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ARTICLE INFO ABSTRACT

Keywords: Emerging evidence indicates that nonylphenol (NP), a widely diffused and stable environmental contaminant,
Nonylphenol causes damage to the central nervous system (CNS). Although NP could cross the blood-brain barrier (BBB) and
Apoptosis accumulate in key brain regions, little is known about the direct effects of NP on neurons. In this study, we aimed
Autophagy

to investigate the direct effects of NP exposure on induction of apoptosis and autophagy in primary cortical
neurons. Results showed that exposure to NP decreased the cell viability in a concentration-dependent manner.
The exposure led to both the increase of TUNEL-positive neurons and the activation of caspase-3. Increased
levels of endoplasmic reticulum (ER) stress-related proteins, GRP78, CHOP, ATF4, and casepase-12, were ob-
served in neurons exposed to NP. At the same time, the exposure decreased Bcl-2/Bax ratio and mitochondrial
transmembrane potential, and increased the release of Cytochrome-C. In addition, NP exposure enhanced LC3-II
conversion, decreased levels of SQSTM1/p62, and increased levels of Beclin-1 and LAMP2. NP exposure also
reduced the protein levels of p-mTOR, and did not change the levels of total mTOR. Furthermore, to investigate
the role of autophagy in NP-induced apoptosis, both the autophagy inhibitor chloroquine (CQ) and the autop-
hagy inducer rapamycin (RAP) were applied to modulate autophagy activation in primary cortical neurons. The
inhibition of autophagy caused by CQ enhanced NP-induced apoptosis; conversely, RAP-induced autophagy
remarkably suppressed it. In conclusion, our findings demonstrate that NP exposure induced apoptosis with a
concomitant increase of autophagic flux in primary cortical neurons, which supports the idea that this potential
neurotoxin has direct effects of on neurons. Both ER stress and mitochondrial pathways may be involved in NP-
induced apoptosis in neurons. Furthermore, our results also suggest that autophagy activation might be a pro-
tective strategy to ameliorate NP-induced apoptosis in neurons.

Primary cortical neurons

1. Introduction

Nonylphenol ethoxylates (NPnEO) are nonionic surfactants widely
used in commerce and industry. Nonylphenol (NP) is the main biode-
gradation of NPnEO and one of the most persistent metabolic products.
A broad distribution of NP has been detected in various environmental
media including soil, sediment, ground and surface water, food, and
bottle water (Careghini et al., 2015). The major route of exposure to NP
in humans is food and drink (Arukwe et al., 2000; Careghini et al.,
2015). Moreover, it has been found in human samples, such as urine,
fetal cord blood, placenta, and breast milk (Huang et al., 2014; Peng
et al., 2016). A cohort study of pregnant women in Taiwan demon-
strated that urinary NP concentrations was 4.27, 4.21, and 4.10 ug/g
cre in the first, second, and third trimesters respectively (Chang et al.,

2014). The NP concentration in breast milk collected from Turkish
mothers was up to 47.5ng/ml and the mean NP concentration was
10.1ng/ml (Sise and Uguz, 2017). A study conducted in pregnant
women and their fetuses reported that NP concentrations in fetal cord
blood, placenta, and breast milk in the 1st and 3rd months were
18.8ng/ml, 19.8ng/g, 23.5ng/ml, and 57.3ng/ml, respectively
(Huang et al., 2014). Daily NP exposure due to transplacental absorp-
tion or via breast milk indicates that fetuses, infants, and children, who
are especially vulnerable to negative influences for central nervous
system (CNS), are potentially at risk.

Emerging evidence suggests that NP exposure causes damage to
CNS, besides its adverse effects on reproductive system, immune system
and endocrine system. Mao et al. found maternal exposure to NP re-
sulted in impaired exploration, memory function, and learning ability
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Abbreviations

BBB blood-brain barrier

BSA bovine serum albumin

CNS central nervous system

CQ chloroquine;

Cyto-C  Cytochrome-C

DAPI 4’,6-diamidino-2-phenylindole
DMEM  Dulbecco's modified Eagle's medium
DMSO  Dimethyl sulfoxide;

ER Endoplasmic reticulum

FBS Fetal bovine serum

HBSS Hank's Balanced Salt Solution

mTOR  the kinase mammalian target of rapamycin

NP nonylphenol

NPnEO Nonylphenol ethoxylates

PBS phosphate buffered saline;

p-mTOR phosphorylated mTOR

TBST Tris-buffered saline with Tween 20

TUNEL terminal deoxynucleotidyl transferase dUTP nick end la-
belling

RAP rapamycin

in offspring mice (Mao et al., 2010). Rats orally administrated NP for
35 days showed poor performance in elevated plus maze and Morris
water maze test (Kazemi et al., 2018). Another study showed that ex-
posure to NP resulted in neurochemical and histopathological pertur-
bations in frontal cortex and hippocampus, in addition to cognitive
functions (Tabassum et al., 2017). F1 male rats exposed to NP from
gestational day 9-15 demonstrated impaired escape behaviors and
learning and memory functions (Jie et al., 2010). The above studies
indicate that NP is a potential toxicant that induces neurotoxicity in vivo
conditions, although the mechanism remains unclear. As an environ-
mental endocrine disruptor, NP may interfere with the body's endocrine
systems, which may contribute to its damage to CNS. However, it
should be noted that NP could cross the blood-brain barrier (BBB) and
accumulate in some key brain regions for learning and memory (Kazemi
et al., 2018). Thus, it is interesting and worthwhile to investigate the
direct effects of this potential neurotoxin on neurons.

