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ABSTRACT: Per- and polyfluorinated alkyl substances (PFAS)
are a class of widely used compounds in an array of commercial
and industrial applications. Due to their extensive use and chemical
stability, PFAS persist in the environment and bioaccumulate in
humans and wildlife. PFAS exposure have been linked to several
negative health effects, including the formation of various cancers,
disruption of the endocrine system, and obesity. However, there is
a major gap in understanding how structural differences in PFAS
impact their interactions within a biological system. In this study,
we examined the toxicity of PFAS with differences in chain length,
head group, and degree of fluorination in human retinal epithelial
cells. We focused on fluorotelomeric and fully fluorinated
sulfonates and carboxylates and measured their uptake. Our results
showed that sulfonates are taken up at higher levels as compared to their fluorotelomer and carboxylate counterparts. Furthermore,
PFAS with 8 and 10 carbons (C8 and C10) are taken up at a higher level compared to those with six carbons (C6). We also
investigated the role of the fatty acid transporter CD36 in PFAS uptake and found that increased CD36 levels result in higher levels
of PFAS in cells. Overall, our results suggest that the head group structure of PFAS impacts toxicity, with sulfonates inducing a
higher decrease in cell viability (∼50%) than carboxylates. Our results also link the activity of CD36 to PFAS uptake into cells.

■ INTRODUCTION

Per- and polyfluorinated alkyl substances (PFAS) are a group
of compounds used as coatings in a number of commercial and
industrial applications1 such as fire extinguishing foams,
cleaning products, and food packaging.2 They are also used
in a variety of consumer products such as cookware, sports
clothing, and cosmetics.3 They have been manufactured and
used extensively since the 1940s.4 PFAS are classified by their
fluorinated alkyl chains bearing a number of C−F linkages.
They contain a wide range of head groups including sulfonic
acid, carboxylic acid, and alcohol groups among others (Figure
1).5 Even though it has long been shown that they persist in
the environment due to their chemical stability, it was not until
1968 when fluorinated compounds were first reported in
human blood serum.6 With their half-lives ranging from a few
months to several years,7,8 PFAS have been found in the blood
serum of almost the entire worldwide population, including the
United States.9,10 For example, perfluorobutane sulfonic acid
(PFBS) has a half-life of ∼46 days,11 while perfluorooctane
sulfonic acid (PFOS) and perfluorohexane sulfonic acid
(PFHxS) have half-lives of 5.5 and 8.5 years, respectively.
PFAS have also been detected in other biofluids including
breastmilk12 and in different tissues such as liver, kidney, heart,
brain, and lungs.13 A recent study has also reported PFAS in
human fetal organs.14

Studies have revealed a myriad of health issues associated
with PFAS exposure. It has been found that PFAS can cause
disruptions in metabolism, which can lead to weight gain,
especially in women.15 The two most widely studied PFAS,
PFOS and perfluorooctanoic acid (PFOA), have been
associated with decreased fertility in women16 and in male
mice.17 In addition to these fully fluorinated PFAS,
fluorotelomer PFAS (Figure 1A) also exist in the environ-
ment.19,20 Studies on these fluorotelomers have mainly focused
on their effect on marine organisms,18−20 which facilitated a
growth in interest in their adverse effects in humans.
Based on these in vivo observations of adverse effects and

bioaccumulation of PFAS, in vitro studies were conducted to
better understand the effects of PFAS exposure on biological
systems. PFAS can interact with various biomolecules
including membranes,21 transporters,22 and other proteins.23

These interactions can lead to multiple mechanisms of toxicity
and cause PFAS to exhibit different effects and degrees of
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bioaccumulation depending on their precise chemical
structures. For example, PFOS promotes cell proliferation at
low concentrations (up to 10 μM) but induces toxicity at high
concentrations (>200 μM) in human breast epithelial cells.24

Similarly, carboxylate PFAS strongly induce toxicity in liver
cells with EC50 = ∼250 μM and show low clearance rates,
supporting the bioaccumulative nature of these PFAS.25 It has
also been shown that for carboxylate PFAS, there is a positive
correlation between their chain length and toxicity,26 clearance
rate, and subsequent bioaccumulation.27 However, very few
studies systematically evaluated the cytotoxic effects and
cellular uptake of PFAS based on varying chain length, head
group, and degree of fluorination.28,29

