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Abstract

Efflux mechanisms have become broadly recognized
as major components of resistance to many classes
of antibiotics. Some efflux pumps selectively extrude
specific antibiotics, while others, referred to as
multidrug resistance (MDR) pumps, expel a variety of
structurally diverse compounds with differing
antibacterial modes of action. There are numerous
potentially beneficial consequences of the inhibition
of efflux pumps in improving the clinical performance
of various antibiotics, and several companies and
research laboratories have initiated programs to
discover and develop efflux pump inhibitors. This
review will summarize recent achievements in this new,
very exciting and equally challenging field.

Introduction

Efflux mechanisms have become broadly recognized as
major components of resistance to many classes of
antibiotics. Some efflux pumps selectively extrude specific
antibiotics, while others, referred to as multidrug resistance
(MDR) pumps, expel a variety of structurally diverse
compounds with differing antibacterial modes of action
(Lawrence and Barrett, 1998; Levy, 1992; Lewis, 1994;
Nikaido, 1998a; Nikaido, 1998b; Van Bembeke et al., 2000).
Antibiotic-specific efflux pumps are usually encoded on
transmissible plasmids and transposons, while genes
encoding many MDR pumps are normal constituents of
bacterial chromosomes. Thus, bacteria have the potential
to develop multi-drug resistance without acquisition of
multiple specific resistance determinants.

Genes encoding some MDR pumps are expressed
constitutively in wild-type cells. As a result these cells have
basal levels of efflux activity, contributing to decreased
antibiotic susceptibility. This intrinsic resistance may be low
enough for the bacteria still to be susceptible to therapy.
However, they would be even more susceptible if efflux
pumps were rendered non-functional, allowing lower doses
of antibiotics to be used in therapy. This could be especially
important for antibiotics with narrow therapeutic indices.

If it were not for efflux pumps, the spectrum of activity
of many so-called “gram-positive” antibiotics could be
expanded to previously non-susceptible gram-negative

species. This has been demonstrated for β-lactams,
macrolides, lincosamides, streptogramines, rifamycins,
fusidic acid and oxazolidinones, all of which have potent
antibacterial effects against engineered mutants of
Escherichia coli and Pseudomonas aeruginosa lacking
efflux pumps (Nikaido, 1998a; Nikaido, 1998b; Poole,
2000).

These facts taken together have led to the recognition
of numerous potential beneficial consequences of the
inhibition of efflux pumps in improving the clinical
performance of various antibiotics, and prompted several
companies and research laboratories to initiate programs
to discover and develop efflux pump inhibitors. This review
will summarize recent achievements in this new, very
exciting and equally challenging field.

Identification of Target Antibiotics and Bacteria

While inhibition of efflux pumps appears to be an attractive
approach for improving the clinical efficacy of antibiotics
that are substrates of such pumps, it is important to identify
antibiotics and target bacteria for which this approach would
be the most productive. Several factors should be
considered, such as 1) the prevalence of efflux-mediated
resistance; 2) the multiplicity of efflux pumps; 3) other
mechanisms besides efflux that contribute to resistance to
a particular antibiotic; and 4) interactions between different
mechanisms of resistance.

Macrolides
Macrolides account for 10-15% of the worldwide oral
antibiotic market (Kirst, 1991). Inhibition of the transposon-
encoded macrolide-specific efflux pumps MefA/E (Clancy
et al., 1996; Luna et al., 1999; Tait-Kamradt et al., 1997) in
gram-positive bacteria would enhance the efficacy of
macrolides, but only against a sub-population of resistant
organisms (Arpin et al., 1999; Giovanetti et al., 1999;
Nishijima et al., 1999; Poutanen et al., 1999; Roberts et
al., 1999). Another rather large sub-population with
resistance due to target modification (dimethylation of 23S
ribosomal RNA within the macrolide binding site by the
products of erm genes) would remain unaffected. On the
other hand, in Haemophilus influenzae (a primary causative
agent of respiratory infections), inhibition of a single MDR
pump (HIAcrAB, encoded by a constitutively expressed
housekeeping operon (Sanchez et al., 1997) and
apparently the major factor affecting susceptibility to
macrolides in this organism) should make the entire
population of bacteria more susceptible to macrolides such
as azithromycin or clarithromycin. The consequent
improvement in potency would significantly enhance the
utility of the antibacterial class for the treatment of this
common clinical syndrome.
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Tetracyclines
Tetracyclines have been used extensively against gram-
positive and gram-negative bacteria, mycoplasma,
rickettsiae and protozoan parasites (Chopra et al., 1992).
Besides their therapeutic use in man and animals, they
have also been used indiscriminately for growth promotion
in animal husbandry. As a result, tetracycline resistance
has become widespread in both gram-positive and gram-
negative species. The two major mechanisms of resistance
are active efflux by tetracycline-specific pumps (Tet-pumps)
and ribosomal protection (Schnappinger and Hillen, 1996).
Tet-pumps are widely spread among both gram-negative
and gram-positive bacteria (Roberts, 1994) and belong to
two subfamilies of the MF superfamily (see below),
classified as 12- and 14-TMS export proteins, respectively.
Within each sub-family, there is ca. 80% homology in amino
acids. However, the Tet-proteins of gram-negative and
gram-positive bacteria are less similar to each other than
to other exporters from the corresponding families
(Sheridan and Chopra, 1991). Inhibitors of Tet-transporters
should clearly improve activity of tetracyclines against Tet-
containing bacteria, but the discovery of a single agent
with activity against both gram-negative and gram-positive
pumps is a daunting prospect.

