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A B S T R A C T

Recent studies have indicated that perfluorooctane sulfonate (PFOS) and its derivatives can lead to neurotoxi-
city. In the present study, we showed that PFOS may trigger neuronal apoptosis through a c-Jun N-terminal
kinase (JNK)-related mechanism. We revealed that c-Jun N-terminal kinase (JNK) was robustly activated in
PFOS-exposed neuronal cells. The doses of PFOS that initiates JNK activation coincides with that inducing
neuronal apoptosis, as confirmed by western blot and Annexin V-PE/7-AAD analyses. In addition, we found that
reactive oxidative species (ROS) accumulation plays a casual role in PFOS-initiated JNK activation, as treatment
with ROS scavenger N-acetyl-L-cysteine (NAC) abrogated PFOS-induced mitochondrial and nuclear translocation
of phosphorylated JNK (p-JNK). In keeping with this notion, the expression of JNK downstream pro-apoptotic
target Bim was increased following PFOS exposure in JNK- and ROS-dependent manners. Finally, Annexin V-PE/
7-AAD analysis uncovered that treatment with NAC or SP600125 could significantly impair PFOS-induced
neuronal apoptosis. These findings implicate that JNK signaling is critically involved in PFOS-induced neuronal
death by virtue of mitochondrial translocation and the transcription of pro-apoptotic genes.

1. Introduction

Perfluorooctane sulfonate (PFOS) is an important component and
metabolite of perfluoroorganic compounds and has been widely found
in industrial productions and daily necessities, such as surface anti-
fouling agents, cleaning agents, material coatings and food packaging
(P. Sun et al., 2018; Wang et al., 2019). PFOS may accumulate in living
organisms and is detectable in the environment, wildlife and human
bodies (Fattore et al., 2018; Weber et al., 2019; Zhou et al., 2019).
Animal studies have found that PFOS may cause assorted toxic effects,
such as hepatotoxicity, immunotoxicity, cardiovascular toxicity, re-
productive toxicity and neurotoxicity (Chen et al., 2016; Cui et al.,
2015; Harada et al., 2005; Salgado et al., 2016; Yang et al., 2002), and
is considered to be an environmental pollutant with multi-organic
toxicity. Particularly, the neurotoxic effects of PFOS have attracted
significant public health concern. Animal studies implicate that PFOS
exposure is associated with spatial learning and memory impairment
and multiple behavioral alterations (Spulber et al., 2014; Wang et al.,
2015; Zeng et al., 2019). However, the molecular mechanism under-
lying PFOS neurotoxicity remains to be elucidated.

Recent studies indicated that PFOS exposure may trigger direct
neuronal damage and death. In this regard, mitochondrial dysfunction
and reactive oxidative species (ROS) production are supposed to play
integral roles in PFOS-induced neuronal apoptosis. HG Lee et al. re-
ported that PFOS trigger ROS-mediated PKC pathway to promote the
apoptosis of cerebellar granule cells (Lee et al., 2012). Furthermore,
PFOS may alter mitochondria-residual Bcl-2 proteins of hippocampal
neurons in adult mice (Long et al., 2013). Another study showed that
PFOS can cause neuronal apoptosis in a ROS-dependent manner (C. Li
et al., 2017). However, the detailed mechanism by which PFOS may
cause neuronal damage remains to be fully clarified.

JNK signaling pathway is an important stress-responsive signaling
pathway, and can be activated by various external factors, including
growth factors, cytokines and environmental stress (Tanaka et al.,
2019). In somatic cells, robust JNK activation is frequently related with
the decision of cell destiny. JNK may activate c-Jun, c-myc and other
pro-survival proteins to drive cell growth under growth factor stimu-
lation. However, numerous studies indicated that JNK play a pivotal
role in the initiation of cell apoptosis following exposure to cytotoxic
agents. JNK is required for UV and γ-ray-induced apoptosis
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(Dhanasekaran and Reddy, 2008). JNK may physically bind to and
phosphorylate pro-apoptotic Bcl-2 member Bim to trigger Bax-depen-
dent apoptosis. JNK may also induce the cleavage of bid, leading to its
translocation into mitochondrial membrane and resultant release of
cytochrome c(cyto c) (Madesh et al., 2002). In addition, evidence in-
dicates that activated JNK may translocate into mitochondria to di-
rectly trigger mitochondria-dependent apoptotic signaling (Kharbanda
et al., 2000). These findings suggest a crucial involvement of JNK sig-
naling in the determination of cell survival and apoptosis.

