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Abstract

Background and Aims: Cholestasis is characterized by intrahepatic

accumulation of bile constituents, including bile acids (BAs), which promote

liver damage. The apical sodium-dependent BA transporter (ASBT) plays an

important role in BA reabsorption and signaling in ileum, bile ducts, and
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kidneys. Our aim was to investigate the pharmacokinetics and pharmaco-

logical activity of A3907, an oral and systemically available ASBT inhibitor in

experimental mouse models of cholestasis. In addition, the tolerability,

pharmacokinetics, and pharmacodynamics of A3907 were examined in

healthy humans.

Approach and Results: A3907 was a potent and selective ASBT inhibitor

in vitro. In rodents, orally administered A3907 distributed to the ASBT-

expressing organs, that is, ileum, liver, and kidneys, and dose dependently

increased fecal BA excretion. A3907 improved biochemical, histological, and

molecular markers of liver and bile duct injury in Mdr2−/− mice and also had

direct protective effects on rat cholangiocytes exposed to cytotoxic BA con-

centrations in vitro. In bile duct ligated mice, A3907 increased urinary BA

elimination, reduced serum BA levels, and prevented body weight loss, while

improving markers of liver injury. A3907 was well tolerated and demonstrated

target engagement in healthy volunteers. Plasma exposure of A3907 in

humans was within the range of systemic concentrations that achieved ther-

apeutic efficacy in mouse.

Conclusions: The systemic ASBT inhibitor A3907 improved experimental

cholestatic disease by targeting ASBT function at the intestinal, liver, and

kidney levels, resulting in marked clearance of circulating BAs and liver pro-

tection. A3907 is well tolerated in humans, supporting further clinical devel-

opment for the treatment of cholestatic liver diseases.

INTRODUCTION

Cholestasis is a severe clinical manifestation of adult and
pediatric cholangiopathies of diverse etiologies, including
genetic, obstructive, drug-induced, or immune-mediated
biliary diseases.[1,2] Cholestasis is characterized by
decreased or obstructed bile flow, leading to hepatic
accumulation of bile acids (BAs) and other bile-derived
toxic substances, frequently inducing pruritus.[3,4] Cho-
lestatic liver diseases lack effective treatments and can
progress to advanced stages (ie, cirrhosis), increasing
the risk for developing hepatobiliary malignancies and
liver failure.[5,6]

In human cholangiopathies, alterations in BA syn-
thesis, biotransformation, and/or transport may result in
pathological conditions, including severe cholestasis
and end-stage liver disease, where liver transplantation
remains as the only potential curative option. Under
physiological conditions, a major fraction of the BAs
reaching the intestine (~95%) is efficiently recovered
and recirculated to the liver via the portal vein. This
occurs through a complex process involving several BA
transporters expressed in different cell types.[7,8] The
apical sodium-dependent BA transporter (ASBT), highly
expressed in the apical membrane of ileal enterocytes,

plays a major role in the reabsorption of BAs from the
intestinal lumen, and thus for the regulation of BA
dynamics and homeostasis.[7] Interestingly, ASBT is
also expressed in the bile ducts and renal proximal
tubuli.[9] However, the biliary and renal role of ASBT is
less clear and may involve cholehepatic shunting and/or
cholangiocyte signaling, as well as renal reabsorption of
BAs from filtered primary urine.[10]

Serum BAs are typically elevated in cholestasis,
reflecting hepatic BA overload.[11] The high levels of BAs
in cholestatic liver diseases lead to damage in the liver
parenchyma, which may ultimately also extend to extra-
hepatic tissues. In this regard, highly efficient ASBT-
driven reabsorption of BAs in the intestine and kidneys
significantly contributes to disease progression and
severity. ASBT inhibitors (ASBTi) with restricted intestinal
activity in humans have therefore been developed and
found useful in several cholestatic conditions by reducing
BA load.[12–16] However, because of the minimal systemic
bioavailability of currently available ASBTis, the therapeu-
tic potential of multiorgan ASBT inhibition for the treatment
of different forms of cholestasis has not been explored.

Herein, we hypothesize that multiorgan targeting of
ASBT, including the ileum, bile ducts, and renal
proximal tubuli, may halt or reverse the progression of
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cholestatic diseases. This approach might be potentially
superior to locally acting ASBTis in severe cholestatic
conditions where enterohepatic circulation of BAs is
severely compromised. Therefore, the current study
aimed to investigate the molecular and in vivo pharma-
cology of the novel orally bioavailable ASBTi A3907 in
well-characterized experimental models of cholestatic
liver disease [ie, Mdr2−/− mice and mice subjected to
bile duct ligation (BDL)][17] and investigate its tolerability,
oral bioavailability, and pharmacodynamics in healthy
human subjects.

METHODS

A3907 activity and selectivity in vitro

Mouse and human ASBT and Na+-taurocholate
cotransport polypeptide (NTCP) transporters were
experimentally overexpressed with recombinant plas-
mids in CHOK1 hamster ovary cells obtained from the
American Type Culture Collection (ATCC). Further
experimental details are provided in Supplemental
Material, http://links.lww.com/HEP/F6.

Quantitative whole-body autoradiography

Quantitative whole-body autoradiography (QWBA) in
phosphor screens was performed using male rats
administrated a single oral dose of radiolabeled
[14C]-A3907 or a gut-restricted ASBT inhibitor
[14C]-A3309[18] with 10 and 7.8 MBq/kg radioactive
doses, respectively. Experimental details are pro-
vided in Supplemental Material, http://links.lww.com/
HEP/F6.

