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SUMMARY

Targeting the hepatic bile acid uptake transporter Naþ

taurocholate co-transporting polypeptide with Myrcludex B
temporarily elevates plasma levels of endogenous bile acids
in mice and is a novel means to attenuate body weight gain,
reduce liver and body fat mass, lower plasma cholesterol,
and increase GLP-1 (glucagon-like peptide-1) secretion.

BACKGROUND & AIMS: Bile acids are important metabolic
signaling molecules. Bile acid receptor activation promotes
body weight loss and improves glycemic control. The incretin
hormone GLP-1 and thyroid hormone activation of T4 to T3
have been suggested as important contributors. Here, we
identify the hepatic bile acid uptake transporter Naþ taur-
ocholate co-transporting polypeptide (NTCP) as target to pro-
long postprandial bile acid signaling.

METHODS: Organic anion transporting polypeptide (OATP)1a/
1b KO mice with or without reconstitution with human
OATP1B1 in the liver were treated with the NTCP inhibitor
Myrcludex B for 3.5 weeks after the onset of obesity induced by
high fat diet-feeding. Furthermore, radiolabeled T4 was injec-
ted to determine the role of NTCP and OATPs in thyroid hor-
mone clearance from plasma.

RESULTS: Inhibition of NTCP by Myrcludex B in obese Oatp1a/
1b KO mice inhibited hepatic clearance of bile acids from portal
and systemic blood, stimulated GLP-1 secretion, reduced body
weight, and decreased (hepatic) adiposity. NTCP inhibition did
not affect hepatic T4 uptake nor lead to increased thyroid
hormone activation. Myrcludex B treatment increased fecal
energy output, explaining body weight reductions amongst
unaltered food intake and energy expenditure.

CONCLUSIONS: Pharmacologically targeting hepatic bile acid
uptake to increase bile acid signaling is a novel approach to
treat obesity and induce GLP1- secretion. (Cell Mol Gastro-
enterol Hepatol 2020;10:451–466; https://doi.org/10.1016/
j.jcmgh.2020.04.009)
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ile acids facilitate the absorption of dietary fat
Abbreviations used in this paper: ALP, alkaline phosphatase; BAT,
brown adipose tissue; cAMP, adenosine 30,50-cyclic monophosphate;
Dio, deiodinase; ELISA, enzyme-linked immunosorbent assay; FCS,
fetal calf serum; FXR, farnesoid X receptor; GTT, glucose tolerance
test; HBV, hepatitis B virus; HDV, hepatitis delta virus; HFD, high fat
diet; KO, knockout; NAFLD, nonalcoholic fatty liver disease; NTCP,
sodium taurocholate co-transporting polypeptide; OATP, organic
anion transporting polypeptide; PEPCK, Phosphoenolpyruvate car-
boxykinase; TC, taurocholic acid; TCDCA, taurochenodeoxycholic
acid; TG, triglyceride; VLDL, very low-density lipoprotein; WT, wild-
type.
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Band fat-soluble nutrients. Furthermore, they are
recognized as potent signaling molecules activating a
range of membrane and nuclear receptors located in- and
outside the enterohepatic system, of which the farnesoid
X receptor (FXR) (NR1H4) and the G protein–coupled
bile acid receptor (GPBAR1 or TGR5) are the best
studied. Activation of FXR and TGR5 has been shown to
decrease body weight, improve glucose tolerance, and
reduce inflammation in mice.1–3 Importantly, these bile
acid–induced effects are executed through downstream
signaling processes, which are currently not completely
understood. Increased energy expenditure via deiodinase 2
(Dio2)–mediated thyroid hormone activation4 and the
incretin hormone GLP-1 (glucagon-like peptide-1)5–7 have
been suggested as important contributors for bile
acid–induced weight loss. Chronically targeting a single re-
ceptor is in contrast to the physiologic situation in which
bile acid dynamics follow a meal-dependent rhythm,8 likely
clarifying the appearance of side effects with the use of
synthetic bile acid receptor agonists.9–11 Therefore, we
aimed to temporarily stimulate the signaling effects of
endogenous bile acids to peripheral tissues by inhibiting
hepatic bile acid uptake.

Bile acids undergo efficient enterohepatic cycling, with
over 95% intestinal absorption and limited escape of bile
acids from the portal vein into the systemic circulation.12

The hepatic transporter sodium taurocholate co-
transporting polypeptide (NTCP) (SLC10A1) functions as
the main uptake transporter of conjugated bile acids, as
was demonstrated in NTCP knockout (KO) mice13 and in
humans with NTCP gene mutations.14,15 Recently, NTCP
has been identified as the entry receptor for the hepatitis B
virus (HBV) and hepatitis delta virus (HDV),16,17 and a
peptide called Myrcludex B, interfering with NTCP-HBV
interaction, is currently being tested in HBV/HDV clinical
trials.18–20 Myrcludex B also efficiently inhibits NTCP-
mediated bile acid transport leading to a temporary in-
crease in systemic bile acid levels in humans.18 Bile acid
excursions in Myrcludex B–treated wild-type (WT) mice
are largely absent, as they display efficient hepatic uptake
of conjugated bile acids also by members of the organic
anion transporting polypeptide (OATP) 1a/1b family,21

which were previously believed to mediate only the
transport of unconjugated bile acid species.12,22 As Myr-
cludex B does create a temporary elevation in plasma bile
acid levels in these Oatp1a/1b-deficient mice,21 they mimic
the situation in humans after Myrcludex B administration.
We employed this mouse model to investigate the meta-
bolic impact of prolonged bile acid signaling after the onset
of obesity.

