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Perfluorinated carboxylates (PFCAs) are generally stable to
metabolic and environmental degradation and have been found at
low concentrations in environmental and biological samples.
Renal clearance of PFCAs depends on chain length, species, and,
in some cases, gender within species. While perfluoroheptanoate
(C7) is almost completely eliminated renally in both male and
female rats, renal clearance of perfluorooctanoate (C8) and
perfluorononanoate (C9) is much higher in female rats. Perfluor-
odecanoate (C10) mainly accumulates in the liver for both
genders. Therefore, we tested whether PFCAs with different
chain lengths are substrates of rat renal transporters with
gender-specific expression patterns. Inhibition of uptake of
model substrates was measured for the basolateral organic
anion transporter (Oat)l and Oat3 and the apical Oat2, organic
anion transporting polypeptide (Oatp)lal, and Uratl with
10pM PFCAs with chain lengths from 2 to 18 (C2-C18)
carbons. Perfluorohexanoate (C6), C7, and C8 inhibited Oatl-
mediated p-aminohippurate transport, with C7 being the strongest
inhibitor. C8 and C9 were the strongest inhibitors for Oat3-
mediated estrone-3-sulfate transport, while Oatplal-mediated
estradiol-173-glucuronide uptake was inhibited by C9, C10, and
perflouroundecanoate (C11), with C10 giving the strongest
inhibition. No strong inhibitors were found for Oat2 or Uratl.
Kinetic analysis was performed for the strongest inhibitors. Oat1
transported C7 and C8 with K, values of 50.5 and 43.2pM,
respectively. Oat3 transported C8 and C9 with K, values of 65.7
and 174.5pM, respectively. Oatplal-mediated transport yielded
K., values of 126.4 (C8), 20.5 (C9), and 28.5uM (C10). These
results suggest that Oatl and Oat3 are involved in renal secretion
of C7-C9, while Oatplal can contribute to the reabsorption of C8
through C10, with highest affinities for C9 and C10.

Key Words: Oatl; Oat2; Oat3; Uratl; Oatplal; kidney
transporter.

Perfluorinated carboxylates (PFCAs) are fatty acid analogues
with fully fluorinated carbon backbones. A representative
structure of perfluorooctanoate (C8) is shown in Figure 1. The
chain lengths for most commercially available PFCAs range

from 2 to 18 carbons (C2-C18). PFCAs are generally stable
to metabolic and environmental degradation and have been
found at low concentrations in samples of environmental
and biological media. Although trifluoroacetate (C2) can
occur naturally, C2 and most other PFCAs are present in the
environment as a result of various commercial uses. PFCAs
can also arise from degradation of other polyfluorinated
chemistries (D’Eon et al., 2006; D’Eon and Mabury, 2007;
Fasano et al., 2006; Wallington et al., 2006), and they are more
resistant to natural degradation processes as compared to
hydrocarbon carboxylates due to the presence of multiple
carbon-fluorine bonds (Lemal, 2004).

The toxicological properties of perfluoroalkyl carboxylates
have been studied extensively (Andersen et al., 2008; Kennedy
et al., 2004; Kudo and Kawashima, 2003; Lau et al., 2007,
Olsen et al., 2009; Vanden Heuvel er al., 1991), and
differences in biological activity between congeners may be
determined, in part, by pharmacokinetic differences in renal
clearance. Renal clearance of PFCAs is influenced by chain
length, isomeric structure (branched vs. linear), species, and, in
some cases, gender within species (Butenhoff et al., 2004;
Chang et al., 2008; Chengelis et al., 2009; De Silva et al.,
2009; Kennedy et al., 2004; Kudo and Kawashima, 2003;
Vanden Heuvel et al., 1991).

As an example of the differences that can occur in
elimination kinetics, in humans, the geometric mean half-
life of C8 serum elimination in a group of retired produc-
tion workers was 3.5 years (95% confidence interval,
3.0-4.1), with no obvious gender differences (Olsen et al.,
2007). This compares to cynomolgus monkeys, for which the
serum C8 elimination half-life is estimated to be several weeks
(Butenhoff et al., 2004). However, in male rats, the serum
elimination half-life of C8 is several days, as compared to
hours for female rats (Kennedy et al., 2004; Kudo and
Kawashima, 2003). In contrast, the estimated elimination half-
life of perfluorobutyrate (C4) is approximately 3—4 days for
humans and 1.5 days for cynomolgus monkeys (Chang et al.,
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FIG. 1.

Structure of C8.

