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ABSTRACT

Farnesoid X receptor (FXR) is a nuclear receptor known to markedly
alter expression of major transporters and enzymes in the liver.
However, its effects toward organic anion transporting polypeptides
(OATP) 1B1 and 1B3 remain poorly characterized. Therefore, the
present study was aimed at determining the effects of chenodeoxy-
cholic acid (CDCA), a naturally occurring FXR agonist, on OATP1B
expression in cynomolgus monkeys. Multiple administrations of 50
and 100 mg/kg of CDCA were first shown to significantly repress
mRNA expression of SLCO1B1/3 approximately 60% to 80% in mon-
key livers. It also suppressed cytochrome P450 (CYP)7A1-mRNA
and induced OST«/-mRNA, which are well known targets of FXR
and determinants of bile acid homeostasis. CDCA concomitantly
decreased OATP1B protein abundance by approximately 60% in
monkey liver. In contrast, multiple doses of 15 mg/kg rifampin (RIF),
a pregnane X receptor agonist, had no effect on hepatic OATP1B
protein, although it induced the intestinal P-glycoprotein and MR2
proteins by ~2-fold. Moreover, multiple doses of CDCA resulted in a
steady ~2- to 10-fold increase of the OATP1B biomarkers copropor-
phyrins (CPs) in the plasma samples collected prior to each CDCA

dose. Additionally, 3.4- to 11.2-fold increases of CPI and CPIIl areas
under the curve were observed after multiple administrations com-
pared with the single dose and vehicle administration dosing
groups. Taken together, these data suggest that CDCA represses
the expression of OATP1B1 and OATP1B3 in monkeys. Further in-
vestigation of OATP1B downregulation by FXR in humans is war-
ranted, as such downregulation effects may be involved in bile acid
homeostasis and potential drug interactions in man.
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OATP1B expression was suppressed and its activity was reduced
in the cynomolgus monkeys following oral administration of 50
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X receptor agonist, for 8 days. These results lead to a better un-
derstanding of OATP1B downregulation by CDCA and its role on
bile acid and drug disposition.
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Introduction

Organic anion-transporting polypeptide (OATP)1B1 (SLCOIBI)
and OATP1B3 (SLCO1B3), highly abundant transporters in the liver,
represent an efficient route for transporting endogenous and xenobiotic
compounds in hepatocytes. It is well established that OATP1B1 and
OATP1B3 are high-risk sites of drug-drug interaction in the literature
(Niemi, 2007, Niemi et al., 2011, Shitara et al., 2013, Maeda, 2015).
For example, an increased plasma concentration of statins and greater

ABBREVIATIONS: ALA, 5-aminolevulinic acid; ALAS, 5-aminolevulinic acid synthase; AUC, area under plasma concentration-time curve;
BAAT, bile acid-CoA:amino acid N-acyltransferase; BCRP, breast cancer resistance protein; BSEP, bile salt export pump; CA, cholic acid;
CAR, constitutive androstane receptor; CDCA, chenodeoxycholic acid; CYP, cytochrome P450; Cy,.x, maximum plasma concentration; CP, cop-
roporphyrin; DCA, deoxycholic acid; FXR, farnesoid X receptor; LCA, lithocholic acid; LC-MS/MS, liquid chromatography—tandem mass spec-
trometry; LXR, liver X receptor; MDR, multidrug resistance protein; MRP, multidrug resistance-associated protein; NTCP, sodium taurocholate
co-transporting polypeptide; OAT, organic anion transporter; OATP, organic anion-transporting polypeptide; OCT, organic cation transporter;
OST, organic solute transporter; PCR, polymerase chain reaction; P-gp, P-glycoprotein; PPIA, peptidylprolyl isomerase A; PXR, pregnane X recep-
tor; RIF, rifampicin; RT-PCR, reverse transcription polymerase chain reaction; SHP, small heterodimer partner; UGT, UDP-glucuronosyltransferase.
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risk for myopathy and/or rhabdomyolysis occurred in patients who re-
ceived a co-administration of OATP1B inhibitor gemfibrozil (Backman
et al., 2002), or those carrying decreased functional OATP1B1 ge-
netic polymorphism (Parish et al., 2008). It is generally believed
that the expression of OATP1B can be regulated by transcriptional,
post-transcriptional, and post-translational modification mecha-
nisms, although definitive proof for this assertion has been limited.
If true, the activity of OATP1B could be up- or downregulated, and
thus could have significant consequences on the systemic exposure
to drug substrates, potentially altering the sensitivity or toxicity of
certain therapeutic agents. As a result, the United States Food and
Drug Administration recommends determining if an investigational
drug is an inducer of drug transporters, such as P-glycoprotein (P-gp).
Additionally, the European Medicines Agency has recommended that
studies should be performed to investigate whether an investigational
drug induces and suppresses drug-metabolizing enzymes and drug
transporters via modulation of nuclear receptors in addition to direct
inhibition. However, the mechanisms of OATP1B1 and OATP1B3
expression remain elusive, and the sciences of transporter regulation
continue to be at an early stage.

It has been proposed that a number of nuclear receptors, includ-
ing pregnane X receptor (PXR), farnesoid X receptor (FXR), liver
X receptor alpha (LXRoa), constitutive androstane receptor (CAR),
and vitamin D receptor are involved in regulation of OATP1B
genes (Meyer zu Schwabedissen and Kim, 2009, Eloranta et al.,
2012, Alam et al., 2018, Rodrigues et al., 2020), but the investiga-
tion of OATPI1B regulation, especially downregulation, is limited.
Meyer Zu Schwabedissen et al. identified two functional FXR response
elements and one LXRax response element in promoting the human
SLCOIBI gene (Meyer Zu Schwabedissen et al., 2010). The direct in-
teraction between FXR with the identified response elements in
SLCOIBI gene was then confirmed with chromatin immunoprecipita-
tion assay. Additionally, FXR and LXRo agonists, but not PXR and
CAR agonists, were able to induce OATP1B1 in human hepatocytes.
Similarly, a response element that binds to FXR was found in the pro-
moter sequence of the human SLCO1B3 gene (Jung et al., 2002). FXR
ligand [chenodeoxycholic acid (CDCA)], but not PXR (clotrimazole)
and LXRo ligands (25-hydroxycholesterol), induced OATP1B3 pro-
moter activity. Recently, several putative FXR response elements that
were predicted to interact efficiently with FXR were identified in the
5" untranslated region of both cynomolgus monkey SLCOIBI and
SLCO1B3 genes (data not shown), suggesting possible involvement of
FXR in modulating monkey OATP1B1 and OATP1B3 expression,
although these putative FXR response elements require further vali-
dation using functional assays, such as chromatin immunoprecipita-
tion and luciferase activity assays. FXR induces gene transcription
by directly binding to a response element in promoters of target
genes, such as bile salt export pump (BSEP), and organic solute
transporter alpha (OSTo) and beta (OSTp). However, the binding
can suppress human apolipoprotein A-I expression (Claudel et al.,
2002). In terms of expression alteration, contradictory effects of the
FXR on OATP1B expression have been reported in investigations
of differing in vitro models. While ~4-fold induction of OATP1B1
mRNA was indicative of FXR engagement in cultured human hepa-
tocytes (Meyer Zu Schwabedissen et al., 2010), OATP1B1 mRNA
level was repressed ~2-fold by CDCA in human hepatocytes and
liver slices (Jung et al., 2007, Krattinger et al., 2016). In addition,
Guo et al. reported that FXR agonist CDCA decreased the uptake
clearance of taurocholic acid by ~2-fold in sandwich-cultured
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human hepatocytes, whereas the other FXR agonist obeticholic acid
showed minimal effect on the uptake clearance (Guo et al., 2018).
To our knowledge, there is no in vivo study describing tissue biopsy
OATPI1B expression profile after multiple administrations of FXR ag-
onists, such as CDCA, in animals and humans. To that end, it is of
great interest to investigate the regulatory effects of FXR modulators
on OATPIB expression in vivo.

