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Abstract: Parkinson’s disease (PD) is characterized by the progressive degeneration of dopaminergic
neurons. The cause of PD is still unclear. Oxidative stress and mitochondrial dysfunction have
been linked to the development of PD. Luteolin, a non-toxic flavonoid, has become interested in an
alternative medicine, according to its effects on anti-oxidative stress and anti-apoptosis, although the
underlying mechanism of luteolin on PD has not been fully elucidated. This study aims to inves-
tigate whether luteolin prevents neurotoxicity induction by 1-methyl-4-phenylpyridinium iodide
(MPP*), a neurotoxin in neuroblastoma SH-SY5Y cells. The results reveal that luteolin significantly
improved cell viability and reduced apoptosis in MPP*-treated cells. Increasing lipid peroxidation
and superoxide anion (O; ™), including mitochondrial membrane potential (Aym) disruption, is
ameliorated by luteolin treatment. In addition, luteolin attenuated MPP*-induced neurite damage
via GAP43 and synapsin-1. Furthermore, Cdk5 is found to be overactivated and correlated with
elevation of cleaved caspase-3 activity in MPP*-exposed cells, while phosphorylation of Erk1/2,
Drp1, Fak, Akt and GSK3p are inhibited. In contrast, luteolin attenuated Cdk5 overactivation and
supported phosphorylated level of Erk1/2, Drpl, Fak, Akt and GSK3f3 with reducing in cleaved
caspase-3 activity. Results indicate that luteolin exerts neuroprotective effects via Cdk5-mediated
Erk1/2/Drpl and Fak/Akt/GSK3p pathways, possibly representing a potential preventive agent for
neuronal disorder.

Keywords: 1-methyl-4-phenylpyridinium ion; apoptosis; Cdk5; luteolin; oxidative stress; Parkin-
son’s disease

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized
by the abnormal aggregation of «-synuclein protein and death of dopaminergic neurons
in the substantia nigra pars compacta [1,2]. At present, the pathogenesis of PD is still not
fully understood. Nonetheless, mitochondrial dysfunction and oxidative stress have been
reported as the important pathogenic factors [3]. An active metabolite of 1-methyl-4-phenyl-
1,2,6-tetrahydropyridine (MPTP), 1-methyl-4-phenylpyridinium ion (MPP"), is highly toxic
to dopaminergic neurons, and has successfully induced Parkinson-like syndromes in an
in vitro model [4]. MPP* induces the production of massive reactive oxygen species (ROS)
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in mitochondria through oxidative phosphorylation, which leads to neuronal damage [5].
The overproduction of ROS impairs cell membrane structure, and affects its biological
compositions such as lipids, proteins and DNAs, which then triggers neuronal apoptosis [6].
Moreover, the cytoskeleton is also disrupted by excessive ROS, resulting in synaptic
dysfunction [7]. It has been reported that MPP* markedly decreased synaptic plasticity
through synapsin-1 and growth associated protein 43 (GAP43), which is correlated with
cell death [8].

During the PD symptom development, ROS interact with the protein involved in the
pathology of PD, and contribute to neuronal cell death [9]. Cyclin-dependent kinase-5
(Cdk5) is reported as an important contributor on PD pathology through ROS interac-
tion [10]. Cdk5 is a serine/threonine kinase that is activated upon association with its
activator p35 [11]. It was found that overexpression of Cdk5 caused by ROS has a key role in
neuronal apoptosis through the phosphorylation of its downstream substrates [10]. A pre-
vious study reported that an elevated level of Cdk5 suppresses the function of extracellular
signal-regulated kinases 1/2 (Erk1/2), leading to cell death [12]. Erk1/2 is a protein-
serine/threonine kinase that participates in the Ras-Raf-MEK-ERK signal transduction
cascade, and plays a central role in regulating mitochondrial function [13]. Furthermore,
Erk1/2 has reportedly been associated with survival-death decision via phosphorylation
of dynamin-related protein 1 (Drp1) [14]. Drpl is a cytosolic protein that regulates mito-
chondrial dynamics. Phosphorylated Drp1l has been known to promote mitochondrial
fission and improve mitochondrial respiratory function [15]. Inhibition of Drp1 triggers
apoptosis and links to aging and neurodegenerative development [16,17]. Focal adhesion
kinase (Fak) is another downstream target of Cdk5. Fak is a cytoplasmic protein tyrosine
kinase that plays a crucial role in cell survival and synaptic function via phosphorylation
of protein kinase B (Akt) [18,19]. A previous study demonstrated that the knockdown
and suppression of Fak are able to induce apoptosis by inhibiting Akt function [20]. In
addition, the phosphorylation of Akt by Fak brings on an increase in the phosphorylation of
glycogen synthesis kinase 33 (GSK3[3), which demonstrated the suppression of apoptosis
by inhibiting proapoptotic Bax [21,22].