In this work, motivated by the negative health effects of
PFAS, we studied the effect of these compounds on cell
viability and their molecular interactions. We used a series of
PFAS with varying chain lengths, fluorination states, and head
group and investigated their in vitro toxicity using cell viability
assays. We measured the cellular uptake of a select group of
PFAS, including fluorotelomer sulfonates and their corre-
sponding fully fluorinated versions and carboxylate counter-
parts. Among these series of PFAS that we tested, which
contained 6, 8, and 10 carbons, longer-chained PFAS exhibited
higher levels of cellular uptake. These results prompted us to

investigate the effect of active transport on PFAS uptake. We
focused on the involvement of the fatty acid transporter,
CD36, which has been previously linked to the bioactivity of
PFAS,30 in the mechanism of PFAS uptake. Increased levels of
CD36 resulted in higher cellular levels of PFAS, which was
reversed by the pharmacological inhibition of CD36. Overall,
our findings show that the cellular uptake of PFAS can vary
based on their chain length and fluorination state. Our results
also suggest that CD36 may be involved in the uptake of
certain PFAS into cells.

■ MATERIALS AND METHODS
Materials. Human retinal epithelium (hTERT RPE-1) and human

embryonic kidney epithelium (HEK-293T) were purchased from the
American Type Culture Collection (Manassas, Virginia). Dulbecco’s
modified Eagle’s medium (DMEM), Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 (DMEM/F-12), fetal bovine serum
(FBS), penicillin, streptomycin, and trypsin were purchased from
Corning (Corning, NY). BD Difco Luria-Bertani (LB) broth and
granulated agar were purchased from Fisher Scientific (Waltham,
MA).

E.Z.N.A. plasmid DNA Midi Kit was purchased from Omega Bio-
Tek (Norcross, GA). FusionRed-CD36 plasmid was obtained from
Addgene and extracted from the previously prepared bacterial pellets
using the instructions provided in the kit. Mouse monoclonal anti-α-

Figure 1. PFAS tested in this study and their effects on cell viability. (A) The structures of carboxylate (perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluoroundecanoic acid (PFUnDA), perfluorododecanoic acid (PFDoA)), sulfonate (PFHxS, perfluoroheptane
sulfonic acid (PFHpS), PFOS, perfluorodecane sulfonic acid (PFDS)), and fluorotelomer (4:2 fluorotelomer sulfonic acid (FTS), 6:2 FTS, 8:2
FTS) PFAS tested in this study. (B) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay results for human retinal
epithelium (hTERT RPE-1) cells treated with 1−100 μM PFAS. Cells were plated overnight on a 96-well plate and incubated at 37 °C. After 24 h,
cells were treated with various concentrations of PFAS individually for 24 h. After 24 h of PFAS treatment, MTT was added and incubated at 37 °C
for 2.5 h (n = 5 for each treatment condition). Cell viability is reported as a percentage of MeOH vehicle-treated cells (see Table S1 for individual
values).
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tubulin antibody was purchased from Sigma-Aldrich (St. Louis, MO),
and rabbit polyclonal anti-CD36 antibody was purchased from
Thermo Fisher Scientific (Waltham, MA). Goat antirabbit horse-
radish peroxidase (HRP) conjugate was purchased from Promega
(Madison, WI), and goat antimouse HRP conjugate was purchased
from Jackson Immunoresearch Lab (West Grove, PA).
Perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid

potassium salt (PFOSK), perfluorononanoic acid (PFNA), perfluor-
ododecanoic acid (PFDoA), and perfluoroundecanoic acid (PFUn-
DA) were obtained from Sigma-Aldrich (St. Louis, MO).
1H,1H,2H,2H-Perfluorohexane sulfonic acid (4:2 FTS) and
1H,1H,2H,2H-perfluorodecane sulfonic acid (8:2 FTS) were obtained
from Apollo Chemical Company. 1H,1H,2H,2H-Perfluorooctane
sulfonic acid (6:2 FTS) and perfluoroheptane sulfonic acid
(PFHpS) were obtained from SynQuest Laboratories (Alachua,
FL). Perfluorohexane sulfonic acid (PFHxS) was obtained from LGC
Standards USA (Manchester, NH). Perfluorodecane sulfonic acid
(PFDS) was obtained from Toronto Research Chemicals (Toronto,
ON). M8-PFOS and MPFOA, used as the internal standards, were
obtained from Wellington Laboratories (Guelph, ON). All PFAS were
dissolved in 100% methanol to obtain 10 mM individual stocks.
Coomassie protein assay reagent and albumin standard for the

Bradford assay kit were purchased from Thermo Fisher Scientific
(Waltham, MA). Dimethyl sulfoxide (DMSO) was obtained from
Sigma-Aldrich (St. Louis, MO); sulfosuccinimidyl oleate (SSO) was
obtained from Cayman Chemical (Ann Arbor, MI); 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
obtained from Alfa Aesar (Haverhill, MA); LC-MS grade methanol
was obtained from EMD Millipore (Billerica, MA); lipofectamine and
P3000 reagent were obtained from Invitrogen (Waltham, MA); and
Opti-MEM was obtained from Thermo Fisher (Waltham, MA).
Liquid chromatography mass spectrometry (LC-MS) column and
guard column were obtained from Phenomenex (Torrence, CA).
Mass Hunter Qualitative Analysis (version 06.00), which was utilized
for data analysis, was obtained from Agilent Technologies (Santa
Clara, CA).

