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ABSTRACT

Among the perfluoroalkyl sulfonates (PFASs), perfluorohexane sulfonate (PFHxS), and perfluorooctane sulfonate (PFOS)
have half-lives of several years in humans, mainly due to slow renal clearance and potential hepatic accumulation. Both
compounds undergo enterohepatic circulation. To determine whether transporters involved in the enterohepatic
circulation of bile acids are also involved in the disposition of PFASs, uptake of perfluorobutane sulfonate (PFBS), PFHxS, and
PFOS was measured using freshly isolated human and rat hepatocytes in the absence or presence of sodium. The results
demonstrated sodium-dependent uptake for all 3 PFASs. Given that the Naþ/taurocholate cotransporting polypeptide
(NTCP) and the apical sodium-dependent bile salt transporter (ASBT) are essential for the enterohepatic circulation of bile
acids, transport of PFASs was investigated in stable CHO Flp-In cells for human NTCP or HEK293 cells transiently expressing
rat NTCP, human ASBT, and rat ASBT. The results demonstrated that both human and rat NTCP can transport PFBS, PFHxS,
and PFOS. Kinetics with human NTCP revealed Km values of 39.6, 112, and 130mM for PFBS, PFHxS, and PFOS, respectively.
For rat NTCP Km values were 76.2 and 294mM for PFBS and PFHxS, respectively. Only PFOS was transported by human ASBT
whereas rat ASBT did not transport any of the tested PFASs. Human OSTa/b was also able to transport all 3 PFASs. In
conclusion, these results suggest that the long half-live and the hepatic accumulation of PFOS in humans are at least,
in part, due to transport by NTCP and ASBT.

Key words: perfluoroalkyl sulfonates; perfluorobutane sulfonate; perfluorohexane sulfonate; perfluorooctane sulfonate;
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Perfluoroalkyl sulfonates (PFASs) are fluorinated fatty acid ana-
logs used as surfactants in industrial and commercial applica-
tions (Buck et al., 2011; Kissa and Kissa, 2001). Due to the unique
physicochemical properties of the carbon–fluorine bonds,
certain PFASs such as perfluorohexane sulfonate (PFHxS) and

perfluorooctane sulfonate (PFOS) are resistant to environmental
and biological degradation. They are frequently detected in the
environmental biota (Calafat et al., 2007; Fromme et al., 2009;
Houde et al., 2011; Kato et al., 2011; Zhao et al., 2012).
Consequently, PFOS has been nominated to the Stockholm
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Convention in 2009 as a persistent organic pollutant (http://
chm.pops.int/Implementation/NewPOPs/TheNewPOPs/tabid/
672/Default.aspx).

Pharmacokinetic studies revealed that PFASs primarily bind
to serum proteins and that their clearance is species- and chain
length-dependent (Andersen et al., 2008). In Sprague–Dawley
rats, the estimated serum elimination half-life for PFOS (an 8-
carbon homolog) is approximately 1 month (Chang et al., 2012)
whereas perfluorobutane sulfonate (PFBS, a 4-carbon homolog)
is efficiently excreted in urine with an estimated serum half-life
of 3.9–4.5 h (Olsen et al., 2009). In rats, there is a distinct gender
difference in the serum elimination of PFHxS (a 6-carbon homo-
log) in that the estimated half-lives are 30 days in male but only
2 days in female rats (Sundström et al., 2012). In cynomolgus
monkeys, the estimated serum elimination half-lives for PFHxS
and PFOS are approximately 4 months (Chang et al., 2012;
Sundström et al., 2012); whereas for PFBS the respective half-life
is approximately 4 days (Olsen et al., 2009). The estimated serum
elimination half-lives of PFHxS and PFOS in human serum are
several years [geometric means are 7.3 years (95% CI 5.8–9.2
years) and 4.8 years (95% CI 4.0–5.8 years), respectively] (Olsen
et al., 2007). In contrast, PFBS has an estimated geometric serum
elimination half-life of 26 days (95% CI 16–40 days) (Olsen et al.,
2009).

Several studies have demonstrated that PFOS preferentially
accumulates in the liver. In Sprague–Dawley rats given a single
IV dose of 14C-radiolabelled PFOS, Chang et al. (2012) reported
that 3% and 25% of the administered dose was recovered in
plasma and liver, respectively, after 89 days. They also reported
data for CD-1 mice and Sprague–Dawley rats given single oral
doses which demonstrated that PFOS liver concentrations were
always higher than concurrent serum PFOS concentrations by a
factor of approximately 2–3 at measured time points following
dosing. This is consistent with observations from repeat-dose
studies in Sprague–Dawley rats where the liver to serum PFOS
concentration ratios ranged from 2.5 to 12.2 in Sprague–Dawley
rats after 4–14 weeks of dosing (Seacat et al., 2003). Thus, these
data suggest that PFOS is preferentially distributed to the liver
and may undergo enterohepatic circulation. In addition, studies
by Johnson et al. (1984) and Genius et al. (2010) also provided
evidence for enterohepatic circulation that may subsequently
contribute to the preferential distribution of certain PFASs to
liver. Male rats were given a single IV dose of 14C-labelled PFOS
and followed for 21 days during which they were given either a
basal diet or a diet containing the bile acid sequestrant, chole-
styramine (Johnson et al., 1984). Fecal elimination of PFOS was
increased approximately 10-fold, and liver and serum PFOS con-
centration were reduced by 75% and 85%, respectively, in rats
given cholestyramine in their diet as compared to rats fed basal
diet. A case study involving a single human subject demon-
strated that cholestyramine was effective in removing both
PFOS and PFHxS via fecal elimination (Genuis et al., 2010). More
individuals were included in a follow-up study and cholestyr-
amine treatment increased the fecal elimination of PFOS and
PFHxS in all 8 subjects (Genuis et al., 2013).