Many preclinical studies suggest that consumption of natural flavonoids plays an
important role in neuroprotection by modulating cellular signaling pathways [23,24].
Luteolin (3,4’ 5,7-tetrahydroxyflavone), a common flavonoid found in celery, green pepper
and other herbs, is reported to possess multiple pharmacological properties, including
anticancer, anti-oxidant and anti-apoptosis properties [24,25]. Luteolin has previously been
used in pharmacological studies against ROS-involved neuronal degeneration through Akt
and Erkl/2 pathways [26,27]. In addition, luteolin could ameliorate the neuroplasticity
dysfunctions by upregulating the expression of GAP43 [28]. Although luteolin was reported
for neuroprotection effect, the underlying mechanism needs further elucidation. However,
an increasing number of studies have proven that luteolin could possess neuroprotective
properties through suppressing the overexpression of Bax, the activation of anti-apoptotic
Bcl-2 protein and the scavenging of ROS [25,26].

Currently, various pharmacological treatments were used in PD patients, although
some of these have significant adverse effects, and do not retard the degeneration of neu-
rons. In this study, we therefore explored the effects of luteolin on MPP*-induced apoptosis
in human SH-SY5Y neuroblastoma cells.

2. Results
2.1. Luteolin Prevented MPP*-Induced Neurotoxicity in SH-SY5Y Cells

To investigate the neuroprotective effect of luteolin, MPP* was applied to trigger
cytotoxicity in SH-SY5Y cells. Cells treated with MPP* (1-100 uM) for 3-24 h showed sig-
nificantly reduced cell viability in concentration, in a time-dependent manner (Figure 1b).
MPP™ at the concentration of 100 uM was chosen for following experiments, according to
its significantly reduced cell viability by 25.39% at 24 h. The toxicity of luteolin at its differ-
ent concentration (2.5-80 uM) on cell viability was further investigated. Treatments for 24 h
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with 2.5-20 pM luteolin showed no different effects, while 40-80 uM luteolin presented
significantly different cell viability reduction, compared to the control group (Figure 1c).
To further investigate whether luteolin could alleviate MPP*-induced cytotoxicity, cells
were pre-treated with 2.5-20 uM luteolin for 1 h, followed by the incubation with 100 uM
MPP* for 24 h. As shown in Figure 1d, MPP* induced a significant decrease in cell viability
compared to the control group, while pre-treatment with 10 uM and 20 pM luteolin pre-
vented MPP*-induced cytotoxicity by restoring cell viability. Twenty uM luteolin revealed
the highest effects, and therefore this concentration was chosen for further experiments.
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Figure 1. Luteolin prevented 1-methyl-4-phenylpyridinium iodide (MPP+)-induced neurotoxicity in SH-SH5Y cells.
(a) Chemical structure of luteolin. (b) The cells were treated with various concentrations of MPP* (0-100 uM) for 3, 9,
18 and 24 h. (c) The cells were treated with various concentrations of luteolin (0-80 uM) for 24 h. (d) The cells were
pre-treated with luteolin (2.5-20 uM) for 1 h followed by 100 pM MPP* for 24 h. Cell viability was measured by 0.5 mg/mL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Results are shown as the mean + SD for
triplicate independent experiments. Differences are statistically significant at * p < 0.05 versus the control group, and
# p < 0.05 versus the MPP* group.

2.2. Luteolin Protected MPP*-Induced Apoptosis in SH-SY5Y Cells

Since apoptosis is considered as one of the MPP*-induced neuronal injury pathogen-
esis, luteolin attenuated MPP*-triggered neurotoxicity activity via inhibiting apoptosis
was investigated. Hoechst 33342 staining and flow cytometry analysis were performed
in pre-treatment cells with luteolin, followed by MPP*. Pre-treatment with luteolin sig-
nificantly decreased the number of apoptotic cells, in comparison to MPP*-treated cells
as the control group (Figure 2a). Likewise, flow cytometric data showed that luteolin
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significantly reduced the percentage of apoptotic cell death induced by MPP* in the same
way as the Hoechst staining results (Figure 2b). In addition, the neuroprotective effects of
luteolin on MPP*-induced apoptosis were confirmed by western blot analysis using the
neuropathological hallmark protein of PD, such as dopaminergic neuronal protein marker
and apoptotic protein, including x-synuclein, TH, Bax, Bcl-2, cytochrome ¢, caspase-3 and
cleaved caspase-3. Results showed that MPP* significantly induced x-synuclein aggrega-
tion, expression of Bax, cytochrome ¢ and cleaved caspase-3/caspase-3, while the TH level
(a rate-limiting enzyme mainly expressed in dopaminergic neurons) and Bcl-2 expression
were decreased, compared to the control group. On the other hand, the pre-treatment of
luteolin reversed the expression of these proteins back to normal levels, with no statisti-
cal difference to the control group (Figure 2c-k). These findings suggested that luteolin
protected MPP*-induced neurotoxicity by inhibiting apoptotic proteins.
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Figure 2. Luteolin alleviate MPP*-induced apoptosis in SH-SY5Y cells. Cells were pre-treated with 20 uM luteolin for 1 h, followed
by 100 uM MPP* for 24 h. After 24 h, apoptotic cells were evaluated by Hoechst 33342 staining, Annexin V-FITC/7-ADD staining
and western blotting. (a) Stained cells with Hoechst 33342. Nuclear condensation and nuclear fragmentation were observed under
fluorescence microscope (20x). Bar graph represented percentage of apoptotic nuclei. (b) Stained cells with Annexin V-FITC/7-
ADD and flow cytometry was then applied for identifying apoptotic cells. Bar graph represents the percentage of apoptotic cells.
(c,f) Expressions of «-synuclein, TH, Bax, Bcl-2, cytochrome ¢, capase-3 and cleaved caspase-3 were measured by western blot analysis.
Quantification of (d,e) a-synuclein (g) TH, (h) Bax, (i) Bcl-2, (j) cytochrome ¢ and (k) cleaved caspase-3/capase-3 was shown in the
bar graph. Data were normalized using 3-actin as control. Results are shown as mean =+ SD for triplicated independent experiments.
Differences are statistically significant at * p < 0.05 versus the control group and # p < 0.05 versus the MPP* group.

