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Abstract. Bacteria and cancer cells develop resistance to
more than one agent as a consequence of being exposed to
ineffective levels of the agent for a prolonged period of time.
The resistance of these cells is mediated by over-expressed
efflux pumps that have the ability to extrude a large variety of
unrelated chemicals. This review discusses the main types of
multidrug resistant (MDR) efflux systems of bacteria and
cancer cells, and shows the similarity of specific efflux systems
between them with respect to given agents that inhibit efflux,
thus rendering these cells once more susceptible to agents to
which they had developed MDR.

Despite the huge range of available antibiotics, numbering
in thousands, mortality caused by bacteria continues to
escalate in both economically favoured and disadvantaged
countries. Globally, respiratory infections caused by non-
mycobacteria and Mycobacterium tuberculosis kill over four
million people world-wide and those bacteria that cause
diarrhoeal disease kill an additional 1.75 million per year
(1). Globally, over 20% of all deaths result from bacterial
infections (2). The rates of bacterial infections and ensuing
mortality are expected to rise dramatically due to the
emergence of HIV infections world-wide and subsequent
development of AIDS. Although bacterial infections are of
great concern, they are not the major health threat
encountered globally. According to the WHO Global
Report on Cancer 2000 (3), 6 million deaths were caused by
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cancer world-wide. More disturbing is the prediction made
by the WHO, namely that by the year 2020 at least 15
million will die from cancer (3).

Why are global bacterial infections on the rise despite the
availability of a large and ever-increasing gamut of
antibiotics? The advent of AIDS and the predisposition of
this viral infection to co-infection by bacteria is, of course,
part of the problem. But as of the time writing, it is minor in
comparison to the problem of emerging resistance of
bacterial pathogens. As an example, the sensitivity of
Staphylococcus aureus to the first natural antibiotic,
penicillin, was essentially 100% in the early 1950’s.
However, within the span of one decade, resistance to the
beta-lactam methicillin was evident; today, 60 to 80% of all
clinical isolates of Staphylococcus aureus are resistant to
methicillin (oxacillin) (4). Acquisition of methicillin
resistant S. aureus (MRSA), once thought to be
nosocomially mediated, is now known to have part of its
origin in the community (5-8). The period of time for global
development of resistance to oxacillin by Staphylococcus
aureus was exceeded by the organism’s resistance to
fluoroquinolones, namely within a few years (9), making this
antibiotic relatively useless today. The problem of antibiotic
resistance of Staphylococcus aureus has become more acute
now that resistance to the last drug of defence, vancomycin,
is increasing (10).

Although antibiotic resistance is now common for all
important pathogenic bacteria (11), multidrug resistance
(MDR) of Mycobacterium tuberculosis (9, 10, 12), Gram-
negative bacteria (13), enterococci (14), streptococci (15)
and the like have seriously affected the selection of
therapeutic modality.

Bacterial Efflux Pumps
All living cells contain genes that code for proteins which

make up efflux pumps that have the capacity to extrude
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noxious agents present in the environment, or extrude toxins
that are produced by the cell which require immediate
removal and extrusion (16).

The efflux pumps of bacteria that are responsible for
multi-drug resistance are part of the Superfamily ATP
binding cassette of ABC transporters. The classification of
this superfamily is as follows: the Major Facilitator
Superfamily (MFS); the multi-drug/toxic extrusion (MATE)
family; the Small Multi-drug Resistance (SMR) family; and
the Resistance Nodulation Division (RND) family. The
efflux pumps of each family are further characterized by the
type of energy which drives them, the number of proteins
that make up the pump, the number of domains of the
transporter protein of the efflux pump spanning the plasma
membrane, the type or types of substrates extruded by the
pump, the type of agents that inhibit the extrusion of the
substrate by competition for the active site of the transporter
and the type of agents that inhibit the extrusion of the
substrate on a non-competitive basis. As is evident from these
characteristics, efflux pumps function very much as enzymes,
and therefore factors such as the substrate extrusion,
competitive  inhibitors, = non-competitive  inhibitors,
temperature, concentrations of substrate should be defined
and quantified along Michaelis-Menten lines. Unfortunately,
at the time of writing, the application of basic enzymological
rules has yet to be applied for the characterization of efflux
pump activity.

MDR phenotypic resistance produced by over-expression
of efflux pumps of clinical isolates has been identified for
Staphylococcus aureus (17), E. coli (18), Enterobacteriaceae
(19) and Pseudomonas aeruginosa (20). It is only a matter of
time before MDR of clinical isolates is shown to be
primarily due to over-expressed efflux pumps. Assuming
that this prediction comes to pass, it is important to
understand the nature of efflux pumps of Gram-negative
and positive bacteria, how over-expression of these efflux
pumps develops in patients and what the agents are that
may be used as lead compounds inasmuch as they have the
capacity to inhibit the activity of specific efflux pumps.

