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Abstract
Background and objective Cilofexor is a selective farnesoid X receptor (FXR) agonist in development for the treatment of 
nonalcoholic steatohepatitis and primary sclerosing cholangitis. Our objective was to evaluate potential drug-drug interac-
tions of cilofexor as a victim and as a perpetrator.
Methods In this Phase 1 study, healthy adult participants (n = 18–24 per each of the 6 cohorts) were administered cilofexor 
in combination with either perpetrators or substrates of cytochrome P-450 (CYP) enzymes and drug transporters.
Results In total, 131 participants completed the study. As a victim, cilofexor area under the curve (AUC) was 651%, 
795%, and 175% when administered following single-dose cyclosporine (600 mg; organic anion transporting polypeptide 
[OATP]/P-glycoprotein [P-gp]/CYP3A inhibitor), single-dose rifampin (600 mg; OATP1B1/1B3 inhibitor), and multiple-
dose gemfibrozil (600 mg twice daily [BID]; CYP2C8 inhibitor), respectively, compared with the administration of cilofexor 
alone. Cilofexor AUC was 33% when administered following multiple-dose rifampin (600 mg; OATP/CYP/P-gp inducer). 
Multiple-dose voriconazole (200 mg BID; CYP3A4 inhibitor) and grapefruit juice (16 ounces; intestinal OATP inhibitor) 
did not affect cilofexor exposure. As a perpetrator, multiple-dose cilofexor did not affect the exposure of midazolam (2 mg; 
CYP3A substrate), pravastatin (40 mg; OATP substrate), or dabigatran etexilate (75 mg; intestinal P-gp substrate), but ator-
vastatin (10 mg; OATP/CYP3A4 substrate) AUC was 139% compared with atorvastatin administered alone.
Conclusion Cilofexor may be coadministered with inhibitors of P-gp, CYP3A4, or CYP2C8 without the need for dose modi-
fication. Cilofexor may be coadministered with OATP, BCRP, P-gp, and/or CYP3A4 substrates—including statins—without 
dose modification. However, coadministration of cilofexor with strong hepatic OATP inhibitors, or with strong or moderate 
inducers of OATP/CYP2C8, is not recommended.
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Key Points 

Data from this study suggest that cilofexor may be coad-
ministered with inhibitors of P-gp, CYP3A4, or CYP2C8 
without the need for dose modification. Cilofexor may be 
coadministered with OATP, BCRP, P-gp, and/or CYP3A4 
substrates—including statins—without dose modifica-
tion. However, coadministration of cilofexor with strong 
hepatic OATP inhibitors, or with strong or moderate 
inducers of OATP/CYP2C8, is not recommended.

1 Introduction

Primary sclerosing cholangitis (PSC) and nonalcoholic stea-
tohepatitis (NASH) represent major unmet medical needs. 
Primary sclerosing cholangitis is a chronic and progressive 
cholestatic liver disease, characterized by chronic inflam-
mation and fibro‐obliterative destruction of intrahepatic 

http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-023-01214-w&domain=pdf
http://orcid.org/0000-0002-4937-2775


610 I. Younis et al.

2  Methods

2.1  Ethics Statement

The study protocol was reviewed and approved by an institu-
tional review board (IRB; Schulman IRB; 4445 Lake Forest 
Drive, Suite 300; Cincinnati, OH 45242). The study was 
carried out in accordance with the Declaration of Helsinki 
and the International Council for Harmonisation Good Clini-
cal Practice guidelines. All participants provided written 
informed consent prior to study participation.

2.2  Study Participants

Eligible participants included males and nonpregnant, non-
lactating females. All participants were nonsmokers, aged 
between 18–45 years, had a body mass index (BMI) 19–30 
kg/m2, and were required to have a normal or clinically 
insignificant 12-lead electrocardiogram (ECG), normal renal 
function, no significant medical history, and general good 
health at the time of screening (≤ 28 days prior to the first 
dose), as determined by the investigators. Exclusion criteria 
included pregnancy or lactation; any serious or active medi-
cal or psychiatric illness; liver disease including Gilbert’s 
disease; receipt of any investigational drug or device (30 
days prior to first dose); use of any prescription or over-
the-counter medications (except vitamins, acetaminophen, 
ibuprofen, and/or hormonal contraceptive medications) or 
herbal products within 28 days of commencing study drug 
dosing; a positive test result for human immunodeficiency 
virus 1 antibody, hepatitis B surface antigen, or hepatitis C 
antibody; treatment with systemic steroids, immunosuppres-
sant therapies, or chemotherapeutic agents within 3 months 
prior to screening or expected to receive these agents during 
the study; and no current alcohol or substance abuse.

2.3  Study Design

This was a Phase 1, open-label, multicenter, multiple-cohort 
study in healthy participants. Following completion of screen-
ing and Day 1 assessments, eligible participants were enrolled 
in 1 of 6 cohorts, including 5 prespecified cohorts (Cohorts 1, 
2, 3, 5, and 6) and 1 adaptive cohort (adaptive Cohort 4 [initi-
ated based on preliminary data from Cohort 2]).

Cohort 1 assessed the effect of the administration of a 
single dose of cyclosporine (OATP/P-gp/CYP3A inhibitor) 
or rifampin (OATP1B1/1B3 inhibitor) on the exposure of a 
single dose of cilofexor. Participants in Cohort 1 (n = 24) 
were randomized and received a single dose of cilofexor 
100 mg, a single dose of cyclosporine 600 mg with a single 
dose of cilofexor 100 mg, and a single dose of rifampin 600 

and/or extrahepatic bile ducts, which results in progressive 
biliary fibrosis and cirrhosis [1]. Nonalcoholic steatohepa-
titis is a progressive form of nonalcoholic fatty liver dis-
ease characterized by steatosis, inflammation, hepatocyte 
ballooning, and hepatic fibrosis [2]. Patients with NASH 
have an increased risk for developing cirrhosis, liver decom-
pensation, and hepatocellular carcinoma. Additionally, most 
patients suffer from comorbidities and thus are often taking 
multiple medications. To date, there is no approved treat-
ment for PSC or NASH.

