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ABSTRACT

Purpose To synthesize a trifluorinated bile acid that can be
used for '°F magnetic resonance imaging (MRI) of bile acid
enterohepatic circulation, characterize its in vitro transporter
affinity, stability, and '’F-MRI signal, and assess its ability to
concentrate in the gallbladder of C57BL/6 mice.

Methods Target compound CA-lys-TFA was synthesized
and tested for affinity toward the apical sodium dependent
bile acid transporter (hASBT) and the Na+/taurocholate
cotransporting polypeptide (hNTCP). In a pilot study, fasted
mice were gavaged with vehicle control, 150 mg/kg or
300 mg/kg CA-lys-TFA. CA-lys-TFA in gallbladder, liver and
plasma at t=>5 h was quantified. Additionally, a 24-h time course
(24 mice across eight time points) was studied using 50 mg/kg
CA-lys-TFA.

Results CA-lys-TFA was a potent substrate of hASBT (Kt=
39.4 uM, normalized Vmax=0.853) and hNTCP (Kt=
8.99 uM, normalized Vmax=0.281). '’F MRI phantom imaging
showed linear signal-concentration dependence. In vivo studies
showed that rapid accumulation of CA-lys-TFA in the gallbladder
was maximal within 4-7 h.

Conclusions These findings suggest that CA-lys-TFA, a fluori-
nated non-radioactive bile acid analogue, has potential for use in
MRI to measure in vivo bile acid transport and diagnose bile acid
malabsorption and other conditions associated with impaired
bile acid transport.

KEY WORDS apical sodium-dependent bile acid transporter -
bile acid transport - enterohepatic circulation - fluorine MRI -
Na+ /taurocholate cotransporting polypeptide

ABBREVIATIONS
ACN acetonitrile
BAM bile acid malabsorption

CA-lys-TFA  cholic acid-trifluoroacetyl lysine
CGH choloylglycine hydrolase

DMEM dulbecco’s modified Eagle medium
DMF dimethyl formamide

DPBS dulbecco’s phosphate buffered saline
EDTA ethylenediaminetetraacetic acid
EtOAc ethyl acetate

FBS fetal bovine serum

FGFI9 fibroblast growth factor 19

FLASH fast low angle shot

hASBT human apical sodium-dependent
bile acid transporter

H&E hematoxylin and eosin

HBSS Hank's balanced salt solution

HBTU O-benztriazol- | -yloxytris-1, 1,3,3 tetra
methy! uranium hexafluorophosphate

HEK human embryonic kidney

hNTCP Na+ /taurocholate

cotransporting polypeptide
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HOBt hydroxybenzotriazole
IBS irritable bowel syndrome
LC/MS liquid chromatography/mass
spectrometry
MDCK Madin-Darby canine kidney
MFBA multifluorinated bile acid
MRI magnetic resonance imaging
na number of average
PagL aqueous boundary layer permeability
PEG polyethylene glycol
PET positron emission tomography
PMSF phenylmethylsulfony! fluoride
Ps passive permeability
RF radiofrequency
RT room temperature
S substrate concentration
SFB sodium-free buffer
SIF simulated intestinal fluid
with pancreatic enzymes
TEA triethylamine
\ substrate flux
INTRODUCTION

Bile acids are synthesized in the liver as by-products of
cholesterol metabolism, conjugated with glycine or taurine,
and secreted into bile. In humans, mice and other species
containing a gallbladder, bile is stored in that organ untl
release into the small intestine following a meal, where bile
acids aid in lipid digestion. Bile acids are passively absorbed
throughout the small intestine. However, in the terminal
ileum, bile acids are actively absorbed by hASBT
(SLC1042, the human apical sodium dependent bile acid
transporter) into intestinal epithelial cells and then effluxed
by the organic solute transporters (OSTa-OSTp) into the
portal circulation, thereby returning to the liver.

hNTCP (SLC1041, the Na+/taurocholate cotransport-
ing polypeptide) and the organic anion transporting pepti-
des (OATPs), located on the hepatocyte basolateral
membrane, transport bile acids into hepatocytes. hNTCP
accounts for almost all Na+ —dependent hepatic uptake of
bile acids from the portal circulation (1). Bile acids are
subsequently effluxed into bile by the bile salt export pump
(BSEP) and the multidrug resistance associated protein 2
(MRP2).

Opverall, this enterohepatic circulation of bile acids pro-
vides a highly efficient mechanism for their conservation.
Whereas the total human bile acid pool of 2—4 g undergoes
enterohepatic circulation several times each day, only
~0.5 g/day of bile acids are lost in the stool (2,3). Bile acid
malabsorption (BAM) results in excess fecal bile acids that
can cause chronic diarrhea and other colon pathology.

BAM can be attributed to genetic mutations in hASBT
(4,5), ileal disease (c.g. Crohn’s disease) and surgical resec-
tion. Not surprisingly, Asbt-deficient mice have increased
levels of fecal bile acids (6). Alternatively, BAM can also
result from increased hepatic production of bile acids that
overwhelms ASBTT transport capacity (7). It is estimated that
BAM, which is commonly misdiagnosed as irritable bowel
syndrome, is responsible for 30-50% of unexplained
chronic diarrhea (8,9).

In Europe, BAM is commonly diagnosed with a clinical
test using °Se-HCAT, a gamma-cmitting "°Se-labeled syn-
thetic bile acid (10). However, this method has important
limitations; °Se-HCAT emits low levels of radiation and is
not approved for use in the United States—its use is limited
to a few European countries.

Our work is focused on developing ''F MRI as a novel
imaging method to diagnose BAM. Unlike '®F which is used
in positron emission tomography (PET) imaging, "F, the
sole naturally-occurring, stable fluorine isotope, is neither
radioactive nor limited by a short radioactive half-life. ''F
MRI imaging is non-invasive and second to only 'H MRI in
terms of MRI sensitivity. Unlike 'H MRI, which detects
endogenous water signals from the body, '’F MRI benefits
from the absence of background interference (i.e. no back-
ground '"'F in tissues) so it is well suited to image drug
molecules containing fluorine atoms (11). Additionally,
the "F MRI signal is directly proportional to the fluorine
concentration (12).

