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Induction of fecal cholesterol excretion is not effective
for the treatment of hyperbilirubinemia in Gunn rats
Maaike Blankestijn1, Ivo P. van de Peppel1, Ales Dvorak2, Nikola Capkova2, Libor Vitek2, Johan W. Jonker1 and Henkjan J. Verkade1

BACKGROUND: Unconjugated hyperbilirubinemia, a feature of neonatal jaundice or Crigler–Najjar syndrome, can lead to
neurotoxicity and even death. We previously demonstrated that unconjugated bilirubin (UCB) can be eliminated via transintestinal
excretion in Gunn rats, a model of unconjugated hyperbilirubinemia, and that this is stimulated by enhancing fecal fatty acid
excretion. Since transintestinal excretion also occurs for cholesterol (TICE), we hypothesized that increasing fecal cholesterol
excretion and/or TICE could also enhance fecal UCB disposal and subsequently lower plasma UCB concentrations.
METHODS: To determine whether increasing fecal cholesterol excretion could ameliorate unconjugated hyperbilirubinemia, we
treated hyperbilirubinemic Gunn rats with ezetimibe (EZE), an intestinal cholesterol absorption inhibitor, and/or a liver X receptor
(LXR) and farnesoid X receptor (FXR) agonist (T0901317 (T09) and obeticholic acid (OCA), respectively), known to stimulate TICE.
RESULTS: We found that EZE treatment alone or in combination with T09 or OCA increased fecal cholesterol disposal but did not
lower plasma UCB levels.
CONCLUSIONS: These findings do not support a link between the regulation of transintestinal excretion of cholesterol and
bilirubin. Furthermore, induction of fecal cholesterol excretion is not a potential therapy for unconjugated hyperbilirubinemia.

Pediatric Research (2021) 89:510–517; https://doi.org/10.1038/s41390-020-0926-2

IMPACT:

● Increasing fecal cholesterol excretion is not effective to treat unconjugated hyperbilirubinemia.
● This is the first time a potential relation between transintestinal excretion of cholesterol and unconjugated bilirubin is

investigated.
● Transintestinal excretion of cholesterol and unconjugated bilirubin do not seem to be quantitatively linked.
● Unlike intestinal fatty acids, cholesterol cannot “capture” unconjugated bilirubin to increase its excretion.
● These results add to our understanding of ways to improve and factors regulating unconjugated bilirubin disposal in

hyperbilirubinemic conditions.

INTRODUCTION
Unconjugated hyperbilirubinemia, such as present in neonatal
jaundice or Crigler–Najjar syndrome, can lead to bilirubin-induced
neurotoxicity, kernicterus, and even to death.1 In the liver,
hydrophobic unconjugated bilirubin (UCB) is conjugated by
bilirubin UDP glucuronic acid (UGT1A1) to form the more water-
soluble bilirubin monoglucuronoside and bilirubin diglucurono-
side, facilitating excretion into the bile. UGT1A1 is not only present
in the liver but also highly expressed in the human intestine
and was found to contribute to conjugation of UCB.2 Despite
its hydrophobic character, UCB is still partially excreted into
the bile during unconjugated hyperbilirubinemia.3,4 In Gunn rats,
an animal model for Crigler–Najjar disease type 1, around 2–15%
of intestinal UCB originates from biliary disposal, while 85–98% is
derived from transintestinal UCB excretion.4 This makes transin-
testinal bilirubin excretion the major route of UCB disposal in
Gunn rats.4–6

Transintestinal excretion also occurs for cholesterol (TICE) and
can be stimulated by activation of several nuclear receptors,
including peroxisome proliferator-activated receptor delta, liver X
receptor (LXR), and farnesoid X receptor (FXR).7–12 Both LXR and
FXR are involved in regulating hepatic and intestinal cholesterol
metabolism. The ATP-binding cassette sub-family (ABC)G5/G8
heterodimer is expressed on the canalicular membrane of
hepatocytes and the apical membrane of enterocytes and
regulated by LXR and FXR, where it facilitates the efflux of sterols.
The intestinal ABCG5/G8 transporter is at least partially respon-
sible for TICE.8,13 The Niemann–Pick C1-like 1 (NPC1L1) protein
regulates intestinal cholesterol absorption and inhibition of
NPC1L1 by ezetimibe (EZE) induces fecal neutral sterol (FNS)
output (cholesterol and its bacterial metabolites) in mice and
rats.9,11,14 Van de Peppel et al. showed that, under physiological
conditions in mice, cholesterol excreted via TICE is largely
reabsorbed.15 Decreasing intestinal cholesterol (re)absorption,
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either directly via an inhibition of NPC1L1 or indirectly via
reducing the bile acid pool, resulted in a profound increase in FNS
output beyond biliary and dietary input.15 The underlying
mechanism of transintestinal excretion of UCB and that of
cholesterol are not fully understood.
Earlier studies showed that plasma UCB decreased by

administration of a high-fat diet (HFD) and/or the lipase inhibitor
orlistat in Gunn rats.5,16–18 The increase in fecal fat excretion was
correlated to the decrease in plasma UCB levels.16,17 It was
demonstrated in a kinetic study using radiolabeled bilirubin that
the decrease in UCB upon orlistat was due to an increase in
transintestinal excretion of UCB.16 In addition, feeding a HFD
to mice enhanced TICE, resulting in increased FNS excretion.19

