site involv-
ing two phenylalanine residues and one valine at posi-
tions 143, 306 and 286 respectively. It has been re-
ported that reserpine demonstrates a 4-fold decrease in
the Minimum Inhibitory Concentration (MIC) for tetra-
cycline in two MRSA isolates containing Tet(K) and
can eradicate resistance conferred by the S. aureus
NorA efflux transporter, which shares 44% sequence
homology to BMR. Expression of the BMR protein
pump in B. subtilis thus potentiates susceptibility to
fluoroquinolones and other structurally diverse mole-
cules after the administration of reserpine [49]. Al-
though reserpine has widely been prescribed as a
treatment for hypertension, clinical application with
antibiotics cannot be achieved due to the nephrotoxic
concentrations needed for effective inhibition of NorA
[50]. Another isolated NorA alkaloid inhibitor (from
black pepper (Piper nigrum)) known as piperine (2) has
the ability to reverse ciprofloxacin resistance in mutant
strains of MRSA that also possessed a high MIC
against the reference substrate ethidium bromide [51].
These along with a piperidine alkaloid (3) are noticea-
bly large, basic nitrogenous compounds with both hy-
drophilic and lipophilic constituents. Their chemical
structures are displayed in Fig. (4). Despite showing
early promise there has been limited medicinal chemis-
try research on these two alkaloidal scaffolds to de-
velop them as clinically useful efflux pump inhibitors.

HiCQ OCH;
Hsco\q

Piperine (2

) HO
Reserpine (1)

(CHz)Y

%0)\/\1\\5]

Piperidine Alkaloid (3
x=5,y=0 or x=0,y=5

Fig. (4). Chemical structures of EPIs 1 — 3.
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4.1.2. Phenolic Metabolites
4.1.2.1. Flavolignans

The flavolignan 5’-methoxy-hydnocarpin (5’-MHC)
(4) found in the Berberis plant has also been identified
as a successful efflux inhibitor of the NorA protein
pump. It restores the activity and accumulation of the
antibiotic berberine, which is produced by the same
species of plant. The weak antibacterial activity of ber-
berine is conveyed by its high MIC (256 mg/L). It has
been reported in a synergistic study, that this may be
significantly reduced to 16 mg/L when in combination
with typical NorA substrates including 5’-MHC and
norfloxacin [52]. A similar combination effect has been
visualised in two diastereoisomers of the flavolignan
silibinin (5), which are inhibitors isolated from the
mediterranean milk thistle species, Silybum marianum
acting against NorA in wild-type S. aureus. Currently,
silibinin has only been clinically evaluated for its inhi-
bition of cell cycle progression in various cancers, al-
ready passing phase I trials [53]. Although much poten-
tial has been confirmed, no pre-clinical or clinical stud-
ies were carried out to determine the efficacy of
silibinin as an inhibitor of other efflux proteins in drug-
resistant bacteria. However, silibinin has shown prom-
ising pre-clinical efficacy as a chemopreventive agent
against skin cancer [54]. Structures 4 and 5 can be
found in Fig. (5).

OCHj

%%

OCH;

5'-hydroxy-hydnocarpin (5'-MHC) (

w(l

Silibinin (5)

5a. Ry = CH,OH, R, = 3-hydroxy#-methoxypheny!
5b. R4 = 3-hydroxy™*-methoxyphenyl, R, = CH,OH

Fig. (5). Chemical structures of EPIs 4 and 5.

4.1.2.2. Methoxylated Flavones and Isoflavones

Trihydroxy compounds such as Baicalein (6) is an
example of a weak antibacterial flavone (MIC
100mg/L) that is extracted from thyme leaves, a fre-
quently used culinary herb. Baicalein improves suscep-
tibility of certain MRSA isolates when administered in
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combination with tetracycline or several of the pB-
lactam antibiotics. It can be noticed that many inhibi-
tors and other potentiators of efflux proteins in MDR—
bacteria also have a tendency to exert a relative anti-
bacterial character, which may cause complications
when interpreting assay results of antibiotic activity
[55]. Chrysoplenetin (7) and chrysosplenol-D (8) are
two examples of flavones (Fig. 6) that display this
weak effect. Structurally related active Isoflavones 9-
11, derived from Lupinus argenteus and 12 from Dalea
spinosa all boost berberine activity via NorA, reducing
the MIC up to a remarkable 16-fold [56]. It is interest-
ing to note that these flavones and isoflavones have
shown inhibitory activity against efflux pumps that op-
erate in Gram-positive bacteria, but their ability to in-
teract and inhibit efflux pumps that operate in the MDR
Gram-negative bacteria has not been studied in detail.
Both flavone and isoflavone chemical scaffolds are
amenable to med-chem modifications and molecular
docking studies with RND type efflux pumps may help
the researchers working in this field to identify ana-
logues that interacts with these pumps and can poten-
tially inhibit them. Recently, a similar approach was
adopted by docking phyotchemicals to the E. coli AcrB