■ METHODS
Cell Culture. hTERT RPE-1 cells were grown in Dulbecco’s

modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12)
supplemented with L-glutamine and 15 mM HEPES. HEK-293T cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 4.5 g/L glucose and L-glutamine without sodium
pyruvate. Both growth media were supplemented with 10% (v/v) FBS
and 1% (v/v) penicillin−streptomycin. Cells were grown at 37 °C and
5% CO2 atmosphere until they reached 80−90% confluency for use.
PFAS Treatment. hTERT RPE-1 cells (2.5 × 106) were seeded on

10 cm Petri dishes containing complete growth medium and
incubated for 24 h prior to PFAS treatment; 4:2 FTS, 6:2 FTS, 8:2
FTS, PFHxS, PFOS, PFDS, PFOA, PFNA, PFUnDA, and PFDoA at 1
mM individually and as a mixture was prepared (10 mM total PFAS in
mixture) in MeOH and spiked into the plates (n = 3) to obtain a final
concentration of 10 μM individually (and 100 μM PFAS in mixture)
and 1% MeOH (v/v). Cells were also treated with the same PFAS
mixture to obtain a final concentration of 10 μM PFAS (1 μM each
PFAS) for 24 h with 1% MeOH (v/v) as a control. Cell pellets from
10 cm × 10 cm plates containing 2.5 × 106 hTERT RPE-1 cells each
were also grown and treated with 1% MeOH (v/v) as a vehicle
control and to prepare a calibration curve for the quantification of
PFAS. After a 24 h treatment, cells were collected and centrifuged at
500g for 5 min at 4 °C. The media was then decanted, and the cell
pellet was washed and resuspended with cold phosphate-buffered
saline (PBS) and centrifuged under the same conditions to remove
any remaining media. The cell pellet was resuspended in 1 mL cold
PBS, and 30 μL aliquot of the cell suspension was then taken and
mixed with an equal volume of lysis buffer and incubated on ice for an
hour. The protein concentration of each sample was determined using
a Bradford protein assay. The cell pellet containing the remaining 970
μL of PBS was centrifuged again at the same conditions, and the PBS

was removed. The cell pellets were stored at −80 °C until the PFAS
extraction was performed.

Cell Viability Assay. Cell viability was measured using an MTT
assay.31 For the MTT assay, hTERT RPE-1 cells were seeded in 96-
well plates with 5000 cells per well for 24 h prior to the addition of
PFAS treatments. After 24 h of attachment, 50 μL of individual PFAS
at various concentrations (1−100 μM), with a final MeOH
concentration of 1% (v/v), was added to each well (n = 5). After a
24 h PFAS treatment, the 96-well plate was centrifuged at 200g at 25
°C for 2 min. The complete growth media was aspirated and was
replaced with 200 μL of fresh media containing 0.5 mg/mL of MTT
reagent. The plate was then incubated at 37 °C for 2.5 h and
centrifuged at 200g at 25 °C for 2 min. After centrifugation, 155 μL of
media containing the MTT reagent was removed and 90 μL of
DMSO was added to each well. Each well was resuspended to
improve the solubilization of the formazan, centrifuged at 1000g at 25
°C for 1 min, and then incubated at 37 °C for 10 min. Absorbance
was measured using a Bio-Tek Synergy H1 plate reader at 550 nm. To
calculate the percent viability of the treated compared to that of the
control cells, the raw absorbance of cells was subtracted from the
average absorbance of the blanks, which only contained MTT reagent
(n = 5). All of the corrected absorbance values of the treated cells (n =
5) were then normalized to the methanol-treated samples (n = 5) and
expressed as percent cell viability.

