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ABSTRACT

Paraquat (PQ) was demonstrated to induce dopaminergic neuron death and is used as a Parkinson's
disease (PD) mimetic. Amounting evidences demonstrated that Rho/ROCK may a novel target for the
therapy of PD. Previously we synthesized L-FOO1 and proved it is a potent ROCK inhibitor with multi-
functional effects, including anti-oxidative stress. In this study, we investigated the effects and also the
molecular mechanisms of L-FO01 in preventing PQ-induced cytotoxicity in PC12 cells. L-FOO01 effectively
prevented PQ-induced apoptotic cell death, which involves the scavenger of ROS and also attenuated the
declined of mitochondrial membrane potential and intracellular level of GSH induced by PQ. Moreover,
PQ quickly induced alterations of GRP78 and CHOP, two hallmarks of endoplasmic reticulum (ER) stress
and subsequently induced dysfunction of the mitochondria (such as the decrease in membrane potential
and increase in ROS). These changes all were potently attenuated by L-FOO1. In summary, L-FOO1
attenuated PQ-induced apoptosis through modulating mitochondrial dysfunction and ER stress as well as
the ROS production elicited by PQ. These data indicated that L-FOO1 could possibly be used to treat PD

and other neurodegenerative disorders with similar pathologic mechanisms.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Parkinson's disease (PD), the second age-related neurodegen-
erative disease, affects millions of people worldwide [1], and is
characterized by selective loss of dopaminergic neurons in the
substantia nigra of the brain [2]. Strong evidence supports the role
for oxidative stress and mitochondrial dysfunctions in the dopa-
minergic neuronal death in PD [3]. Several studies have docu-
mented that mitochondrial dysfunction and oxidative stress in the
brain of PD are associated to pesticides exposure [3,4].

Paraquat (PQ) is used as a herbicide worldwide. Epidemiological
studies indicated PQ exposure as a potential risk factor for the onset
of PD [5,6]. PQ was demonstrated to induce dopaminergic neuron
death through inducing reactive oxigen species (ROS) and induced
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PD-like pathology in different animal models [7—9]. Furthermore,
PQ was shown to induce endoplasmic reticulum (ER) stress [10],
suggesting multiple targets or complex mechanisms of PQ.

Amounting evidences demonstrated that Rho/Rho-associated
kinase (ROCK) pathway may be the novel target for the therapy
of PD [11,12], and ROCK inhibitors have been suggested as candidate
anti-PD drugs [12—14]. Previously we employed the pharmaco-
phore of fasudil, a ROCK inhibitor [15], and alpha-lipoic acid (LA), a
potent anti-oxidant, we developed a novel multitargeted and
neuroprotective drug, L-FO01 (see Fig. 1). we confirmed that L-FO01
is a novel multitargeted and neuroprotective drug in non-
catecholaminergic neurons, which was capable of scavenging free
radicals, increasing the level of glutathione, and preventing HT
22 cell death caused by glutamate [16]. However, the effects of L-
FOO1 on PQ toxicity remains unclear in dopaminergic neuronal
cells. Therefore, here we investigated the effects of L-FOO1 on PQ-
induced cytotoxicity in pheochromocytoma 12 (PC12) cells as
well as its mechanism(s).
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Fig. 1. Effects of PQ and L-F001 on the cell viability of PC12 cells. Cells were exposed to different concentrations of PQ (A) or L-FO01 (B) as indicated for 24 h. Cell viability and LDH
release (C) in PC12 cells was determined by MTT assay and LDH assay respectively, The data was presented as mean + SD for six replicates. *P < 0.05 and **P < 0.01 versus control

group.

2. Materials and methods

L-FOO1 was synthesized as described before; 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
Poly-p-lysine, 2’,7'-dichlorodihydrofluorescin diacetate (DCFH-DA)
and DMSO were from Sigma—Aldrich (St. Louis, MO, USA). Dul-
becco's modified Eagle's medium (DMEM), fetal bovine serum
(FBS), and horse serum were purchased from Gibco-BRL (NY, USA).
Hoechst 33258 and BCA protein assay kit were from Beyotime
Institute of Biotechnology (Haimen, China); JC-1 dye (Molecular
Probes) was from BestBio (Shanghai, China). LDH release assay and
Glutathione (GSH) assay kit were from Jiancheng Biochemical
Company (Nanjing, China). L-FO01 stock solution (100 mM/L) was
dissolved in DMSO and stored at —20 °C. anti-GRP78 Antibody,
anti- CHOP Antibody from Cell Signaling Technology (Woburn,
USA).

