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ABSTRACT

Perfluorooctane sulfonate (PFOS) has been widely utilized in numerous industries. Due to long environmental and
biological half-lives, PFOS is a major public health concern. Although the literature suggests that PFOS may induce
neurotoxicity, neurotoxic mechanisms, and neuropathology are poorly understood. Thus, the primary goal of this study
was to determine if PFOS is selectively neurotoxic and potentially relevant to specific neurological diseases. Nematodes
(Caenorhabditis elegans) were exposed to PFOS or related per- and polyfluoroalkyl substances (PFAS) for 72 h and tested for
evidence of neuropathology through examination of cholinergic, dopaminergic, gamma-amino butyric acid (GABA)ergic,
and serotoninergic neuronal morphologies. Dopaminergic and cholinergic functional analyses were assessed through
1-nonanol and Aldicarb assay. Mechanistic studies assessed total reactive oxygen species, superoxide ions, and
mitochondrial content. Finally, therapeutic approaches were utilized to further examine pathogenic mechanisms.
Dopaminergic neuropathology occurred at lower exposure levels (25 ppm, approximately 50mM) than required to produce
neuropathology in GABAergic, serotonergic, and cholinergic neurons (100 ppm, approximately 200mM). Further, PFOS
exposure led to dopamine-dependent functional deficits, without altering acetylcholine-dependent paralysis.
Mitochondrial content was affected by PFOS at far lower exposure level than required to induce pathology (�1 ppm,
approximately 2mM). Perfluorooctane sulfonate exposure also enhanced oxidative stress. Further, mutation in
mitochondrial superoxide dismutase rendered animals more vulnerable. Neuroprotective approaches such as antioxidants,
PFAS-protein dissociation, and targeted (mitochondrial) radical and electron scavenging were neuroprotective, suggesting
specific mechanisms of action. In general, other tested PFAS were less neurotoxic. The primary impact is to prompt
research into potential adverse outcomes related to PFAS-induced dopaminergic neurotoxicity in humans.
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Per- and polyfluoroalkyl substances (PFAS) are a group of com-
pounds typically characterized by a hydrophobic carbon-
fluorine tail and a nonfluorinated hydrophilic head. Because of

the unique properties to repel oil and water, PFAS have been ex-
tensively used in industry, eg, in the manufacture of textiles,
food packaging, carpets, upholstery, leather, waxes, adhesives,
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paints, polishes, cosmetics, aviation hydraulic fluids, fire-
fighting foams, and papers (Post et al., 2012).

Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid
(PFOA), and other PFAS have been extensively used over the last
50 years in the United States until they were voluntarily phased
out of production in 2002 for PFOS and initiated in 2006 for PFOA
(USEPA, 2017). Of note, the USEPA has issued a drinking water
advisory limiting PFOS levels to 70 parts per trillion (USEPA,
2019). However, the strength of the carbon-fluorine bond ren-
ders PFAS highly resistant to environmental and biological deg-
radation (O’Hagan, 2008). Perfluorooctane sulfonate has an
elimination half-life approximately 9 years in the human body
(Larsen and Giovalle, 2015). Further, PFOS is still in use in many
other countries. Measurements in animal tissue suggest that
PFAS bioaccumulate (Chengelis et al., 2009; Sanchez Garcia et al.,
2018). Thus PFAS, including PFOS will remain a public health
concern for decades to come.

Animal PFAS studies have indicated potential risks such as
tumors, neonatal death, and adverse outcomes in the hepatic,
immune, and endocrine systems (epa.gov; Steenland et al.,
2010). With respect to neurological effects, PFAS (especially
PFOS) have been shown to accumulate in the brains of large
mammals and have been associated with alterations in neuro-
transmission (Dassuncao et al., 2019; Eggers Pedersen et al.,
2015). In laboratory animals, PFOS toxicity studies suggest po-
tential neurotoxicity. For example, PFAS-exposed neonatal mice
exhibit alterations in the levels of proteins relevant to neuronal
growth and synaptogenesis (Johansson et al., 2009; Lee and
Viberg, 2013). In motor specific tasks, developmentally PFOS-
exposed male offspring exhibited significantly shorter latency
to fall on the wire-hang test when they were 5–8 weeks old, sug-
gesting a potential motor deficit (Onishchenko et al., 2011).
Studies in lower order systems also suggest alterations, where
PFOS-treated Caenorhabditis elegans showed decreased motor
function (Chen et al., 2014). Finally, in vitro exposures suggest
that PFAS may influence neuronal differentiation (Slotkin et al.,
2008). Taken together, there is a clear public health need to in-
vestigate PFAS-induced neurotoxicity and fill key gaps in our
understanding of PFOS-induced neurotoxic mechanisms and
neuropathology.

In the present study, we utilized C. elegans to test PFOS and
PFOA neurotoxicity. Caenorhabditis elegans is a nonpathogenic
nematode with features such as a short lifespan, transparent
body, conserved neurotransmitters, and availability of trans-
genic and green fluorescent protein-based reporter strains for
neuronal markers and various transcription factors (Ma et al.,
2018). Thus, this model system serves as a suitable intermediate
between cell culture and higher order animal models (Hunt,
2017). The unique features of nematode models allowed us to
test whether PFOS is selectively neurotoxic to specific neuronal
populations, study mechanisms of neurotoxic action, and test
potential therapeutic strategies across a wide range of dosing.

MATERIALS AND METHODS

Culture and maintenance of strains. Caenorhabditis elegans strains,
Bristol N2, BZ555 (egls1[dat-1p::GFP]), CZ1632 (juIs76 [unc-
25p::GFP þ lin-15(þ)]), GR1366 (mgIs42 [tph-1::GFP þ rol-
6(su1006)]), LX929 (vsIs48 [unc-17::GFP]), and Escherichia coli OP50,
were procured from Caenorhabditis Genetics Centre, (University
of Minnesota, Minnesota). VC433 (sod-3[gk235]) was provided by
C. elegans Reverse Genetics Core Facility at University of British
Columbia. Caenorhabditis elegans strains were grown on nema-
tode growth medium (NGM) and cultured at 22�C. A

synchronized population of worms was obtained by sodium hy-
pochlorite treatment. Embryos were incubated overnight at
22�C to obtain L1-staged worms.

PFAS treatments: overall dosage rationale. L1-stage worms were
treated with different exposure levels of PFOS and PFOA (Sigma
Aldrich, St Louis, Missouri) and cultured in liquid media as de-
scribed (Stiernagle, 2006). Perfluorooctane sulfonate exposure
levels were chosen from an extensive literature on the study of
dopaminergic (DA) neurotoxicant in nematode models. In gen-
eral, our exposure levels are below the levels of established DA
neurotoxicants used in this model system (Table 1). The goal of
this table is to place chosen PFOS concentration in the context
of many nematode PD models. Here, it is worth noting that half-
lives in liquid, bacteria, and in worms, along with absorption
differences and other factors may influence toxicant-specific
exposure level responses. The exposure levels selected were
comparable to exposure levels detectable in human blood
(0.004–1.656 ppm) (Olsen et al., 2003) and animals (wood mice
ranging from 0.47 to 178.55 ppm) (Hoff et al., 2004). Previous
studies in C. elegans have used exposure level up to 200 mM (ap-
proximately 100 ppm) (Xu et al., 2016). Thus, exposure levels
were somewhat higher than, but informed by environmental
and biological levels.

Individual 10 000-ppm stocks of PFOS and PFOA were pre-
pared in methanol and diluted further to exposure levels rang-
ing from 1 to 200 ppm (for exposure level of 150 and 200 ppm, a
20 000 ppm stock was prepared). Fresh stocks <7-days old were
used for each experiment and vortexed prior to use. A total of 70
L1-staged worms were added to a 200-ll suspension in 24-well
plates and incubated at 22�C. The exposure level of methanol
was adjusted accordingly for all the treatment groups including
the control, so that the final exposure level would not exceed
1% (which was devoid of any neurodegenerative effect over the
span of 72 h). Based on pilot experiments and the results
obtained, most mechanistic studies were conducted at 75 ppm

Table 1. Typical Exposure Level Range of Commonly Used
Parkinson’s Disease-Relevant Toxicants in Caenorhabditis elegans

Toxicant

Exposure Level
Required to Induce

Selective DA
Neurodegeneration Comments References

Established Parkinson’s disease-relevant models
6-OHDA 10–50 mM 1-h exposure Nass et al. (2002)
Manganese 50–150 mM 24-h exposure Benedetto

et al. (2010)
MPPþ/MPTP 0.25–4 mM 24-, 48-,

and 72-h
exposure

Pu and Le (2008)

Paraquat 180 mM 24–96-h
exposure

Gonzalez-Hunt
et al. (2014)

Emerging Parkinson’s disease models
Harmane 100 mM 48-h exposure Sammi

et al. (2018)
PFOSa Approximately

50 mM
72-h exposure This report

PFOS elicits DA neurotoxicity at far lower exposure levels than most established

Parkinson’s disease-relevant neurotoxicants.
aFor comparison, dosage here is reported in molarity. Throughout the remainder

of the report, it is reported in ppm, a common unit for soil and groundwater

contaminants.
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(approximately 150 mM), whereas mitochondrial effects were
measured as low as 1 ppm because pilot studies suggested
heightened sensitivity of mitochondrial versus other endpoints.