Therefore, the present study was designed to gain insights about the
regulation of OATP1B and other transporters by FXR agonist CDCA
in vivo, using an in vivo cynomolgus monkey model. Our data indicate
that administration of CDCA downregulates OATP1B1 and OATP1B3
expression at mRNA and protein levels after oral administration in
monkeys. Such changes may contribute to the alterations of pharmaco-
kinetics in monkeys and humans administered with FXR agonists.

Materials and Methods

Chemicals and Reagents. CDCA, cholic acid (CA), deoxycholic acid
(DCA), lithocholic acid (LCA), 5-aminolevulinic acid (ALA), and *Cs-">N-ALA
were purchased from Sigma Aldrich (St. Louis, MO). CPI and CPIII were ob-
tained from Frontier Scientific (Logan, UT). d4-DCA was purchased from CDN
Isotopes (Quebec, Canada). 5N,-CPI was purchased from Toronto Research
Chemicals (North York, ON, Canada). dayg-CPIII was synthesized by Bristol
Myers Squibb Company (Princeton, NJ). Formic acid and high-performance lig-
uid chromatography grade methanol, acetonitrile, and water were obtained from
Fisher Scientific (Fairlawn, NJ). Bicinchoninic acid protein quantification kits and
in-solution trypsin digestion kits were purchased from Pierce (Rockford, IL). The
ProteoExtract native membrane protein extraction kit was procured from Calbio-
chem (San Diego, CA). Synthetic light and heavy peptides for hepatic and intesti-
nal transporter quantification were obtained from New England Peptides (Boston,
MA) and Thermo Fisher Scientific (Rockford, IL). Cynomolgus monkey plasma
(triple charcoal stripped) for generating plasma calibrators and quality controls
(QCs) was obtained from Bioreclamation IVT (Westbury, NY). Unless otherwise
noted, all other chemicals were of analytical grade and were from Sigma Aldrich
(St. Louis, MO).

Cynomolgus Monkeys Treated with CDCA. All animal protocols were
approved by the Institutional Animal Care and Use Committee of Bristol Myers
Squibb in accordance with the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, 1996) (https:/grants.nih.gov/grants/
olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf). Male cynomolgus
monkeys (6.8-8.7 kg) were maintained at 22°C on a 12 hours (h): 12 hour light-
dark cycle in the Bristol Myers Squibb animal facility (Princeton, NJ). Cynomol-
gus monkeys were randomized into three groups (vehicle control, 50, and 100 mg/
kg of CDCA groups) (n = 3 per group).
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Fig. 1. Schematic diagram of the experimental procedure. Cynomolgus monkeys
were orally administered with vehicle or CDCA (50 or 100 mg/kg/d) for 8 con-
secutive days (n = 3). A single plasma sample was collected for almost every
day over an entire study course for measurement of basal endogenous biomarker
levels [Predose samples were collected before each CDCA dose during treatment
period (i.e., O hour)]. In addition, sequential plasma samples were collected from
1, 3, 6, and 24 hours on Day 1 (after the first CDCA dose) and Day 8 (after the
eighth CDCA dose) for biomarker and bile acid measurements. Moreover, the
liver and proximal jejunum tissue specimens were collected on Day 9 for mRNA
expression and proteomics analyses.
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During a baseline period (Day -4 through Day -1), blood samples were col-
lected in tubes containing K,-EDTA at 8:00 AM on Day -4 and Day -1 from all
monkeys to determine baseline plasma levels of CPI, CPIIl, ALA, and CDCA
(Fig. 1). Animals were not fasted for blood sample collections.

From Day 1 to Day 8 (CDCA treatment period), vehicle (0.5% carboxymethyl
cellulose), 50, or 100 mg/kg of CDCA were administered once daily for 8 days
to three monkeys via oral gavage (Fig. 1). The dose of 50 and 100 mg/kg was se-
lected because previous studies indicated that the administration of 10, 40, and
100 mg/kg of CDCA daily to monkeys for one month resulted in no toxicity and
no significant change in liver biopsies (Dyrszka et al., 1975). A single blood
sample was collected at 8:00 AM directly before each CDCA or vehicle dose
during this period. Additionally, on Day 1 and Day 8, blood samples were col-
lected at O (pre-dose), 1, 3, 6, and 24 hours following CDCA administration.
Blood samples were stored on wet ice before being centrifuged to obtain plasma
[500 xg, 10 minutes (min) at 4°C], and the resultant plasma was stored at
—70°C until bioanalysis.

On Day 9, at approximately 24 hours after the last CDCA dose, monkeys
were sacrificed, and the liver and small intestine were harvested to allow deter-
mination of the effects of CDCA on transporter and enzyme expression after
multiple CDCA doses (Fig. 1). For small intestine, approximately the first 4 inches
of jejunum (proximal section of jejunum) were excised and perfused with 25 mL
of ice-cold saline to remove food contents. The segment was cut lengthwise
(4°C), and the intestinal lining was removed by scraping. Tissues were placed

immediately in cryotubes and stored at —70°C until analysis.
Reverse Transcription Polymerase Chain Reaction (RT-PCR). The ex-

pression of mRNA of OATP1B1, OATPIB3, and other transporters, enzymes,
and nuclear receptors in the monkey liver and proximal section of jejunum was
determined by real-time RT-PCR assays described previously with slight modifi-
cations (Zhang et al., 2020). Briefly, isolation of total RNA from monkey liver
and proximal jejunum samples was performed using an RNeasy Mini kit (Qiagen,
Valencia, CA) following the manufacturer’s instructions. The integrity of the
RNA was examined by using an aliquot of the RNA sample on Agilent RNA
6000 Nano chromatin immunoprecipitation. Unfortunately, the RNA of many
jejunum samples was degraded as most samples measured RNA Integrade
Number <4. As a result, only liver RNA samples were included in RT-PCR
analysis. cDNA was produced from 3.3 ug of total RNA by using the Super-
Script IV Reverse Transcriptase (Thermo Fisher Scientific, Belmont, CA) in a
40-ul reaction. Real-time quantitative PCR was performed on cDNA samples
using a ViiA 7 Real-Time PCR System (Life Technologies, Grand Island, NY)
with SYBR Green fluorescence detection. Primer pairs for the transporter,
enzyme, and nuclear receptor genes tested, as well as the housekeeping gene
encoding peptidylprolyl isomerase A (PPIA), are described in Table 1. Gene
expression was done using the cycling threshold (Ct) approach. Expression of a
target gene was normalized to that of the housekeeping gene (i.e., PPIA gene).
While the ACt value was calculated by subtracting the Ct value of a target
gene from that of PPIA, the AACt value was determined by subtracting the
ACt value of vehicle control from that of the CDCA treatment. Gene expres-
sion was expressed as a fold change of mRNA level in the sample relative to
the vehicle control calculated using the 2724C method.