It has been hypothesized that the increase in fecal UCB and
subsequent decrease in plasma UCB levels upon higher intestinal
fat concentrations is the result of UCB “capturing” by fatty acids,
meaning that the reabsorption of UCB is decreased upon its
association with non-absorbed fat in the intestinal lumen.5,20 In
the present study, we tested whether selectively increasing FNS
excretion, a different class of lipid, also exerts hypobilirubinemic
effects in Gunn rats, similar to what was found by increasing
fecal fatty acid excretion. We applied three manipulations to
enhance FNS excretion: (1) activation of LXR by T09, a synthetic
LXR activator, (2) activation of FXR by obeticholic acid (OCA),
and/or (3) inhibition of intestinal cholesterol absorption using
EZE. These different approaches allowed further differentiation
into what effects were mediated through merely enhancing
intestinal cholesterol concentrations (inhibition of cholesterol
absorption) and effects specific to stimulating TICE (FXR and LXR
stimulation). Insight into novel ways to lower plasma UCB could
provide new possibilities to treat patients with unconjugated
hyperbilirubinemia.

METHODS
Animals
Gunn rats (Gunn-UGT1A1j/BluHsdRrrc) were obtained from the
Rat Resource & Research Center (Columbia, MO) and bred in our
animal facility in the University Medical Center Groningen
(Groningen, The Netherlands). Animals were individually housed
in a temperature- and light-controlled facility (12-h dark/light
rhythm) and had ad libitum access to laboratory chow (RM3,
Special Diets Services, Essex, UK) and normal drinking water
during the experiments. Animal experiments were performed with
the approval of the local Ethics Committee for Animal Experiments
of the University of Groningen. Experiments were performed in
accordance with relevant guidelines and regulations, including
laboratory and biosafety.

Materials
The synthetic LXR ligand T09 was obtained from Cayman
Chemical (Ann Arbor, MI, USA). The semi-synthetic bile acid
OCA (INT-747; 6α-ethyl-chenodeoxycholic acid) is a potent and
selective FXR agonist and was purchased from MedChem Express
(South Brunswick, NJ, USA). The cholesterol absorption inhibitor
EZE was obtained as Ezetrol (Merck Sharp & Dohme, Haarlem, The
Netherlands). EZE and OCA were prepared for oral administration
using the oral suspension solution “ORA-Plus” (Perrigo, Allegan,
MI, USA).

Experimental design
LXR agonist T09. For studying the effects of administration of
T09, male Gunn rats were first fed with normal chow, and 24-h
fecal outputs were collected. Subsequently, the rats were
randomly divided over four experimental groups (n= 7 per
group) and received either chow diet (control group) or chow
diet supplemented with EZE (0.005% w/w), T09 (0.015% w/w), or a
combination of these two compounds (T09+EZE) for 14 days.

Body weights (BWs) were measured two times per week. Feces
were collected and food intake was measured during the last 24 h
of treatment. At day 14, rats were anesthetized using isoflurane, and
the bile duct was cannulated for 20min. Bile flow was determined
gravimetrically (1 g= 1mL bile secretion). Subsequently, blood was
collected via cardiac puncture, protected against light, and stored
under argon at −80 °C. The liver was harvested and snap-frozen in
liquid nitrogen. The small intestine was flushed with ice-cold
phosphate-buffered saline (PBS) containing a protease inhibitor
(cOmplete, Roche, Mannheim, Germany), snap-frozen, and stored
at −80 °C. Rats were terminated via decapitation under isoflurane
anesthesia.

FXR agonist OCA. Rats were randomly divided to receive vehicle
(ORA-Plus suspension, control group, n= 4), EZE (n= 3), OCA (n= 4)
or OCA+EZE (n= 5) by oral gavage for 14 days. EZE was
administered at a dose of 5mg/kg/day and OCA at 10mg/kg/day.
A maximal administration volume of 5mL per kg was applied. Feces
were collected, and food intake was measured during the last 24 h
of treatment. At day 14, the bile duct was cannulated for 20min
under isoflurane anesthesia within 6 h after the last dose, followed
by blood collection via cardiac puncture. The liver was harvested
and snap-frozen in liquid nitrogen. The small intestine was flushed
with ice-cold PBS containing a protease inhibitor (cOmplete, Roche,
Mannheim, Germany), snap-frozen, and stored at −80 °C. Rats were
terminated by decapitation under isoflurane anesthesia.

Analytical methods
Dietary NS and FNS and bile acids. Feces were freeze-dried,
followed by mechanical homogenization. FNS and dietary NS
and bile acids were extracted from 50 mg of fecal or dietary
samples by 2 h of heating (80 °C) with a mixture of 1 M sodium
hydroxide and methanol (1:3). Specific extraction of NS was
performed by petroleum ether (2 times 2 mL) and derivatized
with BSTFA–pyridine–TMCS mixture (5:5:0.1). Extraction of fecal
bile acids was performed using Sep-Pak C-18 columns (Waters
Corporation, Milford, MA, USA), and samples were methylated
with methanol/acetyl chloride (20:1) and subsequently deriva-
tized with BSTFA–pyridine–TMCS (5:5:0.1). Dietary NS and FNS
and bile acids were then both analyzed by gas chromatography
(GC) as described.21

Plasma total bilirubin (TB) and haptoglobin. Terminal blood
samples were collected and kept in EDTA-coated collecting tubes
(MiniCollect, Greiner Bio-One, Kremsmünster, Austria) on ice in the
dark. After centrifugation, plasma was stored in light-protecting
tubes (Eppendorf, Hamburg, Germany) under argon at −80 °C
upon analysis. Plasma TB and free haptoglobin were analyzed on a
Roche/Hitachi Cobas 501 Analyzer (Hitachi, Tokyo, Japan) using,
respectively, the Bilirubin Total Gen 3 Kit and Tina-quant
Haptoglobin ver.2 Kit (Roche Diagnostics, Rotkreuz, Switzerland).