We demonstrate that partial inhibition of hepatic bile
acid clearance from the portal and systemic circulation re-
duces body weight and (hepatic) adiposity. Therefore, NTCP
is a potential therapeutic target for the treatment of obesity
or fatty liver disease.
Results
Prolonged Bile Acid Signaling by NTCP Inhibition
Boosts GLP-1 Secretion

To evaluate the in vivo impact of bile acids on GLP-1
secretion, we used the NTCP inhibitor Myrcludex B to pro-
long bile acid signaling in obese Oatp1a/1b-deficient mice.
Treatment with Myrcludex B was started 15 weeks after the
onset of obesity by high-fat diet (HFD) feeding. In line with
previous research,21,22 Oatp1a/1b KO mice display slightly
elevated (unconjugated) bile acid levels compared with WT
control animals (average WT 1.64 vs KO 6.13 mM of total
bile acids) (Figure 1A). Myrcludex B treatment profoundly
increased levels of total and conjugated bile acids in
Oatp1a/1b KO mice 3–4 hours after the Myrcludex B in-
jection (Figure 1A). The increase in plasma bile acids was
temporary, as they completely normalized within 24 hours
after the injection.21,23 Inhibition of NTCP by Myrcludex B
increased fasting GLP-1 levels 4-fold (Figure 1B). Next, we
evaluated if the Myrcludex B–mediated GLP-1 increase
affected glycemic control. HFD-fed Oatp1a/1b KO mice
treated with Myrcludex B tended to have lower insulin
levels before and 15 minutes after oral glucose adminis-
tration (Figure 1C). Although this suggested improved in-
sulin sensitivity upon Myrcludex B treatment, the responses
to glucose and insulin tolerance tests were not different
between HFD-fed Oatp1a/1b KO mice receiving placebo or
Myrcludex B treatment (Figure 1D and E). As it was recently
shown that GLP-1 signaling can increase thermogenesis in
brown adipose tissue (BAT),24–27 we assessed body tem-
perature using temperature transponders placed near the
BAT. Body temperature in HFD-fed OATP1a/1b KO mice
treated with Myrcludex B significantly increased with an
average of 0.9�C, while body temperature of placebo-treated
animals remained unchanged (Figure 1F). Messenger RNA
expression of Ucp1 (uncoupling protein 1), a mitochondrial
gene known for its central role in BAT thermogenesis,28,29

increased in BAT, suggesting increased thermogenesis in
BAT of Myrcludex B treated HFD-fed OATP1a/1b KO mice
(Figure 1G), but this increase was not observed at the
protein level, and also, the UCP signal in subcutaneous white
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Figure 1. NTCP inhibition by Myrcludex B increases plasma bile acid and GLP-1 levels. (A) Unconjugated, conjugated,
and total plasma bile acid levels 3 hours after placebo or Myrcludex B (2.5 mg/g) injection in male obese WT and Oatp1a/1b KO
mice (n ¼ 9–10). Mice were fed a HFD for 16 weeks and subsequently treated daily with placebo or Myrcludex B for 3.5 weeks.
(B) Fasting GLP-1 levels and (C) plasma insulin levels (D) during an oral glucose tolerance test (2 g/kg glucose) and (E) an
insulin tolerance test (1.2 mU/kg) of the Oatp1a/1b KO mice described in panel A. (F) Body temperature, measured by tem-
perature transponders placed near the BAT of the mice in panel A. Per animal, average body temperature was calculated from
3 individual observations. (G) Ucp1 messenger RNA expression levels, determined by reverse transcription quantitative po-
lymerase chain reaction in BAT of the Oatp1a/1b KO mice described in panel A. Reverse transcription quantitative polymerase
chain reaction samples are relative to the geometric mean of control genes 36b4 and Hprt and were normalized to the placebo
treated group. (H) Quantified UCP-1 staining in sWAT of the Oatp1a/1b KO mice described in panel A. Error bars show SEM,
asterisk indicates significant changes. AUC, area under the curve.
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adipose tissue (sWAT) was not increased (Figure 1H), so
“browning” of adipose tissue was not evident.
Infusion of Conjugated Bile Salt Also Stimulates
GLP-1 Secretion

The pivotal role for high systemic conjugated bile acids
in bile acid–stimulated GLP-1 secretion was supported by
an infusion challenge. As WT mice are very efficient in
clearing bile acids from the systemic circulation,13,21 we
also used NTCP KO animals with delayed hepatic bile acid
transport,13 letting us more accurately study the effect of
systemic conjugated bile acids. Constant intravenous
infusion of taurocholic acid (TC), with increasing con-
centrations every 20 minutes, amplified GLP-1 release in
WT animals, but much stronger effects were observed in



Figure 2. Conjugated bile
acids stimulate GLP-1
secretion. (A) Plasma
GLP-1 during and (B) total
bile acids after the intra-
venous infusion of bile acid
TC (150–600 nmol/min,
0.1- to 0.4-mL/h infusion
rate) in WT or NTCP KO
mice (n ¼ 10–12). (C)
Scatterplot showing the
significant correlation be-
tween plasma levels of
GLP-1 (y-axis) and bile
acids (x-axis). Values are
determined at the last time
point in the TC intravenous
infusion experiment. (D)
Bile flow and (E) bile acid
concentration in bile during
the intravenous infusion of
bile acid TC (150–600
nmol/min, 0.1- to 0.4-mL/h
infusion rate) in WT or
NTCP KO mice (n ¼ 10–
12). (F) GLP-1 secretion of
GLUTag cells after a 2-
hour treatment with bile
acid TCDCA or (G) TGR5
agonist TC-G 1005 and
FXR agonist GW4064
(representative results of 3
independent experiments,
n ¼ 4 wells/group). Two-
minute cAMP secretion of
GLUTag cells treated with
(H) TCDCA or (I) TC-G
1005, GW4064, or positive
control forskolin. Samples
were normalized to protein
content, results of 3
independent experiments
(n ¼ 9–11). Error bars show
(A–E) SEM or (F–I) SD.
Asterisk indicates signifi-
cant changes compared
with the control group.
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NTCP-deficient mice (Figure 2A). Delayed hepatic clear-
ance of the extra infused conjugated bile acids in the
latter group was demonstrated by a 11.1 ± 2.0-fold
higher plasma bile acid concentration at the end of the
experiment (Figure 2B), and correlation analysis sug-
gested a direct effect of the increase in systemic conju-
gated bile acids on GLP-1 secretion (Figure 2C). Bile flow
and the concentration of bile acids in bile were not
different between the groups (Figure 2D and E). Next, we
used the established GLP-1 secreting enteroendocrine
L-cell line (GLUTag) to study the potential receptor
pathway. The conjugated bile acid taurochenodeoxycholic
acid (TCDCA) promotes GLP-1 release w2-fold compared
with unstimulated control cells (Figure 2F). Similarly, the
synthetic TGR5 agonist TC-G 1005 increased GLP-1
secretion, while FXR agonism using GW4064 did not
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elicit any response (Figure 2G). We also analyzed intra-
cellular adenosine 30,50-cyclic monophosphate (cAMP)
levels, using forskolin as a positive control. Both the bile
acid TCDCA and the TGR5 agonist TC-G 1005, but not the
FXR agonist GW4064, significantly increased intracellular
cAMP levels (Figure 2H and I). Collectively, these results
suggest that overflow of conjugated bile acids into the
systemic circulation stimulates cAMP-driven GLP-1 secre-
tion, likely targeting TGR5 in intestinal L-cells from the
basolateral (blood-facing) side.
OATPs But Not NTCP Play a Role in T4 Transport
Increased bile acid signaling has been linked to increased

