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1. ABC Transporters: P-gp and Other Multidrug Efflux

Pumps (MDEs)

Human ATP binding cassette (ABCa) transporters belong
to a family of 49 genes classified into seven subfamilies: ABC-
A, ABC-B, ABC-C, ABC-D, ABC-E, ABC-F, ABC-G.1,2

Some of these transporters are involved in multidrug resis-
tance (MDR), in particular ABC-B1, better known as P-
glycoprotein (P-gp), ABC-G2, better known as breast cancer
resistance protein (BCRP), and ABC-C1-6, also known as
multidrug resistance associated proteins (MRP1-6).

3 These
transporters are overexpressed in several tumor cell lines and
are responsible for drug efflux out of the cells.4,5 They use the
energyofATPhydrolysis to extrude compoundsbya complex
translocation process.6 Three models for P-gp translocation
have been suggested: (1) pore, (2) flippase, and (3) hydro-
phobic vacuum cleaner models.7,8 In the pore model, drugs
binding P-gp to the cytosol are transported out through a
protein channel. In the flippase model, P-gp flips drugs that
are transported from the inner to the outer compartment of
the plasmamembrane against a concentration gradient. In the
hydrophobic vacuum cleaner model, molecules recognized by

P-gp in the lipid bilayer enter the protein from the membra-
nous site and exit through the central cavity.

P-gp contains 12 transmembrane helices organized in two
membrane spanning domains (MSDs), each containing six
transmembrane helices, and two nucleotide binding domains
(NBDs) responsible for ATP binding. BCRP is a “half
transporter” because it is formed by only one MSD and one
NBD although it dimerizes to be fully active. MRPs differ
from P-gp because they display three MSDs, and the addi-
tional domain contains five transmembrane domains.3 This
review will focus on the physiological and pathological role of
P-gp and will highlight the involvement of this protein both in
MDR of tumors and in the physiological function of several
barriers.

P-gp overexpression is a significant factor in chemotherapy
failure due to the ability of this pump to limit the cell accumu-
lation of antineoplastic drugs. Moreover, P-gp is expressed
in barriers such as the blood-brain barrier (BBB), blood-
cerebro spinal fluid (B-CSF) barrier, and blood-testis barrier
(BTB). It modulates the absorption and excretion of xeno-
biotics across these barriers.9

P-gp is localized at the apical membranes of liver, kidney,
placenta, and the villus tip of enterocytes in the gut.10,11 In the
gut, P-gp displays a strategic activity modulating access of
drugs to the CYP3A4 enzyme, thereby regulating drug meta-
bolism and absorption.

1.1. P-gp Involvement in Cancer and CNS Diseases.MDR
is a complex phenomenon that is caused by tumor micro-
environment changes or cancer cell-specific factors. Cancer
cell-specific factors can occur at different levels: (i) increased
drug efflux or decreased drug influx; (ii) drug inactivation;
(iii) drug target modification; (iv) apoptosis evasion. The
first of these mechanisms can be mediated by plasma mem-
brane transporters such as P-gp.12 Asmentioned above, high
levels of P-gp are reported in the luminal membrane of the
endothelial cells constituting the BBB, B-CSF, and BTB.11

This strategic localization gives P-gp a crucial physiologi-
cally role in keeping drugs in the blood. P-gp exerts a
protective function in the BBB; indeed, recent studies have
reported a potential correlation between P-gp activity and/or
expression in CNS disorders such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), and epilepsy.

AD, a neurodegenerative disorder characterized by a
progressive loss of cognitive function, evolves as several
forms of dementia that display insoluble β-amyloid (Aβ)
plaques and neurofibrillary tangles (NFTs). Aβ secretion is
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the initial event in the pathogenesis of AD, whereas Aβ-
aggregation is implicated in subsequent neurodegenera-
tion.13 Interestingly, in AD brain the levels of Aβ deposition
correlated inversely with the level of P-gp in brain vascula-
ture, as confirmed by immunohistochemistry studies.14 It has
been suggested that P-gp exerts a critical role in the elimina-
tion of Aβ from the brain. The transporter could be con-
sidered as a target for the prevention and for the treatment of
this neurodegenerative disorder.15

PD, characterized by the loss of dopaminergic cells in the
substantia nigra, displays the presence of protein aggregates
known as Lewy bodies (LBs) composed mainly of R-syn-
uclein, a soluble neuronal protein that in pathological con-
ditions evolves into insoluble oligomers.16 Although it is still
unknown ifR-synuclein is a P-gp substrate, it has beenwidely
demonstrated that P-gp is able to efflux some pesticides17

and toxins considered responsible for PD onset.18 Indeed,
MPPþ, a neurotoxin involved in Parkinsonian syndrome, is
reported to be a P-gp substrate.19 Moreover, it has been
recently demonstrated that several pesticides andmetals that
interact with R-synuclein promote its fibrillation in vitro20

and so induce sporadic PD.21

Thus, a dysfunction of P-gp activity in the BBB is consi-
dered one of the causes of the onset of PD22,23 andAD,14 since
a correlation between aging and the decreased function of the
pump in theBBBhas been established in vivo.24This study led
to the identification of brain regions (white matter and
orbitofrontal regions) in which P-gp function was decreased.
Bartels and co-workers demonstrated that the reduction in
P-gp functionwas age-dependent establishing a close relation-
ship between aging and the susceptibility to the onset of PD.24

It is reported that some antiepileptic drugs such as pheny-
toin and carbamazepine are P-gp substrates. Consequently,
intrinsic or acquired overexpression of this protein in the
BBB can lead to resistance to these antiepileptic drugs by
limiting drug penetration into the brain.25 P-gp overexpres-
sion can be due to the effects of epilepsy, drug treatment, or
polymorphisms in the gene encoding P-gp (ABC-B1).26 It is
reported that carbamazepine is able to induce the expression
of drug efflux pumps and drug-metabolizing enzymes in
the intestine, thereby reducing its own absorption.27,28

Gottesman and co-workers reported that the C3435T poly-
morphism in exon 27, which affects the timing of P-gp folding
and insertion in the membrane, resulted in a P-gp with an
altered drug interaction sites29 reducing the oral bioavailabi-
lity of some antiepileptic drugs. The link between intestinal
P-gp expression and epilepsy was also demonstrated by the
influence of the genotype in positions 3435 and 2677 of the
ABC-B1 gene on phenytoin, valproate, and carbamazepine
dose requirements in the treatment of the disease.30