2.3. Luteolin Ameliorated MPPP*-Reduced Synaptic Communication via GAP43 and Synapsin-1

The previous study revealed that synaptic loss is an early event in neurodegenerative
diseases [8]. An investigation on the cellular protecting effect of luteolin from MPP*-
decreased neuronal synaptic plasticity was then performed. Expressions of GAP43, PSD95
and synapsin-1 were evaluated (Figure 3a). Cells treated with MPP* were significantly
decreased in GAP43 and synapsin-1 without any effect on PSD95 expression levels. The
adding of luteolin revealed the reverse MPP™ effects on GAP43 and synapsin-1 reduction
(Figure 3b—d). These findings demonstrated that luteolin could prevent MPP*-induced
synaptic loss through activities of GAP43 and synapsin-1.
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Figure 3. Luteolin prevented MPP*-suppressed synaptic communication in SH-SY5Y cells. Cells were pre-treated with
20 puM luteolin for 1 h followed by treatment with 100 uM MPP* for 24 h. (a) Expressions of GAP43, PSD95 and synapsin-1
were detected by western blot analysis. Bar graph represents (b) GAP43, (c) PSD95 and (d) synapsin-1 expression levels.
Data were normalized using (3-actin as control. Results are shown as the mean =+ SD for triplicated independent experiments.
Differences are statistically significant at * p < 0.05 versus the control group, and # p < 0.05 versus the MPP* group.

2.4. Luteolin Inhibited the Accumulation of Intracellular ROS Induced by MPP*

To determine the scavenging effects of luteolin on MPP*-induced ROS generation, lev-
els of superoxide anion (O, ™), hydrogen peroxide (H,O,) and hydroxyl radical (OH™) were
assessed by dihydroethidium (DHE), 2,7'-dichlorofluorescein (DCF) and hydroxyphenyl
fluorescein (HPF), respectively. As shown in Figure 4a, relative fluorescent intensity showed
that treating cells with MPP* significantly induced O, generation, while there was no de-
tectable effect on HyO, and OH™ compared to the control group. In contrast, pre-treatment
with luteolin significantly attenuated MPP*-induced O, ™ elevation, compared to the MPP*
treated group. Next, ROS scavenger NAC was added into this study in order to confirm
the antioxidant effect of luteolin on MPP*-induced oxidative stress. Figure 4b,c showed
that exposure to MPP* significantly increased the malondialdehyde (MDA), a biomarker
of oxidative damage and O, ™ levels, compared to the control group, while administration
of luteolin and NAC significantly attenuated these effects. Results suggested that luteolin
inhibited MPP*-induced ROS production.



Molecules 2021, 26, 1307

7 of 17

DHE

DCF

LI

Control
—— MPP |
—— Luteolin+MPH

10 10t 10/
Control
——MPP
Luteolin+MPP
g 7 ot

140 -
120
00
80
60
40
20

0

)

Superoxide anion production
(% of control

MPP" (100 uM)  ~
Luteolin 20 pM)  ~
NAC (10mM) ~

(b)

=

3
)
*

Relative DHE intensity
o
o 13 [

Control MPP+

-
(6,
J

Luteolin+MPP+

Relative DCF intensity
o
o ol [

Control MPP+

=
ol
)

Relative HPF intensity
o
o o =

Luteolin+MPP+

Control MPP+

(a)

Luteolin+MPP+

MDA (nM/ug protein)

