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ABSTRACT

The mechanistic understanding of bile salt disposition is not well
established in suspension human hepatocytes (SHH) because of the
limited information on the expression and function of bile salt export
protein (BSEP) in this system. We investigated the transport function
of BSEP in SHH using a method involving in situ biosynthesis of bile
salts from their precursor bile acids, cholic acid (CA) and chenodeox-
ycholic acid (CDCA). Our data indicated that glycine- and taurine-
conjugated CA and CDCAwere generated efficiently and transported
out of hepatocytes in a concentration- and time-dependent manner.
Wealsoobserved that themembraneprotein abundanceofBSEPwas
similar between SHH and sandwich-cultured human hepatocytes.
Furthermore, known cholestatic agents significantly inhibited G-CA
and G-CDCA efflux in SHH. Interestingly, cyclosporine A, troglitazone,
itraconazole, loratadine, and lovastatin inhibited G-CA efflux more
potently thanG-CDCAefflux (3- to 5-fold). Becauseof these significant
differential effects on G-CA and G-CDCA efflux inhibition, we de-
termined the IC50 values of troglitazone for G-CA (9.9 mM) and for
G-CDCA (43.1 mM) efflux. The observed discrepancy in the IC50 was

attributed to the fact that troglitazone also inhibits organic anion
transporting polypeptides and Na+/taurocholate cotransporting poly-
peptide in addition to BSEP. The hepatocyte uptake study suggested
that both active uptake and passive diffusion contribute to the liver
uptake of CA, whereas CDCA primarily undergoes passive diffusion
into the liver. In summary, these data demonstrated the expression
and function of BSEP and its major role in transport of bile salts in
cryopreserved SHH.

SIGNIFICANCE STATEMENT

BSEP transport function and protein abundance was evident in SHH
in the present study. Themembrane abundanceof BSEPproteinwas
similar between SHH and sandwich-cultured human hepatocytes.
The study also illustrated the major role of BSEP relative to baso-
lateral MRP3 and MRP4 in transport of bile salts in SHH. Un-
derstanding of BSEP function in SHH may bolster the utility of this
platform in mechanistic understanding of bile salt disposition and
potentially in the assessment of drugs for BSEP inhibition.

Introduction

Primary human hepatocytes (either freshly isolated or cryopreserved)
in suspension are considered the gold standard for the assessment of
metabolic and uptake clearance (Soars et al., 2007; Zhao, 2008; Chiba
et al., 2009; Yang et al., 2016), as theymaintain both uptake transporter and
metabolic enzyme activity (Gomez-Lechon et al., 2004; Richert et al.,
2006; Keemink et al., 2018). However, their utilization for the assessment
of bile salt disposition, which is critical in the mechanistic understanding of
cholestasis and drug-induced liver injury, has remained questionable
because of the belief that canalicular transporters lose their membrane

expression (internalized) during the process of hepatocyte isolation. This is
evident from the study by Bow et al. (2008), which showed that
P-glycoprotein (P-gp) andMrp2 proteins are internalized and not localized
in the canalicular membrane of freshly isolated rat hepatocytes, and
therefore suspension hepatocytes do not represent a good model to study
canalicular excretion of drugs. On the contrary, Li et al. (2008) and
Lundquist et al. (2014) showed that bile canalicular efflux transporters,
including P-gp, BCRP, bile salt export protein (BSEP), and MRP2, are
expressed in the plasma membrane of freshly isolated and cryopreserved
human hepatocytes. Furthermore, Li et al. (2008) showed the efflux activity
of P-gp, BCRP, and MRP2 in SHH using 3,39-diethyloxacarbocyanine
iodide, pheophorbide A, and glutathione methylfluorescein (derived from
5-chloromethylfluoresceindiacetate), respectively, whereas Lundquist et al.
(2014) demonstrated P-gp and BCRP efflux activity in SHH by inhibiting
efflux of fexofenadine and rosuvastatin in the presence of elacridar (P-gp
inhibitor) and fumitremorgin C (BCRP inhibitor), respectively. Thus, in
contrast to Bow et al. (2008), data from Lundquist et al. (2014) indicated
that only a fraction of canalicular transporters are internalized, leaving
a significant portion of transporter proteins in the canalicular plasma
membrane of freshly isolated and cryopreserved human hepatocytes.
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Recently, Zhang et al. (2016) and Yucha et al. (2017) showed the
efflux of G-CA and G-CDCA in SHH and suggested that BSEP is the
primary pathway responsible for the efflux of these bile salts out of
human hepatocytes. However, this study did not account for the
involvement of basolateral efflux transporters, such as MRP3, MRP4,
and OSTa/b, which are known to be involved in the transport of bile
salts (Zelcer et al., 2003; Rius et al., 2006; Suga et al., 2019). In addition,
the study did not provide quantitative information on the membrane
protein abundance of BSEP in SHH. Li et al. (2009a,b) quantitively
measured the absolute protein abundance of canalicular efflux trans-
porters, including BCRP, BSEP, and MRP2, in freshly and cryopre-
served human hepatocytes in comparison with liver tissues by LC-MS/
MS. Interestingly, the protein expression of BCRP, BSEP, andMRP2 in
both freshly and cryopreserved human hepatocytes was found to be
similar to liver tissues. Very recently, Kumar et al. (2019) reported total
as well as plasma membrane abundance of canalicular transporters,
including P-gp, MRP2, and BSEP, in suspended, plated, and sandwich-
cultured human hepatocytes in direct comparison with human liver
tissue by quantitative targeted proteomics. In this study, the total
membrane abundance of BSEP in SHH and SCHH was found to be
similar to liver tissue. Furthermore, the plasma membrane abundance of
BSEP was similar between SHH and SCHH, although most of it was
intracellular. Collectively, all previous studies looked at either the
plasma membrane expression or the transport activity of BSEP sep-
arately but did not comprehensively investigate BSEP expression,
function, and its relative contribution to bile salt transport in comparison
with basolateral MRP3, MRP4, and OSTa/b in SHH. Therefore, the
objectives of this present study were 3-fold: 1) examine the role of BSEP
in the efflux of bile salts in SHH; 2) investigate the involvement of
basolateral efflux transporters, MRP3 and MRP4, in the efflux of bile
salts in SHH; and 3) quantitatively measure the membrane protein
abundance of BSEP in SHH in direct comparison with SCHH using
the same lot of human hepatocytes.