Mechanistic studies using pharmacological agents. In order to iden-
tify the mechanisms of toxicity and test neuroprotective
strategies, specific pharmacological agents such as DL-3-
hydroxybutyric acid (HBA), N-acetyl-L-cysteine (NAC), glutathi-
one (GSH), juglone (5-hydroxy-1,4-napthalenedione), XJB-5-131,
buthionine sulfoximine (BSO) and b-cyclodextrin (BCD) were uti-
lized. DL-3-Hydroxybutyric acid is known to confer neuroprotec-
tion through maintenance of succinate levels (complex I
bypass) in the MPTP model of PD (Tieu et al., 2003). DL-3-
Hydroxybutyric acid is also reported to exhibit neuroprotection
against Streptomyces venezuelae metabolite mediated DA cell loss
(Ray et al., 2014). N-acetyl-L-cysteine is a well-known antioxi-
dant, a generalized activator of mitochondrial complexes I, IV,
and V (Cocco et al., 2005; Kamboj and Sandhir, 2011; Miquel
et al., 1995; Soiferman et al., 2014) and a heavy metal chelator
(Banner et al., 1986). Besides, positive effects of NAC have also
been demonstrated on lifespan in C. elegans (Oh et al., 2015). XJB-
5-131 is a hybrid molecule containing the b-turn region of gram-
icidin S and 4-amino Tempo (4-AT) and acts as a mitochondrial-
targeted electron and reactive oxygen species (ROS) scavenger
and superoxide dismutase mimetic, provide neuroprotection in
Huntington disease models and rodent models of traumatic
brain injury (Ji et al., 2012; Khattab, 2006; Krainz et al., 2016;
Polyzos et al., 2016; Xun et al., 2012). The efficacy of XJB-5-131
was tested against both a known Parkinson’s disease-relevant
neurotoxicant that targets mitochondria (MPPþ) and PFOS (Pu
and Le, 2008). MPPþ studies and pilot PFOS studies using XJB-5-
131 (10–100 lM) [final concentration of dimethyl sulfoxide
(DMSO) being 1%] informed the final tested XJB-5-131 (12.5, 25,
50 lM) in PFOS-treated worms. Juglone is a known superoxide
generator (Ishii et al., 1990; Tawe et al., 1998; Vanfleteren, 1993)
and has been used to generate oxidative stress in C. elegans
(Senchuk et al., 2017). Glutathione is a natural antioxidant that
has been reported to be affected in Parkinson’s disease brains
and plays an important role in disease pathogenesis (Martin
and Teismann, 2009). Glutathione has been shown to confer
neuroprotection in C. elegans (Martinez et al., 2015). b-
Cyclodextrin has been reported to dissociate binding of PFOA to
human serum albumin (Weiss-Errico et al., 2018). Thus, BCD
was used as a cotreatment with PFOS to assess if it might also
alter PFOS toxicity. b-Cyclodextrin has also been reported to in-
ternalize in C. elegans at adequately detectable levels (Lucio
et al., 2018).

For treatment with HBA, a 5 M stock of HBA sodium salt
(Acros Organics, New Jersey, 150834), dissolved in sterile dis-
tilled water, was prepared. The worms were subjected to differ-
ent exposure level (100, 150, and 200 mM) for 72 h in liquid
culture. For treatment with NAC (Acros Organics, 160280250), a
500 mM stock was prepared in sterile distilled water. The worms
were subjected to of 5, 10, and 15 mM of NAC (Oh et al., 2015). For
treatment with GSH, a 100 mM stock was prepared. Worms
were treated with 0.125–2 mM GSH. For treatment with BCD, a
10 mM stock was prepared in distilled water and worms were
treated with 150, 225, and 300 mM BCD. For treatment with XJB-
5-131, 10 mM stocks were prepared in DMSO and worms were
subjected to 12.5–50 mM XJB-5-131 (final concentration of DMSO
being 0.5%), based on the outcome of pilot studies. For treat-
ment with juglone, a 10 mM stock was prepared in 100% etha-
nol, which was diluted further to treat worms with 2.5 or 20 mM
juglone (final concentration of ethanol �0.2%). Buthionine

sulfoximine is a gamma glutamylcysteine synthetase inhibitor
(Haddad, 2001) and has been used in C. elegans to study the ef-
fect of GSH biosynthesis on DA neurodegeneration (Martinez
et al., 2015). For treatment with BSO, a 10 mM stock solution of
BSO was prepared in distilled water and worms were treated
with the 50, 100, and 200 lM BSO.

Neurodegeneration assay. In order to determine the neuropatho-
logical effects of PFAS on specific neuron types, L1-staged
worms expressing green fluorescence protein (GFP) in DA,
gamma-amino butyric acid (GABA)ergic, serotonergic, and cho-
linergic neurons were subjected to different exposure level of
PFOS (25–200 ppm) for 72 h at 22�C. Worms were identified using
morphological markers of neurodegeneration that have been re-
peatedly utilized in nematode models by our group and others
(Alexander et al., 2014; Sammi et al., 2018). The percentage of
worms exhibiting neuropathological alterations, such as loss or
breakage in dendrites, and loss of soma, was calculated. Any
worm exhibiting above-mentioned neuropathological altera-
tions in 1 or >1 neuron was counted as affected. This approach
was particularly useful and simple, because neuronal subpopu-
lations differ in number. Also, it was difficult to study individual
neurons in dense network such as that made by cholinergic
neurons. Thus, the overall approach was similar to our previous
efforts and the prevailing literature, where we reported the per-
centage of worms exhibiting neurodegeneration of a specific
neuronal subpopulation, whereas for DA neurons, we were also
able to calculate a second measure, the percentage of neurons
affected (Alexander et al., 2014; Sammi et al., 2018).

For a dense neuronal network such as cholinergic neurons,
head neurons above the nerve ring were mainly considered for
assessment. For other neuron types, ie, DA and serotonergic
neurons, being less in number, it was generally feasible to count
all visible neurons. Similarly, for (GABA)ergic neurons all neu-
rons along with commissures were considered for the studies.

For in depth studies on dopaminergic neurons, neurode-
generation was quantified as described by Yao et al. (2010).
Briefly, treated worms were washed 3 times using M9 buffer.
Worms were anesthetized using 100 mM sodium azide and vi-
sualized using a fluorescence microscope (Olympus BX-53).
Counting of neurons was done with respect to all neuron
types, ie, Cepahlic sensila (CEP), Anterior deirid (ADE) and pos-
terior deirid (PDE). The number of intact neurons was calcu-
lated for a minimum of 20 worms per group (independent
replicates). Care was taken to keep the worm number con-
stant and fresh stocks (no older than 1 week) of chemicals
were used for all studies.

Estimation of internal levels of PFOS. For estimation of internal lev-
els of PFOS, approximately 11 200 worms were treated with 0, 1,
or 5 ppm of PFOS. After 72 h of incubation, worms were washed
3 times with M9 buffer. Worms were resuspended and washed
on a rotary shaker for 1 h in 10 ml of M9 buffer. After 1 h, worms
were centrifuged in preweighed centrifuge tubes. The worm pel-
let was then washed twice before flash freezing in liquid nitro-
gen. The supernatant was removed and wet weight for each
pellet was calculated. Samples were stored at �80�C until use.
Perfluorooctane sulfonate levels in representative samples were
quantified by liquid chromatography with tandem mass spec-
trometry as detailed previously (Hoover et al., 2017). Internal
PFOS levels were normalized to wet weights as has been done
in similar worm studies (Jonassen et al., 2001; Sanyal et al.,
2004). Bioconcentration factors (BCFs) were calculated as de-
scribed (Gobas 2001: BCF ¼ exposure level in tissue [ng/g wet
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weight]/exposure level in medium [ng/ml]) representing the
conservative estimates of bioexposure level factor.

