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The drug efflux pump P-glycoprotein (P-gp) plays an important role in the function of the blood–brain barrier by selectively
extruding certain endogenous and exogenous molecules, thus limiting the ability of its substrates to reach the brain.
Emerging evidence suggests that P-gp may restrict the uptake of several antidepressants into the brain, thus contributing to
the poor success rate of current antidepressant therapies. Despite some inconsistency in the literature, clinical investigations of
potential associations between functional single nucleotide polymorphisms in ABCB1, the gene which encodes P-gp, and
antidepressant response have highlighted a potential link between P-gp function and treatment-resistant depression (TRD).
Therefore, co-administration of P-gp inhibitors with antidepressants to patients who are refractory to antidepressant therapy
may represent a novel therapeutic approach in the management of TRD. Furthermore, certain antidepressants inhibit P-gp in
vitro, and it has been hypothesized that inhibition of P-gp by such antidepressant drugs may play a role in their therapeutic
action. The present review summarizes the available in vitro, in vivo and clinical data pertaining to interactions between
antidepressant drugs and P-gp, and discusses the potential relevance of these interactions in the treatment of depression.
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Introduction: the blood–brain barrier:
a major obstacle in the delivery of
drugs to the brain

Drug delivery to the CNS is one of the major hurdles in the
development of novel therapeutics for neuropsychiatric dis-
orders. In particular, transport across the blood–brain barrier
(BBB), which separates the circulating blood from the CNS,
needs to be achieved for centrally acting drugs to reach thera-
peutic concentrations at their site of action. The BBB plays a
key role in maintaining homeostasis within the CNS, preserv-
ing the composition of the internal milieu despite variations
in the periphery and protecting the brain against toxins,
bacteria and viruses. Moreover, it regulates the uptake of
endogenous molecules and xenobiotics into the brain (Par-
dridge, 2007; Neuwelt et al., 2008; 2011; Pariante, 2008; Zlok-
ovic, 2008; Abbott et al., 2010). Importantly, over 98% of
potential CNS drugs are unable to cross the BBB to reach
target sites within the brain (Pardridge, 2005; Neuwelt et al.,
2008).

Brain capillary endothelial cells (BCECs) line the blood
capillaries in the brain and form the fundamental building
block of the BBB (Figure 1). Interactions between BCECs and
other components of the neurovascular unit (Hawkins and
Davis, 2005), including perivascular elements such as astro-
cytes, pericytes and neurons, induce the BBB-specific prop-
erties of the BCECs (Janzer and Raff, 1987; Hayashi et al.,
1997; Armulik et al., 2010). In addition, the dynamic per-
meability of the BBB varies in response to intra- and inter-
cellular signalling among these cells (Neuwelt et al., 2011).
Tight junctions form between BCECs, resulting in a con-
tinuous cellular barrier that prevents the passive diffusion of
substances into the brain from the blood via the paracellu-
lar route of transport (Reese and Karnovsky, 1967; Bright-
man and Reese, 1969). Furthermore, a lack of fenestrations
and low levels of transcytosis at the BBB restrict trans-
cellular transport (Hawkins and Davis, 2005). Therefore, in
general, physicochemical properties such as lipophilicity,
molecular weight and charge determine the ability of a
compound to cross the BBB, with only low molecular
weight, lipophilic molecules able to penetrate the physical
barrier presented by the BCECs.

Furthermore, many drug-metabolizing enzymes are local-
ized at the BBB (Ghersi-Egea et al., 1994; Bauer et al., 2008;
Dauchy et al., 2008; Dutheil et al., 2009; Eyal et al., 2009).
Thus, compounds which are substrates of these enzymes may
be broken down at the BBB, thereby providing a metabolic
barrier to drug transport into the brain.

In addition, several transporter proteins are expressed at
the luminal and/or abluminal membranes of the BCECs.
These influx and efflux transporters play a vital role in the
regulation of molecule transfer across the BBB (Pardridge,
2007). From a drug delivery perspective, the expression of
drug efflux transporters at the BBB can limit brain exposure to
substrate drugs (Urquhart and Kim, 2009). Therefore, the
brain permeability of certain compounds, which are subject
to metabolism and/or drug efflux at the BBB, is much lower
than would be predicted based on physicochemical proper-
ties alone (Cordoncardo et al., 1989; Begley, 2004; Hermann
and Bassetti, 2007).

Efflux transporters from the ATP-binding cassette (ABC)
superfamily, in particular, exert significant functional trans-
port at the BBB. ABC transporters are primary active trans-
porters, which use ATP hydrolysis to power the active efflux
of their substrates against concentration gradients. Forty-
nine members of the ABC superfamily have been described in
humans, and these are divided into seven major subfamilies:
ABCA to ABCG (Sharom, 2008). ABC transporters are
expressed at various sites within the body, including the
kidney, liver, intestine and adrenal gland. Importantly,
several members of the ABC superfamily are localized at the
luminal membrane of human BCECs, namely P-glycoprotein
[P-gp; encoded by the multidrug resistance 1 (MDR1/ABCB1)
gene], breast cancer resistance protein (BCRP; encoded by
ABCG2) and multidrug resistance-associated proteins 4 and 5
(MRP4 and 5; encoded by ABCC4 and 5 respectively) (Begley,
2004; Nies, 2007). Interestingly, there is significant overlap in
substrate specificity between P-gp, BCRP and MRPs, and
many commonly used drugs are included among their sub-
strates (Sharom, 2008; Zhou, 2008).

Furthermore, ABC transporters have been implicated in
resistance to pharmacotherapy, most notably in oncology,
where the expression of these efflux pumps by cancer cells
may confer resistance to chemotherapy with cytotoxic drugs
in cancer patients (Gottesman et al., 2002; Szakacs et al.,
2006). In addition, there is increasing evidence that ABC
transporter-mediated drug efflux at the BBB may limit brain
drug delivery of several CNS drugs (Loscher and Potschka,
2005), thereby leading to treatment failure in various brain
disorders, including brain cancer (Pauwels et al., 2007), epi-
lepsy (Siddiqui et al., 2003) and stroke (Spudich et al., 2006).
In the field of psychiatry, much recent attention had been
given to the role of efflux pumps in the pharmacokinetic
profile of antidepressant drugs. Emerging evidence suggests
that P-gp, in particular, may limit the ability of several anti-
depressants to cross the BBB, thus resulting in inadequate
brain concentrations and therefore contributing to the poor
success rate of current antidepressant therapies (Uhr et al.,
2008).

Structure and function of
P-glycoprotein

P-glycoprotein was first identified in the 1970s, when it was
found to confer resistance to cancer cells against chemothera-
peutic agents in vitro (Juliano and Ling, 1976), and was sub-
sequently found to be localized in blood capillaries in the
brain (Cordoncardo et al., 1989; Thiebaut et al., 1989). P-gp is
a 170 kDa membrane-bound broad-spectrum efflux pump. It
consists of 12 highly hydrophobic transmembrane domains,
arranged as two bundles of six helices linked by a highly
charged extracellular ‘linker region’, and two intracellular
ATP-binding sites, known as nucleotide-binding domains
(NBDs) (Zhou, 2008; Aller et al., 2009).

The hydrophobic ‘vacuum cleaner’ and flippase models
have been proposed to describe P-gp-mediated drug translo-
cation (Shapiro and Ling, 1997; Aller et al., 2009; Colabufo
et al., 2010). In the hydrophobic ‘vacuum cleaner’ model,
P-gp pulls its substrates from the lipid bilayer and pumps
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Figure 1
The blood–brain barrier. (A) The neurovascular unit: The BBB consists of endothelial cells in the cerebral capillaries which, together with closely
associated perivascular elements, such as pericytes, astrocyte endfoot processes and neurons, form the neurovascular unit. These perivascular
elements interact with the endothelial cells to induce endothelial cell differentiation, resulting in the formation of tight junctions between
endothelial cells and the expression of BBB-specific proteins, such as drug efflux pumps. (B) Simplified representation of a tight junction: One of
the key characteristics of the BBB is the formation of tight junctions between endothelial cells. Tight junctions consist of a highly complex network
of transmembrane proteins and intracellular linking proteins, as well as signalling and regulatory proteins. Transmembrane proteins link the
endothelial cells together through interactions in the paracellular space, and include occludin, claudin-3, -5 and -12 and three members of the
immunoglobulin superfamily; junctional adhesion molecules (JAMs), endothelial selective adhesion molecules (ESAMs) and the coxsackie and
adenovirus receptor (CAR). Transmembrane proteins effectively seal the paracellular space, thus blocking the paracellular transport route which
is important for polar molecules. They are linked to the actin cytoskeleton within the cell via first- and second-order cytoplasmic accessory scaffold
molecules. Important first-order adaptor components, which bind directly to the transmembrane proteins, include the zona occludens proteins
(ZO 1–3), while cingulin and junction associated coiled-coil protein (JACOP) are examples of second-order adaptor proteins. Signalling and
regulatory molecules may include multi-PDZ-protein 1 (MUPP1), afadin (AF6) and 7H6. The adherens junction lends structural support to the
endothelial tissue. It is made up of vascular endothelial cadherin (VE-cadherin), with the scaffolding proteins a-, b- and g-catenin and desmoplakin,
and the platelet-endothelial cell adhesion molecule (PECAM), which mediates homophilic adhesion. (C) Drug efflux pumps: Several drug efflux
pumps, such as P-gp, BCRP and MRP, are expressed at the apical membrane of the endothelial cells of the BBB. These pumps play an integral role
in the function of the BBB by limiting the ability of their substrates to penetrate the BBB by actively shuttling them out of the cell back into the
bloodstream. Illustration adapted from Wolburg and Lippoldt (2002), Ballabh et al. (2004), Begley (2004), Abbott et al. (2006; 2010), Wolburg
et al. (2009).
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them out of the cell through the central cavity. According
to the flippase model, P-gp ‘scans’ the inner leaflet of the
lipid bilayer and binds specific lipids and hydrophobic
drugs prior to their extrusion by ‘flipping’ the phospho-
lipids from the inner to outer leaflets of the lipid bilayer.
The flippase model and the hydrophobic ‘vacuum cleaner’
model are not mutually exclusive, and a combination
of both models is illustrated in Figure 2 (Aller et al., 2009;
Eckford and Sharom, 2009). The active drug efflux process
is powered by ATP hydrolysis at the cytoplasmic NBDs
(Sharom, 2008).