β -Lactams
This class includes expanded-spectrum penicillins,
cephalosporins, monobactams and carbapenems, and
benefits from bactericidal activity combined with low toxicity.
The main resistance mechanism in the majority of bacterial
species is degradation of the antibiotic by various
chromosomal- or plasmid-encoded β-lactamases (Bush et
al., 1995). In addition, resistance to carbapenems
(imipenem, meropenem) can be due to mutational loss of
the porin OprD, which is their main route of uptake (Trias
and Nikaido, 1990). In P. aeruginosa, resistance to most
β-lactams (with exception of the carbapenem imipenem)
is also conferred by the overproduction of the MexAB-OprM
RND MDR efflux pump (Li et al., 1994; Morshed et al.,
1995; Yoneyama et al., 1997). Moreover, several surveys
have found a high proportion of MexAB-OprM-
overexpressing strains among β-lactam-resistant clinical
isolates of P. aeruginosa (Bonfiglio et al., 1998; Chen et
al., 1995; Ziha-Zarifi et al., 1999). It is noteworthy that all
these various resistance mechanisms can coexist in a
single bacterial cell and that their interactions have distinct
effects on drug resistance. In the case of the carbapenem
meropenem, increased MexAB-OprM-mediated efflux and
decreased permeability due to the loss of OprD has a
multiplicative effect on drug resistance (i.e. the fold increase
in MIC due to their combined presence is close to the
product of the individual fold increases). Consequently, the
deletion of MexAB-OprM decreases resistance to
meropenem even in strains lacking OprD (Kohler et al.,
1999). The same would be expected for an inhibitor of the
MexAB-OprM efflux pump.

A quite different picture emerges from a study of the
interplay between MexAB-OprM and chromosomal β-
lactamase with respect to cephalosporins such as
ceftazidime and cefepime, and the monobactam
aztreonam. Here, over-expression of MexAB-OprM
significantly increased (16- to 64-fold) resistance towards

each of these antibiotics in strains lacking β-lactamase.
Derepression of β-lactamase in a strain lacking MexAB-
OprM conferred comparable or even higher increases.
However, over-expression or deletion of efflux pumps in
the strain with de-repressed enzyme had only a weak effect
additive effect (Masuda et al., 1999; Nakae et al., 1999).
An important conclusion from these experiments is that
inhibition of the MexAB-OprM pump in strains over-
expressing β-lactamases is not expected to have a
significant effect on β-lactam resistance in P. aeruginosa.

Aminoglycosides
These are rapidly bactericidal agents that impair protein
synthesis by binding to bacterial ribosomes. Development
of new analogs has been driven both by the necessity to
identify compounds that resist structural modification by
multiple aminoglycoside modifying enzymes, and by the
need for better therapeutic indices. Two main mechanisms
of aminoglycoside resistance have been identified: specific
enzymatic inactivation by modifying enzymes, and a more
general mechanism often referred to as impermeability
resistance. The prevalence of these resistance
mechanisms is different for various bacterial species. For
example, in Enterobacteriaceae and Staphylococcus, a
tendency to acquire multiple aminoglycoside modifying
enzymes, resulting in multiple genotypes and complex
phenotypes, has been noted. In contrast, in P. aeruginosa,
the main changes were towards an increase in the
frequency of the impermeability type of resistance (Miller
et al., 1997).

Until recently, aminoglycosides were among the few
examples of antibiotic classes for which no active extrusion
due to multidrug resistance pumps (MDR) had been
demonstrated. This situation changed with the discovery
of the MDR pump AmrAB-OprA in Burkholderia
pseudomalei (Moore et al., 1999). More recently, other
aminoglycoside efflux pumps have been discovered:
MexXY-OprM in P. aeruginosa (Aires et al., 1999;
Westbrock-Wadman et al., 1999) and AcrD in E. coli
(Rosenberg et al., 2000). Importantly, the clinical relevance
of the MexXY-OprM-mediated efflux of aminoglycosides
has been established: elevated expression of mexXY
genes has been detected in clinical isolates of P. aeruginosa
exhibiting impermeability-type resistance (Westbrock-
Wadman et al., 1999). Although it appears that
impermeability-type resistance is a multifactorial
phenomenon, the MexXY-OprM efflux pump may prove to
be its essential component, suggesting the applicability of
the efflux pump inhibitor approach. Another potential benefit
relates to the phenomenon of induced adaptive resistance
to the bactericidal effect of aminoglycosides after initial
exposure to these antibiotics (Barclay et al., 1996; Daikos
et al., 1990; Daikos et al., 1991; Karlovsky et al., 1996;
Xiong et al., 1997): mutants lacking MexXY-OprM showed
almost no adaptation, unlike the MexXY-OprM-containing
strain (Mao et al., 2000). This is consistent with the recent
finding that expression of the mexXY operon is induced by
aminoglycosides (Masuda et al., 2000). Yet another
potential benefit of an inhibitor of MexXY-OprM relates to
the well-documented phenomenon of antagonism of
aminoglycosides by divalent cations (Medeiros et al., 1971;
Zimelis and Jackson, 1973). It is generally understood that
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of this pump renders strains significantly (8- to 16-fold) more
susceptible to fluoroquinolones as compared to the wild-
type. While no other Mex pumps have been implicated in
fluoroquinolone resistance in the clinical setting, recent data
indicate that more of them may be involved in intrinsic
resistance (Masuda et al., 2000; Srikumar et al., 2000).

