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1. INTRODUCTION
Retrospective analysis of marketed drugs has revealed that very
low prevalence of P-glycoprotein (P-gp) efflux and moderate to
high passive permeability are two key properties that
distinguish drugs which engage targets in the central nervous
system (CNS) from those that act predominantly in the peri-
phery. Quantification of the efflux properties that differentiate
CNS drugs has been determined using in vitro assays for
human and rodent P-gp,1,2 and revealed in vivo by comparing
brain drug exposures in P-gp (mdr1a/b(−/−)) knockout mice
against those observed in wild type mice.3 Recognition by P-gp
not only dramatically affects the distribution properties of
compounds into bodily compartments including the CNS,
testis, and placenta but also confers resistance to certain cancer
chemotherapeutics. This perspective is focused on structural
modifications and strategies that can be applied during com-
pound optimization in order to modulate the P-gp efflux
properties of small molecules with a particular emphasis on
implications for CNS penetration. The topic was last reviewed
in 2006 by Raub4 who noted at the time a surprising paucity of
published examples where P-gp efflux had been purposefully
circumvented. Greater awareness of the implications of efflux
coupled with advances in the quality and throughput of in vitro
permeability and efflux assays,5 greater access to genetic mouse
models that lack expression of P-gp,6,7 and the development of
tool compounds that inhibit efflux transporters8 has led to an
improved understanding of how structural properties influence
efflux recognition. However, the precise molecular interactions
that confer P-gp efflux remain relatively poorly defined. The
promiscuous nature of P-gp renders the rational circumvention
of efflux, while simultaneously optimizing compounds for effi-
cacy, safety, and pharmacokinetic properties, an extremely
challenging undertaking.
The sequence of the human genome has revealed that 500−

1200 genes encode for transport proteins.9 Energy-dependent
active transport proteins are utilized to varying degrees by all
cells to traffic a wide variety of substrates including ions, small
molecules, and macromolecules against concentration gradients
spanning extra- and intracellular biological membranes. Active
uptake proteins control the translocation of molecules required
for healthy cellular function, whereas efflux transporters serve
to expel endogenous and exogenous molecules that are re-
cognized as being potentially harmful. Eukaryotic trans-
membrane transport proteins have been categorized into
several subclasses,10 the two largest being the solute carrier
class (SLC) with 348 members identified, and the ATP-binding
cassette (ABC) family containing 7 subfamilies (A−G) and
48 identified members.11 Three ABC proteins; P-gp (encoded
by ABCB1 (MDR1)), multidrug resistance protein 1 (MRP1
encoded by ABCC1), and breast cancer resistance protein

(BCRP encoded by ABCG2) confer resistance to tumor cells
and consequently are among the most extensively studied of
the ABC family members. In addition to their role in cancer
chemotherapy resistance, P-gp, MRPs, and BCRP also have a
significant influence on the absorption, clearance, and
penetration of a vast array of small molecules into specific cel-
lular and tissue compartments. P-gp was the first human ABC
transporter to be cloned and has been the most extensively
studied.12 P-gp is a glycosylated membrane protein of 170 kDa,
and is broadly expressed but particularly enriched in the
intestines, liver, kidneys, and at the blood−brain barrier (BBB)
and blood−cerebrospinal fluid barrier (BCSFB). P-gp is a
highly permissive transporter, recognizing and effluxing a vast
diversity of small molecules and peptides. At least 15 additional
efflux transporters including members from the organic anion
transporter (OAT), multidrug resistance-associated protein
(MRP), multidrug resistance protein (MDR), and organic anion
transporting polypeptide (OATP) families have been detected at
the BBB at the mRNA level.13 However, P-gp has assumed pro-
minence primarily due to the fact that it has been confirmed
experimentally as possessing the broadest substrate specificity.

2. SIGNIFICANCE OF P-GP EFFLUX IN DRUG DESIGN
The quantitative effect of P-gp efflux on intestinal absorption is
generally much lower than that affecting entry into the CNS
due to the fact that drug plasma concentrations rarely reach
saturating levels at the BBB. However, particularly for low dose
drugs, oral bioavailability and clearance can be altered by P-gp
and can lead to drug−drug interactions (DDIs) and inter-
patient variability. Several single nucleotide polymorphisms
(SNPs) for P-gp have been documented and shown to in-
fluence the pharmacokinetics of drugs (e.g., digoxin). For
example, a SNP in exon 26 of the MDR1 gene, C3435T, has
been identified within ethnic groups and correlated with
diminished expression levels of P-gp.14 Individuals homozygous
for the T allele have a greater than 4-fold decrease in P-gp
expression levels compared with that of CC individuals. The
C3435T allele has also been associated with an increased risk
of Parkinson’s disease in individuals exposed to neurotoxic
pesticides.15 The fact that MDR1 SNPs are associated with
altered oral bioavailability and clearance of P-gp substrates must
be considered if a strategy to minimize CNS penetration by
engineering in P-gp efflux to compounds is pursued.
It is worthwhile mentioning some complicating aspects of

P-gp function that relate to the translation from preclinical
models to the human clinical setting. P-gp activity and expression
can be modulated by a variety of pharmacological, physiological,
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and pathological stresses resulting in either increases or de-
creases in transport activity. The BBB has been shown to
possess a remarkable capacity to regulate the expression of P-gp
in order to maintain homeostasis.16 P-gp is dynamically re-
gulated at the transcriptional level by promoter elements such
as constitutive androstane receptor, nuclear factor-κB, activator
protein-1, and particularly by pregnane X receptor (PXR in
rodents and SXR (steroid and xenobiotic receptor) in humans).17

Further complicating matters, the PXR/SXR ligand-binding
domains display substantially different ligand affinities between
the rodent and human homologues.18 Pharmacoresistance in
several CNS disorders including schizophrenia19 and epilepsy,20

in both human subjects and in animal models, has been linked
to increased P-gp activity.21 Upregulation of P-gp likely con-
tributes to the development of resistance to several drugs in-
cluding morphine. For example, brain P-gp, as measured by
Western blot analysis, has been shown to increase approx-
imately 2-fold in rats chronically treated with morphine, which
is a substrate for the transporter.22

There is also evidence that P-gp expression levels can be
altered in disease models. For example, λ-carrageenan-induced
peripheral inflammatory hyperalgesia in the rat has been shown
to increase P-gp expression within the brain endothelium, re-
sulting in decreased CNS penetration of morphine and at-
tenuation of morphine-induced antinociception.23 Neuroin-
flammation associated with multiple sclerosis and Alzheimer’s
disease has been suggested to contribute to disruption of the
BBB in humans. However, comparison of the brain penetration
of eight small molecules in naive animals and the experimental
autoimmune encephalomyelitis model of multiple sclerosis and
in two models of Alzheimer’s disease (a TASTPM transgenic
model and a streptozotocin model) showed no significant dif-
ferences in brain penetration.24

Age-associated decline in P-gp function has been proposed as
a contributing risk factor in the pathophysiology of neuro-
degenerative conditions such as Alzheimer’s and Parkinson’s
diseases25 and also in psychiatric disorders.26 P-gp has been
proposed to facilitate the expulsion of neurotoxic peptides such
as Amyloid β-peptide (Aβ) and α-synuclein. Post-mortem ana-
lysis of brain samples from nondemented aged human subjects
has revealed an inverse correlation between P-gp expression
and the deposition of both Aβ40 and Aβ42 in the medial
temporal lobe.27 In addition to the age-related decrease of P-gp
expression, it has recently been demonstrated in mice that Aβ42
itself downregulates the expression of P-gp in addition to other
Aβ transporters. This phenomenon may further exacerbate the
diminished clearance of Aβ from the CNS observed with aging
and consequently accelerate neurodegeneration.28

In summary, extrapolation of the effects of P-gp efflux on
compound disposition and efficacy from in vitro and rodent
models into aged and/or diseased human populations is com-
plex and contributes to increased uncertainty.29,30 This further
emphasizes the value of optimizing CNS drug candidates for
the lack of P-gp efflux, in addition to early investment in
translatable biomarkers for CNS disease programs.31

