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ABSTRACT

Fluorophore-coupled bile acids (BA) represent an important tool for intravital analysis of BA flux in animal mod-
els of cholestatic diseases. However, addition of a fluorophore to a BA may alter transport properties. We devel-
oped and validated a 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole-coupled taurocholic acid (38-NBD-TCA) as a probe
for intravital analysis of BA homeostasis. We compared transport of 3p-NBD-TCA to [3H]-TCA in HEK293 cells
stably expressing the mouse hepatic or renal BA carriers mNtcp or mAsbt, respectively. We also studied
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distribution kinetics intravitally in livers and kidneys of anesthetized wildtype and mOatpla/lb cluster knockout
mice (OatpKO) with and without administration of the Ntcp inhibitor Myrcludex B and the ASBT inhibitor
AS0369. In vitro, 33-NBD-TCA and [3H]-TCA showed comparable concentration- and time-dependent transport
via mNtcp and mAsbt as well as similar inhibition kinetics for Myrcludex B and AS0369. Intravital analysis in the
livers of wildtype and OatpKO mice revealed contribution of both mNtcp and mOatpla/lb in the 33-NBD-TCA
uptake from the sinusoidal blood into hepatocytes. Combined deletion of mOatpla/lb and inhibition of mNtcp by
Myrcludex B blocked the uptake of 33-NBD-TCA from sinusoidal blood into hepatocytes. This led to an increase
of 3B-NBD-TCA signal in the systemic circulation including renal capillaries, followed by strong enrichment in a
subpopulation of proximal renal tubular epithelial cells (TEC). The enrichment of 3-NBD-TCA in TEC was
strongly reduced by the systemic ASBT inhibitor AS0369. NBD-coupled TCA has similar transport kinetics as
[3H]-TCA and can be used as a tool to study hepatorenal BA transport.

Keywords: Ntcp, OATP, ASBT, cholestasis, cholemic nephropathy

A. Structure of 33-NBD-TCA B. Bile acid (BA) transport through the liver and kidneys in normal mice
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Figure 1. Graphical abstract
INTRODUCTION well as renal capillaries, tubular lumen, and

tubular epithelial cells of the kidney (Ghallab

e et al., 2024; Koeppert et al., 2021). Intravital
opened new possibilities to study the uptake L .
and secretion process of endogenous metabo- 2-photon imaging depends on the detection of

lites (Ghallab et al., 2021a, b, 2022; Hassan the fluorescence signal of the studied com-
2016; Reif et al., 2017; Remetic et al.,, 2022)  Pound. Only a few metabolites and xenobiot-
and ’xenobiotics’, (Gh:alllab ot al ,2021b' ics show sufficient autofluorescence for this

Hassan et al., 2022, 2024). This technique al- technique (Qhallqb et aI.,_2021a). For most
lows the time-resolved analysis of tissue com- substances, intravital imaging depends on the

partments, such as the sinusoidal (blood), coupling of the analyzed metabolites to fluor-

. : hores (Marques et al., 2015; Wang et al.,
hepatocellular and bile canalicular compart- P .
mfnts of the liver (Ghallab et al., 2022p) as 2024). However, addition of a fluorophore

Recently, intravital 2-photon imaging
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affects the structure and physicochemical
properties of the metabolite and thereby may
influence transport properties by cellular car-
riers.

Intravital imaging of bile acids (BA) al-
lowed the direct visualization of pathomecha-
nisms of cholestatic diseases, such as the
paracellular leakage of BA from canaliculi
into sinusoidal blood (Ghallab et al., 2022),
apical hepatocyte membrane rupture events in
bile infarcts (Ghallab et al., 2019) or BA en-
richment in renal tubular epithelial cells
(TEC) (Ghallab et al., 2024). Several fluoro-
phore-coupled BA, where the fluorescent sub-
stance is coupled to the BA side chain, have
been previously introduced to study the enter-
ohepatic transport of BA (Holzinger et al.,
1997; Maglova et al., 1995; Milkiewicz et al.,
2001; Rohacova et al., 2009; Schramm et al.,
1991; Stieger, 2022). Also, for the analyzed
3B-NBD-TCA, efficient hepatobiliary excre-
tion in a rat in situ liver perfusion model has
previously been shown, comparable to the
parent TCA (Petzinger et al., 1999; Schramm
et al., 1991). However, to our knowledge de-
tailed analysis of the respective transporters
for these BA acid derivatives to validate their
use for intravital imaging is lacking. A valida-
tion of fluorophore-coupled BA for intravital
imaging requires an in vitro quantitative com-
parison of the transport characteristics for the
transporters of interest by using the native and
fluorophore-coupled BA molecules. Moreo-
ver, a validation in vivo is required to guaran-
tee that the fluorophore-coupled BA shows
similar systemic kinetics and transporter de-
pendencies as the native BA. Leuenberger et
al. (2021) characterized the transport proper-
ties of cholic and chenodeoxycholic acid after
conjugating small organic dyes to the side
chain and showed that they were transported
by OATPs, but they are not substrates of Ntcp
or ASBT, the main BA uptake transporters in
the liver and gut, respectively. Moreover, the
widely used fluorescent BA analogue, cholyl-
L-lysyl-fluorescein (CLF), is also a substrate
for OATPs and MRP2 but not for Ntcp or
ASBT(de Waart et al., 2010). The goal of the
present study was to investigate the transport