Autophagy is a self-degradative process where lysosomal degrada-
tion eradicates the damaged cellular components and misfolded pro-
teins, to play house-keeping roles (Mizushima and Komatsu, 2011). It
participates in many aspects of growth, development, metabolism,
proliferation, differentiation, and aging of cells (Yang and Klionsky,
2010). Autophagy can be activated by a variety of intracellular or ex-
tracellular signals. Although some mechanisms underlying autophagy
remain to be elucidated, the kinase mammalian target of rapamycin
(mTOR) and Beclin-1 are believed to play crucial roles in the regulation
of autophagy (Kang et al., 2011; Ryter et al., 2014; Yu et al., 2017).
Under certain conditions, autophagy involves in the stress adaptation
that avoids cell death, but in other situations, the autophagic process
could lead to cell death (Xi et al., 2013).

Apoptosis, as well as autophagy, is a basic biological process and
essential for maintaining homeostasis. However, abnormal apoptosis
can be triggered by various stress stimuli. As previously reported, NP
exposure activated caspase-3, a hallmark of apoptosis, in mouse hip-
pocampal cells in vitro (Litwa et al., 2016), and induced apoptosis in
mouse brain in vivo (Mao et al., 2008), although the mechanism un-
derlying NP-induced apoptosis still remains to be elucidated. Mi-
tochondrial and endoplasmic reticulum (ER) stress pathways are two
critical intrinsic pathways of apoptotic cell death (Malhotra and
Kaufman, 2011; Wang et al., 2011). ER stress is intimately connected
with the mitochondrial pathway in apoptotic signaling (Malhotra and
Kaufman, 2011; Wang et al., 2011). ER stress could alter the expression
of Bcl-2 family members, lead to mitochondrial dysfunction (Nutt et al.,
2002; Tabas and Ron, 2011), cause Cytochrome-C (Cyto-C) release from
mitochondria, trigger the activation of terminal caspases, and thereby
induce apoptotic cell death (Cao et al., 2001; Green and Reed, 1998).

Both autophagy and apoptosis may cause programmed cell death
and regulate cell survival (Song et al., 2017). The relationship between
autophagy and apoptosis is very complicated and greatly affects cellar
homeostasis (Kesidou et al., 2013; Xi et al., 2013). It has been shown
that in some cases, autophagic process, induced by diverse stress sti-
muli, ultimately leads to apoptotic cell death; however, in other in-
stances, it prevents the apoptotic process (Zhang et al., 2017). In
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addition, sometimes autophagy and apoptosis seem to be two com-
paratively independent processes (Mizushima and Komatsu, 2011).
Although NP-induced apoptosis in neurons has been observed in pre-
vious studies (Litwa et al., 2016; Mao et al., 2008), the effect of NP on
autophagy in neurons has not been investigated, not to mention the
cross-talk between them.

Hence, this study aimed to explore the direct effects of NP exposure
on apoptosis in primary cortical neurons, and for the first time, examine
whether NP exposure caused autophagy in neurons. The critical path-
ways of apoptosis, ER stress and mitochondrial pathways, were also
investigated to further study the NP-induced apoptosis. Furthermore,
by administrating of chloroquine (CQ) or rapamycin (RAP) as a tool to
modulate autophagy activation, we illuminated the role of autophagy in
apoptosis of cortical neurons induced by NP. The unraveling this role
may provide new clues to elucidate the mechanisms underlying the NP-
induced neurotoxicity.

2. Materials and methods
2.1. Reagents

4-n-Nonylphenol (NP, =99.0%) was purchased from Dr.
Ehrenstorfer (Augsburg, Germany). CellTiter 96" AQueous One Solution
Cell Proliferation Assay (MTS) and DeadEnd™ Fluorometric TUNEL
System were from Promega (Madison, WI, USA). Neurobasal-A
Medium, B27 supplement, Penicillin-Streptomycin, Trypsin-EDTA,
Dulbecco's modified Eagle's medium (DMEM), and Hank's Balanced Salt
Solution (HBSS) were from GIBCO/Invitrogen (Carlsbad, CA, USA).
Fetal bovine serum (FBS) was from Hyclone (Legan, UT, USA). 3-D-
arabinofuranoside, Poly-L-lysine, Glutamine, CQ, RAP, and Dimethyl
sulfoxide (DMSO) were from Sigma-Aldrich (St. Louis, MO, USA).
Pierce BCA protein assay reagent and DAPI (4’,6-diamidino-2-pheny-
lindole) were from Thermo Scientific (Rockford, IL, USA).
Mitochondrial membrane potential assay kit was from Beyotime
(Shanghai, China). Primary antibodies of MAP2, Cyto-C, and [3-actin
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Primary antibodies of cleaved caspase-3, mTOR and phosphorylated
(p)-mTOR, LC3-I/1I, Bax, COX IV, and Beclin-1 were from Cell Signaling
Technology (Beverly, MA, USA). Primary antibodies of LAMP2,
SQSTM1/p62, Bcl-2 and NeuN were obtained from Abcam (Cambridge,
MA, USA). Primary antibodies of ATF4, Caspase-12, CHOP, and GRP78
were obtained from Proteintech (Rosemont, IL, USA).

2.2. Cortical neurons culture

Healthy Wistar rats were obtained from the Center for Experimental
Animals at China Medical University (Shenyang, China). The experi-
mental protocol was approved by the Animal Use and Care Committee,
China Medical University, which complies with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978). Rats were housed at temperature
24 = 1°Cwith a 12/12-h light and dark cycle. Standard rat pellet diet
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and potable water were provided ad libitum. After acclimation for 1
week, female rats were mated with male rats (Q:&" = 2:1). All efforts
were made to minimize animal suffering, to reduce the number of an-
imals used, and to utilize alternatives to in vivo techniques, if available.

