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ARTICLE INFO ABSTRACT

Handling Editor: Heather Stapleton Perfluoroalkyl substances (PFASs) are synthetic chemicals widely used in industrial and consumer products. The
environmental spreading of PFASs raises concerns for their impact on human health. In particular, the bio-
accumulation in humans due to environmental exposure has been reported also in total brain samples and PFAS
exposure has been associated with neurodevelopmental disorders. In this study we aimed to investigate the
specific PFAS bioaccumulation in different brain areas. Our data reported major accumulation in the brainstem
region, which is richly populated by dopaminergic neurons (DNs), in brain autopsy samples from people resident
in a PFAS-polluted area of Italy.

Since DNs are the main source of dopamine (DA) in the mammalian central nervous system (CNS), we
evaluated the possible functional consequences of perfluoro-octanoic acid (PFOA) exposure in a human model of
DNs obtained by differentiation of human induced pluripotent stem cells (hiPSCs). Particularly, we analyzed the
specific effect of the exposure to PFOA for 24 h, at the concentration of 10 ng/ml, at 3 different steps of
dopaminergic differentiation: the neuronal commitment phase (DP1), the neuronal precursor phase (DP2) and
the mature dopaminergic differentiation phase (DP3). Interestingly, compared to untreated cells, exposure to
PFOA was associated with a reduced expression of Tyrosine Hydroxylase (TH) and Neurofilament Heavy (NFH),
both markers of dopaminergic maturation at DP2 phase. In addition, cells at DP3 phase exposed to PFOA showed
a severe reduction in the expression of the Dopamine Transporter (DAT), functionally involved in pre-synaptic
dopamine reuptake.

In this proof-of-concept study we show a significant impact of PFOA exposure, mainly on the most sensitive
stage of neural dopaminergic differentiation, prompting the way for further investigations more directly relevant
to risk assessment of these chemicals.
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1. Introduction amphiphilic properties (head with a functional hydrophilic group and

hydrophobic per-fluorinated tail) made them widely used in various

Perfluoroalkyl substances (PFAS) are also known as “forever chem-
icals” due to their strong resistance to chemical reactions and biodeg-
radation, attributed to their hydrophobic aliphatic chain linked to
fluorine atoms. (Brendel et al., 2018; Kucharzyk et al., 2017; Rahman
et al., 2014). The synthesis of PFAS dates back to the 1930 s, and their

industrial applications, which resulted in a significant presence in the
environment. Perfluorooctanoic acid (PFOA) and perfluoro-octane sul-
fonic acid (PFOS), the best known representatives of PFAS, have been
used for years for the protection of fabrics, waterproof and stain-
resistant coatings, metal plating, photographic films, foams aqueous
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film-forming (Brendel et al., 2018; Fujii, Polprasert, Tanaka, Lien, &
Qiu, 2007; Kucharzyk et al., 2017), textiles, food packaging, water-
repellent and stain-resistant fabrics, medical devices, laboratory sup-
plies and personal care (Cousins et al., 2019; Di Nisio and Foresta,
2019). Chain length and branching can influence the physical and
chemical properties of PFAS such as environmental diffusivity, degra-
dation, partitioning, bioaccumulation, toxicity and toxicokinetics. The
study by Conder et al. firstly reported that the bioaccumulation of PFAS
are directly related to the length of the fluorinated carbon chain of each
compound (Conder et al., 2008).

Several studies on PFAS have focused on their persistence and the
long-range diffusion capacity in the environment, on the potential for
bioaccumulation and on the negative effects on living organisms (Giesy
and Kannan, 2001; Shoeib et al., 2006). In particular, PFAS are non-
biodegradable and bioaccumulate in the environment as well as in an-
imal and human tissues (Conder et al., 2008). In fact, PFAS can be
absorbed by the intestine or inhaled and, once in the circulation, they
may act as endocrine disruptors and lead to severe health consequences
such as neonatal mortality, neurotoxicity, immunotoxicity, and repro-
ductive disorders as reported in human studies (Di Nisio et al., 2020,
2019; Steenland et al., 2010). Importantly, among the others, PFAS have
been identified in human brain specimens (Maestri et al., 2006; Pérez
et al., 2013), suggesting the blood-brain barrier (BBB) permeability to
these molecules. Similarly, animal studies have shown PFOS accumu-
lation in specific brain area, such as cortex, hypothalamus, hippocampus
and cerebellum (Austin et al., 2003). Epidemiological studies have
evaluated the possible impact of PFAS on neuro-behaviour, with
different results depending on age, sex and outcome. One of the most
consistent effect is the increased risk of attention-deficit/hyperactivity
disorder (ADHD). PFOS exposure during lactation has indeed been
associated with a most frequent diagnosis of ADHD during infancy or
adolescence (Lenters et al., 2019). A possible mechanism to explain this
association has been identified in the alteration of the central cholin-
ergic neurotransmission, as reported in animal models (Johansson et al.,
2008), typically involved in the ADHD etiology. Other studies have
shown memory impairment (Gallo et al., 2013), reduced intelligence
quotient in children (Yan Wang et al., 2015; Yu Wang et al., 2015),
autism (Oh et al., 2021; Shin et al., 2020) and impaired cognitive
development (Oh et al., 2021). Altogether, available evidence is indic-
ative of PFAS interference on CNS, whose effects and mechanisms are
still unexplored and varying with age, the structure of the molecule and
the outcome considered. The available experimental evidence support-
ing the biological effects of PFAS on neuronal function has been focused
on reactive oxygen species (ROS) induction and apoptosis (Lee et al.,
2012, 2014; Lee and Viberg, 2013; Li et al., 2017; Reistad et al., 2013).
Dopaminergic neurons are typically very sensitive to ROS and, given the
emerging role of PFAS in the alteration of cell membranes in other cell
models (De Toni et al., 2020; Sabovi¢ et al., 2019), the understanding of
cellular mechanisms involved in neural PFAS toxicity is of primary
importance. In a study on amphibian animal model, both PFOA and
PFOS decreased dopamine content but did not affect serotonin,
norepinephrine, GABA, glutamate, or acetylcholine (Foguth et al.,
2019). Accordingly, mice exposed to PFOS showed reduced levels of
dopamine and its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC)
in the hippocampus (Long et al., 2013). These data are suggestive of
PFAS interference with the dopaminergic network, thus representing a
putative target of behavioral and cognitive alterations in humans. In
2013, large-scale contamination of PFAs was discovered in the Veneto
region of the northern Italy, following emissions from a fluorochemical
plant in the province of Vicenza (WHO, 2016). According to Pitter et al.
(Pitter et al., 2020) the residents of a large territory of the Veneto region
were inadvertently exposed to drinking water containing high concen-
trations of PFAS. Through public aqueducts, contaminated groundwater
was supplied to around 140,000 people. This contamination is one of the
largest cases of high residential exposure to PFAS ever reported and
resembles in origin, extent and characteristics to that which occurred in
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the Mid-Ohio Valley, United States (Frisbee et al., 2009). In fact, in line
with previous Mid-Ohio Valley reports, PFOA reached the highest con-
centrations in both drinking water and serum (Frisbee et al., 2009).