One of the hallmarks of P-gp is its substrate promiscuity,
as it binds a wide range of structurally unrelated compounds
(Table 1) (Aller et al., 2009). Although P-gp substrates are gen-
erally hydrophobic amphipathic compounds, no chemical
characteristic that clearly distinguishes between P-gp sub-
strates and non-substrates has been determined (Schinkel,
1999). Interestingly, there is a significant overlap in substrate
specificity between P-gp and drug-metabolizing enzymes,
such as cytochrome P450 (CYP) enzymes CYP2D6 (Uhr et al.,
2004) and CYP3A (Wacher et al., 1995). Thus, P-gp and drug-
metabolizing enzymes in BCECs may work in tandem to
reduce the ability of certain drug molecules, which are sub-
strates of both P-gp and the drug-metabolizing enzymes, to
pass through the BBB in a so-called ‘drug transporter-
metabolism alliance’ (as originally proposed in relation to
drug absorption from the gut) (Benet, 2009). According to
this hypothesis, P-gp efflux would prevent the intact sub-
strate from passing through the BBB, resulting in a cycle
where drug molecules passively diffuse into the BCEC,

followed by active P-gp-mediated extrusion. Each time drug
molecules diffuse into the BCEC in this cycle, a certain pro-
portion of the molecules would be broken down by the drug-
metabolizing enzymes, while unchanged molecules would be
recycled back out of the cell by P-gp.

Compounds that interact with P-gp can be classified as
substrates, modulators or inhibitors (Table 1). Substrates are
subjected to active efflux by P-gp, and therefore have a
reduced ability to penetrate P-gp-expressing membranes.
Modulators reduce substrate binding via a negative allos-
teric interaction, thereby reducing P-gp-mediated substrate
efflux, whereas inhibitors reduce P-gp function by interfer-
ing with the substrate or nucleotide-binding steps (Colabufo
et al., 2010). Therefore, modulators and inhibitors achieve
the same pharmacological effect, albeit via different mecha-
nisms, and for the purposes of this review can be considered
synonymous. Some, but not all, P-gp substrates also reduce
P-gp function, and as such can be classed as both substrates
and inhibitors. Co-administration of P-gp inhibitors with
P-gp substrate drugs therefore represents a potential strategy
to overcome P-gp-mediated drug resistance. However,
clinical trials to date, which have focused exclusively on the
use of P-gp inhibitors in combination with cytotoxic drugs
in treatment resistant cancer, have not proven to be suc-
cessful due to pharmacokinetic and pharmacodynamic limi-
tations (Szakacs et al., 2006; Colabufo et al., 2010). The
development of more specific and potent modulators of
P-gp function at the BBB may lead to a therapeutically
useful role for P-gp inhibitors in the future. Alternatively,
currently available P-gp inhibitors may also prove to be

Figure 2
Model of P-gp substrate transport. (A) In its substrate-binding conformation, consisting of two inward facing bundles of six transmembrane
helices, P-gp contains a large internal cavity open to both the cytoplasm and the inner leaflet of the lipid bilayer. This large cavity (~6000 Å3), or
substrate-binding pocket (SBP), comprises mostly hydrophobic and aromatic residues. Lipid-soluble P-gp substrate molecules partition into the
inner leaflet of the phospholipid (PL) bilayer membrane. From the inner leaflet, the molecule travels through one of two portals, formed by helices
4/6 and 10/12, to enter the P-gp SBP. Substrate–P-gp interactions lead to the binding of two ATP molecules to the NBD. (B) The binding of ATP
to the NBDs causes dimerization of the NBDs. This leads to a conformational change, resulting in an outward facing configuration. This outward
facing arrangement facilitates the release of substrates into the extracellular environment or the outer leaflet of the PL bilayer, and sterically
prevents the substrate from travelling into the intracellular space. Thus, P-gp acts as a unidirectional efflux pump (see Aller et al., 2009). Above
broken line = outer leaflet of PL bilayer. Below broken line = inner (cytoplasmic) leaflet of PL bilayer.
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useful in the augmentation of the treatment of diseases
other than cancer.

In vitro investigations of drug
interactions with P-gp

Several in vitro screening assays can be used to determine
interactions between test compounds and P-gp, and thereby
classify drugs as P-gp substrates or inhibitors (Polli et al.,
2001). Functional assays used to identify P-gp substrates
include ATPase activity and bidirectional transcellular trans-
port assays. The relationship between P-gp activity and the
breakdown of ATP is exploited in the ATPase activity
assay, whereby the release of inorganic phosphate as a
result of ATP hydrolysis following drug incubation with a
P-gp-expressing membrane is monitored (Sarkadi et al.,
1992). This facilitates high-throughput identification of
compounds that interact with P-gp. However, many com-
pounds identified as P-gp ‘substrates’ using this assay may
not be subject to significant P-gp transport (Schwab et al.,
2003), and this is a major limitation of the ATPase activity
assay.

Therefore, bidirectional transcellular transport assays are
the gold standard for identifying P-gp substrates in vitro, and
represent the most accurate predictive model for the identi-
fication of P-gp substrates in vivo (Feng et al., 2008). However,
these monolayer efflux assays are labour-intensive and, con-
sequently, time-consuming with a relatively low throughput.
Many cell lines suitable for use in bidirectional transcellular
transport assays are available, including the naturally

P-gp-expressing human colorectal adenocarcinoma (Caco-2)
cells and ABCB1-transfected Madine-Darby canine kidney
cells (MDCK-MDR1). These model cell lines are polarized,
with distinct apical and basolateral membrane domains,
when cultured on an appropriate transwell support. As P-gp is
exclusively expressed on the apical membrane of the cultured
cells, the comparison of apical-to-basolateral (A→B) perme-
ability and basolateral-to-apical (B→A) permeability for a test
compound indicates if it is a P-gp substrate. A (B→A)/(A→B)
transport ratio (TR) of >2.0 is indicative of P-gp-mediated
efflux (Lin, 2007).

The presence of other endogenous efflux transporters, in
addition to P-gp, in these cell systems may influence trans-
port. Therefore, it is advisable to use specific and potent P-gp
inhibitors, in conjunction with the TR, to determine if P-gp-
mediated efflux is the transport mechanism at play, and thus
if the test compound is a P-gp substrate. Furthermore, for
ABCB1-transfected cell lines, such as MDCK-MDR1, a ‘cor-
rected’ transport ratio (cTR) can be calculated by dividing the
TR obtained in the ABCB1-transfected cells by the TR
obtained in the respective wild-type cell line (Zhang et al.,
2006; Kuteykin-Teplyakov et al., 2010). However, the expres-
sion of endogenous drug transporters in these cell lines can
be affected by transfection with the human ABCB1 gene
(Kuteykin-Teplyakov et al., 2010). This must be taken into
consideration when interpreting cTR values. Similarly,
known P-gp substrates can be used in the bidirectional tran-
scellular transport assay to determine if a test compound is a
P-gp inhibitor. P-gp substrates commonly used for this
purpose include digoxin, loperamide and talinolol (Pariante
et al., 2003b; El Ela et al., 2004; Zhang et al., 2006). A decrease
in the TR for the P-gp substrate following co-incubation with

Table 1
List of selected P-glycoprotein (P-gp) substrates and inhibitors

Drug class Selected examples

P-gp substrates

Anticancer agents Daunorubicin, doxorubicin, etoposide, imatinib, methotrexate, mitoxantrone, paclitaxel, vinblastine,
vincristine

Antidiarrhoeal agents Loperamide

Antidepressants Amitriptyline, citalopram, desipramine, doxepine, fluoxetine, fluvoxamine, imipramine, nortriptyline,
paroxetine, trimipramine, venlafaxine

Antihistamines Cetirizine, desloratadine, fexofenadine

Antipsychotics Risperidone

Antiretroviral drugs Amprenavir, indinavir, lopinavir, nelfinavir, ritonavir, saquinavir

Cardioactive drugs Amiodarone, digoxin, diltiazem, quinidine, verapamil

Antiemetics Domperidone, ondansetron

b-blockers Talinolol

H2 receptor antagonists Cimetidine, ranitidine

P-gp inhibitors

First generation Amiodarone, cyclosporin, nifedipine, quinidine, verapamil

Second generation Dexverapamil, GF120918 (elacridar), PSC-833 (valspodar), VX-710 (biricodar)

Third generation LY-335979 (zosuquidar), LY475776, OC144-093, R-101933 (laniquidar), XR-9576 (tariquidar)
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the test compound is indicative of P-gp inhibition by the test
compound.