Bilirubin determination in feces and bile. Fecal samples were put
into the pre-weighted centrifugation tubes; then internal standard
[mesobilirubin (MBR)] was added (10 µL of 5 µM MBR per sample).
Then samples were extracted with concomitant protein precipita-
tion by 2mL of basic methanol (0.3% butylated hydroxytoluene,
0.1% ascorbic acid, and 0.5% ammonium acetate). The mixture
was vigorously shaken and vortexed, and the suspension was
centrifuged (3000 × g/5 min). One mL of supernatant was col-
lected into micro-tubes, and the solution was centrifuged again
(16,000 × g/30 min) for elimination of impurities before analytical
measurement.
Bile samples were prepared similarly. Five µL of bile was pipetted

into micro-tubes and 10 µL of MBR was added (5 µM); the extraction
was performed with 1mL of basic methanol. Samples were
vigorously shaken and vortexed and the mixture was centrifuged
(16,000 × g/30min).
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After final centrifugation steps, 100 µL of supernatant from bile as
well as fecal samples was pipetted into glass vials with the inert
insert (suitable for liquid chromatography tandem mass spectro-
metry (LC-MS) analysis), and 2 µL was directly injected to LC-MS
apparatus.
LC-MS/MS analysis was performed using a high-performance

liquid chromatography (Dionex Ultimate 3000, Dionex Softron
GmbH, Germany) equipped with a Poroshell 120 EC-C18 column
(2.1 µm, 3.0 × 100 mm; Agilent, CA, USA). For a gradient elution,
the phase was prepared by mixing 1 mM of NH4F (Honeywell,
International Inc., Morris Plains, NJ, USA) in water and methanol
(Biosolve Chimie SARL, France). The analytes were detected by
mass spectrometer (TSQ Quantum Access Max with HESI-II probe,
Thermo Fisher Scientific, Inc., USA) operating in a positive SRM
mode: bilirubin [585.3→ 299.1 (20 V); 585.3→ 271.2 (18 V)]; MBR
[589.3→ 301.1 (20 V); 589.3→ 273.2 (44 V)].
Samples remaining after extraction of feces were lyophilized

overnight and freeze-dried tubes with dry matter were weighed
by analytical scales. The empty tube weight (before analysis) was
subtracted from the weight of the lyophilized tube.
Integrated areas of bilirubin were related to MBR areas, and

ratios were normalized to dry weight of feces or volume of bile,
respectively. The concentration was calculated according cali-
bration curves measured in relevant matrices.

Hepatic and biliary lipids. Livers were crushed and homogenized
in liquid nitrogen. A 15% liver homogenate was made with PBS to
extract hepatic lipids using the Bligh and Dyer method.22 Hepatic
triglycerides (TGs) and free and total cholesterol were measured
using commercially available kits (Roche Diagnostics, Mannheim,
Germany and DiaSys Diagnostic Systems, Holzheim, Germany,
respectively). For analysis of biliary lipids, 15 µL of bile was used
for extraction using the Bligh and Dyer method. Biliary cholesterol
was derivatized using pyridine–acetic anhydride (1:1) for analysis
by GC as previously described.21

Gene expression analysis. Isolation of total RNA from the liver
and duodenum was performed using TRI-reagent (Sigma, St. Louis,
MO, USA). RNA was quantified by NanoDrop (NanoDrop
Technologies, Wilmington, DE, USA), and 1 µg RNA was used to
create cDNA. Analysis of real-time quantitative polymerase chain
reaction was performed on QuantStudio 7 Flex machine (Applied
Biosystems, Thermo Fisher Scientific, Darmstadt, Germany). Gene

expression levels were normalized to cyclophilin for liver and 36b4
for intestine.

Plasma lipids. Plasma total cholesterol, triglycerides, and non-
esterified fatty acids were spectrophotometrically analyzed using
commercially available kits (Roche Diagnostics, Mannheim, Germany
and DiaSys Diagnostic Systems, Holzheim, Germany).

Bile acid composition of bile and plasma. Biliary and plasma
bile acid species were determined using LC-MS as described
previously.15 Biliary hydrophobicity was calculated using Heuman
values.23 Total bile acid concentrations were calculated as the sum
of the individual bile acid species. Total bile acid secretion was
calculated using biliary bile acid concentrations multiplied by the
bile flow and corrected for BW.

Statistics
For all statistical analyses, GraphPad Prism 6.0 (GraphPad Software,
La Jolla, CA, USA) was used. Unless stated otherwise, graphs are
presented as a scatter dot plot representing individual values with a
median ± interquartile range. Statistical significance was tested by a
non-parametric one-way analysis of variance (Kruskal–Wallis) test,
followed by Mann–Whitney U tests to assess differences between
the experimental groups. Differences before and after treatment
were assessed using Wilcoxon signed-rank test. Statistical signifi-
cance compared to control relative untreated groups is indicated
as *p < 0.05, **p < 0.01, and ***p < 0.001. Statistical significance
between the T09 and T09+EZE groups is indicated as $p < 0.05 and
$$p < 0.01. Owing to low animal numbers, no statistical significance
was determined for the OCA experiment.