In this proof-of-concept study we evaluated for the first time the
accumulation of a panel of PFAS in different brain areas recovered from
post mortem samples of Italian subjects resident in the Veneto region,
which represents a recognized hot spot of environmental pollution by
PFAS, and in particular by perfluoro-octanoic acid (PFOA). Considering
the high representation of dopaminergic neurons in specific areas of the
CNS and the literature data pointing towards dopamine alterations in
animal models, we evaluated the possible functional consequences of
PFOA exposure in a human in vitro model of hiPSCs-derived. In
particular, we focused on the specific effect associated with a 24 h
exposure to PFOA, at the concentration of 10 ng/ml, at three different
phases of dopaminergic differentiation: the neuronal commitment phase
(DP1), the neuronal precursor phase (DP2) and the mature dopami-
nergic differentiation phase (DP3).

2. Materials and methods
2.1. Subjects

The study was performed on 5 brains taken from five adult Caucasian
males who donated their bodies to the Body Donation Program of the
University of Padua (Porzionato et al., 2012). Five postmortem brain
samples were sampled, and when different brain regions were isolated, a
total of 76 samples were analyzed, from non-occupationally exposed,
resident in the red area, a hotspot of PFAS environmental pollution of
the Veneto Region, Italy (Pitter et al., 2020). Mean age of subjects was
46.8 + 6.9 years. Causes of death varied among multiple trauma,
ischemic heart disease, accident or self-injury. Samples were stored at
—80 °C until analysis. The study was approved by the local Ethical
Committee and was performed according to the Italian laws on autop-
sied human tissues. Autopsies were performed within 36 h of death. In
all cases, macroscopic and microscopic examination revealed the
absence of acute, chronic, localized, or diffuse brain pathology. The
specific brain areas collected for subsequent LC/MS analysis were as
follows: thalamus, midbrain, hypothalamus, cerebellum, lenticular nu-
cleus, caudate nucleus, frontal lobe. For each case, venous blood was
sampled at autopsy from the subclavian vein. The whole blood sample,
without further fractionation, was transferred into 15 mL test tube
(Falcon™, Becton Dickinson, Milano, Italy) and frozen at —80 °C until
use.

2.2. Extraction of PFAS from blood and brain tissues

Brain tissues were transferred in a petri dish and cut by a scalpel.
Tissues was transferred in tube in aliquots of 100 mg depending on the
initial amount of tissues. Specimens were then weighted and 1 mL of
13C-PFOA 10 ng/ml was added as internal standard. Samples were ho-
mogenized with IKA T10 basic homogenizer, sonicated with Sonicator
UP 200 s with pulse at 70 % of amplitude, centrifuged for 15 min at
13000 rpm. Supernatants were subsequently transferred in new tubes
and then dried in Concentrator plus system (Eppendorf) at 60 °C and
then stored at —20 °C until use. Five-hundred pl of each thawed blood
sample was quantitatively transferred in a new test tube (Eppendorf,
Milano, Italy) and 500 pl of *C-PFOA 10 ng/ml were added as internal
standard. Samples were sonicated, centrifuged, dried as above
mentioned and stored at —20 °C until use. All laboratory plasticware
were tested not to release PFAS, as per previous studies (De Toni et al.,
2020; Minuz et al., 2021).

