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Obeticholic acid improves hepatic bile acid excretion in patients
with primary biliary cholangitis
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Background & Aims: Obeticholic acid (OCA) is an agonist of the Lay summary: Primary biliary cholangitis is a chronic liver dis-

nuclear bile acid receptor farnesoid X receptor, which regulates
hepatic bile acid metabolism. We tested whether OCA treatment
would influence hepatic transport of conjugated bile acids in
patients with primary biliary cholangitis (PBC) who responded
inadequately to treatment with ursodeoxycholic acid (UDCA).
Methods: Eight UDCA-treated patients with PBC with alkaline
phosphatase >−1.5 times the upper limit of normal range partic-
ipated in a double-blind, placebo-controlled study. While
continuing on UDCA, the patients were randomised to two
3-month crossover treatment periods with placebo and OCA, in
random order, separated by a 1-month washout period without
study treatment. After each of the two treatment periods, we
determined rate constants for transport of conjugated bile acids
between blood, hepatocytes, biliary canaliculi, and bile ducts by
positron emission tomography of the liver using the conjugated
bile acid tracer [N-methyl-11C]cholylsarcosine (11C-CSar). The
hepatic blood perfusion was measured using infusion of indo-
cyanine green and Fick’s principle.
Results: Compared with placebo, OCA increased hepatic blood
perfusion by a median of 11% (p = 0.045), the unidirectional
uptake clearance of 11C-CSar from blood into hepatocytes by a
median of 11% (p = 0.01), and the rate constant for secretion of
11C-CSar from hepatocytes into biliary canaliculi by a median of
73% (p = 0.03). This resulted in an OCA-induced decrease in the
hepatocyte residence time of 11C-CSar by a median of 30%
(p = 0.01), from group median 11 min to 8 min.
Conclusions: This study of UDCA-treated patients with PBC
showed that, compared with placebo, OCA increased the hepatic
transport of the conjugated bile acid tracer 11C-CSar, and thus
endogenous conjugated bile acids, from hepatocytes into biliary
canaliculi. As a result, OCA reduced the time hepatocytes are
exposed to potentially cytotoxic bile acids.
words: Liver cirrhosis; Bile acid-binding proteins; Intrahepatic cholestasis;
lecular imaging; Farnesoid X receptor.
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ease in which the small bile ducts are progressively destroyed.
We tested whether the treatment with obeticholic acid (OCA)
would improve liver excretion of bile acids compared with pla-
cebo in 8 patients with primary biliary cholangitis. A special
scanning technique (PET scan) showed that OCA increased the
transport of bile acids from blood to bile. OCA thereby reduced
the time that potentially toxic bile acids reside in the liver by
approximately one-third.
© 2020 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Primary biliary cholangitis (PBC) is a chronic liver disease char-
acterized by intrahepatic cholestasis.1,2 The clinical management
largely depends on biochemical measurements of liver injury as
surrogate markers of hepatobiliary excretion of bile acids.3–8

First-line therapy comprises ursodeoxycholic acid (UDCA), but
up to 40% of patients with PBC show inadequate biochemical
response to this medication.3–8

Obeticholic acid (OCA), a synthetic bile acid derivative, is the
first drug approved by the Food and Drug Administration (FDA)
and European Medicines Agency (EMA) for the treatment of
patients with PBC with an inadequate response to therapy with
UDCA.9–12 OCA is a potent agonist of the nuclear bile acid re-
ceptor farnesoid X receptor (FXR),13–17 which is highly expressed
in the liver and directly regulates the expression of several bile
acid transporters, including the rate-determining canalicular bile
salt export pump (BSEP).18,19 However, no studies have so far
evaluated the effect of any therapies including OCA on hepatic
bile acid transport kinetics in patients with PBC.