intracellular thyroid hormone activation in BAT.4 Thyroid
hormones, once taken up in the cell by specific transporters,
can be metabolized by deiodinases, an enzyme family con-
sisting of 3 types: type 1 (Dio1), type 2 (Dio2), and type 3
(Dio3).30 Dio1, highly expressed in the liver, and Dio2,
among others localized in the BAT, convert T4 into the
biologically active T3, while Dio3 is the major thyroid
hormone–inactivating enzyme.31 Prolonged bile acid
signaling in Myrcludex B–treated, HFD-fed Oatp1a/1b KO
mice created a trend toward increased Dio2 gene expression
in BAT, while OATP deficiency itself did not alter Dio2
expression levels (Figure 3A). As OATPs can also transport
thyroid hormones,22,32,33 we evaluated plasma T3 and T4
and noted that OATP deficiency results in T3 levels below
and T4 levels above the WT control animals (Figure 3B and
C). Myrcludex B treatment seems to enlarge these differ-
ences even further, particularly decreasing plasma T3 levels.
The conversion of T4 to T3 by Dio1 in the liver largely
controls the circulating T3 levels.34 Dio1 gene expression
was downregulated in OATP-deficient mice, and the
decrease was further augmented after Myrcludex B treat-
ment (Figure 3D). As NTCP has been proposed to contribute
to hepatic thyroid hormone uptake, and impaired hepatic T4
uptake would explain the observed reduced T3 and Dio1
levels,34 we determined the capacity of OATPs and NTCP to
transport T4. Altered transport of T3 upon inhibition of
NTCP is unlikely, as it was shown that NTCP is not critical
for the transport of a T3 analogue in mice.35 The T4 clear-
ance rate from the plasma was 2.3-fold decreased in
Oatp1a/1b KO mice compared with WT control animals,
unaffected by sex (Figure 3E and F). Decreased accumula-
tion of T4 in the bile and liver of OATP-deficient mice closely
follows the decreased plasma clearance (Figure 3G and H).
Inhibition of NTCP by Myrcludex B had no additional effects
on plasma clearance in either WT or Oatp1a/1b KO mice
(Figure 3E and F). The OATP1B subfamily of OATP proteins
has previously been suggested to play a dominant role in
thyroid hormone transport in mice and humans.32 There-
fore, we studied if the human OATP isoforms OATP1B1 and
OATP1B3 could restore T4 transport in OATP-deficient
mice. Transgenic expression of human OATP1B1, but not
human OATP1B3, in Oatp1a/1b null mice (called Oatp1a/1b
KO-h1B1 and Oatp1a/1b KO-h1B3 mice, respectively)
largely restored the T4 plasma clearance rate to control
levels (Figure 3F). In line with these findings, we confirmed
normalization of plasma T4 in HFD-fed Oatp1a/1b KO-1B1
mice treated with Myrcludex B, and T3 levels remained
only slightly reduced (Figure 3I and J). Therefore, we next
used Oatp1a/1b KO-h1B1 mice to study the effects of
Myrcludex B–induced bile acid excursions on metabolic
parameters.

Pharmacological Inhibition of NTCP Reduces
Body Weight and Hepatic Steatosis

Daily prolonged elevated plasma bile acid levels by
Myrcludex B administration for 3.5 weeks rapidly reduced
body weight in HFD-fed Oatp1a/1b KO-h1B1 mice
(Figure 4A and B). In parallel with the reduction in body
weight, Myrcludex B treatment significantly reduced fat
mass, mainly in the subcutaneous compartment (Figure 4C).
Furthermore, histopathology of the liver indicated reduced
steatosis in the treated animals (Figure 4D, quantified in
Figure 4E). Glucose areas under the curve upon glucose or
insulin administration (glucose tolerance test [GTT]/insulin
tolerance test) were not significantly affected by Myrcludex
B treatment in Oatp1a/1b KO-h1B1 mice, whereas insulin
was reduced and GLP-1 levels increased 15 minutes after
oral glucose administration (Figure 4F and G). Daily Myr-
cludex B treatment in WT mice does not lead to bile acid
excursions and did not affect body weight during the 10-
week treatment period (Figure 5A), suggesting that the
Myrcludex B–induced body weight loss in Oatp1a/1b KO-
h1B1 mice was not a consequence of drug toxicity but
was related to bile acid elevations. Furthermore, Myrcludex
B treatment did not lead to liver damage in Oatp1a/1b KO-
h1B1 mice, as liver enzymes were mostly unchanged. Only
for alkaline phosphatase (ALP) a very modest elevation was
detected (Figure 5B). Of note, this increase in ALP for
Myrcludex B treated HFD-fed Oatp1a/1b KO-h1B1 mice is a
factor of 10 lower compared with those measured by us in
mice with cholestatic liver damage.36 No differences in Ki-67
staining were observed (Figure 5C), which is a marker for
regeneration upon liver damage. Similarly, Sirius red stain-
ing on liver sections did not reveal any signs of fibrosis, in
contrast to the positive control which were cholestatic mice
(cholate-fed Mdr2 KO) (Figure 5D). Additionally, no changes
were observed in mRNA levels for fibrotic markers a-SMA
and Col1a1, and inflammatory markers MCP-1 and TGF-b
(Figure 5E).