Materials and Methods

A transporter-qualified cryopreserved human hepatocyte single-donor lot
(WWQ) and a cryopreserved five-donor pooled human hepatocyte lot (YZG)
were obtained from BIOIVT (Baltimore, MD) (Supplemental Table 1). Williams’
E medium, recovery medium, hepatocyte maintenance medium, and plating
medium were purchased from Thermo Fisher (Waltham, MA). Atorvastatin,
estradiol-17b-glucuronide, taurocholate, rifamycin SV (RFV), cyclosporin A,
itraconazole, reserpine, bosentan, troglitazone, simvastatin, loratadine, valino-
mycin, lovastatin, and MK571 were purchased from Sigma-Aldrich (St. Louis,
MO). Cholic acid (CA) and chenodeoxycholic acid (CDCA) were procured from
IsoScience, LLC (Ambler, PA). Hepatitis B virus (HBV) peptide was custom-
synthesized byNew England Peptide (Gardner, MA). The amino acid sequence of
the peptide was derived from the preS1 region of HBV (D-type, GenBank
accession number U9555.1) containing residues 2–48, which was modified with
N-terminal myristoylation (Konig et al., 2014; Yan et al., 2014). All organic
solvents of high-quality gradewere procured from either Thermo Fisher or Sigma-
Aldrich.

Uptake Assay in Suspension Human Hepatocytes. The conventional oil-
spin method was used for the uptake analysis, as previously described (Chothe
et al., 2018). First, cryopreserved hepatocytes were recovered by thawing them at
37�C and suspending them in hepatocyte recovery medium. Subsequently, cells
were centrifuged at 100g for 10 minutes and resuspended in Krebs-Henseleit
buffer (KHB) at a density of 1 � 106 cells per milliliter. The total (active +
passive) uptake of bile acids wasmeasured by incubating hepatocytes at 37�C. For
inhibition study, hepatocytes were preincubated with an inhibitor (20 mM RFV,
0.1 mMHBV peptide) for 10 minutes at 37�C. DMSO (final concentration,1%)
was used for preincubation as a vehicle control. Each bile acid was then added to
the hepatocyte suspension at the desired concentration. Samples were withdrawn
at 0.5, 1.5, and 3minutes and transferred to centrifuge tubes containingmineral oil
and 1M sucrose. Cells were centrifuged at 10,000 rpm for 15 seconds to terminate

the uptake. The centrifuge tubes were kept on dry ice and cut to separate cell
pellets, which were then collected in cluster tubes. Cell pellets were then lysed by
adding 300 ml acetonitrile (containing internal standard). Finally, samples were
centrifuged, and supernatant was collected to measure the intracellular amount of
bile acid by LC-MS/MS.

Efflux Studies in Suspension Human Hepatocytes. Cryopreserved hepato-
cytes were thawed and recovered as described above. Hepatocytes were
reconstituted in hepatocyte maintenance medium at a final density of 0.25 �
106 viable cells per milliliter as reported previously (Zhang et al., 2016). Cells
were incubated at 37�C in the absence and presence of CA or CDCA at 1, 5, and
10 mM concentrations. Aliquots were taken at 15, 30, 60, and 120 minutes and
transferred to centrifuge tubes containingmineral oil and 1M sucrose. Aliquots of
supernatants were transferred to a 96-well sample plate for the analysis of effluxed
glycine- and taurine-conjugated CA and CDCA by LC-MS/MS.

Transport Studies Using Membrane Vesicles. Human BSEP, MRP3, and
MRP4 membrane vesicle studies were conducted at SOLVO Biotechnology at
Charles River Company (Hungary). These inside-out membrane vesicles were
derived from HEK293 cells expressing BSEP, MRP3, and MRP4. Membrane
vesicles were prepared and characterized by SOLVOBiotechnology according to
standard operating procedures. The vesicle transport assays were performed in
96-well plates. For both BSEP and MRP vesicle assays, 50 mg of vesicles was
mixed with different concentrations of bile salts (G-CA, T-CA, G-CDCA, and
T-CDCA) and incubated at 37�C for 10minutes. The uptake reactionwas initiated
by adding magnesium adenosine triphosphate (MgATP) or magnesium adenosine
triphosphate (MgAMP) at a final concentration of 4 mM. Subsequently, the assay
mixture was incubated at 37�C for 10minutes. The transport reaction was stopped
by adding 200 ml ice-cold wash buffer, and samples were transferred to prewet
96-well glass fiber filter plates. Filters were washed three times with ice-cold
termination buffer by suctioning. The compound in vesicles was then eluted with
100 ml acetonitrile containing internal standard and subsequently analyzed by
LC-MS/MS to quantify BSEP-mediated uptake. The uptake rate was determined
using the following equation:

Uptake ¼ amount   in  vesicleðpmolÞ
mg  protein

:

The uptake of estradiol-17b-glucuronide, dehydroepiandrosterone sulfate, and
T-CA was carried out as positive control substrates in MRP3, MRP4, and BSEP
vesicles, respectively. The amount of each positive control substrate inside the
filtered vesicles was determined by liquid scintillation counting.

