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Neurodegenerative disorders such as Alzheimer’s disease and
Parkinson’s disease are characterized by progressive loss of
neurons in sensory, motor, and cognitive systems. Based on
limited knowledge on the pathogenic mechanisms of the dis-
eases, some drugs have been developed. For example, acetyl-
cholinesterase inhibitors and N-methyl-D-aspartate receptor
antagonist have been widely used for treating Alzheimer’s
disease. However, these drugs have not shown promising
results and tolerancemay be developed after a short period of
treatment. The etiopathology of neurodegenerative diseases
is extremely complex and has not been fully revealed. It is
reasonable to expect that drugs acting on multiple targets
can provide better treatment results than those acting on a
single target for these diseases. Some herbal remedies have
been used traditionally for improving cognitive function
and treating mental diseases for many years. These drugs
contain a number of active ingredients and can be the
potential candidates for the treatment of neurodegenerative
disorders.

In the special issue of “Application of Complementary
and Alternative Medicine on Neurodegenerative Disorders”
published last year, we have collected papers on the applica-
tion of complementary and alternative medicine for treating
Alzheimer’s disease, Parkinson’s disease, and depression. In

this year, Alzheimer’s disease is still a hot topic of inves-
tigation. Alzheimer’s disease is a well-known neurodegen-
erative disease characterized by a progressive deterioration
of cognitive function and memory. Although the patholog-
ical mechanism of the disease is not fully understood, the
deposition of beta-amyloid and the generation of reactive
oxygen species are believed to play important roles in the
pathogenesis of the disease.Therefore, neurotoxicity induced
by beta-amyloid or oxidants has been commonly used as
a cellular model of Alzheimer’s disease. In this issue, C.-F.
Ng et al. reported that a decoction of Gastrodiae Rhizoma
(rhizome of Gastrodia elata Bl.) was able to protect against
in vivo and in vitro neurotoxicity induced by beta-amyloid
through the inhibition of apoptosis and oxidative damage. A
similar study by M. Maiwulanjiang et al. showed that Song
Bu Li decoction, a herbal remedy prepared by boiling with
Nardostachyos Radix et Rhizoma, protected against cellular
toxicity induced by tert-butyl hydroperoxide in culturedPC12
cells. They suggested that the protective effect of the herbal
drug was mediated by activating the transcriptional activity
of antioxidant response element.

Previous studies by Y.-F. Xian et al. have identified
an active ingredient (isorhynchophylline) from Uncariae
Ramulus cum Uncis by bioassay-guided fractionation which
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is effective in inhibiting neurotoxicity induced by beta-
amyloid. In this special issue, the authors suggested that the
protective effect of isorhynchophylline against beta-amyloid-
induced cytotoxicity in PC12 cells was associated with the
enhancement of p-CREB expression via PI3K/Akt/GSK-3𝛽
signaling pathway.

Apart from bioassay-guided isolation, high-throughput
screening is another commonly used method to search
for novel drugs. In recent years, a new method of drug
discovery (in silico virtual screening) has been adopted by
many researchers. By modelling the laboratory processes
such as the binding of molecules to a receptor via com-
puter algorithms, potential drugs can be identified and then
confirmed by biological testing. This approach will greatly
reduce laboratory works in high-throughput screening. In
this special issue, Y. Wang et al. have identified twelve phyto-
chemicals as acetylcholinesterase inhibitors by using in silico
screening method. Subsequent biological tests conducted
by the research team showed that acetylshikonin was the
most effective compound among these acetylcholinesterase
inhibitors in preventing apoptosis induced by hydrogen
peroxide in neuronal SH-SY5Y and PC12 cells.

Parkinson’s disease is the second most common neu-
rodegenerative disorder which is characterized by the loss
of dopaminergic neurons in the substantia nigra of ventral
midbrain area. Tremor, rigidity, bradykinesia, and postural
instability are the typical symptoms observed in patients
suffering from the disease. 6-Hydroxydopamine is a neu-
rotoxin which can selectively destroy dopamine-generating
neurons in the brain. Therefore, neurotoxicity induced by 6-
hydroxydopamine is commonly used as a model of Parkin-
son’s disease. By using this model, X.-B. Meng et al. demon-
strated that notoginsenoside R2, a triterpenoid isolated from
Notoginseng Radix et Rhizoma (root and rhizome of Panax
notoginseng), protected against neurotoxicity through the
enhancement of phase II detoxifying enzymes which were
triggered by the activation of MEK1/2-ERK1/2 pathways.
Besides, a literature review by S.-V. More et al. indicated that
a lot of chemical ingredients isolated from herbal medicine
could be the potential drugs for treating Parkinson’s disease.

The prevention of illness by maintaining homeostasis
and enhancing body’s defense is a major goal of herbal
medicine. K.-Y. Zhu et al. showed that Kai-Xin-San, a
herbal formula prescribed traditionally to treat stress-related
psychiatric diseases, was able to stimulate the expression
and secretion of neurotrophic factors in cultured astrocytes.
These neurotrophic factors are playing important roles in
maintaining the survival, growth, and differentiation of
neurons. The depletion of neurotrophic factors can lead to
neuronal death which contributes to the pathogenesis of
neurodegenerative disorders. By using similar techniques, S.-
L. Xu et al. demonstrated that a lot of flavonoids isolated
from herbal materials were able to induce the synthesis and
secretion of neurotrophic factors, including nerve growth
factor, glial-derived neurotrophic factor, and brain-derived
neurotrophic factor.

In the last special issue, we have mentioned that clinical
trial is needed to provide supporting evidence for the appli-
cation of herbal medicine on neurodegenerative disorders.

In this issue, a clinical report by W. Pan et al. showed that
Jiawei Sijunzi decoction, a six-herb herbal formula, delayed
the development of amyotrophic lateral sclerosis in some
patients.We still hope that large-scale, double-blind, placebo-
controlled trial can be collected in the coming issues.

Acknowledgments

We thank the authors of this special issue for their contri-
butions. We are grateful to all the scientific colleagues for
providing their valuable comment for these manuscripts.

Paul Siu-Po Ip
Karl Wah-Keung Tsim

Kelvin Chan
Rudolf Bauer



Hindawi Publishing Corporation
Evidence-Based Complementary and Alternative Medicine
Volume 2013, Article ID 163057, 8 pages
http://dx.doi.org/10.1155/2013/163057

Research Article
Isorhynchophylline Protects PC12 Cells Against
Beta-Amyloid-Induced Apoptosis via PI3K/Akt
Signaling Pathway

Yan-Fang Xian,1 Zhi-Xiu Lin,1 Qing-Qiu Mao,1 Jian-Nan Chen,2 Zi-Ren Su,2

Xiao-Ping Lai,2 and Paul Siu-Po Ip1

1 School of Chinese Medicine, Faculty of Medicine, The Chinese University of Hong Kong, Shatin, Hong Kong
2 College of Chinese Medicines, Guangzhou University of Chinese Medicine, 510006 Guangzhou, China

Correspondence should be addressed to Zhi-Xiu Lin; linzx@cuhk.edu.hk and Paul Siu-Po Ip; paulip@cuhk.edu.hk

Received 3 June 2013; Revised 12 September 2013; Accepted 23 September 2013

Academic Editor: Karl Wah-Keung Tsim

Copyright © 2013 Yan-Fang Xian et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The neurotoxicity of amyloid-𝛽 (A𝛽) has been implicated as a critical cause of Alzheimer’s disease. Isorhynchophylline (IRN),
an oxindole alkaloid isolated from Uncaria rhynchophylla, exerts neuroprotective effect against A𝛽

25–35-induced neurotoxicity
in vitro. However, the exact mechanism for its neuroprotective effect is not well understood. The present study aimed to
investigate the molecular mechanisms underlying the protective action of IRN against A𝛽

25–35-induced neurotoxicity in cultured
rat pheochromocytoma (PC12) cells. Pretreatment with IRN significantly increased the cell viability, inhibited the release of
lactate dehydrogenase and the extent of DNA fragmentation in A𝛽

25–35-treated cells. IRN treatment was able to enhance the
protein levels of phosphorylated Akt (p-Akt) and glycogen synthase kinase-3𝛽 (p-GSK-3𝛽). Lithium chloride blocked A𝛽

25–35-
induced cellular apoptosis in a similar manner as IRN, suggesting that GSK-3𝛽 inhibition was involved in neuroprotective action
of IRN. Pretreatment with LY294002 completely abolished the protective effects of IRN. Furthermore, IRN reversed A𝛽

25–35-
induced attenuation in the level of phosphorylated cyclic AMP response element binding protein (p-CREB) and the effect of IRN
could be blocked by the PI3K inhibitor. These experimental findings unambiguously suggested that the protective effect of IRN
against A𝛽

25–35-induced apoptosis in PC12 cells was associated with the enhancement of p-CREB expression via PI3K/Akt/GSK-3𝛽
signaling pathway.

1. Introduction

Alzheimer’s disease (AD) is the most common form of
neurodegenerative disorders of the brain and affects an
estimated 26.6million people across the globe in 2006 [1].The
neuropathological hallmarks of AD includemassive accumu-
lation of beta-amyloid (A𝛽) in senile plaques, abnormal tau
filaments in neurofibrillary tangles, and extensive neuronal
loss [2, 3]. A𝛽 is a 39- to 43-amino acid peptide fragment
derived from sequential proteolysis of amyloid precursor pro-
tein (APP) through cleavage by 𝛽-secretase and 𝛾-secretase
[4]. Recent studies have suggested that A𝛽 plays an important
role in the pathogenesis of AD [5]. A𝛽 accumulation has
been causatively implicated in the neuronal dysfunction and
neuronal loss that underlie the clinical manifestations of AD

[6]. A correlation among memory deficits, A𝛽 elevation, and
amyloid plaques on transgenic has been reported in previous
studies [7, 8]. Therefore, inhibition of A𝛽-induced neuronal
degeneration may provide clinical benefits to AD patients.

Isorhynchophylline (IRN, Figure 1), an oxindole alkaloid,
has been identified as the main active ingredient responsible
for the biological activities of Uncaria rhynchophylla [9, 10].
IRN has also been reported to protect against the ischemia-
and glutamate-induced neuronal damage or death [9, 11],
and inhibition of 5-HT receptor [12, 13]. Previous studies
in our laboratory has demonstrated that IRN protected
rat pheochromocytoma (PC12) cells against the A𝛽

25–35-
induced oxidative stress, mitochondrial dysfunction, apop-
tosis, calcium influx, and tau protein hyperphosphorylation
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Figure 1: Chemical structure of isorhynchophylline (IRN).

[14, 15]. However, the molecular mechanisms underlying the
protective effect of IRN against the neurotoxicity induced by
A𝛽
25–35 have not been fully understood. In this study, we

aimed to elucidate the molecular signaling pathway involved
in the neuroprotective effect of IRN.

2. Materials and Methods

2.1. Chemicals and Reagents. Isorhynchophylline (IRN,
purity ⩾ 98%) was purchased from Chengdu Mansite
Pharmaceutical Co. Ltd. (Chengdu, Sichuan, China).
Its identity was confirmed by comparing its H1 NMR
spectra with the published data [16]. Nerve growth factor
(NGF), LY294002 (LY), lithium chloride (LiCl), and
𝛽-amyloid peptide (A𝛽

25–35) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), penicillin, and
streptomycin were obtained from Gibco (Grand Island, NY,
USA). Unless otherwise indicated, all other reagents were of
analytical grade and were obtained from Sigma-Aldrich.

2.2. Peptide Preparation. A𝛽
25–35, which is the most toxic

peptide fragment derived from amyloid precursor protein,
was dissolved in deionized distilledwater at the concentration
of 1mM. The stock solution was diluted to desired concen-
trations immediately before use and added to cell culture
medium.

2.3. Cell Culture and Drug Treatment. The PC12 cells
were obtained from the American Type Culture Collection
(Rockville, MD, USA). They were maintained in DMEM
medium supplemented with penicillin (100U/mL), strepto-
mycin (100 𝜇g/mL), 6% FBS, and 6% horse serum at 37∘C
in a humidified atmosphere of 95% air and 5% CO

2
. Unless

otherwise specified, the cells were seeded onto 24-well culture
plate at a density of 8 × 104 cells/well. PC12 cells were
differentiated with 50 ng/mL NGF in serum-free DMEM for
3 days [15]. IRN and all inhibitors were dissolved in DMSO
and diluted with culture medium. The final concentration
of DMSO in the test solutions was less than 0.1%. The cells
were incubated with different concentrations of IRN (final
concentrations: 1, 10, and 50𝜇M) for 2 h. A𝛽

25–35 at a final

concentration of 20𝜇M was then added to the culture for an
additional 24 h. In experiments involving kinase inhibitors,
the inhibitors LY294002 (50𝜇M)or LiCl (10mM)were added
1 h prior to IRN (50𝜇M) and/or A𝛽

25–35 (20𝜇M) treatment.

2.4. Cell Viability Assay. Cell viability was measured using a
CellTiter 96 AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA). In brief, PC12 cells were
seeded onto a 96-well culture plate at a density of 2 × 104
cells/well. Cells were washed with D-Hanks solution after
drug treatment. Then, 100 𝜇L of serum-free medium and
20𝜇L of CellTiter 96 AQueous One Solution were added into
each well. The cells were incubated at 37∘C for 2 h. The
quantity of formazan product, which is directly proportional
to the number of living cells, was measured using a FLUOstar
OPTIMA microplate reader (BMG Labtech, Offenbury, Ger-
many) at 490 nm. Cell viability was expressed as percentage
of nontreated control.

2.5. Lactate Dehydrogenase (LDH)Activity Assay. LDHactiv-
ity was measured using a LDH diagnostic kit (STANBIO
Laboratory, Boerne, TX, USA) according to the manufac-
turer’s protocol. Briefly, PC12 cells were seeded onto 24-well
culture plates at a density of 1 × 105 cells/well. At the end of
the drug treatment, the medium was collected. Subsequently,
100 𝜇L of the medium was added to a polystyrene cuvette
containing 1mL of LDH reagent. The cuvette was placed
immediately into a spectrophotometer and maintained at
30∘C. After stabilization for 1min, the absorbance at 340 nm
was recorded at 1min intervals for 3min.The enzyme activity
was expressed in unit per liter. To determine intracellular
LDH activity, the cells were washed with D-Hanks solution
and then scraped from the plates into 500𝜇L of ice-cold PBS
(0.1M, containing 0.05mMof EDTA) and homogenized.The
homogenate was centrifuged (4000×g) at 4∘C for 30min.The
resulting supernatant was collected for the LDH assay. The
total LDH activity was computed by summing the activities
in the cell lysate and medium. Cellular toxicity was indicted
by the percentage of LDH released from the cell.

2.6. Quantification of DNA Fragmentation. Quantification of
DNA fragmentationwas determined byCell DeathDetection
ELISAPlus kit (Roche Applied Sciences, Basel, Switzerland)
according to the manufacturer’s protocol. In brief, the cells
were washed with HBSS after drug treatment. Then, the
cells were incubated with 200𝜇L of lysis buffer for 30min
at room temperature. The plate was centrifuged at 200×g
for 10min at 4∘C. An aliquot (20𝜇L) of the supernatant
from each well was transferred into a streptavidin-coated
microplate and incubated with a mixture of anti-histone
biotin and anti-DNA peroxidase. The apoptotic nucleosomes
were captured via their histone component by the anti-
histone-biotin antibodywhichwas bound to the streptavidin-
coatedmicroplate. Simultaneously, anti-DNAperoxidase was
bound to the DNA part of the nucleosomes. After removing
the unbound antibodies, the amount of peroxidase retained
in the immunocomplex was quantified by adding 2,2-
azinobis (3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) as
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Figure 2: Effects of IRN on the A𝛽
25–35-induced neurotoxicity in PC12 cells. Cell viability was measured by MTS assay (a) and LDH assay

(b). Values given are the mean ± SEM (𝑛 = 6). #𝑃 < 0.001 compared with the control group; ∗∗∗𝑃 < 0.001 compared with the A𝛽
25–35-treated

control.

the substrate, and the absorbance of the reaction mixture
was measured at 405 nm using a microplate reader. The
absorbance is directly proportional to the number of apop-
totic nucleosomes. The extent of DNA fragmentation was
expressed as percentage of the control.

2.7. Western Blot Analysis. PC12 cells were seeded onto
100mm2 dish at 5× 106 cells/dish.The cells werewashed twice
with D-Hanks solution after drug treatment. The cells were
harvested and lysed with protein lysis buffer (50mM Tris-
HCl, pH 7.5, 100mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 1mMEDTA, 1mMsodiumorthovanadate,
10mM sodium fluoride, and 100mg/mL PMSF). Protein
concentration in the supernatants was determined with the
BCA protein assay. Protein samples were electrophoresed by
SDS-PAGE for 2 h at 80V.The separated proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes using
a transblotting apparatus (Bio-Rad Laboratories, Hercules,
CA, USA) for 30min at 15V. The membranes were blocked
with 5% (w/v) nonfat milk in TBS-T (Tris-buffer saline
containing 0.1% Tween-20) at room temperature for 2 h and
subsequently incubated at 4∘C overnight with appropriate
amount of primary antibodies against p-Akt (Ser 473), Akt,
phosphorylation of glycogen synthase kinase-3𝛽 (p-GSK-
3𝛽, Ser9), GSK-3𝛽, phosphorylation cyclic AMP response
element binding protein (p-CREB, Ser133), CREB (Cell Sig-
naling Technology, Beverly, MA), and 𝛽-actin (Santa Cruz
Biotechnology Inc., USA) at 4∘C overnight. Next, the mem-
brane was washed with TBS-T three times and probed with
horseradish peroxidase conjugated secondary antibody at
room temperature for 1 h. To verify equal loading of samples,
themembranes were incubated withmonoclonal antibody 𝛽-
actin, followed by a horseradish peroxidase conjugated goat
anti-mouse IgG.Themembrane again was washed with TBS-
T for three times, andfinally the protein bandswere visualized
by the ECL western blotting detection reagents (Amersham
Biosciences, Buckinghamshire, UK). The intensity of each
band was analyzed using Image J software (NIH Image,
Bethesda, MD, USA).