3. EXPERIMENTAL MEASURES OF P-GP EFFLUX
The nonfenestrated endothelium of brain capillaries that
constitutes the BBB physically limits the passive permeability
of compounds and also presents a metabolic barrier to CNS
entry in the form of metabolizing enzymes and transport
proteins. P-gp is expressed at high levels at the luminal face
(blood-side) of the brain vascular endothelium in addition to

the endothelial cells of the choroid plexus where it facilitates
transport toward the CSF. Human MDR1 and rodent mdr1a/
1b gene products confer drug efflux, with rodent mdr1a opera-
ting at the BBB and mdr1b within the brain parenchyma
(neurons and surrounding glial cells). Although P-gp homology
at the amino acid level is high across species (87%, 85%, 87%,
and 93% between human and mouse, rat, dog, and rhesus
monkey, respectively), compounds that exhibit different efflux
properties across species have been observed32,33(vide infra).
Recent in vitro data comparing the human and mouse P-gp
efflux properties of 3300 Pfizer compounds suggest, however,
that rodent−human divergence is a relatively rare occurrence
but that it can be biased toward either species (Figure 1).1

In vivo models and in vitro assays34,35 for assessing P-gp
efflux have been reviewed elsewhere, so only brief mention of
key factors will be made here. Substrate inhibition assays using
cellular uptake of rhodamine-123 or calcein AM, functional
assays measuring ATPase activity, and transcellular transport
assays have been utilized for the measurement of P-gp activity.
Transwell-based assays using polarized cell lines such as the
Madin−Darby canine kidney (MDCK) and pig-kidney-derived
epithelial (LLC-PK) cell lines have become the favored in vitro
assays for assessing P-gp efflux and have provided a large
amount of the data discussed in this review. The MDCK and
LLC-PK cell lines have become particularly popular as they
possess relatively low background expression of endogenous
transporters and can be stably transfected with human MDR1
or rodent mdr1a (MDR1-MDCK or Mdr1a-MDCK, respec-
tively). It should be noted, however, that the MDCK cell line
does express a number of endogenous transport proteins, and
recently, it has been asserted that the contribution of these
transporters to compound permeability has been under-
estimated.36 Apical-to-basal (A-B) versus basal-to-apical (B-A)
permeability rates are used to define the efflux ratio (ER), and
generally, cutoff values from 1.5 to 3 are used to distinguish
P-gp substrates from nonsubstrates. As mentioned previously,

Figure 1. Correlation of the efflux ratio in transwell assays using
mouse Mdr1a-MDCK and human MDR1-MDCK cells for 3300 Pfizer
compounds. The y-axis is the mouse Mdr1a-MDCK efflux ratio, and
the x-axis is the human MDR1-MDCK efflux ratio. R2 = 0.92. The
solid line is the linear regression line, and the dotted line is the 95%
prediction interval. Reprinterd with permission from ref 1. Copyright
2008 ASPET Publications.
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moderate to high passive permeability is highly desired for CNS
targeted agents. Moderate A-B permeability in parental MDCK
and LLC-PK assays is considered to reside in the 10 to 15 ×
10−6 cm/s range with A-B > 15 × 10−6 cm/s considered to be
high permeability.37 There is some evidence that high passive
permeability can somewhat counteract the effects of moderate
P-gp efflux in vivo. Given its lower cost, higher throughput, and
absence of transport proteins, the parallel artificial membrane
permeability assay (PAMPA) adapted for BBB (PAMPA-
BBB)38 can be positioned in testing cascades as a filter assay to
select compounds with sufficient passive permeability to test in
P-gp efflux assays. The impact of P-gp in vivo can be assessed
by comparing the exposure of compounds in wild type
mdr1a(+/+) versus mdr1a(−/−) knockout mice.39 Alternatively,
a number of small molecule P-gp inhibitors such as elacridar,40

pantoprazole, and cyclosporine have been used to create
“chemical” P-gp knockouts with the advantage that these
expand the scope of studies into species beyond mice.41 It must
be borne in mind, however, that these compounds also inhibit
other transporters including BCRP, and recently, mice with a
double knockout of mdr1a/b(−/−)/Bcrp(−/−) have revealed a
synergistic role between these two efflux proteins.42

It is now generally accepted that employing total drug brain-
to-plasma (B/P) ratios from in vivo experiments is an
unreliable and often misleading gauge of pharmacologically re-
levant drug exposure in the CNS. Over the past few years,
integrative models have been developed based on the free-drug
hypothesis that utilizes unbound drug levels in brain and plasma
(fubrain/fuplasma) and CSF drug levels as more relevant measures
that more accurately predict biological target engagement.43−45

However, it should be noted that CSF drug levels can
overestimate unbound brain concentrations for P-gp substrates
due to the lower efflux capacity of the blood−cerebrospinal
fluid barrier compared to the blood−brain barrier.46 Modern
approaches for optimizing the pharmacokinetic properties of
compounds for CNS activity incorporate unbound fraction in
plasma and brain and factors for passive permeability and
P-gp efflux.47,48

4. COMPOUND DESIGN TOOLS FOR CNS EXPOSURE
Within the context of modern integrative approaches to opti-
mizing for compounds for CNS activity, it is well recognized
that compound physicochemical properties have a profound
influence on nonspecific binding to plasma proteins and tissue,
passive permeability, and efflux in addition to other important
ADMET properties.49 Despite the lore that compound
lipophilicity is correlated with brain exposure, LogP is not
correlated with brain unbound drug levels, the true determinant
of pharmacologically relevant exposure. Molecular descriptors
related to hydrogen bonding (topological polar surface area
(tPSA), hydrogen bond donor count (HBD), and hydrogen
bond acceptor count (HBA)) in fact dominate the relationship
with Kpuu,brain, the steady-state unbound brain-to-plasma
concentration ratio.50 This finding is likely due to the additive
effect that PSA, HBD, and HBA have on simultaneously
reducing passive permeability while increasing the probability of
interactions with efflux transporters. This posit is supported by
analysis of the physicochemical properties of 4176 compounds
from Amgen medicinal chemistry projects and their in vitro
passive permeability measured in a parental LLC-PK assay and
human P-gp efflux measured in an MDR1-LLC-PK assay
(Figure 2). These data reveal a dominant role of tPSA and
particularly HBD count on the average P-gp efflux ratio. For

example, 52% of compounds tested with tPSA > 90 Å2 were
categorized as P-gp efflux substrates (ER >3), whereas only
14% of the compounds with tPSA < 70 Å2 were considered
P-gp efflux substrates. A similar trend is evident from HBD
count, with 57% of compounds possessing >2 HBDs vs 9%
with zero HBD being classified as P-gp efflux substrates.
CLogP, however, had little influence on P-gp efflux and did not
overly negatively impact passive permeability until values well
outside acceptable oral drug-like ranges were reached (cLogP <
1 or >7). These data support previously recommended
guidelines of maintaining tPSA < 90 Å2 and HBD < 2 to max-
imize the probability of evading P-gp efflux.51

Researchers at Pfizer have recently developed an algorithm
termed central nervous system multiparameter optimization
(CNS MPO) employing combined weightings from six
physicochemical parameters (clogP, clogD, tPSA, MW, HBD,
and pKa).