We have previously developed a technique that enables direct
assessment of the hepatobiliary excretion of bile acids in vivo
using positron emission tomography (PET) scanning of the liver
with [N-methyl-11C]cholylsarcosine (11C-CSar), a carbon-11 (11C;
half-life: 20.4 min) labelled analogue of the endogenous conju-
gated bile acid cholylglycine.20–25 Studies in animals and humans
have shown that cholylsarcosine has physicochemical and
physiological properties comparable with those of cholylglycine
and cholyltaurine, 2 major endogenous conjugated bile acids in
humans.21,26–28 11C-CSar is administered in small (microgram)
doses and thus exerts no pharmacological effects,29 and the
2021 vol. 74 j 58–65
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Table 1. Patient characteristics at study entry.

Sex (female/male) 8/0
Age (years) 65 (50–76)
Body weight (kg) 74 (43–107)
ALP (U/L plasma; normal 35–105 U/L plasma) 216 (168–249)
GGT (U/L plasma; normal 10–75 U/L plasma) 168 (69–388)
Total bilirubin (lmol/L plasma; normal 5–25 lmol/L plasma) 8 (6–11)
Total bile acids (lmol/L plasma; normal <10 lmol/L plasma) 8 (2–17)
Pruritus Visual Analogue Scale (1–10) 1.6 (0–4.7)

Values are given as n (sex) or mean (min–max).
ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase.
tracer does not undergo metabolism during hepatic transport
which simplifies kinetics analysis of the PET measurements.21

Consequently, 11C-CSar PET enables assessment of the hepatic
transport of endogenous conjugated bile acids in vivo without
affecting the process itself, as originally validated in pigs.21–23

Using this technique, we previously demonstrated that patients
with PBC, primary sclerosing cholangitis,24 and drug-induced
cholestatic liver injury25 have impaired hepatic transport of bile
acids compared with healthy humans.

In this randomized, double-blind, placebo-controlled, cross-
over 11C-CSar PET study, we evaluated the effect of OCA therapy,
administered in addition to UDCA, on the hepatobiliary excretion
of bile acids in patients with PBC responding inadequately to
UDCA.

Material and methods
Ethics
The Danish Medicines Agency (2015060014) and Central
Denmark Region Committees on Health Research Ethics (1-10-
72-132-15) approved the study before initiation and monitored
patient safety throughout. The study was approved and moni-
tored by the Good Clinical Practice Unit at Aarhus University
(2015-566) and conducted in accordance with the Declaration of
Helsinki (Seoul, South Korea, October 2008 amendment). All
patients provided written informed consent.

Experimental design
In this single-centre, investigator-initiated, placebo-controlled,
double-blind, crossover study, we included 8 patients with PBC
with an inadequate biochemical response to UDCA. The number
of 8 participants, with paired measurements, was chosen since
this number gave consistent data in previous human PET
studies.21–25 The patients had two 3-month crossover treatment
periods with placebo and OCA tablets, administered in a ran-
domisation order, separated by a 1-month washout period
without study treatment. The daily oral OCA dose was 5 mg for 1
month, increasing to 10 mg for 2 months (or matching placebo);
none of the participants had any prior exposure to OCA. 11C-CSar
PET/computed tomography (CT) scans were performed the day
after the end of each of the 2 treatment periods for the deter-
mination of hepatobiliary bile acid transport (see Fig. S1). The
recruitment period was from March 2016 to February 2018.

Intercept Pharmaceuticals Inc. (San Diego, CA, USA) provided
placebo and OCA tablets to the pharmacy at Aarhus University
Hospital, who managed the randomisation schedule and study
drug dispensing. All tablets were identical in appearance, smell,
and taste. All participants were on UDCA treatment (750 mg
UrsocholTM daily, oral) at inclusion and throughout the entire
study period.

The Clinical Trial Unit at Department of Hepatology and
Gastroenterology at Aarhus University Hospital managed patient
adherence to the study and treatment compliance.

Participants
The key study entry criteria were a diagnosis of PBC and an
inadequate response to UDCA therapy, defined as plasma alka-
line phosphatase (ALP) >−1.5 times the upper limit of normal (i.e.
>−158 U/L plasma) during the preceding 6 months. Patients with a
history of other liver diseases, decompensated cirrhosis, or pru-
ritus requiring treatment were excluded. Routine blood
biochemistry, including ALP and gamma-glutamyltransferase
Journal of Hepatology
(GGT), haematology, and total bile acids were measured prior
to entry and at regular time points during the entire study, as
was pruritus severity using the 10-cm visual analogue scale
(VAS). Table 1 shows key patient characteristics at study entry.