Although previous studies have shown that certain perfluor-
oalkyl carboxylates are substrates of members of the organic
anion transporting polypeptide (OATP) and the organic anion
transporter (OAT) family (Han et al., 2012; Nakagawa et al., 2008;
Weaver et al., 2010; Yang et al., 2010), interactions between
PFASs and transporters might not be limited to OATPs and
OATs. During the process of enterohepatic circulation of bile
salts, it is well-known that the two uptake transporters Naþ/
taurocholate cotransporting polypeptide (NTCP) and apical

sodium-dependent bile salt transporter (ASBT) play important
roles (Hagenbuch and Dawson, 2004). NTCP is highly expressed
at the basolateral membrane of hepatocytes and mediates the
uptake of bile acids into hepatocytes in a sodium-dependent
manner (Claro da Silva et al., 2013). Besides bile acids, other
known substrates of NTCP include steroid sulfates such as es-
trone-3-sulfate (Schroeder et al., 1998), antihyperlipidemic drugs
like rosuvastatin (Ho et al., 2006), and drug conjugates such as
chlorambucil–taurocholate (Kullak-Ublick et al., 1997). When
bile acids reach the gastrointestinal tract, ASBT localized to the
brush-border membrane in the terminal ileum reabsorbs the
majority of them and OSTa/b exports them across the basolat-
eral membrane of enterocytes (Ballatori et al., 2005). ASBT is also
expressed at the apical membrane of proximal tubular cells and
at the apical membrane of cholangiocytes. Similar to NTCP, the
transport by ASBT depends on the sodium gradient across the
cell membrane. In contrast to NTCP, ASBT has narrow substrate
specificity, which is restricted to bile acids (Claro da Silva et al.,
2013).

Given the evidence that some PFASs might undergo entero-
hepatic circulation and given the important role the bile salt
transporters play in the enterohepatic circulation, we hypothe-
sized that bile salt transporters are involved in the disposition
of PFASs. In this study, we investigated the roles of human and
rat NTCP and ASBT as well as of human OSTa/b in transporting
3 PFASs (PFBS, PFHxS, and PFOS). Initial inhibition studies and
uptake experiments indicated the potential of interactions be-
tween PFASs and the transporters. Based on these results, addi-
tional time dependency and kinetic studies were performed.

MATERIALS AND METHODS

Materials. Radiolabelled [3H]-taurocholate and [3H]-estrone-3-
sulfate were purchased from PerkinElmer (Boston,
Massachusetts), potassium perfluorobutane sulfonate (KþPFBS,
98.2% pure), potassium perfluorohexane sulfonate (KþPFHxS,
>99% pure), and potassium perfluorooctane sulfonate (KþPFOS,
86.9% pure) were received from the 3 M Company (St. Paul,
Minnesota).

Plasmids and cell lines. The rat ASBT (rASBT) cDNA was subcloned
from a plasmid purchased from Origene (NM_017222, RN209999,
Rockville, Maryland) into the pcDNA5/FRT vector using PCR and
restriction digestion with the following primers: forward primer
containing an Nhe I restriction site: 50-AGAGGCTAGCACCAT
GGATAACTCCTCCGTCT-30, reverse primer including a 6-His tag
and the Not I restriction site 50-AGAGGCGGCCGCCCTAGTG
GTGATGGTGATGATGTTTCTCATCTGGTTGA-30. A human NTCP
(hNTCP) containing pSport1 vector (Hagenbuch and Meier, 1994)
was digested with restriction enzymes Kpn I and BamH I, and
the resulting hNTCP cDNA was inserted into the pcDNA5/FRT
vector. CHO Flp-in cells were transfected with the hNTCP-
pcDNA5/FRT construct to generate a stable hNTCP expressing
cell line. Rat NTCP (rNTCP) was cloned into the pcDNA5/FRT
expression vector from a cell line overexpressing rat NTCP
(Schroeder et al., 1998) using the following primers: forward pri-
mer with a Nhe I restriction site, 50-AGAGAGCGGCCGCCTAAT
GGTGATGGTGATGATGATTTGCCATCTGACCAGAATTC-30; reverse
primer containing a 6-His tag and the Not I restriction site, 50-
AGAGAGCGGCCGCCTAATGGTGATGGTGATGATGATTTGCCATC
TGACCAG-30. The human ASBT (hASBT) cDNA was subcloned
from a plasmid purchased from Open Biosystems (OHS6084-
202630699, Lafayette, Colorado) into the pcDNA5/FRT
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expression vector using PCR and restriction digestion with the
following primers: forward primer containing a Hind III restric-
tion site, 50-AGAGAAGCTTCGGGACCATGAATGATCCGAACAGC
TG-30; reverse primer including a 6-His tag and the Kpn I restric-
tion site, 50-AGAGGGTACCTTATTAATGGTGATGGTGATGATGCT
TTTCGTCAGGTTGAAATCC-30. The human OSTa cDNA in
pCMV6-XL4 (Origene SC100623, NCBI NM_152672) was digested
with NotI and inserted into pcDNA5/FRT vector. The human
OSTb cDNA in pCMV6-Entry (Origene (RC517638, NCBI
NM_178859) was subcloned into pcDNA5/FRT using the follow-
ing primers: 50-AGAGGCTAGCACCATGGAGCACAGTGAGG-30

