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Abstract

Understanding transporter-mediated drug—drug interactions (DDIs) for investigational agents is important during drug devel-
opment to assess DDI liability, its clinical relevance, and to determine appropriate DDI management strategies. P-glycoprotein
(P-gp) is an efflux transporter that influences the pharmacokinetics (PK) of various compounds. Assessing transporter induc-
tion in vitro is challenging and is not always predictive of in vivo effects, and hence there is a need to consider clinical DDI
studies; however, there is no clear guidance on when clinical evaluation of transporter induction is required. Furthermore,
there is no proposed list of index transporter inducers to be used in clinical studies. This review evaluated DDI studies with
known P-gp inducers to better understand the mechanism and site of P-gp induction, as well as the magnitude of induction
effect on the exposure of P-gp substrates. Our review indicates that P-gp and cytochrome P450 (CYP450) enzymes are co-
regulated via the pregnane xenobiotic receptor (PXR) and the constitutive androstane receptor (CAR). The magnitude of
the decrease in substrate drug exposure by P-gp induction is generally less than that of CYP3A. Most P-gp inducers reduced
total bioavailability with a minor impact on renal clearance, despite known expression of P-gp at the apical membrane of the
kidney proximal tubules. Rifampin is the most potent P-gp inducer, resulting in an average reduction in substrate exposure
ranging between 20 and 67%. For other inducers, the reduction in P-gp substrate exposure ranged from 12 to 42%. A lower
reduction in exposure of the P-gp substrate was observed with a lower dose of the inducer and/or if the administration of the
inducer and substrate was simultaneous, i.e. not staggered. These findings suggest that clinical evaluation of the impact of
P-gp inducers on the PK of investigational agents that are substrates for P-gp might be warranted only for compounds with

arelatively steep exposure—efficacy relationship.
Key Points

The magnitude of the decrease in substrate drug expo-
sure by P-gp induction is generally less than that of
CYP3A. Most P-gp inducers increased total bioavailabil-
ity with minor impact on renal clearance.

Rifampin is the most potent P-gp inducer resulting in
average reduction of substrate exposure ranging between
20 and 67%. For other inducers, the reduction in P-gp
substrate exposure ranged from 12 to 42%.

A lower reduction in exposure of the P-gp substrate was

observed with a lower dose of the inducer and/or if the
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1 Introduction

1.1 P-Glycoprotein (P-gp) Expression and its Role
in Major Excretory Organs

P-glycoprotein (P-gp), also known as multidrug resistance
protein 1 (MDR1), is an efflux transporter that influences the
absorption, distribution, and elimination of a variety of com-
pounds. P-gp is expressed on apical membranes of various
cells, such as those with excretory functions (e.g. hepato-
cytes and renal proximal tubular cells) [1], enterocytes [2],
and brain capillary endothelial cells [3]. In these organs,
P-gp functions to (1) limit drug absorption from the intestine
to the systemic circulation with orally administered drugs;
(2) limit penetration of drugs across the blood—brain barrier
[3]; and (3) facilitates hepatobiliary and renal drug efflux.
Therefore, the primary role of P-gp is to limit the systemic
exposure of its substrates [4], and coadministration of a
drug that inhibits or induces P-gp may increase or decrease,
respectively, the systemic exposure of P-gp substrates [5].

1.2 Challenges with Characterizing
Transporter-Mediated Drug-Drug Interactions

Assessing the drug—drug interaction (DDI) liability of inves-
tigational agents is an important component of drug develop-
ment that involves characterization of the magnitude of the
effect, the clinical relevance, and appropriate management
strategies. Clinical evaluation of DDIs for an investigational
agent as either a perpetrator or a victim involves the coad-
ministration of sensitive substrates or potent modulators of
particular pathways, respectively.

A clear classification of ‘index’ substrates/perpetrators
is available for drug-metabolizing enzymes (DMEs), par-
ticularly cytochrome P450s (CYPs). For drug transporters,
although there have been some initial attempts to classify
substrates/perpetrators [5], there is no widely accepted clas-
sification, given that index perpetrators specific to a given
transporter are largely not available. Therefore, the strategy
for clinical characterization of transporter-mediated DDIs
for investigational drugs that are substrates for transport-
ers requires consideration of several factors, including the
selectivity and/or sensitivity of the substrate/perpetrator for
a given drug transporter, the site of action of the investi-
gational drug (e.g. whether tissue uptake is necessary for
the pharmacological effect, such as hepatic OCT1 for met-
formin), whether the investigational drug must be kept out
of sequestered tissues to avoid toxicity, the elimination path-
ways of the investigational drug, likely concomitant drugs,
and the safety profile of the substrate [6].
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1.3 Effect of P-gp Inducers on P-gp Substrates

In theory, P-gp induction in the intestine, kidney, and periph-
eral tissues could reduce drug bioavailability, increase
renal clearance, and reduce peripheral tissue distribution,
respectively. The DDI potential of an investigational agent
is initially evaluated in vitro; however, assessing transporter
induction via in vitro methods is challenging. First, the quan-
titative relationship between transporter function and mes-
senger RNA (mRNA) levels is not well understood. Levels
of mRNA are highly variable and poorly correlated with
protein expression [7, 8] and/or function of transporters
[9]. Recent reports elucidated the role of microRNAs, short
noncoding RNAs, which inhibit the translation of mRNA
into proteins. These microRNAs could contribute to the
discrepancy observed upon treatment with P-gp inducers,
which result in significant increases in the mRNA of human
encoding P-gp genes (ABCBI/MDRI), yet only modest
to no effect on P-gp protein levels are observed [10, 11].
Although membrane protein expression is considered a bet-
ter indicator of transporter function, the magnitude of the
increase in protein expression is often a few times higher
than the increase in function [12]. This discrepancy may
be explained by the prominent role of post-transcriptional
regulation of transporters (e.g. glycosylation) and the impor-
tance of transporter localization in determining transporter
function [13-16]. Second, no validated in vitro systems are
available for adequately characterizing transporter induction.
Therefore, the results of in vitro studies for the evaluation of
transporter induction are typically not informative for in vivo
predictions.

