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ABSTRACT

Chronic exposure to pesticides is implicated in the etiopathogenesis of Parkinson’s disease (PD). Previously, we showed that
dieldrin induces dopaminergic neurotoxicity by activating a cascade of apoptotic signaling pathways in experimental
models of PD. Here, we systematically investigated endosulfan’s effect on the interplay between apoptosis and autophagy
in dopaminergic neuronal cell models of PD. Exposing N27 dopaminergic neuronal cells to endosulfan rapidly induced
autophagy, indicated by an increased number of autophagosomes and LC3-II accumulation. Prolonged endosulfan exposure
(>9 h) triggered apoptotic signaling, including caspase-2 and -3 activation and protein kinase C delta (PKCd) proteolytic
activation, ultimately leading to cell death, thus demonstrating that autophagy precedes apoptosis during endosulfan
neurotoxicity. Furthermore, inhibiting autophagy with wortmannin, a phosphoinositide 3-kinase inhibitor, potentiated
endosulfan-induced apoptosis, suggesting that autophagy is an early protective response against endosulfan. Additionally,
Beclin-1, a major regulator of autophagy, was cleaved during the initiation of apoptotic cell death, and the cleavage was
predominantly mediated by caspase-2. Also, caspase-2 and caspase-3 inhibitors effectively blocked endosulfan-induced
apoptotic cell death. CRISPR/Cas9-based stable knockdown of PKCd significantly attenuated endosulfan-induced caspase-3
activation, indicating that the kinase serves as a regulatory switch for apoptosis. Additional studies in primary
mesencephalic neuronal cultures confirmed endosulfan’s effect on autophagy and neuronal degeneration. Collectively, our
results demonstrate that a functional interplay between autophagy and apoptosis dictate pesticide-induced
neurodegenerative processes in dopaminergic neuronal cells. Our study provides insight into cell death mechanisms in
environmentally linked neurodegenerative diseases.
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The etiopathogenesis of Parkinson’s disease (PD) still remains
unclear. Nevertheless, increasing evidence suggests that envi-
ronmental risk factors, such as exposure to heavy metals and
pesticides, may be significantly related to the development of
idiopathic PD (Brown et al., 2006; Fleming et al., 1994; Fleming,
2017; Hatcher et al., 2007, 2008; Jia and Misra, 2007a;
Kanthasamy et al., 2005, 2012; Richardson et al., 2006; Tanner
and Ben-Shlomo, 1999). The cellular and molecular mecha-
nisms of environmental neurotoxic stress-induced dopaminer-
gic neurodegeneration have been intensively studied for several
decades, yet the key signaling mediators responsible for regu-
lating the neurodegenerative process are yet to be established.

Pesticides make up a large and growing group of chemicals
that induce neurotoxic effects. Endosulfan (6,7,8,9,10,10-hexa-
chloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4,3-benzodioxa-
thiepin-3-oxide) is an organochlorine insecticide that has been
widely used in agriculture and forestry around the world.
However, endosulfan can adversely affect nontarget organisms
due to its long persistence in the environment and high poten-
tial to bioaccumulate in the tissues of fish and mammals, in-
cluding humans. Endosulfan can even be detected and involved
in the toxicity of some aquatic and terrestrial wildlife
(Aleksandrowicz, 1979; Blanco-Coronado et al., 1992; Boereboom
et al., 1998; Brandt et al., 2001; Chan et al., 2006; Demeter et al.,
1977; Eyer et al., 2004; Kelly and Gobas, 2003; Kim et al., 2018;
Kumari et al., 2016; Oliveira et al., 2017; Ribeiro et al., 2001).
Moreover, endosulfan residues have been detected in the brains
of orally administered rats (Ansari et al., 1984; Dikshith et al.,
1984; Gupta, 1978; Jang et al., 2016; Lafuente and Pereiro, 2013;
Zervos et al., 2011). In humans, neurotoxicity and psychiatric
syndromes, including tremor, epilepsy, hyperactivity, irritabil-
ity, paralysis, and memory defects, have been reported in indus-
trial or agricultural workers suffering from acute exposure to
endosulfan (Agrawal et al., 1983; Aleksandrowicz, 1979; Kucuker
et al., 2009; Naqvi and Vaishnavi, 1993; Paul et al., 1994; Silva and
Gammon, 2009). Reflecting these significant risks, the United
States Environmental Protection Agency (EPA) banned the use
of endosulfan in 2010 (Lubick, 2010). To date, endosulfan has
been phased out in 62 countries, but it still poses an environ-
mental exposure risk for humans due to its long environmental
half-life (Menezes et al., 2017; Silva and Gammon, 2009).

Previous studies show that exposure to endosulfan induces
cytotoxicity and apoptosis in various cell types, including neu-
ronal cells, via oxidative stress and mitochondrial dysfunction,
which is mostly known to involve disruption of the mitochon-
drial transmembrane potential (Du et al., 2015; Jia and Misra,
2007b,c; Kang et al., 2001; Kannan et al., 2000; Kannan and Jain,
2003; Lakroun et al., 2015; Wang et al., 2012). Exposure to endo-
sulfan also proved cytotoxic to rat and human neuronal and
glial cells (Brown et al., 2006; Chan et al., 2006; Seth et al., 1986).
Dopaminergic neurons are particularly sensitive to endosulfan-
induced neurotoxicity in both cell culture and animal models of
PD (Brown et al., 2006; Chan et al., 2006; Seth et al., 1986; Wilson
et al., 2014), and reports of endosulfan-induced hyperactivity
and circling movements (Ansari et al., 1987; Chhillar et al., 2013;
Paul and Balasubramaniam, 1997; Wilson et al., 2014) suggest an
increased risk of PD. This hypersensitivity of dopaminergic
receptors to endosulfan was indicated in another study demon-
strating that endosulfan can significantly reduce the number of
striatal dopaminergic receptors in rats without affecting other
receptor profiles (Seth et al., 1986).

Despite the adverse effects of endosulfan and its established
link with neurotoxicity (Gude and Bansal, 2012; Lee et al., 2015;
Wilson et al., 2014), the biochemical and cellular mechanisms of

endosulfan-caused dopaminergic neurotoxicity have been
understudied and are still largely unknown. Autophagy, one of
the major pathways for the degradation of intracellular macro-
molecules, is usually triggered in response to adverse environ-
mental conditions, such as starvation, infection, hypoxia,
radiation and numerous cytotoxic stimuli (Ding et al., 2007;
Klionsky and Emr, 2000). It has been shown recently that endo-
sulfan contributes significantly to triggering autophagy by gen-
erating oxidative stress (Rainey et al., 2017; Zhang et al., 2017b).
Autophagy plays a fundamental role in neuronal homeostasis
and survival and its dysregulation has been linked to neurode-
generative diseases (Lee, 2009; Nixon, 2006; Winslow and
Rubinsztein, 2008; Wong and Cuervo, 2010). Here, we show for
the first time that endosulfan exposure resulted in autophagy
in dopaminergic neuronal cells, followed by apoptotic cell
death. Our findings (1) indicate that endosulfan-induced
autophagy may act as an early survival mechanism against the
later-onset apoptosis-driven degeneration of dopaminergic
neuronal cells and (2) imply that autophagy dysfunction plays a
central role in the etiology of PD. Thus, the search for an effica-
cious autophagy enhancer could be integrated into the develop-
ment of potential PD therapies.