Our recent findings have implicated that PFOS may trigger neuronal
apoptosis via ROS and mitochondria-dependent manners. In the present
study, we showed that PFOS exposure robustly activated JNK signaling
in SH-SY5Y cells with a concomitant increase of neuronal apoptosis.
Notably, active JNK exhibits significant mitochondrial and nuclear
translocation following PFOS exposure. Treatment with ROS scavenger
NAC impairs PFOS-initiated mitochondrial and nuclear translocation of
phosphorylated JNK (p-JNK). In addition, abrogating JNK activity or
scavenging ROS partially attenuates PFOS-induced neuronal apoptosis.
These findings suggest a critical involvement of ROS-mediated JNK
signaling in PFOS-mediated neuronal death, shedding new light into the
mechanism underlying PFOS-induced neurological disorders.

2. Materials and methods

2.1. Reagents

The following reagents were purchased from their suppliers: PFOS
(potassium salt, purity 98%; Sigma-Aldrich, Shanghai, China);
Dimethyl Sulfoxide (DMSO; Sigma, St. Louis, MO, USA); N-acetyl cy-
steine (NAC; Sigma, St. Louis, MO, USA); SP600125 (Sigma-Aldrich
Shanghai, China); MitoTracker® Red CMXRos (Yisheng Biological
Technology Co Ltd., Shanghai, China).

2.2. Cell cultures and treatment

SH-SY5Y cells were obtained from the Institute of Biochemistry and
Cell Biology and cultured in Dulbecco's modified Eagle's medium
(DMEM; Sigma, St. Louis, MO, USA) supplemented with 10% fetal bo-
vine serum (Sigma, St. Louis, MO, USA) at 37 °C in a humidified at-
mosphere with 5% CO₂. SH-SY5Y cells were exposed to different con-
centrations of PFOS (0, 25, 50, 100 and 200 μM) dissolved in DMSO for
48 h or 200 μM PFOS for 0, 3, 6, 12, 24 and 48 h for time-dependent
experiments in the period of logarithmic phase. 0.1% DMSO was used
as a vehicle control. As for NAC and SP600125 treatments, the cells
were pre-treated with 10mM ROS inhibitor (NAC) for 24 h or 10mM
SP600125 for 1 h, followed by PFOS treatment for 48 h.

2.3. Western blot analysis

SHSY-5Y cells were directly lysed using RIPA lysis buffer (Beyotime
biotechnology, Shanghai) on ice for 30min, transferred into 1.5 mL
Eppendorf tubes and centrifugated at 13,000g, 4 °C for 10min. The
supernatants were transferred into new Eppendorf tubes and protein
concentrations were determined using a BCA protein assay kit
(Beyotime biotechnology). Subsequently, the samples were added with
SDS sample buffer and boiled for 15min. Equal protein samples were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to PVDF membranes. Next, PVDF mem-
branes were blocked with 5% skim milk in TBST for 2 h. The mem-
branes were incubated with the indicated primary antibodies overnight
at 4 °C and secondary antibodies at room temperature for 2 h. Finally,
the protein bands were visualized using an enhanced chemilumines-
cence system (ECL, Thermo Scientific Pierce, Rockford, IL).

2.4. Annexin-V/7-AAD analysis of SH-SY5Y cell apoptosis

Annexin-V/7-AAD analysis was performed using an Annexin-V/7-
AAD apoptotic assay kit (BD Pharmingen, USA) in accordance with the
manufacturer's instruction. After treatments, cells were trypsinized and
washed twice with ice-cold PBS. Thereafter, the cells were resuspended
with 100 μL of 1×binding buffer. Each tube was added with 5 μL
Annexin V-FITC and 5 μL 7-AAD, mixed gently, and incubated for
15min in dark at room temperature. Finally, the samples were added
with 400 μL of 1× Binding Buffer and subjected to flow cytometry
analysis shortly afterwards.