Before the analysis, brain and blood samples were defrosted at room
temperature and extracted in 150 pl of methanol. Suspensions were
finally sonicated for 10 min, centrifuged at 13000 rpm for 10 min and
supernatants were used for chromatographic analysis.
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2.3. LC-MS/MS analysis

PFAS levels were measured through reversed-phase (RP) liquid
chromatography coupled with triple quadrupole mass spectrometry (LC-
MS/MS). A system composed by a Varian binary pump, autosampler and
diode array system equipped with a triple quadrupole model MS320
(Varian/Agilent Technologies, Santa Clara, CA, USA) was used. Internal
standard method was used for the quantification of PFAS in brain
samples using 13C.PFOA as internal standard (IS). Stock solutions were
prepared by diluting in methanol '3C-PFOA, PFOA, PFOS, PFHxA,
PFHxS and a new generation PFAS, 2,2-difluoro-2-((2,2,4,5-tetrafluoro-
5(trifluoromethoxy)-1,3-dioxolan-4-yl)oxy)-, ammonium salt (1:1),
known with the commercial name of C604, to obtain final concentration
of 500 ng/ml. The calibration curve was obtained mixing 50 pl of 500
ng/ml ISTD with different volumes (50, 25, 10, 5, 1 pl) of each PFAS
standard solution in order to obtain different **C-PFOA /PFAS quantity
ratios for the calibration curve. PFAS were analyzed by LC-MS/MS,
using electrospray ionization (ESI) source operating in negative ion
mode. Needle voltage was 5000 V, drying gas temperature was 300 °C,
drying gas pressure was 22 psi, nebulizer pressure was 55 psi, capillary
voltage was set at 40, and CID gas was 1.5 mbar. Mass spectrum oper-
ating in negative ion mode and specific transition for >C-PFOA, PFOA,
PFOS, PFHxS, PFHxA, C604 were obtained using MS software. Transi-
tion were as reported: 13C.PFOA 417 > 372, PFOA 413 > 369, PFOS 499
> 80, PFHxA 338 > 112, C604, 339 > 113. Other transitions were used
to detect the presence of further PFAS based on literature data (Gremmel
et al., 2016; Nakayama et al., 2020). For the chromatographic separa-
tion, an Agilent XDB C-18 column (3 x 150 mm, 3,5 um) was used as
stationary phase whilst eluents were 0.1% formic acid in water (A) and
Acetonitrile (B) as previously described (Minuz et al., 2021). Elution
gradient started with 90% A, achieved 50% A/50% B in 0.5 min and
then 100% B in 10 min remaining isocratic up to 20 min with a constant
flow rate of 0.3 mL/min. The quantification of the cell content of PFAS
was performed through LC-MS/MS as described above with minor
modifications. Briefly, cells were detached by scraping and extracted
with acetonitrile. Fixed amounts of the stable isotope labeled internal
standard were added '3C-PFOA, Wellington Laboratories, Ontario,
Canada). To test the analytical response and to optimize the calibration
curve, standard mixture was used at increasing concentrations of PFOA
together with 13C-PFOA at fixed concentrations. C604 standard com-
pound was purchased from Wellington Laboratories, provided as 50 pg/
mL methanol solution (CAS: 1190931-41-9; Southgate, Ontario,
Canada).

2.4. Cell culture

hiPScells were a kind gift from Prof. Marta Trevisan (Department of
Molecular Medicine DMM, University of Padua) and were obtained as
previously described (Trevisan et al., 2017). Cells at all culture stages
were kept in a humidified incubator with 5% CO at 37 °C. The iPS cell
differentiation into DNs protocol is a modified version from Borgs et al.
(Borgs et al., 2016): hiPS cells, seeded at the optimal starting density of
6.5x10* cells/cm?, were induced to differentiate into neural stem cells
(NSC) onto covers slips coated with Geltrex™ LDEV-Free-Reduced
Growth Factor Basement Membrane Matrix and cultured for 7 days in
a medium composed of 50% of DMEM F12 and 50% PSC Neural In-
duction medium (all items purchased from Gibco, Waltham, MA, USA).
Medium was changed every 48 h and, upon the achievement of 80%
confluence before day 7, cells were propagated using StemPro™ Accu-
tase™ Cell Dissociation Reagent (Gibco, Waltham, MA, USA) with 5 uM
Rho-associated kinase (ROCK Y27632; Miltenyi Biotec, Bergisch Glad-
bach, Germany). After 7 days of culture, the DP1 phase, aimed to obtain
progenitors of neural-epithelium cells, was started by seeding cells on
cover slips coated with 0.1 mg/ml of Poly-D-Lysine (Millipore, Bur-
lington, MA, USA) and Matrigel (Corning, Glendale, AZ, USA), in Neu-
robasal medium with 1% penicillin/streptomycin (5,000 U/mL), 1%
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GlutaMAX, 1 % N-2 Supplement (100X)(all items purchased from Gibco,
Waltham, MA, USA), 200 ng/ml Recombinant Human Sonic Hedgehog
(Shh) and 100 ng/ml of Recombinant Human/Murine FGF-8b (all items
purchased from Peprotech, Rocky Hill, NJ, USA). DP1 cells were
cultured for 7 days and propagated up to 80% confluence as described
above, changing the medium every other day. After 7 days of culture, the
DP2 stage, aimed to obtain progenitors of dopaminergic neurons, was
started by seeding cells onto cover slip coated Poly-D-Lysine and
Matrigel in supplemented Neurobasal medium as for DP1 phase plus 20
ng/ml Recombinant Human BDNF, 20 ng/ml Recombinant Human
GDNF, 1 ng/ml Recombinant Human TGF-f3 (all items purchased from
Peprotech, Rocky Hill, NJ, USA), 0.2 mM L-Ascorbic acid, 0.5 mM
dbcAMP (all items purchased from Sigma-Aldrich, Burlington, MA, USA)
for 7 days, changing medium every 48 h and propagating cells up to 80%
confluence. The DP3 stage, aimed to obtain mature dopaminergic neu-
rons, was started by seeding on cover slip coated with Poly-D-Lysine and
Matrigel in serum free-supplemented Neurobasal medium as for DP2
phase plus 2% B-27™ Supplement (50X, from Gibco, Waltham, MA,
USA) for 7 days, changing medium every 48 h and propagating cells up
to 80% confluence. At the day 6 of each differentiation stage, cells were
exposed to PFOA for 24 h at the concentration of 1, 10 and 100 ng/mL
and PFOA cell content was assessed by LC/MS. In the final experimental
setting, cells were exposed to PFOA for 24 h at the final concentration of
10 ng/mL. Cell accumulation of PFOA was evaluated as previously
described (Minuz et al., 2021). Briefly, after 24 h of exposure to PFOA,
cells were detached by scraping and pellets were collected. 200 pl of 13C-
PFOA 10 ng/ml were then added as internal standard to each cell pellet.
Samples were sonicated, centrifuged, dried as above mentioned and
stored at —20 °C until use. Upon analysis, samples were defrosted at
room temperature and extracted with 150 pl of methanol. Suspensions
were finally sonicated for 10 min at room temperature, centrifuged at
13000 rpm for 10 min and the resulting supernatants were used for
chromatographic analysis.