The US FDA draft guidance suggests a staged approach
to the clinical evaluation of the transporter induction poten-
tial of an investigational agent, which should be consid-
ered only if the investigational agent is shown to clinically
induce CYP3A. The need and design for such clinical stud-
ies should be discussed with health authorities [6]. However,
the guidance does not discuss conditions where evaluation of
the impact of transporter inducers on the exposure of inves-
tigational drugs that are substrates for transporters would
be needed [6]. Furthermore, it should be noted that there is
no proposed list of index P-gp inducers to be used in such
studies. Therefore, this review aimed to evaluate DDI stud-
ies with known P-gp inducers in an effort to provide insight
into the mechanism and site of P-gp induction, as well as the
magnitude of effect on pharmacokinetic (PK) exposure of
P-gp substrates, to fill an important knowledge gap. Finally,
high-level recommendations on the design of P-gp induc-
tion DDI studies and the clinical relevance of P-gp induc-
tion were provided based on the collective evaluation of the
published P-gp induction studies.
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2 Literature Search

In this review, the mechanism of P-gp induction and co-
regulation with other drug transporters and drug metaboliz-
ing enzymes are discussed. The available literature on DDI
studies with P-gp inducers coadministered with known P-gp
substrates were examined to provide more insight into the
magnitude of the interaction and the differential effect of
P-gp induction in the intestine, renal tubules, and poten-
tially in hepatocytes. Given the lack of validated in vitro
systems for evaluating transporter induction, the P-gp induc-
ers in scope for this review were limited to those with avail-
able clinical data. The review was also limited to sensitive
P-gp substrates (i.e. those with a greater than or equal to
twofold increase in exposure when coadministered with a
P-gp inhibitor). For rifampin, only studies where rifampin
administration was staggered relative to the P-gp substrate
administration was included in this review since rifampin
is a mixed inhibitor/inducer of P-gp. Coadministration of
rifampin during the absorption phase of the P-gp substrate
may lead to intestinal P-gp inhibition, thus confounding the
assessment of potential P-gp induction [17, 18]. Although
other inducers have also been shown to inhibit P-gp in vitro,
the effect of staggering the inducer dosing relative to the
substrate is not understood and/or has not been established;
therefore, for inducers other than rifampin, studies with both
staggered administration and those with concomitant admin-
istration of the P-gp inducer and substrate were included in
the review. This review represents a non-systematic, nar-
rative review of relevant articles on this topic published in
databases such as the PubMed interface of MEDLINE and
using keywords such as P-glycoprotein, induction, pregnane
xenobiotic receptor (or PXR), constitutive androstane recep-
tor (or CAR), or P-glycoprotein substrates, etc. [19].

3 Key Findings
3.1 Mechanism of P-gp Induction

Both the PXR and CAR are nuclear receptors that are acti-
vated by a structurally diverse spectrum of xenobiotics [20].
After activation, they bind to transcriptional binding sites for
several DMEs [21, 22] and drug transporters [23], leading
to increased expression of these proteins.

Binding of PXRs and/or CARs to the DR4 motif in the
human ABCB1/MDRI promoter leads to increased transcrip-
tion of P-gp [20]. The expression of various DMEs and key
transporters are co-regulated via PXRs and/or CARs.

PXRs and/or CARs can regulate the expression of phase
I enzymes (e.g. CYP2B6, CYP2C9, CYP2C19, CYP3A4,

and CYP3AS), phase Il enzymes (e.g. uridine diphosphate-
glucuronosyltransferase (UGT) 1A1 and and glutathione
S-transferase (GST)), and drug transporters including P-gp
and MRP2 [20]. Other human transporters, such as bile salt
export pump (BSEP) and sodium taurocholate co-transport-
ing polypeptide (NTCP) were also upregulated by rifampin
treatment [24], suggesting possible roles of PXRs and/or
CARs in regulating the expression of these transporters.

CAR and PXR expression appears to be tissue-specific,
and the expression pattern of PXR and CAR in different
organs could elucidate the role of P-gp induction in DDIs.
Both PXR and CAR are expressed in the liver and have
been established as a key regulator of CYP3A [22, 25] and
CYP2(C9 expression [26, 27]. PXR/CAR-mediated induc-
tion of P-gp, which is also expressed on the bile canalicular
membrane, may potentially increase the biliary excretion of
P-gp substrates [28, 29].

CARs have little extrahepatic expression, however PXRs
are expressed in the intestine, where they are thought to play
a key role in regulating the expression of P-gp, breast cancer
resistance protein (BCRP), and organic anion transporting
polypeptide (OATP) 1A2 [20, 30]. Therefore, PXR-mediated
P-gp induction in the intestine may limit the absorption of
P-gp substrates.

PXR expression in normal human proximal tubular kid-
ney (NHPTK) cells was significantly lower than in human
liver cancer cell lines, and HepG2 cells, which were used
as a control known to express low levels of PXRs [31]. In
NHPTK cells, the expression of PXR-dependent genes,
including CYP3A4, MRP2, and MRP4, was not significantly
induced by rifampin [31]; therefore, the impact of PXR acti-
vation on the induction of PXR-dependent transporters in the
kidney, including P-gp, may be limited.

