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Abstract Oxidative stress is a major component of harm-
ful cascades activated in neurodegenerative disorders.
Coenzyme Q10 (CoQ10), an essential component in the
mitochondrial respiratory chain, has recently gained atten-
tion for its potential role in the treatment of neurodegener-
ative disease. Here, we investigated the possible protective
effects of CoQ10 on H,O,-induced neurotoxicity in PC12
cells and the underlying mechanism. CoQ10 showed high
free radical-scavenging activity as measured by a DPPH and
TEAC. Pre-treatment of cells with CoQI10 diminished
intracellular generation of ROS in response to H,O,. H,O,
decreased viability of PC12 cells which was reversed by
pretreatment with CoQ10 according to MTT assay. H,O,-
induced lipid peroxidation was attenuated by CoQI10 as
shown by inhibition of MDA formation. Furthermore, pre-
incubation of the cells with CoQ10 also restored the activity
of cellular antioxidant enzymes which had been altered by
H,0,. Moreover, CoQ10 induced Nrf2 nuclear transloca-
tion, the upstream of antioxidant enzymes. These findings
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suggest CoQ10 augments cellular antioxidant defense
capacity through both intrinsic free radical-scavenging
activity and activation of Nrf2 and subsequently antioxidant
enzymes induction, thereby protecting the PC12 cells from
H,0,-induced oxidative cytotoxicity.

Keywords Coenzyme Q10 - Antioxidant enzyme - Nrf2 -
Neurodegeneration

Introduction

Neurodegenerative diseases affect millions of people
worldwide, especially in the developed countries (Khandhar
and Marks 2007). Neurodegenerative processes have a
principle role in several neuronal disorders, such as Alz-
heimer’s, Parkinson’s, and Huntington’s disease (Glass et al.
2010, Reeve et al. 2008). Oxidative stress is a well-known
event in the pathogenesis of neurodegenerative diseases that
results from accumulation of free radicals and increase in the
formation of reactive oxygen species (ROS) (Saeidnia and
Abdollahi 2013). Oxidative stress can cause cell death by
damaging cardinal cellular components, such as lipids,
proteins, DNA, and RNA. The brain is especially sensitive to
oxidative stress, owing to a high oxygen consumption and
enrichment in polyunsaturated fatty acids, making it partic-
ularly vulnerable to lipid peroxidation. Given the important
role of oxidative stress in neurodegeneration, therapeutic
strategies which are directed at early interventions targeted at
oxidative stress may be one of the promising approaches to
preventive interventions for neurodegeneration. Antioxi-
dants play a critical role in neurodegeneration protection by
scavenging active oxygen and free radicals and neutralizing
lipid peroxides. Thus, an approach which simultaneously
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enhances various intracellular oxidative defense capacities
may be more effective in combating neurodegeneration.

Transcription factor NF-E2-related factor (Nrf2), which
plays a crucial role in cellular defense, is a basic leucine
zipper transcription factor that resides in the cytoplasm
bound to its inhibitor protein, Keap 1, and translocated to
the nucleus after stimulation. It is a potent activator of
antioxidant response element (ARE)-mediated gene
expression, moderating the transcriptional induction of
cluster of genes encoding for antioxidative enzymes and
cytoprotective proteins (Sen and Packer 1996, Nguyen
et al. 2009). Activation of Nrf2 pathway has been
demonstrated to be involved in the protection of the nerve
cells against oxidative damage in vivo and in vitro (Kensler
et al. 2007, Lee et al. 2003, Li et al. 2013). More impor-
tantly, the upregulation of Nrf2-driven antioxidant
enzymes is beneficial in in vitro and in vivo models of
neurodegenerative diseases (Kensler et al. 2007, Pi et al.
2008).

Coenzyme Q10 (CoQ10) is an endogenous antioxidant
and powerful free radical scavenger (Gazdik et al. 2003).
CoQ10 has been found to have potentially neuroprotective
effects on neurodegenerative diseases such as Parkinson’s
disease (Shults et al. 2002, Bhat and Weiner 2005), amy-
otrophic lateral sclerosis (Ferrante et al. 2005), and Hunt-
ington disease (Beal 2003). Orally administered CoQ10
reduced neuronal degeneration and increased survival in
toxin-induced and transgenic animal models of Parkinson’s
and Huntington’s diseases (Ferrante et al. 2002, Matthews
et al. 1998). It has also been used in human trials of
Parkinson’s and Huntington’s diseases, was well-tolerated,
and produced statistically significant or near-significant
improvements in clinical rating scales (Feigin et al. 1996,
Shults and Haas 2005). Recent study reported that CoQ10
could reduce intracellular depositionof AP, which is
believed to be an early event in the pathogenesis of AD
(LaFerla et al. 2007). However, the role of Nrf2 in the
neuroprotective effect of CoQ10 against H,O,-induced
oxidative remains an interesting speculation that awaits
further investigation.