2.5. MTT assays

Cell proliferation was measured using 3-(4, 5-dimethylthiazol-2-y1)-
2,5-diphenyl-tetrazolium bromide (MTT) assays. The cells were seeded
in a 96-well culture plate at a density of 2 x 10° cells/well and incubated
at 37 °C for 24 h. The cells were then incubated with PFOA as above for
24 h. A total of 20 mL of MTT (5 mg/mL in phosphate-buffered saline,
PBS) was added to each well and the plates incubated in the dark at
37 °C for 4 h. Culture media was discarded and 200 mL of dimethyl
sulfoxide (DMSO) added to dissolve the formazan crystals at room
temperature for 10 min. The absorbance was measured at 490 nm using
an iMark micro plate reader (BIO-RAD).

2.6. Merocyanine staining

Evaluation of plasma membrane fluidity was evaluated by Mer-
ocyanine 540 (MC540) probe as described elsewhere (Sabovi¢ et al.,
2019). Briefly, a stock solution of MC540 in DMSO was diluted in the cell
suspension in serum free-medium, at the final concentration of 4 pM and
incubated for 15 min at 37 °C in the dark. Cells were finally analyzed by
BD FACScan System (Becton-Dickinson, Milano, Italy) and at least
10.000 events per session were recorded.

2.7. Indirect immunofluorescence

Indirect immunofluorescence was used to identify the expression of
Tyrosine Hydroxylase (TH), the enzyme that converts amino acid L-
tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), of Neurofilament-
Heavy (NF-H), marker of neuro-differentiation, and of Dopamine
Transporter (DAT), functionally involved in pre-synaptic dopamine re-
uptake. Cultured cells were fixed with 4% paraformaldehyde in PBS,
blocked with 5% normal donkey serum/5% bovine serum albumin in
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PBS and incubated with the following primary antibodies: rabbit anti-
TH (GeneTex, Irvine, CA, USA; 1:100); chicken anti- NF-H (Life Tech-
nologies, Carlsbad, CA, USA; 1:50); mouse anti-DAT (Atlas Antibodies,
Stockholm, Sweden; 1: 100). Primary immunoreaction was detected
with the proper secondary antibody: goat anti-rabbit IgG (H + L)-Alexa
Fluor Plus 647 conjugated (Thermo Fisher, Waltham, MA, USA), goat
anti-mouse IgG (H + L)-Alexa Fluor Plus 488 conjugated (Thermo
Fisher, Waltham, MA, USA), goat anti-chicken IgG (H + L) Alexa Fluor
633-conjugated (Thermo Fisher, Waltham, MA, USA). Control staining
was carried out by using the secondary antibody alone. All stainings
were performed in the same experimental session. After immunofluo-
rescence staining, cells were counterstained with the nuclear dye DAPI
(1 pg/ml in PBS, 0.3% Triton-X 100) for 20 min. at RT. Cells were finally
washed in PBS and mounted in Mowiol (Sigma-Aldrich, Burlington, MA,
USA). A Leica TCS SP5 confocal microscope was used to evaluate the
expression of TH, NF-H, DAT and DAPI in the different phases of neu-
rodifferentiation. To quantify the emitted fluorescence in gray-scale
values, the Fiji ImageJ software was used. The integrated fluorescence
density (I.F.D.) of each color channel was normalized to that of DAPI in
order to harmonize expression data with cell density. The quantification
analysis was carried out on 10 images acquired in triplicate at a
magnification of 40X in mineral oil.

2.8. Statistical analysis

Results are reported as the mean value + standard deviation derived
from three independent experiments. Statistical analyses were per-
formed with SPSS23 (SPSS, Chicago, IL, USA). Two-sided Student’s t-test
was used to compare two groups. When necessary, multiple comparisons
were performed by the analysis of variance (ANOVA) with post-hoc
Bonferroni’s correction. Linear correlation analysis was performed
through Pearson’s coefficient. Results were considered significant for P
values < 0.05.