Known MDR pumps from gram-positive bacteria
implicated in resistance to fluoroquinolones belong to the
MF family (Saier et al., 1999a) (see below). Examples
include NorA from Staphylococcus aureus (Neyfakh et al.,
1993; Ng et al., 1994; Yoshida et al., 1990b) and PmrA
from Streptococcus pneumoniae (Gill et al., 1999). While
NorA, like MexAB-OprM, is produced by wild-type cells
(contributing ca. 4-fold to resistance to ciprofloxacin, Hsieh
et al., 1998; Yamada et al., 1997), expression of the gene
pmrA appears to occur only after the acquisition of
regulatory mutations (Gill et al., 1999). The possibility of
the presence of additional efflux pumps in these organisms
has recently been demonstrated (Brenwald et al., 2000;
Piddock et al., 1997; Piddock et al., 1998). Active efflux of
fluoroquinolones has also been seen in wild-type strains
of Enterococcus faecalis and Enterococcus faecium (Lynch
et al., 1997). Among gram-positive bacteria, these
organisms are the most resistant to fluoroquinolones. The
relevant efflux pumps still await identification.

In P. aeruginosa single-step gyrase and efflux mutants
conferred similar 4- to 8-fold increases in fluoroquinolone
resistance (Lomovskaya et al., 1999a). Of note was the
observation that the frequencies of mutations resulting in
pump over-expression were ca. 10-fold higher than
frequencies of target-based mutations (Kohler et al., 1997b;
Lomovskaya et al., 1999a). Again, both types of resistance
mechanisms may coexist in a single bacterial cell, and such
strains have been identified among highly fluoroquinolone-
resistant clinical isolates of many gram-negative and gram-
positive bacteria (Cho et al., 1999; Everett et al., 1996;
Guerin et al., 2000; Jalal and Wretlind, 1998). In fact, recent
studies indicated that high-level fluoroquinolone resistance
occurs due to the interplay of the two mechanisms.

This interplay has been studied in detail in P.
aeruginosa (Lomovskaya et al., 1999a), E. coli (Oethinger
et al., 2000) and S. aureus (Kaatz and Seo, 1997) using
laboratory mutants over-expressing or lacking efflux pumps
and containing various combinations of target-based and
efflux-mediated mutations. When both mechanisms were
combined in a single cell, their relative contributions to
resistance were independent of each other; the combined
resistance was much higher than that conferred by each
of the mechanisms when present singly. In fact, the fold
increase in drug resistance was close to the product of the
fold increases due to the individual mechanisms. In P.
aeruginosa (Lomovskaya et al., 1999a), abolishment of the
basal level of mexAB-oprM expression by deletion of the
operon resulted in ca. 8-fold increased susceptibility to
levofloxacin in the wild-type strain (whose MIC was 0.125
µg/ml). The same 8-fold increase in susceptibility upon
pump deletion was seen irrespective of the number of target
mutations. For this particular antibiotic, where a single
target-based mutation in the presence of an efflux pump
results in clinically relevant resistance (MIC 1-2 µg/ml), the
absence of functioning efflux pump(s) will therefore result
in an 8-fold reduction in the MIC, rendering the organism

divalent cations interfere with uptake of aminoglycosides,
mainly at the level the outer membrane (Abdel-Sayed et
al., 1982; Hancock et al., 1981). Interaction of
aminoglycosides with negatively charged
lipopolisaccharides (LPS) is believed to result in
permeabilization of the outer membrane, which facilitates
uptake of aminoglycosides into the periplasmic space
(Hancock et al., 1981). Divalent cations apparently compete
with aminoglycosides for binding to LPS, and consequently
prevent the so-called self-promoted uptake of antibiotics.
We found, unexpectedly, that while both Mg2+ and Ca2+

antagonized aminoglycosides, the antagonism was only
seen in strains of P. aeruginosa that contained a functioning
MexXY-OprM efflux pump (Mao et al., 2000). This indicates
that decreased uptake contributes to increased resistance
to aminoglycosides only in the presence of active efflux.
Thus inhibition of the MexXY-OprM efflux pump may
significantly increase the (notoriously narrow) therapeutic
index of aminoglycosides and improve the clinical utility of
this important class of antibiotics.

Fluoroquinolones
Fluoroquinolones are oral, broad-spectrum bactericidal
agents widely used in both community and hospital settings.
Older compounds such as norfloxacin, ciprofloxacin and
enofloxacin perform better against gram-negative than
gram-positive pathogens such as S. pneumoniae or S.
aureus (Gootz and Brighty, 1996). Newer fluoroquinolones
such as levofloxacin, sparfloxacin and trovafloxacin have
improved activity against gram-positive organisms (Brighty
and Gootz, 1997). The antibacterial activity of
fluoroquinolones is based on inhibition of type II
topoisomerases, DNA gyrase (encoded by the gyrA and
gyrB genes) and DNA topoisomerase IV (encoded by the
parC and parE genes). Only two mechanisms, target
modification and efflux by MDR pumps, contribute to
resistance to this important class of antibiotics. Most of
the target-based mutations in both gram-negative and
gram-positive bacteria have been mapped to the so-called
quinolone resistance-determining regions (Piddock, 1999;
Yoshida et al., 1990a) of the gyrase or topoisomerase IV
genes. MDR efflux pumps from clinically relevant gram-
negative and gram-positive bacteria belong to two
evolutionally distinct families of transporters. In gram-
negative bacteria, fluoroquinolones are extruded out of cells
by tripartite MDR pumps of the RND family (Tseng et al.,
1999) (see below), such as AcrAB-TolC in E. coli and
several Mex pumps in P. aeruginosa (Nikaido, 1998a;
Poole, 2000). Similar RND pumps involved in efflux of
fluoroquinolones have been also discovered in other gram-
negative bacteria (Poole, 2000). Notably, a single bacterial
strain may contain several fluoroquinolone pumps. The
most well studied case is that of P. aeruginosa, which
harbors at least three such pumps, MexAB-OprM (Poole
et al., 1993), MexCD-OprJ (Poole et al., 1996a) and
MexEF-OprN (Kohler et al., 1997a) that contribute to fluoro-
quinolone resistance in clinical settings (Cho et al., 1999;
Fukuda et al., 1990; Fukuda et al., 1995; Hirai et al., 1987;
Jakics et al., 1992; Jalal and Wretlind, 1998; Ziha-Zarifi et
al., 1999). Of these, the MexAB-OprM is the only one that
is produced constitutively (Poole et al., 1996b) and
consequently contributes to intrinsic resistance. Deletion
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clinically susceptible. Deletion of mexAB-oprM from strains
overproducing the corresponding pump resulted in a 64-
fold increase in susceptibility, also regardless of the
presence of target mutations, indicating that the fold
reduction in MIC due to inhibition of the pump(s) is
dependent only on the levels of pump expression.