with an NheI restriction site as forward primer and 50-AGAG
GCGGCCGCCCTAGCTCTCAGTTTCTGGTACATC-30 with an NotI
restriction site as the reverse primer. Correctness of all sequen-
ces was verified by DNA sequencing.

Tissue culture and transporter expression. CHO-hNTCP cells were
grown at 37�C in a humidified 5% CO2 atmosphere in Dulbecco’s
Modified Eagle Medium (DMEM) with 1 g/l D-glucose, 2 mM L-glu-
tamine, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer, and 110 mg/l sodium pyruvate supple-
mented with 10% fetal bovine serum (FBS) (Hyclone, Logan,
Utah), 50 mg/ml L-proline, 100 U/ml penicillin, 100 mg/ml strepto-
mycin (Invitrogen), and 500 mg/ml hygromycin (Invitrogen,
Carlsbad, California). For uptake assays, CHO-hNTCP cells were
plated at 40 000 cells per well on 24-well plates and 72 h later
used for uptake experiments. Medium was changed when
needed.

Human embryonic kidney (HEK293) cells (ATCC, Manassas,
Virginia) were grown at 37�C in a humidified 5% CO2 atmos-
phere in DMEM High Glucose (Invitrogen) supplemented with
10% FBS (Hyclone, Logan, Utah), 100 U/ml penicillin, and 100 mg/
ml streptomycin. HEK293 cells were plated at 200 000 cells per
well in 24-well plates coated with 0.1 mg/ml poly-D-lysine.
Twenty-four hours later cells were transfected with 0.5 mg plas-
mid DNA and 1.5 ml Fugene HD (Promega, Madison, Wisconsin)
per well and uptake assays were performed 48 h later. Medium
was changed when needed.

Human and rat hepatocytes were isolated by the Cell
Isolation Core in the Department of Pharmacology, Toxicology
and Therapeutics at University of Kansas Medical Center as
described (Xie et al., 2014). All human liver specimens were
obtained in accordance with an HSC approved protocol from
patients undergoing hepatic resection procedures or from donor
organs. The hepatocytes were then seeded at 250 000 cells per
well on collagen coated 24-well plates and allowed to attach in
a humidified 37�C, 5% CO2 incubator. Uptake with human hepa-
tocytes was determined 24 h after plating and uptake with rat
hepatocytes was measured 3 h after plating.

Cell-based transport assays. Cells were washed 3 times with 1 ml
of prewarmed (37�C) CHO uptake buffer (116.4 mM NaCl or chol-
ine chloride, 5.3 mM KCl, 1 mM NaH2PO4, 0.8 mM MgSO4, 5.5 mM
D-glucose, and 20 mM HEPES, pH adjusted to 7.4 with Tris-base),
HEK293 uptake buffer (142 mM NaCl or choline chloride, 5 mM
KCl, 1 mM KH2PO4, 1.2 mM MgSO4, 1.5 mM CaCl2, 5 mM glucose,
and 12.5 mM HEPES, pH 7.4), or hepatocyte uptake buffer
(136 mM NaCl or choline chloride, 5.3 mM KCl, 1.1 mM KH2PO4,

0.8 mM MgSO4, 1.8 mM CaCl2, 11 mM glucose, and 10 mM HEPES,
pH 7.4). Then, 200 ml uptake buffer (37�C) containing PFASs or
radiolabeled model substrates were added to the well to initiate
transport. Uptake was terminated at indicated time points by
two 1-ml washes with ice-cold uptake buffer containing 3%
bovine serum albumin and two 1-ml washes with plain ice-cold

uptake buffer. Cells were lysed with 200 ml 1% Triton X-100 in
H2O for PFASs or 300 ml 1% Triton X-100 in PBS for radiolabeled
substrates at room temperature for 20 min. For PFASs, 120ml cell
lysate was used for liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). For radiolabeled substrates, 200 ml of cell
lysate was transferred to a 24-well scintillation plate (Perkin,
Billerica, Massachusetts) and 750 ml Optiphase Supermix scintil-
lation cocktail (Perkin Elmer, Waltham, Massachusetts) was
added to each well. Radioactivity was measured in a Microbeta
liquid scintillation counter. The remaining cell lysates were
transferred to 96-well plates to determine the total protein con-
centration using the bicinchoninic acid protein assay (Pierce
Biotechnology, Rockford, Illinois). All transport measurements
were corrected by the total protein concentration. All experi-
ments were performed 2 to 4 times independently with tripli-
cate determinations.