of a 4-chloro-7-nitrobenzo-2-oxa-1,3-dia-
zole-coupled taurocholic acid (3-NBD-
TCA) in vitro and in vivo to validate it as a
probe for intravital analysis of BA homeosta-
sis in the entero-nephro-hepatic circulation.
We focused on the hepatic mouse BA trans-
porters mNtcp (Na+/taurocholate co-trans-
porting polypeptide, gene symbol Slc10al)
and mOatpla/lb (organic anion transporting
polypeptides from the Oatpla and 1b subfam-
ilies, gene cluster symbol Slcola/lb) that to-
gether are responsible for the uptake of con-
jugated BA from sinusoidal blood into
hepatocytes (Slijepcevic et al., 2017). In addi-
tion, we analyzed the role of the mouse trans-
porter mAsbt (apical sodium-dependent bile
acid transporter, gene symbol Slc10a2) that
besides its role for BA uptake into cholangio-
cytes in the liver and ileal enterocytes in the
intestine, is also responsible for uptake of BA
from the renal tubule lumen into TEC (Chris-
tie et al., 1996; Craddock et al., 1998; Lack,
1979).

MATERIALS AND METHODS

Chemicals

All chemicals, unless otherwise stated,
were purchased from Sigma-Aldrich (St.
Louis, MO, USA). [3H]-labeled taurocholic
acid ([®H]-TCA, 20 Ci/mmol, 0.09 mCi/mL)
was purchased from PerkinElmer Life Sci-
ences (Waltham, MA, USA).

Cloning of mouse Abst (mAsbt) and mouse
Ntcp (mNtcp)

RNA was isolated from mouse ileum and
liver and reverse transcribed to cDNA with
SuperScript 111 Reverse Transcriptase (Invi-
trogen) as reported before (Geyer et al.,
2007). The organ samples represent surplus
material from a former animal study that has
been approved by the local regulatory author-
ity (Regierungspraesidium Giessen) with the
reference number V54-19 ¢ 20 15 h 02 Gl
20/23 Nr. A8/2013 (Bakhaus et al., 2018).
The full open reading frames for mAsbt and
mNtcp were amplified using Phusion Flash
PCR Master Mix (F-548, Thermo Scientific)
with the following primers: 5’-ATA AAG
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CTT GCC ACC ATG GAT AAC TCC TCT
GTC TG-3’ forward and 5’-ATA CTC GAG
CTA CTT ATC GTC GTC ATC CTT GTA
ATC CTT CTC ATC TGG TTG AAA TCC
CTT GTT TGT-3’ reverse for mAsbt, and 5°-
ATA AAG CTT GCC ACC ATG GAG GCG
CAC AAC GTA TC-3’ forward and 5’-ATA
CTC GAG CTA CTT ATC GTC GTC ATC
CTT GTA ATC ATT TGC CAT CTG ACC
AGA GTT CAG GCC ATT-3’ reverse for
mNtcp. Via the reverse primers the FLAG-
epitope (FLAG sequence underlined) was in-
troduced in-frame at the 3’ end of the carrier
constructs. PCR amplification was performed
on a peqSTAR XS PEQLAB PCR cycler for
30 cycles under the following conditions: ini-
tialization for 5 min at 95 °C, denaturation for
30 s at 95 °C, annealing for 30 s at 60 °C, ex-
tension for 90 s at 72 °C, final elongation for
5 min at 72 °C and final hold at 8 °C. After
amplification the PCR products of 1029 bp
(mAsbt) and 1102 bp (mNtcp) were separated
by 1 % agarose gel electrophoresis (Supple-
mentary Figure 1) and the appropriate bands
were excised and purified with the GeneJET
PCR Purification Kit (#K0702, Thermo Sci-
entific). The PCR products were then cloned
into the pcDNADS expression vector (Invitro-
gen) via restriction sites Hindl1l and Xhol. Fi-
nal constructs (mNtcp-FLAG and mAsbt-
FLAG) were sequence verified by DNA se-
guencing (Seglab Microsynth).

Generation of mNtcp-HEK293 and mAsbt-
HEK293 stable cell lines

T-Rex Flp-In HEK293T cells (Thermo
Fisher Scientific, Waltham, MA, USA) were
used to generate stably transfected tetracy-
cline-inducible HEK293 cell lines that ex-
press the mNtcp-FLAG and mAsbt-FLAG
proteins, respectively, after treatment with
tetracycline. Briefly, the pcDNA5 mNtcp-
FLAG and mAsbt-FLAG constructs were co-
transfected with the Flp recombinase coding
plasmid pOG44 (Invitrogen, Carlsbad, CA,
USA). Stable integration of the expression
plasmid was achieved through homologous
recombination at the FlIp recombinase target
(FRT) site in the plasmid and cell genome.