)@9"
HsCO

Baicalein (6)

HO o
\,i’g\‘:R»]
OH O Ry
Genistein (9), Orobol (10), Biochanin A (11)
(9). Ry =H, Ry, =0H, (10). Ry =Ry =OH, (11). R4

Fig. (6). Chemical structures of EPIs 6 — 12.

OH
: OH
0
OH OH
o}

OH
OH

Epicatechin Gallate (13)

Fig. (7). Chemical structures of EPIs 13 and 14.

Chrysoplenetin (7)
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protein to predict the bioactivity of these phytochemi-
cals, and three phytochemicals were identified that
were able to sensitize drug-resistant E. coli to five cur-
rently used antibiotics [57].

4.1.2.3. The Catechin Gallates

Polyphenol inhibitors isolated from green tea ex-
tracts, known as the catechin gallates (Fig. 7) have
generated much interest as they have been proven to
reverse MRSA resistance [58]. Kaatz and Gibbons
showed that when incorporated each at 20 mg/L there
was a 4-fold decrease in MIC of norfloxacin against the
1199B isolate of S. aureus as well as in S. epidermis. It
was concluded in an ethidium bromide inhibition assay
that both epicatechin gallate (13) and epigallocatechin
gallate (14) possess a weak inhibitory action towards
the NorA transporter, with 13 acting with a slightly
higher potency than 14 [59]. In their study, they also
mentioned that administration of 13 and 14 at concen-
trations less than or equal to 20 uM, efflux was actually
stimulated, which had not previously been encountered
for multidrug resistant efflux pump inhibitors [59]. Fur-
ther investigations would be necessary in order to de-
termine an understanding of how these pumps might be

O OH OH

© OCH; H3CO OH
OCHs H3CO OCHjg

OH O

OH O
Chrysosplenol-D (8

HO o oH
H,CO ‘ O
OH O OCH,

Isoflavone (12)

=H, R2 = OCH3

HO

@EOH
Oy OH
OH OH
gvu
OH

Epigallocatechin Gallate (14)
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regulated. The authors propose that there is a possibil-
ity of two binding sites on the NorA pump with differ-
ent affinity. At low concentrations, 13 and 14 would
only occupy the high affinity sites, leading to increased
efflux activity [59]. Resistant staphylococci overex-
pressing the Tet(K) pump also showed moderately im-
proved tetracycline activity in the presence of 14 [60].
So far, clinical application of 14 has been hindered by
toxicity concerns of its carcinogenic potential [60]. The
synthetic B-ring modified analogues of epicatechin
gallate modulated [B-lactamase resistance in MRSA
strains and potentiated the activity of oxacillin, but it is
not known whether the observed synergistic activity is
related to efflux pump inhibition [61-63].

4.1.2.4. Phenolic Diterpenes

The structures of 15 and 16 represent carnosic acid
and carnosol, which are abietane diterpenes of the herb
rosemary (Rosmarinus officinalis). They act as poten-
tiators of erythromycin and tetracycline against the re-
spective S. aureus containing Msr(A) and Tet(K)
pumps. Both compounds in combination with 10 mg/L
of tetracycline enhanced antibiotic activity in an S.
aureus strain containing Tet(K). Only carnosic acid
decreased the MIC of erythromycin from 256 to 32
mg/L in strains that express the Msr(A) efflux trans-
porter such as RN4220 [64]. Furthermore, it was con-
cluded by an inhibition assay (using ethidium bromide
as a reference substrate) that carnosic acid possesses
similar EPI-action against the norfloxacin efflux trans-
porter protein, NorA, in the SA-1199B isolate of S.
aureus. Another example of an active phenolic diter-
pene with EPI activity against MDR S. aureus is totarol
(17). A study by Smith et al. revealed that 17 produced
marked decreases in ethidium bromide efflux at 15 uM
inside a totarol-resistant mutant that overexpresses
NorA. The MIC of ethidium was also reduced when
used in a combination study of these two molecules
suggesting that totarol is an effective EPI of NorA as
well as a moderately active antibacterial agent [65].
The structures of the diterpenes 15-17 are shown in

