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van de Peppel IP, Verkade HJ, Jonker JW. Metabolic consequences of ileal
interruption of the enterohepatic circulation of bile acids. Am J Physiol
Gastrointest Liver Physiol 319: G619-G625, 2020. First published September 16,
2020; doi:10.1152/ajpgi.00308.2020.—The enterohepatic circulation of bile acids
comprises a tightly regulated process of hepatic bile acid secretion, intestinal
reabsorption and transport back to the liver. Disruption of this process has signif-
icant consequences for gastrointestinal, liver and whole body homeostasis and
therefore offers opportunities for therapeutic intervention. In this review we dis-
cuss the effects of (pharmacological) interruption of the enterohepatic circulation
at different levels. Recently, several studies have been published on ileal inter-
ruption of the enterohepatic circulation of bile acids, targeting the apical-sodium
dependent bile acid transporter (ASBT, SLCI0A2), as therapy for various dis-
eases. However, ambiguous results have been reported and in-depth mechanistic
insights are lacking. Here we discuss these novel studies and review the current
knowledge on the consequences of ASBT inhibition and its potential effects on

physiology and metabolism.

ASBT; bile acids; enterohepatic circulation; FXR

INTRODUCTION

The enterohepatic circulation (EHC) of bile acids (BAs) is a
process that is tightly controlled by negative feedback regulation,
resulting in maintenance of the BA pool size and adequate BA ho-
meostasis. The classic role of BAs is to aid in the biliary secretion
of hydrophobic compounds and to increase intestinal absorption
of lipids and fat-soluble vitamins through formation of micelles.
More recently, an additional role for BAs has emerged, namely as
signaling molecules, through their identification as ligands for sev-
eral receptors including the farnesoid X receptor (FXR, NRIH4)
and the and the G protein-coupled bile acid receptor 1 (GPBARI1
or TGRS). BAs have been demonstrated to affect a variety of
physiological pathways and have potential in the treatment of gas-
trointestinal, hepatic and metabolic disorders (7). In this review
we discuss the effects of interrupting the EHC, specifically at the
level of the apical sodium-dependent bile acid transporter (ASBT,
SLCI10A2), and its consequences for health and disease.

THE ENTEROHEPATIC CIRCULATION OF BILE ACIDS

BAs are synthesized in the liver and enter the EHC compris-
ing of hepatic secretion into the bile, biliary secretion into the
duodenum, reabsorption in the distal intestine and transport
back to the liver. Under physiological conditions ~95-98% of
total BAs are reabsorbed every cycle and the remainder is
excreted via the feces. With a daily cycling frequency of 5 to 10
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times, this means that each day 25 to 50% of the total BA pool
is lost which is replaced by hepatic synthesis from cholesterol.
The rate of BA synthesis is controlled by the enzyme cholesterol
7a-hydroxylase (CYP7A1) which is highly regulated at both
the transcriptional level and post-transcriptional level (10).
Subsequently, BAs are secreted into bile, mainly via the bile salt
export pump (BSEP, ABCBI1), and stored in the gallbladder.
Upon a meal, the gallbladder contracts in response to cholecys-
tokinin and bile is secreted into the duodenum. In the intestine
BAs facilitate efficient absorption of poorly soluble hydropho-
bic dietary components such as cholesterol, fatty acids (FAs)
and fat-soluble vitamins (A, D, E and K) through formation of
micelles. Reabsorption of BAs occurs mainly by the ileal enter-
ocyte via the apical sodium-dependent bile acid transporter
(ASBT, SLCI10A2). In the enterocyte, BAs activate the FXR, a
ligand-activated transcription factor of the family of nuclear
receptors. Activation of FXR induces several genes involved in
transcellular BA transport and leads to increased expression and
subsequent secretion of fibroblast growth factor 19 (FGF19,
FGF15 in mice) in the portal circulation (21). FGF15/19 travels
to the liver where it binds to and activates the FGF receptor 4/
B-Klotho (FGFR4/KLB) complex which exerts negative feed-
back on CYP7ALl, thereby lowering BA synthesis. Reabsorbed
BAs are secreted from the enterocyte into the portal circulation
via the organic solute transporter-o,/p (OST-o/B, SLC51A/B). In
the liver BAs are taken up mainly via the Na*-taurocholate
cotransporting polypeptide (NTCP, SLCIOAI) and activate
hepatic FXR, which regulates several genes important in choles-
terol and BA homeostasis (e.g., BSEP and multidrug resistance
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protein 3 (MDR3), ABCB4) and results in negative feedback on
BA synthesis via the small heterodimer partner (SHP, NROB2).
SHP represses expression of CYP7A1 by inhibiting the activity
of liver receptor homolog 1 (LRH-1, NR5A2), an orphan nuclear
receptor that positively regulates the expression of CYP7AI.
However, studies in tissue-specific Fxr knockout mice indicated
a much more prominent role for the intestinal FXR-FGF15/19
axis in CYP7A1 repression than the hepatic FXR-SHP-LRH-1
route (25).