2008), again with no obvious gender differences in either
species. In male and female rats exposed to C4, serum
elimination half-lives are approximately 6-9 and 24 h,
respectively.

Because PFCAs are not known to undergo metabolic
conversion (Lau et al., 2007), differences in elimination
kinetics are hypothesized to be due to differences in renal
elimination as a result of differences in renal transport
processes (Andersen et al., 2006; Katakura et al., 2007,
Kudo et al., 2001; Nakagawa et al., 2008, 2009; Tan et al.,
2008). Since the rat is one of the most commonly used
species in toxicological studies, it is important to identify the
involved transport systems and elucidate their role in the
renal elimination of PFCAs to further understand potential
toxicological effects and extrapolate the findings to humans.

The renal organic anion transport system is a very important
system in facilitating the daily elimination of toxic compounds
and reabsorption of useful anionic metabolites. There are
several major transporter families that are involved in the
transport of organic anions in the kidney: the organic anion
transporter (Oat) family, the organic anion transporting poly-
peptide (Oatp) superfamily, the multidrug resistance protein
(Mdr), and the multidrug resistance—associated protein (Mrp)
superfamilies (Sekine et al., 2006). In the rat proximal tubule,
these transporters are expressed in a polarized manner with
specific transporters being differentially localized in the
basolateral membrane and apical membrane. Transporters
localized at the basolateral membrane include Oatl, Oat3
(Kojima et al., 2002; Tojo et al, 1999), and Oatpdcl
(Mikkaichi et al., 2004). Transporters localized at the brush
border membrane include Oat2 (Kojima et al., 2002), Uratl
(Rizwan and Burckhardt, 2007), Oat5 (Anzai et al., 2005),
Oatplal (Bergwerk et al., 1996), Mdrla/b (Sekine et al.,
2006), Mrp2 (Schaub et al., 1997), and Mrp4 (van Aubel et al.,
2002). Gender-dependent expression patterns occur with
several of these transporters, including Oatl, Oat2, Oat3 (Buist
et al., 2002; Cerrutti et al., 2002; Ljubojevic et al., 2007,
2004), Oatplal (Kato et al., 2002; Lu et al., 1996), and Mdrlb
(Lu and Klaassen, 2008). Among these transporters, Oatl,
Oat3, and Oatplal have been shown to transport C8 (Katakura
et al., 2007; Nakagawa et al., 2008; Yang et al., 2009).

Given the in vivo evidence that there are gender-dependent
renal elimination patterns for PFCAs with chain lengths from
7 to 10 (Kudo et al., 2001), we hypothesized that PFCAs with
different chain lengths are substrates of different Oats and that
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the location and gender-specific expression of those trans-
porters would contribute to the renal elimination pattern. In
this study, we investigated the roles of the five rat renal
Oats Oatl, Oat2, Oat3, Uratl, and Oatplal in transporting
PFCAs with different chain lengths (C2-C18). Initial ex-
periments studied the potential of C2—C18 PFCAs to inhibit
known substrates of the transporters. Based on those results,
PFCA uptake and transport kinetic studies were performed,
focusing on four PFCAs (perfluoroheptanoate [C7] to
perfluorodecanoate [C10]).

MATERIALS AND METHODS

Materials. Radiolabeled [3H]—estradiol—17B—glucur0nide (E-17B-G), [°H]-
p-aminohippurate (PAH), and [*H]-estrone-3-sulfate (E-3-S) were purchased
from Perkin Elmer (Boston, MA). [*C]-uric acid was purchased from Moravek
Biochemicals (Brea, CA). Unlabeled chemicals were obtained from Sigma-
Aldrich (St Louis, MO). cDNAs of Oatl, Oat3, and Uratl were purchased from
Open Biosystem (Huntsville, AL). The Chinese hamster ovary (CHO)-Oatplal
cell line was kindly provided by Bruno Stieger from the University Hospital in
Zurich, Switzerland (Eckhardt et al., 1999).

Tissue culture and transporter expression. Human embryonic kidney
(HEK293) cells (ATCC, Manassas, VA) were grown at 37°C in a humidified
5% CO, atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) High
Glucose (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen). Twenty-four hours before transfection, HEK293
cells were harvested by trypsinization and replated at 250,000 cells per well in
24-well plates (coated with 0.1 mg/ml poly-p-lysine). The transfection mixture
consisted of 0.8 pg of plasmid DNA and 2 pl Lipofectamine 2000 (Invitrogen).
Transfected cells were incubated at 37°C for 48 h before use.

