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ABSTRACT

Background: 

The bile salt-activated transcription factor farnesoid X receptor (FXR) is a key mediator of 
proliferative bile salt signalling, which is assumed to play a role in the early phase of compen-
satory liver growth. The aim of this study was to evaluate the effect of a potent FXR agonist 
(obeticholic acid, OCA) on liver growth following portal vein embolization (PVE).

Methods: 

Rabbits were allocated to receive daily oral gavage with OCA (10 mg/kg) or vehicle (control 
group) starting 7days before PVE (n=18 per group), and continued until 7days after PVE. PVE 
of the cranial liver lobes was performed using polyvinyl alcohol particles and coils on day 
0. Caudal liver volume (CLV) was analysed by CT volumetry on days –7, –1, +3 and +7. Liver 
function was determined by measuring mebrofenin uptake using hepatobiliary scintigraphy. 
Additional parameters analysed were plasma aminotransferase levels, and histological scor-
ing of haematoxylin and eosin- and Ki-67-stained liver sections.

Results: 

Three days after PVE of the cranial lobes, the increase in CLV was 2.2-fold greater in the OCA 
group than in controls (mean(s.d.) 56.1(20.3) versus 26.1(15.4) per cent respectively; P < 
0.001). This increase remained greater 7 days after PVE (+1.5-fold; P = 0.020). The increase 
in caudal liver function at day +3 was greater in OCA-treated animals (+1.2-fold; P = 0.017). 
The number of Ki-67-positive hepatocytes was 1.6-fold higher in OCA-treated animals 3 days 
after PVE (P = 0.045). Plasma aminotransferase levels and histology did not differ significantly 
between groups.

Conclusion: 

OCA accelerated liver regeneration after PVE in a rabbit model. OCA treatment might in-
crease the efficacy of PVE and, thereby, resectability.
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INTRODuCTION

The liver is the only human organ that is able to regenerate following injury or loss of tis-
sue mass. This regenerative capacity is essential in liver surgery, as it allows resection of up 
to 70 per cent of liver mass with acceptable morbidity and mortality. [1] However, clinical 
outcomes correlate with the amount and function of the remnant liver and its ability to 
regenerate. [2,3] Enhancing liver regeneration could be instrumental in overcoming these 
surgical limitations. The search for pharmacological interventions to stimulate liver regen-
eration is ongoing and has not yet resulted in a clinical application.

Recently, bile acids have been identified as early mediators of liver regeneration through 
activation of the nuclear bile acid receptor farnesoid X receptor (FXR). [4] Bile flow is es-
sential for liver regeneration after partial hepatectomy, and disruption of the enterohepatic 
circulation delays liver regeneration. [4] This is attributed to loss of signalling via FXR, as 
Fxr-deficient mice display delayed regeneration following partial hepatectomy. [4,5] Intes-
tinal FXR activation might be the primary mediator via the production and portal release of 
mitogenic and bile salt homeostatic fibroblast growth factor (FGF) 19 (mouse orthologue 
Fgf15). [5,6] Absence of Fgf15 impaired liver regeneration and increased mortality after par-
tial hepatectomy in mice. [7] Fgf15 acts through the hepatocyte Fgfr4 receptor to regulate 
bile acid synthesis and stimulate regenerative signaling. [7,8]

Recently, potent FXR agonists have been developed that might stimulate liver regen-
eration. Obeticholic acid (OCA) is a semisynthetic bile acid analogue with around 100-fold 
increased potency for activating human FXR compared with the most potent endogenous 
bile salt agonist, chenodeoxycholic acid. [9] OCA represses hepatic bile acid synthesis, limits 
hepatocyte bile acid uptake, and stimulates basolateral and canalicular bile acid export. [10] 
These actions all contribute to the maintenance of low intrahepatic bile acid levels, thereby 
preventing bile acid hepatotoxicity and promoting normal progression of liver regeneration 
after partial hepatectomy. Furthermore, OCA might directly stimulate hepatocellular prolif-
eration by inducing expression of cell-cycle regulatory transcription factor Foxm1b. [4,11] 
Alternatively, OCA-induced expression of FGF-19/Fgf15 in the ileum might lead to similar 
lowering of bile acid levels in hepatocytes through Fgfr4 and promotion of regeneration 
inducing pathways. [7,8]