Fig. (8).
4.1.3. Polyacylated Neohesperidosides

Further putative inhibitors of the NorA protein iso-
lated from Geranium caespitosum have been docu-
mented and these include the polyacylated neohesperi-
dosides. The complex 19 containing one additional es-
ter group can reinforce the activities of many fluoro-
quinolone antibacterial agents such as norfloxacin and
ciprofloxacin as well as an antibacterial constituent of
rhubarb, named cassic acid. However, these inhibitors

Mahmood et al.

did not possess direct inhibitory action against the
8325-4 wild-type strain of S. aureus when in combina-
tion with berberine (at sub-inhibitory doses). The struc-
tures of 18 and 19 are shown in Fig. (9) [66].

Totarol (17)

Fig. (8). Chemical structures of EPIs 15-17.

(18) (19)
Fig. (9). Chemical structures of EPIs 18 and 19.

4.1.4. Fermentation Products

Screening for novel efflux pump inhibitors originat-
ing from microbial fermentation has yielded com-
pounds top one: (20) EA-371a and bottom one: EA-
3716 (21), (Fig. 10) respectively. They were first ex-
tracted from a strain of Streptomyces bacteria and have
been recognised as effective inhibitors of the P. aeru-
ginosa MexAB-OprM system. EA-371a and EA-3716
did not display activity against other strains of P. aeru-
ginosa with selected triple deletions in this tripartite
efflux pump. The MIC of levofloxacin can be reduced
4-fold at a concentration of 0.625 mg/L for both 20 and
21 [67]. These two compounds are of particular impor-
tance due to their ability to inhibit tripartite efflux
pumps in an MDR Gram-negative pathogen. There has
been no report of total synthesis of these two com-
pounds and they were not developed further towards
pre-clinical evaluations. The structures of these com-
pounds offer opportunities to carry out medicinal
chemistry optimisation, but this is only possible after
determining the binding site of these compounds within
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the MexAB-OprM efflux system. The crystal structure
of MexAB-OprM efflux pump has been published [68,
69] and this data can be used to develop molecular
models of these pumps to obtain valuable insight about
the interactions of these molecules with the efflux
pump system.

Os_OH

OH O OH (20)EA-371a

Os_OH

OH O OH (21) EA-3713

Fig. (10). Chemical structures of EPIs 20 and 21.

4.1.5. Heterocyclic Macrocycles

The natural porphyrin pheophorbide A (22), repre-
sents a very different structural class of inhibitors
against NorA. Pheophorbide A is also found in the
Berberis plant. It comprises 4 modified pyrrole
subunits and is a product of cholesterol metabolism.
These compounds can sensitize drug-resistant S. aureus
to berberine, but the difficulties associated with synthe-
sis and purification affected their further development.
Unpredictable toxicity concerns also may have caused
reduced research interest [70].

Heterocyclic oligosaccharides such as the orizabins
(23-25) suppress resistance by inducing a 4-16 fold
increase in activity of norfloxacin against the SA119B
strain of S. aureus that repeatedly expresses NorA,
showing greater potency when administered at low
concentration. It was interestingly reported that cellular
uptake by the MDR target transporter is mediated by

Pheophorbide A (22)

Orizabins (23-25)

Fig. (11). Chemical structures of EPIs 22-25.
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acylation of the free hydroxyl and lipophilic side chains
[71]. Orizabins have been shown to exhibit weak cyto-
toxic and antitumor activity and thus appear to be
promising leads for development as antibacterial adju-
vants. Illustrations of these macrocycles are shown in
Fig. (11).