3.2 P-gp Substrates

This review was limited to sensitive P-gp substrates (fex-
ofenadine, dabigatran etexilate, digoxin, and talinolol).
Digoxin, fexofenadine, and dabigatran etexilate are listed
by the FDA as clinical substrates for P-gp to be used in clini-
cal DDI studies [32]. The PK properties of sensitive P-gp
substrates in scope, together with their Biopharmaceutics
Drug Distribution and Classification System (BDDCS),
are discussed in the following section and summarized in
Table 1. The BDDCS replaces the permeability character-
istics in the Biopharmaceutics Classification System (BCS)
by route of elimination, where highly permeable BCS class
1 and 2 compounds are mainly eliminated by metabolism,
while low permeability class 3 and 4 compounds are mainly
eliminated by biliary or renal excretion of unchanged drug.
The BDDCS enables general predictions of the role of trans-
porters in drug disposition. BDDCS class 1 compounds are
expected to have minimal transporter effects, and classes 2—4
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Table 1 Pharmacokinetic properties of P-gp substrates commonly used in clinical drug—drug interaction studies

P-gp substrate Absorption Distribution Elimination Half-life ~ PK linearity BDDCS References
classifica-
tion
Digoxin Thax=1-3h Vd~6 L/kg 50-70% renal 1.5-2 days Linear 3 [55, 56]
F=60-80% fu ~70% excretion
Fexofenadine Thax=2.6h Vd=5.4-58L/kg 5% metabolized, 144h Linear up to a total 3 [57, 58]
F=approximately fu=30-40% 11% renal excre- daily dose of
33% tion, 80% in feces 240 mg
(could be unab-
sorbed or biliary
excretion)
Dabigatran etex- F=3-7% Vd=0.625- Esterase-catalyzed 12-17h  Linear 10400 mg 1 [59]
ilate Thx=1h 0.875 L/kg hydrolysis to
fu=65% dabigatran
(active)
Talinolol Thax=32h Vd=33+0.5L/kg 57% renal clear- 119h Dose-dependent 3 [60, 61]
F=55% fu=45% ance and 43% absorption (non-

non-renal clear-

linear)

ance (could be
biliary elimina-
tion); metabolic
clearance is only
minimal (< 1%)

P-gp P-glycoprotein, PK pharmacokinetic, BDDCS Biopharmaceutics Drug Distribution and Classification System, F' oral bioavailability, fu

fraction unbound, 7,,,,,

compounds are expected to be influenced by efflux transport-
ers, with class 3 agents also expected to be influenced by
uptake transporters [33-35].

3.2.1 Digoxin

Digoxin is used to treat heart failure and atrial fibrillation,
and is a BDDCS class 3 compound [34]. Digoxin is an
attractive probe substrate due to the following reasons: sensi-
tivity to P-gp transport across a wide range of concentrations
(i.e. large dynamic range), commercially available as radi-
olabeled drug, and a clinically meaningful probe substrate
(narrow therapeutic index). Other transporters involved in
the hepatic disposition of digoxin include OATP8 [36],
sodium-dependent pathways [37], and organic solute trans-
porter (OST) o/ [38, 39].

3.2.2 Fexofenadine

Fexofenadine is an antihistamine used to relieve allergy
symptoms, and is a BDDCS class 3 compound [34]. P-gp
plays a major role in the efflux of fexofenadine in the small
intestine and blood-brain barrier, but only a limited role
in its biliary excretion in rodents and humans [40, 41]. In
mice, fexofenadine is excreted into bile primarily by multi-
drug resistance-associated protein (MRP) 2 (also known as
ABCC2) [42], multidrug and toxin extrusion 1 (MATE1)
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time to maximum systemic concentration, Vd volume of distribution

[43] and/or BSEP [44]. Basolateral transporters such as
OATPI1B3, 1A2, and 2B1, MRP3, and MRP4 are also
involved in the uptake and efflux of fexofenadine [45—48].

3.2.3 Dabigatran Etexilate

Dabigatran etexilate is an oral prodrug that is rapidly con-
verted to dabigatran (active), a thrombin inhibitor, result-
ing in very low dabigatran etexilate plasma exposure.
Dabigatran etexilate, but not dabigatran, is a substrate for
P-gp. Therefore, changes in dabigatran exposure reflects an
alteration in P-gp function at the intestine [49]. Although
administered as dabigatran etexilate, it is also important
to know the mechanism of elimination for dabigatran,
as it is dabigatran and not dabigatran etexilate concen-
trations that are assessed in plasma. Dabigatran is a sub-
strate for the renal transporters, OCT2 [50], MATEI, and
MATE2K [51]. Previous DDI studies have indicated that
dabigatran etexilate (as measured by total plasma dabi-
gatran, i.e. dabigatran and free glucuronides) is a sensi-
tive in vivo P-gp probe, although dabigatran etexilate is
classified as BDDCS class 1, however this classification
could be driven by the fact that it is a prodrug that is exten-
sively metabolized to form the active metabolite [34]. The
active metabolite, dabigatran, belongs to BDDCS class
4 [35]. Dabigatran etexilate demonstrated relatively low



Effect of P-glycoprotein (P-gp) Inducers on Exposure of P-gp Substrates 703
Table 2 P-gp inducers with clinical drug—drug interaction studies with P-gp substrates
P-gp inducer Dosing regimen used in DDI ~ Staggered dosing Half-life (h) T, (h) Mechanism of induction References
studies with P-gp substrate  relative to P-gp
substrate
Rifampin 600 mg qd or 300 mg bid for Yes 2.5 2 Strong PXR agonist [62-68]
6-16 days
Phenytoin 0.2 g for 15 days No 23-69° 3-12*  Strong CAR agonist, weak ~ [69-73]
PXR agonist
Carbamazepine Total daily doses of Yes [74]/mno [75,76] 35 2-3 Strong CAR agonist, weak [74-81]
300-600 mg. Doses were PXR agonist
administered as 600 mg qd,
300 mg bid, or 100 mg tid
St. John’s wort extract 300 mg tid standardized to Yes [82]/no [65, 83] 4.5° 17° Strong PXR agonist [65, 82-84]
contain 3% hyperforin
Rifabutin 300 mg qd for 20 days Yes 45 2.5-3  PXR agonist [75, 85]
Quercetin 500 mg daily to 1.5 g daily Yes [86]/no [87] 3.5 3 PXR and CAR agonist [86-89]
(500 mg tid) for 7-13 days
Curcumin 600 mg daily (200 mg tid) or Yes [90]/no [91] 0.5¢ NA® PXR agonist [90-93]

1 g qd for 6-14 days

P-gp P-glycoprotein, DDI drug—drug interaction, 7,

max

time to maximum systemic concentration, bid twice daily, gd once daily, TID three times

daily, NA not available, PXR pregnane xenobiotic receptor, CAR constitutive androstane receptor, COG curcumin-O-glucuronide

 After a single dose of phenytoin
Based on hyperforin pharmacokinetic parameters

“Based on COG, a major metabolite of curcumin. Plasma levels of parent curcumin were below the detection limit

variability together with a good safety profile, which
makes it a promising P-gp probe substrate [52].