NTCP Inhibition Stimulates Fatty Acid Oxidation
and Fecal Energy Excretion

To explain the weight improvements of the animals
treated with Myrcludex B, we measured food intake and
fecal energy excretion. Furthermore, we assessed ambu-
latory activity and total energy expenditure. Myrcludex B
treatment did not affect the food intake of Oatp1a/1b KO-
h1B1 mice (Figure 6A). However, the elevated energy
content in the feces of Myrcludex B–treated Oatp1a/1b
KO-h1B1 animals pointed toward decreased caloric
extraction from the diet (Figure 6B). Indirect calorimetry
was performed on chow-fed mice of equal body weight to
prevent biased observations due to body weight and fat
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Figure 4. Prolonged bile acid signaling by NTCP inhibition reduces body weight and adiposity in obese mice. Total
plasma bile acid levels 3 hours after placebo or Myrcludex B (2.5 mg/g) injection and after (A) a 4- to 5-hour fast, (B) body
weight change, and (C) adipose tissue weights of female HFD-fed Oatp1a/1b KO-h1B1 mice treated daily with placebo or
Myrcludex B for 3.5 weeks (n ¼ 10). (D) Hepatic TG content by representative images of liver histology by hematoxylin and
eosin (H&E) (top) and Oil Red O (bottom) staining and (E) quantified Oil Red O staining (n ¼ 4 images/mouse, 10 mice/group).
(F) Fasting plasma GLP-1 levels and (G) plasma insulin levels, 0 and 15 minutes after an oral glucose bolus (2 g/kg) of the mice
described in panel A. Error bars show SEM, asterisk indicates significant changes. gWAT, gonadal white adipose tissue;
sWAT, subcutaneous white adipose tissue.
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mass differences between long-term Myrcludex B or pla-
cebo treated HFD-fed mice. Locomotor activity and total
energy expenditure were not changed upon Myrcludex B
treatment (Figure 6C and D), but the respiratory quotient
demonstrates an immediate switch toward fat oxidation
right after Myrcludex B injection (Figure 6E), which
Figure 3. (See previous page) OATPs but not NTCP transport
of male HFD-fed Oatp1a/1b KO mice treated daily with placebo o
quantitative polymerase chain reaction samples are relative to
normalized to reference values of male WT HFD-fed placebo tre
described in panel A. (D) Dio1mRNA expression levels in the live
samples are relative to the geometric mean of control genes 3
HFD-fed placebo treated mice. (E) T4 signal in plasma and (F)
Oatp1a/1b KO reconstituted with human OATP1B1 or OATP1
cludex B or placebo administration (n ¼ 13–14, equal male and fe
tail vein at t¼0 and 125I activity (cpm) was measured. Appeara
expressed as percentage of input. (I) Plasma T3 and (J) plasma T
treated daily with placebo or Myrcludex B for 3.5 weeks (n ¼
changes to the placebo treated control group, hashtag indic
KO(-h1B1) group.
correlates with the Myrcludex B–mediated temporary in-
crease in plasma bile acid levels. Pharmacological inhibi-
tion of NTCP significantly reduced plasma cholesterol in
HFD-fed Oatp1a/1b KO mice (Figure 6F) while plasma
triglycerides (TG) were relatively increased (Figure 6G).
Note that the TG levels did not exceed levels observed in
T4. (A) Dio2messenger RNA (mRNA) expression levels in BAT
r Myrcludex B for 3.5 weeks (n ¼ 9–10). Reverse transcription
the geometric mean of control genes 36b4 and Hprt and

ated mice. (B) Plasma T3 and (C) plasma T4 levels of the mice
r, reverse transcription quantitative polymerase chain reaction
6b4 and tbp and normalized to reference values of male WT
half-life of the T4 plasma clearance in WT, Oatp1a/1b KO, or
B3 (Oatp1a/1b KO-h1B1 or Oatp1a/1b KO-h1B3) after Myr-
male animals). [125I]T4 was administered intravenously via the
nce of radiolabeled T4 in (G) bile and (H) the liver. Data are
4 levels of female HFD-fed WT and Oatp1a/1b KO-h1B1 mice
9–10). Error bars show SEM, asterisk indicates significant

ates significant changes to the placebo treated Oatp1a/1b



Figure 5. Safety aspects
of Myrcludex B. (A) Myr-
cludex B treatment for 10
weeks does not affect
body weight of obese male
C57Bl/6 WT mice (n ¼
11–12). (B) Comparison of
plasma aspartate amino-
transferase (AST), alanine
aminotransferase (ALT),
ALP, and lactate dehydro-
genase (LDH) of HFD-fed
female Oatp1a/1b KO-
h1B1 mice treated with
placebo or Myrcludex B for
3.5 weeks. Reference
values of placebo treated
WT HFD mice are indicated
with dashed lines. (C)
Quantification of amount of
Ki-67 positive cells in liver
sections of male HFD-fed
WT or Oatp1a/1b KO mice
treated daily with placebo
or Myrcludex B for 3.5
weeks (n ¼ 9–10) (n ¼ 4
images/mouse). (D) Repre-
sentative images of liver
morphology using Sirius
red as fibrotic marker. As
positive control, a liver of a
fibrotic Mdr2-deficient
cholate-fed mouse was
included. (E) aSMA,
Col1a1, MCP-1, and
TGF-b messenger RNA
expression levels in livers
of male HFD-fed Oatp1a/
1b KO mice treated daily
with placebo or Myrcludex
B for 3.5 weeks (n ¼ 9–10).
Reverse transcription
quantitative polymerase
chain reaction samples are
relative to the geometric
mean of control genes
36b4 and Hprt and
normalized to reference
values of male WT HFD-
fed placebo treated mice.
Error bars show SEM,
asterisk indicates signifi-
cant changes.
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control chow fed mice (1.1 ± 0.15 mM for HFD-fed
Myrcludex B–treated OATP1a/1b KO mice vs 1.3 ± 0.16
mM for chow-fed control mice). This relative increase
possibly originates from an increased peripheral TG
need that drives a moderately increased hepatic very
low-density lipoprotein (VLDL)-TG secretion rate, as
was shown for fasted Oatp1a/1b KO mice after Myr-
cludex B injection (Figure 6H and I). Alternatively, the
elevated bile salt levels could dampen hepatic TG up-
take.37 Unbiased lipidomics, to further investigate