3. Results
3.1. PFAS analysis in human brain autopsy samples

A total of 76 brain samples, with corresponding serum samples, were
obtained from 5 male deceased subjects residing in exposed area and
were analyzed by LC-MS/MS. The singular tissue/brain area concen-
tration of detectable PFAS is reported on Table 1. The most represented
perfluoroalkyl substance was PFOA, followed by perfluoro-
hexanesulfonic acid (PFHxS) and perfluorohexanoic acid (PFHxA),
respectively. Low levels of PFOS were detectable only in blood samples
at very low levels (Table 1), whereas C604 was below LOD in all brain
and blood samples. Peripheral blood serum represented the major site of
accumulation of PFAS, however brain areas of basal ganglia, such as the
hypothalamus, lenticular nucleus and caudate nucleus showed high
levels of accumulation for all the retrieved compounds. Importantly, the
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mean brain concentration of each PFAS compound appeared to be lin-
early correlated with the corresponding serum concentration (Fig. 1),
suggesting the gradient-driven trans-mural diffusion across the blood—-
brain barrier as a major mechanism of accumulation of PFAS within the
brain areas.

3.2. Accumulation PFOA in differentiating hiPSCs and effects on cell
membrane fluidity

The possible accumulation of PFOA in differentiating hiPSCs was
evaluated by the exposure of cells to PFOA at the concentration of 1, 10
and 100 ng/mL for 24 h at the end of each differentiation phases, and
quantifying the cell content of PFOA by LC-MS/MS (Scheme in Fig. 2A).
In control conditions, in which exposure to PFOA was omitted, levels of
PFOA were below the limit of detection (<0.2 ng/lO6 cells, data not
shown). On the other hand, with the same exposure to PFOA, the cell
accumulation of the perfluoro-alkyl compound showed to be dependent
on the degree of differentiation towards the dopaminergic phenotype
(Fig. 2B). In particular, at the earliest phase of differentiation DP1, cells
displayed the highest level of PFOA accumulation, which was very low
at 1 ng/mL of PFOA (0.56 + 0.11 ng/mL) and did not differ between 10
and 100 ng/mL treatments (5.31 + 0.36 and 5.67 + 0.16, respectively).
In the later stages of differentiation, DP2 and DP3, PFOA accumulation
showed to be significantly progressively lower compared to DP1 and did
not increase upon treatment with PFOA 100 ng/mL compared with 10
ng/mL (Fig. 2B). Cell viability assessed by MTT analysis showed no
statistically significant effect of the exposure to PFOA, at any of the
tested concentration, compared to the unexposed control condition
(Supplemental Figure S2). In particular, no significant effect of either
developmental stage (p = 0.059) or PFOA (p = 0.145) was observed, and
neither of the interaction factor between stage and PFOA (p = 0.053) at
multiple comparison by ANOVA. Given the non-linear dose-dependent
accumulation of PFOA in vitro, in the next set of experiments we only
focused on the concentration of 10 ng/mL. The membrane fluidity in
developing dopaminergic neurons was assessed at each phase of dif-
ferentiation by the use of Merocyanine 540 (MC540), a fluorescent
probe sensitive to lipid packing (Fig. 3A). Of note, the mean fluorescence
intensity of MC540, a proxy of membrane fluidity, showed a progressive
and significant reduction in hiPS cells at DP2 and DP3 phases of dif-
ferentiation compared to DP1 phase (respectively: 100.0 + 1.1% DP1;
38,7 +1,3% DP2; 14,6 + 1,2% DP3, both p < 0.001 vs DP1), suggesting
an increasing lipid packing and membrane stiffness during the differ-
entiation. In this context, the higher membrane lipid packing at DP2 and
DP3 likely explains the observed trend towards a lower PFOA accumu-
lation in later maturation steps (Fig. 2B). In previous reports we showed
that PFOA accumulation in cell membrane associates with bilayer
instability and increased fluidity of this organelle (De Toni et al., 2020).
Thus, a reduced perturbation of membrane’s biophysical properties
upon PFOA exposure is expected at DP2 and DP3 compared to DP1.
Accordingly, the exposure to PFOA 10 ng/mL for 24 h was associated

Table 1
Serum and brain specimens concentrations of perfluoroalkyl substances detected in 5 male deceased subjects residing in exposed area.
PFOA, ng/g PFOS, ng/g PFHXs, ng/g PFHXa’, ng/g Y PFAS, ng/g

Blood” 217.41 + 176.17 0.83 + 0.41 70.98 + 63.36 2.63 + 2.68 291.85 + 109.86
Thalamus 14.35 + 5.49 <LOD 2.70 + 2.59 2.69 + 0.67 19.75 + 6.73
Midbrain 14.34 + 18.75 <LOD 8.60 + 10.87 1.07 + 0.09 24.01 + 6.65
Hypothalamus" 158.88 + 162.00 <LOD 31.62 + 23.48 16.42 + 4.20 206.93 + 78.23
Cerebellum 32.28 + 54.55 <LOD 8.70 + 6.12 13.42 + 5.84 54.40 + 12.48
Lenticular Nucleus 31.05 + 55.35 <LOD 12.13 + 4.32 2.09 + 0.34 45.28 + 14.70
Caudate Nucleus 93.29 + 147.38 <LOD 8.43 + 8.03 7.44 + 2.50 109.15 + 49.28
Frontal lobe 22.20 + 19.69 <LOD 4.56 + 6.90 2.81 + 2.98 29.58 + 10.73
Mean brain conc. 72.98 + 79.92 <LOD 18.47 + 15.71 6.07 + 2.41 97.51 + 36.07

a
b

concentration in brain tissues was > LOD only in 3 out of 5 subjects.
expressed as ng/mL.