A3907 pharmacokinetics and
biodistribution in mice and rats

The oral pharmacokinetic profile of A3907 in normal
animals was analyzed in 3 rodent studies (Envigo
Research Laboratories): (1) male Hsd:ICR (CD-1)
adult mice, (2) male C57BL/6J adult mice, and (3)
male adult Wistar rats. The study protocol was
approved by Institutional Animal Ethics Committee
(IAEC) (SYNGENE/IAEC/ 800/01-2017 and SYN/
IAEC/937/05-2018). A3907 biodistribution was ana-
lyzed by liquid chromatography tandem mass spec-
trometry in samples from male C57BL/6J mice
(7 weeks of age) (Janvier Labs) treated with daily
doses of A3907 (3, 10, or 30 mg/kg; n = 10 per group)
by oral gavage for 7 days. The experiments were
covered by a license issued by the Danish committee
for animal research (2013-15-2934-00784). The oral
pharmacokinetic profile of A3907 and A3309 was

analyzed at Syngene International Ltd. (Bangalore,
India) in male adult C57BL/6 mice (Hylasco, Hyder-
abad) subjected to BDL surgery. Fecal BA content
following 7-day treatment of A3907, A3309, or vehicle
was also analyzed. The study protocol was approved
by Institutional Animal Ethics Committee (IAEC)
(SYNGENE/IAEC/1253/03-2021). Further experimen-
tal details are provided in Supplemental Material,
http://links.lww.com/HEP/F6.

Pharmacodynamic studies in normal wild-
type mice

Pharmacodynamic studies were performed in adult
(13–14 weeks) C57BL/6N mice (Hylasco, Hyderabad,
India) administered daily doses of A3907 or A3309 at
3 or 10 mg/kg/d, or vehicle [0.5% carboxymethylcellu-
lose (CMC) + 0.1% Tween 80] by oral gavage for
8 days. The study was approved by the Institutional
Animal Ethics Committee (IAEC) [Protocol No: Syn-
gene/ IAEC /1064/07 -2019]. Detailed information
provided in Supplemental Material, http://links.lww.
com/HEP/F6.

Toxicology studies of A3907 in normal rats

Systemic toxicity was evaluated in Wistar Han rats
(Charles River). Herein, 7- to 10-week-old male
(n = 76) or female (n = 76) rats were administered
daily oral doses of A3907 (25, 150, and 1000 mg/kg/d)
for 13 weeks by oral gavage. Animals were euthan-
ized, and samples from a standard set of organs and
tissues were collected and examined by a certified
pathologist following hematoxylin & eosin (H&E)
staining.

Animal models of cholestasis

Experiments were performed in age-matched male
mice on C57BL/6J genetic background (BDL mouse
model)[19] at the Biodonostia Health Research Insti-
tute (BHRI) and at Syngene International Ltd. Experi-
ments were performed under the approval of the
Animal Experimentation Ethics Committee of BHRI
(PRO-AE-SS-223), and the Institutional Animal Ethics
Committee at Syngene (SYNGENE/IAEC/1253/03-
2021) respectively. (Bangalore, India) (pharmacoki-
netic profile) and on Abcb4tm1Bor genetic background
(Mdr2−/− mouse)[20,21] at Gubra (Hoersholm, Den-
mark). These experiments were covered by a license
issued by the Danish committee for animal research
(2013-15-2934-00784). Extended information pro-
vided in Supplemental Material, http://links.lww.com/
HEP/F6.
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Liver histology

For Mdr2−/− mice, livers were fixed overnight in 4%
paraformaldehyde, paraffin embedded, and sectioned
(3 µm thickness). Tissue slides were stained with H&E
or used for immunohistochemistry staining.

In the BDL mouse study, liver histology analysis
and scoring were conducted as described.[19] Briefly,
formalin-fixed and paraffin-embedded slides were
stained with H&E (MERCK) for the analysis of tissue
morphology. Scores detailed in Supplemental Table
S1 (http://links.lww.com/HEP/F6). Further details are
included in Supplemental Material, http://links.lww.
com/HEP/F6.

Serum, plasma and liver biochemistry

Blood was collected from the tail vein (Mdr2−/− mice)
or by cardiac puncture (BDL mice) for biochemical
analysis. For liver biochemistry, whole liver was
dissected and weighed, and a biopsy (~200 mg,
<0.7×0.5 cm) was resected from the left lateral
lobe. Detailed information of the methodology is
provided in Supplemental Material, http://links.lww.
com/HEP/F6.

BA and C4 analysis

BAs, and their intermediate/precursor 7α-hydroxy-4-
cholesten-3-one (C4), were determined in plasma by
liquid chromatography tandem mass spectrometry as
described.[22–24] In C57BL/6N wild-type (WT) mouse
experiments, total BA levels were analyzed in serum
(Cell Biolabs), stools (Cell Biolabs), and urine (Bio-
vision) using commercial kits following manufacturer’s
instructions. Further details are provided in Supplemen-
tal Material, http://links.lww.com/HEP/F6.

Cholangiocyte functional studies
(apoptosis by flow cytometry)

Normal rat cholangiocytes were isolated from liver
tissue of Wistar rats (Charles River Laboratories) at
the BHRI (San Sebastian, Spain), and then cultured and
characterized as we described.[25] Cell apoptosis in vitro
was assessed by flow cytometry as described in
Supplemental Material, (http://links.lww.com/HEP/F6).

Immunoblotting

Analysis of ASBT expression in normal rat cholangio-
cytes was performed as described in Supplemental
Material, (http://links.lww.com/HEP/F6).

RNA isolation and quantitative real-time
PCR (RT-qPCR)

RNA was extracted from mouse liver and ileum tissues
using the Maxwell RSC Instrument (Promega) following
the manufacturer’s instructions and subjected to
reverse transcription followed by RT-qPCR analysis in
a CFX384 Touch Real-Time PCR Detection System
(BioRad). Primer sequences employed for the RT-
qPCR are indicated in Supplemental Table S2 (http://
links.lww.com/HEP/F6). Details are outlined in Supple-
mental Material (http://links.lww.com/HEP/F6).

RNAseq analysis

RNA sequencing (RNAseq) was performed on
RNA extracts from terminal liver samples (15 mg
fresh tissue), as described in detail elsewhere.[26]

Untreated WT mice for analysis of Mdr2−/− mouse
data as control correspond to stock liver samples
from age-matched mice at Gubra. Additional details
are provided in Supplemental Material (http://links.
lww.com/HEP/F6).

