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ABSTRACT

Introduction: Obeticholic acid (OCA), a potent
and selective farnesoid X receptor agonist, is
indicated for the treatment of primary biliary
cholangitis (PBC). We investigated the potential
drug–drug interaction effect of OCA on meta-
bolic CYP450 enzymes and drug transporters.
Methods: Five phase 1 single-center, open-
label, fixed-sequence, inpatient studies were
conducted in healthy adult subjects to evaluate
the effect of oral daily doses of 10 or 25 mg OCA
on single-dose plasma pharmacokinetics of
specific probe substrates for enzymes CYP1A2
(caffeine, R-warfarin), CYP3A (midazolam, R-
warfarin), CYP2C9 (S-warfarin), CYP2D6 (dex-
tromethorphan), CYP2C19 (omeprazole), and
drug transporters, BCRP/OATP1B1/OATP1B3
(rosuvastatin), and P-gp (digoxin).

Results: OCA showed no substantial suppres-
sion/inhibition of S-warfarin, digoxin, and
dextromethorphan and weak interactions
with caffeine, omeprazole, rosuvastatin, and
midazolam. The maximal pharmacodynamic
responses (Emax) to warfarin-based INR, PT,
and aPTT were reduced by 11%, 11%, and 1%,
respectively, for the 10-mg dose group and by
7%, 7% and 0%, respectively, for the 25-mg
dose group. Overall, drugs dosed in combina-
tion with OCA were well tolerated, and most
adverse events were mild in severity. No
clinically important trends were noted in
laboratory evaluations, vital signs, or 12-lead
ECGs.
Conclusion: In these studies, OCA showed
weak to no suppression/inhibition of metabolic
enzymes and drug transporters at the highest
recommended therapeutic dose in patients with
PBC. On the basis on these analyses, monitoring
and maintenance of target INR range are
required during coadministration of OCA with
drugs that are metabolized by CYP1A2
(R-warfarin).
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INTRODUCTION

Obeticholic acid (OCA) is a modified bile acid that

has shown promise for treatment of progressive

non-viral liver diseases. OCA has been most

thoroughly evaluated for the treatment of

patients with primary biliary cholangitis (PBC).

PBC is a rare autoimmune liver disease character-

ized by inflammation and progressive impair-

ment of bile flow, resulting in cholestasis and the

eventual development of cirrhosis, end-stage liver

disease, and death [1]. PBC disproportionately

affects women versus men (approximately 10:1)

and is typically diagnosed in patients between 40

and 60 years of age [2]. Ursodeoxycholic acid

(UDCA), a bile acid constituent, was until recently

the only approved treatment for PBC. However,

up to 50% of UDCA-treated patients either fail to

respond or have a suboptimal response, and con-

sequently a higher risk of progressing to hepato-

cellular carcinoma [3], demonstrating an unmet

medical need. OCA recently received FDA

approval for the treatment of patients with PBC in

combination with UDCA for those with an inad-

equate response to UDCA, or as monotherapy in

those intolerant to UDCA. The suggested initial

dose for patients with PBC, who do not have

moderate or severe hepatic impairment, is 5 mg

OCA once daily, with dose titration to 10 mg

according to tolerability at 6 months [4].
Another progressive liver disease, nonalco-

holic steatohepatitis (NASH), is much more
prevalent and is a leading cause of liver trans-
plantation [5]. There are currently no therapies
approved for the treatment ofNASH. OCA isbeing
investigated as a new potential therapy for NASH.
The phase 2 Farnesoid X Receptor Ligand Obeti-
cholic Acid in NASH Treatment (FLINT) trial
demonstrated promising results [6] and the phase
3 Randomized Global Phase 3 Study to Evaluate
the Impact on NASH with Fibrosis of Obeticholic
Acid Treatment (REGENERATE) trial is ongoing
(ClinicalTrials.gov Identifier: NCT02548351).

OCA is a potent agonist for the farnesoid X
receptor (FXR), a nuclear receptor expressed at
high levels in the liver and intestine, and has
demonstrated greater selectivity forFXRcompared
with other receptors. OCA is a semi-synthetic
analog of the primary bile acid chenodeoxycholic

acid (CDCA), the endogenous FXR ligand, but
OCA has 100-fold greater potency than CDCA at
activating FXR [7]. FXR (NR1H4) controls bile acid
synthesis, influx and efflux in the liver–gut axis,
and has been recognized as a master regulator of
bile acid homeostasis. FXR agonists directly induce
small heterodimer partner/protein (SHP) (NR0B2)
andfibroblastgrowthfactor (FGF-19)expression in
hepatocytes and enterocytes, respectively. Both
SHP and FGF-19 suppress cholesterol 7-alpha-hy-
droxylase (CYP7A1), the enzyme for the rate-lim-
iting conversion of cholesterol to bile acids in the
liver [8]. In addition, activated FXR promotes bile
acid-dependent bile flow (choleretic effect) by
upregulating bile salt excretory pump (BSEP), the
major bile acid efflux transporter on the canalicu-
lar membrane of hepatocytes [9]. FXR-responsive
elements are also located in the promoter regions
of both organic solute transporter a/b (OST a/b)
genes [10]. The heterodimers of OSTa/OSTb
transport bile acids into blood, thereby reducing
hepatic intracellular levels of bile acids and
reducing the potential for bile acid induced cyto-
toxicity [10]. After absorption from the gastroin-
testinal tract, OCA is rapidly taken up by the liver,
where it is conjugated with glycine or taurine and
secreted into bile. OCA conjugates, which are the
primary circulating forms of OCA, are pharmaco-
logically active and are reabsorbed from the small
intestine, leading to enterohepatic circulation.
Excretion is primarily through feces.