Stable cell clones were selected for hygromy-
cin (150 pg/mL) resistance for several weeks.
The parental cell line and all stable cell clones
were maintained at 37 °C, 5 % CO», and 95 %
humidity in DMEM/F-12 medium (PAA,
Pasching, Germany) supplemented with 10 %
fetal calf serum, 4 mM L-glutamine (PAA,
Pasching, Germany) and penicillin/strepto-
mycin (PAA, Pasching, Germany). Proper in-
tegration of the mNtcp-FLAG and mAsbt-
FLAG constructs into the HEK293 cell ge-
nome was verified by Sanger sequencing (Mi-
crosynth AG, Balgach, Switzerland) and
MRNA expression of the transgene was veri-
fied by PCR amplification (Supplementary
Figure 1) and immunofluorescence staining.
The resulting stable cell lines are further re-
ferred to as mNtcp-HEK and mAsbt-HEK, re-
spectively.

Immunofluorescence detection of mAsbt-
FLAG and mNtcp-FLAG expression in
HEK?293 cells

The mNtcp-HEK and mAsbt-HEK cells
were seeded (1.0 x 10* per well) into 8-well
p-slides (80826; IBIDI, Graefelfing, Ger-
many) coated with poly-L-lysine. Expression
of the recombinant proteins was induced by
tetracycline treatment (1 pg/mL) for 72 h.
Then, cells were fixed for 15 min with 3 %
paraformaldehyde (PFA) at room tempera-
ture. Thereafter, cells were washed with PBS
(137 mM NaCl, 2.7 mM KCI, 1.5 mM
KH2PO4, 7.3 mM NaxHPO4, pH 7.4, 37 °C)
and consequently permeabilized in the pres-
ence of 0.2 % triton X for 30 min. After wash-
ing, cells were blocked with 5 % bovine se-
rum albumin in PBS for 30 min at room tem-
perature. For detection of the FLAG-tag,
mNtcp-HEK and mAsbt-HEK cells were in-
cubated with an anti-FLAG antibody (1:300
dilution; produced in rabbit; Sigma #F7425;
0.8 mg/ml stock) for 1 h at 37 °C. After wash-
ing three times, cells were incubated with the
secondary anti-rabbit antibody (1:800 dilu-
tion; produced in goat; 1gG-Alexa Flour488;
Life Technologies; 2mg/ml stock) and the nu-
cleus dye Hoechst (1:1000) for 1 h at 37 °C
protected from light. After washing three
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times with PBS, immunofluorescence studies
were performed at room temperature on an in-
verted Leica DM5500 fluorescence micro-
scope. Images were generated using at 63x
and 40x resolution with green (488 nm) and
blue (352 nm) filter sets, respectively.

Synthesis of 38-NBD-TCA

The 3B-NBD-TCA (7a,12a-dihydroxy-
3B-[(7-nitro-2,1,3-benzoxadiazol-4-
yl)amino]-5p-oxocholan-24ylJamino]ethane
sulfonic acid) was prepared from cholic acid.
In the first step BA S1 was converted to the
respective methyl ester utilizing thionyl chlo-
ride in methanol (Figure 2). Esterification was
followed by selective mesylation of the hy-
droxy group in position 3 in 88 % yield. Se-
lectivity is hereby presumed to be given due
to an increased steric hindrance of the remain-
ing hydroxy groups in position 7 and 12 as
well as their axial orientation (Zhao and
Zhong, 2005). Conversion of mesylate S2 to
the corresponding azide S3 by Sn2 using so-
dium azide led to inversion of stereochemis-
try. Then, Staudinger reduction resulted in
primary amine formation in an excellent
yield. The following introduction of the chro-
mophore was achieved by nucleophilic aro-
matic substitution (SnAr) of 4-chloro-7-nitro-
benzo-2-oxa-1,3-diazole (NBD) in methanol
to give S5 with a 74 % yield. SnAr was herein
promoted by the electron withdrawing nitro
group. Saponification followed by peptide
coupling to the unmodified amino sulfonic
acid taurine S8 using TBTU and HOBt led to
the formation of S7. Unfortunately, purifica-
tion of the respective taurocholate proved dif-
ficult due to its high polarity and water solu-
bility. Hence, taurine was protected as the tri-
fluoro ethanol sulfonic acid ester. Boc protec-
tion of the primary amine and chlorination
followed by in situ esterification of the sul-
fonic acid utilizing trifluoro ethanol generated
the protected taurine S10. The Boc protection
group was then removed under acidic condi-
tions. Peptide coupling of S11 to 33-NBD
cholic acid S5 and deprotection of the sul-
fonic acid ester then generated the desired

product 3p-NBD-TCA S7 with an overall
yield of 11 % over 8 steps.

Transport experiments with 34-NBD-TCA
and [3H]-TCA in mAsbt-HEK and mNtcp-
HEK cells