4.2. EPIs Derived from Synthetic Sources
4.2.1. Peptidomimetic Compounds

The EPI lead compound named Phe-Arg-p-
naphthylamide (MC-207, 110) (26) is a dipeptide am-
ide and is depicted with some of its derivatives (27 and
28) in Fig. (12). It is more commonly known as PABN
and has been found to potentiate or restore activity of
various classes of antibiotics including 4-
fluoroquinolones, macrolides and chloramphenicol by
inhibiting efflux pumps in a wide range of clinical
pathogens [32, 72-74]. The addition of this EPI also
decreases the selection of fluoroquinolone-resistant
mutants. They remain to be the most widely used in-
hibitors for strains of P. aeruginosa that overexpress
MexAB-OprM proteins and exhibit a competitive
mechanism of action, where the target transporter is
activated upon recognition of the inhibitor as a sub-
strate rather than the quinolone antibiotic [75]. PABN
induces an 8-fold increase in activity for levofloxacin
and has also been experimented upon in combination
with a wide variety of antibiotics against the MexCD-
Opr1] and MexEF-OprN efflux transporters of P. aeru-
ginosa. The attractiveness of these molecules comes
from their versatile inhibitory activity to potentiate
such a broad spectrum of antibacterial agents, which
greatly lessens the emergence of new resistant strains
of Gram-negative bacteria. In spite of this, these com-
pounds could not be further developed due to their cy-
totoxic properties [73]. PABN is routinely used as a
research tool compound to study antimicrobial resis-
tance and evaluation of newly identified EPIs from
both natural and synthetic sources.

HsC  CHs H

tga = = mba = Et—\
H / H3C O
o
o) (0]
HO Ho
nla-(-) = >y nla-(+) = g
Hic HCHs HeCH  CHy

23. R1 =mba, R2 = nla-(+), R3 = mba, R4 = H
24. R1 =tga, R2 = mba, R3 = H, R4 = nla-(-)
25. R1 =tga, R2 = nla-(+), R3 =mba, R4 = H
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Fig. (12). Chemical structures of EPIs 26-28.

4.2.2. G-918, Biricodar (VX-710) and Timcodar (VX-
853)

These three multi-cyclic compounds (29-31, Fig.
13) are capable of restoring drug sensitivity to mam-
malian cells that express the MRP-1 and P-gp efflux
proteins while generating minimal in vivo toxicity [76,
77]. Biricodar has been developed by Vertex Pharma-
ceutical and approved as an adjunct therapy in ovarian
cancer [78]. These compounds have been shown to
work synergistically with fluoroquinolones against S.
aureus, S. pneumoniae and E. faecalis [76]. Inhibition
assays with the model substrate ethidium bromide
demonstrated a 2-31 fold decrease in MIC for all three
species of bacteria with compounds 29 and 30 display-
ing a direct inhibition effect in S. aureus. Recently
Grossman et al. has reported that timcodar increases
the potency of antituberculosis (anti-TB) drugs isoni-
azid and rifampicin against Mycobacterium tuberculo-
sis in both in vitro and in vivo combination studies
[79]. This is an interesting observation and warrants
further study to understand the mechanism of drug-
potentiating activity, as timcodar has an acceptable tox-
icity profile and could be developed as an adjunct ther-
apy in MDR TB.

4.2.3. Phenothiazines and Thioxanthene Derivatives

The effect of inhibition by phenothiazines (Fig. 14)
against S. aureus strains possessing unique MDR-
efflux proteins showed that phenothiazines had a par-
ticular intrinsic antibacterial effect [80]. In the SA-
1199B isolate of S. aureus, that overexpresses NorA,
the ICs, for efflux of ethidium bromide was found to be
between 4 and 15% of the respective MICs of the 4
compounds. It was also concluded that 34 could disrupt
the proton motive force after the active reduction of
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potential across the membrane. Chan et al. reported
that phenothiazines potentiated the activity of range of
antibiotics including erythromycin, levofloxacin and
azithromycin in Burkholderia pseudomallei by interfer-
ing with the proton gradient at the inner membrane of
the bacteria [81]. Chlorpromazine (32) also inhibited
AcrB in Salmonella enterica, but it was suggested that
phenothiazines do not directly inhibit efflux pumps and
they exhibit synergistic activity by modulating the ex-
pression of the acrB gene [82]. Sabatini et al. synthe-
sized phenyl-1,4-benzothiazine derivatives (35) as
minimized structural templates of phenothiazine scaf-
fold and the synthesized derivatives restored the activ-
ity of ciprofloxacin in norA-overexpressing S. aureus
strain SA-K2378 [83]. These studies suggest that phe-
nothiazines and derivatives of phenothiazine scaffold
can inhibit a range of multidrug efflux transporters by a
combination of mechanisms, and are a useful chemical
scaffold to carry out further modifications.
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Timcodar (30)

G-918 (31)

Fig. (13). Chemical structures of EPIs 29-31

4.2.4. Quinoline Derivatives

Quinolines have shown inhibition of antibiotic ef-
flux in isolates of the multidrug resistant bacteria such
as E. aerogenes [84]. Pyridoquinolines such as 36 can
restore norfloxacin activity in E. aerogenes by acting
as substrate competitors on the pumps extruding
fluoroquinolones [85]. A number of quinolone deriva-
tives including those shown in Fig. (15) are capable of
potentiating activity of antibiotics via inhibition of the
AcrAB-TolC efflux transporter [84, 86-88]. Experi-
mentation on analogues 37-39 showed that they were
able to recover susceptibility of tetracycline, norflox-
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Chlorpromazine (32) Fluphenazine (33)

