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Abstract Our previous work demonstrated that tetrahy-
droxystilbene glucoside (TSG) was able to effectively
attenuate 1-methyl-4-phenylpyridinium (MPP")-induced
apoptosis in PC12 cells partially via inhibiting reactive
oxygen species (ROS) generation. However, the precise
molecular mechanisms of TSG responsible for suppressing
neuronal apoptosis have not been fully elucidated. To
investigate the possible mechanism, we studied the neu-
roprotective effects of TSG on MPP*-induced PC12 cells
apoptosis and explored the molecular mechanisms that
mediated the effects of TSG. Our results showed that
treatment with TSG prior to MPP' exposure effectively
attenuated the cell viability decrease in PC12 cells,
reversed the cell apoptosis, and further restored the mito-
chondria membrane potential (MMP). In addition, TSG
remarkably enhanced the anti-oxidant enzyme activities of
superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GSH-Px), and efficiently reduced the
malondialdehyde (MDA) content in the PCI12 cells.
Meanwhile, TSG markedly upregulated the Bcl-2/Bax
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ratio, reversed release of Cytochrome c, and inhibited the
activation of caspase-3 induced by MPP*. Furthermore,
TSG significantly inhibited the activation of p38 mitogen-
activated protein kinase (p38MAPK) signaling pathway,
while extracellular signal-regulated protein kinases (ERK)
phosphorylation was not affected. Together, these findings
provide the basis for TSG clinical application as a new
therapeutic strategy in the treatment of neurodegenerative
diseases.
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Introduction

Parkinson’s disease (PD) is one of the most prevalent
progressive neurodegenerative diseases leading to impair-
ments in movement including resting tremor, rigidity,
bradykinesia, and postural instability [1]. Pathologically,
PD is characterized by a severe and progressive loss of
dopaminergic neurons in the substantia nigra pars com-
pacta (SpNc) [1]. Currently there is no effectively curative
treatment for the disease with high incidence (approxi-
mately 2% of the population aged over 65 years).
Increasing evidence revealed that understanding the
mechanisms involved in the underlying pathogenesis of PD
is pivotal for development of effective therapies. Until
now, several key mechanisms have been implicated,
including oxidative stress, mitochondrial dysfunction,
protein misfolding and aggregation, inflammation, excito-
toxicity, apoptotic cell death, and loss of trophic support
[2]. Amongst these, oxidative stress plays a central role in
the pathogenesis of PD [3]. Apart from cell apoptosis and
the DNA damage, lipid peroxidation and protein oxidation
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in PD are caused by reactive oxygen species (ROS) as a
result of neuronal apoptosis [4]. Based on the evident role
of oxidative stress in PD pathogenesis, several clinical
trials have been mainly conducted using several anti-oxXi-
dants. In particular, plant anti-oxidants have become
attractive targets for drug development in treatment of
neurodegenerative diseases due to their neuroprotective
effects in animal models and low levels of toxicity [5, 6].

To investigate the neuroprotective effects of some drug
interventions and further possible mechanisms, develop-
ment of an ideal pathological model will provide a con-
siderable therapeutic insight into drug therapy and etiology
of PD. 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropypridine
(MPTP) has been widely used as a dopaminergic neuro-
toxin which causes a severe Parkinsonian-like syndrome
with the loss of dopaminergic cells in animals and humans
[7]. 1-methyl-4-phenylpyridinium (MPP™), an active
metabolite of MPTP, inhibits mitochondrial complex I,
consequently eliciting abnormal energy metabolism and
increased ROS production, finally resulting in a model that
closely resembles PD [8]. More importantly, choosing an
appropriate cell type is of great importance for this aspect
study. PC12 cells, a cell line derived from rat adrenal
pheochromocytoma cells, are usually used as a model for
dopaminergic neurons because they possess intracellular
substrates for the synthesis, metabolism, and transportation
of dopamine (DA) [9]. In recent reports, accumulating
evidences have suggested that MPP™ induces cytotoxicity
in PC12 cells, which provides a suitable model system in
studying neuronal cell death caused by oxidative stress as
follows: (1) membrane and nuclear damage; (2) MMP loss
and decreased anti-oxidant enzyme activities including
superoxide dismutase (SOD), catalase (CAT), and glu-
tathione peroxidase (GSH-Px); and (3) increasing the
expression of p-MAPKs and decreasing the p-AKT
[10-12]. Therefore, MPP*-induced PC12 cells apoptosis
model was employed in our present study.