Catheterisations
Prior to the 11C-CSar PET/CT scanning, catheters (Venflon; Becton
Dickinson, Franklin Lakes, NJ, USA) were placed in the 2 cubital
veins: one for the administration of 11C-CSar and one for the
infusion of indocyanine green (ICG; Hynson, Westcott &
Dunning, Inc., Baltimore, MD, USA). Catheters were also placed in
a radial artery (Artflon; Becton Dickinson) and a hepatic vein
(Torcon Advantage; Cook Inc., Bloomington, IN, USA), the latter
via the right femoral vein for blood sampling during the scans.

PET/CT protocol
Patients fasted for at least 8 h prior to imaging. The participant
was placed supine on the scanner bed with the liver within the
21-cm axial field of view of a Siemens Biograph 64 Truepoint
PET/CT camera (Siemens Healthcare, Erlangen, Germany). A low-
dose CT scan (50 effective mAs with CAREDose4D, 120 kV, pitch
0.8, slice thickness 5 mm) was used for attenuation correction of
PET data and anatomical co-registration of PET and CT images. At
the start of a 30-min dynamic PET scan, 11C-CSar tracer was
administered as an i.v. bolus of median 100 MBq (range 43–179)
over 30 sec and then an i.v. infusion of median 54 MBq (range
40–80) over 30 min. 11C-CSar was produced on-site at the
Department of Nuclear Medicine & PET Centre at Aarhus Uni-
versity Hospital.22 The PET data were corrected for radioactive
decay back to start of 11C-CSar tracer administration and recon-
structed with TrueX using 4 iterations, 21 subsets, a 336×336
×109 matrix, and a 2-mm Gauss filter. The PET image voxel size
was 2×2×2 mm3 with a spatial resolution of 4 mm full width at
half maximum.

Kinetic modelling of PET data
A volume-of-interest (liver-VOI), which was used for the kinetic
calculations of the PET parameters, was drawn in liver tissue on
the PET/CT image at least 2 cm from the margin of the liver,
avoiding large blood vessels and bile ducts. The images were
analysed using the PMOD software 3.7 (PMOD Technologies Ltd.,
Zurich, Switzerland).

The PET model shown in Fig. 1 illustrates how 11C-CSar dis-
tributes in 3 separate compartments in the liver: blood, hepa-
tocytes, and biliary canaliculi before flowing with the bile into
the extrahepatic bile ducts. The liver compartments are func-
tionally distinct, and the exchange of 11C-CSar among them is
governed by specific transporters. The most important steps are
2021 vol. 74 j 58–65 59
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Fig. 1. Kinetic model of the transport of 11C-CSar from blood into bile. K1,
unidirectional uptake clearance of 11C-CSar from blood into hepatocytes (ml
blood/min/ml liver tissue); k2, rate constant for backflux of 11C-CSar from he-
patocytes into blood (min–1); k3, rate constant for excretion of 11C-CSar from
hepatocytes into biliary canaliculi (min–1); k5, rate constant for transport of 11C-
CSar in bile flowing from the biliary canaliculi into bile ducts (min–1), the latter
outside the liver volume-of-interest (dotted line). 11C-CSar, [N-methyl-11C]
cholylsarcosine.
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the unidirectional uptake from blood into the hepatocytes gov-
erned primarily by the Na+-taurocholate co-transporting poly-
peptide (NTCP;30 here, quantified by the systemic hepatic
clearance K1, ml blood/min/ml liver tissue) and the transport
from the hepatocytes into the biliary canaliculi governed by the
BSEP19 (rate constant k3, min−1). Backflux of 11C-CSar from he-
patocytes into blood is quantified by rate constant k2 (min−1) and
the transport of 11C-CSar in bile flowing from the biliary canal-
iculi into the bile ducts by rate constant k5 (min−1). The rate
constants (min−1) describe the transport steps as the fraction of
11C-CSar concentration transported each minute from the
respective compartments, that is, the hepatocytes (k2, k3) and the
biliary canaliculi (k5) (see Supplementary Equations 2b and 2c).
The parameters were estimated by non-linear least-squares
minimisation of the model equations23,31–33 with software
developed in-house (see Supplementary Material and methods;
www.liver.dk/ifit.html).

