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Fluorescent Benzofurazan-Cholic Acid Conjugates for
in vitro Assessment of Bile Acid Uptake and Its Modulation

by Drugs
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and Miguel A. Miranda*®

One of the most common mechanisms of hepatotoxicity is drug-
induced cholestasis. Hence, new approaches for screening the
cholestatic potential of drug candidates are desirable. In this con-
text, we describe herein the use of synthetic 4-nitrobenzo-2-oxa-
1,3-diazole (NBD) fluorescent conjugates of cholic acid (ChA) at
positions 3a, 3, 7a, and 7f for in vitro assessment of bile acid
uptake. All the conjugates show a strong absorption band be-
tween 400 and 550 nm and have a fluorescence quantum yield
of ~0.45, with an emission maximum centered at ~530 nm.
After their photophysical characterization, 3a-, 35-, 7a-, and 7§3-
NBD-ChA were used to monitor uptake in freshly isolated rat
hepatocytes by means of a previously optimized flow cytometry
technique. Transport of the cholic acid derivatives inside the cell

Introduction

Continuous bile formation is an important function of the liver.
Transport of solutes from blood to bile is driven by several
active systems in both sinusoidal and canalicular membranes
of hepatocytes. Drug-induced cholestasis is a common mecha-
nism of hepatotoxicity."

Chemical inhibition of transport across the canalicular mem-
brane may cause intracellular accumulation of bile acids in
hepatocytes and subsequent toxicity due to membrane altera-
tions, mitochondrial dysfunction, and cellular necrosis.”™¥ A
major goal for the pharmaceutical industry is to provide safer
drugs with fewer side effects; hence it is desirable to disregard
compounds that exhibit cholestatic properties early in the pre-
clinical phases of the drug-development process. For this pur-
pose, new methods and approaches for screening the choles-
tatic potential of drug candidates are required.*® Freshly iso-
lated rat hepatocytes are good in vitro models to examine bile
acid uptake and its modulation by drugs.”® We previously re-
ported an optimized flow cytometry assay for the study of bile
acid transport in hepatocytes using cholylamidofluorescein
(CamF), a fluorescent derivative of cholic acid (ChA).”! This al-
lowed us to demonstrate that CamF is taken up by living rat
hepatocytes in a concentration-dependent fashion. However,
further studies have shown that CamF is much bulkier than
ChA and lacks the negative charge at the side chain, which
may affect its specific transport through the main bile acid
transporters in the hepatocyte membrane.
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was detected and quantified by measuring the increase of NBD
green fluorescence within cells over time. The effect of troglita-
zone, a well-known inhibitor of bile acid uptake by the sodium
taurocholate co-transporting polypeptide, supports the specificity
of fluorescent NBD—ChA transport. According to the final intracel-
lular fluorescence level attained and the uptake rate, 3a-NBD-
ChA was found to be the most efficient derivative. Furthermore,
sodium valproate, cyclosporin A, and chlorpromazine decreased
the uptake of 3a-NBD-ChA, in agreement with their relative
in vivo potency as cholestatic compounds; in contrast, sodium
citrate (the negative control) had no effect. These results support
the suitability of the in vitro flow cytometric assay with NBD—-ChA
to detect compounds that affect bile acid uptake.

To overcome these problems it seemed convenient to use a
smaller fluorophore and to keep the acid moiety at the lateral
chain." In this context, the benzofurazan moiety introduces
only small structural changes on the main nucleus."'? Thus,
several 4-nitrobenzo-2-oxa-1,3-diazole (NBD)-amino conjugates
of cholic acid have already been prepared and used for fluores-
cence microscopy studies.">' For instance, it has been dem-
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onstrated that 73-NBD-cholyltaurine is taken up by isolated rat
hepatocytes through the same transport systems as the parent
nonfluorescent compound.'>™”

We describe herein the use of synthetic NBD-ChA fluores-
cent derivatives at positions 3a, 3f3, 7a, or 7f (Figure 1). After
their photophysical characterization these compounds were
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Figure 1. Structures of bile acid derivatives.

checked to monitor uptake in hepatocytes using the flow cy-
tometry technique previously optimized by us.” The use of
troglitazone, a well-known inhibitor of bile acid uptake by the
sodium taurocholate co-transporting polypeptide,™® supports
the specificity of the transport of our fluorescent derivatives.
The suitability of the flow cytometric assay with NBD-ChA to
detect compounds that affect bile acid uptake in vitro was also
demonstrated in this study.