Primary cortical neurons were prepared from brains of newborn
pups on postnatal day 1. Briefly, newborn pups were immersed in 75%
ethanol for about 20s, then the pups were rapidly decapitated to re-
move their cortices. Cortices were washed in cold D-Hanks before being
dissected into small pieces, and incubated in 0.125% trypsin at 37 °C for
20 min. The digestion was terminated by adding 20% fetal bovine
serum (FBS). The cell suspension was filtered from the tissue by using a
cell strainer (200 um). The suspension was centrifuged at 1200 r/min
for 5min and cells were acquired by removing the supernatant liquid.
The cells were re-suspended in DMEM medium containing 10% FBS.
The re-suspended cell suspension was filtered again by using a cell
strainer (70 um) and the cell density of 10° cell/ml was adjusted before
being seeded onto pre-coated poly-L-lysine plastic culture plates. After
24 h, the DMEM medium was replaced by Neurobasal medium sup-
plemented with B27, penicillin-streptomycin, and glutamine. After
48h, Cytosine (-D-arabinofuranoside (3.33 uM) was added into the
medium in order to inhibit glia proliferation. From then on, half of the
culture medium was replaced by fresh Neurobasal medium every other
day. 7 days later, the follow-up experiments were performed.

To assess the purity of cultured neurons, MAP2 (neuron marker) and
DAPI (cell nucleus marker) were analyzed by immunofluorescence
(Supplementary Fig. 1) in cultured cells. 100 cells were randomly se-
lected and the number of MAP2 positive cells was counted. The per-
centage of MAP2 positive cells was above 90% in this study.

On day in vitro 7, neurons were treated with indicated concentration
of NP for 24 h. To further explore the role of autophagy in NP-induced
apoptosis, primary cultured cortical neurons were treated with NP
(50 uM) in the presence of CQ (30 nM) or RAP (300 nM) for 24 h.

2.3. MTS assay

Neurons were cultured in a poly-L-lysine-coated 96-well culture
plate (5 x 10*cells per well). On day in vitro 7, neurons were treated
with 100 pl of the growth medium in the presence or absence of NP, CQ,
or RAP. Then neurons were cultured at 37 °C in 5% CO,, for 22 h. At the
end of treatment, 20 pl of MTS solution was added to each well, and the
plates were incubated at 37 °C for additional 2 h. Then, the absorbance
values of each well were measured at 490 nm using a microplate reader
(Multiscan Ascent, Labsystem, Finland). The results were expressed as
percentage of control value.

2.4. TUNEL assay

Apoptosis was monitored by the TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labelling) staining using a DeadEnd™
Fluorometric TUNEL System according to the manufacturer's instruc-
tions (Promega, USA). Briefly, neurons were cultured in a poly-L-lysine-
coated 12-well plates. On day in vitro 7, neurons were treated with NP
in the presence or absence of CQ or RAP. At the end of the treatment,
neurons were washed with phosphate buffered saline (PBS) twice, and
then fixed with 4% paraformaldehyde solution for 30 min at 4 °C and
permeabilized with Triton” X-100 at room temperature for 15 min. After
being equilibrated at room temperature for 5-10 min, neurons were
labeled DNA strand breaks with fluorescein-12-dUTP at 37 °C for
60 min. Finally, the reaction was terminated with 2 x SSC. Localized
green fluorescence of apoptotic cells (fluorescein-12-dUTP) was de-
tected by fluorescence microscopy (DMIRB Microscope, Leica).

2.5. Western blotting analysis

Neurons were cultured in poly-L-lysine-coated 6-well plates and
prepared for protein extracts. At the end of treatment mentioned above,
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neurons were washed with ice-cold PBS, scraped by “policeman”, and
harvested in RIPA Lysis Buffer supplemented with protease inhibitors
and phosphatase inhibitors at 4 °C for 30 min. Lysates were cleared by
centrifugation at 12000 r/min at 4°C for 5min. Then, supernatants
were collected. The mitochondria/cytosol fractionation kit was pur-
chased from Wanlei Biotech (Shenyang, China). The isolation of mi-
tochondria/cytosol protein was performed according to the manufac-
turer's instruction. Protein concentrations were determined using Pierce
BCA protein assay reagent. Protein extracts were analyzed by Western
blotting according to the standard protocols. In brief, protein extracts
were loaded and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Subsequently, the proteins were
transferred to a PVDF membrane (Millipore, USA). After blocking in 5%
bovine serum albumin (BSA) for 1h, the membranes were incubated
with primary antibodies (anti-LC3-I1/1I; anti-SQSTM1/p62; anti-cleaved
caspase-3; anti-LAMP2; anti-Beclin-1; anti-mTOR; anti-p-mTOR; anti-
ATF4; anti-caspase-12; anti-Bcl-2; anti-Bax; anti-CHOP; anti-GRP78;
anti-Cyto-C; anti-COX IV; anti-B-actin) overnight (4 °C) at 1:800-5000
dilutions. After washing with Tween 20/Tris-buffered saline (TBST),
membranes were incubated with secondary antibody (Santa Cruz
Biotechnology, CA, USA) for 1 h at 37 °C. The membranes were detected
by chemiluminescence system (Thermo Scientific). The quantitative
analysis was carried out by NIH ImageJ program and normalized to -
actin or COX IV (loading control for mitochondrial protein) in each
sample.