The average time (min) a 11C-CSar molecule resided in the
hepatocytes was calculated as the inverse of the sum of the rate
constants for transport of 11C-CSar out of the hepatocyte, “the
hepatocyte residence time” RT = 1/(k2 + k3).24

Hepatic blood perfusion
The hepatic blood flow was measured by Fick’s principle of mass
conservation using a constant i.v. infusion of ICG.34 Since ICG is
excreted completely into the bile,35 the rate of ICG infusion (Inf;
0.130 lmol/min) at steady-state plasma concentrations of ICG
equals the hepatic removal rate of ICG. Using mean blood con-
centrations of ICG in 4 samples from the catheters in a radial
artery (A, mmol/L blood) and hepatic vein (V, mmol/L blood), the
hepatic blood flow (L blood/min) was calculated as Inf/(A – V)
(Fig. S2).34 The hepatic blood perfusion, F (ml blood/min/ml liver
tissue), was calculated as the hepatic blood flow divided by the
individual functional liver volume (range 0.96–1.66 L liver tis-
sue). The liver volume was determined as previously described.24

Hepatocyte membrane permeability
The hepatocyte plasma membrane permeability surface area
product, PSmem (ml blood/min/ml liver tissue), is a blood flow-
independent measure of the maximum capacity of the unidi-
rectional transport of 11C-CSar from blood into hepatocytes.36,37

Immediately after bolus administration of tracer, the transport
from blood to hepatocytes is practically unidirectional, before
backflux becomes significant, and PSmem = –F ln (1 – E0), where
60 Journal of Hepatology
E0 is the mean hepatic extraction fraction from blood of 11C-CSar
during the first minute after tracer administration.36,37 Conse-
quently, the F and PSmem are determined independently of the
PET measurements.

Statistical analysis
Normality of data was assessed by QQ plots and Bland–Altman
plots, used to model-check the paired individual differences
between placebo and OCA measurements. For F, the differences
were normally distributed and for the kinetic rate constants, RT,
and liver blood tests, the differences were normally distributed
after log-transformation. The mean and median differences (and
ranges) are given as percentages and group means or medians of
placebo and OCA data are given as appropriate. The paired t test
was used to compare difference between placebo and OCA
measurements. A p value of <0.05 was considered to indicate
statistical significance. The sample size was determined based on
previous 11C-CSar PET data from healthy humans and patients
with cholestatic liver disease. Statistical analysis was performed
by Stata (Version 16; StataCorp, College Station, TX, USA) and
SigmaPlot (Version 11.0 build 11.2.0.5).

Results
Hepatobiliary transport of 11C-CSar
Fig. 2 shows paired kinetic parameters for each patient after the
two 3-month treatment periods with placebo and OCA, respec-
tively. When compared with placebo, treatment with OCA
significantly increased the unidirectional uptake clearance of
11C-CSar (K1) by median 11% (range 1%–34%, p = 0.01) and the
rate constant for the secretion of 11C-CSar from the hepatocytes
into the biliary canaliculi (k3) by median 73% (range 3%–498%, p =
0.03). OCA did not significantly affect the transport of 11C-CSar
from the hepatocyte back to blood (k2) or the transport of
11C-CSar with the bile flowing into the bile ducts (k5). The RT for
11C-CSar was median 30% lower (range 23%–57%, p = 0.01) after
treatment with OCA than after treatment with placebo; the
group median values were 11 min after placebo and 8 min after
OCA. Treatment with OCA accordingly reduced the average time
that potentially cytotoxic conjugated bile acids reside in the
hepatocytes, primarily because of enhanced secretion into the
biliary canaliculi. Individual kinetic parameters are given in
Table S1. As seen in Fig. 2, the order of the treatment regime
crossover (placebo vs. OCA) did not affect the difference between
individual pairs for any of the parameters. Thus, the randomised
crossover order of the 2 treatment regimens did not bias the
results.