Madin-Darby Canine Kidney Permeability Assay. The permeability of CA,
CDCA, and their glycine- and taurine-conjugated moieties (G-CA, T-CA,
G-CDCA, and T-CDCA) was assessed in Madin-Darby canine kidney (MDCK)
cells. The procedure was used as described in our earlier report (Moore et al.,
2016) using a Tecan Genesis automated liquid handler (Durham, NC). To perform
apical-to-basolateral and basolateral-to-apical permeability assessments, com-
pounds were added to the donor compartments (1 mM), and Hanks’ balanced salt
solution buffer was added to the receiver compartments. The incubations were
performed at 37�C for 60 minutes. Samples were withdrawn at 0 and 60 minutes
from the receiver and donor compartments and analyzed by LC-MS/MS. At the
end of the assay, cells were further incubated with Lucifer yellow (100 mM) to
assess the integrity of the MDCK cell monolayer.

The apparent permeability coefficient (Papp) of bile acids and bile salts was
determined using the following equation:

Papp ¼ ðdQ=dtÞ=ðarea� CoÞ;

where dQ/dt is the rate of transfer of a compound across the cells, area is the
surface area of the membrane (0.143 cm2), and C0 is the donor concentration of
a compound at time zero.

LC-MS/MS Analysis. The quantitative analysis of the analytes was performed
using an ABSciex atmospheric pressure ionization (API) 5500mass spectrometer
coupled with CTC Analytics Prep And Load Automation (PAL) autosampler
(CTC Analytics AG, Zwingen, Switzerland) in electrospray ionization mode.

Analytes were resolved on a Unisol C18 2.1 � 30 mm, 5 mM column (Agela
Technologies, Newark, DE) using the mobile phase of 10 mM ammonium acetate
in water (pH 4.0, A) and acetonitrile/methanol (50:50, v/v, B) at the flow rate of
0.8 ml/min. The linear gradient was 0.0–0.3 minutes, 0%–70% B; 0.3–1.0
minutes, 70%–70% B; 1.0–1.2 minutes, 70%–99% B; and 1.2–2.2 minutes,
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99%–99% B. The multiple reaction monitoring transitions of the compounds are
indicated in Supplemental Table 2. Data analysis was done using Analyst version
1.6.2 (SCIEX, Framingham, MA).

Quantification of Major Liver Uptake and Efflux Transporters in SHH
and SCHH. The procedure of the membrane fraction preparation and quantitative
analysis of drug transporter protein abundance was followed as described by
Khatri et al. (2019).

Membrane Fraction Preparation. Membrane fractions from SHH and
SCHH were prepared using an Mem-PER Plus membrane protein extraction kit
(Rockford, IL). Cryopreserved human hepatocytes were recovered as described
earlier (Uptake Assay in Human Hepatocytes). About 8 million viable human
hepatocytes were used to prepare membrane fractions. For SCHH, cells were
scraped from a 24-well plate (5th day culture) and collected in 15-ml tubes. Both
cryopreserved human hepatocytes and SCHH samples were then processed using
the manufacturer’s protocol to obtain membrane fractions.

Quantification of Protein Abundance of Drug Transporters. In total,
20 mg membrane protein was used in the digestion reaction. The samples were
solubilized in 1% sodium deoxycholate, which helps in the solubilization and
denaturation of protein. Membrane protein was transferred to the polymerase
chain reaction (PCR) tubes and evaporated to dryness in a ThermoSavant
SpeedVac. The dried protein samples were then denatured and reduced in the
presence of 50 mM ammonium bicarbonate, 40 mM dithiothreitol, b-casein, and
10% sodium deoxycholate for 40 minutes at 60�C in an Isotemp Thermal Mixer
(Fisher Scientific, Pittsburg, PA). Subsequently, the samples were incubated with
135 mM iodoacetamide for 30 minutes in the dark. Each heavy labeled peptide
(1 pmol) was then added to the tubes. Samples were then digested in the presence
of trypsin. The reaction was terminated by adding 10% trifluoroacetic acid, and
the samples were centrifuged at 13,300 g for 5 minutes. The supernatant was then
treated with solid-phase extraction. Elution was done using acetonitrile/formic
acid (60:40). Subsequently, the eluate was evaporated to dryness and reconstituted
in modified mobile phase A (0.1% formic acid/acetonitrile, 98:2). The samples
were centrifuged at 13,300g for 5 minutes, and the supernatant was transferred to
deactivated vial inserts for LC-MS/MS analysis. Analysis was done using
nanoACQUITY (Waters, Milford, MA) coupled with a SCIEX QTRAP 5500
hybrid mass spectrometer equipped with a NanoSpray III source as described by
Khatri et al. (2019). The peptide sequence and themultiple reactionmonitoring for
each heavy labeled peptide are shown in Supplemental Table 3.