2.6. Immunofluorescence analysis

Neurons were cultured on poly-L-lysine-coated glass coverslips and
prepared for immunofluorescence. At the end of treatment mentioned
above, neurons were washed with PBS twice, fixed with 4% paraf-
ormaldehyde solution for 30 min at 4 °C, and permeabilized with Triton
X-100 at room temperature for 15 min. After blocking with 5% goat
serum albumin for 1 h, neurons were incubated with primary antibodies
(anti-LC3-1/1I; anti-SQSTM1/p62; anti-NeuN; anti-MAP2) overnight
(4°C) at 1:200-1000 dilutions. After washing with PBS, neurons were
incubated with secondary antibodies for 1 h at room temperature. The
glass coverslips were rinsed in PBS, taken out from 24-well plates, and
gently placed (neurons facing down) on the glass slide. The samples
were analyzed with a fluorescence confocal microscopy (A1R, Nikon).

2.7. Mitochondrial membrane potential analysis

JC-1 mitochondrial membrane potential assay kit was used to
monitor the mitochondrial transmembrane potential. In healthy neu-
rons with physiological mitochondrial transmembrane potential, JC-1
dye enters into the mitochondrial matrix and forms J-aggregates with
red fluorescence. However, JC-1 dye remains in the monomeric form
with green fluorescence in the cytoplasm, when the mitochondrial
membrane potential is depolarized (Perry et al., 2011). The experiment
was conducted according to the manufacturer's instruction. Briefly,
neurons were cultured in poly-L-lysine-coated 24-well plates. After the
treatments, neurons were washed with PBS and incubated with JC-1 in
the dark for 20 min at 37 °C. Then, neurons were washed with staining
buffer twice. Images were captured under fluorescence microscope
(RVL-100, Echo laboratories) and analyzed by NIH ImageJ program.

2.8. Statistics

All experiments were performed in at least triplicate. Data are
shown as mean *+ standard deviation (SD). Statistical analyses were
performed using SPSS 16.0 software. Statistical significance was as-
sessed by one-way analysis of variance followed by Student-Newman-
Keuls test. p < 0.05 was considered statistically significant.
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3. Results
3.1. NP decreased neuronal cell viability in a dose-dependent manner

In order to study the cytotoxicity of NP in neurons, primary cortical
neurons were treated with different concentrations of NP and cell via-
bility was measured by the MTS assay. The neurons treated with NP
showed a dose dependent decrease in the cell viability compared to
vehicle controls (Fig. 1). Treatment with 0.01, 0.1 and 1 uM NP did not
significantly reduced the cell viability. However, at higher concentra-
tions from 10 to 100 uM, NP showed significantly cytotoxic effect on
neurons (p < 0.05). 30, 50, and 70 uM NP, in which the survival rate
was above 80%, were used to conduct further experiments.

3.2. NP induced apoptosis in primary cortical neurons

To determine whether NP could induce apoptosis in cortical neu-
rons, the TUNEL (terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labelling) assay was performed. The TUNEL assay de-
tects DNA fragmentation, which is the characteristic of apoptotic cell
death (Shen et al., 2000). TUNEL-positive cells were occasionally found
in the control group, but apoptotic neurons were increased by incre-
mental doses of NP (Fig. 2A). Treatment with NP at 30, 50, and 70 pM
significantly increased TUNEL-positive cells to 1.5-fold, 1.9-fold, and
2.6-fold of the control values, respectively (p < 0.05). To further
confirm the apoptosis induced by NP treatment, cleaved-caspase-3
protein expression, which is also used as a hallmark of apoptosis, was
detected by Western blotting analysis. Similar to the results of TUNEL
assay, NP caused an obviously dose-dependent increase in cleaved
caspase-3 protein levels (Fig. 2B). The cleaved caspase-3 protein levels
were increased from 149% to 205% of the control value as NP con-
centration increased from 30 to 70 uM, although the difference was not
significant between the control and 30 uM treatment groups.

3.3. NP induced ER stress in primary cortical neurons

To determine whether ER stress was involved in NP-induced apop-
tosis, we studied ER stress-related proteins or markers, such as GRP78,
ATF4, CHOP, and casepase-12, in primary cortical neurons by Western
blotting analysis. Treatment with NP at 50 and 70 uM significantly in-
creased the expression of GRP78 in neurons to 1.8-fold and 2.0-fold of
the control value, respectively (p < 0.05, Fig. 2C). Treatment with NP
at 30 uM tended to increase the expression of GRP78, although the
increase was not significant. As for ATF4 expression, a significant in-
crease in dose-dependent manner was observed upon exposure to 30,
50, and 70 uM NP (1.3-fold, 1.4-fold, and 1.5-fold of the control value,
respectively; p < 0.05, Fig. 2D). Treatment with NP at 70 uM sig-
nificantly increased the expression of CHOP in neurons to 1.4-fold of
the control value (p < 0.05, Fig. 2E). As a pivotal factor in the ER
stress pathway, casepase-12 is specifically activated by ER stress
(Nakagawa et al., 2000). Treatment with NP at 50 and 70 uM sig-
nificantly increased the expression of cleaved casepase-12 in neurons to
1.53-fold and 1.54-fold of the control value, respectively (p < 0.05,
Fig. 2F). Treatment with NP at 30 uM tended to increase the expression
of cleaved casepase-12, but the increase was not significant.