A major beneficial consequence of the inhibition of
efflux pumps apparent from these results is that the
frequency of emergence of strains with clinically relevant
levels of resistance to fluoroquinolones will be significantly
decreased. Obviously, inhibition of efflux pumps should
prevent the appearance of efflux-mediated mutants, but a
reduced frequency of emergence of strains with other
resistance phenotypes is also to be expected, since in order
for bacteria without efflux pumps to attain clinically relevant
resistance, they need to acquire more than one target-
based mutation. Such simultaneous acquisition of multiple
mutations is a rare event. Indeed, a dramatic decrease in
the frequency of emergence of resistant strains has been
observed in P. aeruginosa using mutants lacking efflux
pumps (Lomovskaya et al., 1999a). The same
considerations can also be applied to gram-positive
bacteria and can explain results obtained  earlier with S.
aureus and S. pneumonia: addition of reserpine (an inhibitor
of MDR pumps) to the selecting media suppressed
emergence of mutants with resistance to fluoroquinolones
(Markham and Neyfakh, 1996; Markham, 1999).

In conclusion, it is expected that inhibition of MDR
pumps should decrease intrinsic resistance to
fluoroquinolones, should significantly reverse both target-
based and efflux-mediated acquired resistance, and
(perhaps most important) should reduce the frequency of
emergence of highly resistant mutants. Undoubtedly,
fluoroquinolones are one of the antibiotic classes for which
the efflux pump inhibitor approach appears to be most
compelling.

Interplay Between Different Efflux Pumps
As discussed above, multiple mechanisms of resistance
to a particular antibiotic may coexist in a single bacterial
cell. A single cell may also contain more than one efflux
pump capable of effluxing the same antibiotic. Cells of E.
coli or P. aeruginosa may acquire plasmid-encoded
transporters such as TetA or CmlA, despite the presence
in their genomes of endogenous MDR pumps (AcrAB-TolC
and MexAB-OprM, respectively) that can also efflux
tetracycline and chloramphenicol. P. aeruginosa contains
multiple MDR pumps that can confer resistance to
fluoroquinolones.

Structurally, efflux pumps occur either as single-
component or multi-component systems. In gram-negative
bacteria, single-component efflux pumps, such as TetA or
CmlA, extrude their substrates into the periplasmic space
(Thanassi et al., 1997) and maintain a concentration
gradient of antibiotics across the inner membrane. Multi-
component efflux pumps (which are found exclusively in
gram-negative bacteria), by contrast, traverse both inner
and outer membranes; each contains a transporter located
in the cytoplasmic membrane (as exemplified by AcrB or
MexB), an outer membrane channel (TolC or OprM) and a
periplasmic ‘linker’ protein (AcrA or MexA), which is thought
to bring the other two components into contact (Zgurskaya

and Nikaido, 1999a; Zgurskaya and Nikaido, 1999b). This
structural organization allows extrusion of substrates
directly into the external medium (Zgurskaya and Nikaido,
2000). The relative impermeability of the outer membrane
of gram-negative bacteria to both hydrophobic and
hydrophilic antibiotics (Nikaido, 1994; Nikaido, 1998c;
Nikaido and Vaara, 1985) is thereby exploited as a means
of lowering the intracellular accumulation of antibiotics
through the function of these pumps. Consequently, direct
efflux into the medium leads to a decreased amount of
drug in the periplasmic space; a concentration gradient is
maintained across the outer membrane.

We sought to investigate the effects of simultaneous
expression of two different efflux pumps upon susceptibility
to antibiotics that are the substrates of both pumps (Lee et
al., 2000a). Several types of pump combinations have been
studied: 1) simultaneous expression of a single-component
efflux pump (exporting antibiotics into the periplasm) in
combination with a multi-component efflux pump
(accomplishing efflux directly into the external medium);
2) simultaneous expression of two single-component
pumps; and 3) simultaneous expression of two multi-
component pumps. When efflux pumps of different
structural types were combined in the same cell, the
observed antibiotic resistance was much higher than that
conferred by either of the pumps expressed singly, and
the fold increase in drug resistance was close to the product
of the fold increases due to the individual pumps. For
example, when singly expressed, both AcrAB-TolC and
CmlA conferred similar levels of resistance to
chloramphenicol (MICs ranged from 16-32 µg/ml) in P.
aeruginosa; since the MIC for the pumpless strain was 1
µg/ml, each pump afforded a 16- to 32-fold increase in
resistance. The strain expressing both pumps had an MIC
of >256 µg/ml. By contrast, simultaneous expression of
either two single-component or two multi-component efflux
pumps did not produce large increases in antibiotic
resistance; the effects were only additive. For instance,
MexAB-OprM and MexCD-OprJ when individually over-
expressed conferred a comparable level of resistance to
levofloxacin (1 µg/ml), which corresponded to a 64-fold
increase in resistance when compared to the pumpless
strain. The strain over-expressing both pumps had an MIC
of 2 µg/ml (128-fold increase).