Results and Discussion
Photophysical measurements

The UV/Vis absorption spectra of the four NBD derivatives in
ethanol exhibit maxima at ~330 and 470 nm (Figure 2). The
only significant deviation was observed with 73-NBD-ChA (4),
maxima of which were red-shifted by ~5 nm.

The fluorescence emission spectra of 1, 2, and 4 in ethanol
show a broad maximum at ~537 nm (in every case, 4., corre-
sponds to the absorption maxima at ~470 nm), whereas the
maximum corresponding to the 7a-NBD-ChA isomer 3 was
blue-shifted to 531 nm (see Figure 3 and Table 1). These results
are very similar to those reported previously for the corre-
sponding taurine-conjugated NBD derivatives in ethanol."® No
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Figure 2. Normalized absorption spectra of the four NBD-ChA derivatives 1-
4 in ethanol.
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Figure 3. Fluorescence emission spectra of 3a-, 3f-, 7a-, and 73-NBD-ChA in
ethanol obtained after excitation at 4,,,, (hm) under nitrogen. The inset
shows the excitation-emission spectra of 3a-NBD-ChA (1) as a representa-
tive case.

significant changes were observed when the measurements
were performed in the presence of oxygen. From the intersec-
tion of the corresponding normalized excitation and emission
spectra of the four derivatives, singlet energy (E,_,) values of
~242 kimol™" were estimated. By means of time-resolved fluo-
rescence spectroscopy, lifetimes (z5) of ~6 ns in ethanol were
determined for the four compounds. To complete the charac-
terization of the singlet excited states of the four conjugates,
fluorescence quantum yields were measured. The values ob-
tained were ~40%, as shown in Table 1. A model compound
possessing the NBD fluorophore attached to cyclohexane but
lacking the complex steroidal skeleton (compound 6) was pre-
pared and used to confirm the photophysical properties of 1-
4. As can be seen in Table 1, the singlet excited state of this
model showed the same behavior as the cholic acid deriva-
tives.

In contrast to the singlet state properties, the photophysical
behavior of triplets has received less attention. However, these
longer-lived transient species provide a wider dynamic range,
which could be potentially useful for analytical purposes.
Hence, in our hands, triplet transient states (A;.~390 nm)
were obtained for the four isomers in ethanol (see Supporting
Information).'”
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) - . . ) tide family (OATP), which is re-
Table 1. Photophysical characteristics of the singlet excited state of the NBD conjugates. .
sponsible for basolateral
Compound Aabs [NM] e [NM] s E¢ [kJmol~"/[kcal mol ] 75 [ns] uptake.” Troglitazone, a hepa-
30-NBD-ChA (1) 471 537 0.47 241/57.7 59 | totoxic thiazolidinedione former-
3B-NBD-ChA (2) 467 537 0.44 242/57.8 6.2 ly used for the treatment of non-
70-NBD-ChA (3) 469 531 0.47 243/58.2 5.6 insu“n_dependent diabetes mel-
7p-NBD-ChA (4) 476 537 0.51 240/57.4 6.4 . . A .
NBD-CH (6) 468 537 0.46 241/57.7 6.3 litus, - is a[r;” n VIV_O Ch0|e5tat.|C
compound*“" that is a strong in
[a] Determined with fluorescein in an ethanolic solution of KOH (0.01 m) as reference (¢ =0.97). vitro inhibitor of bile acid uptake

Flow cytometry experiments

To assess the suitability of the four different NBD-ChA fluores-
cent conjugates for bile acid uptake, the dynamics of this pro-
cess across the plasma membrane was investigated in fresh
suspensions of rat hepatocytes. For this purpose, multi-para-
metric flow cytometry was applied, as it allows the examina-
tion of multiple fluorescence emissions of individual cells in
suspension in real time. This strategy was recently used to
demonstrate the specific uptake of CamF, the fluorescent bile
acid scaffold mentioned above.”! Thus, in the initial series of
experiments a flow cytometric kinetic assay of the uptake was
performed in real time on the first derivative of the series,
namely 3a-NBD-ChA. Cell suspensions were stained with pro-
pidium iodide for 5 minutes prior to flow cytometric analysis
to identify and gate out dead cells (Figure 4 A). In this way, the
specific uptake by live cells was followed by a kinetic plot of
green fluorescence intensity versus time (Figure 4B). The re-
sults show that living hepatocytes accumulated 3a-NBD-ChA
slowly but constantly over the course of the 5-minute experi-
mental period.