Targeted Proteomic Quantification of Transporters. Protein expression
of hepatic and intestinal uptake and efflux transporters was quantified by quanti-
tative targeted proteomics using the surrogate peptide approach previously de-
scribed (Cheng et al., 2016).

Approximately 100 mg of cynomolgus monkey liver and proximal jejunum
tissue samples were used to isolate membrane fractions using the ProteoExtract
Native Membrane Protein Extraction Kit according to the manufacturer’s proto-
col. The final membrane fraction was diluted to a working concentration of 2 pg
of membrane protein/pl as quantified by the bicinchoninic acid assay. A total of
200 pg of membrane proteins were reduced, denatured, alkylated, and digested
as per our previously reported protocol (n = 3) (Qiu et al., 2013). Peptides
unique for cynomolgus monkey OATP1B1 (SLCOIBI), OATP1B3 (SLCOIB3),
BCRP (ABCG2), BSEP (ABCB11), MDR1 (ABCBI), MRP2 (ABCC?2), sodium
taurocholate co-transporting polypeptide (NTCP [SLCI0A1]), and organic cation
transporter (OCT1 [SLC22A1]), generated by trypsin digestion, were quantified
by liquid chromatography—tandem mass spectrometry (LC-MS/MS) (Table 2).

Peptide quantification was conducted on a ABSCIEX 6500 triple quadrupole
mass spectrometer (Framingham, MA) coupled to a Shimadzu LC-30A system
(Kyoto, Japan) operated in electrospray positive ionization mode.

TABLE 1
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Primers and probes used for real-time quantitative RT-PCR in this study

Name Primer Sequence Accession No.

ALAS1 GGATCGGGATGGAGTCATGC NM_001285030.1
GGACCGTACCGTGTCAATCA

ALAS2 TGCCCGGGTGTGAGATTTAC XM_015443623.1
AACTTGGCTGCTCCACTGTT

BAAT AACTATGAAGACCTGCCCGC XM_005581173.2
GGGCCAAAGACCTTCGGATG

BCRP CGGGTCTGTTGGTCAATCTCA XM_015450641.1
GCTGCAAAGCCGTAAATCCA

CYP3AS8 CATGATCAAAACAGTGCTAGTGA NM_001284534.1,
AGCAATGACCGTATTCTCTTCCA XM_015447118.1

CYP7A1 GGAGAAGGCAAACGGGTGAA XM_005563370.2
ATTGGCACCAAATTGCAGCG

FXR GGAATGTTGGCTGAATGCTTGT XM_005571991.2
TTGTCGAGGTCACTTGTCGC

MDRI (P-gp) AGACATGACGGATACCTTTGC NM_001287322.1
AGGCATACCTGGTCATATCTTCC

MRP2 GACTGATAAGAGGCCTCCGC NM_001287716.1
GCCCACCACACCAATCTTCT

MRP3 ACTGTGTGCCCTCATCTTGG XM_005583690.2
GGCCATCTTTGTGAACCACC

MRP4 GTGGGAGCAGGGAAGTCATC XM_005586096.2
CAGTTCCCGAGAACACCCAG

OATPIBI1 TGCACTTGGAGGCACCTCAT NM_001284540.1
TGCTCGTATAACCATTGAGTGGA

OATP1B3 TGCTGGGAGTCATAACCATTCC NM_001283191.1
AAATTTGGCAATTCCAACTAAAGAC

OATP1B1/1B3 ~ AAATTGGAAATTTGCTTGTGATTGT NM_001284540.1,
GTAATATCCCATGAAGAAATGTGGT NM_001283191.1

OSTu CATCGCCTCGTTTTATGCCG XM_005545271.2
CTGTGTGGACCATCATCGGG

OSTp CGGCTGTGGTGGTCATGATA XM_005559810.2
GCATCTTTTGTTTTCTGCTTGCC

PPIA GTCTCCTTCGAGCTGTTTGCA XM_005550655
TTCTGTGAAAGCAGGAACCCTT

SHP CTCTTCAACCCTGATGTGCC XM_005544304.2
CAGGGCTCCAGGACTTCACA

NTCP CACGGTTCTCTCTGCCATCA NM_001283323.1
TCGGCACCGTCCATTGAG

UGTI1ALI TGGAACCCCACCATCGAATC NM_001283438.1
CGGGTCATTGGGTGACCAAG

Chromatographic separation was achieved using a UPLC Peptide BEH C18
column (1.7 um, 130 A, 2.1 x 150 mm; Waters, Hertfordshire, UK) at a tem-
perature of 30°C. Peptides were eluted at a flow rate of 300 pl/min, with a gra-
dient mobile phase consisting of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B). The LC gradient was: (i) 10% B for 0.5 minutes
(Zhang et al., 2011), (ii) linear increase from 10% to 30% B in 25 minutes, (iii)
linear
increase from 30% to 90% B in 0.5 minutes, (iv) 90% B for 2 minutes, (v) lin-
ear decrease from 90% to 10% B in 0.2 minutes, and (vi) 10% B for 2 minutes.
The mass spectrometer instrument conditions were set as follows: 5000 V ion
spray voltage, 450°C source temperature,40 psi for curtain gas, and 85 and 60 psi
for ion source gas #1 and #2, respectively. MS/MS analysis was performed in
multiple reactions monitored by detecting the parent to product ion transitions for
the surrogate peptides and their respective stable isotope labeled internal stand-
ards using optimized instrument parameters listed in Table 2.

Quantification of CPI and CPIII in Plasma and Liver Lysate Samples
by LC-MS/MS. The concentrations of CPI and CPIII were measured in all
plasma and liver samples collected from the monkey study using LC-MS/MS as-

says described previously (Zhang et al., 2020).
Quantification of ALA in Plasma by LC-MS/MS. The analysis of ALA

was performed on an AB Sciex 5000 QTRAP mass spectrometer (AB Sciex;
Foster City, CA) coupled with a Waters Acquity UPLC system (Milford, MA).
The chromatographic separation was performed on an Acquity UPLC HSS T3
column (2.1 x 100 mm, 1.8 pm) from Waters (Milford, MA). The system was
maintained at 35°C. The mobile phase consisted of two solvents, solvent A (0.1%
formic acid in water) and solvent B (methanol). The total run time was 10 minutes,
with a flow rate of 0.2 ml per minute (ml/min). The gradient was started at 12% B
for 5 minutes, followed by a linear increase to 80% B in 1 minute, and ramp up to
99% B in 0.5 minutes and maintaining 99% B for 1.4 minutes, and then a linear

%20z ‘0T |1dy uo speuinor 134S Y e Bio'sfeulno fidse’pwip woJy pepeojumoq


http://dmd.aspetjournals.org/

1080

Sall et al.