Sf9 vesicle transport. Sf9 vesicles overexpressing human MRP2,
BCRP, or BSEP were purchased from Corning Incorporated
(Tewksbury, Massachusetts). Fifty mg human MRP2, BCRP, or
BSEP Sf9 vesicles were incubated with model substrates CDCF
(Corning gentest MRP/BCRP vesicle assay kit), [3H]-estrone-3-
sulfate or [3H]-taurocholate at 37�C in the presence of 5 mM ATP
or AMP for 15, 3, or 30 min, respectively. The reaction was
stopped by filtering the vesicle suspension through a 96-well
glass fiber filter plate (Millipore, Merck KGaA, Darmstadt,
Germany) on a MultiScreenHTS vacuum manifold (Millipore) and
the filters were washed 6 times with ice-cold wash buffer from
the corresponding vesicle assay kit (Corning). For radiolabeled
substrates, Optiphase Supermix scintillation cocktail was added
to the filter and it was heat sealed and used directly for count-
ing in a Microbeta liquid scintillation counter (Perkin Elmer). For
the fluorescent substrate CDCF, 100 ml 0.1 N NaOH was added to
each well and the substrate was eluted into a fresh 96-well
plate. Fluorescence was determined in a Synergy 2 plate reader
(BioTek, Winooski, Vermont) at 485/525 nm. Transport was
determined by subtracting the values in the presence of AMP
from the values in the presence of ATP. All experiments were
performed 2 times independently with triplicate
determinations.

LC-MS/MS analyses for PFBS, PFHxS, and PFOS. Cell lysates
collected (vide supra) were analyzed for PFBS, PFHxS, or PFOS by
LC-MS/MS using the following procedures:

(1) Standard and sample preparation

A fixed amount of internal standard (either 18O2-PFBS, 18O2-
PFHxS, or 18O2-PFOS) was added to new disposable 1.8-ml poly-
propylene microcentrifuge tubes containing 25 ul of either PFAS
standard or lysate samples. PFAS standards were prepared in
the same buffer matrix as lysate samples.

To all tubes, 175 ml of a solution containing 5% ammonium
acetate (2 mM) and 95% acetonitrile was added followed by vor-
tex (approximately 5 s) and then centrifugation (2500� g, 20
min, room temperature). Subsequently, 180 ll of the superna-
tant was aliquoted to a new clean 100-ll polypropylene auto
sampler vial pending LC-MS/MS analyses. The reagent-grade
water used for all the LC-MS/MS analyses was MilliQ deionized
water that has been further purified to remove residual traces
of perfluorinated compounds by being pumped through a C-18
HPLC column prior to use.

(2) LC-MS/MS conditions

The instrument used for analysis was an API 5000 mass
spectrometer (Applied Biosystems/MDS-Sciex Instrument
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Corporation) configured with Turbo Ion Spray (pneumatically
assisted electrospray ionization source) in negative ion mode.
Separation of the compounds was completed on a Mac-Mod
ACE C-18, 5 mm, 75� 2.1 mm i.d. HPLC column with a gradient
flow rate of 0.250 ml/min (dual column method) using the con-
ditions specified in Table 1. All source parameters were opti-
mized under these conditions according to manufacturer’s
guidelines. Transition ions monitored were as follows: PFBS: 299
-> 80 amu; PFBS Internal Standard: dual 18O2-labeled PFBS: 303 -
> 84 amu; PFHxS: 399 -> 80 amu; PFHxS Internal Standard: triple
18O2-labeled PFHxS: 405 -> 86 amu; PFOS: 499 -> 80 amu; PFOS
Internal Standard: dual 18O2-labeled PFOS: 503 -> 84 amu.

Statistical analysis. Data were analyzed for significant differences
using 1-way ANOVA followed by the Dunnett post-test for
inhibition assays and Student’s t-test for one time point uptake
determinations. p< .05 was considered significant.