2.5. ROS measurements

SH-SY5Y cells were seeded in 6-well plate (1.2× 106 cells per well),
incubated overnight and exposed to DMSO (control), 50, 100 and
200 μM PFOS for 48 h. The medium of the cells were removed and re-
placed with fresh serum-free medium containing DCFH-DA (1:1000;
Sigma, St. Louis, MO, USA). After 30min incubation at 37 °C, Hoechst-
33258 (1:1000; Santa Cruz Biotechnology) was added to stain cell nu-
clei. The fluorescent signal was examined under a fluorescence micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany). The experiments
were repeated in triplicate.

2.6. Cell fluorescence analysis

SH-SY5Y cells were incubated with MitoTracker® Red CMXRos
(Yisheng Biological Technology Co Ltd., Shanghai, China) in culture
medium at 37 °C for 30min in dark. Then, the cells were fixed with 4%
(v/v) paraformaldehyde in PBS for 50min and permeabilized with 1%
Triton-X100 for 15min. The cells were blocked with a blocking buffer
containing 1% (w/v) bovine serum albumin (BSA) and 0.05% Tween-20
in PBS for 2 h at room temperature and incubated with a rabbit poly-
clonal anti-p-JNK antibody (1:100, Santa Cruz Biotechnology) over-
night at 4 °C. Thereafter, the cells were incubated with an Alexa Fluor®
488-conjucated secondary antibody (Life Technologies, Shanghai,
China) and Hoechst-33258 for 2 h at room temperature. Finally,
fluorescent images were captured using a digital fluorescence micro-
scope (DM5000, Leica Microsystems GmbH, Wetzlar, Germany).

2.7. Mitochondria, nuclear and cytoplasm extraction

SH-SY5Y cells were treated with or without 200 μM PFOS for 48 h,
in the presence or absence of pretreatment with NAC, SP600125.
Subsequently, mitochondrial and cytoplasmic fractions of SH-SY5Y
cells were isolated using a mitochondria isolation kit (Beyotime
Institute of Biotechnology, Jiangsu, China) following the manufac-
turer's recommended protocol. Subcellular fractionation was performed
using a Nuclear and Cytoplasmic Protein Extraction Kit (Sangon Biotech
Shanghai Co Ltd).

2.8. Statistical analysis

All data are presented as the means± standard deviation of the
mean (SD) from at least three independent experiments. Statistical
significant difference was calculated by one-way analysis of variance
(ANOVA). Statistical comparisons were made between two groups
using Student's t-test. The differences were considered statistically sig-
nificant when P < 0.05.

3. Results

3.1. JNK signaling pathway was activated in PFOS-treatment cells

To decipher the role of JNK signaling in PFOS-induced neuronal
apoptosis, we first analyzed the activity of JNK signaling in PFOS-
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exposed SH-SY5Y cells. Cells were exposed to different concentrations
of PFOS for 48 h. It was found that the level of phosphorylated JNK (p-
JNK) increased in response to PFOS concentration while the total
amount of JNK protein remained largely unchanged, suggesting that
JNK signaling pathway was robustly activated following PFOS exposure
(Fig. 1A and B). In addition, the phosphorylation of JNK also exhibited
a time-dependent increase, reaching a maximum at 48 h in PFOS-ex-
posed SH-SY5Y cells (Fig. 1C and D). These findings suggest that PFOS
induced the activation of JNK signaling in dose- and time-dependent
manners.

3.2. PFOS triggers neuronal apoptosis at a dose range comparable to that
initiating JNK signaling

To determine whether PFOS-induced JNK signaling is relevant to
neuronal apoptosis, Annexin V/7-AAD (AV/7-AAD) apoptotic assay was
conducted. In the early stages of apoptosis, membranal phosphati-
dylserine (PS) normally distributed on the cytoplasmic side of the lipid
bilayer of the cell membrane is translocated into the outer side of the
plasma membrane. Annexin V may specifically probe PS molecules that
undergo translocation in apoptotic cells. PFOS exposure led to the
apoptosis of SH-SY5Y cells at a starting dose of 50 μM, and the level of
apoptosis increased in a dose-dependent manner (Fig. 2A). The histo-
grams are statistical data for Annexin V positive cells and represent the
total number of early and late apoptotic cells (Fig. 2B). These results
indicate that the apoptosis of SH-SY5Y cells is exacerbated following
exposed to increased concentrations of PFOS.