Data Analysis. The uptake data in human hepatocytes andMRP3, MRP4, and
BSEP vesicles were analyzed with one-way ANOVA with Dunnett’s compar-
isons test. The data were considered statistically significant when P # 0.05. The
IC50 of troglitazone was determined by fitting data using the nonlinear regression
equation in GraphPad Prism 8 software.

Results

Measurement of the Efflux of Glycine- and Taurine-Conjugated
CA and CDCA in SHH. The efflux of G-CA, T-CA, G-CDCA, and
T-CDCA was measured in two different lots of hepatocytes: a cryopre-
served five-donor pooled human hepatocyte lot (YZG) and transporter-
qualified cryopreserved human hepatocyte single-donor lot (WWQ). CA
and CDCAwere incubated with SHH at 1, 5, and 10mMconcentrations.
The efflux of G-CA, T-CA and G-CDCA, and T-CDCA was measured
as described inMaterials and Methods. The efflux of both glycine- and
taurine-conjugated CA and CDCA (G-CA, T-CA, G-CDCA, and
T-CDCA) increased in a time- and concentration-dependent manner
(Fig. 1 for the pooled-donor hepatocyte lot, YZG) (Supplemental Fig. 1
for the single-donor hepatocyte lot, WWQ). The efflux of G-CA was
5.5-, 15.7-, and 27-fold higher at 1, 5, and 10mMCA compared with the
efflux of endogenous G-CA, whereas the efflux of T-CA was 2.8-, 6.3-,
and 9.5-fold higher at 1, 5, and 10 mM CA compared with the efflux of
endogenous T-CA. Similarly, the efflux of G-CDCA was 9.5-, 27.5-,
and 36.8-fold higher at 1, 5, and 10mMCDCA compared with the efflux
of endogenous G-CDCA. The efflux of T-CDCAwas 3.3-, 5.6-, and 6.7-
fold higher at 1, 5, and 10 mM CDCA compared with the efflux of
endogenous T-CDCA (Fig. 1 for the pooled-donor hepatocyte lot, YZG)
(Supplemental Fig. 1 for the single-donor hepatocyte lot, WWQ).

Interestingly, human hepatocytes generated more glycine-conjugated
moieties than taurine-conjugated moieties. The amount of G-CA
generated was 12.1- to 17.5-fold higher compared with T-CA, whereas
the amount of G-CDCA generated was 6.2- to 11.8-fold higher
compared with T-CDCA.
Analysis of MRP3- and MRP4-Mediated Transport of Bile Salts.

Previous reports have indicated that MRP3 and MRP4 are involved in
the transport of bile salts from hepatocytes into the systemic circulation
(Zelcer et al., 2003; Rius et al., 2006). To delineate the role of MRP3
and MRP4 in the transport of G-CA, T-CA, G-CDCA, and T-CDCA,
we tested the transport of these bile salts in MRP3- and MRP4-
overexpressed membrane vesicles. MRP3-overexpressing vesicles
showed 5.5- and 2.2-fold higher uptake of G-CA and T-CA, whereas
MRP4-overexpressing vesicles showed 1.2-fold higher uptake, respec-
tively, in the presence of ATP compared with AMP (Fig. 2, A and B;
Supplemental Tables 6 and 7). On the other hand,MRP3-overexpressing
vesicles showed 5.4- and 2.5-fold higher uptake of G-CDCA and
T-CDCA, whereas MRP4-overexpressing vesicles showed 1.4- and
1.5-fold higher uptake, respectively, in the presence of ATP compared
with AMP (Fig. 2, A and B; Supplemental Tables 6 and 7). As a positive
control, the uptake of estradiol-17b-glucuronide and dehydroepiandros-
terone sulfate was 33.2- and 6.8-fold higher in the presence of ATP
compared with AMP in MRP3- and MRP4-overexpressing vesicles,
respectively (Supplemental Fig. 2, A and B respectively). We then
measured the uptake of all four bile salts in human BSEP-overexpressing
vesicles for direct comparison with MRP3 and MRP4. In comparison
with MRP3 and MRP4, BSEP transported all four bile salts very
efficiently. The uptake of G-CA, T-CA, G-CDCA, and T-CDCA was
41.7-, 30.8-, 11.6-, and 11.7-fold higher in BSEP-overexpressed vesicles
in the presence of ATP compared with the uptake in the presence of
AMP (Fig. 2C; Supplemental Table 8). The uptake of TCA,
a positive control substrate, was 34.9-fold higher in the presence
of ATP in comparison with the uptake in the presence of AMP
(Supplemental Fig. 2C).
Protein Abundance of Major Hepatic Uptake and Efflux

Transporters in SHH in Comparison with SCHH. We quantified
11 human liver transporter proteins, including basolateral uptake
transporters (OATP1B1, OATP1B3, OATP2B1, NTCP, OCT1, OAT2,
and OAT7), basolateral efflux transporter (MRP3), and canalicular
efflux transporters (P-gp, BSEP, and MRP2), in SHH and SCHH (5th
day culture). The protein expression ofMRP3, OAT7, BSEP, and OCT1
was very similar between SHH and SCHH. Overall, there was a good
correlation (within 2-fold, r2 = 0.84) in transporter protein expression
between SHH and SCHH (Table 1).
Inhibition of G-CA and G-CDCA Efflux by Known Cholestatic

