
Drug Safety 2005; 28 (9): 789-801REVIEW ARTICLE 0114-5916/05/0009-0789/$34.95/0

 2005 Adis Data Information BV. All rights reserved.

The Role of P-Glycoprotein and
Organic Anion-Transporting
Polypeptides in Drug Interactions
Lawrence M. DuBuske

Immunology Research Institute of New England, Gardner, Massachusetts, USA

Contents
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 789
1. Cytochrome P450 Enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 790
2. Drug-Transporting Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 791

2.1 P-Glycoprotein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 792
2.2 Organic Anion-Transporting Polypeptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 794

3. Clinical Implications of Transporter-Mediated Drug Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 795
3.1 Antiretroviral Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 795
3.2 Haematology/Oncology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 796
3.3 Use of Antihistamines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 796
3.4 Other Therapeutic Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 798

4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 798

The use of polytherapy in clinical practice necessitates an appreciation andAbstract
understanding of the potential for drug interactions. Recent publications provide
insight into the role of the active transport systems P-glycoprotein (P-gp) and
human organic anion-transporting polypeptides (OATPs) in drug interactions.
Active drug transporters influence the bioavailability of a number of drugs by
controlling their movement into, and out of, cells.

The active transport systems P-gp and OATP play an important role in drug
elimination. The activity of these transport systems is controlled, in part, by
genetic factors; however, drugs and foods also influence the activity of these
systems. It appears that interference with P-gp or OATP, either as upregulation or
inhibition, may affect plasma drug concentrations by altering intestinal absorp-
tion, proximal renal-tubular excretion or biliary excretion. Overall, the net
bioavailability of a drug or substance is affected by the relative contributions of
cellular efflux (P-gp) and influx (OATP) mechanisms and to what extent these
systems are active during phases of uptake and absorption versus removal and
excretion from the body.

Many of the drugs and foods that affect active drug transport activity are
known to interact with the cytochrome P450 enzyme system; therefore, the net
effect of concomitant drug administration is complex. One must now consider the
impact of metabolism (CYP-mediated drug biotransformation), P-gp-mediated
drug efflux and OATP-mediated uptake when making assessments of drug
absorption and distribution.
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It is widely accepted that the potential for drug 1. Cytochrome P450 Enzymes
interactions exists with polytherapy. Pharmacoki-
netic interactions – those that occur when the ab- Interference with normal drug metabolism is the
sorption, distribution, elimination or metabolism of most widely recognised drug interaction. Drugs that
one drug is altered by another – can influence plas- mainly rely on metabolism for excretion from the
ma or tissue drug concentrations. It is well appreci- body are primarily water soluble and are excreted
ated that some pharmacokinetic interactions are through the urine or bile. In some cases, metabolism
beneficial (i.e. they can help maintain drug levels is responsible for the transformation of a prodrug to

an active metabolite. The enzymes most often re-within a desired range), whereas others may be
sponsible for drug metabolism are the CYP en-harmful (i.e. they result in supratherapeutic or sub-
zymes, which are located predominantly in the livertherapeutic drug concentrations). Although subther-
but also are found in the intestines, lungs and otherapeutic drug concentrations may simply manifest as
organs. The family of CYP enzymes is responsiblea failure to control or cure the condition for which
for the oxidative biotransformation of drugs.[3]

the agent was prescribed, supratherapeutic concen-
At least 30 different CYP enzymes have beentrations of certain drugs may bring about serious or

identified.[3] Each enzyme – called an isoenzymeeven fatal consequences. Pharmacodynamic interac-
because each is derived from a different gene – istions – those that occur when two or more drugs
categorised by the letters CYP followed by anaffect the activity of a common receptor or organ –
Arabic number, a letter and another Arabic number.may be beneficial or harmful, depending on the net
When noted in uppercase, as in CYP3A4, the desig-effect. Therefore, the ability to predict drug interac-
nation refers to the human gene and when noted in

tions should help clinicians choose appropriate ther-
lower case, as in Cyp11A1, the designation refers to

apy to achieve desired outcomes. the rodent gene. CYP3A represents the most abun-
The role of the cytochrome P450 (CYP) isoen- dant enzyme group in humans. These isoenzymes

zymes in drug metabolism and the pharmacokinetic account for approximately 30% of the CYP enzymes
drug interactions that result from inhibition or in- that are produced in the liver and are responsible for
duction of this system are widely accepted.[1] Clini- many clinically important drug interactions.[1] The

subclass of isoenzymes named CYP3A4 is foundcians familiar with the roles of the various CYP
extensively in the small intestine.[1,3] Notably, mostenzymes in drug metabolism can predict the conse-
drugs are metabolised by a small subset of CYPquences of drug coadministration and explain pa-
isoenzymes, including 3A4, 2D6, 1A2, 2C9, 2C10tients’ responses to medication regimens. Some in-
and 2C19.[4]teracting drug combinations are used to take advan-