52 Analysis of a large diverse set of Pfizer compounds
used to develop the algorithm also revealed that there is little
correlation between clogP and P-gp efflux liability in a MDCK-
MDR1 assay and that only when cLogP exceeded 5 was an
increase in P-gp liability observed. There appears to be a large
range of tolerated cLogP values for avoidance of P-gp efflux.
However, lipophilicity remains an important component of
drug-likeness given its significant influence on other parameters
such as pharmacological promiscuity, protein binding, and
solubility and cannot be disregarded for these reasons.53

Although these molecular descriptor guidelines are helpful in
compound design, it is clear that compounds with identical
physicochemical properties can have vastly different efflux
properties due to the nature and presentation of functionality in
the molecule. P-gp after all depends on a small molecule pro-
tein interaction. However, unlike the typical small molecule−
drug target interaction, P-gp is a highly permissive protein
recognizing a wide diversity of substrates. The rule-of-thumb
guidelines are helpful in reducing the probability of
encountering P-gp efflux and prioritizing modifications for its
mitigation but also highlight the necessity for frequent assaying
of compounds and experimentally driven, precision-guided
optimization.
The potential for improved structure-based approaches for

modulation of P-gp activity has arrived with the recent
publication of the mouse P-gp apo crystal structure at 3.8 Å
resolution along with two cocrystal structures with enantiomers
of a cyclic peptide P-gp inhibitor.54 The X-ray structure re-
vealed that protein is arranged in a folded conformation with
pseudo 2-fold symmetry, an internal cavity of ∼6000 Å3 with a
very large hydrophobic substrate binding domain, and two
nucleotide-binding domains (Figure 3). The protein structure
supports a “hydrophobic vacuum cleaner” model whereby large
openings to the cytoplasm and the inner leaflet of the lipid
bilayer are used for compound entry, but substrate access is
blocked from the outer membrane leaflet and the extracellular
compartment (Figure 4). Thus, compounds must be sufficiently
membrane permeable to be accessed by P-gp which scans for
substrates by sampling a wide cross section of conformations.
Once bound to the protein, substrate then induces binding of
two molecules of ATP triggering a large conformational shift
resulting in an outward-facing cavity and ejection of the sub-
strate into the extracellular space. Hydrolysis of ATP then returns
the protein back to its inward facing drug binding conformation
and reinitiates the transport cycle. Examples whereby structure-
based design results in rational modification of P-gp-compound
recognition are eagerly awaited. However, the limited resolution of
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the available X-ray structure and the highly flexible nature of the
protein will no doubt present significant challenges.55

The sheer number of ligand-based computational models for
P-gp that have been published is a reflection of the challenges posed
by the high substrate promiscuity of the protein. It has been sug-
gested that the crystal structure of P-gp supports an “induced-fit”
ligand binding model that renders it particularly difficult to predict
binders versus nonbinders with high accuracy.56 Given the multi-
plicity of binding sites and allosteric interactions, it is unlikely that
any single pharmacophore model or quantitative structure−activity
relationship (QSAR) can describe the expanse of spatial arrange-
ments and structural features responsible for P-gp recognition. The
many pharmacophore models, machine-learning algorithms, and
QSAR approaches have been reviewed elsewhere.57

5. EXAMPLES OF P-GP EFFLUX MITIGATION VIA
STRUCTURAL MODIFICATION

The following examples serve to illustrate a variety of relatively
modest structural changes that have been utilized to modulate

P-gp efflux properties. It is a testimony to the ingenuity of
chemists that, in the majority of cases described here, efforts to
engineer out efflux while simultaneously maintaining biological
target activity, selectivity and in many cases, favorable phara-
macokinetic properties have been successful. For reference,
cLogP, tPSA MW, and HBD count are included, along with
calculated LogD and pKa values where relevant, in the tables for
all compounds. Compound property values were calculated using
ACD/Percepta software, version 14.0 (ACD/laboratories).

5.1. Amides, Sulfonamides, and Ureas. Antagonists of
the bradykinin B1 receptor, a class A peptide G-protein coupled
receptor (GPCR) that is induced in response to painful stimuli
or inflammation, have long been sought after as potential
therapeutics for pain. P-gp efflux has plagued many of the
compound series pursued as B1 antagonists despite the broad
cross-section of chemical diversity represented by the scaffolds
that have been explored.58 Securing sufficient B1 antagonist
potency within the confines of CNS-accessible chemical space,
particularly with respect to tPSA and MW, has proven
especially challenging. There have been disclosures from several

Figure 2. Average A-B permeability and efflux ratios (ER) of 4176 Amgen compounds in an MDR1-LLC-PK cell assay. (A) Average efflux ratio and
percentage of compounds defined as P-gp substrates (ER > 3) by bucketed tPSA values, (B) average efflux ratio and percentage of compounds
defined as P-gp substrates (ER > 3) by bucketed hydrogen bond donor (HBD) count, (C) average A-B permeability by bucketed HBD count, and
(D) average A-B permeability by bucketed cLogP values.
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groups in recent years describing efforts to balance potency,
P-gp susceptibility, hERG blockade, and pharmacokinetics
during B1 antagonist optimization. A notable success, resulting
in the selection of cyclopropylamide 6 as a clinical develop-
ment candidate, has been disclosed by researchers at Merck
(Figure 5).59 The series had its origins in diaminopyridine lead
1, which displayed good B1 antagonist potency (Ki = 0.71 nM)
but was determined to be a P-gp efflux substrate (ER = 22.6) as
measured in an MDR1-LLC-PK assay. Replacement of the dia-
minopyridine moiety in 1 with a cyclopropylcarboxamide served
to reduce molecular weight while preserving potency, leading to

compounds such as 2. Although somewhat diminished relative
to 1, 2 still displayed P-gp efflux properties (ER = 8.6), although
with high passive permeability (papp = 21 × 10−6 cm/s).
A remarkable attenuation of the P-gp efflux ratio was elicited
by the exchange of the acetamide in 2 for either a difluoro- or
trifluoroacetamide resulting in compounds 3 and 4 having ERs
of 3.2 and 2.3, respectively, while maintaining subnanomolar B1
antagonist potencies and high passive permeability. The 3,3,3-
trifluoropropanamide 5, however, produced an ER of 8.6
revealing the subtle nature of the modulation of P-gp recogni-
tion. The chloro analogue 6 retained good B1 potency and a
low P-gp ER of 1.9. When tested in a transgenic rat model
expressing human B1 receptors, 6 demonstrated good CNS
penetration achieving 90% CNS B1 receptor occupancy at a
brain concentration of 520 nM. In a humanized B1 mouse
model, 6 also reversed CFA-induced hyperalgesia with an ED50
of 9.76 mg/kg p.o. Interestingly, although not a substrate for
human P-gp, 6 was found to be a substrate for mouse P-gp in
vitro (ER = 9.3) and in vivo as demonstrated in P-gp knockout
mice. The brain to plasma AUC ratio of 6 in P-gp knockout
mice was 1.05 but was 9-fold lower in wild-type mice. It was
reasoned that 6 was worthy of progression based on a low
probability for human P-gp efflux, and encouragingly, 6 pro-
duced a brain to plasma ratio of 0.4 in Rhesus monkey at 2 h
after a 2 mg/kg iv dose.
A pair of potent selective Mu opioid receptor antagonists

with strikingly different efflux properties and CNS activity in
vivo has recently been described60 (Figure 6). The naltrex-
amine derivatives NAP (7) and NAQ (8) have similar sub-
nanomolar potencies against the Mu receptor with very good
selectivity over the other opioid receptor subtypes. However, in
a mouse tail immersion test, 7 was 10-fold less potent based
on dose (AD50 = 4.98 mg/kg) when compared to that of 8
(AD50 = 0.46 mk/kg) in antagonizing the activity of morphine.
Permeability measurements in Caco-2 cells revealed that 7 has
both low A-B permeability (<1 x10−6 cm/s) and is an efflux
substrate (ER >10). When 7 was tested in the presence of P-gp
inhibitor N-(4-[2-(1,2,3,4-tetrahydro-6,7-dimethoxy-2-isoqui-
nolyl) ethyl]phenyl)-9,10-dihydro-5-methoxy-9-oxo-4-acridine
carboxamide (GF120918),61 the A-B permeability increased
to ∼4 × 10−6 cm/s. In contrast, 8 displayed A-B permeability of
3 × 10−6 cm/s and did not appear to be an efflux substrate.
Despite the fact that the two compounds 7 and 8 have identical
HBD count and tPSA values and the MW of 8 is higher, the
latter has superior permeability and lower efflux. This is likely
due to the combination of a more favorable cLogP of 2.6 for 8
relative to 1.2 for 7 and intramolecular masking of the amide
NH via H-bonding to the isoquinoline nitrogen atom.62

The approach of cloaking of HBD groups via intramolecular
H-bonding has proven successful in a number of other scaffolds
susceptible to P-gp efflux.
The aspartyl protease β-Amyloid cleaving enzyme-1