Cilofexor is a nonsteroidal farnesoid X receptor (FXR) 
agonist in clinical development for the treatment of NASH 
(30-mg dose in combination with other investigational 
agents) and PSC (100-mg dose monotherapy) [1, 3]. 
Cilofexor pharmacokinetics (PKs) have been characterized 
in healthy participants following the administration of 10- to 
300-mg doses [4] and in NASH and PSC patients. Cilofexor 
plasma exposure showed less than dose-proportional 
increases in the dose range of 10 to 100 mg [4]. Cilofexor 
shows high protein binding in human plasma (> 99%) and 
is extensively metabolized, with 96.7% of the cilofexor 
dose eliminated in feces; 34.1% remains as intact cilofexor; 
and the remainder as inactive metabolites [5]. In vitro data 
indicate that cilofexor is a substrate of cytochrome P450 
(CYP) isoforms 2C8, 2C19, and 3A, with rCYP2C8 show-
ing the fastest rate of metabolism. Cilofexor is a substrate 
for human efflux transporters, P-glycoprotein (P-gp) and 
breast cancer resistance protein (BCRP), and a substrate for 
uptake transporters, sodium taurocholate co-transporting 
polypeptide (NTCP) and organic anion transporting poly-
peptides (OATP1B1, OATP1B3, and OATP2B1). Addition-
ally, cilofexor is an in vitro inhibitor of OATP, P-gp, and 
CYP3A4 (data on file, Gilead Sciences, Inc.).

The objective of this clinical study was to characterize the 
cilofexor drug-drug interaction (DDI) profile both as a victim 
and as a perpetrator in order to inform dosing recommendations 
for administering cilofexor with other medications that are either 
perpetrators or substrates of CYP enzymes and drug transport-
ers. As a victim, the effects of cyclosporine (a mixed OATP/P-
gp/multidrug resistance-associated protein 2 [MRP2]/CYP3A 
inhibitor) [6], rifampin (a selective OATP1B1/1B3 inhibitor 
[single dose] [7] and OATP/CYP3A/CYP2C8/P-gp inducer 
[multiple doses]) [8], voriconazole (strong CYP3A inhibitor) 
[9], gemfibrozil (strong CYP2C8 inhibitor/OATP1B1 inhibitor) 
[7], and grapefruit juice (intestinal uptake transport and CYP3A 
inhibitor) [10] on the exposure of cilofexor were evaluated. As 
a perpetrator, the effects of cilofexor on the exposure of mida-
zolam (CYP3A substrate), atorvastatin (mixed OATP/CYP3A 
substrate), dabigatran etexilate (P-gp substrate), pravastatin 
(OATP substrate), and rosuvastatin (OATP/BCRP substrate) 
were evaluated [7].
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mg with cilofexor 100 mg in 1 of 6 treatment sequences. 
Between each treatment there was a washout period on Days 
2–8 and Days 10–16.

Cohort 2 assessed the effect of the administration of mul-
tiple doses of voriconazole (CYP3A4 inhibitor) or gemfi-
brozil (CYP2C8/OATP1B1 inhibitor) on the exposure of a 
single dose of cilofexor. Participants in Cohort 2 (n = 18) 
received a single dose of cilofexor on Day 1 followed by 
voriconazole 200 mg twice daily (BID) for 4 days starting on 
Day 9 with a single dose of cilofexor 100 mg administered 
on Day 9. The last dose of voriconazole was administered 
on Day 12 in the evening. Gemfibrozil 600 mg BID was 
administered for 4 days starting on Day 20 with a single 
dose of cilofexor administered on Day 20. The last dose of 
gemfibrozil was administered in the morning on Day 23. 
There was a 7-day washout period between each treatment.

Cohort 3 assessed the effect of the administration of multi-
ple doses of rifampin (OATP/CYP/P-gp inducer) on the expo-
sure of a single dose of cilofexor. Participants in Cohort 3 (n 
= 18) received a single 100-mg dose of cilofexor on Day 1 
followed by a 7-day washout period. Rifampin 600 mg once 
daily was administered in the evening 1 hour before a meal 
for 7 days starting on Day 9. Finally, a single 100-mg dose of 
cilofexor was administered on Day 16 in the morning.

Cohort 4 assessed the effect of the administration of grape-
fruit juice (Everfresh Juice company), an intestinal OATP (and 
CYP3A) inhibitor, on the exposure of a single dose of cilofexor. 
Participants in Cohort 4 (n = 24) were randomized to 1 of 2 
treatment sequences and received a single dose of cilofexor 100 
mg and 16 ounces of grapefruit juice with cilofexor 100 mg. 
Treatments were administered on either Day 1 or Day 9 with a 
7-day washout period between each treatment.

Cohort 5 assessed the effect of multiple-dose admin-
istration of cilofexor on the exposure of single doses of 
midazolam (CYP3A4 substrate) and atorvastatin (OATP/
CYP3A4 substrate). Participants in Cohort 5 (n = 24) 
received a single 2-mg dose of midazolam on Day 1, fol-
lowed by a single 10-mg dose of atorvastatin on Day 2, 
followed by a washout period on Days 3–6. Participants 
received cilofexor 100 mg once daily on Days 7–11 with a 
single dose of midazolam 2 mg on Day 7 and a single dose 
of atorvastatin 10 mg on Day 8.