The PET/CT images in Fig. 3 provide a visual example of
the faster transport of 11C-CSar through the liver after treat-
ment with OCA than after treatment with placebo. The image
after placebo treatment (Fig. 3A) illustrates uniform distri-
bution of 11C-CSar in liver tissue shortly after initiation of the
tracer administration (6 min) with no appearance in the
biliary system. Then, during the next 30 min (Fig. 3B),
11C-CSar drains into the bile ducts. After treatment with OCA,
the early 11C-CSar concentration in liver tissue was higher
than after treatment with placebo, and 11C-CSar appeared in
the bile ducts already after a few minutes (Fig. 3C). After 30
min, 11C-CSar was almost completely excreted into the bile
ducts and gallbladder (Fig. 3D). The images also illustrate that
the distribution of 11C-CSar is confined to the hepatobiliary
system.
2021 vol. 74 j 58–65
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Fig. 2. PET-determined parameters of the hepatobiliary transport of 11C-CSar from blood into bile ducts. Pairs of the kinetic parameters in 8 patients with
PBC after 3-month treatment with placebo and OCA, respectively. The order of the treatment periods is indicated as follows: long dashed lines, placebo / OCA;
solid lines, OCA / placebo. Short lines represent group medians for each parameter. Paired differences were tested using the paired t test on log-transformed
data (*p <0.05). 11C-CSar, [N-methyl-11C]cholylsarcosine; OCA, obeticholic acid; PET, positron emission tomography.
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Fig. 3. Coronal PET/CT images of 11C-CSar concentrations from dynamic 11C-CSar scans in a patient with PBC after 3-month treatment with placebo or OCA.
Images of the upper abdomen (liver, bile ducts, and gallbladder) at time points as indicated after the initiation of i.v. administration of 11C-CSar after placebo (A, B)
and OCA (C, D). Data are from patient ID02. A video presentation of this figure is available in the Supplementary Material. 11C-CSar, [N-methyl-11C]cholylsarcosine;
OCA, obeticholic acid; PET, positron emission tomography.
Hepatic blood perfusion and hepatocyte membrane
permeability
As illustrated in Fig. 4, OCA increased F by mean 11% (range –5%
to 31%, p = 0.045; n = 6) from group mean 0.74 ml blood/min/ml
liver tissue after placebo to 0.83 ml blood/min/ml liver tissue
after OCA. Individual values are given in Table S2. The uptake
clearance of bile acids from blood flowing through the sinusoids
depends on PSmem relative to F.36,37 For 11C-CSar, PSmem/F was on
average 2.4 (range 1.7–4.4) and with no difference between
Journal of Hepatology
placebo and OCA treatments (p >0.3). The finding that the PSmem

was higher than 1 in all patients shows that the unidirectional
clearance of 11C-CSar across the hepatocyte plasma membrane
from blood is primarily flow-determined.36,37
Liver blood tests
Fig. 5 shows values for plasma ALP and GGT. ALP was decreased
by median 19% after OCA compared with placebo (range –44% to
2021 vol. 74 j 58–65 61
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Fig. 4. Hepatic blood perfusion. Paired values of the hepatic blood perfusion
(F) after 3-month treatment with placebo or OCA (n = 6; because F was not
obtained after placebo in 2 patients due to technical problems). Values after
OCA for these 2 patients are shown for completeness. The order of the treat-
ment periods is indicated as follows: long dashed lines, placebo / OCA; solid
lines, OCA / placebo. Short lines represent group medians. Paired differences
were tested using the paired t test (*p <0.05). OCA, obeticholic acid.
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19%, p = 0.049), with group median 194 U/L after placebo and 158
U/L after OCA (Fig. 5A). GGT decreased in a more consistent
manner after OCA compared with placebo by median 58% (range
–76% to –49%, p <0.001), from median 114 U/L after placebo to 44
U/L after OCA (Fig. 5B). The randomized crossover order of the 2
treatment regimens did not affect the differences of either ALP or
GGT. The time courses of ALP and GGT (Fig. 5C and D) were not
influenced by placebo, and both decreased shortly after initiation
of treatment with OCA.