Simple one protein efflux pumps. As a rule, Gram-positive
bacteria contain efflux pumps consisting of one distinct
transporter protein that is inhibited by agents that inhibit P-
glycoprotein of cancer cells (21-23). Staphylococcus aureus
is now known to have a number of efflux pumps that belong
to different families of the ABC transporter superfamily.
The pump extruding fluoroquinolones is the NorA and
belongs to the SMR family; the pump that extrudes
acriflavin, benzalkonium, chlorhexidine (detergents) is the
QacA and belongs to the MF superfamily; the one that
extrudes aminoglycosides and cationic drugs is the NorM,
belonging to the MATE family. These efflux pumps that are
over-expressed in clinical isolates of Staphylococcus aureus
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can be inhibited by reserpine (24-25), and phenothiazines
(24, 25) but not by verapamil (24), the common inhibitor of
efflux pumps of cancer cells. Further characterization of
efflux pumps of Staphylococcus aureus as a consequence of
differential responses to a variety of agents (27, 28)
indicates that some pumps may be of a mixed type (28). It
seems certain that additional efflux pumps will be identified
in clinical isolates of Staphylococcus aureus.

Tri-partite efflux pumps. Gram-negative bacterial isolates
that exhibit an MDR phenotype have received considerable
attention due to problematic therapy of these infections.
The major cause for the MDR phenotype is due to over-
expressed efflux pumps that are part of the RND family of
transporters. These efflux pumps have the ability to
recognize and extrude a large variety of unrelated
antibiotics from the periplasmic space of the cell envelope,
or from the cytoplasm, and hence prevent these agents from
reaching their intended targets. All RND efflux pumps
consist of three proteins: the membrane fusion protein,
located in the periplasmic space of the cell envelope
performing an ancillary function in the extrusion of the
antibiotic; the transporter protein, which performs the
actual transport of the agent from the periplasm/cytoplasm;
and the TolC protein, which is an outer membrane protein
creating the channel through which the agent being
transported reaches the environment in which the bacterium
is found. The energy required for the operation of the efflux
pump is provided by the proton motive force created by the
proton gradient resulting from electron transport. The
demonstration of the need for the proton gradient is
provided by the exposure of MDR Gram-negative bacteria
to the uncoupler of the proton motive force, carbonyl
cyanide m-chlorophenyl hydrazone (CCCP). When CCCP is
added to the medium, the ability of the efflux pump to
extrude the fluorescent substrate ethidium bromide (EB) is
lost and EB rapidly accumulates within the cell and
intercalates between the nucleic bases of the DNA.
However, because the proton gradient results from electron
transport activity, prolonged exposure of the MDR bacteria
to 4°C reduces the generation of protons, and when this
occurs the ability of the efflux pump to extrude EB is highly
curtailed (29). Agents that inhibit the binding of calcium to
calcium-dependent ATPase will also inhibit the efflux pump
of Gram-negative bacteria (30, 31), as well as those of
Mycobacterium tuberculosis that are over expressed (32). The
inhibition of ATPase by these inhibitors of calcium
binding/transport will therefore reduce the generation of
protons and therefore reduce the energy provided by the
proton gradient.

Gram-negative bacteria contain many distinct tripartite
efflux pumps. As an example, although the main efflux
pump of E. coli is coded by the operon acrAB/TolC, there
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are at least 9 others whose operons have also been fully
defined (30). Because as much as 35% of the Gram-negative
bacterial genome is devoted to the coding of efflux pump
proteins (33), there may be as many as 28 or more such
transporter systems in Gram-negative bacteria (33).
However, are these efflux pumps active at the same time, or
is there a sequence of efflux pumps that are activated when
the bacterium is placed under environmental stress such as
that produced by the presence of antibiotics? The main
efflux pump of E. coli (acrABTolC) is coded by three genes
that make up one efflux pump operon: acrA codes for the
fusion protein, acrB codes for the transporter protein and
TolC codes for the outer membrane channel protein, TolC.
When the acrAB operon is deleted, the efflux pump coded
by the acrEFTolC operon takes over (30). However, when
acrAB-deleted E. coli strains are exposed to increasing
concentrations of tetracycline, the acrEF efflux pump is
increased 80-fold over that present in the unexposed
parental strain (30). The remaining 8 efflux pumps of the
acrAB deleted strains are also increased as much as four-
fold. Although similar exposure of the intact acrAB wild-
type strain to increasing concentrations of tetracycline does
increase the activities of all 9 efflux pumps, the increases are
far lower than those observed with the acrAB-deleted strain.
This supports the contention that it is the acrAB system
which is the major RND efflux pump of E. coli and that,
when this pump is deleted, the necessary extrusion of
tetracycline for the survival of the organism is accomplished
by a huge over-expression of the acrEF and, to lesser extent,
of the remaining efflux pumps. That there is differential
activity between over-expressed acrAB and acrEF efflux
pumps is supported by the inhibition of the over-expressed
acrAB system by Phe-Arg-napthylamide (MC-207,110;
PAN), whereas this agent does not inhibit the over-
expressed acrEF pump (30). Other Gram-negative bacteria
have been fully characterized for their RND tri-partite
efflux pumps and the reader is directed to some excellent
reviews (34-36).