Dihydroethidium staining. Dihydroethidium (DHE) staining for su-
peroxide ions was performed in analogy to a literature protocol
(Chikka et al., 2016). Briefly, worms were washed 3 times with
M9 buffer followed by 2 washes with phosphate buffered saline
(PBS). About 50 worms suspended in 100 ll of PBS were mixed
with an equal amount of 12 lM DHE (Millipore, Burlington,
Massachusetts, 309800) dissolved in DMSO (stock concentration,
12 mM) and diluted in PBS (final exposure level of DMSO ¼
0.01%). After incubation in the dark for 40 min with intermittent
agitation, worms were washed twice with PBS, anesthetized us-
ing 100 mM sodium azide and imaged using a fluorescence mi-
croscope (Olympus BX-53). A minimum of 20 animals per group
were analyzed semiquantitatively using Image J (Schneider
et al., 2012) by drawing a region of interest (ROI).

Genetic cross to study the effect of sod-3 mutation on PFOS-mediated
neurodegeneration. A genetic cross between BZ555 (dat-1p::GFP)
and VC433(sod-3(gk235)) was conducted as previously described
(Pu and Le, 2008), with a slight modification. Briefly, BZ555
males (raised by heat-shock followed by crossing with BZ555
hermaphrodites) were crossed with VC433 hermaphrodites (in a
5:2 ratio of males to hermaphrodites, respectively). F-1 genera-
tion worms that showed GFP labeled DA neurons were picked
and added to NGM–OP50 plates (35-mm plates). Self-fertilized
progeny were further screened for positives (expressing GFP in
DA neurons). Worms were picked from plates with 100% posi-
tive worms. In order to further validate the line, single worms
were transferred to plates and genotyping (through single worm
PCR) was conducted post egg laying for the transferred worms.
Worms with homozygous deletions (designated as dat-1p::GFP;
sod-3(gk235)) were grown and used for the studies.

Quantitative estimation of ROS using H2DCFDA. Reactive oxygen
species estimation was conducted as described (Smita et al.,
2017), with a slight modification. Briefly, a 10 mM stock solution
of H2DCFDA in ethanol was further diluted to 100 mM using PBS.
An equal number of worms were seeded in treatment plates
(1000 per ml). On day 2, worms were washed using M9 buffer (3
times) and twice using PBS. An equal number of worms were
added to each well of black 96-well plates. 150 ml of 100 mM
H2DCFDA was added to each well (150-ml worm suspension) to
achieve a final concentration, 50 mM, and fluorescence was read
every 60 min using a Molecular devices Spectramax M2 for
180 min (excitation/emission: 485/520). Readings were normal-
ized with respect to the control. For ROS estimation in galac-
tose-supplemented SH-SY5Y cells, a confluent population of
galactose-supplemented SH-SY5Y cells (approximately 15 000)
were treated with PFOS (25–200 ppm) for 24 h. Post treatment,
cells were incubated for 6 h with H2DCFDA (1 lM). Fluorescence
was read using Molecular devices Spectramax M2. Data were
normalized with respect to control.

Mitochondrial stress test in SHSY-5Y cells. A mitochondrial stress
test was conducted using the Seahorse Bioscience XFp analyzer
in galactose-supplemented SH-SY5Y cells as per the manufac-
turer’s protocol. Briefly, SH-SY5Y cells were cultured in galac-
tose media prepared by dissolving glucose-free RPMI1640
(7.2 g l�1), sodium pyruvate (1 mM), and sodium bicarbonate
(44 mM) in 810 ml of distilled water. The pH was adjusted to 7.2
using 1 M hydrochloric acid and the media was further supple-
mented with 10 ml of 100� L-glutamine, 9 ml of 20% galactose,

10 ml of 1 M HEPES, 10 ml of penicillin-streptomycin, and 150 ml
of Nu Serum growth supplement. The media was filtered and
stored at 4�C. A total of 35 000 cells were plated in each well
(B–G) of Seahorse XFp cell culture miniplates and incubated for
24 h at 37�C with 5% carbon dioxide. Wells A and H were used
without cells as background. Cells were treated with 75 ppm
PFOS (within a range commonly used to evaluate DA neurotoxi-
cants [Li et al., 2015]) and incubated for another 24 h. Sensor car-
tridges were prepared with distilled water and incubated
overnight at 37�C. Post 24 h, cells were incubated with 155 ml ba-
sic media (Seahorse basic media [14.5 ml], 20% galactose
[10 mM], 100� L-glutamine [3.77 mM], and sodium pyruvate
[1 mM] at 37�C for 1 h). Meanwhile, XFp calibrant was added to
the sensor plates and incubated at 37�C for 30 min. Oligomycin
(8mM), Carboxyl Cyanide-4-(trifluoromethoxy) phenylhyrazone
(4.5 mM), and antimycin A/rotenone mixture (10mM) was added
to port A, B, and C, respectively, and the sensor plate was loaded
in the machine. After calibration, the culture miniplate was
inserted into the machine and the mito stress test was run.
Data were analyzed using the cell mito stress test report
generator.

MitoTracker staining and quantification. MitoTracker staining was
performed as described (Gaffney et al., 2014), with a slight modi-
fication. Briefly, MitoTracker Red CM-H2XRos was added to liq-
uid culture on day 2 and mixed gently. MitoTracker Red stock
solution was prepared by dissolving 50 mg MitoTracker Red CM-
H2XRos in 100 ml of DMSO. MitoTracker Red (final concentration,
4.72 mM) was fed to worms by mixing it with E. coli OP50. Worms
were washed off using M9 buffer on day 3, incubated with E. coli
OP50 solution for 30 min and washed again 3 times using M9
buffer. Worms were anesthetized using 100 mM sodium azide
and observed under a fluorescence microscope (Olympus BX-
53). Approximately 20 worms per group were analyzed semi-
quantitatively using Image J (Schneider et al., 2012). The gut re-
gion was excluded from ROI analysis, in order to eliminate
nonspecific fluorescence.

1-Nonanol assay. In order to evaluate dopamine-dependent mo-
tor behavior (as an indirect measure of dopamine levels), 1-non-
anol based repulsive behavior (Bargmann et al., 1993) was
quantified. The relationship between dopamine levels and re-
pulsion time has been repeatedly shown in the literature.
Worms with optimum levels of dopamine exhibit repulsive be-
havior when exposed to 1-nonanol, whereas worms with lower
levels of dopamine require prolonged time to show the repul-
sive behavior; increases in dopamine, correspondingly decrease
1-nonanol repulsion time (Sammi et al., 2018; Smita et al., 2017).
The 1-nonanol repulsion assay for indirect quantification of do-
pamine levels was performed as previously described (Sammi
et al., 2018). Briefly, treated worms were washed 3 times with M9
buffer. Worms were placed on NGM plates. The poking lash
dipped in 1-nonanol (Acros Organics, AC157471000) was placed
close to the head region of the worms while taking care not to
touch the worms. Care was also taken not to over immerse the
poking lash in 1-nonanol because excess 1-nonanol on the agar
plate comes in contact with the worms while also desensitizing
them due to prolonged exposure. Any worm prodded acciden-
tally was disregarded in order to rule out the interference from
the mechanosensory stimulus. Time taken for the worms to
show repulsive behavior was counted using a stop watch. Stop
watch was started as the poking lash was placed close to head
region and stopped when worm reversed and turned head �45�.
Previous studies in worms have validated the assay by exposing
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the worms to DAT inhibitor, bupropion HCl, and simultaneously
conducting the assay in worms overexpressing cat-2 (encodes
tyrosine hydroxylase) and cat-2 mutants (Sammi et al., 2018).
Additionally, RNAi of cat-2 has also been shown to enhance re-
pulsion time in worms (Kaur et al., 2012). Furthermore, cat-2
mutants have also shown increased repulsion time in response
to octanol with reversal in presence of exogenous dopamine
(Baidya et al., 2014).

Acetylcholine-dependent paralysis (Aldicarb) assay. Determination
of acetylcholine based function was conducted as described
(Mahoney et al., 2006). Briefly, treated worms were washed 3
times and were transferred to NGM-Aldicarb plates (0.5 mM
Aldicarb). Aldicarb is an acetylcholinesterase inhibitor and ex-
posure leads to accumulation of acetylcholine, resulting in flex-
ion of muscles. The percentage of worms paralyzed at a time
point is proportional to acetylcholine levels. The number of par-
alyzed worms was counted every 30 min. Any worms lost or in-
jured were not considered as the part of study. The percentage
of worms paralyzed was calculated when approximately 50% of
worms were paralyzed in the control group. The Aldicarb assay
has been successfully utilized to study functional alterations
resulting from perturbed synaptic transmission (Mahoney et al.,
2006). Previous studies have indicated its efficacy in determin-
ing the effect on cholinergic transmission in phytomolecules
and established pharmacological AcHE inhibitors such as
donepzil (Mulcahy et al., 2013; Sammi et al., 2017).