Other assays, which are less laborious and therefore offer
higher throughput, can be used for the identification
and classification of P-gp inhibitors. These P-gp inhibition
assays utilize fluorescent P-gp substrates, such as calcein
acetoxymethyl ester or rhodamine 123, can be easily auto-
mated and have the considerable advantage of a generic
fluorescent output. Increased intracellular accumulation (as
measured by increased fluorescence) of the fluorescent P-gp
substrate in P-gp-expressing cells following co-incubation
with the test compound thus gives an indirect measure of
P-gp inhibition (Varga et al., 1996; Ibrahim et al., 2000;
Stormer et al., 2001; Weiss et al., 2003; Feng et al., 2008).
Similarly, the susceptibility of P-gp-expressing cells to P-gp-
substrate cytotoxic drugs, such as doxorubicin or vinblastine,
can be determined. Enhanced cytotoxicity in the presence of
the test compound is indicative of P-gp inhibition (Merry
et al., 1991; Jaffrezou et al., 1995).

In vivo investigations of drug
interactions with P-gp

While P-gp is encoded by a single gene in humans (ABCB1),
its functions are performed by two homologues in mice: the
abcb1a and abcb1b genes (Devault and Gros, 1990). Interest-
ingly, the overall tissue distribution overlaps well between the
two species (Ebinger and Uhr, 2006), and there seems to be a
high level of correlation in substrate specificities between
mouse and human P-gp based on in vitro studies (Feng et al.,
2008), despite some concern relating to potential species dif-
ferences (Yamazaki et al., 2001) Thus, it appears that mouse-
based models are useful tools for predicting P-gp drug
interactions in humans.

Abcb1a P-gp is highly expressed at the murine BBB, while
it appears that abcb1b P-gp is also expressed at the BBB, but to
a much lesser extent (Pariante, 2008). Thus, the generation of
abcb1-knockout mice, firstly single knockout abcb1a (-/-)
mice in 1994 (Schinkel et al., 1994), followed by double
knockout abcb1ab (-/-) in 1997 (Schinkel et al., 1997), has
facilitated the study of the influence of P-gp on brain phar-
macokinetics of various drugs. By comparing brain/plasma
ratios between these P-gp-deficient knockout mice to those of
wild-type controls, it has been possible to identify drugs as
P-gp substrates in vivo. Alternatively, established P-gp inhibi-
tors, such as verapamil and cyclosporin, can be administered
to wild-type animals to investigate the influence of P-gp inhi-
bition on drug pharmacokinetics.

Antidepressant drugs and P-gp: is this
interaction relevant?

Current antidepressant therapies have an unsatisfactorily
high failure rate; it has been estimated that up to 60% of
depressed patients suffer from treatment-resistant depres-
sion (TRD) (Fava, 2003; Trivedi et al., 2006), with remission
rates declining even further following successive treatment

failures (Rush et al., 2006). As depression is one of the
leading causes of disability in the developed world (Cryan
and Leonard, 2010), there is a major impetus to determine
why the failure rate of antidepressant therapies remains
so high.

Antidepressant drugs are categorized into different classes
based on mechanism of action, including selective serotonin
reuptake inhibitors (SSRIs), tricyclic antidepressants (TCAs),
serotonin–norepinephrine reuptake inhibitors (SNRIs) and
tetracyclic antidepressants. Regardless of class, antidepres-
sants need to penetrate the BBB to reach their site of action
within the brain; therefore, it has been suggested that drug
efflux by P-gp at the BBB may be involved in TRD. Indeed,
many antidepressant drugs interact with P-gp in vitro and in
vivo, both as substrates and inhibitors. These interactions
have been postulated to be of clinical importance, as P-gp
efflux would limit the distribution of these drugs into the
brain (Loscher and Potschka, 2005). Interestingly, it has also
been hypothesized that inhibition of P-gp may, in fact, be
involved in the mechanism of action of antidepressant drugs
(Pariante et al., 2004).

Antidepressants as P-gp substrates
in vitro

As P-gp inhibition assays are generally more cost-effective
and less labour-intensive than P-gp substrate studies, the
majority of in vitro studies of antidepressant P-gp interactions
to date have focused on the identification of P-gp inhibition
by antidepressants. However, a small number of studies using
bidirectional transcellular transport assays (Rochat et al.,
1999; El Ela et al., 2004; Maines et al., 2005), the ATPase assay
(Ejsing et al., 2006; Wang et al., 2008) or both (Feng et al.,
2008) have been conducted.

Table 2 presents a summary of the available in vitro data
on antidepressants as P-gp substrates. Column 2 indicates the
conclusions drawn by the studies’ authors, and it is important
to be aware that the interpretation of results may differ
between groups.

Of the antidepressants tested in transcellular transport
assays to date, only fluvoxamine has been identified as a
P-gp substrate (El Ela et al., 2004). However, it has recently
been shown that transfection with ABCB1 in MDCK-MDR1
cells reduces the expression of endogenous canine P-gp rela-
tive to the wild-type MDCK cells (Kuteykin-Teplyakov et al.,
2010). This finding may have implications for the interpre-
tation of results from these studies, which were based on
the assumption that endogenous drug transporter expres-
sion would be the same for wild-type and transfected cells.
On the other hand, the SSRIs sertraline and paroxetine are
high- and moderate-affinity P-gp substrates, respectively,
according to results from ATPase assay studies, while the
Michaelis constant (Km) values for nortriptyline and fluox-
etine narrowly exceed the threshold set for moderate affin-
ity (Feng et al., 2008). However, the ATPase assay does
not determine if compounds are actually transported by
P-gp. Thus, it seems that, while some of the tested antide-
pressants interact with P-gp in vitro, none of them have
been identified as high-affinity P-gp substrates which are
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subjected to P-gp-mediated transport in bidirectional trans-
cellular transport assays.

P-gp inhibition by antidepressants
in vitro

Several antidepressants inhibit P-gp in vitro (Table 3). In
Table 3, it is worth noting that the data in the second column
represent the conclusions drawn by the specific authors of

the individual studies. Again, it must be noted that the inter-
pretation of results may differ from group to group. Interest-
ingly, the level of P-gp inhibition observed for several of these
antidepressants was similar to that of established P-gp inhibi-
tors, such as verapamil and quinidine (Szabo et al., 1999;
Weiss et al., 2003; Feng et al., 2008). For example, the con-
centration required to reduce P-gp activity by 50% (IC50) for
paroxetine (29.8 mM) and sertraline (31.8 mM) is similar to
that of quinidine (33.8 mM) (Weiss et al., 2003). It should be
noted, however, that these antidepressant concentrations are
250- and 500-fold higher than normal therapeutic plasma

Table 2
In vitro studies to identify antidepressants as P-glycoprotein (P-gp) substrates

Antidepressant
P-gp substrate/
interaction? Transport ratio ATPase Km (mM) Model Ref.