As part of our study to elucidate the neuroprotective
activity of CoQ10, we sought to investigate whether it
could protect against H,O,-induced oxidative stress using
the rat PC12 pheochromocytoma cell line, which is a
useful and widespread model for studying neuronal dif-
ferentiation into sympathetic neurons and other neurobio-
chemial and neurobiological events (Guroff 1985), as an
in vitro model. Specially, we were interested in the pos-
sible correlation among its neuroprotection effect, the
redox regulation of Nrf2, and the function of the antiox-
idant enzyme system.
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Materials and Methods
Materials

Coenzyme Q10 (CoQI10) was supplied by Guangdong
Runhe Co. Ltd. RPMI Medium1640, penicillin—strepto-
mycin, fetal bovine serum (FBS), and horse serum (HS)
were purchased from Gibco (Invitrogen, CA). The assay
kits for superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), and protein concentration
were supplied by Beyotime (China Biotechnology). The
assay kit for malondialdehyde (MDA) was purchased from
NanJingJianCheng Bioengineering Institute (Nanjing,
China). Antibody to Nrf2 (C-20) and Lamin B were from
Santa Cruz Biotechnology, Inc (Santa Cruz, CA), and
glyceraldehydes-3-phosphate  dehydrogenase (GAPDH)
rabbit mAb and anti-rabbit IgG AP-linked antibodies were
obtained from Cell Signaling Technology (Danvers, MA).
All the other reagents were of the highest grade and were
obtained from Sigma, unless otherwise indicated.

Cell Culture

The rat pheochromocytoma (PC12) cell line was purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). All cells were plated in
culture dishes in RPMI Medium1640 containing 5 % FBS,
10 % HS, and 1 % penicillin—streptomycin. The cells were
grown at 37 °C in a humid 5 % CO, environment, and the
medium was changed every other day. Cells were utilized
for experiments during exponential growth. PC12 cells
were plated at an appropriate density according to each
experimental scale. After the cells were attached, the cells
exposed to various concentrations of CoQ10 which were
diluted in medium for 12 h, followed by incubated with
and without H,O, for 24 h.

Assay of Cell Viability

Briefly, PC12 cells were plated at a density of 5 x 10*
cells/fml in 96-well plates, and the cell viability was
determined using the conventional MTT assay. After
incubation, the cells were treated with the 0.5 mg/ml MTT
solution for 4 h at 37 °C. After removal of the MTT
solution, cells were treated with 150 uLL. DMSO to dissolve
the dark blue formazan crystals in intact cells, and the plate
was shaken for 10 min. The absorbance was measured at
490 nm with a microplate reader (Synergy2, Biotek, USA).
Survival of the control groups was defined as 100 %, and
cell viability in the treated groups was expressed as a
percentage of the control groups.
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Assay of Intracellular Reactive Oxygen Species

ROS production in PC12 cells was measured using the
redox-sensitive fluorescent dye H,DCF-DA. H,DCF-DA
can be deacetylated in cells, where it can react quantita-
tively with intracellular radicals, mainly H,O,, and convert
into its fluorescent products DCF, which are retained
within the cell. Briefly, PC12 cells were plated at a density
of 5 x 10* cells/ml in 96-well plates, following treatment,
the cells were loaded with 10 pM H,DCF-DA at 37 °C for
30 min in the dark, and then washed twice with PBS;
finally, the fluorescence intensity was measured at the
excitation wavelength of 485 nm and the emission wave
length of 530 nm using a fluorescence microplate reader
(Synergy2, Biotek, USA). Data were analyzed and
expressed as a percentage of the control.

