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The use of efflux pump inhibitors (EPIs) as adjuvant therapy to combat bacterial
resistance to several antibiotics has been a proven method to fight antimicrobial resistance.
Antibiotic- expelling efflux pumps, which are found in bacterial cell membranes, play a major
role in the development of multidrug resistance. Therefore, EPIs, which are meant to inhibit
these pumps, have the potential to make the current antibiotic arsenal more effective. Here
we classify efflux pumps, analyse the many complexities of EPI processes, and emphasize the
range of sources and applications. This academic review thus highlights the functioning of efflux
pumps, the critical role that efflux pump inhibitors play and advocates for more research into
efflux pump inhibitors.
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The damage to the efficacy of several
drugs resulting from bacteria resistant is a
significant obstacle to traditional healthcare,
affecting the efficacy of our powerful antimicrobial
treatments.! Although there are multiple modes of
drug resistance, efflux pumps specifically leave no
margin for antibiotics to have a therapeutic effect
within the microorganism.>

This obstacle which causes our present
antibiotics to become obsolete has brought the
focus on the need for exploration into innovative
approaches to combat bacterial resistance. The use
of efflux pump inhibitors [EPIs] in adjuvant therapy
to increase the effectiveness of current antibiotics
is one such tactic that has been shown to produce
effective results.>*

*Corresponding author E-mail: bteben02@gmail.com

Antibiotic-specific efflux pumps, bedded
within the bacterial cell membranes, play a vital
part in the development of multi-drug resistance
by extensively expelling antibiotics from bacterial
cells.>” These efflux pumps, when overexpressed
or hyperactive due to evolution or environmental
factors, contribute significantly to the survival and
continuity of antibiotic- resistant microorganism.®

Researchers have focused on utilizing
compounds known to have efflux pump-inhibiting
properties which are able to restore antibiotic
sensitivity of bacteria by blocking these efflux
pumps.® The logic behind EPI is that they can
enhance the efficiency of antibiotics by preventing
their exit from bacterial cells, thereby increasing
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the intracellular activity of the drug at the target
point.

This approach has the potential to bring
back the clinical viability of current antibiotics and
increase the lifetime of our obsolete antibiotics. The
field of EPIs has witnessed an increase in research
in recent times, with a growing body of literature
pressing their eventuality as adjuvants in antibiotic
remedy. These inhibitors not only offer a means to
combat resistance but also give a platform for the
development of new remedial strategies that could
revise the treatment of bacterial infections.'®

In this review, we take a glimpse into the
world of EPIs and how they are used in adjuvant
treatment of various health complications. The
mechanisms of antibiotic resistance intermediated
by efflux pumps, the strategies employed to identify
and develop EPIs, and their part in enhancing the
efficacy of various antibiotics are also explored
Mechanism of Efflux Pumps

Specialized membrane proteins called
efflux pumps are present in bacterial cells, and
their main job is to drive out harmful substances
- including antibiotics - from the cell, making the
drug ineffective. Here, we will provide a detailed
explanation of the mechanism of efflux pumps
including the various types of efflux pumps.'!?

The efflux pump is thought to be a
complex protein complex that plays a role in both
drug resistance and bacterial pathogenicity."* Efflux
pumps contain three main components:

* Transmembrane transporter - Allows transfer of
substances across the membrane

* Membrane fusion protein — Acts as communicator
between outer membrane component and
transporter

* Outer membrane factor — Helps in the final
extrusion of the substance

Another important factor involved in
efflux mechanism is adenosine triphosphate [ATP]
which provides the efflux pump with the necessary
energy required for the process. For example, the
NorA efflux pump identified in S. aureus utilizes
energy from the hydrolysis of ATP to extrude
fluoroquinolone, thus lessening its effects.'*

The following are the steps that comprise
the efflux pump mechanism:

Binding: The unique chemical form
of the efflux pump decides the different kinds
of chemicals that it recognizes. Binding sites

that correspond with the structure of the drug
specific efflux pump form a major part of an EPI’s
architecture. The harmful substance [antibiotics
or other toxic substances synthesized within
the bacteria] binds to the efflux pump due to
chemical reactions involving Van der Waals forces,
electrostatic interactions, and hydrogen bonds.
Additionally, they have the ability to attach to the
efflux pump site by altering the pump protein’s
shape.