Qualitative transport experiments were
performed in mNtcp-HEK and mAsbt-HEK
cells with the fluorescent BA 4-nitrobenzo-2-
oxa-1,3-diazole taurocholic acid (3p-NBD-
TCA) over 10 min in sodium-containing
transport buffer as previously reported
(Lowjagaetal., 2021). Fluorescence was cap-
tured by Leica DMI6000 B inverted fluores-
cent microscope at 10x magnification and an-
alyzed by using the LAS X software (Leica,
Wetzlar, Germany). Quantitative transport
measurements were performed with 33-NBD-
TCA or [*H]-TCA in the mNtcp-HEK and
mAsbt-HEK cells as reported before (Geyer
etal., 2007; Lowjaga et al., 2021). Briefly, the
cells were seeded into polylysine-coated 96-
well plates and induced by tetracycline (1
pg/mL). After 72 h, growth medium was as-
pirated and each well was rinsed three times
with 0.5 mL of incubation buffer (Hanks’ bal-
anced salt solution [HBSS] buffer supple-
mented with 20 mM HEPES, pH 7.4) and in-
cubated for at least 20 min at 37 °C. The in-
cubation buffer (further referred to as
transport buffer) was removed and 200 pL of
incubation buffer, containing 33-NBD-TCA
or [*H]-TCA, was added to each well and in-
cubated at 37 °C for 10 min. After incubation,
the uptake was terminated by aspirating the
reaction mixture and washing the cells three
times with 0.4 mL of ice-cold PBS. For the
3B-NBD-TCA, cell-associated fluorescence
was directly measured by Glomax fluores-
cence reader (Promega) at 488 nm. In the case
of [3H]-TCA, cells were solubilized with 0.6
mL of 1 N NaOH overnight. Cell-associated
radioactivity of the [*H]-TCA was measured
after the addition of 2.5 mL of Rotieco plus
scintillation cocktail (Carl Roth, Karlsruhe,
Germany) in a Tri-Carb 2910 TR scintillation
counter (Perkin Elmer, Waltham, MA, USA).
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Figure 2: Synthesis of 3-NBD-TCA: a) SOCI2, dry MeOH, 0 °C — rt, 18 h; b) EtsN, CH3SO:Cl, dry DCM, 0 °C, 2 h; c¢) NaNs, dry DMF, 80 °C, 48 h; d) PPhs,
H20, THF, 50 °C, 18 h; e) NBDCI, NaHCO3z, MeOH, 50 °C, 18 h; f) 2N LiOH, MeOH, 40 °C, 3 h; g) EtsN, TBTU, HOBt, dry DMF, 45 min, then S11 in DMF, rt,
18 h; h) 2N NaOH in MeOH, DCM, rt, 3 h; i) 40 % ag. nBusNOH in H20, Boc20, acetone, rt, 18 h; j) (COCI)z in dry DCM, dry DMF, 0 °C, 1 h, then EtsN,
CF3CH20H in dry DCM, rt, 18 h; k) TFA, DCM, rt, 4 h.
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Mice and treatments

Male 8-10-week-old mOatpla/lb cluster
knockout mice, further referred to as Oatp<®
mice (Taconic Biosciences, USA; Cat. No.
10707-M; FVB.129P2-Del(Slcolb2-Sicolab)
1Ahs) and corresponding wild-type mice (Ta-
conic Biosciences, USA; Cat. No. FVB-M)
were used. The mice were housed under
standard conditions with free access to feed
(Ssniff, Soest, Germany) and water. All ex-
periments were approved by the local animal
welfare committee (LANUV, North Rhine-
Westphalia, Germany, application number:
84-02.04.2016.A279). Myrcludex B (5 mg/
kg) was administered intravenously 30 min
before imaging. AS0369 (60 mg/kg) was ad-
ministered orally by gavage 2 h before imag-

ing.

Intravital imaging

Functional intravital imaging of 33-NBD-
TCA transport in mouse liver and kidney was
performed using a two-photon microscope
(Zeiss, Germany) as previously described
(Ghallab et al., 2024). Tail vein bolus injec-
tions of the nuclear marker Hoechst 33258
and the mitochondrial membrane potential
marker tetramethylrhodamine, ethyl ester
(TMRE) was administered ~15 min before the
start of recordings to visualize the liver and
kidney morphology. To analyze the flux of
3B-NBD-TCA in the liver and kidneys, a bo-
lus (50 pg/mouse for the liver experiments;
100 pg/mouse for the kidney experiments)
was administered in the tail vein via a mouse
catheter (SAl-infusion, IL, USA) a few sec-
onds after the start of recordings.

Image analysis

As preprocessing for quantification of in-
travital imaging, rigid-body registration was
performed using StackReg (Thevenaz et al.,
1998) to compensate for tissue motion (e.g.,
due to respiration and heartbeat) in the time
series. Two-dimensional projections were
created from these stabilized videos by z-pro-
jection using the average, sum, maximum,
and standard deviation operators. The auto-
context segmentation workflow of the ilastik

interactive image segmentation software (ver-
sion 1.3.3postl) (Berg et al., 2019) was used
to segment the tissue compartments in these
2D projections. Compartments considered for
liver encompassed sinusoids, cells, and bile
canaliculi and for the kidney included perit-
ubular capillaries and TMRE+/- tubular cells.
Mean raw 3B-NBD-TCA green intensities
were measured per compartment and frame.
Additionally, in kidney time series the mean
3B-NBD-TCA signal in the TMRE+ cell com-
partment was measured per tubule, and tu-
bules were subsequently separated into two
groups based on their maximum mean 3f-
NBD-TCA intensity over time using k-means
clustering.