Drug-metabolizing cytochrome P450 (CYP)
enzymes and drug transporters are regulated by
nuclear receptors. Drug inhibition or induc-
tion/suppression of CYP enzymes and/or drug
transporters can potentially lead to drug–drug
interaction (DDI) in clinical settings, resulting
in adverse drug events. Therefore, to investigate
the potential for pharmacokinetic (PK) or
pharmacodynamic (PD) interactions between
OCA and other drugs, five clinical studies using
sensitive CYP (CYPs 1A2, 3A, 2C9, 2C19, and
2D6) and transporter (multidrug resistance
protein 1 [MDR1]/ATP-binding cassette sub-
family B member 1 [ABCB1]/P-glycoprotein
[P-gp], breast cancer resistance protein [BCRP],
organic anion transporting polypeptide [OATP]
1B1, and OATP1B3) substrates were conducted.
In addition, the effects of OCA on the phar-
macodynamics of warfarin were assessed.
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METHODS

Subjects

Healthy male and female subjects were screened
up to 21 days before check-in (day 0). Subjects
were eligible for study participation if all
inclusion/exclusion criteria were met. Subjects
were 18–55 years of age with a body mass index
(BMI) of 18–30 kg/m2. Subjects were required to
be in good general health as determined by a
standard physical exam, 12-lead electrocardio-
gram (ECG), and clinical laboratory testing.
Subjects were excluded for any known exposure
to OCA and any of its components, probe sub-
strates, or any comparable or similar product.
Additional exclusion criteria were specific to
study.

Study Design

These five studies were conducted as sin-
gle-center, open-label, fixed-sequence, paral-
lel-design, inpatient studies in healthy
volunteers. Each study was designed to evaluate
the single-dose PK of the substrate probe alone
and in combination with repeat doses (at least
14 days) of 10 and 25 mg OCA, the two highest
OCA doses intended for commercialization
across indications (Table 1). To reduce the total
number of studies required to assess seven probe
substrates, we combined the assessment of
midazolam and caffeine into one study and
dextromethorphan and omeprazole in another
study, evaluating each probe substrate sepa-
rately on different days. OCA and probe sub-
strates were administered in the fasted state.

Eligible subjects were randomized in a 1:1
ratio to one of two OCA treatment arms (10 or
25 mg) receiving OCA once daily. All subjects
remained at the clinic from day 0 to the final
day of dosing which varied depending on the
time needed to properly evaluate the PK of each
probe substrate, which was dependent on the
plasma half-life of the probe substrate. Safety
analyses were conducted on all subjects who
received at least one dose of study drug.

All procedures followed were in accordance
with the ethical standards of the responsible

committee on human experimentation (insti-
tutional and national) and with the Helsinki
Declaration of 1964, as revised in 2013. All
subjects provided informed consent before any
study procedures or assessments were per-
formed. The studies were not registered as this is
not a requirement for phase 1 studies.

Study I: Specific Substrates for CYP1A2
(Caffeine) and for CYP3A (Midazolam)
Subjects were required to avoid meals and fluids
containing caffeine, theobromine, and xan-
thine for at least 72 h before day 0 and during
the inpatient portion of the study. Subjects
received a single oral dose of 2 mg midazolam in
syrup form on day 1 and day 19 and a single oral
dose of 200 mg caffeine in caplet form on day 3
and day 21 under fasting conditions (10-h
overnight fast). On day 5 through day 23, oral
doses of 10 or 25 mg OCA were administered
daily under fasting conditions. Blood samples
were collected at predose and at 0.25, 0.5, 1,
1.25, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h after
dosing of midazolam on day 1 and day 19 for
the measurement of plasma concentrations of
midazolam and its metabolite (1-hydroxymi-
dazolam). Similarly, blood samples were col-
lected at predose and at 0.25, 0.5, 1, 1.5, 2, 3, 4,
6, 8, 12, 24, 36, and 48 h after dosing of caffeine
on day 3 and day 21 for the measurement of
plasma concentrations of caffeine and its
metabolite (paraxanthine).