Drugs in SHH.We investigated the effect of the nine known cholestatic
drugs, including cyclosporin A, itraconazole, reserpine, troglitazone,
bosentan, simvastatin, loratadine, valinomycin, and lovastatin, on the
efflux of G-CA and G-CDCA in pooled SHH. The reported IC50 of these
drugs in different systems is shown in Table 2. Cyclosporin A,
troglitazone, simvastatin, loratadine, valinomycin, and lovastatin
inhibited G-CA efflux by 80%, whereas itraconazole, reserpine, and
bosentan inhibited G-CA efflux by 50%, 60%, and 44%, respectively.
On the other hand, simvastatin, valinomycin, lovastatin, cyclosporin A,
reserpine, and troglitazone inhibited G-CDCA efflux by 79%, 62%,
65%, 47%, 53%, and 49%, respectively, whereas bosentan, loratadine,
and itraconazole showed only modest inhibition of G-CDCA efflux
(23%, 24%, and 15%, respectively) (Fig. 3A). Further, we determined an
IC50 of troglitazone for the inhibition of G-CA and G-CDCA efflux in
pooled SHH. Human hepatocytes were incubated with CA andCDCA in
the absence and presence of different concentrations of troglitazone
(0.05–50 mM) for 1 hour. Troglitazone inhibited G-CA and G-CDCA
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efflux with an IC50 of 9.9 6 1.3 and 43.1 6 2.6 mM, respectively
(Fig. 3B).
Uptake Analysis of CA and CDCA in SHH.Most cholestatic drugs

are known to inhibit hepatic uptake transporters in addition to BSEP,
e.g., troglitazone is known to inhibit hepatic uptake transporters, OATPs
(Chang et al., 2013), and NTCP (Yang et al., 2015) in addition to BSEP.
Therefore, to delineate the implication of these uptake transporters in the
inhibition of bile salt efflux, we analyzed the uptake of CA andCDCA in
human hepatocytes. The active uptake of CA and CDCA in SHH was
assessed by incubating bile acids at 37�C in the absence and presence of
RFV (OATP inhibitor) and HBV peptide (NTCP inhibitor). The uptake
of CA was reduced by 38% and 43% by RFV and HBV peptide,
respectively, whereas the uptake of CDCA was only modestly reduced
by 22% and 18% by both RFV and HBV peptide, respectively (Fig. 4).
The total uptake of CDCA was found to be 5.6-fold higher compared
with CA (Supplemental Table 4). For control, wemeasured the uptake of
TCA and atorvastatin in pooled SHH. TCA uptake was measured in
sodium-containing buffer (KHB) and sodium-free KHB buffer (sodium
chloride was iso-osmotically replaced with choline chloride; Biorecla-
mationIVT). The inhibition of TCA uptake by HBV peptide was
measured in the presence of sodium-containing KHB buffer. NTCP-
specific TCA uptake was determined by subtracting the uptake in
sodium-free buffer from sodium-containing buffer. HBV peptide
inhibited NTCP-mediated TCA uptake by 97% (Supplemental Fig.
3A, P , 0.001). Atorvastatin uptake was measured in the absence and
presence of 20 mM RFV. The uptake of atorvastatin was significantly
inhibited by RFV up to 61% (Supplemental Fig. 3B, P , 0.001).

Discussion

Bile salt disposition is not well established in suspension human
hepatocytes (SHH) because of the lack of information on the expression
and function of BSEP. As described in the Introduction, earlier studies

by Bow et al. and Lundquist et al. were inconsistent in terms of plasma
membrane expression of canalicular transporters, including BSEP, in
suspension hepatocytes. Zhang et al. (2016) showed the transport
function of BSEP in human, monkey, dog, rat, and mouse suspension
hepatocytes by using a novel method that involves in situ biosynthesis of
bile salts from their precursor bile acids, such as CA and CDCA. Their
data showed dose- and time-dependent increases in the efflux of bile
salts across species. In the present study, we used a similar approach to
demonstrate BSEP activity in SHH. In addition, we also assessed protein
abundance of BSEP in SHH in direct comparison with SCHH by
targeted proteomics using the same lot of human hepatocytes. We also
comprehensively investigated the contribution of BSEP to the biliary
secretion of bile salts by directly comparing the transport of bile salts via
BSEP and basolateral MRPs and examining the effect of known BSEP
inhibitors on bile salt efflux.
In the present study, the efflux of conjugated bile salts was found to be

concentration- and time-dependent. Glycine conjugation was favored
over taurine conjugation, as G-CA and G-CDCA levels were signifi-
cantly higher than T-CA and T-CDCA in SHH. These data are consistent
with data reported by Zhang J et al. Further, G-CDCA was the most
abundant bile salt generated in human hepatocytes, which is also
consistent with the clinical data (Luo et al., 2018). These data revealed
that CA and CDCA are efficiently metabolized to their respective
glycine- and taurine-conjugated salts, which are subsequently trans-
ported out of hepatocytes. In the current study, vesicular transport data
indicated that MRP3 does transport all four bile salts, but MRP4 did not
show transport of any bile salts at significant levels [uptake ratio (ATP/
AMP) ,2]. Although MRP3 is capable of transporting these bile salts,
the transport efficiency was significantly lower (2- to 14-fold) compared
with BSEP (Supplemental Tables 6 and 8).
To further support the functional role of BSEP in bile salt transport in

SHH, we quantitatively measured and compared the protein abundance
of BSEP between SHH and SCHH. Interestingly, the membrane

Fig. 1. Efflux of glycine- and taurine-conjugated CA and CDCA in pooled SHH (YZG). Cells were incubated with CA and CDCA at 1, 5, and 10 mM. Efflux of (A) G-CA,
(B) TCA, (C) G-CDCA, and (D) T-CDCA was measured at 15, 30, 60, and 120 minutes. For control, experiment cells were incubated with vehicle (DMSO ,0.1%). The
experiment was done in triplicate (n = 3).
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expression of BSEP in SHHwas very similar to that in SCHH (Table 1).
We examined BSEP protein expression in total membrane extract
obtained from human hepatocytes, which contains not only plasma
membrane but also other intracellular membranes; therefore, it may not
truly represent BSEP function. However, recent data by Kumar et al.