Safety, tolerability, pharmacokinetics, and
pharmacodynamic studies in healthy
subjects

This phase I study (Protocol Reference Number: A3907-
001, Covance Study Number: 8445784, EudraCT
Number: 2020‐004423‐17) was sponsored and designed
by Albireo AB, Sweden, and conducted in accordance
with both the Declarations of Helsinki and Istanbul and
approved by the North-East - York Research Ethics
Committee (Newcastle-upon-Tyne, UK). Informed con-
sent was given in writing by all subjects. The study was
conducted at a single site in the UK (Principal Inves-
tigator: Ashley Brooks, MB ChB, Associate Medical
Director, Labcorp Clinical Research Unit Ltd., UK).
Besides standard safety parameters, additional pharma-
codynamic analyses included LDLc, serum BAs
(total and individual), plasma C4 and FGF-19, and urine
BAs. See Supplemental Material (http://links.lww.com/
HEP/F6) for further information.

Statistical analysis

GraphPad Prism 8 (GraphPad Software) was used to
perform the statistical analysis. Normality of the data
set was assessed by Shapiro-Wilk test. For compar-
isons of 2 independent groups, parametric Student t
test or nonparametric Mann-Whitney test were
employed. When more than 2 related groups were
compared, parametric 1-way ANOVA with Dunnett
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F IGURE 1 Activity, selectivity, biodistribution, and pharmacodynamics of A3907 and A3309 in healthy rodents. (A) Human or mouse ASBT and NTCP
transporters were independently overexpressed in CHOK1 cells. A3907 was tested at 10 different concentrations to calculate the average half maximal
inhibitory concentration (IC50) value for each transporter. (B) Representative images of whole-body autoradiogram 4 hours after a single oral administration of
[14C]-A3907 (10 MBq/kg) or [14C]-A3309 (7.8 MBq/kg) to male rats (separate experiments), enlarged autoradiogram section of the kidney (black or red/pink
regions represent areas with higher concentrations of radioactivity), and quantitative analysis of the concentration of each compound in different tissues. bld,
below limit of detection. (C) Fecal BA concentrations in feces collected between days 6 and 7 of treatment, time profile of serumBA and C4 concentrations in
C57BL/6N mice after 7 days of daily oral treatment (samples collected at 0, 2, 4, 8, and 24 hours after compound administration), and urinary BA
concentrations 2 hours after dose administration on day 8 (terminal). (D) Ileal Fgf15 and hepatic Cyp7a1 expressions measured by RT-qPCR in C57BL/
6NTacmice exposed to daily oral doses of A3907, A3309, or vehicle. All statistical data represent comparison versus vehicle group. For statistical analysis of
fecal or urine BA concentrations, parametric 1-way ANOVA with Dunnett post hoc test was used. For statistical analysis of RT-qPCR data, Student t test or
Mann-Whitney test was applied depending on the distribution of the data. Statistical significance of serumC4 and BA concentrations overtime was assessed
by 2-way ANOVAwith Tukeymultiple comparisons post hoc test. *p< 0.05; **p< 0.01 and ***p< 0.001. Abbreviations: ASBT, apical sodium-dependent bile
acid transporter; BAs, bile acids; NTCP, Na+-taurocholate cotransport polypeptide.
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post hoc test or nonparametric Kruskal-Wallis test
followed by Dunn multiple comparison test were used.
For statistical analysis of the time-course data, 2-way
ANOVA with Tukey multiple comparisons post hoc test
was applied. Gene set analysis was conducted with
the R package PIANO version 1.18.1 using the
Stouffer method, andp-values were corrected for
multiple testing using the Benjamini-Hochberg method
(False Discovery Rate, p < 0.05). Data in bar graphs
are expressed as mean ± SEM. Significance was
defined as p < 0.05.

RESULTS

A3907 is a potent, selective, and orally
available ASBT inhibitor that distributes to
the intestine, liver, and kidneys in rodents

A3907 is a potent and selective inhibitor of both mouse
and human ASBT, with similar potency and selectivity as
the gut-restricted ASBT inhibitor A3309[18] (Figure 1A).
Oral administration of A3907 (10 mg/kg) to rodents
resulted in high exposure in plasma (Supplemental
Figure S1A, http://links.lww.com/HEP/F6). A3907 phar-
macokinetic parameters in different species, when dosed
with 10 mg/kg, were Cmax 558-655 (ng/mL), Tmax

2.67–5.33 (h), AUCinf 4300-8250 (h*ng/mL), 30%–60%
oral bioavailability, and terminal half-life (t1/2) 4.49–7.4
(h). Moreover, oral administration of incrementing doses
of A3907 (3, 10, and 30 mg/kg) in mice demonstrated a
dose-dependent increase of compound concentrations in
feces, serum, bile, kidneys, and liver, whereas low levels
of A3907 were present in urine and detected only at the
highest dose (Supplemental Figure S1B, http://links.lww.
com/HEP/F6).

QWBA analysis in rats orally administered with
[14C]-A3907 revealed distribution to the intestine, liver,
and kidney, which are the main ASBT-expressing
organs. By contrast, independent QWBA experiments
performed with [14C]-A3309 confirmed preferential
accumulation to the intestine, with only trace amounts
found in the liver and kidney (Figure 1B). Daily oral
administration of up to 1000 mg/kg/d of A3907 to rats
was well tolerated, and no adverse A3907-related
findings were observed after the 13-week treatment
period (Supplemental Figure S1C, http://links.lww.com/
HEP/F6).

The pharmacodynamic profile of A3907 and A3309
was compared in normal mice. Both compounds were
administered orally to nonfasted mice once daily for
7 days (3 and 10mg/kg/d). Similar inhibition of ileal ASBT
was observed for both compounds, resulting in signifi-
cant elevation of fecal BA levels, while urine BA levels did
not change in response to A3907 or A3309 (Figure 1C).
As expected, ASBT inhibition led to transcriptional Fgf15
repression in the ileum and subsequent hepatic

upregulation of Cyp7A1, particularly evident in A3907-
exposed mice, yielding increased circulating C4 levels
(reflecting BA synthesis) compared with controls
(Figure 1C and D). As a result, serum BA levels in
normal noncholestatic mice remained fairly constant in all
experimental groups (Figure 1C).