Cohort 6 assessed the effect of multiple-dose admin-
istration of cilofexor on the exposure of single doses of 
dabigatran etexilate (intestinal P-gp substrate), pravastatin 
(OATP substrate), and rosuvastatin (OATP/BCRP substrate). 
Participants in Cohort 6 (n = 24) received a single dose of a 
cocktail of dabigatran etexilate 75 mg + pravastatin 40 mg 
+ rosuvastatin 10 mg on Day 1 followed by a 5-day washout 
period. Participants received cilofexor 100 mg once daily 
on Days 7–10 with a single dose of the cocktail on Day 7.

A summary of cohorts and a treatment schematic are pre-
sented in Fig. 1. Participants were confined to the clinic from 
Day − 1 until completion of assessments on Day 21 (Cohort 
1), Day 24 (Cohort 2), Day 20 (Cohort 3), Day 13 (Cohort 
4), Day 12 (Cohort 5), or Day 11 (Cohort 6).

In all cohorts, study drugs were administered within 5 
min of participants completing a standardized, moderate-fat 
meal. The meal was initiated 30 min prior to administration 
of the study drug. Participants then fasted until after collec-
tion of the PK sample at 4 hours post-dose.

2.4  Pharmacokinetic Sampling

Intensive PK sampling occurred pre-dose (< 5 min) and at 
0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 16, 24, 48, 72, and 96 
hours post-dose on Days 1, 9, and 17 (Cohort 1); Days 1, 9, 
and 20 (Cohort 2); Days 1 and 16 (Cohort 3); Days 1 and 9 
(Cohort 4); Days 1, 2, 7, and 8 (Cohort 5); and Days 1 and 
7 (Cohort 6).

2.5  Bioanalytical Procedures

Concentrations of cilofexor, midazolam, atorvastatin, 
o-hydroxyatorvastatin (o-OH-ATV), pravastatin, rosuv-
astatin, and dabigatran (total and free) in human plasma 
samples were quantified using fully validated high-perfor-
mance liquid chromatography-tandem mass spectroscopy 
(LC-MS/MS) methods. All samples were analyzed within 
the time frame supported by frozen stability storage data. 
Lab vendor(s) analyzed plasma samples for cilofexor, mida-
zolam, atorvastatin, o-OH-ATV, dabigatran (total and free), 
pravastatin, and rosuvastatin concentrations. Once the phar-
macokinetic concentration data were deemed final (quality 
assurance performed by Covance Madison, QPS, and PPD 
labs), the pharmacokinetic parameters were calculated.

2.6  Pharmacokinetic Analyses

Pharmacokinetic parameters were estimated with Phoenix 
WinNonlin 8.2 software (Certara, LP, Princeton, NJ, USA) 
using standard noncompartmental methods. Samples with 
concentrations below the limit of quantitation of the bioana-
lytical assays occurring prior to the achievement of the first 
quantifiable concentration were assigned a concentration value 
of zero and at all other time points were treated as missing 
data in the noncompartmental analyses. Pharmacokinetic 
parameters included area under the plasma concentration-time 
curve (AUC) from time 0 to the last quantifiable concentration 
(AUC last), AUC extrapolated to infinity (AUC inf), maximum 
observed plasma concentration (Cmax), time to maximal con-
centration (Tmax), and terminal-phase elimination half-life (t½).
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2.7  Statistical Methods

For each cohort, the selected sample size was projected 
to achieve at least 80% power such that the 90% CI for 
the geometric least-squares mean (GLSM) ratio of AUC 
inf, AUC last, and Cmax in test (victim drug administered 
with perpetrator drug) versus reference (victim drug 
administered alone) treatments would be within 0.70 to 
1.43, if the true GLSM ratio was 1.0. For each cohort, 
analyte, and PK parameter, a parametric (normal theory) 
mixed-effects ANOVA model was fitted to the natural 
log-transformed values of the single-dose PK param-
eter under evaluation using SAS PROC MIXED. For 
Cohorts 1 and 4, the statistical model included treatment, 
sequence, and period as fixed effects and participant 
within sequence as a random effect. For Cohorts 2, 3, 5, 
and 6, the statistical model included treatment as a fixed 

effect and participant as a random effect. The test versus 
reference ratio and associated 90% CI were calculated by 
taking the exponential of the point estimate and the cor-
responding lower and upper limits, which was consistent 
with the two 1-sided tests approach. A lack of DDI was 
concluded if the GLSM ratios and corresponding 90% 
CIs for selected PK parameters fell within the prespeci-
fied lack of PK alteration boundaries of 70% to 143%.

2.8  Safety Assessments

Safety was monitored throughout the study. Safety was 
evaluated by assessment of clinical laboratory tests, ECGs, 
periodic physical examinations (including vital sign meas-
urements), and documentation of adverse events (AEs). 
Clinical and laboratory AEs were coded using the Medical 
Dictionary for Regulatory Activities, Version 19.1.

Fig. 1  Study schematic for each cohort. ATV atorvastatin, BCRP 
breast cancer resistance protein, BID twice daily, CIL cilofexor, CsA 
cyclosporine, CYP cytochrome P450 enzyme, DE dabigatran etex-
ilate, GFJ grapefruit juice, GFZ gemfibrozil, MDZ midazolam, OATP 

organic anion transporting polypeptide, P-gp P-glycoprotein, PRA 
pravastatin, RIF rifampin, ROS rosuvastatin, VORI voriconazole, WO 
washout
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3  Results

3.1  Participant Demographics

Overall, 134 participants were enrolled (24 each in Cohorts 
1, 4, 5, and 6; 19 participants each in Cohorts 2 and 3); 
132 participants received at least 1 dose of study drug and 
were included in the safety analysis set; and 131 participants 
(99.2%) completed the study. Two enrolled participants (1 
each from Cohorts 2 and 3) did not receive study drug based 
on investigator discretion, and 1 participant (Cohort 4) with-
drew consent on Day 1 after treatment with a single dose of 
cilofexor.