RESULTS

Uptake of PFASs by Human and Rat Hepatocytes
To determine whether sodium-dependent transporters are
involved in the uptake of PFASs into hepatocytes, uptake of
50 mM PFBS, PFHxS, or PFOS was measured at 2 min using freshly
isolated human and rat hepatocytes. First, sodium-dependent
uptake of [3H]-taurocholate was used to ascertain that the iso-
lated hepatocytes were functional (Supplementary Fig. 1). Then,
sodium-dependent uptakes of the 3 PFASs were measured in
the same batches of hepatocytes. As seen in Figures 1A to 1C,
sodium-dependent uptake was observed for all 3 PFASs in
human hepatocytes. Under the experimental conditions used,
the net sodium-dependent uptakes (net uptake, black bars) for
PFHxS (Fig. 1B) and PFOS (Fig. 1C) were similar and they were
higher than PFBS (Fig. 1A). Similar sodium-dependent uptake
also was observed in rat hepatocytes for PFBS, PFHxS, and PFOS
(Figs. 1D to 1F). In addition, uptake was also measured in the
presence of 100 mM bromosulfophthalein (BSP), a known inhibi-
tor of both NTCP and the OATPs. BSP inhibited both sodium-
dependent and sodium-independent uptake of PFBS and to a
lesser degree, PFHxS. For PFOS, only the sodium-dependent por-
tion was inhibited (Fig. 1).

Uptake of PFASs by Human and Rat NTCP
To test whether PFASs would interact with human or rat NTCP,
uptake of the model substrate [3H]-taurocholate was measured
in the absence or presence of 10 mM PFBS, PFHxS, or PFOS. Using
CHO Flp-in cells stably expressing human NTCP, the uptake
of [3H]-taurocholate was inhibited in a PFAS-chain length-
dependent manner with PFOS exerting the strongest effect
followed by PFHxS and PFBS (Fig. 2A). In HEK293 cells transiently
expressing rat NTCP, PFHxS showed the strongest inhibition of
[3H]-taurocholate uptake (50% inhibition) whereas PFBS and
PFOS inhibited only by 20%–25% (Fig. 2B).

TABLE 1. LC-MS/MS Conditions for HPLC Separation of
PFBS, PFHxS, and PFOS

Time (min) Mobile phase B %

0.01 30
1.80 30
3.50 60
4.50 60
5.50 90
7.00 90
8.00 30
11.50 30
11.55 End of run

The gradient was run with mobile phase A (2 mM ammonium

acetate) and mobile phase B (acetonitrile).

FIG. 1. PFAS uptake into freshly isolated human (A–C) and rat (D–F) hepatocytes. Uptakes of 50 mM PFBS, PFHxS, and PFOS in the absence or presence of 100 mM bromo-

sulfophthalein (BSP) was measured into freshly isolated human (HH) and rat hepatocytes (RH) for 2 min in the absence (white bars) or presence (gray bars) of sodium.

Net sodium-dependent uptake (black bars) was calculated by subtracting the value of uptake in the absence of sodium from uptake in the presence of sodium. Each bar

represents the mean 6 SD from 3 independent experiments with triplicate determinations. The results were corrected for total protein concentration in each well.

*p< .05.
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Based on the results of the inhibition experiments that dem-
onstrated interactions with all 3 PFASs, direct uptakes of PFBS,
PFHxS, and PFOS by human and rat NTCP were determined and
quantified by LC-MS/MS. As shown in Figure 3A, using 10 mM
substrate and 1-min incubation, sodium-dependent net uptake
by human NTCP was highest for PFOS, followed by PFHxS and
PFBS mirroring the chain length-dependent inhibition seen
before. In contrast, net uptake by rat NTCP was similar for all 3
PFASs at the same experimental condition (Fig. 3B).

In order to further characterize the transport by NTCP,
uptakes of PFBS, PFHxS, and PFOS were measured in a time-
dependent manner at low (10 mM) and high substrate concentra-
tions (200 mM for PFBS and 400 mM for PFHxS and PFOS). At low
concentrations, the duration of the initial linear portion of
human NTCP-mediated transport (Figs. 4A–C) was different
between the 3 PFASs. The initial linear range was approximately
10 s for uptake for PFBS and PFHxS and it extended up to 60 s for
PFOS. For rat NTCP, the initial linear range was around 20 s for
PFBS (Fig. 4D) and 30 s for both PFHxS (Fig. 4E) and PFOS (Fig. 4F).
At the high substrate concentrations, uptake of all PFASs by

human and rat NTCP was linear up to at least 20 s (data not
shown).

Based on the results from the time-dependent uptake
experiments, all concentration- dependent transport measure-
ments for kinetic analysis of PFBS, PFHxS, and PFOS were deter-
mined at 10 s. Concentration-dependent net sodium-dependent
uptake of PFBS, PFHxS and PFOS by human NTCP, and PFBS and
PFHxS by rat NTCP are shown in Figures 5A to 5E. Kinetic
parameters were calculated based on the Michaelis–Menten
equation and the resulting Km and Vmax values are summarized
in Table 2. PFBS was transported by human NTCP with the high-
est affinity (Km value of 39.6 mM) but the lowest Vmax value
whereas both PFHxS (Km¼ 112 mM) and PFOS (Km¼ 130 mM) had
lower affinities and higher maximal transport rates. The intrin-
sic clearance (Vmax/Km) was similarly twice as high for the 2 sub-
strates with the higher Vmax values. With respect to rat NTCP,
although PFBS was transported with a higher affinity
(Km¼ 76.2 mM) than PFHxS (Km¼ 294 mM) the difference in the
Vmax values resulted in equal intrinsic clearances for both com-
pounds (Table 2). The kinetic parameters of PFOS by rat NTCP

