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ABSTRACT

Little information is available in the literature regarding the
expression and activity of transporters in fetal human liver or
cultured cells. A synthetic progesterone structural analog, 17a-
hydroxyprogesterone caproate (17-OHPC), is used in the pre-
vention of spontaneous abortion in women with a history of
recurrent miscarriage (habitual abortion). 17-OHPC has been
reported to traverse the placental barrier and gain access to fetal
circulation. In this study, the role of transporters in the disposition
of 17-OHPC in fetal and adult human hepatocytes was examined.
Progesterone metabolites have been reported to induce trans-
inhibition of bile acid transporter, ABCB11. Thus, we investigated
the effect of 17-OHPC or its metabolites on [3H]taurocholic acid
transport in sandwich-cultured human fetal and adult hepatocytes.
17-OHPC was taken up rapidly into the cells and transported out

partially by an active efflux process that was significantly inhibited
by cold temperature, cyclosporine, verapamil, and rifampin. The
active efflux mechanism was observed in both adult and fetal
hepatocyte cultures. 17-OHPC produced a concentration-
dependent inhibition of taurocholate efflux into canaliculi in
sandwich-cultured adult and fetal human hepatocytes. However,
given the high concentrations required to cause inhibition of these
transport processes, no adverse effects would be anticipated from
therapeutic levels of 17-OHPC. We also evaluated the expression of
various hepatic transporters (ABCB1, ABCB4, SLCO1B1, SLCO1B3,
SLCO2B1, ABCB11, SLC10A1, ABCC2, ABCC3, ABCC4, and
ABCG2) in fetal and adult hepatocytes. With the exception of
ABCB4, all transporters examined were expressed, albeit at lower
mRNA levels in fetal hepatocytes compared with adults.

Introduction

Drug therapy during pregnancy exposes both the mother and fetus
to the potential adverse effects associated with therapy. Despite the
presence of a placental barrier to drug transfer, certain drugs,
depending on their physicochemical properties, are able to gain
access to the fetal circulation. The fetus, like the adult, has detoxifying

mechanisms in the form of phase 1, 2, and 3 (efflux transporter)
pathways to facilitate xenobiotic inactivation and elimination.
Concerted efforts over the last several years have added considerably
to our knowledge regarding the expression of the phase 1 enzymes and
to a lesser extent, phase 2 enzymes, in the fetal liver (Ackermann and
Richter, 1977; Aranda et al., 1979; Rollins et al., 1979; Rane and
Tomson, 1980; Wiebkin et al., 1985; Komori et al., 1990; Chiba et al.,
1997; Ladona et al., 2000; Hines, 2007, 2008). Much less is known
regarding the expression and activity of various transporters that
directly mediate xenobiotic elimination. Biliary excretion of thera-
peutic drugs plays an important role in detoxification and elimination
of drugs. Inhibition of biliary transport has led to adverse hepatic
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effects. The hepatic transporter, bile salt export pump (BSEP,
ABCB11), is responsible for the transport of bile acids such as
taurocholic acid (TCA). Inhibition of BSEP activity can result in the
accumulation of these toxic unconjugated bile acids, leading to
pathologic conditions like intrahepatic cholestasis of pregnancy (ICP)
(Fattinger et al., 2001; Funk et al., 2001; Kroumpouzos, 2002). In
addition to ABCB11, other efflux and uptake hepatic transporters like
ABCB1 (MDR1), ABCC2 (MRP2), the SLCO (OATP) family of
organic anion transporters, and ABCG2 (BCRP) are also expressed in
adults and have been implicated in drug hepatotoxicity due to
transporter-based drug-drug interactions. Our first aim was to measure
the functional activity of hepatic transporters in primary cultures of
fetal hepatocytes using sodium taurocholate as a substrate of sodium-
dependent uptake transporter, SLC10A1 (NTCP), and the bile salt
efflux transporter, ABCB11 (BSEP). Our second aim was to deter-
mine whether transport processes were involved in the disposition of
17a-hydroxyprogesterone caproate (17-OHPC), a new progesterone
analog administered to pregnant women to prevent preterm delivery
(Meis et al., 2003; Sharma et al., 2008). Progesterone metabolites
(PMs) have been reported to play a role in the etiology of ICP. A rise
in the serum concentrations of PMs has been associated with impaired
biliary excretion. PMs are reported to induce trans-inhibition of
ABCB11 and the subsequent toxicity induced by the accumulation of
bile acids; as such, they may play a role in the pathogenesis of ICP
(Kroumpouzos, 2002; Vallejo et al., 2006). Furthermore, pro-
gesterone is reported to be an inhibitor of ABCB1, a transporter
expressed on the canalicular membrane of hepatocytes (Barnes et al.,
1996). We recently characterized the transplacental transfer of 17-
OHPC and the presence of significant levels of this drug in the fetal
circulation (unpublished data). Thus, our final aim was to evaluate
the interaction between 17-OHPC and taurocholate to determine
whether there was the potential for hepatotoxicity due to transporter-
mediated drug-drug interactions involving 17-OHPC in the fetus.
Given the paucity of knowledge regarding fetal transporter
expression, we also evaluated the expression of several of these
proteins in fetal hepatocytes.