Drugs that act as substrates, inhibitors or inducerstage of drug interactions to enhance drug levels.
of CYP enzymes have been the focus of manyAvoidance of other drug combinations can eliminate
traditional drug-drug interaction investigations. Nu-problems that may result from interference with
merous drug-drug interactions are mediated by CYPdrug metabolism.
isoenzymes by means of enzyme inhibition or in-

However, it has become apparent that additional duction.[1,4] Enzyme inhibition may occur through
mechanisms play a role in many drug interactions competitive, noncompetitive or uncompetitive
that were formerly attributed to CYP isoenzymes. mechanisms. Competitive inhibition occurs when
Recently, attention has been drawn to drug-drug and two substances compete for the catalytic site of the
drug-food interactions involving transporter sys- enzyme. Noncompetitive inhibition occurs when
tems, such as P-glycoprotein (P-gp) and human or- two substances bind to separate domains of the
ganic anion-transporting polypeptides (OATPs).[2] enzyme (e.g. the substrate binds to the catalytic site
Interactions caused by such drug transporters are and the inhibitor binds to a different site that alters
being reported with increasing frequency and an the substrate binding/catalytic site). Uncompetitive
understanding of the possible implications of these inhibition results when an inhibitor specifically
novel mechanisms should help guide therapy. binds to an enzyme-substrate complex. This circum-
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stance is not often encountered in clinical situations liver or intestine.[16] Fexofenadine plasma concen-
because enzyme saturation is not attained for most trations were significantly increased after coadmin-
pharmacological agents. Ketoconazole and erythro- istration of ketoconazole or macrolide antimicrobi-
mycin are two common examples of CYP inhibi- als.[17] Because fexofenadine does not undergo sig-
tors.[1] Terfenadine, a second-generation antihista- nificant hepatic metabolism, these data suggest that
mine, is a substrate of CYP and is primarily a non-CYP-mediated pathway altered the disposi-
metabolised by CYP3A4.[5] Consequently, coad- tion of the antihistamine.
ministration of ketoconazole or erythromycin with Drug interactions are not limited to changes in
terfenadine is well documented to increase plasma biotransformation. The bioavailability of some
concentrations of the antihistamine because of the agents may be affected by coadministration of drugs
dependence of terfenadine on CYP-induced metabo- or substances that influence absorption through ac-
lism.[6,7] In the case of the interaction of terfenadine tive transport mechanisms. As we learn more about
with ketoconazole or erythromycin, QT prolonga- these systems, it becomes evident that metabolism
tion and torsades de pointes have been reported and transport systems can differentially affect both
secondary to increased terfenadine plasma concen- the absorption and tissue distribution of pharmaco-
trations.[8] Because of this clinically significant and logical agents. The remainder of this article reviews
potentially life-threatening interaction, terfenadine what is currently known about the most recognised
has been removed from the US market. active transport systems – P-gp and OATP – and

their affect on drug bioavailability.Another type of drug interaction is induction,
whereby a drug stimulates excess production of a

2. Drug-Transporting ProteinsCYP isoenzyme.[1] The result is increased metabo-
lism of a second agent (substrate), which leads to It has become increasingly evident that drug in-
decreased plasma concentrations and possibly re- teractions can occur when active drug-transport sys-
duced efficacy. Antibacterials (acting as the induc- tems (pumps) are inhibited or induced, which alters
er) and oral contraceptives (acting as the substrate) the overall absorption, distribution and excretion of
were believed to interact in this manner. However, pharmaceutical compounds. Two active transport
although some antibacterials can reduce the plasma pumps – P-gp and OATP – are transmembrane
estradiol concentration in some patients,[9] the total proteins found in many tissues throughout the
increase in unwanted pregnancy might not be signif- body.[2,18] Many drugs and foods affect the activity
icant compared with baseline oral contraceptive fail- of active drug transport systems. Interestingly, many
ure rates. The most striking example is seen in the of these drugs and foods also affect CYP3A4
combination of rifampicin and oral contraceptives, isoenzymes.[19,20] In certain instances, metabolic
which can lower estradiol concentrations to poten- conversion is known to play a primary role in reduc-
tially subtherapeutic levels, raising the risk of un- ing the bioavailability of a compound. However, in
wanted pregnancy.[10-13] Many antiepileptic medica- instances where drug metabolism is not extensive,
tions also significantly reduce the serum concentra- as in the case of fexofenadine, it is reasonable to
tion of oral contraceptives and these drug consider transport proteins as the primary forces that
interactions may result in contraceptive failure.[14,15]