TABLE 2

Multiple reaction monitoring parameters of peptides selected for targeted analysis of cynomolgus monkey transporters in this study

Product Ion

Parent Ion DP CE RT On-column Calibration Range

Transporter Signature peptide (z=12) 1 2 (volt) (volt) (min) (nM)

BCRP ENLQFSAALR 574.8 664.4 517.4 87 27 17.4 0.156-20
ENLQFSAALR 579.8 674.4 527.4

BSEP STALQLIQR - 515.3 841.5 529.3 73 23 16.8 0.078-20
STALQLIQR 520.3 851.5 539.3

MDRI1 NTTGALTTR 467.8 719.4 618.4 77 21 7.65 0.0195-20
NTTGALTTR 472.8 729.4 628.4

MRP2 LTHPQDPILT:SGSLR 885.7 665.6 310.1 137 39 26.7 0.156-5
LTIIPQDPILFSGSLR 890.5 670.1 310.1

NTCP GIYDGDLK - 440.7 710.3 547.3 71 17 12.7 0.0195-20
GIYDGDLK 4447 718.4 555.2

OATPI1B1 LNPIGIAK 413.3 598.4 388.3 66 17 14.6 0.0195-20
LNPIGIAK 417.3 606.4 396.3

OATP1B3 IVQPELK 413.8 614.3 486.3 61 16 12 0.039-20
IVQPELK 417.8 622.4 494.3

OCT1 LSPSFADLFR 576.8 855.4 768.4 85 23 24.6 0.039-20
LSPSFADLFR 581.8 865.4 778.4

DP: declustering potential; CE, collision energy; RT, retention time.
The labeled amino acid residue of the internal standard is shown underlined.

decrease to 12% in 0.1 minutes and maintaining 12% B for 1 minute. The elec-
trospray ionization source was used in the positive ion mode. The LC-MS/MS
detector was operated at unit resolution in the multiple reaction monitoring
mode using the transitions of the butylated forms of ALA at m/z 188 > 114
and "*Cs-'"N-ALA at m/z 194 > 120 (Zhang et al., 2011). Optimized parame-
ters were as follows: collision gas, curtain gas, gas 1, and gas 2 (nitrogen) 5,
15, 15, and 2 units, respectively, source temperature of 600°C; and ion spray
voltage of 4,000 V. The system control and data processing were performed on

the AB Sciex Analyst 1.5 software.
Quantification of CDCA, CA, DCA, and LCA in Plasma and Liver

Lysate Samples by LC-MS/MS. The plasma and liver concentrations of bile
acids, including CDCA, LCA, CA, and DCA, were measured using the same

LC-MS/MS methods described previously (Cheng et al., 2017).
Data and Statistic Analyses. The area under the concentration-time curve

from time zero to 24 hours [AUC(y.24n)] and maximum plasma concentration
(Cinax) of CPIL, CPIIL, and CDCA were calculated from plasma concentrations
versus time data by performing noncompartmental analysis using Phoenix Win-
Nonlin, version 8.1 (Certara, Princeton, NJ).

Data are reported as mean + S.D. To test for statistically significant differ-
ences among multiple treatments in gene expression and protein abundance for a
given transporter, one-way ANOVA was performed. When the F' ratio showed
that there were significant differences among treatments, the Dunnett method of
multiple comparisons was used to determine which treatments differ. Additionally,
to test for statistical difference among multiple treatments for AUCg.24n) OF Ciaxs
ANOVA using the Dunnett method for multiple comparisons was performed. All
statistical analyses were performed using Prism software (GraphPad Software,
Inc., San Diego, CA). Values of p < 0.05 were considered to be the minimum
level of statistical significance.

Results

CDCA Treatment Repressed Gene Expression of OATP1B in
Cynomolgus Monkey Livers. To determine the effect of FXR on
OATPIB gene expression, cynomolgus monkeys were administered
with 50 and 100 mg/kg of CDCA, as well as the respective vehicle con-
trol, daily for 8 days. CYP7AL1 that encodes cholesterol 7a hydroxylase,
the rate-limiting enzyme in the classic pathway of bile acid synthesis, is
a representative target gene of FXR (Goodwin et al., 2000, Kong et al.,
2012). CDCA treatment significantly repressed the CYP7A1 mRNA to
hardly detectable levels (99.6% to 99.8%) in monkey liver (p < 0.05)
(Fig. 2 and Table 3). Organic solute transporter (OST)o and OSTf are
two other representative target genes of FXR (Landrier et al., 2006, Lee
et al., 2006). As expected, CDCA treatment induced OSTo and OSTf

expression in cynomolgous monkey liver (10.0- to 678-fold induction)
(Fig. 2 and Table 3). However, the differences were not statistically
significant due to the large inter-individual variability of OST)x
and OSTJ expression in the control group with small sample size
(n = 3) (p > 0.05). Gene expression analysis using primer pairs spe-
cific to monkey SLCOIBI or SLCOIB3 gene demonstrated statisti-
cally significant suppression of OATP1B1 and OATP1B3 mRNA in
the liver (by 55% to 66% and 77% to 80%, respectively) (p < 0.05)
(Fig. 2 and Table 3). We confirmed the initial observation of OATP1B
downregulation by FXR activation by assessing gene expression using a
different primer pair with both SLCO1BI and SLCO1B3 genes, in a sim-
ilar manner. Indeed, daily oral administration of the natural FXR agonist
CDCA (50 and 100 mg/kg) showed significantly lower OATP1B1/3 ex-
pression in monkey liver on day 8 compared with the vehicle control
(mean 0.303- and 0.390-fold changes, respectively; p < 0.05) (Fig. 2 and
Table 3). These findings indicate that CDCA suppresses OATP1B1 and
OATPI1B3 expression in cynomolgus monkeys.