Immunohistochemistry

Triple co-staining of AQP1 (aquaporin-1;
a marker of proximal TEC), TSC (thiazide
sensitive NaCl cotransporter; a marker of dis-
tal tubules), and mAsbt was performed in 4
pum-thick PFA (4 %)-fixed paraffin-embed-
ded kidney tissue sections using the Discov-
ery Ultra Automated Slide Preparation Sys-
tem, as previously described (Ghallab et al.,
2024).

Statistical analysis

Data were analyzed using GraphPad
Prism 10.0.0 Software. Statistical analysis
was done using Unpaired t test, as indicated
in the figure legends.

RESULTS

Synthesis and analysis of the transport
properties of 34-NBD-TCA

Several BA analogs have previously been
developed where small fluorophores such as
NBD or DBD ([1,3]dioxolo[4,5]benzodiox-
ole) were coupled to the BA side chain (De
Bruyn et al., 2014; Leuenberger et al., 2021;
Maglova et al., 1995). In the present study we
coupled NBD at the 3pB-position of tau-
rocholic acid to generate 33-NBD-TCA (Fig-
ure 2), a fluorescent BA that showed previ-
ously efficient hepatobiliary excretion in a rat
in situ liver perfusion model, comparable to
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parent TCA (Petzinger et al., 1999; Schramm
etal., 1991). Although present in all naturally
occurring BAs, transport and pharmacophore
modeling studies had shown that BA can be
modified at the 3-hydroxy group without sig-
nificantly impairing substrate recognition by
BA transporters (Baringhaus et al., 1999;
Kramer et al., 1999; Petzinger et al., 1999).
To address the question of how addition of an
NBD-group at the 3-hydroxy position may af-
fect the transport properties of TCA, we used
HEK cells stably expressing mouse Ntcp
(mNtcp) and ASBT (mAsbt) to compare the
time- and concentration-dependent transport
of 3B—NBD-TCA versus [°H]-TCA and the
ICso of specific BA transporter inhibitors
(Figures 3, 4). The FLAG-tagged mNtcp and
mAsbt proteins were clearly detected in the
plasma membrane as demonstrated with anti-
FLAG immunofluorescence  microscopy
(Figure 3A). Both cell lines, mNtcp-HEK and
mAsbt-HEK, showed sodium-dependent
transport 3B-NBD-TCA (Figure 3B). The
mNtcp-HEK cells showed nearly identical
time-dependent (up to 30 min, Figure 4A) and
comparable concentration-dependent uptake
(Figure 4B) of 38-NBD-TCA and [*H]-TCA.
However, 3B-NBD-TCA was transported
with higher affinity (Km = 23.3 pM) com-
pared to [*H]-TCA (Km = 99.3 uM) (Figure
4B). The transport of both substrates was
strictly sodium-dependent (Figure 4A; 4B).
Using the Ntcp inhibitor Myrcludex B, an
ICso of 837 nM was obtained for 33-NBD-
TCA, compared to 568 nM for [3H]-TCA
(Figure 4C). HEK?293 cells stably expressing
mAsbt showed similar time-dependent (up to
30 min; Figure 4D) and concentration-de-
pendent (Figure 4E) uptake of NBC-TCA
compared to [®*H]-TCA. However, compared
to the mNtcp-HEK cells, there seemed to be a
somewhat higher unspecific uptake of 3[3-
NBD-TCA in the absence of sodium (Figure
4D, 4E vs. Figure 4A, 4B) in the mAsbt-HEK
cells. Of note, there was strictly no uptake of
[*H]-TCA in the mAsbt-HEK cells in the so-
dium-free buffer. As for mNtcp, 33-NBD-
TCA showed higher affinity transport (Km =
19.1 uM) compared to [*H]-TCA (Km = 152.6

p1M) (Figure 4B). Regarding transport inhibi-
tion, ICso values for the mAsbt inhibitor
AS0369 were almost identical regardless of
the bile acid used (Figure 4F). Thus, no major
differences in uptake and inhibition kinetics
by mNtcp and mAsbt were observed in vitro
due to the attachment of the NBD-fluorophore
to the TCA molecule using [*H]-TCA as the
reference. Therefore, 33-NBD-TCA was fur-
ther validated by intravital imaging in WT
mice and in mouse models using genetic or
pharmacologic approaches to selectively in-
hibit BA uptake transporters.

Mouse Oatpla/lb and Ntcp are responsible
for 34-NBD-TCA uptake from sinusoidal
blood into hepatocytes

In vivo kinetics of 33-NBD-TCA flux in
the liver sinusoids (blood), hepatocytes and
bile canaliculi were analyzed by intravital im-
aging after tail vein bolus injection and were
quantified using segmented 2-photon videos
(Figures 5,6). In wild-type (WT) mice, 3p-
NBD-TCA associated green fluorescence ap-
peared in the sinusoidal blood within seconds
after injection, followed by uptake into
hepatocytes and secretion into bile canaliculi
(Figure 5A; Suppl. video 1). Administration
of the Ntcp inhibitor Myrcludex B (5 mg/kg)
30 min before 3B-NBD-TCA injection did not
lead to a visible change in hepatocellular up-
take or canalicular secretion of this BA (Fig-
ure 5A; Suppl. video 2). Quantification of flu-
orescence intensity in videos with segmented
sinusoids, hepatocytes and bile canaliculi
confirmed that administration of the Ntcp in-
hibitor did not alter the clearance of 33-NBD-
TCA from sinusoidal blood or the kinetics of
fluorophore appearance in hepatocytes (Fig-
ure 5B).