affect the absorption and excretion kinetics of these
Although CYP-mediated drug interactions have compounds.[21] The relative contribution of these

received much attention, research conducted during systems can have important implications on the
the past decade suggests that other mechanisms may bioavailability and, ultimately, the efficacy and
be responsible for changes in the absorption, distri- safety of pharmaceutical compounds. For instance,
bution or excretion profile of a drug. Altered drug it has been established that active transport path-
disposition through mechanisms independent of the ways such as OATP and P-gp alter the plasma levels
CYP pathway has been explored for drugs that un- of drugs such as terfenadine and its metabolite fex-
dergo minimal hepatic metabolism. Fexofenadine, ofenadine and these pathways were probably, in part
the active metabolite of terfenadine, is an antihista- at least, responsible for the cardiotoxic plasma con-
mine that is minimally (≤5%) metabolised by the centrations of terfenadine that led to its withdraw-
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al.[22] Further studies on metabolism- and transport- exports drugs from cells (figure 1).[26-28,33] In gener-
mediated drug interactions will be helpful in guiding al, P-gp is an energy-dependent pump with broad
drug discovery programmes[23,24] and may aid in the substrate specificity that expels primarily large ca-
physician’s ability to increase the effectiveness of tionic or neutral hydrophobic drugs from cells.[26,31]

drug therapy. As such, it can play an important role in determining
the plasma concentration of a drug, especially when

2.1 P-Glycoprotein liver metabolism is minimal. Examples of drugs that
act as substrates of P-gp are presented in table I.[33]

P-gp is a large cell-membrane protein (approxi-
For drugs that are substrates of P-gp, the netmately 170 kD)[2,25] that is responsible for the trans-

effect is that the drug is pumped back into theport of many substrates, including drugs.[26-28] It is
intestinal lumen, which results in lower plasma con-further classified as a member of the adenosine
centrations. The possible cooperative role of P-gptriphosphate (ATP)-binding cassette superfamily of
and CYP has been examined in the case of first-passtransport proteins (ABC transporters).[29] In humans,
extraction of substances in the intestinal lumen.[34]this transmembrane glycoprotein is encoded by the
Mechanistically, substances internalised into cellsABCB1 gene – also previously known as the mul-
are acted upon by CYP to a certain degree. Thetidrug resistance gene (MDR1), which was original-
amount of drug that may initially escape biotrans-ly discovered in drug-resistant neoplastic cells.[30,31]

formation is pumped back out into the intestinalThe human MDR1-encoded P-gp is a large, phos-
lumen where it may once again be absorbed, leadingphorylated, glycosylated protein that is 1280 amino
to another chance for an encounter with the cellularacids in length and molecularly organised as homol-
CYP. Cooperatively, this cyclic mechanism is anogous halves of 610 amino acids that are joined by a
effective means of reducing the amount of xenobiot-flexible connecting region of 60 amino acids.[28]

ic that reaches the bloodstream. Recent researchEach half of the P-gp monomer contains a hydro-
using human intestinal mucosa has confirmed thephobic domain comprising transmembrane-span-
colocalisation of P-gp and CYP3A4 protein in enter-ning segments and a hydrophilic domain containing
ocytes, including high P-gp content on the apicala nucleotide-binding site. The nucleotide-binding
surface. Moreover, intestinal concentrations of thesites can bind ATP and its analogues; both sites are
two target compounds were substantially higherimportant because inactivation of either site pre-
than in paired liver specimens from the same do-vents substrate-stimulated ATPase activity. Hydrol-
nor.[35] These findings support the notion that bothysis of ATP, with its associated liberation of energy,
CYP biotransformation and active efflux via P-gp inis critical for the function of P-gp.
the gut play a significant role in reducing oral drugAlthough P-gp expression was originally discov-
bioavailability.ered in tumour cells, it also occurs in many healthy,

Strategies to inhibit P-gp function are under in-normal tissues.[32] For example, P-gp is found in
vestigation in several areas, including antiretroviralhigh levels in the luminal membranes of renal proxi-

mal tubules, the surface cells of the medulla and
cortex of the adrenal gland, the biliary canalicular
membrane of hepatocytes, the apical surface of mu-
cosal cells in the small and large intestines, the
ductules of the pancreas and the astrocyte foot
processes of the blood-brain barrier.[2,28,31,32] Ac-
cordingly, the presence of P-gp in these tissues
suggests that the transmembrane protein likely facil-
itates excretion of substances into urine and bile and
into the intestinal lumen (i.e. reduced absorption)
and prevents excess accumulation in the brain.[28]

In addition to its role in healthy human tissues, P-
gp is recognised to operate as an efflux pump that

Intestinal
lumen

Intestinal
wall

Plasma

Substrate

Pgp

Fig. 1. Normal activity of the P-glycoprotein (P-gp) efflux mecha-
nism in the gastrointestinal tract.