FIG. 2. Inhibition of 3H-taurocholate uptake mediated by human (A, hNTCP) and rat (B, rNTCP) NTCP by PFASs. Human NTCP-mediated 30 nM [3H]-taurocholate uptake

was measured at 37�C for 1 min in the absence (DMSO) or presence of 10 mM PFBS, PFHxS, and PFOS using the CHO-hNTCP cell line. Rat NTCP-mediated 30 nM [3H]-taur-

ocholate uptake was measured at 37�C for 1 min in the absence or presence of 10 mM PFBS, PFHxS, and PFOS using HEK293 cells transiently transfected with rNTCP.

Each bar represents the mean 6 SD of triplicate determinations. The results were corrected for total protein concentration in each well. *p< .05 compared to DMSO

control.

FIG. 3. Uptake of PFAS by human (A, hNTCP) and rat (B, rNTCP) NTCP. CHO-hNTCP cells or HEK293 cells transiently transfected with rNTCP were used to measure the

uptake of 10mM PFBS, PFHxS, and PFOS in the absence (white bars) and presence (gray bars) of sodium. Net sodium-dependent uptake (black bars) was calculated by

subtracting the values of uptake in the absence of sodium from uptake in the presence of sodium. Each bar represents the mean 6 SD from 2 independent experiments

each performed with triplicate determinations. The results were corrected for total protein concentration in each well. *p< .05.
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were not determined due to low signal-to-noise ratio of the
transport.

Inhibition of Human MRP2, BCRP and BSEP Transport by PFASs
To determine whether PFASs interact with efflux transporters
in the hepatocytes, transport of model substrates by human
MRP2 (model substrate CDCF), BCRP (model substrate

[3H]-estrone-3-sulfate), and BSEP Sf9 vesicles (model substrate
[3H]-taurocholate) was measured in the absence or presence of
PFBS, PFHxS or PFOS at either 10 or 100 mM. While the transport
of CDCF by human MRP2 was not affected by PFBS (Fig. 6A), it
was inhibited by PFHxS (100mM) and PFOS (10 mM and 100 mM).
At 100 mM, PFOS did inhibit the transport by more than 80%
(Fig. 6A). Transport of [3H]-estrone-3-sulfate mediated by

FIG. 4. Time-dependent uptake of PFASs by human (A–C; hNTCP) and rat (D–F; rNTCP) NTCP. Uptake of 10 mM PFBS (A, D), PFHxS (B, E), and PFOS (C, F) was measured at

37�C at the indicated time points using CHO-hNTCP cells and HEK293 cells transiently transfected with rNTCP in the absence (circles) and presence (squares) of

sodium. Net sodium-dependent uptake (triangles) was calculated by subtracting the value of uptake in the absence of sodium from uptake in the presence of sodium.

The results were corrected for total protein concentration in each well. Each point represents the mean 6 SD of triplicates.

FIG. 5. Kinetics of human (A–C) and rat (D, E) NTCP-mediated transport of PFBS (A, D), PFHxS (B, E), and PFOS (C). Uptake of increasing concentrations of PFBS, PFHxS,

and PFOS was measured within the initial linear range of transport using CHO-hNTCP cells (A–C) and HEK293 cells transiently transfected with rNTCP (D, E). Net uptake

was calculated by subtracting the values of uptake in the absence of sodium from uptake in the presence of sodium and was corrected for total protein concentration.

Resulting data were fitted to the Michaelis–Menten equation to obtain Km and Vmax values. Each point represents the mean 6 SD from 3 to 4 independent experiments

performed in triplicates.
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human BCRP was decreased in the presence of all 3 PFASs,
however, only the inhibition by 100 mM PFHxS was statistically
significant (Fig. 6B). In addition, BSEP-mediated transport of
[3H]-taurocholate was only inhibited by 100 mM PFOS but not by
any of the other conditions (Fig. 6C).

Transport of PFASs by Human and Rat ASBT
ASBT is another sodium-dependent transporter belonging to
the same gene family as NTCP. It is normally expressed at
the apical membrane of ileal enterocytes, cholangiocytes,
and renal proximal tubule cells. It transports bile acids in a
sodium-dependent way. In HEK293 cells transiently expressing
human or rat ASBT, uptake of 10 mM PFBS, PFHxS, or PFOS was
measured at 1 min in the absence or presence of sodium.
Sodium-dependent uptake was only observed for PFOS by
human ASBT (Fig. 7A) while none of the 3 PFASs were trans-
ported by rat ASBT (Fig. 7B). The proper function of human
and rat ASBT was confirmed by measuring sodium-dependent
transport of the model substrate [3H]-taurocholate
(Supplementary Fig. 2).