Fig. (14). Chemical structures of EPIs 32-35.

acin and chloramphenicol in isolates of the Gram-
negatives, K. pneumoniae and E. aerogenes [89]. More
recently, Sabatini and co-workers developed 2-(4-
Propoxy-phenyl)quinolone derivatives as inhibitors of
the NorA efflux pump in S. aureus by modifying the
natural flavone scaffold [90].
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Fig. (15). Chemical structures of EPIs 36-39.

4.2.5. Arylpiperazine Derivatives

N-heterocyclic  compounds including phenyl
piperazine derivatives have shown activity against both
AcrAB and AcrEF efflux pumps present in E. coli [91,
92]. One of the leading aryl piperazine compounds 1-
(1- Naphthylmethyl)-piperazine (NMP, Fig. 16) has
shown notable EPI activity and inhibited both AcrAB
and AcrEF efflux pumps [92, 93]. It was able to reverse
drug resistance in E. coli clinical isolates and make
them susceptible to fluoroquinolones [94]. It also dem-
onstrated a partial reversal in species of Enterobacte-
riaceae, e.g. E. aerogenes and K. pneumonia [95] and
Acinetobacter baumannii [92]. Interestingly, NMP and
PABN showed a differential preference for different
antibacterial agents in potentiating their activities, sug-
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Phenyl-1,4,-benzothiazine,

Prochlorperazine (34) 8K (35)

gesting non-overlapping mechanisms of action [92, 95,
96]. It has been suggested that NMP inhibits the AcrB
efflux pump by interfering with its functional assembly
and movement of the G-loop that plays an important
role in the extrusion of certain substrates [97].
Arylpiperazines have enjoyed limited success as EPIs
due to their relatively low potency, and the structural
similarity with serotonin agonists has further hindered
their development. [70].

NMP (40)

Fig. (16). Chemical structures of EPI 40.

4.2.6. Pyridopyrimidine Derivatives

Pyridopyrimidine analogues were first reported in
2003 and showed notable activity against the MexAB-
OprM pump in P. aeruginosa. The compounds pro-
gressed to the pre-clinical development and two ana-
logues D13-9001 (43) and D2 (42) (Fig. 17) showed
both in vitro and in vivo activity [98, 99]. D13-9001 is
the current lead compound and crystal structures of
D13-9001 bound to AcrB (E. coli) and MexB (P. aeru-
ginosa) have been recently published [35]. It has been
proposed that D13-9001 binds tightly to the hydropho-
bic trap and prevents the conformational changes that
are needed for the proper activity of the pump [35].
Additionally, the compound has a hydrophilic compo-
nent that interacts with the substrate binding channel of
both AcrB and MexB, and thereby prevents substrate
binding to the pumps. Despite the early promise in the
lead optimisation and preclinical studies [101-104], the
compounds are yet to progress to the clinic for clinical
evaluation.

4.2.7. Pyranopyridine Derivatives

Recently a pyranopyridine compound MBX2319
(Fig. 18) has been reported as a potent inhibitor of the
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AcrAB efflux pump of E. coli , but did not show any
notable activity in P. aeruginosa [99, 105-107]. It sig-
nificantly potentiated the activity of antibiotics that are
known as substrates of the AcrAB efflux pump [105].
The addition of polymyxin B nonapeptide (PMBN), a
derivative of the membrane active compound po-
lymixin B, increased the EPI potency of this molecule
in P. aeruginosa suggesting the barrier function of the
outer membrane as the key obstacle to its EPI activity.
A detailed computational study suggested that
MBX2319 interacted with the “hydrophobic trap” [35]
of the AcrB pump and the pyridine ring formed a ring
stacking interaction with the amino acid residues [99,
107]. There has been no report of in vivo activity of this
chemical series to date. The knowledge obtained from
the computational study may help the researchers to
develop a more potent pyranopyrdine analogue and
take this chemical scaffold towards pre-clinical devel-
opment.