P-gp is also present in high level in the vessels of the BBB
and in the parenchymal cells (astrocytes andneurons) in drug
refractory epilepsy.31,32 P-gp overexpression in the BBB
vessels, which affects access of antiepileptic drugs to the
brain, can be considered as one of the causes of drug
resistance in epilepsy. The overexpression of this protein in
the parenchyma could exert a cytoprotective role, reducing
the apoptotic response induced by growth factor withdra-
wal,33 the cytotoxicity mediated by the complement,34 and
the cell death due to caspases activation.35

2. P-gp Substrate, Modulator, and Inhibitor Characterization

The large number of compounds interacting with P-gp led
to the hypothesis of the presence of several binding sites.36,37

The presence of at least four distinct interaction sites on P-gp
was detected using equilibrium and kinetic radioligand bind-
ing assays. Three sites (I-III) have been characterized for the
transport because they interact with substrates (vinblastine,
paclitaxel, rhodamine-123, and Hoechst33342) and modula-
tors (XR9576, XR9051). By contrast, site IV is a regulatory
sitewhere elacridar (5) andnicardipine act asmodulators. The
four binding sites were able to allosterically communicate in a
negative heterotropic manner, and the binding to one of sites
switched the other sites to a low-affinity conformation.36

The physiological role of P-gp is as a first line of defense in
several barriers, and itsmechanismof interactionwithdrugs is
the key to predict its pharmacological activity and to deter-
mine their pharmacokinetic profile. The FDA therefore re-
quires drug interaction studies with P-gp for drug approval.38

Compounds that interact with P-gp have unrelated struc-
tures that can be classified into three groups: substrates,
modulators, and inhibitors. Substrates are molecules actively
transported by the protein and therefore have a higher con-
centration outside the cell with respect to the cytosol.36

Modulators interact at the binding sites, therefore reducing
substrate binding through a negative allosteric interaction.
They have been shown through radioligand studies to alter
substrate binding in anoncompetitivemanner, as themaximal
receptor density (Bmax) for substrate binding, but not the
dissociation equilibrium constant (Kd), was reduced. This
finding demonstrates that the modulators interact with P-gp
at a site distinct from that of the substrate. Moreover, it
suggests allosteric communication between substrate and
modulator binding sites.7

Inhibitor activity has improved our understanding of the
translocation mechanism of P-gp.7 The initial step of the
translocation process involves the binding of drugs to a high
affinity site and simultaneously the binding of ATP at the
NBDs. Drug and ATP binding are coupled as shown by the
ability of drugs to stimulate ATP hydrolysis and the require-
ment for two functional NBDs for drug translocation. The
coupling of substrate and nucleotide binding causes the
reorientation of binding site, and drug release occurs. Inhibi-
tors interfere with the substrate or nucleotide binding step,
thereby blocking P-gp translocation. The interactionmechan-
isms of substrate, modulators, and inhibitors with P-gp
molecule are depicted in Figure 1.

Modulators and inhibitors exert the same final biological
effect, restoring cell sensitivity to chemotherapeutic agents.
Therefore, in the oncology field chemotherapeutic agents are
coadministeredwith amodulator or an inhibitor, with the aim
to reverse MDR as reported in clinical trials section.

In neurodegenerative diseases, substrates, modulators,
and inhibitors are suitable tools to investigate the function-
ality and expression of P-gp in the biological barriers. Sub-
strates administered either alone or in combination with a
modulator are required to evaluate P-gp activity. Inhibitors
can be employed as radiotracers to detect P-gp expression.
They are administered either alone or in the presence of a
substance binding to the same target site (e.g., an excess of the
unlabeled test compound). Therefore, it is important to
establish if a compound interacts with P-gp as a substrate, a
modulator, or an inhibitor by specific biological assays.38 A
wide range of methodologies have been used to characterize
drug interaction with P-gp. These methods can employ intact
cells or purified protein, and a combination of different
approaches are often required to identify the mechanism of
interaction.
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A number of P-gp expressing cell lines can be used to assess
the interaction and transport of new chemical entities with the
protein including: human colonic carcinoma cells (Caco-2),
Madin-Darby canine kidney cells (MDCK), T8, LLC-PK1,
andHCT-8 cells.38 In particular, the transfectedMDCK-P-gp
cell line displays a high expression level of the transporter and
these cells can be easily manipulated for overexpression and
coexpression of other MDE pumps. Compounds interacting
with P-gp can also be radioactively or fluorescently labeled
which can be detected by HPLC or liquid chromatography
with tandem mass spectrometry (LC/MS/MS).

MDCK cells are a versatile tool for overexpressing ABC
transporters and in particularMDCK-P-gp stably transfected
lines are the commonly employed in these biological assays.
These transfected cells have several advantages with respect to
other cell lines, such as Caco-2 cells, used in similar biological
assays. They differentiate into columnar epithelium forming
tight-junctions more rapidly. The P-gp expression level in
these cell lines are higher andmore stable, and the fluxdataare
more reproducible. However, a limitation could be the ex-
pression of canine P-gp (81% structural similarity to human
P-gp) that could complicate the interpretation of the data.38

The presence of P-gp on the apical membrane of Caco-2
cells permits us to consider this cell line as a model for the
gastrointestinal tract absorption of food and drugs.39 Caco-2
cells are derived from human colonic carcinoma displaying
high levels of P-gp expression, although they are not a
good model for drug efflux in the normal human colon.39

Moreover, the presence of other transporters such asMRP240

and BCRP41 can affect the data interpretation.42 In these cells
the tested compound could be employed as a radiotracer to
evaluate the radioactivity inside the cell, in bilayer mem-
branes, or out of the endocellular compartment. The low
intracellular accumulation and high extracellular concentra-
tion of the probe lead to the determination of the compound
as a P-gp substrate. The radioactivity found in the bilayer
membrane represents the amount of probe employed as a
mass balance.

The inhibitor evaluation is carried out by radioactivity
measurement in the bilayer membranes both in the absence
and in the presence of cold inhibitor. In the presence of
unlabeled compound, the radioactivity decreases with respect
to the amount found with radiotracer alone. Moreover, the
radioactivity into and out of the cells is employed as a mass
balance. A modulator could be better studied in coadminis-
tration with a radiolabeled substrate, and in this way its
efficacy is related to the increased concentration of intra-
cellular substrate.