 2005 Adis Data Information BV. All rights reserved. Drug Safety 2005; 28 (9)



P-Glycoprotein and OATP-Mediated Drug Interactions 793

with typical therapeutic concentrations following
standard administration in patients. Additionally,
some substances act as both inhibitors and inducers
of P-gp. One example is hypericum (St. John’s
wort), which initially inhibits P-gp and increases
substrate drug concentrations (e.g. fexofenadine)
but subsequently enhances production of P-gp and
thereby augments clearance of the substrate.[39]

In addition to the potential for either supra- or
sub-therapeutic bioavailability stemming from drug-
induced changes in P-gp activity, the genetic hetero-
geneity of P-gp expression further complicates the
clinical picture when agents acting on or through P-

Table I. Representative substrates of the P-glycoprotein transporter
family[2,33]

Drug class Specific agent(s)

Antihistamines Astemizole, fexofenadine, terfenadine

Cardiac glycosides Digoxin

Chemotherapy agents Dactinomycin, daunorubicin, doxorubicin,
etoposide, mitomycin, paclitaxel,
teniposide, vinblastine, vincristine

Cytotoxic agents Colchicine, emetine, ethidium bromide,
mitoxantrone, puromycin, trimetrexate

HIV protease inhibitors Indinavir, nelfinavir, ritonavir, saquinavir

Immunosuppressant Ciclosporin
agents

Miscellaneous Ivermectin, loperamide

Steroids Aldosterone, hydrocortisone,
dexamethasone, estrogen, progesterone gp are administered. A study by Kim et al.[40] identi-

fied substantial genetic heterogeneity of P-gp
therapy and oncology, for the purpose of increasing among European American and African American
concentrations of pharmacologic agents in target subjects. The investigators reported that the one
tissues and thereby improving drug effectiveness.[31] allele with enhanced activity was found in approxi-
In numerous tumour types, including chronic mye- mately 40% of European American subjects but
logenous leukaemia[36] and non-small-cell lung can- occurred in <20% of African American subjects.
cer,[37] resistance to chemotherapeutic agents has This finding suggests increased P-gp activity in cer-
been correlated with increased P-gp expression. tain populations, which might lead to excess efflux
Similarly, increased P-gp expression also known to activity of P-gp substrate drugs.[40] A host of single-
reduce the bioavailability of certain antiretroviral nucleotide polymorphisms (SNPs) in MDR1 have
agents and some compounds, such as nelfinavir, been identified in various racial and ethnic popula-
appear to directly inhibit P-gp activity.[38]

tions and are associated with altered drug concentra-
tions in, and susceptibility to, certain diseaseInterference with the normal transport function of
states,[41,42] though discordant findings on the conse-P-gp may lead to clinically significant increases or
quences of specific SNPs have been reported.[42] Thedecreases in serum drug concentrations. Drug inter-
prevalence of linkages between MDR1 SNPs mayactions may occur if P-gp activity is induced or

inhibited by a second drug (figure 2).[33] A list of explain the discrepancies in reports on the influence
agents known to alter P-gp activity can be found in of individual variations; haplotype identification
table II;[33] ketoconazole, erythromycin, verapamil may be critical to assessing the functional conse-
and ciclosporin are well known drugs that inhibit P- quences of MDR1 polymorphisms on P-gp activity
gp function.[2] Concomitant administration of a P-gp
inhibitor (e.g. ketoconazole) with a P-gp substrate
(e.g. fexofenadine) would be expected to lead to
abnormally increased plasma concentrations of the
substrate. Concurrent administration of a P-gp in-
ducer (e.g. rifampicin) with a P-gp substrate (e.g.
digoxin, fexofenadine) would be expected to reduce
the bioavailability of the substrate through dimin-
ished intestinal absorption, increased renal or biliary
clearance or a combination of these factors.[33] Inter-
ference with P-gp may be concentration-dependent
and it is important to compare drug concentrations
used in experimental in vivo and in vitro models

Intestinal
lumen

Intestinal
wall

Plasma

Inhibitor

Pgp

Substrate

Fig. 2. Effect of inhibition on the P-glycoprotein (P-gp) efflux mech-
anism.
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Table II. Selected inhibitors and inducers of P-glycoprotein (P-gp) function[2,33]