ABC Transporters as Efflux Pumps of Cancer Cells

Over 200 proteins involved in the transport of substrates
across biological membranes are members of the ABC
superfamily of proteins, also known as the traffic ATPases
(37, 38). A typical ABC transporter protein consists of four
units. Two are membrane-bound domains (TM), both with
six trans-membrane segments, and two are nucleotide-
binding domains (NBD), which bind and hydrolyze ATP.
Two sequence motifs located 100-200 amino acids apart in
each NBD, designated Walker A and Walker B, are
conserved among all ABC transporter superfamily
members, as well as in numerous other ATP-binding
proteins (39). In addition, unique to ABC proteins, there is

a third, highly conserved amino acid sequence (ALSGGQ)
located between the Walker A and B motifs, referred to as
the ABC signature motif (or C motif). The precise function
of this sequence has not yet been determined although it
has been directly implicated in the recognition, binding and
hydrolysis of ATP (38).

The most common member of ABC transporter is the
170 kDa multidrug resistance protein 1 (MDR1) or P-
glycoprotein (P-gp) (encoded by ABCB1) (39). The isolation
of a second distantly related ABC protein, the 190-kDa
multidrug resistance related protein 1 (MRP1) (encoded by
ABCC1) facilitated the discovery of eight more genes within
the same ABC subfamily, of which at least six: MRP2
(encoded by ABCC2), MRP3 (encoded by ABCC3), MRP4
(encoded by ABCC4), MRP5 (encoded by ABCCS), MRP6
(ABCC6) and MRP7 (encoded by ABCC10) are potentially
involved in mediating drug resistance (40-44). Two
additional members, MRP8 (ABCC11) and MRP9
(ABCC12), have been reported more recently (45, 46).

A third drug transporter, also distantly related to P-
glycoprotein and the MRPs, is the breast cancer resistance
protein (BCRP) (encoded by ABCG?2) originally isolated
from a multi-drug resistant breast cancer cell line co-
selected with doxorubicin and verapamil (47, 48).

Although the lung resistance protein (LRP) is not an ABC
transporter, it is frequently included in discussions of drug
resistance as it is expressed at high levels in drug-resistant cell
lines and some tumors (49, 50). LRP is a major vault protein
found in the cytoplasm and on the nuclear membrane. Vaults
are large ribonucleoprotein particles that are present in all
eukaryotic cells and might confer drug resistance by
redistributing drugs away from intracellular targets.

In addition to their role in drug resistance, there is
substantial evidence that these efflux pumps have
overlapping functions in tissue defense. Collectively, these
proteins are capable of transporting a vast and chemically
diverse array of toxicants, including bulky lipophilic cationic,
anionic, and neutrally charged drugs and toxins as well as
conjugated organic anions that encompass dietary and
environmental carcinogens, pesticides, metals, metalloids,
and lipid peroxidation products. P-glycoprotein, MRP1,
MRP2 and BCRP/ABCG2 are expressed in tissues
important for absorption (e.g., lung and gut) and metabolism
and elimination (liver and kidney) (38). In addition, these
transporters have an important role in maintaining the
barrier function of sanctuary site tissues (e.g., blood-brain
barrier, blood-cerebral spinal fluid barrier, blood-testis
barrier and the maternal-foetal barrier or placenta). Thus,
these ABC transporters are increasingly recognized for their
ability to modulate the absorption, distribution, metabolism,
excretion and toxicity of xenobiotics (38).

The clinical relevance of these proteins in multidrug
resistance is not yet established. However, expression of

239



in vivo 27: 237-244 (2007)

MRP1 and P-glycoprotein has been reported in a variety
of haematological and solid tumors, suggesting a
significant role for these transport proteins in clinical drug
resistance (51).