The mean participant age was 34 years (range, 19–45). 
Most participants were male (n = 78, 59.1%), White (n = 89, 
67.4%), and Hispanic or Latino (n = 102, 77.3%). The mean 
(SD) BMI at baseline was 26.4 (2.59) kg/m2. Demographics 
and baseline characteristics for each cohort are presented in 
Table 1.

3.2  Pharmacokinetics

3.2.1  Cilofexor as a Victim of DDIs

Cilofexor mean plasma concentration versus time profiles 
when administered alone and with single-dose cyclosporine, 
grapefruit juice, single-dose rifampin, multiple-dose 
rifampin, multiple-dose voriconazole, and multiple-dose 
gemfibrozil are shown in Fig. 2. Corresponding cilofexor 
PK parameters, GLSM ratio, and 90% CIs are presented in 
Table 2 and Fig. 3.

Cilofexor AUC and Cmax were 651% and 512%, respec-
tively, when cilofexor was administered with cyclosporine 
compared with the administration of cilofexor alone. The 

median cilofexor t½ was longer (approximately 2.5-fold) 
following administration of cilofexor with cyclosporine 
(Table 2, Fig. 4).

Cilofexor AUC and Cmax were similar when cilofexor was 
administered with grapefruit juice compared to the adminis-
tration of cilofexor alone. The 90% CIs of the GLSM ratios 
were contained within the strict bioequivalence 0.8 to 1.25 
boundaries. Median t½ of cilofexor was similar following 
both treatments (Table 2).

Cilofexor AUC and Cmax were 795% and 547%, respec-
tively, when cilofexor was administered with a single dose 
of rifampin compared with the administration of cilofexor 
alone. The median cilofexor t½ was longer (approximately 
2.8-fold) following administration of cilofexor with a single 
rifampin dose compared with cilofexor alone (Table 2).

Cilofexor AUC and Cmax were 33% and 35%, respec-
tively, when cilofexor was administered with multiple doses 
of rifampin compared with the administration of cilofexor 
alone. Median cilofexor t½ was slightly shorter following 
administration of cilofexor after multiple daily doses of 
rifampin (Table 2).

Cilofexor AUC was similar (the 90% CIs of the GLSM 
ratios were contained within the prespecified no-effect 
bounds [0.70–1.43]) and Cmax was 23% lower, when 
cilofexor was administered with multiple-dose voriconazole 
compared with the administration of cilofexor alone. Median 
cilofexor t½ was slightly longer following administration of 
cilofexor with voriconazole (Table 2).

Cilofexor AUC and Cmax were 175% and 139%, respec-
tively, when cilofexor was administered with multiple-dose 
gemfibrozil compared with the administration of cilofexor 
alone. Median cilofexor t½ was slightly longer following 
administration of cilofexor with gemfibrozil (Table 2).

Table 1  Demographics and baseline characteristics

BMI body mass index, SD standard deviation

Cohort 1
n = 24

Cohort 2
n = 18

Cohort 3
n = 18

Cohort 4
n = 24

Cohort 5
n = 24

Cohort 6
n = 24

Sex, n (%)
 Male 16 (67) 9 (50) 7 (39) 12 (50) 22 (92) 12 (50)
 Female 8 (33) 9 (50) 11 (61) 12 (50) 2 (8) 12 (50)

Median age, y (range) 33 (20–44) 37 (23–45) 39 (20–45) 36 (24–44) 33 (19–45) 37 (19–44)
Race, n (%)
 Black or African American 5 (20.8) 5 (27.8) 5 (27.8) 6 (25.0) 15 (62.5) 5 (20.8)
 White 19 (79.2) 12 (66.7) 13 (72.2) 18 (75.0) 8 (33.3) 19 (79.2)
 Other 0 1 (5.6) 0 0 1 (4.2) 0

Body weight, kg mean (SD) 76.0 (10.74) 77.9 (15.82) 72.6 (12.08) 76.3 (11.45) 82.5 (8.48) 72.7 (10.23)
Median BMI, kg/m2 (range) 26.0 (20.8–29.8) 28.3 (20.4–29.9) 26.8 (19.9–29.6) 26.4 (21.0–30.1) 27.4 (21.1–29.8) 25.1 (19.6–29.3)
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3.2.2  Cilofexor as a Perpetrator of DDIs

The changes in exposure of probe substrates with cilofexor 
coadministration are shown in Fig. 3. Corresponding probe 
substrates’ PK parameters, GLSM ratios, and 90% CIs are 
presented in Table 3.

Midazolam AUC and Cmax were similar when midazolam 
was administered with cilofexor compared to the administra-
tion of midazolam alone. The 90% CIs of the GLSM ratios 
were contained within the strict bioequivalence 0.8 to 1.25 
boundaries. Median t½ of midazolam was similar following 
both treatments (Table 3).

Atorvastatin AUC was 139% and Cmax was similar when 
atorvastatin was administered with multiple-dose cilofexor 
compared to the administration of atorvastatin alone. Median 
atorvastatin t½ was longer following administration of ator-
vastatin with cilofexor versus atorvastatin alone. Adminis-
tration of atorvastatin with multiple-dose cilofexor resulted 
in similar o-OH-atorvastatin AUC and Cmax compared to 
administration of the atorvastatin alone. Median o-OH-
atorvastatin t½ was also longer following administration of 
atorvastatin with cilofexor compared with atorvastatin alone 
(Table 3).