Study II: Specific Substrates for CYP2C9
(S-warfarin) and for CYP1A2 and CYP3A
(R-warfarin)
Subjects were excluded if they were a poor
metabolizer of warfarin as determined by
CYP2C9 genotype testing, if they were highly
sensitive to warfarin as determined by genetic
testing for vitamin K epoxide reductase com-
plex, subunit 1 (VKORC1) or had a prothrombin
time (PT), activated partial thromboplastin time
(aPTT), international normalized ratio (INR),
protein C, or protein S value(s) outside the
normal ranges at screening for which the results
were clinically significant.

Several published DDI studies used a racemic
warfarin single dose of 25 mg to produce

2122 Adv Ther (2017) 34:2120–2138



well-characterized PK and PD responses [11–13].
In this study, a 25-mg dose of racemic warfarin
was expected to provide sufficient plasma con-
centrations of both enantiomers to characterize
their plasma PK, and also produce measurable
PD effects with no undue risk to the subjects.
Subjects were administered a single oral dose of
25 mg racemic warfarin (R- and S-warfarin) in
tablet form on day 1 and day 21 under fasting
conditions. Daily oral administration of OCA at
doses of 10 or 25 mg was initiated on day 8 and
continuing through day 27. PK blood samples
for measuring plasma concentrations of R- and
S-warfarin were collected at predose and at 0.25,
0.5, 1, 2, 3, 4, 6, 8, 12, 24, 36, 48, 60, 72, 96, 120,
144, and 168 h (i.e., over a 7-day period) after
dosing of racemic warfarin on day 1 and day 21.
The PD of racemic warfarin using the serial
blood samples (predose and 12, 24, 36, 48, 60,
72, 96, 120, 144, and 168 h after dosing on day
1 and day 21) was assessed by measuring coag-
ulation parameters PT, aPTT, and INR.

Study III: Specific Substrates for CYP2D6
(Dextromethorphan) and for CYP2C19
(Omeprazole)
CYP2D6 is a genetically controlled polymorphic
enzyme such that approximately 5–10% of peo-
ple of white ethnicity express no functional
enzyme and are characterized as poor metabo-
lizers. Subjects were excluded if they were a poor
metabolizer of dextromethorphan as determined
by CYP2D6 genotyping or omeprazole as deter-
mined by CYP2C19 genotyping or screened
positive for Helicobacter pylori (H. pylori).

Subjects received a single oral 30-mg dose of
dextromethorphan in capsule form on day 1
and day 18. On the basis of the terminal half-life
(t1/2) of dextromethorphan (2–4 h), blood sam-
ples for the measurement of plasma concentra-
tions of dextromethorphan and its metabolite
(dextrorphan) were collected at predose and at
0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24, 48, and
72 h after dosing of dextromethorphan on days
1 and 18.

Table 1 Overview of clinical drug–drug interaction studies with oral OCA in healthy, fasted subjects

Study OCA administration Probe substrate administration CYP/transporter

Dose Days Probe substrate
(oral dose)

Days

I 10 and 25 mg QD Day 5 through day 23 Caffeine (200 mg)

Midazolam (2 mg)

Day 3 and day 21

Day 1 and day 19

CYP1A2

CYP3A

II 10 and 25 mg QD Day 8 through day 27 Warfarin (25 mg) Day 1, day 21 CYP2C9

(S-warfarin)

CYP1A2, CYP3A

(R-warfarin)

III 10 and 25 mg QD Day 5 through day 28 Dextromethorphan

(30 mg)

Omeprazole (20 mg)

Day 1, day 18

Day 4, day 21–28

CYP2D6

CYP2C19

IV 10 and 25 mg QD Day 6 through day 23 Rosuvastatin (20 mg) Day 1, day 19 BCRP/OATP1B1/

OATP1B3

V 10 and 25 mg QD Day 6 through day 23 Digoxin (0.25 mg) Day 1, day 19 P-gp (MDR1)

BCRP breast cancer resistance protein, CYP cytochrome P450, MDR1 multidrug resistance protein 1, OATP organic anion
transporting polypeptide, QD once daily
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A single 20-mg dose of omeprazole in capsule
form was administered orally on day 4, and
once-daily dosing was initiated on days 21
through 28 as a second test treatment. Blood
samples for the measurement of plasma con-
centrations of omeprazole and its metabolite
(5-hydroxyomeprazole) were collected at pre-
dose and at 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8,
10, and 12 h after dosing of omeprazole on
days 4 and 21, and at 3 h postdose on day 28.
OCA was administered orally once daily,
beginning on day 5 and continued through day
28.

Study IV: BCRP, OATP1B1, and OATP1B3
Substrate (Rosuvastatin)
Rosuvastatin is a recommended substrate for
assessment of inhibition of transporters
responsible for its distribution and elimination
by BCRP, OATP1B1, and OATP1B3 [14]. Several
reported drug interaction studies have used
rosuvastatin single doses ranging from 10 to
80 mg [15–19]. On the basis of the terminal
half-life of rosuvastatin (20 h) and the bioana-
lytical plasma assay sensitivity, a single dose of
20 mg rosuvastatin was selected to provide
concentrations of rosuvastatin sufficient to
characterize the PK while minimizing risk to the
subjects.