Since TCA has been shown to be trans-
ported by both mNtcp and organic anion
transporting polypeptide subfamily mOatpla/
1b carriers in WT mice (Slijepcevic et al.,
2017), we repeated the intravital imaging in
OatpX® mice lacking the entire Slcolb2-
Slcola5 gene cluster. Administration of Myr-
cludex B induced a massive change in hepato-
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Figure 6: Kinetics of 33-NBD-TCA in
livers of Oatpk® mice with and without
Myrcludex B administration. A. Stills
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cellular clearance for 3g-NBD-TCA in the
OatpX© mice (Figure 6; Suppl. videos 3 and
4). In OatpX° mice, clearance of 3p-NBD-
TCA from blood into hepatocytes was almost
completely blocked by Myrcludex B. Never-
theless, the very small amount of 33-NBD-
TCA that entered the hepatocytes was rapidly
secreted into the bile canaliculi. These exper-
iments confirm previous results (Slijepcevic
et al., 2017) and demonstrate that both mNtcp
and mOatpla/lb carriers contribute to 3p-
NBD-TCA uptake from sinusoidal blood into
hepatocytes and are able to compensate for
each other under these in vivo conditions.

Inhibition of mNtcp in Oatpla/lb knockout
mice causes an increase of 34NBD-TCA in
renal capillaries and proximal TEC
Recently, it has been shown that choles-
tasis induced by bile duct ligation (BDL) in
mice leads to increased concentrations of BAs
in renal capillaries, enhanced glomerular fil-
tration, increased BA concentration in renal
tubules and increased mAsbt-driven uptake of
BA into proximal TEC (Ghallab et al., 2024).
To study if this can also be observed in the
absence of liver disease in mice, we per-
formed intravital imaging of the kidneys of
OatpX© mice treated with Myrcludex B after
tail vein bolus injection of 33-NBD-TCA and
quantified fluorescence in renal capillaries
and tubular epithelial cells using segmented
2-photon videos (Figure 7; Suppl. videos 5
and 6). Without administration of Myrcludex
B, Oatp*® mice exhibited only a short transi-
ent increase of fluorescence in the renal perit-
ubular capillaries (Suppl. video 5; Figure 7).
In contrast, Oatp® mice treated with Myr-
cludex B exhibited a strong and persistent 3f3-
NBD-TCA signal in renal peritubular capil-
laries (Suppl. video 6; Figure 7). The in-
creased green-fluorescent signal in renal
peritubular capillaries is accompanied by the
uptake of 33-NBD-TCA into some TEC (Fig-
ure 7A; Suppl. video 6) occurring as yellow
fluorescence in the images due to red TMRE
background fluorescence. Upon close inspec-
tion of Suppl. video 6 and Figure 7A (with
Myrcludex B), 3B-NBD-TCA was initially

visualized on the extracellular luminal side of
TEC, which was followed by enrichment in-
tracellularly in some of the red TMRE-posi-
tive cells (Figure 7A, B; Suppl. video 6). This
extracellular luminal enrichment was ob-
served in both the proximal and distal renal
tubular epithelial cells. Taken together, block-
ing of the hepatic BA uptake transporters
causes alternative renal filtration of 33-NBD-
TCA and zonated enrichment in some TEC.

AS0369 inhibits 34-NBD-TCA enrichment
in proximal TEC

In addition to glomerular filtration, it has
been reported that BAs may be excreted in
urine by tubular secretion by proximal tubule
cells. This raises the question of whether the
accumulation of 3B-NBD-TCA in proximal
tubule cells under these conditions is primar-
ily due to ASBT-mediated absorption or due
to other mechanisms such as OAT3-mediated
uptake from the blood. For this purpose, we
first analyzed mAsbt expression in the Oatp<©
mice. Similar to the pattern for 33-NBD-TCA
enrichment of TEC (Figure 8A), a subpopula-
tion of TEC expressed mAsbt at their luminal
side (Figure 8B). Co-immunostaining of the
proximal TEC marker aquaporin 1 (AQP1)
and mAsbt demonstrated that mAsbt was ex-
pressed exclusively in AQP1-positive TEC
(Figure 8B). It should also be noted that not
all AQP1-positive TEC were mAsbt positive;
thus, proximal TEC can be subdivided into
mAsbt positive and negative subpopulations.

To functionally characterize the mAsbt
positive TEC, Myrcludex B-treated Oatp*©
mice received 60 mg/kg AS0369 orally by ga-
vage 2 h before tail vein injection of 33-NBD-
TCA (Figure 9, Suppl. video 7). In contrast to
vehicle controls, AS0369 pre-injected mice
showed strongly reduced enrichment of 3[3-
NBD-TCA in TEC. It should be noted that the
strong and sustained 3p-NBD-TCA signal in
renal capillaries was not influenced by
AS0369 pre-injection (Figure 9). Interest-
ingly, the luminal border of all TEC showed
the green-fluorescent 3p-NBD-TCA signal
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shortly after administration but the uptake
into the cells (TMRE positive) was blocked
(Figure 9A-C) after ASBT inhibition with
AS0369.