Pravastatin AUC and Cmax were similar when pravastatin 
was administered with multiple-dose cilofexor compared to 

Fig. 2  Mean (± SD) plasma concentration of cilofexor with and with-
out coadministration of cyclosporine (A), grapefruit juice (B), single-
dose rifampin (C), multiple-dose rifampin (D), voriconazole (E), and 
gemfibrozil (F). For summary statistics, BLQ was treated as 0 at pre-

dose and at post-dose time points. Mean concentration values that 
were less than or equal to the LLOQ were not displayed at post-dose 
time points in the plot. BLQ below limit of quantitation, LLOQ lower 
limit of quantitation, SD standard deviation
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Table 2  Cilofexor pharmacokinetic parameters with and without coadministration of cyclosporine, grapefruit juice, single-dose rifampin, multi-
ple-dose rifampin, voriconazole, and gemfibrozil

Effect of cyclosporine on cilofexor PK

PK parameter Cilofexor + cyclosporine
(n = 24)

Cilofexor alone
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 23500 (46) 3460 (35) 6.55 (5.81, 7.38)
AUC inf (h∙ng/mL) 23600 (46) 3490 (35) 6.51 (5.78, 7.33)
Cmax  (ng/mL) 3150 (35) 610 (33) 5.12 (4.61, 5.68)
Tmax  (h)a 6.00 (6.0, 6.0) 4.00 (4.0, 6.0)
t½ (h)a 20.8 (19, 24) 8.02 (7.5, 8.8)

Effect of grapefruit juice on cilofexor PK

PK parameter Cilofexor + grapefruit juice
(n = 23)

Cilofexor alone
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 3910 (65) 3680 (38) 0.978 (0.847, 1.13)
AUC inf (h∙ng/mL) 3940 (64) 3710 (38) 0.979 (0.849, 1.13)
Cmax  (ng/mL) 584 (43) 622 (46) 0.953 (0.817, 1.11)
Tmax  (h)a 6.00 (4.0, 6.0) 4.01 (4.0, 6.0)
t½ (h)a 9.17 (7.9, 11) 8.75 (7.7, 10)

Effect of single-dose rifampin on cilofexor PK

PK parameter Cilofexor + rifampin
(n = 24)

Cilofexor alone
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 27700 (35) 3460 (35) 8.00 (7.10, 9.01)
AUC inf (h∙ng/mL) 27800 (35) 3490 (35) 7.95 (7.06, 8.96)
Cmax  (ng/mL) 3280 (26) 610 (33) 5.47 (4.93, 6.07)
Tmax  (h)a 6.00 (6.0, 6.0) 4.00 (4.0, 6.0)
t½ (h)a 22.3 (20, 26) 8.02 (7.5, 8.8)

Effect of multiple-dose rifampin on cilofexor PK

PK parameter Cilofexor + rifampin
(n = 18)

Cilofexor alone
(n = 18)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 1340 (33) 4320 (45) 0.324 (0.276, 0.381)
AUC inf (h∙ng/mL) 1360 (32) 4350 (44) 0.328 (0.279, 0.384)
Cmax  (ng/mL) 263 (49) 742 (46) 0.355 (0.291, 0.433)
Tmax  (h)a 4.00 (4.0, 6.0) 4.00 (3.0, 6.0)
t½ (h)a 8.43 (7.3, 9.0) 10.7 (10, 13)

Effect of voriconazole on cilofexor PK

PK parameter Cilofexor + voriconazole
(n = 18)

Cilofexor alone
(n = 18)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 3920 (44) 3920 (36) 0.953 (0.811, 1.12)
AUC inf (h∙ng/mL) 3970 (44) 3950 (35) 0.959 (0.816, 1.13)
Cmax  (ng/mL) 564 (42) 702 (39) 0.768 (0.622, 0.949)
Tmax  (h)a 6.00 (4.0, 6.0) 4.00 (4.0, 6.0)
t½ (h)a 12 (11, 15) 10 (8.7, 11)

Effect of gemfibrozil on cilofexor PK

PK parameter Cilofexor + gemfibrozil
(n = 18)

Cilofexor alone
(n = 18)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 6910 (33) 3920 (36) 1.76 (1.50, 2.07)
AUC inf (h∙ng/mL) 6940 (33) 3950 (35) 1.75 (1.49, 2.06)
Cmax  (ng/mL) 962 (32) 702 (39) 1.39 (1.13, 1.72)
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Table 2  (continued)

Effect of gemfibrozil on cilofexor PK

PK parameter Cilofexor + gemfibrozil
(n = 18)

Cilofexor alone
(n = 18)

GLSM ratio
(90% CI)

Tmax  (h)a 6.00 (4.0, 6.0) 4.00 (4.0, 6.0)
t½ (h)a 13.4 (11, 15) 9.99 (8.7, 11)

Unless otherwise indicated values are presented as mean (%CV)
%CV coefficient of variation, AUC inf area under the concentration-time curve from 0 to infinity, AUC last area under the concentration-time curve 
from 0 to last PK observation, CI confidence interval, Cmax maximum observed plasma concentration, GLSM geometric least-squares mean, PK 
pharmacokinetics, Q1 quartile 1, Q3 quartile 3, t½ terminal elimination half-life, Tmax time to maximum concentration
a Values are presented as median (Q1, Q3)

Fig. 3  Mean (± SD) plasma concentration of probe substrates with 
and without coadministration of cilofexor: Midazolam (A), atorvas-
tatin (B), free dabigatran (C), total dabigatran (D), pravastatin (E), 
and rosuvastatin (F). For summary statistics, BLQ was treated as 0 at 

pre-dose and at post-dose time points. Mean concentration values that 
were less than or equal to the LLOQ were not displayed at post-dose 
time points in the plot. BLQ below limit of quantitation, LLOQ lower 
limit of quantitation, SD standard deviation
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the administration of pravastatin alone. Median t½ was simi-
lar following both treatments (Table 3).