Polygonum multiflorum Thunb (PM), also called He
Shou Whu, is a famous traditional Chinese medicinal herb
and has long been used as a tonic and anti-aging agent in
the Orient. Multiple medical studies indicated that PM and
its extracts can treat age-related diseases and that its mode
of action may be attributed to its anti-oxidant activity [13].
TSG (2,3,5,4'-tetrahydroxystilbene-2-O-B-p-glucoside;
Fig. 1), one of the main active ingredients of PM [14], has
been reported to exert distinct effects on anti-oxidant [15],
anti-inflammatory [16], anti-aging [17], neuroprotection
[18], and cardioprotection [19]. Another report also
revealed that TSG protects human neuroblastoma SH-
SY5Y cells against MPP*-induced cytotoxicity [20].
Additionally, our previous studies showed that TSG can
attenuate the MPP*-induced apoptosis of PC12 cells by
inhibiting ROS generation, which is intimately associated
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Fig. 1 Schematic diagram of molecular structure of TSG (2, 3, 5, 4'-
tetrahydroxystilbene-2-O-B-p-glucoside)

with its modulating activation of Jun N-terminal kinase
(JNK) and the PI3K/Akt pathway [12, 15]. Furthermore,
the preliminary studies by our group have demonstrated the
neuroprotective effects of TSG in the MPTP-induced
mouse model of PD [21, 22]. Nonetheless, the molecular
mechanisms underlying TSG activity is still elusive.

In the current study, we sought to examine the effects of
TSG in the clinically relevant MPP*-induced in vitro
model of PD. We investigated the anti-oxidative stress
ability of TSG against MPP*-induced apoptosis in PC12
cells and the potential molecular mechanisms that might
mediate the effects of MPP™. Of unusual significance, the
present study may provide the basis for a new insight into
the future clinical application of TSG in the treating PD.

Materials and methods
Reagents and antibodies

Tetrahydroxystilbene glucoside (molecular weight 406,
purity >99%) was purchased from the National Institute for
the Control of Pharmaceutical and Biological Products
(Xi’an, China). Mouse 2.5S nerve growth factor (NGF) was
purchased from Promega (Madison, W1, USA). MPP*, 3-(4,
5-dimethylthiazol-2-y1)-2,5-diphenyl-tetrazolium  bromide
(MTT), Hoechst 33258, fluorescein isothiocyanate (FITC)-
labeled annexin V, propidium iodide (PI), rhodamine 123,
and the p38 inhibitor SB203580 were purchased from Sigma-
Aldrich Inc. (St. Louis, MO, USA). 0.25% trypsin—-EDTA
and dimethyl sulfoxide (DMSO) were purchased from
Amresco (Solon, OH, USA). The 2,7'-dichlorofluorescin
diacetate (DCF-DA), SOD, CAT, MDA, and GSH-Px assay
kits were acquired from Beyotime (Nanjing, China). Dul-
becco’s modified Eagle’s medium (DMEM), fetal calf serum
(FCS), and horse serum were purchased from Gibco (BRL,
USA). Mouse monoclonal antibodies against Bcl-2, Bax, and
Cytochrome ¢ were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Rabbit polyclonal antibodies
against p38, p-p38 (Thr180/Tyr182), ERK, p-ERK, cleaved
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caspase-3, P-actin, and horseradish peroxidase-conjugated
secondary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). DAPI (4, 6-diamidino-2-
phenylindole) was obtained from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The enhanced
chemiluminescence (ECL) reagent and bicinchoninic acid
(BCA) protein assay kit were from Pierce (Rockford, IL,
USA). All other chemicals used in the present study were of
the highest analytical grade and purchased from commercial
suppliers.