Bupropion N n/a 2676 ATPase assay Wang et al. (2008)

→EB N n/a 109.3 ATPase assay Wang et al. (2008)

→HB N n/a 318.2 ATPase assay Wang et al. (2008)

→TB N n/a 2066 ATPase assay Wang et al. (2008)

Citalopram N1 1.6 n/a MDCK-MDR1 Feng et al. (2008)

Citalopram N2 1.2 n/a MDCK-mdr1a Feng et al. (2008)

Citalopram Low n/a 441 � 140.1 ATPase assay Feng et al. (2008)

Citalopram N 1.1 n/a BMEC monolayer Rochat et al. (1999)

Fluoxetine N1 0.5 n/a MDCK-MDR1 Feng et al. (2008)

Fluoxetine N2 0.6 n/a MDCK-mdr1a Feng et al. (2008)

Fluoxetine Low n/a 51.6 � 11.81 ATPase assay Feng et al. (2008)

Fluvoxamine N1 0.9 n/a MDCK-MDR1 Feng et al. (2008)

Fluvoxamine N2 0.8 n/a MDCK-mdr1a Feng et al. (2008)

Fluvoxamine Low n/a 180 � 35.7 ATPase assay Feng et al. (2008)

Fluvoxamine Y 1.26 n/a Caco-2 El Ela et al. (2004)

Nortriptyline Y n/a 257.6 ATPase assay Ejsing et al. (2006)

Nortriptyline N1 1.1 n/a MDCK-MDR1 Feng et al. (2008)

Nortriptyline N2 0.9 n/a MDCK-mdr1a Feng et al. (2008)

Nortriptyline Low n/a 56.0 � 15.73 ATPase assay Feng et al. (2008)

Paroxetine N1 1 n/a MDCK-MDR1 Feng et al. (2008)

Paroxetine N2 1 n/a MDCK-mdr1a Feng et al. (2008)

Paroxetine Moderate n/a 26.2 � 1.02 ATPase assay Feng et al. (2008)

Paroxetine N n/a n/a B(ovine)R(etinal)EC Maines et al. (2005)

Sertraline N1 0.4 n/a MDCK-MDR1 Feng et al. (2008)

Sertraline N2 0.5 n/a MDCK-mdr1a Feng et al. (2008)

Sertraline High n/a 9.4 � 1.45 ATPase assay Feng et al. (2008)

Sertraline Y n/a 4.7 ATPase assay Wang et al. (2008)

→Desmethylsertraline Y n/a 6.5 ATPase assay Wang et al. (2008)

Venlafaxine N1 0.9 n/a MDCK-MDR1 Feng et al. (2008)

Venlafaxine N2 1 n/a MDCK-mdr1a Feng et al. (2008)

Venlafaxine N n/a Neg ATPase assay Feng et al. (2008)

Km = Michaelis constant (substrate concentration at which the reaction rate is half of its maximum value).
1Cut-off for significance: 1.7 (based on retrospective statistical analysis of inter-week system variability control data).
2Cut-off for significance: 1.5 (based on retrospective statistical analysis of inter-week system variability control data).
→ denotes a metabolite.
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Table 3
In vitro studies of P-glycoprotein (P-gp) inhibition by antidepressant

Antidepressant P-gp inhibitor? IC50 (mM) Model Ref.

Amitriptyline Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Amitriptyline Y n/a R123/daunorubicin cellular uptake Szabo et al. (1999)

Amitriptyline Y n/a R123 efflux Varga et al. (1996)

Citalopram Y 52.5 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Clomipramine Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Clomipramine Y n/a Cell-line susceptibility to P-gp-substrate cytotoxics Jaffrezou et al. (1995)

Clomipramine Y n/a Cell-line susceptibility to P-gp-substrate cytotoxics Merry et al. (1991)

Desipramine Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Desipramine Y n/a Cell-line susceptibility to P-gp-substrate cytotoxics Jaffrezou et al. (1995)

Desipramine Y n/a R123/daunorubicin cellular uptake Szabo et al. (1999)

Doxepine Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Doxepine Y n/a R123/daunorubicin cellular uptake Szabo et al. (1999)

Fluoxetine Y 31 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Fluoxetine Y n/a Digoxin uptake in Caco-2 cells Pariante et al. (2003b)

Fluoxetine Y 115.5 � 11.7 Calcein-AM transport in L-MDR1 and pBCEC cells Weiss et al. (2003)

Fluvoxamine N >100 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Fluvoxamine ? 146.7 � 1.95 Talinolol transport in Caco-2 cells El Ela et al. (2004)

Imipramine Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Imipramine Y n/a Cell-line susceptibility to P-gp-substrate cytotoxics Jaffrezou et al. (1995)

Imipramine Y n/a R123/daunorubicin cellular uptake Szabo et al. (1999)

Maprotiline Y n/a R123/daunorubicin cellular uptake Szabo et al. (1999)

Mianserin Y n/a Cell-line susceptibility to P-gp-substrate cytotoxics Jaffrezou et al. (1995)

Nefazodone Y 4.7 R123 uptake in Caco-2 cells Stormer et al. (2001)

Nortriptyline N >100 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Nortriptyline N n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Paroxetine Y 27.5 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Paroxetine Y n/a [3H]Taxol uptake in bovine retinal endothelial cells Maines et al. (2005)

Paroxetine Y 29.8 � 11.1 Calcein-AM transport in L-MDR1 and pBCEC cells Weiss et al. (2003)

Protriptyline Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Sertraline Y 30 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Sertraline Y 31.8 � 2.8 Calcein-AM transport in L-MDR1 and pBCEC cells Weiss et al. (2003)

Trazodone N n/a R123 uptake in Caco-2 cells Stormer et al. (2001)

Trimipramine Y n/a R123 uptake in Caco-2 cells Ibrahim et al. (2000)

Trimipramine Y n/a Cell-line susceptibility to P-gp-substrate cytotoxics Jaffrezou et al. (1995)

Trimipramine Y n/a R123/daunorubicin cellular uptake Szabo et al. (1999)

Venlafaxine N >100 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Selected prototypical
P-gp inhibitors

Quinidine Y 30.2 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Quinidine Y 33.8 � 11.9 Calcein-AM transport in L-MDR1 and pBCEC cells Weiss et al. (2003)

Verapamil Y 18.1 Calcein-AM transport in MDCK-MDR1 cells Feng et al. (2008)

Verapamil Y 18.9 � 4.2 Calcein-AM transport in L-MDR1 and pBCEC cells Weiss et al. (2003)
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levels for paroxetine and sertraline respectively (Weiss et al.,
2003). However, post-mortem studies have demonstrated
high brain-to-plasma concentration ratios for certain antide-
pressants (Pariante, 2008), and neuroimaging studies of
fluorine-containing antidepressants have revealed steady-
state brain concentrations in the micromolar range (Bolo
et al., 2000). Moreover, P-gp inhibition by sertraline has been
demonstrated in vivo (Wang et al., 2006a). Nonetheless, it
remains uncertain if P-gp inhibitory concentrations of parox-
etine or sertraline are reached at the BBB in clinical use.

Limitations of in vitro studies of P-gp
antidepressant interactions

It is important to consider the limitations of these in vitro
studies. Different studies have used the same assay for the
same compound and reported contrasting results. Further-
more, different groups offer different interpretations of
results, with contrasting cut-off values for significance. For
example, the determined Km value for nortriptyline differed
greatly between two studies using the same assay (ATPase),
257.6 mM in Ejsing et al. (2006) versus 56 � 15.73 mM in Feng
et al. (2008). Furthermore, the interpretation of these results
conflicted between the two groups. Despite the fact that a
lower Km value correlates with a stronger interaction, Ejsing
and co-workers concluded that their findings confirmed an
interaction which may be of clinical significance between
nortriptyline and P-gp, while Feng and colleagues suggested
that any such interaction is of minimal significance as they
classified nortriptyline as a low-affinity P-gp substrate. Simi-
larly discrepant findings were obtained for fluvoxamine’s
P-gp substrate status by different groups using transwell assay
systems (El Ela et al., 2004; Feng et al., 2008). Additionally, in
P-gp inhibition studies there was a marked contrast in the
reported IC50 values for fluoxetine, 31 mM (Feng et al., 2008)
versus 115.5 � 11.7 mM (Weiss et al., 2003), while reported
values for paroxetine and sertraline were in quite close agree-
ment between the same two studies. Thus, it can be difficult
to draw definitive conclusions from in vitro P-gp studies due
to the discrepancies in results obtained depending on assay
used and numerous other potential confounding factors. As a
result, there remains a demand for the development of a
validated and highly reliable predictive screening model for
the accurate identification of P-gp substrates and inhibitors in
vitro (von Richter et al., 2009).

In addition to the discordance in results obtained
from different in vitro studies, there has been disagreement
between in vitro and in vivo findings regarding the P-gp sub-
strate status of certain antidepressant drugs. For example,
citalopram (Rochat et al., 1999; Feng et al., 2008) and parox-
etine (Maines et al., 2005; Feng et al., 2008) were found not to
be P-gp substrates in various cell culture models. However, in
vivo studies using P-gp-knockout mice have demonstrated
increased brain/plasma concentration ratios in knockout
mice relative to wild-type controls for both drugs (see later),
thus suggesting that they are P-gp substrates at the BBB in vivo
(Uhr and Grauer, 2003; Uhr et al., 2003; 2008; Doran et al.,
2005). These differences may be as a result of a failure of in
vitro systems to adequately reflect the complexity of the BBB

in vivo and therefore highlight the difficulty in achieving
acceptable correlations between in vitro and in vivo data in
relation to drug transport across the BBB (Avdeef, 2011), thus
calling the relevance of any of these in vitro assays into ques-
tion. As P-gp extrudes its substrates directly from the inner
leaflet of the cellular membrane bilayer, the properties of the
membrane used in in vitro studies impact considerably on
interactions between P-gp and the compound being tested
(Romsicki and Sharom, 1999). Therefore, the use of epithelial
cell lines such as Caco-2 and MDCK-MDR1 to predict inter-
actions between drugs and P-gp expressed at the endothelial
BBB in vivo may not be appropriate. To date, the use of
BBB-derived endothelial cell lines in this regard has been
limited, primarily due to the leakiness of such cell lines when
cultured as monolayers in vitro (Avdeef, 2011). Alternatively,
the discrepancies observed between in vitro and in vivo studies
may highlight false assumptions relating to results derived
from knockout mice. Indeed, the relevance of marginally
increased brain/plasma ratios in knockout mice, relative to
controls, has been questioned (Feng et al., 2008).