In a second series of experiments the dependence of 3a-
NBD-ChA transport on the operation of bile acid transporters
in the plasma membrane of liver cells was addressed
(Figure 5). Uptake of bile acids by hepatocytes is mediated
mostly by the sodium taurocholate co-transporting polypep-
tide (Ntcp), which is responsible for the sodium-dependent
uptake process. Bile acid uptake is also mediated, but to a
much lesser extent, by the organic anion transporting polypep-
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Figure 5. Effect of the bile acid transport inhibitor troglitazone (®: 0 um, o:
1 um, 0: 10 pm) on the uptake of fluorescent NBD-bile acid conjugate 3a-
NBD-ChA by rat hepatocytes. The graphs show the kinetics of the fluores-
cence mean intensity in live cells at the indicated times.

through Ntcp and OATP in both suspended and sandwich-cul-
tured rat hepatocytes."® Thus, as Figure 5 shows, pre-incuba-
tion of fresh hepatocyte suspensions with troglitazone pro-
voked a strong and dose-dependent decrease in the rate of
30-NBD-ChA uptake, in accordance with previous data ob-
tained with similar troglitazone concentrations, but on a differ-
ent assay system.'™ Because the results are consistent with a
transporter-mediated, troglitazone-inhibited uptake of 3a-ChA,
characterization of the other fluorescent derivatives was at-
tempted with a similar experimental design. For this purpose,
fresh suspensions of rat hepatocytes were pre-incu-
bated with troglitazone or vehicle, and then the
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uptake kinetics of each individual NBD derivative was
examined by flow cytometry for a period of up to
30 minutes.

As shown in Figure 6, troglitazone-treated liver
cells did not exhibit a significant uptake of the fluo-
rescent bile acids in all cases, while untreated hepa-
tocytes accumulated the NBD-ChA derivative slowly
but constantly until a plateau was reached, about

100 10 102 10* 104 0 64 128 192

propidium fluorescence t/sec

Figure 4. Flow cytometric analysis of the uptake of fluorescent NBD-bile acid conjugate
3a-NBD-ChA by rat hepatocytes. A) Selection of live cells for the analysis; live cells are
delimited by the elliptical gate shown in the upper left quadrant. B) Kinetics of 3a-NBD-
ChA uptake by live rat hepatocytes. Transport of 3a-NBD-ChA inside the cell was detect-
ed and quantified by measuring the increase of green fluorescence in cells over time.
Rectangular regions shown along the x axis indicate analytical regions for mathematical

calculations from raw cytometric data.
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256 20 minutes following addition. Quantitative differen-

ces between the NBD derivatives were observed in
the general uptake trend in a comparison of the indi-
vidual plots. Thus, both the initial uptake rate and
the final intracellular fluorescence level attained al-
lowed a classification of the apparent efficiency of
the NBD-ChA conjugates in the order: 3a-NBD > 3f3-
NBD = 7a-NBD >73-NBD. More interestingly, the ki-
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Figure 6. Comparative kinetics of the uptake of four related fluorescent
NBD-bile acid conjugates (as indicated) by rat hepatocytes in the presence
(@) and absence (v) of troglitazone. The graphs show the kinetics of fluores-
cence mean intensity in live cells along with the corresponding equations
and regression coefficients.

netic plot of the increase of mean fluorescence intensity (/¢
fitted well with an equation of the type lr=a—bxc', in which a
represents the maximum fluorescence intensity reached and
a—>b is the basal cell autofluorescence prior to addition of the
NBD derivative (Figure 6). The uptake rate in arbitrary NBD
fluorescence units per second was calculated as the first deri-
vate when 50% of the maximum fluorescence intensity was
reached. According to this criterion, the uptake rates of 3a-
NBD-ChA and 3(3-NBD-ChA were very close to each other
(0.027 and 0.031) and faster than that of 7a-NBD-ChA (0.018)
and 7B-NBD-ChA (0.021). Remarkably, the uptake rate in the
presence of troglitazone strongly decreased in all cases (be-
tween 0.005 and 0.010). As expected, the basal autofluores-
cence was always similar.