Assay of Lipid Peroxidation

The content of MDA, a compound produced during lipid
peroxidation, was determined by the commercially avail-
able colorimetric assay kit. This assay is based on the
reaction of MDA with thiobarbituric acid (TBA). Two
molecule of chromogenic reagent (2-Thiobarbituric acid)
with one molecule of MDA yield a stable chromophore at
95 °C, forms a MDA-TBA adduct that absorbs strongly at
532 nm. PC12 cells were plated at a density of 5 x 10
cells/mL in 6-well plates. Briefly, the 100 pL of cell lysates
was added to 200 pL 20 % trichloroacetic acid and 100 pL
1 % 2-thiobarbituric acid. The reaction mixture was placed
in a water bath at °C for 45 min. After cooling, n-butanol
was added and vortexed. The mixture was centrifuged at
3000x g for 10 min. A thiobarbituric acid reacting species,
a product of the MDA lipid peroxidation reaction contained
in the supernatant, was measured at 532 nm using spec-
trophotometer and was expressed as nmol of MDA per
milligram of protein.

Assay of the Activities of Antioxidant Enzymes

Superoxide dismutase (SOD), Glutathione peroxidase
(GPx), and CAT activities were measured according to
the manufacturer’s recommendations (Beyotime Biotech-
nology). PC12 cells were plated at a density of 5 x 10*
cells/ml in 6-well plates. Briefly, total SOD activity was
detected by the scavenging of superoxide anion generated
by xanthine. The remained superoxide anion oxidizes
2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt (WST-1) to WST-1
formazan. Therefore, the total SOD activity in samples is
negatively correlative to the absorption of formed WST-1
formazan. The reaction product was measured at 450 nm.

One unit of SOD activity was defined as the amount of
protein that inhibited the rate of NBT reduction by 50 %.
GSH-Px activity was based on the reaction of GSH
transformation GSSG. Reduced glutathione in cell
homogenate was determined by reaction with 1, 2-dithio-
bis nitro benzoic acid (DTNB). 1 M DTNB with 2 M
GSH reacted together to form 1 M 5, 5'-dithiobis (2-ni-
trobenzoic acid) with an intense yellow color. Each lysate
was mixed in the solution containing 50 mmol/L. Na,
HPO,/NaHP,O,4, pH 7.0, 1 mmol/L EDTA, 1 mmol/L
NaNj3, 0.2 mmol/LL NADPH, 1 mmol/L glutathione, and
1 U/mL glutathione reductase in 0.1 mL volumn at 25 °C
for 5 min. The reaction was initiated by the addition of
1.5 mmol/L. cumene hydroperoxide and the absorbance
measured at 340 nm. Finally, the amount of GSH-Px
vitality was calculated by the formula U/mg = [A340/min
(sample) — A340/min (blank)]/0.00622 x dilution factor/
protein concentration. The cell extract was collected for
measurements of human CAT activity by a CAT analysis
kit. Briefly, samples were treated with excess hydrogen
peroxide for decomposition by CAT and incubated for an
exact time, and the remaining hydrogen peroxide (not
decomposed by CAT) was coupled with a substrate that
on treatment with peroxidase produced N-4-antipyryl-3-
chloro-5-sulfonate-p-benzoquinonemonoimine, which has
an absorption maximum at 520 nm and was quantified
spectrophotometrically. Catalase activity was then calcu-
lated from the assay results. The concentration of total
protein was measured with a bicinchoninic acid (BCA)
assay kit (Beyotime Biotechnology).

Cytosolic and Nuclear Protein Isolation

Cells treated with various chemicals as detailed in the
respective figure legends are harvested, washed with PBS
buffer, and kept on ice for 1 min. The suspension was
mixed with buffer A (10 mM HEPES, pH 7.5, 10 mM KCl,
0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT, 0.5 mM
phenylmethane sulfonyl fluoride, 5 mg/mL aprotinin,
5 mg/mL pepstatin, and 10 mg/mL leupeptin) and lysed by
three freeze-thaw cycles. Cytosolic fractions were obtained
after centrifugation at 12,000x g for 20 min at 4 °C. The
pellets were resuspended in buffer C (20 mM HEPES, pH
7.5,0.4 M NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM DTT,
I mM phenylmethane sulfonyl fluoride, 5 mg/mL apro-
tinin, 5 mg/mL pepstatin, and 10 mg/mL leupeptin), kept
on ice for 40 min, and then centrifuged at 14,000x g for
20 min at 4 °C. The resulting supernatant was used as
soluble nuclear fractions for further experiments. All the
protein fractions were stored at —70 °C until use, and the
protein concentrations were measured with a BCA assay
kit (Beyotime Biotechnology).
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Western Blot Analysis