INTERRUPTION OF THE ENTEROHEPATIC CIRCULATION OF
BILE ACIDS

The EHC of BAs can be interrupted at different levels in the
liver or the intestine (Fig. 1, A—F). The consequences for BA
metabolism and (liver) disease are highly dependent on the level
of interruption and can be either adverse or beneficial (Table 1).
Below we will discuss the different levels of EHC interruption
and its (patho)physiological consequences.

BA Sequestrants

One approach to reduce reabsorption of BAs from the intes-
tine is using BA-binding resins or sequestrants (e.g., cholestyr-
amine, colesevelam, colestimide) (Fig. 1A). BA sequestrants are
currently used in (experimental) treatment of cholestatic liver
disorders, BA diarrhea, dyslipidemia and hyperglycemia (27,
34). The effects of BA sequestration on non-alcoholic fatty liver
disease and steatohepatitis (NAFLD/NASH) vary among studies

FGF15/19

Fig. 1. Schematic representation of the enterohepatic circulation
of bile acids with different levels of potential interruption. BA
binding with sequestrants (A), ASBT inhibition (B), OST-o/3
inhibition (C), NTCP inhibition (D), and BSEP inhibition (E).
ASBT, apical sodium-dependent bile acid transporter; BAs,
bile acids; BSEP, bile salt export pump; CYP7AL1, cholesterol
Ta-hydroxylase; FGF15/19, fibroblast growth factor 15/19;
FGFR4/KLB, fibroblast growth factor receptor 4 /B-Klotho
complex; FXR, farnesoid X receptor; NTCP, Na*-taurocholate
cotransporting polypeptide; OST-o/B, organic solute trans-
porter-o/p.

—

CONSEQUENCES OF INTERRUPTING THE CIRCULATION OF BILE ACIDS

but are mostly limited (30, 50, 51). Intestinal binding of BAs
decreases their reabsorption efficacy and results in a compensa-
tory increase in BA synthesis thereby lowering (plasma) choles-
terol levels. A recent meta-analysis showed that, combined with
statin treatment, BA sequestrants resulted in an additional
16.2% decrease in LDL cholesterol (LDL-c) levels (1).

ASBT Inhibition

Soon after human ASBT was identified, it was shown that
mutations in this gene could cause primary BA malabsorption
and diarrhea, highlighting its significance for the EHC (39).
ASBT is expressed at the apical membrane of ileal enterocytes
and mediates uptake of conjugated BAs from the intestinal
lumen (Fig. 1B). Pharmacological inhibition of ASBT has been
explored as a therapy for constipation, dyslipidemia, atheroscle-
rosis, type 2 diabetes mellitus (T2DM), NAFLD and cholestatic
liver diseases. Table 2 gives a contemporary overview of the
clinical trials using ASBT inhibitors and illustrates that most
current research is focused on NAFLD/NASH and cholestatic
liver disorders (reviewed in more detail in (31)).