The above observations on the initial uptake rate of the vari-
ous NBD derivatives and the effect of troglitazone suggest that
these probes may be used to detect and quantify toxic effects
related to bile acid uptake by suspended hepatocytes. The
combination of NBD-derived fluorescent probes and flow cy-
tometry measurements may be a powerful tool for in vitro as-
sessment of bile acid uptake. However, real-time kinetic experi-
ments by flow cytometry become unpractical when a large
number of compounds or a wide range of concentrations are
to be tested, owing to both the excessive instrument time re-
quired and compromised viability of suspended hepatocytes
during extended periods. Because the uptake kinetics of all the
assayed NBD derivatives shows stable and consistent intracel-
lular accumulation for at least 30 min, single end-point meas-
urements of intracellular NBD fluorescence might be adequate
to detect exogenous effects on bile acid uptake. In this way, a
larger throughput could be achieved. As a proof of concept of
this design, we analyzed the effects of several known choles-
tatic compounds on the accumulated intracellular NBD fluores-
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cence after 15 min incubation with 3a-NBD-ChA, the most effi-
cient derivative of this family. For this series of experiments
chlorpromazine and cyclosporin A, two strong cholestatic com-
pounds,***! and sodium valproate, a weak cholestatic®? but
with reported in vivo cholestasis activity,” were tested in a
range of sub-cytotoxic concentrations. Sodium citrate was
used as a non-cholestatic negative control. Figure 7 shows

2000 that, according to their relative potency as cholestasis-inducing

agents, both chlorpromazine and cyclosporin A induce marked
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Figure 7. Effect of three bile acid transport inhibitors A) chlorpromazine,

B) cyclosporin A and C) sodium valproate, and D) negative control (sodium
citrate) on the uptake of 3a-NBD-ChA by rat hepatocytes. Cell suspensions
were pre-incubated with test compounds and stained with propidium
iodide prior to the addition of 3a-NBD-ChA (100 nm) and further incubation
for 15 min. The mean fluorescence intensity of NBD in live cells was then de-
termined by flow cytometry.

decreases in intracellular NBD fluorescence at all concentra-
tions tested, whereas sodium valproate induces only a small
decrease in NBD fluorescence at the highest concentration
used. Sodium citrate, the negative control, did not cause any
significant variation in NBD intracellular accumulation.

Conclusions

Four synthetic 7-nitrobenzo-2-oxa-1,3-diazole (NBD) fluorescent
conjugates of cholic acid at positions 3a, 3, 7a, and 7 were
prepared and characterized. Their photophysical properties
make them adequate for monitoring uptake in freshly isolated
rat hepatocytes using a previously optimized flow cytometry
technique.

We recently reported an optimized flow cytometry kinetic
assay for studies of bile acid transport in suspended hepato-
cytes based on the fluorescent derivative cholylamidofluores-
cein (CamF).”’ In the work presented herein, this flow cytomet-
ric strategy is extended to characterize the kinetics and specif-
icity of the uptake of four different fluorescent NBD-ChA deriv-
atives. Whereas intracellular transport of the cholic acid deriva-
tives can be detected and quantified by measuring the time-
dependent increase in NBD green fluorescence in cells, single
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end-point measurements of cellular fluorescence allow deter-
mination of the maximal concentration reached and the stabili-
ty of the intracellular accumulation of the NBD-ChA fluores-
cent conjugates.

The effect of troglitazone, a well-known inhibitor of Ntcp,
the main transporter of bile acids into hepatocytes,” has al-
lowed us to demonstrate both the suitability and specificity of
the four NBD derivatives for analysis of bile acid uptake in
fresh suspended rat hepatocytes. In all cases, there was a
strong decrease in the uptake rate by troglitazone, showing
that the kinetic approach may be useful for a rapid and quanti-
tative characterization of drug effects on bile acid uptake by
rat suspended hepatocytes.

To overcome the disadvantages that may hamper kinetic ex-
periments by flow cytometry in miniaturized and automated
assays with a larger throughput,” we performed single end-
point measurements of intracellular NBD fluorescence. In this
way, the effects of several known cholestatic compounds on
the uptake of 3a-NBD-ChA, the most efficient fluorescent de-
rivative, were tested. Our results show that sodium valproate,
cyclosporin A, and chlorpromazine decrease the uptake of the
NBD fluorescent conjugate according to their relative in vivo
potency as cholestatic compounds, while sodium citrate (the
negative control) shows no effect. These results support the
applicability of the end-point flow cytometric assay with 3a-
NBD-ChA to detect compounds that affect bile acid uptake in
vitro. It should be emphasized that in these end-point meas-
urements, data from only 10000 cells were acquired, which,
under our experimental conditions, represents an approximate
volume of 100 pL of the original hepatocyte suspension. At a
typical acquisition rate of 500-1000 cells per second in a flow
cytometer, obtaining a single data point may take 10 to 20 sec-
onds. Thus, both the small number of cells required and the
speed of data generation are fully compatible with assay mini-
aturization in a 96-well plate format, and make the assay ame-
nable to automation using multi-well-sampling flow cytome-
ters,”™ thus increasing analytical throughput in pharmacologi-
cal and toxicological studies.