MPP" (100 pM)  ~ +
Luteolin (20 uM) ~ -
NAC (10 mM) ~ -

Figure 4. Luteolin protected MPP*-induced intracellular reactive oxygen species (ROS) and malondialdehyde (MDA)
generation in SH-SY5Y cells. (a) The cells treated with 100 uM MPP* for 24 h in the presence or absence of 20 uM
luteolin were incubated with specific ROS fluorescent probes, including DHE, DCF or HPF for 3 h. Fluorescence intensity
of dihydroethidium (DHE), 2/,7’-dichlorofluorescein (DCF) or hydroxyphenyl fluorescein (HPF) was analyzed by flow
cytometry. Cells were pre-incubated with 20 uM luteolin and 10 mM NAC for 1 h, followed by 100 uM MPP*. Levels of
(b) O, and (c) MDA were measured by xanthine /xanthine oxidase systems and thiobarbituric acid reactive substances
(TBARS) assay, respectively. Results presented as the mean + SD for triplicated independent experiments. Differences are
statistically significant at * p < 0.05 versus the control group and * p < 0.05 versus the MPP* group. DHE: dihydroethidium,
DCF: 2/,7'-dichlorofluorescein, HPF: hydroxyphenyl fluorescein and NAC: N-acetyl cysteine.
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2.5. Luteolin Inhibited the Reduction of Mitochondrial Membrane Potential (Aypm) Induced
by MPP*

Reduction of Alpm has been shown to participate in apoptosis [29]. Effects of luteolin
on MPP*-induced Apm loss were then investigated. JC-1 dye was used for Apm detection.
Exposure of MPP* increased cell percentage with low Am in a time-dependent manner,
indicating the mitochondria damage by MPP* (Figure 5a). Importantly, pre-treatment with
luteolin significantly attenuated Apm disruption by MPP* stimulation (Figure 5b).
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Figure 5. Luteolin protected MPP*-induced A{m loss in SH-SY5Y cells. (a) Cells were incubated with 100 pM MPP™ for 0,
1,3,6,9,12 and 24 h. (b) Cells were pre-treated with 20 uM luteolin for 1 h, followed by 100 uM for 12 h. Cells were then
incubated with JC-1 dye, and A{m was determined by flow cytometry. Results presented as the mean =+ SD for triplicated

independent experiments. Differences are statistically significant, at * p < 0.05 versus the control group and * p < 0.05 versus

the MPP* group.

2.6. Luteolin Ameliorated MPP*-Induced Apoptosis via Cdk5

Cdk5/p35 is a key regulator dopaminergic neurons degeneration in PD and MPP*
neurotoxicity induction [12]. To evaluate whether the neuroprotective effects of luteolin on
MPP*-induced cell death are involved in the Cdk5/p35 signaling pathway, the expression
of Cdk5 and p35 was evaluated (Figure 6a). Expression of Cdk5 and p35 was significantly
increased in treated cells with MPP™, while the expressions were significantly reduced in
pre-treatment with luteolin (Figure 6b). To investigate the role of Cdk5 in MPP*-induced
cell death, a Cdk inhibitor, roscovitine, was applied and used as a positive control. Luteolin
and roscovitine significantly inhibited expressions of Cdk5 and cleaved caspase-3/caspase-
3, indicating that the protective mechanism of luteolin on MPP*-induced apoptosis perhaps
relates to Cdk5 activity (Figure 6¢,d).
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Figure 6. Luteolin ameliorated MPP*-induced Cdk5 hyperactivity in SH-SY5Y cells. Cells were pre-treated with 20 uM
luteolin for 1 h, followed by treatment with 100 uM MPP* for 24 h. (a) Expressions of Cdk5 and p35 were analyzed by
western blotting. (b) Quantification of Cdk5 and p35 was shown in the bar graph. Cells were pre-treated with 20 uM luteolin
and 10 uM roscovitine for 1 h, followed by treatment with 100 uM MPP* for 24 h. (c) Expressions of Cdk5 and cleaved
caspase-3/caspase-3 were analyzed by western blotting. (d) Quantification of Cdk5 and cleaved caspase-3/caspase-3 was
shown in the bar graph. Data were normalized using (3-actin as control. Results presented as the mean + SD for triplicated
independent experiments. Differences are statistically significant at * p < 0.05 versus the control group, and * p < 0.05 versus
the MPP* group.

2.7. Luteolin Inhibited MPP*-Reduced Erk1/2 and Drp1 via Cdk5

Previous studies have reported that the expression of Erkl/2 and Drp1 is corre-
lated with cell survival and apoptosis [14]. To investigate the mechanisms of luteolin in
cell protection from MPP*-induced apoptosis, protein expressions of Erk1/2 and Drp1
were evaluated by western blot analysis (Figure 7a). The expression of p-Erk/Erk and p-
Drp1/Drp1 was significantly reduced in treated cells with MPP*, while pre-treatment cells
with luteolin prior to exposure to MPP* were increased significantly (Figure 7b,c). To affirm
whether luteolin provided a protective effect via Cdk5, a Cdk inhibitor roscovitine was
applied. Roscovitine significantly induced the expression of p-Erk/Erk and p-Drp1/Drpl
compared to MPP"-treated cells (Figure 7d—f). Results indicated that protective mechanism
of luteolin on MPP*-induced apoptosis may relate to inhibiting Cdk5 and up-regulating
Erkl/2 and Drpl.