It has been hypothesized that OCA stimulates liver regeneration when applied during 
portal vein embolization (PVE), a preoperative procedure used to increase future liver 
remnant (FLR) volume. [12] PVE induces a 37 – 62 per cent increase in FLR volume over 
29 – 34 days. [12.13] The relatively long interval between PVE and liver resection in patients 
might necessitate chemotherapy to limit tumour progression. [14] On the other hand, the 
regenerative response following PVE is not always sufficient to proceed to safe liver resec-
tion. [12] Enhancing PVE-induced liver regeneration has a clear clinical benefit as it renders 
more patients eligible for surgery.
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The aim of this study was to examine the effect of OCA on liver regeneration in a standard-
ized rabbit model of PVE. [15]

METHODS

The animal ethics and welfare committee of the Academic Medical Centre, Amsterdam, ap-
proved the experimental protocols (BEX35AC and BEX35AD). Thirty-six New Zealand White 
rabbits (Charles River, Gennat, France) with a mean(s.d.) weight of 2941(267) g were allowed 
to acclimatize for 1 week before inclusion in the experiments. Rabbits were housed in groups 
in a temperature-controlled room with a 12-h light/dark cycle, and free access to water and 
standard chow. Animal experiments were reported according to the ARRIVE guidelines. [16]

Experimental design

Two groups of 18 rabbits were planned for PVE. Animals were allocated to either OCA (a 
gift from Intercept Pharmaceuticals, New York, USA) treatment (10mg/kg in 1 per cent 
methyl cellulose) or vehicle (1 per cent methyl cellulose; Sigma Aldrich, Zwijndrecht, The 
Netherlands) (control) via oral gavage (1.5 ml for a 3-kg animal). Treatment was started 7 
days before PVE, and continued until death of the animal at 3 or 7days after PVE. Seven days 
of OCA pretreatment was chosen to ensure adequate tissue levels of OCA at the time of 
PVE. [17] In mice, diet enriched with cholic acid induced spontaneous liver growth in an FXR 
dependent manner. [4] Therefore, liver volume and function were assessed 7 days and 1 day 
before PVE (days –7 and –1 respectively; PVE was carried out on day 0).

Portal vein embolization

Animals were anaesthetized by subcutaneous injection of 25 mg/kg ketamine (Nimatek®; 
Eurovet, Bladel, The Netherlands) and 0.2mg/kg medetomidine (Dexdomitor®; Orion, Espoo, 
Finland). Isoflurane 2 per cent (Forene®; Abbott Laboratories, Sittingbourne, UK) mixed with 
oxygen/air (1:1, 3l/min) was used to maintain anaesthesia. Preoperative analgesia consisted 
of 0.03 mg/kg buprenorphine (Temgesic®; Reckitt Benckiser Healthcare, Hull, UK). Antibiotic 
prophylaxis consisted of subcutaneous injection of 0.2 mg/kg enrofloxacin (Baytril®; Bayer 
Healthcare, Berlin, Germany).

PVE was performed as described previously. [15] Following midline laparotomy, a branch 
of the inferior mesenteric vein was cannulated using an 18-G catheter (Hospira Venisystems, 
Lake Forest, Illinois, USA). Under digital subtraction portography, a RenegadeTM 3-Fr mi-
crocatheter (Boston Scientific, Natick, Massachusetts, USA) with a Transend-ex® 0.36-mm 
× 182-cm guidewire (Boston Scientific) was positioned in the main portal branch to the 
cranial liver lobes. Polyvinyl alcohol particles (90 – 180 and 300 – 500 μm in diameter; Cook, 
Bloomington, Indiana, USA) and two fibred platinum coils (4.0 and 6.0mm; Boston Scientific) 
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were infused through the catheter to occlude the portal branches to the cranial lobes. PVE 
was confirmed by portography, and the mesenteric vein was closed using a ligature. The 
abdomen was closed in two layers. Enrofloxacin (0.2 mg/kg) was administered daily for 3 
days following PVE.