Cell culture and treatments

PC12 cells were cultured in poly-L-lysine-coated 24 plates
in DMEM medium, supplemented with 10% (v/v) heat-
inactivated horse serum, 5% (v/v) heat-inactivated FCS,
100 IU/mL of penicillin, and 100 g/mL of streptomycin, in
5% CO, with a humidified atmosphere at 37 °C. Culture
medium was refreshed every 3 days. When cell confluency
reached 60-70%, cells were subcultured for next experi-
ments. Firstly, PC12 cell differentiation was conducted by
administration of 50 ng/mL NGF into cultures for 9 days.
In parallel, the cells were pretreated with or without of
TSG at 5 and 10 pM for 24 h prior to exposure of MPP™ at
a final concentration of 500 uM, and subsequently main-
tained for another 24 h. To further substantiate the role of
the p38 MAPK on the effects of TSG, the cells were pre-
treated with 2 pM SB203580 (a specific p38 inhibitor) for
0.5 h prior to TSG treatment. For these experiments, con-
trol cultures were cultured in DMEM. All experiments
were repeated three times for each treatment condition in
each experiment.

Cell viability assay

PC12 cells were seeded into 96-well plates at 1 x 10 cells
per well and treated with TSG and/or MPP™. After drug
treatment, 20 pL MTT solution (5 mg/mL in PBS) was
added into cells and incubated for 4 h. Medium was
removed and then 150 uL. DMSO was added into the cells.
After shaking for 10 min, the optical density (OD) was
measured at the absorbance 570 nm using a microplate
reader (Bio-Rad, USA). OD value expresses cells viability.
Values for each treatment group are expressed as a per-
centage of the control.

Flow cytometry analysis

To validate TSG protection against MPP"-induced apop-
totic and necrotic cells, PC12 cells treated with TSG were
further quantified by dual staining with AV and PI. Briefly,
cells were firstly detached from culture plates, harvested,
filtered, washed twice with PBS (pH 7.5), and then cell

density was adjusted to 1 x 10° cells/mL for detection.
After sedimentation and washing in cold PBS (pH 7.5),
cells were resuspended in binding buffer (10 mM HEPES-
NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,). Thereafter,
20 pg/mL AV and 50 pg/mL PI were added, and cells were
incubated for 15 min at room temperature in the dark.
After three wishes with PBS, the cells were analyzed by
flow cytometry (Beckman-Coulter, USA) using emission
filters 525 and 575 nm for AV and PI, respectively, as
described by Yang et al. with minor modifications [23].

Hoechst staining assay

Nuclear morphology changes in apoptotic cells were fur-
ther investigated by Hoechst 33258 nuclear stain labeling
and further examined using fluorescence microscopy.
Briefly, after different treatments, PC12 cells grown onto
coverslips coated with poly-L-lysine were fixed with 4%
(w/v) paraformaldehyde for 30 min, washed three times
with PBS (pH 7.5), and then incubated with Hoechst 33258
(3 pg/mL in PBS) for 30 min at room temperature in the
dark. After three rinsings with PBS (pH 7.5), nuclear
morphology was observed using a fluorescence microscope
(Olympus IX71, Japan), and four visual fields were ran-
domly chosen for cell count. Of note, four slides were used
for each group. The number of apoptotic cells was
expressed as a percentage of the total number of cells.

Measurement of SOD, CAT, GSH-Px activities
and MDA level

For measurement of SOD, CAT, GSH-Px activities, and
MDA level, PC12 cells were seeded in 6-well plates at a
density of 5 x 10° cells/well. After various treatments
above-mentioned, the cells were fully washed, collected,
and lysed at 4 °C for 30 min. Thereafter, the lysed cells
were centrifuged at 10,000xg for 10 min, and the total
protein concentration of supernatant was determined using
the BCA protein assay kit. Concomitantly, SOD, CAT,
GSH-Px activities, and MDA level in the supernatant were
further assayed using several different kits, respectively.
The measurement was carried out according to manufac-
turer’s instructions (all assay kits were purchased from
Beyotime Institute of Biotechnology, Jiangsu, China) [24].
The relative activities of SOD, CAT, GSH-Px were
expressed as a ratio to total protein, and the level of MDA
was considered as the pmol/mg of total protein as well.