Materials and Methods

Chemicals

Hepatocyte maintenance media (HMM) culture medium, Hank’s balanced
salt solution (HBSS), dexamethasone, and insulin were obtained from Lonza
(Walkersville, MD). Penicillin G/streptomycin and amphotericin B (Fungi-
zone) were obtained from GIBCO Laboratories (Grand Island, NY).
[3H]Taurocholic acid (2 Ci/mmol) was obtained from PerkinElmer Life
Sciences (Boston, MA). Cyclosporine A (CyA), verapamil (VER), and
rifampin (RIF) were purchased from Sigma (St. Louis, MO). 17-OHPC
(molecular weight 428.6) was a gift from Diosynth Inc (Chicago, IL). The
radioactive isotope of 17-OHPC, 17a-hydroxy-[1,2,6,7-3H]-progesterone-
[1-14C]-caproate, was custom synthesized by RTI International (Research
Triangle Park, NC). Matrigel matrix and type I (rat-tail) collagen were
purchased from BD Biosciences (Bedford, MA). All reagents used were of
the highest chemical purity available.

Tissue Procurement

Livers were obtained from human fetal tissues (Table 1) with a gestational
age between 18 and 23 weeks. The tissues were obtained from Magee
Women’s Hospital (Pittsburgh, PA) after obtaining informed consent by
a protocol approved by the Human Research Review Committee of the
University of Pittsburgh. Liver tissue was placed in chilled Eagle’s minimum
essential medium (EMEM) containing 0.05% antibiotics and antimycotics,
penicillin (10,000 U/ml), amphotericin B (25 mg/ml), and streptomycin (10,000
mg/ml) until cell isolation was begun (usually within 0.5–2 hours).

Adult human liver tissue (Table 1) was procured under an institutional
review board–approved protocol and with support from the Liver Tissue and
Cell Distribution System.

Fetal Hepatocyte Isolation and Culture

Hepatocytes were isolated from fetal livers at 21–23 weeks of age. Transport
activity with fetal hepatocytes was conducted as originally described by Ellis
et al. (2008). The fetal tissue was kept in EMEM and transported on ice. The
hepatic tissue was gently scraped with a sterile cell scraper in a 100-mm cell
culture dish. HBSS (30 ml) containing 0.1 M EGTA was added to the tissue
and the contents were pipetted up and down several times with a 25-ml pipette
to obtain a homogenous mixture. The tissue was transferred to a sterile 50-ml
conical tube and gently rotated by hand to suspend red blood cells. The tubes
were centrifuged at 60g for 5 minutes and the supernatant was poured off and
discarded. Cell pellets were resuspended in 30 ml HBSS and again centrifuged
using the same conditions. The supernatant was poured off, and the pellet
volume was recorded. The cell pellet was then resuspended in 25 ml of EMEM
(at 37°C) containing 1 mg/ml collagenase XI, 0.2 mg/ml DNase I, and
penicillin/streptomycin. The suspension was rotated at 37°C for approximately
25 minutes. Tissue was dispersed by pipetting up and down with a 10-ml
pipette. The suspension was centrifuged at 50–100g for 5 minutes. The
supernatant was decanted and the cell pellet was suspended in 50 ml EMEM (at
4°C). The resulting suspension was centrifuged again using the previously
described conditions and the supernatant was discarded. The cell pellet was
resuspended in 40 ml of cell culture media (Dulbecco’s modified Eagle’s
medium [DMEM (+)]) containing insulin (0.1 mM), dexamethasone (0.1
mM), and amphotericin B (25 mg/ml), and cell viability was estimated using
the trypan blue exclusion method. The cells were diluted to the desired
concentration with DMEM (+), and bovine calf serum was added to a final
concentration of 10%. The cells were plated at a cell density of 0.3–0.5 � 106

cells per well in 12-well plates previously coated with 0.2 mg/ml type I
collagen. Media were changed to serum-free DMEM (+) after 3–5 hours. The
media were changed once every day for the next 3–4 days until the cells
achieved the desired confluency. The media were subsequently aspirated and
the cells overlaid with Matrigel (final concentration of 0.233 mg/ml) diluted
in HMM (+) containing insulin (0.1 mM), dexamethasone (0.1 mM), and
amphotericin B (25 mg/ml).

Adult Hepatocyte Isolation and Culture

Adult hepatocytes were isolated by a three-step collagenase perfusion
technique as described previously (Strom et al., 1996), plated at a cell density

TABLE 1

Donor demographics

Tissue ID Gestational Age Sex Viability (%)

Fetal Donors
Fetal 1 18 wk M 97
Fetal 2 20 wk M 97
Fetal 3 23 wk Unknown 75
Fetal 4 20 wk Unknown 97
Fetal 5 Unknown Unknown 86
Fetal 6 Unknown Unknown 83
Fetal 7 22 wk Unknown 82
Fetal 8 22 wk M Unknown