(43)

Fig. (17). Chemical structures of EPIs 41-43.
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Fig. (18). Chemical structures of EPIs 44.
5. STRUCTURAL AND COMPUTATIONAL AP-

PROACHES TO DEVELOP EFFLUX PUMP IN-
HIBITORS

While a number of structurally diverse compounds
exhibiting significant efflux inhibition activity have
been cited in the literature, significant concerns to do
with potency, pharmacokinetics and toxicity have pre-
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vented them from being tested in a clinical setting
[108]. Another major challenge that today’s researchers
face is the apparent dearth of biochemical, computa-
tional and structural methods that has restricted the dis-
covery of new, more efficient classes of efflux inhibi-
tors. Implementing tools such as these would provide a
greater understanding of not only the MDR efflux
pump-inhibitor binding site but also a highly detailed
mechanism of drug transport that could explain the
mode of inhibition [109]. The invaluable data would
generate a wealth of information that could be used to
direct the rational design of the next generation of EPI
analogues to address and eventually reverse resistance
in bacterial pathogens.

However, due to difficulties in producing co-
crystals coupled with the biochemical complexity of
these transporters, scientists are increasingly leaning
towards computational techniques to decipher the simi-
larities and differences between their hypothesised
structures and mechanisms of action (MOA) [106]. Ef-
flux pump inhibitors have previously been developed
via random screening of libraries of synthetic chemical
agents or derived from natural sources, for instance,
plant metabolites [110]. Molecular dynamics simula-
tion (MDS), advanced three-dimensional structure
resolution and molecular modelling can aid the identi-
fication of pharmacophores of a putative inhibitor that
are able to detect a specific binding site located on the
efflux pump [110]. In particular, MDS is a system that
utilises computer algorithms that are designed to simu-
late the physical, molecular movement of assemblies of
atoms or molecules comprising a structure in the pres-
ence of the solvent, their microscopic interactions and
changes in conformation.

One way in which the data generated by MDS can
be exploited is to introduce a series of compounds that
compete with the flux of antibiotics in both competitive
and non-competitive fashions so as to ensure the
maximum possible inhibition. For example, agents that
interact non-competitively, those that cause steric hin-
drance by covalently bonding at the binding site and
those that directly plug or block the efflux channel rep-
resent the most attractive approaches when designing
new inhibitors as an adjunctive therapy [110]. It has
been shown that targeted strategies towards the inhibi-
tion of specific efflux pumps can be developed by
MDS data that allows the researcher to distinguish be-
tween molecular interactions caused by the binding of
substrates from the binding of inhibitors [35].

Although MDS methodologies currently in use are
limited by i) expensive computational cost, ii) an in-
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ability to determine the effect of the local environment
surrounding the binding site on a charged substrate and
iii) are based upon approximations of the force fields
generated by the atoms in the model (making the esti-
mation of binding affinity more difficult), it has proved
to be beneficial when multiple high quality 3D struc-
tures are available [110]. Longer MD simulations of
more intricate membrane-bound protein structures are
rapidly emerging that will generate quantitative data on
the microsecond timescale that remains undetected by
more traditional computational experiments [111].
These advances improve the predictive accuracy of the
model and permit the scientist to gather vital atomic
level information, creating a more realistic picture, in-
cluding the contributions of specific residues involved
in ligand to pump binding [112]. In silico experiments
also essentially require validation by wet-laboratory
studies and functional testing.

All-atom MD simulations, molecular docking and
other well-established computational tools have also
been applied to elucidate further information on the
molecular interactions between EPIs and bacterial
pumps, particularly those belonging to the RND family
found in Gram-negative pathogens [35, 36, 97, 113-
115]. Molecular level knowledge of interactions be-
tween an EPI and the efflux pump can be very helpful
to design new and effective EPIs that can be used to
break efflux mediated antimicrobial resistance [35].

Among the inhibitors mentioned in the literature
displaying notable potency, peptidomimetics such as
PABN and its derivatives, as well as derivatives of
pyridopyrimidine have widely been investigated, both
having advanced to the preclinical stages of drug de-
velopment [30, 32, 33, 98, 116]. These structural
groups show significant differences relating to the spe-
cific modes of binding of an inhibitor to the substrate
binding pockets. Unlike PABN, more promising pyri-
dopyrimidine inhibitors such as ABI-PP do not induce
membrane dysfunction and do not show intrinsic an-
timicrobial activity [35, 117]. This relatively water-
soluble inhibitor binds to the distal substrate pocket on
AcrB and MexB proteins, competitively inhibiting dis-
tal binding drugs. The lack of interaction of ABI-PP
with the proximal region correlates with the fact that
proximal binding drugs remained unaffected [100,
118]. In this instance, MD simulations were used to
depict the tight attachment of ABI-PP to a narrow, hy-
drophobic cavity consisting of phenylalanine residues
that are situated directly adjacent to the substrate trans-
location channel. The orientation with which the inhibi-
tor binds sterically prevents the rotation of AcrB and
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MexB and so potentiates the activities of antibiotics
that are effluxed by these inner membrane transporters
[35]. Inhibitor specificity is restricted to the slight vari-
ances in the size of the hydrophobic trap [35]. Molecu-
lar docking studies have also suggested that ABI-PP
has the ability to efficiently interact and bind to the dis-
tal pockets of AcrB and MexB pumps of differing spe-
cies with a desirable binding affinity and energy (un-
published results). Data derived from these experi-
ments would significantly influence our understanding
of other MDR efflux families.