These effects are explicable according to the notion
that pumps of the same structural type are organized in
parallel, while pumps of different structural types are
organized in series. Parallel pumps extrude antibiotics into
the same compartment (either the periplasm or the external
medium). For pumps in series, the single component pump
transfers antibiotics from the cytoplasm to the periplasm,
and the multi-component pump extrudes them into external
medium (Figure 1). We have developed a very simple
mathematical model explaining our results (Lee et al.,
2000a).

The arrangement of pumps both in series and in
parallel appears to be relevant in clinical settings. In some
strains of E. coli that are highly resistant (MIC >128 µg/ml)
to chloramphenicol, the resistance observed is the
consequence of simultaneous over-expression of both the
multi-component AcrAB-TolC pump and the single-
component “phenicol-specific” ef flux pump, Flo (A. Lee
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and O. Lomovskaya, unpublished data). The latter was first
discovered in Pasteurella piscicida (Kim and Aoki, 1996)
but recently has also been detected in clinical strains of
Salmonella typhimurium (Arcangioli et al., 1999; Bolton et
al., 1999) and E. coli (Keyes et al., 2000). In this case,
although inhibition of either pump is expected to decrease
drug resistance to some extent, complete reversal of
resistance will require simultaneous inhibition of both.
Strains over-expressing pairs of Mex pumps have been
reported among clinical isolates of P. aeruginosa (Cho et
al., 1999), and as predicted, the MICs of these strains were
no higher than those overexpressing single Mex pumps.
In this case, inhibition of both pumps was required to
achieve any antibiotic potentiating effect at all.

Inhibitors of Efflux Pumps as Novel Agents for
Combination Therapy

Two approaches to combat efflux-mediated resistance that
are currently being advanced are: 1) modification of existing
antibiotics to identify derivatives minimally affected by efflux
pumps; and 2) discovery and development of therapeutic

agents which inhibit the transport activity of efflux pumps
and could be used in combination with existing antibiotics.
Several successful examples of the first approach include:
1) a new class of semisynthetic tetracyclines, the
glycylcyclines (Sum et al., 1998), that overcome efflux-
mediated resistance because they are not recognized by
the transporter protein (Someya et al., 1995); 2) new
macrolides and ketolides that appear to be much less
affected by the Mef-pumps (Biedenbach et al., 1998;
Brennan et al., 1998; Jamjian et al., 1997; Davies et al.,
2000); and 3) new fluoroquinolones which overcome NorA-
or PmrA-mediated efflux in gram-positive bacteria (Fukuda
et al., 1998; Gill et al., 1999; Gootz et al., 1999; Pestova et
al., 1999; Piddock et al., 1998). In the latter case, direct
transport experiments are still needed to clarify whether
this is a consequence of lack of binding to the pumps, or
an increased rate of diffusion into the cytoplasm.

It is perhaps significant, however, that these examples
all relate to pumps that span a single membrane. It appears
much more difficult to outsmart MDR pumps from gram-
negative bacteria by this approach. Part of the problem is
that in these bacteria particular restrictions are imposed
on the structure of successful drugs, in that they must be
amphiphilic to be able to cross both membranes.
Apparently, it is this very amphiphilicity that makes
antibiotics good substrates of MDR pumps in these
organisms.

The second approach based on inhibition of efflux
pumps, while very compelling scientifically and of clear
potential clinical benefit, brings with it many challenges.
Besides the obvious issues common to all infectious
disease drug development programs (appropriate potency
and spectrum of activity, bioavailability, clearance,
avoidance of mechanism-based and/or non-mechanism-
based toxicity etc.), several are specific to this strategy. In
the discovery phase, the pharmacokinetics of the partner
antibiotic must be taken into account; viable
pharmacokinetic profiles of the potentiator may be
significantly restricted as a result. In development, clinical
trials must be designed so as to demonstrate improvement
of a combination product over existing therapies. Despite
these inherent challenges, several programs of discovery
and development of efflux pump inhibitors have been
initiated and their achievements are reviewed below.

Inhibitors of Tetracycline Transporters
Since tetracycline is effluxed by specific transporters it is
reasonable to expect that inhibitors might be found among
tetracycline analogs; for example, inhibition might be
achieved by higher binding affinity and a lower dissociation
constant. Indeed, certain semisynthetic tetracycline
analogs inhibited tetracycline efflux in everted vesicles
prepared from E. coli cells containing the TetB protein. The
most potent analog, 13-CPTC, interfered with tetracycline
transport by competitive binding to TetB, but was
transported less efficiently than tetracycline. When
combined with doxycycline, 13-CPTC exhibited synergy
against E. coli strains expressing either TetA or TetB
proteins by lowering the MIC by a factor of 2 or more
(Nelson and Levy, 1999; Nelson et al., 1993; Nelson et al.,
1994).