Activation: Efflux pumps actively move
the bound material against its concentration
gradient by harnessing cellular energy. The toxic
chemical binds to the pump, causing it to hydrolyze
ATP and alter its conformation. The material can
now cross the cell membrane and be released from
the cell as a result of this alteration.

Transport: Active transport is used by
the efflux pump to remove undesirable materials
from the bacterial cell. The efflux pump is
dormant until an antagonist attaches itself to it.
This initiates the process of expelling the material
by using ATP as energy. The energy required for
the ejection is provided by the hydrolysis of ATP,
which converts ATP into inorganic phosphate and
ADP. Efflux pumps continuously identify toxins
in its cytoplasmic environment to prevent the
accumulation of the substance. Bacteria with highly
effective and selective efflux pumps can pump out
antibiotics which renders the antibiotics ineffective.

Ejection: And finally, the harmful
substance is ejected out'®. The efflux pump returns
to its original state following the ejection, ready for
a subsequent round of ejection if necessary. Thus,
this clever mechanism allows bacteria to thrive in
the face of hardship.'¢"”

Diverse bacteria use different versions
of the pump, each with its own set of structural
features and functions. This diversity justifies the
need to categorize efflux pumps into several types.

Efflux pumps can be generically divided
into five families according to different structural
properties and sequencing. Every family is further
subdivided into different kinds of efflux pumps,
providing a wide range of options that correspond
with the diverse requirements of bacterial life.
Major Facilitator Superfamily [MFS]

The MFS family is one of the largest,
with pumps that have a wide range of substrate
specificity. MFS pumps are one-component
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systems, which means they rely solely on a
membrane transporter. The NorA pump in
Staphylococcus aureus is a good example. Sugars,
ions, amino acids, peptides, drugs, and other small
molecules are among the substrates transported
across biological membranes by MFS proteins.
They are required for a variety of physiological
processes such as nutrient uptake, drug resistance,
and solute transport."’

MES proteins cross the lipid bilayer by
means of 12—14 alpha-helical transmembrane
regions. The transmembrane segments constitute
the central domain of the protein, facilitating the
passage of substrates through the membrane.
Cytoplasmic loops that link the transmembrane
segments are another feature of MFS proteins.
Functional domains or motifs involved in substrate
binding, transport control, or connections with
cellular signaling pathways are frequently found
in these loops.'*

ATP-Binding Cassette [ABC] family

ATP serves as the direct energy source for
ABC efflux pumps. These are complex systems that
function as a unit and include transporter proteins,
auxiliary proteins, and ATP-binding proteins?'.
All living things contain members of one of the
biggest and most prevalent protein families: the
ATP-Binding Cassette [ABC] transporters. These
transporters are involved in the active transport of
a wide variety of substrates, such as medicines,
carbohydrates, ions, amino acids, lipids, and
peptides, across cellular membranes.?? The
regulation of intracellular concentrations of ions
and metabolites, cellular detoxification, and food
uptake are just a few of the physiological processes
in which ABC transporters are essential.

ABC transporters create a conduit
through the lipid bilayer by combining several
transmembrane domains. The recognition and
transportation of substrates across the membrane
are carried out by these transmembrane domains
[TMDs]. ABC transporters also have Cytoplasmic
Nucleotide-Binding Domains [NBDs] which are
also capable of binding and hydrolyzing ATP. The
energy needed for substrate transport is provided
by ATP binding and hydrolysis. Most NBDs are
common to all ABC transporters. Periplasmic
Binding Proteins are found in some ABC transport
systems, particularly in bacteria. These proteins