A 2012 study conducted by Collu et al. aimed to
examine and discriminate between the binding proper-
ties of the two highly potent carbapenem antibiotics
imipenem and meropenem to MexB, the major RND
transporter found primarily in isolates of P. aerugi-
nosa. Their experiments produced an insight into the
mechanism that MDR efflux pumps adopt in order to
differentiate between their substrates from their inhibi-
tors or modulating agents [119]. The transporter’s pe-
riplasmic domain identified two affinity binding sites
that appeared to share multiple resemblances with the
proximal and distal binding regions found in that of
AcrB of E. coli, a close homologue of MexB. Although
both antibiotic drugs indicated a relatively weak affin-
ity for the proximal binding region, imipenem dis-
played a weaker binding affinity to the distal binding
pocket compared to meropenem. This behaviour can be
explained by the non-pharmacophore regions of the
two drugs, where imipenem has a greater hydrophobic,
bulky character. Applying MDS, along with free en-
ergy estimation methods and molecular docking pro-
duced results in good agreement with the experimental
evidence of the carbapenems. It also highlights the im-
portant role played by the surrounding solvent in anti-
biotic transport as both imipenem and meropenem
showed a high degree of solvation in both binding
pockets [119].

Finally, in another EPI investigation, Vargiu and
Nikaido implemented MD simulations in order to in-
spect the binding modes of thirteen structurally diverse
ligands to the distal binding site of the AcrB pump.
Nine substrates, two inhibitors and two non-substrate
compounds were included [120]. These studies were
performed due to the scarcity of compounds that have
been co-crystallised with AcrB, emphasising how es-
sential computational approaches are in delivering a
more realistic view of binding compared to docking
experiments. They noted a high degree of flexibility in
the distal binding pocket of the AcrB secondary trans-
porter that underwent major conformational changes
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and that explicit water molecules undoubtedly contrib-
uted to the docking of the compounds [120]. Remarka-
bly, it was also reported that the inhibitors 1-(1-
naphtylmethyl)-piperazine (NMP) and PABN had a
tendency to partially move out of the pocket in order to
engage contact with a glycine rich loop (also known as
the switch loop) that is thought to separate the proximal
region from the distal binding site. On the other hand,
non-inhibitor substrates remained completely inside the
pocket for the entire duration of the MD simulation.
This G-loop must, therefore, discriminate on which
substrates are permitted to access the distal binding
pocket. The MD prediction illuminates features of the
inhibition pathways taken by NMP and PABN that con-
cur with a study performed by Feng et al. also in the
same year, that explains how mutations in the G-loop
(G616Pro/ G619Pro) of AcrB interferes with the extru-
sion of drug molecules, likely arising from the reduc-
tion in the loops flexibility [36, 97, 121]. It is known
that diverse EPIs display subtle differences in their in-
hibition pathways, however, most are able to deform
the distal binding cavity and disturb proper substrate
binding.

It is of crucial importance that the binding processes
and efflux mechanisms used by these intricate molecu-
lar machines are well characterised and understood. /n
silico simulations offer an ideal method by which mo-
lecular hypotheses for the mechanism of action of EPIs
can be made. It provides the physiochemical reasoning
for the differences observed in the transport efficiency
of structurally diverse antibiotics and other drugs.
Moreover, computational approaches could also define
transporter sensitivity to inhibition that might be de-
termined from the primary and tertiary structures of the
proteins comprising the efflux pumps, thus expediting
the rational design of new EPIs with enhanced stability
and greater targeting affinity for the binding site.