CT volumetry

Multiphase CT scans (Brilliance 64TM; Philips, Eindhoven, The Netherlands) were performed 
on days –7, – 1, +3 and +7. Animals (n = 18 per treatment group) were anaesthetized and a 
22-G catheter was placed in the lateral ear vein. A baseline scan was carried out and 3 ml 
contrast solution (VisipaqueTM; GE Healthcare, Waukesha, Wisconsin, USA) was injected. 
Arterial-, portal- and venous-phase images were acquired after 15, 30 and 45 s respectively. 
Volumetric analysis was performed on three-dimensional reconstructions of 5-mm axial 
slices using manual delineation. Caudal liver volume (CLV) and total liver volume (TLV) were 
determined, and increase in CLV was calculated as:

% increase CLV = 
(CLVday x − CLVbaseline)

 × 100%
CLVbaseline

where x is the day on which the image was acquired. The same formula was used to obtain 
the decrease in cranial liver volume (CrLV), which was calculated as TLV – CLV. Increase in 
CLV and decrease in CrLV were calculated using day –1 values as the baseline. To validate CT 
volumetric data, the volumetric measurements at the time of death were correlated with 
actual liver weight measured using a precision scale (Sartorius, Göttingen, Germany) (Fig. 
S1, supporting information).

Hepatobiliary scintigraphy

Liver function was assessed using hepatobiliary scintigraphy with 99mTc-labelled (2,4,6 
trimethyl-3-bromo) iminodiacetic acid (99mTc-mebrofenin) (Bridatec®; GE Healthcare, Eind-
hoven, The Netherlands) on days – 7, – 1, +3 and +7. Rabbits (n = 6 per treatment group) 
were anaesthetized and placed on an imaging table, with the liver and heart positioned 
under a large field-of-view single-photon emission CT camera (Siemens SymbiaTM T16, The 
Hague, The Netherlands). Regions of interest were drawn around the left ventricle for blood 
pool readings, around the entire liver for total liver uptake, and around the caudal liver 
lobe (Fig. S2, supporting information). A dose of 50 MBq 99mTc-mebrofenin per rabbit was 
administered via a lateral ear vein directly before the start of acquisition.

The geometric mean of data sets from the anterior and posterior cameras was used for 
analysis. Hepatic 99mTc-mebrofenin uptake rate was calculated as the increase in 99mTc-me-
brofenin uptake over 2 min, corrected for perfusion by subtraction of activity in the region 
of interest drawn over the left ventricle. Total liver uptake was represented by the total 
hepatic 99mTc-mebrofenin uptake rate, and calculated as a percentage of the injected dose 
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per minute. The fractional 99mTc-mebrofenin uptake rate was calculated for the caudal liver 
lobe, based on the distribution of segmental activity, and was corrected for baseline mea-
surements at –7days. Correction for day –7 was chosen to exclude effects of OCA treatment 
on mebrofenin uptake before PVE. Scintigraphy measurements were optimized in earlier 
pilot experiments (data not shown).

Histology

Liver tissue (left lateral and caudal lobes) was fixed in buffered formalin for 48 h, and subse-
quently dehydrated and embedded in paraffin. Sections of liver tissue (4 μm) were cut, and 
stained with haematoxylin and eosin. Sections were scored for lobular and portal inflam-
mation, as outlined in Table S1 (supporting information). In addition, liver sections were 
stained with Ki-67 antibodies to quantify hepatocyte proliferation, and counterstained with 
haematoxylin, as described previously. [18,19] Ki-67-positive hepatocytes were counted in 
a total of five high-power fields per animal, by a hepatopathologist blinded to the group 
allocation. Liver histology was assessed at days 3 and 7 (n = 6 per treatment group).

Clinical chemistry

Serum alanine aminotransferase (ALT), aspartate amino- transferase (AST), γ-glutamyl trans-
ferase (γGT) and alkaline phosphatase (ALP) were determined by the Department of Clinical 
Chemistry (Academic Medical Centre, Amsterdam, The Netherlands) using a Cobas® 8000 
modular analyser (Roche, Basle, Switzerland) (n = 12 per treatment group).