Figure 6. NTCP inhibition
by Myrcludex B stimu-
lates fatty acid oxidation,
stimulates fecal energy
excretion, and mobilizes
VL/L-derived TG. (A) Food
intake of HFD-fed female
KO-h1B1 mice during their
daily treatment with pla-
cebo or Myrcludex B for
3.5 weeks. (B) Bomb
calorimetry–assessed
remaining calories in the
feces of HFD-fed female
Oatp1a/1b KO-h1B1 mice
(n ¼ 3). (C) Locomotor ac-
tivity, (D) energy expendi-
ture, and (E) respiratory
quotient of chow-fed
Oatp1a/1b KO mice,
treated with placebo or
Myrcludex B (2.5 mg/g),
housed in calorimetric
cages. Dashed line, 4PM,
indicates injection with
placebo or Myrcludex B
(n ¼ 8, crossover design).
(F) Plasma cholesterol and
(G) TG in male HFD-fed
Oatp1a/1b KO mice
treated daily with placebo
or Myrcludex B for 3.5
weeks (n ¼ 9–10). Hepatic
VLDL secretion, deter-
mined after Poloxamer-407
(1 mg/kg) injection,
measured by (H) serum TG
accumulation and (I)
calculated TG production
rate (n ¼ 7–8) in chow-fed
Oatp1a/1b KO mice after
Myrcludex B or placebo
administration. (J) Volcano
plot depicting the lip-
idomics data. Significance
cutoff is shown in the
legend (n ¼ 8–9 mice per
group, mice were treated
with Myrcludex B for 5
consecutive days). (K)
Principal component anal-
ysis (PCA) of the lipidomics
analysis. Error bars show
SEM, asterisk indicates
significant changes.
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individual lipid species, did not reveal a distinct plasma
lipid subset that was elevated in Myrcludex B treated
Oatp1a/1b KO mice compared with placebo-treated
animals (Figure 6J and K). Lipidomics analysis identi-
fied changes in certain specific TG and (lyso)phospha-
tidylcholines, but no group of lipids was significant
different upon correction for multiple comparisons with
the Holm-Sidak method.

Discussion
Here, we present the hepatic bile acid transporter NTCP as

a novel pharmacological target to prolong bile acid presence
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in peripheral tissues and blood and thereby counteract
obesity and diet-induced fatty liver disease. These results
complement to our recent study showing that NTCP KO mice
are protected against obesity and hepatosteatosis when fed a
HFD.38 Prolonged elevated levels of endogenous bile acids
more closely follows the natural situation in which post-
prandial increases in plasma bile acid levels temporarily
target their receptors.8 As elevations in bile acid levels are
positively linked to bodyweight loss after bariatric surgery,39

increased bile acid signaling via inhibition of hepatic bile acid
uptake could eventually contribute to new nonsurgical
alternative treatments against obesity and obesity-related
metabolic dysfunctions. Notably, elevated bile acid levels in
mice and pigs after bariatric surgery were accompanied by
reduced NTCP expression.40,41 Inspired by the fact that bar-
iatric surgery also increases circulating GLP-1 levels,42,43 we
assessed if this could be correlated to increased bile acid
signaling. Our data demonstrates that increased conjugated
bile acid levels resulted in pronounced effects on GLP-1
release in our models. Furthermore, the intravenous infu-
sion of taurocholate supports that the bile acid–induced
release of GLP-144,45 occurs via stimulation of bile acid re-
ceptors at the basolateral side of the intestinal L-cell.46

Despite significantly increased GLP-1 levels, glycemic con-
trol was not improved in the Myrcludex B–treated obese
OATP1a/1b KO mice. The reason is not clear but factors such
as decreased intestinal FXR-Fgf15 or hepatic FXR-PEPCK
signaling, resulting from the temporary limited availability
of bile salts in the small intestine and liver as a consequence of
Myrcludex B–inhibited hepatic bile salt uptake, might coun-
teract beneficial consequences of GLP-1 on glucose homeo-
stasis.47–50 Furthermore, increased GLP-1 secretion is not
observed in NTCP KOmice (WT HFD 6.41 ± 0.84 vs NTCP KO
HFD 6.70 ± 1.06), unless they are continuously infused with
bile salts (Figure 2A). This suggests that GLP-1 does not play a
major role in the beneficial effects of NTCP inhibition on body
weight reduction, as NTCP KOmice are also largely protected
against detrimental effects of HFD. Increased energy loss via
the feces clarified the negative energy balance, and thus body
weight loss, in our mice treated with Myrcludex B. This may
be related to the temporarily limited availability of bile acids
in the small intestine, which then can alternate fat absorption,
closely following observations in cholestatic and bile-
deficient animals with lower intestinal bile acids.51,52 The
temporary decrease in intestinal bile acids did not lead to
(essential) fat malabsorption, as the lipidomics analysis did
not indicate differences in plasma lipid profile after Myrclu-
dex B treatment. A negative energy balance is a major driver
for fat loss, as stored TG are used to compensate decreased
food-derived energy substrates.53 This is reflected in this
study by decreased hepatic and sWAT TG content and
enhanced lipolysis by peripheral tissues can explain the small
increase in plasma TG, which we show is further enhanced by
hepatic VLDL-TG secretion, possibly contributing to the
lowering of hepatosteatosis. Finally, inhibition of the hepatic
fatty acid uptake transporter FATP5 by elevated bile salt
levels37 could contribute as well.