CHO cells (CHO-wild-type and CHO-Oatplal) were grown at 37°C in
a humidified 5% CO, atmosphere in DMEM containing 1 g/l p-glucose, 2mM
L-glutamine, 25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer, and 110 mg/l sodium pyruvate supplemented with 10% FBS (Hyclone),
50 pg/ml L-proline, 100 U/ml penicillin, and 100 pg/ml streptomycin. For
uptake experiments, CHO-wild-type- and Oatplal-expressing cells were plated
at 40,000 cells per well on 24-well plates, and 48 h later, medium was replaced
with medium containing SmM sodium butyrate to induce nonspecific gene
expression. After another 24 h in culture, the cells were used for uptake
experiments.

Oat2 was cloned from kidney RNA of Sprague-Dawley rats by reverse
transcriptase PCR using gene-specific primers and subcloned into the pcDNAS5/
FRT vector. The cDNA sequence was verified by sequencing both strands
individually. FlpIn-HEK?293 cells (Invitrogen) were maintained in Ham’s F12/
DMEM (1/1) medium supplemented with 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, and 100 pg/ml Zeocin. FlpIn-HEK293 cells were
plated on 6-well plates without antibiotics and then transfected as described in
the manufacturer’s instructions (Invitrogen). Twenty-four hours after trans-
fection, cells were replated onto 10-cm plates in medium supplemented with
400 pg/ml hygromycin B for selection for 2 weeks with one subsequent 1:3
passage after 1 week. The pooled cells were tested for uptake of model
substrates and used in PFCA transport studies. FlpIn-HEK293 cells stably
transfected with pcDNAS/FRT empty vector were used as negative control.

Transport assay. After washing the cells three times with prewarmed
(37°C) HEK uptake buffer (142mM NaCl, SmM KCI, ImM KH,POy,, 1.2mM
MgSOy, 1.5mM CaCl,, SmM glucose, and 12.5mM HEPES, pH 7.4) or CHO
uptake buffer (116.4mM NaCl, 5.3mM KCI, ImM NaH,PO,4, 0.8mM MgSO,,
5.5mM b-glucose, and 20mM HEPES, pH adjusted to 7.4 with Trizma base),
200 pl uptake buffer containing model substrates with or without PFCAs were
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FIG. 2. Inhibitory effect of PFCAs on Oatl- and Oat3-mediated transport.
Oatl-mediated 88nM [°H]-PAH (A) or Oat3-mediated 7nM [°H]-E-3-S (B)
uptake was measured at 37°C for 1 min in the absence or presence of 10uM
PFCAs with chain lengths from 2 (C2) to 18 (C18) carbon atoms in Oat-
expressing or empty vector pExpress-1 (pE)—transfected HEK293 cells. The
results were corrected for total protein concentration in each well. Each bar is
the mean + SD of triplicates. *p < 0.05 compared to Oat-mediated uptake in the
absence of PFCAs.

added to initiate transport. After incubating for the indicated time periods,
transport was terminated by two washes with ice-cold uptake buffer with 3%
bovine serum albumin (BSA) followed by two washes with ice-cold uptake
buffer without BSA. Then, cells were lysed with 300 pl 1% Triton X-100 in
H,O at room temperature for 20 min. For radiolabeled substrates, 200 pl of cell
lysate were transferred to 24-well scintillation plates (Perkin Elmer, Shelton,
CT), and radioactivity was measured after adding Optiphase Supermix
scintillation cocktail (Perkin Elmer) in a MicroBeta liquid scintillation
counter. For unlabeled PFCA substrates, final concentrations in cell lysate
were analyzed using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). The remaining cell lysates were used to determine the protein
concentration using the bicinchoninic acid Protein Assay (Pierce Biotechnol-
ogy, Rockford, IL). All transport activities were corrected by the total protein
concentration. All experiments were done two to four times independently with
triplicate determinations, that is, three wells per time point.

Kinetic analysis. Kinetics for Oatl, Oat3, and Oatplal were all
determined within the initial linear time range. Transport of C7, C8,
perfluorononanoate (C9), and C10 was measured from 10 to 300pM.
Transporter-specific uptake was obtained by subtracting the uptake into empty
vector—transfected HEK293 or wild-type CHO cells from the uptake into
transporter-expressing cells. Michaelis-Menten type nonlinear curve fitting was
carried out to obtain estimates of the maximal uptake rate (V.,) and the
apparent affinity constant (K,,) (Graphpad Prism, GraphPad Software Inc., La
Jolla, CA). All experiments were done two to four times independently with
triplicate determinations, that is, three wells per time point.
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FIG. 3. Oatl- (A) and Oat3 (B)-mediated uptake of C7, C8, C9, and C10.
Uptake of 10pM C7—C10 was measured at 37°C for 1 min with empty vector—
transfected (white) or Oat-expressing (gray) HEK293 cells. Black bars indicate
net uptake after subtracting the values of empty vector—transfected cells from
Oat-expressing cells. Uptake values were corrected for total protein
concentration in each well. Each bar represents the mean + SD of triplicates.
*p < 0.05 compared to vector control.