Since bile acids accumulate in the gallbladder between
meals, as a proof-of-concept we demonstrated previously
that a trifluorinated drug, isoflurane, accumulates in the
gallbladder. We determined the limit of detection of isoflur-
ane by '’F MRI imaging to be approximately 1 mM, equiv-
alent to 3 mM total fluorine atoms (13). In the present
report, our objectives were to synthesize a trifluorinated bile
acid; characterize in vitro its affinity for bile acid transporters,
stability and '"F MRI signal; and measure its ability to
concentrate in the murine gallbladder above the '"F MRI
limit of detection. The findings detailed in this report indi-
cate that the resulting molecule, CA-lys-TFA, possesses
chemical properties that make it a suitable reagent for
vivo studies of bile acid transport using '’F MRIL

MATERIALS AND METHODS

Materials

[BH]—taurocholic acid (10 pCi/mM) was obtained from
American Radiolabeled Chemicals, Inc. (St. Louis,
Missouri). Taurocholate, cholic acid, trifluoroacetyl L-

lysine, rat liver S9 fraction, rat plasma, and choloylglycine
hydrolase from Clostridium perfringens were purchased from
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Sigma Aldrich (St. Louis, Missouri). Geneticin, trypsin,
Dulbecco’s modified Eagle medium (DMEM), and fetal
bovine serum (FBS) were purchased from Invitrogen
(Rockville, Maryland). All other reagents and chemicals
were of the highest purity commercially available.

Methods
Synthesis of Fluorinated Bile Acid

The synthesis of cholic acid-trifluoroacetyl lysine (CA-lys-
TFA) is shown in Fig. 1. Two g cholic acid (4.89 mmol) was
stirred in 15 mL dimethyl formamide (DMF) at room tem-
perature (RT). To this was added 1 eq. (0.68 mL) triethyl-
amine (TEA) and 1 eq. (1.86 g) O-benztriazol-1-yloxytris-
1,1,3,3 tetra methyl uranium hexaflourophosphate
(HBTU). After 15 min, 1 eq. (0.78 g) hydroxybenzotriazole
(HOBt) was added and the mixture was stirred for 4 h. The
resulting product was extracted with 60 mL ethyl acetate
(EtOAc) and washed with 30 mL water (3%), then with
20 mL brine (2%). The EtOAc layer was dried with sodium
sulfate, filtered and solvent was removed by evaporation. An
appropriate MS peak of [M+1] 526.4 was shown and the
activated benzotriazole (OBt) ester of cholic acid was used
without further purification.

One eq. (1.8 g) trifluoroacetyl L-lysine was added to 4 g
activated cholic acid OBt ester and stirred in DMF at RT
for 16 h. The resulting product was extracted with 80 mL
EtOAc, washed with 30 mL water (3%), 20 mL. 1 M HCI
(3%), 30 mL water (3X), and extracted with 30 mL 1 M
NaOH (1X). This aqueous extract was subsequently acidi-
fied to pH 1 using concentrated HCI and extracted into
80 mL EtOAc, then washed with 30 mL water (3%), 30 mL
brine (3%), and the organic layer was dried using sodium
sulfate. The resulting solution was filtered and evaporated to
remove EtOAc. Compound purity was determined by
analysis on a Waters HPLC system consisting of a Waters
1525 binary HPLC pump, Waters 486 tunable absorbance
detector, and a Waters 717 plus autosampler (Waters

Fig. | Cholic acid-trifluoroacety!
lysine (CA-lys-TFA) synthesis.
Cholic acid was first activated

by formation of an OBt

ester, then conjugated to
trifluoroacetyl L-lysine.

Trifluoroacetyl L-lysine
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Corporation, Milford, MA). A Restek column (ultra phenyl,
5 um, 250%X4.6 mm) was used (Restek Corporation,
Bellefonte, PA). Two orthogonal chromatographic methods
were employed: one with methanol-[20 mM ammoniun
formate, 0.5% formic acid, 0.2% triethylamine (pH 3)]
67:33 v/v (14) and the second with 50% ACN, 50% water,
0.1% formic acid. The compound was eluted at a flow rate
of 1.0 mL/min and detected at 218 nm. The methods were
linear over the range of 25 to 200 uM (method one 7°=
0.998, method two 7*=0.961). NMR was acquired using
Varian VNMRS 400 MHz. The target compound TUPAC
name is (S)-6-(2,2,2-trifluoroacetamido)-2-((R)-4-
((3R,55,7R,8R,95,108,12S,13R,14S,17R)-3,7,12-trihydroxy-
10,13-dimethylhexadecahydro-1H-cyclopenta[a] phenanth-
ren-17-yl)pentanamido)hexanoic acid.

Cell Culture

Stably transfected hASBT-MDCK cells were cultured at
37°C, 90% humidity, 5% COs, and fed every 2 days, as
previously described (15). Media consisted of DMEM forti-
fied with 10% FBS, 50 units/mL penicillin and 50 pg/mL
streptomycin. Geneticin (1 mg/ml) was added to maintain
selection pressure. Cells were passaged after reaching 90%
confluency (approximately every 4 days).

Stably transfected hNTCP-HEK cells were cultured as
previously described (16). Briefly, cells were grown at 37°C,
90% humidity, 5% COy, and fed every 2 days. Media
consisted of DMEM fortified with 10% FBS, 1% nonessen-
tial amino acids, 50 units/mL penicillin, and 50 pg/mL
streptomycin. Geneticin (1 mg/ml) was added to maintain
selection pressure. Cells were passaged after reaching 90%
confluency (approximately every 4 days).

Uptake of CA-lys-TFA by hASBT and hNTCP

hASBT-MDCK cells were seeded at a density of 1.5 million
cells/well in 12-well plates (3.8 cm?). On day-four after
seeding and 15 h prior to uptake studies, cells were induced

HOBT, HBTU, TEA
—_—

DMF, RT, 4h

HOY

Cholic acid benzotriazole ester

Zie

H;

HO_ o o, .
0 0 \i/\/\ w
F HN\/\/\)]\ M
%\/ OH DMF, RT, 16 h NH NH
F 09

CA-lys-TFA
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with 10 mM sodium butyrate. hNTCP-HEK cells were
seeded at a density of 0.6 million cells/well in 24-well plates
(2 em?), and were exposed to donor solution 2 days after
seeding. Donor solution consisted of Hank’s balanced salt
solution [HBSS; Sigma Aldrich (St. Louis, Missouri)] or
sodium-free buffer (SFB) and 0-200 uM CA-lys-TFA. SFB
replaced NaCl with 137 mM tetraethylammonium chloride
and was used to determine sodium-independent passive
permeability. Cells were washed three times with either
HBSS or SFB (consistent with donor) and exposed to donor
solution.