PFAS Extraction from Cell Lysates. For PFAS extraction, the
cell pellets treated with PFAS along with vehicle control were
resuspended in 1 mL of cold MeOH and vortexed for 30 s. The cell
suspension was then sonicated at 40% power three times for 10 s
while on a cold metal block. After sonication, the samples were
centrifuged (16,000g, 15 min, 4 °C). The supernatant was then
transferred to a 1 dram glass vial without disrupting the cell pellet.
The cell pellet was then resuspended in 1 mL of cold MeOH, the
extraction was repeated, and the supernatant was combined with the
supernatant from the first extraction. The supernatant was then dried
under vacuum. The samples were normalized based on their
previously obtained protein concentration and resuspended in
MeOH ≥150 μL spiked with 500 nM M8-PFOS and 500 nM
MPFOA to be used as internal standards.

Preparation of Calibration Curves. The cell pellets, which were
treated in 1% (v/v) MeOH for the calibration curve, were combined
and resuspended in cold MeOH. Six 1 mL aliquots of cold MeOH
were placed in six separate centrifuge tubes with one tube spiked with
the PFAS mixture to obtain a concentration of 500 nM PFAS (5 μM
total PFAS) after extraction and resuspension. The PFAS-spiked
sample after resuspension in MeOH containing the internal standard
was then serially diluted 1:2 with the five nonspiked samples to obtain
a calibration curve for quantification using MeOH containing the
internal standard. The calibration curve range of 500−15.6 nM was
used to avoid carryover. We note that, for this reason, PFAS-treated
samples (n = 3) after resuspension were diluted 10× and 100× prior
to LC-MS analysis (see the PFAS Extraction from Cell Lysates section
for sample preparation). Internal standard-corrected calibration
curves were prepared along with limits of detection (LODs)/limits
of quantification (LOQs) for each PFAS (Supporting Information).

LC-MS Data Acquisition. LC-MS analyses were carried out in
negative mode using an Agilent 1260 HPLC in tandem with an
Agilent 6530 Jet Stream ESI-QToF-MS system with a Gemini C18
reverse-phased column (5 μM, 4.6 mm × 50 mm, Phenomenex).
Mobile phase A was composed of 5 mM ammonium acetate in water
with pH adjusted to 3.80. Mobile phase B was 100% MeOH. The
gradient for PFAS elution and separation began with 50% B at 0.5
mL/min and after 5 min increasing to 95% B until 15 min. It was then
held at 95% B until 30 min and then switched back to 50% B until 35
min for equilibration. The capillary voltage was set to 3500 V with the
fragmentor voltage set to 175 V. The drying gas temperature was set
to 350 °C with the flow rate set to 12 L/min. All PFAS were detected
in negative mode as [M-H]−.

Cellular Distribution of PFAS. hTERT RPE-1 cells were grown,
treated with the PFAS mixtures, and collected. The protein
concentrations were measured prior to freezing the pellets. The
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pellets were then thawed on ice and resuspended with a cold PBS-
containing protease inhibitor with volumes based on their protein
concentration and sonicated on a cold block. The samples were then
transferred to 1 mL ultracentrifuge tubes and centrifuged at 100,000g
at 4 °C for an hour to separate soluble (cytosolic) and insoluble
(membrane and nuclear debris) components. The supernatant was
transferred to a separate centrifuge tube and dried under nitrogen
overnight. The insoluble and the dried cytosolic fraction were then
extracted with MeOH, dried, and resuspended with 150 μL methanol
containing 500 nM M8-PFOS and MPFOA. Samples were analyzed
via LC-MS using the previously described method in the LC-MS Data
Acquisition section, undiluted and 10× diluted.
CD36 Overexpression in HEK-293T Cells. Plasmid transfection

was carried out using the procedure given in the Invitrogen
transfection kit with 7.5 μL lipofectamine and 2.5, 1.25, and 0.625
μg plasmids added. Lipofectamine only was added to n = 3 wells as a
control, while n = 3 wells contained both plasmid and lipofectamine.
To determine transfection efficiency, cells were also plated and treated
with plasmid and lipofectamine on two glass-bottom Petri dishes
(lipofectamine control and transfected) for fluorescence imaging. The
6-well plate and glass-bottom Petri dishes were incubated at 37 °C for
24 h after transfection. After a 24 h transient overexpression, the
media was removed from the glass-bottom Petri dishes and carefully
washed 2× with 2 mL PBS and left in 1 mL PBS. Imaging was carried
out on Leica DMI6000B inverted software using LAS AF software
(Leica AF6000 Modular System).
Inhibition of CD36 Using SSO in HEK-293T Cells. A 20 mM

stock solution of SSO was prepared in DMSO. Final treatment
conditions contained 0.5% DMSO. Twenty-four hours after trans-
fection, CD36-overexpressing and control cells were treated with a 10
μM PFAS mixture (1 μM each PFAS) in the presence or absence of
100 μM SSO. Cells were then collected, extracted, and analyzed as
previously described.
Western Blot Analysis. Frozen cell pellets were thawed and lysed