2.8. Statistical Analysis. Data were expressed asmean ± SEM.
Multiple group comparisons were performed using one-
way analysis of variance (ANOVA) followed by Tukey’s test
in order to detect intergroup differences. GraphPad Prism
software (Version 4.0; GraphPad Software, Inc., San Diego,
CA) was used to perform the statistical analysis. A difference
was considered statistically significant if the 𝑃 value was less
than 0.05.

3. Results

3.1. Effects of IRN on 𝐴𝛽
25–35-Induced Cytotoxicity in PC12

Cells. The effect of IRN on cell viability of A𝛽
25–35-treated

PC12 cells was shown in Figure 2(a). Treating the cells with
A𝛽
25–35 at 20𝜇M for 24 h could significantly decrease cell

viability, as compared to the control group (𝑃 < 0.001).
Pretreatment with IRN (10 and 50𝜇M) in the presence of
20𝜇M A𝛽

25–35 for 24 h was able to significantly increase the
cell viability as compared with the A𝛽

25–35-treated control
(𝑃 < 0.001 for both concentrations).

To investigate the protective effect of IRN, a LDH assay
was performed. As shown in Figure 2(b), when PC12 cells
were incubatedwith 20𝜇MofA𝛽

25–35 for 24 h, the percentage
of LDH leakage was conspicuously increased (𝑃 < 0.001).
When the cells were pretreated with IRN (50 𝜇M) in the
presence of 20𝜇M of A𝛽

25–35 for 24 h, the percentage of
LDH leakage was significantly reduced as compared with the
A𝛽
25–35-treated control (𝑃 < 0.001).

3.2. Effect of IRN on 𝐴𝛽
25–35-Induced Activation of GSK-3𝛽 in

PC12 Cells. To investigate the effect of IRN on the activation
of GSK-3𝛽 in A𝛽

25–35-treated PC12 cells, the protein levels of
GSK-3𝛽 and p-GSK-3𝛽 (Ser9) were determined. As shown in
Figure 3(a), the level of p-GSK-3𝛽was significantly decreased
(𝑃 < 0.001) after treatment with 20𝜇M of A𝛽

25–35. Inter-
estingly, pretreatment with IRN (1, 10 and 50 𝜇M) markedly
elevated the level of p-GSK-3𝛽 (𝑃 < 0.00, 𝑃 < 0.01
and 𝑃 < 0.001, resp.) when compared to the A𝛽

25–35-
treated control, indicating that IRN suppressed the activation
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Figure 3: Effects of IRN on the A𝛽
25–35-induced activation of GSK-3𝛽 in PC12 cells. Values given are the mean ± SEM (𝑛 = 3). #𝑃 < 0.001

compared with the control group; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the A𝛽
25–35-treated control.

of GSK-3𝛽 induced by A𝛽
25–35. To show the correlation

between p-GSK-3𝛽 and cell viability, LiCl, a potent GSK-
3𝛽 inhibitor, was used. Results showed that pretreatment
with LiCl (10mM) could significantly accentuate cell viability
(𝑃 < 0.01, Figure 6(a)) and the protein level of p-GSK-3𝛽
(𝑃 < 0.05, Figure 3(b)). The treatment also attenuated LDH
leakage (𝑃 < 0.001, Figure 6(b)) and DNA fragmentation
(𝑃 < 0.001, Figure 6(c)) in A𝛽

25–35-treated cells.

3.3. Effect of IRN on𝐴𝛽
25–35-Induced Inactivation of PI3K/Akt

Pathway. As shown in Figure 4(a), treatment with 20𝜇M of
A𝛽
25–35 for 24 h significantly decreased the protein level of

p-Akt (Ser473). However, pretreatment with IRN (50𝜇M)
markedly increased the protein level of p-Akt (𝑃 < 0.001),
indicating that IRN was able to activate PI3K/Akt signaling
pathway in the A𝛽

25–35-treated cells. LY294002, a potent
PI3K/Akt signaling pathway inhibitor [17, 18], thoroughly
abolished the effects of IRN on p-Akt and p-GSK-3𝛽 (Figures
4(b) and 4(c)). In these experiments, total protein levels of
Akt and GSK-3𝛽 did not change in all groups.

3.4. Effect of IRN on the Phosphor-CREB through PI3K Acti-
vation. As shown in Figure 5, treating the cells with 20𝜇M
of A𝛽

25–35 for 24 h significantly decreased protein level of p-
CREB (Ser133), while pretreatment with IRN (10 and 50𝜇M)
markedly elevated protein level of p-CREB (𝑃 < 0.05 and 𝑃 <
0.001, resp.), as compared with the A𝛽

25–35-treated control.
The effect of IRN was completely blocked by LY294002,
indicating the involvement of PI3K signal transduction.

4. Discussion

Previous studies in our laboratory demonstrated that IRN
could significantly reduce the neurotoxicity induced by
A𝛽
25–35 via inhibiting oxidative stress, calcium influx,

tau protein hyperphosphorylation, and suppressing cellular
apoptosis in PC12 cells [14, 15]. The present study revealed

that IRN could protect PC12 cells against theA𝛽
25–35-induced

neurotoxicity via PI3K/Akt/GSK-3𝛽 signaling pathway.
Recent studies suggest that GSK-3𝛽 plays an important

role in AD neuropathology [19] and its activity accounts for
many pathological hallmarks of the disease in both sporadic
and familial AD cases. Hyperactivation of GSK-3𝛽 has been
reported to induce neuronal cell death [20] and abnormal
tau protein hyperphosphorylation [21, 22], both of which
are the cardinal pathogenesis of AD. GSK-3𝛽 genes have
been identified as potential candidate susceptibility genes for
dementia [23]. In addition, GSK-3𝛽 expression is elevated
in APP transgenic cultures which is coincided with the
development of neuronal injury in brains of AD patients [24,
25]. Unlikemost protein kinases, phosphorylation of GSK-3𝛽
at Ser9 leads to the inactivation of the enzyme [26].Therefore,
upregulation of p-GSK-3𝛽 (Ser9) may confer a protective
effect. Our findings showed that A𝛽 significantly reduced
the protein level of p-GSK-3𝛽 (Ser9), while pretreatment
with IRN variably elevated the protein level of p-GSK-3𝛽
(Ser9). Treating the cells with LiCl, an inhibitor of GSK-
3𝛽, produces similar effects as IRN on A𝛽

25–35-induced
cytotoxicity (Figure 6). However, synergistic effect was not
observed between IRN and LiCl. Our previous studies
demonstrated that IRN was able to reverse cellular apoptosis
and tau protein hyperphosphorylation in A𝛽-treated PC12
cells [14, 15]. These results suggest that the protective effect
of IRN against A𝛽

25–35-induced apoptosis and tau protein
hyperphosphorylation may be mediated by the suppression
of GSK-3𝛽 activation.

Akt is a well-known prosurvival kinase and is activated
by the phosphorylation at the Ser473 via PI3K pathway [27,
28]. PI3K/Akt signaling pathway has been suggested to play
a pivotal role in GSK-3𝛽-mediated tau protein hyperphos-
phorylation and neuronal survival. Inhibition of PI3K/Akt
signaling pathway increases GSK-3𝛽 activity, resulting in
tau protein hyperphosphorylation [29]. PI3K enhances neu-
roprotection through regulating phosphorylation level and
activation of the Akt. Akt activity can be modulated by
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Figure 4: Effect of IRNonA𝛽
25–35-induced inactivation of PI3K/Akt pathway. Values given are themean± SEM (𝑛 = 3). #𝑃 < 0.001 compared
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and &&&𝑃 < 0.001 compared with the group treated with A𝛽

25–35 and IRN (50𝜇M).

phosphorylation either on the residue Thr308 or Ser473 [30,
31]. The activation of Akt can lead to the suppression of
GSK-3𝛽 activity [32]. Our results showed that A𝛽 treatment
significantly decreased the protein level of p-Akt (Ser473)
in PC12 cells. Pretreatment with IRN could significantly
reverse the effect of A𝛽 on p-Akt which accounted for the
protective mechanism of IRN against A𝛽-induced neuro-
toxicity. Cotreatment with LY294002, a specific inhibitor of
PI3K, completely abolished the effect of IRN on p-Akt and
p-GSK-3𝛽 (Figure 4). Consistent results were obtained for
the interaction of LY294002 and IRN on A𝛽-induced cyto-
toxicity and DNA fragmentation (Figure 6). These findings
strongly suggested that the protective effect of IRN against the
A𝛽
25–35-induced neurotoxicity in PC12 cells was medicated

via PI3K/Akt signaling pathway.
In addition to robustly phosphorylated tau protein,

GSK-3𝛽 also acts as a key regulator of a broad array of
transcriptional factors, that is, 𝛽-catenin, activator protein-
1, nuclear factor kappa B (NF𝜅B), p53, CREB, heat shock
factor (HSF-1), and CCAAT/enhancer binding protein [33].
Among these factors, CREB is the most important element
in regulating cell survival and death. P-CREB (Ser133) is a
downstream protein of the PI3K/Akt pathway [34] and acts

as a substrate for GSK-3𝛽 [35]. It participates in many vital
processes, including cell survival [36]. Our data showed that
treatment with A𝛽

25–35 markedly inhibited the content of p-
CREB, while pretreatment with IRN significantly increased
the content of p-CREB via PI3K activation. Recent studies
revealed that Akt and CREB could promote cell survival by
upregulating the expression of antiapoptotic proteins such
as Bcl-2 [37, 38]. Interestingly, our previous study indicated
that pretreatment with IRN could significantly enhance the
expression of Bcl-2 [14]. Furthermore, our results showed
that PI3K inhibitor, LY294002, could abolish the accentuating
effect of IRNon the protein expression of p-CREB, suggesting
that p-CREBwas involved in the neuroprotectivemechanism
of IRN.

In summary, our results demonstrated that IRN could
protect against the A𝛽

25–35-induced apoptosis in PC12 cells.
The protective effect of IRNwas associated with the enhance-
ment of p-CREB expression via PI3K/Akt/GSK-3𝛽 signaling
pathway. The results from the present study advance our
knowledge regarding the neuroprotectivemechanism of IRN.
More importantly, this study has laid a foundation for future
clinical studies to evaluate the potential benefits of IRN on
AD patients.
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Acetylcholinesterase inhibitors are prominent alternative in current clinical treatment for AD patients. Therefore, there is a
continued need to search for novel AChEIs with good clinical efficacy and less side effects. By using our in-house natural
product database and AutoDock Vina as a tool in docking study, we have identified twelve phytochemicals (emodin, aloe-emodin,
chrysophanol, and rhein in Rhei Radix Et Rhizoma; xanthotoxin, phellopterin, alloisoimperatorin, and imperatorin in Angelicae
dahuricae Radix; shikonin, acetylshikonin, isovalerylshikonin, and 𝛽,𝛽-dimethylacrylshikonin in Arnebiae Radix) as candidates
of AChEIs that were not previously reported in the literature. In addition to AChEI activity, a series of cell-based experiments
were conducted for the investigation of their neuroprotective activities. We found that acetylshikonin and its derivatives prevented
apoptotic cell death induced by hydrogen peroxide in human and rat neuronal SH-SY5Y and PC12 cells at 10 𝜇M. We showed
that acetylshikonin exhibited the most potent antiapoptosis activity through the inhibition of the generation of reactive oxygen
species as well as protection of the loss of mitochondria membrane potential. Furthermore, we identified for the first time that
the upregulation of heme oxygenase 1 by acetylshikonin is a key step mediating its antiapoptotic activity from oxidative stress in
SH-SY5Y cells.

1. Introduction

Alzheimer’s disease (AD) is one of the most devastating neu-
rodegeneration diseases characterized by progressive mem-
ory loss and cognitive dysfunction in the aging population.
Although beta-amyloid aggregation and fibrillar tau-tangles
have been identified as the major pathogenesis markers in
AD patients and they are now promising targets for drug
development, there is still no available drug against these
targets (reviewed in [1–3]). Therefore, acetylcholinesterase
inhibitors (AChEIs) are alternative option in current clinical
treatment, and there is a continued need to search for novel
AChEIs with less side effect to treat AD [4].

Synthetic compounds are now a central focus when
searching any AChEIs. Many of these AChEIs potently inhib-
ited the enzyme at the nanomolar level [5–7]. However, not
much information regarding the potency and efficacy of these
AChEIs in animal study or clinical trials can be gathered,
due to the fact that the potency of AChEIs inhibition may

not correlate with their neuroprotection efficacy due to their
increases in cellular toxicity. It is supported by the recent
study that the role of AChEIs against ADmight be far beyond
its AChE inhibition that enhances neuronal transmission
acetylcholine [8]. Abundant evidence from in vitro and
in vivo studies has demonstrated that AChEIs exhibited
remarkably neuroprotective effects through attenuation of
oxidative stress and enhancement of antioxidant status [9, 10].
Therefore, both anti-AChE activity and antioxidative stress
should be considered when searching novel AChEIs as drugs
to treat AD.

In recent years, in silico virtual drug screening became
a preferred approach to screen novel compounds given that
the structures of molecular targets (enzymes or receptors)
are determined. The high-throughput docking screen can
provide possible candidates for further biomedical validation
so as to reduce the time and cost of research and development
in drug discovery (reviewed in [11]). The availability of
the structure of AChEs has provided the opportunity of
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widespread in silico screening of novel AChEIs [12–18]. The
objective of the present study is to compile a comprehensive
database from natural herbs in which the key constituents
have been chemically characterized. It was inspired by the fact
that the natural AChEI, galantamine, the FDA approved drug
to treat mild-to-moderate AD, is a natural alkaloid that has
only mild AChEI activity but strong neuroprotective efficacy
[19]. Using this database, we have successfully identified some
groups of phytochemicals that have mild AChEI activity
but showed very promising neuroprotection in neuronal cell
cultures induced by oxidative damages.

2. Materials and Methods

2.1. Molecular Docking Screening. For ligands library establi-
shment, approximately 8,000 phytochemicals were compiled
based on selected reference books. The SMILE format of
phytochemicals was compiled from Pubchem (http://pub-
chem.ncbi.nlm.nih.gov/) or Scifinder (https://www.cas.org/
products/scifinder/). The SMILES format of compounds was
converted to PDB format by CORINA online service
(http://www.molecular-networks.com/online demos/corina
demo/). The PDB format of compounds was then converted
to PDBQT format by AutoDock Tools 1.5.6 (The Scripps
Research Institute, CA, USA). For receptor preparation,
the crystal structure of human AChE was obtained from
the Protein Data Bank (PDB 1B41). Both ligands and water
molecules in 1B41 were removed by Chimera 1.7mac (UCSF
Resource for Biocomputing, Visualization, and Informatics,
CA, USA). The modified 1B41 was converted to PDBQT
format by AutoDock Tools 1.5.6 (The Scripps Research
Institute, CA, USA) for docking screening. The docking
parameters were set as previous study with default values,
and the size of grid box was set as 20 Å × 20 Å × 20 Å
for encompassing catalytic site. The molecular docking
screening was performed by AutoDock Vina v.1.0.2 (The
Scripps Research Institute, CA, USA).

2.2. Reagents and Antibodies. 2,7-Dichlorodihydrofluore-
scein diacetate (H

2
DCF-DA), pentahydrate (bis-benzimide)

(Hoechst 33258), and 3,6-diamino-9-(2-(methoxycarbonyl)
phenyl, chloride (Rhodamine 123) were obtained from
Invitrogen (Carlsbad, CA, USA). Acetylthiocholine iodide
(ATCI), 5,5-dithio-bis-(2-nitrobenzoate) (DTNB), zinc pro-
toporphyrin IX (ZnPP), H

2
O
2
, and all other chemicals

used in this study were purchased from Sigma (St. Louis,
MO, USA). All cell culture reagents were obtained from
Invitrogen (Carlsbad, CA, USA). Antibodies against p53,
Bax, Bcl-2, caspase-3, and beta-actin were purchased from
Cell Signaling Technology (Danvers, MA, USA). Antibody
against HO-1 was obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Shikonin, acetylshikonin,
beta, beta-dimethylacrylshikonin, isovalerylshikonin, xan-
thotoxin, phellopterin, imperatorin, and alloisoimperatorin
were obtained from Apin Chemicals Ltd (Oxfordshire,
UK). Emodin, aloe-emodin, rhein. and chrysophanol were
obtained fromNational Institutes for Food andDrug Control
(Beijing, China).The test chemicalswere dissolved in distilled

water and dimethyl sulfoxide (DMSO); the final concentra-
tion of DMSO was less than 0.1%.

2.3. AChE Assay. Candidate phytochemicals dissolved in
DMSOwere tested forAChE inhibitory activity by the Ellman
assay with minor modifications [20]. Ten 𝜇L of human
recombinant AChE (prepared in-house [20]) and 1 𝜇L of drug
were added into 190 𝜇L of PBS buffer (100mM, pH 7.4) and
incubated in a 96-well plate at 37∘C for 10min. Then 25𝜇L
of 12.5mM ATCI and 25 𝜇L of 10mM DTNB were premixed
and added into each well. After 10min incubation with the
substrate, the optical densities were measured in a 96-well
plate reader at 412 nm. The optical density was inversely
proportional to the inhibitory activity. By contrast, a blank
control without the tested compound was also performed
in parallel; the normal hydrolytic rate of the enzyme can be
represented by the blank control. Each assay was performed
in triplicate.

The percentage inhibitory activities of the various com-
pounds were calculated by comparison with the positive
control and the blank control. The formula was shown as
follows: percent of inhibitory activity of the compound = (1 −
absorbance of sample/absorbance of blank control)/(1 −
absorbance of positive control/absorbance of blank control)
× 100%. Data analysis was performed with Prism software.
Inhibitory effects were expressed as IC

50
value calculated by

regression analysis.