Experimental Section
Chemicals

Cholic acid, NBD-Cl, collagenase, DMSO, and propidium iodide
were supplied by Sigma Chemical Co. (Madrid, Spain) and used as
received. Ethanol (99.9%) was obtained from Merck (Darmstadt,
Germany). Ham’s F-12 and Lebovitz L-15 media, and calf serum
were purchased from Gibco (Madrid, Spain). Chlorpromazine, cyclo-
sporin A, sodium valproate, troglitazone, and all other chemicals
used for the synthesis of the fluorescent derivatives were obtained
reagent grade from Sigma-Aldrich and were used as received.

NBD derivatives 1-4 were prepared as previously described.'” The
same experimental procedure was also applied for the preparation
of NBD-CH (6). A complete NMR spectroscopic characterization (‘H
and () is included for all (see below).
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Characterization

The "H and "C NMR spectra were measured with a Bruker (Rhein-
stetten, Germany) 300 MHz instrument; CDCl; and CD;OD were
used as solvents, and the signal corresponding to the solvent in
each case was taken as reference: CDCl; (6 =7.26 ppm for 'H NMR,
0=77.2 ppm for *C NMR); CD,0D (6=3.31 ppm for '"HNMR, 6=
49.0 ppm for *C NMR). Coupling constants are given in Hz. Exact
mass spectra are included for all compounds (see below).

N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-3a-amino-7a,12a-dihydroxy-
5B-cholan-24-oic acid (3a-NBD-ChA) (1): 'HNMR (300 MHz,
CD;0D): 6=0.74 (s, 3H, Me-18), 1.00 (s, 3H, Me-19), 1.03 (d, J=
6.3 Hz, 3H, Me-21), 3.64 (m, TH, CH,-3), 3.82 (s, TH, CH-7), 3.99
(s, TH, CH,-12), 6.37 (d, J=8.7 Hz, T1H, CH,-6'), 8.50 ppm (d, J=
8.7 Hz, 1H, CH,-5); "CNMR (75 MHz, CD;0OD): 6=178.4 (COOH),
145.8 (C,), 145.7 (Cy), 138.6 (CH-5), 122.4 (C,), 99.8 (CH-6), 73.9
(CH-12), 68.9 (CH-7), 47.5 (CH), 43.5 (CH), 43.1 (CH), 41.1 (CH), 36.9
(CH), 36.8 (CH,), 36.0 (C), 35.7 (CH,), 324 (CH,), 32.1 (CH,), 29.6
(CH,), 287 (CH,), 28.1 (CH), 24.2 (CH,), 23.2 (CH,), 17.6 (CHs),
13.0 ppm (CH;); HRMS m/z 5703046 (calcd for C3H,N,O,
570.3055).

N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-3f-amino-7a,12a-dihydroxy-
5f-cholan-24-oic acid (3f-NBD-ChA) (2): 'HNMR (300 MHz,
CD;0D): 0=0.73 (s, 3H, Me-18), 1.03 (m, 6H, Me-19+Me-21), 2.82
(d't, J=14.9 Hz, TH), 3.83 (brs, TH, CH,-7), 3.99 (brs, TH, CH.-12),
4.14 (brs, 1H, CH,-3), 6.39 (d, J=9Hz, TH, CH,-6), 8.51 ppm (d,
J=9Hz, 1H, CH,-5); *C NMR (75 MHz, CD,0D): 6 =180.2 (COOH),
147.3 (Cy), 146.7 (Cp), 138.2 (CH-5'), 122.0 (Cy), 99.7 (CH-6), 74.0
(CH-12), 69.0 (CH-7), 47.6 (CH), 43.0 (CH), 41.0 (CH), 38.4 (CH), 37.0
(CH), 36.3 (Q), 354 (CH,), 33.7 (CH,), 33.0 (CH,), 32.2 (CH,), 29.8
(CH,), 28.7 (CH,), 27.7 (CH), 242 (CH,), 234 (CH,), 17.7 (CH,),
13.0 ppm (CH;); HRMS m/z 5703057 (calcd for CsH,,N,O;
570.3055).