3.4. NP altered mitochondria-dependent pathway of apoptosis in primary
cortical neurons

To investigate the involvement of mitochondrial dysregulation in
NP-induced apoptosis of primary cortical neurons, the ratio of Bcl-2/
Bax, the mitochondrial membrane potential, and the release of Cyto-C
were detected. Treatment with NP at 50 and 70 uM significantly in-
creased the expression of pro-apoptotic Bax and significantly decreased
the expression of anti-apoptotic Bcl-2 (p < 0.05, Fig. 3A). Further-
more, significant decrease of Bcl-2/Bax ratio was found in all NP
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treatment groups (p < 0.05, Fig. 3A). The alteration of mitochondrial
membrane potential was detected by JC-1 fluorescence assay. Our re-
sult showed that NP treatment led to an increase in green fluorescence
and a decrease in red fluorescence (Fig. 3B). Further analysis revealed
that treatment with NP at 30, 50, and 70 puM significantly decreased the
red: green fluorescent ratio to 65, 38, and 6% of control value
(p < 0.05, Fig. 3C). These data indicated NP treatment caused an ob-
vious reduction in the mitochondrial membrane potential in neurons.
We also investigated the effect of NP exposure on the release of Cyto-C
from the mitochondria by Western blotting. Treatment with NP at 50
and 70 uM was found to significantly increase Cyto-C levels in the cy-
tosol to 1.5-fold and 2.1-fold of the control value, respectively
(p < 0.05, Fig. 3D), while significantly decrease Cyto-C levels in the
mitochondria (p < 0.05, Fig. 3E). Cyto-C levels tended to increase in
the cytosol and decrease in the mitochondria in response to 30 uM of
NP, though the differences were not significant.

3.5. NP Activated Autophagy in primary cortical neurons

We investigated the effect of NP treatment on autophagy activity in
cultured cortical neurons. The autophagic specific protein LC3 was
examined in this study. LC3 protein in the cytoplasm is converted from
LC3-I into LC3-II, when the autophagy is activated. Thus, the ratio of
the LC3-1I/LC3-I and the amount of the LC3-II protein are often used to
assess the activation of autophagy (Zhou et al., 2017b). We found that
treatment with NP at 50 and 70 uM NP significantly increased the ratio
of the LC3-II/LC3-I to 1.4-fold, and 1.6-fold of the control value, re-
spectively (p < 0.05, Fig. 4A). In addition, a 1.2-fold increase in the
ratio of the LC3-II/LC3-I was observed in 30 uM NP treatment neurons,
although it was not significant. The results of immunofluorescence also
showed that NP treatment increased the expression of LC3-II in neurons
compared with the control (Fig. 4B).

Increased autophagic activity results in the depletion of SQSTM1/
p62, a well-known autophagic substrate (Sarkar et al., 2014). Treat-
ment with 30, 50 and 70 pM NP significantly reduced the levels of
SQSTM1/p62 in neurons to 75, 57, and 45% of the control value, re-
spectively (p < 0.05, Fig. 4C). Immunofluorescence analysis also
confirmed that NP treatment reduced the expression of SQSTM1/p62 in
neurons (Fig. 4D).

As an important membrane protein of lysosomes, lysosomal-asso-
ciated membrane protein 2 (LAMP2) is required for autophagosome-
lysosome fusion and degradation, and thereby contributes to autop-
hagic flux (Zhou et al., 2018). Treatment with NP at 70 uM significantly

80 100 120
1

Cell viability
(% control)
60

Con 0.01 01 1 10

30 40
NP (uM)

50 60 70 80 100

Fig. 1. NP decreased neuronal cell viability in a dose-dependent manner. MTS
assay was used to assess neuronal cell viability following the treatment of NP
(0.01-100 uM) for 24 h. The values are expressed as mean *= SD (n = 6).
*p < 0.05 vs. control group.
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Fig. 2. NP induced apoptosis and ER stress in cortical neurons. (A) Representative images of TUNEL-positive neurons from all treatment groups. Green fluorescence
indicates the apoptotic cells. Quantitative analysis of TUNEL-positive cells is shown in the lower bar graphs. (B), (C), (D), (E), (F) Western blotting for the expression
of c-caspase3, GRP78, ATF4, CHOP, c-caspasel2. The upper bands depict representative findings for neurons from all treatment groups. The lower bar graphs show
the results of the semi-quantitative measurement of the protein. Each bar represents the mean + SD (n = 4). *p < 0.05 vs. control group.
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Fig. 3. NP altered mitochondria-depen-
dent pathway of apoptosis in primary
cortical neurons. (A) Western blotting for
the expression of Bcl-2 and Bax. The
upper bands depict representative find-
ings for neurons from all treatment
groups. The lower bar graphs show the
results of the semi-quantitative mea-
surement of the Bax, Bcl-2, and the ratio
of Bcl-2 to Bax. Each bar represents the
mean * SD (n = 4). *p < 0.05 vs.
control group. (B) Representative images
of neurons stained by JC-1. A shift from
red (JC-1 aggregates, high mitochondrial
membrane potential) to green (JC-1
monomers, low mitochondrial mem-
brane potential) fluorescence was in-
duced by NP exposure in neurons. Scale
bar = 50 pym. (C) Quantitative analysis
of red: green fluorescent ratio is shown in
the bar graphs. Each bar represents the
mean * SD (n = 6). *p < 0.05 vs.
control group. (D), (E) Western blotting
for the level of Cyto-C in the cytosol and
mitochondria. The upper bands depict
representative findings for neurons from
all treatment groups. The lower bar
graphs show the results of the semi-
quantitative measurement of the corre-
sponding protein. Each bar represents
themean * SD (n = 4). *p < 0.05 vs.
control group.
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Fig. 4. NP Activated Autophagy in cortical neurons. (A), (C), (E), (F) Western blotting for the expression of LC3-1I/LC3-1, SQSTM1/p62, LAMP2 and Beclin-1. The
upper bands depict representative findings for neurons from all treatment groups. The lower bar graphs show the results of the semi-quantitative measurement of the

corresponding protein. Each bar represents the mean +

SD (n = 4). *p < 0.05 vs. control group. (B) Representative images of neurons stained with anti-LC3-1I