Statistical analysis. Statistical analysis was performed using
GraphPad PRISM, Version 7.02 (1992–2016 GraphPad Software,
Inc, La Jolla, California). Each experiment was repeated at least
3 times and normalized to untreated groups. Data are expressed
as mean 6 S.E.M. Analysis of variance (ANOVA), followed by
Dunnett’s (where comparison was only to control) and Sidak’s
(in case of two-way ANOVA) post hoc tests were utilized. For all
experiments, p < .05 was deemed statistically significant.

RESULTS

Heightened DA Neuron Vulnerability to PFOS
In view of the lack of information on PFOS neurotoxicity, we de-
termined the effect of PFOS on different neuron types (Figure 1).
Green fluorescence protein reporter strains specific to neuron
types such as DA (BZ555), GABA (CZ1632), serotonin (GR1366),
and acetylcholine (LX929) were exposed to PFOS within the
range 25–200 ppm (equivalent to 50–400 mM) for 72 h.
Dopaminergic neurodegeneration in nematodes is typically
quantified through the percentage of worms exhibiting neuro-
degeneration or the percentage of individual neurons exhibiting
neurodegeneration. Here, we have quantified both indices (Figs.
1 and 2) similar to our previous report that studied a different
chemical class (Sammi et al., 2018).

Dopaminergic neurons were found to be more vulnerable,
exhibiting a significant decrease in the percentage of worms
lacking neurodegeneration at 25 ppm (78.33 6 1.667, p¼ .0343),
50 ppm (73.33 6 8.33, p¼ .0088), 75 ppm (56.66 6 6.00, p¼ .0001),
100 ppm (50.00 6 7.63, p¼ .0001), 150 ppm (8.33 6 1.66, p¼ .0001),
and 200 ppm (0.00 6 0.00, p¼ .0001; n¼ 3) (Figs. 1A and 1B). The
IC50 value for PFOS in BZ555 was found to be 160 mM.

Comparatively, GABAergic, serotonergic and cholinergic
neurons were less sensitive than DA neurons, requiring higher
PFOS concentration. These subpopulations exhibited a signifi-
cant decrease in the percentage of worms lacking

neurodegeneration only at 100 ppm and above. GABAergic neu-
rons exhibited a decrease in the percentage of worms lacking
neurodegeneration at 100 ppm (83.33 6 1.66, p¼ .0005), 150 ppm
(83.33 6 3.33, p¼ .0005), and 200 ppm (53.33 6 4.41, p¼ .0001;
n¼ 3) (Figs. 1C and 1D). The IC50 value for PFOS in GR1366 was
found to be 283.3 mM.

Similarly, serotonergic neurons exhibited a decrease in the
percentage of worms lacking neuronal damage at 100 ppm
(75.00 6 0.00, p¼ .0001), 150 ppm (55.00 6 5.00, p¼ .0001), and
200 ppm (48.33 6 3.33, p¼ .0001; n¼ 3) (Figs. 1E and 1F). The IC50
value for PFOS in GR1366 was found to be 203.8 mM.

Cholinergic neurons also followed the same trend, exhibiting
a decrease in the percentage of worms lacking neurodegenera-
tion at 100 ppm (85.00 6 0.00, p¼ .0003), 150 ppm (85.00 6 2.87,
p¼ .0003), and 200 ppm (83.33 6 1.66, p¼ .0001; n¼ 3) (Figs. 1G
and 1H).

After identifying enhanced sensitivity of DA neurons to PFOS,
we studied the concentration and time-dependent effect of PFOS
on DA neurons. A significant decrease in the percentage of intact
neurons was observed at 75 ppm (78.33 6 0.41, p¼ .0023), 100 ppm
(69.16 6 4.15, p¼ .0001), 150 ppm (34.37 6 5.31, p¼ .0001), and
200 ppm (21.04 6 1.50, p¼ .0001; n¼ 3) (Figs. 2A and 2B).

Time course studies were conducted at 2 exposure levels, 75
and 100 ppm for 3 time points, 24, 48, and 72 h. In worms treated
with 75 ppm PFOS, a significant decrease in the percentage of
total intact neurons was observed at 48 h (82.29 6 4.79, p¼ .0183)
and 72 h (57.91 6 4.35, p¼ .0001) (Figure 2C).

At higher concentration (100 ppm), the effect was more pro-
nounced, where a larger reduction in the percentage of intact
neurons at 48 h (60.20 6 2.20, p¼ .0001) and 72 h (60.20 6 2.20,
p¼ .0001) was observed (Figure 2D). Perfluorooctane sulfonate
also produced developmental delay, which was more pro-
nounced at higher doses and therefore higher doses (100 and
200 ppm) were not utilized for mechanistic studies. Unlike PFOS,
GenX and PFOA did not produced detectable developmental
delay.

PFOS Accumulation in C. elegans
Internal PFOS levels in worms (on a wet weight basis) increased
in relation to applied PFOS (0–5 ppm) with 0.06 6 0.02 ppm at
0 ppm (controls), 13.06 6 3.61 at 1 ppm and 52.02 6 17.22
(p¼ .0197 vs control) at 5 ppm (Figure 3A). Up to 13-fold, BCF was
observed with BCFs of 13.01 6 3.61 and 10.40 6 3.44 calculated
for 1 and 5 ppm, respectively (Figure 3B).

PFOS Significantly Reduces Dopamine-Dependent Function Without
Altering Acetylcholine-Dependent Function
Caenorhabditis elegans treated with PFOS (1–75 ppm) exhibited a
significant increase in repulsion time at 25 ppm (3.43 6 0.21,
p¼ .0002), 50 ppm (3.86 6 0.15, p¼ .0001), and 75 ppm (4.30 6 0.21,
p¼ .0001) in comparison to optimum levels in the untreated
control (1.71 6 0.007; n¼ 3) (Figure 4A), implying that PFOS
reduces dopamine levels in a concentration-dependent
manner.

In contrast, PFOS-treated worms did not exhibit any signifi-
cant alterations in the Aldicarb assay (Figure 4B). Overall, these
results indicate that PFOS (within the range 1–75 ppm) specifi-
cally alters dopamine levels, whereas Ach levels remain
unaffected.

PFOS-Induced Alterations in ROS
Oxidative stress is known to play critical role in DA cell loss in
PD (Dias et al., 2013). Here, we quantified both ROS levels and,
specifically, superoxide levels using H2DCFDA and DHE staining,
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Figure 1. Dopaminergic (DA) neurons are selectively sensitive to perfluorooctane sulfonate (PFOS) exposure; an effect that is exposure level and time depen-

dent. Worms (Strain: BZ555) were treated with PFOS (exposure level range: 25–200 ppm) for 72 h and neurodegeneration was assessed. Dopaminergic neurons

exhibited heightened sensitivity to PFOS, with neurodegeneration observed at exposure levels as low as 25 ppm (n¼3) (A, B). Other neuron types, gamma-

amino butyric acid (GABA)ergic (Strain: CZ1632) (C, D), serotonergic (Strain: GR1366) (E, F), and cholinergic (Strain: LX929) (G, H) were comparatively less sus-

ceptible to PFOS-induced neurodegeneration, exhibiting neuron loss at 100 ppm and above, when exposed to PFOS for 72 h. Data are presented as mean 6

S.E.M. Percent of worms lacking neuronal damage was calculated by counting the number of worms with afflicted neurons for 20 animals in each experimen-

tal group. Data were analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test. *p< .05, **p< .005, and ***p< .001 (n¼3). Scale

bar represents 50 mM (A, C, G) and 20 lM (E).
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respectively. H2DCFDA, which is a generalized ROS specific
probe that detects hydroxyl, nitric oxide, and carbonate anion
radicals (Kalyanaraman et al., 2012) exhibited a significant in-
crease at 50 ppm (1.82 6 0.36, p¼ .0259), 75 ppm (1.75 6 0.20,
p¼ .0456), 100 ppm (2.08 6 0.16, p¼ .0022), and 200 ppm
(2.05 6 0.06, p¼ .0030; n¼ 3) (Figure 5A).

Prior reports linked enhanced superoxide dismutase activity
in response to PFOS exposure in SH-SY5Y cells (Chen et al.,
2014), Hep G2 cells (Hu and Hu, 2009), and fish (Liu et al., 2007).
We observed a significant decrease in superoxide levels (nor-
malized to control), evident through DHE staining at 5 ppm
(0.57 6 0.00, p¼ .0001) and 25 ppm (0.176 0.01, p¼ .0001) in com-
parison to control. A marginal upshift in superoxide ions was ob-
served at higher exposure levels: 50 ppm (0.17 6 0.01, p¼ .0001),
75 ppm (0.30 6 0.04, p¼ .0001), 100 ppm (4.306 0.21, p¼ .0001), and
200 ppm (0.49 6 0.04, p¼ .0001; n¼ 3) (Figs. 5B and 5C).