LC-MS/MS analysis. Two LC-MS/MS systems were employed in this
study. For single concentration uptake and time dependency studies, Waters
ACQUITY ultra performance LC System (Waters, Milford, MA) and Waters
Quattro Premier XE triple quadrupole mass spectrometer with an electrospray
ionization source (Waters) were used. The entire LC-MS system was controlled
by MassLynx 4.1 software. Chromatographic separations were performed with
an ACQUITY UPLC C,g column (1.7 um, 50 X 2.1 mm inner diameter [i.d.])
(Waters). The mobile phase consisted of 35% H,O and 65% acetonitrile at
a total flow rate of 0.300 ml/min. Multiple reaction monitoring transitions 363
— 319 amu, 413 — 369 amu, 463 — 419 amu, and 513 — 469 amu were
chosen for C7, C8, C9, and C10 quantification. C7 was used as internal control
for C8, C9, and C10 quantification, and C8 was used as internal control for C7
quantification. Samples were prepared by adding 60 pl cell lysate into 120 pl
acetonitrile containing internal standard. The tubes were then vortexed vigor-
ously for 5 s followed by centrifugation at 25,000 X g for 20 min. One hundred
and fifty microliters of supernatant were then transferred to a new clean
polypropylene tube and stored at — 20°C until analyzed. For transporter kinetic
studies, the instrument used was the Sciex API 5000 mass spectrometer
(Applied Biosystems/MDS-Sciex, Foster City, CA). The Turbo Ion Spray
(pneumatically assisted electrospray ionization) in negative ion mode was used.
Separation of the compounds were completed on a Mac-Mod ACE C-18, 5 pm,
100 X 2.1 mm i.d. high performance liquid chromatography (HPLC) column
with a gradient flow rate of 0.250 ml/min. Mobile phase was acetonitrile and
2mM ammonium acetate solution made up in reagent grade water (MilliQ
deionized water that has been further purified to remove residual traces of
perfluorinated compounds). The initial mobile phase was 25% acetonitrile and
75% ammonium acetate solution. The concentration was held for 1.0 min.
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FIG. 4. Oatl- (A, B) and Oat3 (C, D)-mediated time-dependent transport of PFCAs. Uptake of 10uM of PFCAs was measured at 37°C at the indicated time
points with empty vector—transfected () or Oat-expressing () HEK293 cells. Net uptake values (A ) were obtained by subtracting the uptake values of empty
vector—transfected cells from Oat-expressing cells. Each point represents the mean + SD of triplicates.

Between 1.0 and 4.0 min, the composition was changed to 10% 2mM
ammonium acetate solution and 90% acetonitrile. The 90% acetonitrile
composition was held until 7.0 min into the run. Between 7 and 7.80 min,
the acetonitrile concentration was decreased to 25% and held until 10.5 min
until re-equilibration of the HPLC columns was completed. All source
parameters were optimized according to manufacturer’s guidelines. Transition
ions were monitored as follows: C7: 363 — 319 amu; C8: 413 — 369 amu;
C9: 463 — 419 amu; C10: 513 — 469 amu; and Internal Standard—dual Be.
labeled C8: 415 — 370 amu. Samples were prepared by the addition of 25 pl
of cell lysate to the polypropylene 1.8 ml conical tip tube containing the
internal standard. Standards were introduced to similar tubes, and matrix-
matched blank buffer (25 pl) of either CHO lysate or HEK293 lysate was
pipetted as appropriate. To the tube containing the 25 pl of cell lysate, 175 pl of
a solution containing 5% of 2mM ammonium acetate and 95% acetonitrile was
then added (total volume 200 pl). The tube was then vortexed vigorously for 5 s
followed by centrifugation at 2500 X g. An 80-pl aliquot of supernatant was
transferred to a new clean 100-pl polypropylene vial; the vial was then capped
with a polypropylene cap and placed on the autosampler for injection into the
LC-MS/MS system. A 4-pl injection was used for the analysis.

Statistical analysis. Statistical significance was analyzed using two-tailed,
unpaired Student’s #-test (GraphPad Prism, GraphPad Software Inc.). Data were
considered statistically significant at p < 0.05.