Measurement of mitochondrial membrane potential
(MMP)

Mitochondrial activity can be assessed by selective uptake
of rhodamine 123, a kind of lipophilic cationic probe,
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which requires a negative MMP [25]. After various cell
treatments, 10 mg/mL rhodamine 123 was added to the
cultures and incubated for 30 min at 37 °C in the dark.
Cells were then washed with PBS (pH 7.5) and their mean
fluorescence intensity (MFI), representing the MMP, was
quantified by flow cytometry (Beckman-Coulter, USA).

Western blotting

Treated cells were briefly washed with PBS (pH 7.5), and
extracted in ice-cold RIPA lysis buffer (50 mM Tris—HCl,
150 mM NaCl, 0.02% (w/v) NaN,, 100 pg/mL phenyl-
methylsulfonyl fluoride (PMSF), 1 pg/mL aprotinin, and
1% (v/v) Triton X-100). Lysates were clarified by cen-
trifugation, and protein concentration was determined
using the BCA assay. Subsequently aliquots of cellular
lysate were denatured, separated on a 12% (w/v) poly-
acrylamide gel and transferred to PVDF membranes. The
membranes were incubated in fresh blocking buffer (0.1%
Tween 20 in Tris-buffered saline, pH 7.4, containing 5%
(w/v) non-fat milk) at room temperature for 1 h and then
incubated overnight at 4 °C with primary antibodies (Bcl-
2, Bax, cleaved caspase-3, Cytochrome c, p-p38, p38,
p-ERK, ERK, and B-actin). After three washes in TBST,
membranes were incubated with secondary antibody con-
jugated to peroxidase at room temperature for 1 h, and
labeled proteins were visualized using the ECL detection
system. Specific protein expression was estimated by
measuring band intensity using densitometer and NIH
Image software. For Bcl-2, Bax, Cytochrome c, caspase-3,
the optical density of each band was normalized to its
respective loading control (B-actin). For p-p38, and p-ERK,
was normalized to the total levels of p38, and ERK kinase,
respectively.

Statistical analysis

Data are expressed as mean =+ standard error of the mean
(SEM) from three independent experiments. One-way
analysis of variance (ANOVA) followed by the Dunnett’s
t test was used for statistical analysis using SPSS 16.0
software. p values <0.05 were considered to be statistically
significant.

Results

Effects of TSG on cell viability in NGF-
differentiated PC12 cells treated with MPP™

We recently demonstrated that MPP* treatment remark-

ably decreases the viability of PC12 cells [12, 15]. In
agreement with our previous data, in this study, PC12 cell

@ Springer

viability decreased by 51.8 & 1.5% (p < 0.01; MPP*-
treated cells vs. untreated control cells) following exposure
to 500 uM MPP™ for 24 h (Fig. 2). To further examine the
neuroprotective effects of TSG against MPP*-induced
cytotoxicity, cells were treated with different concentra-
tions of TSG for 24 h prior to incubation with 500 uM
MPP™. Following pretreatment with 5 and 10 pM TSG, the
percentage of surviving PC12 cells reached 62.2 & 2.8%
(p <0.05), and 90.8 £ 2.0% (p <0.01), respectively.
These results indicate that TSG exhibits dose-dependent
neuroprotection of PC12 cells against MPP*-induced
cytotoxicity and that the better rescue dose is at 10 pM.
Strikingly, 10 uM TSG treatments alone had no effect on
cell viability, indicating that TSG is generally not cytotoxic
to PCI12 cells.

Effects of TSG on MPP*-induced apoptosis

To characterize the type and extent of cell death occurrence
after MPP™ treatment, the induction of early apoptotic, late
apoptotic, and necrotic cells was quantified using AV and
PI double staining and flow cytometry. The results revealed
that normal cells were negative for both AV and PI staining
(AV™/PT", Q3), early apoptotic cells positive for AV
staining and negative for PI staining (AV*/PI", Q4), late
apoptotic cells were AVT/PI*, Q2 and necrotic cells were
AV~/PI*, Q1 (Fig. 3a). After 24 h incubation with
500 uM MPP™", there was a significant increase in the
number of apoptotic cells (37.7%) compared with that of
the untreated controls (4.1%), while following pre-incu-
bation with 5 and 10 uM TSG, the percentage of apoptotic
cells was dramatically reduced to 27.1 and 15.7%,
respectively (Fig. 3b).
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Fig. 2 Effect of TSG on viability of PC12 cells treated by MPP*
using the MTT assay. The data were represented as mean £+ SEM of
three independent experiments. **p < 0.01 vs. untreated control
cells; *p < 0.05 and *p < 0.01 vs. MPP™ alone-treated cells
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Effects of TSG on morphology of cell nuclei