After 10 min incubation on an orbital shaker at 37°C for
hASBT-MDCK cells and 5 min for hNTCP-HEK cells,
wells were rinsed three times with cold SFB. Ten and
5 min represent periods of linear bile acid uptake based on
previous observations for these stably transfected cell lines
(15,16). Cells were lysed using 300 pL. ACN for MDCK cells
as previously described (17) and 150 pL ACN for HEK cells
and left to evaporate at RT for 3 h. Compound was
then extracted with 1:1 ACN:water. Extracts were stored
at —80°C in silanized centrifuge tubes until analysis.
Taurocholate Vmax was estimated using a saturating con-
centration of 200 uM on each study occasion. Taurocholate
donor solutions were spiked with 0.5 pCi/mL [*H] tauro-
cholate. Lysates were counted for radioactivity using a
LS6500 liquid scintillation counter (Beckmann Instruments,
Inc., Fullerton, California).

CA-lys-TFA Km was estimated using regression by
WinNonlin [Pharsight; St. Louis, Missouri] of a modified
Michaelis-Menten equation (Eq. 1), as previously described
(18).

PABL . (AlymnlSy + I)j?)
V= - .S (1)
Pugr + 755+ b

where V is substrate flux, Papy, is aqueous boundary layer
permeability, P, is passive permeability, and S is substrate
concentration. Papr, was set to 1.5 X 10 *em/s (19).

CA-lys-TFA concentration was determined by liquid
chromatography/mass spectrometry (LC/MS) on a Waters
Acquity UPLC system with triple quadrupole detector
(Waters Corporation, Milford, MA). The column used was
a Waters Acquity UPLC Ethylene Bridged Hybrid C8
1.7 pm 2.1 X50 mm. The flow rate was 0.4 mL/min with
a gradient as follows (expressed as % ACN in water, all
mobile phases including 0.1% formic acid): 50% from 0 to
1 min, then increased to 95% until 2.5 min, then decreased
to 50% at 3 min and held at 50% until 4 min. Injection
volume was 10 pL. Dwell time was 0.010 s and cone voltage
was 78 V. Negative ion electrospray ionization mode was
used along with a single ionization reaction method for
632.28 Da. The method was linear over the range of 5 to
2,000 nM (*=0.9997).

CA-lys-TFA Solubility in Buffer

Ten mg compound in silanized centrifuge tubes was intro-
duced to 200 pL phosphate buffer at pH 6.8 and pH 8 (n=3
for each). Vials of suspension were shaken at RT overnight.
After shaking, tubes were centrifuged at 10,000 g for
15 min. Supernatant was removed and diluted 1000X with
ACN before analysis by LG/MS as described above.

In Vitro Stability of CA-lys-TFA

Stability of 5 pM conjugate was evaluated in Caco-2 homo-
genates to simulate the intestinal epithelia, rat plasma, rat
liver s9 fraction, simulated intestinal fluid with pancreatic
enzymes (SIF), 1 M HCI to represent stomach conditions,
and choloylglycine hydrolase (CGH) to simulate conditions
in the colon. CGH is a bile acid-deconjugating bacterial
enzyme present in small amounts in the terminal ileum and
higher amounts in the colon. Stability was also evaluated
using DPBS at pH 7.4, HBSS at pH 6.8, and hASBT-
MDCK and hNTCP-HEK homogenates to ensure stability
through i vitro uptake experiments,

Caco-2 cells were cultured as previously described (20).
Briefly, cells were grown in 225 cm? flasks at 37°C and 5%
COq for 21 days. Cells were cultured in DMEM fortified with
1% nonessential amino acids, 10% FBS, 50 units/mL peni-
cillin, and 50 pg/mL streptomycin. Cells were washed three
times with Dulbecco’s phosphate buffered saline (DPBS),
scraped over ice and reconstituted in 10 mL DPBS.
Reconstituted cells were stored overnight at —80°C, thawed
over ice, and homogenized using a sonic dismembrator (mod-
el F60; Fisher Scientific, Pittsburgh, Pennsylvania) at 5 to 6 W
(RMS). Homogenate was centrifuged at 10,000 g for 15 min
at 4°C. Protein concentration of the supernatant was mea-
sured using the Bio-Rad assay (Bio-Rad Laboratories, Inc,
Hercules, California). Aliquots of 1 mL Caco-2 homogenate
containing 0.485 mg/mlL protein were stored at —80°C until
use. hASBT-MDCK and hNTCP-HEK cells were cultured
as in uptake studies and were homogenized in the same
manner as Caco-2 cells.

Rat plasma was used with and without addition of I mM
phenylmethylsulfonyl fluoride (PMSF), a protease inhibitor.
Rat Liver S9 Fraction was used at 1 mg/mL in DPBS with
and without addition of I mM NADPH. SIF with pancre-
atic enzymes was prepared according to the USP28 method
modified previously (21). Solutions consisted of 0.2 M
NaOH, 6.8 g/L monobasic potassium phosphate, and
10 g/L pancreatin, adjusted to pH 7.5. For stability studies,
1 mL solutions were incubated at 37°C before initiating the
study by adding 5 pM CA-lys-TFA.

CGH from Clostridium perfringens solution was prepared as
previously described (22). Briefly, 10 mM mercaptoethanol,
1 mM ethylenediaminetetraacetic acid (EDTA), and 2 mM
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CA-lys-TFA were added to 5 mM sodium acetate buffer at
pH 5.6. After incubation at 37°C, the study was started by
adding 15 U CGH.