RESULTS

Oatl- and Oat3-Mediated Transport of PFCAs

In HEK293 cells transiently transfected with rat Oatl,
transport of the model substrate [°H]-PAH was strongly
inhibited by 10uM of C7, followed by perfluorohexanoate
(C6) and C8 (Fig. 2A) while other homologs did not show
significant inhibition at this concentration. In HEK293 cells
expressing Oat3, transport of the model substrate [*H]-E-3-S

was strongly inhibited by 10uM of C8 and C9, followed by C7
and C10 (Fig. 2B), while other homologs did not show sig-
nificant inhibition at this concentration. In both cases, uptake of
model substrates into empty vector—transfected HEK293 cells
was not affected by the presence of PFCAs (data not shown).
Based on the results of inhibition studies, Oatl- and Oat3-
mediated uptake of C7, C8, C9, and C10 into Oatl- and Oat3-
expressing HEK293 cells was measured using LC-MS/MS.
These results were obtained at a single time point (1 min) and
at a single concentration (10uM). As shown in Figure 3A, up-
take by Oatl was highest for C7 and C8 followed by C9, while
uptake of C10 was the lowest. Uptake into Oat3-expressing cells
was highest for C9 followed by C8, C7, and C10 (Fig. 3B).
In order to further understand how well these compounds are
transported by Oatl and Oat3 as well as whether these two
transporters are important in the renal elimination of C8 and
C9, Oatl-mediated C7 and C8 as well as Oat3-mediated C8
and C9 transport was further characterized. First, time-
dependent uptake at low (10uM) and high (300uM) substrate
concentrations was determined. At the low concentration
(10pM), uptake mediated by Oatl appeared linear up to
1.5 min for both C7 and C8 (Figs. 4A and 4B), while uptake
of C8 and C9 mediated by Oat3 appeared linear up to 2 min
(Figs. 4C and 4D). At the high concentration (300pM), uptake
of C7 and C8 by Oatl as well as C8 and C9 by Oat3 appeared
linear up to 1 min (data not shown). Therefore, for kinetic
analysis, all concentration-dependent uptakes were measured at
the 1 min time point. Concentration-dependent transport of
PFCAs by Oatl and Oat3 is shown in Figure 5. Kinetic
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FIG. 5. Kinetics of Oatl- (A, B) and Oat3 (C, D)-mediated transport of PFCAs. Uptake of increasing concentrations of PFCAs was measured under initial
linear rate conditions at 37°C with Oat-expressing and empty vector—transfected HEK293 cells. After subtracting the values obtained with the empty vector—
transfected HEK293 and corrected for total protein concentration, net Oat-mediated uptake was fitted to the Michaelis-Menten equation to obtain K, and V.«
values. Each point represents the mean + standard error from a pool of two independent experiments with triplicates.

parameters were calculated based on the Michaelis-Menten
equation, and the K, and V... values are summarized in
Table 1. The apparent K,,, values for Oatl-mediated transport
of C7 (50.5uM) and C8 (43.2uM) were very similar. The K,
value for Oat3-mediated C8 uptake (65.7uM) was lower than
the one for C9 (174.5uM), but the V.. value of C9 uptake
(8.7 nmol/mg/min) was higher than that of C8 (3.8 nmol/mg/
min). Therefore, although there were some differences in the
affinities, both transporters had similar efficiencies (V.x/Km)
for both substrates that were measured.

Oatplal-Mediated Transport of PFCAs

In the CHO cell line stably expressing rat Oatplal, transport
of the model substrate [*’H]-E-17B-G was inhibited by 10pM

TABLE 1
Kinetic Parameters of Oatl- and Oat3-Mediated PFCA
Transport

Vimax (nmol/mg Vinax/Km (ml/mg

Transporter ~ PFCA Ky (UM) protein per min)  protein per min)