MATERIALS AND METHODS

Chemicals and reagents. Endosulfan (purity 73.2%) was obtained
from Chem Service Inc. (West Chester, Pennsylvania).
Wortmannin and bafilomycin A1 were purchased from Sigma
Chemical Co. (St. Louis, Missouri). The caspase-2 substrate Ac-
VDVAD-AFC and specific inhibitor Z-VDVAD-fmk, caspase-3
substrate Ac-DEVD-AFC and specific inhibitor Z-DEVD-fmk,
caspase-8 substrate Ac-IETD-AFC, and caspase-9 substrate
Ac-LEHD-AFC were obtained from Bachem Biosciences (King
of Prussia, Pennsylvania). The substrate used to examine
proteasomal activity, Suc-Leu-Leu-Val-Try-7-amino-4-
methylcoumarin-AMC (Suc-LLVY-AMC), was purchased from
Calbiochem (San Diego, California). The Cell Death Detection
enzyme-linked immunosorbent (ELISA) Plus assay kit was pur-
chased from Roche Molecular Biochemicals (Indianapolis,
Indiana). RPMI 1640 medium, fetal bovine serum, L-glutamine,
penicillin/streptomycin, and SYTOX green dye were purchased
from Invitrogen (Carlsbad, California). The Bradford protein as-
say kit was purchased from Bio-Rad (Hercules, California). The
primary antibodies used in this study were Beclin-1, caspase-2,
caspase-3, PKCd (catalog no. sc-11427, sc-625, sc-7148, respec-
tively) (1:1000, rabbit polyclonal, Santa Cruz Biotechnology,
Santa Cruz, California), cytochrome c (catalog no. MAB 1800)
(1:1000, mouse monoclonal, Millipore, Billerica, Massachusetts),
b-actin (catalog no. A2228) (1:10000, mouse monoclonal, Sigma),
ubiquitin (catalog no. Z0458) (1:2000, rabbit polyclonal antibody,
DakoCytomation California Inc., Carpinteria, California), phos-
pho-PKCd (T505) (catalog no. sc-11770) (1:1000, Goat polyclonal
antibody, Santa Cruz Biotechnology), LC3 (catalog no. 2775), and
cleaved caspase-3 (A175) (catalog no. 9664) (1:1000, rabbit mono-
clonal, Cell signaling, Danvers, Massachusetts). IR Dye 800-con-
jugated anti-rabbit (1:10000) (Rockland labs, Gilbertsville,
Pennsylvania) and Alexa Fluor 680 conjugate anti-mouse
(1:10000) (LI-COR, Lincoln, Nebraska) secondary antibodies were
used.

Cell culture and CRISPR/Cas9-based knockout of PKCd in N27 cells.
Immortalized rat mesencephalic/dopaminergic cells (N27 cells)
were grown in RPMI 1640 medium containing 10% fetal bovine
serum, 2 mM L-glutamine, 50 units penicillin and 50 lg/ml
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streptomycin and incubated at 37�C in a humidified atmosphere
containing 5% CO2. Two-to-three-day old cells were used for
experiments. Primary mesencephalic neuronal cultures were
prepared from the dissected brains of timed-pregnant C57BL/6
mice (gestation E14) as described previously (Zhang et al., 2007).
Briefly, fetal mesencephalic tissues were maintained in ice-cold
Ca2þ-free HBSS and then the cells were dissociated in HBSS so-
lution containing trypsin-EDTA (0.25%) for 30 min at 37�C. Next,
the dissociated cells were seeded at equal density (1 � 106 cells)
in 30-mm diameter tissue culture wells that were pre-coated
with poly-D-lysine (1 mg/ml) and 10 lg/ml laminin. Cultures
were maintained in neurobasal medium fortified with B-27
supplements, L-glutamine (500 lM), penicillin (100 IU/ml), and
streptomycin (100 lg/ml) (Invitrogen). The cells were incubated
for 6–7 days at 37�C in a humidified atmosphere of 5% CO2. Half
of the culture medium was replaced every 2 days.

To make lentivirus, the lentivirus-based CRISPR/Cas9 PKCd

KD plasmid pLVU6gRNA-Ef1aPuroCas9GFP-PKCd with the PKCd

gRNA target sequence GCGTCGTCCTCCGCCTGCAGGG (Sigma-
Aldrich) and control plasmid were transfected into 293FT cells
using the Mission Lentiviral Packaging Mix (SHP001; Sigma-
Aldrich) according to the manufacturer’s instructions. The lenti-
virus was harvested 48 h post-transfection and titers were
measured using the Lenti-X p24 Rapid Titer kit (Clontech,
Mountain View, California). For stable KD of PKCd in N27 cells,
6-well plates containing 0.1 � 106 cells/well had lentivirus added
the following morning to the media at an MOI of 100. After 24 h,
fresh media supplemented with puromycin (50 lg/ml) was
added to the cells for stable cell selection.

Plasmid constructs. The GFP-LC3 and GFP-LC3-DG constructs were
kind gifts from Dr Isei Tanida, National Institute of Infectious
Disease, Japan. GFP-LC3-DG is a mutant whose C-terminal
Glycine, which is essential for lipidation, was deleted. This con-
struct was used as a negative control to identify lipidation-
independent LC3 puncta.

SYTOX cell death assay and morphometric studies. Cell death was
examined under phase-contrast microscopy and determined by
SYTOX green assay as described previously (Afeseh Ngwa et al.,
2011; Asaithambi et al., 2014; Charli et al., 2016; Ponzoni et al.,
2015). Morphological changes of the cells undergoing apoptosis
after endosulfan treatment included shrunken cell bodies, cyto-
plasmic vacuolization, and membrane blebbing. For SYTOX
green assay, SYTOX green dye enters only dead cells and binds
with DNA to produce green fluorescence (Sherer et al., 2002).
Briefly, cells grown in 24-well plates were treated with different
concentrations of endosulfan for 20 h and then incubated with
1 mM SYTOX green for 20 min. Dead cells were viewed directly
under the fluorescence microscope, as well as quantitatively
measured using a fluorescence microplate reader (SpectraMax
Gemini XS Model, Molecular Devices, Sunnyvale, California)
with excitation at 485 nm and emission at 538 nm.

MTT assay. MTT (3-(4,5-dimethylthiazol-3-yl)-2,5-diphenyl tetra-
zolium bromide) assay was used to examine cell viability and
determine the LC50 of endosulfan in N27 cells as described pre-
viously (Kitazawa et al., 2001; Latchoumycandane et al., 2004).
Briefly, N27 cells (1 � 105 per well) were seeded in 24-well plates
and incubated for 24 h. Then the medium was replaced with an
endosulfan-containing medium with or without caspase inhibi-
tors or autophagy inhibitor and the cells were further incubated
for 15 h. After treatment, N27 cells were washed once and then
incubated with 0.25 mg/ml MTT in serum-free medium for 3 h at

37�C. After that, the supernatant was removed and the forma-
tion of formazan (MTT metabolic product) was then solubilized
in DMSO and further measured at 570 nm with a reference
wavelength at 630 nm using a SpectraMax microplate reader.

MTS assay. Cell viability was measured using the Cell Titer 96VR

AQueous Non-Radioactive Cell Proliferation (MTS assay) kit
from Promega as described previously (Charli et al., 2016; Jin
et al., 2014). Briefly, N27 cells were plated at 1� 105 cells/well in
96-well plates one day before treatment. The following day, me-
dium was replaced with an endosulfan-containing medium
with or without caspase inhibitors or autophagy inhibitor and
the cells were further incubated for 15 h. Following treatment,
10 ll of MTS solution reagent mix was added to each plate well
and incubated at 37�C for 45 min. At the end of incubation, the
purple-colored formazan crystals that formed in the live cells
were dissolved by adding 25 ll of DMSO to each well. Finally,
readings were taken at a wavelength of 490 nm and another ref-
erence reading for each well was taken at 670 nm to eliminate
background.