Adult Donors
Adult 1 56 yr F 91
Adult 2 37 yr M 81
Adult 3 60 yr F 92
Adult 4 24 yr F 82
Adult 5 27 yr F 80
Adult 6 44 yr M 89
Adult 7 73 yr M 84
Adult 8 67 yr M 66
Adult 9 56 yr F 68
Adult 10 37 yr F 80
Adult 11 42 yr F 75
Adult 12 46 yr F 85
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of 0.5 � 106 cells per well in 12-well plates previously coated with 0.2 mg/ml
type I collagen. The isolated hepatocytes (.80% viability) were maintained
in HMM supplemented with 1027 M dexamethasone, 1027 M insulin,
100 U/ml penicillin G, 100 mg/ml streptomycin (HMM +), and 10% bovine
calf serum and kept at 37°C in a humidified incubator with 95% air/5%
CO2. The hepatocytes were allowed to attach to the plate for 4–6 hours, at
which time the media were replaced with serum-free HMM. After 24–48
hours in culture, the medium was removed and the cells overlaid with
Matrigel (final concentration of 0.233 mg/ml) diluted in HMM supple-
mented as described above.

Uptake and Release Studies

The following two protocols for evaluating the transport of 17-OHPC in
hepatocyte cultures were used.

Protocol 1. The transport assay for 17-OHPC and TCA was conducted in
sandwich-cultured hepatocytes as described by Kostrubsky et al. (2003) with
the exception that rather than collagen, the cells were overlaid with Matrigel at
a concentration of 0.233 mg/ml. The hepatocytes were incubated for 20 minutes
in standard HBSS buffer containing the test compounds, 1 mM 17-OHPC and 1
mM TCA, in the presence or absence of inhibitors (I), 40 mM cyclosporine
(Kukongviriyapan and Stacey, 1988; Kostrubsky et al., 2003), 100 mM
rifampin (Vavricka et al., 2002), and 100 mM verapamil (Germann et al., 1997)
(loading phase). Uptake was stopped by removing the buffer and washing cells
with ice-cold media. The efflux of the test compound was initiated by adding
Ca2+/Mg2+-free HBSS (6inhibitor) to the cells. Aliquots of media were
harvested after 20 minutes and counted in a liquid scintillation counter to
estimate the amount in media. Subsequently, the remaining media were
aspirated and cell lysis buffer was added to the cells. The cell lysates were
collected and counted in a liquid scintillation counter to estimate the amount in
cell lysate. Results were normalized to total cellular protein measured by the
Bradford method (Bio-Rad, Richmond, CA).

A procedure similar to protocol 1 was followed for evaluating the effect of
17-OHPC on bile acid transport (estimated as the total TCA efflux into the
canalicular space). Briefly, 1 mM [3H]taurocholic acid, with or without
increasing concentrations of test compound (17-OHPC, CyA) in standard
HBSS buffer was added to hepatocytes at 37°C. The uptake was stopped by
removing the buffer and washing cells with ice-cold media. The taurocholate
efflux was initiated by adding standard HBSS (617-OHPC, 6CyA) or Ca2+/Mg2+-
free HBSS (617-OHPC, 6CyA) to the cells. Aliquots of media and cell
lysates were collected and counted in a liquid scintillation counter. Results
were normalized to total cellular protein measured by the Bradford method
(Bio-Rad). In the presence of Ca2+/Mg2+, the bile canaliculi remain intact,
whereas in the absence of Ca2+/Mg2+, the bile canaliculi tight junctions are
disrupted. Therefore, the difference in the efflux between the standard HBSS
and Ca2+/Mg2+-free HBSS buffer in the absence of test compound was defined
as 100% TCA efflux (control) into the canalicular space. In the presence of the
test compound, this difference became smaller and was expressed as %TCA
(canalicular) efflux relative to control.

Protocol 2. The transport assay was also conducted in warm (37°C) and cold
(4°C) media to evaluate active transport. Briefly, the hepatocytes were
incubated for 20 minutes in warm and cold standard HBSS buffer containing
the test compound, 1 mM 17-OHPC, and 1 mM TCA (loading phase). The
transport was stopped by removing the buffer and washing cells with ice-cold
media. The efflux of the test compound was initiated by adding (warm and
cold) Ca2+/Mg2+-free HBSS to the cells. Aliquots of media and cell lysates
were harvested and counted in a liquid scintillation counter to estimate the
amount in media and cell lysate. Results were corrected for total protein
content.

For both protocols, the efflux of 17-OHPC or TCA was calculated using
eq. 1:

Efflux  ðexpressed    as   %    of   Total UptakeÞ ¼
  ½Amount in Mediað6 InhibitorÞ=Total Uptakeð6 InhibitorÞ�p100 ð1Þ

where Total Uptake = Amount in Media + Amount in Cell Lysate.
The inhibition of efflux and uptake of 17-OHPC or TCA was calculated

using eqs. 2 and 3:

Inhibition  of   17-OHPC=TCA  efflux  ð%Þ  ¼
  f½ðEfflux; No IÞ 2  ðEfflux; With IÞ� \ ðEfflux; No IÞgp100 ð2Þ

Fig. 1. Effect of temperature on 17-OHPC transport from
primary human adult and fetal hepatocytes. The transport
was evaluated at warm (37°C) and cold (4°C) temperatures.
The results are expressed as 17-OHPC efflux relative to total
17-OHPC uptake (amount in media + cell lysate). Each bar
represents the mean of triplicate treatments (6S.D.).
Inhibition (statistically significant for *P , 0.05) of 17-
OHPC efflux was observed in cold media.