PCR

Total RNA was isolated from terminal ileum and (non)-embolized liver lobes using Tri Re-
agent® (Ambion, Landsmeer, The Netherlands). Following treatment with DNaseI (Promega, 
Leiden, The Netherlands), 750 ng total RNA was converted to cDNA using an iSCRIPTTM cDNA 
synthesis kit (BioRad, Veenendaal, The Netherlands). Quantitative reverse transcriptase–PCR 
was performed on an IQTM5 Cycler using SYBR Green (SYBR Green Master- Mix; BioRad) and 
cDNA equivalent to 7.5 ng total RNA as template. Expression levels were calculated using 
LinReg software [20] and normalized with respect to the geometric mean of Rplp0, Hprt and 
Gapdh. Primer sequences are provided in Table S2 (supporting information). Predicted am-
plicon size was checked by agarose gel electrophoresis. Transcript analysis was performed 
using tissue obtained on days +3 and +7 (n = 6 per treatment group).

Statistical analysis

Normally distributed data were analysed using Mann-Whitney U test, or two-way ANOVA in 
the case of serum laboratory values. Differences in data with a non-normal distribution be-
tween groups were tested using Mann-Whitney U test or Kruskal-Wallis test. The effects of 
OCA on CLV increase or CrLV decrease were determined from values obtained by area under 
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the curve analysis, and assessed by means of the Mann-Whitney U test. Correlations were 
tested using Spearman’s rank correlation coefficient. All statistical analysis was performed 
using Graphpad Prism® 6.0 (GraphPad, La Jolla, California, USA).

RESuLTS

It was first assessed whether OCA induced liver growth by analysing TLV in the pretreatment 
period (day – 7 until day –1. [4] At both time points, TLV corrected for bodyweight was 
similar in both groups, and similar between the time points in both groups (Fig. 1a). Thus, 
OCA did not induce spontaneous liver growth.

The effect of OCA on PVE-induced liver growth was examined. The PVE procedure was 
tolerated well, although two animals died before the end of the experiments because of a 

Figure 1. Farsenoid X receptor (FXR) agonism accelerates portal vein embolization (PVE)-induced liver growth. 
Animals were pretreated with the FXR agonist obeticholic acid (OCA) for 7 days before undergoing emboliza-
tion of the cranial liver lobes. Volume of the total (TLV), caudal (CLV, regenerating after PVE) and cranial lobes 
(CrLV, atrophying after PVE) liver volume was assessed during the course of the experiment. Animals were 
killed at 3 or 7 days after PVE, which was carried out on day 0. a: TLV per kg bodyweight in the pretreatment 
phase (n=17 per group). b: Percentage increase in CLV following PVE relative to volume on day –1 (n=17 per 
group until day +3, n=11 per group on day +7; *P <0.050, †P <0.001 versus control, Mann–Whitney U test on 
area under the curve values at individual time points). c: Percentage decrease in CrLV following PVE relative 
to volume on day –1 (n=17 per group until day +3, n=11 per group on day +7). d: Total liver uptake of 99mTc-
labelled mebrofenin determined by hepatobiliary scintigraphy (n=6 per group). e: Increase in share of the 
caudal liver lobe to 99mTc-labelled mebrofenin uptake from baseline measurements on day –7 (CLF, caudate 
liver function) (n=5–6 per group; *P <0.050, 2-way ANOVA). f: Percentage change in bodyweight relative to 
values on day –7 (n=17 per group). Values are mean(s.d.)
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technical complication during induction of anaesthesia and mesenteric vein cannulation. 
Hence, liver volumetry data on day 3 after PVE were available for 34 animals. At this time, 12 
animals were killed, leaving 22 for volumetric assessment on day 7 after PVE.

Liver hypertrophy of the caudal lobe was assessed 3 and 7 days after PVE and expressed 
as percentage increase from day – 1 values. At 3 days after PVE, the volume of the caudal 
non-embolized liver had increased 2.2-fold in the OCA group compared with the control 
group (mean(s.d.) 56.1(20.3) versus 26.1(15.4) per cent; P < 0.001) (Fig. 1b). On day7 after 
PVE, the increase in caudal liver volume remained 1.5-fold higher in OCA-treated animals 
(102.0(38.2) versus 67.6(17.7) per cent; P=0.020). The decrease in volume of the embolized 
segments was similar in the two groups (Fig. 1c).