A3907 reduces liver injury and markers of
cholestasis in Mdr2−/− mice

The potential therapeutic effect of A3907 was inves-
tigated in Mdr2−/− mice, which are characterized by
spontaneous and progressive development of choles-
tasis and sclerosing cholangitis.[20,21] Mdr2−/− mice were
treated with different doses of A3907 (1, 3, 10, and
30 mg/kg) once a day by oral gavage for 4 weeks
(Figure 2A).

A dose-dependent increase in A3907 levels was found
in the plasma ofMdr2−/−mice, with mean values of 17, 34,
97, and 405 ng/mL, respectively, measured 2 hours after
dosing (Figure 2B). A3907 did not affect mice body weight
but dose dependently decreased the liver-to-body
and spleen-to-body weight ratios compared with
vehicle controls (Figure 2C). A3907 dose dependently
reduced plasma biomarkers of liver injury (alanine
aminotransferase and aspartate aminotransferase) and
cholestasis (alkaline phosphatase) (Figure 2D). Similarly,
the plasma markers of sclerosing cholangitis (ie, biliary
injury and fibrosis, TIMP-1,[27] and MMP-7[28]) were
decreased in animals treated with A3907 compared with
vehicle controls (Figure 2D). A3907 dose dependently
decreased histological markers of ductular reaction
(cytokeratin-7 (CK7)], portal inflammation (H&E and
galectin-3), and fibrogenesis (α-smooth muscle actin)
compared with controls (Figure 2E). In addition, whole-
liver tissue levels of the proinflammatory chemokine MCP-
1 and the fibrosis marker hydroxyproline were also lower
in A3907-treated Mdr2−/− mice compared with vehicle
controls (Figure 2F). Furthermore, A3907 markedly
reduced serum total BA levels at all doses investigated,
whereas no significant changes in urinary BA and
serum C4 concentrations were observed (Figure 2F;
Supplemental Figure S2 and S3, http://links.lww.com/
HEP/F6). As observed in normal mice, A3907 treatment
led to ileal Fgf15 downregulation and consequent Cyp7a1
upregulation in the liver (Supplemental Figure S4, http://
links.lww.com/HEP/F6).

Collectively, our data indicate that A3907 protects
Mdr2−/− mice from BA-induced ductular reaction and
liver injury. The fact that all doses of A3907 similarly
reduced serum BA levels, while the effects on ductular
reaction were progressively and dose dependently
improved suggests that normalizing BA load (which
can often be achieved with intestinally restricted ASBT
inhibitors) is not the only contributing factor to the
improved ductular/liver protection. This may point
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F IGURE 2 Therapeutic and pharmacodynamic effects of A3907 in Mdr2−/− mice. (A) Schematic representation of the experimental design
(n = 11 on each group). (B) Circulating levels of A3907 in plasma 2 hours after administration at the fourth week of treatment. (C) Comparison of
the terminal body weight relative to treatment initiation and liver- and spleen-to-body weight ratios of the animals at sacrifice. (D) Plasma levels of
circulating liver enzymes. (E) Representative hematoxylin-eosin (H&E) and immunohistochemistry (IHC) images of liver sections and comparison
of the relative area of cytokeratin-7 (CK7), galectin-3, and α-smooth muscle actin (α-SMA); Scale bar: 100 µm. (F) Hepatic content of hydroxy-
proline and monocyte chemoattractant protein-1 (MCP-1), and quantification of total BA concentration in serum and urine of the Mdr2−/− mice. All
statistical data represent comparison versus vehicle group. Parametric 1-way ANOVA with Dunnett post hoc test or nonparametric Kruskal-Wallis
test followed by Dunn multiple comparison test was used to assess significance depending on the distribution of the data. *p < 0.05; **p < 0.01,
and ***p < 0.001. Abbreviations: α-SMA, α-smooth muscle actin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; MCP-1, monocyte chemoattractant protein-1.
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F IGURE 3 Hepatic transcriptome signatures in Mdr2−/− mice after A3907 treatment and cytoprotective effects of A3907 in cultured chol-
angiocytes. (A) Quantification of the amount of apoptotic cell death analyzed by flow cytometry with Annexin V and To-PRO-3 dual staining after
incubating normal rat cholangiocytes (NRCs) with vehicle, glycochenodeoxycholic acid [GCDCA (1 mM)], puromycin (4 μM), A3907 (1 μM), or
combinations for 48 hours. (B) Heatmap displaying the hepatic expression of genes significantly normalized (compared with WT mice) by A3907
(3 mg/kg/d) (108 upregulated and 335 downregulated by A3907 compared with vehicle) in Mdr2−/− mice by RNAseq analysis. (C) GO enrichment
analysis of genes significantly modulated by A3907. (D) Heatmap representation of the differentially expressed genes annotated for each
biological process. (E) Bar graph representation showing A3907-induced suppression of hepatic S1pr2 overexpression in Mdr2−/− mice. For
statistical analysis of flow cytometry data parametric 1-way ANOVA with Dunnett post hoc test was used to assess significance. *p < 0.05;
**p < 0.01 and ***p < 0.001. Gene set analysis was conducted with the R package PIANO version 1.18.1 using the Stouffer method, and p-values
were corrected for multiple testing using the Benjamini-Hochberg method (False Discovery Rate, p < 0.05). Abbreviation: WT, wild type.
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toward direct target engagement of ASBT on cholan-
giocytes as a potential additive effect of A3907.

A3907 prevents BA-induced cholangiocyte
apoptosis in vitro

Expression of ASBT in cultured cholangiocytes was
confirmed by immunoblotting in normal rat cholangio-
cytes (Supplemental Figure S5, http://links.lww.com/
HEP/F6). To mimic a context of cholestasis and
sclerosing cholangitis, cholangiocytes were incubated
with toxic concentrations of glycochenodeoxycholic acid
(GCDCA) (1 mM) in vitro. Flow cytometry experiments
indicated that coincubation of cholangiocytes with
A3907 prevented BA-induced apoptosis. By contrast,
and as expected, the apoptotic effect of the antibiotic
puromycin (non-ASBT substrate) on cholangiocytes
was not affected by A3907 exposure (Figure 3A).