Western blot. After treatment, N27 cells were washed 3 times us-
ing PBS and then resuspended in homogenization buffer (pH
8.0, 20 mM Tris, 2 mM EDTA, 10 mM EGTA, 2 mM DTT, 1 mM
PMSF, protease inhibitor cocktail) followed by sonication and
centrifugation at 16 000 � g for 50 min at 4�C as described previ-
ously (Sarkar et al., 2017; Singh et al., 2018; Song et al., 2010). Cell
lysates were resolved on 10%–15% SDS-PAGE and then trans-
ferred to nitrocellulose membranes for immunoblotting with
different primary antibodies overnight, followed by secondary
IR dye-800 conjugated anti-rabbit IgG or Alexa Fluor 680 conju-
gated anti-mouse IgG for 1 h at RT. Western blot was used to ex-
amine proteolytic activation of caspases and PKCd, cytochrome
c release into cytosol, LC3 protein level, Beclin-1 cleavage, and
poly-ubiquitinated protein formation. Western blot images
were captured with an Odyssey IR Imaging system (LI-COR) and
data were analyzed using Odyssey 3.0 software.

Autophagic vacuole formation and MitoTracker or LysoTracker fluores-
cent staining. Following exposure to endosulfan at the time
points 1, 3, or 6 h, N27 cells were examined under a phase-
contrast microscope. Images were taken to show the autophagic
vacuoles induced by endosulfan treatment. For visualization of
mitochondria or lysosomes, live cells were incubated with
25 nM MitoTracker or LysoTracker (Invitrogen), respectively, for
10 min at 37�C before fixation. All images were analyzed by ei-
ther C1 confocal microscopy (model TE-2000U; Nikon, Tokyo,
Japan) or a SPOT digital camera and analyzed by MetaMorph
software (Universal Imaging, Downingtown, Pennsylvania).

Transmission electron microscopy. For transmission electron mi-
croscopy (TEM), N27 cells on coverslips were fixed with 2% glu-
taraldehyde (w/v) and 2% paraformaldehyde (w/v) in 0.1 M
sodium cacodylate buffer, pH 7.2, for 48 h at 4�C. Samples were
washed in buffer and then fixed in 1% osmium tetroxide in
0.1 M cacodylate buffer for 1 h at RT. The samples were then
dehydrated in 70% ethanol, contrast-stained with 2% uranyl ac-
etate in 75% ethanol for 30 min, and further dehydrated in a
graded ethanol series. They were then cleared with ultrapure
acetone, infiltrated and embedded using a modified EPON epoxy
resin (Embed 812; Electron Microscopy Sciences, Ft.
Washington, Pennsylvania). Resin blocks were polymerized for
48 h at 70�C. Thick and ultrathin sections were made using a
Leica UC6 ultramicrotome (Leeds Precision Instruments,
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Minneapolis, Minnesota). Ultrathin sections were collected onto
copper grids and imaged using a JEM 2100 200 kV scanning and
transmission electron microscope (Japan Electron Optic Labs
USA, Peabody, Massachusetts).

GFP-LC3 overexpression and puncta detection. N27 cells were tran-
siently transfected with either the GFP-LC3 or GFP-LC3-DG plas-
mid using the Amaxa Nucleofector Kit (Lonza, Basel,
Switzerland). Briefly, N27 cells were resuspended with the
transfection buffer provided with the kit to a final concentration
of 4–5 � 106 cells/100 ll and mixed with 5 lg plasmid DNA.
Electroporation was executed with an Amaxa Nucleofector in-
strument following the manufacturer’s protocol. Next, the
transfected cells were plated at a density of 2.5 � 105 in 6-well
plates for 24 h, treated with 60 mM endosulfan and then har-
vested at prespecified time points. Fluorescent microphoto-
graphs of GFP-LC3 were obtained from a SPOT digital camera
and analyzed by MetaMorph software (Universal Imaging). The
puncta staining of GFP-LC3 formed after endosulfan exposure,
indicating the formation of autophagosomes.

Caspase enzymatic activity assay. Caspase enzymatic activities
were assessed as described in our previous publications (Song
et al., 2010; Sun et al., 2005). Following treatments, N27 cells were
washed with PBS once, lysed with 10 lM digitonin in caspase as-
say buffer (50 mM Tris-HCl, 1 mM EDTA, 10 mM EGTA) at 37�C
for 20 min, and then the lysates were centrifuged at 14 000 rpm.
Next, aliquots of the cell-free supernatants were incubated in
96-well plates with different rows receiving 50 lM of a unique
fluorogenic substrate, either Ac-VDVAD-AFC, Ac-DEVD-AFC,
Ac-IETD-AFC, or Ac-LEHD-AFC for determination of caspase-2, -
3, -8, or -9 activity, respectively. The formation of 7-amino-4-
methylcoumarin (AFC), resulting from the caspase cleavage,
was monitored at excitation 400 nm and emission 505 nm using
a fluorescence plate reader (Molecular Devices). Caspase activi-
ties were normalized by protein concentration as measured by
the Bradford method. Caspase-2 or caspase-3 proteolytic activa-
tion was also detected by Western blotting their respective
antibodies.

Proteasome activity assay. The proteasomal peptidase assay was
performed as described before (Song et al., 2010; Sun et al., 2005).
Briefly, after endosulfan treatment, N27 cells were harvested,
washed once in PBS and lysed in hypotonic buffer (10 mM
HEPES, 5 mM MgCl2, 10 mM KCl, 1% sucrose, and 0.1% CHAPS).
Lysates then were incubated with a fluorogenic substrate Suc-
LLVY-AMC (75 lM) in the proteasomal assay buffer (50 mM Tris-
HCl, 20 mM KCl, 5 mM MgOAc, and 10 mM dithiothreitol, pH 7.6)
at 37�C for 30 min. The cleaved fluorescent products (AMC) were
then examined at the excitation and emission wavelengths of
380 and 460 nm, respectively, by a fluorescence plate reader
(Gemini Plate Reader, Molecular Devices). Each lysate concen-
tration was determined by the Bradford method and used to
normalize enzymatic activity.

DNA fragmentation. DNA fragmentation assay was performed us-
ing a Cell Death Detection ELISA Plus Assay kit (Roche
Diagnostics), as described in our recent publications (Sun et al.,
2005). This highly sensitive assay uses histone-associated low-
molecular weight DNA found in the cytoplasm of cells. Briefly,
after treatment, N27 cells were centrifuged, washed once with
PBS and then incubated with cell lysis buffer (supplied with the
kit) for 30 min at RT. After centrifuging, the supernatants were
dispensed into streptavidin-coated 96-well microtiter plate

wells containing 80 ml of HRP-conjugated antibody cocktail.
After 2-h incubation at RT, the absorbance of the ELISA reaction
was measured at 490 and 405 nm using a microplate reader
(SpectraMax 190, Molecular Devices). The difference in absor-
bance between OD405 and OD490 nm was used to measure the
actual DNA fragmentation level.

MDC assay. Monodansylcadaverine (MDC), an autofluorescent
chemical, was used as a specific autophagolysosome marker to
study autophagy in living cells. Incorporation of MDC into auto-
phagic vacuoles induced by endosulfan treatment was mea-
sured by a fluorescence photometry plate reader (excitation
wavelength 380 nm, emission filter 525 nm), as previously de-
scribed (Munafo and Colombo, 2001). Briefly, following treat-
ment with endosulfan, N27 cells were incubated with 50 mM
MDC in PBS at 37�C for 20 min. Cells were then triple-washed
with PBS and harvested in 10 mM Tris-HCl, pH 8, containing
0.2% Triton X-100. The intracellular MDC level was determined
by fluorescence photometry. The number of cells present in
each sample was detected by the measurement of DNA fluores-
cence (excitation 530 nm, emission 590 nm) by adding ethidium
bromide to a final concentration of 0.2 mM and the value was
used to normalize the MDC assay.

