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ABSTRACT: Lovastatin, a secondary metabolite isolated from
Monascus-fermented red rice mold, has neuroprotective activity
and permeates the blood−brain barrier. The aim of this study
was to enhance the activity of lovastatin for potential use as a
treatment for neuronal degeneration in Parkinson’s disease. Six
lovastatin-derived compounds were semisynthesized and
screened for neurocytoprotective activity against 6-hydroxydop-
amine (6-OHDA)-induced toxicity in human neuroblastoma
PC12 cells. Four compounds, designated as 3a, 3d, 3e, and 3f,
significantly enhanced cell viability. In particular, compound 3f
showed excellent neurocytoprotective activity (97.0 ± 2.7%).
Annexin V-FITC and propidium iodide double staining and
4′,6-diamidino-2-phenylindole staining indicated that compound
3f reduced 6-OHDA-induced apoptosis in PC12 cells. Compound 3f also reduced caspase-3, -8, and -9 activities, and intracellular
calcium concentrations elevated by 6-OHDA in a concentration-dependent manner, without inhibiting reactive oxygen species
generation. JC-1 staining indicated that compound 3f also stabilized mitochondrial membrane potential. Thus, compound 3f may
be used as a neurocytoprotective agent. Future studies should investigate its potential application as a treatment for Parkinson’s
disease.
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As the population of older adults increases, age-related
illnesses and their associated medical costs pose a great

challenge to families. Parkinson’s disease (PD) is one of the
most common neurodegenerative disorders in humans,1 and its
prevalence increases with age.2 This disease is characterized by
motor dysfunction, including rigidity of movement, hand
tremors, and postural instability3 caused by the irreversible
degeneration of dopaminergic neurons in the substantia nigra
pars compacta.4 Agents preventing such neuronal damage are
required for treating and preventing PD progression.
Oxidative damage has been reported to play a key role in

neurodegeneration and in the peripheral tissues of PD
patients.4 Oxidative stress affects several intracellular signaling

pathways, including mitogen-activated protein kinases
(MAPKs), c-jun N-terminal kinase (JNK), p38,5 the re-entry
of postmitotic neurons into the cell cycle,6 and the
mitochondrial caspase cascade7 that induces apoptosis. 6-
Hydroxydopamine (6-OHDA) is a neurotoxin reported to
damage cathecolaminergic neurons through reactive oxygen
species (ROS) generation.7 This drug is thus widely used to
generate PD-like models in vitro and in vivo.8
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We discovered potent neuroprotective substances from
naturally occurring compounds. Lovastatin (monacolin K) is
a secondary metabolite isolated from Monascus-fermented red
rice mold.9 Lovastatin contains a lactone moiety that is
enzymatically hydrolyzed in vivo into β-hydroxy acid to
generate a form that is active against HMG-CoA reductase
(Figure 1).10 Lovastatin has various pharmacological activities,
including lowering cholesterol and reducing inflammation,11 as
well as anticancer,12 antioxidant,13 and, in particular, neuro-
protective effects.14 The mechanism underlying these effects
remains to be clarified but may involve reducing oxidative
damage.15 Animal and clinical studies in vivo have indicated
that lovastatin can pass through the blood−brain barrier
because of its lipophilicity.16 On the basis of these reports, we
hypothesized that lovastatin serves as a lead compound in
executing structural modifications to enhance its neuro-
protective activity.
Dimerumic acid,17 desferioxamine,18 and ciclopiroxamine19

contain a hydroxamate group and demonstrate antioxidant
activity, suggesting that this moiety plays a crucial role in the
mechanism underlying protection against oxidative stress. By
combining the antioxidant core structure hydroxamate with a
neuroprotective lovastatin scaffold, we hope to generate a
therapeutically superior compound for treating neurodegener-
ative diseases (Scheme 1). In this study, we converted

lovastatin into a series of aliphatic chain hydroxamates (3a−
f), each with a different substitution at the β-position of the
hydroxamate group (Scheme 1). We subsequently screened
these compounds for neuroprotection against 6-OHDA-
induced cytotoxicity in nerve growth factor (NGF)-differ-

entiated PC12 cells and elucidated the signaling pathways
involved in their activity.