2.4. Cell Cultures. Human neuroblastoma SH-SY5Y cells
were from ATCC (Manassas, VA, usa) and maintained in
DMEM/F-12 containing 10% FBS and maintained at 37∘C
with 95% humidified air and 5% CO

2
. Rat adrenal medulla

pheochromocytoma PC12 cells were from ATCC (Manassas,
VA, USA) and maintained in DMEM containing 10% FBS at
37∘C with 95% humidified air and 5% CO

2
.

2.5. Cell Viability Assay. MTT colorimetric assay was per-
formed to determine the cell viability. Cells were seeded in
96-well plates at a density of 5×103 cells/well and treated with
test chemicals at desired concentration at 37∘C for 12 hours.
Subsequently, cells were stimulated with H

2
O
2
(500 𝜇M) for

4 hours. After the exposure period, the cells were incubated
with 20𝜇LMTT (5mg/mL) for 4 h.The cells were eluted with
DMSO and quantified with a spectrophotometer (Ultramark
Microplate Reader, Bio-Rad) at a wavelength of 590 nm.

2.6. Nuclear Staining with Hoechst 33258. SH-SY5Y cells
and PC12 cells (1 × 104 cells/well) in 24-well plates were
preincubated with or without test chemicals for 12 hours
and subsequently stimulated with H

2
O
2
for the 4 hours.

The nuclear morphology of apoptotic cells was measured by
Hoechst 33258 nuclear staining according to the manufac-
turer’s instructions. The nuclear morphological change was
observed under a fluorescence microscope (Nikon Live Cell
Imaging System Ti-E, Japan) using excitation/emission of
360/460 nm.
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Table 1: Summary of ranking list of molecular docking screen.

Chemical name Binding affinity Binding residues (H-bond) Binding residues (𝜋-𝜋)
Huperzine A −10.4 Ser125, 203 Trp86, Tyr337
Galantamine −8.4 Trp86, Tyr337, 124 Trp86, Tyr337
Tacrine −8.4 Tyr337 Trp86
Emodin −8 Tyr133, 337, Glu202 Trp86
Aloe-emodin −8.2 Trp86, Ser125 Tyr337
Chrysophanol −8 Trp86
Rhein −7.4 Asp74, Tyr337 Trp86
Xanthotoxin −8.5 Ser125 Trp86, Tyr337
Phellopterin −8.5 Tyr337, 124, Ser125 Trp86
Alloisoimperatorin −9.4 Tyr133, Asn87, Ser125 Trp86
Imperatorin −8.2 Tyr337, 341, 124, Asp74 Trp86
Shikonin −9.2 Glu202, Tyr337 Trp86
Acetylshikonin −8.6 Ser203, Gly121, 122, 126 Trp86, Tyr124
Isovalerylshikonin −8.1 Gly120, 126, Tyr337, Ser203 Trp86
𝛽,𝛽-Dimethylacrylshikonin −8.5 Tyr337, Ser203, Gly120, 121, 122 Trp86

2.7. Intracellular Reactive Oxygen Species (ROS)Measurement.
The cells were treated with desired concentration of acetyl-
shikonin for 12 hours, and then the cells were stained with
H
2
DCF-DA (10 𝜇M) for 30min. After 30min staining, cells

were stimulated with H
2
O
2
(500 𝜇M) for 2 h, and the fluo-

rescence intensity of H
2
DCF-DA was measured/detected by

a fluorescence spectrophotometer (M1000, TECAN, Austria
GmbH, Austria) using excitation/emission of 485/530 nm
and a fluorescence microscope (Nikon Live Cell Imaging
SystemTi-E, Japan) using excitation/emission of 490/530 nm,
respectively. Fluorescence intensity of each group was nor-
malized to the control group.

2.8. Measurement of Mitochondrial Membrane Potential. The
cells were treated with desired concentration of acetyl-
shikonin for 12 hours, and then the cells were stimulated with
H
2
O
2
(500 𝜇M) for 2 h. Rhodamine 123 (2𝜇M) was added

to cells after the treatment for 30min at 37∘C. Fluorescence
intensity of Rhodamine 123 was measured/detected by a
fluorescence spectrophotometer (M1000, TECAN, Austria
GmbH, Austria) using excitation/emission of 485/530 nm
and a fluorescence microscope (Nikon Live Cell Imag-
ing System Ti-E, Japan) and using excitation/emission of
490/530 nm, respectively. Fluorescence intensity of each
group was normalized to the control group.

2.9. Western Blot Assay. Proteins in the total cell lysate were
separated by 10% SDS polyacrylamide gel electrophoresis and
electrotransferred to a polyvinylidene difluoride membrane
(Immobilon-P membrane; Millipore, Bedford, MA, USA).
After the blot was blocked in a solution of 5% bovine serum
albumin, membrane was incubated overnight with primary
antibodies against Bcl-2, Bax, Caspase-3, p53, HO-1, or beta-
actin followed by incubation with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Specific bands were
detected with ECL-plus western blotting detection reagent
(GE Healthcare Bio-Sciences) and photographed with Fuji-
Film LAS-3000 (Fujifilm, Tokyo, Japan).

2.10. Statistics. Statistical significance was determined using
the One-Way ANOVA (GraphPad Software, CA, USA). The
results are presented as the means ± SEM. The significance
was accepted when 𝑃 value was < 0.05.

3. Results

3.1. Potential AChE Inhibitors from Natural Products Were
Identified by Molecular Docking Screen. Using the natural
product database and AutoDock vina for screening, we
have identified 12 phytochemicals reportedly (emodin,
aloe-emodin, chrysophanol, and rhein from anthraquinone
fraction in RHEI RADIX ET RHIZOMA; xanthotoxin,
phellopterin, alloisoimperatorin, and imperatorin from
furanocoumarin fraction in ANGELICAE DAHURICAE
RADIX; shikonin, acetylshikonin, isovalerylshikonin, and
𝛽,𝛽-dimethylacrylshikonin from naphthoquinone fraction
in ARNEBIAE RADIX) which can act as AChEIs. Huperzine
A, the positive control, exhibited the highest docking score
in the ranking list. It is noted that Trp86 is the key residue
interacting with all AChEIs through 𝜋-𝜋 interaction in
docking simulation, which is consistent with the key role of
Trp86 in the catalytic pocket of AChE (Table 1) [21]. In vitro
validation demonstrated that anthraquinones from RHEI
RADIX ET RHIZOMA were the strongest AChEIs (Table 2).
The inhibition of emodin, aloe-emodin, chrysophanol,
and rhein on human AChE showed different degrees of
concentration-dependent inhibition. Among these, emodin
and aloe-emodin were more potent with IC

50
21.80 𝜇M

and 26.76 𝜇M, respectively. The other anthraquinones
exhibited relatively weak inhibitory effects on AChE activity.
Alloisoimperatorin is most potent anti-AChE chemicals with
IC
50

20.7𝜇M in furanocoumarin fraction in ANGELICAE
DAHURICAE RADIX. In addition, acetylshikonin is the
most potent anti-AChE chemicals with IC

50
34.6 𝜇M in

naphthoquinone fraction in ARNEBIAE RADIX.

3.2. The Effects of H
2
O
2
or AChE Inhibitors from Natural

Products on Cell Viability in SH-SY5Y or PC12 Cells. H
2
O
2
-

induced cytotoxicity in both SH-SY5Y and PC12 cells was
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Table 2: Summary of potential AChE inhibitors from molecular docking screen.

Plant Classification Chemical name Core structure R1 R2 IC50 [𝜇M]

Rhei Radix Et
Rhizoma Anthraquinone

Emodin OH OHO

O
R1 R2

CH3 OH 21.8
Aloe-emodin CH2OH H 26.8
Chrysophanol H OH 75.8

Rhein COOH OH 236.6

Angelicae
Dahuricae
Radix

Furanocoumarin

Xanthotoxin

OOO

R1

R2

OCH3 H 132.7
Phellopterin OCH2CHC(CH3)2 OCH3 177.4

Alloisoimperatorin CH2CHC(CH3)2 OH 20.7
Imperatorin OCH2CHC(CH3)2 H Undetected

Arnebiae Radix Naphthoquinone

Shikonin

OH

OH OO

O

R1 H — 71.8
Acetylshikonin C(O)CH3 — 34.6

Isovalerylshikonin C(O)CH2CH(CH3)2 — 82.4
𝛽,𝛽-Dimethylacrylshikonin C(O)CHC(CH3)2 — 62.4

treated with various concentrations of H
2
O
2
(50–500𝜇M)

for 4 hours, and the subsequent cell viability was measured
by MTT assay. As shown in Figures 1(a) and 1(b), H

2
O
2
at

concentration of 500𝜇M led to approximately half-maximal
cell death (60%cell death in SH-SY5Y cells and 40%cell death
in PC12 cells). Therefore, this concentration was selected to
evaluate the potential protective effects of AChE inhibitors
from natural products on H

2
O
2
-stimulation oxidative stress

and apoptosis in SH-SY5Y and PC12 cells. After pretreatment
with test chemicals, the cells were exposed to H

2
O
2
for

4 hours and applied to MTT assay. Results showed that
H
2
O
2
-induced cell death was statistically attenuated by seven

test chemicals at 10 𝜇M in SH-SY5Y cells (Figure 1(c)). In
PC12 cells, five chemicals rescued H

2
O
2
-induced cell death

(Figure 1(d)). Notably, acetylshikonin-treated cells exhibited
the highest viability during H

2
O
2
stimulation, indicating

that acetylshikonin might be the strongest neuroprotective
candidate among these potential AChE inhibitors. Thus,
study in the latter part will be focused on neuroprotective
effects of acetylshikonin on H

2
O
2
-induced cell apoptosis in

both SH-SY5Y and PC12 cells.

3.3. Acetylshikonin Attenuated H
2
O
2
-Induced Cell Death with

Dose-Dependent Manner in SH-SY5Y and PC 12 Cells. H
2
O
2

was a strong peroxide and it significantly induced cell death
(𝑃 < 0.05) and caused morphology change, which were
dose dependently attenuated by acetylshikonin (1–10𝜇M) in
both SH-SY5Y (Figures 2(a) and 2(c)) and PC12 (Figures
2(b) and 2(d)) cells. Meanwhile, the cytotoxic potential of
acetylshikonin was also tested at 10 𝜇M. Cytotoxicity of
acetylshikoninwas not observed at used dosage inMTT assay
and no morphological change was found. To evaluate the
protective effects of acetylshikonin on H

2
O
2
-induced apop-

tosis, the nuclear morphological observation was measured
by Hoechst 33258 staining. As shown in Figures 2(e) and

2(f), H
2
O
2
stimulation resulted in cell shrinkage and nuclear

condensation, which were indicated by red arrows. However,
this morphological change was dramatically ameliorated by
acetylshikonin in both SH-SY5Y and PC12 cells.

3.4. Acetylshikonin Attenuated H
2
O
2
-Induced ROS Genera-

tion and Mitochondrial Membrane Potential Loss with Dose-
Dependent Manner in SH-SY5Y and PC 12 Cells. As shown
in Figures 3(a) and 3(b), H

2
O
2
-treated cells exhibited bright

green fluorescence while the fluorescence did not appear
in the control cells, indicating that total intracellular ROS
was significantly increased after H

2
O
2
stimulation. In con-

trast, acetylshikonin reduced H
2
O
2
-induced bright green

fluorescence at 5 and 10 𝜇M, representing that the ROS
generation was also diminished. The quantitative analysis
was consistent with microscopic observation; H

2
O
2
-induced

ROS generation was statistically declined by pretreatment
with acetylshikonin in a dose-dependent manner (Figures
3(c) and 3(d)).

Mitochondrial depolarization is the critical event in
oxidant-induced apoptosis as stated before [22], and the effect
of acetylshikonin on H

2
O
2
-induced mitochondrial mem-

brane potential (MMPs) loss was detected by Rhodamine
123 staining. As shown in Figures 3(e) and 3(f) of repre-
sentative pictures, the control cells exhibited bright green
fluorescence, whereas stimulation of H

2
O
2
cells only showed

blank background, reflecting the loss of mitochondrial mem-
brane potentials. Notably, pretreatment with acetylshikonin
significantly attenuated the H

2
O
2
-induced MMPs loss. For

quantitative analysis, the MMPs were further detected by
fluorescence spectrometer. As shown in Figures 3(g) and 3(h),
H
2
O
2
stimulation statistically reduced MMPs, which was

rescued by acetylshikonin in a dose-dependent manner in
both SH-SY5Y and PC12 cells.
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Figure 1: Potential AChE inhibitors of natural products attenuated H
2
O
2
-induced cell death in both SH-SY5Y and PC12 cells. SH-SY5Y

(a) or PC12 (b) cells were cultured with desired concentration of H
2
O
2
for 4 hours; the cell viability was detected by MTT. Data shown are

means ± SEM of results from independent experiments in triplicate. ∗𝑃 < 0.05 compared with control cells. SH-SY5Y (c) or PC12 (d) cells
were incubated with different potential AChE inhibitors (10𝜇M) for 12 hours and then stimulated with H

2
O
2
(500 𝜇M) for 4 hours, and the

viability was detected by MTT. Data shown are means ± SEM of results from independent experiments in triplicate. ∗𝑃 < 0.05 compared
with control cells; #𝑃 < 0.05 compared with H

2
O
2
-stimulated cells. For cytotoxicity test, SH-SY5Y (e) or PC12 (f) cells were incubated with

different potential AChE inhibitors (10𝜇M) for 12 hours, and the viability was detected byMTT. Data shown are means ± SEM of results from
independent experiments in triplicate. ∗𝑃 < 0.05 compared with control cells.
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Figure 2: Acetylshikonin attenuated H
2
O
2
-induced cell death and apoptosis in both SH-SY5Y and PC12 cells with dose-dependent manner.

SH-SY5Y or PC12 cells were incubated with desired concentration of acetylshikonin for 12 hours and then stimulated with H
2
O
2
(500𝜇M) for

4 hours, and the change of cell morphology ((a) SH-SY5Y; (b) PC12), cell viability ((c) SH-SY5Y; (d) PC12), and change of nuclearmorphology
((e), SH-SY5Y; (f), PC12) were measured, respectively. Data shown are means ± SEM of results from independent experiments in triplicate.
∗𝑃 < 0.05 compared with control cells; #𝑃 < 0.05 compared with H

2
O
2
-stimulated cells.



Evidence-Based Complementary and Alternative Medicine 7

H2O2 (500𝜇M) Acetylshikonin (10𝜇M)Control

Acetylshikonin (1𝜇M) Acetylshikonin (5𝜇M) Acetylshikonin (10𝜇M)

100 𝜇M 100 𝜇M 100 𝜇M

100 𝜇M 100 𝜇M 100 𝜇M

H2O2 (500𝜇M)

SH-SY5Y

(a)

100𝜇M 100𝜇M 100𝜇M

100𝜇M 100𝜇M 100𝜇M

H2O2 (500𝜇M)

PC12

H2O2 (500𝜇M) Acetylshikonin (10𝜇M)Control

Acetylshikonin (1𝜇M) Acetylshikonin (5𝜇M) Acetylshikonin (10𝜇M)

(b)

RO
S 

re
lat

iv
e r

at
io

 (%
 o

f c
on

tro
l) 300

200

100

0
Control 1 5 10 10

∗

#
#

H2O2 (500𝜇M)

Acetylshikonin (𝜇M)

(c)

RO
S 

re
lat

iv
e r

at
io

 (%
 o

f c
on

tro
l) 300

200

100

0
Control 1 5 10 10

∗

#
#

H2O2 (500𝜇M)

Acetylshikonin (𝜇M)

(d)

H2O2 (500𝜇M) Acetylshikonin (10𝜇M)Control

Acetylshikonin (1𝜇M) Acetylshikonin (5𝜇M) Acetylshikonin (10𝜇M)

100𝜇M

100𝜇M 100𝜇M 100𝜇M

100𝜇M 100𝜇M

H2O2 (500𝜇M)

(e)

100𝜇M 100𝜇M 100𝜇M

100𝜇M 100𝜇M 100𝜇M

H2O2 (500𝜇M)

H2O2 (500𝜇M) Acetylshikonin (10𝜇M)Control

Acetylshikonin (1𝜇M) Acetylshikonin (5𝜇M) Acetylshikonin (10𝜇M)

(f)

Control 1 5 10 10

120

100

80

60

40

20

0

∗

# #

H2O2 (500𝜇M)

Acetylshikonin (𝜇M)

Δ
Ψ
M

(%
 o

f c
on

tro
l)

(g)

Control 1 5 10 10

120

100

80

60

40

20

0

∗

##

H2O2 (500𝜇M)

Acetylshikonin (𝜇M)

Δ
Ψ
M

(%
 o

f c
on

tro
l)

(h)

Figure 3: Acetylshikonin attenuated H
2
O
2
-induced ROS generation andmitochondrial membrane potential loss in both SH-SY5Y and PC12

cells with dose-dependent manner. The cells were treated with desired concentration of acetylshikonin for 12 hours and then stimulated
with H

2
O
2
(500 𝜇M) for 2 hours, and the ROS generation and mitochondrial membrane potential loss were detected by H

2
DCF-DA

and Rhodamine 123 staining, respectively. Representative photograph of ROS generation in SH-SY5Y (a) or PC12 (b) cells was taken by
fluorescence microscope; the quantitative analysis of ROS generation in SH-SY5Y (c) or PC12 (d) cells was measured by fluorescence
spectrophotometer. Representative photograph of mitochondrial membrane potential loss in SH-SY5Y (e) or PC12 (f) cells was taken by
fluorescence microscope; the quantitative analysis of mitochondrial membrane potential loss in SH-SY5Y (g) or PC12 (h) cells was measured
by fluorescence spectrophotometer. Data shown are means ± SEM of results from independent experiments in triplicate. ∗𝑃 < 0.05 compared
with control cells; #𝑃 < 0.05 compared with H

2
O
2
-stimulated cells.
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Figure 4: Acetylshikonin modulated H
2
O
2
-induced apoptosis-related protein expression in both SH-SY5Y (a) and PC12 (b) cells. The cells

were treated with desired concentration of acetylshikonin for 12 hours and then stimulated with H
2
O
2
(500 𝜇M) for 1 hour, and the apoptosis-

related protein expression was detected by western blot.