Total liver uptake of mebrofenin was similar in the two groups on day –1, and remained 
stable after PVE in both groups (Fig.1d). The contribution of the non-embolized caudal liver 
lobe (caudal liver function share) to total liver mebrofenin uptake increased in both groups 
3 and 7 days after PVE. However, the increase was greater in OCA-treated animals 3 days 
after PVE (44.5(5.4) versus 36.0(3.7) per cent; P=0.017) (Fig.1e). To determine whether the 

Figure 2. Ki-67-stained liver sections (100 × magnification) and quantification of Ki-67-positive hepatocytes 
(n=6 per group; *P <0.050, Mann–Whitney U test). OCA, obeticholic acid.
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increased volume gain in OCA-treated animals reflected hypertrophy or hyperplasia, liver 
sections were stained for the proliferation marker Ki-67. Increased numbers of Ki-67-positive 
hepatocytes were apparent in the OCA group on day +3 (1.6-fold higher in OCA-treated 
compared with control animals; P = 0.045), with similar numbers in the groups on day +7 
(Fig. 2).

Animal bodyweight was measured daily to exclude bodyweight changes as a confounding 
factor in the liver volume calculations. Bodyweight decreased after PVE in both groups to a 
similar extent (Fig. 1f). Bodyweight gain before PVE was similar in both groups.

To examine whether OCA treatment resulted in liver injury, aminotransferase levels were 
measured during the course of the experiment. PVE induced a transient increase in ALT and 
AST, with levels peaking at day +1 in both groups and returning to baseline values afterwards 
(Fig. 3a,b). Levels were similar in the two groups throughout the experiment. γGT and ALP 

Figure 3. Plasma a alanine aminotransferase (ALT), b aspartate aminotransferase (AST), c γ-glutamyl trans-
ferase (γGT) and d alkaline phosphatase (ALP) levels before and after PVE in obeticholic acid (OCA) and con-
trol groups. Values are mean (s.d.) (n=5–11 per group). e Median (range) scores of haematoxylin and eosin-
stained sections of the caudal liver lobe (n=5–6 per group). f Representative liver sections of both groups on 
days +3 and +7 (haematoxylin and eosin stain, 100× magnification).
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levels also remained stable in both groups before PVE. After PVE, γGT and ALP levels were 
slightly higher in OCA-treated animals; however, levels did not increase significantly above 
baseline after PVE in either group (Fig. 3c,d).

To examine the potential effects of OCA on liver histology, haematoxylin and eosin-stained 
sections of the caudal lobe were scored in a blinded fashion. Mild portal and lobular in-
flammation and mild sinusoidal dilatation were observed in all animals, with no differences 
between groups (Fig. 3e). A foreign body reaction, caused by back ow of embolic material 
in the caudal lobe, was observed in four animals (2 in the control group killed on day +3; 1 
in the OCA group killed on day +3 and 1 killed on day +7). This was no different between 
groups and the back ow of embolic material did not appear to affect liver hypertrophy. 
Small-droplet macrovesicular steatosis was observed in both groups on days +3 and +7, with 
no differences between groups.

To assess the transcriptional effects of OCA, FXR target gene expression was analysed in 
terminal ileum and liver harvested at 3 and 7 days after PVE. FXR is expressed in both terminal 
ileum and liver, and it is conceivable that both contribute to liver regeneration in the rabbit. 
[5,6]. OCA had no effect on ileal expression of Fxr per se, but resulted in ileal induction of the 
FXR target gene Shp on day +3 (Fig. 4a). Ileal expression of the FXR target gene Ostβ was not, 
however, affected by OCA. Fgf19 mRNA in intestinal specimens or liver was detectable only 
in trivial amounts in some tissue samples under optimized PCR conditions (data not shown). 
Lack of an empirically validated reference sequence for rabbit Fgf19 mRNA may underlie this 
failure. Hepatic expression of the bile salt synthetic enzyme Cyp7a1 was strongly suppressed 
in OCA-treated animals on day 3 (Fig.4b). This occurred without transcriptional induction of 
the repressor Shp. Expression of Fgfr4 was not affected by OCA treatment, whereas minor 
downregulation at the transcript level was observed for βKlotho after 3 days (Fig. 4b). OCA 
treatment resulted in reduced hepatic Fxr expression at day +7. Ostβ expression in the liver 
was raised in OCA-treated animals on days +3 and +7. Conversely, ileal Shp expression was 
induced by OCA, but this was not observed in the liver.