This kindof study could alsobeperformedby employingan
inhibitor in coadministration with a substrate. However, the
in vivo results demonstrated that this coadministration was
less efficacious than expected because the inhibitorwas able to
block the pump translocation but was unable to modify the
high affinity substrate sites.43

The fluorescent measurements can be performed by em-
ploying a compound with adequate spectroscopic properties
or functionalized with an appropriate fluorescent moiety. In
both cases, the biological evaluation of substrates and inhibi-
tors is the same as reported for the radiolabeled compound.
The evaluation of modulators was carried out by using a
fluorescent prodrug such as acetoxymethyl ester of calcein
(calcein-AM) that is a knownP-gp substrate.44 In the presence
of a modulator, calcein-AM diffuses into the cytosol where it
is hydrolyzed to the fluorescent dye calcein and no longer able
to be transported byP-gp. This investigation could be affected
through interference if the tested compound displays similar
spectroscopic properties to that of calcein. However, com-
pounds that cannot be radiolabeled, that do not display
fluorescent properties, or that cannot be functionalized with
a fluorescent moiety can be analyzed by quantitative HPLC
and/or LC-MS. These methodologies allow the identifica-
tion ofmetabolite formation and how they interact with P-gp.

Pharmacokinetic properties, such as the apparent perme-
ability (Papp), are useful parameters for the discrimination of
substrates,modulators, and inhibitors for P-gp. These proper-
ties are determined in a suitable cell model for the study of the
basolateral-apical flux (BA) and apical-basolateral flux
(AB). The first flux represents passive diffusion, while the
second represents active P-gp-modulated transport. The
BA/AB ratio identifies substrates (BA/AB from 18 to 20)
and inhibitors (BA/AB < 2), while modulators display an
intermediate BA/AB ratio (ranging from 2 to 18). Previously,
Polli et al. considered the same parameter and classified P-gp
interacting agents as substrates or inhibitors while modulator
category was not suggested.45

2.1. P-gp and CYP Activities by ex Vivo Biological Assays.

Drug penetration across the small intestine is influenced by
the presence of the efflux pump P-gp and the metabolizing
enzyme CYP3A4 that modifies drugs bioavailability. P-gp
and CYP3A4 synergistically act to modulate presystemic
drug metabolism partly because of the extensive overlap in
their substrate specificity.46 The intestinal metabolism and

Figure 1. Mechanism of P-gp interaction with substrates (A),
inhibitors (B), and modulators (C).
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active transport might therefore affect the rate of trans-
epithelial drug transport, and mediating drug-drug and
drug-food interactions could cause variable drug disposi-
tion, decreased efficiency of transport, or unwanted side
effects.47

In gut metabolism studies, in vitro models are more often
used than in vivo investigations. With respect to hepatic
microsomes, the preparation of intestinal microsomes
appears to be more difficult and their enzymatic activity
considerably depends on the preparation techniques.48

Moreover, prediction of the in vivo metabolism, extra-
polated from the rates of metabolism by isolated micro-
somes, hepatocytes, or intestinal cells, remains difficult
because the rate of metabolism is dependent on many
physiological factors, not least the rate of transport of drugs
into the cells and the cell integrity. Caco-2 and other in-
testinal cells in culture have also been used to study intestinal
metabolism and related drug interactions, but normal Caco-
2 cells display a very low expression of the metabolizing
enzymes.49,50 Caco-2 cells lack the CYP450 isozymes and in
particular CYP3A4, which is normally expressed at high
levels in the intestine.

TheUssing chambermethod is employed51 tomeasure the
in vitro passive transport of xenobiotics across the intestinal
mucosa suitably performed for side-by-side diffusion cells.52

In this method a correlation between the absorption percen-
tage and the membrane permeability can be established, and
with respect to Caco-2 cells, this correlation is considered a
more reliable prediction. Moreover, by use of the Ussing
chamber method, the role of P-gp in drug absorption can be
carried out but the same result cannot be obtained using
Caco-2 cells.53

The everted gut sac experiment is another ex vivo model
that uses the intestinal epithelium for the studies of transport
properties. Since this isolated organ expresses both CYP3A4
andP-gp, themethod is valuable for studying various aspects
of drug absorption54 including P-gp activity55 and intestinal
CYP3A4-mediated metabolism.56 The metabolism data ob-
tained by the everted gut sac are reflective of the physiolo-
gical response, as they are derived from the interaction of
substrates with CYP enzymes inside enterocytes during the
passage through the cells.57

The role of P-gp in controlling the intestinal CYP3A4-
mediated drugmetabolism is performed in the single-pass rat
intestinal perfusion model. This in situ assay, based on the
difference between the solute concentration entering and
leaving a specific region, offers a direct way to measure
human intestinal permeability. The model integrates aspects
of drug transport and metabolism in all the physiological
factors influencing drug passage.58,52

The in vitromodels reported above are also used to predict
BBB permeation, although this barrier differs from the GI
tract by the presence of other MDE pumps, amino acid
carriers, and active solute transporters. Moreover, the GI
tract differs from BBB by the presence of CYP3A4 activity
that can alter the permeability and the metabolism of
xenobiotics.

Considering the constitution of the BBB, a more suitable
biological assay for evaluating the permeation of xenobiotics
across the BBB is needed. The in situ brain perfusion
technique is a simple and accurate method to determine
permeability of the BBB for drugs.59 In this assay, the
blood-brain flux is measured by infusion of artificial blood
or plasma, or saline, dressed with tested compound, into the

heart or the carotid arteries, calculating the amount of solute
in brain at several times. From these measurements, the
kinetics of brain uptake are analyzed and appropriate trans-
port or permeability constants are calculated. This approach
permits the study of the BBB permeability of xenobiotics
because they are unaffected by metabolizing activity. In
addition, the concentration of compound and the coadminis-
trated potential competitor can be addressed in the perfusion
method so that the method is predictive for the in vivo
characterization in kinetic studies of saturable trans-
port across the BBB and for the effects of plasma protein
binding.60

3. Development of P-gp Modulating Agents: SAR Studies

Verapamil (1), a calciumchannel blocker, was foundable to
reverse MDR,61 and it has become the reference compound
for developing other P-gp modulating agents.62 However,
reversing MDR by compound 1 was associated with toxic
cardiovascular side effects. Similarly, the immunosuppressive
agent cyclosporin A (2) was found to be a potent MDR
modulator but unfortunately also interfered with metaboliz-
ing enzyme CYP3A4 activity (Figure 2).63

Drugs such as calmodulin antagonists, the antimalarial
quinine, and antisteroid tamoxifen also belong to the first
generation P-gp inhibitors.64,65 These drugs were character-
ized by low potency and specificity, due to their primary
activity, so that high doses were required and unfortunately
resulted in several side effects.66,67 Moreover, because they
were substrates for other transporters and inhibitors for
CYP450A4 enzyme, numerous pharmacokinetic interactions
occurred.68

The second generation of inhibitors included analogues of
compound 1 displaying lower cardiovascular activity
(dexverapamil and dexiniguldipine), valspodar (3) (a com-
pound 2 analogue), and compound 4 (a tacrolimus derivative)
(Figure 2).66 These P-gp modulators were more potent com-
pared to first generation modulators, although they showed
critical pharmacokinetic interactions due to inhibition of
CYP450 and reduction of biliary excretion leading to in-
creased toxicity.69,70 This led to a reduction of drug doses
resulting in inadequate levels of chemotherapeutic agent and
reduced overall efficacy. However, some inhibitors such as
compounds 3 and 4 are not selective because they bind P-gp
and MRP1.71

The third generation inhibitors, designed to overcome the
limitations reported above, are more powerful and selective
than the second. They consist of compounds lacking signifi-
cant pharmacokinetic interactions with antineoplastic agents,
and many of these are undergoing clinical trials.