In order to characterize the mechanisms that mediate TSG
rescue of MPP"-induced loss of cell viability, we next
assessed the effect of MPP" treatment on nuclear mor-
phology. Hoechst 33258-stained nuclei in untreated cells
were round with regular contours and showed homoge-
neous and diffuse staining, while MPP*-induced apoptotic
cells exhibited a reduced nuclear size, chromatin conden-
sation, intense fluorescence, and nuclear fragmentation
(Fig. 4a). In contrast to untreated cells, cells exposed to
500 uM of MPP™ for 24 h contained condensed or frag-
mented nuclei with strong, bright Hoechst 33258 influo-
rescence staining. However, no significant apoptotic nuclei
were observed in cells pretreated with different concen-
trations of TSG (5 or 10 uM). As for PCI12 cells treated
with TSG alone, no apoptotic cell phenotype was found in
visual fields (Fig. 4b).

Effects of TSG on the activity of SOD, CAT, GSH-
Px, and MDA level

Effectively scavenging of ROS by several anti-oxidative
enzymes, including the three important endogenous enzymes
SOD, CAT, and GSH-Px is crucial for cell survial. As shown
in Fig. 5a—c, after exposure of PC12 cells to MPP*, the
activities of SOD, CAT, and GSH-Px in cells decreased to

A Control

MPP*

48.80 + 2.85, 41.00 £ 1.95, and 53.40 £ 2.89%, respec-
tively, as compared to the control group (relative
value = 100%). However, pretreatment with TSG signifi-
cantly increased the activity of SOD (56.60 + 2.96,
88.60 = 1.75% for 5 and 10 uM TSG, respectively), CAT
(53.60 &+ 1.36, 67.20 = 2.18% for 5 and 10 uM TSG,
respectively), and GSH-Px (64.40 + 2.98, 82.00 £ 2.51%
for 5 and 10 pM TSG, respectively). Conversely, the MDA
level was significantly increased in MPP-treated cells
(4.88 £ 0.14 pmol/mg) compared with the control group
(2.96 £ 0.20 pmol/mg), whereas TSG could remarkably
reduce the MDA production (3.70 &+ 0.17 and
2.88 + 0.15 pmol/mg for 5 and 10 pM TSG, respectively)
(Fig. 5d), suggesting that TSG has significant capacity of anti-
oxidative stress.

Effects of TSG on MPP*-induced MMP collapse

Mitochondrial membrane permeabilization constitutes an
early event in the apoptotic process, which leads to the dissi-
pation of the inner transmembrane potential and release of
soluble intermembrane proteins [26]. To characterize the
changes in mitochondrial events induced by TSG pretreatment
prior to MPP" exposure, the collapse of MMP in PC12 cells
was monitored with the rhodamine 123 probe, a specific flu-
orescent cationic dye that is readily taken up by active mito-
chondria. Following treatment of PC12 cells with 500 uM
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Fig. 3 Flow cytometric analysis of the effect of TSG on MPP'-
induced apoptosis. a Representative pictures were obtained from flow
cytometry. Representative set of flow cytometric two-parameter dot-
plots, Annexin V, and PIL. The data in each panel represent apoptotic

ratio of PC12 at the different treatments b quantitative analysis for
apoptotic ratio. The data were represented as mean & SEM of three
independent experiments. *p < 0.05 and **p < 0.01 vs. untreated
corresponding control; #p < 0.01 vs. MPP* alone-treated cells
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Fig. 4 Inhibitory effects of TSG on MPP*-induced morphological
changes in nuclei a representative photographs of PC12 cell nuclear
Hoechst 33258 staining following different treatments as indicated.
White arrows represent morphology of apoptosis cells. b Histogram