The plasma concentrations of total bile acids and total bili-
rubin were near-normal or normal at study entry (Table 1) and
did not change significantly during the course of the study or
between placebo and OCA.

Safety and side effects
There were no serious adverse events nor any complications
from the procedures. One patient dropped out 3.5 weeks within
the first treatment period because of pruritus (OCA 5 mg daily;
VAS = 2), and data from this patient were excluded; using the
same coding, another patient replaced this patient. Grading of
pruritus in the 8 included patients was mean VAS 1.7 (range
0–4.8) after placebo and mean 2.0 (range 0–5.1) after OCA (p
>0.3), not significantly different compared to the study entry
values (Table 1). All 8 patients completed the study and were
clinically stable during the entire study period; treatment
compliance was complete in all participants.

Discussion
The main findings of this study were that treatment with OCA in
patients with PBC, compared with treatment with placebo,
increased the hepatic uptake clearance of the bile acid tracer
11C-CSar from blood into the hepatocytes (K1) and increased the
secretion of 11C-CSar from the hepatocytes into the biliary
canaliculi (k3). OCA did not affect the rate constants for backflux
62 Journal of Hepatology
from the hepatocytes into blood (k2) or for the transport of 11C-
CSar from the biliary canaliculi with bile flowing into the bile
ducts (k5). The clinically important result of these changes was a
mean reduction by one-third in the average time that a 11C-CSar
molecule resides in the hepatocyte before being excreted. Since
11C-CSar is a tracer of endogenous conjugated bile acids in vivo,
these findings show that OCA increases the hepatobiliary
excretion of endogenous conjugated bile acids in patients with
PBC and thereby reduces the accumulation of potentially cyto-
toxic bile acids in the liver. To the best of our knowledge, this is
the first study to quantify in vivo changes in hepatic bile acid
kinetics following drug therapy of patients with cholestatic liver
disease.

We have previously shown that UDCA-treated patients with
various cholestatic liver diseases have reduced secretion of
conjugated bile acids from hepatocytes into biliary canaliculi
when compared with healthy subjects as measured by 11C-CSar
PET.24 While it would have been interesting to investigate the
effects of OCA as monotherapy in patients with PBC,11 this was
not possible since UDCA is used universally as first-line therapy,
and we considered it unethical to ask the patients to discontinue
this drug. Nevertheless, OCA unequivocally induced positive
changes of the hepatic bile acid transport in the present patients
with PBC concomitantly taking UDCA.

The finding that OCA markedly increased k3 (excretion from
hepatocytes into the biliary canaliculi) is in agreement with
in vitro findings that OCA, via its FXR agonist activity, upregulates
and enhances the canalicular BSEP activity in human liver tissue
samples38 and sandwich-cultured human hepatocytes.39 The
therapeutic effect of OCA on the irreversible transport of bile
acids into the biliary canaliculi in patients with PBC is a critical
finding since the transport via the BSEP is rate determining for
the overall hepatic excretion of bile acids.

OCA increased the unidirectional clearance for uptake of 11C-
CSar from blood into hepatocytes (K1) which is predominantly
facilitated by the NTCP and, to a lesser extent, by the organic
anion transporting proteins (OATPs).30 These transporters are
downregulated in liver tissue from patients with PBC,40,41 but
there were no marked changes of NTCP or OATPs in sandwich-
cultured human hepatocytes following exposure to OCA.39 In
agreement with these in vitro findings, the K1 was not deter-
mined by PSmem but by F (tracer supply), and the increase in K1

was accordingly due to enhanced hepatic blood perfusion
induced by OCA. The mechanism for the increase in F is unclear,
but it may be explained by an increased hepatic metabolic
requirement following metabolism of pharmacological doses of
OCA.42 Furthermore, studies in cirrhotic and non-cirrhotic rat
models showed that OCA and other FXR agonists upregulate
intrahepatic nitric oxide synthetase, which increases the levels of
nitric oxide, thereby decreasing the sinusoidal resistance in
models of portal hypertension.43,44