3.5. Acetylshikonin Modulated H
2
O
2
-Induced Apoptosis-

Related Protein Expression in Both SH-SY5Y and PC12 Cells.
To further explore the detailed neuroprotective mechanisms
of acetylshikonin on H

2
O
2
-induced apoptosis, the possible

related proteins were measured by western blot. As shown
in Figures 4(a) and 4(b), H

2
O
2
-stimulation decreased Bcl-2

expression level, while it increased Bax and p53 expression
level. In contrast, acetylshikonin concentration dependently
led to increased expression of Bcl-2 as well as decreased Bax
and p53 expression in H

2
O
2
-induced SH-SY5Y and PC12

cells. Caspase cascade has been identified as the critical
executor for apoptosis. In H

2
O
2
-induced cells, the decreased

caspase-3 and the increased cleaved caspase-3 were observed,
which was rescued by acetylshikonin in a dose-dependent
manner.

3.6. Upregulation of Heme Oxygenase-1 (HO-1) by Acetyl-
shikonin Played a Key Role of Its Antiapoptotic Activity in
H
2
O
2
-Induced SH-SY5Y Cells. It has been widely accepted

that upregulation of Heme oxygenase 1 (HO-1) expression
protects cells against the oxidative-stress cellular injury [23].
Western blot results showed that HO-1 expression was
increased after acetylshikonin treatment in SH-SY5Y cells.
However, acetylshikonin treatment has no impact on the
level of HO-1 expression in PC12 cells (Figure 5(a)). To
further confirm the role of HO-1 in antiapoptotic effects
of acetylshikonin, we cotreated acetylshikonin with ZnPP
(HO-1 inhibitors, 10 𝜇M) in H

2
O
2
-induced cells. Cell viabil-

ity results demonstrated that ZnPP reversed the protective
effects of acetylshikonin on H

2
O
2
-induced cell death in SH-

SY5Y cells (Figure 5(b), right panel). However, these reversed
effects of ZnPP were not observed in PC12 cells (Figure 5(b),
left panel), and they were consistent with Western blot
results. Therefore, HO-1 induction by acetylshikonin was
critical against the oxidative-stress induced cell apoptosis in
SH-SY5Y cells. In contrast, acetylshikonin was not able to
upregulate HO-1 expression in PC12 cells, indicating that

antiapoptotic activity of acetylshikonin in oxidative stress
condition might be mediated through other antioxidant
pathway in PC12 cells.

4. Discussion

With the rapid advances in personal computing power,
virtual drug screening is popular and prominent.While there
are numerous databases for synthetic compounds, there are
only a few natural product databases that are specifically
for in silico docking study. To facilitate virtual docking on
natural compounds, we have established our in-house natural
products database, which contains approximately 8,000 natu-
rally occurring chemicals so far. Based on docking screening,
top chemicals in ranking list were selected for the following
analysis.The classic analysis, which has been widely accepted
inmost synthesis chemical virtual screen, is to rank the bind-
ing affinity and then choose the high ranking chemicals for
further in vitro validation. Natural products, unlike synthesis
chemicals, come from natural sources, such as plants, fungus,
animals, and minerals. This characteristic might lead to a
possibility that the high ranking chemicals have derivatives
in the same species or genus. The collection of this kind
of derivatives has been identified as bioactive fraction in
complementary medicine. Therefore, we selected these top
ranking derivatives for further validation. Here we identified
three bioactive fractions as AChEIs, including anthraquinone
fraction in RHEI RADIX ET RHIZOMA, furanocoumarin
fraction in ANGELICAE DAHURICAE RADIX, and naph-
thoquinone fraction in ARNEBIAE RADIX. In this way, our
database is not only suitable to screen pure compounds but
also helpful to identify bioactive fractions.

Ellman assay results showed that anthraquinones from
RHEI RADIX ET RHIZOMA were the strongest AChEIs
among these potential chemicals. In contrast, naphtho-
quinone from ARNEBIAE RADIX exhibited most potent
attenuation activity against H

2
O
2
-induced apoptosis in both
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Figure 5: Antiapoptotic activity of acetylshikonin in H
2
O
2
stimulation was related with induction of HO-1 expression in SH-SY5Y cells. (a)

Both SH-SY5Y and PC12 cells were treated with desired concentration of acetylshikonin for 12 hours and then stimulated withH
2
O
2
(500 𝜇M)

for 1 hours, and HO-1 protein expression was detected by western blot. (b) SH-SY5Y or PC12 cells were pretreated with HO-1 inhibitor (ZnPP,
10𝜇M) for 2 hours, then incubated with desired concentration of acetylshikonin for 12 hours, further stimulated with H

2
O
2
(500𝜇M) for 4

hours, and the cell viability (right panel: SH-SY5Y; left panel: PC12) was measured by MTT. Data shown are means ± SEM of results from
independent experiments in triplicate. ∗𝑃 < 0.05 compared with control cells; #𝑃 < 0.05 compared with H

2
O
2
-stimulated cells; $𝑃 < 0.05

compared with acetylshikonin-treated cells.

SH-SY5Y and PC12 cells. Particularly, acetylshikonin, one
naphthoquinone from ARNEBIAE RADIX, not only signif-
icantly inhibited AChE activity but also dramatically rescued
oxidative stress-induced apoptosis in both SH-SY5Y and
PC12 cells.

In addition to the role on the inhibition of Ach hydrolysis,
there is evidence that all the FDA-approved AChEIs (tacrine,
donepezil, rivastigmine, and galantamine) are neuroprotec-
tive agents. Three AChE inhibitors (tacrine, galanthamine,
and donepezil) increased the activities of catalase (CAT) and
glutathion peroxidase (GSH-Px) and protected PC12 cells
from apoptosis generated by hydrogen peroxide. Donepezil
also protected rat septal neurons from the toxicity induced
by amyloid, while tacrine significantly attenuated hydrogen
peroxide-induced injury and reversed hydrogen peroxide-
induced overexpression of bax and p53 in PC12 cells [24–26].

Acetylshikonin, the major active components of ARNE-
BIAE RADIX, exhibit many biological effects including anti-
cancer [27], antioxidant [28], and antiobesity [29]. Recent
study also revealed that acetylshikoninmight increase antiox-
idant enzyme activity and nitric oxide levels in ethanol-
induced ulcer rat models [28]. Shikonin, the analogs of
acetylshikonin, has been reported to protect PC12 against
6-hydroxydopamine-mediated neurotoxicity [30]. However,
reports on the antioxidative stress effects of acetylshikonin on
neuronal cells are limited.

Mitochondria have been identified as a key site of
cell apoptosis and death. The dysfunction of mitochondria
resulted in ROS generation as well as mitochondria mem-
brane potential loss. The cleaved caspase-3 and PARP were
upregulated by excessive ROS and mitochondria membrane
potential loss, which subsequently triggered cell apoptosis
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[31, 32]. Present study demonstrated that acetylshikonin
rescued H

2
O
2
-mediated ROS production, ΔΨm loss, and

upregulation of cleaved caspase-3. Furthermore, H
2
O
2
stim-

ulation resulted in upregulation of Bax expression and
downregulation of Bcl-2 expression, therefore leading to the
decline of Bcl-2/Bax ratio that served as another important
indicator of mitochondrial dysfunction [33]. Western blot
results confirmed that acetylshikonin increased the Bcl-2/Bax
ratio by upregulation of Bcl-2 and downregulation of Bax,
indicating that H

2
O
2
-induced mitochondrial dysfunction

might be attenuated by acetylshikonin. In addition, p53,
another proapoptotic factor [34], is essential for H

2
O
2
-

induced apoptosis in glioma cells. A high level of p53 expres-
sion was observed in H

2
O
2
-induced apoptosis; however,

this apoptosis was significantly reduced by antisense p53
oligonucleotide [35].The increased p53 has been inhibited by
acetylshikonin. Together, acetylshikonin has been reported to
protect mitochondrial function from oxidative stress in both
SH-SY5Y and PC12 cells.

Upregulation of HO-1 is the major approach to prevent
H
2
O
2
-induced cells from apoptosis and cell death [36].

For further mechanistic exploration, the expression level
of HO-1 was detected by western blot. Results showed the
upregulation of HO-1 by acetylshikonin was observed in SH-
SY5Y cells but not in PC12 cells. In cell proliferation assay,
the specific antagonist of HO-1 ZnPP abolished the protective
effects of acetylshikonin in SH-SY5Y cells. Consistent with
western blot results, ZnPP cannot exert its effect on the neu-
roprotective activity of acetylshikonin in PC12 cells. Notably,
shikonin, the analogs of acetylshikonin, has been reported
to induce the Nrf2-ARE system that might upregulate the
transcription of HO-1 genes [37]. Further systematic studies
are needed to investigate whether upregulation of HO-1 effect
by acetylshikonin is mediated by Nrf2-ARE pathway.

5. Conclusion

Together, we first reported that acetylshikonin, a novel
AChEI, exhibited antiapoptotic activity through an HO-1
dependent mechanism in SH-SY5Y cells.Therefore, the find-
ings suggested that acetylshikonin might provide potential
benefits for Alzheimer’s diseases treatment.
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Kai-xin-san (KXS), a Chinese herbal decoction prescribed by Sun Simiao in Beiji Qianjin Yaofang about 1400 years ago, contains
Ginseng Radix et Rhizoma, Polygalae Radix, Acori Tatarinowii Rhizoma, and Poria. In China, KXS has been used to treat
stress-related psychiatric diseases with the symptoms of depression and forgetfulness. Although animal study has supported the
antidepression function of KXS, the mechanism in cellular level is still unknown. Here, a chemically standardized water extract of
KXS was applied onto cultured astrocytes in exploring the actionmechanisms of KXS treatment, which significantly stimulated the
expression and secretion of neurotrophic factors, including NGF, BDNF, and GDNF, in a dose-dependent manner: the stimulation
was both in mRNA and protein levels. In addition, the water extracts of four individual herbs did not significantly stimulate the
expression of neurotrophic factors, which could explain the optimized effect of KXS in a herbal decoction. The KXS-induced
expression of neurotrophic factors did not depend on signaling mediated by estrogen receptor or protein kinase. The results
suggested that the antidepressant-like action of KXS might be mediated by an increase of expression of neurotrophic factors in
astrocytes, which fully supported the clinical usage of this decoction.

1. Introduction

Due to the fast speed of our daily life, more and more
people are suffering from a depressive episode featured with
these symptoms: (i) mood disturbance: anhedonia (loss of
interest and pleasure), persistent depression, feeling helpless,
or experiencing excessive guilt; (ii) cognitive disturbance: loss
of memory and difficulty in concentrating; (iii) behavior dis-
turbance: difficult in sleeping, loss of appetite or overeating,
agitation, and suicidal tendency. If these symptoms occur
together and last for more than two weeks without significant
improvement, the result of major depression disorder (i.e.,
depression) will be diagnosed [1]. Now, depression has
become one of the common psychiatric disorders, having

the incidence of 15% of the total population and perhaps
higher for women at 25% [2].

The deficiency of neurotransmitters, for example, nore-
pinepherine, dopamine, and serotonin in brain, has long been
regarded as the major cause of depression. Thus, all of the
antidepression drugs available on the market are targeted
on the restoration of decreased levels of neurotransmitters
in synaptic cleft or in depressive brain by inhibiting the
reuptake and degradation of neurotransmitters. However,
30%–40% of patients failed to respond to an initial 4–
6-week treatment with an antidepression drug. Based on
these phenomena, neurotrophic factor theory has been pro-
posed [3]. Neurotrophic factors, including nerve growth
factor (NGF), brain derived neurotrophic factor (BDNF),
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glial derived neurotrophic factor (GDNF), neurotrophin 3
(NT3), neurotrophin 4/5 (NT4/5) secreted from astrocytes,
or target tissues, play a major role in neuron survival, as
well as the synapse formation [4, 5]. Low level of BDNF
had been discovered clinically in hippocampus andprefrontal
cortex of depressive patients [6, 7]. Postmortem analyses of
brain tissues from depressive patients showed a reduction
of BDNF in brain and serum [8, 9]. On the other hand,
brain infusion of BDNF produced antidepressant-like action
in animals [10], as well as for NGF [11]. Therefore, the newly
developed antidepression drugs should be designed aiming at
multitargets, instead of a single neurotransmitter target.

Traditional Chinese medicine (TCM) offers a possible
therapy for the treatment of depression, and a herbal decoc-
tion named Kai-Xin-San (KXS) is the most popular one. The
first description of KXS is recorded in Beiji Qianjin Yaofang
(Thousand Formulae for Emergency) written by Sun Simiao in
Tang Dynasty (i.e., 652 A.D.). This herbal formula composes
of four herbs:GinsengRadix et Rhizoma (root and rhizomeof
Panax ginseng C. A. Mey.), Polygalae Radix (root of Polygala
tenuifolia Wild.), Acori Tatarinowii Rhizoma (rhizome of
Acorus tatarinowii Schott), and Poria (sclerotium of Poria
cocos (Schw.)Wolf).Interestingly, at least three KXS formulae
having a variation of herb ratio were described in ancient
books, and all of them are commonly used clinically. In
our previous study, we have demonstrated that KXS relieved
depression-like symptoms on a chronic mild stress (CMS)
induced depressive rat model by increasing the amounts
of neurotransmitters and neurotrophic factors in the brain
[12]. Here, we aimed to explore the mechanism of KXS in
regulating neurotrophic factors in cultured astrocytes. In
addition, the roles of different formulations of KXS and
individual herb in the expression of neurotrophic factorswere
elucidated.

2. Materials and Methods

2.1. Tissue Culture. Astrocytes from postnatal SD rat at
day 1 were isolated and cultured. The cortex was dissected
in Hank’s Balanced Salt Solution without Ca2+ and Mg2+
(Sigma-Aldrich, St. Louis, MO). After being trypsinized for
15min, the cortex was washed with culture medium and
triturated several times. The culture medium was minimum
essential medium (MEM) supplemented with 10% horse
serum, 100U/mL penicillin, and 100𝜇g/mL streptomycin. All
culture reagents were purchased from Invitrogen Technolo-
gies (Carlsbad, CA). The cells were centrifuged at 250 ×g for
5min. The cell pellet was suspended in the culture medium.
The cells were seeded on plastic culture plates with the density
of 2 × 104 cell/cm2 and incubated at 37∘C in 95% air, 5%
CO
2
. The culture medium was changed twice a week. Each

time, the culture was pipetted up and down gently to remove
loosely attached oligodendrocytes, microglia, and neurons.

2.2. Immunocytofluorescent Staining. Cultured astrocytes
were grown on glass cover slip and fixed with 4%

paraformaldehyde (PFA) in PBS for 15min, followed by
50mM ammonium chloride (NH

4
Cl) treatment for 25min.

Cultures were permeablized by 0.1% Triton X-100 in PBS
for 10min and blocked by 5% BSA in PBS for 1 hour at
room temperature. The primary antibodies were then
applied onto the cells for 16 hours at 4∘C, which were mouse
antineurofilament 68 antibody (1 : 200, Sigma-Aldrich),
mouse antiglial fibrillary acidic protein (GFAP)-Cy3
(1 : 500, Sigma-Aldrich), and anti-rabbit anti-oligo2 (1 : 200,
Imgenex). Then, the culture was stained with Alexa Fluor@
488 donkey anti-Mouse antibody (1 : 1000, Invitrogen)
and DAPI (1 : 500, Sigma-Aldrich) for 1 hour at room
temperature. After being washed with PBS for 4 × 15min, the
cells were dehydrated serially with ice-cold 50%, 75%, 95%,
and 100% ethanol and mounted with fluorescence mounting
medium. Samples were then examined by Zeiss confocal
microscopy with Ex 488/Em 505–540 nm for green color, Ex
543/Em 560–615 nm for Cy3 red color.

2.3. KXS Decoction Preparation. KXS decoction was com-
posed of the following dried raw materials: Ginseng Radix et
Rhizome (root and rhizome of P. ginseng), Polygalae Radix
(root of P. tenuifolia), Acori Tatarinowii Rhizoma (rhizome
of A. tatarinowii), and Poria (sclerotium of P. cocos). The
herbs were purchased from Qingping Market of Chinese
herbs in Guangzhou China and were authenticated by one
of the authors, Dr. Tina T. X. Dong, according to their
morphological characteristics. The voucher specimens were
deposited in Centre for Chinese Medicine at Hong Kong
University of Science & Technology. According to different
formulations of KXS including KXS-652, KXS-984, and
DZW-652, the appropriate amounts of Ginseng Radix et
Rhizome, Polygalae Radix, Acori Tatarinowii Rhizoma, and
Poria were weighed separately to form a combined weight
of 20 g. The herbal extraction was performed in 160mL of
boiling water for 2 hours, and the herbs were extracted twice.
For the second extraction of KXS, the residue from the
first extraction was filtered: the same extraction condition
was applied on the filtered residue. Then, the extracts were
combined, dried under vacuum, and stored at −80∘C. This
extraction condition was also applied to each individual
herb as well as a combination of herbs under the same
extraction method as described above. The herbal extract
was chemically standardized as reported previously [13],
and the representative fingerprinting chromatograms were
developed.