A3907 normalizes hepatic gene signatures
of inflammation, regeneration, damage,
and fibrosis in Mdr2−/− mice

RNAseq analysis of liver samples from Mdr2−/− mice
revealed important biological processes modulated by
A3907. Vehicle-dosed Mdr2−/− mice displayed marked
perturbations in the liver transcriptome as indicated by
an excessive number of differentially expressed genes
(DEGs, n = 9047) compared withWTmice. Among them,
the levels of 443 DEGs were normalized in Mdr2−/− mice
treated with 3 mg/kg/d A3907 (108 upregulated and 335
downregulated following A3907 treatment; Figure 3B).
Gene ontology enrichment analysis of these 443 DEGs
normalized by A3907 revealed the influence of this
compound on several important biological processes,
including fibrosis, inflammation, cell proliferation and
apoptosis, endoplasmic reticulum stress, and steroid
metabolism (Figure 3C, D; Supplemental Figure S6,
http://links.lww.com/HEP/F6). Of note, the increased
expression levels of S1pr2 observed in Mdr2−/− mice, a
receptor closely related to cholangiocyte proliferation and
cholestatic injury in response to conjugated BAs,[29] were
reduced by A3907 (Figure 3E).

A3907 enhances renal BA clearance and
halts liver disease progression in
experimental obstructive cholestasis

Proximal tubuli epithelial cells lining the urinary tract
represent another cell target for A3907. Here, apical
ASBT reclaims renally filtered BAs.[9] Although our
data in Mdr2−/− mice suggest that inhibition of
intestinal and biliary ASBT could be sufficient to
reverse increased plasma BA levels, we investigated

whether renal ASBT inhibition could be a novel
mechanism to ameliorate cholestasis during biliary
obstructive conditions. Thus, we evaluated the efficacy
of A3907 in a model of obstructive cholestasis (BDL
mice), where enterohepatic circulation of BAs is
blocked and BAs can therefore only be excreted via
renal clearance. We also used locally acting A3309 as
a comparator.

Three days after surgery, BDL mice were treated
with different daily doses of A3907 (3, 10, and 30 mg/
kg) or A3309 (3 mg/kg) by oral gavage for 11 days
(Figure 4A). Twenty-four hours after the last A3907
administration, a dose-dependent increase in A3907
levels was observed in serum (mean values of 34, 48,
and 197 ng/mL, respectively) and in bile (mean values
of 75, 251, and 1358 ng/mL, respectively) (Figure 4B),
suggesting that A3907 reaches ASBT on the apical
surface of cholangiocytes at pharmacologically
relevant concentrations. BDL mice receiving vehicle
demonstrated pronounced body weight loss, as
compared with sham-operated control mice, and this
progressive body weight loss was reversed by all
A3907 doses (Figure 4C). Liver histopathological
analyses indicated lower hepatic inflammatory cell
infiltration and fewer necrotic areas in A3907-treated
BDL mice compared with vehicle (Figure 4D). A3907
markedly enhanced the excretion of urinary BAs,
predominantly the hydrophilic TMCAs and TCA,
by up to 90-fold, compared with vehicle controls
(Figure 4E; Supplemental Figure S7, http://links.lww.
com/HEP/F6). This led to reduced serum and bile
levels of total BAs compared with control BDL mice. In
agreement, an inverse correlation between serum
versus urine BA levels was observed in BDL mice
(Figure 4E). As observed for Mdr2−/− mice, no
changes in serum C4 concentrations were found in
the A3907-treated BDL mice (Supplemental Figure S3,
http://links.lww.com/HEP/F6). Compared with vehicle,
A3907 also reduced BDL-induced increases in serum
levels of transaminases (aspartate aminotransferase
and alanine aminotransferase), bilirubin (total, direct,
and indirect) and urea, as well as total and LDL
cholesterol, while counteracting the decreased serum
levels of albumin, HDL, and glucose (Figure 4F). In
contrast, alkaline phosphatase levels remained
unchanged following A3907 treatment (Figure 4F).

Altogether, these results suggest that experimental
obstructive cholestasis can be ameliorated by A3907-
induced ASBT inhibition in the kidneys, enhancing renal
BA clearance to reduce the BA load and liver toxicity
and improving liver health.

Next, we compared the pharmacokinetic and ther-
apeutic effects of A3907 with the intestinally restricted
ASBTi A3309 in the BDLmodel. For that purpose, we first
characterized the systemic exposure of both compounds
in BDL mice orally administered with daily doses of each
compound (3 or 10 mg/kg) for 7 days (Figure 5A). As
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F IGURE 4 Therapeutic and pharmacodynamic effects of A3907 in mice subjected to bile duct ligation (BDL). (A) Schematic representation of the
experimental design (n = 24 for vehicle and A3907 30mg/kg groups, n = 14 for A3907 3mg/kg group, and n = 12 for A3907 10mg/kg group). (B) Terminal
serum and bile concentrations of A3907 24 hours after administration of the last dose. (C) Representative whole-liver images and comparative body weight
changes overtime, and terminal liver-to-body weight ratio. (D) Representative H&E images of liver sections and blinded scoring of inflammation and necrosis
performed by an independent expert pathologist; Scale bar: 100 µm. (E) Total serum, bile, and urine BA levels at sacrifice in mice subjected to BDL after daily
treatment with A3907 for 11 days, and correlation analysis of serum versus urine BA levels in individual animals. Dashed lines represent comparison between
A3907 grouped doses and vehicle-administered BDL mice. (F) Serum biochemical parameters at sacrifice. Values are represented as mean (SEM). For
statistical analysis of the histopathological scoring, Mann-Whitney test was applied. Statistical analysis of body weight change over time was performed by
two-way ANOVA with Tukey multiple comparisons post hoc test. For statistical analysis of individual doses versus vehicle, parametric one-way ANOVAwith
Dunnett post hoc test or nonparametric Kruskal-Wallis test followed by Dunn multiple comparison test was used depending on the normality of the data. For
comparisons betweenA3907 group versus vehicle and shamversus vehicle, Student t test orMann-Whitney test was applied depending on the distribution of
the data. For correlation analysis, Spearman test was applied. *p< 0.05; **p< 0.01 and ***p< 0.001. Abbreviations: ALP, alkaline phosphatase; ALT, alanine
aminotransferase; BAs, bile acids; BDL, bile duct ligated; ND, not detected; S, sham; -, vehicle.
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expected, A3907 displayed high systemic bioavailability,
reaching mean serum concentration peaks of 193 and
936 ng/mL in BDL mice treated once daily with 3 or
10 mg/kg, respectively (Figure 5A). Interestingly, A3309
was also detected in serum of the BDL mice after 7 days
of treatment. These plasma exposures were ~6-fold
higher than exposures reached in normal WTmice under
the same experimental conditions (data not shown). This
discrepancy is probably explained by a general increase
in intestinal permeability in response to the BDL
procedure. However, serum levels of A3309 were
significantly lower than A3907 (Figure 5A). In this
regard, although both compounds induced urinary BA
excretion to some extent, only A3907 was able to
significantly reduce both serum and biliary BAs levels
in BDL mice, while A3309 attenuated BA levels in a
nonsignificant fashion (Figure 5B). By contrast, no
changes in fecal BA content were observed in any of
the experimental groups (Supplemental Figure S8, http://
links.lww.com/HEP/F6). The superior efficacy of A3907
in relieving BA overload was mirrored by its capacity to
prevent BDL-associated progressive body weight loss as
well as to reduce the exacerbated levels of transaminases
and urea in the BDL mice (Figure 5C, D). Furthermore,