(red) and DAPI (blue). (D) Representative images of neurons stained with anti-SQSTM1/p62 and DAPI (blue). The images were obtained under the same conditions at

a magnification of 400 X across groups. Scale bar = 50 pm.

increased the expression of LAMP2 in neurons to 1.3-fold of the control
value (p < 0.05, Fig. 4E). Treatment with NP at 50 uM tended to in-
crease the expression of LAMP2, but the increase was not significant.

Beclin-1 is an important autophagy-related protein, which is re-
quired for the formation of preautophagosomal structures (Li et al.,
2014). Treatment with NP at 50 and 70 uM significantly increased the
expression of Beclin-1 in neurons to 1.2-fold and 1.3-fold of the control
value, respectively (p < 0.05, Fig. 4F). Treatment with NP at 30 uM
tended to increase the expression of Beclin-1, although the increase was
not significant.

3.6. NP decreased phosphorylation of mTOR in primary cortical neurons

Mammalian target of rapamycin (mTOR) plays a central role in
regulating of autophagy induction. Its activation is believed to nega-
tively regulate autophagy (Singh et al., 2017). The phosphorylation of
mTOR at Ser 2448 was detected to assess its activation. Exposure to NP
(30, 50, and 70 uM) significantly decreased p-mTOR levels to 73, 63,
and 52% of the control values, respectively (p < 0.05, Fig. 5A).
However, treatment with NP at various concentrations did not affect
levels of total mTOR (Fig. 5B).

3.7. Inhibition of autophagy promoted NP-induced apoptosis in primary
cortical neurons

CQ is widely used as a pharmacological inhibitor of autophagic
pathway (Yoon et al., 2010). To further clarify the role of autophagy in
NP-induced apoptosis in neurons, CQ was employed in this study. The
MTS assay showed that treatment of neurons with NP and CQ sig-
nificantly reduced the cell viability than treatment with NP alone (0.88-
fold of the value in 50 uM NP-treated neurons, p < 0.05, Fig. 6A). The
TUNEL assay showed that treatment of neurons with NP and CQ sig-
nificantly increased the number of TUNEL-positive cells than treatment
with NP alone (1.4-fold of the value in 50 uM NP-treated neurons,
p < 0.05, Fig. 6B).

In addition, similar to the results of TUNEL assay, treatment of
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neurons with NP and CQ caused a significant increase in cleaved cas-
pase-3 protein level than treatment with NP alone (1.5-fold of the value
in 50 uM NP-treated neurons, p < 0.05, Fig. 6C). Taken together, these
results indicated that inhibition of autophagy promoted NP-induced
apoptosis in cortical neurons. Additionally, to confirm the inhibition of
autophagic flux induced by CQ, autophagic substrate SQSTM1/p62 was
detected in neurons. In line with expectations, CQ significantly in-
creased SQSTM1/p62 levels when compared with NP treated alone
(p < 0.05, Supplementary Fig. 2).

3.8. Activation of autophagy reduced NP-induced apoptosis in primary
cortical neurons

RAP, an antibiotic derived from Streptomyces hygroscopius, is
commonly used to activate autophagy (Singh et al., 2017). To further
explore the relationship between autophagy and apoptosis caused by
NP in neurons, we examined the effect of RAP on NP-induced apoptosis
in neurons. The MTS assay showed that treatment of neurons with NP
and RAP significantly increased the cell viability than treatment with
NP alone (1.1-fold of the value in 50 pM NP-treated neurons, p < 0.05,
Fig. 7A). The TUNEL assay indicated that treatment of neurons with NP
and RAP significantly reduced the number of apoptotic neurons than
treatment with NP alone (65% of the value in 50 uM NP-treated neu-
rons, p < 0.05, Fig. 7B). Consistent with the results of TUNEL assay,
treatment of neurons with NP and RAP caused a significant decrease in
cleaved caspase-3 protein level than treatment with NP alone (67% of
the value in 50 uM NP-treated neurons, p < 0.05, Fig. 7C). In addition,
RAP significantly decreased autophagic substrate SQSTM1/p62 levels
in neurons when compared with NP treated alone (p < 0.05,
Supplementary Fig. 3), which confirmed activation of autophagy in-
duced by RAP.

4. Discussion

Increasing evidence indicates that NP is a neurotoxin that causes
cognitive and behavioral alterations. Notably, previous studies have
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Fig. 5. NP decreased phosphorylation of mTOR in cortical neurons. (A), (B) Western blotting for the expression of p-mTOR and mTOR. The upper bands depict
representative findings for neurons from all treatment groups. The lower bar graphs show the results of the semi-quantitative measurement of the corresponding

protein. Each bar represents the mean +
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Fig. 6. Inhibition of autophagy promoted NP-induced apoptosis in cortical neurons. Cultured cortical neurons were treated with 50 pM NP and with/without 30 nM

CQ for 24 h (A) MTS assay was used to assess neuronal cell viability in all treatment groups. The values are expressed as mean =