3H-dopamine (3H-DA) dopaminergic neurotoxicity assay. The effects
of endosulfan on uptake of dopamine were assessed in fetal
mouse mesencephalic cultures using 3H-DA, as described in our
recent publication (Song et al., 2010). Briefly, after incubation for
20 h with 10, 20, 30, or 40 mM endosulfan, medium with the treat-
ment was removed and cells were then washed once by assay
incubation (Krebs-Ringer) buffer (5.6 mM glucose, 1.3 mM EDTA,
1.2 mM magnesium sulfate, 1.8 mM calcium chloride, 4.7 mM
potassium chloride, 120 mM sodium chloride, and 16 mM so-
dium phosphate). Cells were incubated with 10 mM 3H-DA (30 Ci/
mol) for 20 min at 37�C. Negative controls were obtained by in-
cubating the cells with 10 lM 3H-DA together with 1 nM
Mazindol (potent dopamine reuptake inhibitor). Uptake was
stopped by removing the reaction mixture and triple-washing
with fresh Krebs-Ringer buffer. Cells were then collected by us-
ing 1 N NaOH. Radioactivity was measured by liquid scintillation
counting after adding a 5-ml scintillation cocktail to each vial.

Data analysis. Data analysis was performed using Prism 4.0 soft-
ware (GraphPad Software, San Diego, California). Data were first
analyzed using 1-way ANOVA and then Bonferroni’s posttest
was performed to compare all treatment groups. Differences
with p� .05 were considered significant.

RESULTS

Endosulfan Is Cytotoxic to Dopaminergic Neuronal Cells
Although exposure to endosulfan has been shown to cause do-
paminergic neurodegeneration and to deplete striatal dopamine
levels in mice (Jia and Misra, 2007a,b), the cellular and molecular
mechanisms of endosulfan-induced dopaminergic neuronal
cell death remain unresolved. In this study, we first systemati-
cally examined endosulfan’s acute effects during a 20-h, 20- to
80-mM exposure to establish its LC50 profile of dose-dependent
neurotoxicity and cell death in our dopaminergic neuronal N27
cell line. Phase-contrast microscopy of endosulfan-treated cells
revealed dose-dependent morphological changes indicative of
apoptosis (Figure 1A). Dose-dependent cytotoxicity was also
detected by SYTOX green fluorescence microscopy (Figure 1B).
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Quantification of SYTOX fluorescence (Figure 1C) revealed that
70 and 80 lM endosulfan elicited the most pronounced toxicity.
Endosulfan’s LC50 in N27 cells after a 20-h incubation was about
60 lM as determined by MTT assay (Figure 1D), and therefore
60 lM was used for further mechanistic studies.

Endosulfan Induces Autophagy in N27 Cells

During endosulfan treatments, we inspected the formation of
autophagic vacuoles that were visible as early as 1 h post-
treatment. The size and number of vacuoles progressively
increased with the exposure duration of 60-lM endosulfan
treatment increased (up to 6 h), compared with vehicle control
cells treated with DMSO (Figure 2A, arrows in top panel). To bet-
ter simulate the physiological concentrations of endosulfan
that people might be exposed to in the environment, we used
low concentrations of endosulfan (10–30 lM) for a long-term ex-
posure to further examine the formation of autophagic
vacuoles. Similarly, low-concentration endosulfan also in-
creased vacuole formation (Figure 2A, lower panel). Because
these vacuoles resemble the double-membrane autophagic
vacuoles (autophagosomes and autolysosomes) that sequester
bulk cytoplasmic contents (Gozuacik and Kimchi, 2004), we
then tested via LysoTracker staining whether the vacuoles
formed at a late time point contained lysosomes and if some of
them contained defective cytoplasmic contents, such as mito-
chondria, using MitoTracker staining. After a 9-h endosulfan
treatment, some vacuoles were empty (Figure 2B, indicated by
arrow) and some of them contained mitochondria (indicated by
*). LysoTracker labeling suggested that some of the autophago-
somes can merge with lysosomes to form autolysosomes

(indicated by open arrows). To further examine whether endo-
sulfan induces autophagy, we investigated the ultrastructure of
N27 cells with and without endosulfan treatment by TEM. We
observed numerous vacuolar elements that assembled auto-
phagic vacuoles in endosulfan-treated cells (Figure 2C).

To confirm that the formed vacuoles induced by endosulfan
were autophagosomes, we used the reliable autophagy marker
LC3, the first mammalian protein found to localize with auto-
phagosomes during autophagy. Thus, the formation of auto-
phagosome puncta containing LC3 has been regarded as a
hallmark of autophagic activation. For this, N27 cells were tran-
siently transfected with GFP-LC3 plasmids and then treated
with endosulfan. We then traced the redistribution of LC3 dur-
ing the formation of autophagosomes at different time points
under fluorescence microscopy (Figure 2D). In control cells, GFP-
LC3 green fluorescence was diffusely distributed in the cyto-
plasm. In contrast, in endosulfan-treated cells, characteristic
puncta (fluorescent dots) formed in a time-dependent manner.
It has been reported that spontaneous lipid independent aggre-
gation of GFP-LC3 occurs when it is overexpressed in cells
(Tanida et al., 2008). To identify lipidation-independent LC3
puncta, we used a negative plasmid control, GFP-LC3-DG, in
which the C-terminal glycine essential for lipidation has been
deleted. Endosulfan treatment did not induce fluorescent
puncta formation in GFP-LC3-DG-transfected cells, indicating
that the puncta dots formed in GFP-LC3-transfected cells are
lipid-associated (Figure 2D).

Of the two isoforms of LC3, the cytoplasmic form, LC3-I, can
be proteolysed at a specific site producing LC3-II, which is asso-
ciated with membrane compartments, such as autophago-
somes during autophagy (Kabeya et al., 2000; Sy et al., 2008).

Figure 1. Endosulfan-induced cytotoxicity and cell death in dopaminergic neuronal N27 cells. N27 cells were treated with 20–80 lM endosulfan for 20 h. (A) Phase-con-

trast images of the cells treated with endosulfan, (B) SYTOX fluorescence staining in N27 cells treated with endosulfan, (C) SYTOX green fluorescence in cells treated

with endosulfan was also quantified using a microplate reader. Scale bar, 100 lm. The data represent n¼ 6. ***, p< .001 represents significant differences between the

endosulfan-treated group and the control cells treated with vehicle DMSO, and (D) endosulfan-induced apoptotic cell death as determined by MTT assay.
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Figure 2. Endosulfan-induced autophagy in N27 dopaminergic neuronal cells. (A) Autophagic vacuoles were examined by phase-contrast microscopy. Scale bar, 10 lm.

(B) MitoTracker and LysoTracker fluorescent staining imaged after 9-h exposure to endosulfan. Scale bar, 10 lm. (C) Representative transmission electron microscopy

images depicting the ultrastructure of cells treated with 60 lM endosulfan for 9 h. Arrows, autophagic vacuoles. Arrowheads, autophagosome assembly (cargo captur-

ing). Scale bars 0.5 and 1 lm. (D) Cells were transfected with one of the GFP-LC3 fusion constructs (wild type or mutant DG). Puncta formed in cells transfected with

GFP-LC3 cDNA and treated by endosulfan for 3 and 6 h. GFP-LC3 dots were not observed when cells were transfected with GFP-LC3-DG cDNA. Scale bar, 10 lm. (E)

Immunoblot analyses of accumulating LC3-II protein in cells treated with 60 mM endosulfan; b-actin expression was used as an equal loading control. (F) MDC assay

was performed in control or endosulfan-exposed cells. ***, p< .001 indicates significant differences between endosulfan-treated groups and vehicle-treated control

cells.
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Generally, LC3-II protein levels increase with enhanced auto-
phagosome formation. In our study, LC3-II steadily increased in
endosulfan-treated cells as revealed by Western blot (Figure 2E).