(BACE1) is a hotly pursued target in the quest for a disease-
modifying therapy for Alzheimer’s disease.63−65 Reconciling the
structural requirements for potency and protease selectivity
with the need for low metabolic clearance, adequate passive
permeability, and avoidance of P-gp efflux in individual com-
pounds has proven extremely challenging for those that have
tackled BACE inhibitor optimization. It is worthwhile con-
trasting the timeline involved in advancing HIV protease inhi-
bitors from target discovery to drug launch with the time that
has elapsed since the first disclosure of BACE as a molecular
target. HIV protease was first disclosed in 1988, and remarkably,

Figure 4. Model of substrate transport by P-gp. The substrate
(magenta) partitions into the bilayer from outside of the cell to the
inner leaflet and enters the internal drug-binding pocket through an
open portal. The residues in the drug-binding pocket (cyan spheres)
interact with ligands in the inward-facing conformation. ATP (yellow)
binds to the two nucleotide binding domains causing a large
conformational change and presenting the substrate and drug-binding
site(s) to the outer leaflet and/or extracellular space. Exit of the
substrate to the inner leaflet is sterically occluded, which provides
unidirectional transport to the outside. Reprinted with permission
from ref 54. Copyright 2009 AAAS.

Figure 3. Crystal structure of mouse P-gp. Transmembrane (TM)
regions 1−6 are labeled. The N- and C-terminal halves of the molecule
are colored yellow and blue, respectively. NBD = nucleotide binding
domain. The shaded area represents the approximate positioning of
the lipid bilayer. The N- and C-termini are labeled. Reprinted with
permission from ref 54. Copyright 2009 AAAS.
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within seven short years saquinavir had received FDA approval
and was quickly followed by several other entries. BACE was
disclosed in 1999 and only recently have first inhibitors begun
to enter clinical development, still many years from potential
FDA approval. Although there are many factors that distinguish
HIV infection from Alzheimer’s disease, a major differentiator is
the absolute requirement that BACE inhibitors enter the CNS.
The requirement for CNS penetration imparts additional con-
finements around available structural and physicochemical space,
reducing the scope to solve potency, selectivity, and pharmaco-
kinetic deficiencies.
Given the similarity between the two aspartyl proteases, it is

not surprising that early nonpeptidic BACE inhibitors took
advantage of HIV protease inhibitor-inspired statine, hydroxy-
ethylene, and hydroxyethylamine (HEA) transition state (TS)
isosteres. However, for a CNS drug target a fundamental issue

resides with the high tPSA and HBD count imparted by each of
these TS isostere moieties and their propensity for recognition
by P-gp. The FDA-approved HIV protease inhibitors are P-gp
substrates.66 Whereas P-gp efflux is tolerable for HIV anti-
retroviral therapy, it is a major disadvantage for BACE inhibi-
tors targeted for Alzheimer’s disease. An example of preserving
BACE potency with HEA-based inhibitors while circumventing
P-gp efflux has recently been disclosed by researchers at
Amgen.67,68 Early lead BACE inhibitor 9 (Figure 7) displayed
good cell potency (IC50 = 13 nM) and high passive per-
meability (Papp = 20 × 10−6 cm/s) but failed to reduce CSF
Aβ40 levels in rats when dosed up to 30 mg/kg p.o. as a
consequence of high P-gp efflux. Compound 9 was a parti-
cularly strong substrate for rat P-gp efflux (hP-gp ER = 17 and
rP-gp ER = 43). Attempts to remove any of HBDs in the HEA
unit met with a steep decline in potency as a result of their key

Figure 6. P-gp efflux activity and passive permeability of naltrexamine analogues. aMeasured in Caco-2 cells.

Figure 5. Attenuation of P-gp efflux in Merck B1 antagonists via amide modification. aLLC-PK transfected with human MDR1, NR = not reported.
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roles in a network of hydrogen bond interactions with the two
catalytic aspartate residues (Asp228, Asp32) and the flap region
of the protein (Gly34) as well as Gly230 and Gln73. An
alternative approach was explored involving cloaking the amide
NH via intramolecular H-bonding with suitably positioned
HBAs. Compounds 10−12 utilizing ether oxygen atoms or a F
atom as the HBA for the neighboring amide NH showed pro-
gressively improved ERs with moderate effects on cell potency.
Gratifyingly, 10, 11, and 12 all reduced CSF Aβ40 levels in rat
when testing a screening dose of 30 mg/kg p.o. In support of
the hypothesis that intramolecular H-bonding is driving the
suppression of P-gp efflux, nicotinamide 13 lacking the F atom
present in 12 had a hPg-p ER of 50 and the 5-fluoronicotinamide
isomer 14 a hPg-p ER of 20, whereas 2-fluoronicotinamide 12 had
a hPg-p ER of 1.6. Although considerably weaker than a classical
O···H and N···H H-bonds, existence of intramolecular F···H
H-bonding is supported by evidence from NMR and X-ray
crystallographic data.69,70 Compounds 12 and 13 had equivalent
BACE IC50 values. Thus, 12 represents a remarkable compromise,
providing satisfactory H-bonding contacts on the biological target
of interest but insufficient for P-gp recognition. The calculated
tPSA values for 12 and 13 are identical (96.4 Å2); therefore,
careful consideration of apparent tPSA and HBA/HBD values
should be applied in cases where the potential for intramolecular
H-bonding exists.
During assessment of a series of indane-based 2-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionic acid (AMPA) receptor
positive allosteric modulators, researchers at GlaxoSmithKline,
identified early lead compound 15, which possessed promising
in vitro potency, efficacy, selectivity, and moderate plasma
protein binding (Figure 8).71 When dosed orally in rats,
compound 15 demonstrated acceptable plasma exposure but a
poor brain-to-blood ratio (0.1). In vitro testing of 15 using an
MDCK cell line expressing human MDR1 revealed that,
although having good passive permeability, 15 was a substrate
for human P-gp (ER = 5.8). The relatively high tPSA imparted
by the two sulfonamide moieties suggested these groups as
targets for modification to reduce P-gp efflux. Unfortunately,

attempts to replace the sulfonamide at the 2-position of the
indane were not tolerated with respect to AMPA receptor
potency. N-Methylation of the aryl sulfonamide group (16),
however, resulted in minimal change in AMPA potency and
efficacy and had the desired effect of lowering the P-gp efflux
ratio (ER = 3.2). Consistent with a lower ER, 16 gave an
improved brain-to-blood ratio in rats (0.4) but unfortunately
had poor systemic exposure. The encouraging CNS penetration
properties of 16 suggested that the sulfonamide at the 2-
position of the indane could be tolerated for BBB permeability.
Further attempts to reduce tPSA then focused on removing the
aryl sulfonamide and then restoring potency with alternative
groups. After surveying a variety of substituents, it was
discovered that replacing the phenyl ring with a 2-fluoropyridyl
ring provided adequate AMPA potency. This approach lead to
compound 17, which had AMPA potency and efficacy
approaching that of 15 but with a tPSA of 67.4 Å2 compared
to 109.1 Å2 for 15. Accordingly, in the MDCK-MDR1 assay 17

Figure 7. Modulation of P-gp efflux via positioning of hydrogen bond acceptor groups proximal to an amide NH. aIn HEK293 cells. bIn rat at
30 mg/kg p.o. cLLC-PK transfected with human (h) or rat (r) MDR1. dParental LLC-PK cells.