In vivo studies of interactions between
P-gp and antidepressants in
P-gp-knockout mice

Studies using P-gp-knockout mouse models have determined
that P-gp plays a major role in the brain penetration of several
antidepressants (Table 4) (Uhr et al., 2000; 2003; 2007; 2008;
Uhr and Grauer, 2003; Grauer and Uhr, 2004; Doran et al.,
2005; Karlsson et al., 2010; 2011). It is important to note that
the majority of studies using the P-gp-knockout mouse
models in this regard have involved acute antidepressant
administration. As antidepressant drugs are administered
chronically in clinical practice, studies investigating the
impact of P-gp ablation on the brain distribution of antide-
pressant drugs and their metabolites following chronic
administration would be of greater value.

Interestingly, many of the identified P-gp substrate anti-
depressants are structurally unrelated and come from a
variety of drug classes: including SSRIs, TCAs and SNRIs. Not
all drugs from the same class behave similarly however; ser-
traline, another SSRI, for example is not a P-gp substrate
(Doran et al., 2005).

Amitriptyline was found to have significantly higher
brain concentrations in mice deficient in P-gp than in wild-
type controls 1 h after acute administration (Uhr et al., 2000).
However, later studies determined that this effect was tran-
sient and dependent on the dosing regimen and/or the route
of administration (Grauer and Uhr, 2004; Uhr et al., 2007).
Thus, the relevance of P-gp to the CNS pharmacokinetics of
amitriptyline following chronic administration and at steady-
state conditions is uncertain. While the exact reason for this
phenomenon is unclear, a number of theories have been
proposed (Uhr et al., 2007). For example, it is postulated that
amitriptyline may induce changes at the BBB itself or that
P-gp may become oversaturated with time, as certain amitrip-
tyline metabolites are also P-gp substrates. Furthermore, the
original study used single knockout abcb1a (-/-) mice (Uhr
et al., 2000), while subsequent studies used double knockout
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abcb1ab (-/-) mice (Grauer and Uhr, 2004; Uhr et al., 2007).
Thus, the differences observed between the two studies may
be explained by amitriptyline efflux by abcb1b P-gp expressed
at the BBB in single knockout abcb1a (-/-) mice.

Similarly, there is also a lack of clarity in the literature
regarding the status of fluoxetine as a P-gp substrate in vivo
following studies using single P-gp-knockout versus double
P-gp-knockout mice (Uhr et al., 2000; Doran et al., 2005). The
original study using single knockout abcb1a (-/-) mice found
no difference between the accumulation of fluoxetine in the
brains of abcb1a (-/-) mice and wild-type controls (Uhr et al.,
2000). A subsequent study, however, found increased levels of
fluoxetine in double knockout abcb1ab (-/-) mice relative to
wild-type controls (Doran et al., 2005). Taken together, these
data suggest that the brain pharmacokinetics of certain com-
pounds may differ between single knockout abcb1a (-/-) mice
and double knockout abcb1ab (-/-) mice. Furthermore, the
data from Uhr and co-workers were from a single time point
(1 h) following fluoxetine administration (Uhr et al., 2000);
Doran and colleagues, on the other hand, took samples at
various time points (Doran et al., 2005). Therefore, the
impact of P-gp on fluoxetine distribution may be time-
dependent.

In addition to investigating the impact of P-gp ablation
on venlafaxine pharmacokinetics, Karlsson and co-workers
investigated behavioural responses to chronic venlafaxine
treatment between wild-type and P-gp-knockout mice (Karls-
son et al., 2011). Chronic treatment with venlafaxine affected
behaviour in the open field, with increased time spent in the
centre of the arena and a reduced number of rears associated
with venlafaxine treatment. Interestingly, this pharmacody-
namic effect was more pronounced in P-gp-knockout mice
after 7 days of venlafaxine treatment. The difference between
the two strains was attenuated after 9 days of treatment,
which may have been due to habituation associated with
repeated testing in the open field (Thiel et al., 1999). While
pharmacodynamic differences between P-gp-knockout and
wild-type mice have previously been demonstrated following
treatment with the antipsychotic drug, risperidone (Kirsch-
baum et al., 2008), this remains the only study demons-
trating pharmacodynamic differences between the strains in
response to treatment with an antidepressant drug. However,
the relevance of behaviour in the open field to antidepressant
treatment is unclear, and future studies in this area should
focus on behavioural pharmacodynamic readouts in estab-
lished animal models of antidepressant action (e.g. forced
swim test and tail suspension test) (Cryan and Holmes, 2005).

It is important to consider the inherent limitations of the
P-gp-knockout mouse model’s utility in the assessment of
the impact of P-gp-mediated efflux on drug distribution into
the brain. For example, the expression of BCRP mRNA in the
cerebral microvessels of abcb1a (-/-) mice is increased three-
fold relative to wild-type animals (Cisternino et al., 2004).
Furthermore, this increase in BCRP mRNA expression is asso-
ciated with a greater export of two of its substrates, prazosin
and mitoxantrone, from the brain of abcb1a (-/-) mice versus
wild-type controls (Cisternino et al., 2004). Importantly,
other ABC transporters, including BCRP, demonstrate over-
lapping drug specificities with P-gp (Litman et al., 2001;
Sharom, 2008), and the expression of ABC drug transporters
at the BBB may become up-regulated following exposure to

xenobiotics (Miller, 2010). Therefore, potential up-regulation
of alternative drug efflux transporters, such as BCRP, in
P-gp-knockout mice must be considered before valid conclu-
sions can be drawn regarding in vivo P-gp drug interactions
using this model.

In addition, following a comparison of in vitro and in vivo
data for 23 compounds, it has been recommended that a
threshold ratio of fourfold increase in brain/plasma drug con-
centration ratios between P-gp-knockout and wild-type mice
(KO : WT B/P ratio) should be set to assess P-gp drug interac-
tions in vivo (Feng et al., 2008). For example, risperidone,
despite having a KO : WT B/P ratio of 10, indicating that it is
heavily subjected to P-gp efflux, is still a very efficacious
antipsychotic agent (Doran et al., 2005). This might reflect
the possibility that high brain concentrations of risperidone
are not required for it to exert its clinical effect. To date, no
antidepressant drug has been shown to have a KO : WT B/P
ratio greater than 3.6 (Table 4). Thus, it seems that no anti-
depressant has yet been identified as a high-affinity trans-
ported P-gp substrate, and therefore the overall influence of
P-gp efflux on the effectiveness of antidepressants has been
questioned (Doran et al., 2005). Furthermore, in many studies
using knockout mice, brain antidepressant concentrations
were not normalized against plasma levels (i.e. a brain/
plasma concentration ratio was not used). Despite plasma
drug concentrations being considerably higher in P-gp-
knockout than wild-type mice in these studies, in some cases
with statistically significant differences in plasma drug levels
between the strains (Uhr et al., 2003), brain drug concentra-
tions were compared directly between strains (Uhr et al.,
2003; 2007). Thus, statistically significant differences in brain
drug concentrations identified between these two strains in
such studies may have been partially due to variations in
plasma pharmacokinetics, rather than solely as a result of
altered drug transport across the BBB due to a lack
of P-gp.

In vivo studies in wild-type animals
involving co-administration of
P-gp inhibitors

Other in vivo studies have made use of established P-gp
inhibitors, such as verapamil and cyclosporin, to investigate
if inhibition of P-gp results in altered antidepressant drug
penetration into the brain (Table 5).

Using this method, nortriptyline was shown to have sig-
nificantly higher brain/serum ratios in rats treated with a P-gp
inhibitor than in untreated controls. However, this increase
was relatively small, equating to c. 25% increase in the brain–
serum ratio (Ejsing and Linnet, 2005).

The use of whole brain in the analysis above may have
obscured potentially greater region-specific central increases
in drug concentration. In order to address this issue, the effect
of P-gp inhibition on imipramine and desipramine concen-
trations in various brain regions was determined (Clarke
et al., 2009), and it was found that there was a region-specific
effect. For example, the frontal cortex/serum imipramine
concentration ratio was significantly increased to 2.4, com-
pared to a non-significant ratio of 1.1 in the hypothalamus
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(Clarke et al., 2009). Similarly for desipramine, a significant
effect was observed in the frontal cortex but not for other
brain areas (Clarke et al., 2009). Thus, it seems that the effect
of P-gp on drug penetration into the CNS is not uniform, and
region-specific effects should be taken into account when
interpreting data in P-gp interaction studies, as potentially
significant results may be obscured or missed entirely. In
addition, it has recently been demonstrated that pharmaco-
logical induction of P-gp using any one of three different
inducing agents (rifampicin, dexamethasone or 5-pregnene-
3beta-ol-20-on-16alpha-carbonitrile) results in reduced brain
distribution of risperidone and its active metabolite, 9-
hydroxyrisperidone (Holthoewer et al., 2010). Similar inves-
tigations in relation to antidepressant drugs would help to
further clarify the role played by P-gp in their BBB transport.