Finally, because the autofluorescent drug MDC has been rec-
ognized as a specific marker for autophagosomes (Biederbick
et al., 1995), we performed an MDC assay to confirm endosulfan-
induced autophagy as measured by the buildup of MDC fluores-
cence in cells. To increase the assay signal, we chose 12 and
20 h (late phase after autophagy) post endosulfan treatment to
accumulate the autofluorescent drug MDC. MDC accumulated
time-dependently during endosulfan (60 lM) treatment
(Figure 2F). Collectively, our results clearly demonstrate that en-
dosulfan induces an autophagic response in a dopaminergic
neuronal model.

Endosulfan Inhibits Proteasomal Activity and Induces
Aggregation of High-Molecular Weight (HMW)
ubiquitinated Proteins in Dopaminergic Neuronal Cells

The findings of an endosulfan-induced autophagic response
prompted us to further investigate the cause of autophagy. The
ubiquitin proteasome system (UPS) and autophagy machinery
are the two major degradation systems in the cell and the UPS
is suspected of playing a role in the pathogenesis of PD (Biasini
et al., 2003; Dantuma and Bott, 2014; Martins-Branco et al., 2012;
Sun et al., 2005, 2006). Proteasome inhibition could activate
autophagy to compensate for the proteasome degradation sys-
tem (Ding et al., 2007). Our previous studies showed that another
organochlorine pesticide, dieldrin, caused a significant impair-
ment of the proteasomal machinery and neurodegeneration of
dopaminergic cells (Song et al., 2010; Sun et al., 2005). Therefore,
we examined the effect of endosulfan exposure on proteasomal

activity in N27 dopaminergic neuronal cells. N27 cells exposed
to 0–80mM endosulfan for 20 h showed a dose-dependent reduc-
tion in proteasomal activity (Figure 3A). Because the EC50 of en-
dosulfan for N27 cells was 60 mM (see Figure 1D), we then
conducted a time-course analysis of proteasomal activity with
60-mM endosulfan exposure at earlier time points. Proteasomal
activity decreased significantly within 3 h after endosulfan
treatment and remained roughly constant during the entire
treatment period (Figure 3B). As reported previously, due to the
decreased rate of protein clearance by the proteasome, UPS dys-
function can result in the accumulation of ubiquitinated pro-
teins in the cytosol (Rideout and Stefanis, 2002). As further
confirmation of UPS impairment, endosulfan treatment led to a
dramatic accumulation of HMW ubiquitin-conjugated proteins
in cells after 3 h, as revealed by Western blot (Figure 3C). These
results suggest that endosulfan treatment causes the accumula-
tion of HMW ubiquitin-conjugated proteins by rapidly impairing
the UPS.

Prolonged Exposure to Endosulfan Induces Apoptotic
Cell Death

After prolonged endosulfan treatment, we observed an
apoptosis-like cell death in N27 dopaminergic neuronal cells.
Previous reports indicate that endosulfan decreases cell growth
and causes apoptosis in germ cells, blood mononuclear cells,
neuroblastoma cells and neural stem cells (Ahmed et al., 2008;
Jia and Misra, 2007b; Kang et al., 2001; Ren et al., 2008). We have
previously demonstrated caspases-3 and 9 and proteolytic acti-
vation of PKCd mediate dieldrin-induced apoptotic cell death
(Kitazawa et al., 2004). Recently, caspase-2 has been suggested
to play critical roles in stress-induced apoptotic cell death and

Figure 2. Contined
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cell-cycle maintenance (Bouchier-Hayes, 2010). As reported,
pro-caspase-2 can be cleaved into several fragments (32–33, 14,
18, and 12 kDa), and 18/12 kDa are the active subunits (Li et al.,
1997). Thus, we examined whether endosulfan-induced cell
death in dopaminergic neuronal N27 cells results from apopto-
sis. We treated cells with 60 mM endosulfan for 6, 9, 15, and 20 h.
Although the executioner caspase-3 was significantly activated
after the 9-h treatment, accompanied by activation of caspase-
2, the mitochondria-initiated apoptotic events, such as cyto-
chrome c release and activation of the initiator caspases 8 and
9, were not evident until the 15-h treatment (Figs. 4A and 4B). In
addition to caspase enzymatic activation, we also demonstrated
the proteolytic cleavage of caspase-2 and -3 by Western blot
(Figs. 4C and 4D). Previously, we demonstrated that many neu-
rotoxins induce apoptotic cell death by caspase-3-dependent
proteolytic activation of protein kinase C delta (PKCd) (Kaul
et al., 2003; Kitazawa et al., 2003; Latchoumycandane et al., 2004),
which we routinely use as another apoptotic marker. Exposure
to 60 mM endosulfan over a 15- or 20-h time period resulted in
the proteolytic cleavage of native PKCd (78 kDa) into cleaved
fragments forming 38- and 41-kDa bands (Figure 4E).

DNA fragmentation has been noted during apoptotic cell
death and considered as a key marker of apoptosis. Therefore,
to determine if endosulfan induces DNA fragmentation, we
treated N27 cells with 60 lM endosulfan for 6, 9, 15, and 20 h.
After the 9-h treatment, DNA was significantly fragmented
compared with the control (Figure 4F) as examined by an ELISA
sandwich assay described in our previous publications (Kaul
et al., 2005; Sun et al., 2008).

These results show that endosulfan treatment eventually
leads to apoptosis through caspase activation, cytochrome c re-
lease, PKCd proteolytic activation, and DNA fragmentation. It is
also noteworthy that endosulfan-induced apoptosis might be
considered as a late event (starting at 9 h in Figure 4), triggered
by a cascade of preceding autophagic responses to endosulfan
treatment, including autophagic vacuole formation, GFP-LC3 re-
cruitment and puncta formation, and elevated LC3-II (Figure 2).

Multiple Caspases Mediate Endosulfan-Induced PKCd

Cleavage and Apoptotic Cell Death

Because we noticed caspase-2 and -3 activities were dramatically
activated before caspase-8 and -9 activation and mitochondrial cy-
tochrome c release, we then investigated whether caspase-2 and -3
activation works as an upstream event before caspase-8 and -9 ac-
tivation. We found that 60lM endosulfan significantly increased
both caspase-8 and -9 activity after 20 h, whereas co-treatment
with 50lM of the specific inhibitor for caspase-2 (Z-VDVAD-fmk) or
caspase-3 (Z-DEVD-fmk) completely blocked endosulfan-induced
caspase-8 and -9 activation (Figs. 5A and 5B), as examined by cas-
pase enzymatic activity using caspase-8 or -9 specific substrates.
To further determine the effect of caspase-2 or caspase-3 inhibition
on endosulfan-induced cell death, we used the SYTOX green cyto-
toxicity and MTT assays. Quantification of both assays revealed
significant protection against endosulfan-induced neurotoxicity by
caspase-2 or -3 inhibition (Figs. 5C and 5D). Previously, we and
others have shown that PKCd is a well-known downstream sub-
strate of caspases and its proteolytic cleavage is actively involved
in cell apoptosis (Emoto et al., 1995; Kanthasamy et al., 2003, 2006;
Kitazawa et al., 2003). We then used PKCd as a marker to reveal apo-
ptotic cell death processes. Exposure to 60lM endosulfan caused
phosphorylation of PKCd at Threonine 505 (T505) (Figure 5E).
Knockout of PKCd by CRISPR/Cas9 significantly reduced
endosulfan-induced phosphorylation of PKCd, proteolytic cleavage

of caspase-3 (Figure 5F), and neuronal cytotoxicity (Figure 5G).
Furthermore, endosulfan exposure induced proteolytic cleavage of
PKCd evident at later time points (15 and 20 h), whereas co-
treatment with 50lM of a caspase-2 or -3 specific inhibitor signifi-
cantly attenuated endosulfan-induced PKCd proteolytic cleavage
(both 15 and 20 h) (Figs. 5H and 5I). The CRISPR/Cas9 PKCd knock-
down efficiency was shown to be about 85% (Supplementary
Figure 1). Compared with caspase-3 inhibition, caspase-2-specific
inhibition was more effective and almost completely blocked
endosulfan-induced PKCd cleavage.