We also examined the changes in the expression of other genes in-
volved in bile acid homeostasis and drug metabolism in cynomolgus mon-
keys after treatment with CDCA (Fig. 2 and Table 3). In detail, CDCA
treatment reduced the expression of FXR itself, whereas SHP expression
was induced by 50 mg/kg of CDCA. However, due to relatively large in-
ter-animal variability, the changes in SHP mRNA were not considered
significant (2.04 + 0.850- and 1.31 + 0.530-fold, respectively; p > 0.05).
As expected, the CYP3A8 and UDP-glucuronosyltransferase (UGT)1Al,
described to be PXR target genes (Nishimura et al., 2008, Kim et al.,
2010), showed no significant changes at 50 mg/kg of CDCA treatment. A
similar pattern was found for bile acid-CoA: amino acid N-acyltransferase
(BAAT). CDCA treatment also did not influence the expression of
5-aminolevulinic acid synthase (ALAS)1 and ALAS2, which are the first
and rate-limiting enzyme of heme biosynthesis in the liver and erythro-
cytes, respectively (Ponka, 1999, Hunter and Ferreira, 2009). NTCP, the
main bile acid uptake system in hepatocytes known to be downregulated
by an FXR-involved pathway in rats but not in mice and humans (Jung
et al., 2004) did not show changes in gene expression in monkey liver
(Fig. 2 and Table 3). MRP2 was significantly decreased by 50 and
100 mg/kg of CDCA treatment (p < 0.05). Breast cancer resistance
protein (BCRP) mRNA was also reduced in monkeys administered
with 50 and 100 mg/kg of CDCA; however, due to relatively large
interindividual variability, the changes were not significant. CDCA
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treatment did not influence the gene expression of MDR1 (P-gp),

MRP3, and MRP4.
CDCA Treatment Repressed Protein Abundance of OATP1B

in Cynomolgus Monkey Livers. In accordance with the mRNA data,
chronic treatment with 50 and 100 mg/kg of CDCA was shown to sig-
nificantly repress protein abundance of OATPIB by approximately
60% in cynomolgus monkey livers (p < 0.05) (Fig. 3A and Table 4).
Expression of OATP1B1 protein was similar to that of OATP1B3 in
control livers (1.59 + 0.117 and 1.58 + 0.116 fmol/pg of membrane pro-
tein, respectively; n = 3). Proteomics analysis clearly showed a reduced
protein abundance of OATP1B1 and OATP1B3 in the livers after adminis-
tration of 50 and 100 mg/kg of CDCA daily for 8 days (0.641 + 0.322 and
0.580 + 0.277, and 0.633 + 0.385 and 0.604 + 0.372 fmol/pg of membrane
protein at doses of 50 and 100 mg/kg, respectively). Additionally, the ef-
fect of rifampin (RIF), a PXR agonist, on OATP1B protein abundance
was evaluated by analyzing the liver tissue samples from our previous
study (Zhang et al., 2020). Administration of 15 mg/kg RIF daily for
7 days had no significant influence on the protein level of OATP1B1
and OATP1B3 in monkey livers compared with controls (1.14 + 0.276
versus 1.59 + 0.117, and 0.991 + 0.162 versus 1.58 + 0.116 fmol/ug of
membrane protein for OATP1B1 and OATPIB3, respectively) (p >
0.05) (Fig. 3A), which confirmed absence of OATP1B induction by
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Fig. 2. Relative mRNA expression of transporters, bile acid
and enzymes, and nuclear receptors in the liver of cynomol-
gus monkeys treated with CDCA [50 mg/kg (red bars) and
100 mg/kg (black bars)] once daily for 8 days compared
with vehicle control (blue bars). Data are expressed as mean
fold-change and SD values from three monkeys. Two lines
indicate a 2-fold difference from the vehicle control. Statis-
tics were conducted by ANOVA. *p < 0.05 was significantly
different compared with vehicle control.

RIF in cynomolgus monkeys determined using endogenous biomarker
and tissue gene expression (Zhang et al., 2020).

BSEP is another representative target gene of FXR. BSEP protein
abundance was 5.08 = 1.16 and 3.32 + 0.396 fmol/pg of membrane
protein in the livers from the monkeys treated with 50 and 100 mg/kg
of CDCA, respectively. As expected, the protein abundance values
were significantly greater than the values of the control group (1.40 +
0.246 fmol/pg of membrane protein) (Table 4). The significantly ele-
vated BSEP protein abundance indicates that CDCA activated an FXR
pathway in this study. In contrast, RIF had no influence on BSEP pro-
tein level in monkey livers compared with the controls (1.57 + 0.250
fmol/pg of membrane protein). The protein abundance of NTCP,
OCTI1, and MRP2 was unaltered in the monkey livers treated with
CDCA and RIF compared with controls (p > 0.05). P-gp protein levels
were significantly elevated in the 100 mg/kg CDCA treated monkey
livers compared with the control group, but the increase in P-gp protein
levels did not reach significance in 50 mg/kg CDCA and 15 mg/kg RIF
treatments when compared with control (Table 4). BCRP protein
amounts were quite variable in the livers treated with 50 and 100 mg/kg
of CDCA and showed no clear trend (Tables 4).

When proximal jejunum tissue examples were examined, statistically
significant induction of P-gp and MRP2 protein was observed in mon-
keys treated with PXR (RIF) but not FXR agonist (CDCA) (p < 0.05)

TABLE 3

Effects of CDCA on liver gene expression of transporters, enzymes, and nuclear receptors in cynomolgus monkeys

50 mg/kg CDCA

100 mg/kg CDCA

Gene Name Fold Change (Mean + SD) p-Value Fold Change (Mean * S.D.) p-Value
OATPI1BI1 0.343 + 0.233* 0.031 0.450 + 0.360* 0.049
OATP1B3 0.203 + 0.227* 0.009 0.227 + 0.231* 0.010
OATP1B1/3 0.303 + 0.259* 0.021 0.390 + 0.325* 0.037
NTCP 0.763 = 0.217 0.666 0.813 + 0.595 0.768
MDRI1 1.10 £ 0.174 0.808 1.38 £ 0.269 0.147
BCRP 0.580 + 0.072 0.068 1.743 + 0.316 0.262
MRP2 0.400 £+ 0.078* 0.007 0.500 + 0.261* 0.015
MRP3 0.810 = 0.135 0.245 0.797 + 0.200 0.211
MRP4 1.067 = 0.393 0.996 01760 = 1.75 0.605
OSTu 11.6 £ 7.03 0.128 10.0 £ 7.70 0.193
OSTp 678 + 596 0.248 376 + 638 0.591
CYP3AS8 0.833 + 0.057 0.335 0.530 + 0.168 0.054
CYP7A1 0.002 = 0.001* 0.042 0.004 + 0.003* 0.043
UGTI1A1 0.957 £ 0.224 0.939 0.737 £ 0.179 0.204
BAAT 0.617 £ 0.146 0.381 0.723 + 0.460 0.573
ALASI1 0.853 + 0.354 0.672 0.783 + 0.332 0.524
ALAS2 0.893 + 0.536 0.947 0.843 + 0.601 0.891
SHP 2.04 £ 0.850 0.158 1.31 £ 0.530 0.783
FXR 0.490 + 0.227 0.088 0.523 + 0.306 0.108

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison.