Western blotting was performed using the standard
method. Equal amounts of proteins were fractionated by
SDS-polyacrylamide gel electrophoresis (10 % standard
gel) and electrotransferred to Immun-Blot'™ PVDF mem-
brane (Bio-Rad). Membranes were blocked for overnight at
4 °C in Tris-buffered saline (TBS), 0.05 % (v/v) Tween-
20, 150 mmol/L NaCl and 5 % (w/v) Bovine Serum
Albumin (BSA, Santa Cruz), followed by 2-h incubation
with primary antibody diluted in the same buffer (Nrf2
1:250, Lamin B 1:250, GAPDH 1:1000). After washing
with 0.1 % (v/v) Tween 20 in TBS, the membrane was
incubated with anti-rabbit IgG AP-linked secondary anti-
body for 1 h at room temperature and then washed and
developed with 5-bromo-4-chloro-3-indolyl phosphate
(BCIP)/nitroblue tetrazolium (NBT) color developing
solution. The blots in the samples were quantified by
densitometry analysis using Quantity One software. All
data from three independent experiments were expressed as
the relative intensity compared to the control group for the
statistical analyses.

DPPH-Scavenging Capacities

CoQI10 and a-tocopherol were evaluated for their activities
to scavenge the stable DPPH radical according to a pre-
viously described method (Dinis et al. 1994). Briefly, an
aliquot of extract of different concentrations was mixed
with 0.8 % of DPPH solution (0.02 mL) in methanol.
Reaction mixtures were mixed well and incubated at room
temperature for 30 min. Methanol was used as blank, and
DPPH solution without addition of extract was used as
control. The affinity of the test material to quench the
DPPH free radical was evaluated according to the equation
scavenging % = (Ac — As)/Ac x 100 %. As and Ac are
the absorbance at 517 nm of the reaction mixture with
sample and control, respectively.

Trolox Equivalent Antioxidant Capacity (TEAC)
Analysis

The ABTS radical cation was prepared by mixing an ABTS
stock solution (7 mM in water) with 2.45 mM potassium
persulfate. This mixture has to remain for 12-24 h until the
reaction is complete and the absorbance is stable. For
measurement, the ABTSe+ solution was diluted to an
absorbance of 0.700 + 0.020 at 734 nm. 1 mL ABTSe+
solution and 100 pL of the antioxidant solution were mixed
for 45 s, and the absorbance at 734 nm was recorded after
1 min of incubation. TEAC is defined as the concentration
(mM) of Trolox having the antioxidant activity equivalent
to a 1.0-mM concentration of CoQ10.
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Statistics

Data were represented as the mean + SD (standard devi-
ations) from three experiments with triplicates in all cases.
Statistical analyses were performed using one-way analysis
variance (ANOVA) followed by Dunnet’s post-hoc test to
express the difference among the groups. Data considered
statistically significant at p < 0.05.

Results
Effect of CoQ10 on Cell Viability of PC12 Cells

Initially, the cytotoxic potential of CoQ10 on PC12 cells was
measured. No cytotoxic effects of CoQ10 were reported up
to a concentration of 25 uM using the MTT assay. However,
higher amount CoQ10 (50 pM) reduced the viability of the
PC12 cells (Fig. 1a). These results indicated that CoQ10
played dual roles in cell death based on its concentrations.
Thus, for further experiments, the cells were treated with
CoQ10 in the concentration range of 1-25 uM. Further-
more, 25 pM CoQI10 treatment for 24, 48, and 72 h did not
show any toxic effect on PC12 cells (Fig. 1b).

(A) 120 -
100 A
@ *
< 804
2
:_:3 60 1
>
= 40
]
O
20 A
0 T T T T
0 1 5 25 50
CoQ10 (uM)
(B) 120
100 A
e
E\/ 80 4
2
@ 60 A
>
= 40 A
(5]
O
20 A
0 - T T T
0 24 48 72
Time (h)

Fig. 1 Effect of CoQ10 on cell viability of PC12 cells. a PC12 cells
were incubated with various concentrations of CoQ10 (1-50 uM) for
24 h. b PC12 cells were incubated with 25 uM CoQ10 for 24, 48, and
72 h. Values are mean £ SD (n = 3). *p < 0.05 compared with
control
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Effect of CoQ10 on H,O,-Induced Cytotoxicity
and Intracellular ROS Generation in PC12 Cells