(2019) indicated that the plasma membrane as well as total protein
expression of BSEP in SHH was comparable to SCHH, although more
than 50% of BSEP protein was found in intracellular space. Nevertheless,
the fraction of BSEP protein present in the plasma membrane of human
hepatocytes was functional, as seen in the present study. The protein

Fig. 2. Uptake analysis of G-CA, T-CA, G-CDCA, and T-CDCA in
human MRP3-, MRP4-, and BSEP-overexpressed membrane vesicles.
Uptake of G-CA, T-CA, G-CDCA, and T-CDCA at 1 mM concentra-
tion was measured in the presence of AMP and ATP with and without
MK571 (150 mM) in (A) MRP3- and (B) MRP4-overexpressed
membrane vesicles. (C) Uptake of G-CA, T-CA, G-CDCA, and
T-CDCA at 1 mM concentration was measured in the presence of
AMP and ATP with and without cyclosporine A (CsA) (10 mM) in
BSEP-overexpressed membrane vesicles. The experiment was done
in triplicate (n = 3). **P # 0.005; ***P , 0.001.

TABLE 1

Protein abundance of liver uptake and efflux transporters in SHH and sandwich-cultured human hepatocytes

Protein Peptide Sequence

Membrane Protein Abundance
Expression Ratio
(Suspension/

SCHH)
Suspension
(n = 4)

SD
SCHH
(n = 4)

SD

pmol/mg
P-gp I368IDNKPSIDSYSK380 0.45 0.07 0.66 0.17 0.68
MRP2 Y514FAWEPSFR522 1.0 0.75 1.7 0.93 0.59
MRP3 G654ALVAVVGPVGCGK667 0.42 0.53 0.41 0.63 1.02
OATP1B1 N321VTGFFQSFK330 4.5 0.35 2.9 0.57 1.55
OATP1B3 I615YNSVFFGR623 0.48 0.58 0.22 0.43 2.18
OATP2B1 Y641YNNDLLR648 1.6 0.39 0.85 0.59 1.88
OAT2 N20VALLALPR28 0.35 0.29 0.16 0.11 2.19
OAT7 D313TLTLEILK321 1.5 0.10 1.2 0.30 1.25
BSEP S462TALQLIQR470 0.67 0.18 0.80 0.12 0.84
NTCP G144IYDGDLK151 0.10 0.14 0.20 0.13 0.5
OCT1 L330SPSFADLFR339 0.33 0.08 0.40 0.30 0.83
NaK ATPase V213DNSSLTGESEPQTR227 9.0 0.24 10.4 0.39 0.87
GammaGTP L156FQPSIQLAR165 1.4 0.30 3.7 1.0 0.39
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abundance ofMRP3was found to be relatively less comparedwith BSEP
in both SHH and SCHH (1.6-fold and 2-fold less in SHH and SCHH,
respectively). Although the protein abundance of MRP3 was evident in
SHH and showed active transport of bile salts, its contribution to overall
bile salt transport may be low under normal physiologic conditions. Zeng
et al. (2000) reported that MRP3-mediated G-CA transport was low-
affinity and high-capacity (Km = 248 mM) and it may play a significant
role under cholestatic conditions when the intracellular G-CA concen-
tration is high. In this study, we did not report the protein abundance of
MRP4, as the protein level was below the level of detection because of its
poor expression in human hepatocytes. This is not surprising, as an earlier
study by Kumar et al. (2019) could also not detect MRP4 protein in
different human hepatocyte platforms. We did not measure the protein
abundance of OSTa/b in the present study, as it is not known to play
a significant role in bile salt transport under normal physiologic
conditions. Recently, Beaudoin et al. (2020a,b) reported that the protein
level of OSTa/b in SCHH was undetected under normal physiologic
conditions and the expression was only detectable after treatment with
100 mM CDCA, which is known to induce MRP4 expression. Co-
incidentally, this study was done using the same lot of hepatocytes
(WWQ) that was used in the present study for both bile salt transport and
proteomics experiments (Beaudoin et al., 2020a). Furthermore, studies
from Suga et al. (2019) and Beaudoin et al. (2020a) showed that G-CA,