carry substrates to the transmembrane domains by
capturing them from the surrounding environment.?
Small Multidrug Resistance [SMR] family
Bacteria contain SMR pumps, which
are capable of handling a large variety of tiny,
hydrophobic cationic compounds. There are just
about 100—120 amino acids in these little pumps.
Drugs and antimicrobial agents are among the
harmful substances that SMR proteins help
flush out of the cell and into the extracellular
environment. SMR proteins do not require ATP
hydrolysis in order to function, in contrast to
ATP-binding cassette [ABC] transporters. Rather,
they derive energy for drug efflux from the proton
motive force [PMF] across the cell membrane.
SMR proteins typically consist of four
transmembrane helices. These helices form a
channel that spans the lipid bilayer of the cell
membrane. SMR proteins also have short cytosolic
loops connecting the transmembrane helices. These
loops are involved in substrate recognition and
transport.?*
Resistance-Nodulation-Division [RND] family
RND pumps have a high level of antibiotic
resistance, particularly in Gram-negative bacteria.
Because of their unique periplasmic funnel. These
tripartite systems can extrude a wide variety of
substrates. RND transporters are involved in the
efflux of a wide variety of substrates from the
bacterial cell to the extracellular environment,
including antibiotics, heavy metals, detergents,
and other toxic compounds. These transporters
are important in the context of antibiotic resistance
because they play a critical role in bacterial
resistance to various antimicrobial agents.?2
Usually, RND proteins have between ten
and twelve transmembrane helices. The helices
in Gram-negative bacteria create a structure akin
to a tunnel that connects their outer and inner
membranes, facilitating the movement of substrates
from the cytoplasm to the beyond. The periplasmic
domain of RND transporters is situated in the
space between the inner and outer membranes.
Substances from the periplasmic space are taken
up by this region and sent to the transmembrane
channel for efflux. RND transporters bind to
proteins in the outer membrane, including OMF,
to form complexes that open up a channel in the
membrane. Substrates can be discharged into
extracellular space through this route.?’
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Multi-Antimicrobial Extrusion [MATE] family

MATE pumps often use a gradient of
Na+ or H+ ions and release a wider variety of
substrates, such as medications and metabolites.
MATE transporters play a crucial role in the
efflux of various substrates, including antibiotics,
organic ions, and other toxic compounds, from the
cell to the extracellular environment. Like other
efflux transporter families, MATE transporters are
involved in multidrug resistance and contribute
to the ability of microorganisms to survive in the
presence of antimicrobial agents.?

Twelve transmembrane helices on average
make up MATE transporters, which create a
channel that spans the lipid bilayer. These helices
are in charge of transporting and identifying
substrates. The transmembrane helices of MATE
transporters are connected by cytosolic loops.
Conserved motifs involved in substrate binding
and transport are frequently found in these loops.

It’s crucial to understand that the
aforementioned families are not strict classes;
rather, because of the bacterial efflux pumps’ varied
functionality and quick evolution, overlapping
instances may occur. Additionally, in order to
ensure survival in a variety of environments, the
same bacterium may employ pumps from distinct
families."
Efflux Pump Inhibitor Activity in Various
Scenarios

EPI can provide direct or indirect
therapeutic benefits in a variety of techniques
and applications. Bacterial cells use efflux pumps
as defense mechanisms to eliminate “noxious”
substances from their interior which also include
antibiotics.”*° A research team utilized whole-cell
assays to identify efflux pump inhibitors [EPIs] and
discovered three multidrug resistance efflux pumps
[MexAB-OprM, MexCD-OprJ, and MexEF-OprN]
that play a role in fluoroquinolone resistance
in clinical strains of Pseudomonas aeruginosa.
Additionally, they found that AcrAB-TolC, which is
aclose relative of the Escherichia coli efflux pump,
along with the three P. aeruginosa. Mex efflux
pumps, can be inhibited by the compound “MC-
207,110”. This is a property of broad-spectrum
EPIs wherein the same compound can be used to
inhibit multiple efflux pumps that are similar in
structure and function®. When MC-207,110 was
utilized, P. aeruginosa’s inherent resistance to
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fluoroquinolones was greatly decreased.”!