2.1. Cell culture and treatment

PC12 cells were cultured in high-glucose Dulbecco's modified
Eagle's medium (DMEM) containing 5% fetal bovine serum (FBS)
and 10% horse serum, 100 ug of streptomycin/ml, and 100 U of
penicillin/ml and incubated at 37 °C with 5% CO, humidified at-
mosphere. Cultured media was replaced twice a week with fresh
medium as described above. Stock culture was routinely sub-
cultured at 1:5 ratio at a weekly interval. For the experiments, cells
were pre-incubated with various concentrations of L-FOO01 for 2 h
without other description, and followed by treatment of PQ for
24 h. Control group was treated with 0.1% (v/v) DMSO as vehicle
control.

2.2. MTT assay and LDH release assay

Cell viability was estimated using a 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyl- tetrazolium bromide (MTT) assay and LDH
release assay as previously described. The release of LDH in the
culture medium was determined using a commercially kit. Briefly,
after 24 h treatments, 20 pl supernatant per well was transferred

into a 96-well microplate to determine LDH levels according to the
manufacturer's instructions before adding MTT, the rest of culture
medium was removed and replaced with 90 uL of fresh DMEM. 10 pl
of 5 mg/ml MTT in phosphate-buffered saline (PBS) was added to
each well and the plates were incubated at 37 °C for another 3 h,
then supernatants were discarded. 100 pL of DMSO solutions were
added to each wells and the solutions were mixed thoroughly. Then
the plates were incubated at 37 °C for another 10 min. Each sample
was mixed again and the resultant formazan was measured by its
absorbance at 570 nm using a Multiskan Ascent Microplate Reader
(Thermo, USA). The experiments were repeated at least 3 times and
compared with the control experiment.

2.3. Morphologic changes

PC12 cells grown on 48-well plates were treated with L-FOO1
and/or PQ as described above. After that, cells were fixed with 4%
paraformaldehydeand stained with Hoechst 33258 (5 pg/mL) for
10 min at 37 °C in the dark. Then Hoechst 33258 was removed by
washing with PBS, and morphologic changes were observed by
phase-contrast microscopy and cells images were taken using a
fluorescence microscope (IX71, Olympus, Tokyo, Japan).

2.4. Measurement of ROS

Intracellular ROS formation was measured by fluorescence using
DCFH-DA. Briefly, after treatment, cells were washed and then
stained with 10 uM DCFH-DA in serum-free medium for 30 min at
37 °Cin the dark. the fluorescence from the DCF was analyzed using
a fluorescence plate reader (Flex Station3, Molecular Devices, USA)
at excitation and emission wavelengths of 488 and 525 nm,
respectively, or taken images using a fluorescence microscope
(IX71, Olympus, Tokyo, Japan).

2.5. Estimation of intracellular glutathione (GSH)

Intracellular GSH concentration was measured a GSH assay
kit (48T, Nanjing Jiancheng, China). By reacting with
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dithiobisnitrobenzoicacid, reduced GSH could form a yellow com-
pound, which is quantifiable at 405 nm using a Multiskan Ascent
Microplate Reader (Thermo, USA) and reflect the content of the
reduced GSH indirectly. In brief, after treatment, whole-cell lysate
was prepared according to manufacturer's instructions. All GSH
values were normalized to per ug protein of each sample and the
levels of GSH measured in control conditions were set as the 100%
values.

2.6. Mitochondrial membrane potential determination

Mitochondrial membrane potential was analyzed by using a
fluorescent dye JC-1 (BestBio Shanghai China). JC-1 penetrates
cells and healthy mitochondria. At low membrane potentials
(apoptotic cells), JC-1 exists as a monomer which emits green
fluorescence. JC-1 aggregates and emits red fluorescence at
higher membrane potentials (non-apoptotic cells). Assays were
initiated by incubating PC12 cells with JC-1 (5 mg/L) for 20 min at
37 °C in the dark and the fluorescence of separated cells were
captured by inverted fluorescence microscopy (IX71, Olympus,
Tokyo, Japan, at wavelengths of 490 nm excitation and 530 nm
emission for green, and at 540 nm excitation and 590 nm
emission for red). The ratios of red/green fluorescence were
calculated.