A3907, but not A3309, significantly reduced serum LDL
concentrations in theBDLmice (SupplementaryTableS3,
http://links.lww.com/HEP/F6). Hence, the mild effects of
A3309 together with its lower but still present systemic
bioavailabilityseemtoreinforcethe importanceofsystemic
ASBTi in a biliary obstructive context.

A3907 normalizes the dysregulated
transcriptional profile of BDL mouse livers

Similar to observations in Mdr2−/− mice, transcriptomic
analysis of liver samples from BDL mice revealed
substantial perturbations in hepatic global gene expres-
sion (5790 DEGs) compared with sham-operated control
mice. A3907 (3 mg/kg/d) normalized the expression of
303 dysregulated genes (126 upregulated and 177
downregulated following A3907 treatment) in BDL mice
(Figure 6A), while only 15 genes were normalized by
A3309 (3 mg/kg/d). Gene ontology enrichment analysis
of genes normalized by A3907 revealed genes
participating in important processes related to BA and
liver homeostasis, as well as to cell growth, oxidative
stress, lipid metabolism and homeostasis, cell transport,

F IGURE 5 Comparative analysis of the pharmacokinetics, pharmacodynamics, and therapeutic effects of A3907 and A3309 in BDL mice. (A)
Pharmacokinetic analysis of A3907 and A3309 in BDL mice administered with 3 and 10 mg/kg daily oral doses for 7 days. (B) Total BA levels at
sacrifice in serum, bile, and urine after daily treatment with either A3907 or A3309 (3 mg/kg/d) or vehicle for 11 days in mice subjected to BDL. (C)
Body weight loss over time in sham and BDL mice receiving A3907 or A3309 (3 mg/kg/d) or vehicle. (D) Levels of transaminases (ALT and AST)
and urea in the different experimental groups at sacrifice. For statistical analysis Student t test or Mann-Whitney test was applied depending on the
distribution of the data. Statistical analysis of body weight loss over time was performed by 2-way ANOVA with Tukey multiple comparisons post
hoc test. *p < 0.05; **p < 0.01 and ***p < 0.001. Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; BAs, bile acids; BDL,
bile duct ligated; S, sham; -, vehicle.
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xenobiotic metabolism, coenzyme metabolism, and
TOR signaling (Figure 6B, C). Increased expression
levels of the genes encoding for the nuclear receptor

PXR and the basolateral transporter organic solute
transporter beta (OST-β) mice (proteins involved in
hepatocyte basolateral BA efflux)[30] were found

F IGURE 6 Comparison of hepatic transcriptome signatures of A3907 and A3309 treatment in BDL mice. (A) Heatmap illustrating genes
significantly normalized by A3907 (3 mg/kg/day) (126 upregulated and 177 downregulated by A3907). (B) GO enrichment analysis of genes
significantly normalized by A3907. (C) Heatmaps representing the expression of individual genes annotated for each biological process. (D)
Hepatic expression of Nr1I2 and Slc51b analyzed by RNAseq. Gene set analysis was conducted with the R package PIANO version 1.18.1 using
the Stouffer method, and p-values were corrected for multiple testing using the Benjamini-Hochberg method (False Discovery Rate, p < 0.05).
Abbreviation: BDL, bile duct ligated.
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F IGURE 7 Pharmacokinetic profile and pharmacological effects of A3907 in healthy subjects subjected to MAD. (A) MAD study design. Healthy
subjects were randomized into 3 different groups [group B1: 9 mg/d (A3907 n = 6, placebo n = 2); group B2: 27 mg/d (A3907 n = 5, placebo n = 1);
group B3: 67.5 mg/d (A3907 n = 6, placebo n = 2)] and were administered one single oral dose of A3907 every 24 hour for 7 days. Daily dose was
administered after 10 hour of fasting, and first meal was given 4.5 hour after A3907 administration. (B) Plasma pharmacokinetic profile in healthy
subjects at day 7. Values are expressed as mean ± SD. (C) Pharmacological effect of A3907. Time profile of plasma total BA and C4 concentrations
over the last 24-hour dosing interval. Postprandial (6 h) plasma concentrations of total, unconjugated, and conjugated BAs relative to baseline. (D)
Comparison of circulating levels of A3907 in Mdr2−/− and BDL mice and human healthy subjects, as well as A3309 in BDL mice and human healthy
subjects. AUC values in the Mdr2−/− mice are approximations calculated from pharmacokinetic data in C57BL/6J and CD-1 mice assuming com-
parable ADME profile. Statistical analysis of plasma BAs and C4 levels over time was performed by two-way ANOVAwith Tukeymultiple comparisons
post hoc test. For statistical analysis of postprandial BA levels, parametric 1-way ANOVA with Dunnett post hoc test was used. *p < 0.05; **p < 0.01
and ***p< 0.001. Abbreviations: AUCinf, AUC from the time of dosing to the last measurable concentration and extrapolated to infinity; Cmax, maximum
plasma concentrations; t1/2, terminal half-life; Tmax, time to reach the maximum concentrations.
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upregulated in BDL mice, compared with sham, and
were specifically normalized following A3907 treatment
(Figure 6D).