T-CA, G-CDCA, and T-CDCA are low-affinity substrates of OSTa/b
(Km . 700 mM for G-CA and TCA, whereas Km is .1000 mM for
G-CDCA and T-CDCA); therefore, OSTa/b may not recognize and
transport these bile salts under normal conditions when intracellular
concentrations of bile salts are low. However, it may contribute
significantly to the efflux of these bile salts under cholestatic conditions
when the intracellular concentrations of bile salts are high (Malinen et al.,
2018; Beaudoin et al., 2020b). Overall, these data suggest that the efflux
of T-CA and T-CDCA in suspension hepatocytes appears to be pre-
dominantly mediated by BSEP with little or no involvement of MRP3,
MRP4, and OSTa/b. Since MRP3 showed significant transport of G-CA
and G-CDCA in membrane vesicles (Supplemental Table 6), it is possible
that it may play amajor role in the efflux of these bile salts at the basolateral
membrane of human hepatocytes when intracellular levels of these bile
salts increase as a consequence of BSEP inhibition by cholestatic agents.
Further studies, such as the measurement of protein abundance of MRP3
and BSEP in MRP3 and BSEP membrane vesicles, are needed to
quantitatively estimate the relative contribution of MRP3 and BSEP in
the transport of G-CA and G-CDCA in SHH using the relative expression
factor approach. Interestingly, the membrane abundance of NTCP and
OCT1 was found to be 3-fold and 2-fold lower, respectively, compared
with the data available in literature (Schaefer et al., 2012; Kumar et al.,
2019). This discrepancy cannot be explained at this time.

TABLE 2

Summary of compounds known to inhibit BSEP-mediated bile salt transport

Compound Test System Substrate IC50 Reference

mM
Cyclosporin A Sf9 vesicles GCA (2) 0.93, 1.2 Kis et al., 2009; Yucha et al., 2017

SHHa TCA (2) 18.9, 0.5, 2.2 Kis et al., 2009; Morgan et al., 2013; Yucha et al., 2017
SK-E2 cells G-CDCA (2) 9.4 Kis et al., 2009

T-CDCA (2) 0.94 Kis et al., 2009
GCAb 0.1, 0.27 Zhang et al., 2016; Yucha et al., 2017
TCAb 0.3 Yucha et al., 2017

G-CDCAc 22.8 Yucha et al., 2017a
T-CDCAc 100 Yuch et al., 2017a

H2FDA (0.2) 7.8 Wang et al., 2003
Itraconazole Sf9 vesicles TCA (2) 18, 22.1 Morgan et al., 2013; Yucha et al., 2017

HEK-293 vesicles GCA (2) 4.8 Yucha et al., 2017
SHHa TCA (0.1) 3 Lempers et al., 2016

GCAb 100 Yucha et al., 2017
TCAb 100 Yucha et al., 2017

G-CDCAc 100 Yucha et al., 217a
T-CDCAc 100 Yucha et al., 2017a

Reserpine Sf9 vesicles TCA (2) 2.8, 8.4 Kis et al., 2009; Morgan et al., 2013
SK-E2 cells H2FDA (0.2) 10.2 Wang et al., 2003

Troglitazone Sf9 vesicles TCA (2) 9.5, 3 Kis et al., 2009; Morgan et al., 2013
SHHa GCA (2) 16 Yucha et al., 2017

SK-E2 cells GCAb 0.48, 1.2 Zhang et al., 2016; Yucha et al., 2017
TCAb 0.6 Yucha et al., 2017

G-CDCAc 5.9 Yucha et al., 2017
T-CDCAc 26.6 Yucha et al., 2017

H2FDA (0.2) 66.4 Wang et al., 2003
Bosentan Sf9 vesicles TCA (2) 23, 25.4 Morgan et al., 2013; Yucha et al., 2017

SHHa GCA (2) 14.4 Yucha et al., 2017
GCAb 9.2, 26.5 Zhang et al., 2016; Yucha et al., 2017
TCAb 26.6 Yucha et al., 2017

G-CDCAc 100 Yucha et al., 2017
T-CDCAc 100 Yucha et al., 2017

Simvastatin Sf9 vesicles TCA (2) 24.7 Morgan et al., 2013
Loratadine Sf9 vesicles TCA (2) 12 Morgan et al., 2013
Valinomycin Sf9 vesicles TCA (2) 1.56 Morgan et al., 2013

SK-E2 cells H2FDA (0.2) 7.2 Wang et al., 2003
Lovastatin Sf9 vesicles TCA (2) 19.3 Morgan et al., 2013

SHHa GCAb 1.7 Zhang et al., 2016

H2FDA, dihydrofluorescein; Sf9, Spodoptera frugiperda.
aSuspension human hepatocytes.
bSuspension human hepatocytes were incubated with cholic acid (10 mM), and the efflux of GCA or TCA was measured.
cSuspension human hepatocytes were incubated with chenodeoxycholic acid (10 mM), and the efflux of G-CDCA or T-CDCA was measured.

BSEP Function in Suspension Hepatocytes 319

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

https://doi.org/10.1124/dmd.120.000057
http://dmd.aspetjournals.org/


To further confirm the functional expression of BSEP in SHH, we
assessed the inhibitory effect of known cholestatic drugs on BSEP
function in SHH. Most of the drugs showed substrate-dependent (G-CA
or G-CDCA) inhibitory effects on BSEP function. The majority of the
inhibitors consistently indicated higher potency on the inhibition of
G-CA efflux compared with G-CDCA efflux. Next, we determined IC50

of troglitazone on the inhibition G-CA andG-CDCA efflux.We selected
troglitazone for the following reasons: it showed significant differential
effects on the inhibition of G-CA and G-CDCA efflux (3.6-fold), its
cholestatic effects are well studied and known to involve BSEP
inhibition, and its interactions with other hepatic transporters are well
characterized. As expected, troglitazone showed higher potency (4-fold)
for BSEP inhibition usingG-CA compared with G-CDCA as a substrate.
This differential inhibitory effect was also evident in a previous study by
Yucha et al. (2017), in which troglitazone inhibited G-CA and G-CDCA
efflux with IC50 values of 1.2 and 22.6M, respectively, in suspensions of
human hepatocytes (Table 2). Based on these data, we hypothesized that
the observed discrepancy in the potency of troglitazone is related to the
differential disposition of precursor bile acids, CA and CDCA. To test
this hypothesis, we examined the uptake of both CA and CDCA in
human hepatocytes. Previously, CA has been shown to be a substrate of
both OATPs (Suga et al., 2017) and NTCP (Kouzuki et al., 1998),
whereas CDCA is a substrate of OATPs (Yamaguchi et al., 2006) but not