NTCP KO mice at w5 weeks of age fed a HFD display
increased energy expenditure, linked to BAT activation
and likely contributing to the dampened body weight
gain observed in these mice.38 Unexpectedly, increased
energy expenditure was not observed in Myrcludex
B–treated Oatp1a/1b KO mice. The latter did show an
acute drop in respiratory quotient, reflecting a shift to-
ward lipid as preferred energy carrier for oxidative
phosphorylation and thermometer transponders close to
BAT registered an increase in body temperature.
Although it remains unclear whether this discrepancy is
due to differences in age, strain, or experimental setup
(prevention vs treatment of obesity), the effectivity of
targeting NTCP to lower body weight and hep-
atosteatosis is shown in both studies.

Safety of our strategy to prolong bile acid signaling by
NTCP inhibition is illustrated by absence of adverse event in
humans with NTCP gene mutations14,15 or after long-term
Myrcludex B treatment of healthy volunteers, or even pa-
tients with chronic HBV/HDV infections.18,20,54,55 Further-
more, serious side effects previously reported for FXR and
TGR5 activation by synthetic agonists, such as increased
low-density lipoprotein cholesterol, pruritis,56 and cell
proliferation,57,58 are neither observed here in mice nor in
Myrcludex B–treated patients.18,20,54,55 In fact, the mice
demonstrate lower plasma cholesterol levels, which is likely
a consequence of increased biliary cholesterol secretion as
NTCP inhibition shifts bile salt uptake from periportal to
pericentral hepatocytes.59 With the emerging interest of the
virology field to treat hepatitis B and delta co-infected pa-
tients with the NTCP inhibitor Myrcludex B, its transition to
clinical practice is accelerated.18,20,54,60,61 Although clinical
data on parameters such as body weight, fat mass, plasma
glucose, GLP-1, and plasma TG still have to be elucidated,
drug safety and the observed temporary increase in serum-
conjugated bile acids, similar to our treated mice, makes
Myrcludex B an interesting candidate drug to treat obesity
and obesity-related metabolic dysfunctions in humans.

In conclusion, targeting the hepatic bile acid uptake
transporter NTCP to prolong elevated levels of endogenous
bile acids in plasma is a novel means to attenuate body
weight gain, reduce liver and body fat mass, lower plasma
cholesterol, and increase GLP-1 secretion.

Materials and Methods
Access to Data

All authors had access to the study data and had
reviewed and approved the final paper. All the raw data files
will be made available upon reasonable request.

Animals and Experimental Design
Oatp1a/1b KO mice (FVB background, Slco1a/1b cluster:

slco1a1, slco1a4, slco1a5, slco1a6, slco1b2)22 and Oatp1a/1b
knockouts reconstituted with liver-specific expression of
human OATP1B1 or OATP1B3 and wild-type FVB control
animals were obtained from Taconic Biosciences (Silkeborg,
Denmark) (HFD experiments) or from the Netherlands
Cancer Institute (Amsterdam, the Netherlands) (T4 clear-
ance study). NTCP-deficient mice (Slc10a1 KO, C57Bl/6
background)13 were bred in the Academic Medical Center
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(Amsterdam, the Netherlands). Control WT C57Bl/6JOlaHsd
mice were purchased from Envigo (Horst, the Netherlands).
Experiments were performed at the Academic Medical
Center (Amsterdam, the Netherlands). Animals were co-
housed with 3–4 animals and kept on a continuous 12-
hour light/dark cycle (7:00–19:00) with ad libitum access
to food and water. For the calorimetric studies, animals
were individually housed in PhenoMaster cages (TSE Sys-
tems, Bat Homburg vor der Höhe, Germany). Energy
expenditure data were corrected for body weight. Respira-
tory quotient was calculated as amount of CO2 produced
divided by the amount of O2 consumed. Animals were fed a
standard rodent chow, HFD (D12492; rodent diet with 60
kcal% fat; Research Diets, New Brunswick, NJ) or matching
low-fat diet (D12450B; rodent diet with 10 kcal% fat;
Research Diets). Female and male mice were 3–4 weeks old
at the start of the HFD experiments, and for other experi-
ments, mice were 8–12 weeks old. Myrcludex B (2.5 mg/g
body weight) was injected subcutaneously. Body weight was
monitored twice weekly and food intake once weekly. Ani-
mal temperature data was obtained by noninvasively read-
out of IPTT-300 temperature transponders (Bio-Medic Data
Systems, Seaford, DE) subcutaneously implanted in the flank
of the animal. Temperature was measured before and 24
hours after Myrcludex B or placebo injection. Glucose and
insulin tolerance testing were performed 1 week before
sacrifice. At the end of the study, a fasting (4–5 hours) blood
sample was taken, and organs were harvested to be frozen
in liquid nitrogen or formalin fixed. The study design and
animal care and handling were approved by the Institu-
tional Animal Care and Use Committee of the University of
Amsterdam.

Chemicals
Bile acids TC and TCDCA, synthetic FXR-agonist

GW4064, and Poloxamer 407 were purchased from Sigma-
Aldrich (Zwijndrecht, the Netherlands). Synthetic TGR5-
agonist TC-G 1005 was purchased from Tocris Bioscience
(Abingdon, United Kingdom). Myrcludex B was synthesized
by Pepscan (Lelystad, the Netherlands). D-glucose was ob-
tained from Merck (Darmstadt, Germany), human insulin
(humulin R U-100) was obtained from Lilly (Utrecht, the
Netherlands), and sitagliptin phosphate monohydrate was
purchased from BioVision (Milpitas, CA). [125I]Thyroxine
(T4) (1080–1320 mCi/mg) (NEX111H100UC) was purchased
from Perkin Elmer (Groningen, the Netherlands).