Figure 8. Modulation of P-gp efflux in a series of AMPA potentiators
via N-methylation or removal of a secondary sulfonamide. aMeasured
in MDCK cells expressing human MDR1 in the presence of P-gp
inhibitor GF120918. bEfflux ratio in the absence of GF120918. cRat
brain−blood AUC0‑t ratio.
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was not a P-gp substrate (ER = 1.1), had good passive per-
meability, and showed a good brain-to-blood ratio in rats (2.1)
with acceptable brain tissue binding as determined by
equilibrium dialysis. Compound 17 had low clearance in rats
and human liver microsomes and was orally active in a rat novel
object recognition behavioral model and dose-dependently
attenuated scopolamine-induced amnesic activity in a passive
avoidance test. Compound 17 had other favorable pharmaco-
kinetic properties including low PXR activation activity and low
potential for drug−drug interactions and was ultimately
advanced as a clinical development candidate.
An example of the beneficial effect on P-gp efflux of replacing

an NH with a methylene unit has been reported by researchers
at Lundbeck investigating agonists of GPR139, a CNS-enriched
orphan G-protein coupled receptor.72 Compound 18 was
identified in a high-throughput screen as an agonist of human
GPR139 with an EC50 of 39 nM in a calcium mobilization
assay. Although 18 had encouraging GPR139 potency and
selectivity against a panel of 90 other targets, it demonstrated a
moderate P-gp efflux ratio of 4.1 in an MDR1-MDCK assay,
although with good passive permeability. Unfortunately, 18
produced low total brain exposure and a brain/plasma ratio of
0.03 in rats indicating impaired entry into the CNS (Figure 9).

Optimization, focused on reducing PSA, led to a set of ana-
logues in which the two hydrazide NH groups were inde-
pendently replaced with a methylene unit. Unfortunately, these
changes resulted in a loss in potency, as did the deletion of the
carbonyl group adjacent to the aryl ring. However, replacement
of the aryl NH with a methylene unit, resulting in compound
19, gave only a modest decline in potency (GPR139 EC50 =
88 nM) but provided a sought after decrease in P-gp efflux ratio
to 2.6. The resulting exposure in rats revealed an increased
brain/plasma ratio of 2.8, although the unbound concentration

in the brain (10.4 nM) at 50 mg/kg p.o. did not exceed the
GPR151 EC50 of 88 nM due to low peripheral exposure. The
modifications attempted illustrate the challenges of mitigating
efflux while maintaining biological target potency and opti-
mizing for good pharmaceutics and pharmacokinetic properties.
However, the replacement of a single NH group with a
methylene was sufficient to have a dramatic effect on brain−
plasma partitioning.
Researchers at Pfizer have developed the dual serotonin and

noradrenaline reuptake inhibitor (SNRI) 20 and investigated its
efficacy in a dog model for stress urinary incontinence (SUI).73

Surprisingly, 20 failed to produce a statistically significant
increase in peak urethral pressure (PUP) in a dose range where
the unbound plasma levels of the drug exceeded the in vitro
potency of the compound (Figure 10). Assessment of the
cerebrospinal fluid (CSF) levels in rats and dogs at steady state
revealed that 20 possessed a low free-plasma-to-CSF ratio of
0.1. Despite having properties compatible with good CNS
penetration, including a tPSA of 32.3 Å2 and MW of 315, 20
showed evidence of P-gp efflux (ER = 4.3) in an mdr1-MDCK
assay. Given the already low tPSA of 20 and the requirement
for the presence of the basic pyrrolidine N for good SNRI
potency, a strategy was formulated to reduce efflux by altering
the H-bonding properties of the compound, specifically via
transposing the amide carbonyl with the benzylic methylene
group. Remarkably, the resulting amide isomer 21 displayed an
ER of 2.7 in the mdr1-MDCK assay while maintaining excellent
SNRI potency. Interestingly, the more polar 4-tetrahydropyr-
anyl analogue 22 produced an ER of 20 in the mdr1-MDCK
assay. When 21 was assessed in the dog SUI model, it elicited a
dose-dependent increase in PUP superior to that observed with
SNRI duloxetine. Compound 21 (PF-184,298) possessed a
pharmacokinetic and preclinical toxicology profile sufficient to
support its progression into human clinical studies. This
example represents an elegant and effective use of the
repositioning of hydrogen bonding functionality to diminish
P-gp recognition. This approach is particularly valuable for low
PSA compounds where the alternative of navigating to even
lower PSA to evade efflux would drive further toward the
physicochemical space associated with increased odds of off-
target activity and higher probability of safety failure.74 As will
be discussed in other P-gp mitigation cases, the presence of a
strongly basic amine can often predispose a compound series to
P-gp recognition.

5.2. Heterocyclic NH Groups. Orexins A and B are
neuropetides that exert activity on two receptors: orexin 1/
orexin2 (OX1/OX2) expressed in the CNS. Orexin deficiency
results in narcolepsy, and brain penetrant orexin receptor
antagonists have garnered significant interest for treating sleep
disorders. Researchers at Merck have recently described the
discovery and optimization of a series of dual OX1/OX2
receptor antagonists (Figure 11).75 The proline derived bis-
amide 23 was identified as a screen hit with promising potency
at both OX1 (Ki = 28nM) and OX2 (Ki = 1nM) receptors.
During the initial optimization process, it became evident that
the early lead compounds 23 and 24 were substrates for P-gp
efflux. In an attempt to lower the PSA and HBD count, the
N-Me imidazole analogues 25 and 26 were prepared. Addition of
the N-Me group not only had the desired effect of rendering 25
and 26 devoid of P-gp efflux but also had the additional benefit
of improving potency at both OX1 (Ki = 9 nM and 46 nM,
respectively) and OX2 (Ki = 0.3 nM and 2 nM, respectively)
receptors. Independent, modification of the 2-pyrroyl to a

Figure 9. Influence on P-gp efflux and rat brain/plasma partitioning of
replacing a single NH group with a methylene unit in a GPR139
agonist. aA-B permeability in the MDCK cell assay. b50 mg/kg p.o. in
rat at 2 h.
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phenyl was shown to further enhance potency, and when this
change was combined with the N-methylbenzimidazole finding,
the resulting analogues 27 and 28 both displayed further
improved OX1 and OX2 potency and maintained an absence of
P-gp efflux. Thirty minutes after ip dosing in rats at 100 mg/kg,
the CSF levels of 27 exceeded its Ki at OX1 and OX2 by 14- and
215-fold, respectively, and those of 28 exceeded its Ki at OX1

and OX2 by 57- and 1075-fold, respectively. This example further
demonstrates the significant influence of NH groups on P-gp
efflux.
A second example of substantial suppression of P-gp efflux

involving removal of the heterocyclic NH group, this time
combined with an attenuation of basicity, is illustrated in Figure 12.
During the optimization of cannabinoid CB2 agonists for pain,
6-azaindole 29 was identified as a lead compound with favorable
CB2 agonist efficacy and potency (CB2 EC50 = 11 nM) and good
selectivity over CB1 receptor agonism (CB1 EC50= 10000 nM).76

Although 29 had promising in vitro clearance in rat and human

liver microsomes and a favorable CYP450 inhibition profile, in
a rat joint model of chronic pain that is sensitive to COX2
inhibitors, 29 had no significant analgesic effect when dosed
orally at 1, 3, or 10 mg/kg bid for 5 days. In contrast, rofecoxib
gave a full reversal of hyperalgesia at an oral dose of 5 mg/kg
bid. The brain/blood ratio of 29 in rat was found to be low
(<0.05), and it was reasoned that this may be responsible for
the absence of efficacy in the chronic pain model. Compound
29 was found to possess a high P-gp efflux ratio (ER = 74), and
attempts were initiated to reduce the hydrogen bond donor
count to suppress efflux. Unfortunately, direct N-methylation of
the azaindole NH resulted in a large decrease in potency (CB2
EC50 = 654 nM). As an alternative, the isomeric 5-azaindole
analogue 30 (GSK554418A) was prepared, and fortunately, this
compound retained good CB2 activity (CB2 EC50 = 8 nM) and
demonstrated dramatic improvement in P-gp efflux ratio (ER =
2.9) and a high blood/brain ratio of 1.04 in rat after iv ad-
ministration over 12 h. The contrasting P-gp efflux ratios of 29

Figure 10. Modulation of P-gp efflux via amide transposition in a series of dual serotonin and noradrenaline reuptake inhibitors. aMeasured in
MDCK cells expressing mdr1. bCalculated.