6. CHALLENGES IN DEVELOPING NEW EF-
FLUX PUMP INHIBITORS: FUTURE PERSPEC-
TIVES

Efflux pump inhibitors can play a major role in
tackling antimicrobial resistance by reviving antibiotics
to which many clinically relevant pathogenic microor-
ganisms have become resistant. They can be also used
as a chemical tool to understand the molecular mecha-
nisms of antimicrobial resistance that are mediated by
efflux, particularly in Gram-negative bacteria. Efflux
pump activities can be blocked by interfering with the
functional assemblies of efflux pumps' components.
Efflux pump activity may be bypassed or inhibited by
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employing a range of diverse approaches [118]
including i) modifying the chemical structure of
antibiotics to decrease their binding affinity to the
transporter cavities; an approach which has been used
for tetracycline antibiotics [122], ii) using
permeabilizers of the bacterial membrane to artificially
increase intracellular antibiotic concentration; this
approach has been applied for MexAB-OprM and
MexXY-OprM efflux pump of P. aeruginosa [123,
124], iii) decreasing the number of active efflux
complexes in the envelope of Dbacteria, by
downregulating efflux pump gene expression or
destabilising the protein component; like what has been
applied for OmpF and OmpC [125], iv) the destruction
of the drug transporter energy source, using potassium
cyanide and carbonyl cyanide m-chlorophenylhy- dra-
zone (CCCP) affect the energy level of the bacterial
membrane and reduce the efflux of various agents, v)
blocking the functional assembly of the components of
efflux systems [86], vi) designing inhibitors that bind
covalently to the substrate-binding cavities or block the
channel of antibiotic transporter pumps; various natural
products [126] and nanoparticles like zinc oxide [127]
have been shown to inhibit bacterial efflux pumps by
blocking them (a “molecular plug”) and vii) applying a
decoy substrate as a competitive inhibitor for antibiotic
transport inside the pump.

There has been very limited success in developing
efflux pump inhibitors that can be used clinically as an
adjunct to antimicrobial therapy. Although there have
been some encouraging results for EPIs derived from
natural sources [55], there has been limited effort to
optimize the vast number of chemical compounds that
has been identified from natural sources through me-
dicinal-chemistry optimisation due to the lack of reli-
able model systems. This failure in the development of
EPIs and associated model systems can be attributed to
the gap of knowledge in the functional assemblies of
various efflux pumps and the lack of reliable biochemi-
cal, computational and structural models of efflux
pump functions [107]. It has been particularly prob-
lematic to develop EPIs that successfully inhibit RND
type pumps due to their structural complexity and the
polyspecific nature of these pumps. It is urgent to study
the mechanisms of action of the current EPIs as well as
a fuller understanding of the structure of efflux pumps
to develop successful EPIs.

Although experimental methods like site directed
mutagenesis and X-ray crystallography are very useful
approaches to understanding the functional assemblies
of efflux pumps and mechanism of action of efflux
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pump inhibitors (EPIs), they often fail to pick up inter-
actions between various components of efflux pumps
and EPIs at the molecular level. X-ray crystallography
coupled with computational methods can be a very
powerful approach to understanding the mechanisms of
efflux pumps and developing a rational drug design
programme to designing novel EPIs. Understanding of
the mechanisms of inhibition of efflux pumps by run-
ning long-term (micro seconds) molecular dynamics
(MD) simulations and quantum molecular dynamics
(QMD) simulations could have a major impact in the
field of EPI discovery. The binding sites that are cur-
rently unknown could be identified by performing
long-term MD simulations of already developed EPIs
like PABN and different bacterial efflux pumps that can
be inhibited by these EPIs. These simulations can also
shed important lights in identifying the binding pro-
tomers of different transporters. More efforts should be
made to co-crystallize EPIs with efflux pumps and use
these crystal structures to develop reliable and func-
tional molecular models to take advantage of the recent
advances in powerful computing. By using the rational
drug design approach, and exploring both natural and
synthetic compounds, it may be possible to develop
clinically useful EPIs that can be a major weapon in
our fight against antimicrobial resistance.

ABBREVIATIONS AND DEFINITIONS

AMR = Antimicrobial Resistance

Antibiotic = A chemical compound produced
by one microorganism that selec-
tively inhibits the growth of an-
other microorganism

Antimicrobials = Chemical compounds that kill or
inhibit growth of microorganisms

EPIs = Efflux Pump Inhibitors

MD = Molecular Dynamics

MDR = Multidrug Resistance

MES = Multiple Efflux Systems

OMP = Outer Membrane Protein

RND = Resistance Nodulation Division
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