Fig. 2. Effect of cold media (4°C) on TCA uptake from primary human fetal
hepatocytes. The results are expressed as total TCA uptake at 4°C normalized to the
total uptake at 37°C. Each bar represents treatments in triplicate (6S.D.). Efflux of
TCA was significantly (*P , 0.05) inhibited in cold media (4°C) compared with
warm media (37°C).
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Inhibition  of   17-OHPC=TCA  uptake  ð%Þ ¼
  f½ðTotal Uptake; No IÞ 2  ðTotal Uptake; With IÞ� \
ðTotal Uptake; No IÞgp100

ð3Þ

Hepatobiliary Transport in Adult and Fetal Human Hepatocytes

Hepatobiliary transport of 17-OHPC, in comparison with TCA, was also
assessed in human hepatocytes (Bi et al., 2006; Kalgutkar et al., 2007). Briefly,
fresh human hepatocytes in culture were rinsed twice with 1 ml of either
standard HBSS or Ca2+/Mg2+-free HBSS and then equilibrated in the same
buffers for 10 minutes at 37°C. [3H]Taurocholic acid (1 mM) or [3H]17-OHPC
(1 mM) in standard HBSS was then added to both sets of cultures. Taurocholate
transport was used as a positive control for active hepatic uptake and efflux and
also to quantify the activity of bile transporters in fetal hepatocytes. The protein
concentration of cell lysates was determined using the Bradford assay (Bio-
Rad). Equation 4 was used to calculate the biliary excretion index (BEI), and is
as follows (Liu et al., 1999):

BEI ¼ AccumulationðCa2þ=Mg2þÞ 2AccumulationðCa2þ=Mg2þ 2 freeÞ
AccumulationðCa2þ=Mg2þÞ

 p 100 ð4Þ

Quantifying the accumulation of test compound in the presence and absence of
Ca2+/Mg2+ allows one to determine the amount of test compound in the bile
canaliculi. Individual BEI values for adult and fetal hepatocyte cultures were
calculated and the results reported as the mean %BEI (6S.D.).

Reverse Transcription–Polymerase Chain Reaction and Real-Time
Quantitative Polymerase Chain Reaction

Total RNA was extracted from the plated cells using Trizol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. RNA
was quantified spectrophotometrically and subjected to agarose gel electro-
phoresis to assess the integrity of RNA. The RNA was subsequently treated
with RNase-free DNase (Promega, Madison, WI), mixed with random
hexamers (Promega), heated to 70°C for 5 minutes, and then cooled to 4°C.
A reaction mixture containing 200 U Moloney murine leukemia virus-reverse
transcriptase, 1 mM deoxynucleoside-59-triphosphates, and 25 U RNasin
(Promega) was added to the previous mixture and incubated at 37°C for 60
minutes. The resulting cDNA was diluted 10-fold and stored at 220°C.

Real-time quantitative reverse transcription-polymerase chain reaction (RT-
PCR) was conducted on an ABI Prism 7700 (Applied Biosystems, Foster City,
CA). DNase-I treated total RNA of each sample was transcribed and mixed
with specific primer sets and PCR master mix (Applied Biosystems). TaqMan
analysis was used for all of the genes analyzed with primers and conditions
designated by Assays on Demand, Gene Expression Products (Applied

Biosystems). Data were analyzed with the ABI Prism 7700 SDS software
(version 1.0; Applied Biosystems). Expression of specific genes was
normalized to an internal control (cyclophilin) mRNA expression.

Data Analysis

Data are expressed as the mean 6 S.D.. The Student’s t test was used
to assess the significance of the results (GraphPad Software, Inc., La
Jolla, CA).

Results

Effect of Temperature on 17-OHPC and TCA Transport in
Human Hepatocytes. To investigate the mechanisms of hepatic
transport of 17-OHPC (passive diffusion or active uptake process), the
effect of temperature (4°C versus 37°C) on 17-OHPC transport in
hepatocytes was evaluated.
In fetal hepatocytes, inhibition of 17-OHPC efflux was observed in

cold media (4°C) compared with warm media (37°C). The percent
inhibition due to cold temperature varied from 10% to 61% (Fig. 1).
The total uptake (media + cell lysate) of 17-OHPC in fetal hepatocytes
was comparable between 4°C and 37°C. Similar results were observed
in adult hepatocytes (Fig. 1). The percent inhibition of 17-OHPC

Fig. 3. Efflux of 17-OHPC in the presence (CyA) and absence (No CyA) of cyclosporine A in primary human adult and fetal hepatocytes. The results are expressed as 17-
OHPC efflux relative to total 17-OHPC uptake (amount in media + cell lysate). Each bar represents the mean of triplicate treatments (6S.D.). Inhibition (statistically
significant for *P , 0.05) of 17-OHPC efflux was observed in the presence of CyA.