A second class of Tet pump inhibitors, unrelated to
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Figure 1. The models show the fluxes of antibiotics at steady state. External
concentrations of antibiotics are equal to MICs and the density of dots
corresponds approximately to the concentrations of antibiotics in each
compartment.  In each case, the concentration of antibiotics in the cytoplasm
is the same and sufficient to inhibit the target for antibiotics. Arrows indicate
directions and thickness indicates rate of flux. The thick line separating the
periplasm and the external medium indicates the low permeability of the
outer membrane as compared to the inner membrane.  In cells without
efflux pumps (A) all compartments are essentially in equilibrium. In cells
expressing a single-component pump (B), which extrudes substrates into
the periplasm thus balancing the rapid influx across the inner membrane,
the external medium and the periplasm are in equilibrium, and a
concentration gradient (R1) exists at the inner membrane. In cells expressing
multi-component efflux pump (C), which extrudes antibiotics in the external
medium bypassing the outer membrane barrier, the cytoplasm and the
periplasm are in equilibrium and the concentration gradient (R2) is seen
across the outer membrane.  In the case of simultaneous expression of
both efflux pumps (D), concentration gradients are maintained at both the
inner and outer membranes. This results in a multiplicative, or synergistic,
effect on drug resistance.
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the tetracyclines, has also been reported (Silvia et al.,
1999). By high throughput screening using TetC as a target,
UK-57,562 was discovered. This agent lacks conventional
antibacterial activity (MIC >50 µg/ml), but reduced the MIC
for tetracycline 8- to 32-fold against resistant field isolates
of P. haemolytica and P. multocida.

One other compound, Ro 07-3149, has been reported
to inhibit the efflux of tetracyclines from S. aureus 743
(Hirata et al., 1998). This compound was shown to increase
the intracellular concentration of tritiated tetracycline at
concentrations at or above 25 µg/ml. Although intrinsically
antibacterial (MIC 32 µg/ml), the compound was shown to
reduce the MIC to tetracycline two-fold at 8 µg/ml, whereas
the MIC of chloramphenicol was unchanged.

Inhibitors of Multidrug Resistance Pumps
Selectivity of Inhibitors of Bacterial MDR Pumps
Based on sequence similarity, bacterial efflux pumps are
classified into five superfamilies known as 1) ATP Binding
Cassette transporters (ABC), 2) Major Facilitators (MF),
3) Resistance-Nodulation-Division (RND), 4) Small Multi-
drug Resistance (SMR), and 5) Multi-drug And Toxic
compound Extrusion (MATE). Representatives of all of
these families are also present in mammalian cells (Paulsen
et al., 1998; Saier et al., 1999a; Saier, 1998; Saier et al.,
1999b; Saier et al., 1998; Tseng et al., 1999). Moreover,
the precedent of a compound that can inhibit both
prokaryotic and eukaryotic MDR pumps is well established:
reserpine, long since identified as an inhibitor of a
mammalian MDR ABC-transporter P-glycoprotein (Beck
et al., 1988), also inhibits many bacterial pumps such as
the MF-transporters NorA (Neyfakh et al., 1993) and PmrA
(Gill et al., 1999) from gram-positive bacteria, and MdfA
(Edgar and Bibi, 1999) from E. coli and the E. coli SMR
transporter EmrE (Yerushalmi et al., 1995). Interestingly,
although reserpine does not inhibit RND pumps, it still has
affinity for at least one: in a strain of E. coli over-expressing
AcrAB-TolC it did not inhibit the MdfA transporter, whereas
excellent inhibition was observed in the ∆acrAB mutant
(Angela Lee and Olga Lomovskaya, unpublished data).
Thus, although none of these data show that selectivity
cannot be achieved, they highlight the need to ascertain
the selectivity of bacterial inhibitors at a very early stage in
a discovery program.

Spectrum of Activity of Inhibitors of Bacterial MDR Pumps
While most (if not all) currently identified MDR pumps from
gram-positive bacteria that confer clinically relevant drug
resistance belong to the MF family, the vast majority of
relevant pumps in gram-negative bacteria are RND
transporters. This implies a low probability for identification
of a broad-spectrum non-competitive inhibitor. However,
many very different pumps still extrude the same substrates
(for example, fluoroquinolones), implying some similarity
in their substrate binding sites. Therefore, it may be possible
to identify a competitive inhibitor with activity against several
relevant transporters.

Screening for Efflux Pump Inhibitors and Criteria for Efflux
Pump Inhibitory Mode of Action of the Screening Hits
Unlike drug-specific pumps, MDR-transporters have
multiple, structurally dissimilar substrates, so the starting

point for design of a potential inhibitor is not obvious. In
this case, random screening of synthetic compounds and
natural product libraries appears to be a more compelling
approach. However, this situation might change if natural
substrates of relevant MDR pumps with more specific and
tighter binding were to be discovered.

While several screens for the identification of efflux
pump inhibitors may be envisioned (Trias et al., November,
1999), one of the simplest employs whole-cell growth
inhibition assays in which strains expressing efflux pumps
are grown in the presence of sub-inhibitory concentrations
of antibiotics that are substrates of those pumps. Synthetic
compounds or natural product extracts that inhibit growth
in the presence but not in the absence of the antibiotic will
score as hits. Various follow-up assays are then required
to discriminate between false positives and true efflux pump
inhibitors. To qualify as efflux pump inhibitors (EPIs), hit
compounds have to satisfy several criteria:
1) they must enhance the activity of multiple substrates

of the pump;
2) they must not potentiate antibiotics that are not effluxed;
3) they must not have activity in strains lacking efflux

pumps;
4) they must increase accumulation and decrease

extrusion of efflux pump substrates;
5) they must not affect the proton gradient across the inner

membrane.
This approach has been used successfully to identify
inhibitors of the NorA pump from S. aureus and Mex pumps
from P. aeruginosa.