P-gp inhibitors P-gp inducers

Amiodarone Mefloquine Clotrimazole

Bepridil Mepacrine Galanin

Cefoperazone Nicardipine Hypericum (St John’s wort)a

Ceftriaxone Nifedipine Isosafrole

Clarithromycin Progesterone Kaempferol

Ciclosporin Propranolol Midazolamb

Diltiazem Quinidine Nifedipine

Dipyridamole Quinine Phenobarbital (phenobarbitone)

Erythromycin Tacrolimus Phenytoin

Fluphenazine Tamoxifen Quercetin

Hydrocortisone Trifluoperazine Reserpineb

Itraconazole Valinomycin Rifampicin

Ketoconazole Verapamil Troglitazone

a This agent causes initial inhibition and subsequent induction of P-gp.

b This agent can act as a P-gp inhibitor or inducer, depending on the concentration.

and, ultimately, disease susceptibility and drug dis- areas of high concentration to areas of low concen-
position.[43] tration and facilitate drug transport through ionic

bonding to substrate drugs (anionic drugs).[2] A
2.2 Organic Anion-Transporting Polypeptides number of genetic polymorphisms in human OATPs

have been uncovered that may have clinical rele-
Compared with P-gp, less is known about OATP vance for patients undergoing digoxin therapy and

structure and function. Nevertheless, OATPs, classi- in the treatment of certain cancers.[49]

fied in the group of solute carrier family proteins,
In contrast to the actions of P-gp, OATPs func-are a class of transmembrane proteins that are in-

tion primarily as drug-uptake pumps transportingvolved in the transport of endogenous substances,
drugs into cells (figure 3).[33] Interference withsuch as bile acids.[2] Additionally, this class of pro-
OATP through induction or inhibition of the trans-teins is gaining recognition for their role in drug
porter system may alter the disposition of a drug.absorption and excretion.[18,44] One must now con-
Many endogenous substances and a wide variety ofsider the impact of metabolism (CYP-mediated drug
drug classes are substrates of OATP.[2] Furthermore,biotransformation), P-gp-mediated drug efflux and
many agents that affect P-gp function also affectOATP-mediated uptake when making assessments
OATP activity. Ketoconazole, erythromycin and va-of drug absorption and distribution. The first human
rious fruit juices containing bioflavonoids or ber-OATP to be identified shares approximately 67%
gamottin (e.g. grapefruit, orange and apple) are nowamino acid sequence homology with the previously
known to be inhibitors of OATP.[50] Table IV listsidentified rodent liver protein.[45] Since that time,
several substrates and inhibitors of OATP.[2] Takinggenomic and functional analyses have identified
into consideration the tissue and cellular localisationnumerous isoforms of OATPs from different tissues
of OATPs and the overall direction of solute move-(table III), and work continues on elucidating their
ment from intake through excretion, the net effect ofnormal cellular function and the role each may have
OATP inhibition on an OATP substrate can be a netin drug interactions.[2,18,46] Although less is known
increase or decrease in plasma concentrations. Forabout OATPs in humans, the distribution of OATPs
instance, in the case of inhibiting enterocyte OATPs,in rats suggests that they are widespread. Similar to
initial absorption would be diminished, leading to aP-gp, OATPs are expressed in human intestine, liv-
lowered plasma concentration of substrate. Howev-er, kidney and brain tissues.[47-49] Unlike P-gp,
er, inhibition may result in an increased plasmaOATP-mediated transport does not require hydroly-
concentration, for instance in the case of inhibitionsis of ATP.[2] OATPs typically pump drugs from

 2005 Adis Data Information BV. All rights reserved. Drug Safety 2005; 28 (9)



P-Glycoprotein and OATP-Mediated Drug Interactions 795

occurring on the basolateral surface of hepatocytes
(figure 4).

Overall, the net bioavailability of a drug or sub-
stance is affected by the relative contributions of
cellular efflux (P-gp) and influx (OATP) mecha-
nisms and to what extent these systems are active
during phases of uptake and absorption versus re-
moval and excretion from the body.

3. Clinical Implications of
Transporter-Mediated Drug Interactions

Many drug interactions are the consequences of
inhibition or induction of CYP enzymes. However,
recent evidence from in vitro and in vivo studies
suggests that P-gp- and OATP-mediated drug inter-
actions are clinically important. Drugs that alter the
activity  of  drug  transporters  are known to affect
the bioavailability of concomitantly administered
drugs.[2,4,27] Recognition of drug transporter-medi-
ated drug reactions that produce negative clinical
outcomes (i.e. decreased tolerability or effective-
ness) should help guide pharmacotherapy and im-
prove patient care. Ultimately, awareness of con-

Intestinal
lumen

Intestinal
wall

Plasma

Substrate

OATP

Hepatic 
filtration

Sinusoidal
membrane

Portal 
circulation (plasma)