Time-dependent uptake was performed for human ASBT-
mediated PFOS in order to further characterize its kinetics.
Uptake was linear up to 2 min at both the low (10 mM) and high
(400 mM) PFOS concentration (Figs. 7C and D). However, the
kinetic parameters of PFOS transport could not be determined
with confidence due to a low signal-to-noise ratio.

Transport of PFASs by Human OSTa/b
Human OSTa/b is expressed at the basolateral membrane of
enterocytes to mediate the efflux of bile acids. Because it can
transport bidirectionally depending on the concentration gra-
dient of substrates, uptake of 10 mM PFASs was measured at 2
and 10 min after establishing the proper function of OSTa/b
(Supplementary Fig. 3). At both time points, uptake of all 3
PFASs was higher in human OSTa/b transfected HEK293 cells
than in empty vector transfected cells and net uptake was
higher at 10 min as compared to 2 min (Fig. 8).

DISCUSSION

In this study, we have demonstrated that uptake of PFASs into
human and rat hepatocytes is mediated by sodium-dependent
and sodium-independent mechanisms. Furthermore, we could
show that all 3 PFASs, PFBS, PFHxS, and PFOS, are substrates for
human and rat NTCP. Carrier-mediated uptake by rat hepato-
cytes has been reported previously for PFOA and it was shown
that BSP, an inhibitor of OATPs and NTCP, can inhibit this trans-
port (Han et al., 2008). However, specific transporters had not
been identified so far. In addition to NTCP, we also demon-
strated that human ASBT can mediate the uptake of PFOS. To
the best of our knowledge, this is the first time that sodium-
dependent transport is reported for perfluoroalkyl substances.
Furthermore, human OSTa/b was able to transport all 3 PFASs.

Using BSP as an inhibitor, we investigated whether the
sodium-independent OATPs or the sodium-dependent NTCP
would be the major transport system for the uptake of PFASs
into hepatocytes. The fact that sodium-independent uptake of
PFOS was not inhibited by BSP (Fig. 1) suggests that NTCP is the
major uptake transporter and that OATPs play a minor role. The

TABLE 2. Kinetic parameters of PFBS, PFHxS and PFOS transport mediated by human or rat NTCP

Transporter PFAS Km (mM) Vmax (nmol/mg/protein*min) Vmax/Km (ml/mg/protein*min)

hNTCP PFBS 39.6 6 8.2 3.7 6 0.3 0.1 6 0.02
PFHxS 112 6 32.9 23.2 6 3.0 0.2 6 0.07
PFOS 130 6 32.9 30.7 6 3.2 0.2 6 0.06

rNTCP PFBS 76.2 6 23.6 2.2 6 0.3 0.03 6 0.01
PFHxS 294 6 121 8.1 6 1.8 0.03 6 0.01

FIG. 6. Inhibition of human MRP2 (A), BCRP (B), and BSEP (C) transport by PFASs.

Transport of 5 mM CDCF, 0.01mM [3H]-estrone-3-sulfate or 0.5 mM [3H]-taurocho-

late by human MRP2, BCRP and BSEP vesicles were measured with or without

10mM (Black bar) or 100mM (white bar) PFBS, PFHxS, and PFOS. Each bar repre-

sents the mean 6 SD of triplicate determinations. *p< .05 compared to DMSO

control.
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shorter chain PFBS and PFHxS are probably transported by both
types of transporters but again, NTCP seems to be the major car-
rier given the minor inhibition of the sodium-independent
uptake (Fig. 1).

Fenestration of sinusoids in combination with specific trans-
porters in the sinusoidal membrane of hepatocytes allows
numerous protein-bound endo- and xenobiotics to be excreted
by the liver. While these fenestrae allow the protein-bound
compounds to be in close proximity with the uptake transport-
ers in hepatocytes, protein binding also prevents the com-
pounds from being excreted in the urine via the glomerular
filtration process in the kidneys. PFASs such as PFOS and PFHxS
are highly protein-bound in the plasma, predominately to albu-
min (Butenhoff et al., 2012; Kerstner-Wood et al., 2003), and given
that NTCP can transport these PFASs and it is abundantly
expressed in the sinusoidal membrane, it is plausible that this
could be the major mechanism for the previously reported pref-
erential accumulation of these compounds in the liver
(Kärrman et al. 2010; Maestri et al. 2006).

In humans, biliary excretion has been suggested as the main
route of elimination for PFOS and has been estimated to be 200-
fold higher than urinary excretion (Harada et al., 2007). The esti-
mated reabsorption rates are 97% and 95% in humans and rats,
respectively, very comparable between the 2 species (Harada
et al., 2007). In the study reported herein, we demonstrated that
PFOS and to a lesser degree, PFHxS, were able to inhibit MRP2,
BCRP, and BSEP. These are 3 of the ABC transporters expressed
in the canalicular membrane of human hepatocytes, suggesting
that they are the likely candidates for canalicular secretion of
PFOS and PFHxS. We would like to emphasize that inhibition
does not necessarily mean that the inhibitors are substrates of
the transporters they inhibit and as a consequence these 3

transporters should be tested in the future whether they
directly mediate transport of PFOS and PFHxS.