*p < 0.05 compared with the vehicle group.
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(Fig. 3B and Table 4). RIF was also able to mediate a 1.2-fold increase
in BCRP protein (Fig. 3B and Table 4), but the difference did not reach

significance because of considerable variation in protein level.
CDCA Treatment Increased Baseline Plasma Levels of CPI

and CPIII in Cynomolgus Monkeys. To confirm that the observed
suppression in OATP1B1 and OATP1B3 mRNA and protein expression
is reflected as functional transport activity, the effect of CDCA treatment
on plasma levels of CPI and CPIII in cynomolgus monkeys was evalu-
ated, which were recently characterized as functional biomarkers of
OATP1B1 and OATP1B3 (Shen et al., 2016). The daily CDCA treat-
ment was started on Day 1 and terminated on Day 8, and the plasma con-
centrations of CPI, CPIII, and bile acids were determined 4 days before,
during the CDCA treatment, and 1 day thereafter for all monkeys (Fig.
1). The results of plasma concentrations of CPI, CPIIl, and bile acids,
following single and multiple doses of 50 and 100 mg/kg of CDCA to
cynomolgus monkeys, are presented in Figs. 4, 5, and 6, Supplemental

f-r%ﬁm P2 o g 75 ﬁﬁﬁ v

T
P-gp (MDR1)

BCRP MRP2

Fig. 1, and Table 5. The mean baseline plasma concentrations of CPI
and CPIII were 2.55 + 0.547 and 0.941 + 0.339 nM on Day -4 (4 days
before the first dose of CDCA), and 2.50 + 0.397 and 0.790 + 0.329
nM on Day -2, respectively (Figs. 4A and 4B), which are similar to
those reported by our group previously (Zhang et al., 2020). Addition-
ally, while the basal plasma CPI concentrations in the monkeys adminis-
tered with vehicle remained unaltered throughout the whole study, those
of 50 and 100 mg/kg of CDCA, determined as the ones prior to CDCA
administration for each morning during the CDCA treatment period, ex-
hibited a steady rise in plasma CPI concentration starting from the third
dose on Day 4 (4.65 + 2.28 and 6.93 + 8.99 nM, respectively) to Day 8
(12.6 = 7.01 and 5.12 + 3.27 nM, respectively) (~2- to 5-fold increases
compared with before dosing and vehicle control). There was no
change in the CPI level after the first and second doses of CDCA on
Day 2 and Day 3, respectively (Fig. 4A). Similar to CPI, the 50 and
100 mg/kg CDCA provoked 8.9- and 10.5-fold increases in basal

TABLE 4

Effect of CDCA and RIF on protein expression of liver and jejunum transporters in cynomolgus monkeys

50 mg/kg CDCA

100 mg/kg CDCA 15 mg/kg RIF

Vehicle

Transporter fmol/pg protein fmol/pg protein p-value fmol/pg protein p-value fmol/pg protein p-value
OATP1B1 1.59 = 0.117 0.641 + 0.322% 0.010 0.633 + 0.385% 0.010 1.14 +0.276 0.213
OATP1B3 1.58 = 0.116 0.580 + 277* 0.003 0.604 + 0.372* 0.004 0.991 + 0.162 0.051
NTCP 0.512 £ 0.173 0.366 + 0.066 0.315 0.294 + 0.116 0.103 0.302 + 0.046 0.115
OCT1 5.10 £ 0.195 6.35 + 0.281 0.067 4.49 + 0.959 0.462 4.90 + 0.512 0.948
P-gp (MDR1) 0.104 + 0.024 0.166 = 0.036 0.325 0.244 + 0.081* 0.018 1.14 = 0.024 0.765
BCRP 0.102 + 0.013 0.201 + 0.039* 0.002 0.044 + 0.016* 0.033 0.127 + 0.007 0.413
MRP2 0.850 + 0.064 0.786 + 0.044 0.894 0.874 + 0.105 0.993 0.721 + 0.244 0.556
BSEP 1.40 = 0.246 5.08 + 1.16% 0.000 3.32 = 0.396* 0.016 1.57 £ 0.250 0.976
P-gp (MDRI1) 0.475 = 0.117 0.310 + 0.086 0.338 0.361 + 0.054 0.599 1.33 £ 0.208* 0.000
BCRP 0.261 + 0.047 0.234 + 0.140 0.967 0.220 = 0.063 0.904 0.318 = 0.089 0.795
MRP2 0.830 + 0.255 0.823 = 0.210 >0.9999 0.873 = 0.242 0.999 2.08 + 0.980* 0.049

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison method. *p < 0.05 compared with the vehicle group.
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Fig. 4. Mean basal plasma concentrations of CPI (A), CPIII (B), and CDCA (C) in cynomolgus monkeys before (Day -4 and Day -2), during (Day 1 to Day 8), and
one day after (Day 9) administration of CDCA (50 and 100 mg/kg/d). Data are shown as the mean and S.D. values.

plasma CPIII concentration, respectively (Fig. 4B). There is consider-
able variation in baseline plasma CDCA levels in monkeys
(~40-fold), and the basal CDCA concentration (trough concentration)
was increased > 50-fold in monkeys treated with 100 mg/kg of CDCA
during the entire CDCA treatment period (i.e., from Day 2 to Day 8)
compared with before dosing and vehicle control (Fig. 4C). In con-
trast, the basal plasma CDCA concentrations showed relatively cons-
tant levels in the monkeys treated with the low CDCA dose. Plasma
concentrations of other unconjugated bile acids were also measured in
cynomolgus monkeys (Supplemental Fig. 1). Basal plasma concentra-
tion of LCA, a bile acid formed from CDCA by bacterial action, was
elevated ~10-fold in CDCA-treated monkeys compared with the con-
trol, whereas those of CA and DCA were widely varied and un-
changed between groups (Supplemental Fig. 1).

We further evaluated the effects of single versus multiple doses of
CDCA on plasma concentrations of CPI and CPIII. As shown in Fig. 5
and Table 5, a single dose of 50 or 100 mg/kg of CDCA had no apparent
effect on plasma CP concentrations with less than 1.4-fold increase in
AUCy 24, of CPI and CPIII (Table 5). However, multiple doses of both
50 and 100 mg/kg of CDCA markedly increased the plasma CPI and
CPIII concentrations compared with control (209 + 174 and 151 + 76.6
versus 44.5 = 2.5 nM-h, and 146 = 108 and 91.0 = 116 versus 13.6 = 2.1
nM:h for CPI and CPIIl AUC 4y, respectively) (Table 5), suggesting al-
tered elimination and/or synthesis of CPI and CPIIl. In addition, the
plasma CPI-to-ALA and CPIII-to-ALA concentration ratios shared the
same profiles with the plasma CPI and CPIII concentrations, indicating
limited effects on CP synthesis by chronic CDCA treatment in the mon-
keys (Figs. 5C and 5D). Both single- and multiple-dose CDCA adminis-
tration produced a dose-related increase in plasma CDCA concentration
(~3- and 80-fold increases in CDCA AUC(,qy, at 50 and 100 mg/kg of
CDCA, respectively), while no measurable effect on the plasma levels of
LCA, CA, and DCA was observed (Fig. 6, Supplemental Fig. 2, and

Table 5). Approximately 3- and 80-fold increases in plasma CDCA con-
centration but no increase in the CP levels following a single dose of 50
and 100 mg/kg of CDCA on Day 1 indicate that CDCA had no inhibitory
effect on monkey OATP1B activity in vivo.