DISCUSSION

In the present study, we validated NBD-
coupled taurocholic acid (3p-NBD-TCA) for
intravital imaging of hepatorenal transport of
BA. In vitro, similar transport properties of
3p-NBD-TCA were observed for mNtcp and
mAsbt compared to a radioactively labeled
[*H]-TCA, demonstrating that the fluoro-
phore did not alter transport kinetics to a rele-
vant extent. For mNtcp expressed in HEK293
cells, a K value of 99.3 uM was measured
for [®H]-TCA in the present studies, compara-
ble to a previous study on mNtcp expressed in
Xenopus laevis oocytes (Km = 86 pM)
(Cattori et al., 1999). This high K, value can
be explained by the high-capacity transport of
[*H]-TCA in the mNtcp-HEK and in the
mAsbt-HEK cells that was not yet completely
saturated at very high substrate concentra-
tions of 400 pM. In contrast, 33-NBD-TCA
showed saturated transport kinetics at sub-
strate concentrations up to 200 uM and lower
Km values for mNtcp and mAsbt of 23.3 uM
and 19.1 pM, respectively. Of note, up to a
substrate concentration of 50 uM that is con-
sidered the relevant concentration range in the
in vivo studies, concentration-dependent
transport of [*H]-TCA and 33-NBD-TCA was
nearly identical. In vivo in mice, only a com-
bination of both, knockout of the hepatic
mOatpla/lb carriers in OATPKC mice plus
pharmacological inhibition of mNtcp com-
pletely blocked the uptake of 33-NBD-TCA
from blood into hepatocytes. Inhibition of
mNtcp in WT mice or knockout of the
mOtapla/lb carriers without mNtcp inhibi-
tion did not lead to relevantly altered kinetics.
This observation confirmed the data of a pre-
vious study (Slijepcevic et al., 2017). An in-
teresting finding was that the increase of 3p-
NBD-TCA in the systemic circulation after
combined mOatpla/lb deletion and mNtcp
inhibition led to enhanced glomerular filtra-
tion and to 3B-NBD-TCA enrichment in a

subpopulation of proximal TEC. The enrich-
ment of the fluorophore-coupled TCA was al-
most completely blocked by the systemically
available ASBT inhibitor AS0369. These re-
sults align with a previous study, where cho-
lestasis was induced by ligation of the com-
mon bile duct (Ghallab et al., 2024) and the
subsequent bile acid uptake and damage was
prevented by AS0369.

An unexpected observation was the en-
richment of 33-NBD-TCA at the luminal side
of both proximal and distal TEC. This enrich-
ment did not overlap with the region of mito-
chondrial staining by TMRE, suggesting that
3p-NBD-TCA bound to extracellular struc-
tures. This would agree with the observation
that the luminal enrichment of 33-NBD-TCA
was also seen under conditions of mAsbt in-
hibition with compound AS0369, which effi-
ciently prevented uptake of 3p-NBD-TCA
into the cytoplasm of proximal TEC. A possi-
ble interpretation may be that BA are bound
by extracellular structures attached to the lu-
minal membrane of TEC (both proximal and
distal). This may lead to increased local BA
enrichment so that mAsbt can work under
conditions of high substrate concentrations.
The site of accumulation of 33-NBD-TCA at
the extracellular luminal space of TEC should
not be misinterpreted as the brush-border,
which represents the microvillus-covered sur-
face of the epithelial cells and is only ob-
served for proximal (and not distal) TEC. In
contrast, the enrichment of 33-NBD-TCA at
the luminal side was observed for both proxi-
mal and distal tubules and must, therefore, be
due to a mechanism which exists in all (prox-
imal and distal) TEC.

Cholestatic liver diseases require effective
therapies to reduce the increased burden of
death and liver transplantation (Beuers et al.,
2015; Fuchs and Trauner, 2022; Trauner and
Fuchs, 2022). An important component in the
development of new therapies are animal
models of cholestasis (Mariotti et al., 2019;
Perlman, 2016; Rosenthal and Brown, 2007).
Among the existing models, bile duct ligation
(BDL) has been the first and probably most
extensively used technique (Caballero-
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Camino et al., 2023; Gee et al., 2023; Ghallab
et al., 2019; Tag et al., 2015). Other genet-
ically modified mouse strains are also availa-
ble, such as the Mdr2” (Abch4”) mice that
have been used as a model of sclerosing chol-
angitis (Fickert and Wagner, 2017; Moncsek
et al., 2018) or genetic mouse models of Ala-
gille syndrome (Adams et al., 2020;
Hankeova et al., 2021; Niknejad et al., 2023).
Moreover, several progressive cholestatic an-
imal models induced by toxicants are used,
such as 3,5-diethoxycarbonyl-1,4-dihydro-
collidine (DDC) (Slijepcevic et al., 2017,
Wang et al., 2022) or alpha-naphthyl isothio-
cyanate (ANIT) (Greenman et al., 2024; San-
tamaria et al., 2019). These models have in
common that besides increasing BA concen-
trations in the systemic circulation, they also
damage liver tissue (Ghallab et al., 2019). For
example, damage associated molecular pat-
terns (DAMPs) (Hao et al. 2017; Woolbright
et al., 2013) and cytokines (Ommati et al.,
2023; Pefa-Rodriguez et al., 2022) are re-
leased in response to injury and may contrib-
ute to the liver disease. For several non-he-
patic complications of cholestatic liver dis-
ease, for example cholemic nephropathy- a
severe and often fatal complication of several
liver diseases with an unmet need for therapy
(Krones et al., 2018; Mandorfer et al., 2023;
Simbrunner et al., 2021)- the specific contri-
bution of different mediators released from
the cholestatic liver, such as BA, DAMPs or
cytokines still needs to be clarified (Fickert,
2024; Fickert and Rosenkranz, 2020; Krones
et al., 2018). To develop optimal targeted
therapeutic strategies, it is important to know
if BA alone are responsible for the systemic
adverse effects or if BA synergize with other
inflammatory mediators. If BA represent the
only pathophysiological principle, treatment
with a systemic ASBT inhibitor that causes
urinary excretion and systemic reduction of
BA (Ghallab et al., 2024) should be sufficient;
if inflammatory mediators contribute, the
ASBT inhibitor should be combined with
anti-inflammatory drugs. The here validated
probe for spatio-temporal intravital analysis
of BA transport offers excellent technical