2.4. Drug Treatment. During the treatment, cultured astro-
cytes were changed with medium for 3 hours in modi-
fied Eagle’s medium supplemented with 0.5% horse serum,
100U/mL penicillin, and 100𝜇g/mL streptomycin, and then
the cultures were treated with KXS extracts and/or other
reagents for 48 hours. In analyzing the signaling pathway, the
cells were pretreated with the protein kinase A inhibitor H89
(2 𝜇M) and theMEK1/2 inhibitor U0126 (20𝜇M) and ICI 182,
780 (1𝜇M) for 3 hours before the exposure to KXS extract,
Bt
2
-cAMP (1mM), TPA (10 nM), and 17𝛽-Estradiol (10 nM).
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2.5. Total RNA Extraction. Total RNA from brain tissue was
isolated with RNAzol reagent according to the manufac-
turer’s protocol. The brain tissues were added with RNAzol
reagent (1.5mL/g) and homogenized. The homogenate was
centrifuged at 16,100 ×g for 5min at 4∘C. The supernatants
were removed, added with diethylpyrocarbonate (DEPC)
treated water (prepared by autoclaving water with DEPC in
a 1000 : 1 ratio) and vortex vigorously for 15 sec, followed by
centrifugation at 16,100 ×g for 10min at 4∘C. The aqueous
layer was collected and added with half volume of 70%
ethanol in DEPC treated water for RNA precipitation. The
RNA pallet was collected by centrifugation at 16,100 ×g for
10min at 4∘C and washed with 70% ethanol in DEPC-treated
water twice. After air dry, theRNAwas resuspended in 200 𝜇L
of DEPC treated water. The concentration of extracted RNA
was calculated from UV absorbance at 260 nm. The quality
of RNA was assessed by absorbance at 260 nm and 280 nm,
with the ratio of 260/280 nm ranging from 1.90 to 2.10 being
acceptable.

2.6. Real-TimeQuantitative PCR. Isolated RNAswere reverse
transcribed by Moloney Murine Leukemia Virus (MMLV)
reverse transcriptase with oligo-d(T) primer in a 20𝜇L
reaction by usingHighCapacity cDNAReverseTranscription
Kit of Invitrogen Technologies. In details, three 𝜇g of total
RNA was mixed with 1 𝜇L of 0.5 𝜇g/mL oligo-d(T) primer,
1 𝜇L of 10mM dNTP mix, and RNAase/DNAase free water
in a 12 𝜇L reaction. The mixture was incubated in 65∘C for
5min. Two 𝜇L of 0.1M dithiothreitol (DTT), 1𝜇L of 40U/𝜇L
RNase out, and 4 𝜇L of 5x first strand buffer (250mM Tris-
HCl, pH 8.3, 375mMKCl, and 15mM MgCl

2
) were added

into the reaction mix and incubated at 37∘C for 5min. One
𝜇L MMLV was added into the reaction and incubated at
37∘C for 50min.Then, the reaction was incubated at 70∘C for
15min. Quantification of the cDNA was determined by UV
absorbance at 260 nm and 280 nm by NanoDrop.

Real-time quantitative PCR for the target genes was
performed on equal amounts of cDNA by using Roche SYBR
Green Master mix with Rox reference dye, according to
the manufacturer’s instructions. The SYBR green signal was
detected by Applied Biosystems 7500 Fast Real-Time PCR
System. Transcript levels were quantified by using the ΔΔCt
value method. Calculation was done by using the Ct value
of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to
normalize the Ct value of target gene in each sample to
obtain theΔCt value, whichwas then used to compare among
different samples. Real-time PCR products were analyzed by
gel electrophoresis on a 1.5% agarose gel, and the specificity
of amplification was confirmed by the melting curves.

2.7. ELISA Analysis. The amounts of NGF, GDNF (both
from Abfrontier, Seoul, Korea), and BDNF (Millipore, Biller-
ica, MA) in astrocyte conditioned medium were measured
using commercially available ELISA kits according to the
manufacturer’s instructions. Briefly, conditioned medium
was applied onto a 96-well plate precoated with anti-
neurotrophic factor antibodies and incubated on at 37∘C for

Table 1: Historical record of different KXS formulae.

Notationa Record Ratio
GR PR ATR PO

KXS-652 Beiji Qianjin Yaofangb 1 1 25 50
KXS-984 Yixin Fangc 1 1 1 2
DZW-652 Beiji Qianjin Yaofangb 3 2 2 3
aThe notation of KXS was corresponding to the years of recording.
bBeiji Qianjin Yaofang was written by Sun Simiao in 652 A.D, which was re-
edited in 1066 A.D.
cYixin Fang was written by Nima Yasunori in 984 A.D.
Abbreviations: GR: Ginseng Radix et Rhizoma; PR: Polygalae Radix; ATR:
Acori Tatarinowii Rhizoma; PO: Poria.

90min. After discarding plate content, the biotinylated anti-
neurotrophic antibody was added and incubated at 37∘C for
60min. After washing four times, avidin-biotin-peroxidase,
or streptavidin-peroxidase, complex solution was added and
incubated at 37∘C for 90min. Tetramethylbenzidine solution
was added and incubated at 37∘C for 30min. The reaction
was stopped with 1M sulfuric acid and absorbance recorded
at 450 nm immediately. The values of standards and samples
were corrected by subtracting the absorbance of nonspecific
blinding. All samples were measured in duplicate in the same
assay to minimize interassay variation.

2.8. Protein and Statistical Analysis. The concentration of
protein was determined following the instructions of Brad-
ford’s method with a kit from Bio-Rad Laboratories. Indi-
vidual data was expressed as mean ± standard deviation
(SD). Statistical tests were performed with t-test (version
13.0, SPSS). Statistically significant changes were classified as
significant (∗) where 𝑃 < 0.05, more significant (∗∗) where
𝑃 < 0.01, and highly significant (∗∗∗) where 𝑃 < 0.001.

3. Results

3.1. KXS Stimulates the Expression of Neurotrophic Factors on
Astrocytes. Cultured astrocytes reached confluence on the
day in vitro (DIV) 12 having the mRNA level of glial fibrillary
acidic protein (GFAP), a marker for astrocyte, reaching the
peak on DIV 12 to 16 (Figure 1(a)). To test the culture purity,
the astrocytes were seeded onto the glass cover slip. At DIV
12, the culture was fixed for immunofluorescent staining
with GFAP and possible contamination of oligodendrocytes,
which was viewed under the microscopy (Figure 1(b)). The
result showed that the majority of cell population was astro-
cyte, and thus, this stage of astrocyte was used subsequently
for all biochemical analyses.

Historically, three formulations of KXS have been
described, denoted as KXS-652, KXS-984, and DZW-652
(Table 1), and all of them are commonly used today clinically.
The notation was described according to the year of their
publication. KXS-652 with a ratio of 1 : 1 : 25 : 50 of Ginseng
Radix et Rhizoma : Polygalae Radix : Acori Tatarinowii Rhi-
zoma : Poria. Meanwhile, a herbal formula named Ding-
Zhi-Wan (DZW-652) was also described with the ratio of
3 : 2 : 2 : 3. In addition, KXS-984 was recorded in a herbal
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Figure 1: Cultures of rat astrocytes. (a) Cultured astrocytes were harvested on DIV4, 8, 12, 16, and 20, and the mRNA encoding GFAP was
analyzed. Values are expressed as the percentage of increase to DIV 4 (set as 1) and in mean ± SEM, 𝑛 = 3. (b) Cultured astrocytes were
observed under the microscopy. Meanwhile, cultured astrocytes were stained by Cy3-anti-GFAP (shown in red) and anti-rabbit anti-oligo2
(shown in green) polyclonal antibodies observed under confocalmicroscopy in the presence of 0.1%Triton-X 100. Bar = 10 𝜇m.Representative
figures are showed here, 𝑛 = 3.

ratio of 1 : 1 : 1 : 2. The chemical standardizations of these
herbal decoctions were done by HPLC fingerprints and
quantitation of chemical ingredients (Supplementary Figure
1), as described fully in Zhu et al. [13]. By determining the
amounts of marker chemicals from the herbs, a standard-
ized KXS extract was recommended in containing minimal
amounts of ginsenoside Rb

1
, ginsenoside Rd, ginsenoside Re,

ginsenoside Rg
1,
pachymic acid, 3, 6-disinapoyl sucrose, 𝛼-

asarone, and 𝛽-asarone (see Table 5 of [13] for detail). The
chemical properties of these herbal extracts were prerequisite
for all biochemical analyses.

The effect of the three formulations of KXS on the expres-
sion of neurotrophic factors was evaluated by quantitative
PCR, which included NGF, BDNF, GDNF, NT3, NT4, and
NT5. The specific primers of these neurotrophic factors
were listed in Supplementary Table 1. Astrocytes cultured at
DIV 12 were treated with KXS from 0.5–50𝜇g/mL for 24
hours, and then the amounts of mRNA were analyzed. The
KXS treatment significantly increased the mRNA levels of
NGF, BDNF, GDNF, and NT3 in dose-dependent manners
(Figure 2). For NGF, the mRNA expression level showed
over 2-fold enhancement under the treatment of KXS from
5 to 50𝜇g/mL, while the DZW-652 showed the best effect
(∼4-fold) at concentration of 15𝜇g/mL. For BDNF, DZW-
652 increased the mRNA expression level over 2.5-fold. The
best effect of DZW-652 could be also observed in GDNF
induction. For NT3, K-984 showed better effect (∼2-fold).

For NT4 and NT5, there were slight changes observed after
KXS treatment (Figure 2). Thus, KXS having a high ratio of
Ginseng Radix et Rhizoma and Polygalae Radix could benefit
the expression of neurotrophic factors, as this was in DZW-
652 formulation.

The KXS-induced gene expression was robust for NGF,
BDNF, and GDNF, and thus, the proteins of these factors
in astrocytes’ conditioned medium were further determined.
Firstly, standard curves of three target proteins in ELISA
assays were made by different concentrations of protein
standards. NGF, BDND, and GDNF exerted good linearity
in a range of 0∼40 pg/mL (Figure 3(a)), and the square of
linear correlation coefficient was all over 0.95. The recovery
of spiked protein was greater than 90%. The coefficient of
intra and interassay was over 0.90. In astrocytes treated
with KXS extracts, the induction of NGF, GDNF, and BDNF
was determined by ELISA. The amount of NGF of cultured
astrocytes was 4.92 pg/mg proteins, while the value of BDNF
and GDNF was 2.39 pg/mg protein and 21.6 pg/mg proteins,
respectively. Under the treatment of KXS, the expressions of
NGF, GDNF, and BDNF were increased in dose-dependent
manners (Figure 3(b)). At 15 𝜇g/mL of KXS in all cases, the
inductions were significant higher than that of the control.
The treatment of DZW-652 exerted the best stimulation
in neurotrophic factor secretion: a maximal induction at
100% increase compared to control was revealed under
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Figure 2: KXS stimulates the mRNA expression of neurotrophic factors in astrocytes. The mRNA expression levels of neurotrophic factors
(NGF, GDNF, BDNF, NT3, NT4, and NT5) in astrocytes were analyzed. The astrocytes were treated with different formulations of KXS (0.5–
50 𝜇g/mL) for 24 hours. The mRNA was determined by quantitative PCR. Primers for neurotrophic factors were listed in Supplementary
Table 1. Available online at http://dx.doi.org/10.1155/2013/731385 Bt

2
-cAMP (1mM) was used as a control. Data are expressed as x Basal where

the value of control is set as 1 and in Mean ± SEM, 𝑛 = 4.
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Figure 3: KXS stimulates the secretion of neurotrophic factor in astrocytes. (a)Different concentrations of neurotrophic factors (0–40 pg/mL)
were applied onto ELISA kit, and the absorbance was detected at wavelength of 450 nm. The calibration curve of each target protein was
constructed by plotting absorbance versus the concentration of each target protein. Each calibration curve was derived from 5 data points.
(b) Astrocytes were treated with KXS (0.5–50 𝜇g/mL) and Bt

2
-cAMP (1mM) for 48 hours. Then, the media were collected for analysis of

NGF, BDNF, and GDNF with ELISA kit. Data are expressed as percentage of increase to control (no drug treatment, that is, 0 extract here).
Values are showed as the Mean ± SEM, 𝑛 = 3.

15 𝜇g/mL of DZW-652 (Figure 3(b)). In addition, the induc-
ing effect of KXS-984 was slightly better than that of KXS-
652 (Figure 3(b)). Here, the application of Bt

2
-cAMP was

used as a control. In addition, the water extracts of four

individual herbs were tested for their role in the induction
of neurotrophic factors, and the effects were not significant.
Here, the water extracts of Ginseng Radix et Rhizoma and
Polygalae Radix could slightly stimulate the expression of
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Figure 4: The comparison of KXS and single herb in stimulating
the secretion of neurotrophic factors in astrocytes. Astrocytes were
treated with DZW-652 (15𝜇g/mL), the extract of Ginseng Radix et
Rhizoma (4.5 𝜇g/mL), the extract of Polygalae Radix (3 𝜇g/mL), the
extract of Acori Tatarinowii Rhizoma (3 𝜇g/mL), and the extract of
Poria (4.5𝜇g/mL) for 48 hours, and then the media were collected
to determine the amount of NGF, BDNF, and GDNF. Data are
expressed as percentage of increase to control (no drug treatment,
that is, 0 extract here). Values are showed as theMean ± SEM, 𝑛 = 3.
Abbreviations: GR: Ginseng Radix et Rhizoma; PR: Polygalae Radix;
ATR: Acori Tatarinowii Rhizoma; PO: Poria.

NGF and GDNF (Figure 4), while the other inductions were
very small. In contrast, a combined herbal mixture (i.e.,
DZW-652) showed robust induction.

3.2.The Signaling of KXS-InducedNeurotrophic Factor Expres-
sion. To search for the possible mechanism of KXS-induced
neurotrophic factor expression on astrocytes, the known
signaling pathways, including cAMP-dependent, MAPK-
dependent, and estrogen receptor-dependent [14–17], were
probed here. The cultured astrocytes were treated with
the corresponding agonists, for example, Bt

2
-cAMP acti-

vating cAMP-dependent signal TPA activating MAPK-
dependent signal, and 17-𝛽-estradiol activating estrogen
receptor-dependent signal. The application of these posi-
tive inducers activated robustly the mRNA expressions of
NGF, GDNF, and BDNF (Figure 5) in cultured astrocytes.
As expected, the application of H89, U0126, and ICI 182,
780 significantly reduced the inductions of Bt

2
-cAMP, TPA,

and 17-𝛽-estradiol, respectively. However, the DZW-652-
induced gene expressions were not affected by these signaling
inhibitors (Figure 5). Thus, the role of KXS in inducing the
expressions of neurotrophic factors was novel, at least not
belonging to any known signaling pathways.
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Figure 5: Effect of cAMP, MAPK, and estrogen signaling pathway
on the expression of neurotrophic factors. Astrocytes were pre-
treated with H89 (2𝜇M; the PKA inhibitor), U0126 (10𝜇M; the
MEK1/2 and PKC inhibitor), and ICI 182, 780 (1 𝜇m; the estro-
gen receptor inhibitor) for 3 hours and then treated with Bt

2
-

cAMP (1mM), TPA (100 nM), 17𝛽-estradiol (10 nM), and DZW-
652 (15𝜇g/mL) for 24 hours. The mRNA expression levels of
neurotrophic factors in astrocytes were analyzed. Data are expressed
as x Basal where the value of control is set as 1 and in mean ± SEM,
where 𝑛 = 4.
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4. Discussions

Astrocyte is the prevailing glial cell in the central nervous
system and constitutes the blood brain barrier, which is an
essential component in protecting the inner environment of
the brain. More importantly, there is an intensive bidirec-
tional communication between neurons and glial cells at the
synapses, which leads to a concept of “tripartite synapse,”
that is, a presynaptic neuron, a postsynaptic neuron and glial
cells [18]. Astrocyte plays a role in the uptake of neurotrans-
mitter from synaptic cleft, the synthesis of neurotransmitter
precursors, and disposal of excess neurotransmitter [19]. On
the other hand, astrocyte is an important regulator for the
modulation of neurotrophic factors [20, 21].

Neurotrophic factors are a family of proteins responsible
for the growth and survival of neurons during develop-
ment and for maintenance of adult neurons, for exam-
ple, NGF, BDNF, GDNF, NT3, and NT-4/5. The deficiency
of neurotrophic factors in brain has been regarded as a
biomarker for depression. The chronic stress in animals
induced decreased synthesis of neurotrophic factors, which
subsequently caused atrophy of neurons in hippocampus
[22, 23]. In parallel, the stress was also reported to decrease
the expression of BDNF in CA3 pyramidal and dentate gyrus
of hippocampus in rat [24]. These observations led to the
hypothesis that downregulation of BDNF contributed to an
accelerated atrophy of CA3 neurons. Here, the treatment
of KXS not only enhanced the expression of neurotrophic
factors, for example, NGF, BDNF, GDNF, and NT3, but
also stimulated the secretion of these neurotrophic factors
in cultured astrocytes, which was in line to antidepression
function of KXS in rats [12]. In depressive rats, total saponins
of Ginseng Radix et Rhizoma reversed the stress-induced
decreased BDNF level, and in parallel ginsenoside, Rg

1
up-

regulated the BDNF signaling pathway in hippocampus of
mice [25, 26]. In addition, 3, 6-disinapoyl sucrose derived
from Polygalae Radix reversed the reduced BDNF levels in
stress-induced depressive rats [27], while saponin from Poly-
galae Radix enhanced the production of NGF in rat astro-
cytes [28]. Eugenol derived from Acori Tatarinowii Rhizoma
increased BDNF mRNA expression level in hippocampus of
mice [29]. Among the tested three KXS formulations, the
amount of Ginseng Radix et Rhizoma and Polygalae Radix
was the highest in DZW-652, which therefore might explain
the best effect of this ratio in enhancing neurotrophic factor
expression.