Subjects were administered a single oral
dose of 20 mg rosuvastatin in tablet form on
day 1 and day 19 under fasting conditions.
Daily administration of oral OCA (10 or
25 mg) was initiated on day 6 and continued
for 18 days. Blood samples for the measure-
ment of plasma concentrations of rosuvastatin
and its metabolite (N-desmethyl rosuvastatin)
were collected at predose and at 0.5, 1, 2, 3,
3.5, 4, 4.5, 5, 5.5, 6, 7, 8, 10, 12, 24, 36, 48,
72, 96, and 120 h after dosing of rosuvastatin
on day 1 and day 19.

Study V: P-gp Substrate (Digoxin)
The subjects who were sensitive to digoxin or
other digitalis preparations were excluded.
Digoxin (immediate release formulation) is a
sensitive and recommended substrate for the
assessment of P-gp, and is eliminated as

unchanged drug primarily via the kidney [20].
Subjects were administered a single oral dose of
0.25 mg digoxin in tablet form on day 1 and day
19 under fasting conditions. Daily administra-
tion of OCA was initiated on day 6 and con-
tinued for 18 days. On the basis of the half-life
of digoxin (1.5–2 days), blood samples for the
measurement of plasma concentrations of
digoxin were collected at predose and at 0.25,
0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24, 36,
48, 60, 72, 96, and 120 h after dosing on day 1
and day 19.

In each study, blood samples for the mea-
surement of plasma concentrations of OCA and
its metabolites (glyco-OCA and tauro-OCA)
were collected predose on the first day of OCA
administration (reference treatment), periodi-
cally throughout the dosing period, and on days
when OCA and probe drugs were administered
concomitantly (test treatment).

Analytical Methods

The plasma concentrations of each probe sub-
strate and of OCA and its metabolites were
determined by high-performance liquid chro-
matography (HPLC) with tandem mass spec-
trometric detection (LC–MS-MS) using validated
analytical methods.

Pharmacokinetic and Pharmacodynamic
Parameters
For all studies, the reported PK parameters
included the area under the plasma concentra-
tion–time curve (AUC) from time 0 to the last
sampling time with measurable analyte con-
centration (AUC0-t), AUC from time 0 to
infinity (AUC?), and maximum observed
plasma concentration (Cmax). All PK parameters
were measured using Phoenix� WinNonlin�

(Version 6.2 or later).
The PD parameters for PT, aPTT, and INR

were calculated in study II (racemic warfarin),
including the area under the effect curve from
time zero to the last sampling collection time
point (0–168 h) (AUEC), maximum observed
effect (Emax), and time to reach Emax (TEmax).
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Statistical Analysis

Statistical analyses were performed using SAS�

Version 9.2. The primary PK endpoints (AUC0-t,
AUC?, and Cmax) were analyzed using a linear
mixed effect model on the natural log (ln) trans-
formed PK parameters of the different probe sub-
strates. Geometric least square mean (GLSM) and
ratios for each of the substrate probes were
obtained from the ln-transformed AUC0-t,
AUC?, and Cmax. No apparent drug–drug inter-
action was concluded if the GLSM ratio was con-
tained within the bounds (0.80–1.25) of the 90%
confidence interval (CI) [14].

PD parameters AUEC and Emax for PT, aPTT,
and INR were analyzed using the same statistical
analyses performed on the PK parameters.

RESULTS

Subjects

The demographic and baseline characteristics of
subjects participating in each study are sum-
marized in Table 2. Subjects participating in the
studies were predominantly non-hispanic,
white males ranging from approximately 33 to
38 years of age. The discontinuation incidence
by study ranged from 0% to 6% with one dis-
continuation due to a treatment-emergent
adverse event (TEAE) (Table 2 and Supplemental
Table S7).

Pharmacokinetic Evaluation

Statistical comparisons of the primary PK
parameters (AUC? and Cmax) following a single
dose of probe substrates administered alone and
with 10 or 25 mg OCA are presented in Table 3.

PK data for all substrates are presented in
Supplemental Tables S1–S5.

CYP1A2 (Caffeine)
Mean plasma caffeine concentrations over time
were higher in the presence of 10 and 25 mg
OCA (Fig. 1). In the presence of 10 mg OCA, the
GLSM ratios ([caffeine ? OCA]/[caffeine alone])
demonstrated a 42% increase in AUC? and a

6% increase for Cmax (Table 3). In the 25 mg
OCA group, the GLSM ratios for caffeine
demonstrated increases of 65% for AUC? and
10% for Cmax. Together, the PK exposure data
indicated weak suppression/inhibition of
CYP1A2 when administering caffeine in the
presence of OCA (Table 3).

CYP3A (Midazolam)
Mean plasma midazolam concentrations over
time in the presence of 10 mg OCA were similar
to midazolam alone, and slightly higher in the
presence of 25 mg OCA (Fig. 2). The GLSM
ratios for the primary midazolam PK parameters
in the OCA 10 mg group were generally com-
parable to midazolam alone. In the 25 mg OCA
group, the GLSM ratios demonstrated a 26%
increase in AUC? and 17% increase for Cmax

compared with midazolam alone, suggesting
weak suppression/inhibition of CYP3A at the
higher dose of OCA (Table 3). Although the
26% increase in exposure is incrementally
higher than the 25% cutoff, the effect was not
considered clinically significant (Table 3).