The acridonecarboxamide 5, the antranilamide 6, the cy-
clopropyldibenzosuberane 7, the farnesyl transferase inhibi-
tor 8, the diarylimidazole 9, and compound 10 are some third
generation inhibitors (Figure 3). Moreover, several tyrosine
kinase inhibitors such as imatinib mesylate or gleevec have
been evaluated as selective P-gp inhibitors not able to interact
with MRP1.72 Other new modulators are 1,3-dioxolane, 1,
3-dioxane, and small molecules such as dihydropirroloquino-
line PGP-4008 and dihydropyridine DP7.73-75

The design of third generation P-gp inhibitors, character-
ized by suitable physicochemical properties, has been carried
out by SAR studies and by better knowledge of how sub-
strates, modulators, and inhibitors interact with P-gp.36

Early studies developed derivatives of compound 1 such as
isoindolines and tetrahydroisoquinolines which incorporated
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a nitrogen atom into the heterocyclic nucleus. These findings
demonstrated the importance of a hydrogen bond acceptor
group such as an alkoxy substituent, the critical role of a
hydrophobic cyclohexyl ring and of an alkyl spacer.76

Furthermore, the replacement of the dimethoxyphenyl-
4-cyano-4-isopropylbutyl group of compound 1 with an
azapentacyclic moiety77 demonstrated the fundamental role
played by the overlapping of π orbitals of aromatic residues in
binding to P-gp. These findings led to the introduction of
aromatic rings and to the development of several compounds
that were strong P-gp inhibitors without cardiovascular side
effects.78 It was therefore suggested that the nature of linker
was not critical but it must provide a protonated nitrogen
atom at the optimal distance between the two aromatic
residues to recognize the binding site.62 Moreover, a partial
reduction of flexibility enhances good absorption and selec-
tivity.79

Trifluoperazine alsodisplayedMDRreversing activity, and
therefore, phenothiazine bioisosteres such asphenoxazine and
acridones were developed.80 In both classes the presence of a
tertiary amine linked to tricyclic nucleus through methylene
chain increased P-gp inhibiting activity. SAR studies on
tricyclic ring structures allowed the development of third
generation inhibitors such as lonafarnib (8), zosuquidar (7),
and its derivative laniquidar (10). In addition, dibenzosube-
rane derivatives contained a quinoline nucleus such as quinine,
belonging to the first generation inhibitors.81

Compound 5, an acridone derivative, displayed P-gp and
BCRP inhibitory activity; therefore, common structural

determinants for P-gp and BCRP recognition have been
evaluated in SAR studies.82 In particular, the importance of
isoquinoline moiety and N-anilide fragment linked to N-
azaxanthone nucleus has been investigated. BCRP activity
was affected by the presence and the position of substituents
on N-azaxanthone moiety, whereas carboxamide spacer did
not influence BCRP activity.83 In addition, the presence of a
piperazine or piperidine nucleus binding to N-azaxanthone
increased the P-gp reverting effect because the basic nucleus,
in protonated form at physiological pH, facilitated cell accu-
mulation of the drug.83

Compound 6 is an antranilamide derivative, and its MDR
reversing activity is due to the presence of both tetrahydroi-
soquinoline and anthranilamide moieties on a phenyl ring.84

Analogues of compound 6 bearing a tetrahydroisoquino-
linethylphenylamine group85 showed activity towards both
P-gp and BCRP. Moreover, more water-soluble compounds
than compound 6, characterized by methoxylation of the
anthranilamide moiety, displayed unchanged activity.62

The alkyl spacer was evaluated by inserting pyrrolidinyl,
cyclohexyl, arylpiperazinyl rings, and the best results have
been obtained in the presence of arylpiperazinyl moiety and
methoxy-substituted anthranilamide nucleus.86,87

At present, research efforts are directed toward the identi-
fication of new compounds, with particular attention to
natural food and herbal extracts. Curcumas and curcumin
are natural sources that might regulate the function of P-gp in
completely opposite ways. Curcumas increased P-gp activity
by up-regulating the expressions of P-gp protein and mRNA

Figure 2. First and second generation of P-gp interacting agents: 1 (verapamil, substrate), 2 (cyclosporin A, modulator), 3 (valspodar,
inhibitor), and 4 (biricodar, inhibitor).
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levels, whereas curcumin is a P-gp inhibitor that decreases
P-gp mRNA expression levels.88 Recently, it was demon-
strated that grapefruit juice and its components (flavonoids
and furanocoumarins such as bergamottin and naringenin)
inhibit CYP3A4 but are also able to modulate P-gp.89

An in vitro evaluation of CYP450 inhibition and P-gp
interaction of goldenseal, Ginkgo biloba, grape seed, milk
thistle, and ginseng extracts has demonstrated that the
clearance of many drugs is decreased by CYP450 inhibi-
tion more than by P-gp-mediated effects.90 Furthermore,
although natural compounds are not potent, they are able
to influence the bioavailability of drugs and through appro-
priate chemical modifications may become new selective P-gp
inhibitors.

Flavonoids, polyphenolic components of many fruits
and vegetables, olive oil, tea, and red wine, also represent a
natural class of P-gp modulators. Flavonoids are characteri-
zed by a common phenylcromanone nucleus that differs in
oxidation state within the different subclasses including flavo-
nes, isoflavones, flavanones, flavonols, flavanols, and chal-
cones (Figure 4). They have instigated SAR studies to deter-
mine structural requirements for inhibiting MDR and to
generate synthetic derivatives such as dimers of dietary
flavonoids.91

4. Potential Application of P-gp Inhibitors

This section will focus on the results of clinical trials for the
most promising P-gp inhibitors such as compounds 3 and 4

belonging to second generation and compounds 5, 6, 7, 10 to
third generation. The strategy for overcoming MDR by P-gp
and antineoplastic agent coadministration remains a hot
topic, but clinical applications remain distant.Another poten-
tial application of these inhibitors involves diagnostic imaging
with PET or SPECT. In fact, promising results have been
obtained in animal in vivo models to monitor the activity and
or the expression of P-gp in several biological barriers, in
particular BBB. The diagnosis of several neurodegenerative
diseases could be better supported ab initio by this noninva-
sive investigation.