RESULTS
The effect of EZE, LXR, and FXR activation on FNS excretion and
plasma bilirubin in Gunn rats
To assess the effect of stimulated FNS excretion on plasma
bilirubin levels in Gunn rats, we used three approaches previously
shown to increase FNS excretion in mice: inhibition of cholesterol
absorption using EZE9,10,14,15 and pharmacological activation of
LXR and FXR using T09 and OCA, respectively.7,8,11,24,25 In line with
murine studies, EZE treatment, either administered via the diet
or via oral gavage, increased FNS excretion by about twofold
to threefold (Fig. 1a, b). In contrast to studies in mice, T09
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administration by itself did not stimulate FNS excretion in Gunn
rats (Fig. 1a). Moreover, T09 even lowered FNS excretion
compared to baseline, while FNS excretion remained unchanged
in untreated controls (Supplementary Fig. S1A, B). Combined EZE
and T09 treatment increased FNS excretion to a similar extent as
EZE alone (Fig. 1a).9,26

While OCA treatment showed a trend towards increased FNS,
co-administration of OCA and EZE did not further increase FNS
excretion as compared to EZE treatment alone (Fig. 1b). To assess
whether the increase in FNS excretion affected hyperbilirubine-
mia, we determined plasma TB levels. Since Gunn rats lack the
conjugating activity of UGT1A1, plasma TB levels are equal to
plasma UCB levels. Figure 1c shows that EZE did not lower plasma
TB levels in Gunn rats. T09 increased plasma TB levels in Gunn
rats, and this was partially prevented by co-administration of
EZE (Fig. 1c). Treatment with T09 with or without EZE resulted
in decreased free haptoglobin levels, an indication of increased
intravascular hemolysis,27 compared to control Gunn rats
(Supplementary Fig. S2). Plasma TB levels were unaffected by
administration of OCA, either alone or in combination with EZE
(Fig. 1d). Taken together, these results demonstrate that plasma
levels of bilirubin are not lowered by stimulation of FNS excretion
in Gunn rats.

The effect of LXR and FXR activation on intestinal cholesterol
fluxes in Gunn rats
The increase in FNS by EZE, T09, and OCA in previous studies has
been explained by its effects on intestinal cholesterol fluxes.8,24,28

While T09 in our study did not affect total FNS excretion, this does
not exclude the possibility of changes in intestinal cholesterol
fluxes. To investigate this, we measured dietary cholesterol intake
and biliary cholesterol secretion and subtracted these measure-
ments from FNS excretion to obtain the net intestinal cholesterol
balance (Fig. 2). In untreated Gunn rats, the intestinal cholesterol
balance indicated a net cholesterol excretion into the intestine
(+6.0 µmol/day/100 g BW) and was increased about twofold by

EZE treatment (Fig. 2a). These findings were similar in hetero-
zygous Gunn rats indicating that the observed effects of EZE are
independent of UGT1A129,30 (Supplementary Fig. S3).
While T09 administration alone did not change the net

intestinal cholesterol balance, the combination of T09 with EZE
increased net intestinal cholesterol excretion into the intestine
more than EZE alone (14.8 vs. 10.6 µmol/day/100 g BW, Fig. 2a).
This change was associated with a slight decrease in biliary
cholesterol secretion, observed in both the T09-treated groups
(Fig. 2a).
When EZE was administered through oral gavage instead of via

the diet, net intestinal cholesterol excretion increased even
further, to about 17.4 µmol/day/100 g BW compared to 10.6
µmol/day/100 g BW with dietary EZE (Fig. 2a, b). OCA alone
increased net intestinal cholesterol excretion threefold. Previous
reports indicated that OCA reduces cholesterol absorption in
mice.24 In our study, the addition of OCA to EZE treatment did not
result in a major additive effect on the intestinal cholesterol
balance compared to EZE alone (17.4 vs. 19.6 µmol/day/100 g BW,
Fig. 2b). Taken together, our results show that an increase in net
intestinal cholesterol excretion does not result in lowering of
plasma TB levels.

The effect of EZE, LXR, and FXR activation on biliary and fecal
bilirubin secretion
Previous studies in rats have demonstrated that plasma UCB
levels can be lowered through stimulation of fecal bilirubin
excretion.5,16 We assessed whether EZE treatment or activation
of LXR and FXR affected biliary and fecal UCB secretion rates. EZE
resulted in a lower biliary UCB secretion rate both alone and
combined with T09 (Fig. 3a). T09 by itself did not significantly
alter biliary UCB secretion (Fig. 3a). Fecal UCB excretion rates
were not altered by dietary administration of EZE; however, T09
alone or combined with EZE significantly increased fecal UCB
excretion (Fig. 3b). No differences were observed in biliary
and fecal UCB excretion after oral administration of EZE, OCA, or
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OCA+EZE (data not shown). These results show that, while T09
increased fecal UCB levels, this was not accompanied by a
decrease in plasma UCB concentrations.