Fig. 5 Effects of TSG on the A
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MPP™ for 24 h, thodamine 123 fluorescence was significantly
reduced compared with untreated controls (p < 0.01). Pre-
treatment with TSG (5 and 10 pM) reversed the reduction in
MMP (7 * p < 0.01), indicating that TSG treatment protects
mitochondria against MPP"-induced MMP loss (Fig. 6a, b).
The mitochondrial permeability transition pore opening
is associated with collapse of the membrane voltage and
leads to the release of Cytochrome c into the cytosol [27].
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Cytochrome c release has been shown to play a critical role
in cell apoptosis. Thus Cytochrome c release was investi-
gated. As shown in Fig. 6¢c, 500 uM MPP™ significantly
caused Cytochrome c release when compared to the control
cells (p < 0.01). However, the presence of TSG was able to
effectively inhibit its production (p < 0.05 and p < 0.01
for 5 and 10 pM TSG versus to controls, respectively)
(Fig. 6c, d).
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Effects of TSG on the expression of apoptosis-
related proteins induced by MPP*

The Bcl-2 family consists of both apoptotic and anti-
apoptotic proteins. The balance between these proteins is
critical for turning the cellular apoptotic machinery on and
off. Any shifts in the balance of pro- and anti-apoptotic
factors will cause cell death. It is well known that the Bcl-
2/Bax ratio is crucial for initiating apoptosis via the
mitochondrial pathway [28]. Therefore, Bcl-2/Bax ratio
was determined in the present study. As shown in Fig. 7a
and b, the administration of MPP™ (500 uM) alone obvi-
ously decreased Bcl-2/Bax ratio, and the decrease of Bcl-2/
Bax ratio induced by MPP' was markedly attenuated in
cells pretreated with TSG (5 and 10 uM). The qualification
analysis further revealed that TSG was able to significantly
suppress the decrease of Bcl-2/Bax ratio by MPPY treat-
ment (p < 0.01 vs. the controls), implying that the MPP™-
induced apoptosis in PCI12 is likely mediated by the
mitochondrial pathway.

The caspase cascade is the most-studied and best-un-
derstood signaling pathway in apoptosis. Caspase-3, a key
downstream effector of the cysteine proteinase family,
plays a central role in the execution-phase of cell apoptosis
[28]. To further substantiate this possibility, expression of
caspase-3 levels were further detected. In agreement with
changes of Bcl-2/Bax ratio, treatment of 500 pM MPP™ for
24 h significantly increased expression of cleaved caspase-
3 level in PCI2 cells compared with untreated controls
(» < 0.01), while pre-incubation with TSG at 5 and 10 uM
remarkably inhibited the increase in cleaved caspase-3
level (""" p < 0.01) (Fig. 7c, d).

Effects of TSG on the MPP*-induced
phosphorylation of p38 and ERK

Our previous research found that TSG might attenuate the
MPP™*-induced apoptosis of PC12 cells by inhibiting ROS
generation, and modulating the activation of JNK and the
PI3K/Akt pathway [12, 15]. In order to further investigate
the possible molecular mechanisms underlying TSG’s anti-
oxidative stress, the expressions of p38 and ERK were
investigated by western-blot assay. As shown in Fig. 8a
and ¢, MPP™ significantly increased the phosphorylation of
p38 level, but not on ERK level. Strikingly, pretreatment of
TSG significantly inhibited MPP*-induced phosphoryla-
tion of p38. Nevertheless, pretreatment of TSG alone had
no significant effect on p38 phosphorylation. Moreover,
pretreatment with 2 uM SB203580 (a p38 MAPK inhi-
bitor) effectively inhibited p38 phosphorylation and
enhanced the protective effect of TSG. Quantitative anal-
ysis further revealed that TSG significantly inhibited
MPP*-induced phosphorylation of p38 level but not on
ERK when compared with the corresponding controls
(*p < 0.05, ** #p < 0.01). These results indicated that the
p38MAPK signaling pathway is involved in the protective
effect of TSG against MPP " -induced neurotoxicity.