PFOS-Mediated Neurodegeneration: Independence From Superoxide
Levels
Due to the observed reduction in superoxide ions, we wanted to
identify whether there is a correlation between superoxide lev-
els and neurodegeneration. We used low exposure levels of

superoxide generator, juglone (5-hydroxy-1, 4-napthalenedione)
(Ishii et al., 1990; Tawe et al., 1998; Vanfleteren, 1993) to deter-
mine whether increasing superoxide levels could affect neuro-
nal lesions. Prior to cotreatment with PFOS and juglone, we
determined the effective, nonneurotoxic concentration of
juglone through assessment of different exposure levels for su-
peroxide radical generation (DHE staining), total ROS
(H2DCFDA), and neurodegeneration assay. We observed a signif-
icant increase in superoxide radicals in worms treated with
5 lM (1.57 6 0.02, p¼ .000), 10 lM (1.89 6 0.03, p¼ .000), and 20 lM
juglone (2.46 6 0.13, p¼ .000; n¼ 3) in comparison to untreated
control (Figs. 5D and 5E). Juglone also exhibited significant in-
crease in ROS levels at 5 lM (2.18 6 0.37, p¼ .009) and 10 lM
(2.98 6 0.33, p¼ .000; n¼ 3) in comparison to control (Figure 5F).
Further, we observed that higher exposure levels of juglone (ie,
20 lM) were toxic to DA neurons, exhibiting reduction in per-
centage of intact neurons being (81.66 6 2.70, p¼ .000; n¼ 3)
(Figure 5G). Hence, further studies to determine if superoxide
radicals can alter PFOS-mediated neurodegeneration, lower ex-
posure levels of juglone supplementation (2.5 lM and 5 mM)
were chosen. Cotreatment with juglone was devoid of any sig-
nificant alteration in PFOS-mediated DA cell loss (Figure 5H).

Figure 2. PFOS treatment causes DA cell loss that is concentration and time dependent. Treatment of worms with PFOS (exposure level range: 25–200 ppm for 72 h)

resulted in distinct morphological changes such as axon breaks or loss of dendrites, swelling, and loss of soma, representative of neuronal damage in worms (A). The

percentage of neuronal loss calculated with respect to total neurons (B). Time course studies at 75 ppm (C) and 100 ppm (D) exhibited a significant impact of exposure

time on DA cell loss in worms. Data are presented as mean 6 S.E.M. The percentage of intact neurons was calculated by counting the total number of neurons in each

worm for 20 worms per experimental group. Data were analyzed using one-way ANOVA followed by Dunnett’s post hoc test. *p< .05, **p< .005, and ***p< .001 (n¼3).

Scale bar represents 50 lM (A; Control and 50 ppm PFOS) and 20 mM (PFOS 100 and 200 ppm).
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Furthermore, we also employed mutants for mitochondrial
SOD (sod-3(gk235)) to ascertain if curtailed SOD activity in mito-
chondria alters effects of PFOS (50–100 ppm). We observed that
not only were sod-3 mutants, more vulnerable to the deleterious
effects of PFOS (Figure 5J), but they also exhibited significant de-
velopmental delays in comparison to normal, worms (Figure 5I).
A significant decrease in the percentage of intact neurons was
observed at 50 ppm for BZ555 (90.00 6 1.44) versus sod-3 mutants
(57.91 6 1.98, p< .0001), 75 ppm for BZ555 (65.20 6 4.48) versus
sod-3 mutants (24.37 6 1.30, p¼ .0001), and 100 ppm for BZ555
(55.83 6 3.50) versus sod-3 mutants (40.00 6 2.25, p¼ .0009; n¼ 3)
(Figure 5K). The above results imply that decreased superoxide
ions were unrelated to PFOS-mediated neurodegeneration,
whereas mutation in mitochondrial superoxide dismutase ren-
ders DA neurons more vulnerable to PFOS.

PFOS-Induced Alterations in Mitochondrial Content and Function
Dysfunctional mitochondria are one of the critical hallmarks
in Parkinson’s disease (Park et al., 2018) and Parkinson’s

disease-relevant toxicants, such as rotenone target mitochon-
dria (Chernivec et al., 2018; Greenamyre et al., 2003). We studied
the effect of PFOS on mitochondrial content in nematodes using
reduced MitoTracker red staining. We observed a significant re-
duction in mitochondrial content at exposure levels as low as
1 ppm (0.65 6 0.05, p¼ .0001) with further decreases at higher ex-
posure levels of 5 ppm (0.40 6 0.03, p¼ .0001), 10 ppm
(0.19 6 0.02, p¼ .0001), 25 ppm (0.17 6 0.00, p¼ .0001), 50 ppm
(0.07 6 0.00, p¼ .0001), and 75 ppm (0.05 6 0.00, p¼ .0001)
(Figs. 6A and 6B). We also assessed the effect of PFOS on ROS
levels in galactose-supplemented SH-SY5Y cells using
H2DCFDA. We observed a significant elevation in ROS levels at
25 lM (1.94 6 0.08, p¼ .000), 50 lM (2.33 6 0.12, p¼ .000), 75 lM
(2.35 6 0.18, p¼ .000), 100 lM (2.44 6 0.11, p¼ .000), and 200 lM
(2.47 6 0.08, p¼ .000, n¼ 3) (Figure 6C).

To assess mitochondrial function, we conducted cellular
mito stress tests in SH-SY5Y cells treated with 75-ppm PFOS.
We observed a significant decrease in the oxygen consumption
rate (oxidative phosphorylation) (Figure 6D) and extracellular

Figure 3. Internal PFOS levels and bioaccumulation. PFOS treatment at exposure levels (0, 1, and 5 ppm) for 72 h produced bioaccumulation in terms of quantified inter-

nal levels (A) and calculated bioconcentration factor (B). Data are presented as mean 6 S.E.M. Data were analyzed using one-way ANOVA followed by Dunnett’s post

hoc test. *p< .05 (n¼3).

Figure 4. PFOS selectively affects dopamine-dependent behavior. PFOS treatment altered dopamine-dependent behavior at exposure levels of 25, 50, and 75 ppm for

72 h, as evident from significant delay in repulsion time in response to 1-nonanol (A). Acetylcholine-dependent function was not affected at tested exposure levels (1–

75 ppm) (B). Data are presented as mean 6 S.E.M. Repulsion time was calculated for 20 animals per experimental group. The percentage of worms paralyzed was scored

for approximately 30–40 worms at the time point when about 50% of the worms were paralyzed in the control. Data are presented as mean 6 S.E.M. Data were analyzed

using one-way ANOVA followed by Dunnett’s post hoc test. ***p< .001 (n¼3).
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acidification rate (Figure 6E), proton leak (0.60 6 0.04, p¼ .0009)
(Figure 6F), and nonmitochondrial oxygen consumption
(0.38 6 0.04, p¼ .0002) (Figure 6G) in comparison to normalized
values of control. However, there were no significant changes in
ATP production (Figure 6H).