4.1. SecondGeneration of P-gp Inhibitors. 4.1.1. Biricodar.

It displays a dual P-gp and MRP-1 blocking activity. In a
phase I study compound 4 coadministered with doxorubicin
showed no pharmacokinetic or pharmacodynamic limita-
tions and the coadministration was well tolerated.92 Com-
pound 4 has been evaluated in a phase II study with
doxorubicin and vincristine in patients with refractory
SCLC.93 This combination showed a higher incidence and
severity of neutropenia with respect to results from the phase

Figure 3. Third generation of P-gp inhibitors.
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I study.92 Furthermore, phase II studies of compound 4

coadministrated with paclitaxel in patients with advanced
breast cancer or refractory ovarian cancer reported a high
incidence of neutropenia, and this effect is probably due to
an increased myelosuppression by vincristine. These results
indicate that the coadministration of compound 4 with
doxorubicin and vincristine did not improve the response
rate, and because coadministration caused elevated toxicity,
no studies are presently ongoing. Moreover, compound 4

inhibits both P-gp and MRP1, but P-gp levels in SCLC are
lower than MRP expression so that alternative transporters
could be expressed in recurrent SCLC, resulting in a low
efficacy of compound 4. Further studies should establish
MDR transporter expression using biopsies to select patients
with a high probability of obtaining clinical benefit.

4.1.2. Valspodar. It is a non-nephrotoxic and non-immuno-
suppressive analogue of compound 2. In phase I studies,
combinations of compound 3 with etoposide, doxorubicin,
paclitaxel, or vinblastine caused high toxicity consisting of
reversible cerebellar ataxia, myelosuppression, and hyper-
bilirubinemia.94-96

Furthermore, compound 3 interacted with bile salt export
protein and CYP450 decreasing the clearance of anticancer
agents, and these interactions required dose reductions of
drugs.94-96Moreover, coadministration of oral compound 3
plus infusional vinblastine in patients with advanced renal
carcinoma (phase I) resulted in complete or partial res-
ponse.94 In a phase I/II study coexposure of intravenously
administered infusional compound 3 and vinblastine were
evaluated, and findings demonstrated that a lower dose than
those previously recommended was sufficient to inhibit
P-gp-mediated transport. This reduction permitted the use
of higher doses of chemotherapeutic agents as a result of
reduced inhibition of drugmetabolism, principally mediated
byCYP450.94 Compound 3 has also been evaluated (phase I)
in combination with pegylated liposomal doxorubicin in
advanced malignancies showing moderate pharmacokinetic
interaction and a partial response in patients with breast and
ovarian carcinoma.97

Moreover, it has been coadministered with idarubicin,
cytarabine, and etoposide in refractory AML, and
although a pharmacokinetic interaction might have been
expected, compound 3 did not significantly alter the dis-
position of idarubicin.98 In a phase II trial, compound 3 in
combination with paclitaxel in the treatment of metastatic
carcinoma of the breast was studied,99 and although this
combination was tolerable, the coadministration did not

increase paclitaxel exposure; moreover, other studies are
ongoing.100

Valpsodar coadministered with daunorubicin and cytara-
bine (phase II) in the treatment of elderly patients with
previously untreated AML did not significantly improve
response, disease-free survival, or overall survival.101 To
date, some clinical studies have been terminated because of
high toxicity102 and other studies are still ongoing in AML
and myelodysplastic syndrome (phase II and phase III,
respectively).103,104

In a phase III study, compound 3 combinedwith paclitaxel
and carboplatin did not show promising results and was
more toxic in ovarian and peritoneal cancer compared with
carboplatin alone.105 Moreover, the coadministration of
vincristine, doxorubicin, and dexamethasone in patients
with recurring or refractory multiple myeloma did not
improve treatment outcome and was related to increased
toxicity.106

4.2. ThirdGeneration of P-gp Inhibitors. 4.2.1. Tariquidar.

It has been characterized as a potent and noncompetitive
inhibitor displaying high specificity for P-gp transporter. In
vitro, compound 6 reverted resistance to doxorubicin, vin-
cristine, andpaclitaxel with greater potency than compounds
such as compound 3.36 Compound 6 (phase I) has been
evaluated in vinorelbine coadministration employing 99mTc-
sestaMIBI scintigraphy to visualize P-gp function both in
tumors and in normal tissues of patients with metastatic
cancer.107 An increase of 99mTc-sestaMIBI uptake in normal
liver was found (128%) in the presence of compound 6, and
the ratio of radiotracer accumulation in tumor and heart was
increased from 36% to 263%.107 To date, a study using
compound 6 and 94mTc-sestaMIBI for patients with cancer is
ongoing.108

Compound 6 with vinorelbine (phase I) has been also
evaluated in adults with refractory solid tumors,109 while a
pediatric (phase I) study with vinorelbine, doxorubicin, or
docetaxel is ongoing.110 The results demonstrated that a
compound 6-vinorelbine coadministration is well tolerated
and no dose limiting toxicity was observed because of the
absence of pharmacokinetic interactions. Only in bone
marrow stem cells granulocyte toxicity has been observed
because of a higher vinorelbine exposure.109

In phase II trials, compound 6 was evaluated in combina-
tion with docetaxel in patients with recurrent or metastatic
lung, ovarian, cervical cancer, or kidney cancer but the
results are not yet available.111 Similarly, coadministration
of doxorubicin-compound 6 was tested in adults with
refractory solid tumors and the study was completed, but
the results have not yet been reported.109 Furthermore,
studies with patients displaying breast cancer have demon-
strated that compound 6 failed to restore cell sensitivity to
anthracycline or taxane chemotherapy.112

In phase III, trials of compound 6 with paclitaxel/carbo-
platin or with vinorelbine in patients with non-small-
cell lung cancer (NSCLC) were terminated because the
coadministration displayed high toxicity due to pharma-
codynamic limitations.12 Furthermore, clinical investiga-
tions of compound 6-mitotane, -doxorubicin, -vincristine,
or -etoposide coadministration in adrenocortical cancer and
compound6-docetaxel in lung,ovarian, andcervical cancerare
in progress.111,113

Recently, it has been demonstrated that [11C]6 is captured
by P-gp in the BBB in rats. Blockade of P-gp by a saturating
dose of unlabeled compound 6 appeared to result in a

Figure 4. Flavonoids subclasses.
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breakthrough of activity into brain parenchyma, thereby
suggesting specific interaction of [11C]6 with P-gp in the
BBB. The usefulness of [11C]6 for the visualization and
quantification of cerebral P-gp merits further investiga-
tion.114