Rosuvastatin AUC and Cmax were similar when rosuvas-
tatin was administered with multiple-dose cilofexor com-
pared to the administration of rosuvastatin alone. Median 
rosuvastatin t½ was slightly longer following administration 
of rosuvastatin with multiple-dose cilofexor compared with 
rosuvastatin alone (Table 3).

Free and total dabigatran AUC and Cmax were similar 
when dabigatran etexilate was administered with multiple-
dose cilofexor compared to the administration of dabigatran 
etexilate alone. Median total and free dabigatran t½ were 
similar following both treatments (Table 3).

3.3  Safety

Study drugs were generally well tolerated. A total of 21 of 
132 participants (15.9%) experienced at least one AE, and 4 
participants (3.0%) experienced an AE that was assessed by 
the investigator to be related to study drug. No Grade 3 or 4 
AEs, serious AEs, AEs leading to premature study drug dis-
continuation, or deaths were reported. A summary of safety 
events by severity for each cohort is presented in Table 4. 
The most commonly reported AEs were headache (n = 5 
participants, 3.8%), back pain (n = 3, 2.3%), diarrhea (n = 
3, 2.3%), nasal congestion (n = 2, 1.5%), and nausea (n = 

2, 1.5%). All treatment-emergent AEs (TEAEs) were Grade 
1 in severity, except 1 patient who experienced a Grade 2 
headache. Study drug-related AEs were reported for Cohorts 
3, 4, and 6; no study drug-related AEs were reported for 
Cohorts 1, 2, and 5. All study drug-related AEs were Grade 
1 in severity, did not require modification of study drug dose, 
and resolved within 1 day of onset. There were no TEAE 
reports of pruritus during the study. No notable changes in 
vital signs or clinically significant ECG abnormalities were 
reported.

4  Discussion

This Phase 1 study was conducted to evaluate aspects of 
cilofexor’s DDI profile as both a victim and as a perpetra-
tor. Cilofexor is currently in clinical development for the 
treatment of NASH and PSC. Given the expected chronic 
use of NASH and PSC medications, characterizing their 
DDI potential is of great importance to ensure safe admin-
istration with other medications in the target population. 
Polypharmacy is a great burden among patients with dia-
betic nonalcoholic fatty liver disease (NAFLD), which 
underscores the importance of managing medications to 
ensure optimal treatment [11].

Observations from in vitro studies have shown that 
cilofexor is a substrate for P-gp, BCRP, and OATP trans-
porters in addition to CYP3A, CYP2C8, and CYP2C9 
metabolizing enzymes. Therefore, parts of this study 
evaluated the effect of inhibitors and inducers of these 
enzymes and transporters on the exposure of cilofexor. 
Voriconazole, a strong CYP3A inhibitor, did not impact 
cilofexor exposure, which indicates that CYP3A4 does not 
significantly contribute to cilofexor elimination. Cyclo-
sporine, a mixed BCRP/OATP/MRP2/P-gp inhibitor and 
a moderate CYP3A4 inhibitor, resulted in a cilofexor 
AUC and Cmax of 651% and 512%, respectively, while a 
single dose of rifampin, a strong OAT1B1/1B3 inhibitor, 
resulted in a cilofexor AUC and Cmax of 795% and 547%, 
respectively. The more pronounced effect of rifampin on 
cilofexor exposure compared with cyclosporine indicates 
that intestinal P-gp efflux does not play a significant role 
in cilofexor disposition.

Grapefruit juice, an inhibitor of intestinal CYP3A and 
OATP1A2 [10], did not affect the exposure of cilofexor, 
which indicates that cilofexor is not a substrate of intesti-
nal OATP1A2, given that in vivo perpetration to CYP3A4 
does not affect the exposure of cilofexor, as discussed 
above. Cilofexor is a substrate of OATP2B1; the absence 
of an effect of grapefruit juice, an inhibitor of OAT2B1, on 
cilofexor exposure indicates that cilofexor and grapefruit 
juice do not share the same binding site on OATP2B1, 

Fig. 4  Effect of metabolizing enzymes and transporters inhibitors and 
inducers on cilofexor exposure. Dashed vertical lines indicate pre-
specified no-effect boundaries (70% to 143%). AUC inf area under the 
curve from time zero to infinity, CI confidence interval, Cmax maxi-
mum observed concentration, GLSMR geometric least-squares mean 
ratio, PK pharmacokinetics
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Table 3  Pharmacokinetic parameters of midazolam, atorvastatin, o-OH-atorvastatin, free dabigatran, total dabigatran, pravastatin, and rosuvasta-
tin with and without cilofexor 100 mg

Effect of cilofexor on midazolam PK

PK parameter Midazolam + cilofexor
(n = 24)

Midazolam alone
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 35.8 (28) 35.6 (30) 1.01 (0.951, 1.08)
AUC inf (h∙ng/mL) 37.4 (28) 36.9 (29) 1.02 (0.957, 1.08)
Cmax  (ng/mL) 7.8 (28) 7.9 (36) 1.00 (0.948, 1.06)
Tmax  (h)a 2.00 (1.5, 2.0) 1.50 (1.5, 2.0)
t½ (h)a 5.58 (4.5, 6.5) 5.20 (4.7, 6.4)

Effect of cilofexor on atorvastatin PK

PK parameter Atorvastatin + cilofexor
(n = 24)