Growing evidence suggests that PKCd can play a dual role, ei-
ther promoting or suppressing autophagy, depending on the cell
type involved and the stimulus used to induced autophagy (Chen
et al., 2009; Zhang et al., 2017a). To further characterize the role of
PKCd in endosulfan-induced autophagy, we used a CRISPR/Cas sys-
tem to genetically knock down endogenous PKCd levels.
Transduction of N27 cells with the CRISPR/Cas9-based PKCd KD
lentivirus dramatically inhibited the endosulfan-induced conver-
sion of LC3-I to LC3-II (Figure 5E). Also, knocking down PKCd mini-
mized the cleavage of caspase 3 and PKCd phosphorylation
activation (Figure 5E), suggesting a positive feedback activation of
caspase-3 by PKCd. These results suggest that caspase inhibitors
attenuate endosulfan-induced cytotoxicity and apoptotic cell death
and that PKCd plays a role in the crosstalk between endosulfan-
induced autophagy and apoptosis.

Autophagy Inhibitors Potentiate Endosulfan-Mediated
Apoptotic Cell Death

The interconnection between endosulfan-induced autophagy
and apoptosis was further explored using the autophagy inhibi-
tor wortmannin or bafilomycin A1. Wortmannin is an inhibitor
of phosphatidylinositol 3-kinase (PI3K), which is required for
autophagy (Blommaart et al., 1997). Therefore, wortmannin
exerts an autophagy-inhibiting effect and blocks autophagy at
an early stage prior to autophagosome formation (Blommaart
et al., 1997; Munafo and Colombo, 2001; Yu et al., 2006).
Bafilomycin A1 inhibits autophagy by blocking the maturation
of autophagic vacuoles at the phase of fusion between autopha-
gosomes and lysosomes (Klionsky et al., 2008; Redmann et al.,
2017; Shacka et al., 2006). Treatment of N27 dopaminergic neuro-
nal cells with wortmannin effectively blocked the formation of
autophagosomes and the GFP-LC3 fluorescent puncta induced
by endosulfan (Figure 6A). Bafilomycin A1 co-treatment signifi-
cantly decreased endosulfan-induced LC3 II formation
(Figure 6B). Wortmannin at 50 nM was nontoxic to the cells,
however, after a 6-h treatment, endosulfan led to significant
increases of caspase-2 and -3 activity in the presence of wort-
mannin or bafilomycin A1 (Figs. 6C–F), whereas cells exposed to
either compound alone for 6 h did not (Supplementary Figure 2).
Cytotoxicity and cell death were also exacerbated when cells
were exposed to endosulfan in the presence of wortmannin or
bafilomycin A1 as demonstrated in the SYTOX green and MTS
assays (Figs. 6G–J). Collectively, these results indicate that wort-
mannin or bafilomycin A1 inhibited endosulfan-mediated
autophagy and rendered the cells more sensitive to the cyto-
toxic actions of endosulfan through the initiation of apoptosis.

Beclin-1 Is Involved in Endosulfan-Induced Autophagy
and Apoptosis

As demonstrated thus far, autophagy and apoptosis can be se-
quentially triggered by endosulfan with autophagy serving as a
pro-survival process against endosulfan-induced cell death.
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However, the actual event initiating the switch from autophagy
to apoptosis remains unclear. Bcl-2-interacting protein-1
(Beclin-1), the mammalian homolog of yeast autophagic gene
Atg6, is a component of the class III PI3K complex crucial for
autophagosome formation and a key factor in autophagy signal-
ing (Kihara et al., 2001; Liang et al., 1999). The latest studies dem-
onstrate that a caspase-mediated cleavage of Beclin-1 not only
abolishes its autophagic function but also accelerates the apo-
ptotic pathway (Cho et al., 2009; Djavaheri-Mergny et al., 2010;
Wirawan et al., 2010). Thus, we investigated whether Beclin-1
cleavage also occurs during endosulfan-caused cell death. After
prolonged endosulfan treatment (15 h), a 37-kDa cleaved frag-
ment of Beclin-1 was observed and this band accumulated with
time (Figure 7A). To explore whether Beclin-1 cleavage in the
present study was mediated by caspases, Beclin-1 cleavage was
examined after blocking caspases. Inhibition via the caspase-2
inhibitor Z-VDVAD-fmk or the caspse-3 inhibitor Z-DEVD-fmk
effectively diminished the cleavage of Beclin-1 (Figure 7B),
thereby confirming the involvement of caspases in Beclin-1
cleavage. The ability of caspase inhibitors to attenuate the
Beclin-1 cleaved band at 37 kDa also confirmed that the 37-kDa
band is not a nonspecific background band, but a real cleaved
fragment of Beclin-1. It was also notable that the caspase-2 in-
hibitor was more effective than the caspase-3 inhibitor and al-
most totally blocked Beclin-1 cleavage. These results
collectively demonstrate that Beclin-1 was proteolytically
cleaved by caspases after our prolonged endosulfan treatments

and this cleavage might play a critical role in the crosstalk be-
tween autophagy and apoptosis. Studies are underway to iden-
tify the real function of Beclin-1 cleavage and the cell signaling
cascades that follow.

Endosulfan Induces Autophagy and Dopaminergic
Neuronal Cell Loss in Primary Neuronal Cultures

We further assessed the effect of endosulfan on nigrostriatal
dopaminergic neurons using primary neuronal cultures. Mouse
primary dopaminergic neuronal cultures were treated with
40 lM endosulfan, and then the formation of autophagic
vacuoles was examined by phase-contrast microscopy of stria-
tal (STR) neurons or by TH immunostaining specifically for do-
paminergic neurons. Endosulfan induced the formation of
autophagic vacuoles in both striatal and nigral neurons (Figs. 8A
and 8B, arrows). We further confirmed autophagy by showing a
steady increase in LC3-II formation in endosulfan-treated pri-
mary cultures as revealed by Western blot (Figure 8C). The
effects of endosulfan neurotoxicity on dopaminergic neuronal
function were assessed by dopamine uptake assay. The 20-h en-
dosulfan treatment significantly decreased both dopamine up-
take and the number of TH+ neurons, indicating TH+ neuronal
degeneration (Figure 8D). Together, these results demonstrate
that the neurotoxicant endosulfan can induce autophagy and
neuronal cell degeneration in nigrostriatal dopaminergic
neurons.

Figure 3. Endosulfan inhibited proteasomal activity and triggered HMW ubiquitinated protein aggregation in N27 cells. (A) N27 cells were exposed to various concentra-

tions of endosulfan ranging from 40 to 80 lM for 20 h. (B) Cells were exposed to 60 lM endosulfan for 3–15 h. Chymotrypsin-like proteasome activity was measured us-

ing the fluorogenic substrate Suc-LLVY-AMC (75 lM). Asterisks (***, p<0.001) indicate statistically significant differences compared with vehicle-treated control cells.