Validation of LXR activation by T09 in Gunn rats
In mice, the effect of LXR on FNS excretion are (at least partially)
mediated via induction of ABCG5/8-mediated cholesterol
efflux.8,13,31 Since we did not observe an increase in FNS excretion
upon T09 treatment in Gunn rats (Fig. 1a), we wanted to exclude
the possibility that LXR was not activated by T09 in our
experiment. To determine the activation of LXR by T09, we
analyzed duodenal mRNA expression of LXR target genes involved
in cholesterol metabolism (Fig. 4a). In Gunn rats, T09 increased the
expression of LXR target genes Abcg5/8 and Abca1 (Fig. 4a). Npc1l1
gene expression was unchanged upon T09 treatment alone but
lower, compared to untreated controls, when combined with EZE.
Figure 4b depicts hepatic target genes of LXR involved in bile acid
synthesis and lipogenesis. T09, with or without co-administration
of EZE, increased the expression of cholesterol 7α-hydroxylase
(Cyp7a1), the rate-limiting enzyme in bile acid synthesis, while it
decreased the expression of microsomal sterol 12α hydroxylase
(Cyp8b1), responsible for the synthesis of cholic acid (Fig. 4b).
Administration of EZE alone did not affect the expression of these
hepatic genes. The changes in gene expression levels of Cyp7a1
and Cyp8b1 by T09 were accompanied by a percentual decrease

of taurocholic acid (TCA) in the bile (Supplementary Fig. S4A).
Treatment with T09 increased the hepatic mRNA expression of
sterol-regulatory element-binding protein 1C (Srebp-1c) and fatty
acid synthase (Fas), genes involved in lipogenesis. In line with an
increase in lipogenesis, T09 highly increased both plasma and
hepatic TG levels (Fig. 4c, d), similar to previous observations in
mice,32 and were partly attenuated by EZE. Supplementary Fig. 5
shows that T09-induced increase in plasma TG is positively
correlated to the increase in plasma TB in Gunn rats. Conversely,
plasma and hepatic total cholesterol levels were lowered upon
T09 treatment with or without EZE co-treatment (Supplementary
Fig. S6A, B). Finally, T09 treatment also increased liver weight and
bile flow (Supplementary Table S1). These data demonstrate that,
while T09 did not affect FNS excretion in Gunn rats, it did induce
other known LXR-mediated effects on lipid, cholesterol, and bile
acid homeostasis without affecting plasma TB levels.

Validation of FXR activation by OCA in Gunn rats
In mice, OCA treatment activates intestinal and hepatic FXR,
thereby reducing the hepatic expression of Cyp7a1 and Cyp8b1,
resulting in decreased bile acid synthesis and a subsequent
reduction in size and hydrophobicity of the bile acid pool.11

To determine whether OCA treatment resulted in similar effects
in Gunn rats, we measured the expression of hepatic FXR target
genes and the biliary bile acid concentration and composition.
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OCA treatment, either alone or with EZE, reduced hepatic Cyp7a1
and Cyp8b1 mRNA levels compared to untreated controls
(Fig. 5a). EZE alone did not significantly alter Cyp7a1 or Cyp8b1
gene expression. OCA treatment decreased total biliary bile acid
secretion by about 75%, either with or without co-administration
of EZE (Fig. 5b). This was associated with a similar decrease
in plasma and fecal bile acids (Supplementary Fig. S7). OCA
reduced biliary hydrophobicity compared to controls, which was
unaffected by EZE co-administration (Fig. 5c). The decrease in
hydrophobicity resulted from a fractional decrease of TCA and
increase of tauro-α- and tauro-β-muricholic acids (Supplemen-
tary Fig. S4B). In contrast to LXR agonist treatment, activation
of FXR has been associated with a reduction of plasma TGs
(reviewed in ref. 33). In Gunn rats, both EZE and OCA treatment,
irrespective of EZE co-treatment, decreased plasma TG concen-
tration compared to controls (Fig. 5d). Plasma and hepatic
cholesterol levels were unaffected upon OCA and/or EZE
treatment (Supplementary Fig. S6C, D). These results show that
OCA treatment results in similar FXR-mediated effects on bile
acid and cholesterol metabolism in Gunn rats compared to mice
but did not affect plasma TB levels.

DISCUSSION
In this study, we tested the hypothesis that stimulation of FNS
excretion lowers plasma TB in hyperbilirubinemic Gunn rats. To
increase FNS excretion, we inhibited intestinal cholesterol
absorption using EZE and stimulated TICE via LXR or FXR
activation. We show that increasing FNS excretion by inhibition
of intestinal cholesterol absorption did not lower plasma TB. We
conclude that neither stimulation of FNS excretion nor LXR or FXR
stimulation exert hypobilirubinemic effects in Gunn rats.
We previously demonstrated that increased fecal fat excretion,

either via a HFD or orlistat, is associated with decreased plasma UCB
in Gunn rats.5,17,18 Here we tested whether induction of fecal
excretion of another lipid, cholesterol, could also exert hypobilir-
ubinemic effects. In addition, a transintestinal excretion route is
present for both UCB and cholesterol.4,13,16 Therefore, we hypothe-
sized that treatments that stimulate TICE could potentially affect

transintestinal UCB excretion. Most of the induced FNS excretion in
our present experiment originates from (non-reabsorbed) transin-
testinally excreted cholesterol. Our results provide two important
new insights: (1) the transintestinal excretion pathways for
cholesterol and for UCB are not quantitatively linked and (2) the
intestinal “capture” hypothesis only relates to non-absorbed TGs/
fatty acids and not to cholesterol.
While LXR activation did not lower plasma bilirubin levels in