3.2.4 Talinolol

Talinolol is a selective f1-adrenoceptor antagonist, and is
a BDDCS class 3 compound [34]. Talinolol is a substrate
for P-gp [53], OATP1A2, and OATP2B1 [54].

3.3 P-gp Inducers

P-gp inducers in scope for this review were those with avail-
able clinical DDI data studied using an in vivo probe P-gp
substrate, including rifampin, phenytoin, curcumin, carba-
mazepine, genistein, St. John’s wort extract, quercetin, and
rifabutin. The PK properties of P-gp inducers and the poten-
tial mechanism of P-gp induction are described in Table 2.

Table 3 summarizes the design and results of clinical DDI
studies in scope for this review. Only inducers associated
with a >20% reduction in exposure of P-gp substrates are
discussed.

3.3.1 Rifampin

Several studies investigated the effect of rifampin adminis-
tration on the exposure of P-gp probe substrates, including

digoxin, talinolol, fexofenadine, and dabigatran [62-64, 67,
68]. Collectively, the results of these studies showed that
the mean decrease in the overall exposure of P-gp substrates
ranged from 20 to 67% when coadministered with rifampin
(Table 3), with impacts on dabigatran and fexofenadine
exposure greater than that observed with digoxin and talin-
olol. These data suggest that P-gp induction by rifampin is
more evident in the enterocytes compared with the renal
proximal tubules, as explained in this section.

Rifampin treatment induced intestinal ABCB1/MDRI
mRNA levels, which was associated with increased P-gp
expression by 4.2-fold and 3.5-fold, as assessed via semi-
quantitative methods using Western blot and immunohis-
tochemistry, respectively [63, 64]. In these studies, the
duodenal content of P-gp from gut biopsies was highly
inversely correlated to digoxin and talinolol systemic
exposure, demonstrating the predominant impact on
intestinal P-gp [63, 64]. These results suggest that three
to fourfold increases in intestinal P-gp abundances by P-gp
inducers result in maximal effect in reduction of exposure
of the P-gp substrate when administered orally [94], given
that rifampin appears to be the strongest P-gp inducer stud-
ied to date.

Rifampin coadministration reduced the C,,,, of the
orally administered P-gp substrates by 19-69.5% [63, 64,
66]. Renal clearance was unchanged with rifampin, indi-
cating that the effect of rifampin was mainly on absorp-
tion [63, 64]. The reduction in dabigatran area under the
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concentration-time curve from time zero to infinity (AUC
«) can be explained by reduced dabigatran bioavailability,
given that the reduction in AUC_ was accompanied with a
similar approximately threefold increase in both apparent
clearance (CL/F) and apparent volume of distribution during
the terminal phase (Vz/F), suggesting no change in half-
life (¢,,) with rifampin treatment [67]. Similarly, rifampin
coadministration resulted in little to no impact on digoxin
or talinolol terminal 1, [63, 64].

The rifampin/digoxin and rifampin/talinolol DDI stud-
ies also evaluated the effect of multiple doses of rifampin,
administered orally, on digoxin and talinolol PK when
administered intravenously [63, 64]. Both digoxin and
talinolol renal clearance were relatively unchanged follow-
ing intravenous administration in the presence of rifampin
treatment, however the total clearance of digoxin and talino-
lol increased by 21% and 28%, respectively, which suggests
some increase in the non-renal clearance route of digoxin
and talinolol (CL,.,=CL,,—CL_.,.) [60, 63, 64, 95]. A
similar finding was observed for phenytoin/digoxin interac-
tion [69]. The increase in non-renal clearance of some P-gp
substrates with rifampin coadministration could be due to
the induction of P-gp in hepatocytes, leading to increased
biliary elimination, or due to the induction of hepatic uptake
transporters, e.g. OATP, or both. The potential for OATP by
rifampin is discussed later.

Another study by Lutz et al. investigated the effect of
escalating doses of rifampin on P-gp induction, as assessed
via dabigatran exposure. Rifampin decreased dabigatran
exposure in a dose-dependent manner. When coadminis-
tered with multiple doses of rifampin 2, 10, 75, and 600 mg
for 10 days, the dabigatran AUC_, was 20% higher, 40.6%
lower, 62% lower, and 66.6% lower, respectively, compared
with dabigatran administered alone. The significance of the
results of this study will be further discussed later [68].

Collectively, the findings of these studies suggest that
the effect of rifampin on P-gp substrate exposure can be
explained, predominantly due to P-gp induction in the intes-
tine with minimal impact on renal P-gp.

3.3.2 Phenytoin

Phenytoin coadministration resulted in a 22% lower
digoxin AUC in the absence of an effect on renal clear-
ance (136 +28.3 mL/min and 120+ 52 mL/min for digoxin
alone and digoxin with phenytoin, respectively), suggest-
ing minimal/no impact on renal P-gp by phenytoin. Phe-
nytoin increased digoxin total systemic clearance by 27%,
indicating an increase in non-renal clearance, potentially via
induction of P-gp in hepatocytes, leading to increased biliary
elimination of digoxin, which can account for approximately
10-30% of total digoxin elimination [95-97]. This finding is
similar to that observed in the rifampin/digoxin interaction
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[64] and suggests P-gp induction in the liver and small intes-
tine, but not in the kidney. Consistent with the increase in
the total systemic clearance of digoxin with phenytoin, mean
digoxin terminal #,, was reduced by 30% (from 33.9 h for
digoxin alone to 23.7 h for digoxin when coadministered
with phenytoin) [69].