For most stability studies, 100 pL samples were taken at
time 0, 15 min, 30 min, 1 h, 2 h, 3 h, and 4 h (DPBS and
HBSS at 0, 1, 2, and 3 h), quenched with 400 pL 4°C ACN,
centrifuged at 10,000 g for 15 min, and stored at —80°C
until analysis by LC/MS as described above. Stability of
CA-lys-TFA was evaluated in hASBT-MDCK homogenate
and hNTCP-HEK homogenate after 10 min and 5 min,
respectively, to correspond with the time period of uptake
studies.

In Vitro '°F MRI of CA-lys-TFA

Both 'H and '"’F MRI analysis of CA-lys-TFA samples were
performed on a Bruker BioSpec 70/30USR Avance III 7T
horizontal bore MR scanner (Bruker Biospin MRI GmbH,
Germany), equipped with a BGA12S gradient system and
interfaced to a Bruker Paravision 5.1 console. A Bruker 30-
mm "F/'H dual-tuned surface coil was used to transmit
and receive radiofrequency (RF) signals at 300.28 MHz for
"H and 282.55 MHz for ''F nuclei. All MRI experiments
were performed at RT.

2-mL clear glass vials (National Scientific, Rockwood,
Tennessee) were used for imaging and CA-lys-TFA was dis-
solved in methanol. Two vials were bundled together with
paper tape for imaging. The 30 mM CA-lys-TFA sample-vial
was used as a standard in the acquisition of 0, 10 and 20 mM
CA-lys-TFA samples whose '"F MRI signal intensities were
normalized against the 30 mM sample. Therefore, samples
were grouped in the following way: 0 mM/30 mM, 10 mM/
30 mM, and 20 mM/30 mM.

After the two-vial sample was centered in the magnet, the
radio frequency coil was tuned and matched to the 'H
signal. A three-slice (axial, mid-sagittal, and coronal) scout
"H MRI using fast low angle shot (FLASH) sequence (23,24)
was obtained to localize the volume of interest. A single slice
"H MR image was acquired using FLASH sequence in the
cross view of the sample with repetition time = 100 ms, echo
time = 7.9 ms, Flip angle = 30°, field of view = 6X6 cm”?,
slice thickness = 4 mm, matrix size = 512X512, in-plane
resolution = 0.117%0.117 mm?, and number of averages =
1. Total acquisition time was not more than 1 min.

After the radio frequency coil was tuned and matched to
the 'H signal, low resolution '’F images were acquired using
the FLASH sequence in the same region of the '"H MRI
with repetition time = 100 ms, echo time = 6 ms, matrix
size = 64 X 64, in-plane resolution = 0.938 % 0.938 mm?. The
rest of the parameters were the same as '"H MRI.
Acquisition time was varied with no more than 7 min for
20 mM/30 mM two-vial sample (number of average (na) =
64), 28 min for 10 mM/30 mM two-vial sample (na=256),
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and 56 min for I mM/30 mM two-vial sample (na=512),
and 7 min for 0 mM/30 mM two-vial sample (na=64).

In Vivo Disposition and Characterization of CA-lys-TFA
Transport: Pilot Study

All animal studies were conducted in accordance with the
Gude for the Care and Use of Laboratory Amimals prepared by the
U.S. National Academy of Sciences (25). Mouse studies were
approved by both the Institutional Animal Care and Use
Committee at the University of Maryland School of
Medicine and the Research and Development Committee at
the VA Maryland Health Care System. C57BL/6 mice were
obtained from Jackson Labs, Bar Harbor, Maine and housed
under identical conditions in a pathogen-free environment
with a 12:12-h light/dark cycle and free access to standard
mouse chow and water for 1 week prior to treatment. Eight
male C57BL/6 J mice (13 weeks old, 25.7 g average weight)
were used for i viwo studies. Mice were fasted overnight. At the
time of dosing, 2 mice (mice 1 and 2) were used as control and
were orally gavaged with 8.33 pL vehicle (1:1 polyethylene
glycol(PEG)400:water) per g body weight. Three mice (mice
3, 4 and 5) were gavaged with 150 mg/kg CA-lys-TFA in
vehicle and three mice (mice 6, 7 and 8) with 300 mg/kg CA-
lys-TFA in vehicle. Five h post dosing, mice were anesthetized
with ketamine/xylazine and gallbladder, liver and blood were
collected, along with stomach and small intestine. Gallbladder
and blood samples were used exclusively for CA-lys-TFA
quantification. Liver was used for both CA-lys-TFA quantifi-
cation and histologic analysis. Stomach and small intestine
were exclusively used for histologic analysis.

Portions of liver, stomach, and small intestine were fixed in
formalin for 3 days, then transferred to 70% ethanol and
stored at —20°C until cutting and staining. Whole gallbladder
and portions of liver were kept on ice, homogenized using a
Duall size 21 glass tissue homogenizer and extracted with 75%
ACN in water. Blood samples were collected in heparinized
tubes then centrifuged to obtain plasma. Plasma proteins were
precipitated with 4 parts ACN and centrifuged at 10,000 g for
10 min.

In Vivo Pharmacokinetics and Disposition of CA-lys-TFA

Favorable results from the pilot study motivated a pharmaco-
kinetic evaluation from 0 to 24 h, using a lower oral dose of
50 mg/kg. Mouse studies were approved by the Institutional
Animal Care and Use Committee at Bristol-Myers Squibb.
C57BL/6 mice were obtained from Charles River
Laboratories International, Inc., Wilmington, Massachusetts
and housed in a pathogen-free environment with a 12:12-
h light/dark cycle, with free access to standard mouse chow
and water for 1 week prior to treatment. Twenty-four male
C57BL/6 J mice (6-8 weeks old, 23.9 g average weight) were
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used for  vivo studies. Mice were fasted overnight and allowed
access to food at 4 h after dosing. At the time of dosing, mice
were orally gavaged with 50 mg/kg CA-lys-TFA wvia 10 pL.
vehicle (1:1 polyethylene glycol(PEG)400:water) per g body
weight. For each 0.5, 1, 2, 3, 5, 7 and 24 h post dosing, three
mice were euthanatized with CO, and gallbladder, liver and
blood were collected. For 0 h, the three mice were not dosed
with CA-lys-TFA, but euthanatized with COy and gallblad-
der, liver and blood were collected. Hence, 24 mice across
eight time points were employed vz destructive sampling, with
N=3 per time point. Gallbladder, liver, and blood samples
were used for CA-lys-TFA quantification.