2.7. Western blotting analysis

Western blotting analysis was performed as previously
described [17]. Briefly, Cells from different experimental conditions
were lysed with ice-cold RIPA lysis buffer and protein concentration
was determined with a BCA protein assay kit according to the
manufacturer's instructions. Equal amounts of lysate protein
(20 pg/lane) were subjected to SDS-PAGE with 10% polyacrylamide
gels and electropho-retically transferred to nitrocellulose mem-
branes. Nitrocellulose blots were first blocked with 3% bovine
serum albumin (BSA) in PBST buffer (PBS with 0.01% Tween 20, pH
7.4), and incubated overnight at 4 °C with primary antibodies in
PBST containing 1% BSA. Immunoreactivity was detected by
sequential incubation with horseradish peroxidase-conjugated
secondary antibodies, and detected by the enhanced chem-
iluminescence technique.
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3. Results
3.1. Effects of L-FO01 on PQ-induced cytotoxicity in PC12 cells

Cell viability was analyzed by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. PQ induced significant
cell death in a concentration-dependent manner (Fig. 1A). L-FO01
didn't affect cells viability under the concentration of 10 puM, but
slightly induced cell death and LDH release at 30 uM (Fig. 1B, C). The
cell death induced by PQ was significantly attenuated by L-FO01
(3—10 uM), and LA (10 uM) (Fig. 2A) but not fasudil (10 uM). In
addition, the anti-apoptotic effect of L-FOO1 on PC12 cells exposed
to PQ was simply evaluated by Hoechst 33258 nuclei staining. The
nuclei staining showed that PQ treatment induced nuclear
condensation as well as the apoptotic bodies, which was attenuated
by L-FOO1 (Fig. 2B).

3.2. Effects of L-FOO01 on PQ-induced ROS accumulation, GSH
release and mitochondrial dysfunction in PC12 cells

Intracellular ROS level was evaluated using DCFH-DA. L-FO01
(3 uM) significantly reduced the intracellular production of ROS
induced by PQ (Fig. 3A). Further study We elucidated the effects of
L-FOO1 on mitochondrial membrane potential and endogenous
antioxidants using a fluorescent dye JC-1 and a GSH assay kit. The
results showed that PQ greatly decreased the intracellular level of
GSH, which was significantly reversed L-FOO1 and LA, but not
fasudil (Fig. 3B). and L-FOO1 significantly prevented the declined of
mitochondrial membrane potential induced by PQ (Fig. 3C).

3.3. Effects of L-FOO1 on ER stress in PC12 cells

Finally, to identify the direct effect of L-FOO1 on GRP78 and
CHOP, two hallmarkers of ER stress, were examined by Western
blotting. The levels of GRP78 and CHOP were significantly increased
with the presence of PQ for 12 h and 24 h, which was significantly
inhibited by L-FOO01 (Fig. 4A/B).

4. Discussion

In this study, L-FOO01, a novel multifunctional ROCK inhibitor was
demonstrated to be effective in preventing PQ-induced cell death
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Fig. 2. L-FO01 protected PC12 cells from PQ-induced cytotoxicity and attenuated apoptosis induced by PQ. (A) PC12 cells were pre-treated with L-FOO1 at different concen-
trations or LA (10 uM), FS (10 uM) for 2 h before 500 uM PQ was added. Cell viability in PC12 cells was determined by MTT assay. (B) Cells were either untreated or pretreated with L-
FOO1 (3 uM) for 2 h before addition of 500 pM PQ. Images of nuclear chromatin were obtained using Fluorescence microscopy. The data was presented as mean + SD for six