Molecules 2021, 26, 1307

10 of 17

MPP* (100 M)  ~ + - - F
MPP* (100 uM) - + - + Luteolin (20 uM) ~ - + -
Luteolin (20 uM) - - + + Roscovitine (10 uM) ~ - -+ -
Erk1/2|-—-“{ Erkl/2|-----‘|
pEkl/2 | w—- - a——| p-Erk1/2 | e JR N —
Drpl | e— c— c—— | SO [ ——
p—Drp1|— —--| p-Dl'p1|- - —— -|
Fractin | WD w——— | Bactin | @ G - w— w—— |
(a) (d)
T
T s 5 25
g ’ £% 2
£2 2 £d
L@ af 1.5
°x 15 8.5
il ze 1
L 0 1 _;_é ~
& 5 05
= 0.5 7
& 0 0
MPP* (100 LM P MPP' (100 uM) - + - -+
Luteoli (20 ”M) - P Luteolin 20 yM) - - + =+ -
uteolin 20 M) -~ B Roscovitine (10 pM)  — - - + - +
(b) (e)
e T 25
o 2o
g & g5 2
] 9]
£s £S 15
aa. S
£e 2o 1
5% 505
] Q
~ o~ 0
MPP’ (100 uM) - + -+ MPP' (100uM) - * - -+
Luteolin 20 uM) - -+ + Luteolin@0pM) -~ - + - o+ -
Roscovitine (10 uM)  ~ - - - +
(© ()

Figure 7. Luteolin protected MPP*-suppressed Erk1/2 and Drpl in SH-SY5Y cells. Cells were pre-treated with 20 pM
luteolin for 1 h, followed by treatment with 100 uM MPP* for 24 h. (a) Expressions of Erk, p-Erk, Drp1 and p-Drp1 were
analyzed by western blot analysis. Quantification of (b) p-Erk/Erk and (c) p-Drp1l/Drp1 was shown in the bar graph. Cells
were pre-treated with 20 uM luteolin and 10 uM roscovitine for 1 h, followed by treatment with 100 uM MPP* for 24 h.
(d) Expressions of Erk, p-Erk, Drpl and p-Drp1l were analyzed by western blotting. Quantification of (e) p-Erk/Erk and
(f) p-Drp1/Drpl was shown in the bar graph. Data were normalized using 3-actin as control. Results presented as the
mean + SD for triplicated independent experiments. Differences are statistically significant at * p < 0.05 versus the control
group, and # p < 0.05 versus the MPP* group.

2.8. Luteolin Suppressed MPP*-Inhibited Fak/Akt/GSK3p through Cdkb

It has been reported that Fak, Akt and GSK3f3 are essential for cell survival [18,21].
To further investigate the protective mechanism of luteolin on MPP*-induced apoptosis,
expressions of Fak, Akt and GSK3[3 were determined (Figure 8a). Results showed that MPP*
significantly reduced the expressions of p-Fak/Fak, p-Akt/Akt and p-GSK33/GSK3f3
while pre-treatment with luteolin ameliorated these changes (Figure 8b—d). To further
confirm the role of Cdk5 on Fak, Akt and GSK3p activities in MPP*-induced cell death,
a Cdk inhibitor roscovitine was applied, as in the previous experiment. Roscovitine
significantly reversed the expression of p-Fak/Fak, p-Akt/Akt and p-GSK3f/GSK3f3
when compared to the MPP*-treated group, indicating the down-regulation of Fak, Akt
and GSK3p (Figure 8e-h). These results suggested a potent neuroprotective effect against
MPP*-induced cell death via the Fak/Akt/GSK3p pathway of luteolin.
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Figure 8. Luteolin ameliorated MPP*-suppressed Fak/Akt/GSK3p in SH-SY5Y cells. Cells were pre-treated with 20 uM
luteolin for 1 h, followed by treatment with 100 uM MPP* for 24 h. (a) Expressions of Fak, p-Fak, Akt, p-Akt GSK3f and
p-GSK3p were analyzed using western blotting. Quantification of (b) p-Fak/Fak, (c) p-Akt/ Akt and (d) p-GSK3/3 /GSK3f3
was shown in a bar graph. Cells were pre-treated with 20 uM luteolin and 10 uM roscovitine for 1 h, followed by treatment
with 100 uM MPP™ for 24 h. (e) Expressions of Fak, p-Fak, Akt, p-Akt GSK3f and p-GSK3p were analyzed by western
blotting. Quantification of (f) p-Fak/Fak, (g) p-Akt/Akt and (h) p-GSK3/GSK3p was shown in the bar graph. Data
were normalized using 3-actin as a control. Results presented as the mean + SD for triplicated independent experiments.
Differences are statistically significant at * p < 0.05 versus the control group, and # p < 0.05 versus the MPP* group.
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3. Discussion