3.3. Altered expression of apoptosis-related molecules in PFOS-exposed SH-
SY5Y cells

Apoptosis refers to the programmed death of cells under precise
physiological or pathological conditions, which are precisely regulated
by multiple genes (Bouton et al., 2004). Among the many apoptosis-
regulating genes, Bcl-2 proteins are indispensible regulators of mi-
tochondrial apoptotic pathway (Zhao et al., 2013). Bcl-2 and Bax are
representative members of Bcl-2 family and play pivotal roles in the
regulation of apoptosis (Zhang et al., 2012). Bcl-2 has anti-apoptotic

effect while Bax has pro-apoptotic effect, and caspase 3 is a late-stage
executor of apoptosis (Choudhary et al., 2015). The results showed that
the expression of Bax and cleaved caspase 3 increased after PFOS ex-
posure (Fig. 3A), while the protein expression of anti-apoptotic protein
Bcl-2 declined compared with the control group. This indicates that
PFOS promotes the activation of apoptosis-related molecules and pro-
motes the occurrence of apoptosis in a dose-dependent manner
(Fig. 3B).

3.4. PFOS induces ROS accumulation in a dose-dependent manner

Since ROS plays an important role in PFOS-induced neuronal
apoptosis (Dong et al., 2015), we tested the production of ROS in SH-
SY5Y cells under different concentrations of PFOS. Reactive oxygen
species were detected using the fluorescent probe DCFH-DA, and the
non-fluorescent DCFH-DA was hydrolyzed into DCFH by the esterase
when it entered the cell, the intracellular ROS can oxidize the non-
fluorescent DCFH to fluorescent DCH. As shown in Fig. 4, ROS pro-
duction was increased in PFOS-stimulated cells in a dose-dependent
manner compared with the control group, which was consistent with
previous studies, indicating that PFOS can cause an increase in ROS and
potentially cause adverse damage to cells.

3.5. p-JNK is accumulated both in the mitochondria and the nucleus after
PFOS exposure

To clarify the detailed distribution of activated JNK in PFOS-ex-
posed neurons, SH-SY5Y cells were labeled with p-JNK, Mito Tracker
(mitochrondrial marker) and Hoechst-33258. We found that p-JNK was
lowly detected in SH-SY5Y cells in the control group, and was robustly
upregulated following PFOS exposure, whereas pretreatment with NAC
and SP600125 can alleviate the activation of JNK (Fig. 5A). Im-
portantly, cytoplasmic p-JNK had colocalization with MitoTracker,
suggesting that cytoplasmic p-JNK might be distributed in mitochon-
dria (Fig. 5A). To further determine the expression pattern of p-JNK in
cells, we probed the level of p-JNK in nuclear and mitochondrial frac-
tions. As shown in Fig. 5B and C, the level of p-JNK in nuclear and
mitochondrial fractions was dramatically elevated following PFOS

Fig. 1. PFOS induces JNK phosphorylation in dose- and time-dependent manners. (A) SH-SY5Y cells were exposed to different doses of PFOS (0, 25, 50, 100 and
200 μM) for 48 h and subjected to western blot analysis using the indicated antibodies. (B) Quantitative analysis of the ratio of p-JNK/JNK. (C) SH-SY5Y cells were
exposed to 200 μM PFOS for different time periods (0, 3, 6, 12, 24 and 48 h). Representative Western blots for phospho-JNK, JNK and GAPDH in SH-SY5Y cells. (D)
The chart showed quantitative results of the ratio of p-JNK/JNK. Values are mean ± SEM (n=3). * P < 0.05, compared with the control group.
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Fig. 2. PFOS induces the apoptosis of SH-SY5Y cells. (A) SH-SY5Y cells were exposed to different concentrations of PFOS (0, 25, 50, 100 and 200 μM) for 48 h. Cell
apoptosis was determined using flow cytometry analysis. LL: viable cells, LR: early-apoptotic cells, UR: late-apoptotic cells, UL: mechanically broken cells. (B) The
histogram represents the proportion of Annexin-V positive cells in the indicating groups. The experiments were repeated at least three times. Data are shown as
mean ± SD (n=3). * P < 0.05, compared with the control group.