■ RESULTS AND DISCUSSION

Determination of the Cytotoxicity of Lovastatin-
Derived Compounds in Nerve-Growth-Factor-Differ-
entiated PC12 Cells. NGF treatment induces PC12 cells to
develop into neurites.20 These cells thus serve as a model for
evaluating potential neuroprotective compounds. Lovastatin-
derived compounds (3a−f) were initially screened for their
cytotoxicity to NGF-differentiated PC12 cells at a high
concentration (100 μM). According to the WST-8 cell
proliferation assay, compounds 3a, 3d, 3e, and 3f conferred a
cell viability of more than 85%, 24 h after treatment (Figure
2A). Thus, compounds 3a, 3d, 3e, and 3f were further
examined for neurocytoprotective effects.

Evaluation of the Neurocytoprotective Effects of
Lovastatin-Derived Compounds in 6-Hydroxydop-
amine-Induced Nerve-Growth-Factor-Differentiated
PC12 Cells. 6-OHDA is a selective catecholaminergic
neurotoxin that causes the degeneration of dopaminergic
neurons, including cultured cells.21 NGF-differentiated PC12
cells were preincubated with each compound (3a, 3d, 3e, 3f,
and lovastatin) at 100 μM and then treated with 6-OHDA (300
μM, which reduced the cell viability to 50%). The viability of
cells treated with compounds 3a, 3d, 3e, and 3f was 73.0 ±
1.8%, 88.3 ± 4.7%, 87.6 ± 2.4%, and 97.0 ± 2.7%, respectively
(Figure 2B).
Compound 3f was the most potent of the four compounds

having neurocytoprotective activity. This compound lacks a β-
substituent relative to the hydroxamate moiety, suggesting that
the substituent at the β-position limits the neuroprotective
activity. Furthermore, the effects of compound 3f were
concentration dependent within the concentration range of
12.5−100 μM, prompting further study of its activity (Figure
2C).

Effect of compound 3f on 6-Hydroxydopamine-
Induced Apoptosis in Nerve-Growth-Factor-Differenti-
ated PC12 Cells. 6-OHDA induces cell apoptosis.21 The
population of apoptotic NGF-differentiated PC12 cells
preincubated with or without compound 3f was determined
using flow cytometry. The apoptotic cells were analyzed after
staining with propidium iodide (PI) and FITC-labeled Annexin
V (AV-FITC) (Figure 3A). Most cells in the control group
were viable, with 78.9% normal, 5.6% early apoptotic, 8.7% late
apoptotic, and 6.8% necrotic cells. Exposure of NGF-differ-
entiated PC12 cells to 6-OHDA significantly increased the
number of early (AV-FITC) and late (PI) apoptotic cells
(66.2% and 24.2%, respectively). When cells were pretreated
with various concentrations of compound 3f, the percentage of
apoptotic cells decreased significantly (50 μM, 9.2% necrotic,

Figure 1. In vivo conversion of lovastatin into the active form.

Scheme 1. Design of lovastatin-Based Hydroxamates 3a−f
with Neuronal Protection Activity
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12.2% late apoptotic, 69.1% normal, and 9.5% early apoptotic;
75 μM, 5.7% necrotic, 9.4% late apoptotic, 77.3% normal, and

7.6% early apoptotic; 100 μM, 7.8% necrotic, 9.6% late
apoptotic, 78.2% normal, and 4.4% early apoptotic; 100 μM
lovastatin alone as the positive control, 10.5% necrotic, 10.8%
late apoptotic, 71.8% normal, and 6.9% early apoptotic). In this
study, the proportion of cells undergoing total apoptosis was
calculated as the sum of the proportions of early and late
apoptotic cells (Figure 3B). The population of apoptotic cells
increased to 31.2% when they were treated with 6-OHDA (300
μM), compared with 14.3% in the control. Pretreatment with
compound 3f at 0, 75, and 100 μM reduced the apoptotic cell
fractions to 21.7%, 17.0%, and 14.0%, respectively. These
results suggest that the neurocytoprotective activity of
compound 3f is concentration dependent.