Gunn rats, fecal UCB excretion was increased (Fig. 3b). However,
it should be realized that fecal UCB excretion only accounts for an
estimated ~50% of TB turnover.34 Since our analyses do not
provide a quantitative estimation of UCB turnover (disposal and
degradation, into urobilinoids and other compounds), we cannot
definitively determine whether the increase in fecal UCB was due
to (1) increased transintestinal UCB secretion, (2) decreased
transintestinal UCB reabsorption, or (3) decreased intraluminal
(microbial) UCB degradation. Based on biliary UCB secretion rates,
however, it can be excluded that the T09-induced fecal UCB
excretion is due to increased biliary excretion (Fig. 3a).
Despite clear activation of LXR by T09 in Gunn rats, as

evidenced from upregulation of known target genes (e.g., Abca1,
Abcg5, and Abcg8) and increased lipogenesis, we did not observe
an effect on FNS excretion, in contrast to previous observations in
mice.7,8 Intestinal ABCG5/8 stimulation has been implicated in the
increase of TICE upon T09 treatment in mice.7 Van de Peppel et al.
showed that, under physiological conditions, cholesterol excreted
via TICE is largely reabsorbed by the intestine in an NPC1L1-
dependent process.15 In mice, activation of LXR decreases Npc1l1
expression, which could result in decreased cholesterol (re)
absorption, thereby increasing FNS excretion independent of an
effect on ABCG5/8.35 In our study, Npc1l1 gene expression in Gunn
rats was unaffected upon T09 treatment, while Abcg5/8 expression
was increased. Potential differences between mice and rats in
regulation of these transporters are illustrated by a study by
Kawase et al., showing that a 2% cholesterol-enriched diet
decreased intestinal mRNA and protein levels of NPC1L1 in mice,
but not in rats, while increasing ABCG5/8 only in rats.36 These
observations suggest that the lack of an effect of T09 on FNS
excretion in (Gunn) rats is potentially due to a species-specific
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effect on intestinal Npc1l1 expression and subsequent cholesterol
(re)absorption. Interestingly, combined T09 and EZE treatment
increased net intestinal cholesterol excretion more than EZE
treatment alone (Fig. 2a), suggesting that T09 does increase TICE,
but under the conditions of unaffected NPC1L1 function or
expression, this is reabsorbed and does not contribute to FNS
excretion.
The second approach to study whether higher FNS excretion

could lower plasma bilirubin was by activating FXR using OCA. The
underlying mechanism by which OCA increases FNS excretion in
mice has been suggested to be mediated by a smaller and more
hydrophilic bile acid pool.11 Hydrophilic muricholic bile acids
inhibit intestinal cholesterol absorption, thereby promoting FNS
excretion. In our current study, we showed that Gunn rats treated
with OCA with or without EZE also had lower biliary bile acid
concentrations and a more hydrophilic profile (Fig. 5b, c). While
we did not measure intestinal cholesterol absorption directly,
intestinal cholesterol balance data demonstrated net intestinal
excretion upon OCA treatment (Fig. 2b). Co-administration of OCA
with EZE slightly increased net intestinal cholesterol excretion
further than either treatment alone, suggesting that, while most of
the effects of OCA are also likely mediated through decreased
cholesterol absorption in Gunn rats, a small part of the effects
could be due to direct stimulation of TICE.
Surprisingly, administration of T09 led to an increase in plasma

bilirubin, and this was partially prevented by EZE co-treatment.
Our T09-treated Gunn rats displayed severely increased plasma
TG levels, a well-known effect of LXR activation, resulting in an
optical yellow-colored and turbid appearance. Therefore, hyper-
triglyceridemia could have potentially interfered with the plasma
bilirubin measurements, resulting in higher values. However, it
has also been demonstrated that plasma TG levels >12 mmol/L
increase hemolysis, possibly due to increased membrane
instability of erythrocytes.37 Bilirubin is a degradation product
of heme metabolism and can thus be further increased upon
hemolysis in our T09-treated Gunn rats.38 We observed a strong,
positive correlation between plasma TG and bilirubin in Gunn rats
treated with T09 with or without EZE (Supplementary Fig. S5). The
presence of increased hemolysis due to hypertriglyceridemia
upon T09 treatment is supported by decreased plasma-free
haptoglobin concentrations, a marker for intravascular hemoly-
sis,27 in both T09-treated groups (Supplementary Fig. S2).
However, decreased haptoglobin levels are not conclusive of
hemolysis, and we did not have whole-blood samples to perform
other red blood cell analyses to determine whether hemolysis
indeed had been induced. Taken together, the present study
demonstrates that neither induction of FNS excretion nor LXR or
FXR activation results in a hypobilirubinemic effect in Gunn rats,
in contrast to induction of fecal fat excretion.5,17 This shows that
clinically relevant “capturing” of bilirubin can be realized only by
fatty acids and not by cholesterol. These data also demonstrate
that there is no quantitative link between TICE or FNS excretion
and transintestinal UCB excretion. Therefore, increasing FNS
excretion is not a potential target to treat unconjugated
hyperbilirubinemia. Of further interest, we found that T09 did
not increase FNS excretion in Gunn rats but did induce intestinal
Abcg5/8 expression without affecting Npc1l1 expression. Based on
this observation, we conclude that the increased expression of
Abcg5/8 per se upon T09 treatment is not critical for the induction
of FNS excretion observed in mice but perhaps rather the
reduced expression of Npc1l1.32,33 This underlines important
species differences in (intestinal) lipid homeostasis, and caution is
warranted in choosing what model to study.