SD (n = 4). (B) Representative

images of TUNEL-positive neurons from all treatment groups. Green fluorescence indicates the apoptotic cells. Quantitative analysis of TUNEL-positive cells is shown
in the lower bar graphs. (C) Western blotting for the expression of apoptotic marker c-caspase3 in neurons. The upper bands depict representative findings for
neurons from all treatment groups. The lower bar graphs show the results of the semi-quantitative measurement of the protein. Each bar represents the mean + SD
(n = 4). *p < 0.05 vs. control group; #p < 0.05. vs. 50 uM group; $ p < 0.05.vs. 50 uM + CQ group.

found that its neurotoxic effects are related to the abnormal induction
of apoptosis in nerve cells (Litwa et al., 2014; Mao et al., 2008). NP is a
well-known endocrine disruptor. Therefore, the disturbance of endo-
crine systems caused by NP may involve in the abnormal induction of
apoptosis in neurons in vivo. However, its direct effect on the induction
of apoptosis in neurons cannot be ruled out, and especially it could
cross the BBB (Kazemi et al., 2018). Thus, the direct effects of NP on
apoptosis using primary cortical neurons were investigated in this
study.

In addition to apoptosis, we investigated the direct effects of NP on
cell viability. Treatment with 0.01-100 uM NP led to a dose-dependent
decrease of cell viability in primary cortical neurons. In addition, cell
viability was greatly reduced in neurons treated with 10 uM NP or
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more. These results indicated exposure to NP directly induced cyto-
toxicity in cultured cortical neurons. Several previous studies also re-
ported that NP induced cytotoxicity in other neuronal cell types. In
neural stem cells, NP significantly decreased viability at concentrations
over 3uM (Kudo et al., 2004). Meanwhile, NP significantly decreased
the viability of PC12cells over 56 uM (Kusunoki et al., 2008). The
difference of NP concentrations to induce cytotoxicity may be attrib-
uted to different experimental designs and neurocyte types.

NP has been shown to induce apoptosis in the gastrointestinal or
reproductive cells (Lepretti et al., 2015; Tang et al., 2017). It also
triggered apoptosis of murine hippocampal cells and neural stem cells
(Kudo et al., 2004; Litwa et al., 2016). In this study, we found that NP
exposure increased TUNEL-positive primary cortical neurons.
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Fig. 7. Activation of autophagy reduced NP-induced apoptosis in cortical neurons. Cultured cortical neurons were treated with 50 uM NP and with/without 300 nM
RAP for 24 h (A) MTS assay was used to assess neuronal cell viability in all treatment groups. The values are expressed as mean = SD (n = 4). (B) Representative
images of TUNEL-positive neurons from all treatment groups. Green fluorescence indicates the apoptotic cells. Quantitative analysis of TUNEL-positive cells is shown
in the lower bar graphs. (C) Western blotting for the expression of apoptotic marker c-caspase3 in neurons. The upper bands depict representative findings for
neurons from all treatment groups. The lower bar graphs show the results of the semi-quantitative measurement of the protein. Each bar represents the mean + SD

(n = 4). *p < 0.05 vs. control group; #p < 0.05. vs. 50 yM group.

Furthermore, to our expectation, cleaved caspase-3, another hallmark
of apoptotic cell death, was significantly increased in NP treatment
groups. Both the increase of TUNEL-positive neurons and activation of
caspase-3 indicated that NP exposure directly increased the apoptosis of
neurons.

To further study the NP-induced apoptosis, we examined two cri-
tical intrinsic pathways of apoptosis, ER stress pathway and mi-
tochondrial pathway. First, we measured ER stress-related proteins,
which are considered as hallmarks of ER stress. In the present study, the
levels of GRP78, CHOP, ATF4, and casepase-12 were significantly in-
creased in NP treatment neurons. These data may support the in-
volvement of ER stress in NP-induced apoptosis of primary neurons.
Similar to our observations, previous studies showed that NP induced
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ER stress in other types of cells, such as epithelial intestinal cells
(Lepretti et al., 2015), PC12 cells (Kusunoki et al., 2008), and testicular
Sertoli cells (Gong et al., 2009). Then, we also evaluated the involve-
ment of mitochondrial pathway in NP-induced apoptosis in the present
study. The pro- and anti-apoptotic members in Bcl-2 family, such as Bcl-
2 and Bax, are crucial to regulate mitochondrial pathway of apoptosis.
It is believed that the Bcl-2/Bax ratio plays a key role in regulation of
mitochondria-mediated apoptosis (Tait and Green, 2010). In the pre-
sent study, NP treatment at various concentrations significantly de-
creased Bcl-2/Bax ratio. Reduction in mitochondrial transmembrane
potential is considered as an early event in mitochondria-mediated
apoptosis (Bossy-Wetzel et al., 1998). In addition, as a caspase acti-
vator, Cyto-C is a necessary component of mitochondria-mediated
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apoptosis (Liu et al., 1996). Both the reduction in mitochondrial
transmembrane potential and the release of Cyto-C from the mi-
tochondria were observed in NP treatment neurons. It may be, there-
fore, reasonable to consider that mitochondrial pathway was involved
in NP-induced apoptosis of neurons. Similarly, mitochondrial pathway-
dependent apoptosis induced by NP treatment has been found in pan-
creatic cells (Li et al., 2017). Many lines of evidence have shown that
the mitochondrial pathway is closely associated with ER stress in
apoptosis (Malhotra and Kaufman, 2011; Wang et al., 2011). Thus, the
coincidence of their activation in the present study may suggest their
cooperation in NP-induced apoptosis of cultured neurons.