Evaluation of the Effect of Compound 3f on 6-
Hydroxydopamine-Induced Caspase-3, -8, and -9
Activities in Nerve-Growth-Factor-Differentiated PC12
Cells. Caspase activation is a characteristic of apoptosis.
Caspase-8 is localized upstream in the caspase cascade and
activates downstream caspases-3, -6, and -7, which cleave key
cellular substrates, resulting in cell apoptosis. In addition,

Figure 2. Cytotoxicity and neurocytoprotective effects of novel statin
derivatives in PC12 cells. Nerve-growth-factor-differentiated PC12
cells were incubated with (A) statin derivatives 3a−f (100 μM) for 6 h
and (B) statin derivatives 3a and 3d−f (100 μM) for 6 h, and
subsequently incubated with 6-hydroxydopamine (6-OHDA) (300
μM) for another 24 h. (C) Cells were incubated with various
concentrations of compound 3f (6.25, 12.5, 25, 50, and 100 μM) for 6
h and subsequently incubated with 6-OHDA (300 μM) for another 24
h. Cell viability was evaluated using the WST-8 assay. L, lovastatin.
Data are expressed as the percentage of untreated control cells (n = 3).
*P < 0.05; **P < 0.01 compared with 6-OHDA-treated cells.

Figure 3. Protective effect of compound 3f against 6-hydroxydop-
amine (6-OHDA)-induced apoptosis in PC12 cells. Nerve-growth-
factor-differentiated PC12 cells were incubated with compound 3f (50,
75, and 100 μM) and lovastatin (100 μM) for 6 h; 6-OHDA (300 μM)
was added, and incubation continued for 24 h. (A) The apoptotic cell
fraction was determined through flow cytometry by using Annexin V-
FITC and propidium iodide double staining. Q1, Q2, Q3, and Q4
represent necrotic, late apoptotic, normal, and early apoptotic cells,
respectively. (B) Histogram showing the proportion of apoptotic cell
relative to total cells (n = 3). L, lovastatin. **P < 0.01 compared with
cells treated with 6-OHDA.
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caspase-9 can promote caspase-3 activation, resulting in cell
death.22 6-OHDA induces caspase-3 activation via caspase-8 in
a mitochondria-independent manner.23 We further evaluated
whether the inhibition of caspase proteases plays a crucial role
in apoptotic inhibition by compound 3f. NGF-differentiated
PC12 cells exposed to 300 μM 6-OHDA for 6 h exhibited 2.7-,
2.4-, and 1.8-fold increases in caspase-3, -8, and -9 activities
(Figure 4), respectively, relative to the control. Treating cells

with differing concentrations of compound 3f resulted in the
significant inhibition of caspase-3 and -8 activities in a
concentration-dependent manner. The IC50 values for
caspases-3, -8, and -9 were 90.4, 75.4, and 91.3 μM,
respectively. Caspase-8 inhibitor (Ac-IETD-CHO) also in-
hibited caspase-3 activity. Compound 3f partially inhibited
downstream events in the pathway leading to mitochondria-
mediated apoptotic cell death.
Evaluation of the Effect of Compound 3f on 6-

Hydroxydopamine-Induced Intracellular Reactive Oxy-
gen Species Production in Nerve-Growth-Factor-Differ-
entiated PC12 Cells. The oxidation of 6-OHDA, yielding
ROS, is the main cause of 6-OHDA-induced cytotoxicity.23 To
further examine whether the protective effects of compound 3f
on 6-OHDA-induced neurotoxicity involved antioxidant
mechanisms, we determined the level of intracellular ROS
accumulation by measuring the intensity of fluorescence
emitted from the oxidative product of CM-H2DCFH. Treat-
ment with 6-OHDA increased the fluorescence intensity in a
time-dependent manner over 180 min (Figure 5). The ROS
level increased 2.33-fold compared with that of the control, and

pretreatment with compound 3f did not prevent this increase.
These results suggested that the protective activity of
compound 3f against 6-OHDA-induced cytotoxicity in PC12
cells is not associated with ROS.

Effect of Compound 3f on 6-Hydroxydopamine-
Induced Intracellular Calcium in Nerve-Growth-Factor-
Differentiated PC12 Cells. 6-OHDA-induced Ca2+ elevation
leads to the apoptosis of PC12 cells. To investigate the effect of
compound 3f on intracellular Ca2+, we monitored the Ca2+

levels by measuring the fluorescence intensity emitted by Fluo-
4 AM/Ca2+conjugates. Treating PC12 cells with 6-OHDA
clearly increased the fluorescence intensity 1.6-fold relative to
that of the control. Preatment with compound 3f at 50, 75, and
100 μM reduced the fluorescence intensity to 1.47-, 1.39-, and
1.22-fold, respectively, in a concentration-dependent manner.
These results demonstrated that compound 3f slightly affected
the intracellular calcium levels induced by 6-OHDA treatment
in NGF-differentiated PC12 cells (Figure 6).