We demonstrated that human ASBT can transport PFOS
when expressed in HEK293 cells. It is plausible that human
ASBT can transport PFOS in vivo as well and that would suggest
that PFOS can be absorbed in the intestine preferentially com-
pared to other PFASs. The relative high unspecific background
seen in our data indicates that passive diffusion of PFOS prob-
ably plays an important role as well. We have preliminary data
that demonstrated additional transporters expressed in the
small intestine such as human OATP2B1 (Drozdzik et al., 2014)
and rat OATP1A5 (Walters et al., 2000) could play a role in the
reabsorption of PFASs, especially in the case of PFHxS and PFBS
which were not transported by rat ASBT. However, detailed
functional characterization of these transporters will need to be
performed in the future.

In addition to enterocytes, ASBT is also expressed in the epi-
thelial cells lining the bile duct where it samples biliary con-
tents for signaling to the hepatocytes and is part of the
cholehepatic shunt pathway (Benedetti et al., 1997; Meier and
Stieger, 2002; Xia et al., 2006). In conjunction with ASBT trans-
port, cholehepatic shunting of PFOS might be an additional crit-
ical component for its retention in the liver. Urinary excretion of
PFOS is limited to a large extent as a result of its strong binding
to serum albumin (Butenhoff et al., 2012). Even when dissociated
from albumin, ASBT present in the brush border membrane of
proximal tubular cells (Hagenbuch and Dawson, 2004) could
potentially reabsorb the unbound PFOS present in the filtrate
hence keeping the urinary excretion to a minimum.

Although we could show that PFBS is a substrate of both
human and rat NTCP, the human serum elimination half-life
has been estimated to be around 26 days and urine was shown

FIG. 7. Uptake of PFASs by human (A, C, D) and rat (B) ASBT. HEK293 cells transiently transfected with hASBT (A) or rASBT (B) were used to measure uptake of 10mM

PFBS, PFHxS, and PFOS in the absence (white bars) or presence (gray bars) of sodium for 2 min. Net sodium-dependent uptake (black bars) was calculated by subtracting

the values of uptake in the absence of sodium from uptake in the presence of sodium. Each bar represents the mean 6 SD of triplicates from 2 independent experi-

ments. (C, D) Uptake of 10mM PFOS was measured at 37�C for the indicated time points by HEK293 cells transiently transfected with hASBT in the absence (circles) or

presence (squares) of sodium. Net sodium-dependent uptake (triangles) was calculated by subtracting the values of uptake in the absence of sodium from uptake in

the presence of sodium. The results were corrected for total protein concentration in each well. Each point represents the mean 6 SD of triplicates. *p< .05.
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to be the dominant route of elimination in rodents, monkeys,
and human (Olsen et al., 2009). Compared with PFOS, the
enhanced urinary excretion of PFBS could be due to enhanced
glomerular filtration of PFBS with higher water solubility (PFBS
is more water soluble than PFOS) and/or lower protein-binding
in the blood (% protein binding of PFBS and PFOS to serum albu-
min are 93.5 and 99.8, respectively; Kerstner-Wood, 2003). The
transporters of the OAT family expressed in the kidney (OAT1
and OAT3) may also play a role because these carriers are
involved in the transport of the shorter chain PFCAs which are
water-soluble (Weaver et al., 2010); hence, they are also the
likely candidates for PFBS excretion.

It is well accepted that human NTCP transports, in addition
to bile acids, other endo- and xenobiotics such as certain statins
(Bi et al., 2013). Even though ASBT is a bile acid cotransporter
closely related to NTCP, to date, known substrates of ASBT have
been restricted to bile acids (Dawson, 2011; Hagenbuch and
Dawson, 2004). Thus, the identification of PFOS as an ASBT

substrate represents a very novel finding. This raises the possi-
bility that other compounds similar to PFOS might be substrates
of ASBT.

In conclusion, our studies reveal that PFBS, PFHxS, and PFOS
are substrates for the sodium-dependent liver transporter NTCP
in humans and rats, and that human ASBT can transport PFOS.
The 3 ABC transporters MRP2, BCRP, and BSEP can be inhibited
in particular by PFOS, and human OSTa/b can transport all 3
PFASs. Thus, the combined action of the hepatic NTCP and ABC
transporters, together with the intestinal ASBT and OSTa/b,
likely facilitate the enterohepatic circulation of PFHxS and
PFOS. In addition, ASBT expressed in cholangiocytes possibly
contributes to cholehepatic shunting of PFOS. Both pathways
could potentially play a role in the accumulation of PFOS in the
liver and subsequently contribute to its long serum elimination
half-life in humans.
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