Oatl C7 50.5 = 13.9 22+0.2 0.04 = 0.01
C8 432+ 15.5 2.6 £0.3 0.06 = 0.02

Oat3 C8 65.7 = 12.1 3805 0.06 = 0.01
c9 1745 + 324 8.7 +0.8 0.05 = 0.01

of C9, C10, and perflouroundecanoate (C11) by 20-40%
(Fig. 6A), while uptake of model substrate into CHO-wild-type
cells was not affected by the presence of PFCAs (data not
shown). Next, uptake of 10uM C7, C8, C9, and C10 into CHO-
Oatplal—expressing cells was compared. Uptake of C9 and
C10 was highest followed by C8 with minimal uptake of C7
(Fig. 6B). Therefore, saturation kinetics for Oatplal-mediated
transport was determined for C8, C9, and C10. Figures 7A-C
show that transport of C8, C9, and C10 mediated by Oatplal
appeared linear up to 2 min at the 10uM concentration, while at
the high concentration (300uM), uptake was only linear up to
1 min (data not shown). As a result, all concentration-
dependent uptakes for Oatplal were measured at 1 min.
Figures 7D-F show saturation kinetics for the three substrates,
and the calculated parameters are summarized in Table 2. The
K., value of 126.4uM for Oatplal-mediated C8 transport was
about sixfold higher than the value for C9 (20.5uM) and
fourfold higher than the value for C10 (28.5uM). Taking the
Vmax Values into account, the overall transport efficiency for C8
uptake was about twofold lower than that for C9 and C10
transport.

Oat2- and Uratl-Mediated PFCA Transport

In FlpIn CHO cells stably transfected with Oat2, transport of
the model substrate [°’H]-PAH (Fig. 8A) was inhibited by most
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FIG. 6. Inhibition of Oatplal-mediated transport and uptake of selected

PFCAs by Oatplal. (A) Uptake of 10nM E-17B-G was measured at 37°C for
1 min with Oatplal-expressing or wild-type CHO cells (WT) in the absence or
presence of 10uM PFCAs with chain lengths from 2 (C2) to 18 (C18) carbon
atoms. Each bar represents the mean + SD of triplicate samples *p < 0.05
compared to Oatplal-mediated uptake in the absence of PFCAs. (B) Uptake of
10pM C7-C10 was measured at 37°C for 1 min with wild-type (open bars) or
Oatplal-expressing (gray bars) CHO cells. Black bars indicate net uptake after
subtracting the uptake values of wild-type from Oatplal-expressing cells. Each
bar represents the mean + SD of triplicates. *p < 0.05 compared to vector
control.

of the PFCAs at 10uM by 40-60%. However, the chain
length—dependent inhibition pattern observed for Oatl-, Oat3-,
and Oatplal-mediated transport was not seen for Oat2. Very
similar results were obtained when the concentrations of the
PFCAs were increased to 100uM (data not shown). In HEK293
cells transiently transfected with rat Uratl, [14C]-uric acid
transport was not inhibited strongly by any of the tested PFCAs
at 10uM (Fig. 8B). After increasing the inhibitor concentration
to 100puM, C8 showed about 30% inhibition, while there was
no difference for C7, C9, and C10 (data not shown). Direct
uptake of 100uM C7, C8, C9, and C10 was determined in
Oat2-expressing CHO cells and compared to wild-type CHO
cells. No significant net Oat2-mediated uptake could be seen
(Fig. 9A). Similarly, direct uptake of 100uM C7, C9, and C10
into Uratl-expressing HEK293 cells (Fig. 9B) was very similar
to empty vector—transfected HEK293 cells, while uptake of C8
was approximately a third higher for Uratl-expressing cells,
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consistent with the inhibition in [14C]—uric acid observed at
100puM C8.

DISCUSSION

A gender-dependent elimination pattern of PFCAs with
different chain lengths has been reported in rats in vivo (Kudo
et al., 2001). In the present study, we have demonstrated that,
depending on the chain length, PFCAs from C7-C10 are
substrates of three renal Oats: Oatl, Oat3, and Oatplal. We
have also demonstrated that C7 and C8 have the highest
affinities for Oatl and Oat3, while C9 and C10 have the highest
affinities for Oatplal.

Both Oatl and Oat3 have been reported to be expressed at
the basolateral membrane (Kojima et al., 2002; Tojo et al.,
1999) and function as organic anion/dicarboxylate exchangers
(Bakhiya et al., 2003; Sekine et al., 1997; Sweet et al., 1997,
2003; Wolff et al., 1997). Based on the estimation that greater
than 90% of C8 would be bound to serum albumin (Han et al.,
2003), Oatl- and Oat3-mediated excretion may play an
important role in renal elimination of PFCAs. This is further
supported by a study that showed that pretreatment with
probenecid, which inhibits Oatl and Oat3, significantly reduces
renal clearance of C8 (Kudo et al., 2002). Katakura et al.
(2007) showed that Oat3-transfected Xenopus laevis oocytes
transported C8. The apparent K, values of Oatl- and Oat3-
mediated C8 transport in our study are very close to previously
published apparent K,,, values (51.0uM for Oatl and 80.2uM
for Oat3, respectively) (Nakagawa et al., 2008). We also found
that Oatl has very similar transport efficiencies for C7 and C8.
Oat3 has similar overall transport efficiency for C8 and C9.
Moreover, our results indicate that compared to Oatl, Oat3
is better at transporting PFCAs with longer carbon chains (C9
and C10). Although gender-dependent expression has been
reported for both Oatl and Oat3 (Cerrutti et al., 2002;
Ljubojevic et al., 2004), the rats used in the C8 renal
elimination study done by Kudo er al. (2002) did not show
marked differences at the mRNA level for either Oatl or Oat3.
Thus, available data suggest that Oatl and Oat3 may play an
important role in the secretion of PFCAs from plasma into
proximal tubule cells and that additional transporters must be
involved in the observed gender-dependent renal excretion
pattern.