Effect of Compound 3f on the Nuclear Morphology of
Nerve-Growth-Factor-Differentiated PC12 Cells. Changes
in the nuclear morphology reportedly associated with cell
apoptosis include cell shrinkage, membrane blebbing, nuclear
fragmentation, and apoptotic body formation.24 The nuclear
morphology of NGF-differentiated PC12 cells was analyzed
using 4′,6-diamidino-2-phenylindole (DAPI) staining. Exposure
to 6-OHDA alone resulted in marked cell shrinkage and
membrane blebbing relative to the morphology of controls
(Figure 7). Pretreatment with compound 3f at 100 μM
significantly reduced the number of apoptotic cells compared
with that of untreated cells; however, pretreatment with
lovastatin at concentrations similar to that of compound 3f
did not attenuate the 6-OHDA-induced apoptotic effect. These
results suggested that compound 3f effectively protects NGF-
differentiated PC12 cells from 6-OHDA-induced apoptosis.

Effect of Compound 3f on 6-Hydroxydopamine-
Induced Mitochondrial Membrane Depolarization
Change (ΔΨm) in Nerve-Growth-Factor-Differentiated

Figure 4. Effect of compound 3f on caspase-3, -8, and -9 activities in
PC12 cells. Nerve-growth-factor-differentiated PC12 cells were
incubated with compound 3f (50, 75, and 100 μM) and lovastatin
(100 μM) for 6 h; 6-hydroxydopamine (6-OHDA) (300 μM) was
then added, and incubation continued for 4 or 6 h. Caspase-3, -8, and
-9 activities were determined by measuring fluorescence with
excitation and emission at 360 and 440 nm (caspase-3 and -8), 400
and 505 nm (casepase-9), respectively. Ac-DEVD-CHO, caspase-3
inhibitor (10 μM); Ac-IETD-CHO, caspase-8 inhibitor (10 μM); Z-
LEHD-FMK, caspase-9 inhibitor (10 μM). L, lovastatin. Data are
expressed as fold increases in the fluorescence intensity (n = 3) over
that of controls. *P < 0.05 and **P < 0.01 compared with cells treated
with 6-OHDA.

Figure 5. Effect of compound 3f on 6-hydroxydopamine (6-OHDA)-
induced intracellular reactive oxygen species (ROS) accumulation.
Nerve-growth-factor-differentiated PC12 cells were incubated with
compound 3f (100 μM) and lovastatin (100 μM) for 6 h; 6-OHDA
(300 μM) was added, and incubation continued for 24 h. Intracellular
ROS levels were determined by measuring fluorescence with excitation
and emission at 484 and 535 nm, respectively. Data are expressed as
fold increases in the fluorescence intensity (n = 3). *P < 0.05 and **P
< 0.01 compared with cells treated with 6-OHDA.
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PC12 Cells. Mitochondrial membrane depolarization (MMP)
results in apoptosis through the release of cytochrome c, which
triggers the intrinsic apoptotic pathway cascade. MMP changes
were detected using JC-1, which aggregates to emit red
fluorescence in mitochondria with normal MMP but remains
monomeric and emits green fluorescence in depolarized
mitochondria. Treating cells with 6-OHDA reduced the
fraction of cells with normal MMP from 78.8% to 51.1% in
untreated controls. Preatment with compound 3f at 100 μM

increased this fraction to 75.2%, whereas lovastatin treatment at
concentrations similar to that of compound 3f reduced this
fraction to 35.7%. The ratio of red to green flouoresence (R/G)
was 3.55, 1.06, 2.95, and 0.56 for controls, 6-OHDA,
compound 3f, and lovastatin treatment, respectively. Moreover,
the R/G ratio verified that cell apoptosis accompanied the
MMP change. Preatment with compound 3f significantly
increased the ratio to 2.95, which is comparable to that of
normal cells. These results suggest that compound 3f has
antiapoptotic effects on 6-OHDA-treated NGF-differentiated
PC12 cells that could occur through the mitochondrial intrinsic
pathway (Figure 8).

Figure 6. Effect of compound 3f on 6-hydroxydopamine (6-OHDA)-
induced intracellular calcium accumulation. Nerve-growth-factor-
differentiated PC12 cells were incubated with compound 3f (100
μM) and lovastatin (L) (50, 75, and 100 μM) for 6 h; 6-OHDA (300
μM) was added, and incubation continued for 2 h. Intracellular
calcium concentrations were determined by measuring fluorescence
with excitation and emission at 484 and 535 nm, respectively. Data are
expressed as fold increases in the fluorescence intensity (n = 3). *P <
0.05 and **P < 0.01 compared with cells treated with 6-OHDA.