Discussion

Various pharmacological and surgical treatments have
been used to treat PD. However, current existing pharma-
cotherapies have severe adverse effects and do not effec-
tively halt or retard the degeneration of dopaminergic
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Fig. 6 Effects of TSG on MPP'-induced MMP collapse and release
of Cytochrome c. a Representative fluorescence plots showing the
shift of the fluorescence intensity peak. b Histogram showing the
change of MMP by the mean fluorescence intensity (MFI) of
rhodamine 123 following different treatments. ¢ Western blot analysis

of expression of Cytochrome ¢ in PC12 under indicated conditions.
The Cytochrome c (cyto). d The quantitative analysis of Cytochrome
c. The data were represented as mean + SEM of three dependent
experiments. *p < 0.05 and **p < 0.01 vs. untreated control sample;
#p < 0.05 and "p < 0.01 vs. MPP™ only-treated sample
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normalized to B-actin levels. Total p38 and ERK protein expression

neurons [29]. In comparison, the traditional medicine as
food supplements for health benefits has become attractive
in many parts of the world in recent years. Increasing
evidence suggests that Chinese herbs and herbal extracts
have beneficial effects on neurodegenerative diseases such
as PD [30, 31]. Polygonum multiflorum Thunb (PM) has
long been used as an active constituent of traditional Chi-
nese prescriptions for the treatment of age-related diseases.
PM extracts, of which TSG is one of the most important
ingredients, exerted protective effect against the MPTP-
induced damage of the dopaminergic system of the sub-
stantia nigra (SN) in mice, which is a useful animal model
of the Parkinsonian phenotype [21, 22]. We previously
demonstrated that TSG can exert protective effect against
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MPP"-induced damage in PC12 cells in vitro [12, 15];
however, the precise mechanisms underlying this phe-
nomenon required further elucidation.

In our study, we first evaluated the cytotoxic effects of
MPP™ and possibly effects of TSG on PC12 cells by means
of MTT assays. Our results showed that the incubation of
PC12 cells with TSG prior to exposure of MPP' could
significantly attenuate cell viability decrease and reverse
cell apoptosis in a dose-dependent manner (Figs. 2, 3, 4),
suggesting that TSG protects PC12 cells against MPP™-
induced cytotoxicity. Consistently, the subsequent mor-
phological observation of Hoechst 33342 and AV-PI dual
staining further supported the results. Interestingly, our
results are consistent with previous in vitro reports that
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were using different types of cells [12, 15, 20], implicating
that TSG has a strong ability of anti-apoptosis.

Our recent studies demonstrated the potential neuro-
protective activity of TSG in dopaminergic neurons against
the oxidative burden provoked by the administration of
MPP* or MPTP [15, 22]. An imbalance between the for-
mation of free radicals and reactive oxygen species (ROS)
and the body’s endogenous anti-oxidant defense mecha-
nisms have also been implicated in the pathogenesis of PD
[3, 32]. Thus, anti-oxidant substances can protect cell from
pathogenic oxidation. In the brain, the main anti-oxidant
enzymes include SOD, CAT, and GSH-Px. Among them,
SOD and CAT are the major anti-oxidant enzymes that
defend against ROS harmful effects in cells. GSH-Px plays
an important role in protecting membranes from damage of
lipid peroxidation. Therefore, the levels of SOD and GSH-
Px activity are associated with the ability of the organism
to eliminate free radicals. MDA is a kind of by-product of
lipid peroxidation induced by free radicals and is widely
used as a biomarker of oxidative stress [3]. Based on these
reports, we detected changes of these related molecules. In
our present study, MPP™" treatment can cause a significant
decrease in the activities of SOD, CAT, and GSH-Px in
PC12 cells. However, the decrease of these enzyme
activities was markedly suppressed by pretreatment with
TSG (Fig. 5a—). Meanwhile, the content of MDA in cells
was also significantly reduced by TSG (Fig. 5d). These
results suggest that TSG can attenuate MPP*-induced
oxidative damage via abrogation of intracellular lipid
peroxidation and elevation of the anti-oxidant enzymes
activity.