Glucose and Insulin Tolerance Testing
Animals fasted for 4–5 hours and received Myrcludex

B or placebo injection 3 hours prior to the experiment.
Mice received glucose (2 g/kg) by oral gavage or insulin
(1.2 mU/kg) by intraperitoneal injection. Blood was
drawn by the tail vein at 0, 15, 30, 60, and 90 minutes,
and for the oral GTT also at 120 and 180 minutes. Glucose
levels were determined in whole blood using a Contour
XT glucometer (Bayer BV, Mijdrecht, the Netherlands).
Blood collection for the insulin measurements occurred
during the oral GTT. At 0 and 15 minutes, blood was
collected by vena saphena puncture and samples were
kept at –80�C until measurement by Ultra Sensitive
Mouse Insulin enzyme-linked immunosorbent assay
(ELISA) kit (Crystal Chem, Elk Grove Village, IL) following
the manufacturers’ instructions.

Taurocholate (TC) Infusion
Male C57Bly6JOlaHsd and NTCP KO mice of 7–9 weeks

of age were used for this experiment. Animals were fasted
4–5 hours prior to the experiment, and received an oral
gavage with sitagliptin (25 mg/kg). Next, animals were
anesthetized with an initial dose of saline containing keta-
mine (100 mg/mL) and xylazine (20 mg/mL), and main-
tained anesthetized using a saline-ketamine (100 mg/mL)
solution. In the absence of a response to pain, the abdominal
cavity was opened. The gall bladder was cannulated and bile
was collected after distal ligation of the common bile duct,
as described.13,62 Bile was continuously collected at 10-
minute intervals. During the 30-minue bile depletion
period, a second and third cannula were inserted in the
arteria carotic communis and venus jugularis for blood
collection and TC infusion, respectively. TC (150 nmol/min)
was infused using a syringe pump 11 plus (Harvard Appa-
ratus, Holliston, MA) using an infusion rate of 0.1 mL/h,
increasing every 20 minutes with 0.1 mL/h, to a final TC
infusion rate of 600 nmol/min. Blood for GLP-1 plasma
measurements was collected before TC infusion started and
every 20 minutes just before increasing the TC dosage.
Blood was collected in EDTA-coated capillary tubes (Sar-
stedt, Newton, NC). Samples were centrifuged at 2000 rpm,
4�C for 10 minutes and plasma was transferred to clean
Eppendorf tubes. Samples were kept at –80�C until mea-
surement of active GLP-1 and insulin by ELISA (using EGLP-
35K [Merck Millipore, Burlington, MA]) following the man-
ufacturers’ instructions. Eighty minutes after TC infusion,
the experiment was terminated by switching off the pump
followed by heart puncture of the animal.

Hepatic VLDL Secretion
Adult (>8 weeks old) male Oatp1a/1b KO mice were

fasted 4–5 hours, after which they received an intravenous
injection with Myrcludex B (2.5 mg/kg) or placebo and an
intraperitoneal injection with Poloxamer 407 (1 mg/kg).
The next 3 hours, blood was sampled via the tail vein and
TG were measured using the Trig/GB-kit (Roche Di-
agnostics, Almere, the Netherlands).

T4 Plasma Clearance
This experiment was conducted in 8- to 18-week-old

male and female Oatp1a/1b KO mice, or Oatp1a/1b KO mice
reconstituted with human OATP1B1 or OATP1B3 (KO-h1B1
or KO-h1B3) and their respective FVB control animals of the
same age and sex. Myrcludex B or placebo was administered
subcutaneously. The gallbladder was cannulated, and bile
was collected after distal ligation of the common bile duct,
as described.13,62 Bile was continuously collected with a 10-
minute interval for 90 minutes. After the 30-minute bile
depletion period, 1-mCi [125I]T4 supplemented with equal



Table 1.Primer Sequences Used for Reverse Transcription Quantitative Polymerase Chain Reaction Analysis in Mouse Brown
Adipocytes and Liver

Mouse Primers

36B4 CCAGCGAGGCCACACTGCTG ACACTGGCCACGTTGCGGAC

HPRT TTGCTCGAGATGTCATGAAGGA AGCAGGTCAGCAAAGAACTTATAG

TBP GGAGAATCATGGACCAGAACA GATGGGAATTCCAGGAGTCA

Ucp1 CAGCTTTGCCTCACTCAGGA AAGCATTGTAGGTCCCCGTG

Dio1 GTTTGTCCTGAAGGTCCGCT GCCTGCTGCCTTGAATGAAATC

Dio2 CTTCCTGGCGCTCTATGACTC CCCCATCAGCGGTCTTCTC

aSMA ACTACTGCCGAGCGTGAGAT AAGGTAGACAGCGAAGCCAG

Col1a1 CCCATTGGTAACGTTGGTGC GGACCTTTGCCCCCTTCTTT

MCP-1 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA

TGF-b CAACCCAGGTCCTTCCTAAA GGAGAGCCCTGGATACCAAC
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molar amount of unlabeled T4 in saline was injected via the
tail vein, and blood was sampled after 1, 2, 4, 8, 15, 25, 40,
and 60 minutes. The experiment was terminated by heart
puncture, organs were collected and weighted, and radio-
activity was measured by a Wizard2 gamma counter (Perkin
Elmer).

Cell Culture and Experiments
The GLUTag mouse intestinal L-cell line (a kind gift