TABLE 2

Total uptake of 17a-hydroxyprogesterone caproate in fetal and adult
human hepatocytes

The total uptake was estimated by scintillation counting and calculated on the basis of total
protein content. The results are expressed as mean (6S.D.).

Hepatocytes Condition/Inhibitor Total Uptake

pmol/mg protein

Fetal CyA 304 6 103
Fetal No CyA 284 6 70
Adult CyA 494 6 260
Adult No CyA 476 6 171
Fetal VER 281 6 47
Fetal No VER 263 6 93
Adult VER 347 6 86
Adult No VER 341 6 81
Fetal RIF 241 6 26
Fetal No RIF 267 6 86
Adult RIF 565 6 110
Adult No RIF 611 6 146
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efflux at 4°C varied from 44% to 61%; however, the total uptake was
comparable.
The effect of temperature on TCA transport was also evaluated in

fetal hepatocytes. The efflux of TCA at 4°C was less than at 37°C. The
percent inhibition of TCA efflux at 4°C was .90%. Furthermore, the
total uptake of TCA was also inhibited at 4°C and varied from 26% to
93% (Fig. 2).
Effect of Cyclosporine on 17-OHPC and TCA Transport in

Human Hepatocytes. To confirm the involvement of a transport-
mediated process in the disposition of 17-OHPC in primary human
hepatocytes, cyclosporine, a well known inhibitor of ATP-mediated
transport processes, was coincubated with fetal and adult human
hepatocytes. The amount of 17-OHPC efflux (Fig. 3) was lower in the
presence of cyclosporine for both fetal and adult human hepatocytes.
In fetal hepatocytes, the percent inhibition of 17-OHPC efflux varied
from 30% to 41%. In adult hepatocytes, 31%–52% inhibition was
observed. However, the total uptake (media + cell lysate) of 17-OHPC
by adult and fetal human hepatocytes was comparable in the presence
and absence of cyclosporine (Table 2).
Similarly, the amount of TCA efflux was lower in the presence of

cyclosporine in fetal and adult human hepatocytes. The percent
inhibition of TCA efflux varied from 60% to 95% for fetal cells and

from 60% to 98% in adult human hepatocytes. Furthermore, the total
taurocholate uptake was also inhibited by CyA (Fig. 4) with percent
inhibition in the range of 60%–90% for fetal hepatocytes and .90%
for adult human hepatocytes.
Effect of Verapamil on 17-OHPC Transport in Human

Hepatocytes. ABCB1 (MDR1 or P-glycoprotein) is a member of the
ATP-binding cassette transporter superfamily that is involved in the
efflux of various chemical compounds. Verapamil has been reported to
inhibit MDR1-mediated efflux activity (Zong and Pollack, 2003). To
evaluate the involvement of an active, transporter-mediated efflux
process in the disposition of 17-OHPC in primary human hepatocytes,
verapamil was coincubated with fetal and adult human hepatocytes.
The amount of 17-OHPC efflux (Fig. 5) was lower in the presence

of verapamil for both fetal and adult human hepatocytes. In fetal
hepatocytes, the inhibition of 17-OHPC efflux was 58%–67% in the
presence of verapamil. In adult hepatocytes, 25%–42% inhibition was
observed. However, the total uptake (media + cell lysate) of 17-OHPC
by adult and fetal human hepatocytes was comparable in the presence
and absence of verapamil (Table 2).
Effect of Rifampin on 17-OHPC Transport in Human

Hepatocytes. The organic anion-transporting family of proteins
(SLCO gene family or OATPs) plays a role in the uptake transport

Fig. 4. Effect of cyclosporine (CyA) on taurocholate
(TCA) uptake from primary human adult and fetal
hepatocytes. The results are expressed as total TCA uptake
in the presence of CyA normalized to the total uptake in the
absence of CyA. Each bar represents the mean of triplicate
treatments (6S.D.). Significant (*P , 0.05) inhibition of
TCA efflux was observed in the presence of CyA.

Fig. 5. Efflux of 17-OHPC in the presence (VER) and absence
(No VER) of verapamil in primary human adult and fetal
hepatocytes. The results are expressed as 17-OHPC efflux
relative to total 17-OHPC uptake (amount in media + cell
lysate). Each bar represents the mean of triplicate treatments
(6S.D.). Inhibition (statistically significant for *P , 0.05) of
17-OHPC efflux was observed in the presence of VER.
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of bile salts and xenobiotics (Hagenbuch and Meier, 2004). Rifampin
has been reported to inhibit human liver SLCOs and thus interfere
with carrier-mediated organic anion uptake (Vavricka et al., 2002).
To evaluate the involvement of an active, transporter-mediated
uptake process in the disposition of 17-OHPC in primary human
hepatocytes, rifampin was coincubated with fetal and adult human
hepatocytes.
The amount of 17-OHPC efflux (Fig. 6) was lower in the presence

of rifampin for both fetal and adult human hepatocytes. In fetal
hepatocytes, inhibition of 17-OHPC efflux in the presence of rifampin
varied from 46% to 55%. In adult hepatocytes, 21%–44% inhibition
was observed. However, the total uptake (media + cell lysate) of 17-
OHPC by adult and fetal human hepatocytes was comparable in the
presence and absence of rifampin (Table 2).
Effect of 17-OHPC on TCA Transport in Adult and Fetal