Neuroprotective Efficacy of Antioxidant Treatments
MPPþ served as a positive for Parkinson-disease-relevant mito-
chondrial toxicant because it is utilized to model Parkinson’s
disease in C. elegans (Pu and Le, 2008). Worms cotreated with
1.5 mM, MPPþ, and 10 mM XJB-5-131, (74.74 6 8.11, p¼ .0059),

Figure 5. PFOS treatment altered levels of superoxide radicals and reactive oxygen species (ROS); DA cell loss was independent of superoxide radicals. Total ROS levels

(normalized to control) measured using H2DCFDA, exhibited a concentration-dependent increase (A). Worms treated with PFOS exhibited a reduction in superoxide

levels (normalized to control) at lower exposure levels (5–50 ppm) which exhibited a gradual upshift at higher exposure levels (75–200 ppm) (B, C). Juglone, a superoxide

generator showed exposure level-dependent increase in superoxide levels (D, E) along with significant increase in ROS levels at 5 and 10 lM (F). Worms were devoid of

DA cell loss within the range 2.5–5 lM of juglone (G). Cotreatment with the juglone did not seem to affect DA cell loss (H). Mutants for mitochondrial SOD (sod-3(gk235))

exhibited elevated cell loss (J) in comparison to BZ555 worms (I), when treated with PFOS (50, 75, and 100 ppm) (K). Treatments conducted for a duration of 72 h. Data

are presented as mean 6 S.E.M. Data were analyzed by two-way ANOVA (K) followed by Sidak’s post hoc test for grouped analysis and by one-way ANOVA followed by

Dunnett’s post hoc test. *p< .05, **p< .01, and ***p< .001 (n¼3). Scale bar represents 20mm (A) and 50mm (E, F).
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Figure 6. PFOS affects mitochondrial content and the mitochondrial-targeted radical and electron scavenger XJB-5-131 provides modest neuroprotection. PFOS treat-

ment produced a loss of mitochondrial content in nematodes (A). Statistically significant decreases in mitochondrial content was observed at exposure 1 ppm and

above in worms treated for 72 h. (B). PFOS led to significant elevation in ROS levels in galactose-supplemented SH-SY5Y cells, detected using H2DCFDA (C). In PFOS-

treated galactose-supplemented SH-SY5Y cells, the oxygen consumption rate as a marker of oxidative phosphorylation and extracellular acidification rate as a marker

of glycolysis was reduced (D, E). Cells treated with PFOS exhibited a decrease in proton leak (D) and nonmitochondrial oxygen consumption (E), whereas alteration in

ATP production was insignificant (H). Use of the targeted radical and electron scavenger, XJB-5-131, significantly rescued cell loss in worms challenged with MPPþ (I).

XJB-5-131 partially rescued cell loss in worms treated with PFOS (J). The percentage of neuronal loss scored with respect to total neurons for cotreatment with XJB-5-

131 was rescued (K). XJB-5-131 also exhibited partial alleviation of mitochondrial content in worms challenged with PFOS (L). Treatments conducted for a duration of

24 and 72 h in cells and worms, respectively. Data are presented as mean 6 S.E.M. Data were analyzed using one-way ANOVA followed by Dunnett’s post hoc test.

**p< .005 and ***p< .001 (n¼3). Scale bar represents 20 mm (A) and 50mm (F).
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50 mM XJB-5-131, (87.24 6 3.36, p¼ .0003), and 100 mM XJB-5-131
(88.09 6 4.03, p¼ .0003) exhibited an increase in the number of
intact neurons in comparison to worms treated with MPPþ

(43.65 6 7.21) (Figure 6I). Because our data show elevated ROS
and decreased mitochondrial content, we cotreated worms with
XJB-5-131 (12.5–50 mM) and PFOS. We observed partial ameliora-
tion of DA neurodegeneration at 25 mM XJB-5-131 (91.87 6 1.78,
p¼ .00013) and 50 mM XJB-5-131 (90.62 6 2.25, p¼ .0023) for total
neurons in comparison to worms treated with 75 ppm PFOS
alone (77.08 6 0.90) (Figs. 6J and 6K). Further, we also measured
the effect of XJB-5-131 on mitochondrial content, where we ob-
served a significant alleviation in mitochondrial content in
worms cotreated with 12.5 lM XJB-5-131 (1.37 6 0.09, p¼ .016;
n¼ 3) in comparison to worms treated with 75 ppm PFOS
(Figure 6L).

Neuroprotective Effects of GSH
We also studied the effect of GSH on PFOS-mediated neurode-
generation. Worms were cotreated with GSH (0.125–2 mM) and
75 ppm PFOS. A single dose of GSH did not cause any alteration
in PFOS-mediated neurodegeneration, whereas daily supple-
mentation of GSH exhibited significant neuroprotection
(Figure 7A). An increase in the percentage of intact neurons was
observed at GSH levels of 0.125 mM (61.66 6 3.99, p¼ .0017),
0.25 mM (68.75 6 2.86, p¼ .0003), 0.5 mM (79.16 6 5.59, p¼ .0001),

1 mM (72.45 6 3.11, p¼ .0001), and 2 mM (65.62 6 5.20, p¼ .0006)
in comparison to 75 ppm PFOS alone (32.70 6 3.85) (Figure 7B).
Furthermore, considerable improvement in behavior corre-
sponding to dopamine levels was also observed in worms sub-
jected to cotreatment with 0.25 and 0.5 mM GSH as shown
(Figure 7C). Significant differences in repulsion time were ob-
served in worms cotreated with 0.25 mM GSH (2.11 6 0.03,
p¼ .0001) and 0.5 mM GSH (1.85 6 0.07, p¼ .0001) in comparison
to 5 ppm PFOS (3.09 6 0.23) alone. At 25 ppm PFOS (3.40 6 0.21),
worms cotreated with 0.25 mM GSH (2.42 6 0.09, p¼ .0001) and
0.5 mM GSH (1.90 6 0.10, p¼ .0001) exhibited a significant de-
crease in repulsion time. Similarly, in worms treated with 50
ppm PFOS (4.38 6 0.03), cotreatment with 0.25 mM GSH
(3.07 6 0.07, p¼ .0001) and 0.5 mM GSH (2.30 6 0.10, p¼ .0001)
exhibited a significant decrease in repulsion time. At the high-
est exposure level tested, 75 ppm PFOS (4.60 6 0.21), consider-
able lowering in repulsion time was observed in worms
cotreated with 0.25 mM GSH (3.04 6 0.18, p¼ .0001) and 0.5 mM
GSH (2.66 6 0.17, p¼ .0001). These findings showed beneficial
effects of GSH on dopamine levels in worms treated with PFOS.
In order to further confirm out findings we eutilized BSO, which
inhibits GSH biosynthesis through inhibition of gamma gluta-
mylcysteine synthetase (Haddad, 2001). We observed a signifi-
cant reduction in intact DA neurons upon cotreatment with
BSO at 100 lM (60.83 6 2.91, p¼ .019) and 200 lM (47.29 6 4.18) in

Figure 7. Glutathione (GSH) treatment reduces PFOS-induced DA neurodegeneration. The neuroprotective effects of GSH were evaluated for supplementation in poly-

fluoroalkyl substance (PFAS)-treated worms (75 ppm) (A). Worms cotreated with GSH exhibited decreased DA cell loss (B). Worms treated with GSH also exhibited pro-

tection from PFAS-induced functional deficits as quantified through the dopamine-dependent 1-nonanol repulsion assay (C). Cotreatment with buthionine

sulfoximine (BSO), a gamma glutamylcysteine synthetase inhibitor, exhibited decrease in percentage of intact DA cells (D); exposure level of BSO employed (50–200 lM)

did not exhibit neurotoxicity to DA neurons in untreated worms (E). Treatments conducted for a duration of 72 h. Data are presented as mean 6 S.E.M. Data were ana-

lyzed by one-way ANOVA (B) or by two-way ANOVA (C) for grouped analysis and followed by Dunnett’s post hoc test. **p< .01 and ***p< .001 (n¼3). Scale bar represents

50mm.
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comparison to 75 ppm PFOS alone (74.16 6 1.36; n¼ 3)
(Figure 7D). The exposure level of BSO utilized was not toxic to
DA neurons (Figure 7E).

In light of the previous studies, where beneficial effects of
NAC and HBA were observed on toxicant mediated mitochon-
drial affliction and DA cell loss (Sammi et al., 2018), we cotreated
the worms with NAC and HBA. In contrast to our previous stud-
ies, we observed a marginal decrease in percentage of intact
neurons in worms cotreated with NAC (Supplementary Figs.
S1A and S1B) and HBA (Supplementary Figs. S1C and S1D).

Neuroprotective Efficacy of BCD
b-Cyclodextrin has been reported to prevent or reverse the bind-
ing of PFOA to human serum albumin (Weiss-Errico et al., 2018).
We assessed the effects of BCD on PFOS-mediated neurodegen-
eration by cotreating worms with 75 ppm PFOS and BCD (150–
300 mM) at 1, 1.5, and 2 times the equimolar concentration of
PFOS. We observed significant neuroprotection at all BCD con-
centrations (Figure 8A). In terms of total neurons, increases in
the percentage of intact neurons were observed in worms
cotreated with BCD at concentrations of, 150 mM (96.66 6 1.98,
p¼ .0001), 225 mM (97.70 6 1.45, p¼ .0001), and 300 mM
(99.16 6 0.41, p¼ .0001) in comparison to worms treated with
75 ppm PFOS alone (64.58 6 3.89) (Figure 8B). Similar to the im-
pact of BCD on PFOS-induced neurodegeneration, a significant
protective effect on mitochondrial content, when exposed to
75 ppm PFOS was observed (Figure 8C) with BCD exposure levels
of 150 mM (0.46 6 0.04, p¼ .0002), 225 mM (0.30 6 0.04, p¼ .000),
and 300 mM (0.48 6 0.03, p¼ .0001) in comparison to 75 ppm PFOS
(0.03 6 0.00) (Figure 8D).