Livers were homogenized and gallbladders were sonicated
and extracted with phosphate buffer. Plasma proteins were
precipitated with four parts ACN using a Phenomenex Strata
Protein Precipitation Plate (Phenomenex, Torrance,
California). Concentrations of CA-lys-TFA in gallbladder
and liver were calculated assuming a tissue density of 1 g/mlL.

CA-lys-TFA concentration was determined by liquid
chromatography/mass spectrometry (LC/MS/MS) on an
Agilent 1200 series UPLC system (Agilent Technologies,
Santa Clara, California) and API 4000 Qtrap (AB SCIEX,
Framingham, Massachusetts). Detection of CA-lys-TFA was
performed using selected reaction monitoring. The column
used was a Waters Acquity UPLC HSS T3 1.3 um 50X
2.1 mm. The column temperature was 60°C and the flow
rate was 0.6 mL/min with a gradient as follows (expressed at
% ACN in water, all mobile phases including 0.1% formic
acid): 5% from 0 to 0.2 min, then increased to 95% untl
1.1 min, held at 95% until 1.4 min, then decreased to 5% at
1.5 min and held at 50% until 2 min. Dwell time was
0.050 s. The 1on transition 633.5 — 579.6 was monitored
from positive ion electrospray ionization. The method was
linear over the range of 1.22 to 10,000 nM (*=0.9937).

Pharmacokinetic Analysis

Pharmacokinetic parameters were obtained by non-
compartmental analysis of mean concentration versus time
data (Thermo Kinetica software, Version 5.0; Thermo
Fisher Scientific Corporation, Waltham, Massachusetts) in
plasma, liver, and gallbladder (»=3 mice per timepoint).
The peak concentration (Cmax) and time for Cmax
(Tmax) were recorded directly from mean experimental
observations. The area under the curve from time zero to
the last sampling time [AUC(0-T)] was calculated using a
combination of linear and log trapezoidal summations.

Statistical Analysis
Student’s paired #test was used to evaluate stability data.

Student’s i-test was also used to evaluate effects of different
doses of CA-lys-TFA on its concentration in gallbladder,

liver and plasma. A p-value of 0.05 was used as the cut-off
for statistical significance. In figures and reported values,
error bars denote standard error of the mean throughout.

RESULTS
Synthesis of Fluorinated Bile Acid

MS showed the appropriate peak at [M — 1] 631.5 Da and
[M + 1] 633.4 Da. MS confirmed that cholic acid was not
present in the final product. HPLC method 1 R1=3.8 min,
method 2 R=8.8 min (purity 97.5%). '*C NMR (DMSO-
d6): & 12.77, 17.56, 23.05, 23.16, 23.23, 26.64, 27.73,
28.23, 28.98, 30.83, 30.97, 32.09, 32.63, 34.82, 35.32,
35.57, 85.73, 39.60, 39.95, 40.20, 41.79, 41.95, 46.15,
46.59, 51.98, 66.66, 70.85, 71.44, 118.77, 156.38, 173.26,
174.28 (Peaks 39.60, 39.95, and 40.20 were obscured by
DMSO-d6 solvent and were obtained from HMBC).

Uptake by hASBT and hNTCP

Figures 2 and 3 illustrate the uptake of CA-lys-TFA by
hASBT and hNTCP, respectively. CA-lys-TFA was a po-
tent substrate for both hASBT and hNTCP  vitro. In the
absence of sodium, less CA-lys-TFA was taken up into
hASBT-expressing and hNTCP-expressing cells, reflecting
bile acid transporter-mediated uptake of CA-lys-TFA.

For hASBT, the Km was 39.4+23.8 uM, which is a few-
fold less potent that taurocholate’s Km of 4.39 uM, yet still
potent (18). Vmax was 0.148(+0.033) 10 *nmol/cm?/s.
NormVmax (i.e. Vmax normalized against taurocholate
Vmax on the same occasion) was 0.853%0.197, indicating
that Vmax for CA-lys-TFA was 85% of that for the native
substrate taurocholate. Passive permeability was a low 0.276
(£0.066) x10 °cm/s, which was even less than that of
taurocholate (18).

0.00025
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Fig. 2 Uptake of CA-lys-TFA by hASBT. Total uptake flux was obtained using
HBSS. Passive flux was obtained using SFB. At 10 uM, total uptake was 8.0
times that of passive uptake.
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Fig. 3 Uptake of CA-lys-TFA by hNTCP Total uptake flux was obtained
using HBSS (Hank’s Balanced Salt Solution). Passive flux was obtained using
sodium free buffer (SFB). At 10 uM, total uptake was 49.6 times that of
passive uptake.

For hNTCP, the Km was 8.99+2.79 uM, which is com-
parable to taurocholate’s Km of 5.31 uM (26). Vmax was
0.747(£0.048) x10”nmol/cm?/s. NormVmax was 0.281+
0.052, indicating Vmax for CA-lys-TFA was about one-
fourth that for taurocholate. Passive permeability was
0.208(+0.174) x10 ®cm/s.

Solubility in Buffer

CA-lys-TFA solubility in phosphate buffer at pH 6.8 was
17.2+1.96 mM. At pH 8, solubility increased to 36.0*
2.85 mM, in agreement with the weakly acidic nature of
CA-lys-TFA. Solubility at each pH exceeded the 3 mM
fluorine atom requirement (i.e. 1 mM trifluorinated com-
pound) for the "’F-MR imaging limit of quantification.

In Vitro Stability

In Fig. 4, incubation of 5 pM CA-lys-TFA in Caco-2 ho-
mogenate, rat plasma, rat liver s9 fraction, SIF, 1 M HCI,
DPBS at pH 7.4, and HBSS at pH 6.8 showed no significant
compound loss at the longest time tested ($<0.05; Student’s
paired ftest). Additionally, incubation of 5 pM CA-lys-TFA
in hASBT-MDCK homogenate and hNTCP-HEK homog-
enate for 10 min and 5 min, respectively, showed no signif-
icant compound loss. CA-lys-TFA stability in hNTCP-HEK
homogenate (n=7) was 97.2 (£ 2.4)% and in hASBT-
MDCK homogenate (n=5) was 101.9 (+ 6.3)%.