(C) Accumulation of HMW ubiquitin-conjugated protein in N27 cells exposed to 60 lM endosulfan. Equal amounts of proteins were resolved on 10% SDS poly-acrylam-

ide gel electrophoresis and blotted with ubiquitin antibody.
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DISCUSSION

A definitive role for autophagy in cell survival and cell death
remains controversial (Galluzzi et al., 2008; Levine and Yuan,
2005), with reports suggesting autophagy either promotes or
counteracts cell death, depending on cell type, cellular circum-
stances, and stimuli (Boya et al., 2005; Scott et al., 2007; Yu et al.,
2006). In the present study, we report that the organochlorine
pesticide endosulfan induced autophagy followed by apoptotic
cell death and we verify that autophagy played an early pro-
survival role during this process. We first observed the presence
of autophagic hallmarks, including an increased number of
autophagosomes, an accumulation of LC3-II, and an increased
uptake of MDC in an endosulfan-exposed N27 dopaminergic
neuronal model. Then, distinctive apoptotic symptoms, includ-
ing caspase activation, cytochrome c release, PKCd proteolytic
activation and DNA fragmentation appeared after prolonged en-
dosulfan treatment. Moreover, we show that caspase-2 or -3
inhibitors retarded apoptosis but not autophagy, which sug-
gests that apoptosis was induced via a caspase-dependent
pathway and autophagy occurred as an upstream event preced-
ing apoptotic cell death. Further investigation revealed that
CRISPR/Cas9-based stable knockdown of PKCd in N27 dopami-
nergic cells reduced the levels of endosulfan-induced caspase-3,
suggesting a PKCd-dependent regulatory mechanism involved
in endosulfan-induced apoptosis. Additionally, the inhibition of
autophagy by wortmannin significantly enhanced apoptotic sig-
naling, cytotoxicity, and cell death in endosulfan-treated dopa-
minergic neuronal N27 cells, suggesting an upstream protective

role of autophagy. Finally, we show that endosulfan exposure
led to autophagy induction and neurodegeneration in nigros-
triatal dopaminergic primary cultures.

Although the signal cascades and molecular mechanisms
activating autophagy are not yet fully understood, it has been
demonstrated that UPS dysfunction might be a trigger for
stimuli-induced autophagy (Li et al., 2010; Matsuda and Tanaka,
2010; Pan et al., 2009; Zheng et al., 2009). As shown in Figure 3,
endosulfan exposure impaired the UPS, resulting in the accu-
mulation of ubiquitinated proteins. Therefore, we hypothesize
that during the early stages of endosulfan treatment, UPS dys-
function can stimulate autophagy to serve as a compensatory
pathway to degrade cytosolic components or impaired proteins.
But during prolonged endosulfan exposures, the autophagy ma-
chinery becomes overburdened and then apoptotic cell death
ensues. Under this hypothesis, autophagy works as a compen-
satory protective mechanism, retarding the occurrence of apo-
ptosis. This notion is supported by our findings that the
inhibition of autophagy by wortmannin rendered N27 cells
more sensitive to endosulfan-induced cytotoxicity and apopto-
tic cell death.

Neurotoxic stress-induced apoptosis is a mitochondria-
dependent pathway, wherein the release of cytochrome c into
the cytosol is regarded as the signal that initiates the onset of
apoptosis. Released cytochrome c then activates caspase-9,
which further proteolytically cleaves the “executioner” caspase-
3 and mediates irreversible apoptotic cell death (Green and
Reed, 1998; Kroemer and Reed, 2000; Robertson and Orrenius,
2000; Sy et al., 2008; Wilson, 1998). Our results indicate that

Figure 4. Endosulfan treatment increased apoptotic cell death in N27 cells. N27 cells were exposed to 60 lM endosulfan for 6, 9, 15 or 20 h. (A) Caspase-2, -3, -8, or -9

enzymatic activities were measured by their specific fluorogenic caspase substrates. Asterisks (*, p< .05, ***, p< .001) indicate significant differences between endosul-

fan-treated groups and vehicle-treated control cells. Western blots after endosulfan treatment showing (B) the release of cytochrome c into the cytoplasm from mito-

chondria, (C) caspase-2 activation measured by cleaved caspase-2, (D) caspase-3 proteolytic activation, and (E) PKCd cleavage. Equal loading of protein was

demonstrated using b-actin. (F) Apoptotic cell death was determined by measuring DNA fragmentation in an ELISA sandwich assay. **, p< .01 indicates significant

difference between endosulfan-treated cells and vehicle DMSO-treated control cells.
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Figure 5. Caspase-2 or -3 inhibition attenuated endosulfan-induced apoptosis but did not affect the autophagy process in N27 cells. N27 cells were pretreated with

50 lM of inhibitor of caspase-2 (Z-VDVAD-fmk) or caspase-3 (Z-DEVD-fmk) for 1 h and then exposed to 60 lM endosulfan. (A, B) Caspase-2 and caspase-3 inhibitors at-

tenuated endosulfan-induced activation of caspase-8 and -9. Hashtags (#p<.05; ###p<.001), between Endosulfan+caspase inhibitor and Endosulfan. (C) SYTOX green

fluorescence in cells after 15-h treatment. (D) Cell viability was assayed using MTT. (E, F) PKCd T505 phosphorylation and caspase-3 cleavage were detected by Western

blots of control CRISPR/Cas9 and PKCd CRISPR/Cas9-knockdown N27 cells treated with or without 60 lM endosulfan for 20 h. (G) SYTOX assay demonstrates that PKCd

knockdown attenuated endosulfan-induced neurotoxicity as compared with control cells. (H) PKCd cleavage was measured after 9, 15, or 20 h by immunoblotting cell

lysates. (I) Quantification of the PKCd cleavage immunoblot. The data represent n¼6. Asterisks (*p< .05; **p< .01; ***p< .001).
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proteolytic activation of caspase-2 and -3 occurs before cyto-
chrome c release and activation of initiator caspase-8 or -9. We
propose that another signal transduction pathway must acti-
vate caspase-2 or -3, acting upstream of the mitochondria-
dependent pathway. Based on their structure and function, cas-
pases basically can be classified into two groups: initiator cas-
pases (caspase-2, -8, -9, and -10) or executioner caspases
(caspase-3, -6, and -7). Initiator caspases have adapter domains
on their N-termini, allowing their autocleavage and down-
stream caspase activation, whereas executioner caspases do
not contain such adaptor domains so that they can only be
cleaved and activated by initiator caspases (Kuribayashi et al.,
2006). Initiator caspase-8 and -10 are the apical caspases
reported to initiate death-receptor-mediated apoptosis. Initiator
caspase-9 is activated by cytochrome c release and involved in
the mitochondria-dependent apoptotic pathway. A number of
recent studies demonstrate that caspase-2, as an initiator cas-
pase, acts before mitochondrial damage and promotes cyto-
chrome c release and apoptosis (Harvey et al., 1997;
Krumschnabel et al., 2009; Lin et al., 2004; Read et al., 2002).
Therefore, our present findings, showing that caspase-2 acts as
the upstream initiator of caspase-8 and the mitochondria
pathway-related initiator caspase-9, suggest that caspase-2
works as a central initiator caspase to activate caspase-3 and
magnify apoptosis in endosulfan-mediated cell death, indepen-
dent of mitochondrial apoptosis.