DISCuSSION

In this study, the effect of the potent FXR agonist OCA on liver regeneration was examined 
in a standardized rabbit model of PVE. OCA accelerated liver regeneration early after PVE, 
producing a 2.2-fold increase in CLV by day +3 and a 1.5-fold increase by day +7 after PVE 
compared with vehicle-treated controls. In addition, hepatobiliary scintigraphy revealed an 
enhanced uptake capacity of the caudal liver lobe 3 days after PVE in OCA-treated animals. 
This was accompanied by an increase in the number of Ki-67-positive hepatocytes, indicat-
ing that PVE plus OCA elicited a stronger hyperplastic response than PVE without OCA. The 
accelerated liver regeneration induced by OCA potentially holds great clinical potential.
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The present data show that the increased volume gain of the caudal lobe after PVE in the 
OCA group is due to hyperplasia, as inferred from enhanced hepatocytic positivity for the 
proliferative marker Ki-67. These results indicate that OCA might be able to reduce the time 
from PVE to liver resection. This could have several advantages, such as avoiding the need 
for chemotherapy after PVE. Moreover, OCA might improve the hepatic growth response 
to PVE and this could increase the options for liver resection in patients with a very small 
FLR. Theoretically, when these results are extrapolated to hepatectomy, the increased liver 
regeneration by OCA may prevent postresectional liver failure. Patients are most prone to 
liver failure in the first few days after extended liver resection [21] and early initiation of 
liver regeneration is associated with a lower incidence of liver failure. [22] By enhancing liver 
regeneration in these first days, OCA could be anticipated to reduce the risk of liver failure, 
and resulting morbidity and mortality. 

Figure 4. Effect of obeticholic acid (OCA) on ileal and hepatic gene expression. Animals were pretreated with 
OCA for 7 days and underwent portal vein embolization (PVE) of the cranial liver lobes. a: Terminal ileum and 
b caudal liver was harvested 3 and 7 days after PVE. Gene expression was analysed by reverse transcriptase–
PCR. Values are mean(s.d.) fold expression relative to that in the control group (n=5–6 per group; *P <0.050, 
†P <0.010, Mann–Whitney U test). Fxr, farnesoid X receptor; Shp, small heterodimer partner; Ost, organic 
solute transporter; Cyp7a1, cholesterol 7α-hydroxylase; Fgfr4, fibroblast growth factor receptor 4
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The volumetric as well as functional gain, and increased number of Ki-positive hepatocytes 
in the present study indicate accelerated regeneration early after PVE. It was shown previ-
ously that the functional increase in the FLR in patients precedes the volumetric increase 
after PVE. [23] Thus, OCA-treated rabbits may have already increased uptake capacity over 
controls in the initial period after PVE, before assessment of liver function on day +3. As the 
liver volume increase is generally slower than the functional increase [23], the difference 
in liver volume is still present on day +7. In line with the higher metabolic rate in rabbits, 
liver regeneration occurs at a higher rate in rabbits than in humans, whereas metabolism in 
mice and rats is even higher than in rabbits. The median increase in CLV of 67–71 per cent 
in vehicle-treated rabbits 7days after PVE [15] is comparable to the 62 per cent increase in 
FLR volume in selected patients a median of 34 days after PVE that included segment IV. [13] 
In the setting of associating liver partition and portal vein ligation for staged hepatectomy 
(ALPPS), FLR volume increases by a median of 74 per cent after a median of 9 days follow-
ing the first stage. [13,24] As ALPPS is associated with substantial morbidity and mortality, 
enhancement of the hypertrophy response after PVE with OCA might be a safer alternative 
to increase resectability in patients with a very small FLR. 

The present results suggest a direct proliferative effect on the non-embolized liver lobes, 
without affecting the atrophy of the embolized lobes, and without the toxic effects demon-
strated by similar bodyweight and plasma aminotransferase levels in both groups. The exact 
mechanisms by which OCA stimulates liver growth remain unclear. The results indicate both 
ileal and hepatic FXR activation, demonstrated by increased ileal Shp expres- sion and de-
creased hepatic Cyp7a1 expression, which are both FXR target genes. The absence of hepatic 
Shp upregulation suggests that Shp-independent Fgf19 signalling may be responsible for the 
observed repression of Cyp7a1, which is further substantiated by hepatic downregulation 
of Fgf19 receptor Fgfr4. Fgf19 expression was detectable only in trivial amounts under opti-
mized conditions, despite a study reporting Fgf19 expression in rabbits. [25] Future studies 
should elaborate further on the mechanisms of OCA-induced liver regeneration in animals 
with established mRNA sequencing data, which are not yet available for rabbits. 