Fig. 3. Altered expression of apoptosis-related proteins following PFOS exposure. (A) SH-SY5Y cells were exposed to different doses of PFOS (0, 25, 50, 100 and
200 μM) for 48 h. The levels of Bcl-2, Bax and cleaved caspase 3 were determined using Western blot analysis. (B) The histogram denoted the density ratios of Bcl-2,
Bax and cleaved caspase 3 to GAPDH. Values are mean ± SEM (n=3). * P < 0.05, compared with the control group.

Fig. 4. PFOS induces ROS production in a dose-dependent manner. SH-SY5Y cells were exposed to 0, 50, 100 and 200 μM PFOS for 48 h. Intracellular ROS were
detected using ROS fluorescence probe DCFH-DA under a digital fluorescence microscope. Scale bars: 200 μm.
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exposure and alleviated by NAC and SP600125 pretreatment. These
results implicated that under PFOS exposure, JNK can translocate into
mitochondria and nuclei, while pretreatment with NAC and SP600125
can alleviate the translocation of activated JNK.

3.6. JNK signaling facilitates Bim expression and mitochondrial release of
cyto c in PFOS-exposed SH-SY5Y cells

Because PFOS exposure can result in nuclear and mitochondrial
translocation of p-JNK, we speculated that JNK may initiate neuronal
apoptosis through the expression of pro-apoptotic proteins and mi-
tochondrial disorders. Bim is a member of the BH3-only subfamily of
the Bcl-2 family and is involved in JNK-mediated apoptosis (Weber

et al., 2016). We found that PFOS can trigger the expression of Bim in a
dose-dependent manner using Western blot analysis (Fig. 6A), whereas
pretreatment with NAC and SP600125 can impair the upregulation of
Bim (Fig. 6B), indicating that ROS play an important role in JNK-
mediated expression of Bim.

To further clarify the involvement of mitochondrial malfunction in
PFOS-mediated apoptosis, we examined the expression of Bcl-2 and Bax
in mitochondria. As shown in Fig. 6C, PFOS trigger apparent down-
regulation of mitochondrial Bcl-2 and increased expression of Bax,
where these effects were attenuated after the pretrentment of NAC and
SP600125. Meanwhile, we analyzed the expression of cytochrome c
(cyto c) in cytoplasmic and mitochondrial fractions. As predicted, PFOS
exposure induced marked release of cyto c from the mitochondria to the

Fig. 5. JNK was activated and translocated into the mitochondria following PFOS exposure. (A) SH-SY5Y cells were treated with or without 200 μM PFOS for 48 h,
and subjected to immunofluorescence analysis to determine p-JNK distribution (green). MitoTracker Red CMXRos was used to label mitochondria (red), and nuclei
were counterstained with Hoechst-33258 (blue). The yellow color observed in merged images indicates p-JNK mitochondrial translocation. (B) After the indicated
treatment, SH-SY5Y cells were fractioned using a mitochondria isolation kit. Next, the nuclear and mitochondrial fractions were probed for p-JNK, PCNA (nuclear
marker) and mt Hsp70 (mitochondria marker) using Western blot analysis. (C) Histograms of the relative level of p-JNK to PCNA (nuclear fraction) or mt Hsp70
(mitochondrial fraction) in control and PFOS-exposed SH-SY5Y cells. Scale bars: 20 μm. Values are mean ± SEM (n=3). * P < 0.05, compared with the control
group; # P < 0.05 compared with the PFOS-only group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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cytoplasm, whose effects was diminished by the treatment with NAC
and SP600125 (Fig. 6D). These results further demonstrate that ROS
and JNK contribute to PFOS-induced apoptosis through altering the
expression apoptosis-related proteins and the initiation of mitochon-
drial cyto c release.