N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-7 a-amino-3a,12a-dihydroxy-
5f-cholan-24-oic acid (7a-NBD-ChA) (3): 'HNMR (300 MHz,
CD;0D): 0=0.77 (s, 3H, Me-18), 1.03 (m, 6H, Me-19+Me-21), 3.39
(m, TH, CH,,-3), 3.99 (brs, TH, CH,,-7), 4.05 (brs, TH, CH,-12), 6.36
(d, J=9Hz, 1H, CH,-6), 855ppm (d, J=9Hz, 1H, CH,-5);
3C NMR (75 MHz, CD,0D): 6 =178.5 (COOH), 146.2 (C,,), 145.3 (C,,),
138.6 (CH-5), 123.4 (C,), 100.0 (CH-6'), 73.9 (CH-12), 72.3 (CH-3),
52.6 (CH-7), 47.8 (CH), 43.3 (CH), 42.8 (CH), 40.0 (CH,), 38.3 (CH),
36.7 (CH), 36.2(CH,), 32.3 (CH,), 32.1 (CH,), 31.0 (CH,), 30.8 (CH,),
29.5 (CH,), 28.3 (CH,), 24.1 (CH,), 22.8 (CH;), 17.7 (CH;), 12.7 ppm
(CH;); HRMS m/z 570.3064 (calcd for C5H,,N,O; 570.3055).

N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-73-amino-3a,12a-dihydroxy-
5f-cholan-24-oic acid (7f-NBD-ChA) (4): 'HNMR (300 MHz,
CD,0D): 6=0.79 (s, 3H, Me-18), 1.01 (d, J=6.3 Hz, 3H, Me-21), 1.04
(s, 3H, Me-19), 3.57 (m, 1H, CH,,-3), 3.83 (m, 1H, CH,,-7), 3.98 (brs,
TH, CH,,12), 6.30 (d, J=9 Hz, TH, CH,-6), 8.54 ppm (d, J=9 Hz,
1H, CHa-5); “CNMR (75 MHz, CD,0D): 6=178.3 (COOH), 146.1
(C), 145.6 (C), 139.0 (CH-5), 122.2 (C), 98.7 (CH-6'), 73.1 (CH-12),
72.1 (CH-3), 55.1 (CH-7), 49.2 (CH), 46.8 (CH), 43.4 (CH), 41.5 (CH),
37.3 (CH,), 36.6 (CH), 36.1(CH,), 34.8 (C), 34.5 (CH,), 34.1 (CH), 32.3
(CH,), 32.1 (CH,), 30.9 (CH,), 30.3 (CH,), 28.9 (CH,), 26.7 (CH,), 23.6
(CH3), 17.6 (CH5), 13.3 ppm (CH;); HRMS m/z 570.3062 (calcd for
CsoH.5N,0, 570.3055).

N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-cyclohexylamine (NBD-CH)
(6): "H NMR (300 MHz, CDCls): =1.54 (m, 5H, cHex), 1.74 (m, 1H),
1.87 (m, 2H), 2.17 (m, 2H), 3.67 (m, 1H, CH-NH), 6.19 (d, /=8.7 Hz,
1H, CH,-6), 847 ppm (d, J=8.7 Hz, 1H, CH,-5"); *C NMR (75 MHz,
CDCL,): 6=144.5 (C,), 144.1 (Cy), 143.0 (C,), 136.7 (CH-5)), 123.7
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(Cp), 98.8 (CH-6'), 53.0 (CH), 32.4 (CH,), 25.2 (CH,), 24.7 ppm (CH,);
HRMS m/z 262.1073 (calcd for C,,H;,N,0; 262.1066).

Photophysical measurements

Absorption measurements (UV/Vis) were performed on a Jasco V-
530 spectrometer (Japan). Fluorescence spectra were recorded on
an FS900 fluorimeter, and lifetimes were measured with an FL900
setup, both from Edinburgh Instruments (Reading, UK). Lifetime
measurements were based on single photon counting using a hy-
drogen flash lamp (1.5 ns pulse width) as the excitation source.
The kinetic traces were fitted by single-exponential decay functions
using a re-convolution procedure to separate from the lamp pulse
profile. The solutions were purged with N, for at least 15 min
before the measurements. The absorbance of the solutions at the
excitation wavelength was kept <0.1. Cuvettes of 1 cm optical
path length were used, and experiments were performed in abso-
lute EtOH at room temperature.