To determine whether protection was simply due to de-
creased exposure, we also conducted time lag studies for differ-
ent time points (BCD administered 12–72-h post-PFOS) in order
to ascertain the time dependence amelioration of BCD. Here, we
cotreated worms with 150 mM BCD and 75 ppm PFOS. We ob-
served a significant increase in the percentage of intact neurons
in comparison to 75 ppm PFOS. In terms of total neurons, com-
pared with worms treated with 150 mM BCD for 72 h
(93.75 6 0.95), we only observed a significant difference in
worms treated for 12 h (62.91 6 3.50, p¼ .0143) and 24 h
(81.66 6 2.20, p¼ .0001) (Figure 8E). Notably, the percentage of in-
tact neurons in worms cotreated with BCD for both 12 and 24 h
(p¼ .0002 and .0001, respectively) treatment was significantly
higher than 75 ppm PFOS alone.

We also tested whether BCD ameliorated dopamine-
dependent behavioral deficits using the 1-nonanol assay. We
observed a significant difference with respect to different expo-
sure levels of PFOS (5–75 ppm) (Figure 8F). Modest, but signifi-
cant decreases in repulsion time were observed in worms
treated with 150 mM BCD at (1.68 6 0.02, p¼ .0309) and 225 mM
(1.57 6 0.06, p¼ .0035) in comparison to untreated controls
(2.01 6 0.02). In worms treated with 5 ppm PFOS (2.53 6 0.02),
cotreatment with 150 mM BCD (1.46 6 0.03, p¼ .0001) and 225 mM
BCD (1.48 6 0.07, p¼ .0001) led to a significant decrease in repul-
sion time. Similarly, worms cotreated with 150 mM BCD
(1.67 6 0.06, p¼ .0001) and 225 mM BCD (1.50 6 0.01, p¼ .0001) also
exhibited significant decreases in repulsion time in comparison
to worms treated with 25 ppm PFOS (2.97 6 0.07). In worms
treated with 50 ppm PFOS (3.24 6 0.10), worms cotreated with
150 mM BCD (1.67 6 0.03, p¼ .0001) and 225 mM BCD (1.66 6 0.05,
p¼ .0001) exhibited a considerable reduction in repulsion time.
At the highest exposure level studied, 75 ppm PFOS (4.05 6 0.26),
we observed a significant decrease in repulsion time in worms
subjected to cotreatment with 150 mM BCD (1.76 6 0.03, p¼ .0001)

and 225 mM BCD (1.87 6 0.11, p¼ .0001). These results implicated
a positive effect of BCD on dopamine levels in worms chal-
lenged with PFOS.

Neurotoxicity of Additional and Alternative PFAS
We also tested other PFAS such as PFOA and GenX for their ef-
fect on DA neurons. PFOA, which differs with PFOS only in re-
spect to the sulfonyl hydroxide group, did not show any signs of
neurodegeneration within the tested exposure level range. Gen
X, which is a replacement chemical for PFOS (Brandsma et al.,
2019), did show marginal neurodegeneration at the highest ex-
posure levels (Table 2).

DISCUSSION

PFAS exposures represent a significant public health concern
(Jian et al., 2018; Sunderland et al., 2019). Recently, we found do-
pamine levels to be selectively decreased in a sentinel species
exposed to PFAS (Northern leopard frogs) (Foguth et al., 2019).
Additionally, PFAS produce neurotoxicity and behavioral defi-
cits in C. elegans (Chen et al., 2014). Thus, there is a clear indica-
tion that PFAS neurotoxicity may be important, but there are
significant gaps in the literature with respect to which neuronal
systems may be most sensitive. Here, nematode models were
utilized to allow testing across a wide range of doses and to con-
duct mechanistic studies. Our data show that dopamine neu-
rons are affected at lower exposure levels than those required
to lesion other neuronal populations, suggesting heightened
sensitivity. Functional assays showed that dopamine-
dependent behavioral alterations correlated with the observed
neuropathology, where acetylcholinergic-mediated function
was unaffected. Thus, PFOS exposure should be examined for
potential relevance to neurological diseases affecting DA neu-
rons. In particular, relevance to Parkinson’s disease should be
evaluated given that selective DA neurodegeneration in animal
models, including nematodes has repeatedly been utilized to
identify risk factors and pathogenic mechanisms (Bornhorst
et al., 2014; Cannon and Greenamyre, 2010). Indeed, our mecha-
nistic studies implicated pathogenic features important to
Parkinson’s disease, including oxidative damage and mitochon-
drial impairment. Finally, we identified specific neuroprotective
strategies. Overall, the observed selective DA pathology sug-
gests that the risk of chronic PFAS exposure, even at low expo-
sure levels, should be evaluated for long-term neurological
consequences.

Exposure levels were chosen based on environmental and
biological PFAS levels and those used for established DA neuro-
toxicants in nematodes (Table 1). Here, it is worth noting that
PFOS in human blood has been detected within the tested range
(�25 ppm for most assays) (Olsen et al., 2003). Moreover, effects
on mitochondrial endpoints were evident at exposures as low
as 1 ppm. PFOS is known to bioconcentrate in aquatic animals
(Arnot and Gobas, 2006; Higgins et al., 2007; Jeon et al., 2010).
Similarly, we observed up to a 13-fold bioconcentration in C. ele-
gans. PFAS accumulate in mammalian brain, suggesting that it
will be critical to study total brain and subregional half-lives
(blood is usually reported) and adjust dosing regimens accord-
ingly (Dassuncao et al., 2019; Eggers Pedersen et al., 2015).

Reactive oxygen species generation is a critical aspect of
Parkinson’s disease pathogenesis (Dias et al., 2013). Thus, we ex-
amined ROS in PFOS-treated worms. A decrease in superoxide
ions was observed at lower exposure levels. This finding is con-
sistent with previous reports, where increased superoxide dis-
mutase activity has been reported as response to PFOS
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Figure 8. b-Cyclodextrin (BCD) ameliorates PFOS-mediated neurodegeneration. Treatment with BCD (150, 225, and 300 mM) prevented PFOS (75 ppm) mediated neurode-

generation (A, B). Further, BCD treatment prevented reductions in mitochondrial content (C, D). The effects of delayed BCD (post-PFOS administration) were deter-

mined with a 12–72-h lag treatment for 2 exposure levels, 150 and 200 mM. In worms cotreated with 150mM BCD, reduced neuroprotective efficacy was not observed

until treatment was delayed for 48–72 h (E). Worms treated with BCD exhibited functional improvement in dopamine-dependent 1-nonanol repulsion in comparison to

untreated worms across different exposure level of PFOS (F). Treatments conducted for a duration of 72 h. Data are presented as mean 6 S.E.M. Data were analyzed by

one-way ANOVA (C, D, E) or by two-way ANOVA (F) for grouped analysis and followed by Dunnett’s post hoc test. *p< .05, **p< .01, and ***p< .001 (n¼3). Scale bar repre-

sents 50mm (A) and 20mm (C).
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administration in multiple models (Chen et al., 2014; Hu and Hu,
2009; Liu et al., 2007). A further increase in PFOS exposure levels,
led to an eventual elevation in superoxide levels. In contrast, to-
tal ROS levels exhibited a concentration-dependent increase
with respect to PFOS, suggesting contribution from sources
other than superoxide or a biochemical response to PFOS-
induced superoxide alterations. To further explore a potential
contribution of superoxide, we first cotreated worms with low
exposure levels of the superoxide generator, juglone (Ishii et al.,
1990; Tawe et al., 1998; Vanfleteren, 1993), and then studied the
effect of DA neurons in mutants for mitochondrial SOD (sod-3,
[gk235] with 390-bp deletion expected to produce a loss-of-func-
tion). Here, we did not observe any alteration in the percentage
of intact neurons in worms treated with juglone, suggesting a
limited role of superoxide ions in PFOS-mediated neurodegener-
ation. This implied that the increased SOD activity might be a
protective response toward oxidative stress. Notably, exposure
levels of juglone demonstrated increase in superoxide levels
and total ROS. Exposure level rationale was concluded relying
on fact that higher exposure levels (approximately 20 lM) pro-
duced DA cell loss. In order to further corroborate our findings,
we utilized mutants for mitochondrial SOD (sod-3). The ratio-
nale for using mitochondrial SOD mutants was that in our stud-
ies, mitochondria were found to be a likely key pathogenic
target. Further, utilizing mutants for cellular SOD would evoke a
larger, generalized SOD deficiency, which may serve as a con-
founding factor. Here, we utilized the mutation that does not
generate a near complete SOD deficiency. We found that mito-
chondrial SOD mutants were both more vulnerable to PFOS-me-
diated neurodegeneration and also exhibited a developmental
delay. Normal worms exhibited decreases in the percentage of
intact neurons in an exposure level-dependent manner; how-
ever, in SOD-3 mutants, a slight decrease in PFOS associated
neuropathology was observed at 100 ppm in comparison to
75 ppm, implying that larval stages alter the response to PFOS-
mediated neurodegeneration.