Phase I study of A3907 safety, tolerability,
oral bioavailability, and pharmacodynamic
effects in healthy humans

Considering the positive preclinical effects of A3907 in
experimental models of cholestatic liver disease, we
investigated the tolerability, pharmacokinetics, and phar-
macodynamic effects of A3907 in healthy human subjects
in a single-ascending-dose study (data not shown),
followed by a multiple-ascending-dose study (Figure 7A).
The single-ascending-dose study revealed that A3907
exposure increased proportionally to doses from 1 to
81 mg. The multiple-ascending-dose clinical trial indicated
that daily oral administration of A3907 for 7 days was well
tolerated in the dose range investigated (9, 27, and
67.5 mg), showing no serious treatment-emergent
adverse events (Supplemental Table S4, http://links.lww.
com/HEP/F6). The most frequent adverse effects were
mild, that is, diarrhea and headache. Oral administration of
67.5mgA3907 resulted in significant compound exposure
in plasma (Figure 7B), with a Cmax of 78.3 ng/mL, a Tmax of
8 hours, an AUCinf of 810 h*ng/mL, and a t1/2 of 8.4 hours
(Figure 7B). A similar pharmacokinetic profile was
obtained on days 1 and 7 after daily oral administration
(Supplemental Table S5, http://links.lww.com/HEP/F6).

Functionally, A3907 significantly decreased postpran-
dial plasma total BA levels relative to baseline in healthy
humans (Figure 7C). Although levels of unconjugated
BAs [cholic acid (CA), lithocholic acid (LCA), deoxycholic
acid (DCA), chenodeoxycholic acid (CDCA), and
ursodeoxycholic acid (UDCA)] remained unaltered,
A3907 significantly decreased the postprandial rise in
plasma levels of conjugated BAs (GCA, GLCA, GDCA,
GCDCA, GUDCA, TCA, TLCA, TDCA, TCDCA, and
TUDCA) as compared with baseline (Figure 7C). Similar
to normal mice, BAs were gradually normalized in
healthy human subjects administered A3907 potentially
due to compensatory increases in liver BA synthesis
as indicated by increased circulating C4 levels,
compared with controls (Figure 7C). Importantly,
plasma exposure of A3907 in healthy subjects was
within the range of plasma concentrations that achieved
anticholestatic efficacy in Mdr2−/− and BDL mice
(Figure 7D), supporting potential translation to human
cholestatic liver disease. By contrast, the systemic
A3309 exposure observed in humans at the
therapeutically relevant dose[18] was several-fold lower
than levels demonstrating signs of efficacy in BDL mice
in the current study (Figure 7D). This questions the
human translational relevance of the preclinical findings
with A3309 presented in the current study.

DISCUSSION

Previous preclinical and clinical studies have demon-
strated that locally acting intestinal ASBTis are effective
in reducing BA load. For instance, SC-435[31] and A4250
(odevixibat)[32] reduced BA levels in serum and bile and
improved cholestatic liver disease in Mdr2−/− mice.
Clinically, odevixibat and maralixibat reduced BA load
and decreased pruritus in pediatric indications such as
progressive familial intrahepatic cholestasis[16] and Ala-
gille syndrome[12], respectively. However, although
locally acting ASBTis effectively reduced BA load and
pruritus in adult cholestatic cholangiopathies such as
primary biliary cholangitis and primary sclerosing chol-
angitis, they did not have a meaningful impact on
biomarkers believed to reflect disease progression such
as alkaline phosphatase or alanine aminotransferase
/aspartate aminotransferase and were often associated
with dose-limiting diarrhea.[33–35] Furthermore, since the
therapeutic outcome of intestinal ASBTis relies on
intestinal inhibition of BA reabsorption, the efficacy of
these drugs is likely limited in cholestatic situations where
the bile flow is severely compromised, such as obstruc-
tive cholestasis. In the current study, we report (1) the
discovery and characterization of A3907, the first oral
systemically available ASBTi in clinical development; (2)
its multimodal effects on BA reabsorption and signaling in
cholangitis (Mdr2−/− mouse) and obstructive cholestasis
(BDL) mouse models; (3) a detailed assessment of its
translational potential to humans; and (4) a summary of
its tolerability, pharmacokinetics, and pharmacodynam-
ics in healthy subjects.

In WT mice, oral A3907 got distributed to key ASBT-
expressing organs such as ileum, liver, and kidney.
Also, A3907 stimulated fecal excretion of BAs without
affecting urinary BA levels, being in agreement with
fecal BA excretion as the main route for eliminating BAs
under physiological conditions.[36] As expected, this
effect was rapidly counterbalanced by intestinal Fgf15
reduction and subsequent increased BA synthesis,
underscoring the tightly controlled BA homeostasis
under normal conditions. As for normal mice, high
systemic A3907 exposure was confirmed in both Mdr2−/
− and BDL mice.