Interestingly, a study evaluating pharmacokinetic interac-
tions between the antipsychotic drug risperidone and the
antidepressant sertraline in CF1 mice demonstrated P-gp
inhibition by sertraline, resulting in significantly increased
brain risperidone levels (Wang et al., 2006a). This in vivo
finding supports in vitro studies reporting P-gp inhibition by
sertraline (Weiss et al., 2003; Feng et al., 2008). As the plasma
sertraline levels achieved in this study approximate those
observed in patients treated with the drug, this finding sug-
gests that sertraline may induce clinically significant P-gp
inhibitory effects in therapeutic use. Whether these preclini-
cal findings can translate into therapeutic potential of P-gp
inhibitors as adjunctive therapies in the treatment of schizo-
phrenia remains to be determined.

Regulation of P-gp in depression

The regulation of P-gp at the BBB has recently been exten-
sively reviewed (Miller, 2010). Various factors, including
disease, pharmacotherapy and diet, are involved in the
complex regulatory processes. Genetics also play an impor-
tant role in determining P-gp activity. Over 50 functional
single nucleotide polymorphisms (SNPs) have been identified
in the ABCB1 gene to date (Stein et al., 1994; Hoffmeyer et al.,
2000; Cascorbi et al., 2001; Ito et al., 2001; Kim et al., 2001;
Cascorbi, 2006; Salama et al., 2006; Kimchi-Sarfaty et al.,
2007; Sakurai et al., 2007). Various studies, including clinical
investigations, have demonstrated that such SNPs can have
an impact on P-gp expression and function in humans, and
therefore influence the pharmacokinetics of various drugs
(Hoffmeyer et al., 2000; Johne et al., 2002), including the
antidepressant drug, fluvoxamine (Fukui et al., 2007).

Importantly, a recent PET study using [11C]-verapamil has
shown that P-gp function is increased in patients with major
depression receiving antidepressant treatment (de Klerk et al.,
2009). Using this technique, cerebral volume of distribution
of [11C]-verapamil is used as a measure of P-gp function.
However, the value of this technique has been questioned
due to low brain uptake of verapamil, meaning that in situ-
ations of increased P-gp function the signal would be particu-
larly noisy (Syvanen and Hammarlund-Udenaes, 2010).
Furthermore, in this study, no metabolites were analysed,
which is a major shortcoming (de Klerk et al., 2009). There-
fore, the conclusions drawn from this study cannot be inter-
preted as definitive. The reason for the apparent increase in

P-gp function in medicated depressed patients has not been
fully elucidated, but there are several potential explanations
that warrant further investigation. Firstly, it may be due to
P-gp induction by chronic antidepressant treatment itself,
and therefore not be related to the disease per se, as it is
known that treatment with xenobiotics can increase P-gp
expression (Bauer et al., 2004; Narang et al., 2008). This
theory is supported by both in vitro and in vivo studies dem-
onstrating induction of P-gp by the antidepressant venlafax-
ine (Ehret et al., 2007; de Klerk et al., 2010). Secondly, various
cytokines increase the expression and activity of P-gp in vitro
(Bauer et al., 2007; Yu et al., 2007; Liptrott et al., 2009) and
immune activation, with correspondingly increased circulat-
ing cytokine levels, has been widely reported in depressed
patients (Schiepers et al., 2005; Dinan, 2009). Therefore,
immune activation may contribute to the increased P-gp
function observed in medicated depressed patients. However,
P-gp activity, as measured by the cerebral volume of distribu-
tion of [11C]-verapamil, was reduced in rats which were sub-
jected to chronic foot-shock stress as a model of human
depression (de Klerk et al., 2010). This increase in the cerebral
volume of distribution of [11C]-verapamil may be reflective of
stress-mediated disruption of the BBB through non-P-gp-
mediated mechanisms, however, as no other marker was used
to verify the integrity of the BBB independent of P-gp. In
addition, the translational value of this rat model to processes
ongoing at the BBB in depressed patients is unclear. Finally,
functional SNPs in the ABCB1 gene may explain the altered
P-gp activity observed in depressed patients. Indeed, certain
uncommon polymorphisms in ABCB1 were linked to the
severity of depressive symptoms in a cohort of Taiwanese
depressed patients (Lin et al., 2011). The functional impact of
these particular polymorphisms has not yet been character-
ized, however. It would be of interest to conduct a PET study
using [11C]-verapamil in a similar group of patients to deter-
mine if BBB P-gp function is related to genotype.

Clinical significance of P-gp efflux in
antidepressant treatment

Given that preclinical findings have identified many antide-
pressants as P-gp substrates, and that medicated depressed
patients have increased P-gp activity (de Klerk et al., 2009), it
is plausible that P-gp efflux of antidepressants may be clini-
cally relevant in the treatment of depression. Importantly,
co-administration of a P-gp inhibitor, itraconazole, increases
the bioavailability of paroxetine in humans (Yasui-Furukori
et al., 2007) and fluvoxamine and citalopram plasma phar-
macokinetics were found to be dependent on polymorphisms
in the ABCB1 gene (Fukui et al., 2007; Nikisch et al., 2008),
indicating that these antidepressants are P-gp substrates in
humans. In addition to these studies demonstrating an asso-
ciation between plasma pharmacokinetics and variants of the
ABCB1 gene, it has been hypothesized that P-gp efflux of
antidepressants at the BBB may influence clinical response to
antidepressant treatment and/or frequency of side effects
(Figure 3). Many studies have investigated this hypothesis
and, interestingly, different groups have found associations
between functional polymorphisms in the ABCB1 gene and
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antidepressant response and/or frequency of side effects
(Roberts et al., 2002; Gex-Fabry et al., 2008; Kato et al., 2008;
Nikisch et al., 2008; Uhr et al., 2008; Sarginson et al., 2010).
However, there is much disagreement in the literature regard-
ing the involvement of different SNPs.

The majority of clinical studies in this area have focused
on a small number of ABCB1 SNPs, mostly at the 3435 and
2677 sites. An early study found postural hypotension to be
significantly more common following treatment with
nortriptyline in patients carrying the C3435T SNP (Roberts
et al., 2002). It was hypothesized that this may have been due
to a relative increase in the accumulation of nortriptyline, or
its metabolites, in the brain due to reduced P-gp function.
Clinical response to nortriptyline (or fluoxetine) was not
associated with the C3435T SNP in this study, however
(Roberts et al., 2002). In contrast, paroxetine treatment
response has been shown to have a significant association
with ABCB1 genotype (Gex-Fabry et al., 2008; Kato et al.,
2008). However, the SNPs that were linked to paroxetine

treatment response differed between these two studies. Kato
and colleagues reported a significant positive association
between the G2677T/A SNP and paroxetine treatment
response. Furthermore, a link between the ABCB1 haplotype
combination 3435C–2677G–1236T and a poor therapeutic
response to paroxetine was identified (Kato et al., 2008).
These associations did not reach significance in another
study, however, in which a link was found between a SNP at
the 61 position in the ABCB1 gene and the therapeutic
response to paroxetine (Gex-Fabry et al., 2008). In addition, a
later study failed to replicate the findings of Kato and col-
leagues (Mihaljevic Peles et al., 2008). It should, however, be
noted that these studies were undertaken in patient cohorts
from different ethnic backgrounds (Japanese vs. Caucasians).

Furthermore, the associations observed between ABCB1
SNPs and paroxetine treatment response have not been
observed with other antidepressants. In fact, Nikisch et al.
(2008) reported directly conflicting findings with regard to
citalopram, with the G2677T genotype being significantly

Figure 3
Antidepressants as P-gp substrates at the BBB. Representation of an endothelial cell at the BBB, expressing P-gp at its apical surface. Based on
numerous in vitro and in vivo studies, it is thought that many antidepressant drugs may be P-gp substrates at the BBB. Extrusion of antidepressant
drug molecules from the apical membrane by P-gp could limit drug concentrations at their site of action within the CNS. Therefore, clinically
effective brain concentrations might not be achieved in some cases, which in turn may play a role in TRD. This may be of particular significance
in light of a recent report suggesting that P-gp function may be increased in depressed patients treated with antidepressants (de Klerk et al., 2010).
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more common in non-responders to citalopram treat-
ment. This correlated with significantly lower plasma and
cerebrospinal fluid citalopram concentrations in patients
with the G2677T genotype relative to carriers of the wild-type
allele, while no difference was observed in the same study for
the C3435T polymorphism (Nikisch et al., 2008). However,
the small number of subjects in this pilot study (n = 15)
is a limitation. In addition, no significant correlation was
found between the G2677T/A polymorphism and therapeutic
response or side effect severity in patients treated with ami-
triptyline (Laika et al., 2006). Another study failed to find any
correlation between the C3435T polymorphism and the fre-
quency of antidepressant-induced mania in bipolar patients,
treated with various serotonergic antidepressants (De Luca
et al., 2003). However, the wide range of antidepressants
involved in the study, some of which have been shown to be
P-gp substrates (paroxetine, venlafaxine, fluoxetine, etc.) and
others which have not (sertraline, nefazodone, moclobe-
mide), and the focus on an independent polymorphism, as
opposed to its role as part of a haplotype, are major con-
founding factors (De Luca et al., 2003).