Enterobacter aerogenes, one of the most
often identified nosocomial infections, exhibits
heightened drug resistance which are linked
to altered membrane permeability. The main
causes of resistance to quinolone medications
are changes in the target and active efflux. The
impact of several pyridoquinoline compounds
on the accumulation of fluoroquinolones in
resistant strains that overexpress MarA activator
was documented by researchers. Studies on the
energy-dependent quinolone efflux indicate that
the most potent derivatives investigated probably
block the resistance mechanism by posing a
competition for substrate with the pump that
extrudes intracellular norfloxacin.*? Another study
looked at the efflux mechanism in S. aureus and
evaluated metformin, domperidone, diclofenac,
and glyceryl trinitrate as possible EPIs that could
be used in conjunction with antibiotics to treat .
aureus-caused topical infections. By lowering the
antibiotic’s minimum inhibitory concentrations
and dramatically lowering the relative expression
of efflux genes, the efflux assay demonstrated that
the tested medications may have efflux inhibitory
effects. >

Compounds derived from plant extracts
are also included in the various categories of
EPIs*. These compounds have more advantages
than regular EPI since they have far fewer side
effects and are highly specific. In particular,
terpenes, which are a type of natural product with
the chemical formula [C5H8] for n equal to 2,
are significantly more effective at inhibiting EP in
both Gram-positive and Gram-negative bacteria.
However, Gram-positive strains show a notably
higher frequency of inhibition.***” Medicinal plants
are the most promising natural source of EPIs
since they contain a diverse range of secondary
metabolites with varying pharmacological
properties. Several studies on extracts from
medicinal plants have found putative components
that inhibit efflux pumps in both Gram-positive
and Gram-negative bacteria.*®** These chemicals
may also be able to restore antibiotic efficacy by
allowing drugs to reach high enough concentrations
inside bacteria to have a bactericidal impact. Many
isolated compounds with strong EPI action indicate
that some families may be good as EPI providers.
Apocynaceae, Berberidaceae, Cucurbitaceae,
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Convolvulaceae, Fabaceae, Lamiaceae, and
Zingiberaceae are a few examples.*’
Mycobacterium Tuberculosis as an Efflux Pump
Inhibitor Target

The most common, fatal disease
worldwide in 2019 was tuberculosis [TB], an
infectious disease brought on by the bacteria M.
tuberculosis.*** Naturally, due to M. tuberculosis s
veracity, several MDR strains of M. tuberculosis
have been identified and isolated. The majority of
strains employ efflux pumps to maintain multi-
drug resistance. Rv1218c is an efflux pump that
has been shown to be a viable target for treating
clinical isolates of M. tuberculosis that exhibit
resistance to multiple drugs. As a result, the
inhibition of Rv1218c was evaluated using eight
efflux pump inhibitors [EPIs] chosen through
silico methods. These compounds were subjected
to the ethidium bromide-DNA binding assay, the
minimum inhibitory concentration [MIC] assay,
the checkerboard drug combination assay, and
the in vitro and ex vivo cytotoxicity experiment.
Findings from the study indicate that when applied
to drug-resistant clinical isolates and recombinant

Mycobacterium smegmatis that expresses Rv1218c,
two molecules - dodecanoic acid [DA] and palmitic
acid [PA] - can lower the minimum inhibitory
concentration [MIC] of Rifampicin by eight to a
thousand time.*

Five small molecules - shikimic acid,
rutin, myoinositol, methyl stearate, and ellagic
acid - were discovered in other investigations *4°
to work synergistically well with rifampicin to
inhibit resistant M. tuberculosis isolates.* A notable
decrease in the minimum inhibitory concentration
of rifampicin was observed, and both myoinositol
and methyl stearate were shown to be entirely non-
toxic to hematological and epithelial cells from
different organs in ex vivo settings. Consequently,
these substances may enhance the effectiveness
of first-line anti-TB medications ***® reports that
Vanoxerine [GBR12909] acts as a disruptor of the
membrane electric potential and can inhibit the
efflux and growth of mycobacteria. It was observed
that vanoxerine exhibits no detectable resistance,
indicating that there is no specific protein target
involved.