OSTal B Inhibition

The heterodimeric OSTo/p transporter facilitates BA export
from the basolateral side of the ileal enterocyte to the blood (Fig.
1C) (3). These transporters are highly expressed in the small
intestine but also present in other organs including the kidney and
liver. While both ASBT and OSTo/f are involved in ileal reab-
sorption of BAs, physiological consequences of inhibition are

cholesterol

‘9 FGFR4/KLB

5% excreted in feces
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Table 1. Different levels of EHC interruption and their effect on bile acids and liver disease

Level of EHC Interruption Bile Acid Synthesis

Total Serum Bile Acids

Bile Acid Pool Size Effect of Liver Disease

BA sequestrants (A) 1 l
ASBT inhibition (B) 1 !
OSTa/B inhibition (C) | /1= 1
NTCP inhibition (D) o 1
BSEP inhibition (E) ! T

| Limited improvement in
NAFLD in some (pre)clinical
studies (30, 50, 51).

l Improved NAFLD in some pre-
clinical studies (41, 44, 56)
but did not reduce NASH in
a clinical trial (37).

Reduced PBC associated
pruritis in a clinical trial

(33).
! No clear hepatic effects (15).
— No clear clinical hepatic pheno-

type (55). Improves NAFLD
in one preclinical study (13).

Results in (severe) intrahepatic
cholestasis (54).

— /]

Letters in brackets at the level of interruption refer to the position in Fig. 1. ASBT, apical sodium-dependent bile acid transporter; BA, bile acid; BSEP, bile
salt export pump; EHC, enterohepatic circulation; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NTCP, Na*-taurocholate
cotransporting polypeptide; OST-a/f, organic solute transporter-o/f3; PBC, primary biliary cholangitis.

significantly different due to their different localization at the
membrane. In contrast to inhibition of ASBT, upon OSTa/f inhi-
bition, BAs are still taken up by the enterocyte where they
increase FGF15/19 secretion, leading to a subsequent downregu-
lation of CYP7A1 expression. Ostot inactivation in ApoE '~ mice
resulted in increased levels of LDL-c and increased atherogenesis
while Asbt inactivation protected against atherosclerosis (29). A
recent study demonstrated that Ostal inactivation in mice had sev-
eral negative effects on the intestine, already present early in post-
natal development, including BA accumulation and oxidative
stress resulting in intestinal injury (15).

NTCP Inhibition

Uptake of BAs by the liver is mainly controlled by the Na*-
taurocholate cotransporting polypeptide (NTCP) (Fig. 1D).
Therefore, mutations in the SLCI0AIl gene coding for NTCP
lead to conjugated hypercholanemia and elevated plasma total
BAs (24, 55). However, the reported clinical phenotype of

Table 2. Current ASBT inhibitors under clinical investigation

SLC10AI mutations is mild, without overt symptoms of pruritis,
liver dysfunction or steatorrhea. The expression of other hepatic
BA transporters such as the solute carrier organic anion trans-
porter family member 1B1 and 3 (OATPBI1/3), potentially miti-
gates some of the effects of NTCP dysfunction in humans (53).

NTCP has also been identified as the entry protein for the
hepatitis B and D viruses (38). In line with this, the NTCP inhib-
itor Myrcludex B was shown to be effective in treatment of hep-
atitis D infection (4). While side effects were reported to be
limited, Myrcludex B treatment did result in a prolonged eleva-
tion in plasma BAs (12). Ntcp™'~ mice were protected against
high-fat diet-induced obesity and hepatic steatosis (13). However,
long-term (metabolic) consequences of NTCP inhibition using
Myrcludex B are currently not known.