¢ includes mammillary body.
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Fig. 1. Correlation analysis between serum and brain concentrations of PFOA (A), perfluoro-hexanesulfonic acid (PFHxS, B) and perfluorohexanoic acid (PFHxA, C)
in post mortem specimens. Correlation’s coefficient was calculated with Person’s test.
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Fig. 3. Evaluation of membrane fluidity in the three phases of neurodifferentiation. Merocyanine 540 (MC540) Mean Fluorescence intensity (MFI, % of fold increase
vs CTRL) at basal conditions (A) and after 24 h incubation with perfluoro-octanoic acid (PFOA 10 ng/ml) (B-D) between different stages of dopaminergic differ-
entiation: commitment phase (DP1), the neuronal precursor phase (DP2) and the mature dopaminergic differentiation phase (DP3). ***p < 0.001; **p < 0.01; *p

< 0.05.

with a significant increase of the mean fluorescence intensity of MC540,
compared to untreated control, only at DP1 (CTRL 100.0 + 0.2%, PFOA
151.3 + 0.3%; p = 0.002) and DP2 (CTRL 100.1 + 0.5%, PFOA 116.5 +
0.1%; p = 0.019); this effect was not observed at DP3 (CTRL 100.8 +
0.3%, PFOA 104.9 + 1.2%; p = 0.057; Fig. 3B-D). Taken together, these
data suggest that short term-exposure of dopaminergic neurons cell
model to PFOA associates with cell accumulation of the perfluoroalkyl
substance according to the differentiation-dependent membrane
composition, resulting in more profound perturbation of membrane
properties at early stages of neuronal development.

3.3. Effect of PFOA on dopaminergic differentiation

In order to evaluate the possible effect of PFOA exposure on dopa-
minergic differentiation, alterations in cell morphology and the
expression of different dopaminergic stages phenotype markers were
evaluated in differentiating cells exposed to PFOA, in comparison with
untreated cells. The comparison of cell morphology between untreated
controls and cells exposed to PFOA showed minimal, or even none,
morphological difference at any differentiation phase, suggesting low or
no influence of PFOA on the cell cytoskeletal development (Supple-
mental Figure S1). The effect on the molecular phenotypes was evalu-
ated through the expression of markers of dopaminergic differentiation,
such as tyrosine hydroxylase (TH), dopamine transporter (DAT) and
structural neural marker neurofilament heavy (NF-H), assessed by in-
direct immunofluorescence. At the early phase of dopaminergic differ-
entiation (DP1), untreated cells showed a weak expression of TH and
NFH, but no staining for DAT was detected (Fig. 4A-H). The exposure to
PFOA was associated with non-major effect on the staining pattern of the
whole panel of markers however, from a quantitative point of view, the
normalized staining signal for NF-H showed a significant reduction
compared to untreated control (p = 0.0031; Fig. 4I-M).

At the precursors of dopaminergic neurons phase (DP2), the
normalized staining signal for NFH in untreated controls was signifi-
cantly increased compared with DP1 phase (both p values < 0.001)
whilst DAT staining was still almost undetectable at this stage (Fig. 5A-
H). The exposure to PFOA was associated with a significant reduction of
TH and NF-H normalized staining signal compared to untreated controls
(p = 0.0157 and p = 0.0155, respectively; Fig. 5I-M). In mature dopa-
minergic neurons (DP3), untreated control cell showed a significant
increase of the normalized staining signal for DAT (Fig. 6A-H; p < 0.001
vs DP2). The exposure to PFOA was associated with a significant
reduction of the signal for the normalized staining signal of all the
markers (respectively: p = 0.0025 for TH, p = 0.0007 for NFH and p =
0.0026 for DAT; Fig. 6I-M).

Taken together, these data show that the short-term exposure of
differentiating dopaminergic neurons to PFOA was associated with a
significant down-regulation of early markers on dopaminergic differ-
entiation, such as TH and NF-H, and of late markers of dopaminergic
function such as DAT, suggesting the possible impact of the per-
fluoroalkyl compound on the dopaminergic function, particularly in
developing neuronal cells.

4. Discussion

PFAS are ubiquitous, long-lasting environmental contaminants that
accumulate in human bodies, including brains. As such, understanding if
and how they impact normal biological function is critical. Here, we
have reported for the first time the specific accumulation of these
chemicals in different brain areas, and we have investigated the impact
of PFOA on dopaminergic neurons during different stages of differenti-
ation. Our results are highly suggestive of a possible significant impact
of PFAS exposure on the human brain, particularly during the most
sensitive developmental phases of gestational life.
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Fig. 4. Expression and quantification of tyrosine hydroxylase (TH), neurofilament heavy (NFH) and dopamine transporter (DAT) in the DP1 neurodifferentiation
phase, by immunofluorescence. Cell nuclei are counterstained with 4’,6-diamidin-2-phenyindole (DAPI). Expression and fluorescence intensity quantification, re-
ported as the ratio between the integrated fluorescence density (I.F.D.) of each color channel to the I.F.D. of DAPI, of the dopaminergic marker TH (B-F), of structural
NHF (C-G) and DAT marker (D-H) in the CTRL and PFOA 10 ng/ml samples respectively. Scale bar 77.3 um, Magnification 40X. **p < 0.01.