3.7. Roles of ROS and JNK signaling pathway in PFOS-induced apoptosis

Finally, we examined the role of oxidative stress and the JNK sig-
naling pathway in PFOS-induced apoptosis. Firstly, western blot ana-
lysis revealed that PFOS triggered the expression of cleaved caspase 3 in
NAC- and JNK-dependent manners (Fig. 7A and B). Next, Annexin-V/7-
AAD assay was performed to validate the role of ROS and JNK signaling

Fig. 6. PFOS exposure triggers expression changes of Bcl-2 proteins and mitochondrial cyto c into the cytosol through ROS- and JNK-dependent mechanisms. (A) SH-
SY5Y cells were exposed to different concentrations of PFOS (0, 25, 50, 100 and 200 μM) for 48 h and subjected to Bim detection using Western blot analysis. The
histogram denoted the density ratio of Bim to GAPDH. (B) SH-SY5Y cells were pretreated with or without NAC (10mM) for 24 h or SP600125 (10mM) for 1 h and
then exposed to 200 μM PFOS. Western blot analysis was conducted to determine Bim protein in DMSO or PFOS-exposed cells. The histogram denoted the density
ratio of Bim to GAPDH. (C) SH-SY5Y cells received the indicated treatments and were subjected to fractionation assay using a mitochondria isolation kit. Next, the
mitochondrial fractions were probed for Bcl-2, Bax and VDAC1 (mitochondria marker) expression using Western blot analysis. The histogram indicated the density
ratios of Bcl-2 and Bax to VDAC1. (D) The protein level of cyto c was detected using Western blot analysis in the mitochondria (mito) and cytoplasm (cyto). The
histogram denoted the density ratios of mitochondrial cyto c to VDAC1 and cytoplasm cyto c to β-actin. Values are mean ± SEM (n=3). * P < 0.05, compared
with the control group; # P < 0.05, compared with the PFOS-only group.
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in PFOS-mediated neuronal apoptosis. As shown in Fig. 7C and D, NAC
and SP600125 can significantly reduce the apoptosis of SH-SY5Y cells
induced by PFOS, from 45.33% ± 2.05% to 31.12% ± 1.57% or
29.12% ± 1.75%, respectively. This suggests that reducing ROS pro-
duction and blocking JNK signaling pathway can effectively alleviate
PFOS-induced apoptosis.

4. Discussion

Neurotoxicology represents an important aspect of the adverse ef-
fects of PFOS on mammals, as multiple investigations revealed apparent
neurological and behavioral disorders following chronic PFOS exposure
(Dusza et al., 2018; Khezri et al., 2017). Some reports indicate that
PFOS may cause direct neuronal damage and consequent neuronal
apoptosis (Guo et al., 2017). However, the molecular mechanisms by
which PFOS triggers neuronal death remain largely obscure. In the
present study, we revealed that JNK signaling plays a crucial role in
PFOS-induced neuronal apoptosis. PFOS exposure leads to rapid mi-
tochondrial and nuclear translocation of JNK, resulting in the expres-
sion of pro-apoptotic proteins and the initiation of mitochondrial
apoptotic pathway. The activation of JNK pathway is attributed to ROS
accumulation in PFOS-exposed cells. Antagonizing JNK activity or
scavenging ROS markedly impaired PFOS-induced expression of pro-
apoptotic proteins and neuronal apoptosis. These findings together
implicate that ROS accumulation and JNK activation may critically
contribute to PFOS-induced neuronal apoptosis, shedding new light on
the molecular mechanisms underlying PFOS neurotoxicology (Fig. 8).

Serving as a critical stress-responsive pathway, JNK signaling is

frequently activated following unfavorable external stimuli, and con-
sequently plays a determinant role in the decision of cell fate. Aberrant
JNK activation has been widely regarded as an important driver of cell
apoptosis, though some studies also suggested a pro-survival role of
JNK in some cell types (Wu et al., 2019). JNK is essential for cell

Fig. 7. ROS and JNK signaling play important roles in PFOS-induced apoptosis. SH-SY5Y cells were pretreated with or without NAC (10mM) for 24 h or SP600125
(10mM) for 1 h and then exposed to 200 μM PFOS. (A) Western blot analysis of cleaved caspase 3 protein in SH-SY5Y cells. (B) The histogram showed the density
ratio of cleaved caspase 3 to β-actin. (C) Cell apoptosis was determined using flow cytometry analysis in the indicated groups. (D) The histogram represents the
proportion of Annexin-V positive cells. Values are mean ± SEM (n=3). * P < 0.05, compared with the control group; # P < 0.05 (compared with the PFOS-only
group).