To evaluate the in vitro protective effect of CoQ10, we
tested its protective effect on H,O,-induced cytotoxicity in
PC12 cells. PC12 cells were treated with CoQ10 for 12 h,
followed by further incubation in the presence or the
absence of H,O, for 24 h. Treatment with H,O, (75 pM)
for 24 h induced approximately 50 % cell death, whereas
CoQI10, at non-cytotoxic concentrations (1-25 pM),
resulted in marked enhancement of survival of the PC12
cells as compared to the H,O,-treated group (Fig. 2a).
Maximal rescue occurred at a concentration of 25 uM of
CoQ10. These results showed that CoQ10 blocked the
injury caused by H,O, in PC12 cells.

The degree of intracellular ROS generation in cells was
measured using fluorescence assay with H,DCF-DA probe. As
shown in Fig. 2b, treatment with CoQ10 significantly reduced
the H,O,-induced ROS generation. Moreover, as shown in
Fig. 2c, this effect was dependent on the duration of CoQ10
pretreatment. These results suggest that CoQ10 induced the
expression of a gene(s) essential to ROS antagonism.

Effect of CoQ10 on H,0O,-Induced Lipid
Peroxidation in PC12 Cells

As shown in Fig. 3, when PC12 cells were exposed to
H,O, (75 uM) for 24 h, a significant increase in MDA
level was found. Pretreated with CoQ10 for 12 h caused a
decrease in MDA production in PC12 cells.

Effect of CoQ10 on H,0O,-Induced Changes
in the Activity of Antioxidant Enzymes

As SOD, GPx, and CAT serve as the detoxifying system
for preventing damage caused by ROS and play a pivotal
role in the scavenging of free radicals, we assessed whether
CoQ10 affected the activities of these antioxidant enzymes.
H,0, treatment (75 pM) for 24 h significantly depleted the
activities of these antioxidant enzymes in PCI12 cells.
Whereas exposed to CoQ10 for 12 h caused a dose-de-
pendent increase in the activities of these antioxidant
enzymes (Fig. 4) in PC12 cells, which is correlated with its
protection against H,O,-induced injury (Fig. 2a). These
results suggest that the cytoprotective effect of CoQI10 is
mediated through antioxidant enzymes induction.

Effect of CoQ10 on Nrf2 Nuclear Translocation
in PC12 Cells

Since activated Nrf2 is an important upstream contributor
to the antioxidant enzymes expression, we investigated the
possible involvement of CoQ10 on the level of nuclear
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Fig. 2 Effect of CoQl0 on H,0O,-induced oxidative toxicity and
intracellular ROS generation in PC12 cells. Effect of CoQ10 on
H,0,-induced oxidative toxicity in PC12 cells. a PC12 cells were
pretreated with various concentrations of CoQ10 for 12 h and then
incubated with and without 75 pM H,O, for 24 h. Effect of CoQ10
on H,0,-induced intracellular ROS generation in PC12 cells. b PC12
cells were pretreated with various concentrations of CoQ10 for 12 h
and then incubated with and without 75 pM H,O, for 24 h. ¢ PC12
cells were incubated with CoQ10 (25 uM) for the indicated time
and then treated with 75 uM H,O, for 24 h. Values are mean £+ SD
(n=3). ¥ and ‘# represent significant difference from control
and H,O,-treated groups, respectively. *p < 0.05; **p < 0.01;
wkp < 0.001; *p < 0.05; #p < 0.01; #p < 0.001

Nrf2 in PC12 cells using Western blot analysis. As shown
in Fig. 5, the H,O, (75 uM) treatment substantially
downregulated the nuclear Nrf2 protein levels. The nuclear
fractions of CoQ10-pretreated PC12 cells showed a sig-
nificant increase in Nrf2 levels, whereas they were
decreased in the cytoplasmic fractions.
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Fig. 3 Effect of CoQ10 on H,0,-induced lipid peroxidation in PC12
cells. PC12 cells were pretreated with various concentrations of
CoQ10 for 12 h and then incubated with and without 75 pM H,O, for
24 h. MDA content in cell homogenate was estimated. Values are
mean £ SD (n = 3). “*’ and ‘#’ represent significant difference from
control and H,O,-treated groups, respectively. ***p < 0.001;
#p < 0.01; *p < 0.001