ACKNOWLEDGEMENTS
The authors gratefully acknowledge the excellent technical contributions to this
study by Rick Havinga, Renze Boverhof, Martijn Koehorst, and Anouk Bos. We thank

Folkert Kuipers for helpful discussions and advice. This study was funded by a grant
from De Cock Hadders stichting. L.V. received a grant from the Czech Ministry of
Health (RVO-VFN64165).

AUTHOR CONTRIBUTIONS
M.B. designed and performed the experiments, analyzed and interpreted data, and
wrote the manuscript. I.P.v.d.P. interpreted data and wrote the manuscript. A.D. and
N.C. analyzed data and reviewed the manuscript. L.V. interpreted data and reviewed
the manuscript. J.W.J. and H.J.V. designed the experiments, interpreted data, and
wrote the manuscript.

ADDITIONAL INFORMATION
The online version of this article (https://doi.org/10.1038/s41390-020-0926-2)
contains supplementary material, which is available to authorized users.

Competing interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Ostrow, J. D., Pascolo, L., Brites, D. & Tiribelli, C. Molecular basis of bilirubin-

induced neurotoxicity. Trends Mol. Med. 10, 65–70 (2004).
2. McDonnell, W. M., Hitomi, E. & Askari, F. K. Identification of bilirubin UDP-GTs in

the human alimentary tract in accordance with the gut as a putative metabolic
organ. Biochem. Pharmacol. 51, 483–488 (1996).

3. Arias, I. M., Johnson, L. & Wolfson, S. Biliary excretion of injected conjugated and
unconjugated bilirubin by normal and Gunn rats. Am. J. Physiol. 200, 1091–1094
(1961).

4. Kotal, P. et al. Intestinal excretion of unconjugated bilirubin in man and rats with
inherited unconjugated hyperbilirubinemia. Pediatr. Res. 42, 195–200 (1997).

5. Nishioka, T. et al. Orlistat treatment increases fecal bilirubin excretion and
decreases plasma bilirubin concentrations in hyperbilirubinemic Gunn rats.
J. Pediatr. 143, 327–334 (2003).

6. Cuperus, F. J. C. et al. Effective treatment of unconjugated hyperbilirubinemia
with oral bile salts in Gunn rats. Gastroenterology 136, 673.e1–682.e1 (2009).

7. Kruit, J. K. et al. Increased fecal neutral sterol loss upon liver X receptor activation
is independent of biliary sterol secretion in mice. Gastroenterology 128, 147–156
(2005).

8. van der Veen, J. N. et al. Activation of the liver X receptor stimulates trans-
intestinal excretion of plasma cholesterol. J. Biol. Chem. 284, 19211–19219 (2009).

9. Jakulj, L. et al. Transintestinal cholesterol transport is active in mice and humans
and controls ezetimibe-induced fecal neutral sterol excretion. Cell Metab. 24,
783–794 (2016).

10. Vrins, C. L. J. et al. Peroxisome proliferator-activated receptor delta activation
leads to increased transintestinal cholesterol efflux. J. Lipid Res. 50, 2046–2054
(2009).

11. de Boer, J. F. et al. Intestinal farnesoid X receptor controls transintestinal cholesterol
excretion in mice. Gastroenterology 152, 1126.e6–1138.e6 (2017).

12. Grefhorst, A. et al. Pharmacological LXR activation reduces presence of SR-B1 in
liver membranes contributing to LXR-mediated induction of HDL-cholesterol.
Atherosclerosis 222, 382–389 (2012).

13. de Boer, J. F., Kuipers, F. & Groen, A. K. Cholesterol transport revisited: a new turbo
mechanism to drive cholesterol excretion. Trends Endocrinol. Metab. 29, 123–133
(2018).

14. Terunuma, S., Kumata, N. & Osada, K. Ezetimibe impairs uptake of dietary cho-
lesterol oxidation products and reduces alterations in hepatic cholesterol meta-
bolism and antioxidant function in rats. Lipids 48, 587–595 (2013).

15. van de Peppel, I. P. et al. Efficient reabsorption of transintestinally excreted
cholesterol is a strong determinant for cholesterol disposal in mice. J. Lipid Res.
60, 1562–1572 (2019).

16. Hafkamp, A. M. et al. Novel kinetic insights into treatment of unconjugated
hyperbilirubinemia: phototherapy and orlistat treatment in Gunn rats. Pediatr.
Res. 59, 506–512 (2006).

17. Hafkamp, A. M., Havinga, R., Sinaasappel, M. & Verkade, H. J. Effective oral
treatment of unconjugated hyperbilirubinemia in Gunn rats. Hepatology 41,
526–534 (2005).

18. Cuperus, F. J. C., Iemhoff, A. A. & Verkade, H. J. Combined treatment strategies for
unconjugated hyperbilirubinemia in Gunn rats. Pediatr. Res 70, 560–565 (2011).

19. van der Velde, A. E. et al. Regulation of direct transintestinal cholesterol excretion
in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 295, G203–G208 (2008).

Induction of fecal cholesterol excretion is not effective for the. . .
M Blankestijn et al.