Bile Excretion

a

b

Fig. 3. Normal activity of the organic anion-transporting polypeptide
(OATP) influx mechanism in the (a) gastrointestinal tract and (b)
liver.

comitant medications and foods that precipitate
these reactions is the responsibility of the treating

transported by P-gp, which leads to active expulsionphysician. Clinically relevant effects of interference
of these drugs from cells.[51-53] Saquinavir, ritonavir,with the P-gp and OATP transport systems on drug
nelfinavir and indinavir have all been shown todisposition for several therapeutic classes are dis-
interact with P-gp and MDR1, thus limiting thecussed herein.
cellular permeability of each agent.[52-54] Kim et
al.[55] demonstrated that the in vitro interaction of3.1 Antiretroviral Therapy
protease inhibitors and P-gp was responsible for

The role of P-gp transporter systems in drug reduced CNS penetration of antiretroviral agents.
disposition has been studied extensively in patients Decreased oral bioavailability of the protease inhibi-
with HIV infection. Current evidence suggests that tors has been explained based on P-gp-mediated
all protease inhibitors used to treat HIV infection are efflux from the intestinal mucosa.[56] It has been

hypothesised that P-gp may be responsible for sub-
therapeutic intracellular concentrations of the prote-
ase inhibitors in CD4 T lymphocytes and mono-
cytes.[53,54,57] Expression of P-gp in the placenta also
appears to limit penetration of protease inhibitors
into the fetus, which possibly increases the risk for
infection in the newborn.[54]

When expression of P-gp is high, antiretroviral
efficacy may be reduced by limited absorption of the
protease inhibitors from the small intestine, large
intestine and key target cells or tissues. Current
research suggests that the administration of drugs

Table III.  List of some human organic anion-transporting polypep-
tides (OATPs), gene symbols and tissue distribution[49]

Common name Gene family Tissue distribution
of transporter name

OATP-A SLC21A3 Brain

OATP-C SLC21A6 Liver

OATP-8 SLC21A8 Liver

OATP-B SLC21A9 Kidney, liver, brain, small
intestine

OATP-F SLC21A14 Brain

OATP-D SLC21A11 Ubiquitous

OATP-E SLC21A12 Ubiquitous
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channel antagonists, calmodulin antagonists (e.g.
trifluoperazine), cyclic peptides and steroids.[60]

Many of these first-generation, P-gp-modulating
agents have intrinsic immunosuppressive properties
or an unacceptable toxicity profile because they are
administered in high doses. Second-generation
agents (e.g. dexverapamil and PSC 833), which are
more potent and less toxic, were subsequently de-
veloped.[60] Recently, third-generation P-gp modula-

Table IV. Selected  substrates  and inhibitors  of  organic  anion-
transporting polypeptide (OATP) function[2,50]

OATP substrates OATP inhibitors

Digoxin Bioflavonoids, apple juice,

Enalapril grapefruit juice, orange juice

Fexofenadine Erythromycin

Hydrocortisone Ketoconazole

Pravastatin, lovastatin

Ritonavir, nelfinavir,
saquinavir

tors that are considered to be more selective (i.e. P-
gp-specific inhibitors) have been developed. A pre-

that block P-gp function may improve treatment liminary phase I study reported that the combination
outcomes in patients infected with HIV who are of paclitaxel and biricodar (VX-710, a third-genera-
treated with protease inhibitors.[54] However, further tion inhibitor of P-gp expression) was safe and re-
data are needed to support this contention. Interest- duced the systemic clearance of paclitaxel.[64] Al-
ingly, a developing line of research suggests that though biricodar optimised the pharmacokinetic dis-
increased P-gp activity in CD4+ T cells may inhibit position of paclitaxel, it is unknown whether this
viral replication.[58]

combination permits full chemosensitisation. In the
One interesting approach to the inhibition of P-gp case of chemotherapy, identification of a potent,

has been low-dose administration of one protease specific and safe P-gp inhibitor may reduce mul-
inhibitor to optimise the overall bioavailability of a tidrug resistance and enhance the bioavailability of
second protease inhibitor.[59] It may be beneficial to the chemotherapeutic P-gp substrate. Additionally,
administer protease inhibitors concomitantly with it may lead to increased drug concentrations in tu-
agents directed to specifically reduce P-gp activity, mour tissue and to improved outcomes.
but large controlled clinical trials are required for
confirmation. Collectively, the data suggest that the 3.3 Use of Antihistamines
efficacy of antiretroviral therapy may be compro-