3.3.3 Carbamazepine

Several studies evaluated the effect of the antiepileptic
agent carbamazepine on the exposure of the P-gp substrates
fexofenadine, talinolol, dabigatran etexilate, and digoxin
[74-76, 98]. Yamada et al. investigated the effect of carba-
mazepine, a known inducer of several CYP enzymes [81],
on the PK of fexofenadine [74]. Carbamazepine decreased
fexofenadine AUC and C,,,, by 39% and 35%, respectively.
Similar to findings with rifampin/digoxin and phenytoin/
digoxin interactions, the change in fexofenadine renal
clearance was minor. A minimal change in fexofenadine
elimination #,, was observed with carbamazepine. Of note,
carbamazepine led to an increase in fexofenadine CL/F
and apparent volume of distribution (Vd/F) with relatively
similar magnitude (CL/F and Vd/F increased by 84% and
61%, respectively) and minimal/no change in fexofenadine
t, (3.4+0.7 and 3.0+ 0.9 h for fexofenadine alone and fex-
ofenadine with carbamazepine, respectively) [74]. This sug-
gests that the carbamazepine induction effect seems to be
mainly driven by reduced bioavailability, via P-gp and/or
MRP2 induction, and therefore largely appears to be a local-
ized effect to the gut.

Lutz et al. studied the effect of multiple carbamazepine
doses on dabigatran exposure after single-dose adminis-
tration of the intestinal P-gp substrate dabigatran etex-
ilate (prodrug). The reduction in dabigatran exposure
with carbamazepine was 28.6% and 33.4% for AUC_, and
C.ax> respectively [75]. The reduction in the exposure of
dabigatran, an intestinal P-gp probe substrate, suggests
increased intestinal P-gp expression and/or functional
activity that is not consistent with the findings from
Brueck et al., which suggest the lack of an increase in
intestinal P-gp protein levels [10].

Multiple-dose administration of oral carbamazepine did
not change talinolol AUC, total or renal clearance, vol-
ume of distribution, or t,, after intravenous administration
of talinolol. Talinolol steady-state PK were also assessed
when orally administered alone and with multiple doses of
carbamazepine. Carbamazepine reduced talinolol steady-
state exposure (AUC,) by 12.8%, which was associated
with a 14.3% decrease in bioavailability and no change
in t,,. These data suggest that the P-gp induction effect by
carbamazepine was predominantly in the gut, rather than
in the kidney or liver [76]. While carbamazepine increased
talinolol renal clearance when administered orally, this



Effect of P-glycoprotein (P-gp) Inducers on Exposure of P-gp Substrates

707

effect was not observed when talinolol was administered
via the intravenous route, which suggests that the effect of
carbamazepine on renal P-gp is variable since the effect of
carbamazepine on renal clearance should be independent
of the route of administration of the probe substrate [76].

Another study showed no effect of carbamazepine on
digoxin exposure [98]. In general, the magnitude of reduc-
tion of P-gp substrate exposures in these four studies ranged
from no effect to 39% (Table 3) [74-76, 98].

While the majority of studies discussed suggest a local-
ized carbamazepine effect on intestinal P-gp, this is not con-
sistent with data showing that carbamazepine treatment did
not increase intestinal P-gp protein abundance in duodenal
biopsy samples from healthy volunteers despite increased
intestinal MDRI mRNA [10, 76]. Brueck et al. [10] sug-
gested that carbamazepine upregulates renal P-gp via CAR
induction, given that carbamazepine is a CAR activator and
that carbamazepine achieves systemic exposures higher than
concentrations needed for enzyme induction in vitro [81].
However, the mRNA expression of CAR in the kidney is
relatively low [20, 99]. Furthermore, the systemic concen-
trations required to induce P-gp are likely higher than those
needed to induce CYP enzymes, which is supported by the
lack of ABCBI/MDRI gene induction in the livers of patients
treated with carbamazepine [75, 100]. Finally, the totality of
evidence from available carbamazepine studies with probe
P-gp substrates does not support renal P-gp induction by
carbamazepine [74-76, 98].

There are a couple of potential explanations for the lower
exposure of P-gp substrates without a significant impact on
renal clearance, including (1) increased intestinal P-gp func-
tional activity without a detectable increase in protein levels;
and (2) increased biliary excretion of P-gp substrates via the
induction of MRP2 (the main transporter in fexofenadine
biliary excretion of fexofenadine) and/or increased hepatic
uptake via OATP induction [42].

3.3.4 St.John’s Wort

St. John’s wort treatment containing similar hyperforin con-
tent (approximately 300 mg) was associated with a 46%,
31%, and approximately 25% lower AUC of the P-gp sub-
strates fexofenadine, talinolol, and digoxin, respectively,
after oral administration of these P-gp substrates [65, 82,
83, 101]. A St. John’s wort preparation with half the hyper-
forin content resulted in a slightly lower reduction in digoxin
exposure (18% and 21% lower AUC and C,,,,, respectively)
[83]. St. John’s wort treatment did not markedly reduce the
terminal #,, for either fexofenadine [82], talinolol [101], or
digoxin [65]. Interestingly, the fexofenadine DDI study stag-
gered St. John’s wort treatment (resulting in a 46% lower
AUC), while the talinolol study and both digoxin studies did
not (resulting in a 31% and approximately 25% lower AUC,

respectively). This may suggest that concomitant administra-
tion of St. John’s wort with P-gp substrates may be associ-
ated with a lower induction effect, although this cross-study
comparison is complicated by the use of different P-gp sub-
strates, as well as the highly variable induction effect of St.
John’s wort even with the similar hyperforin content used
in both studies [102]. Consistent with findings from other
P-gp inducers, the lack of effect on fexofenadine, talinolol,
and digoxin terminal #,, and the reduction of overall expo-
sure suggest that the induction effect of St. John’s wort is
predominantly on intestinal P-gp [65, 82, 101]. This is con-
sistent with the increase in MDRI mRNA as well as P-gp
protein levels in duodenal biopsies of healthy subjects [101].