Parkinson’s disease (PD) is a neurodegenerative disease triggered by multiple pathogenic
factors. Several studies have indicated that ROS is intimately linked with the pathology
of PD [9,30]. However, the mechanisms of ROS involved in signaling molecules of PD
conditions are unknown. MPP* is a neurotoxin which is recognized as a valuable tool to
mimic dopaminergic degeneration [31]. Many experiments with neurons have shown that the
toxicity of MPP* was observed at different concentrations. To test the suitability of our model
system, cells were exposed to MPP* in the range of 1-100 M for 3-24 h. The results showed
that MPP* exhibited a dose-time dependent cytotoxicity. A previous study has reported that
luteolin has multiple bioactivities and neuroprotective effects [24]. The protective effect of
luteolin on MPP*-induced neurotoxicity was further examined. Pre-treatment with 20 uM
luteolin markedly reversed the effect of 100 uM MPP*. The data was consistent with a
previous study, in that 20 uM luteolin can ameliorate cytotoxicity induced by 6-OHDA [32].
Therefore, 20 uM luteolin was chosen as an optimal concentration for further experiments.

Loss of dopaminergic neuron is a major pathology found in PD [2]. Post-mortem
studies reveal the involvement of mitochondrial-dependent apoptotic characteristics in the
loss of dopaminergic neuron, including decreased Bcl-2 and increased Bax, cytochrome
c and caspase-3 [33]. A previous study has reported that MPP™ is involved in the cell
apoptosis mechanism [29]. In this present study, MPP* generated apoptosis in SH-SY5Y
cells by activating mitochondrial-dependent apoptosis as detected by an increase of Bax,
cytochrome c and caspase-3, and a decrease of Bcl-2 protein expressions. Luteolin could
prevent the MPP*-induced apoptosis by increasing the expression of the Bcl-2 protein.
These results are consistent with previous findings, in that luteolin could protect HyO,-
induced cell apoptosis through the Bcl-2 pathway [25]. The finding demonstrated that
luteolin possessed anti-apoptotic property in MPP*-induced SH-SY5Y apoptotic cell death.
Further evidence for synaptic loss is an early event in neurological diseases, and therefore
the regeneration of neurite networks is an interesting strategy for disorder treatment [8].
GAP43 and synapsin-1 are crucial in neuronal development and synaptic physiology [34,35].
There is suggested evidence that synaptic disruption is first affected in PD, while MPP*
is able to induce synaptic plasticity and cell viability reduction [36,37]. Data in this study
agree with the finding that MPP* induced synaptic plasticity degeneration by decreasing
GAP43 and synapsin-1, while luteolin could reduce cell loss and improve neuronal synaptic
plasticity [28,38]. Results suggested that luteolin exhibited neuroprotective property against
MPP*-induced apoptosis and synaptic damage in SH-SY5Y cells.

ROS is reported as a key factor in PD pathogenesis [30]. An increase of ROS causes
over-production of MDA, which is a marker of oxidative stress [39]. MPP* has been
involved in neuronal cell death by inducing ROS production which then disrupt Apm and
further resulting in neuronal cell death [12,29]. These results also supported the previous
findings that MPP* induced A{ym loss and elevation in O, and MDA production [40].
In this experiment, however, pre-treatment with luteolin reduces MPP*-induced Apm
loss, while also decreasing O,~ and MDA generation. Previous studies also revealed
the important role of luteolin in protecting biological systems from oxidative stress [41].
Luteolin improved superoxide dismutase activity, which consequently prevents ROS
generation. Moreover, luteolin could promote the levels of glutathione peroxidase and
glutathione activities, which were found as important anti-oxidant enzymes to decompose
OH™ mediated lipid peroxidation [41]. Data in this study implicated that the inhibition of
AYpm loss, O, and MDA are involved with protective effects of luteolin against MPP*-
induced toxicity.

Although ROS primarily act to trigger oxidative stress, accumulating studies sug-
gested that Cdk5 hyperactivation is another key mechanism of ROS-mediated neuronal
cell death [10]. Hence, to unravel the role of Cdk5 in ROS-mediated neuronal cell death,
we applied a Cdk inhibitor, roscovitine, in this study. Results agree with previous find-ings
that MPP* induced neuronal cell apoptosis via Cdk5 and p35 [12]. Pre-treatment with
luteolin diminished MPP*-induced apoptosis by suppressing Cdk5 and p35 expression.
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Inhibition of Cdk5/p35 may be due to the anti-oxidative effect of luteolin on MPP*-induced
oxidative stress [25].

It is well accepted that CdkS5 is not only associated with cytoskeletal phosphorylation,
but also involved in modulating multiple kinase activities in the contribution of neurode-
generations [10]. Cdk5 is reported to control Erk1/2, which is linked to mitochondrial
fission through phosphorylation of Drp1 [14,42]. A previous study revealed that MPP* in-
duced SH-SY5Y cell apoptosis through increasing Cdk5 simultaneously with the reduction
of Erk1/2 activity, which correlated with decreasing mitochondrial fission and Drp1l gene
expression in neurotoxin rotenone-treated primary cortical neurons [12,43]. However, the
link between Cdk5 and apoptosis through Erk1/2 and Drpl remains obscure. In this study,
the experimental data supported that MPP* could reduce Erk1/2 and Drpl expression,
while pre-treatment of the cells with luteolin and roscovitine could increase Erk1/2 and
Drp1 expression. These findings are consistent with previous reports that luteolin helps
in apoptosis prevention through increased Erk1/2 and Drp1l expression. Therefore, these
results indicated that luteolin improved the Erk/Drpl-dependent survival pathway via
suppressing Cdk5.