4.2.2. Zosuquidar. It displays both a suitable pharmaco-
dynamic and pharmacokinetic profile, as it does not inhibit
transporters involved in MDR and the CYP3A4 enzyme,
respectively. It is administrated both orally and intrave-
nously; however, an infusion into the blood is safer than
oral administration which causes severe cerebellar toxicity
associated with hallucinations.115

In phase I clinical trials, decreased vinorelbine or doxoru-
bicin clearance in compound 7 coadministration was obser-
ved resulting in leukopenia and thrombocytopenia, although
these effects are considered to have little clinical signifi-
cance.116 Moreover, no pharmacokinetic interactions
between compound 7-anthracyclines coadministration
were observed.117

Because of the short half-life of compound 7, coadminis-
tration with cytarabine or daunorubicin was tested in AML
patients (phase I), initially in short118 and then in continuous
administration.119 After 12 h of coadministration compound
7-daunorubicin completely restored drug sensitivity and no
severe inhibition of daunorubicin clearance occurred.

In phase I/II trials, compound 7 in combination with
cyclophosphamide, hydroxydaunorubicin or adriamycin,
oncovin or vincristine, prednisone/prednisolone (CHOP)
regimen to treat non-Hodgkin’s lymphoma caused low
toxicity, no significant pharmacokinetic interactions with
doxorubicin, and only moderate effects on the pharmacoki-
netics of vincristine.120 The combination of compound 7 and
docetaxel (phase II) was also evaluated in patients with
metastatic breast cancer.121 Although this combination
was safe, a significant increase in neutropenic fever was
reported, but this was unrelated to compound 7 exposure.
Unfortunately, no difference in progression-free survival,
overall survival, or response rate was reported in this
study.121

4.2.3. Elacridar. It is a dual P-gp/BCRP inhibitor and can
be orally administered. It was tested in combination with
doxorubicin in patients with advanced solid tumors (phase
I).122 At the recommended dose of doxorubicin, a pharma-
cologic hematological toxicity was observed, mainly consist-
ing of leukocytopenia and granulocytopenia. However,
coadministration protocols with other inhibitors demon-
strated that doxorubicin could be administered at a dose
considered clinically active inmost tumors withminimal side
effects.122

Compound 5 was coadministrated with topotecan,123 a
P-gp and BCRP substrate used in the treatment of small cell
lung cancer (SCLC) and metastatic ovarian cancer (phase I)
to observe the dual blocking activity.124 No dose-limiting
diarrhea with respect to topotecan oral monotherapy was
found, probably because of a local topotecan activity on the
intestinal mucosa.125 Compound 5-topotecan oral coadmi-
nistration led to a complete apparent bioavailability of
topotecan estimated higher than 100%, and this overestima-
tion was probably due to a slightly decreased clearance of
topotecan.126 By contrast, intravenous administration of
topotecan caused side effects such as neutropenia and
thrombocytopenia.123 Additional studies (phase II) should
therefore elucidate the safety and efficacy of compound
5-topotecan coadministration.

Recently, good diagnostic results have been obtained with
[11C]5 that appears to be specific for P-gp at the BBB,
although its utility for the visualization of cerebral P-gp
merits further investigation.127

4.2.4. Laniquidar and ONT-093 (9). Laniquidar (10) has
been studied in oral coadministration with docetaxel (phase
I). The results indicated unaltered docetaxel clearance but
large interpatient variability and low bioavailability of com-
pound 10. Moreover, compound 10 has also been evaluated
by intravenous coadministration with docetaxel and the
combination appeared safe. Compound 10 in combination
with docetaxel or paclitaxel in breast cancer has been eva-
luated, but the results have not yet been published.128

It has been reported that 2-[4-[3-ethoxy-1(E)-propenyl]-
phenyl]-4,5-bis[4-(isopropylamino)phenyl]-1H-imidazole (9)
does not interact with CYP3A4 and the results in co-
administration with docetaxel were not concluded and not
published.129

Recently, radiosynthesis and biodistribution of [11C]10 as
a tracer of P-gp in rats have been developed. Further kinetic
studies are needed to investigate the antagonistic behavior of
[11C]10 at tracer level.130

5. Perspectives of P-gp Ligands in Diagnosis of CNSDiseases

The aim of this section is to highlight the potentials of P-gp
inhibitors both in the reversal of MDR by coadministration
with chemotherapeutic agents and in the diagnosis of some
CNS diseases, using imaging techniques such as PET and
SPECT. Recent papers131,14,132 reported that P-gp function
decreases at the advanced stages of neurodegenerative dis-
eases such as PD and AD. P-gp dysfunction can both induce
the increased accumulation of toxins, as in PD, and decrease
the ability of the brain to efflux proteins, as in AD. Since these
pathologies are characterized by aberrant polymerization and
accumulation of proteins into the brain, P-gp function and
expression at the BBB attract attention as a potential target
involved in the pathogenesis of these neurodegenerative dis-
orders. Moreover, P-gp overexpression is detected during
other neurodegenerative diseases such as epilepsy, in which
P-gp drug efflux restricts and/or prevents CNS drugs from
entering the brain.

With this in mind, P-gp inhibitors represent innovative and
novel therapeutic strategies for neurodegenerative disorders
and for the treatment of chemoresistant tumors. Meanwhile,
radiolabeled P-gp inhibitors for PET and SPECT are impor-
tant tools to investigate both the activity and the expression of
P-gp (with aP-gp substrate andP-gp inhibitor, respectively) in
several neurodegenerative diseases such as PD, AD, and
epilepsy.133-138

5.1. Parkinson’s Disease Diagnosis. Exposure to environ-
mental toxins, genetic predisposition, and advancing age
increases the risk for developing PD. It has been reported
that the C3435T polymorphism of the MDR1 gene, respon-
sible for decreased P-gp function at the BBB,22 increases the
exposure to neurotoxic substances.

PET is a useful tool to study BBB P-gp function in vivo,
using the tracer [11C]1. The distribution volume (DV) of
radiotracer in the brain is an inverse measure of P-gp
function at the BBB. A higher [11C]1 uptake indicates either
reduced P-gp mediated efflux or an increased passive diffu-
sion across the vascular endothelium.

Although [11C]1 is commonly used as a PET probe for
imaging P-gp function in the brain, it has some limitations,
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such as a low basal signal in normal condition and a
relatively large intersubject variation in tracer uptake.