Oatplal is an important transporter expressed on the apical
membrane of proximal tubule cells with a male-dominant
expression pattern (Bergwerk et al., 1996; Kato et al., 2002;
Kudo et al., 2002). It mediates reabsorption of organic anions
in exchange for intracellular reduced glutathione (Li ef al.,
1998). Katakura et al. (2007) demonstrated that Oatplal-
expressing X. laevis oocytes transported C8, and Yang et al.
(2009) extended these studies and determined the apparent
K., value for Oatplal-mediated C8 transport as 162.2puM.
Furthermore, they calculated apparent inhibition constants for
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FIG. 7. Oatplal-mediated time- and concentration-dependent transport of PFCAs. Uptake of 10uM of C8 (A), C9 (B), and C10 (C) was measured at 37°C at
the indicated time points with wild-type (#) or Oaplal-expressing (®) CHO cells. Net uptake values ( A ) were obtained by subtracting the uptake values of wild-
type from Oatplal-expressing cells. Each point represents the mean + SD of triplicates. Uptake of increasing concentrations of C8 (D), C9 (E), and C10 (F) was
measured under initial linear rate conditions at 37°C. Net Oatplal-mediated uptake was fitted to the Michaelis-Menten equation to obtain K;,, and V ,,x values.
Each point represents the mean + standard error from a pool of two independent experiments with triplicates.

inhibition of E-3-S uptake by C6, C7, C8, C9, and C10. Based
on these inhibition constants and assuming that beside C8 other
PFCAs are also substrates of Oatplal, they predicted that
PFCAs with longer chain lengths would have higher affinities
(apparent K; values for C6: 1857.8uM; C7: 398.9uM; C8:

TABLE 2
Kinetic Parameters of Oatplal-Mediated PFCA Transport

Vﬂ]'dX (anI/mg Vmax Kﬂ] (ml/mg

Transporter ~PFCA K, (LM) protein per min)  protein per min)

Oatplal C8 126.4 + 23.9 93+14 0.07 = 0.02
C9 20.5 £ 6.8 3.6 05 0.18 + 0.06
C10 285 %5.6 38+03 0.13 £ 0.03

83.8uM; C9: 44.6uM; C10: 26.8uM). In this present study, we
directly determined the apparent K;,, values for C8 (126.4uM),
C9 (20.5uM), and C10 (28.5uM). The apparent K, value for
C8 of 126.4uM determined in this study is comparable to the
apparent K, value of 162.2uM described by Yang et al.
(2009). Furthermore, the apparent K, value of 28.5uM for C10
determined in this study is similar to the apparent K; value of
28.5uM (Yang et al., 2009). However, the predicted affinity by
Yang et al. (2009) for C8 (83.8uM) is much lower than the
values measured by Yang et al. (2009) (162.2uM) and by us
(126.4uM), and the predicted affinity for C9 (44.6uM) is
higher than the values measured by us (20.5uM).

The significant differences in the K, values that we
measured in this study for Oatplal-mediated C8, C9, and
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FIG. 8. Effect of PFCAs on Oat2- and Uratl-mediated transport. Uptake of
Oat2-mediated 88nM [3H]—PAH (A) or Uratel-mediated 10uM ['4C]—uric acid
(B) was measured at 37°C for 1 min in the absence or presence of 10uM
PFCAs with chain lengths from 2 (C2) to 18 (C18) carbon atoms. Each bar
represents the mean + SD of triplicates. *p < 0.05 compared to Oat2- or Urat1-
mediated uptake in the absence of PFCAs.