The molecular factors involved in the crosstalk of autoph-
agy and apoptosis have already been reported to be critical in
determining cell survival or death (Chen et al., 2009; Cheng
et al., 2008; Cho et al., 2009; Djavaheri-Mergny et al., 2010; Luo
and Rubinsztein, 2010). Beclin-1 (Atg6), part of the class III PI3K
complex, is an essential autophagy initiator (Furuya et al., 2005;
Levine and Deretic, 2007; Maiuri et al., 2010). Previous reports
indicate that Beclin-1 can be cleaved by caspases, and after

cleavage, Beclin-1 lacks pro-autophagic ability but gains a new
function to facilitate apoptosis through a mitochondrion-
dependent pathway (Cho et al., 2009; Djavaheri-Mergny et al.,
2010; Wirawan et al., 2010). In our present study, we also found
that after prolonged endosulfan treatment, Beclin-1 exhibits
caspase-mediated cleavage. More interestingly, caspase-2 inhi-
bition can also block Beclin-1 cleavage even more effectively
than does caspase-3 inhibition, which was a novel finding from
this study. Thus, we propose that caspase-2 is the upstream
initiator caspase and caspase-3 is the downstream executioner
caspase in endosulfan-mediated Beclin-1 cleavage.
Interestingly, treatment with inhibitors for caspase-2 and
caspase-3 induced a subtle Beclin-1 cleavage in control cells
(no endosulfan treatment) (Figure 7B). As reported, Beclin-1 can
be cleaved by caspase-3, -7, -8, and calpain; therefore, it is pos-
sible that other proteases were activated when caspase-2 or -3
was inhibited (Cho et al., 2009; Luo and Rubinsztein, 2010).
Being involved in both autophagy and apoptosis, Beclin-1
seems to become a key factor in endosulfan-mediated cell
death. Therefore, it will be worthwhile to investigate the down-
stream signaling events after Beclin-1 cleavage to explore the
mechanisms of apoptosis. We believe that a noncleavable
Beclin-1 mutant would be helpful in testing if restoring autoph-
agy retards neurotoxin-mediated apoptotic cell death. Studies
are underway to identify the cleaved site of Beclin-1 and to
clarify the role of this cleavage induced by prolonged exposure
to endosulfan. Furthermore, to better establish toxicological
relevance, we developed a heuristic model of the adverse out-
come pathway. This AOP highlights the order of molecular
events and the cellular key events involved in the degeneration
of dopaminergic neuronal cells exposed to endosulfan
(Figure 9).

In summary, we present a novel finding that the environ-
mental neurotoxicant endosulfan induces autophagy as an

Figure 5. Continued.
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Figure 6. Inhibition of autophagy by wortmannin or bafilomycin A1 makes N27 cells more sensitive to endosulfan-induced apoptotic cell death. N27 cells were

exposed to endosulfan with or without 50 nM of the autophagy inhibitor wortmannin. (A) Endosulfan-caused autophagosome formation with or without wort-

mannin co-treatment examined by phase-contrast microscopy or by fluorescence microscopy of puncta formation of GFP-LC3. Scale bar, 10 lm. (B) N27 cells

were exposed to endosulfan in the presence or absence of 50 nM of the autophagy inhibitor bafilomycin A1 for 6 h. The cell lysates were made and immuno-

blotting was analyzed for LC3 II. (C) The cells were treated with endosulfan (6–20 h) in the presence or absence of 50 nM wortmannin. Caspase-2 activity was

measured by the fluorogenic caspase-2 substrate Ac-VDVAD-AFC. (D) N27 cells were treated with endosulfan (6 and 15 h) in the presence or absence of 50 nM

bafilomycin A1. Caspase-2 activity was measured by the fluorogenic caspase-2 substrate Ac-VDVAD-AFC. (E) The cells were treated with endosulfan (6–20 h)

with or without 50 nM wortmannin. Caspase-3 activity was measured by the fluorogenic caspase-3 substrate Ac-DEVD-AFC. (F) N27 cells were treated with en-

dosulfan (6 and 15 h) with or without 50 nM bafilomycin A1. Caspase-2 activity was measured by the fluorogenic caspase-2 substrate Ac-VDVAD-AFC. (G–J)

Cytotoxicity and cell viability were examined after 15-h treatment of endosulfan with or without wortmannin or bafilomycin A1 (50 nM) by SYTOX green fluo-

rescence (G and H) or MTS assay (I and J), respectively. Asterisks (**p< .01; ***p< .001) indicate significant differences between wortmannin- or bafilomycin-co-

treated and endosulfan-alone-treated cells.
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Figure 6. Continued

Figure 7. Beclin-1 is involved in endosulfan-induced autophagy and apoptosis. (A) N27 cells were treated with 60 lM endosulfan for 1, 3, 6, 9, 15 or 20 h. Beclin-1 cleav-

age was measured by immunoblotting cell lysates. Equal loading of protein was demonstrated using b-actin. (B) Western blot of N27 cells pretreated with 50 lM of a

caspase-2 (Z-VDVAD-fmk) or caspase-3 inhibitor (Z-DEVD-fmk) for 1 h and then exposed to 60 lM endosulfan for 15 or 20 h. Equal loading of protein was demonstrated

using b-actin.
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early event, which is followed by apoptotic neuronal cell death
after prolonged exposure. This endosulfan-induced autopha-
gic response plays a protective role against endosulfan-
mediated neurotoxicity and dopaminergic neuronal cell death.
We also show that endosulfan-induced apoptosis is caspase-
dependent, and caspase-2, as an initiator caspase acting
upstream of the mitochondrial pathway, is of central impor-
tance. Furthermore, we also identify a potentially essential
role of Beclin-1 cleavage in endosulfan-induced autophagy
and neuronal cell loss. Our data vividly demonstrate the

interplay between autophagy and apoptosis and shed light on
the molecular mechanisms and signal cascades involved in
environmental neurotoxicant-induced neurotoxicity and neu-
ronal cell death (Figure 10). Our findings also advance the un-
derstanding of how autophagy, UPS, and apoptosis contribute
to the pathogenesis of PD and may facilitate the development
of promising therapeutic treatments for this devastating dis-
ease. Specifically, the search for an efficacious autophagy en-
hancer could be integrated into the development of potential
PD therapies.

Figure 8. Endosulfan-induced autophagy and dopaminergic neuronal cell loss in primary mesencephalic cultures. (A) Primary cultures of striatal (STR) neurons were

treated with 40 lM endosulfan for 12 or 20 h. Scale bar, 10 lm. Autophagic vacuoles were examined by phase-contrast microscopy. (B) Mesencephalic primary cultures

were treated with 40 lM endosulfan for 20 h and morphological changes were examined, including autophagic vacuole formation. Scale bar, 10 lm. TH staining was

used to define the THþ dopaminergic neurons. (C) Immunoblot analyses of accumulating LC3-II protein in STR neurons treated with 40 mM endosulfan. b-actin expres-

sion was used as an equal loading control. (D) Assessment of viability of dopaminergic neurons using 3H-DA uptake assay and the number of THþ neurons. Asterisks

(##, p< .01, *** and ###, p< .001) denote significant treatment effects relative to the vehicle-only dose (0 mM endosulfan).

Figure 9. Adverse outcome pathway (AOP) highlighting the molecular mechanistic effects of endosulfan on dopaminergic neuronal cells. This AOP reiterates the mech-

anistic neurotoxic effects of endosulfan on dopaminergic neuronal cells. The line of events starts from the molecular initiating event, progresses sequentially to the

cellular events (arranged to denote progression based on the duration of endosulfan treatment), then to the target organ-specific effects, and finally to the adverse out-

come effect on dopaminergic neuronal cells post-endosulfan exposure. The cellular events are further subclassified and linked together as key events 1, 2, and 3.
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