In a pilot PET study using racemic mixture [11C]1, de-
creasedP-gp effluxwas found in themidbrain of 5PDpatients
compared to 5 healthy subjects.23 However, the same results
were not observed in 10 early-stage PD patients scanned with
(R)-[11C]1. No significant differences in DV of (R)-[11C]1
between PD patients and control subjects were found. More-
over, no correlation between different MDR1 C3435T poly-
morphism and higher DV of (R)-[11C]1 was evident.136

An in vivo study, carried out on 17 volunteers (age 18-86),
shows a specific regional decrease of P-gp function in
orbitofrontal (comprising the olfactory bulb) and posterior
internal capsule regions of older subjects.139 Moreover,
decreased BBB P-gp function is observed in white matter
regions that are thought to contribute to the functional
denervation of cortical areas.24

Another in vivo PET study compares regional P-gp func-
tion in patients with different Parkinsonian pathology,
including early and advanced stage PD, progressive supra-
nuclear palsy (PSP), multisystem atrophy (MSA), and
healthy control subjects. The results show high [11C]1 uptake
in the pituitary, ventricles, and skin moderate uptake in gray
matter and low uptake in white matter and bone. No
substantial differences in PD, PSP, and MSA are evident.
AdvancedPDpatients showa significant increase of [11C]1 in
frontal white matter regions compared to the control sub-
jects. By contrast, the early PD patients display lower uptake
in midbrain and frontal regions and with respect to control,
they do not show “clusters” with higher intensity signal.
Higher [11C]1 uptake is found in the anterior cingulate cortex
and in the head of the caudate of advanced PD patients
compared to subjects with early PD. In PSP and MSA
patients, a significant [11C]1 uptake is seen in basal ganglia
regions, while in PSP patients increased [11C]1 uptake in
frontal regions is found.131

Compared to healtly subjects advanced PD patients show
a decreased P-gp function in frontal regions. This reduced
frontal P-gp activity, in advanced PD and PSP, reflects the
frontostriatal neuronal dysfunction found in these diseases.
Increased [11C]1 uptake is found in the white and in gray
regions rather than in the cortex. Although the cerebellum is
linked to midbrain nuclei, lower [11C]1 uptake of both
advanced and early PD patients is found. The results of
these studies indicate that P-gp function is regionally de-
creased in the advanced stages of several parkinsonian
diseases. Apparently, reduced P-gp efflux does not play a
primary role in the initiation of PD but the function of P-gp
decreases with aging.

To better understand the role of MDR1 gene in the
progression of PD, post-mortem human and rodent tissues
have been analyzed by in situ hybridization to characterize
MDR1 mRNA expression.140 Expression of MDR1 mRNA
is observed in both rat and human physiological barriers,
such as the endothelial cells lining blood vessels. Expression
in the meninges and BBB is critical for controlling the entry
of drugs and xenobiotics into the CNS. Indeed, rats that lack
one or both mdr1a/b genes show increased brain drug
accumulation.141 In this study, a reduced expression level
ofMDR1mRNAwas detected in the striatumof PDpatients
compared to controls. This leads to reduced activity of the
MDR1 gene product, particularly in elderly patients.142

P-gp function evaluation, using [11C]1 as radiotracer, is an
exciting diagnostic possibility to assess the location and

progression of pathology in PD patients. Increase in the
[11C]1 uptake in the brain of PD patients will probably
correspond to decreased P-gp function. Prevention of the
accumulation of toxic drugs that are responsible for some
neurodegenerative diseases by increasing P-gp activity at the
BBB could be an additional therapeutic goal. A possible
treatment strategy to increase P-gp expression could be the
use of a specific inducer (e.g., grapefruit juice, St. John’s
wort, rifampicin)143 or an endogenous drug (e.g., proges-
terone).144

5.2. Alzheimer’s Disease Diagnosis.Accumulation of amy-
loid-β (Aβ) is an AD hallmark. Normally, Aβ proteins,
secreted from neurons into the interstitial fluid (ISF) of the
brain, can be eliminated in three ways: (1) by proteolytic
degradation; (2) by passive efflux; (3) by active transport
across the BBB.145 The low density lipoprotein receptor-
related protein (LRP1) is mostly involved in the active efflux
of Aβ at the BBB,146 but other proteins do also mediate Aβ
efflux including P-gp.147

It has been reported that P-gp plays an important role in
Aβ removal from the brain, and the inhibition or the lack of
expression of this protein leads to increased Aβ levels in the
ISF.145 These findings support the hypothesis that a dysfunc-
tion of P-gp in the BBB could play an important role in the
progression of AD. Indeed, an up-regulation of P-gp expres-
sion has been observed in the early pathogenesis of ADwhile
in later stages of the disease, P-gp expression was dramati-
cally decreased.14

Moreover, it was demonstrated that Aβ is a P-gp substrate
in vitro. In healthy, elderly humans, P-gp expression was
inversely correlated with the amount of Aβ plaques,14 while
in AD, decreased efflux of Aβ is the cause of myelin damage
and determines white matter injury.

Since ADdiagnosis is usually based on clinical parameters
that have a poor sensitivity and specificity in early stages of
the disorder, the development of techniques that can identify
incipient AD is urgently required. Decreased P-gp function
in the BBB, associated with a genetic predisposition for
neurodegenerative disease,24 could be useful for AD dia-
gnosis by neuroimaging techniques in vivo.

Indeed, it would be useful to use P-gp substrates and
inhibitors with adequate pharmacodynamic and pharmaco-
kinetic properties as PET tracers to detect P-gp activity and
expression. Among P-gp ligands, (R)-[11C]1 is the most
widely used PET probe to assess the functionality of P-gp
in disorders of the CNS.24

Currently, AD diagnosis by PET is performed using 11C-
Pittsburgh compound B (11C-PIB)148 and 18F-(2-(1-{6-[(2-
[18F]fluoroethyl(methyl)amino]-2-naphthyl)}ethylidene)-
malononitrile) (18F-FDDNP)149 for amyloid deposition
measurement.

5.3. Epilepsy Diagnosis. In chronic epilepsy, about
20-30% of patients become resistant to antiepileptic drug
treatment. Two hypotheses have been put forward to explain
pharmacoresistance: (1) “the drug target hypothesis” that
postulates a target alteration; (2) “the multidrug transporter
hypothesis” that is based on the overexpression of certain
efflux pumps at the BBB. Both mechanisms could lead to a
reduction in the responsiveness of patients to treatment with
antiepileptic drug. The second hypothesis suggests P-gp as a
potential biomarker for detection of the onset of epilepsy.