Another study has indicated that Cdk5 is also involved in the phosphorylation of
Fak®¢™732, which is responsible for cell proliferation, migration and survival [44,45]. Fak
mediates cell survival via the cascade of Akt phosphorylation, followed by increasing
GSK3p phosphorylation [46,47]. Phosphorylation of GSK3f3 ameliorated apoptosis by
facilitating Bcl-2 and inhibiting p53, which led to decreasing Bax [22]. These results showed
that MPP* markedly induced cell apoptosis via the inhibition of phosphorylated Akt
and GSK3p protein expression, which are the downstream targets of Fak. However, pre-
treatment with luteolin could reverse the expression of these proteins. Currently, results
supported that luteolin markedly upregulated p-GSK3[ and Bcl-2 protein expressions, and
downregulated Bax and caspase-3, which have been a major cause of cell death [48]. In this
study, roscovitine also established an increased activity of Fak, Akt and GSK3[3. Therefore,
this implies that luteolin ameliorates apoptosis induced by MPP* in SH-SY5Y cells through
inhibiting the Cdk5-dependent Fak/Akt/GSK3( pathway.

4. Conclusions

In the present study, the protective efficacy of luteolin on MPP*-induced apoptosis was
evaluated in SH-SY5Y cells. These findings indicate that luteolin protects MPP*-induced
neuronal cell apoptosis. The inhibition of mitochondrial ROS-dependent oxidative stress
and apoptosis were the major action of luteolin. Furthermore, luteolin also prevented
Cdk5/p35 hyperactivity, resulting in enhancing Erk1/2/Drp1 and Fak/Akt/GSK3f sig-
naling pathways in response to abolish MPP*-induced apoptosis, proposing a mechanism
of luteolin on MPP*-induced cell apoptosis in SH-SY5Y cells. In conclusion, data in this
present study provided clear evidence that luteolin offers neuroprotective against MPP*-
induced apoptosis in SH-SY5Y, possibly by improving survival pathways. Luteolin could
then represent a potential preventive agent for neuronal disorders.

5. Materials and Methods
5.1. Cell Culture

The human neuroblastoma SH-SY5Y cells were obtained from ATCC (Bethesda, Balti-
more, MD, USA). The cells were maintained in DMEM supplemented with 10% v/v fetal
bovine serum (FBS), 100 U/mL penicillin/streptomycin and 1% L-alanyl-L-glutamine. The
cells were cultured in a condition of 5% CO, and 95% humidified incubator at 37 °C.

5.2. Cell Viability Assay
SH-SY5Y cells were seeded at a density of 1 x 10* cells/well onto a 96-well plate.
The cells were treated with 1-100 uM MPP™ for 3, 9, 18 and 24 h or 2.5-80 uM luteolin for

24 h. For pre-treatment, the cells were pre-treated with 2.5-20 uM luteolin for 1 h, followed
by 100 uM MPP™ for 24 h. After treatment, the cells were incubated with 0.5 mg/mL
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of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) at 37 °C for 4 h.
Then, cultured mediums were removed, and the cells were dissolved in 100 uL. DMSO. The
activity was measured using absorbance at 570 nm with a microplate reader (Biochrom,
Cambridge, UK). Results were expressed as percentage in comparison with control values.

5.3. Hoechst 33342 Straining

Apoptosis was examined by Hoechst 33342 staining. SH-SY5Y cells were seeded at a
density of 1 x 10° cells/dish onto a 35-mm dish for 24 h. After being treated with 100 uM
MPP* for 24 h with or without 20 uM luteolin pre-treatment for 1 h, the cells were washed
with phosphate-buffered saline (PBS) and then stained with Hoechst 33342 (5 ng/mL) for
20 min at room temperature in the dark. The nuclei were visualized under a fluorescent
microscope (Olympus, Tokyo, Japan).

5.4. Annexin V/7-ADD Staining

The Annexin V FITC apoptotic detection kit was applied for apoptotic cells detec-
tion according to the supplier’s instructions. SH-SY5Y cells were seeded at a density of
1 x 10° cells/dish onto a 35-mm dish for 24 h. The cells were pre-incubated with 20 pM
luteolin for 1 h. After treatment with 100 uM MPP* for 24 h, the cells were stained with
100 pL Annexin V/7-ADD solution, and incubated at room temperature for 20 min in
the dark. The number of apoptotic cells was analyzed using a flow cytometry (Millipore,
Burlington, MA, USA).