using MPER lysis buffer. The cell lysates were then centrifuged at 4
°C for 15 min at 16,000g, and then the supernatant was collected for
analysis. Protein concentrations were determined via Bradford protein
assay. Proteins were then normalized based on their protein
concentrations and then diluted 1:1 with a solution containing 95%
Laemmli buffer and 5% 2-mercaptoethanol and then placed on a heat
block at 90 °C for 4 min and then stored at −20 °C prior to use.
Equivalent amounts of protein were then loaded on 10%
polyacrylamide gels and were separated via SDS-PAGE and
transferred to a PDVF membrane. Membranes were washed with
tris-buffered saline (TBS)−Tween (20 mM tris-base, 150 mM NaCl,
pH 7.50 with 0.2% v/v Tween-20) and blocked with a solution of 5%
w/v nonfat milk powder dissolved in TBS−Tween for 1 h.
Membranes were then washed 3× with TBS−Tween for 10 min
prior to incubation in a primary antibody (anti-CD36 or anti-α-
tubulin) for 16 h at 4 °C. Membranes were then washed 3× with
TBS−Tween for 10 min and incubated with an anti-rabbit or anti-
mouse HRP-conjugated secondary antibody diluted in 5% milk in
TBS−Tween for 1 h at room temperature. Membranes were
developed using the Super Signal West Pico kit using the
manufacturer’s guidelines. Membranes were imaged using a Bio-Rad
ChemiDoc Imaging System.

■ RESULTS AND DISCUSSION

PFAS-Induced Toxicity in Human Epithelial Cells. To
investigate the cytotoxic effects of PFAS, we used a broad
range of compounds, which varied in chain length (4:2 FTS vs
6:2 FTS vs 8:2 FTS or PFHxS vs PFHpS vs PFOS vs PFDS),
degree of fluorination (6:2 FTS vs PFOS, or 8:2 FTS vs
PFDS), and head group (PFOS vs PFOA). Specifically, we
focused on 6−10 carbon-containing PFAS with carboxylate
and sulfonate head groups. We also included fluorotelomer
PFAS, which are structurally similar to sulfonate PFAS with the
exception that they lack fluorination in the 1,2 positions on the

alkyl backbone (Figure 1A). The toxicity analysis was carried
out in immortalized retinal pigment epithelial cells, hTERT
RPE-1, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) cell viability assays.31 This cell line was
chosen due to its noncancerous nature and its ability to
undergo extensive population doublings. To assess PFAS
toxicity, we carried out MTT assays using a range of
concentrations (1−100 μM) after a 24 h exposure. Figure
1B summarizes the cell viability data that we obtained (see
Table S1 for detailed representation). There were no
significant changes in cell viability with the treatment of
PFAS with carboxylate head groups (i.e., PFOA, PFUnDA,
PFDoA) ranging from 8 to 12 carbons with the exception of
PFNA, which induced ∼30% toxicity at 30 and 100 μM
(Figure 1B). These findings are consistent with previous
studies that reported toxicity at high concentrations (≥ 250
μM).25 At low concentrations (up to 10 μM), PFOA and
PFDoA slightly promoted cell viability. Interestingly, similar to
PFOA and PFDoA, PFOS induced slight increases in cell
viability at all of the concentrations tested, up to 100 μM.
Pierozan et al. also reported a similar prosurvival effect of
PFOS,24 which could be linked to the high bioaccumulative
potential of PFOS.32 Both the sulfonate and fluorotelomer
PFAS showed a trend of increasing toxicity with increasing
chain length. The shorter-chained sulfonates and fluoro-
telomers (i.e., 6−8 carbons in length) did not show any
toxicity at any of the concentrations tested. These results
suggest that fluorotelomers exhibit similar, if not higher, levels
of toxicity, which will be important for future studies
prioritizing these classes of PFAS for their adverse effects.
One striking difference we observed was that 8:2 FTS
exhibited increased toxicity relative to its fully fluorinated
counterpart (PFDS) at 10 and 30 μM. At 100 μM, both 8:2
FTS and PFDS caused an ∼50% decrease in cell viability
(Figure 1B).