Fig. 8. Schematic diagram of the roles of ROS and JNK in PFOS-initiated
neuronal apoptosis.

P. Sun, et al. Neurotoxicology and Teratology 75 (2019) 106821

7



apoptosis induced by UV radiation and genotoxic agents (Jia et al.,
2018). JNK plays an integral role in extrinsic apoptotic pathways as
well as mitochondrial-dependent intrinsic apoptotic pathways. Indeed,
studies have indicated that PFOS may initiate p53 signaling to promote
the apoptosis of somatic cells in mice, and JNK may potentially con-
tribute to this process (Dong et al., 2012). Our recent work also found
that Nrf2, other substrate of JNK, is involved in PFOS-induced neuronal
apoptosis, implicating a complicated role of JNK in PFOS-induced
neuronal death (P. Sun et al., 2018). Our present study suggests that
JNK may also promote the expression of pro-apoptotic Bcl-2 proteins to
trigger mitochondrial apoptotic cascades. In addition to Bcl-2 members,
JNK may also translocate into the nucleus to phosphorylate transcrip-
tion factors and facilitate apoptosis. Multiple studies have indicated
that JNK/c-JUN signaling may initiate neuronal apoptosis through the
transcription of pro-apoptotic proteins, including Bim and PUMA
(Akhter et al., 2015; Tan et al., 2013). Furthermore, FOXO proteins,
especially FOXO1 and FOXO3a, are also documented to participate in
JNK-triggered neuronal apoptosis (Li et al., 2015; Weng et al., 2016).
Moreover, JNK may exert its pro-apoptotic function through direct
mitochondrial translocation and this is an indicative event suggesting
the involvement of JNK in apoptosis. The translocation of JNK, along
with Bim and Bax, from the cytoplasm into the mitochondria increases
mitochondrial outer membrane permeability transition, thereby pro-
moting the release of cyto c from the mitochondria into the cytoplasm,
triggering a caspase 8/caspase 3 apoptotic cascade (Yu et al., 2019). In
line with this notion, our experiments demonstrate that blockade of
JNK pathway have a significant effect on PFOS-induced cyto c release.
All of these findings implicate that PFOS-induced JNK activation may
provoke neuronal apoptosis through multiple mechanisms.

ROS have been regarded as crucial players in neuronal death under
various pathological conditions. ROS may initiate multiple signaling
pathways, such as p53-p21, JNK and FOXO pathways, to trigger neu-
ronal death (Johnson et al., 2019). In addition, various studies in-
dicated that ROS are direct executors of cell death (Polyak et al., 1997;
Simon et al., 2000). ROS may directly promote mitochondrial perme-
ability and the release of cyto c to initiate apoptosis (Zhang et al.,
2019). ROS have been documented to play indispensible roles in neu-
ronal apoptosis, as eliminating ROS accumulation protected neurons
from mitochondrial dysfunction and death induced by a various stress
stimuli (R. Li et al., 2017; Y. Sun, et al., 2018). Notably, ROS production
is regulated by various pro-apoptotic pathways. In this regard, JNK has
been proposed as an important signaling to exacerbate ROS production
during apoptotic program. Chambers JW and LoGrasso PV reported that
mitochondrial JNK promoted superoxide production and the amplifi-
cation of mitochondrial ROS through modulating Complex I activity
during stress (Chambers and LoGrasso, 2011). Thus, we speculate that
mitochondrial translocation of JNK may play a role in ROS accumula-
tion and consequent ROS-mediated neuronal damage and death. Fur-
ther studies are required to clarify this hypothesis.

5. Conclusions

In summary, we reported the neurotoxic mechanism of PFOS may
involve ROS-mediated JNK activation and mitochondrial translocation
preceding neuronal apoptosis. The activation of JNK may cause neu-
ronal apoptosis through its action on mitochondria-dependent pathway.
Treatment with ROS scavenger NAC or JNK inhibitor SP600126 can
effectively alleviate PFOS-induced JNK activation and neuronal apop-
tosis. The findings together infer that JNK signaling is an important
effecter of PFOS-induced neuronal death, implicating that targeting
JNK pathway may protect neurons from PFOS-induced apoptosis.
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