Another possible mechanism of the TSG protective
effects on PC12 cells might be related to the metabolic
activity of mitochondria. Mitochondria are not only the
main cellular energy producers but are also considered to
be the most important source of free radicals, participate in
cell signaling and cell life/death decision [33]. Mitochon-
drial dysfunction caused by MMP loss can lead to inability
of mitochondria to furnish sufficient ATP, abnormality of
ions and metabolites transport, as well as enhancement of
ROS production, resulting in an initiation of a cascade of
damaging events involving lipids, proteins, and nucleic
acids [33]. Substantial evidence from both genetic and
toxin-induced insults in animal cells as well as postmortem
human brain tissue indicates that mitochondrial dysfunc-
tion plays a central role in pathophysiology of PD [34].
Under oxidative stress induced by ROS such as MPP™, the
mitochondrion will suffer direct damage, leading to loss of
MMP, accelerated generation of ROS, release of several
pro-apoptotic factors. These harmful molecules rapidly
activate caspases as a result of inducing apoptosis. In the
present study, dissipation of MMP induced by MPP" was
elevated by TSG pretreatment (Fig. 6a, b), thus it could be

speculated that bioenergetic deficiencies and metabolite
imbalances might be suppressed, and that ROS production
might be attenuated following TSG pre-incubation. Bcl-2 is
a potent cell death suppressor whereas Bax is a death-
promoting factor. Studies revealed that once Bax translo-
cates to the mitochondrial membrane, loss of the MMP will
increase, leading to release of Cytochrome c [28, 35].
Based on the point, the Bcl-2/Bax ratio was determined to
predict cell apoptosis. In addition, it has also been sug-
gested that the activation of caspase-3 is involved in the
impairment of dopaminergic neurons in PD [36]. In the
present study, we found that TSG not only increase the
ratio of Bcl-2/Bax and but also decrease the release of
Cytochrome ¢ induced by MPP". More importantly, the
expression of caspase-3 in cells was also significantly
attenuated when compared to the cells treated with MPP™
alone (Figs. 6¢c, d, 7). Therefore, we surmised that TSG
may provide neuroprotection at least partially via mito-
chondria dependent apoptotic pathways.

Reactive oxygen species, as second messengers, are
known to activate diverse downstream signaling molecules
including MAPKs and NF-kB, and mediate apoptosis [37].
The MAPK family comprises JNK, p38, and ERK [38]
which participated in a variety of cellular responses.
Recent studies have indicated that MAPK signaling is
related to the mechanisms of neurodegenerative disorders,
such as stroke and Alzheimer’s disease [39, 40]. Moreover,
several previous studies also show that MPP™ could rapidly
activate JNK and p38, which may be associated with ROS-
mediated cell death [41]. Thus, inhibition of p38 MAPK
may suppress MPP*'-induced cell death. Our previous
study suggest that TSG was protective against MPP™"-in-
duced toxicity in PC12 cells through suppression of ROS
production and inhibition of JNK activation [15]. In the
present study, pretreatment with TSG could effectively
inhibit MPP"-induced phosphorylation of p38 (Fig. 8a, b),
but did not affect the expression of ERK (Fig. 8c, d),
suggesting that the p38 pathway also contributes to TSG-
mediated neuroprotection.

In accordance with a recent in vivo report, this study
demonstrated that TSG inhibited MPP*-induced oxidative
stress in PC12 cells, as indicated by its ability to increase
the cell viability. The effectiveness of TSG against MPP™-
induced oxidative stress may be due to restoring anti-oxi-
dant defense system, thereby attenuate ROS production,
improve MMP, and prevent the development of apoptosis.
Moreover, mechanisms of TSG neuroprotection effects of
TSG against MPP*-induced apoptosis were related to an
increase in the Bcl-2/Bax ratio and decreased level of
Cytochrome c, caspase-3 as well as the phosphorylation of
p-MAPKSs. The data presented in this study further support
the protective potential of TSG in experimental models of
neurodegeneration. TSG should now be tested in animal
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models mimicking the progression of PD before being
considered as candidate for a clinical trial to prevent PD
disease progression in humans.
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