Comparison Between Efflux Pumps of Cancer Cells
and those of Bacteria

Tumor inducing effects of some bacteria, e.g. Bartonella,
Helicobacter and the plant bacterium Agrobacterium, are
known (52) and probably mediate their effects via similar
processes. The transformation of eukaryotic cells to a type
IV secretion system by bacteria may involve the
simultaneous transmission of DNA and protein from
bacteria to eukaryotic cells. Because secretion involves a
variety of transport systems, the inheritance of a type IV
secretion system by the transformed eukaryotic cells
suggests that the genes transferred from bacteria may code
for efflux pumps that are able to function in a new cellular
environment.

Apart from the aforementioned connection between
prokaryotic and eukaryotic cells there is a relationship in
the drug resistance of bacteria and cancer cells that is based
on similarity or partial homology of membrane transporters
responsible for extruding the various drugs from the
bacterial or cancer cells (53).

The emergence of multidrug resistance of cancer cells is
associated with the over-expression of para-glycoproteins
which are ABC transporters responsible for extrusion of
cytotoxic drugs from cancer cells.

During the course of treatment, the intrinsic para-
glycoprotein 1 is over expressed and confers resistance not
only to the agent that was employed for therapy, but also to
numerous dissimilar anticancer agents, as well as
xenobiotics (54). The response of a cancer cell (55) that is
exposed to one noxious agent is identical to that which takes
place when a bacterium is exposed to a noxious agent (30,
32), namely, each over-expresses an efflux pump that
extrudes the noxious agent thereby preventing access to its
intended target. However, whereas it takes weeks to induce
MDR in Gram-negative bacteria (30), and a full year to
induce an over-expressed efflux pump in Mycobacteria (32),
it takes at least two years for cancer cells treated with
various anticancer drugs to develop MDR (55, 56). In one
study (56) the sensitive parental MCF-7 cells were subjected
to various anticancer agents, e.g. paclitaxel and vincristine,
by stepwise increases in drug concentrations resulting in
resistant sub-lines that presented with MDR1 and MRP1
phenotypic resistance, as well as another form of resistance
associated with decreased casapase-3 activity. These
phenotypic forms of resistance could be modulated by
phenothiazines and disiloxan compounds (56). The use of
real-time quantitative PCR demonstrated changes in the
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expression levels of MDR1, MRP1, BCRP, bcl-2 and bax
genes. Whereas gene and protein analysis demonstrated the
over expression of Pgp, the apoptotic bax gene expression
was down regulated (57).

MDR phenotypes of cancer cells can be obviated with a
variety of agents, many of which are inhibitors of calcium
binding and transport. As an example, heterocyclic
compounds such as phenothiazines and their derivatives
decrease the extrusion of rhodamine 123 by resistant mouse
lymphoma and MDR/COLO 320 cells (58). Two of the
phenothiazine derivatives, namely perphenazine and
prochlorperazine dimaleate, proved to be very effective
inhibitors of the rhodamine efflux pump. Other
phenothiazine derivatives, namely promethazine hydro-
chloride, oxomemazine, methotrimeprazine maleate,
trifluoropromazine hydrochloride and trimeprazine, also
increased intracellular drug accumulation in both resistant
cell lines, however, they exerted additional cytotoxic effects.
The differences observed between the effects of the test
compounds on intracellular drug accumulation could be due
to differences in the chemical structure of the phenothiazine,
which may be crucial for drug-cell membrane interactions.
By inhibiting efflux, the phenothiazines also increase the
amount of these compounds that reach and bind irreversibly
by intercalation to regions of the DNA rich in guanosine and
cytosine nucleosides (59). When such binding takes place,
DNA-based activities are inhibited and cell death is
imminent. Phenothiazines are also bactericidal via an
identical (60). Moreover, phenothiazines
potentiate the activity of inhibitors of over-expressed efflux
pumps of cancer cells. The mouse lymphoma cells containing
the human MDR-1 could be rendered more susceptible to
agents to which they were initially resistant by use
ofcombinations of the phenothiazine, triflourperazine, and
verapamil than by either agent alone (59). Phenothiazines
also potentiate the activity of antibiotics to which the
bacterium is sensitive (61) even when the bacterium is
initially resistant (62). The activity of phenothiazines takes
place initially on the plasma membrane of eukaryotic cells
much in the same manner as that taking place in
neurological cells. This effect is characterized by the
inhibition of the membrane potential by these agents, hence
they are called "membrane stabilizers" (63). All anti-
psychotic drugs have this "membrane stabilizing" property
and hence it is not surprising to find that a variety of non-
phenothiazine neuroleptics can also block the activity of the
P-glycoprotein (64). MDR-1 gene transfected L121C MDR,
L5178 MDR and the KB-V-1 cells selected for resistance
can be made susceptible to daunorubicin when treated with
antipsychotic drugs.