Subsequently, we assessed for the effects of the CDCA and RIF
treatments on the monkey liver concentrations of the endogenous bio-
marker and bile acids (Supplemental Fig. 3). Measurement revealed no
apparent liver accumulation of CPI, CPIII, and CDCA after chronic
treatments with FXR or PXR agonist, respectively. Interestingly, there
was a trend of increased liver LCA concentration in monkeys treated
with CDCA (Supplemental Fig. 3D).

Discussion

In this evaluation using a cynomolgus monkey model for OATP1B
transporters, for the first time, we provide in vivo evidence of the down-
regulation of OATP1B via the FXR agonist CDCA via the following
observations: (1) suppression of OATP1B1 and OATP1B3 mRNA lev-
els, (2) repression of OATP1B1 and OATP1B3 protein abundance, and
(3) blocking OATP1B activity as reflected with increased plasma levels
of endogenous biomarkers CPI and CPIII following multiple adminis-
trations of CDCA. Altogether, we present the role of the FXR in regu-
lating SLCO1B expression.

As a non-steroid hormone nuclear receptor, FXR binds to specific
DNA response elements of target genes as a heterodimeric complex
with the retinoid X receptor, and modulates the transcription of the
genes (Edwards et al., 2002, Claudel et al., 2005). Given that functional
FXR response elements have been identified in the 5’ untranslated re-
gion of human SLCOIBI and SLCOIB3 genes (Jung et al., 2002,
Meyer Zu Schwabedissen et al., 2010), and previous studies have sug-
gested OATP1B expression suppression is a part of the FXR-mediated
protection against liver injury induced by cytotoxic bile acids (Geier
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Fig. 5. Mean plasma concentrations of CPI (A), CPIII (B), ratios of CPI to ALA (C), and ratios of CPIIl to ALA (D) on Day 1 after the first vehicle (blue closed
squares), 50 mg/kg (mpk) of CDCA (red closed triangles), or 100 mpk of CDCA dose (black closed circles), and on Day 8 after the eighth vehicle (blue open
squares), 50 mpk of CDCA (red open triangles), or 100 mpk of CDCA dose (black open circles) are shown as mean and S.D. values. Pharmacokinetics are summa-

rized in Table 5.

et al., 2007), we hypothesized that FXR activation in the liver downre-
gulates OATP1B expression, thereby impairing OATP1B-mediated up-
take of endogenous substrates and drugs in hepatocytes. To test this
hypothesis, we first determined whether the cynomolgus monkey model
retained for our study was suitable for evaluating the effects of CDCA,
the most potent and established natural FXR ligand, on OATP1B ex-
pression when used at the doses of 50 and 100 mg/kg, which were pre-
viously shown to be nontoxic to monkeys as determined by blood test
and histology assay (Dyrszka et al., 1975). For this purpose, we
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Fig. 6. Mean plasma concentrations of CDCA on Day 1 after the first vehicle
(blue closed squares), 50 mpk of CDCA (red closed triangles), or 100 mpk of
CDCA dose (black closed circles), and on Day 8 after the eighth vehicle (blue
open squares), 50 mpk of CDCA (red open triangles), or 100 mpk of CDCA
dose (black open circles) are shown as mean and S.D. values. CDCA pharmaco-
kinetics are summarized in Table 5.

analyzed expression of referent gene expression markers, such as
CYP7AI, OSTua, and OSTf, well known targets of FXR (Goodwin
et al., 2000, Landrier et al., 2006, Lee et al., 2006, Kong et al., 2012,
van de Wiel et al., 2019). As shown in Fig. 2 and Table 3, both 50 and
100 mg/kg CDCA treatments for 8 days were able to highly suppress
CYP7A1 mRNA expression and induce OSTa, and OSTff mRNA lev-
els in monkeys, although there was a lack of dose-dependent modula-
tion. This indicated that these monkeys were responsive to altered bile
acid levels and thus were suitable for investigating FXR effects toward
OATPIB expression in vivo.

We subsequently analyzed OATP1B1 and OATP1B3 expression in
CDCA-treated cynomolgus monkeys. Analysis of mRNA expression
using quantitative RT-PCR (Fig. 2 and Table 3) indicated that chronic
CDCA treatment repressed 55% and 80% of OATP1B1 and OATP1B3
mRNA in monkey livers, fully supporting that OATP1B is downregu-
lated by the FXR agonist in cynomolgus monkeys. CDCA treatment
was also found to downregulate OATPIB protein levels, as determined
by targeted proteomics analysis, in monkey livers (Fig. 3 and Table 4).
Thus, protein OATP1B abundance was markedly repressed in response
to an 8-day CDCA treatment, by a 2.5- to 2.7-fold factor in OATP1B1
and OATP1B3 protein levels. This observation is consistent with the
significantly decreased SLCOI1BI promoter activity in hepatoma cells
and reduced OATP1B1 expression in human liver slices induced by
CDCA (Jung and Kullak-Ublick, 2003, Jung et al., 2007). In addition,
this finding is also in agreement with the observations that OATP1B ex-
pression is negatively correlated with bile acid levels in patients with
cholestatic liver diseases as an early defense mechanism for hepatocytes
to shut off bile acid influx (Oswald et al., 2001, Zollner et al., 2001,
Keitel et al., 2005). In contrast, a 7-day RIF treatment had a limited ef-
fect (slight repression but not induction) on OATP1B1 and OATP1B3
protein levels in monkey liver, although significant induction of P-gp
and MRP2 protein levels in monkey intestine were seen (p < 0.05)
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TABLE 5
Systemic exposures of CPI, CPIII, and CDCA after the first and multiple administrations of CDCA to cynomolgus monkeys (Day 1 and Day 8, respectively).

Vehicle Control

50 mg/kg CDCA 100 mg/kg CDCA

Analyte Exposure Day 1 Day 8 Day 1 Day 8 Day 1 Day 8
CPI AUC¢.24n (nM-h) 435 +6.3 445 +25 60.6 + 14.3 209 = 174 399+ 119 151 = 76.6
Cinax (nM) 2.5+ 044 2.5+ 044 2.8 £0.74 14.2 = 6.7* 2.1 £0.48 11.9 £ 2.3*
CPIII AUCg.24n (nM-h) 17.6 £ 3.5 13.6 = 2.1 18.6 + 3.8 146 + 108 8.1+23 91.0 £ 116
Cinax (nM) 1.0 £ 0.36 0.68 £ 0.18 0.90 £ 0.17 6.7 +4.4 0.50 £ 0.16 5645
CDCA AUCy 241 (WM-h) 25.0 + 25.5 14.6 + 19.3 82.4 + 60.5 219 £25.3 1132 + 942% 1308 + 540%
Cinax (HM) 2527 34 +44 6.6 £29 20+ 1.7 96.2 + 55.5% 102 + 68.0*

Data represent the mean and S.D. from 3 monkeys; AUC g-24p), area under plasma concentration-time curve from time O to 24 h; C,,,x, maximum plasma concentration.
Statistics were conducted using one-way ANOVA followed by Dunnett’s multiple comparison method. *p < 0.05 compared with the first vehicle dose (Day 1).