In contrast to other studies which focused on a limited
number of individual SNPs, Uhr and colleagues adopted a
comprehensive fine-mapping approach in their investigation
of the functional consequences of ABCB1 SNPs in antidepres-
sant treatment (Uhr et al., 2008). This involved tagging all
common variants of this gene in Caucasians, and then deter-
mining if there was a link between remission rates in
antidepressant-treated patients and any of the ABCB1 gene
variants identified. Patients in the study were treated with
antidepressants which have been identified as substrates of
P-gp in vivo (namely venlafaxine, citalopram, paroxetine and
amitriptyline) and mirtazapine, which is not a P-gp substrate.
No association was found between antidepressant treatment
response and the G2677T or C3435T SNPs (Uhr et al., 2008).
This finding in relation to the G2677T and C3435T SNPs was
subsequently replicated for citalopram, following analysis of
data from the large Sequenced Treatment Alternatives to
Relieve Depression (STAR*D) sample of depressed patients
(Peters et al., 2008).

However, a significant association was observed between
remission rates in patients treated with P-gp substrate antide-
pressants and other common intronic ABCB1 polymorphisms
which were identified in the fine-mapping of the gene (Uhr
et al., 2008). Patients carrying the rare alleles of these intronic
SNPs and receiving treatment with P-gp substrate antidepres-
sants had a 7.7-fold higher chance to remit after 5 weeks than
carriers of the other alleles. This association was not due to
differences in dosing or plasma levels, thus suggesting a role
for P-gp function at the BBB. In addition, no such association
was determined in patients treated with mirtazapine, which
is not a P-gp substrate (Uhr et al., 2008), thus supporting the
P-gp-related hypothesis. These findings have since been rep-
licated for paroxetine (P-gp substrate) and mirtazapine (not a
P-gp substrate) (Sarginson et al., 2010), thus supporting the
theory that polymorphisms identified by Uhr and co-workers
may indeed be of clinical significance. Interestingly, mirtaza-
pine has been identified as one of the most potent and effec-
tive of the new generation of antidepressants (Cipriani et al.,
2009). Importantly, in their retrospective analysis of data
from the large STAR*D clinical trial population, Peters and

colleagues failed to replicate the findings of Uhr and
co-workers with regard to an association between certain
ABCB1 SNPs and citalopram response (Peters et al., 2008).
While the original focus of their study involved investigating
potential links between three common ABCB1 variants
(C1236T, G2677T/A and C3435T) and citalopram response,
two of the ABCB1 SNPs in the first haplotype block reported
to be significant by Uhr and colleagues were also genotyped,
and were not associated with citalopram response in the
STAR*D population (Peters et al., 2008). The authors did not
have genotype data on the second haplotype block, and
therefore could not determine if this region was associated
with citalopram response (Peters et al., 2009). Significant
links were also found between escitalopram response and
uncommon ABCB1 SNPs in Taiwanese depressed patients (Lin
et al., 2011). However, the loci associated with remission in
this patient cohort were different to those identified by Uhr
and co-workers. Significant associations between duloxetine
treatment response and some of the ABCB1 polymorphisms
detected by Uhr et al. (2008) were not observed in a later
study (Perlis et al., 2010). As the P-gp substrate status of
duloxetine has not been established in vitro or in vivo, these
findings do not necessarily disagree with earlier work related
to these SNPs. Given its place in clinical practice, further
studies to determine the impact of P-gp on duloxetine distri-
bution would be of interest.

An additional confounding factor in the association of
ABCB1 SNPs with antidepressant response is the expression of
other drug efflux pumps at the BBB which may play a role in
the transport of antidepressants. For example, citalopram has
been demonstrated to be a substrate of the multidrug resis-
tance protein 1 (MRP1/ABCC1) in vitro (Lee et al., 2010), and
a SNP in this gene was found to be significantly associated
with citalopram response (Lee et al., 2010). Thus, the ability
of antidepressants to penetrate the BBB is not solely depen-
dent on P-gp, and other factors need to be considered when
interpreting results of studies that focus entirely on P-gp.

Stress, the HPA axis, depression
and P-gp

Stress plays a major role in the development of depression.
The hypothalamic-pituitary-adrenal (HPA) axis controls the
physiological response to stress through the secretion of cor-
ticosteroid hormones such as cortisol, the main glucocorti-
coid in humans. Dysregulation of the HPA axis has been
implicated in the pathogenesis of depression (Holsboer, 2000;
Julio-Pieper and Dinan, 2010). The HPA axis is regulated by
negative feedback inhibition, whereby secreted corticosteroid
hormones act on the hypothalamus and pituitary gland
to suppress further HPA axis activation by reducing
corticotropin-releasing hormone and adrenocorticotropic
hormone (ACTH) secretion respectively. Hyperactivity of the
HPA axis is one of the most consistent biological findings in
depressed patients (Pariante and Lightman, 2008). Depres-
sives often have elevated plasma cortisol (Halbreich et al.,
1985) and ACTH (Carroll et al., 2007) levels, and fail to
respond to the dexamethasone suppression test (Carroll,
1982a,b), whereby administration of the synthetic glucocor-
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ticoid dexamethasone should suppress the secretion of corti-
sol. This is indicative of central HPA axis overdrive, with
compromised negative feedback inhibition at the hypotha-
lamic level of the HPA axis, in depressed patients.

Some important endogenous and synthetic glucocorti-
coids are P-gp substrates (Ueda et al., 1992; Vankalken et al.,
1993; Schinkel et al., 1995; Meijer et al., 1998; Karssen et al.,
2001; 2002; Uhr et al., 2002). Thus, to exert control on the
HPA axis at the hypothalamic level, glucocorticoids must
firstly overcome the barrier presented by P-gp at the BBB, and
then reach the intracellular glucocorticoid receptor. Further-
more, there is also evidence of neuronal P-gp expression in
rats (Pariante et al., 2003a; Karssen et al., 2004; Volk et al.,
2004; Lazarowski et al., 2007). Interestingly, P-gp-knockout
abcb1ab (-/-) mice have consistently lower plasma ACTH and
corticosterone levels than control animals. This indicates that
P-gp may play a key role in the regulation of the HPA axis,
and that absence of P-gp results in sustained suppression of
the HPA axis (Muller et al., 2003; Yau et al., 2007). Further-
more, treatment with the TCA desipramine reduced both
basal and activated HPA axis activity in FVB/N control mice,
while the same treatment only reduced an activated HPA axis
in abcb1ab (-/-) mice (Yau et al., 2007). This difference
observed between P-gp-knockout and wild-type mice further
indicates that there may be a P-gp-dependent mechanism at
play also in the regulation of the HPA axis.

Increasing recent evidence strongly suggests that corticos-
terone (the main glucocorticoid in rodents) is not a P-gp
substrate at the BBB in mice (Mason et al., 2008; 2010),
despite initial reports to the contrary (Uhr et al., 2002). There-
fore, the suppressed HPA axis observed in P-gp-knockout
mice cannot be explained by enhanced corticosterone entry
into the brain due to the absence of P-gp at the BBB leading
to greater negative feedback inhibition, as was originally
hypothesized (Muller et al., 2003; Yau et al., 2007). Further
investigations are therefore needed to fully explain these
observations. Furthermore, it now seems that P-gp does not
play a major role in the ability of cortisol (the main gluco-
corticoid in humans) to cross the BBB (Mason et al., 2008;
2010). Regardless of this controversy, successful antidepres-
sant therapy results in normalization of the HPA axis (Herr
et al., 2003; Kunzel et al., 2003). Antidepressant-mediated
enhancement of glucocorticoid receptor function has been
demonstrated in vitro (Pariante et al., 1997; 2001; 2003a,b;
Herr et al., 2003). Interestingly, this effect was observed fol-
lowing antidepressant co-incubation with glucocorticoids
that are P-gp substrates, such as dexamethasone and cortisol,
but was not evident with non-P-gp substrate glucocorticoids,
such as corticosterone (Pariante et al., 1997). Co-incubation
with the P-gp inhibitor verapamil attenuated or reduced the
glucocorticoid-enhancing effect of the antidepressants clomi-
pramine and fluoxetine (Pariante et al., 2001; 2003a,b), thus
indicating that antidepressant-mediated P-gp inhibition may
be the underlying mechanism at play. Therefore, it has
been suggested that increased access of cortisol to the brain
by inhibition of P-gp at the BBB, thereby enhancing
glucocorticoid-mediated negative feedback on the HPA axis
contributes significantly to the clinical mechanism of action
of antidepressants (Figure 4) (Pariante et al., 2004).