CYP2C9 (S-warfarin)
Mean plasma S-warfarin concentrations over
time were generally similar for warfarin alone
and warfarin in the presence of 10 or 25 mg
OCA (Fig. 3). In the presence of 10 mg OCA, the
GLSM ratios for S-warfarin demonstrated weak
increases in exposure: 13% for AUC? and 12%
for Cmax (Table 3). In the 25 mg OCA group, the
GLSM ratios for S-warfarin demonstrated
increases of 18% for AUC? and 6% for Cmax. All
90% CIs were within the 80% to 125% bounds,
suggesting that OCA does not have a clinically
meaningful effect on CYP2C9 (Table 3).

CYP1A2 and CYP3A (R-warfarin)
Mean plasma R-warfarin concentrations over
time were modestly higher in the presence of
OCA than warfarin alone (Fig. 3). The GLSM
ratios for R-warfarin after repeated administra-
tion of 10 mg OCA demonstrated a modest
increase in exposure of 21% for AUC? and 11%
for Cmax (Table 3). The GLSM ratios in the
25 mg OCA dose demonstrated an increase of
32% for AUC? and 5% for Cmax. On the basis of

Adv Ther (2017) 34:2120–2138 2125



these modest increases in exposure, and the
90% CIs exceeding the 80% to 125% bounds in
some instances, these data demonstrate that
OCA has a weak effect on the enzymes primarily
responsible for R-warfarin metabolism (CYP1A2
and/or CYP3A) (Table 3) and is consistent with
the weak inhibition of CYP1A2 observed in
study I for caffeine.

CYP2D6 (Dextromethorphan)
Mean plasma dextromethorphan concentra-
tions over time were generally similar for dex-
tromethorphan alone and dextromethorphan
in the presence of 10 and 25 mg OCA (Fig. 4).
The GLSM ratios for dextromethorphan
demonstrated an 11% and 12% decrease in
AUC? and Cmax, respectively, in the presence of
10 mg OCA compared with dextromethorphan

alone. In the 25 mg OCA group, the GLSM
ratios for dextromethorphan demonstrated an
11% and 17% decrease in AUC? and Cmax,
respectively (Table 3). The decreases were not
dose-related, suggesting no clinically relevant
effect of OCA on CYP2D6.

CYP2C19 (Omeprazole)
Mean plasma omeprazole concentrations over
time were higher in the presence of 10 and
25 mg OCA (Fig. 5). The GLSM ratios demon-
strated a 32% and 33% increase in AUC? and
Cmax, respectively, in the 10 mg OCA group,
and a 37% and 15% increase in AUC? and Cmax,
respectively, in the OCA 25 mg group, com-
pared to omeprazole alone. The increases indi-
cate a mild but not dose-related suppression/
inhibition of CYP2C19 (Table 3).

Table 2 Overall demographic and baseline characteristics

Study I
N5 48

Study II
N5 44

Study III
N5 48

Study IV
N5 48

Study V
N5 48

Age, years 35.0 (9.5) 35.0 (9.4) 32.9 (8.5) 37.9 (9.5) 35.4 (8.7)

Sex, n (%)

Female 22 (46%) 15 (34%) 17 (35%) 12 (25%) 14 (29%)

Male 26 (54%) 29 (66%) 31 (65%) 36 (75%) 34 (71%)

Race, n (%)

White 28 (58%) 27 (61%) 24 (50%) 32 (67%) 23 (48%)

Other 20 (42%) 17 (39%) 24 (50%) 16 (33%) 25 (52%)

Ethnicity, n (%)

Not Hispanic or Latino 37 (77%) 29 (66%) 39 (81%) 28 (58%) 35 (73%)

Height, cm 170.1 (8.4) 170.6 (8.0) 170.8 (8.0) 171.5 (10.8) 170.7 (8.5)

Weight, kg 75.2 (12.3) 76.3 (10.6) 76.2 (11.8) 78.1 (12.7) 75.0 (11.8)

BMI, kg/m2 25.9 (2.9) 26.1 (2.3) 26.0 (2.9) 26.4 (2.4) 25.7 (2.9)

Discontinuationsa

Overall, n (%) 3 (6%) 1 (2%) 1 (2%) 0 (0%) 0 (0%)

10 mg OCA, n (%) 0 (0%) 0 (0%) 1 (4%) 0 (0%) 0 (0%)

25 mg OCA, n (%) 3 (13%) 1 (4%) 0 (0%) 0 (0%) 0 (0%)