516

Pediatric Research (2021) 89:510 – 517

https://doi.org/10.1038/s41390-020-0926-2


20. Bulmer, A. C., Verkade, H. J. & Wagner, K. H. Bilirubin and beyond: a review of lipid
status in Gilbert’s syndrome and its relevance to cardiovascular disease protec-
tion. Prog. Lipid Res. 52, 193–205 (2013).

21. Ronda, O. A. H. O., van Dijk, T. H., Verkade, H. J. & Groen, A. K. Measurement of
intestinal and peripheral cholesterol fluxes by a dual-tracer balance method. Curr.
Protoc. Mouse Biol. 6, 408–434 (2016).

22. Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and purification.
Can. J. Biochem. Physiol. 37, 911–917 (1959).

23. Heuman, D. M. Quantitative estimation of the hydrophilic-hydrophobic balance
of mixed bile salt solutions. J. Lipid Res. 30, 719–730 (1989).

24. Xu, Y. et al. Farnesoid X receptor activation increases reverse cholesterol trans-
port by modulating bile acid composition and cholesterol absorption in mice.
Hepatology 64, 1072–1085 (2016).

25. Hambruch, E. et al. Synthetic farnesoid X receptor agonists induce
high-density lipoprotein-mediated transhepatic cholesterol efflux in mice and
monkeys and prevent atherosclerosis in cholesteryl ester transfer protein
transgenic low-density lipoprotein receptor. J. Pharmacol. Exp. Ther. 343,
556–567 (2012).

26. Sugizaki, T. et al. The Niemann-Pick C1 Like 1 (NPC1L1) inhibitor ezetimibe
improves metabolic disease via decreased liver X receptor (LXR) activity in liver of
obese male mice. Endocrinology 155, 2810–2819 (2014).

27. Shih, A. W. Y., McFarlane, A. & Verhovsek, M. Haptoglobin testing in hemolysis:
measurement and interpretation. Am. J. Hematol. 89, 443–447 (2014).

28. Nakano, T. et al. Ezetimibe promotes brush border membrane-to-lumen cholesterol
efflux in the small intestine. PLoS ONE 11, e0152207 (2016).

29. Van Heek, M. et al. Comparison of the activity and disposition of the novel
cholesterol absorption inhibitor, SCH58235, and its glucuronide, SCH60663. Br. J.
Pharmacol. 129, 1748–1754 (2000).

30. Ghosal, A. et al. Identification of human UDP-glucuronosyltransferase enzyme(s)
responsible for the glucuronidation of ezetimibe (Zetia). Drug Metab. Dispos. 32,
314–320 (2004).

31. Calpe-Berdiel, L. et al. Liver X receptor-mediated activation of reverse cholesterol
transport from macrophages to feces in vivo requires ABCG5/G8. J. Lipid Res. 49,
1904–1911 (2008).

32. Oosterveer, M. H., Grefhorst, A., Groen, A. K. & Kuipers, F. The liver X receptor: control
of cellular lipid homeostasis and beyond. Prog. Lipid Res. 49, 343–352 (2010).

33. Jonker, J. W., Liddle, C. & Downes, M. FXR and PXR: potential therapeutic targets
in cholestasis. J. Steroid Biochem. Mol. Biol. 130, 147–158 (2012).

34. Van Der Veere, C. N. et al. Influence of dietary calcium phosphate on the
disposition of bilirubin in rats with unconjugated hyperbilirubinemia. Hepatology
24, 620–626 (1996).

35. Duval, C. et al. Niemann–Pick C1 like 1 gene expression is down-regulated by LXR
activators in the intestine. Biochem. Biophys. Res. Commun. 340, 1259–1263 (2006).

36. Kawase, A., Araki, Y., Ueda, Y., Nakazaki, S. & Iwaki, M. Impact of a high-cholesterol
diet on expression levels of Niemann-Pick C1-like 1 and intestinal transporters in
rats and mice. Eur. J. Drug Metab. Pharmacokinet. 41, 457–463 (2016).

37. Dimeski, G., Mollee, P. & Carter, A. Increased lipid concentration is associated with
increased hemolysis. Clin. Chem. 51, 2425 (2005).

38. London, I. M., West, R., Shemin, D. & Rittenberg, D. On the origin of bile pigment
in normal man. J. Biol. Chem. 184, 351–358 (1950).

Induction of fecal cholesterol excretion is not effective for the. . .
M Blankestijn et al.

517

Pediatric Research (2021) 89:510 – 517


	Induction of fecal cholesterol excretion is not effective for�the�treatment of hyperbilirubinemia in Gunn rats
	Introduction
	Methods
	Animals
	Materials
	Experimental design
	LXR agonist T09
	FXR agonist OCA

	Analytical methods
	Dietary NS and FNS and bile acids
	Plasma total bilirubin (TB) and haptoglobin
	Bilirubin determination in feces and bile
	Hepatic and biliary lipids
	Gene expression analysis
	Plasma lipids
	Bile acid composition of bile and plasma

	Statistics

	Results
	The effect of EZE, LXR, and FXR activation on FNS excretion and plasma bilirubin in Gunn rats
	The effect of LXR and FXR activation on intestinal cholesterol fluxes in Gunn rats
	The effect of EZE, LXR, and FXR activation on biliary and fecal bilirubin secretion
	Validation of LXR activation by T09 in Gunn rats
	Validation of FXR activation by OCA in Gunn rats

	Discussion
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