Figure 11. Mitigation of P-gp efflux in a series of orexin antagonists via N-methylation of a benzimidazole. a100 mg/kg ip 30 mins in rat; NR = not
reported.
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and 30 are quite remarkable given their relatively minor struc-
tural and physicochemical differences (1 HBD and 10.9 Å2 of
tPSA). However, the 5-azaindole 30 also has a significantly
lower calculated pKa of 6.3 compared to 8.3 for 29. The weaker
basicity of 30 may contribute to the dramatically lower efflux
ratio observed with the compound. In the chronic joint pain
model, 30 showed full reversal of hypersensitivity when dosed
twice daily for 5 days at an oral dose of 10 mg/kg, with efficacy
equivalent to that of an oral dose of rofecoxib, and a minimally
effective dose of 3 mg/kg.
5.3. Basic Amines. Seeking selective κ-opioid receptor

antagonists as a potential novel approach to treating depression,
researchers at Pfizer identified a biphenylamine hit 31 (Figure 13)
from a high throughput screen.77 Profiling of 31 revealed it as a
moderate substrate for P-gp (ER = 2.56), in addition to having
high in human microsomal clearance and insufficient selectivity
over the μ-opioid receptor. Initial optimization focused on
improving ligand efficiency and lipophilicity−ligand efficiency
within the property guidelines ofMw < 425, <2 HBD and clogD
< 3. Compounds 32, 33, and 34 all possessed μ-receptor Ki <
10 nM and met the target of >20× selectivity over the
κ-receptor along with improved human miscrosomal stability.
Perhaps not surprisingly, 32 possessing 2 HBD and 89.5 Å2

of tPSA displayed strong P-gp efflux properties (ER = 14.0).

The contrast between 33 and 34 reveals an interesting in-
fluence of removing one of the two basic N atoms in 33 on P-
gp efflux. The loss of one N modestly reduces tPSA by 3.2 Å2

but results in 34 giving an ER = 1.96 compared an ER = 4.68
observed with 33. The predictive value of in vitro P-gp efflux
was borne out in vivo and provides a fascinating comparison
between the strong, moderate, and low P-gp efflux properties of
32, 33, and 34, respectively. An in vivo exposure−response
relationship for κ-opioid antagonism was established in rat
using a tail flick analgesia model by measuring the reversal of
the nociception induced by the selective κ-opioid agonist (2-
(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1
ylcyclohexyl]acetamide), U50488H.78 The free plasma levels of
the test compound after subcutaneous dosing and normalization
for κ Ki potency (free plasma/κ-binding Ki) were plotted against
the percent reversal of U50488H-induced nociception. For
maximal nociception reversal, the free plasma/κ Ki values of 34,
33, and 32, were ∼3, ∼30, and >100, respectively. The increasing
asymmetry between free plasma levels and in vivo CNS effect are
presumably a reflection of the increasing P-gp efflux of the three
compounds. Additional pharmacokinetic profiling of compound
34 (PF-4455242) revealed a good correlation among rat CSF, free
plasma, and unbound brain exposure. The compound has been
advanced into a phase I human clinical trial.

Figure 13. Attenuation of P-gp efflux in a series of κ-opioid receptor antagonists. aCalculated for the most basic center.

Figure 12. Dramatic shift in P-gp efflux during the optimization of azaindole CB2 agonists. aAssay used for P-gp determination was not described.
B/P = brain/plasma ratio after iv dosing. bCalculated for the most basic center.
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A second example illustrating the influence of basic
functionality on P-gp efflux is shown in Figure 14. Researchers
at Merck identified the benzophenone screen hit 35 as a
bradykinin B1 antagonist with promising potency (human B1
Ki = 45 nM), good passive permeability (Papp = 27 × 10−6 cm/s),
and with an absence of significant P-gp efflux in vitro (ER = 2.5).79

However, 35 behaved as a PXR activator in vitro and was
rapidly metabolized in microsomal incubations. During efforts
to increase potency and metabolic stability, appending a basic
amine group in the side chain was explored, resulting in
analogue 36, which possessed a B1 Ki = 0.25nM, in addition to
improved PXR and metabolic stability properties. However, the
modifications leading to 36 significantly increased MW, tPSA,
and cLogP, and added an additional HBD. In contrast to 35,
compound 36 behaved as a strong P-gp substrate with an ER =
14. To reduce P-gp and hERG activity, attention focused on
attenuating the basicity of the amino group in 36 (calculated
pKa = 9.4). This approach resulted in morpholine analogue 37
(calculated pKa = 7.2), which showed an improved P-gp profile
(ER = 4.8). Replacement of the basic moiety altogether with a
tetrahydrofuran and switching the urea linker for a carbamate in
the form of 38 had a further beneficial effect on reducing efflux
(ER = 2.3) without any significant erosion of B1 affinity (B1 Ki =
0.7 nM). Further refinements to bolster metabolic stability
involved changing the phenyl ring for 2-pyridyl (39) and
5-fluoro-2-pyridyl (40) groups, which had minimal effects on
P-gp efflux ratios. Consistent with its high passive permeability
and lack of P-gp efflux, after iv infusion, 38 showed dose-
dependent receptor occupancy in the brain and spinal cord of
transgenic rats overexpressing the human B1 receptor. In this
series, the detrimental influence of a basic center and a third
HBD is apparent in the high ER ratios observed with com-
pounds 36 and 37. It is remarkable that compounds 38, 39, and
40 all have low efflux ratios despite their high tPSA (119.2 Å2 to
132.1 Å2) and the presence of 2 HBD groups. Intramolecular

H-bonding between the sulfonamide NH and the ketone
carbonyl is likely serving to mask the availability of these groups
to interact with P-gp.
As exemplified by the case described above, reducing the

basicity of amino groups is a proven strategy for reducing P-gp
efflux. In a related case in the oncology field, researchers at
Merck have recently disclosed a creative example of optimi-
zation away from P-gp efflux in a series of Kinesin spindle
protein (KSP) inhibitors via modulating the basicity of the
amino group by β-fluorination, resulting in compounds with
greatly improved efficacy in a Pgp-overexpressing cell line.80

Rationally designed using a scaffold hopping strategy, early
Neurogen B1 antagonist lead compound 41 displayed en-
couraging potency (cynomologous macaque B1 IC50 = 5 nM)
(Figure 15).81 Compound 41, however, had low passive
permeability (1 × 10−6 cm/s) and was determined to be a
strong P-gp substrate (ER = 23) in an MDR1-MDCK assay.
This finding was confirmed by testing the permeability of the
compound in the presence of the P-gp inhibitor cyclosporine
(25 nM), which resulted in the passive permeability of 41
increasing to 11 × 10−6 cm/s and the ER decreasing to 1.5. To
probe the role of the basic imidazoline moiety on permeability,
this group was replaced with a nitrile giving compound 42.
While 42 possessed tPSA virtually identical to that of 41, it had
one fewer HBD and lacked the basic center of 41, resulting in
42 having substantially improved passive permeability (7 ×
10−6 cm/s) and a significantly lower ER (ER = 3). Extensive
efforts to replace the imidazoline in 41 unfortunately only led
to compounds with greatly diminished B1 potency, illustrating
the longstanding challenge of balancing potency and perme-
ability (and clearance) in the B1 antagonist field.
A number of Histamine H1 receptor antagonists have been

developed as drugs to treat allergic disorders including rhinitis
and asthma. The so-called second generation H1-antagonists
cetirizine, loratadine, fexofenadine, and desloratadine produce

Figure 14. Reduction in P-gp efflux in a B1 antagonist series in response to attenuation or removal of a basic amine. aLLC-PK cells expressing human
MDR1. bCalculated for the most basic center.
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minimal somnolence or other CNS side effects at their
therapeutic exposures. A retrospective analysis of the CNS
penetration characteristics of these four drugs in wild type
versus mdr1a(−/−) knockout mice indicates that these
compounds are all in fact substrates for P-gp.82 In contrast,
the first generation H1-antagonists diphenhydramine, triproli-
dine, and hydroxyzine, which frequently produce somnolence
or other CNS adverse effects, have equivalent brain-to-plasma
ratios in wild type and mdr1a(−/−) mice. Thus, the benefit of
P-gp efflux in reducing CNS side efffects is apparent in the second
generation H1-antagonists. However, it should be noted that
the introduction of P-gp efflux was not by conscious design but
rather by “natural selection” and was discovered retrospec-
tively.83 For example, desloratadine (44), an active circulating
metabolite, and its parent loratadine (43), are both substrates
of P-gp although the extent of efflux is much more pronounced
in the former (Figure 16). The P-gp efflux ratio in MDR1-
MDCK cells for 44 is 9.1 versus 1.9 for 43, and this efflux ratio
difference is readily apparent in vivo. The brain-to-plasma area
under the curve (AUC) ratio for loratadine is 2-fold versus >14-
fold for desloratadine when exposures are compared in
mdr1a(−/−) mice with those in mdr1a(+/+) mice. Thus, despite
adding additional PSA and molecular weight, the amine-
masking carbamate group in loratadine translates into a
compound having a much lower ER when compared to that
of its smaller and less polar but more basic metabolite de-
sloratadine.