Flow cytometry analysis of the NBD-ChA uptake by
hepatocytes

Hepatocytes were obtained from 200-300 g Sprague-Dawley male
rats by perfusion of the liver with collagenase as described else-
where.” Cell viability of suspensions, assessed by the trypan blue
exclusion test, was > 85%.

All kinetic and single end-point measurements were performed in
triplicate using a Cytomics FC500 MCL flow cytometer (Beckman-
Coulter, Brea, CA, USA) equipped with an air-cooled argon-ion laser
emitting at 488 nm. The fluorescence emissions were collected at
525 nm (NBD green fluorescence) and 625 nm (propidium iodide
orange fluorescence). Measurements of forward angle laser light
scatter (FS), an estimation of cell size, were used for gross morpho-
logical assessment of hepatocytes and the exclusion of debris.
Data analysis in the kinetic and single end-point flow cytometric
measurements was performed using CXP software (Beckman-
Coulter) interfaced with the flow cytometer. Similar results were
obtained in an EPICS XL flow cytometer (Beckman-Coulter).

The uptake kinetics of the various NBD-ChA derivatives was evalu-
ated by flow cytometry as previously described.” Suspensions of
freshly isolated rat hepatocytes were diluted at 10° viable cells per
mL in Ham'’s F-12/Lebovitz L-15 (1:1) medium supplemented with
2% calf serum plus 0.2% bovine serum albumin and kept at 37°C
in a 5% CO, humidified atmosphere until analysis. Flow cytometric
experiments were always performed within 2 h after cell isolation.
Hepatocyte suspensions were dispensed in standard polypropylene
tubes and stained with propidium iodide at a final concentration
of 5 ugmL™" for 5 min to identify and exclude dead cells from the
analysis. Detector settings were adjusted to display live cells as the
events with largest forward scatter and lowest orange fluorescence
(corresponding to autofluorescence). Live cells were thus delimited
by and selected according to the elliptical gate shown in the
upper left quadrant. Dead and dying cells appear as intense propi-
dium fluorescent events, while bare nuclei released by necrotic
cells appear as small but fluorescent events. At the starting time,
each tube was loaded in the flow cytometer, and data acquisition
was maintained for ~10 s in order to detect the green autofluores-
cence of cells. Data acquisition was then paused, and an appropri-
ate volume of stock solution (1 mgmL™" in EtOH) of the corre-
sponding NBD derivative was added quickly to the tube for a final
concentration of 100 nm. From this moment, data acquisition was
continued for 300 s. Transport of the cholic acid derivative inside
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the cell can be detected and quantified by measuring the increase
of NBD green fluorescence in cells over time. For this purpose, rec-
tangular analytical regions are implemented by the cytometer-in-
terfaced computer along the graph x axis to obtain mathematical
values from the raw cytometric data.

Single end-point flow cytometric measurements of cellular fluores-
cence were performed to determine the maximal concentration
and the stability of intracellular fluorescence accumulation. Follow-
ing the initial kinetic measurement, each treated sample was run
again in the flow cytometer at 10, 20, and 60 min after addition of
the NBD derivative. In these end-point measurements, fluorescence
data from 10000 live cells were acquired.

To check for specificity, hepatocyte suspensions were treated with
troglitazone, a well-known cholestatic drug, which inhibits bile salt
uptake and efflux."® Dilute hepatocyte suspensions were incubat-
ed for 15 min at 37 °C with troglitazone (10 pum final concentration
from a stock solution at 1 mgmL~" in DMSO) or an appropriate
volume of DMSO. Uptake kinetics for NBD fluorescence was then
determined by flow cytometry as described above.

The effect of model compounds with described in vitro cholestatic
action of strong (chlorpromazine and cyclosporin A) or moderate
(sodium valproate) intensity was also tested.”>*” For this purpose,
diluted hepatocyte suspensions were incubated for 15 min with
either cholestatic compound at increasing concentrations or a simi-
lar volume of DMSO. Following initial drug treatment, each sample
was treated with 30-NBD-ChA (100 nm) and run again in the flow
cytometer after 15 min. In these end-point measurements, fluores-
cence data from 10000 live cells were acquired.
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