BSEP Inhibition

BSERP (or sister of P-glycoprotein (s-Pgp)) is responsible for BA
export from the liver to the bile. Mutations in the ABCBI1 gene

Drug Name Company Indication Status Notes
Elobixibat Albireo Constipation Approved for clinical use in Japan NCT04006145
(A3309) NAFLD/NASH Phase II clinical trial
Odevixibat Albireo PFIC Phase III clinical trial NCT03566238
(A4250) NCT03659916
Maralixibat Mirum PFIC Phase III clinical trial NCT04185363
(SHP625, formerly LUMOOL! or lopixibat) Alagille Syndrome, Phase III clinical trial NCT03905330
PSC NCTO04168385
PBC No significant effect on pru-
ritis in phase II PBC trial
(33)
Linerixibat (GSK2330672) Glaxosmithkline PBC Open label long-term safety trial NCT04167358
Phase 2a trial showed effi-
cacy in reducing PBC-associ-
ated pruritis (18)
Volixibat Mirum NASH Phase II clinical trial Completed, no reductions in he-

(SHP626, formerly LUM002)

patic fat content, serum ala-
nine transferase or NAFLD
activity score on histology
37

ASBT, apical sodium-dependent bile acid transporter; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; PBC, primary biliary
cholangitis; PFIC, progressive familial intrahepatic cholestasis; PSC, primary sclerosing cholangitis.
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encoding BSEP result in progressive familial intrahepatic choles-
tasis type 2 (PFIC2), an autosomal recessive disorder, frequently
characterized by early onset intrahepatic cholestasis, pruritus and
progression to hepatic fibrosis, cirrhosis and end-stage liver disease
before adulthood (54). PFIC2 patients exhibit a 100-fold reduction
in BA secretion into bile resulting in accumulation of BAs within
hepatocytes, liver injury and cholestasis. Mutations in ABCB/1
have also been associated with two milder cholestatic syndromes:
1) benign recurrent intrahepatic cholestasis type 2 (BRIC2), which
is characterized by intermittent episodes of cholestasis without
progression to liver disease, and 2) intrahepatic cholestasis of preg-
nancy, which is associated with increased risk of intrauterine fetal
death and prematurity (28). Several drugs also inhibit BSEP and
are associated with drug-induced liver injury. Inhibition of BSEP
has no known therapeutic potential.

METABOLIC CONSEQUENCES OF ILEAL INTERRUPTION OF
THE ENTEROHEPATIC CIRCULATION OF BILE ACIDS

The initial (preclinical) studies on ASBT inhibitors explored
their potential in treatment of atherosclerosis. Similar to BA
sequestrants, preventing ileal BA reabsorption increases hepatic
BA synthesis and cholesterol catabolism. In several animal mod-
els including mice, hamsters and monkeys, ASBT inhibition was
effective in lowering plasma levels of LDL-c and in improving
atherosclerotic outcomes (5, 26, 29). In humans, ASBT inhibition
also lowers plasma LDL-c levels (9, 36, 37). However, due to the

CONSEQUENCES OF INTERRUPTING THE CIRCULATION OF BILE ACIDS

effectiveness of cholesterol lowering drugs such as statins and
BA sequestrants, research on the therapeutic use of ASBT inhibi-
tors shifted to treatment of chronic constipation and (pruritis
associated with) cholestatic disorders (23, 31). Recently, ASBT
inhibition has also been reported to improve NAFLD, glucose
metabolism and lipid metabolism (7). The mechanism underly-
ing these improvements, however, has not been fully elucidated.
In the following sections we discuss five important consequences
of ASBT inhibition (Fig. 2) and discuss their potential role in the
metabolic effects found in recent studies.