Uptake of PFAS with Varying Chain Length, Degree
of Fluorination, and Head Group. To investigate whether
the differences in toxicity we observed could be due to the
differences in their cellular uptake, we first measured the levels
of select PFAS in hTERT RPE-1 cells. Based on the differences
in cell viability we observed for fluorotelomer PFAS and their
fully fluorinated forms, we focused on PFHxS, PFOS, PFDS,
4:2 FTS, 6:2 FTS, and 8:2 FTS for these uptake experiments
but also included carboxylates (PFOA, PFNA, PFUnDA, and
PFDoA) to determine if head group differences can also affect
uptake. Using similar treatment conditions reported in the
PFAS-Induced Toxicity in Human Epithelial Cells section, we
treated hTERT RPE-1 cells with 10 μM PFAS individually for
24 h. Since PFAS are found as mixtures in the environment,33

we also investigated their uptake when cells are exposed to a
mixture of PFAS (10 and 1 μM for each PFAS resulting in a
total of 100 and 10 μM PFAS) to compare the differences in
uptake when present as a mixture vs individually. We collected
PFAS-exposed hTERT RPE-1 pellets and extracted PFAS
using MeOH extraction (see the PFAS Extraction from Cell
Lysates section). The extraction efficiencies are reported in
Table S2. We then measured the levels of PFAS in cellular
extracts using LC-MS. Using matrix-matched calibration curves
(Figure S1), we calculated their concentrations with limits of
detection (LODs) and quantification (LOQs), which varied
from 0.1 to 3.3 nM and 0.4 to 11 nM, respectively (Table S3).
When PFAS were presented as a mixture, only the longer-

chained PFAS of each class (6:2 FTS, PFOS, 8:2 FTS, PFDS,
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PFUnDA, and PFDoA) were detected, while the other shorter-
chained PFAS (4:2 FTS, PFHxS, PFOA, and PFNA) were
below the LODs. PFAS concentrations in the extracts ranged
from ∼0.025 to 3 μM with increasing chain length (∼0.025
and 3 μM for 6:2 FTS and PFDoA, respectively; Figure 2A) for
the 100 μM total PFAS mixture and ∼3−255 nM for the 10
μM total PFAS mixture (Figure 2D). We also note that the
uptake of PFAS, except 6:2 FTS, is time-dependent where the
uptake increases over time (4−16 h; Figure S2). For individual
treatments at 10 μM, we observed similar trends: PFHxS was
present at low levels (<LOD for 4:2 FTS, PFOA, and PFNA,
and 10 nM for PFHxS), whereas 6:2 FTS, 8:2 FTS, PFOS,
PFDS, PFUnDA, and PFDoA showed strong associations with
cells (Figure 2A). Based on the concentrations detected in the
extracts, a number of key observations emerged. First, the
degree of fluorination can be an important factor for uptake
since the fully fluorinated PFAS were present in the cell at
higher concentrations compared to their fluorotelomer
counterparts when present individually and as a mixture.
Second, our results suggest that the differences in the head
group contribute to cellular uptake as sulfonates are taken up
at higher levels compared to carboxylates of the same chain
length (i.e., ∼450 nM for PFOS vs not detected for PFOA).
Third, higher cellular concentrations were measured with
increasing carbon number in the fluorotelomers, sulfonates,
and carboxylates that we tested. Furthermore, we also note the

decreased uptake of certain PFAS when presented as a mixture:
4:2 FTS and PFHxS were not detected in the cell in either
condition, and 6:2 FTS was detected in cells that were treated
individually but at very low concentrations with almost a 100-
fold difference (<10 nM) compared to the other PFAS tested
(Figure 2A,D). Overall, our data suggests that, among the
PFAS tested, their cellular uptake increases with chain length
and fully fluorinated sulfonates are taken up more effectively as
compared to their fluorotelomer and carboxylate counterparts.
Previous studies investigated the cellular uptake of various
carboxylates and shorter-chained sulfonates in HepG2 cells.
Our results are consistent with these findings, which showed an
increase in PFAS uptake for carboxylates based on chain
length.28,29 One difference we note is that Rosenmai et al.
reported enhanced uptake for PFHxS as compared to that for
PFOS in HepG2 cells. However, the difference in cellular
uptake data is limited in explaining the increased toxicity of 8:2
FTS as compared to that of PFDS (Figure 1B) and suggests
that interactions with specific biomolecules based on the
precise PFAS structure could be responsible for differential
effects on cell viability.