Hepatocytes. To evaluate the inhibitory potential of 17-OHPC on
TCA efflux, we preincubated and coincubated different concentrations
of 17-OHPC with TCA. In fetal hepatocytes, 17-OHPC reduced TCA
efflux with significant (P , 0.05) inhibition observed at 0.5 mM, 1.0
mM, and 10.0 mM 17-OHPC concentrations (Fig. 7A). The total
uptake of TCA was also reduced by 17-OHPC with significant (P ,
0.05) inhibition at concentrations .0.5 mM (Fig. 7B). CyA (40 mM)
was used as the positive control and depicted a significant (P , 0.05)
inhibition of both efflux and total uptake of TCA.
In adult hepatocytes, 17-OHPC also inhibited taurocholate efflux. A

significant (P , 0.05) decrease in TCA efflux was observed at 5 mM,
50 mM, and 100 mM 17-OHPC concentrations (Fig. 7A). The total
uptake of TCA was also inhibited by 17-OHPC with significant (P ,
0.05) inhibition at concentrations.50 mM (Fig. 7B). Similarly to fetal
hepatocytes, CyA (40 mM) was used as the positive control and
showed a significant (P , 0.05) inhibition of both TCA efflux and
uptake.
The mean %BEI (6S.D.) for 17-OHPC in adult (6.2 6 2.0) and

fetal (7.0 6 2.0) hepatocyte cultures were similar. This was also
demonstrated in the mean (6S.D.) accumulation values of 17-OHPC
(pmol/mg protein) for adult (Ca2+/Mg2+: 680 6 148; Ca2+/Mg2+ free:
628 6 145) and fetal (Ca2+/Mg2+: 320 6 168; Ca2+/Mg2+ free: 294 6
163) hepatocytes.
The mean %BEIs (6S.D.) for taurocholate in adult (72.0 6 10.0)

and fetal hepatocyte (36.0 6 8.0) cultures were significantly (P ,
0.05) different. The mean (6S.D.) accumulation values of taurocho-
late (pmol/mg protein) for adult (Ca2+/Mg2+: 85 6 12; Ca2+/Mg2+

free: 21 6 11) and fetal (Ca2+/Mg2+: 34 6 11; Ca2+/Mg2+ free: 23 6
10) hepatocytes reflected the difference.

Expression of Transporters in Fetal and Adult Hepatocytes.
Quantitative real-time RT-PCR–based measurements of transporter
mRNA levels in fetal hepatocyte cultures were determined and
compared with results with adult hepatocytes (Fig. 8). The relative
mRNA levels were normalized to the endogenous reference, cyclo-
philin (cyc). In adult hepatocytes, ABCC2 (MRP2) showed the highest
expression level, followed by ABCB1 (MDR1) and ABCB11 (BSEP).
In fetal hepatocytes, ABCB1 (MDR1) (approximately 64% of adults)
showed the highest expression, followed by ABCB11 (BSEP)
(approximately 40% of adults) and ABCC1 (MRP2) (approximately
38% of adults) transporters. ABCB4 (MDR3) was the only transporter
that was not detected on a consistent basis in the fetal hepatocytes.
Relative to adults, the transporters with the lowest expression in fetal
liver were ABCB4 (MDR3) (approximately 2% of adults) and
SLC10A1 (NTCP) (approximately 4% of adults).

Discussion

This study was designed to evaluate the hepatobiliary disposition of
17-OHPC and Taurocholate in primary cultures of fetal and adult
human hepatocytes. Furthermore, the expression of drug transporters
in fetal and adult human hepatocytes was evaluated. Dual-labeled 17-
OHPC used in our study was observed to retain both (14C, 3H) labels
after metabolism to mono-, di-, and tri-hydroxy derivatives, the major
metabolites generated on incubations with adult and fetal hepatocyte
cultures (Caritis et al., 2011 ; Sharma et al., 2008). Thus, the findings
in our study refer to the disposition of 17-OHPC and its metabolites; in
using the current study design, any difference between the parent
compound and its metabolites cannot be differentiated.
To determine the presence of an active transport mechanism in the

disposition of 17-OHPC, we evaluated the effect of temperature (4°C
versus 37°C) in adult and fetal hepatocyte cultures. A decrease in 17-
OHPC efflux was observed at a cold temperature (4°C) compared with
37°C. These results suggest the presence of a carrier-mediated efflux
process in 17-OHPC transport along with the possible involvement of
passive permeation. Significant variability in 17-OHPC transport was
observed across fetal and adult hepatocytes. This may be attributed to
interindividual variability in the expression and function of trans-
porters or interbatch variability (due to variability in tissue storage and
shipping conditions, hepatocyte isolation, and culturing conditions) in
hepatocytes.
Hepatic TCA transport is well characterized, with its uptake being

mediated by SLC10A1 (NTCP) (approximately 80%) and the SLCO
(OATP) family of transporters (approximately 20%) and efflux into