Liver injury in Mdr2−/− mice is caused by loss of
canalicular biliary phospholipid secretion, resulting in
excessive biliary accumulation of free BAs, which
leads to cholangiocyte injury, pericholangitis, peri-
ductal fibrosis with ductular proliferation, and even-
tually progression to sclerosing cholangitis.[20,21]

A3907 dose dependently reduced liver-to-body and
spleen-to-body weight ratios, plasma markers of liver
injury, as well as improved several liver histological
markers of inflammation and ductular reaction in
Mdr2/- mice. It is noteworthy that A3907 significantly
lowered hepatic α-smooth muscle actin levels,
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a reliable marker of fibrogenic stellate cell
activation,[37,38] in addition to reduced plasma and
liver biochemical markers of fibrosis. Moreover,
RNAseq analysis of livers revealed that A3907
impacted important biological processes related to
cholestatic liver injury, for instance normalizing the
expression of key related genes like S1pr2, which is
closely related to cholangiocyte proliferation and
cholestatic injury in response to conjugated BAs.
Interestingly, in Mdr2/- mice, the lowest dose of
A3907 tested (1 mg/kg/d) was sufficient to induce
maximal serum BA reduction. However, higher doses
of A3907 provided additional dose-dependent anti-
cholestatic, anti-inflammatory, and anti-fibrogenic
effects, suggesting that A3907 can also provide
additional beneficial effects independent from its
ability to decrease systemic BA overload. In this
regard, targeting ASBT at the site of insult (chol-
angiocytes per se) and subsequent inhibition of local
BA transport and ASBT-mediated signaling may
contribute to the additional efficacy observed for
A3907. In line with this, the high levels of A3907
found in bile, together with its capacity to attenuate
cytotoxic effects of hydrophobic BAs in cultured
cholangiocytes, provide support for the cholangio-
cyte-protective effect of A3907.

The robust hepatoprotective effects of A3907 were
corroborated in BDL mice, a model of obstructive
cholestasis where the enterohepatic circulation of BAs
is blocked. A3907 evoked profound urinary excretion of
BAs in BDLmice.We estimated that the urinary excretion
of BAs following A3907 administration to BDL mice may
reach levels of up to 10 µmol/d, which is reflected by
reductions in serum and biliary BA levels. As a result of
the marked renal clearance of BAs, hallmarks of severe
progressive cholestatic liver injury in BDL mice, including
acute obstructive jaundice and hepatic necroinflamma-
tion, were partially reversed following A3907 treatment.
Furthermore, A3907 also suppressed the extreme
elevations of circulating liver enzymes, BAs, total
bilirubin, and cholesterol in this model. These results
provide strong evidence about the promising transla-
tional potential of A3907 in conditions where the bile flow
is physically blocked, like situations of common bile duct
stenosis or distal cholangiocarcinomas.

Interestingly, measurable concentrations of A3309
were also detected in serum of BDL mice treated with
3 mg/kg/d dose of this compound, probably as a result of
increased intestinal permeability following BDL
surgery.[39] However, A3309 proved significantly less
effective in relieving systemic BA overload and improving
pathophysiological hallmarks of cholestatic disease.
Most importantly, the systemic exposures of A3309
needed for the observed effects in the BDL mice are far
from the trace levels obtained in humans at therapeuti-
cally relevant doses,[18] suggesting limited translational
potential for the treatment of obstructive forms of

cholestasis. Furthermore, as in Mdr2−/− mice, tran-
scriptomic analysis showed that only A3907 was able
to modulate important hepatic-dysregulated processes
during obstructive cholestasis (BDL), including cell
growth, oxidative stress, lipid metabolism and homeo-
stasis, and xenobiotic metabolism, among others. All
these results are further supported by a previous work
demonstrating that Asbt−/− mice are partially resistant to
BDL-induced liver injury, linked to increased urinary BA
excretion and consequently lower systemic BA levels.[40]

Phase I studies demonstrated that A3907 is well
tolerated and shows favorable pharmacokinetics at
pharmacologically active doses. Accordingly, A3907
reduced postprandial circulating levels of conjugated
BAs and dose dependently increased serum C4
levels, a marker of BA synthesis downstream of
CYP7A1[41] in healthy human subjects (and in normal
mice). Increases in circulating C4 levels are an
expected compensatory response to ASBT inhibition
that has been observed for most gut-restricted ASBT
inhibitors in healthy humans. However, unlike other
inhibitors, well-tolerated oral doses of A3907 in
humans resulted in plasma levels resembling those
observed at therapeutically effective doses in exper-
imental models of cholestasis.

ASBTis have emerged as promising drugs to
expand the currently limited pharmacological toolbox
for the treatment of cholestasis. Both locally
acting[31,32] and systemic ASBTis have shown to
improve cholestatic liver injury in Mdr2−/− mice.
However, the therapeutic efficacies reported in these
studies are not comparable due to methodological
differences. Although A3907 and A4250 were inves-
tigated in adult (8 weeks) mice and treatment was
extended over 4 weeks,[32] experiments with SC-435
were conducted in younger animals (4 weeks) treated
for a shorter period (2 weeks).[31] Moreover, the range
of doses employed was different between studies.
Therefore, future investigations including direct com-
parisons between locally acting and systemic ASBTis
in different experimental models of cholestasis (not
only in BDL mice) will provide further insights on their
therapeutic similarities and differences. Finally, the
translation of preclinical results into human cholestatic
situations should be interpreted with caution due to
intrinsic limitations of experimental models to resemble
the complex and heterogeneous scenario of human
cholestatic disorders.[42,43]

In conclusion, A3907 is the first oral systemic ASBT
inhibitor that acts at the level of the intestine, liver, and
kidney to robustly attenuate cholestatic liver damage
in experimental models. Our data indicate that the
unique systemic nature of A3907, compared with
intestinally restricted ASBTis, represents an opportu-
nity for the treatment in clinical manifestations where
the bile flow is physically blocked (eg, common
bile duct stenosis or distal cholangiocarcinomas),
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providing new avenues for treatments. Furthermore,
the cholangiocyte-targeting and protection capacity of
A3907 may be valuable to improve outcomes for
patients suffering from cholangiopathies such as
primary biliary cholangitis and primary sclerosing
cholangitis. Importantly, the A3907 exposures
achieved in healthy subjects were comparable to
those required for attaining therapeutic effects in
animal models of cholestasis, suggesting translational
potential. Further clinical studies will be needed to
determine the efficacy, safety, and optimal dosing
regimens of A3907 in patients with chronic cholestatic
liver disease such as primary biliary cholangitis and
primary sclerosing cholangitis.
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