Gram-positive bacteria

Gram-negative bacteria

OM: Ouur Membrme h
CM: Cytoplasmic
Membrane

Fig. 1. Schematic representation of the five classes of efflux pumps found in bacteria'®
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A number of lines of evidence point to the
involvement of mycobacterial drug efflux pumps
in the drug tolerance induced by macrophages.*
When tested for drug efflux, it was found that M.
tuberculosis transfers the first-line antitubercular
medicine rifampicin via a proton gradient-
dependent mechanism. Moreover, they demonstrate
that rifampicin efflux in M. tuberculosis is
inhibited by verapamil, a recognized EPI that also
blocks macrophage-induced rifampicin tolerance.
Verapamil inhibits calcium channels, which also
stops rifampicin efflux, just how it can make
macrophages more tolerant. They observed that
verapamil, with its human P-glycoprotein [PGP]
- like inhibitory action, directly blocks the drug
efflux pumps of M. tuberculosis.

In addition to verapamil, several efflux
pump inhibitors were identified, including
thioridazine, chlorpromazine, flupenthixol, and
haloperidol. These compounds were tested in
vitro and on human-infected macrophages against
various drug-resistant strains of M. tuberculosis.
Similar to verapamil, these drugs function as
efflux inhibitors while also blocking ion channels.
In vitro studies showed that each drug effectively
inhibited active efflux and produced synergistic
effects when used in combination with isoniazid
and rifampicin. It was observed that antibiotic
exposure, both in vitro and within macrophages,
increased the expression of efflux genes in M.
tuberculosis, regardless of the resistance class.
Additionally, these drugs led to rapid and effective
death of M. tuberculosis isolates, which was
associated with a decrease in intracellular ATP
levels. This suggests that the compounds reduced
the intracellular mycobacterial load by activating
lysosomal hydrolases and acidifying phagosomes.*

Unlike M. tuberculosis found in THP-
1 macrophages, research has shown that M.
tuberculosis can infect and thrive in bone marrow
mesenchymal stem cells [BM-MSCs], which
exhibit greater resistance to the anti-TB drugs
isoniazid and rifampicin compared to the bacteria
in THP-1 macrophages. The study also found
that the ABCG2 efflux pumps in BM-MSCs were
upregulated in response to rifampicin, potentially
explaining the resistance of the bacteria within
these cells to the antibiotics. Further investigations
indicated that inhibiting ABCG2 efflux pumps
with sorafenib, an efflux pump inhibitor [EPI],

along with the administration of anti-TB drugs,
increased the susceptibility of the bacteria, leading
to enhanced death of M. tuberculosis in BM-MSCs.
These findings demonstrated for the first time that
M. tuberculosis residing in BM-MSCs significantly
raises the minimum inhibitory concentration [MIC]
of anti-TB medications.*'

CONCLUSION

While EPIs may exhibit limited standalone
efficacy, their ability to significantly enhance the
potency and effectiveness of antibiotics and
other therapeutics is increasingly evident. This
synergistic potential positions EPIs as a compelling
strategy in the fight against the growing threat of
antibiotic resistance.

Research into EPIs as adjunct therapies
underscores their promise as a viable approach
to counter multi-drug-resistant (MDR) bacteria,
a global challenge that has intensified the need
for innovative solutions. The alarming rise of
MDR pathogens has rendered many conventional
antibiotics ineffective, necessitating novel
interventions. EPIs stand out as a particularly
promising avenue, offering a mechanism to restore
the clinical utility of existing antibiotics and extend
the lifespan of our pharmacological arsenal.

The strategic deployment of EPIs could
not only prolong the effectiveness of current drugs
but also pave the way for revitalizing antibiotics that
have been sidelined due to resistance. A growing
body of literature highlights the utility of EPIs as
adjuvants in antibiotic therapy, demonstrating their
capacity to circumvent resistance mechanisms.
By inhibiting efflux pumps—key contributors
to bacterial resistance—EPIs enhance antibiotic
accumulation within bacterial cells, thereby
amplifying therapeutic outcomes. Moreover, EPIs
provide a foundation for developing innovative
treatment paradigms that could fundamentally
transform the management of bacterial infections.

In conclusion, EPIs represent a critical tool
in the ongoing battle against antibiotic resistance.
Their multifaceted properties, from enhancing drug
efficacy to enabling novel therapeutic strategies,
make them invaluable assets in addressing one of
the most pressing public health challenges of our
time. Continued research and clinical exploration
of EPIs will be essential to fully harness their
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potential and reshape the future of antimicrobial
therapy.
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