from Leslie Glasssmith and Daniel Drucker) was grown in
Dulbecco’s modified Eagle’s medium with low glucose (1
g/L) (Lonza, Basel, Switzerland) supplemented with 10%
fetal calf serum (FCS) (Gibco, Gaithersburg, MD), 1%
glutamine (Lonza), and 1% penicillin/streptomycin
(Lonza). Cells were passaged twice a week at a confluence
of 70%–80% and incubated in a humidified atmosphere
of 37�C þ 5% CO2. GLP-1 secretion was measured in 24-
well plates coated with 1% matrigel, in which the GLUTag
cells were seeded 24 hours previously in a medium
containing charcoal-treated FCS. On the day of the
experiment, cells received fresh complete medium sup-
plemented with 10-mM, 100-mM, or 1-mM TCDCA; 1-mM
TC-G 1005; 3-mM GW4064; or 0.1% DMSO. Supernatant
was collected 2 hours later, and GLP-1 was measured by
ELISA as described previously. To determine cAMP
secretion in GLUTag cells, cells were grown in T75 cul-
ture flasks to 80%–90% confluency. Twenty-four hours
prior to harvesting the cells, the medium was refreshed
for medium supplemented with charcoal-treated FCS. Cells
were trypsinized and resuspended at 30 � 106 cells/mL.
To each 100-mL sample, an equal volume of start reagent
(complete medium containing 1-mM IBMX) unsupple-
mented or supplemented with similar components and
concentrations as described for the GLP-1 secretion pro-
tocol. Additionally, 25-mM forskolin was added as positive
control. After 2 minutes, cAMP accumulation was stopped
by immediate lysing of the cells with 200-mL 2% Triton
X-100 in a 0.2-M HCl solution. Samples were incubated
for 10 minutes at RT, followed by 10 minutes of centri-
fugation at 14,000 rpm and at 15�C. A total of 100 mL of
supernatant was used to determine direct cAMP by ELISA,
following the manufacturer’s instructions (ADI-900-66;
Enzo, Farmingdale, NY).
RNA Isolation and Reverse Transcription
Quantitative Polymerase Chain Reaction

Total RNA was isolated from approximately 50 mg of
tissue with TRI Reagent (Sigma-Aldrich). RNA integrity was
assessed spectrophotometrically at 260 nm using a Nano-
drop 1000 (Thermo Scientific, Wilmington, DE). One
microgram of total RNA was treated with DNAse (Promega,
Madison, WI) and first-strand complementary DNA was
synthesized with Oligo-dT and Revertaid reverse tran-
scriptase (Fermentas, Vilnius, Lithuania). Reverse tran-
scription quantitative polymerase chain reaction was
carried out in a Roche Lightcycler 480 II instrument using
SensiFAST SYBR No-ROX kit (Bioline, London, United
Kingdom) and was analyzed using LinRegPCR 12.5 software
(Dr J.M. Ruijter, Amsterdam, The Netherlands).63 Expression
levels in each sample were normalized for the geometrical
mean of 2 reference genes. Primer sequences are shown in
Table 1.

Histopathology and Immunohistochemistry
Formalin-fixed, paraffin-embedded liver or adipose

tissue samples (4.5-mm-thick sections) were stained with
hematoxylin (51275; Sigma-Aldrich) and eosin (E4382;
Sigma-Aldrich) or Sirius red. Immunohistochemistry for Ki-
67 (anti-Ki67 SP6; Thermo Scientific) or UCP-1 (anti-UCP-1)
(ab10983; Abcam, Cambridge, United Kingdom) staining
were performed as described in in Slijepcevic et al.36 From
the snap-frozen liver tissue, 5-mM-thick cryosections were
fixed with 3.7% formaldehyde (Sigma-Aldrich) for 60 mi-
nutes and stained with Oil Red O (Sigma-Aldrich) for 30
minutes. Digital imaging of all sections was performed using
an Olympus BX-51 microscope (Olympus, Tokyo, Japan).
The amount of liver fat stained by Oil Red O was calculated
from 4 random pictures taken from each cryosection using
ImageJ version 1.50i software (National Institutes of Health,
Bethesda, MD).

Plasma Biochemistry
Total plasma bile acids and composition were deter-

mined by reverse-phase high-performance liquid chroma-
tography as described previously.13 Plasma T3 and T4
were measured by in-house radioimmunoassays.64 Plasma
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biomarkers for liver injury (alanine aminotransferase,
aspartate aminotransferase) and cholestatic parameters
(ALP) were determined by routine clinical biochemistry
testing on a Roche Cobas c502/702 analyzer (Roche Di-
agnostics, Indianapolis, IN). Total cholesterol and TG con-
tent in the main lipoprotein classes (VLDL, low-density
lipoprotein, and high-density lipoprotein) was determined
using fast protein liquid chromatography. The system
contained a PU-980 ternary pump with an LG-980-02
linear degasser, and FP-920 fluorescence and UV-975
UV/VIS detectors (JASCO, Tokyo, Japan). An extra PU-
2080i Plus pump (JASCO) was used for in-line choles-
terol or TG enzymatic reagent (Roche, Basel, Switzerland)
addition at a flowrate of 0.1 mL/min. Plasma lipoproteins
were separated using a Superose 6 Increase 10/30 column
(GE Healthcare Hoevelaken, the Netherlands) using Tris-
buffered saline pH 7.4, as eluent at a flow rate of 0.31
mL/min. Commercially available lipid plasma standards
(low, medium, and high) were used for generation of TC or
TG calibration curves for the quantitative analysis (SKZL,
Nijmegen, the Netherlands) of the separated lipoprotein
fractions. Quantitative analysis of the chromatograms was
carried out with ChromNAV chromatographic software,
version 1.0 (JASCO).
Lipidomics Analysis
Lipidomics analysis was performed as described.65

Identification is based on exact mass (with 3 ppm toler-
ance) and retention time including the relation between
these 2 parameters taking into account the different mo-
lecular species of the lipid class.65 The analysis was per-
formed using the statistical programming language R (R
Foundation for Statistical computing version 3.5.2) com-
bined with the ROPLS package.66 The Variable Importance
in Projection scores estimate the importance of each vari-
able in the projection used in a partial least-squares model
and is often used for variable selection. For each variable,
the initial P value was calculated and corrected for multiple
comparisons with the Holm-Sidak method.
Fecal Energy
Energy excreted in feces was measured using a bomb

calorimeter (IKA C1; IKA, Staufen, Germany). Feces were
compacted and dried in a freeze dryer overnight before
combustion.
Statistical Analysis
Data are provided as the mean ± SE (in vivo experi-

ments) or mean ± SD (in vitro experiments) of the mean.
Differences between 2 groups were analyzed using Stu-
dent t test. One-way analysis of variance with Tukey or
Dunnett post hoc analysis was used for multiple group
comparisons. Statistical significance was considered at P
< .05, and calculations and graphs were generated
using GraphPad Prism 7.0 (GraphPad Software, San Diego,
CA).
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