In a PET study, (R)-[11C]1 was employed to assess P-gp
functionality in the brain of patients with a form of focal
epilepsy refractory to antiepileptic treatment (TLE). In this
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study, different brain regions involved in seizure generation
such as the hippocampus, parahippocampal ambient gyrus
(PAHG), and amygdala were analyzed.150 Regional in-
creases in the radiotracer DV suggested an impairment of
the BBB. The most interesting epileptogenic area, the hippo-
campus, was not studied. A spillover of radioactivity from
the adjacent choroid plexus, due to P-gp expression in its
epithelium, led to active transport of P-gp substrates such as
compound 1 from blood into CSF.151 (R)-[11C]1 kinetics
were compared in homologous brain volume of interest
located ipsilaterally and controlaterally to the seizure focus.
In the area adjacent to the hippocampus (implicated in
seizure generation and propagation), increased influx
and efflux rate constants of (R)-[11C]1 were ipsilaterally
observed.

These asymmetries were most prominent in the PAHG,
amygdala, and medial and lateral anterior temporal lobes
and were minimal in a brain region localized outside the
temporal lobe. This finding demonstrated that the asymme-
tries were present only in epileptic brain regions. Moreover,
since some antiepileptic drugs used in therapy are P-gp
substrates, it is important to note that in some patients of
this study the coadministrated antiepileptic agent might
compete with (R)-[11C]1 for P-gp transport. This competi-
tion could lead to a modest DV decrease of (R)-[11C]1 in
epileptic brain tissue. Thus, it would be of great interest to
acquire (R)-[11C]1 PET scans in epileptic patients during
administration of antiepileptic drugs in order to monitor a
possible occupancy of P-gp by antiepileptic drugs.

Furthermore, in animal models it has been demonstrated
that seizures and antiepileptic drug treatment could induce
ABCB1 gene expression. Indeed, the “multidrug transporter
hypothesis” suggests that refractory epilepsy could be due to
a localized P-gp overexpression that limits the transport of
some antiepileptic drugs across the BBB and leads to therapy
resistance. This theory is based on three pieces of evidence: (i)
P-gp overexpression is exclusively localized in the seizure
focus, allowing access of antiepileptic drug to other brain
regions where they may cause side effects; (ii) P-gp over-
expression occurs only in pharmacoresistant epilepsy pa-
tients; (iii) some antiepileptic drugs are P-gp substrates. The
expression and functionality of P-gp are influenced by
ABCB1 gene polymorphisms.152 Recently, a correlation of
the ABCB1 exon 26 C3435T polymorphism and multidrug
resistance has been found in epilepsy patients.29 In addition,
a correlation has been demonstrated between ABCB1 single
nucleotide polymorphisms (SNPs) in exons 12 (C1236T), 21
(G2677T), and 26 (C3435T) and drug resistance in patients
with TLE, with a greater risk of drug resistance for homo-
zygous carriers of the CGC haplotype (1236C, 2677G,
3435C).153 Therefore, since regionally enhanced P-gp activ-
ity is involved in drug resistance, the development of P-gp
inhibitors as antiepileptic comedication154 is a potential
strategy to reverse epilepsy pharmacoresistance. Third-gen-
eration P-gp inhibitors, initially developed as MDR rever-
sing agents in oncology, were not tested in clinical trials in
epilepsy patients.155 In future studies with P-gp modulators,
PET scans using (R)-[11C] 1 could be useful to characterize
enhanced cerebral P-gp activity. Patients with other forms of
epilepsy, such as cortical dysplasia, could be examined for
direct analysis of epileptogenic brain regions to deepen our
understanding of the role of P-gp in refractory epilepsy.
At the moment, (R)-[11C]1 has been largely employed
as a radiotracer in PET analysis to measure P-gp-mediated

transport at the BBB in animals156 and humans.142 The
limitation of this probe is its faster peripheral metabolism
in epileptic patients due to CYP3A4A activity induced by
antiepileptic drugs, which leads to reduced concentrations of
intact radiotracers. This finding shows that induction or
inhibition of hepatic enzymes by the coadministered drugs
could lead to pharmacokinetic interactions with (R)-
[11C]1.157 Therefore, different rates of (R)-[11C]1metabolism
could be important for the comparison of PET-derived
kinetic parameters in epileptic patients and healthy controls.

A recent in vivo PET study, performed in amygdala
kindled animals, employed the radiotracer [11C]flumazenil
(FMZ).158 The binding of this probe was decreased, and this
finding is consistent with increased transport of FMZ across
the BBB. Because FMZ is not a P-gp substrate, its reduced
concentration in the brain could be due to effluxmediated by
a non-ABC transporter such as the RLIP76.159 This protein
is known to be regionally up-regulated in the brain of
epileptic patients.

6. Conclusions

P-gp is a target in oncology for restoring chemotherapeutic
cell accumulation in resistant tumors. This protein is over-
expressed on the apical membrane of tumor cells and causes
the failure of cancer therapy by antineoplastic efflux. On the
other hand, this transporter plays a crucial role at several
biological barriers such asBBB,B-CSF, and intestinal barrier.
This pump affects the flux of xenobiotics in andout of the cells
modulating their metabolism and the efflux of their metabo-
lites. The characterizationof the activity and expressionof this
transporter is the goal of sophisticated imaging techniques
such asPETandSPECT.RadiolabeledP-gp substrates canbe
employed tomonitorP-gpactivity in the absence andpresence
of a P-gp modulator or inhibitor visualizing how the block of
this pump increases the amount of radiotracer in the cells or
after the biological barriers. P-gp expression can also be
visualized by a radiolabeled inhibitor that binds to the pump
in the high affinity state, thereby blocking the translocation
caused by the pump. In the oncology field, MDR is a critical
clinical aspect and themost employed strategy to revert it is to
coadminister a P-gp modulator or inhibitor with chemother-
apeutic agents. Several clinical trials studies have been carried
out, associating third generation P-gp inhibitors such as
compounds 3, 5, 6with some chemotherapeutic drugs known
as P-gp substrates. At present, the results are not very
encouraging because pharmacokinetic limitations of several
coadministrated antineoplastic drugs have been reported. In
addition, pharmacodynamic interactions have been observed
resulting in high systemic toxicity.

By contrast, P-gp substrates and inhibitors are potential
novel tools in the diagnosis of CNS diseases by PET and
SPECT. In particular, PD andAD patients can be monitored
in an early stage and during disease progression with radi-
olabeled compounds that interact with P-gp. Several studies
have been carried out in animal models that highlight these
possibilities. Taking into account the good potential of P-gp
tracers in diseases of the CNS, new molecules should be
designed, preferentially “small molecules”, that can be radi-
olabeled in a single, final step of the synthesis. These objectives
matchmedicinal chemistry research that should suggest novel
molecules displaying favorable pharmacodynamic and phar-
macokinetic profiles and being accessible for radiolabeling
with 11C- or 18F at several points.
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