Changes in Bile Acid Pool Size and Composition

ASBT inhibition decreases intestinal BA reabsorption and
increases hepatic BA synthesis. Studies in Asbr '~ mice demon-
strated that the increase in synthesis is not sufficient to maintain
a similar BA pool size as compared with wild type mice (11).
At the same time, a shift toward a more hydrophobic BA and
FXR agonistic composition occurs (11, 41, 52). In mice there is
a relative decrease in muricholic acid (MCA) and increase in
cholic acid (CA) upon ASBT inhibition. High colonic concen-
trations of CA are converted to deoxycholic acid (DCA) which
is passively re-absorbed. We demonstrated that in Asbt '~ mice,
taurine conjugated DCA (TDCA) accounted for ~50% of the
biliary and plasma BA composition, while in wild type mice
this was <5% (52). Both (T)CA and especially (T)DCA are
potent activators of FXR and TGRS while MCAs are FXR
antagonists (19, 40, 45). Whereas ileal FXR activation is
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consistently lower upon ASBT inhibition, the shift toward a
more hydrophobic BA composition in bile and plasma could
contribute to differential activation of BA activated receptors
other tissues. Watanabe et al. demonstrated that BAs increase
energy expenditure in brown adipocytes and skeletal myocytes
through TGRS activation (57). However, in their study, mice
received dietary CA which not only increased relative concen-
trations of TGRS agonists but also BA pool size and plasma BA
concentrations, which are decreased upon ASBT inhibition.
While there is a large relative increase in TGRS agonistic BA
species in plasma of Asbr '~ mice, absolute concentrations of
(T)DCA were similar or only slightly increased (unpublished
data from our group). The human BA composition differs from
murine composition as it does not contain hydrophilic MCAs.
Unfortunately, there is no data on the effect of ASBT inhibition
on human BA pool size or composition. Lastly, patients with
obesity, T2DM and/or NAFLD often display elevated plasma
BA concentrations (7) and it was recently demonstrated that
obesity is associated with increased ileal ASBT expression (49),
although mechanistic insight and consequences are lacking.

Increased Catabolism of Cholesterol

The increase in cholesterol catabolism upon ASBT inhibition
reduces levels of plasma LDL-c as well as hepatic cholesterol
content. The accumulation of free cholesterol in the liver is toxic
to hepatocytes and contributes to the pathophysiology of NASH
(35). However, while the effects of ASBT inhibition on lower-
ing total hepatic cholesterol content are robust among different
dietary conditions and models, the effects on hepatic free cho-
lesterol and triglyceride content vary among studies (37, 41, 42,
44, 56). More specifically, treatment of mice with an ASBT in-
hibitor (SC-435) on a choline-deficient L-amino acid-defined
(CDAA) diet resulted in a significant decrease in free choles-
terol content while liver triglyceride content and NASH were
not improved (42). Although the pathophysiological mechanism
of CDAA diet induced NAFLD is different (mainly impaired
lipid secretion) from a high fat diet, it seems unlikely that the
beneficial effects of ASBT inhibitor treatment on NASH are
(entirely) due to its effects on lowering of hepatic cholesterol.

Decreased Absorption of Lipids

Genetic inactivation or inhibition of ASBT in mice resulted
in lower absorption of FAs and cholesterol (42, 52). BAs are
crucial for micellar solubilization which is most important for
hydrophobic lipids such as cholesterol and (long-chain) satu-
rated FAs. This is highlighted by studies using cholestatic and
bile-deficient rat models where the absorption of long-chain sat-
urated FAs was decreased more significantly than the absorption
of (long chain) polyunsaturated FAs (22). Rao et al. (42)
recently showed that the reduction in FA absorption in ASBT
inhibitor treated mice, correlated with the beneficial effects on
CDAA diet induced hepatic steatosis. These results combined
with preliminary data from our group using different high fat
diets demonstrates that the extend of the beneficial effects of
ASBT inhibition are, at least partially, dependent on dietary FA
composition and content.