Figure 7. Effect of compound 3f on 6-hydroxydopamine (6-OHDA)-
induced changes in the nuclear morphology of PC12 cells. Nerve-
growth-factor-differentiated PC12 cells were incubated with com-
pound 3f (100 μM) and lovastatin (L) (100 μM) for 6 h; 6-OHDA
(300 μM) was added, and the cells were incubated for 24 h. Nuclear
morphology was analyzed using a confocal microscope. (A) control,
(B) 6-OHDA (300 μM), (C) compound 3f (100 μM), and (D)
lovastatin. White arrows indicate apoptotic cells. Scale bars, 25 μm.

Figure 8. Effect of compound 3f on 6-hydroxydopamine (6-OHDA)-
induced changes in mitochondrial membrane potential (MMP).
Nerve-growth-factor-differentiated PC12 cells were incubated with
compound 3f (100 μM) and lovastatin (100 μM) for 6 h and 6-
OHDA (300 μM) for 24 h. (A) PC12 cells were stained with JC-1
fluorescent dye, and changes in MMP were determined through flow
cytometry by using green (FITC) and red (propidium iodide)
channels. (B) Histogram indicates the proportion of low-MMP cells
relative to total cells (n = 3). L, Lovastatin. **P < 0.01 compared with
cells treated with 6-OHDA.
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In this study, we developed an aliphatic hydroxamate series
by incorporating the antioxidant core hydroxamate into the
naturally occurring compound lovastatin. We observed that this
compound has neurocytoprotective activity, inhibiting caspases-
3, -8, and -9 and intracellular calcium accumulation and
signaling pathways in 6-OHDA-treated NGF-differentiated
PC12 cells. In NGF-differentiated PC12 cells, four of the
compounds generated (3a, 3d, 3e, and 3f) showed no toxicity,
and in particular, compound 3f had the most potent protective
activity against 6-OHDA-induced cytotoxicity. Although its
effect in suppressing caspases-3, -8, and -9, inhibiting ROS
generation, and repressing intracellular calcium accumulation
was lower than that of lovastatin, compound 3f had a higher
neurocytoprotective activity than lovastatin, showing a
concentration-dependent manner. Notably, the apoptotic
inhibitory activity of compound 3f was higher than that of
lovastatin; this effect accompanied a decrease in MMP changes.
Two major pathways are involved in apoptosis. The extrinsic
(death receptor) pathway, involved in caspase-8 activation, is
mediated by death receptors, and the intrinsic (mitochondrial)
pathway is activated by DNA damage, ROS, or loss of trophic
support.25 Caspase-8 was shown to activate caspase-3 in the
extrinsic apoptotic pathway.22 Caspase-9 could cleave and
activate the downstream executioner caspases, including
caspase-3, and then cause the apoptosis-associated morpho-
logical changes, DNA fragmentation, and cytoskeletal dis-
ruption.26 Compared with lovastatin, compound 3f showed a
strong effect on neurocytoprotection and MMP change
reduction in contrast to its weak anticaspase-3, -8, and -9
activities. These results indicated that the compound-3f-
induced antiapoptotic effect on 6-OHDA-mediated cytotoxicity
in NGF-differentiated PC12 cells may mainly result from the
intrinsic/mitochondrial pathway. Furthermore, a lovastatin
derivative, simvastatin, was shown to increase neuronal protein
and gene levels of the antiapoptotic Bcl-2 in vitro and in vivo.27