This theory has, however, been challenged (Weber et al.,
2005; 2006). Firstly, it has been questioned if P-gp inhibition

by antidepressants could be clinically relevant given that it is
only seen at concentrations above therapeutically relevant
plasma levels (Weber et al., 2005). Furthermore, it seems that
P-gp is present in excess in brain capillaries (Miller, 2010),
which may influence the concentration of P-gp inhibitor
needed to meaningfully increase substrate transport across a
membrane (Kannan et al., 2009). As a result, for antidepres-
sants to exert clinically significant P-gp inhibition at the BBB,
concentrations several times higher than their IC50 would
need to be achieved (Kalvass and Pollack, 2007). Therefore, it
remains unclear if P-gp inhibitory concentrations of antide-
pressants are reached at the BBB in clinical use.

In the second study challenging the relevance of P-gp
inhibition to HPA axis normalizing ability of antidepressants
(Weber et al., 2006), a potentially sub-effective dose of ami-
triptyline was used (Yau et al., 2007). Moreover, it involved
the comparison of corticosterone levels in the brain and
plasma, and it has subsequently been demonstrated that cor-
ticosterone is not a P-gp substrate in vivo (Mason et al., 2008),
thus undermining conclusions drawn from the study. None-
theless, despite ample in vitro data demonstrating P-gp inhi-
bition and P-gp-mediated enhancement of glucocorticoid
function by antidepressants, there is a paucity of in vivo data
to support the hypothesis that increased penetration of glu-
cocorticoids into the CNS as a result of P-gp inhibition by
antidepressants leads to normalization of a hyperactive HPA
axis via enhanced negative feedback inhibition. In fact, a very
recent publication from the Pariante group (the original pro-
posers of this hypothesis) has failed to demonstrate that
either acute or chronic administration of the antidepressant
drug desipramine results in P-gp inhibition leading to
enhanced brain levels of glucocorticoids in an in situ mouse
model (Mason et al., 2011). This study, in conjunction with
another reporting enhanced P-gp function following chronic
antidepressant treatment (de Klerk et al., 2010), undermines
the hypothesis, and therefore it now seems unlikely that
antidepressant-mediated inhibition of P-gp contributes to the
clinical mechanism of action of antidepressant drugs.

Conclusion: inhibition of P-gp
as an antidepressant
augmentation strategy?

While several preclinical studies have robustly identified
various antidepressants as transported P-gp substrates, these
findings have generally not been supported by investigations
using in vitro transwell transport assays. From a clinical per-
spective, interactions between antidepressant drugs and P-gp
could potentially lead to altered dose-to-plasma relationships
and/or frequency of side effects with altered P-gp function. In
particular, increased P-gp-mediated efflux of antidepressants
at the BBB would limit the access of antidepressant drugs to
their site of action within the brain, therefore potentially
contributing to the high rate of treatment failure. Many
studies have reported associations between functional SNPs
in ABCB1 and antidepressant treatment response. However,
there appears to be little consensus among the reported
results, with numerous publications claiming antithetical
findings. This is unsurprising considering the difficulties in
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drawing accurate conclusions from genetic epidemiology
studies (Chanock et al., 2007; Kraft, 2008). Furthermore, it
seems unlikely that any individual SNP or gene alone is
responsible for antidepressant response; therefore, a multi-
locus approach to predictive pharmacogenetics may be more
appropriate (Ising et al., 2009). Nonetheless, the report of Uhr
and colleagues in 2008 is extremely promising (Uhr et al.,
2008), especially considering some of their findings have

been recently replicated (Sarginson et al., 2010), although it
must also be noted that others have failed to replicate certain
aspects of these findings (Peters et al., 2008). Thus, the impor-
tance of the putative role of ABCB1 variants in the clinical
efficacy of antidepressants remains controversial, and well-
powered, prospective clinical trials are needed to definitively
resolve this issue (Peters et al., 2009). Until such time as these
trials have taken place, it remains plausible that P-gp inhibi-

Figure 4
Potential interaction between regulation of the HPA axis and antidepressants as P-gp inhibitors*. (A) Stress activates the HPA axis by triggering the
release of corticotropin-releasing hormone <CRH>> from the hypothalamus, which in turn acts on the anterior pituitary gland to secrete ACTH.
ACTH stimulates the release of glucocorticoid hormones from the adrenal cortex. These glucocorticoid hormones, including cortisol, the main
glucocorticoid in humans, inhibit the release of CRH and ACTH from the hypothalamus and pituitary gland respectively, thus exerting negative
feedback control on the system. However, control of the HPA axis is often dysregulated in depressed patients, who may exhibit elevated levels of
circulating cortisol and ACTH due to hyperactivity of the HPA axis. (B) Many glucocorticoids are P-gp substrates. Therefore, in depressed patients,
P-gp may limit the entry of glucocorticoids into the brain at the BBB, thus resulting in reduced negative feedback inhibition of the HPA axis. (C)
Successful treatment of depression results in normalization of the HPA axis, and many antidepressant drugs have been shown to enhance
glucocorticoid receptor activity in vitro – an effect attenuated or reduced by co-incubation with a P-gp inhibitor. Therefore, it has been
hypothesized that part of the mechanism of action of these antidepressant drugs may be to facilitate the access of glucocorticoids to the
hypothalamus by inhibiting P-gp, thereby restoring central negative feedback control of the HPA axis. *It should be noted that this hypothesis is
not supported by a recent in vivo study with the antidepressant desipramine (Mason et al., 2011). TeCA, tetracyclic antidepressant.
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tors may augment the effects of certain antidepressants, par-
ticularly in treatment-resistant situations. Indeed, anecdotal
evidence from one of the authors (Dinan) indicates a benefi-
cial effect of adjunctive verapamil treatment in severely
depressed patients who are refractory to SSRI treatment
(Clarke et al., 2009). Clinical trials, exercising caution to
avoid potential unwanted side effects due to unexpected
pharmacokinetic or pharmacodynamic interactions, investi-
gating this possibility may now be warranted.

One common approach used in the treatment of TRD is
the augmentation of a failed antidepressant therapy with
another agent, such as the antipsychotics aripiprazole, olan-
zapine, quetiapine or risperidone (Philip et al., 2010). Inter-
estingly, some of these antipsychotics inhibit P-gp in vitro
(Wang et al., 2006b; Zhu et al., 2007; Feng et al., 2008); it is
tempting to speculate that this property may contribute to
their therapeutic efficacy as adjunctive treatments. Further-
more, co-administration of risperidone with sertraline has
been shown to result in a trend for increased sertraline con-
centrations in the brain of CF1 mice in vivo (Wang et al.,
2006a). Therefore, one could hypothesize that the mechanis-
tic explanation for this augmentation strategy involves the
inhibition of P-gp by the antipsychotic drug, leading to
increased central antidepressant concentrations. However,
further studies (both in vitro and in vivo) are needed to estab-
lish if there is any merit to this hypothesis.

The theory suggesting that P-gp inhibition at the BBB by
some antidepressants may contribute to their mechanism of
action is certainly interesting, but there is an increasing body
of evidence undermining the hypothesis. The single study
demonstrating P-gp inhibition by an antidepressant in vivo
(Wang et al., 2006a) has not yet been replicated. Furthermore,
it has yet to be proven that P-gp inhibitory concentrations of
antidepressants are reached at the BBB in the clinical setting.
It is also necessary to clarify the underlying mechanism
behind the reduced corticosterone levels observed in P-gp-
knockout mice relative to controls. Furthermore, P-gp func-
tion has been shown to be increased in depressed patients
treated with chronic antidepressants relative to healthy con-
trols (de Klerk et al., 2009). This would seem to contradict the
theory that antidepressant treatment inhibits P-gp function
at the BBB. However, the antidepressants used by the patients
in this study were not listed. Therefore, it is not possible to
determine if patients were treated with antidepressant medi-
cations that are thought to inhibit P-gp. Most importantly, a
recent study failed to demonstrate that administration of the
antidepressant desipramine results in P-gp inhibition leading
to enhanced glucocorticoid entry into the brain, questioning
the validity of the original hypothesis (Mason et al., 2011).
Therefore, on balance, evidence to support the theory that
P-gp inhibition by antidepressants at the BBB contributes to
their mechanism of action is controversial and not supported
by very recent in vivo studies. More research in this area is
needed to prove whether such negative effects generalize to
other antidepressants.

In conclusion, recent studies suggest that a complex, and
as yet not fully understood, relationship exists between anti-
depressants and drug efflux pumps, such as P-gp, at the BBB,
and that this relationship may impact on the therapeutic
efficacy of antidepressant treatment. TRD represents a major
challenge in the treatment of depression, and there is a huge

unmet medical need for novel approaches to overcome this
challenge. Advances in pharmacogenomics, neuroimaging
and animal studies, coupled with more sophisticated in vitro
assay technology, are sure to shed light on the interaction
between antidepressants and P-gp in the coming years, thus
potentially resulting in new strategies for adjunctive thera-
pies for TRD.
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