NorA Pump Inhibitors
Inhibitors of the NorA pump that potentiate ciprofloxacin
against both wild-type and NorA-overexpressing strains
of S. aureus have been reported by authors at Influx Inc.
(Markham et al., 1999). A library of 9,600 synthetic
compounds was screened for potentiation of ethidium
bromide in an engineered strain of B. subtilis lacking two
major MDR transporters and containing the plasmid with a
norA gene. As many as 4% of the compounds screened
were active, most of which could be divided into several
unrelated chemical groups. While surprising at first sight,
the large number of hits may reflect the very nature of the
target protein, which has evolved so as to bind to many
structural types. Representatives of the most potent
chemically diverse series are shown in Figure 2.

All of these compounds decreased MICs to
ciprofloxacin up to 4-fold (at concentrations ranging from
0.2 µg/ml to 1.5 µg/ml) in strains of S. aureus over-
expressing the NorA pump. A 4-fold decrease in MIC is
close to the maximum theoretical effect (8-fold), based on
data from deletion of norA (Hsieh et al., 1998; Yamada et
al., 1997). Importantly, all compounds dramatically
suppressed the frequency of emergence of ciprofloxacin-
resistant strains when selection was performed at 1 µg/ml
of ciprofloxacin using the wild-type strain of S. aureus. In
this strain, the maximal effect of pump inhibition should
result in an MIC of 0.125 µg/ml; apparently single-step
target mutations could not afford the requisite 8-fold
increase in resistance. No data on the efficacy of these
novel NorA inhibitors in animal models are currently
available.
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A very important fundamental question is whether
inhibitors of NorA will have actual clinical utility. Studies on
recent representative clinical isolates (including MRSA
strains) with high-level ciprofloxacin resistance are
necessary to evaluate whether a 4- to 8-fold extent of
potentiation (regardless of the potency of the potentiator)
would shift the MIC50 and MIC90 of the bacterial population
below the susceptibility barrier.

INF271 and INF55 also inhibited efflux-mediated
resistance in S. pneumoniae. Recent results from several
laboratories indicate that MDR pumps other than PmrA
may be involved in fluoroquinolone resistance in this
organism. Furthermore, these pump(s) confer resistance
to newer compounds, such as levofloxacin and
trovafloxacin, that are only minimally affected by PmrA
(Brenwald et al., 2000).

RND MDR Inhibitors
A collaboration between Microcide Pharmaceuticals and
Daiichi Pharmaceutical Co. resulted in the identification of
the first inhibitor of multiple RND transporters in gram-
negative bacteria, MC-207,110 (Renau et al., 1999;
Lomovskaya et al., 2001) (Figure 3).

This compound was among the few hits identified in a
levofloxacin potentiation assay after the screening of a
library containing over 200,000 synthetic compounds and
natural product extracts using strains of P. aeruginosa over-
expressing Mex pumps, which contribute to fluoroquinolone
resistance in this organism. The striking difference in
amount of hits found in efflux screens against gram-positive
vs. gram-negative bacteria may be explained by the
effective permeability barrier for compounds, including
potential efflux pump inhibitors, provided by the outer

membrane in the latter case.
The efflux pump inhibitory mode of action of MC-

207,110 was confirmed in a series of microbiological,
accumulation and efflux assays (Lomovskaya et al., 1999b;
Lomovskaya et al., 2001). While MC-207,110 potentiated
a variety of antibiotics that are substrates of Mex pumps,
the magnitude of the potentiating effect was strongly
dependent on the nature of the particular substrate,
perhaps indicating that different antibiotics may have
different binding sites on the pump and that inhibition by
MC-207,110 is binding site-specific. The possibility of
multiple substrate binding sites was recently demonstrated
for several MDR pumps (Mitchell et al., 1999; Putman et
al., 1999). According to this interpretation, the pump, when
exposed to MC-207,110, can still extrude some (but not
all) substrates. Furthermore, MC-207,110 can itself be
effluxed by RND pumps, providing direct evidence of an
interaction between them (Warren et al., 2000).

Remarkably, several antibiotics, all substrates of
MexAB-OprM, did not compete with MC-207,110 in
accumulation assays even when tested at very high
concentrations (up to 500 µg/ml). It is quite possible that
MC-207,110 appears as an inhibitor since it is a much better
substrate of efflux pumps as compared to the antibiotics.
It is noteworthy that many compounds that enhance activity
of anti-cancer agents against mammalian cells
overexpressing the MDR-pump, P-glycoprotein, have also
been shown to be efficiently extruded by this pump (Stein,
1997).

Numerous potential benefits of using MC-207,110 in
combination with levofloxacin against P. aeruginosa have
been evident. MC-207,110 decreased the intrinsic
resistance to levofloxacin ca. 8-fold in a wild-type strain of
P. aeruginosa, while in strains over-expressing efflux pumps
the susceptibility was increased up to 64-fold. As expected,
MC-207,110 potentiated levofloxacin irrespective of the
presence of target based mutations (Lomovskaya et al.,
2001).

Recent clinical isolates of P. aeruginosa with a wide
range of resistant phenotypes also showed increased
susceptibility to levofloxacin in the presence of MC-207,110.
Remarkably, both MIC50 and MIC90 were decreased to the
same extent (16-fold) by MC-207,110, providing additional
evidence that the potentiating effect is not dependent on

Figure 2. NorA inhibitors.