OCA treatment did not affect the rate constant for the back-
flux of bile acids from hepatocytes to blood (k2). This transport is
mediated by the plasma membrane unidirectional efflux multi-
drug resistance-associated proteins 3 (MRP3) and 4 (MRP4), as
well as by the bidirectional facilitated organic solute transporter
OSTa/b. The MRP transporters are not regulated by FXR, whereas
OSTa/b was shown to be upregulated by OCA in sandwich-
cultured human hepatocytes.39,45 However, any OCA-induced
increase in backflux via OSTa/b is likely to be negligible in vivo
as long as the irreversible BSEP (k3) is sufficiently upregulated by
2021 vol. 74 j 58–65
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Fig. 5. Plasma ALP and GGT. (A, B) Individual pairs of the plasma concentrations of ALP and GGT at the day of the PET studies after 3-month placebo or OCA. The
order of the treatment periods is indicated as follows: long dashed lines, placebo / OCA; solid lines, OCA / placebo. Short lines represent group medians. (C, D)
Examples of the time courses of plasma concentrations of ALP and GGT in a patient (ID02) during a 6-month period prior to study entry (open symbols) and
during the 2 treatment periods with placebo (blue) and OCA (dark blue), separated by a 1-month washout period (open symbols). Paired differences were tested
using the paired t test on log-transformed data (*p <0.05). ALP, alkaline phosphatase; GGT, gamma-glutamyltransferase; OCA, obeticholic acid; PET, positron
emission tomography.
OCA. Interestingly, the rate constants k2 and k3, working on the
same 11C-CSar concentration in the hepatocytes (Fig. 1), were of
the same order of magnitude. In other words, the reversible
transport across the hepatocyte plasma membrane can be
balanced by the irreversible excretion via BSEP at steady-state.

As demonstrated in the present study, the 11C-CSar PET
method can be useful to evaluate possible functional impairment
of separate hepatic bile acid transport steps and the effect of
therapy in patients with cholestatic liver disease. Since OCA
treatment did not normalise the hepatocyte residence time in
the present patients to values observed in healthy subjects,24 the
need for drugs able to improve hepatic bile acid transport re-
mains. Moreover, as new drugs are developed for the treatment
of PBC and other cholestatic liver diseases, it is highly desirable
that in vivo studies like 11C-CSar PET/CT are conducted to provide
a comprehensive evaluation of their effects on pathophysiologi-
cally relevant parameters. The 11C-CSar PET method could be of
potential use in clinical trials in pharmaceutical drug develop-
ment to directly assess cholestatic side effects. Because of recent
advances in dynamic PET technology, future 11C-CSar PET studies
can be conducted without the need for arterial blood sampling,
Journal of Hepatology
thus reducing the invasiveness of the procedure and making the
method more suitable for large-scale trials. Conceptually, con-
ducting such studies early in drug development may efficiently
identify better drugs before submitting them to the large, in-
ternational trials that are needed to enroll adequate patient
numbers. Arguably, such studies should be performed for all new
drugs to evaluate whether they truly improve hepatic bile acid
transport prior to regulatory approval.

In conclusion, this is the first report demonstrating that OCA
therapy, administered in addition to UDCA in patients with PBC,
attenuates cholestasis by enhancing the hepatobiliary excretion
of endogenous conjugated bile acids and reduces the exposure
time of hepatocytes to potentially cytotoxic bile acids. Moreover,
OCA treatment increased the hepatic blood perfusion, resulting
in increased hepatic clearance of endogenous bile acids from
blood. Our study thus adds to the understanding of the mecha-
nisms inducing beneficial clinical effects upon OCA therapy of
patients with PBC and an inadequate response to UDCA. To our
knowledge, this is the first demonstration indicative of a thera-
peutic choleresis assessed by bile acid kinetics in patients with
cholestasis.
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