There are several possibilities of having three formula-
tions of KXS in history. Due to a lack of printing technologies
in Tang Dynasty, the original edition of Beiji Qianjin Yaofang
(652 A.D.) had never been seen. The earliest edition of Beiji
Qianjin Yaofang, which could be found today, was edited by
Lin Yi and Gao Bao-heng in Song Dynasty, who described
one of the KXS formulae, KXS-652 with a ratio of 1 : 1 : 25 : 50
(Ginseng Radix et Rhizoma : Polygalae Radix : Acori Tatari-
nowii Rhizoma : Poria). Meanwhile, a herbal formula named
Ding-Zhi-Wan (DZW-652) was also described having the
herbal ratio of 3 : 2 : 2 : 3 in the same book. In addition, the
composition of another herbal formula, named KXS-984,
was recorded in Yi Xin Fang written by Nima Yasunori from

Japan in 984 A.D. (Song Dynasty). The author recorded the
herbal ratio of 1 : 1 : 1 : 2 for KXS-984 and cited Beiji Qianjin
Yaofang. Despite the variations of herbal composition, all
three KXS formulae have been used to treat the diseases
with symptoms of depressed mood and morbid forgetfulness
[30, 31].The disappearance of the original manuscript of Beiji
Qianjin Yaofang in Tang Dynasty might also be a reason
for emerging different KXS formulae. More realistically, the
original KXS formula might have been rearranged by other
TCM practitioners according to syndrome differentiation.

The mechanism of KXS in stimulating mRNA expression
levels of neurotrophic factors was unknown. It has been
reported that cAMP-dependent pathway, MAPK-dependent
pathways, and estrogen signaling pathway might be included
in neurotrophic factor expression [14, 15]. Here, the effect
of KXS in stimulating neurotrophic expression could not
be inhibited by the corresponding inhibitors, that is, H89,
U0126, or ICI 182, 780. KXS is a herbal extract having
multichemicals, which therefore could have different roles
in stimulating neurotrophic factor expression via multiple
signal transduction pathways or unidentified kinase(s), that
is, not only the reported cAMP-, MAPK- and estrogen-
dependent pathway. Thus, we hypothesized that KXS might
exert functions in stimulating neurotrophic factor expression
throughmultitargets andmultisignaling pathways. Somenew
pathwaysmight be also involved instead of the single reported
well-known pathways. Other method, such as phosphoryla-
tion proteomics, might be applied for further studies in the
future.

5. Conclusions

The treatment of KXS in cultured astrocytes increased both
the synthesis and the release of neurotrophic factors, includ-
ing NGF, BDNF, and GDNF. Although the actionmechanism
was not fully revealed, this result was in parallel to our previ-
ous report that KXS was effective in treating antidepression.
In line to the historical usage, this chemically standardized
herbal extract could serve as alternative medicine or health
food supplement for patients suffering from depression.
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Song Bu Li decoction (SBL) is a traditional Uyghur medicinal herbal preparation, containing Nardostachyos Radix et Rhizoma.
Recently, SBL is being used to treat neurological disorders (insomnia and neurasthenia) and heart disorders (arrhythmia and
palpitation). Although this herbal extract has been used for many years, there is no scientific basis about its effectiveness. Here,
we aimed to evaluate the protective and differentiating activities of SBL in cultured PC12 cells. The pretreatment of SBL protected
the cell against tBHP-induced cell death in a dose-dependent manner. In parallel, SBL suppressed intracellular reactive oxygen
species (ROS) formation.The transcriptional activity of antioxidant response element (ARE), as well as the key antioxidative stress
proteins, was induced in dose-dependent manner by SBL in the cultures. In cultured PC12 cells, the expression of neurofilament, a
protein marker for neuronal differentiation, was markedly induced by applied herbal extract. Moreover, the nerve growth factor-
(NGF-) induced neurite outgrowth in cultured PC12 cells was significantly potentiated by the cotreatment of SBL. In accord, the
expression of neurofilament was increased in the treatment of SBL. These results therefore suggested a possible role of SBL by its
effect on neuron differentiation and protection against oxidative stress.

1. Introduction

Traditional Uyghurmedicine (TUM), one of themainmedic-
inal systems in central Asia, is based on four humors: fire,
air, water, and earth, which generates four different body
fluids: blood, phlegm, yellow bile, and black bile [1]. The
main ingredients of TUM are flowers, seeds, fruits, minerals,
and animal compartments. According to the TUM theory,
diseases or impairments are resulted from imbalance between
the four body fluids. TUM herbal formulation could regulate
the balance of body fluids and cure diseases [2]. Song Bu
Li decoction (SBL), a TUM formula described in Sherhi
Alkanun by Emam Durdin during AD 840-1212, consists

of only one herb named Nardostachyos Radix et Rhizoma
(NRR, a root and rhizome of Nardostachys jatamansi).
Recently, SBL has been used to treat neurological disorders
(insomnia and neurasthenia) and heart disorders (palpitation
and arrhythmia) in Xinjiang of China. According to ancient
method of preparations of TUM [2], two methods of SBL
preparation are commonly used inXinjiang: (i) NRR is boiled
with water, and the vapor generated is being collected as the
volatile components of NRR. Condensed vapor and extracted
water are mixed and (ii) NRR is boiled in water and filtered,
and only the water extract is being used for treatment. Both
preparation methods of SBL generate a problem of quality
control and efficacy.
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Neurasthenia is defined as a condition with symptoms
of fatigue, forgetfulness, sleepless, anxiety, and depressed
mood [3, 4], and the pathogenesis of neurasthenia still
remains unknown [5]. During the brain development, neu-
ronal stem cells undergo a stage called neurogenesis in
which immature neurons grow, differentiate, and survive.
However, for patients with neurasthenia and depression, the
normal neurogenesis would be impaired, that is, the inability
for neurons to differentiate normally. Amongst different
causes of neuronal cell death, reactive oxygen species (ROS)
mediated oxidative stress is one of the major origins of many
neurological disorders [6–8]. The excess generation of ROS
damages cells by peroxidizing lipids and disrupting structural
proteins, enzymes, and nucleic acids [9, 10]. In defending the
stress, antioxidant response element (ARE), located upstream
of various genes, could regulate the expression of antioxida-
tive stress proteins [11–13].

Neuronal differentiation of PC12 cells, mediated by nerve
growth factor (NGF), shows the morphological change of
cells possessing neurites. In addition, the neuronal differ-
entiation could be determined biochemically by analyzing
the expression of neurofilaments (NFs) that are the major
structural components of differentiated neurons [14, 15].
Three mammalian neurofilament subunits, NF68, NF160,
and NF200 are believed to form heterodimers in making the
structural domain of neurites [16]. The differentiation status
of neuron is also a critical parameter of neuron survival.

Having the questions of SBL efficacy under two distinct
preparative methods, we aimed to establish quality control
parameters of the herbal preparation and to reveal the
role of SBL in preventing neuronal cell death. Chemical
fingerprint and quantitation of ingredients, including ferulic
acid, linarin, and volatile oil, were developed for quality
control. In the bioassay, the role of SBL in preventing tert-
Butyl hydroperoxide- (tBHP-) induced cell death as well
as the gene activation of antioxidative stress proteins was
determined. Lastly, the length of neurites and the expression
of neurofilaments were determined in PC12 cells under the
treatment of SBL.

2. Materials and Methods

2.1. Plant Materials and Preparation of SBL. NRR, the root
and rhizome of N. jatamansi, was purchased from Hong
Kong herbal market (Wong Chak Kee Co.). The authenti-
cation of plant material was performed by Dr. Tina T. X.
Dong according to their morphological characteristics. The
voucher specimens were deposited in the Centre for Chinese
Medicine R&D at The Hong Kong University of Science
and Technology. The herb NRR was minced and soaked
in water in the proportion of 1 : 10 (w/v) overnight. The
mixture was submitted to hydrodistillation in a Clevenger-
type apparatus for 4 hours. Water extract and volatile oil of
NRR were obtained at the same time. Volatile oil was dried
over anhydrous sodium and stored at −20∘C. The resulting
water extract was filtered, vacuum-dried to powder, and kept
at −20∘C. This extract was considered as an NRR extract.
The extraction efficiency reached over 95% within 4 hours.

For SBL preparation, 1 g of dried NRR powder was dissolved
in 20mL DMSO and sonicated for 30min. The extract was
centrifuged at 13,200 rpm at 4∘C for 5min, and 170 𝜇L of
volatile oil was added onto the supernatant as the final SBL
decoction.

2.2. Chemicals and Reagents. Ferulic acid (>98%), tert-Butyl
hydroperoxide (tBHP) (>98%), tert-Butylhydroquinone
(tBHQ) (>98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (>98%) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Linarin (>98%)
was kindly provided by Testing Laboratory for Chinese
Medicine (Hong Kong, China). HPLC-grade acetonitrile
and methanol were purchased from Merck (Darmstadt,
Germany). Ultra-pure water was prepared from a Milli-Q
purification system (Millipore, Molsheim, France).

2.3. GC-MS Analysis. Agilent 7000 GC-MS series system
(Waldbronn, Germany) equipped with an Agilent 7890A gas
chromatography and GC-QQQ Mass Hunter workstation
software was adopted.The extract was separated in anAgilent
HP-5MS capillary column (250𝜇m × 30m × 0.25 𝜇m) with
controlled temperature at 100∘C in the initial stage, and the
temperature was adjusted to 280∘C at the rate of 5∘C/min.
Pulsed splitless injection was conducted by injecting 1 𝜇L
of the sample extract. Helium was used as carrier gas at a
flow rate of 2.25mL/min; nitrogen was used as the collision
gas at a flow rate of 1.5mL/min. The spectrometer was
operated in a full-scan electron-impact (EI) mode, and the
ionization energy was 70 eV. The inlet and ionization source
temperatures were 250∘C and 230∘C, respectively.The solvent
delay time was 3.5min. Retention indices of all compounds
were determined according to the Kovats method using n-
alkanes (Sigma) as standards. Identification of the volatile
compounds was confirmed by comparing the mass spectra
with the Kovats retention indices.

2.4. HPLC-DAD Analysis. HPLC-DAD analysis was con-
ducted with an Agilent HPLC 1200 series system (Agi-
lent Waldbronn, Germany), which was equipped with a
degasser, a binary pump, an autosampler, a diode array
detector (DAD), and thermo-stated column compartment.
Chromatographic separation was carried out on an Intersil
C18 column (particle size 5 𝜇m, 4.6 × 250mm) with water (as
solvent A) and acetonitrile (as solvent B) as the mobile phase
at flow rate of 1.0mL/min at room temperature using the
following gradient program: 0–20min, isocratic gradient 19-
19% (B); 20–25min, linear gradient 19–25% (B); 25–45min,
linear gradient 25–35% (B); and 45–55min, linear gradient
35–55% (B). A preequilibration period of 10min was used
between each run. The injection volume was 10𝜇L. The UV
detector wavelength was set to 334 nm with full spectral
scanning from 190 to 400 nm.

2.5. PC12 Cell Culture. Pheochromocytoma PC12 cells, a
cell line derived from rat adrenal medulla, were obtained
from American Type Culture Collection (ATCC, Manassas,
VA) and maintained in Dulbecco’s modified Eagle’s medium
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(DMEM) supplemented with 6% fetal bovine serum, 6%
horse serum, 100 units/mL penicillin, and 100 𝜇g/mL of
streptomycin in a humidified CO

2
(7.5%) incubator at 37∘C.

Culture reagents were from Invitrogen (Carlsbad, CA). For
the differentiation assay, cultured PC12 cells were serum
starved for 4 hours in DMEM supplemented with 1% fetal
bovine serum, 1% horse serum, and penicillin-streptomycin,
and then theywere treatedwith the SBL and/or other reagents
for 72 hours.

2.6. MTT and ROS Formation Assay. PC12 cell viability
was assayed by reduction of MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide] reagent. Cells (2 ×
104 cells/well) were plated in 96-well plate and pretreated
with different concentrations of SBL and/or other reagents
for 24 hours. Then, the cells were treated with 150 𝜇M
tBHP for 3 hours. The cultures were then treated with MTT
solution for 1 hour, and the optical density was measured
using spectrophotometer at 570 nm. The determination of
ROS level in cell cultures was performed according to Zhu
et al. [17]. In brief, cultured PC12 cells in a 96-well plate
were pretreated with different concentrations of SBL and/or
other reagents for 24 hours and labeled by 100𝜇MDCFH-DA
(Sigma) in HBSS for 1 hour at room temperature. Cultures
were then treated with 100 𝜇M tBHP for 1 hour. The amount
of intracellular tBHP-induced ROS formation was detected
by fluorometric measurement with excitation at 485 nm and
emission at 530 nm (Spectra max Gemini XS, Molecular
Devices Crop., Sunnyvale, CA).

2.7. DNA Construction and Transfection. The
pGL4.37[luc2P/ARE/Hygro] vector contains four copies of
an antioxidant response element (ARE; 5-TGACnnnGCA-
3) that drives transcription of the luciferase reporter gene
luc2P (Photinus pyralis). Luc2P is a synthetically-derived
luciferase sequence with humanized codon optimization
that is designed for high expression and reduced anomalous
transcription. The luc2P gene contains hPEST, a protein
destabilization sequence, which allows luc2P protein levels
to respond more quickly than those of luc2 to induce
transcription. Cultured PC12 cells were transfected with
pARE-Luc (Promega, Fitchburg, WI) by Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
The transfection efficiency was ∼60%, as determined by
another control plasmid having 𝛽-galactosidase, under a
cytomegalovirus enhancer promoter.

2.8. Luciferase Activity. PC12 cells, cultured in 24-well plate (1
× 105 cells/well), were treated with SBL and/or other reagents
for 24 hours. Afterward, the medium was aspirated, and
cultures were washed by ice-cold PBS.The cells were lysed by
a buffer containing 0.2% Triton X-100, 1mM dithiothreitol,
and 100mM potassium phosphate buffer (pH 7.8) at 4∘C.
Followed by centrifugation at 13,200 rpm for 10min at 4∘C,
the supernatant was collected and used to perform luciferase
assay (Tropix Inc., Bedford,MA); the activity was normalized
by amount of protein and the activity of 𝛽-galactosidase (a
control plasmid).

2.9. Polymerase Chain Reaction (PCR) Analysis. PC12 cells
were treated with SBL and/or other reagents for 24 hours.
Total RNAs were isolated by TRIzol reagent (Invitrogen)
and reverse-transcribed byMoloneyMurine Leukemia Virus
ReverseTranscriptase (Invitrogen) according to themanufac-
turer’s instruction. Real-time PCR was performed by using
SYBR green master mix and ROX reference dye according
to the manufacturer’s instruction (Applied Bioscience, Foster
City, CA). The primers were as follows: 5-GAC CTT GCT
TTC CAT CAC CAC CGG-3 and 5-GTA GAG TGG TGA
CTC CTC CCA GAC-3 for NAD(P)H quinone oxidoreduc-
tase (NQO1; 241 bp); 5-CCT GCT GTG TGA TGC CAC
CAG ATT TT-3 and 5-TCT GCT TTT CAC GAT GAC
CGA GTA CC-3 for glutamate-cysteine ligase modulatory
subunit (GCLM; 197 bp); 5-CGTGGACACCCGATGCAG
TAT TCT G-3 and 5-GGG TCG CTT TTA CCT CCA CTG
TAC T-3 for glutamate-cysteine catalytic subunit (GCLC;
261 bp); 5-CCT GGG CAT CTG AAA CCT TTT GAG AC-
3 and 5-GCG AGC CAC ATA GGC AGA GAG C-3 for
glutathione S-transferase (GST; 180 bp). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as an internal
control in all cases, and its primer sequencewas 5-AACGGA
TTT GGC CGT ATT GG-3 and 5-CTT CCC GTT CAG
CTC TGG G-3 (657 bp). SYBR green signal was detected by
Mx3000ptm multiplex quantitative PCR machine (Applied
Bioscience, Foster City, CA). The transcript levels were
quantified by using ΔΔ𝐶

𝑡
value method [18]. Calculations

were done using the 𝐶
𝑡
value of GAPDH to normalize the 𝐶

𝑡

value of target genes in each sample to obtain the Δ𝐶
𝑡
values

which were used to compare among different samples. PCR
products were analyzed by gel electrophoresis and melting
curve analysis to confirm specific amplifications.

2.10. Neurite Outgrowth Assay. PC12 cells were treated with
SBL or NGF for 72 hours. A light microscope (Diagnostic
Instruments, Sterling Heights, MI) equipped with a phase-
contrast condenser (Zeiss), 10X objective lens, and a digital
camera (Diagnostic Instruments) was used to capture the
image with manual setting. For analyzing the number and
length of neurite, approximately 100 cells were counted from
at least 10 randomly chosen visual fields for each culture.
Using the Photoshop software, the number and length of
neurite were analyzed. The cells were scored as differentiated
if one or more neurites were longer than the diameter of the
cell body, and they were also classified into different groups
according to the lengths of neurites, which are <15 𝜇m, 15–
30 𝜇m, and >30𝜇m.

2.11. Western Blot Analysis. After the indicated time of treat-
ment, cultures were collected in the high salt lysis buffer
(10mMHEPES, pH 7.5, 1MNaCl, 1mMEDTA, 1mMEGTA,
0.5% Triton X-100, 5mMbenzamidineHCl, 10 𝜇Maprotinin,
10 𝜇M leupeptin) and were analyzed immediately or stored
frozen at −20∘C. Proteins were separated on the 8% SDS-
polyacrylamide gels and transferred to the nitrocellulose
membrane. Successful transfer and equal loading of samples
were confirmed by staining Ponceau-S. The nitrocellulose
membrane was blocked with 5% fat-free milk in TBS-T
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Table 1: Chemical composition of volatile oil from NRR.

Retention time (min) Compounda Molecular weight RA (%)b

8.34 𝛽-maaliene 204 7.9
8.62 9-aristolene 204 4.7
9.08 Calarene 204 37.9
9.29 𝛼-maaliene 204 1.2
9.58 Guaia-6,9-diene 204 0.7
9.77 Valerena-4,1(11)-diene 204 6.6
10.79 𝛼-humulene 204 1.6
12.49 Epi-𝛼-selinene 204 1.5
14.64 𝛽-lonone 192 2.1
15.08 4-epi-𝛼-maaliol 222 1.9
19.24 Patchouli alcohol 222 5.5
19.68 Guaina-6,9-diene-4 𝛽 ol 220 3.7
22.44 Eudesma-3,11-dien-2-one 218 1.7
23.93 Aristolone 218 2.1
aThe identified constituents are listed in their order of elution.
bRA indicates relative amount (peak area relative to the total peak area).
The extraction efficiency of NRR oil was over 95%within the 4 hours of distillation. In addition, the amount of extracted oil was 2.1±0.28% (𝑛 = 4).The values
are in mean of three individual experiments (𝑛 = 3). The SD values were less than 5% of the mean, not shown for clarity.