Antagonists and inverse agonists of the histamine H3
receptor have been of interest for CNS disorders including
schizophrenia, cognitive dysfunction, and excessive daytime
sleepiness. Researchers at Merck-Banyu have disclosed an
interesting example of species dependent P-gp efflux encoun-
tered with a series of quinazolinone H3 inverse agonists (Figure
17).84 High throughput screen hit 45 provided a useful starting
point (H3 IC50 = 33 nM), optimization of which initially
focused on increasing H3 potency while minimizing hERG
affinity. SAR in the quinazolinone ring resulted in analogues 46,
47, 48, and 49 with sufficient potency and selectivity over
hERG binding to justify broader profiling. All four compounds
46−49 were substrates for mouse P-gp when tested in LLC-PK
cells expressing mouse mdr1a with ER ratios ranging from 13 to
5.1. Additionally, compounds 47 and 49 were also substrates
for human P-gp with ERs of 11.4 and 3.9, respectively.
Compounds 46 and 48, however, with ERs of 2.4 and 3.0, were
classified as nonsubstrates for human P-gp. Compound 46 was
also a substrate for rat P-gp (ER = 7.3) when tested in against
rat mdr1a expressed in LLC-PK cells. Compound 46 had
favorable in vitro and in vivo pharmacokinetic properties and
was tested for brain exposure and H3 receptor occupancy in
wild type (mdr1a(+/+)) and P-gp-deficient (mdr1a(−/−)) CF-1
mice. At 10 mg/kg p.o. in mdr1a(−/−) mice, the brain/plasma
ratio of 46 was 14 versus a brain/plasma of 0.8 in mdr1a(+/+)

mice. The plasma levels to achieve 90% H3 receptor occupancy
in mdr1a(−/−) mice were 1.17 nM versus 40 nM in mdr1a(+/+)

Figure 16. Increased P-gp efflux of desloratidine, the basic amine containing a metabolite of loratadine, translates into lower CNS exposure and
reduced CNS side effects. aMDCK cells transfected with human MDR1. bBrain-to-plasma AUC ratios in mdr1a(−/−) versus mdr1a(+/+) mice after
5 mg/kg iv dose. cCalculated for the most basic center.

Figure 15. Dramatic effect on P-gp efflux effect and passive permeability of switching an imidazoline to a nitrile in a B1 antagonist series.
aCynomologous B1. bMDCK cells transfected with human MDR1. cCS = cyclosporine (25 μM). dCalculated for the most basic center.
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mice. However, the brain levels to achieve 90% H3 receptor
were virtually identical in in mdr1a(−/−) and mdr1a(+/+) mice.
The in vivo impact of P-gp efflux on peripheral drug load and
dose to achieve CNS target occupancy is elegantly illustrated in
this set of experiments. In addition, the high efflux ratios of 46−
49, in spite of their generally low polar surface area and an
absence of a HBD, are noteworthy. As has been observed in
other examples, the presence of a basic center can serve to
lower the tPSA threshold at which P-gp efflux becomes pro-
blematic. The lack of concordance between mouse and human
P-gp efflux ratios should also caution against relying solely on
human MDR1 for efflux assessment. The shifts in P-gp ERs in
response to subtle substituent changes in the quinazoline ring
provide some reason for optimism that the latitude to modulate
P-gp recognition exists within narrow structural space.
5.4. Alcohols and Phenols. As mentioned previously,

morphine (50) is a substrate for P-gp, and there is growing
evidence that the development of tolerance to opioid analgesics
involves a component related to the up-regulation of expression
of P-gp at the BBB.85 In order to further understand the
mechanisms of opioid resistance and develop potential thera-
peutics with lower potential for the development of tolerance,
Coop and co-workers have investigated structural modifications
of morphine intended to diminish P-gp efflux while maintaining
μ-opioid receptor potency and selectivity (Figure 18).86 The

authors used a P-gp Glo assay that uses firefly luciferase to
determine the consumption of ATP by P-gp. A decrease in
luminescence signifies a drop in ATP levels due to an increase
in P-gp activity. Morphine and both analogues 51 and 52,
wherein either the 3- or 6-hydroxy group is capped with a
methyl group, all behaved as P-gp substrates. The 3-methoxy
analogue 51 was significantly less potent (Ki = 727nM) at the

Figure 18. P-gp efflux properties of morphine analogues. aDetermined using [3H]diprenorphine binding. bP-gp Glo ATP assay with 200 μM test
compound. cCalculated for the most basic center.

Figure 17. H3 antagonists with differential human and mouse P-gp efflux properties. aLLC-PK transfected with human MDR1, mouse mdr1a, or rat
mdr1a; NR = not reported.

Figure 19. Increased in vivo P-gp efflux of the carboxylic acid-
containing H1 antagonist cetirizine relative to the parent alcohol
hydroxyzine. aMDCK cells transfected with human MDR1. bBrain-to-
plasma AUC ratios in mdr1a(−/−) vs mdr1a(+/+) mice after 5 mg/kg
iv dose; NR = not reported.
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μ-receptor than morphine (μ Ki = 1.1nM) whereas the 6-
methoxy analogue 52 retained μ-potency (Ki = 1.1 nM).
Capping both OH groups with methyls rendered the re-
sulting compound 53, a nonsubstrate for P-gp, but resulted in a
major loss in μ-potency, as might have been expected (Ki =
1910 nM). Removal of the 6-OH group as represented in
compound 54 produced a desired compromise between
potency (μ Ki = 2.9nM) and lack of P-gp efflux, although
with less selectivity over the δ- and κ-subtypes relative to that
achieved with morphine. Again, capping the 3-hydroxy group
(55) resulted in a significant erosion of potency (μ Ki = 305
nM) but preserved the absence of P-gp efflux observed with 54.
Compound 54 proved to be approximately 10 times more
potent than morphine based on dose (ED50 = 0.2 vs 1.92
mg/kg sc) in a mouse tail flick assay. It is noteworthy that very

low tPSA is required (<33 Å2) in the morphine scaffold to
secure evasion of P-gp efflux. As has been observed in other
scaffolds (e.g., H3 antagonists and SNRIs), the presence of a
basic center may again lower the threshold for tPSA tolerance
before P-gp recognition is triggered.

5.5. Carboxylic Acids. A second example of an active
metabolite that resulted in a marketed H1 antagonist drug with
reduced CNS exposure is that of cetirizine (57). The P-gp
efflux ratio in MDR1-MDCK cells for cetirizine is 5.8. The
brain-to-plasma area under the curve (AUC) ratio in
mdr1a(−/−) mice compared with that of mdr1a(+/+) mice for
57 is 4.4-fold, whereas its precursor hydroxyzine (56) has
equivalent exposure ratios in wild-type and P-gp knockout mice
(Figure 19).79 Thus, the structural difference of a hydroxyl
group versus a carboxylic acid has a significant influence on
P-gp efflux in vivo. A similar situation is encountered when
comparing H1 antagonist terfenadine (58) with its acid bearing
metabolite fexofenadine (59) (Figure 20). Compound 58 has
high passive permeability (Papp = 28.5 × 10−6 cm/s), rapidly
penetrates the CNS, and does not show markedly different
brain uptake in wild type versus mdr1a(−/−) mice.87,88

Compound 59, however, has low passive permeability (Papp =
6.6 × 10−6 cm/s), displays slow brain uptake, and has steady
state brain-to-plasma ratios of 0.005 in mdr1a(+/+) mice and
0.27 in mdr1a(−/−) mice giving an in vivo efflux ratio of ∼50.
Thus, the presence of the carboxylic acid moiety in 59
simultaneously reduces passive permeability relative to that of
58 and acts as a recognition element for P-gp efflux. On the
basis of its improved safety profile, 59 has superseded 58, which
was withdrawn from the US market in 1997 due to issues with
QT interval prolongation.