3.3.5 Quercetin

The effect of quercetin on P-gp seems to be dual in nature.
On the one hand, the study by Wang et al. demonstrated a
20% reduction in talinolol exposure when coadministered
with quercetin, which suggests P-gp induction by querce-
tin [86]. Furthermore, quercetin decreased the exposure
of cyclosporine by 43.3% in rats [103]. However, cyclo-
sporine is also metabolized via CYP3A (also induced by
quercetin), thus the relative contribution of P-gp induction
to the observed decrease in cyclosporine exposure cannot
be determined. On the other hand, some studies showed
that quercetin could inhibit P-gp. Quercetin increased the
exposure of digoxin in pigs, with a 2.7-fold higher AUC
when digoxin was administered with quercetin compared
with digoxin alone [104]. Additionally, quercetin was shown
to increase fexofenadine exposure in healthy human subjects
by 55% [87].

Given that P-gp and CYP3A4 are co-regulated via PXRs,
the nature of the modulatory effect of quercetin on P-gp
(inhibition vs. induction) could be inferred from its effect
on CYP3A. Consistent with data from in vivo studies with
quercetin and P-gp substrates, some in vitro studies investi-
gating the modulatory effect of quercetin on CYP3A showed
quercetin as an inhibitor of CYP3A4 [105, 106], while other
reports showed CYP3A4 induction by quercetin [107].

The discrepancy in studies showing P-gp inhibition
versus induction with quercetin might be explained by the
different staggering conditions in studies where quercetin
dosing was staggered with respect to talinolol [86], but
administered concomitantly with digoxin in pigs [104]
and with fexofenadine [87] (Table 2). Another alternative
explanation could be the concentration-dependent effect of
quercetin on P-gp. In vitro, high concentrations of quercetin
(50 or 100 uM) inhibited P-gp, while low concentrations of
quercetin (10 uM) were shown to induce P-gp [108, 109].
Consistent with this hypothesis, the quercetin—fexofenadine
DDI study in healthy subjects, which showed an increase
in fexofenadine exposure, used a high dose of 500 mg three
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times daily (total dose of 1500 mg/day) for 7 days [87].
A lower daily dose of 500 mg once daily for 13 days was
used in the quercetin—talinolol DDI study, which showed
decreased talinolol exposure consistent with P-gp induction
[86]. Note that a similar explanation could be made regard-
ing the discrepant results for curcumin, as discussed below.
In the quercetin—talinolol DDI study, which used a lower
daily dose of 500 mg once daily, the 20% lower AUC_, was
associated with a minimal decrease in the terminal ¢, (i.e.
8% shorter). In this study, renal clearance was not calculated;
however, given that renal clearance represents a major elimi-
nation pathway for talinolol, and given the minimal impact
on f, it is expected that the effect of quercetin on talinolol
renal elimination is minimal.

3.3.6 Curcumin

Two studies investigated the effect of curcumin on the sys-
temic exposure of talinolol. In one study, the presence of
curcumin was associated with a decrease in the rate (29%
lower C,,,) and extent (42% lower AUC) of talinolol
absorption. In vitro, curcumin and its metabolite tetrahy-
drocurcumin resulted in significant concentration-dependent
upregulation of mRNA of the P-gp encoding gene ABCB1/
MDRI in Caco-2 cells [91]. In agreement with the notion
that P-gp induction seems to be only localized to the gut, in
the curcumin/talinolol study curcumin seemed to affect only
talinolol oral bioavailability (F) and not its systemic clear-
ance since the increase in CL/F and Vd/F was similar [91].

In another study, coadministration of curcumin with talin-
olol was shown to increase talinolol C,,,, and AUC by 20%
and 81%, respectively [90]. Therefore, like quercetin, con-
flicting reports exist on the modulatory effect of curcumin
on P-gp. Staggering of the curcumin dosing with talinolol in
these two studies does not explain the discrepant results as
talinolol exposure was increased with staggered curcumin
dosing. The major difference that could explain the discord-
ant results in the two studies was the curcumin dose. A lower
daily dose was administered in a fractionated manner in the
study where curcumin lowered talinolol exposure (200 mg
three times daily, total daily dose 600 mg for 6 days) [91],
while in the study where curcumin increased talinolol expo-
sure [90], curcumin was administered as a total dose of 1 g
once daily for 14 days (Table 3). It could be postulated that,
similar to quercetin, a higher curcumin dose in the gut is
needed to inhibit P-gp, while lower curcumin doses can
induce P-gp activity. In vitro, curcumin at relatively high
concentrations of 30—60 uM were shown to inhibit P-gp-
mediated digoxin transport in L-MDR1 and Caco-2 cells
[110]. Further exploration into the concentration-dependent
modulatory effect of curcumin on P-gp might be warranted.

In fact, a study investigating the effect of curcumin as a
BCRP inhibitor showed a 3.2-fold increase in the exposure
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of the BCRP substrate sulfasalazine when curcumin was
administered at a high dose of 2 g 30 min prior to sulfasala-
zine administration [111]. This suggests that transporter
inhibition by curcumin at the gut level might only be achiev-
able at relatively high doses. Interestingly, curcumin plasma
concentrations were lower than the limit of quantification
of the assay (1 ng/mL). Therefore, with such low systemic
exposures of curcumin, the modulatory effect of curcumin
on transporters (P-gp or BCRP), even at the high dose of
2 g, will be limited only to the gut and no effect would be
expected in the kidney or liver.