replicates. *P < 0.05 and **P < 0.01 versus PQ group. **P < 0.01 versus control group.
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Fig. 3. L-F001 inhibits PQ-induced ROS formation, GSH depletion and mitochondrial dysfunction in PC12 cells. (A) PC12 cells were pretreated with or without of L-FO01 (3 uM)
for 2 h and then treated with or without PQ (500 uM) for 12 h, the fluorescence intensity of DCFH-DA showed that L-FO01 blocked the ROS accumulation induced by PQ. Images of
ROS were obtained using Fluorescence microscopy. (B) PC12 cells were treated with LA, fasudil at 10 uM and L-FO01 at 3 uM for 2 h ahead before exposed to PQ (500 uM) for 12 h.
The level of GSH was measured using commercial assay kits. The basal contents of GSH in untreated control cells were taken as 100%. (C) PC12 cells were incubated with JC-1 (5 mg/
L) for 20 min at 37° in the dark and the mitochondrial membrane potential assay was performed. The shift of fluorescence from red to green indicated by JC—1 reflected the decline
of the membrane potential and early apoptosis. The data was presented as mean = SD for six replicates. *P < 0.05 and **P < 0.01 versus PQ group. **P < 0.01 versus control group.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. L-F001 protected PC12 from PQ insult via attenuating endoplasmic reticulum stress (ERS). (A) Cells were pretreated with or without L-FOO1 for 2 h then co-treated PQ
(500 uM) for 0, 6, 12 and 24 h. GRP78 and CHOP were detected by Western blot. Quantitative data of GRP78 and CHOP were determined by densitometry of the blots, and values
represent the means + SEM of three independent experiments. #P < 0.05, *#P < 0.01 versus the vehicle group; *P < 0.05, **P < 0.01 versus the PQ alone treated group at relevant
time-point. (B) Cells were pretreated with L-FOO1 at different concentrations for 2 h before exposed to PQ (500 uM) for 12 h. GRP78 and CHOP were detected by Western blot. The
density of bands of GRP78; and CHOP were expressed as a percentage of control, and values represent the means + SEM of three independent experiments. *P < 0.05, **P < 0.01 vs.
the untreated control group; *P < 0.05, **P < 0.01 versus the PQ group.
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Parkinson's disease [19—21]. It's also well known that PQ triggers
oxidative stress and dopaminergic cell death [10]. In this study, L-
FOO1 was effective in preventing PQ-induced apoptotic cell death,
which involves the scavenger of ROS and prevented the declined of
mitochondrial membrane potential induced by PQ, supporting that
ROCK plays an essential role in fragmentation and phagocytosis of
apoptotic cells [21,22] and RhoA/ROCK signaling pathway plays an
important role in mitochondria-mediated neuronal apoptosis [23].
Meanwhile, the majority of Rho proteins appear to be concentrated
in the mitochondrial membranes while a small fraction is seen in
the cytoplasm and in the cytosolic lysosomal compartments, sug-
gesting that rho protein(s) might be involved in the mitochondrial
function or assembly [24].

On the other hand, PQ induced the generation of ROS and led to
oxidative stress damage-related cell death and inflammation [25],
while GSH plays a protective role in the ROS generation in PQ-
induced oxidative stress [26,27]. Our results also demonstrated
that L-FOO1 inhibits the declined of intracellular level of GSH
induced by PQ, suggesting that the protection of L-FOO1 might also
be GSH-dependent. Recently, many studies demonstrated that both
mitochondrial dysfunction and ER stress—mediated cell death
pathways are involved in toxic chemical (arsenic)-induced
apoptosis in mammalian cells by increasing the Bax/Bcl-2 ratio
[28—30], which are involved in the pathogenesis of PD [31]. PD
features oxidative stress and accumulation of ER stress-related
proteins such as CHOP and GRP78 associated loss of dopami-
nergic neurons [32—34]. As well known that CHOP is a transcription
factor downstream of PRKR-like ER kinase (PERK)/ATF4 which
decreased Bcl-2 transcription and promote ROS production. It has
been reported that PERK pathway activation and inhibition of the
expression of ROCK-1 and ROCK-2 in ER stress early reduced the
loss of retinal ganglion cells (RGCs) in glaucoma rat model [35].
However, whether ROCK inhibitor regulating ER stress are un-
known. Our results indicated that PQ also quickly induced alter-
ations of GRP78 and CHOP and subsequently dysfunction of the
mitochondria (such as the decrease in membrane potential and
increase in ROS). And the mechanism of ROCK inhibitor L-FOO1 in
preventing PQ-induced apoptosis might be mediated by ER stress
and mitochondrial dysfunction, which respectively inhibited
upregulation of GRP78 and CHOP elicited by PQ. However, we
currently have no direct evidence to prove that L-FOO1 primarily
acts on ER stress and/or through other oxidative stress (such as
mitochondrial ROS formation), which results in ER stress and
mitochondrial dysfunction blockade to prevent PQ cytotoxicity.
Further investigations are required to answer these questions.

Taken together, our results indicate that L-FOO1 exerts strikingly
protective effects against PQ-induced cytotoxicity in PC12 cells
through attenuating ER stress and mitochondrial dysfunction. Thus,
L-FO01 could be a promising candidate for the PQ-induced toxicity
as well as other related neurodegenerative diseases [12,36].
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