5.6. Increasing Ligand Efficiency (LE). PDE10A is a dual
cGMP and cAMP phosphodiesterase that is highly enriched in

Figure 20. Increased P-gp efflux and lower passive permeability of the
carboxylic acid-containing H1 antagonist fexofenadine relative to the
parent terfenadine. aMDCK cells transfected with human MDR1.

Figure 21. Truncated PDE10A inhibitors with improved P-gp efflux properties. NR = not reported. aCalculated for the most basic center.
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medium spiny neurons in the striatum and has been of sig-
nificant contemporary interest as a drug target for schizo-
phrenia. Researchers at Pfizer identified a quinazoline-based
series that possessed good PDE10A inhibitor potency but
insufficient selectivity over PDE3A and PDE3B, of concern
due to potential cardiotoxicity.89 Using information from
a cocrystal structure of PDE10A with imidazole hit 60
(Figure 21), which possessed improved PDE3A and PDE3B
selectivity, and comparing it against a cocrystal structure of the
quinazoline-based scaffold (e.g., 61) provided a rational
approach to improving PDE10A isoform selectivity. The
thiophene ring present on imidazole hit 60 exploits a
hydrophobic pocket that distinguishes PDE10 from the other
10 members of the PDE family. It was reasoned that this
“selectivity pocket” could potentially be accessed via extension
from the 6-position on quinazoline ring. This hypothesis
resulted in the synthesis of a library of compounds including ±
62. Although ± 62 achieved the goal of securing both good
PDE10A potency (IC50 = 12 nM) and >100× selectivity over
PDE3A, ± 62 was a P-gp efflux substrate (ER > 10) and had
poor human microsomal stability. Optimization efforts focused
on reducing molecular weight and lipophilicity and improving
ligand efficiency to address these issues. Analysis of the ligand
efficiency (LE) contributed by the 3-phenylpiperidine fragment
relative to the remainder of the molecule in 62 suggested that
the 3-phenylpiperidine diminished overall LE and that therefore
this group should be prioritized for optimization. Truncated
analogues 63, 64, and 65 provided equivalent or better
PDE10A potency relative to ± 62 but with weaker basicities,
improved cLogP values, and higher LE as a consequence of the
smaller structures. The smaller and less basic analogues 63 and
65 also had substantially improved efflux properties with both
compounds showing high A-B permeability and no evidence
of P-gp efflux. Interestingly, whereas 63 and 65 possessed
high passive permeability, the 3-pyridyl analogue 64 had low
A-B permeability. Although 64 appeared not to be a substrate
for P-gp efflux, it should be noted that efflux ratio values
become increasingly unreliable as permeability values decline.
Compounds 63, 64, and 65 all increased brain cGMP levels in
mouse after sc dosing. Despite its low permeability, 64 had
better human microsomal stability relative to those of 63 and
65 and was tested in conditioned avoidance responding,
showing activity in wild-type (ED50 = 3.2 mg/kg sc) but not
PDE10A knockout mice.

6. CONCLUSIONS
The presence of P-gp efflux in compounds intended for treating
CNS disorders increases the probability of failure in the drug
discovery process. From a safety and pharmacokinetic stand-
point, active efflux at the BBB increases the peripheral drug
load necessary for CNS target engagement, introduces the
potential for drug−drug interactions and higher intersubject
variability and amplifies the uncertainty in projecting human
pharmacokinetics and doses. However, for peripherally targeted
therapeutics, P-gp efflux has been shown to endow compounds
with reduced CNS side effects.
The reader will note the preponderance of cases described in

this review where the biological target has an amino acid or
peptide as an endogenous ligand or substrate. The bradykinin,
orexin, and opioid peptide GPCRs, the receptors for histamine
and AMPA, and the aspartyl protease β-secretase all fall into
this category. It is unlikely that pure coincidence has led in the
majority of published cases of P-gp efflux mitigation being

centered on peptide recognizing targets. As can be gleaned
from the examples described, the structural elements that pre-
dispose compounds to P-gp efflux frequently overlap with those
that favor affinity for such targets. In contrast, the repertoire of
approved CNS drugs is dominated by compounds that directly
engage biogenic amine receptors or indirectly modulate their
activity via inhibition of neurotransmitter metabolism or
uptake. This circumstance owes much to the capacity for
achieving high affinity at such targets with low molecular weight
compounds (high ligand efficiency) that have relatively low
tPSA and aided by a traditionally low stringency for biological
target selectivity. The industry shift from phenotypic screening
and polypharmacology to single-targeted therapeutics has been
particularly detrimental to CNS drug discovery success rates.90

The often high conservation of orthosteric binding sites among
biogenic amine GPCR family members has required subtype
selective ligands for even these “low hanging fruit” targets to
rely on additional interactions in nonconserved binding regions,
thus driving up molecular weight. The surge of interest in
allosteric receptor modulators is partly in response to the
challenge of attaining selectivity within the confines of CNS-
accessible chemical space.91 The origins of low success rates at
each stage of drug discovery are multifactorial, but the limited
structural space available to the medicinal chemist intent on
achieving selective target engagement in the brain is a major
contributing element to the high attrition in CNS programs.
Functional groups that particularly favor P-gp recognition

are typically those adorned with HBDs and include primary
and secondary amides, ureas, sulfonamides, alcohols, phenols,
carboxylic acids, and N-hetrocycles bearing uncapped NH
groups. In cases where removing the NH or OH via the direct
addition of an alkyl or aryl group is not tolerated, then more
creative approaches can be explored. Cloaking HBD groups in
compounds via the appropriate positioning of a neighboring
HBA group has been shown in several cases to offer a
compromise between satisfying the H-bond donor contacts
necessary for biological target potency but not sufficient to
engage P-gp efflux. Other successful approaches at reducing
HBD count and tPSA have deployed isosteres as surrogates for
P-gp efflux triggering groups. General guidelines for minimizing
P-gp recognition include maximizing ligand efficiency, keeping
the HBD count below 2 and the tPSA below 90 Å2 and
preferably below 70 Å2. As exemplified by morphine and H3
antagonists, it appears that the presence of a basic amino group
can often further lower the threshold for tPSA tolerance before
P-gp efflux is triggered in a compound series. In these types of
cases, if lowering of PSA is incompatible with retaining bio-
logical activity, modulating the amine basicity or repositioning
polar functionality has proven effective. Simple physicochemical
guidelines and computational models can be helpful in altering
the probability of encountering P-gp efflux; however, it is
abundantly evident that compounds with identical physico-
chemical properties can have vastly different efflux properties.
As with any small molecule−protein interaction, the com-
position and presentation of functionality on a molecule play a
critical role in the recognition process. However, unlike the
typical small molecule−drug target interaction, P-gp is a highly
permissive protein recognizing a wide diversity of substrates.
Other antitargets such as hERG and PXR, although not as
permissive as P-gp, present similar challenges. The relatively
poorly defined molecular interactions that confer P-gp efflux
emphasize the value of empirical data to establish structure−
efflux relationships early in compound optimization. Improved
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in vitro P-gp assays, particularly the MDR1-MDCK and LLC-
PK cell-based assays, offer good in vivo predictive value and are
a major asset in this regard. The practitioner should be aware of
the potential for divergence between rodent and human P-gp
susceptibility of compounds and the potential for alterations in
BBB efflux and permeability in animal models. Structural
modifications that alter P-gp recognition properties ultimately
need to be accomplished within the broader context of opti-
mization for safety and efficacy including potency, selectivity,
and pharmacokinetic properties.
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