Effect of CoQ10 on Free Radical-Scavenging
Activities

To evaluate the antioxidant activity of CoQ10, we inves-
tigated its DPPH-scavenging actions in an in vitro cell-free
system. Figure 6a demonstrates that DPPH-scavenging
potentials increased as the concentrations of CoQ10 and o-
tocopherol increased. This result indicated that the
antioxidant effect of CoQ10 is similar to a-tocopherol for
trapping DPPH. The TEAC of CoQ10 was further mea-
sured from the decolorization of ABTSe+. Figure 6b
shows that CoQ10 has compatible antioxidant potential
with positive control Trolox.

Discussion

CoQ10, an essential cofactor involved in mitochondrial
oxidative phosphorylation as well as a potent antioxidant,
has been studied in multiple in vitro models of neuronal
toxicity, with results that overall have supported a neuro-
protective effect. Detailed and extensive pre-clinical stud-
ies have also strongly supported that CoQ10 provides
neuroprotection and slow disease progression in neurode-
generative diseases. In the present study, we established an
in vitro damage model of PC12 cells using H,O, and
provided new evidences on the protective effect of CoQ10
against H,O,-induced toxicity. CoQ10 increased the cell
viability, attenuated the MDA formation, and restored the
activity of cellular antioxidant enzymes in PCI12 cells
treated with H,O,. In particular, we explored the under-
lying mechanism and found that CoQIl0 induced Nrf2
nuclear translocation. We demonstrated for the first time
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Fig. 4 Effect of CoQ10 on H,0,-induced changes in the activity of
antioxidant enzymes. PCI12 cells were pretreated with various
concentrations of CoQ10 for 12 h and then incubated with and
without 75 pM H,0, for 24 h. Activity of antioxidant enzymes SOD
(a), GPx (b), and CAT (c) in cell homogenate was estimated. Values
are mean £ SD (n = 3). **’ and ‘# represent significant difference
from control and H,O,-treated groups, respectively. *p < 0.05;
#*p < 0.01; **¥p < 0.001; *p < 0.05; p < 0.01; #p < 0.001

that the CoQ10-induced Nrf2-associated ARE response
readily occurs and accounts for a protective strategy
against the oxidative action of H,O, in PC12 cells.
Oxidative stress refers to the mismatched redox equi-
librium between the production of free radicals and the
ability of cells to defend against them. One feasible way to
prevent free radical-mediated cellular injuries is to aug-
ment the oxidative defense capacity through intake of
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antioxidants. Moreover, the induction of endogenous phase
II detoxifying enzymes or antioxidative proteins seems to
be a reasonable strategy for delaying disease progression.

DPPHe and ABTSe are stable free radicals, which are
frequently used for evaluation of relative antioxidant
capacity compared with standard antioxidants. Current
research demonstrates that CoQ10 has compatible antiox-
idant potential with positive control, o-tocopherol, and
Trolox (Fig. 6). These results showed that CoQ10 is an
excellent candidate antioxidant, which are consistent with
the previous reports showing that CoQ10 is an oxygen-free
radical scavenger. This was also confirmed with our cell-
based antioxidant assay in which CoQ10 significantly
reduced the basal intracellular level of ROS (Fig. 2b, c).
Treatment with low doses of CoQ10 (1-25 pM) showed a
significant protective effect against H,O,-induced neuro-
toxicity in PCI12 cells when measured by MTT assay
(Fig. 2a). These results showed a clear and strong corre-
lation among free radical-quenching activities, ROS-scav-
enging activity, and the enhanced resistance to H,O;-
induced oxidative damage. As a consequence, the intrinsic
antioxidant capacity may play a role for CoQ10, in
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Fig. 6 Effects of CoQ10 on free radical scavenging. a DPPH free
radical-scavenging activity, b ABTSe+ free radical-scavenging
activity. a-tocopherol and trolox worked as positive control, respec-
tively. Values are mean £+ SD (n = 3)

contributing towards the partial or total alleviation of cel-
lular oxidative stress.