Mitochondrial dysfunction is a critical feature of Parkinson’s
disease pathogenesis (Reddy, 2009; Schon and Manfredi, 2003;
Young, 2009). We observed a significant concentration-
dependent decrease in mitochondrial content at levels as low as
1 ppm. It is noteworthy that a 1-ppm exposure is comparable to
the range of PFOS levels found in blood samples from American
donors (0.0041–1.656 ppm) (Olsen et al., 2003). Similar to the find-
ings in worms, we also observed significant elevation in ROS
levels in galactose-supplemented SH-SY5Y cells treated with
PFOS. Further, we observed a significant decrease in proton leak
and nonmitochondrial oxygen consumption, with no changes
in other mitochondrial functions. Depletion of both oxygen con-
sumption rate implied the stressed condition of mitochondria,

supporting our findings from the MitoTracker studies con-
ducted in worms. It is possible that PFOS-induced decreases in
oxygen consumption rate stemmed from decreased mitochon-
drial content. However, this correlation could not be established
in the studies here because bioenergetic studies were conducted
in SH-SY5Y cells and mitochondrial content was measured in
nematodes. Depletion of both oxygen consumption rate and ex-
tracellular acidification rate suggests the possibility of a general,
regulated decrease in energetics. Here, future studies in both
highly glycolic (glucose supplemented) cells and those more re-
liant on oxidative phosphorylation (galactose supplemented)
may be useful (de Rus Jacquet et al., 2017; Marroquin et al., 2007).

We also tested whether antioxidants and mitochondrial
activators previously shown to rescue C. elegans exposed to toxi-
cants causing DA neuronal loss would be protective (Sammi
et al., 2018). Surprisingly, we did not observe detectable neuro-
protection; rather, a marginal decrease in the percentage of in-
tact neurons in worms (data shown in supplementary material;
studies with HBA and NAC). A potential explanation for the lack
of efficacy of HBA and NAC relative to the positive findings in
other nematode PD models could be due to the inability of the
involved pathways in circumventing PFOS-mediated neurode-
generation. N-acetyl-L-cysteine is a generalized activator of mi-
tochondrial complexes I, IV, and V (Cocco et al., 2005; Kamboj
and Sandhir, 2011; Miquel et al., 1995; Soiferman et al., 2014), be-
sides also being involved in GSH maintenance/metabolism
(Atkuri et al., 2007; Kerksick and Willoughby, 2005). We hypothe-
sized that PFOS could directly affect the GSH biosynthetic path-
way; a mechanism that would limit the efficacy of NAC. We also
observed similar results upon inhibition of GSH biosynthesis in
later studies using BSO. Furthermore, a possible explanation of
lack of HBA mediated neuroprotection could be due to effects
on complex II which is involved in HBA mediated enhancement
of oxidative phosphorylation (Tieu et al., 2003). Indeed, altera-
tions in GSH biosynthesis are postulated to be a primary patho-
genic pathway in Parkinson’s disease (Martin and Teismann,
2009). We also tested a targeted mitochondrial ROS scavenger,
XJB-5-131, that contains the electron and radical scavenger 4-
AT, which also functions as an SOD mimetic (Khattab 2006), and
a mitochondrial membrane targeting sequences derived from
the antibiotic gramicidin S. Our initial studies on worms chal-
lenged with millimolar MPPþ exhibited significant amelioration
in response to micromolar XJB-5-131. Further, we cotreated
worms with PFOS and XJB-5-131 but only observed a marginal
ameliorative effect of XJB-5-131 against PFOS. This marginal ef-
fect could be attributed to the fact that 4-AT like Tempo is an
SOD mimetic and an effective superoxide radical ion scavenger
(Aksu et al., 2015; Khattab, 2006), but DA neuronal loss might be
attributed largely to other ROS besides superoxide ions.

Table 2. PFAS Tested for Selective DA Neurotoxicity

PFAS

Exposure
Level Range Tested for

Neurodegeneration (ppm)
Threshold for DA

Neurodegeneration
Threshold for Non-DA

Neurodegeneration
Selective Neurodegeneration

(Yes/No)

PFOA 25–200 Not found Not tested Not detected at
tested exposure levels

PFOS 25–200 25 100 Yes
GenX 25–200 200 Not tested Yes

Numerous PFAS were evaluated for evidence of neurodegeneration. Selective DA neurodegeneration was identified where the threshold (lowest does) to induce statis-

tically significant DA neurodegeneration was lower than that to induce non-DA neurodegeneration (significant effects on GABA, 5-HT, or ACh neurons)—lowest

exposure level to affect one of these populations is reported. ND ¼ not detectable.
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Furthermore, hydrogen peroxide levels are not substantially
influenced by XJB-5-131 (Wenz et al., 2018). Surprisingly, XJB-5-
131 when tested for its effect on mitochondrial content, exhib-
ited only partial rescue against PFOS-treated worms.

We also tested the effect of GSH on PFOS afflicted DA neu-
ronal loss. Worms treated once with GSH did not exhibit sig-
nificantly increased survival, which might be because GSH is
oxidized in solution (Kalebic et al., 1991). However, daily
treatment with GSH exhibited a significant amount of neuro-
protection in a concentration-dependent manner.
Furthermore, we also observed a significant rescue of
dopamine-related behavior in worms treated with 0.25 and
0.5 mM GSH. Furthermore, BSO, an inhibitor of GSH biosyn-
thesis (Haddad, 2001) also exhibited enhanced neurotoxicity
when cotreated with PFOS. Of note, the delay in neuroprotec-
tive effects of GSH supplementation may have been because
mitochondria lack inherent machinery to synthesize GSH
and rely solely on cytosolic GSH to maintain intramitochon-
drial GSH pool, which has to be moved inside mitochondria
against the electrophoretic gradient in an ATP driven manner
(Fernandez-Checa et al., 1997).

Taken together, these findings suggest that mitochondria
are a key pathogenic target and mechanistic and neuroprotec-
tive studies suggest specific biochemical mechanisms.

Few therapeutic options currently have been tested for
PFAS. b-Cyclodextrin is a cyclic carbohydrate based chelator of
hydrophobic substances that has been demonstrated to en-
capsulate PFOA, with 2 BCD molecules required to encapsulate
1 eight-carbon PFAS (Weiss-Errico and O’Shea, 2017). Of signif-
icance to in vivo systems, BCD has been reported to reduce
binding of PFOA to human serum albumin (Weiss-Errico et al.,
2018). In general, these citations suggest a 1:1 molarity or
greater, in accordance to the properties of the amphiphilic
chelator BCD. To date, there is limited knowledge on whether
BCD may protect from a sulfonated PFAS. Thus, we tested BCD
at 1�, 1.5�, and 2� the stoichiometry of PFOS. We observed
significant neuroprotection in worms from PFOS at all tested
exposure levels. Cotreatment bears limited clinical relevance
and protection could be simply due to preventing PFAS from
entering the tissue. Thus, we determined the effect delayed
BCD administration. Given that BCD was protective when ad-
ministered 12 and 24 h after PFOS (only at 72 h did the effect di-
minish), these results suggest a promising chelation based
neuroprotective effect of BCD against PFOS-induced neurotox-
icity. Additionally, the time lag studies highlighted that BCD
confers neuroprotection upon both immediate and delayed
administration.

Nematode models have many advantages in assessing neu-
rotoxicity. However, it is clear that these results should prompt
studies in higher order systems and epidemiological studies in
humans. Of further note, DA neuron degeneration in nemato-
des is often linked to potential relevance to Parkinson’s disease,
though relevance to other DA systems in higher order species,
including the reward pathway and neuroendocrine function
will also need to be evaluated.

In summary, multiple neuropathology and biochemical end-
points suggest that DA neurons are especially sensitive to PFOS
exposure, and that potential therapeutic leads include amphi-
philic chelators such as BCD, antioxidants such as GSH, and tar-
geted SOD mimetics such as XJB-5-131. Given the public health
concern of PFOS and other PFAS, along with neurotoxicity find-
ings here and in a recent neurochemical study, the role of PFAS
in adverse neurological outcomes in humans should receive sig-
nificant attention (Foguth et al., 2019).

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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