Decreased Secretion of FGF15/19

In addition to its role in the negative feedback on BA synthesis,
FGF15/19 has been implicated in cell proliferation (particularly

G623

hepatocellular carcinoma) and various metabolic processes.
Pharmacological administration of FGF19-mimetics (e.g.,
NGM282) or overexpression of FGF15/19 have shown to
improve insulin sensitivity, reduce bodyweight gain, decrease
plasma lipids and reduce NAFLD activity (17, 48). However,
abrogation of endogenous FGF15/19 secretion or activity does
not necessarily have opposing (negative) effects compared with
FGF15/19 treatment (48). One study demonstrated that Fgfl5 '~
mice on a high-fat diet for 12 wk displayed increased bodyweight
gain and hepatic steatosis (2). However, another study where
Fgfl5~'~ mice were fed a high-fat diet for 24 wk reported a
reduction in hepatic fibrosis with no effect on bodyweight gain or
hepatic steatosis (47). The authors explained the effects by dura-
tion of the diet. Since hepatic fibrosis takes long to develop, it is
possible that in the late stages of NAFLD/NASH development,
the absence of Fgf15 might slow down fibrogenesis. Knockout of
Fgfr4 in mice has generated conflicting results regarding diet-
induced obesity and related changes in glucose metabolism, but
has consistently shown to reduce NAFLD development (16, 20).
However, one major difference between Fgfi4 knockout and
reduced FGFR4 activation upon ASBT inhibition is that BA reab-
sorption in F, gfr4_/_ mice is still intact and therefore, the total
BA pool is increased. It is thought that this increase in total BAs
results in metabolically beneficial effects through increased (he-
patic) FXR activation, TGRS activation and/or increases in adipo-
kines (48). This is in line with the observation that induction of
hepatic but not intestinal FXR or FGF15 is important in preven-
tion of NAFLD development in the context of a high cholesterol
diet in mice (46).

ASBT inhibition consistently lowers FGF15/19 secretion,
however, aside from the impact on hepatic BA synthesis, other
physiological consequences are unclear. Based on results from
Fgfl5~'~ and Fgfr4 '~ mice, it is unlikely that a decrease in
FGF15/19 per se accounts for the beneficial metabolic effects.

Increased Colonic TGRS Activation and GLP-1 Release

Glucagon like peptide-1 (GLP-1) is released upon activation
of TGRS in enteroendocrine L-cells in the distal intestine and
colon (6). GLP-1 improves (postprandial) glucose metabolism
by increasing insulin secretion (14). While colonic gene expres-
sion levels of Tgr5 and proglucagon (Gcg) in mice are not
changed upon ASBT inhibition, high levels of the ileal bile
acid-binding protein (Ibabp) due to FXR activation in the colon
indicate increased intracellular BA levels in the colon (41, 42).
Additionally, the change in BA composition upon ASBT inhibi-
tion results in a more potent TGRS agonistic profile (6). Finally,
long-chain FAs are able to increase GLP-1 release by L-cells
via interaction with two distinct orphan G protein-coupled
receptors (GPR40 and GPR120) (32). As intestinal FA absorp-
tion is reduced upon ASBT inhibition, more FAs reach the distal
intestine where they could passively diffuse into L-cells increas-
ing GLP-1 secretion. In line with this, Zucker rats treated with
an ASBT inhibitor (264W94) displayed an increase in total
plasma GLP-1 and improvement in glucose metabolism (8).
Treatment of patients with constipation with the ASBT inhibitor
(Elobixibat) also increased GLP-1 levels (43).

Conclusion

Interruption of the EHC of BAs is possible at various levels
with different (patho)physiological consequences. Based on
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current literature, only interruption at the intestinal luminal level
(Fig. 1A) and the ileal level (Fig. 1B) seem to have beneficial
metabolic effects. Especially ASBT inhibition has emerged as
potential therapeutic strategy in a host of different hepatic and
metabolic disorders. The consequences of ASBT inhibition are
multifaceted and include a decrease in intestinal lipid absorption,
an increase in cholesterol removal, an increase in GLP-1 secre-
tion and changes in the BA pool/composition. Considering the
effects on lipid absorption, the efficacy of ASBT inhibition is
likely dependent on dietary composition which could explain
some of the variation observed between studies. While there are
multiple studies demonstrating promising results of ASBT inhi-
bition on metabolic outcomes, more research on the exact effects
on lipid absorption, the changes in BA composition in humans
and the mechanism underlying potential increased GLP-1 secre-
tion are required to fully evaluate its therapeutic potential.
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