Cellular Distribution of PFAS. Since PFAS have a
hydrophobic tail and can show a strong association with
biological membranes, we next investigated the levels of PFAS
in hTERT RPE-1 cells in soluble (cytoplasmic) and insoluble
(membrane and nuclear debris) fractions. We treated cells with

Figure 2. Cellular uptake and distribution of PFAS. (A) Concentrations of different PFAS in hTERT RPE-1 cell extracts obtained from treatments
with 100 μM PFAS (10 μM each) in a mixture or individually for 24 h. Concentrations in the extracts are calculated using a calibration curve in the
cell matrix, which was prespiked with PFAS prior to MeOH extraction. (B, C) Levels of PFAS in soluble and insoluble compartments of hTERT
RPE-1 cells treated with the PFAS mixture (10 μM each of PFAS). (B) Concentrations of PFAS detected in each extract. Each extract
corresponded to the cellular material from ∼2.5 × 106 cells. (C) Percent PFAS present within each fraction. (D) Concentrations of different PFAS
in hTERT RPE-1 cell extracts obtained from treatments with 10 μM PFAS (1 μM each) in a mixture for 24 h. Concentrations in the extracts are
calculated using a calibration curve in the cell matrix, which was prespiked with PFAS prior to MeOH extraction. (E, F) Levels of PFAS in soluble
and insoluble compartments of hTERT RPE-1 cells treated with 10 μM PFAS mixture (1 μM each PFAS). (E) Concentrations of PFAS detected in
each extract. Each extract corresponded to the cellular material from ∼2.5 × 106 cells. (F) Percent PFAS present within each fraction. ND, not
detected; ⧧, detected, <LOQ; ***p-value ≤ 0.001; ****p-value ≤ 0.0001.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.2c00078
Chem. Res. Toxicol. 2022, 35, 694−702

698

https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.2c00078/suppl_file/tx2c00078_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00078?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00078?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00078?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00078?fig=fig2&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PFAS as described in the Uptake of PFAS with Varying Chain
Length, Degree of Fluorination, and Head Group section with
the 100 and 10 μM PFAS mixture separately for 24 h (10 and
1 μM 4:2 FTS, 6:2 FTS, 8:2 FTS, PFHxS, PFOS, PFDS,
PFOA, PFNA, PFUnDA, and PFDoA each), fractionated
soluble and insoluble components using ultracentrifugation,
and analyzed the levels of PFAS. Figure 2B,E shows the
concentration of PFAS detected in each extract for 100 and 10
μM mixtures, respectively. The relative abundances of each
PFAS for 100 and 10 μM mixtures are shown in Figure 2C,F
for the ease of comparison. In these mixtures, we were able to
detect one of the shorter-chained PFAS (i.e., PFHxS) in the
soluble (cytosolic) fraction (Figure 2B,E); 6:2 FTS was mostly
(>85%) detected in the soluble fraction and was at much lower
levels compared to the five other longer-chained PFAS (Figure
2B,E). Other PFAS were primarily detected in the insoluble
(membrane and nuclear debris) fraction as compared to that in
the soluble fraction, with 90% of PFDS, PFUnDA, and PFDoA
being present in the insoluble fraction (Figure 2C,F).
Our results suggest that carbon chain length, degree of

fluorination, and head group play a role in the cellular
distribution of PFAS. Based on the species analyzed, it seems
longer-chained PFAS show stronger association with the
insoluble fraction. For example, both PFDS and 8:2 FTS are
present at higher levels in the insoluble fraction as compared to
their shorter-chained versions, PFOS and 6:2 FTS, respec-
tively. Meanwhile, PFHxS and 6:2 FTS were mostly detected
in the soluble fraction. In parallel, fully fluorinated PFAS show
higher association with the insoluble fraction, with 6:2 FTS
primarily detected in the soluble fraction and >85% of PFOS

being in the insoluble fraction (Figure 2C,F). These trends in
the PFAS uptake could be due to multiple mechanisms: the
longer-chained PFAS strongly associating with cell membranes
due to their hydrophobicity or the involvement of active
transport mechanisms that are at play for the uptake of longer-
chained PFAS.

CD36, a Fatty Acid Transporter, Is Involved in the
Uptake of PFAS. Our results show that longer-chained PFAS
are taken up more effectively into cells, which suggests that
active transport might play a role in their uptake as opposed to
passive diffusion. Previous work by Wu et al. showed
transcriptional upregulation of the fatty acid transporter
CD36 upon exposure to PFOA in mouse liver.30 Based on
our findings and the literature, we hypothesized that CD36 can
be involved in the uptake of PFAS and decided to investigate
its role in PFAS uptake using an overexpression system of
CD36 in HEK-293T cells. We chose HEK-293T cells due to
their high transfection efficiency.34 First, we determined the
levels of PFAS under similar treatment conditions using LC-
MS in HEK-293T cells (see Figure S3 for matrix-matched
calibration curves and Figure S4 and Table S3 for
concentrations in extracts along with their LOD/LOQs). We
found that longer-chained PFAS (PFDS, 8:2 FTS, PFUnDA,
and PFDoA) are taken up almost 10× higher as compared to
shorter-chained versions (PFOS and 6:2 FTS, respectively, and
PFOA and PFNA below LODs) similar to our observations in
hTERT RPE-1 cells, making HEK-293T a suitable cell line for
these experiments. We transiently overexpressed a fluores-
cently tagged version of CD36 (FusionRed-CD36) for 24 h in
HEK-293T with a transfection efficiency of 71 ± 8% (Figure