(20mM Tris base, 137mM NaCl, 0.1% Tween-20, pH 7.6) for
2 hours at room temperature, and then it was incubated in
the primary antibody diluted in 2.5% fat-free milk in TBS-
T for 16 hours at 4∘C. The primary antibodies used were
antiNF200 (Sigma), antiNF160 (Sigma), antiNF68 (Sigma),
and antiGAPDH (Calbiochem, Germany). After that, the
nitrocellulose was rinsed with TBS-T and incubated for 2
hours at the room temperature in horseradish peroxidase
conjugated goat antimouse secondary antibody (Invitrogen)
diluted in the 2.5% fat-free milk in TBS-T. After intensive
washing with TBS-T, the immune complexes were visualized
using the enhanced chemiluminescence (ECL) method (GE
Healthcare, Piscataway, NJ). The intensities of the bands in
the control and different samples were run on the same
gel and under strictly standardized ECL conditions and
compared on an image analyzer using a calibration plot
constructed from a parallel gel with serial dilutions of one of
the samples.

2.12. Other Assays. The protein concentrations were mea-
sured routinely by Bradford’s method with kit from Bio-
Rad Laboratories (Hercules, CA). Statistical tests were done
by using one-way analysis by student’s 𝑡-test on Prism 4.00.
Differences from basal or control values (as shown in the
plots) were classed as significant (∗) where 𝑃 < 0.05, (∗∗)
where 𝑃 < 0.01.

3. Results

3.1. Chemical Analysis of SBL. According to the ancient
method of preparation, two extracts were obtained fromNRR
extraction: (i) NRR extract without volatile oil, that is, NRR
extract; and (ii) NRR plus volatile oil, that is, SBL. Both NRR

and oil extracts were chemically standardized. The volatile
oil from NRR was analyzed by GC-MS: 14 components were
identified, which accounted for 79.1% of the total volatile
oil. The amount of volatile oil within NRR was 2.1 ± 0.28%
(𝑛 = 4), and the relative amounts of each chemical were given
(Table 1). The major components of the oil were calarene
(37.9%), 𝛽-maaliene (7.6%), and 9-aristolene (5.1%). Thus,
a standardized NRR volatile oil should contain at least the
chemicals as stated here. To standardize the water extract
of NRR, HPLC fingerprint was generated. The amount of
NRR extract from crude herb was 13.34 ± 0.45% (𝑛 = 4).
The fingerprints of five different batches of NRR extract were
compared, and this showed the consistence of the herbal
extract (Figure 1). Ferulic acid and linarin were determined
as chemical markers: these chemicals were reported to have
known biological functions as described previously [19–
21]. The quantification of chemical markers was carried out
by measuring the peak area according to the regression
equation (see Table 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2013/687958). Using the
established HPLC method, the calibration curves of ferulic
acid and linarin exhibited good linearity within a specific
range of concentration. The correlation coefficients (𝑟2) of
those chemical markers were higher than 0.999. The limit
of detection (LOD) and limit of quantification (LOQ) were
determined at S/N of 3 and 10, respectively (Supplementary
Table 1). The precision and repeatability of the chemical
measurement were excellent, having a relative standard devi-
ation (RSD) <5% (Supplementary Table 2). The recovery
experiment was carried out to evaluate the method accuracy.
The recoveries of ferulic acid and linarin were 99.31% and
100.12%, respectively.Thus, the employed HPLCmethod was
validated by in performing the quantitative analysis. Here,
we recommended that a standardized NRR extract should
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Figure 1: Chemical standardization of SBL byHPLCfingerprint analysis. Chemical structures of ferulic acid and linarinwere shown (a). In the
HPLC chromatogram at an absorbance of 334 nm (b), the peaks corresponding to ferulic acid and linarin in SBL are indicated by arrowheads.
The fingerprints of different batches of NRR extracts (a–e) that were collected from (a) Songpan, (b) Abei, (c) Hongyuan, (d) Wing Lee
Hong (HK), and (e) Wong Chak Kee (HK) of China are shown. The chromatographic method was described in Section 2. Representative
chromatograms are shown, 𝑛 = 3.

contain at least 24.8𝜇g ferulic acid and 114.9 𝜇g linarin in 1 g
of dried NRR extract. A well-standardized SBL was prepared
with the mixture of NRR extract and volatile oil in a ratio of
6 (NRR water extract; w) : 1 (NRR volatile oil; v).

3.2. SBL on tBHP-Treated PC12 Cells. To elucidate the
function of NRR extract and SBL, the herbal extract was
applied onto cultured PC12 cells. Firstly, the concentrations
(3–12 𝜇g/mL) of applied SBL did not show cytotoxicity or
proliferating effect on the cultures (Supplementary Figure 1).
The cell viability, determined byMTT assay, was significantly
decreased by tBHP in dose-dependent manner (Figure 2(a)).
Cultured PC12 cells were pretreated with SBL (3–12 𝜇g/mL)

for 24 hours before the challenged tBHP. Higher concentra-
tions (6 and 12 𝜇g/mL) of SBL showed significant protection
effect against the tBHP-induced cell death (Figure 2(b)).
The applications of NRR extract (6 𝜇g/mL) and volatile oil
(2 𝜇g/mL) in the cultures did not show any effect. Higher
dose of NRR extract (12 𝜇g/mL) showed the protection effect
which, however, was lower than that of SBL (Figure 2(b)).
Thus, the protection effect of SBL was better than that of
NRR extract and volatile oil.The tBHP-induced cell mortality
in PC12 cells was markedly reduced by the pretreatment of
vitamin C, a positive control (Figure 2(b)).

The formation of ROS is one of the crucial causes in
inducing neuronal cell death. By determining the formation
of ROS in tBHP-treated PC12 cells, the role of SBL was
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Figure 2: SBL prevents cell death in tBHP-treated PC12 cells. (a) Cultured PC12 cells were treated with tBHP (0–600𝜇M) for 3 hours to
determine the cytotoxicity of tBHP by cell viability assay. (b) PC12 cells were pretreated with SBL (3–12 𝜇g/mL), NRR (6 and 12𝜇g/mL) and
volatile oil (2 𝜇g/mL) for 24 hours before the addition of tBHP (150𝜇M) for 3 hours. The neuroprotective effect of SBL by cell viability assay
was shown. Vitamin C (1mM) served as a positive control. The viability of PC12 cells is shown in percentage of MTT value relative to normal
control. Data are expressed as Mean ± SEM, where 𝑛 = 5, each with triplicate samples. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 as compared to the group
(with tBHP alone).

analyzed. Application of tBHP in cultured PC12 cells induced
the ROS formation in dose-dependent manner (Figure 3(a)).
The tBHP-induced ROS formation was reduced by ∼25%
after the pretreatment of tBHQ, a known antioxidant. SBL,
NRR extract and volatile oil were applied for 24 hours
before the addition of tBHP (100 𝜇M), and then the cultures
were subjected to the determination of intracellular ROS
formation. Pretreatment of SBL reduced tBHP-induced ROS
formation in dose-dependent manner: the maximal reduc-
tion at ∼40% was revealed after the treatment of 12 𝜇g/mL
SBL (Figure 3(b)). Although NRR extract (12 and 6 𝜇g/mL)
showed the reduction effect in ROS formation, compared
with SBL, the reduction efficacy was not as good as SBL.
Pretreatment of volatile oil (2 𝜇g/mL) did not show any
reduction effect.

ARE is a cis-acting regulatory element or enhancer
sequence, which is found in promoter regions of genes
encoding detoxifying enzymes and antioxidant proteins [12].
To study the signalingmechanism of SBL in neuroprotection,
the transcriptional activity of ARE, triggered by SBL, was
studied. PC12 cells were stably transfected with a promoter-
reporter construct containing four repeats of ARE tagged
with luciferace reporter gene (pARE-Luc) (Figure 4(a)). The
pARE-Luc stably transfected PC12 cells were treated with
SBL, NRR extract, and volatile oil for 24 hours, and then
the cell lysates were collected to determine the luciferase
activity. The application of SBL increased the transcriptional
activity of pARE-Luc in dose-dependent manner, in which
the maximal induction at ∼5-fold was revealed at 12 𝜇g/mL
SBL (Figure 4(a)). NRR extract showed similar gene activa-
tion but at lower extend. NRR volatile oil could not increase
the luciferase activity (Figure 4(a)). Based on the results of

pARE-Luc activation, we investigated the role of SBL in
the expression of detoxifying enzymes that were stimulated
by the responsive element ARE. The ARE-derived genes,
including GST, GCLC, GCLM, and NQO1, were investigated
via real-time qPCR. Cultured PC12 cells were treated with
SBL (12𝜇g/mL) for 24 hours. The levels of GST and GCLC
mRNA were increased by ∼3-fold with treatment of SBL.
The expression level of GCLC was increased by ∼2-fold. In
the regulation of NQO1 expression, SBL showed a robust
induction of NQO1 mRNA by over ∼4-fold (Figure 4(b)).
This gene induction was better than that of tBHQ (3 𝜇M), a
positive control.

3.3. SBL on the Differentiation of PC12 Cells. Neuronal differ-
entiation effect of SBL on cultured PC12 cells was analyzed.
After the treatment of NGF (50 ng/mL), the morphological
change was observed. Longer neurites were protruded from
the cell bodies (Figure 5(a)).ThisNGF treatment resulted in a
100% conversion of differentiated cells containing significant
extension of neruites (Figure 5(b)). To evaluate the efficacies
of SBL on PC12 differentiation, cells were treated with SBL
(12 𝜇g/mL) for 72 hours to induce a slight increase of neurite
outgrowth with a conversion of differentiated cell by ∼20%
(Figures 5(a) and 5(b)). Here, we aimed to determine the
treatment of SBL together with low dose of NGF. A low
concentration of NGF at 0.5 ng/mL failed to induce the
neurite extension (Figure 5(a)). However, the cotreatment
of SBL with low dose of NGF significantly potentiated the
number of differentiated cell (at ∼60%) as well as the neurite
outgrowth (Figure 5(b)).

The SBL-induced neurofilament expression was also
determined. After the treatment of SBL for 72 hours, the cells
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Figure 3: SBL suppresses the tBHP-induced ROS formation in PC12 cells. (a) Cultured PC12 cells were exposed to tBHP (0–300𝜇M) for 1
hour.The level of intracellular ROS formation was measured by fluorescence method.The results are shown in percentage of increase in ROS
formation relative to the control (without tBHP). (b) Cultured PC12 cells were pretreated with SBL (3–12𝜇g/mL), NRR (6 and 12 𝜇g/mL), and
volatile oil (2 𝜇g/mL) for 24 hours and then exposed to tBHP (100𝜇M) for 1 hour.The pretreatment of tBHQ (3𝜇M)was used for comparison.
The results are shown in percentage of ROS formation relative to the control (with tBHP alone). Data are expressed as Mean ± SEM, where
𝑛 = 5, each with triplicate samples. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 as compared to the group (with tBHP alone).
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Figure 4: SBL induces ARE transcriptional activity and detoxifying enzymes in PC12 cells. (a) Four repeats of antioxidant responsive element
(ARE: 5-TGACnnnGCA-3) tagged with luciferase-reporter vector called pARE-luc (upper panel). This reporter was stably transfected to
PC12 cells, which were treated with SBL, NRR, and volatile oil for 24 hours (lower panel). tBHQ (3𝜇M) was used as a positive control. (b)
Cultured PC12 cells treated with SBL (12𝜇g/mL) and tBHQ (3 𝜇M) for 24 hours. Total RNAs were isolated from cultured PC12 cells and then
reversed transcribed into cDNAs for the detection of mRNAs encoding for GST, GCLC, GCLM, and NQO1 by real-time PCR analysis. The
GAPDH served as internal control. Values are expressed as the fold of increase to basal reading (untreated culture), and in Mean ± SEM,
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Figure 5: SBL potentiates the NGF-induced neurite outgrowth. (a) PC12 cells were treated with NGF (0.5 ng/mL and 50 ng/mL), SBL
(12𝜇g/mL), and NGF (0.5 ng/mL) + SBL (12 𝜇g/mL) for 72 hours. The cultures were fixed, and extension of neurite outgrowth was revealed.
Bar = 10𝜇m. (b)The % of differentiated cell (upper panel) and length of neurite (lower panel) were counted as described in Section 2. Values
are expressed as % of cells in 100 counted cells. Mean ± SEM, where 𝑛 = 4. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with control.

were collected to perform western blot analysis to determine
the expressions of NF68, NF160, and NF200. By treatment
of 12 𝜇g/mL SBL, the expression of NF68 was increased by
∼5-fold, while NF160 and NF200 were altered by ∼4-fold
(Figure 6). The induction of neurofilament was also revealed
in the cotreatment of SBL with low dose of NGF. High dose of
NGF, a positive control, showed robust protein induction.The
expression of control protein GAPDH remained unchanged
(Figure 6).

4. Discussion

SBL decoction is one of the simplest herbal medicinal
preparations of TUM containing only one herb NRR. Based
onTUMtheory, SBL can be used to treat functional reduction
of brain and heart caused by wet-cold and phlegm [2, 22].
In line to ancient usage of SBL, here, we provided different
lines of evidence to support the role of SBL in brain functions.
First, SBLprevented the tBHP-induced cell death,whichmost
likely wasmediated by a reduction of ROS formation. Second,

SBL induced the pARE-Luc activity as well as the gene
activation of the key antioxidative stress proteins. Third, SBL
induced differentiation of PC12 and the extension of neurites.
More robustly, the cotreatment of SBLwith NGF significantly
induced the neuronal differentiation of PC12 cells. In parallel,
the SBL-induced PC12 differentiation was shown to have a
marked increase of neurofilament expression. These results
strongly support the notion of SBL in treating neurasthenia
clinically.

According toTUMpractitioner’s practice, two SBLprepa-
ration methods are performed in Xinjiang. The only differ-
ence between these two preparationmethods is the collection
of the vapor (i.e., volatile oil) during the boiling process.
Indeed, NRR is well known to possess high amount of volatile
oil [23]. To guarantee the consistency of SBL preparation
chemically, we standardized both water extract and volatile
oil of NRR. The amount of NRR extract and volatile oil
within NRR by weight were 13.34% and 2.1%, respectively.
According to this ratio, NRR water extract and volatile oil
were mixed together in the ratio of 6 : 1 (w : v) to generate an
authentic decoction of SBL.Here, we compared the biological
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Figure 6: SBL potentiates the expression of neurofilaments. Cul-
tured PC12 cells were treated with control, NGF (0.5 ng/mL or
50 ng/mL), SBL (12 𝜇g/mL), andNGF (0.5 ng/mL) + SBL (12 𝜇g/mL)
for 72 hours. The cultures were collected to determine the change
of neurofilaments expression (NF68, NF160, and NF200). NGF at
50 ng/mLwas set as the positive control. GAPDHserved as a loading
control. Representative images are shown (upper panel). The lower
panel shows the quantification from the blots by a densitometer.
Values are expressed as the fold of change (x Basal) against the
control (no treatment; set as 1), and in Mean ± SEM, where 𝑛 = 4.

efficacy of NRR extract, volatile oil, and SBL. Our results
suggested that SBL in general showed better effects than
that of NRR extract. Interestingly, volatile oil alone had no
biological effect.This synergetic effect of volatile oil and NRR
water extract was fully revealed in the case of SBL. Thus, a
completed preparation (i.e., NRR water extract + volatile oil)
of SBL is recommended for decoction preparation.

The redox-sensitive transcription factor NF-E2-related
factor-2 (Nrf2) has been demonstrated to be a critical tran-
scription factor that binds to antioxidant response element
(ARE) in the promoter region of genes that code for phase
II detoxifying enzymes in several types of cells. Activation of
phase II detoxifying enzymes, such as GST, GCLM, GCLC,
and NQO1, by phytochemicals resulted in detoxifying ROS

[24]. As demonstrated here, the antioxidative role of SBL
could be in several aspects: (i) suppressing the formation
of ROS, (ii) inducing the gene activation of pARE-Luc, and
(iii) inducing antioxidative stress proteins. Amongst different
antioxidative stress proteins, GST is involved in the detox-
ification of free radicals through catalyzing the conjugation
of GSH: this is considered as one of the key enzymes asso-
ciated with chemoprevention [11]. GSH is synthesized by the
consecutive action of two enzymes, GCLC and GCLM [12].
Moreover, NQO1, awell-knownNrf2-ARE regulated enzyme,
protects cells against deleterious reactive semiquinones by
converting exogenous quinones into hydroquinones through
two-electron reduction pathway [25]. Thus, the pretreatment
of SBL protected the cells against oxidative-stress-induced
cell death by scavenging ROS and activating the Nrf2-ARE
self-defense mechanism.

Differentiation is a vital process for maturation of neu-
ronal cells. When neurons differentiate, the neuron cell body
(soma)would protrude long neurites in order to connect with
other neurons to form synapses. Most of the neurological
disorders are caused by the deficit of synaptic formation.
During the neuronal differentiation, the expression level of
neurofilaments and the neuronal cell specific cytoskeleton
proteins, including 68, 160, 200 (kDa), were increased [14,
15]. In general, NF68 is expressed at the beginning of
neurite outgrowth; then, NF160 is expressed shortly after
with the emergence of neurite formation, and NF200 is
expressed later when axonal radial growth is required for
nervous system maturation. After the treatment of SBL, both
neuron differentiation and expression of neurofilaments were
promoted. More robustly, SBL showed a significant effect in
potentiating the NGF-mediated neurite-inducing activity. A
lot of neurological diseases are found to be associated with
insufficiency of neurotropic factors, for example, depression
[26] and Alzheimer’s [27]. Neuronal cell death was found
in depressed brain [28, 29]. Additionally, ROS also caused
the hippocampal neurons loss [30]. In depressed brain, the
secretion of neurotrophic factors could be reduced, and the
neuron could not survive, grow, or differentiate normally
[31]. For the property of potentiation effect onNGF-mediated
neurite outgrowth, SBL would have the potential to be
used to treat the differentiation obstruction caused by NGF
deficiency. Besides, our preliminary results also suggested
the induction of various trophic factors by SBL in cultured
astrocytes (data not shown).