Fig. 6. Efflux of 17-OHPC in the presence (RIF)
and absence (No RIF) of rifampin in primary human
adult and fetal hepatocytes. The results are
expressed as 17-OHPC efflux relative to total 17-
OHPC uptake (amount in media + cell lysate).
Each bar represents the mean of triplicate treat-
ments (6S.D.). Inhibition (statistically significant
for *P , 0.05) of 17-OHPC efflux was observed in
the presence of RIF.
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the canalicular space by ABCB11 (BSEP) (Kemp et al., 2005). On
evaluating the effect of temperature on TCA transport, significant
inhibition of both total uptake and efflux was observed in fetal
hepatocytes at 4°C. Thus, the effect of temperature on TCA suggests
the involvement of functional uptake and efflux processes.
Cyclosporine, a known inhibitor of multiple transporters such as

ABCB1 (P-gp), SLCO1B1 (OATP1B1), ABCC2 (MRP2), and

ABCG2 (BCRP) (US Food and Drug Administration, 2012), was
used to evaluate the role of active transporters in the disposition of 17-
OHPC. Cyclosporine produced a significant inhibition of 17-OHPC
efflux, indicating that an active efflux process is involved in the
disposition of 17-OHPC.
Similarly, significant taurocholate efflux inhibition was observed in

the presence of cyclosporine in both adult and fetal hepatocytes.

Fig. 7. Effect of 17-OHPC on TCA disposition in cultured fetal (n = 4) and adult (n = 6) human hepatocytes. (A) TCA efflux into the canaliculi in the absence of 17-OHPC
(or CyA) was defined as control (100% TCA efflux). The results are expressed as %TCA efflux relative to control. Each bar represents the mean of triplicate treatments
(6S.D.). CyA was employed as the positive control. Significant decrease (*P , 0.05) in taurocholate (canalicular) efflux was observed at $0.5 mM 17-OHPC in fetal
hepatocytes, and at $5.0 mM 17-OHPC in adult hepatocytes. CyA significantly (P , 0.05) decreased taurocholate efflux in both fetal and adult cells. (B) Taurocholate
uptake into the hepatocytes in the absence of 17-OHPC (or CyA) was defined as control (100% TCA uptake). The results are expressed as %TCA uptake relative to control.
Each bar represents the mean of triplicate treatments (6S.D.). CyA was employed as the positive control. Significant decrease (*P , 0.05) in TCA uptake was observed at
$0.5 mM 17-OHPC in fetal hepatocytes, and at $50 mM 17-OHPC in adult hepatocytes. CyA significantly (P , 0.05) decreased taurocholate uptake in both fetal and adult
cells.
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However, in contrast to 17-OHPC, the total accumulation of
taurocholate was also significantly inhibited by cyclosporine in both
adult and fetal hepatocytes. The results indicate that functional uptake
and efflux processes are involved in the transport of taurocholate in
fetal hepatocytes, whereas only an efflux process is primarily observed
with 17-OHPC.
The organic anion-transporting polypeptide transporters

(SLCO1B1, 2B1, and 1B3) are uptake proteins with broad substrate
specificities including bile salts, prostaglandins, and steroid con-
jugates. It was recently reported that the sulfate conjugate of
pregnenolone, precursor to endogenous hormones including dehy-
droepiandrosterone and progesterone, is a substrate of SLCO2B1
(OATP2B1) (Grube et al., 2006). To investigate the involvement of an
uptake process mediated by the SLCO proteins, in addition to the
predominant efflux process in the transport of 17-OHPC, we used
rifampin, a known inhibitor of SLCO transporters (Vavricka et al.,
2002). If the SLCO transporters played a role in the disposition of 17-
OHPC or its metabolites, we expected to observe a decrease in the
total uptake of 17-OHPC in the presence of rifampin. However, the
total uptake of 17-OHPC was not affected by rifampin (Table 2) and
instead a decrease in the percent efflux was observed. These
observations were contrary to the expected results. Previous literature
reports (Fardel et al., 1995; Zong et al., 2003; Reitman et al., 2011)
indicate that rifampin has the ability to bind to ABCB1 (MDR1)-drug
binding sites and thus cause an inhibition in the ABCB1 (MDR1)
mediated efflux of substrates (e.g., digoxin, vinblastine). Furthermore,
rifampin has been reported to inhibit ABCB11 (BSEP; Mita et al.,
2006) and ABCC2 (MRP2; Cui et al., 2001) mediated efflux of
substrates. Thus, the results suggest the possible involvement of one or
a combination of the above-mentioned efflux transporters in the
disposition of 17-OHPC. Subsequent studies confirmed the expression
of these transporters (MDR1, BSEP, and MRP2) in fetal and adult
hepatocytes, consistent with the observation. In addition to evaluating
the functional activity of hepatic transporters in fetal hepatocytes, we
performed quantitative RT-PCR analyses to compare the mRNA
expression levels of various hepatic transporters in adult and fetal
hepatocytes. Overall, the mean expression for all of the transporters
was higher in adult than fetal cells, except ABCC4 (MRP4). Relative
to adult hepatocytes, the expression level of ABCB11 (BSEP) in fetal
hepatocytes (approximately half the expression observed in adults)