PFAS have been identified in brain specimens from human subjects
(Harada et al., 2007; Maestri et al., 2006; Pérez et al., 2013), but also
different animals with environmental or experimental exposure (Austin
et al., 2003; Greaves et al., 2013; Pedersen et al., 2016). The hypothe-
sized mechanism of blood-brain barrier crossing by PFAS has been
ascribed to increased membrane permeability due to discontinuity of
tight junctions induced on human microvascular epithelial brain cells
that was likely caused by discontinuity in the tight-junctions (F. Wang
etal., 2011; X. Wang et al., 2011). This discontinuity can be induced by
PFOS stimulation of ROS, but only at very high levels (Lee et al., 2012;
Reistad et al., 2013). Active PFAS uptake may also occur. The organic
anion transporters (OATs), and organic anion transporter polypeptides
(OATPs) form a class of proteins that actively shuttle molecules with
specific biochemical properties across the brain barrier and have been
reviewed elsewhere (Piekarski et al., 2020). More likely is the possible
interference of PFAS in the cell membranes, as reported for other cellular
models (De Toni et al., 2020; Sabovic et al., 2019), where they induce
and increase in membrane fluidity and increased structural instability.
Another possible mechanism can be the simple passive diffusion, typical
for molecules with a molecular weight below 400 Da approximately and
involving<8 hydrogen bonds (Pardridge, 2012), therefore short-chain
PFAS are more likely to cross blood-brain barrier. However, short-
chain PFAS were not detected in Spanish human brain tissue samples
(Pérez et al., 2013). PFOA on the other hand has a molecular weight of
414,17 Da, and its higher occurrence compared with sort-chain PFAS

could be explained by the increased environmental, and serum, expo-
sure to this molecule in this specific area. Recently, PFAS penetration
was positively correlated with the barrier permeability index, indicating
that barrier integrity was the main determinant of PFAS penetration
across the barrier, and human data showed that PFOA, similar to serum,
was still the dominant PFAS in cerebrospinal fluid (Wang et al., 2018).
Moreover, we observed higher PFOA levels in the hypothalamus. This
could be due to its physiological BBB higher permeability compared
with other brain regions: the arcuate nucleus, located at the base of the
mediobasal hypothalamus, contains neurons that sense circulating
hormones and nutrients. It is morphologically located in close proximity
to the median eminence, which lacks a typical BBB (Morita-Takemura
and Wanaka, 2019), and accumulating evidence indicates that the
arcuate nucleus has access to circulating molecules through the median
eminence (Faouzi et al., 2007). Structural characteristics confer high
permeability on this specific vasculature and make the median eminence
a primary site of exchange between the systemic circulation and the
brain. The high vascular permeability permits neuroendocrine neurons
to secrete large amounts of hypothalamic releasing hormones into the
bloodstream, but could also allow exogenous chemicals to passively
cross BBB and reach the hypothalamus. Interestingly, we found the
highest PFAS concentration specifically in arcuate nucleus and mam-
millothalamic tract of the hypothalamus, which are highly innervated
by dopaminergic neurons (Jaber et al., 1996). Indeed, mice exposed to
PFOS showed reduced levels of dopamine and DOPAC released in the
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Fig. 5. Expression and quantification of tyrosine hydroxylase (TH), neurofilament heavy (NFH) and dopamine transporter (DAT) in the DP2 neurodifferentiation
phase, by immunofluorescence. Cell nuclei are counterstained with 4’,6-diamidin-2-phenyindole (DAPI). Expression and fluorescence intensity quantification, re-
ported as the ratio between the integrated fluorescence density (L.F.D.) of each color channel to the I.F.D. of DAPI, of the dopaminergic marker TH (B-F), of structural
NHF (C-G) and DAT marker (D-H) in the CTRL and PFOA 10 ng/ml samples respectively. Scale bar 77.3 pm, Magnification 40X. *p < 0.05.

hippocampus (Long et al., 2013), suggesting a possible alteration of
dopamine synthesis or transport. For these reasons, we focused on
different stages (DP1, DP2, and DP3) of dopaminergic neural differen-
tiation after induction of h-iPS cells. In particular, we focused on the
specific effect of the exposure to PFOA for 24 h, at the concentration of
10 ng/ml, which is comparable with average PFAS levels in brain re-
ported in non-exposed general populations (Harada et al., 2007; Maestri
et al., 2006; Pérez et al., 2013) and even lower than those reported in
this study on exposed population. Particularly, we chose PFOA rather
than short-chain PFAS because of its higher environmental distribution
in the Veneto Region specific population sampled for this study (Pitter
et al., 2020). It should be noted that the blood and brain levels of some
PFAS, particularly PFOA, observed in our study, are higher compared
with those previously reported (La Rocca et al., 2015; Rocca et al.,
2014). This difference could be likely due to the specific hotspot with
severe environmental pollution from the residential area of subjects in
this study, for which particularly elevated serum levels of PFOA, and
comparable with our results, have already been reported (Pitter et al.,
2020). Nonetheless, our in vitro results underline the possible risk also
for the general population, in which the substantial PFAS exposure
should not be underestimated.