MDA, a decomposition product of peroxidased
polyunsaturated fatty acids (Mukai and Goldstein 1976)
that is assessed as an index of lipid peroxidation, and
increased MDA levels have been observed in patients with
neurodegenerative diseases (Pratico et al. 2002). In the
present study, PC12 cells treated with H,O, underwent
peroxidation of its lipid bilayer, leading to increased for-
mation of MDA, which was ameliorated in the presence of
CoQ10 pretreatment (Fig. 3). These data indicated that the
protective effects of CoQ10 antagonize H,0,-mediated
lipid peroxidation in PC12 cells.

Endogenous antioxidant enzymes represent the first line
of defense of the brain to counteract the deleterious effects
of ROS. The best studied cellular antioxidants are the
enzymes SOD, GPx, and CAT, which are three primary
endogenous antioxidants involved in direct elimination of
ROS. SOD, the first line of defense against free radicals,
has ROS-metabolizing activity and can efficiently and
specifically catalyze the dismutation of O,  to O, and
H,0,. GPx catalyzes the decomposition of H,O, and other
peroxides (e.g., lipid peroxides in cell membranes) and
then converts H,O, into O, and H,O, using reduced glu-
tathione as a substrate. CAT is also a major primary

@ Springer



110

Cell Mol Neurobiol (2016) 36:103-111

antioxidant defense component sharing similar function to
GPx. Induction of antioxidant enzymes is highly recog-
nized as an important therapeutic target for pharmacolog-
ical intervention of oxidative disorders. In the present
study, we showed that the activities of SOD, GPx, and
CAT in cell homogenate were decreased, which indicated
that a disturbance in the endogenous antioxidant balance
occurs in H,O,-induced PC12 cells. And the recovered
activities of SOD, GPx, and CAT were observed in PC12
cells pretreated with CoQ10. Furthermore, the increase of
antioxidant enzymes by CoQ10 conferred cytoprotection
against H,O,-induced oxidative stress (Fig. 2a). These
results strongly indicate that in our experimental setting,
the cytoprotective effects of CoQ10 may be related to the
increase in the activity of antioxidant.

To further elucidate the upstream regulators for the
induction of endogenous antioxidant enzymes, we have
focused on the Nrf2 signaling pathway. Under normal
cellular conditions, cytosolic Nrf2 associates physically
with Keapl which acts as an intracellular redox sensor
through its reactive cysteine residues. In response to
oxidative stress, Nrf2 is released from Keapl anchoring
and translocates into the nucleus where it binds DNA at the
ARE for activation of distinct set of genes encoding
detoxifying enzymes including SOD, GPx, and CAT (Itoh
et al. 1999, 2003). Recently, Activation of Nrf2 has
emerged as key therapeutic targets for treatment of a
variety of oxidative stress-related neurodegenerative
insults. Nrf2-null mice resulted in a decrease in the basal
expression level of detoxifying or antioxidant genes
(Johnson et al. 2008). In contrast, Nrf2™" mice protects
the brain from cerebral ischemia in vivo (Shih et al. 2005),
whereas primary neuronal cultures treated with chemical
activators of the Nrf2-ARE pathway displayed significantly
greater resistance to oxidative stress-induced neurotoxicity
(Johnson et al. 2008). Beneficial effects of tBHQ and sul-
foraphane, both potent inducers of the Nrf2-ARE pathway,
have been reported in animal models of neurodegeneration
and cerebral ischemia. Using Western blot, we found that
Nrf2 was promoted translocation into the nucleus in PC12
cells exposed to CoQI10 (Fig. 5). Therefore, our results
suggest that CoQ10 protects PC12 cells against neurotox-
icity via transcriptional activation of Nrf2 and upregulation
of antioxidant enzyme activity. However, further studies
are extensively ongoing to identify the intracellular sig-
naling cascades involved in the protective effect of CoQ10
on the neurotoxicity of H>O, in PCI12 cells.

In summary, the intrinsic free radical-scavenging
activity and inducing of the antioxidant enzymes activities
through activation of Nrf2 exposed to CoQ10 confer pro-
tection against the H,O;-induced oxidative damage in
PC12 cells. However, the complete molecular milieu that
links all these events needs to be elucidated. Continued

@ Springer

attempts to identify novel target molecules responsible for
the Nrf2 regulation and to clarify their cross-talk with
upstream and downstream signaling molecules will pave
the way to exploiting preventive and/or therapeutic
strategies for the management of oxidative stress-mediated
disorders. These findings indicate that CoQ10 might be a
potential candidate for the treatment of oxidative damage-
mediated human neurodegenerative diseases and other
oxidative stress-related diseases.
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