It is now recognised that the disposition of somemised when other drugs that modulate P-gp function
antihistamines is affected by drug-transporting pro-are given concurrently (table II).[2,33]

teins. This observation is most apparent with fex-
ofenadine, an antihistamine that is minimally3.2 Haematology/Oncology
metabolised.[17]

The clinical significance of drug-transporting Ketoconazole and erythromycin have been re-
proteins has been studied extensively in the fields of ported to increase the plasma concentrations and
haematology and oncology. It is well known that P- bioavailability of fexofenadine.[17] Following ad-
gp is widely prevalent in clinical tumours; P-gp ministration of fexofenadine 120mg twice daily
overexpression has been demonstrated during diag- (twice the recommended dosage) with erythromycin
nosis and relapse.[60] Furthermore, P-gp expression 500mg every 8 hours, the steady-state area under the
may be induced after chemotherapy and lead to plasma concentration-time curve (AUC) of fexofe-
cellular resistance.[61] Administration of P-gp inhibi- nadine increased by 109%.[17] Similarly, increased
tors to increase cellular concentrations of anticancer absorption of fexofenadine (164%) was found after
therapy is a relatively new approach to managing concomitant administration with ketoconazole 400
various types of neoplasms. Favorable results (i.e. mg/day.[17] Further evaluation of these data in vitro,
increased survival) with P-gp inhibitors have been in situ and in animal models has provided evidence
reported in the treatment of metastatic breast cancer that ketoconazole and erythromycin enhance the
and acute myeloid leukaemia.[62,63] absorption of fexofenadine through a net inhibition

of P-gp.[17]Many potential inhibitors of P-gp and MDR1
have been tested in patients with cancer as part of St. John’s wort, a herbal antidepressant, also
the chemotherapy regimen. These include calcium appears to affect the bioavailability of fexofenadine
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by interfering with P-gp activity. In a clinical study, fexofenadine. It was noted recently that the adminis-
a significant (50%) reduction in the bioavailability tration of eight ounces of grapefruit juice three times
of fexofenadine was observed in healthy subjects a day for 2 days followed by oral fexofenadine
after the administration of St. John’s wort 900 mg/ resulted in a significant reduction in maximum con-
day for 12 days.[65] A second study reported that centration (Cmax) of fexofenadine and AUC values
peak fexofenadine concentrations were increased by (30%).[69] The reduced bioavailability of fex-
58% after a single 900mg dose of St. John’s wort, ofenadine following grapefruit juice consumption
caused by an initial acute inhibition of P-gp fol- appears to be caused by a net inhibition of OATP by
lowed by induction of P-gp, thereby augmenting the citrus bioflavonoids or bergamottin. Similar find-
clearance of fexofenadine.[66] Rifampicin and trog- ings suggest that other fruit juices (e.g. orange and
litazone are two other examples of drugs that affect apple) can decrease the overall absorption of fex-
the bioavailability of fexofenadine by interfering ofenadine, which is exemplified by a 70–75% re-
with P-gp activity. It has been reported that the duction in fexofenadine bioavailability when admin-
clearance of fexofenadine was increased when it istered following consumption of 1200mL grape-
was coadministered with rifampicin.[67] Similarly, fruit, apple or orange juice compared with a similar
coadministration of troglitazone and fexofenadine volume of water.[70] The effect was dose dependent;
yielded a 40% reduction in fexofenadine bioavai- 25% grapefruit juice yielded a lesser reduction in
lability.[68] These interactions are likely related to P- bioavailability than full-strength grapefruit juice. It
gp induction. has been shown in rats that Oatp3 is capable of

fexofenadine uptake. Although the relevant humanCertain fruit juices can act as inhibitors of OATP,
OATP has not yet been definitively identified, thesehaving the opposite effect (compared with keto-
data support the role of OATP for the intestinalconazole and erythromycin) on the disposition of
uptake of fexofenadine in humans.[70] Administra-
tion of fexofenadine 180mg as a single dose after 7
days of a high-salt diet (400 mEq/day) reduced the
bioavailability of fexofenadine by 40% compared
with administration after 7 days of a low-salt diet
(10 mEq/day), which is consistent with an intestinal
absorptive environment containing highly charged
molecules that may limit the activity of OATP.[71]

Although the clinical consequences of these food
interactions with fexofenadine have not been fully
explored, it is possible that reduced bioavailability
of fexofenadine may compromise its efficacy. Inter-
actions of fexofenadine resulting in a 40% reduction
in bioavailability, such as the interaction of fex-
ofenadine with magnesium- and aluminum-contain-
ing antacids consequent to an acid-base interaction
(fexofenadine is an organic acid originally named
terfenadine carboxylate), are noted in its product
labelling as situations to avoid because of concerns
that reduced drug bioavailability will compromise
clinical efficacy.[16] A similar advisory is included in
the fexofenadine 60mg/pseudoephedrine 120mg
product insert to avoid concurrent use with food
because a high-fat meal may decrease fexofenadine
bioavailability with this combination by 42%.[16]