During recent years, plants have been shown to be a
promising source of agents with inhibitory activity against
MDR cancer cells by directly affecting the para-

mechanism
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glycoprotein that constitutes the efflux mechanism. Among
the first such studies was the demonstration that a
methanol extract of Carpobrotus edulis, a common plant
found along the Portuguese coast, could inhibit a
verapamil-sensitive efflux pump of L5178 mouse T-cell
lymphoma cell line thereby rendering these multi-drug
resistant cells susceptible to anticancer drugs (65). This
same material could enhance the killing of phagocytosed
bacteria (51) and intracellular Mycobacterium tuberculosis
(66). Other plant extracts, such those from Peschiera
fuchsiaefolia (67) and Curcuminoids purified from turmeric
powder (68), have been shown to render cancer cells
susceptible to agents to which they were initially resistant.
The ability to reverse the resistance of cancer cells is not
limited to the agents discussed above. Derivatives of silicon
(69, 70), of piperazines (71, 72) and sila compounds (72)
can obviate MDR of cancer cells. Piperazine derivatives
have antibacterial properties (73-75) and some have been
shown to reverse the MDR phenotype of bacteria (74). As
piperazine derivatives of a fluoroquinolone enhance the
activity of the antibiotic (76) there is no doubt that these
derivatives will soon prove their significance in the therapy
of MDR Gram-positive and Gram-negative infections.

As mentioned earlier, bacteria have been shown to
induce a variety of cancers. Gram-negative bacteria that
contain plasmids carrying MDR genes may also be
implicated. The ability of a compound to eliminate a
plasmid carrying antibiotic resistance gene is important in
clinical and veterinary medicine. To this end, much work
has shown that heterocyclic compounds have the ability to
cure Gram-negative bacteria of plasmids in vitro (77-85) and
since children infected with recurrent pylonephritis caused
by plasmids carrying gentamycin-resistance genes can be
cured with phenothiazine derivatives (86), the potential of
heterocyclic compounds for the prevention of cancer
induced by plasmid-carrying bacteria is very significant.

Conclusion

Phenotypic expression of MDR is problematic for the therapy
of bacterial infections as well as cancer. The development of
MDR in both types of diseases is the result of exposure of the
bacterium or eukaryotic cancer cell to a concentration of drug
that allows the cells to survive. Survival in the presence of
continuous exposure to a given agent induces the bacterium
or cancer cell to synthesise more efflux pump units thus
adding additional survival advantage to the cell. With respect
to bacteria, the demonstration of this adaptive response is
possible in vitro within a period of weeks for Gram-negative
bacteria, as long as one year for Mycobacterium tuberculosis
and considerably longer for cancer cells. These in vitro
situations are considered to mimic what takes place with the
patient who receives a given antibiotic for a long period of

time, each time at a dose level that allows replication of the
cell and hence its survival. The demonstration of the active
extrusion of a large variety of agents by MDR phenotypic
cells has fostered a search for agents that can inhibit efflux
and hence render ineffective antibiotics effective again.
Although many of the agents that inhibit efflux systems can
also inhibit the replication of bacteria and cancer cells, they
normally do so at concentrations which are either toxic or are
beyond clinical reach (10). Fortunately, for most of these
agents, such as the phenothiazines, amounts of agent that are
well below the levels found in the plasma of patients treated
with the agent are sufficient to enhance the activity of
antibiotics to which the bacterium or cancer cell is resistant.
Nevertheless, because these small doses of
phenothiazines can cause moderate to severe side-effects
(10), we must consider the possibility that their derivatives
may be as effective as the parent compound and yet be
devoid of any toxicity or serious side-effects. This approach
has been followed in recent years and appears promising. For
the time being, we must continue to study the intrinsic efflux
systems of all infectious agents and cancer cells at the
molecular, genetic and physiological levels, purify and
physically characterize the components of the relevant MDR
efflux pumps, identify the active site(s) to which inhibitors of
these components bind, and thus employing these agents as
lead compounds (87) create new derivatives that are effective
and yet devoid of side-effects. Although the will and
technology exists, and we anticipate success in the very near
future, the matter of flux may be more complicated than
currently understood as evident from the recent studies of
Liang et al. (89). These latter studies clearly demonstrate that
the manipulation of K+ fluxes with antibodies and the H+
pump with omeprazole results in opposite effects on cisplatin
resistance in KB and BEL-7404 cell lines and conclude that
K+ and H+ homeostasis are not critical factors in cisplatin
resistance.
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