Data are presented as n (percentage of subjects) or mean (SD), as appropriate
BMI body mass index
a Discontinuations are given as n (percentage of subjects) where n represents the number of subjects in each treatment
group
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BCRP, OATP1B1, and OATP1B3
(Rosuvastatin)
Mean plasma rosuvastatin concentrations over
time were modestly higher in the presence of 10
and 25 mg OCA (Fig. 6). The GLSM ratios for
rosuvastatin after repeated administration of

10 mg OCA demonstrated a modest increase in
exposure of 22% for AUC? and 27% for Cmax

(Table 3). The GLSM ratios in 25 mg OCA
demonstrated an increase of 30% for AUC? and
26% for Cmax (Table 3). The increases, which
were not dose-related, were deemed to have no

Table 3 Statistical comparisons of pharmacokinetic parameters following a single dose of substrates

Treatment 10 mg OCA 25 mg OCA

n GLSM ratio (90% CI) n GLSM ratio (90% CI)

Study I: caffeine (CYP1A2)

AUC? (h ng/mL) 24 1.417 (1.350–1.488) 21 1.654 (1.557–1.757)

Cmax (ng/mL) 24 1.061 (1.014–1.111) 21 1.099 (1.043–1.159)

Study I: midazolam (CYP3A)

AUC? (h ng/mL) 23 1.020 (0.930–1.119) 23 1.259 (1.135–1.397)

Cmax (ng/mL) 24 1.017 (0.919–1.126) 23 1.173 (1.052–1.309)

Study II: S-warfarin (CYP2C9)

AUC? (h ng/mL) 21 1.126 (1.097–1.155) 22 1.181 (1.142–1.220)

Cmax (ng/mL) 21 1.120 (1.052–1.193) 22 1.058 (0.990–1.131)

Study II: R-warfarin (CYP1A2 and 3A4)

AUC? (h ng/mL) 21 1.209 (1.163–1.256) 22 1.324 (1.274–1.375)

Cmax (ng/mL) 21 1.109 (1.042–1.181) 22 1.052 (0.985–1.123)

Study III: dextromethorphan (CYP2D6)

AUC? (h ng/mL) 19 0.891 (0.747–1.063) 19 0.895 (0.785–1.021)

Cmax (ng/mL) 23 0.879 (0.725–1.065) 24 0.826 (0.728–0.937)

Study III: omeprazole (CYP2C19)

AUC? (h ng/mL) 21 1.321 (1.217–1.434) 19 1.366 (1.242–1.502)

Cmax (ng/mL) 23 1.327 (1.167–1.508) 24 1.148 (0.965–1.366)

Study IV: rosuvastatin (BCRP/OATP1B1/OATP1B3)

AUC? (h ng/mL) 24 1.219 (1.125–1.321) 23 1.296 (1.158–1.450)

Cmax (ng/mL) 24 1.272 (1.150–1.408) 24 1.258 (1.092–1.451)

Study V: digoxin (P-gp)

AUC? (h ng/mL) 24 1.012 (0.954–1.073) 24 1.073 (0.994–1.157)

Cmax (ng/mL) 24 0.967 (0.869–1.076) 24 1.236 (1.083–1.411)

AUC? area under plasma concentration–time curve from time zero to infinity, BCRP breast cancer resistance protein, CI
confidence interval, Cmax maximum plasma concentration, CYP cytochrome P450, GLSM geometric least square means,
OATP organic anion transporting polypeptide, OCA obeticholic acid, PK pharmacokinetic
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Fig. 1 Pharmacokinetic profile of caffeine. Data are mean
(?SD) plasma caffeine concentrations versus time follow-
ing a single 200-mg dose of caffeine administered alone
(solid line, triangles) and with 10 mg (a) or 25 mg

(b) OCA (dotted line, squares). Main figures display
caffeine plasma concentration on a linear scale, and insets
display log scale. Includes patients from caffeine PK
population (N = 45)
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Fig. 2 Pharmacokinetic profile of midazolam. Data are
mean (?SD) plasma midazolam concentrations versus
time following a single 2-mg dose of midazolam admin-
istered alone (solid line, circles) and with 10 mg (a) or

25 mg (b) OCA (dotted line, x). Main figures display
midazolam plasma concentration on a linear scale, and
insets display log scale. Includes patients from midazolam
PK population (N = 47)
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clinically relevant effect of OCA on these
transporters.

P-gp Substrate (Digoxin)
Mean plasma digoxin concentrations over time
in the presence of 10 mg OCA were similar to
digoxin alone, and slightly higher in the pres-
ence of 25 mg OCA (Fig. 7). The GLSM ratios
for the primary digoxin PK parameters in the
10 mg OCA group indicate comparable expo-
sure for digoxin with OCA versus digoxin
alone. In the 25 mg OCA group, the GLSM
ratios demonstrated a 7% increase in AUC?

and a 24% increase for Cmax compared to
digoxin alone. On the basis of these weak
increases in exposure of less than 25%, these
data demonstrate that OCA has no effect on
digoxin exposure at 10 mg and only a slight
effect at 25 mg (Table 3).