5.5. Intracellular ROS Measurement

The production of superoxide anion (O, ™), hydrogen peroxide (H,O,) and hydroxyl
radical (OH™) were determined by emitted fluorescence intensity measuring cell-permeable
fluorescent dyes including DHE, DCF and HPF, respectively. SH-SY5Y cells were seeded at
a density of 1 x 10° cells/well onto a 24-well plate for 24 h. The cells were incubated with
10 pM DHE, DCF and HPF in the presence of 20 uM luteolin and 100 uM MPP™ for 1 h at
4 °C. Afterwards, the cells were incubated for 3 h at 37 °C. The intensity of fluorescence
dyes was measured by flow cytometer (Merck, Darmstadt, Germany). Relative fluorescence
was calculated as a ratio of the treated to the control fluorescence intensity.

5.6. Superoxide Anion (O;~) Production Assay

SH-SY5Y cells were seeded at a density of 1 x 10° cells/dish onto a 35-mm dish for
24 h. The cells were pre-treated with 20 uM luteolin and 10 mM NAC for 1 h. The cells were
then exposed to MPP* at a concentration of 100 pM for 3 h. After the treatment, the cells
were homogenated in a lysis buffer, and incubated in the solution (0.3 mM EDTA, 0.6 mM
NBT, 0.1 mM xanthine and 20 puL xanthine oxidase) at 37 °C for 10 min. The absorbance
was determined at 560 nm using a microplate reader (Biochrom, Cambridge, UK). Results
were expressed as a percentage, in comparison with control values.

5.7. Lipid Peroxidation Measurement

Lipid peroxidation in SH-SY5Y cells was determined by the level of MDA. The cells
were seeded at a density of 1 x 10° cells/dish onto a 35-mm dish for 24 h. The cells were
pre-treated with 20 pM luteolin and 10 mM NAC for 1 h. After 100 pM MPP* treatment for
24 h, the cells were lysed and centrifuged at 14,000 rpm at 4 °C for 15 min. The supernatants
were used to determine the MDA level by a thiobarbituric acid reactive substances (TBARS)
assay. SDS (8.1%) containing acetic acid (20%) and TBA (0.8%) was added to each culture
tube. Then, the samples were boiled at 90 °C for 60 min. After cooling, the samples were
incubated with n-butanol and pyrimidine. The absorbance was determined at 532 nm using
a microplate reader (Biochrom, Cambridge, UK). The level of TBARS was expressed as nM
MDA /g protein.
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5.8. Measurement of Mitochondrial Membrane Potential (Aypm)

Apm was detected using JC-1 dye. SH-SY5Y cells were seeded at a density of 1 x 10°
cells/dish onto a 35-mm dish for 24 h. The cells were incubated with 100 uM MPP* for 0,
1,3, 6,9, 12 and 24 h. For pre-treatment, the cells with pre-treatment of 20 uM luteolin for
1 h were given 100 uM MPP™ for 12 h. After completed experimental condition, the cells
were then incubated with JC-1 dye for 30 min at 37 °C. Cells with low Ajm were measured
using a flow cytometer (Millipore, Burlington, MA, USA).

5.9. Western Blotting Analysis

SH-SY5Y cells were seeded at a density of 1 x 10° cells/dish onto a 35-mm dish for
24 h. The cells were pre-treated with 20 uM luteolin and 10 uM roscovitine for 1 h, and
then exposed with 100 uM MPP™ for 24 h. After the treatment, the cells were lysed in lysis
buffer containing a freshly added protease inhibitor cocktail. Lysate was centrifuged at
14,000 rpm at 4 °C for 15 min. The supernatant was collected, and the concentration of total
protein was measured using the Bradford assay (Bio-rad Laboratories, Hercules, CA, USA).
Equal amounts of proteins (30 pg) in lysates were analyzed by SDS-PAGE and transferred
onto PVDF membranes. Non-specific bindings were blocked with 5% skimmed milk or 3%
BSA. The membranes were then incubated overnight with primary antibodies against alpha
synuclein (x-synuclein), caspase-3, Bax, Bcl-2, Cdk5, GAP43 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), Akt, p-Akt, cleaved caspase-3, cytochrome ¢, Drp1, p-Drpl, GSK38,
p-GSK3p3, synapsin-1 (Cell Signaling Technology, Danvers, MA, USA), Erk1/2, p-Erk1/2,
Fak, p-Fak, PSD95 (Abcam, Cambridge, UK) and tyrosine hydroxylase (TH) (Millipore,
Billerica, MA, USA), followed by 2 h of incubation with a secondary antibody conjugated to
HRP (Abcam, Cambridge, UK). Interested protein signals were detected using SuperSignal
West Pico chemiluminescence substrate (Thermo Fisher Scientific, Rockford, IL, USA), and
visualized by film exposion. The band density was quantified using Image] software (Java
8) using 3-actin (Cell Signaling Technology, Danvers, MA, USA) for normalization.

5.10. Statistical Analysis

Experimental data were presented as mean =+ standard deviation (SD) based on three
replicated experiments. One-way ANOVA, followed by Tukey’s post-hoc, was used to
determine difference between multiple groups. A p-value of <0.05 was considered as a
statistically significant difference in all tests.
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