NTCP (Jani et al., 2018). Our data indicated that CA, but not CDCA, is
a substrate of OATPs and NTCP, as the uptake of CA and not CDCA
was significantly inhibited by 20 mM RFV (selectively inhibiting
OATP1B1, OATP1B3, and OATP2B1) and 0.1 mM HBV peptide
(selectively inhibiting NTCP) (Bi et al., 2019) in SHH (Fig. 4). These
data also indicated that, in addition to the active uptake via NTCP and
OATPs, there is significant contribution by passive diffusion (57%) to
the hepatic uptake of CA, whereas the uptake of CDCAwas primarily by
passive diffusion (82%) (Supplemental Table 4). Furthermore, CA
appears to have low permeability, whereas CDCA appears to have
moderate permeability in MDCKII cells (Supplemental Table 5). Pre-
viously, the MDCK cell model has been proposed as a surrogate for
human hepatocytes for permeability assessments, as the apparent
permeabilities of some anionic drugs (anionic at pH 7.4) in MDCK
cells strongly correlated with the apparent permeabilities in human
hepatocytes (Li et al., 2014). Therefore, the permeability of bile acids/
salts (anionic at pH 7.4) assessed in this study should be similar between
MDCK and human hepatocytes. Collectively, these data confirmed that
both active uptake (via NTCP andOATPs) and passive diffusion play an
important role in the liver uptake of CA, whereas CDCA, being
moderately permeable, may not require uptake transporters, as passive
diffusion can play a major role in its liver uptake. In addition to BSEP,
troglitazone is also an inhibitor of NTCP, OATPs (Gui et al., 2008, 2009;
Yang et al., 2015), MRP3 (IC50: 31 mM), and MRP4 (IC50: 61 mM)
(Morgan et al., 2013). However, troglitazone is not an inhibitor of
OSTa/b as indicated by Malinen et al. (2018) (IC50 value .200 mM).
Thus, inhibition of G-CA efflux by troglitazone is the outcome of

BSEP inhibition, uptake inhibition of CA (precursor bile acid), and
probably MRP3/MRP4 inhibition. On the contrary, inhibition of
G-CDCA efflux by troglitazone is attributed to only BSEP inhibition,
as CDCA (precursor bile acid) is not transported by hepatic uptake
transporters and G-CDCA is a relatively weak substrate of MRP3,
MRP4 (Fig. 2, A and B), and OSTa/b (Beaudoin et al., 2020a).
Therefore, G-CDCA can serve as a relevant substrate to reliably assess
BSEP inhibition by cholestatic drugs in SHH. Further studies are
warranted to assess BSEP inhibition by known cholestatic and drug-
induced liver injury–causing drugs using G-CDCA as a probe substrate
in SHH.
In summary, BSEP transport function was evident in SHH, as

shown by the efflux of G-CA, T-CA, G-CDCA, and T-CDCA. BSEP
protein abundance was found to be similar between SHH and SCHH.
Furthermore, MRP3 and MRP4 may not play a significant role in the
transport of these bile salts, and finally, the cholestatic drugs (known
to inhibit BSEP) significantly inhibited BSEP-mediated G-CA and

Fig. 3. Inhibition of G-CA and G-CDCA efflux by cholestatic drugs in pooled
SHH. (A) Hepatocytes were incubated with 5 mM CA and CDCA in the absence and
presence of cyclosporin A (10 mM), itraconazole (5 mM), reserpine (10 mM),
troglitazone (50 mM), bosentan (100 mM), simvastatin (100 mM), loratadine
(100 mM), valinomycin (5 mM), and lovastatin (100 mM) for 1 hour. The efflux of
G-CA and G-CDCA was determined by quantifying G-CA and G-CDCA in
incubation medium by LC-MS/MS. (B) Hepatocytes were incubated with 5 mM CA
and CDCA in the absence and presence of different concentrations of troglitazone
(0.1–50 mM) for 1 hour. G-CA and G-CDCA was quantified in incubation medium
by LC-MS/MS to measure the efflux. The rate of efflux of G-CA and G-CDCA in
the presence of different concentrations of troglitazone was determined as a percent
of control (DMSO). The experiment was done in triplicate (n = 3).

Fig. 4. Uptake analysis of CA and CDCA in SHH. Uptake of 2 mM CA and CDCA
was measured in the absence and presence of RFV (20 mM, OATP inhibitor) and
HBV peptide (0.1 mM, NTCP inhibitor) in pooled suspension human hepatocytes
(YJG). The data are presented as a percentage of DMSO control. The horizontal
dotted line indicates 50% of control. The experiment was done in triplicate (n = 3).
**P value 0.005
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G-CDCA efflux that further confirmed the functional expression of
BSEP in SHH. These data clearly indicated the potential utility of SHH
in the mechanistic understanding of bile salt disposition and in the
assessment of potential inhibitory effect of drugs on BSEP inhibition.
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