Figure 3. MC-207,110.
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the absolute level of resistance, but solely on the level of
efflux pump expression. In the presence of the inhibitor,
both MIC50 and MIC90 were below the susceptibility barrier
(Figure 4).

A major beneficial consequence of the inhibition of
multiple efflux pumps was a dramatic decrease in the
frequency of emergence of P. aeruginosa strains with
clinically relevant levels of resistance to fluoroquinolones:
resistant mutants with an MIC of 1 µg/ml for levofloxacin
were isolated with a frequency less than 10-11 (versus 10-7

in the absence of efflux pump inhibitors). These data are
particularly important in view of results indicating that under

stress conditions, such as those in acute clinical infections,
there is an increased frequency of selection of
hypermutable strains of P. aeruginosa (Oliver et al., 2000).

MC-207,110 (and/or its analogs) also has activity
against RND pumps in many representatives of
Pseudomonadaceae, Enterobacteriaceae and H.
influenzae (Blais et al., 1999). The potentiation of
macrolides in gram-negative bacteria may prove to be an
important application of efflux pump inhibitors (Figure 5).

Thus, a single compound, when combined with
different antibiotics, may have multiple clinical applications.
This inhibitor does not, however, show activity against MF
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pumps in gram-positive bacteria.
Some early SAR in the series has been published

(Renau et al., 1999; Renau et al., 2000; Leger et al., 2000).
The presence of two basic moieties was shown to be
essential, and variation of the aromatic groups was
explored; it was shown that the β-naphthylamine residue
could be replaced by 3-aminoquinoline without loss of
potency. The serum instability of early members of the
series was addressed by N-methylation of the susceptible
amide bond, and the structural diversity within the series
expanded considerably by the incorporation of
peptidomimetic features. Various stable compounds such
as (1) and (2) (Figure 6) have been shown to potentiate
levofloxacin in a neutropenic mouse thigh model or in a
mouse sepsis model of P. aeruginosa infection using a
strain over-expressing the MexAB-OprM efflux pump
(Renau et al., 1999; Griffith et al., 1999).

Potentiation of levofloxacin in vivo was also
demonstrated against strains of P. aeruginosa containing
additional, target-based mutations (Griffith et al., 2000).
These studies provide “ in vivo proof-of-principle” of the
applicability of efflux pump inhibitors.

Besides broad-spectrum inhibitors such as those
represented by MC-207,110, various inhibitors each
interacting exclusively with a single efflux pump, MexAB-
OprM, MexCD-OprJ or MexEF-OprN, have been identified.
One of the MexAB-OprM selective inhibitors, MC-510,051
(Figure 7), was isolated from fermentation of a new strain
of Streptomyces closely related to Streptomyces vellosus
(Lee et al., 2000b).

While pump selective inhibitors may have limited
therapeutic use, they may prove invaluable for studying
the contribution and prevalence of specific efflux pumps in
clinical isolates of gram-positive and gram-negative
bacteria. This approach has recently been successfully
applied to P. aeruginosa and allowed simple identification
of strains over-expressing multiple efflux pumps (Cho et
al., 1999).

The previous discussion highlighted some successes
arising from high-throughput screening strategies for the
discovery of MDR EPIs. A quite different, rational approach
has recently been successfully applied by K. Lewis and
colleagues (Stermitz et al., 2000). They identified a group
of cationic berberine alkaloids as natural substrates of
bacterial MDR pumps (which render berberines essentially
ineffective). Berberine is produced by Berberis fremontii,
and it was reasoned that the plant could dramatically
improve its defense against pathogens by combining
berberine with a natural MDR inhibitor. Indeed, a potent
inhibitor of NorA, 5'-methoxyhydnocarpin (5'-MHC), has
been extracted from its leaves. No bacterial pathogens of
plants of the Berberis species are known. It is tempting to
assume that one of the reasons is the presence of an
effective combination of antimicrobial with EPI.

De novo rational drug design based upon knowledge
of the tertiary structure of MDR transporters is not currently
feasible, given their size, complexity and association with
membranes. In anticipation of more advanced methods
for solving protein structures, identification of amino acid
residues directly involved in recognition of substrates and
inhibitors would be an informative exercise.

Conclusions

Efflux-mediated resistance is widespread in clinical settings
and is particularly important for antibiotics that are less
affected by specific resistance mechanisms. It is clear that
the use of efflux pump inhibitors is an approach that should
be explored, in addition to more conventional methods that
focus on the discovery of novel classes of antibacterial
agents or variants of older classes that are less susceptible
to efflux. Indeed, initial reports have demonstrated the multi-
factorial benefits of the efflux pump inhibitor approach in
combating drug resistance. Efflux pump inhibitors are
expected to 1) decrease intrinsic resistance (and

Figure 6. Broad-spectrum RND efflux pump inhibitors active in vivo.

Figure 7. MexAB-OprM selective EPI MC-510,051.
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consequently expand the spectrum of activity of some
antibiotics to previously non-susceptible species); 2)
reverse acquired resistance; and very importantly 3)
decrease the frequency of emergence of resistant strains.

While this review was dedicated exclusively to the
inhibitors of bacterial pumps, the same efflux pump
inhibitory approach can be applied to pathogenic fungi with
a goal of improving the clinical performance of antifungal
therapy. Indeed, recently several inhibitors of MDR pumps
from various Candida species have been identified in our
screening efforts. These compounds are currently being
extensively evaluated and will be the subject of the future
communications. It is clear that substantial efforts are
needed before inhibitors of efflux pumps can be used
clinically and be fully accepted by the medical community.
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