OCA is currently being evaluated in phase III clinical trials [26,27], and has been shown to 
reduce histological features of non-alcoholic steatohepatitis, and to decrease plasma levels 
of ALP, γGT and ALT in patients with primary biliary cholangitis. Substantial safety data are 
available, and therefore clinical translation of OCA for stimulation of liver regeneration is 
within reach. However, there are some uncertainties regarding its use in the setting of PVE 
and liver resection. Seven days of pretreatment is recommended to ensure adequate tissue 
levels of OCA at the time of PVE or resection. [17] Tumours in the liver are at the same 
time exposed to the potent agonistic effects of FXR. Several reports [28-30] have suggested 
that direct FXR stimulation of tumours poses no oncological concerns, and the increase in 
circulating FGF-19 levels induced by OCA is not expected to increase the growth of tumours 
expressing Fgfr4 [31-32]. Pharmacological safety studies in mice have revealed that 2 years’ 
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exposure to a dose (25 mg per kg per day) exceeding that used in the present study and in 
ongoing clinical trials did not result in OCA-related neoplasms (personal communication; 
L. Adorini, Intercept Pharmaceuticals, based on the toxicology report by WIL Research, 
Ashland, Ohio, USA). 

The present study was performed in young healthy rabbits, whereas surgical practice is 
dominated by elderly patients often with hepatic parenchymal disease [33], both of which 
have been shown to decrease the regenerative potential of the liver. [3] Some reports sug-
gest alleviation of age-related defects in liver regeneration by FXR agonism. [11] The effects 
of OCA on regeneration of aged and diseased livers remain to be established. In addition, 
long-term effects as well as OCA dose and timing variations remain to be evaluated.
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Supportive information

Table S1 Histologic scoring

Scoring

Lobular inflammation 0 – None 1 - Mild 2 - Moderate 3 - Severe

Intralobular inflammation 0 – None 1 - < 2 foci 2 - 2 to 5 foci 3 - > 5 foci

Sinuoidal dilatation 0 – None 1 - Mild 2 - Moderate 3 - Severe

Foreign body reaction in portal veins 0 – None 1 - Yes

Small droplet microvesicular steatosis 0 – None 1 - Mild 2 - Moderate 3 - Severe

Table S2 Primer sequences

Forward Reverse

Rplp0 CCTCGTGAGAGTGACATCGT CGCCCACGATGAAGCATTTT

Hprt GACCAGTCAACAGGGGACAT ATCCAACAAAGTCTGGCCTGT

Gapdh CCACTACATGGTCTACATGTTCC TCACCCCACTTGATGTTGGC

Fxr ACAAGTGACGTCGACAACGA AGGTCTGAAACCCTGGCAAC

Slc51b TGGGAACAGGAGCCAGAAAC CGTCAGGGCAAGGATGGAAT

Shp GCCCCAAGGAATACGCCTAC CCGGAATGGACTTGAGGGTG

Fgfr4 GAAAACCAGCAATGGCCGC GAGCCCCCAAGTGTGAAGAT

klb GAGAACGGCTGGTTCACAGA TCGAAGCCATCCAGGAGAGA

Cyp7a1 ATATGATGAGGAGCTCTGAAGC GGGACTCCTTGATGATGCTGT

Figure S1 CLV determined by CT volumetry correlated to caudal liver lobe weight at sacrifice. Gray squares 
represent animals from the control group, black triangles represent animals treated with OCA. Correlation 
was tested using Spearman’s rank correlation coefficient.
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Figure S2 Hepatobiliary scintigraphic images of a single rabbit at all sequential scans. The yellow region of 
interest (ROI) delineates the left ventricle, the red ROI the total liver and the pink ROI the caudal liver lobe. 
A marked decrease in cranial liver lobe activity and increase in caudal liver lobe activity was seen following 
portal vein embolization.