Stability of CA-lys-TFA in CGH showed significant deg-
radation (Fig. 5a), but at a much slower rate than the
deconjugation of the natural bile acid conjugate taurocho-
late (Fig. 5b). Figure 5a and b show the disappearance of
CA-lys-TTA and taurocholate, respectively, as well the ap-
pearance of cholic acid. CA-lys-TFA degraded to less than
10% of the original concentration in 3 h (5.87+0.31%). In
contrast, taurocholate had already degraded to less than
10% (2.36%£0.48%) within 1 h. These findings suggest
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Fig. 4 Stability of CA-lys-TFA under nine conditions. The nine conditions
were Caco-2 homogenate, rat plasma with and without PMSF (phenylme-
thylsulfonyl fluoride), rat liver S9 fraction with and without NADPH, SIF
(simulated intestinal fluid with pancreatic enzymes), | M HCI, and buffer at
pH 7.4 and pH 6.8. Stability study duration was 4 h, except DPBS and HBSS
used 3 h. The percent remaining did not different from initial amount
(p>0.097; Student's paired t-test). Each study was performed in triplicate.

improved stability of the amide bond linking trifluoroacetyl
lysine to cholic acid compared to the natural amino acid
conjugate.

In Vitro '°F MRI of CA-lys-TFA

Figure 6a shows F MRI imaging of 0, 10 and 20 mM CA-
lys-TFA phantoms, as well as 30 mM CA-lys-TFA phan-
toms. Figure 6a was composed of the three acquisitions
described in Materials and Methods, where the 0, 10 or
20 mM CA-lys-TFA phantoms were measured and normal-
ized against a 30 mM CA-lys-TFA phantom. In Fig. 6b, ''F
MRI i witro testing showed linear dependence of signal
strength on CA-lys-TFA concentration (*=0.993). As de-
scribed below, the CA-lys-TFA concentration in mouse
gallbladder was 31.9 mM. Hence, the ability to detect a
"F MRI signal strength versus CA-lys-TFA concentration
relationship between 0 and 30 mM supports the merit of
further investigation of i vivo ''F MRI using this novel
probe. Moreover, results from these i vitro phantom studies
suggest that i viwo acquisition times of one hour or less may

be feasible.

Oral Disposition Characterization of CA-lys-TFA: Pilot
Study

As expected, CA-lys-TFA was not detected in the gallblad-
der, liver or plasma of control mice (Table I) by LC/MS
analysis, as these animals were not dosed with CA-lys-TFA.

LC/MS analysis of tissues obtained from CA-lys-TFA-
treated mice showed robust accumulation of CA-lys-TFA in
the gallbladder at 5 h. Concentrations of CA-lys-TTA in
gallbladder and liver were obtained by assuming an organ



Novel Fluorinated Bile Acid Analogue for MRI

1247

I ® Cholic Acid
~ 140

- OCA-lys-TFA
o Bl &

Swoé‘:’{) * }

Percent of initial
.
(=]
-

0 50 100 150 200 250
Time (min)

o

—
B
o

—
2 O O O 9N
o © © © o
L

Percent of initial taurocholate
(e
o
]

o o o] o
50 100 150 200 250
Time (min)

o
oe

Fig. 5 Comparative stabilities of CA-lys-TFA and taurocholate against
choloylglycine hydrolase from Clostridium perfringens. (a) Loss of CA-lys-
TFA (initially 2 mM) and the corresponding appearance of deconjugated
cholic acid. (b) Loss of taurocholate (initially 2 mM) and the corresponding
appearance of deconjugated cholic acid. Each study was performed in
triplicate. After | h, only 2.4% of taurocholate remained, while 60.4% of
CA-lys-TFA remained, suggesting improved stability of the amide bond
linking trifluoroacety! lysine to cholic acid, compared to the natural amino
acid conjugate.

density of 1 g/mL. In Table I, CA-lys-TFA concentration in
the gallbladder of mice dosed at 150 mg/kg was 27.0%
2.4 mM. The gallbladder concentration with the 300
mg/kg dose was 36.81+8.8 mM. Gallbladder concentrations
of CA-lys-TFA were not significantly different between the
two dose levels (p=0.35; Student’s ¢-test). The CA-lys-TFA
concentration in the gallbladder from each dosed mouse
exceeded the 3 mM fluorine atom requirement (i.e. 1 mM
trifluorinated compound) for imaging limit of quantifica-
tion. Across both dose levels, the average CA-lys-TFA con-
centration in the gallbladder was 31.9+4.6 mM (95%
confidence interval, 20.0-43.8 mM).

The percent dose that accumulated in the gallbladder at
5 h was 11.0£1.7% for the 150 mg/kg dose and 5.33+
1.98% for the 300 mg/kg dose. Across both dose levels, the
percent accummulation in gallbladder was 8.18£1.73%
(95% confidence interval, 3.72—12.64%).

CA-lys-TFA concentrations in the liver were much lower
than in the gallbladder (Table I). CA-lys-TFA liver
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Fig. 6 Invitro '°F MRlimages of 0, 10, and 20 mM CA-lys-TFA alongside a
30 mM CA-lys-TFA vial for each sample (a) and their corresponding signal
intensities relative to the 30-mM vial (b). Signal intensities were found to
linearly correspond to concentration. The line was obtained from linear
regression.

concentration from the 150 mg/kg dose was 0.0788*
0.0351 mM, and 0.0571£0.0104 mM from the 300 mg/kg
dose. CA-lys-TFA concentrations were not significantly differ-
ent between the two dose levels (p=0.58; Student’s #test). CA-
lys-TFA concentration in the liver of each mouse was below the
3 mM fluorine atom requirement (i.e. ] mM trifluorinated
compound) for imaging limit of quantification. These measure-
ments reflect favorable targeting of CA-lys-TFA to the gall-
bladder. Across both dose levels, the average CA-lys-TFA
concentration in liver was 0.0680£0.0171 mM (95% confi-
dence interval 0.0240-0.1119 mM).