Atorvastatin alone
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 11.8 (61) 8.9 (44) 1.29 (1.15, 1.44)
AUC inf (h∙ng/mL) 15.4 (51) 10.8 (42) 1.39 (1.24, 1.56)
Cmax  (ng/mL) 1.06 (47) 0.98 (39) 1.07 (0.946, 1.20)
Tmax  (h)a 4.00 (3.0, 6.0) 3.00 (3.0, 4.0)
t½ (h)a 13.1 (9.3, 21) 7.68 (6.7, 9.2)

Effect of cilofexor on o-OH-atorvastatin PK

PK parameter Atorvastatin + cilofexor
(n = 24)

Atorvastatin alone
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 10.2 (43) 8.9 (37) 1.13 (1.02, 1.26)
AUC inf (h∙ng/mL) 14.1 (42) 11.4 (33) 1.19 (1.09, 1.31)
Cmax  (ng/mL) 0.87 (34) 0.82 (31) 1.06 (0.954, 1.17)
Tmax  (h)a 4.00 (4.0, 6.0) 6.00 (4.0, 6.0)
t½ (h)a 11.4 (10, 17) 8.26 (7.1, 12)

Effect of cilofexor on free dabigatran PK

PK parameter Dabigatran etexilate, pravastatin, rosuvastatin 
+ cilofexor
(n = 24)

Dabigatran etexilate, pravastatin, 
rosuvastatin
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 532 (33) 466 (38) 1.17 (1.09, 1.25)
AUC inf (h∙ng/mL) 543 (32) 478 (37) 1.16 (1.08, 1.24)
Cmax  (ng/mL) 75.0 (40) 60.8 (43) 1.25 (1.14, 1.38)
Tmax  (h)a 3.50 (3.0, 4.0) 4.00 (3.0, 4.0)
t½ (h)a 8.83 (8.2, 10) 9.51 (8.5, 11)

Effect of cilofexor on total dabigatran PK

PK parameter Dabigatran etexilate, pravastatin, rosuvastatin 
+ cilofexor
(n = 24)

Dabigatran etexilate, pravastatin, 
rosuvastatin
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 591 (35) 507 (37) 1.18 (1.09, 1.30)
AUC inf (h∙ng/mL) 624 (32) 536 (34) 1.18 (1.09, 1.28)
Cmax  (ng/mL) 84.3 (40) 68.0 (38) 1.25 (1.12, 1.39)
Tmax  (h)a 4.00 (3.0, 4.0) 4.00 (3.0, 4.0)
t½ (h)a 7.86 (6.1, 9.2) 7.88 (6.3, 9.3)

Effect of cilofexor on pravastatin PK

PK parameter Dabigatran etexilate, pravastatin, rosuvastatin 
+ cilofexor
(n = 24)

Dabigatran etexilate, pravastatin, 
rosuvastatin
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 105 (58) 96.3 (68) 1.14 (1.04, 1.25)
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similar to what is observed when pravastatin is adminis-
tered with grapefruit juice [12].

Gemfibrozil, a strong CYP2C8 inhibitor, led to a 
cilofexor exposure AUC and Cmax of 175% and 139%, 
respectively, indicating that CYP2C8 is a major path-
way for cilofexor metabolism. The increase in cilofexor 
exposure may be partially attributable to the inhibition 
of OATP1B1 by gemfibrozil, similar to the increase in 
pravastatin, an OATP1B1 substrate, exposure when it 
is administered with gemfibrozil [13]. This change in 
cilofexor exposure is not clinically relevant, based on the 
known exposure-safety relationship of cilofexor (data on 
file, Gilead Sciences, Inc.). Gemfibrozil can be adminis-
tered with cilofexor without dose adjustment. Cilofexor 
AUC and Cmax were 33% and 36% following adminis-
tration with multiple daily doses of rifampin, which is 

consistent with cilofexor being a substrate for hepatic 
OATP and CYP2C8.

Cilofexor is an in vitro inhibitor of CYP2C8, CYP3A, and 
CYP2C9 with half maximal inhibitory concentration  (IC50) 
values of 2.4, 6.3, and 13.6 μM, respectively (data on file, 
Gilead Sciences, Inc.). Cilofexor was not a mechanism-based 
inhibitor of these enzymes. However, cilofexor is unlikely 
to cause systemic DDI in vivo through inhibition of human 
CYP enzymes due to high plasma protein binding (> 99%). 
Consistent with this, cilofexor did not alter the exposure 
of midazolam, a sensitive CYP3A4 substrate. It should be 
noted that the effect of cilofexor on midazolam was con-
ducted because a potential CYP3A4-mediated clinical DDI 
was identified based on regulatory cutoff values determined 
by Cmax at clinical dose and  IC50 value.

Table 3  (continued)

Effect of cilofexor on pravastatin PK

PK parameter Dabigatran etexilate, pravastatin, rosuvastatin 
+ cilofexor
(n = 24)

Dabigatran etexilate, pravastatin, 
rosuvastatin
(n = 24)

GLSM ratio
(90% CI)

AUC inf (h∙ng/mL) 114 (57) 105 (65) 1.14 (1.02, 1.26)
Cmax  (ng/mL) 43.4 (67) 42.4 (67) 1.05 (0.929, 1.19)
Tmax  (h)a 1.50 (1.5, 2.0) 1.50 (1.5, 2.0)
t½ (h)a 21.0 (7.6, 52) 19.3 (3.5, 45)

Effect of cilofexor on rosuvastatin PK

PK parameter Dabigatran etexilate, pravastatin, rosuvastatin 
+ cilofexor
(n = 24)

Dabigatran etexilate, pravastatin, 
rosuvastatin
(n = 24)

GLSM ratio
(90% CI)