Bcl-2 was recognized as a major molecule in the intrinsic
apoptotic pathway. Compound 3f may also exhibit the
antiapoptotic effect through stimulated Bcl-2.28 Fonseca and
co-workers reported that lovastatin can attenuate the increase
in cytosolic calcium levels, inhibit ROS accumulation, and
exhibit a neuroprotective effect against β-amyloid-mediated
cytotoxicity in PC12 cells.29 These results may correlate with
our findings that the activities of lovastatin against ROS
production and calcium accumulation were much stronger than
those of compound 3f. Regarding antiapoptotic signal trans-
duction, caspase-8 is the upstream regulator of caspase-3 in the
extrinsic pathway, and inhibiting p53 activity can block
apoptosis by downregulating the expression of apoptotic
proteins, including caspases-9 and -3, and their activity in the
intrinsic pathway.30 We showed that compound 3f not only
partially inhibited the extrinsic pathway but also effectually
blocked the intrinsic pathway. The cell viability assay showed
that the cytotoxicity of compound 3f against NGF-differ-
entiated PC12 cells was much lower than that of lovastatin,
suggesting that compound 3f may provide a therapeutic index
superior to that of lovastatin. In addition, Johnson-Anuna and
co-workers reported that lovastatin, pravastatin, and simvastatin
can cross the blood−brain barrier in mice.22,27c However, LC/
MS/MS profiling indicated that after the administration of
these three statins, in the cerebral cortex, the levels of all of the
statins decreased remarkably within 6 h. This reduction was
likely induced by active efflux transporters or metabolic
enzymes, which may specifically interact with these statins or

their metabolic acids. Compound 3f, differing from lovastatin
and its acid in chemical structure, may resist these elimination
mechanisms in the brain when administered in vivo, exhibiting
an improved pharmacokinetic profile compared with that of
statins. These results suggested that compound 3f is a potential
neurocytoprotective compound for use against 6-OHDA-
induced apoptosis. Further research for identifying the
underlying molecular mechanism of this compound is being
undertaken.

■ METHODS
Materials. Phosphate-buffered saline (PBS), 6-OHDA, luteolin, m-

aminophenylboronic acid-agarose, 5′,5′-dithiobis(2-nitrobenzoic acid),
3-carboxy-4 nitrophenyl disulfide, caspase-3, -8, and -9 kits, RPMI
1640 medium, and Hanks’ balanced salt solution (HBSS) were
purchased from Sigma-Aldrich (St. Louis, MO). WST-8 was purchased
from Nacalai Tesque, Japan. Horse and fetal bovine serum (FBS) were
obtained from Gibco. NGF was obtained from Alomone Laboratories
(Jerusalem, Israel). H2DCFH and CM-H2DCFDA were purchased
from Invitrogen (Carlsbad, CA).

Synthesis of Compounds 3a−f. The synthesis of lovastatin-
based hydroxamates 3a−f is described in Scheme 1S of the Supporting
Information. Details on the synthetic procedure and spectral data of
the intermediates and final products are also provided in the
Supporting Information. The compounds tested using the in vitro
assay were estimated to be at least 95% pure through HPLC analysis.

Cell Cultures. PC12 cells were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated horse serum and 5% FBS31 at
37 °C in a humidified 5% CO2 atmosphere. Neuronal differentiation
was induced in the medium by treating the cells with NGF and 1%
serum (1:100) for 5 days. PC12 cells were derived from a
transplantable rat adrenal pheochromocytoma and are widely used
in neurobiological and neurotoxicological studies.32 When treated with
NGF, these cells differentiate into neuronal-type cells.33

Cell Viability Analysis. After differentiation, the cells were
incubated with the test compounds for 24 h, and the cell viability
was evaluated using the WST-8 assay34 as follows. In brief, the cells
were treated with the WST-8 reagent (200 μL) and incubated for 4 h.
The optical density was measured at 450 nm on a model μQuant
microplate reader (Bio-Tek Instruments, Winooski, VT). The viability
was calculated as follows: (test sample absorbance/media-only
absorbance) × 100%.

Neurocytoprotective Activity Analysis. The NGF-differentiated
PC12 cells were incubated with the test compounds for 5 h before
exposure to 6-OHDA. After incubation for 24 h, cell viability was
evaluated as mentioned previously.34

Apoptosis Analysis by Using Annexin V-FITC/Propidium
Iodide Double-Labeled Flow Cytometry. The Annexin V-FITC
Apoptosis Detection Kit (Becton Dickinson) was used to analyze cell
apoptosis.35 NGF-differentiated PC12 cells on 6-well plates were
incubated with the test compounds for 6 h before exposure to 6-
OHDA. After incubation for 24 h, the cells were trypsinized,
centrifuged, washed twice with ice-cold PBS, and resuspended in a
1× binding buffer. The cell density was adjusted to 1 × 106 cells/mL.
The cell suspension (100 μL), Annexin V-FITC (10 μL), and PI (10
μL) were added to a 5 mL centrifuge tube. The mixtures were
incubated in the dark at room temperature for 15 min, added to a 1×
binding buffer (400 μL), and analyzed using an EPICS ALTRAII flow
cytometer (Beckman Coulter, Brea, CA) at an excitation wavelength of
488 nm. Twenty thousand cells were collected from the analyzed
sample. Cells positive for Annexin V and negative for PI were defined
as early apoptotic cells, and cells positive for Annexin V and PI were
defined as late apoptotic cells.36