(Fig. 3 and Table 4), suggesting that expression of both OATP1Bs in
monkey liver was unaltered by the PXR agonist. Similar observations
have been reported for human subjects, where there was no significant
modulation of OATP1B protein expression by RIF, as assessed by se-
rum-derived small extracellular vesicles (Rodrigues et al., 2021).

We next studied the day-to-day change from basal pre-dose plasma
levels throughout the entire study treated with CDCA. The FXR activa-
tor was found to markedly increase basal pre-dose plasma CPI and
CPIII levels in cynomolgus monkeys (Fig. 4), which are observed en-
dogenous substrates of monkey and human OATP1B transporters (Lai
et al., 2016, Shen et al., 2016). This bile acid also markedly increased
the plasma concentrations of CPI and CPIII, endogenous probes of
OATPIB, following multiple doses of CDCA on Day 8 compared with
the single dose on Day 1 (Fig. 5). These results suggest that OATP1B
activity was repressed by CDCA. The complexity of underlying mecha-
nisms for increased basal plasma CPI and CPIII levels is reflected in the
data from a study by Peyer et al., who found that ALAS1 mRNA activ-
ity is increased upon exposure to CDCA in human hepatocytes and liver
slices (Peyer et al., 2007). CDCA had no effect on the mRNA levels of
ALAS1 and ALAS2, the rate-limiting enzymes of heme biosynthesis in
the body, in monkeys (Fig. 2 and Table 3). Additionally, the observed
strong increases of the ratio of CP to ALA after multiple doses of
CDCA compared with the single dose indicate limited or no effects of
CDCA on CP synthesis in monkeys (Fig. 5). Beyond considering CP
synthesis induction, it is tempting to speculate about OATP1B inhibi-
tion as a mechanism of elevated CP levels since the it has been reported
that CDCA is an in vitro inhibitor of human OATPIB1 with an inhibi-
tion constant of 3.4 + 0.5 uM (Gui et al., 2009). However, the fact that
the basal plasma CP levels started increasing on Day 4 but not Day 1
(Fig. 4), and the plasma concentrations of CP following a single dose of
50 and 100 mg/kg of CDCA were similar to those of vehicle control
(Fig. 5), indicating that OATP1B inhibition is not a factor in increasing
the concentrations of the endogenous biomarkers in this study. Taken
together, these data establish that OATP1B expression is markedly sup-
pressed in response to CDCA in monkey livers.

Although we demonstrated that CDCA suppressed OATP1B expres-
sion and reduced OATP1B activity in cynomolgus monkeys, additional
studies may be needed to identify the mechanisms and signaling path-
ways of OATP1B gene suppression that follow binding of CDCA to
FXR. CDCA can activate FXR, and then induce SHP that functions to
mainly suppress gene expression of CYP7A in the liver (Goodwin
et al., 2000, Lu et al., 2000). We showed that 50 and 100 mg/kg CDCA
increased the SHP mRNA levels by 2- and 1.3-fold compared with the
control in monkey liver (Fig. 2 and Table 3). Although the increases
are smaller than the common increases of SHP induced by FXR ago-
nists in liver cells and tissues (~3-fold) (Qin et al., 2005, Jung et al.,
2007), the increased SHP concentrations may further suppress

OATPIB expression. In addition, FXR can induce fibroblast growth
factor 19 (FGF19) in cynomolgus monkeys and humans and FGF15 in
mice in small intestine. The FGF19/15 circulate back to hepatocytes
via portal vein and activate fibroblast growth factor receptor 4-fklotho
complex in hepatocytes, leading to activation of the extracellular sig-
nal-regulated kinase 1/2 and c-Jun N-terminal kinase 1/2 pathways to
suppress the expression of genes, such as CYP7A1, OATPI1B, and
NTCP (Inagaki et al., 2005, Song et al., 2009, Pai et al., 2012, Slijepcevic
et al., 2017). Two out of three monkeys administered with 50 mg/kg of
CDCA and one out of three animals administered with 100 mg/kg of
CDCA displayed high bilirubin levels in this study (data not shown). It is
possible that OATP1B expression is repressed by immunoinflammatory
cytokines, such as interleukin-1p, necrosis factor, and interleukin-6 (Jung
and Kullak-Ublick, 2003, Le Vee et al., 2008, Le Vee et al., 2009).

In conclusion, for the first time, our results indicate that expression of
OATPIBI1 and OATP1B3, as measured by the mRNA and protein lev-
els, were decreased in cynomolgus monkeys chronically treated with
FXR agonist CDCA. Decreased OATP1B expression explains the
marked increases of plasma CPI and CPIII levels after multiple admin-
istration of CDCA compared with the single dose and vehicle control,
as well as the baseline level before dosing. Downregulation of OATP1B
might be a consequence of FXR activation and could serve to block the
hepatic uptake of drug substrates, resulting in increased systemic drug
exposures. However, further investigations to assess OATP1B downregu-
lation in humans using FXR agonists are required. Several FXR agonists
(e.g., obeticholic acid) are in development for the treatments of cardiome-
tabolic diseases. Regulation of OATP1B by these FXR agonists can be
further evaluated in human subjects, which are poorly characterized in
terms of their regulation effect on drug transporters and their role in
drug-drug interaction. In addition, interspecies differences in the functions
of FXR need be considered. It is known that FXR activation also takes
place during cholestasis disorders, which may lead to an increase in CP
concentrations. This may explain a potential for CPs as biomarkers in
cases of drug-induced cholestasis and associated liver injury.
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Supplementary Figure 1
Mean plasma concentrations of LCA (A), CA (B), and DCA (C) before (Day -4 and Day -2),
during (Day 1 to Day 8), and one day after (Day 9) administration of CDCA (50 and 100
mg/kg/day) in three male cynomolgus monkeys. Data are shown as the mean and SD values.
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Supplementary Figure 2
Mean plasma concentrations of LCA (A), CA (B), and DCA (C) on Day 1 after the first vehicle
(blue closed squares), 50 mpk CDCA (red closed triangles), or 100 mpk CDCA dose (black closed
circles), and on Day 8 after the eighth vehicle (blue open squares), 50 mpk CDCA (red open
triangles), or 100 mpk CDCA dose (black open circles) are shown as mean and SD values.
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Supplementary Figure 3
Effects of CDCA and RIF treatments on the liver concentrations of CPI (A), CPIII (B), CDCA
(C), LCA (D), CA (E), and DCA (F) of cynomolgus monkeys. The animals were treated with
vehicle (blue bars), CDCA (50 and 100 mg/kg; red and black bars, respectively), or RIF (15
mg/kg; grey bars) once daily for 8 days. Data are expressed as mean and SD values from 3 to 6
monkeys. Statistics were conducted by t-test. *p < 0.05 was significantly different compared to
vehicle controls.
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