AUC last (h∙ng/mL) 32.9 (44) 29.2 (46) 1.13 (1.05, 1.22)
AUC inf (h∙ng/mL) 37.3 (42) 33.8 (42) 1.11 (1.01, 1.20)
Cmax  (ng/mL) 3.1 (40) 2.9 (44) 1.08 (0.98, 1.19)
Tmax  (h)a 3.50 (3.0, 4.0) 3.50 (3.0, 4.0)
t½ (h)a 27.1 (18, 35) 21.7 (16, 32)

Unless otherwise indicated values are presented as mean (%CV)
%CV coefficient of variation, AUC inf area under the concentration-time curve from 0 to infinity, AUC last area under the concentration-time curve 
from 0 to last PK observation, CI confidence interval, Cmax maximum observed plasma concentration, GLSM geometric least-squares mean, 
o-OH-atorvastatin o-hydroxy-atorvastatin, PK pharmacokinetics, Q1 quartile 1, Q3 quartile 3, t½ terminal elimination half-life, Tmax time to 
maximum concentration
a Values are presented as median (Q1, Q3)

Table 4  Treatment-emergent 
adverse events by severity

TEAE treatment-emergent adverse event

Cohort 1
n = 24

Cohort 2
n = 18

Cohort 3
n = 18

Cohort 4
n = 24

Cohort 5
n = 24

Cohort 6
n = 24

TEAE
Grade 1 1 (6) 7 (39) 3 (17) 3 (12) 5 (21) 2 (8)
Grade 2 0 1 (6) 0 0 0 0
Grade 3 or 4 0 0 0 0 0 0



620 I. Younis et al.

Cilofexor showed little to no inhibition, in vitro, of the 
human drug transporters P-gp, BCRP, NTCP, bile salt export 
pump, organic anion transporter (OAT)1, OAT3, organic 
cation transporter (OCT)2, multidrug and toxin extrusion 
protein (MATE) 1, and MATE2-K. Consistent with these 
findings, cilofexor did not alter the exposure of dabigatran 
etexilate, a probe P-gp substrate, or rosuvastatin, a BCRP/
OATP substrate.

Cilofexor is an in vitro inhibitor of hepatic influx trans-
porters OATP1B1, OATP1B3, and OATP2B1—with  IC50 
values of 0.68 μM, 0.41 μM, and 0.21 μM (data on file, 
Gilead Sciences, Inc.), respectively, which are 0.4× to 
1.1× the steady-state Cmax of cilofexor following admin-
istration of cilofexor 100 mg to healthy participants under 
fed conditions. Cilofexor did not alter the systemic expo-
sure of pravastatin, a sensitive OATP substrate, but caused 
a mild increase in AUC of atorvastatin, a mixed OATP/
CYP3A substrate. The slight increase in atorvastatin expo-
sure is not clinically relevant and does warrant atorvastatin 
dose modification when atorvastatin is administered with 
cilofexor. Also, the increase is not consistent with the fact 
that cilofexor did not affect the exposure of midazolam, 
rosuvastatin, or pravastatin. The observed slight increase 
in atorvastatin exposure may be related to the fact that 
8 and 23 of the participants had atorvastatin concentra-
tions below the limit of quantitation (BLQ) at the 24- and 
48-hour time points, respectively, when atorvastatin was 
administered alone compared with 3 and 16 participants 
with BLQ at the same time points, respectively, when ator-
vastatin was administered with cilofexor.

The study findings indicate that cilofexor administration 
cannot be recommended with strong inhibitors of OATP, 
such as single-dose rifampin and cyclosporine [6, 7], or 
strong or moderate inducers of OATP and/or CYP2C8. Mod-
erate inhibitors of OATP should be used with caution with 
cilofexor. Cilofexor can be administered with P-gp inhibi-
tors, intestinal OATP1A2 inhibitors, CYP3A4 inhibitors, 
and CYP2C8 inhibitors without dose modification. Sub-
strates of CYP3A, OATP, BCRP, or P-gp, including statins, 
can be administered with cilofexor without dose adjustment.

The 100-mg dose of cilofexor evaluated in this study is 
considered adequate to assess the magnitude of drug trans-
porter- or metabolizing enzyme-based DDIs in the targeted 
patient populations. The cilofexor dose under evaluation in 
NASH patients is 30 mg, and in PSC patients is 100 mg 
[1–3]. The data describing cilofexor as a perpetrator can be 
extrapolated to the 30-mg dose, given no clinically mean-
ingful changes in exposure of victim drugs were observed 
when they were administered with 100 mg cilofexor. The 
dose of all other interacting drugs represents their thera-
peutic doses. Cilofexor was administered under fed condi-
tions to mimic the administration of cilofexor in the ongoing 
Phase 2/3 studies. In general, when a drug was evaluated 

as perpetrator in the study, it was administered in multiple 
doses over a duration sufficient to reach steady state and 
to observe the maximum inhibition/induction effect. The 
only exception was single-dose cyclosporine and single-
dose rifampin, because as single doses, they are inhibitors 
of OAPT/P-gp and OATPs, respectively, while after multiple 
doses of rifampin, they are inducers of P-gp/OATPs and a 
broad CYP inducer.

All treatments were generally well tolerated. The major-
ity of AEs were mild in nature, and no new safety signals 
were observed when cilofexor was administered with probe 
substrates and inhibitors of enzymes and transporters.

5  Conclusion

Cilofexor may be coadministered with inhibitors of intes-
tinal OATP, P-gp, CYP3A4, or CYP2C8 without the need 
for dose modification. Cilofexor may be coadministered 
with OATP, BCRP, P-gp, and/or CYP3A4 substrates—
including statins—without dose modification. However, 
coadministration of cilofexor with strong hepatic OATP 
inhibitors, or with strong or moderate inducers of OATP/
CYP2C8, is not recommended.
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