possibilities to understand hepato-renal BA
homeostasis in health and disease. Moreover,
the mouse model used in the present study,
namely Myrcludex B-treated Oatp® mice
(briefly referred to as Oatp-Ntcp-model) rep-
resents a suitable genetic/pharmacological
tool to study the specific contribution of BA
to systemic complications of cholestatic liver
diseases. The intervention is well-defined,
since the substrate specificity of the BA trans-
porters mNtcp and mOatpla/lb in mice is
known (Geier et al., 2003; Orozco et al.,
2023) and the deletion of mOatpla/lb to-
gether with the inhibition of mNtcp leads to
an increase of a specific spectrum of BA
(Donkers et al., 2020; Slijepcevic et al.,
2017). Importantly, the required intervention
(the injection of Myrcludex B) does not in-
duce damage to liver tissue so that the Oatp-
Ntcp model allows the specific analysis of the
consequences of increased conjugated BA,
without the additional influence of DAMPs
and cytokines. In contrast, the integrated ef-
fect of all cholephiles (e.g., BA plus DAMPs
plus cytokines) can be studied with the BDL
mouse model. It should also be considered
that the required injection of Myrcludex B in
the Oatp-Ntcp mouse model induces much
less pain, suffering and damage than the sur-
gical intervention required for BDL, long-
term administration of toxicants, or the breed-
ing of genetically modified animals with a
disease phenotype, such as Mdr2-/- mice. Im-
portantly, the here applied OATPK mice do
not show any spontaneous adverse health ef-
fects, since the loss of the mOatpla/lb func-
tion regarding hepatic BA transport is com-
pensated by mNtcp. Although not yet studied,
this model allows for studies of long-term
pharmacological inhibition of mNtcp in
OATPK® mice and the secondary conse-
quences of long-term elevations of serum BA.
However, for mechanistic studies the here ap-
plied short term experiment is sufficient,
since, e.g., the intravitally detectable accumu-
lation of BA in TEC — an early critical mech-
anism in the pathophysiology of cholemic
nephropathy (Ghallab et al., 2024) — is al-
ready active immediately after mNtcp inhi-
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bition. Thus, therapeutic interventions, such
as transporter inhibition and antioxidative
agents can already be studied in short-term
experiments.

It should be considered that the hepatic
BA transport is different between mice and
human. While Ntcp inhibition or knockout in
mice seems to be compensated by increased
BA uptake via the hepatic mOatps, humans
with genetic Ntcp deficiency show remarka-
ble and persistent hyperchloremia at least in
younger patients (Qiu et al., 2017). In addi-
tion, Myrcludex B treatment in humans leads
to increased serum BA levels, indicating that
the human OATPs are not efficient in hepatic
BA uptake to compensate for Ntcp defi-
ciency/inhibition (Blank et al., 2016). The
mouse/human hepatic Oatps/OATPs from the
la/lb subfamilies are different. In human
liver, OATP1B1, OATP1B3 are expressed
(Kopplow et al., 2005), in the mouse liver
Oatplal, 1a4, and 1b2 are expressed (van de
Steeg et al., 2010).

A limitation of the here presented Oatp-
Ntcp mouse model is that besides BA plasma
bilirubin is also increased due to deletion of
the hepatic mOatpla/lb carriers that are in-
volved in hepatic bilirubin uptake (Li et al.,
2023; van de Steeg et al., 2010). Therefore,
additional efforts would be needed, when it is
important to differentiate between BA- and
bilirubin-mediated pathomechanisms. In this
case OATPKO mice are important as addi-
tional control that show increased plasma bil-
irubin without enhancing BA levels (Li et al.,
2023).

In conclusion, the Oatp-Ntcp mouse
model allows the analysis of pathomecha-
nisms due to increased BA concentrations in
the systemic blood without the additional in-
fluence of DAMPs and cytokines. In this
model the here validated fluorescent 3p-
NBD-TCA BA derivative represents a valua-
ble surrogate molecule to visualize the
hepatobiliary as well as the renal proximal tu-
bule BA fluxes by intravital imaging.
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