Measurement of Caspase-3, -8, and -9 Activities. Caspase-3
and -8 activities were measured using fluorometric assay kits, according
to the manufacturer instructions (Sigma, St. Louis, MO), to detect
fluorescence emitted from the hydrolysis of a caspase-3 or -8
substrate.37 The caspase-9 activity was measured using fluorometric
assay kits (Biovision, San Diego, CA). NGF-differentiated PC12 cells
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seeded in 6 cm dishes were incubated with the test compounds for 6 h
before exposure to 6-OHDA. After incubating for 4 h (caspases-8 and
-9) or 6 h (caspase-3), the cells were harvested, centrifuged, and
resuspended in 200 μL of a cold cell lysis buffer in an ice bath for 10
min. The cells were then centrifuged at 10 000 rpm for 10 min, and the
supernatant was transferred to a tube. Equal amounts of protein, an
assay buffer (1×), and Ac-IETD-AMC (150 μM, caspase-8 substrate),
Ac-DEVD-AMC (150 μM, caspase-3 substrate), or LEHD-AFC (50
μM, caspase-9 substrate) were added to each of the 96 wells. The
intensity of caspase-3 and -8 fluorescence, emitted by AMC
(excitation, 360 nm; emission 440 nm), and that of caspase-9
fluorescence, emitted by AFC (excitation, 400 nm; emission 505 nm),
were measured using a microplate reader (Bio-Tek Instruments) at 15
min intervals for 120 min. Caspase-3, -8, or -9 activity in the
experimental samples was compared with that in controls.
Intracellular ROS Measurement. NGF-differentiated PC12 cells

on 96-well plates were treated with the test compounds for 6 h before
exposure to 6-OHDA. The plates were washed with PBS and
incubated with CMH2DCFDA in the dark at 37 °C for 40 min.35 After
the plates were washed with HBSS twice, 6-OHDA was added to the
plates, and the mixture was incubated for an additional 2 h. ROS
generation was measured as the intensity of fluorescence emitted by an
oxidized product, CM-DCFH (excitation, 485 nm; emission, 535 nm)
(Bio-Tek Instruments), and is reported as fold values.
Intracellular Calcium Ion Measurement. NGF-differentiated

PC12 cells on 96-well plates were treated with the test compounds for
6 h before exposure to 6-OHDA. After incubation for 2 h, Fluo-4 AM
was added to each well, and the mixture was incubated at 37 °C for 30
min. Calcium ions were measured as the intensity of fluororescence
emitted by Ca-conjugated Fluo-4 A (excitation, 485 nm; emission, 520
nm) by using a microplate reader (Bio-Tek Instruments), and the
concentrations are reported as fold values.38

Analysis of Apoptotic Cell Nuclear Morphology by Using
4′,6-Diamidino-2-phenylindole Staining. NGF-differentiated
PC12 cells were incubated in 6-well plates with the test compounds
for 6 h before exposure to 6-OHDA. After being treated with 6-OHDA
for 24 h, the cells were fixed in 4% paraformaldehyde for 10 min,
washed with PBS, treated with 0.1% Triton-X100 in PBS for 10 min,
and soaked in 0.1% BSA for 20 min. The mixture was incubated with
DAPI (2 μg/mL) in the dark for 10 min and washed with PBS.
Nuclear morphology was visualized using a fluorescence microscope
(Leica, TCS SP5, Germany).
Mitochondrial Membrane Potential Measurement. NGF-

differentiated PC12 cells on 96-well plates were incubated with the test
compounds for 6 h before exposure to 6-OHDA. After incubating for
24 h, the cells were collected, washed twice with ice-cold PBS, and
incubated with JC-1 (4 μg/mL) for 30 min in the dark. The MMP
change (ΔΨm) was measured using an EPICS ALTRAII flow
cytometer (Beckman Coulter).39

Statistical Analysis. Data are expressed as the mean ± standard
deviation and were analyzed using one-way analysis of variance with
the Student−Newman−Keuls method. A P value of <0.05 was
considered statistically significant.
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