Overall, PK parameters for metabolites of
probe drugs (1-hydroxymidazolam for midazo-
lam, paraxanthine for caffeine, dextrorphan for

dextromethorphan, 5-hydroxyomeprazole for
omeprazole, and N-desmethyl rosuvastatin for
rosuvastatin) concurred with the PK data for the
corresponding primary drug (Supplemental
Table S6).

Mean total OCA plasma concentrations over
time in midazolam, caffeine, warfarin, dex-
tromethorphan, omeprazole, rosuvastatin, and
digoxin populations are shown in Supplemental
Fig. S2. A visual representation of overall effects of
OCA on various substrates is shown as a forest plot
in Supplemental Fig. S3.

Pharmacodynamic Evaluation

The warfarinPDcoagulationparametersPT, aPTT,
and INR were evaluated in the presence of 25 mg
warfarin administered alone and with 10 or 25 mg
OCAover7 days.Asexpected,meanPT,aPTT, and
INR values generally increased after administra-
tion of warfarin alone but returned to baseline
values, indicating that a 25-mg dose was sufficient

Fig. 3 Pharmacokinetic profile of warfarin. Data are mean
(?SD) plasma S-warfarin (a, b) and R-warfarin (c,
d) concentrations versus time following a single 25-mg
dose of warfarin administered alone (solid line, circles) and

with 10 mg (a, c) or 25 mg (b, d) OCA (dotted line, x).
Main figures display warfarin plasma concentration on a
linear scale, and insets display log scale. Includes patients
from PK/PD population (N = 43)
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for determining the effect of OCA on the phar-
macological response of warfarin (Supplemental
Fig. S1).

Modest decreases were observed in PT Emax

with OCA at 10 mg (11%) and 25 mg (7%), and
in INR Emax with OCA at 10 mg (11%) and

Fig. 4 Pharmacokinetic profile of dextromethorphan.
Data are mean (?SD) plasma dextromethorphan concen-
trations versus time following a single 30-mg dose of
dextromethorphan administered alone (solid line, circles)

and with 10 mg (a) or 25 mg (b) OCA (dotted line, x).
Main figures display dextromethorphan plasma concentra-
tion on a linear scale, and insets display log scale. Includes
patients from dextromethorphan PK population (N = 47)
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Fig. 5 Pharmacokinetic profile of omeprazole. Data are
mean (?SD) plasma omeprazole concentrations versus
time following a single 20-mg dose of omeprazole
administered alone (solid line, triangles) and with 10 mg

(a) or 25 mg (b) OCA (dotted line, squares). Main figures
display omeprazole plasma concentration on a linear scale,
and insets display log scale. Includes patients from
omeprazole PK population (N = 47)
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Fig. 6 Pharmacokinetic profile of rosuvastatin. Data are
mean (?SD) plasma rosuvastatin concentrations versus
time following a single 20-mg dose of rosuvastatin
administered alone (solid line, circles) and with 10 mg

(a) or 25 mg (b) OCA (dotted line, x). Main figures display
rosuvastatin plasma concentration on a linear scale, and
insets display log scale. Includes patients from rosuvastatin
PK population (N = 48)
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Fig. 7 Pharmacokinetic profile of digoxin. Data are mean
(?SD) plasma digoxin concentrations versus time follow-
ing a single 0.25-mg dose of digoxin administered alone
(solid line, circles) and with 10 mg (a) or 25 mg (b) OCA

(dotted line, x). Main figures display digoxin plasma
concentration on a linear scale, and insets display log scale.
Includes patients from digoxin evaluable PK population
(N = 48)
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25 mg (7%) (Table 4). There were no notable or
significant changes in aPPT.

Safety

Administration of OCA with the different probe
substrates was generally well tolerated. No
clinically meaningful changes in clinical labo-
ratory parameters, vital signs, 12-lead ECGs, or
physical examination were observed in any of
the five drug–drug interaction studies. The
overall frequency of adverse events (AEs) was
low in all studies and most AEs were mild in
severity. The incidence of AEs, serious adverse
events, and AEs leading to treatment or study
discontinuation are provided in Supplemental
Table S7. No dose-dependent changes in the
incidence of AEs were reported in any of the
studies.

In study I, infrequent bowel movements
(13% of subjects), nausea (6%), and headache
(6%) were the most frequently reported TEAEs.
In study II, infrequent bowel movements (9%),
headache (5%), and fatigue (5%) were the most
frequently reported TEAEs. In study III, pruritus
(4%) and headache (4%) were the most fre-
quently reported TEAEs. In study IV, the most
common TEAE was infrequent bowel move-
ments (4%). In study V, headache (10%), nausea

(8%), dizziness (6%), and abdominal discomfort
(6%) were the most frequently reported TEAEs.

There were no deaths, serious AEs, or TEAEs
that led to discontinuation in studies I, III, IV,
or V. In study II, one subject experienced an AE
of abdominal pain that resulted in study dis-
continuation and two serious AEs of acute
cholecystitis and cholelithiasis.