As an endocellular catabolic mechanism, autophagy is responsible
for eliminating damaged organelles and unwanted proteins, which en-
ables it play important roles in maintenance of cellular homeostasis
(Mizushima et al., 2010; Tang et al., 2014). However, deregulation of
autophagy involves in cell death through degrading essential cellular
matrix and excessive self-digestion (Martinet and De Meyer, 2009).
Excessive autophagy disrupts neuronal homeostasis and contributes to
neurodegenerative and neurological disorders (Frake et al., 2015;
Ghavami et al., 2014). Autophagy induction and related neuronal death
were observed in the CNS of several pathological states (Li et al., 2014).
Thus, we examined whether NP exposure directly induced autophagy
primary cortical neurons.

The monitor of autophagy is still not very easy currently (Klionsky
et al., 2016), so we examined a series of autophagic markers, which
involve in the initiation of autophagosome formation, elongation, ma-
turation and fusion, in NP-exposed primary cortical neurons. The up-
regulation of LC3-II conversion is considered as a hallmark of autop-
hagy (Huang and Liu, 2015). In the present study, NP treatment in-
creased the LC3-II conversion in primary cortical neurons. However, it
should be noted that the increase in the LC3-II levels may also be due to
the decrease in autophagic proteolysis (defects in LC3-II degradation)
(Mizushima et al., 2010). Hence, we further studied the expression of
SQSTM1/p62 and Beclin-1 in primary cortical neurons. As selective
substrate for autophagy, the levels of SQSTM1/p62 is often used to
assess autophagy activity; the accumulation of SQSTM1/p62 indicates
dysfunction of autophagy (Sarkar et al., 2014). Beclin-1 is required for
nucleation of autophagosome membranes (He and Levine, 2010). Its
binding to the pre-autophagosomal structure enables it function as a
key protein in autophagy initiation and progression (Cui et al., 2016;
Mei et al., 2016). Therefore, the expression of Beclin-1 is closely linked
to autophagy activity. It is also believed that Beclin-1 mediates the key
pathways that regulate autophagy (Shrivastava et al., 2012). Though its
complicated roles have been suggested in autophagy, Beclin-1 is con-
sidered as a positive regulator of autophagy under most circumstances
(Kang et al., 2011). Our results showed that NP treatment increased the
expression of Beclin-1 and decreased the levels of SQSTM1/p62 in
neurons. Furthermore, in order to assess lysosome function, we in-
vestigated the expression of LAMP2. LAMP2 protects the lysosomal
membrane from autodigestion and maintains the acidic environment of
the lysosome, and is often used as an indicator of lysosome function
(Endo et al., 2015). In the present study, we found NP treatment in-
creased the expression of LAMP2 in primary cortical neurons, sug-
gesting the activation of lysosome. Taken together, our results showed
that NP treatment directly enhanced autophagic flux in primary cortical
neurons, as indicated by increased LC3-II conversion, decreased levels
of SQSTM1/p62, as well as increased levels of Beclin-1 and LAMP2.

The mammalian target of rapamycin (mTOR) is thought to play a
central role in the regulation of autophagy, although some conditions
could induce autophagy via an mTOR-independent pathway. The
phosphorylated mTOR is a highly reactive protein that inhibits the in-
itiation of autophagy by deactivating related kinase (Kim et al., 2011).
We found that NP treatment reduced the levels of p-mTOR protein, and
did not change the levels of total mTOR protein. This result is consistent
with above findings, and suggests that NP-induced neuronal autophagy
is in mTOR dependent manner. Furthermore, our findings therefore
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suggest that both mTOR (a negative regulator) and Beclin-1 (a positive
regulator) may be involved in the NP-induced autophagy in primary
cortical neurons.

In this study, we found NP directly elicited autophagy and apoptosis
in neurons concurrently. Of note, autophagy is a two-edged sword for
the induction of apoptosis. On one hand, many studies have found that
autophagic activity directly or indirectly resulted in apoptotic cell
death. On the other hand, under some circumstances the activation of
autophagy plays a positive role in cell survival through inhibiting
apoptosis (Cooper, 2018). For instance, it has been shown that the
enhancement of autophagy protected neurons from apoptosis resulted
from oxygen-glucose deprivation (Zhou et al., 2017a). In addition, the
inhibition of autophagy deteriorated the hypoxia-induced apoptosis in
neurons (Li et al., 2018). Although autophagy played neuroprotective
roles against apoptosis in these studies, and induction of autophagy and
apoptosis coincided in our studies, it was still hard to draw a conclusion
about the role of autophagy in NP-induced apoptosis. Thus, both the
autophagy inhibitor CQ and the autophagy inducer RAP were applied
to the NP-exposed neurons. We found that the inhibition of autophagy
by CQ enhanced NP-induced apoptosis. Conversely, RAP-induced au-
tophagy remarkably suppressed NP-induced apoptosis in neurons.
These findings clearly demonstrated that autophagy served as a pro-
tective role in apoptosis caused by NP exposure in neurons.

5. Conclusions

To conclude, our study demonstrated that NP exposure affected cell
viability and induced apoptosis with a concomitant increase of autop-
hagic flux in primary cortical neurons, which may indicate the direct
effects of this potential neurotoxin on the CNS. Both ER stress and
mitochondrial pathways may contribute to NP-induced apoptosis in
neurons. Furthermore, by administrating of pharmacological (CQ and
RAP) approaches to modulate autophagy activation, we illuminated the
protective role of autophagy in apoptosis of neurons induced by NP.
Our findings may provide new evidence to support the idea that specific
modulation of autophagy is a neuroprotective strategy to ameliorate
NP-induced neurotoxicity.
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