Plasma concentrations of CA-lys-TTFA were significantly
less than those in the gallbladder (Table I). Plasma concen-
trations with the 150 and 300 mg/kg doses were 0.444 =+
0.170 pM and 0.418+0.045 uM, respectively. Like those in
the liver, these concentrations were lower than the limit of
quantification for '’F MRI imaging and reflect favorable
targeting of CA-lys-TFA to the gallbladder.

Histology
Stomach and liver tissues of mice in all treatment groups
appeared grossly normal by visual inspection and micro-

scopic examination of hematoxylin and cosin (H&E)-stained
sections. In Fig. 7, H&E analysis of small intestine from two
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Table I Summary of In Vivo
CA-lys-TFA Disposition into the Dose CA-lys-TFA (mg/kg)
Gallbladder, Liver, and Plasma
0 150 300

Gallbladder weight (mg) 144+4.8 252+3.2 17.1+49

Three doses of CA-lys-TFA were .
lIbladd trat M 27.0+2.4 .8=8.

studied (0, 150, and 300 mghg),  _aioiadder concentration (mi) 0 36.8-8.8
For the 150 and 300 mg/kg doses, Percent of dose in gallbladder 0 [1.0x1.7 533+1.98
at least 21.0 umol compound/g Liver concentration (mM) 0 0.0788+0.0351 0.0571=0.0104
gallbladder was present in the Plasma concentration (M) 0 0.444+0.169 0.418+0.015

gallbladder at t=5 h

of three mice treated with the 300 mg/kg dose (i.e. higher
dose) showed mild loss of nuclei and cytoplasmic vacuoliza-
tion at the tips of the intestinal villi. These changes were
not seen in any of the three mice treated with 150 mg/kg
CA-lys-TFA.

Oral Pharmacokinetics and Disposition of CA-lys-TFA

Figure 8 shows the mean concentration of CA-lys-TFA in
mouse gallbladder, liver, and plasma at time 0, 0.5, 1, 2, 3,
5, 7 and 24 h after oral administration of 50 mg/kg CA-lys-
TFA. In Fig. 8a, LC/MS/MS analysis of tissues obtained
from CA-lys-TFA-treated mice showed robust accumula-
tion of CA-lys-TFA in the gallbladder, consistent with pilot
study results. Gallbladder concentrations observed were
several-fold higher than in the liver and plasma. Figure 8b
shows an expanded view of the lower concentrations of
CA-lys-TTFA 1in the liver and plasma.

In Table II, the non-compartmental pharmacokinetic
parameters obtained from CA-lys-TFA concentrations
in tissue are presented. The gallbladder Cmax was
11.1£2.4 mM, and occurred at 7 h after dosing. Liver
Cmax was 16.3+3.1 pM at /=1 h, and plasma Cmax
was 24.8+19.6 uM at (=5 h. At 7 h, the gallbladder
Cmax was 933 times higher than liver and 72,100
times higher than the plasma, showing successful
targeting.

Measured concentrations from the 50 mg/kg study were
generally lower than those from the higher dose pilot studies,
which employed 150 mg/kg and 300 mg/kg and only sam-
pled at /=5 h. The gallbladder concentration at =5 h from
50 mg/kg was 5.20 mM, which was about 5- to 7-fold less
than that from each pilot study. The liver concentration at (=
5 h from 50 mg/kg was 0.0127 mM, which was also about 5-
to 7-fold less than that from each pilot study. Individual
plasma concentrations at /=5 h from 50 mg/kg were 0.480,

Vehicle-treated
mice

19F-CA-lys-TFA- |,
treated mice

Fig. 7 Representative microscopic images of H&E-stained intestinal villi following treatment with vehicle or two doses of CA-lys-TFA. Intestinal villi from
vehicle- and low-dose (150 mg/kg) CA-lys-TFA -treated mice show intact surface epithelium at the tips of small intestinal villi. In contrast, in two of three mice
treated with high-dose (300 mg/kg) CA-lys-TFA cellular injury at the tips of intestinal villi was observed (lower, right panel). Villus injury in mice treated with
high-dose CA-lys-TFA is characterized by loss of nuclei and cytoplasmic vacuolization in a few cells (thick arrow). Confluent necrosis of the epithelial tip lining
with early sloughing toward the lumen is noted in adjacent villi marked with thin arrows. Size bars = 100 um.
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Fig. 8 Average concentration versus time of CA-lys-TFA after oral admin-
istration of 50 mg/kg CA-lys-TFA. (a) CA-lys-TFA concentration in gallblad-
der, liver, and plasma. CA-lys-TFA in gallbladder was generally over 500-
fold higher than in liver or plasma. (b) Expanded plot, to better visualize the
lower concentrations in liver and plasma.

10.3 and 63.6 pM and tended to be higher than those ob-
served from the pilot studies.

DISCUSSION

Need for a Novel Test to Detect Impaired Bile Acid
Transport and BAM

Bile acids are amongst the most “handled” compounds in
the body, reflecting their important roles in lipid digestion
and the regulation of key physiological processes such as
energy balance (27), glucose metabolism (28), bile acid syn-
thesis (29) and cholesterol metabolism (30). Despite the
importance of the enterohepatic circulation of bile acids

Table Il Non-compartmental Pharmacokinetic Parameters of CA-lys-TFA
after Oral Administration of 50 mg/kg

Crrax (MM) Tra () AUC o240 (MM*h)
Plasma 0.0248 +0.0196 5 0.0540
Liver 0.0163+0.0031 | 0.232
Gall Bladder [.1+24 7 143

and drugs, imaging tools are currently not available to
“see” this process in living animals. Laboratory methods to
measure enterohepatic circulation of bile acids, including
sampling mesenteric venous blood and canulating the gall-
bladder, are both invasive and impractical for use in clinical
research or practice. A non-invasive tool to measure bile
acid transport i vivo would be very useful.