correlated well with the observed canalicular taurocholate efflux
activity (mean BEI in fetal cells approximately half of that observed in
adult cells). The expression of SLC10A1 (NTCP) in fetal hepatocytes
was only 5% of that in adult hepatocytes; however, the total uptake of
taurocholate was approximately 50% relative to the adult cells. This
might be attributed to the enhanced role of other uptake transporters,
including SLCO1B1 and 1B3 (OATP1B1 and 1B3, observed at
approximately 50% of that observed in adult hepatocytes) in fetal
hepatocytes. The expression of ABCB1 (MDR1) in fetal hepatocytes
varied between 40% and 150% of that in adults, whereas the efflux of
17-OHPC in fetal hepatocytes varied from 84% to 135% relative to
adult hepatocytes. Thus, assuming that the mRNA expression and
protein levels are correlated, these results indicate the involvement of
ABCB1 (MDR1) in the hepatic transport of 17-OHPC.
The maximum plasma concentrations reported for 17-OHPC is 30

ng/ml (0.07 mM) in adults (Caritis et al., 2011) and 10 ng/ml (0.02
mM) in cord blood (unpublished data). These concentrations are much
lower than the 1 mg/ml threshold reported for hepatotoxicity
(Kostrubsky et al., 2003) due to bile salt transporter inhibition.
However, the above-mentioned threshold is based on evaluations
carried out in adult human hepatocytes and the model must be
validated for fetal human hepatocytes. To the best of our knowledge,
this is the first report that tests the applicability of the in vitro
hepatotoxicity model in fetal human hepatocyte cultures.
To test the role of biliary excretion pathway in the disposition of 17-

OHPC (molecular weight 428.7) or its metabolites, we estimated the
BEI for 17-OHPC in both adult and fetal hepatocytes and compared it
with taurocholate. A large BEI (as high as taurocholate) indicates
extensive excretion of substrate into the canalicular space via
transporters (Liu et al., 1999). Biliary excretion of 17-OHPC was
observed to be similar in fetal and adult hepatocytes although it was
5–10 times less than the BEI for taurocholate. The BEI for
taurocholate was significantly (P , 0.05) higher in adults than fetal
hepatocytes, which can be possibly be explained by the higher
expression level of ABCB11 (BSEP) in adult cells, assuming that
there is a correlation between ABCB11 mRNA and protein
expression. Thus, the results indicate that biliary excretion pathway
might play a limited role in the disposition of 17-OHPC.
To evaluate the affinity of 17-OHPC for the bile salt transporters,

we tested the ability of 17-OHPC to inhibit taurocholate transport in

Fig. 8. Expression of transporters based on RT-PCR analysis in adult (n = 3) and fetal (n = 3) hepatocytes. Each bar represents the mean of triplicate observations (6S.D.).
*P , 0.05. Expression of hepatic transporters in adults was observed to be significantly higher (P , 0.05) compared with the fetus except for ABCB1 (MDR1), SLCO1B3
(OATP1B3), ABCC4 (MRP4), and ABCG2 (BCRP).
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a concentration-dependent manner. Significant inhibition of taurocho-
late transport by 17-OHPC was observed at $0.5 mM in fetal
hepatocytes indicating the potential for inhibiting bile transport. The
uptake also decreased with increasing concentrations of 17-OHPC
although the inhibition was of a much smaller magnitude compared
with efflux. In adult hepatocytes, a similar trend was observed with
both efflux and total uptake decreasing with increasing 17-OHPC
concentrations. Further studies are needed to elucidate the mechanism
of inhibition of TCA transport by 17-OHPC or its metabolites. The
IC50 calculated for 17-OHPC–mediated inhibition of taurocholate
efflux in fetal hepatocytes was approximately 20 mM or 4-fold lower
than the IC50 (approximately 80 mM) observed in adult hepatocytes.
This observation suggests the possibility that the fetal liver might be
more sensitive to xenobiotics than the adult liver, largely due to its
lower expression of bile salt and other sinusoidal or canalicular
transporters that also play an important role in detoxification. Cyclospor-
ine, used as positive control, showed significant inhibition of both the
uptake and efflux of taurocholate in adult and fetal hepatocytes, thus
confirming the functional activity of bile transporters. Although
inhibition of taurocholate transport was observed in fetal and adult
hepatocytes, the inhibition is not likely to be clinically significant
given the very low 17-OHPC levels observed in human plasma.
In conclusion, this study demonstrates the functional expression of

both uptake and efflux transporters for taurocholate and 17-OHPC in
fetal human hepatocytes. The results also demonstrate the inhibitory
potential of 17-OHPC toward taurocholate transport. It is likely that
the presence of an active efflux process in fetal hepatocytes prevents
the accumulation of 17-OHPC or its metabolites in fetal hepatocytes,
thus minimizing the risk of any adverse event. The bile transport
inhibition assay has proven useful to investigate hepatotoxicity with
adult hepatocytes, and we show here that the transport assays can be
applied to fetal hepatocytes to evaluate drugs that traverse the
placental barrier and gain access to the fetal circulation after being
administered to pregnant subjects.
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