Figure 3. Role of CD36 in PFAS uptake. (A) Overexpression of FusionRed-CD36 in HEK-293T cells. Overexpression was allowed for 24 h and
provided a transfection efficiency of 71 ± 8% (n = 3, 120 cells analyzed). (B, C) Concentration of PFAS within CD36-overexpressing HEK-293T
cells (n = 3) compared to that of control cells at 6 h treatment times. Cells were incubated overnight at 37 °C. After 24 h, the CD36 plasmid with
lipofectamine was added to the cells along with lipofectamine only as a control and allowed to overexpress CD36 for 24 h prior to PFAS treatment.
Cells were then treated with the (B) 100 μM PFAS mixture (10 μM each) or (C) 10 μM PFAS mixture (1 μM each) for 6 h prior to cell collection.
The levels in cell extracts that are normalized based on the protein content are reported. ND, not detected; ⧧, detected, <LOQ; *p-value ≤ 0.05,
**p-value ≤ 0.01.
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3A and see Figure S5 for Western blot using varying amounts
of plasmid during transfection). We then treated CD36-
overexpressing and control cells with the PFAS mixtures (10
and 100 μM) for 6 h. This PFAS treatment time was chosen
because prolonged overexpression of CD36 induces toxicity in
HEK-293T cells (data not shown). Similar to what we
observed in hTERT RPE-1 cells, the shorter-chained PFAS,
PFHxS and 4:2 FTS, were not detected in any of the
conditions, and 6:2 FTS was detected below the LOQ (Figure
3B,C). Interestingly, for the PFAS that were detected in the
extracts, CD36 overexpression resulted in higher levels at both
concentrations of the mixtures (see Table S4 for individual
values) compared to the control. Specifically, CD36-over-
expressing HEK-293T cells showed 1.4−2.3-fold higher levels
of PFAS for the 100 μM PFAS mixture and 1.6−1.8-fold
higher levels for the 10 μM PFAS mixture (p < 0.05; Figure
3B,C) compared to those of the control.
To validate the involvement of CD36 in PFAS uptake, we

treated CD36-overexpressing HEK-293T cells with sulfosucci-
nimidyl oleate (SSO), a commonly used CD36 inhibitor.35−37

Prior to PFAS treatment, CD36-overexpressing and control
cells were treated with either 100 μM SSO or 0.5% DMSO as
vehicle control. Cells were exposed to a 10 μM PFAS mixture
as described earlier, and PFAS levels were analyzed. SSO
treatment significantly decreased the levels of PFAS that were
detected in the extracts (i.e., PFOS, 8:2 FTS, PFDS, PFUnDA,
PFDoA), albeit to different extents (Figure S6). These results
support that increased CD36 levels result in the enhanced
uptake of PFAS, linking the activity of this fatty acid
transporter to PFAS uptake. Studies have shown that exposure
to PFOA and other PFAS resulted in significant changes in
lipid metabolism38,39 and membrane remodeling40,41 in cells,
suggesting that these compounds might perturb lipid homeo-
stasis in cells. Based on these results, it is plausible to envision
that these compounds can undergo similar interactions with
hydrophobic metabolites, primarily fatty acids and other lipids,
and might perturb lipid homeostasis and production in cells.

■ CONCLUSIONS

Our results demonstrate that subtle differences in the chemical
structures of PFAS can lead to different biomolecular
interactions in vitro. We showed that head group, degree of
fluorination, and chain length affect the cellular uptake of
PFAS, with sulfonates exhibiting stronger cellular uptake as
compared to fluorotelomer and carboxylate counterparts and
PFAS of the same classes exhibiting stronger cellular uptake
with increasing chain length. Furthermore, our results also
provide evidence that the level of cellular uptake of PFAS can
be different when they are present individually in solution as
compared to when they are presented in a mixture. Finally, our
results link a fatty acid transporter to the cellular uptake of
PFAS. The results from this study will pave the way for studies
on the behavior and interactions of PFAS within biological
systems in vitro. In the future, comprehensive investigations
that evaluate the bioactivity of a wider range of PFAS species
that allow systematic comparisons and potential synergistic and
antagonistic effects between PFAS in mixtures will lead the way
to a better understanding of how these compounds interact
with biological systems.
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