C10 uptake suggest that Oatplal transports C10 and C9 with
higher efficiency (V,ax/Kim) than C8. Since Oatp substrates are
mainly anionic amphipathic molecules with high molecular
weight (> 450) that under normal physiological conditions are
bound to albumin (Hagenbuch and Meier, 2003), it is not
surprising that C10 (MW 514) and C9 (MW 464) are better
substrates for Oatplal than C8 (MW 414). Furthermore, the
strong reabsorption mediated by Oatplal for PFCAs with
greater chain length may also explain the fact that the longer
the carbon chain the less PFCA is excreted in urine (Kudo
et al., 2001). Since male rats have more Oatplal present at the
apical membrane, it is reasonable that in male rats less C8 and
C9 are excreted in urine than in female rats as was shown
previously (Kudo et al., 2001).

In this study, we also investigated the role of two other
apical Oats, Oat2 and Uratl. Oat2 has a female-dominant
expression pattern in the rat at the apical membrane of
proximal tubule cells. However, in humans, this transporter is
localized to the basolateral membrane (Enomoto et al., 2002;
Kojima et al., 2002; Ljubojevic et al., 2007). Although most
PFCA tested in this study inhibited Oat2-mediated PAH uptake
by 40-60%, the chain length—dependent inhibition pattern as
shown for Oatl-, Oat3-, and Oatplal-mediated transport was
not seen. The general inhibition by PFCAs observed could be
due to the low signal to noise ratio since the amount of PAH
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FIG. 9. Oat2- (A) and Uratl (B)-mediated uptake of C7, C8, C9, and C10.
Uptake of 100uM C7—C10 was measured at 37°C for 1 min with empty vector—
transfected (white bars) or transporter-expressing (gray bars) HEK293 cells.
Concentrations of PFCAs were corrected for total protein concentration in each
well. Each bar represents the mean + SD of triplicates. *p < 0.05 compared to
vector control.

transported into Oat2-expressing cells is only about twice as
much as that of wild-type cells. Furthermore, direct transport of
C7—C10 into Oat2-expressing CHO cells did not show any
difference from wild-type CHO cells. The same result was
obtained when we tested the direct transport of C7-C10 in
HEK cells transiently transfected with rat Oat2 (data not
shown). Thus, we conclude that in our experimental systems,
Oat2 does not transport C7, C8, C9, or C10, which for C8 is
consistent with the previous finding by Nakagawa et al. (2008)
that Oat2 does not transport C8 in transiently transfected HEK
cells. Similar to Oat2, Uratl did not show any chain length—
dependent inhibition pattern. Although C8 transport into Urat1-
expressing HEK293 cells was slightly higher than empty
vector—transfected cells, the signal to noise ratio was not big
enough for further characterization. Among the three trans-
porters expressed at the apical membrane, Oatplal is the major
player in the reabsorption of PFCAs.
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There are also efflux transporters expressed at the apical
membrane, including Mdrla/1b and Mrps, which may play
a role in active secretion of PFCAs into urine. Mdrlb is more
highly expressed in female rats at the mRNA level (Lu and
Klaassen, 2008), therefore, potentially affecting secretion of
PFCAs across the apical membrane in female rats. Given the
complexity of transporter systems expressed in the kidney,
further studies are needed to elucidate PFCA excretion from
proximal tubule cells into the tubular lumen.

The roles of several human transporters in renal clearance
of C8 have been studied. It has been shown that human
OATI1 and OATS3 have similar C8 transport capacity as their
rodent homologues (Nakagawa et al., 2008). The same group
also showed that the human-specific transporter hOAT4 can
transport C8 as well (Nakagawa et al., 2009). Our functional
studies with rat transporters together with the previously
published data (Yang et al., 2009) combined with the avail-
able in vivo toxicokinetics data should allow us to identify
additional human transporter candidates that may play impor-
tant roles in PFCA disposition. For example, Oatplal has been
shown in current and previous studies to be important in the
reabsorption of C8, C9, and C10 in rats. Therefore, we are
currently investigating the role of human OATP1A2, which is
the orthologue of rat Oatplal, in transporting PFCAs with
different chain lengths. Such studies should also provide
valuable experimental kinetic parameters for toxicokinetic
modeling of PFCAs in humans.

In conclusion, our studies reveal that PFCAs with different
chain lengths are substrates of the two basolateral transporters,
Oatl and Oat3, as well as of the apical transporter, Oatplal, in
rat proximal tubule cells. The male-dominant expression level
of Oatplal in the kidney as well as the differences in transport
efficiencies for PFCAs with different chain lengths suggest
a role of Oatplal in the gender-specific renal elimination
pattern in rats. Further research is required to understand the
basis of potential species differences in Oat-mediated transport
of PFCAs and how these may relate to species differences in
elimination kinetics that have been observed.
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