3.4 Induction of Other Transporters [Organic Anion
Transporting Polypeptide (OATP) and Breast
Cancer Resistance Protein (BCRP)]

While the main focus of our review was P-gp induction, we
also noted that the exposure of pravastatin, an OATP sub-
strate, was reduced by a similar extent as that for dabigatran
etexilate when coadministered with rifampin (—59% vs.
—62% for pravastatin vs. dabigatran etexilate at the 75 mg
dose, and —53% vs. —67% for pravastatin vs. dabigatran
etexilate at the 600 mg dose) [68]. However, it is impor-
tant to note that pravastatin is also a substrate for MRP2
[113, 114] and induction of intestinal MRP2 by rifampin
[115] could also explain, at least partially, the reduction in
pravastatin exposure. Although OATP induction by rifampin
cannot be excluded, in vitro data are not supportive of this
observation. Therefore, further understanding of the clinical
relevance of OATP induction is warranted [116].

The decrease in the exposure of the BCRP/OATP probe
substrate rosuvastatin was similar to that for pravastatin
(63% vs. 59% lower AUC for rosuvastatin and pravastatin).
Studies showed that the most frequent polymorphism in the
gene encoding BCRP, i.e. 421 CA ABCG2, resulted in an
approximately 80% increase in rosuvastatin overall expo-
sure compared with 421 AA ABCG2 [117], but no such
effect was observed for pravastatin [118]. This suggests
that BCRP-mediated intestinal transport of pravastatin may
not be as clinically relevant as for rosuvastatin. With this
assumption, the similar fraction transported by OATP for
both pravastatin and rosuvastatin, and the similar decrease
in the exposure of pravastatin and rosuvastatin, suggest that
BCRP is not inducible [68]. Data from Brueck et al. sug-
gest that mRNA expression of the gene encoding BCRP,
ABCG2, was increased with carbamazepine treatment but
not rifampin [10]; however, on the protein level, neither
carbamazepine nor rifampin increased BCRP protein abun-
dance in duodenal biopsies.

Overall, the available data from the lack of increase in
intestinal BCRP protein levels with rifampin or carbamaz-
epine, as well as the results showing a similar decrease in
pravastatin and rosuvastatin exposure with rifampin, suggest



Effect of P-glycoprotein (P-gp) Inducers on Exposure of P-gp Substrates

709

that BCRP induction is unlikely to be clinically relevant
[10]. Other inducible transporters are out of scope for this
review.

4 Interpretation and Practical Implications
of Key Findings

Several compounds are shown to be substrates for P-gp
in vitro; however, clinical studies investigating the effect of
P-gp modulation have not been conducted in many cases.
This is reflected in the labeling recommendations of several
compounds, acknowledging that the drug is a substrate for
transporters based on in vitro data and that the impact of
transporter modulation on the PK exposure has not been
studied. This could represent a significant knowledge gap
given that P-gp inhibition or induction may increase or
decrease, respectively, the systemic exposure of these com-
pounds. P-gp inhibitors can increase systemic exposure of
P-gp substrates either via inhibition of intestinal P-gp (i.e.
increasing bioavailability) [119] or inhibition of renal P-gp
(i.e. reducing renal clearance) [120-122]. This could be
especially important for P-gp substrates that are predomi-
nantly renally eliminated and with a relatively narrow thera-
peutic index. The effect of P-gp inhibition is out of scope of
this review and the reader is directed to other reports on the
effect of P-gp inhibition [4, 5]. The clinical relevance of P-gp
inducers is discussed in the following section.

Despite the co-regulation of P-gp and CYP450 enzymes
via PXRs and CARs, and in contrast to established classifi-
cation for perpetrators of CYP enzymes, no clear classifica-
tion is available for inducers of drug transporters. However,
the available data from clinical DDI studies, as summarized
in this review, show that the magnitude of the decrease in
substrate drug exposure by P-gp induction is generally one
category lower than that of CYP3A induction using the
same categorization for both enzymes (strong, moderate,
or weak inducer, decreasing the AUC of a sensitive sub-
strate by >80%, 50 to 80%, and 20 to 50%, respectively).
For example, rifampin, carbamazepine, and phenytoin
showed a greater reduction in the exposure of midazolam
(a sensitive CYP3A4 substrate, approximately 90-95%
lower exposure) compared with dabigatran etexilate (con-
sidered a sensitive substrate for intestinal P-gp, < 67% lower
exposure) [67, 68, 75, 123]. Carbamazepine reduced mida-
zolam exposure by 79% (i.e. moderate CYP3A4 inducer)
and reduced dabigatran exposure by only 28.6% (i.e. weak
inducer) [75]. Rifabutin reduced midazolam exposure by
69% (i.e. moderate CYP3A inducer), while the reduction
in dabigatran exposure with rifabutin was 19.1%, i.e. weak
inducer) [75]. A similar observation could be made using
cross-study comparisons for PXR inducers when tested
with CYP3A versus P-gp probe substrates. For example,

carbamazepine decreased the mean exposure of the CYP3A4
probe substrate simvastatin by 75% [124], compared with a
39% decrease in fexofenadine exposure [74]. Similarly, the
extent of induction of oral clearance by St. John’s wort was
more for midazolam compared with fexofenadine [82]. In
general, the magnitude, and hence the clinical relevance, of
P-gp induction is expected to be less than CYP3A4 induc-
tion for any given PXR/CAR inducer [68, 75].

Comparison of the magnitude of P-gp induction with the
inducers summarized in this review show that the expected
reduction in P-gp substrate exposure ranges from 20 to 67%.
Rifampin appears to be the strongest P-gp inducer studied to
date, possibly because of its high intestinal levels relative to
PXR-activating concentrations. For rifampin studies under
similar rifampin dosing regimens, dabigatran etexilate and
fexofenadine appeared to be more sensitive P-gp substrates
as the extent of exposure reduction was more evident com-
pared with that with talinolol or digoxin.