These concerns about decreased bioavailability of
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Fig. 4. Effect of inhibition on the organic anion-transporting poly-
peptide (OATP) influx mechanism in the (a) gastrointestinal tract
and (b) liver.
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fexofenadine inducing suboptimal clinical efficacy action of digoxin and verapamil is considered to
are based on dose-ranging studies wherein fex- result from decreased renal tubular secretion via
ofenadine 40mg twice daily was less clinically con- blockage of P-gp. Treatment with ciclosporin also
sistent in relieving symptoms of allergic rhinitis than inhibits the P-gp-mediated transport of digoxin.[80]

fexofenadine 60mg twice daily.[72] In studies of digoxin and carvedilol, transcellular
transport of digoxin was increased in MDR1-expres-In contrast to fexofenadine, the bioavailability of
sing porcine kidney epithelial cells[81] while in adesloratadine, a newer antihistamine, was unaltered
small patient study, concomitant carvedilol adminis-following grapefruit juice consumption.[67] Addi-
tration increased digoxin Cmax and increased renaltional data collected in healthy volunteers have
clearance.[82]demonstrated the absence of clinically important

drug-drug or drug-food interactions with deslorata- Recently, coadministration of digoxin and high-
dine and agents that inhibit or induce CYP or active dose atorvastatin (80mg) was associated with ele-
transport systems. These included erythromycin,[73] vated steady-state digoxin levels (20%) and in-
ketoconazole,[74] azithromycin,[75] cimetidine,[76] creased bioavailability (15%).[83] Because renal
fluoxetine[76] and grapefruit juice.[69] Accordingly, clearance of digoxin was unaffected, the authors
desloratadine did not appear to have a high hypothesised that the increased digoxin concentra-
probability of being affected by CYP-, P-gp- or tions stemmed from the inhibition of digoxin secre-
OATP-mediated drug interactions.[69] tion into the intestinal lumen by atorvastatin. This

was confirmed with the use of an in vitro model
3.4 Other Therapeutic Areas system. Further investigation corroborated that the

inhibition of intestinal P-gp was the probable mech-Clinically significant drug interactions involving
anism for some drug interactions with digoxin be-drug-transport mechanisms in other areas of
cause the renal clearance of the drug was not al-medicine have also been identified. Loperamide, a
tered.[84] In this study, rifampicin was shown tosubstrate for P-gp, has been found to produce respir-
increase intestinal P-gp 3.5-fold, with a subsequentatory depression in the presence of quinidine, a
30% reduction in digoxin bioavailability.[84]

known P-gp inhibitor.[77] In a study of healthy vol-
unteers, inhibition of P-gp-mediated efflux by quini- 4. Conclusions
dine 600mg led to increased loperamide plasma
concentrations and, presumably, higher CNS pene- Disposition of a drug (i.e. the amount found in
tration with resultant respiratory depression.[77] No- plasma and tissues) depends on the net effects of
tably, respiratory depression was not observed when metabolism and active transport. These parameters
loperamide was given alone. Although this particu- are influenced by the activity of the CYP enzyme
lar interaction raises safety concerns, it further high- system and active transport systems, respectively.
lights the possibility of a novel approach that can be Coadministration of drugs or foods, or both, that
used to improve delivery of some drugs to the brain alter the function of these systems or are substrates
(e.g. antiretroviral agents). of these systems can result in drug-drug and drug-

food interactions. The role of P-gp and OATP inDigoxin plasma concentrations have been noted
drug interactions has only been appreciated recentlyto be dependent on P-gp-mediated apical transport
and much remains to be learned about these novelin the renal epithelial cell membranes.[28] Inhibition
transporter proteins. It appears that interference withof P-gp was deemed responsible for several interac-
P-gp or OATP, either as upregulation or inhibition,tions with digoxin, a P-gp substrate. The mechanism
may affect plasma drug concentrations by alteringof the well-known interaction between digoxin and
intestinal absorption, proximal renal-tubular excre-quinidine (i.e. increased digoxin concentrations and
tion or biliary excretion.potential cardiotoxicity) has been attributed to P-gp

inhibition.[78] Concomitant administration of digox- Many drugs that influence transporter systems
in and verapamil, a P-gp inhibitor, is also associated also interact with CYP isoenzymes. Therefore, it is
with increased digoxin plasma concentrations and possible that drug interactions that were previously
the potential for digoxin intoxication.[79] The inter- attributed to CYP enzymes may be caused by inter-
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