DISCUSSION

Five phase 1 single-center, open-label, fixed-se-
quence, inpatient studies were conducted to
evaluate the potential for drug–drug interac-
tions between OCA and specific probe sub-
strates for an array of CYP enzymes and
transporters. Two weeks of OCA administration
were considered sufficient for OCA to reach
steady state exposure and for any induction or
suppression of enzymes to occur, based on the
pharmacokinetics of OCA and the half-lives of
CYP enzymes. At steady state, OCA showed no
substantial suppression/inhibition of the PK
exposure parameters of S-warfarin (CYP2C9),
digoxin (P-gp), and dextromethorphan
(CYP2D6) at both the 10 and 25 mg OCA doses;
all changes were considered not clinically
relevant.

Table 4 Statistical comparisons of plasma pharmacodynamic parameters following a single 25-mg dose of warfarin
administered alone and with 10 or 25 mg OCA–PK/PD population (N = 43)

Analyte OCA 10 mg OCA 25 mg

AUEC Emax AUEC Emax

PT, n 21 21 22 22

GLSM ratio (90% CI) 0.967 (0.946–0.988) 0.888 (0.851–0.927) 0.981 (0.962–1.000) 0.927 (0.895–0.960)

aPPT, n 21 21 22 22

GLSM ratio (90% CI) 0.991 (0.978–1.004) 0.990 (0.976–1.005) 1.001 (0.980–1.022) 1.004 (0.975–1.034)

INR, n 21 21 22 22

GLSM ratio (90% CI) 0.967 (0.947–0.988) 0.889 (0.852–0.927) 0.982 (0.963–1.002) 0.928 (0.896–0.962)

aPTT activated partial thromboplastin time, AUEC area under the effect curve for plasma pharmacodynamic measurements
versus time from time zero to the last sampling collection time point (0–168 h), CI confidence interval, Emax maximum
observed effect, GLSM geometric least-squares mean, INR international normalized ratio, OCA obeticholic acid, PD
pharmacodynamics, PK pharmacokinetic, PT prothrombin time
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Very weak interactions were seen for caf-
feine. This weak interaction is most likely due to
a modest suppression of CYP1A2 that was
observed in in vitro hepatocyte studies (data not
shown). A potential mechanism that would
relate this weak interaction with FXR is the
potential of SHP to interfere with the tran-
scriptional regulation of CYP1A2 via the aryl
hydrocarbon receptor (AhR) in conjunction
with the aryl hydrocarbon receptor nuclear
translocator (ARNT) [21, 22].

A modest effect of OCA on the PK of rosu-
vastatin was observed, with inhibition occur-
ring only at the 25-mg dose, and not at the
10-mg dose. OCA 10 and 25 mg produced weak
suppression/inhibition of CYP2C19, as demon-
strated by modest increases in the mean plasma
concentrations of omeprazole. The clinical sig-
nificance of these modest increases is unknown.
OCA treatment did not suppress/inhibit CYP3A
at 10 mg, but an increase in midazolam expo-
sure was observed at 25 mg. This effect is unli-
kely to produce clinically relevant increases in
exposure of midazolam or other CYP3A sub-
strates when co-administered with OCA.

Racemic warfarin is an anticoagulant com-
prising an S-enantiomer and R-enantiomer in a
1:1 mixture. The pharmacological effects of
warfarin are elicited mainly by the S-enan-
tiomer, which exhibits 2–5 times more antico-
agulant activity than the R-enantiomer. The R-
and S-enantiomers of warfarin are metabolized
differently by human P450 enzymes with
CYP2C9 primarily metabolizing S-warfarin and
CYP1A2 and CYP3A primarily metabolizing R-
warfarin. OCA demonstrated no meaningful
increases in S-warfarin exposure, which is a
CYP2C9 substrate. These data indicate that OCA
is not an inhibitor or suppressor of CYP2C9, and
is not expected to inhibit the metabolism of
other CYP2C9 substrates consistent with
in vitro results (data not shown). Repeat
administration of OCA at daily doses of 10 and
25 mg resulted in modest dose-related increases
in R-warfarin exposure which is consistent with
results in study I showing a weak interaction of
OCA on CYP1A2.

Repeat administration of OCA at daily doses
of 10 and 25 mg resulted in weak changes in
plasma PD coagulation parameters INR and PT

and no changes in aPTT. Oral doses of 10 and
25 mg OCA administered alone and in combi-
nation with warfarin appeared to be generally
safe and well tolerated; given the observed
clinical changes, INR and PT should be moni-
tored with coadministration of OCA and
warfarin.

A limitation for consideration is that these
studies were completed predominantly in heal-
thy male subjects approximately 33 to 38 years of
age. PBC is typically diagnosed in women
between 40 and 60 years of age [2].

CONCLUSION

Overall, the results demonstrate that OCA
shows weak to no suppression/inhibition of
most major metabolic enzymes and trans-
porters. The results suggest that, with the
exception of narrow therapeutic index CYP1A2
substrates, OCA can be administered with
medications that are substrates of most major
metabolic enzymes and transporters without
producing clinically significant drug–drug
interactions in healthy subjects.
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