Apart from rifampin studies with fexofenadine and dabi-
gatran etexilate, both the FDA and European Medicines
Agency (EMA) recommended P-gp probe drugs; the range
of the average reduction in P-gp substrate exposures across
studies was 12-42%. Furthermore, the majority of P-gp
inducers mainly reduced bioavailability, but with limited
impact on the elimination of the respective P-gp substrates
(Table 3). This suggests that P-gp induction occurs primar-
ily in the intestine and that extra-intestinal P-gp (renal or
hepatic) is potentially less sensitive to induction. One expla-
nation for the minimal change in renal clearance of P-gp
substrates when coadministered with a P-gp inducer could
be the low PXR expression in kidney tubules, as indicated
by mRNA expression [31]. Interestingly, CYP3A4 expres-
sion was not significantly induced following rifampin treat-
ment in kidney cell lines, which may indicate that rifampin
induces gene expression in a tissue-specific manner depend-
ing on the levels of PXRs in specific tissues [31]. Another
explanation could be that some inducers (e.g. rifampin)
achieve sustainable intestinal concentrations sufficient for
P-gp induction, possibly because they undergo enterohepatic
recirculation, while systemic concentrations of these induc-
ers are likely insufficient for PXR/CAR induction in the kid-
ney [10, 62]. Given that P-gp induction is primarily in the
intestine, the impact on P-gp substrates could be primarily
evident on days where the P-gp inducer and P-gp substrate
are coadministered. This is because P-gp activity is expected
to be restored to baseline within approximately 1 week after
discontinuation of the inducer, given the relatively fast P-gp
turnover rate of 5-17 h [18, 67, 125].

From a clinical perspective, for P-gp inducers that are
used for only a short duration, a transient reduction of
20-40% in exposure might not affect the clinical profile
(efficacy and/or safety) for the compound unless this is
supported by a steep exposure—efficacy relationship (e.g.
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for compounds with a narrow therapeutic index, such as
digoxin). Another potential approach to mitigate the effect
of P-gp induction on substrates is to consider simultaneous
coadministration of the P-gp inducer and substrate if the
P-gp inducer is also an inhibitor of P-gp (e.g. rifampin).
Simultaneous administration of rifampin and digoxin to
evaluate the net effect of P-gp induction and inhibition
increased digoxin AUC by 25%, while staggering rifampin
dosing to evaluate P-gp induction only led to a 19% lower
digoxin AUC as rifampicin is a mixed inducer/inhibitor of
P-gp [18]. Therefore, administration of mixed P-gp inducers/
inhibitors, such as rifampin, during the absorption phase of
the P-gp substrate may result in transient P-gp inhibition,
which could potentially minimize the reduction in the overall
exposure, or even result in no net effect or even a minimal
increase in P-gp substrate exposure [17, 126].

An important point to highlight is that BDCCS class 1
drugs are unlikely to be affected by P-gp induction, given
that transporters (e.g. P-gp) are not expected to play a major
role in limiting their disposition [33]. The impact of trans-
porters on the bioavailability of compounds in other BDCCS
classes could be challenging to predict [33].

Our review indicates that the magnitude of the expo-
sure reduction of P-gp substrates when St. John’s wort was
administered concomitantly with the P-gp substrate was
less compared with when staggered, although this cross-
study comparison is complicated by the use of different
P-gp substrates. On the other hand, carbamazepine treat-
ment reduced the exposure of the P-gp substrate regardless
of the staggering conditions, and curcumin reduced talino-
lol exposure despite concomitant administration. Therefore,
reduced exposure of P-gp substrates might be more evident
with staggered dosing (e.g. rifampin, St. John’s wort, and
quercetin), while other inducers may show decreased expo-
sure of the substrate irrespective of dose staggering (e.g.
carbamazepine).

The design of dedicated DDI studies with inducers, if
needed, should be fit for purpose. For example, to assess
the worst-case DDI scenario, staggering of the inducer
and substrate dosing should be considered to avoid a
potential confounding effect of transient P-gp inhibition.
Additionally, rifampicin 600 mg once daily for at least
7 days should be considered as the index P-gp inducer.
However, to test likely real-world dosing conditions that
may decrease the impact, or even completely mitigate the
effect, of the P-gp inducer on substrate exposure, simul-
taneous coadministration might be considered. The need,
design, and timing of such DDI studies should be deter-
mined based on careful understanding of the drug PK
properties, elimination routes, transporters involved, and
the exposure—response relationship.

Physiologically based PK (PBPK) modeling represents
a bottom-up approach for evaluating the effect of intrinsic
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and extrinsic factors on drug exposure [127]. These mod-
els have been increasingly used to assess CYP450 enzyme-
mediated DDIs to derive dosing recommendations in lieu
of dedicated clinical studies [6, 128]. In recent years,
examples on the use of PBPK for substrates of OATP,
renal transporters, and P-gp have been described [94, 128].
For example, talinolol PK were described using a PBPK
model that incorporated the saturable kinetics of P-gp in
the intestine and adequately described the increased oral
bioavailability with higher talinolol doses [129]. However,
further research and validation of these models is needed.
The challenges with PBPK predictions of transporter-
mediated DDIs arise from the difficulty in clinical trans-
lation of in vitro data and the uncertainty in predicting
major processes governing the transporter function. This
includes uncertainty in transporter transcription, expres-
sion, tissue distribution, cellular localization, and the vari-
ability of data from in vitro assays. Furthermore, the poor
correlation between the transporter transcription, expres-
sion, and functional activity in response to inducers fur-
ther complicates the ability of PBPK models to adequately
predict transporter induction-mediated DDIs [128].

The findings from this review suggest that dedicated
DDI studies to characterize the impact of P-gp inducers
on the exposure of an investigational drug that is a sub-
strate for P-gp may only be warranted for P-gp substrates
with a steep exposure—efficacy relationship. A caution-
ary statement may be added to the drug label of the P-gp
substrate to highlight the lack of clinical DDI studies with
P-gp inducers. If the investigational agent is a substrate for
CYP enzymes and P-gp, which is common, a significant
reduction in exposure with strong PXR/CAR activators is
expected, and therefore investigating or restricting the use
of strong inducers with such investigational agents should
be considered.
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