On the base of the strong surfactant activity of PFAS, and particularly
PFOA, major interactions of these compounds with the cell membrane
have been hypothesized (Sanchez Garcia et al., 2018). In particular,
PFOA has been suggested to fit within the phospholipid bilayer,

destabilizing chemical-physical interactions among fatty acids and
resulting in major alteration of membrane’s biophysical properties,
leading to higher membrane fluidity (De Toni et al., 2020). Importantly,
plasma membrane of neuronal cells is acknowledged to undergo to a
progressive enrichment in raft-forming lipids along with the maturation
process, which is necessary to achieve peculiar bulk membrane prop-
erties sustaining the unique demands of neuronal processes and
extremely fast signal transduction (Salem et al., 2001). The resulting
increased domain stability has been recently evidenced by higher
domain melting temperature during development (Tulodziecka et al.,
2016). On these bases, a significant variation of plasma membrane
biophysical properties is expected along with the maturation process of
neurons. We found that PFOA accumulation in dopaminergic neurons
was significantly dependent on the membrane fluidity of the respective
stage, which is typically higher in the early phases of dopaminergic
differentiation. Indeed, in the DP1 stage we observed the higher accu-
mulation of PFOA, together with a greater membrane fluidity. As the
maturation proceeds, cell membrane becomes more rigid and less prone
to PFOA penetration, and indeed we observed lower PFOA accumulation
in mature cells. Also, membrane fluidity was not altered in DP2 and DP3
stages, confirming that early DP1 differentiation stage is the most sen-
sitive to PFOA perturbation. This resulted in a significant decrease of
NFH compared with untreated controls. Nonetheless, in the later DP2
and DP3 phase we still observed a significant alteration of the molecular
phenotype, as reported by a reduction in TH, NFH and DAT. These
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Fig. 6. Expression and quantification of tyrosine hydroxylase (TH), neurofilament heavy (NFH) and dopamine transporter (DAT) in the DP3 neurodifferentiation
phase, by immunofluorescence. Cell nuclei are counterstained with 4’,6-diamidin-2-phenyindole (DAPI). Expression and fluorescence intensity quantification, re-
ported as the ratio between the integrated fluorescence density (L.F.D.) of each color channel to the I.F.D. of DAPI, of the dopaminergic marker TH (B-F), of structural
NHF (C-G) and DAT marker (D-H) in the CTRL and PFOA 10 ng/ml samples respectively. Scale bar 77.3 um, Magnification 40X. **p < 0.01.

effects are probably independent from the membrane permeability, and
even if at lower concentrations (5.5 + 0.3 ng/1 0° DP1 cells; 3.5 4 0.2
ng/10% DP2 cells, 1.85 =+ 0.2 ng/10% DP3 cells), PFOA is capable of
altering the expression of dopaminergic markers. The impact of PFAS on
the dopaminergic system has been recently reviewed elsewhere (Pie-
karski et al., 2020). To this regard, although results were strongly
dependent on the species considered, the exposure to PFOS for 2 months
was associated with the decrease of both tyrosine hydroxylase and D2
dopamine receptor expression in NMRI mice (Hallgren and Viberg,
2016). In addition, a recent paper found that in frogs, both PFOA and
PFOS decrease dopamine content but do not affect serotonin, norepi-
nephrine, GABA, glutamate, or acetylcholine (Foguth et al., 2019). In
agreement with our results, a very recent study has reported a significant
reduction in dopamine and TH in PFAS-exposed male mice (Grgnnestad
et al., 2021). In general, much of the in vitro research into neurobio-
logical impacts has focused on ROS induction and apoptosis-mediated
cell death by PFAS. For example, cultured neurons exposed to PFOS
and PFHxS for<24 h showed signs of cell death, while PFOA appeared to
induce only a minimal amount of toxicity, in agreement with our data
(Leeetal., 2014; Li et al., 2017). Altogether these data support that PFAS
may act in a cumulative way as suggested by EFSA (D et al., 2020).
Further studies are needed, possibly with dose-response curves to
confirm these ancillary results.

One of the more consistent links observed is between developmental
PFAS exposure and increased risk for ADHD or its symptomology

(Lenters et al., 2019). Studies suggest that ADHD could be linked to the
dysfunction of dopamine: a reduction in dopamine synaptic markers
associated with symptoms of inattention was shown in the dopamine
reward pathway of participants with ADHD (Volkow et al., 2009).
Interestingly, DAT polymorphisms have been shown to influence ADHD-
like traits (Jeong et al., 2015). More recently, a Norwegian cohort study
has reported that Prenatal exposure to PFOA was associated with
increased risk of autism spectrum disorders and ADHD in children
(Skogheim et al., 2021). Therefore, PFAS interference on dopaminergic
neurons could impact on the risk of developing ADHD or on its clinical
manifestations, and particularly if the exposure to these contaminants
happens during the most sensitive windows of CNS development in
gestational life. As mentioned previously, PFAS may penetrate the BBB
and, although this is particularly relevant during prenatal development
when the BBB is more permeable and during neuro-differentiation, there
are many circumstances in which adults may have a weakened BBB
favoring PFAS brain penetration (Piekarski et al., 2020). For example,
the BBB weakens with age and neurodegenerative disease (Sweeney
et al., 2018). An epidemiological study indeed found an increased risk
ratio for Alzheimer’s disease in the same highly polluted area of the
Veneto Region in Italy (Mastrantonio et al., 2018). Overall, the literature
linking PFAS exposures with neurodevelopmental outcomes is still
inconsistent, suggesting the need for more research to elucidate the
neurotoxicological potential of PFAS, both epidemiological and
experimental.
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In conclusion, our results are highly suggestive of a significant
accumulation of PFAS in specific areas of human brain, with an impact
on dopaminergic neurons expression of specific markers of endocrine
function of these cells. Altogether these data provide a possible new
model of central nervous system disruption associated with the exposure
to this class of chemical pollutants.
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