There is a paucity of clinical tests to diagnose BAM. "Se-
HCAT imaging, available in some European countries,
involves exposure to small doses of radiation and is not avail-
able for use in the United States. Other diagnostic methods,
including stool collection for measurement of bile acid con-
centration or the administration of '*C-taurocholate and
measurement in stool (31), are expensive, time consuming
and cumbersome. As a surrogate marker of bile acid forma-
tion, 7a-hydroxy-4-cholesten-3-one can be measured in se-
rum and has been proposed as a test to identify BAM.
However, the compound is relatively unstable and measure-
ment is complex (32). Lastly, blood concentrations of fibro-
blast growth factor 19 (FGF19) have been proposed as a
diagnostic test for BAM; FGF19 concentrations are inversely
related to 7a-hydroxy-4-cholesten-3-one levels (33). However,
FGF19 levels vary throughout the day and its measurement
has not yet been validated as a diagnostic tool.

Thus, although it is infrequently used in clinical practice,
a ‘therapeutic trial” of administering bile acid sequestrants,
such as cholestyramine, remains the least expensive, easiest
and safest method to diagnose BAM (34). However, bile
acid sequestrants are not FDA-approved for this indication,
require differing doses across patients, have unfavorable
characteristics (e.g. bad taste, reduced bioavailability of co-
administered drugs) which commonly result in non-
compliance and their use has a high false-negative rate for
diagnosing BAM (35). Since BAM is common and requires
lifelong treatment, a more definitive, cost-effective, safe and
convenient method of diagnosis is needed.

In addition to potentially assisting in the diagnosis of
BAM, the development of '“F-bile acid MRI has great
potential to translate i vitro inhibition/substrate studies
from cell culture models to  viwo interaction studies. Drug
interactions with bile acid transporters have the potential to
inhibit bile acid uptake (36). A future goal of our work is to
non-invasively assess i vivo inhibition of bile acid transport-
ers by using 'F MRI to measure reduced uptake of CA-lys-
TTFA in the gallbladder.

Design of CA-lys-TFA

The primary motivation for the work described herein was
to develop a non-invasive, non-radioactive method to detect
impaired bile acid transport iz vivo by using '“F MRI imag-
ing of a trifluorinated bile acid compound. Cholic acid was
selected due to its high potency for uptake by hASBT, its
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relatively high aqueous solubility and its relatively low bind-
ing to plasma proteins. Compared to other major primary
and secondary bile acids, cholic acid has a high aqueous
solubility because it possesses three steroidal hydroxyl
groups. Its octanol/water partition coefficient is 3.7 com-
pared with chenodeoxycholic acid’s partition coefficient of
23.3 (37). ""F- MRI requires the imaging agent to be in
solution, and we already calculated the limit of detection of
a trifluorinated compound to be approximately 1 mM (13).
Additionally, higher aqueous solubility reduces the passive
permeability of the compound, allowing for a more specific
analysis of active transporter function in enterohepatic cir-
culation. Cholic acid has low plasma protein binding com-
pared with other bile acids, with only 50.2% binding to
plasma proteins, versus 96.2% for chenodeoxycholic acid
(37). Protein binding results in very short T2 relaxation
values, thereby masking fluorine signals (38), thus low pro-
tein binding is advantageous.

In designing CA-lys-TFA, wherein trifluoroacetyl lysine is
conjugated with cholic acid, trifluoroacetyl lysine was cho-
sen as the fluorine-containing moiety since it affords three
equivalent fluorine atoms with low molecular weight.
Fluorine MRI signal is proportional to the number of equiv-
alent fluorine atoms present on a molecule (12), thus we
sought three equivalent fluorines. The lysine moiety in tri-
fluoroacetyl lysine also allowed the formation of an amide
bond with cholic acid, while conserving the negative charge
that promotes hASBT uptake (39). The molecular weight of
CA-lys-TTA, 632.7 Da, compares favorably with that of
cholic acid, 408.6 Da. A substantial portion of the difference
in molecular weight (57.0 Da) is accounted for by the three
fluorines (25.4%).

Once synthesized and purified, CA-lys-TFA was tested
against hNTCP and hASBT for inhibitor and substrate
potency. CA-lys-TFA was a potent inhibitor and substrate
for both transporters. In vitro solubility and stability in mul-
tiple environments, measured using LC/MS, revealed the
new compound to be stable for 3 or 4 h under all conditions,
except for CGH treatment. Although CGH catalyzed CA-
lys-TFA hydrolysis, deconjugation with CGH was slower
than that observed with taurocholate.

In a pilot disposition study, mice were orally gavaged
with three doses of CA-lys-TFA (0, 150, and 300 mg/kg)
to determine i vivo disposition at (=5 h. LC/MS concen-
tration data showed collection of the test agent in the gall-
bladder, the proposed site of imaging, and much lower
concentrations in liver and plasma. Microscopic examina-
tion of H&E-stained sections showed no differences between
liver and stomach in vehicle-treated mice versus mice dosed
at 150 and 300 mg/kg. However, examination of small
intestine sections showed minimal damage to small intestinal
villi in two animals treated with the 300 mg/kg dose, which
was not observed in three mice treated with the 150 mg/kg
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dose. After the successful pilot study, a pharmacokinetic
profile of CA-lys-TFA in mice was obtained using a lower
50 mg/kg dose. LG/MS/MS data for this study confirmed
accumulation of CA-lys-TFA in the gallbladder well above
the ""F MRI limit of detection, Finally, in vitro MRI imaging
showed the 'F signal to be directly proportional to CA-lys-TFA
concentration.

CONCLUSION

Our objectives were to synthesize a trifluorinated bile acid,
characterize its in vitro transporter affinity, stability, and ''F
MRI signal, and assess its ability to concentrate in the
gallbladder above the '"F MRI limit of quantification.
CA-lys-TFA was successfully synthesized and found to ex-
hibit favorable properties in terms of affinity for hASBT and
hNTCP, stability and ''F MRI signal. CA-lys-TFA concen-
trated in the mouse gallbladder, with histological examina-
tions showing no damage to small intestine, stomach and
liver at a dose of 150 mg/kg dose. The current work indi-
cates that CA-lys-TFA shows favorable characteristics for
use in diagnosing i vwo inhibition of bile acid uptake and
warrants additional study. In future work, we plan to ex-
plore the pharmacokinetic profile of CA-lys-TFA i viwo in
concert with live animal '’F MRI imaging.
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