Reports of antioxidant and neuroprotective effect of NRR
have been published [32, 33]. Lyle et al. [34] reported that
NRR alleviated the symptoms of chronic fatigue syndrome
(CFS) with the role of antioxidant properties of NRR. Here,
our results supported the notion that functional roles of SBL
might be derived from its antioxidant properties. Phenolic
components have strong antioxidant role as a hydrogen ion
donor, and our colorimetric study showed that SBL extract
contains relatively high amount of phenolic compounds. In
addition, ferulic acid and linarin were shown to have protec-
tive effect on neurons [19, 21]. In our study, ferulic acid and
linarin showed promising effect in reducing the intracellular
ROS formation (data not shown). On the other hand, the
volatile oils of SBL are amixture of lipids, terpenoids, ketones,
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and phenols. 𝛽-Maaliene, aristolene, and calarene, isolated
from NRR, were reported to have a strong sedative and sleep
enhancing activity [35]: these chemicals account for 57.1%
of total volatile oil of SBL. Moreover, a partially purified
glycoside from NRR was able to induce the outgrowth of
neurites and the expression of growth-associated protein 43
(GAP-43) [36]. Thus, the distinctive properties of SBL could
depend on the synergistic effects of total phenols, terpenoids,
and/or other chemical components in SBL.

5. Conclusion

In summary, our study focused on the neuro-beneficial role of
SBL, a simple ancient TUM, in cultured PC 12 cells.We found
that pretreatment of a chemically standardized SBL could
protect the cells from oxidative stress, which could be medi-
ated by scavenging of ROS formation and stimulating the
Nrf2-ARE self-defense mechanism. In addition, SBL could
increase the expression of neurofilaments in cultured PC 12
cells and potentiated the NGF-mediated neurite outgrowth.
Lastly, we demonstrated that the inclusion of volatile oil is
necessary for a complete function of SBL. Taken together,
these results partially revealed the action mechanism of SBL
by cell studies.
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This study aims to investigate the neuroprotective effect of the rhizome of Gastrodia elata (GE) aqueous extract on beta-
amyloid(A𝛽)-induced toxicity in vivo and in vitro. Transgenic Drosophila mutants with A𝛽-induced neurodegeneration in pan-
neuron and ommatidia were used to determine the efficacy of GE.The antiapoptotic and antioxidative mechanisms of GE were also
studied in A𝛽-treated pheochromocytoma (PC12) cells. In vivo studies demonstrated that GE (5mg/g Drosophila media)-treated
Drosophila possessed a longer lifespan, better locomotor function, and less-degenerated ommatidia when compared with the A𝛽-
expressing control (all 𝑃 < 0.05). In vitro studies illustrated that GE increased the cell viability of A𝛽-treated PC12 cells in dose-
dependent manner, probably through attenuation of A𝛽-induced oxidative and apoptotic stress. GE also significantly upregulated
the enzymatic activities of catalase, superoxide dismutase, and glutathione peroxidase, leading to the decrease of reactive oxidation
species production and apoptotic marker caspase-3 activity. In conclusion, our current data presented the first evidence that the
aqueous extract of GE was capable of reducing the A𝛽-induced neurodegeneration in Drosophila, possibly through inhibition of
apoptosis and reduction of oxidative stress. GE aqueous extract could be developed as a promising herbal agent for neuroprotection
and novel adjuvant therapies for Alzheimer’s disease.

1. Introduction

Beta-amyloid (A𝛽) protein plays a central role in Alzheimer’s
disease (AD). Although the exact mechanism of the disease is
unknown, the devastating effect of beta-amyloid is quite clear.
The protein would self-aggregate into a plaque [1], which
lead to the generation of reactive oxygen species, disrup-
tion of membrane potential, and increased vulnerability to
excitotoxicity, and eventually cause neuronal death [2] and
related cognitive defects [3]. Recent report postulated an
increasing prevalence of dementia all over the world, from

36 million in 2010 to 66 million by 2030, with majority
of AD [4]. Nowadays, AD threatens our aging population
with the possible loss of memory and cognitive functions
and leads to increasingly heavy health care burden to our
future economy. Despite advances in medical interventions,
Alzheimer’s disease is fatal, and presently, there is no cure.
Due to the complexity of pathology, AD is not very responsive
to current western medications [5, 6]. Increasing attentions
have turned to the conventional medicinal herbs, which are
multitargeting, to search for a novel way of AD treatment
[7, 8].
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Drosophila melanogaster was recently developed as a
model organism for drug/herbal screening for neurodegen-
erative diseases. It provides several unique features such as
highly stable and fully-known genetics, highly conserved
disease pathways, high-throughput, and very low compara-
tive costs [9]. Most of the genes implicated in human AD
pathogenesis have Drosophila homologs, including amyloid
precursor protein (APP), 𝛾-secretase, and tau [10]. However,
there are some dissimilarities, such as the absence of 𝛽-
secretase, which cause a defect in endogenous production
of A𝛽42 [11]. In this study, the Drosophila models that
overexpress human A𝛽42 would be used. The neurodegen-
eration would result in reduced lifespan, reduced locomotor
activity, histological change to the neuronal structure, and
eye degeneration [10, 12]. These pathological phenotypes
could be observed within a few weeks, much faster than the
development of these phenotypes in transgenic mice [13].
Therefore, application ofDrosophila as model of AD provides
excellent tools for performing drug/herb screens to identify
small molecules/herbal formula that can suppress the toxicity
associated with A𝛽 accumulation.

There is a long history of the use of medicinal herbs in the
treatment of neurological disorders, like convulsion, stroke,
and epilepsy, that is, Poria cocos, Polygala tenuifolia, Uncaria
rhynchophylla, Ginkgo biloba, and Lycium barbarum [8, 14].
Modern pharmacological studies revealed that Ginkgo biloba
possessed neuroprotective effects towards D-galactose [15],
beta-amyloid [16], and ischemia-induced neuronal death
[17]. Uncaria rhynchophylla also prevented D-galactose [18],
beta-amyloid [19], 6-hydroxydopamine [20], and kainic acid-
induced neurotoxicity [21]. Similar neuroprotective effects
were found in other commonly used herbs in China [22–25].
Rhizome of Gastrodia elata (Tianma, GE) is also one of the
commonly used traditional Chinesemedicines. Many studies
have been performed to evaluate the neuroprotective effects
of GE and its biologically active ingredients against different
kinds of neuronal damages. The nonpolar extract of GE
inhibited the 1-Methyl-4-phenylpyridinium and glutamate-
induced apoptosis in neuronal cells [26, 27]. Additionally, the
nonpolar extract of GE protected mice and rat against kainic
acid [28] and aluminum chloride-induced neuronal damages
[29]. Its active ingredient, gastrodin, has been shown to
possess a protective effect against hypoxia injury on neurons
[30]. Other active compounds, hydroxybenzyl alcohol and
vanillin, could ameliorate ischemic cerebral injury in rats [31],
and prevent ischemic death of hippocampal neuronal in ger-
bils [32], respectively. Recently, an in vitro study indicated that
the aqueous extract of GE enhanced proteolytic processing
of APP towards the noncytotoxic nonamyloidogenic pathway
[33]. Previously, studies revealed that APP processing affected
the production of A𝛽, which strongly correlated to the
neuronal degeneration in AD pathology [34]. Mishra et al.
demonstrated that that GE was able to inhibit 𝛽-site APP-
cleaving enzyme 1 activity and promote 𝛼-secretase activity
[33]. The inhibition of 𝛽-site APP-cleaving enzyme 1 reduces
the cleavage of APP into A𝛽 [35], and the activation of 𝛼-
secretase increases the cleavage of APP into soluble-APP-𝛼
[36, 37].

Although the nonpolar extract of GE was found to
have various neuroprotective effects, extraction of GE with
water is the traditional way of preparing Chinese medicine
for human consumption. The active ingredient content of
aqueous extract and nonpolar extract is theoretically differ-
ent, which aqueous extract should have a higher content
of hydrophilic gastrodin and polysaccharides and a lower
content of less hydrophilic ingredients, such as hydroxy-
benzaldehyde, hydroxybenzyl alcohol, vanillin, and vanil-
lyl alcohol. According to the Chinese pharmacopeia 2010,
aqueous extract of GE is a traditional Chinese medicine
that is widely used for treatment of convulsive disorders,
headache, dizziness, and vertigo [38]. However, there is a
lack of scientific evidence to support these medical claims.
Based on these previous studies and the traditional use of
GE, we hypothesize that aqueous extract of GE may also be
effective in protecting neurons against beta-amyloid-induced
neuronal death. Moreover, there is a lack of information
relating to the in vivo neuroprotective effects of GE aque-
ous extract. In hope of finding an extract which could
modulate APP cleavage and reduce neurotoxic effect from
beta-amyloid, in the present study, we aimed to investigate
the neuroprotective effects of GE on beta-amyloid-induced
neurodegeneration inDrosophila and its related mechanisms
using pheochromocytoma (PC12) cells. The mechanism of
the neuroprotective effects of GE on the downstreampathway
after the cleavage of APP to A𝛽 were studied, including the
reactive oxygen species production and the activity of the
antioxidative enzyme. The apoptosis caused by A𝛽 was also
determined by propidium iodide (PI)/Annexin V staining
and confirmed by caspase-3 activity assay.

2. Materials and Methods

2.1. Materials. A𝛽
25−35

peptide, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), and caspase-3
assay kit were purchased from Sigma-Aldrich (St Louis, MO,
USA). RPMI medium 1640, fetal bovine serum (FBS), horse
serum (HS), and 2,7-dichlorodihydrofluorescein diacetate
(H
2
DCFDA) were obtained from Invitrogen (Carlsbad, CA,

USA). Annexin V-FITC and propidium iodide (PI) were
obtained from BD Biosciences (San Jose, CA, USA). Super-
oxide dismutase and glutathione peroxidase assay kits were
from Cayman Chemical (Ann Arbor, MI, USA). Catalase
fluorometric detection kit was obtained from Enzo Life
Sciences (Farmingdale, NY, USA). Formula 4–24 instant
Drosophila medium was obtained from Carolina Biological
Supply Company (Burlington, NC, USA).

2.2. Herbal Materials and Extraction. The raw herbs of the
rhizome of Gastrodia elata were purchased from Chinese
herbal stores in the Guangdong province in Mainland China.
It was chemically authenticated using thin layer chromatog-
raphy in accordance to the Chinese Pharmacopoeia 2010
and deposited in the museum of the Institute of Chinese
Medicine, the Chinese University of Hong Kong, with
voucher specimen number of 2010-3294. For extraction, the
raw herbs Tianma were firstly washed with tap water to
remove any contaminants. They were then cut into small
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pieces. The herbs were soaked with 10-fold of water (v/w)
for 1 h, followed by extraction at 100∘C for 1 h. Subsequent
extractions were carried out with 10-fold of water (v/w) for
another 1 h. The extracts were combined and concentrated
under reduced pressure to give dry Tianma powdered extract.
Ultimately, 48.90 g of the aqueous extract was obtained
from 100.00 g of raw GE herb. The content of gastrodin
was determined to be 2.2% w/w using high performance
liquid chromatography, according to the method listed in the
Chinese Pharmacopeia 2010 [38], which is higher than the
requirement of 0.2% w/w.

2.3. Drosophila Strains. Drosophila strains used in this study
wereOregon-R-C (OR) (#5),w1118 (#3605), and elav-GAL4C155
(#458) (Bloomington Drosophila Stock Center, Department
of Biology, Indiana University, Bloomington, IN, USA).UAS-
A𝛽42/CyO and GMR-A𝛽42K52; GMR-A𝛽42K53 heterozygous
were gifts from Dr. M. Konsolaki (Rutgers University, USA).
OR is a wild typeDrosophila. w1118 is a white-eye mutant with
a deletion in the sex-linked white gene. Elav-GAL4C155 is a
mutantwith an embryonic lethal abnormal vision (elav)-GAL4
insert on the X chromosome. UAS-A𝛽42/CyO is a mutant
with anUAS-A𝛽42 insert and a Curly of Oster (CyO) balancer
on the 2nd chromosome. GMR-A𝛽42K52; GMR-A𝛽42K53 het-
erozygous is amutant with 2 copies ofGlassMultiple Reporter
(GMR)-A𝛽42 inserts on the 3rd chromosome.

For longevity and climbing assay, genotypes ofDrosophila
used in this study were as follows: control: elav-GAL4c155/Y,
A𝛽42: elav-GAL4c155/Y; UAS-A𝛽42/+; +/+. Elav-GAL4C155
line was crossed with w1118 line to produce control. Elav-
GAL4C155 line was crossed with UAS-A𝛽42/CyO to produce
elav-GAL4c155/Y; UAS-A𝛽42/+; +/+. The genotypes of newly
hatched Drosophila are different between male and female.
The genotype of the male offspring is elav-GAL4c155/Y;
UAS-A𝛽42/+; +/+, while that of female offspring is elav-
GAL4c155/w; UAS-A𝛽42/+; +/+. The existence of the wild
type gene in par with our elav-GAL4c155 promoter would
half the overall expression of the transgene [39]. In order
to minimize the error due to genetic difference, male was
chosen in the present study. For the psuedopupil assay,
Drosophila genotypes were as follows: Control: OR, A𝛽42:
GMR- A𝛽42 K52; GMR- A𝛽42K53 heterozygotes.

2.4. Effect of GE on Longevity of A𝛽 Expressing Drosophila.
Genetic crosses were performed in the vials containing the
diet with treatments. The normal control, which did not
express A𝛽, was maintained on the normal diet. The A𝛽
expressing control and the positive control were maintained
on the normal diet and diet containing 10mmol donepezil/g
ofDrosophilamedia, respectively, whereas the twoGE groups
were fed with diets containing 1 or 5mg GE/g of Drosophila
media, respectively. Newly hatched male Drosophila in each
group was transferred to a new vial (30 Drosophila per vial),
continued with their respective treatments, and incubated at
25∘C. DeadDrosophilawere counted on day 1 and 5 in a 7-day
cycle, and the remaining live Drosophila were transferred to
a new vial containing the same diet. The feeding lasted for 65

days. One hundred and fifty Drosophila were tested for each
group.

2.5. Climbing Assay. Locomotor function of Drosophila was
measured according to the climbing assay as previously
reported by Lee et al. [40] with slight modifications. In brief,
30 male Drosophila were placed at the bottom of a 15mL
falcon tube and were given 10 s to climb up the tube. At the
end of each trial, the number ofDrosophila that climbed up to
a vertical distance of 8 cm or above was recorded. Drosophila
were tested on day 1 and 5 in a 7-day cycle. Each trial was
performed three times. One hundred and fifty Drosophila
were tested for each group.

2.6. Pseudopupil Assay. The control and A𝛽42 Drosophila
were treated with the same treatments as described above.
Drosophila heads were examined under a light microscope
(Olympus CX31; Olympus, Tokyo, Japan) as described previ-
ously [41]. Briefly, the compound eye of 5 days oldDrosophila
was viewed under microscope in a dark field. There were
eight photoreceptors in each ommatidium, and seven of them
were visible. Each photoreceptor projected a darkly staining
rod, the rhabdomere, into the center of the ommatidium.
Under the microscope, the rhabdomeres appeared as bright
spots and rhabdomeres in each ommatidium were counted.
In the control group, 7 rhabdomeres could be observed in
each ommatidium. One hundred ommatidia were observed
from 5 to 10 eyes, and the average rhabdomeres count per
ommatidium was calculated. Three trials were conducted for
each group.

2.7. Cell Culture and Drug Treatment. PC12 rat pheochro-
mocytoma cells were obtained from American Type Culture
Collection (Manassas, VA, USA) and maintained in RPMI
medium 1640 supplemented with 10% (v/v) heat-inactivated
HS and 5% (v/v) FBS at 37∘C under 95% air/5% CO

2
. Cells

were utilized for experiments during exponential growth.
A𝛽
25−35

was dissolved in sterile distilled water at a con-
centration of 1.0mM as a stock solution and preaggregated at
37∘C for 7 days prior to use. Confluent cells were trypsinized,
counted, and seeded on poly-L-lysine-coated 6-well culture
plates at a density of 3 × 105 cells/well and incubated for 24 h.
After that, cells were treated with various concentrations of
GE and 20𝜇M of aggregated A𝛽

25−35
for 48 h.

2.8. Cell Viability Assay. Cell viability was determined
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assay. Briefly, the cells were plated on poly-L-lysine-
coated 96-well culture plates at the density of 1 × 104 cells/well
and incubated for 24 h. After that, the medium was replaced
with fresh medium, and the cells were incubated with
A𝛽
25−35

(1 𝜇M) in the presence or absence of aqueous extract
of GE (250-1000𝜇g/mL) for 48 h. Thereafter, cells were
incubated with 30𝜇L of MTT solution (final concentration,
1.5mg/mL) for 4 h. The supernatant was then removed
and 100 𝜇L of dimethyl sulfoxide was added to dissolve the
formazan crystal. Plates were shaken for 10min and optical
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density was determined with a microplate reader at 540 nm.
The optical density of control cell was 100% viability.

2.9. Flow Cytometric Detection of Apoptosis. Apoptotic cells
were quantified by Annexin V-FITC and PI staining by
flow cytometry. Briefly, the treated cells were trypsinized
and centrifuged at 450×g at 25∘C for 5min. The pellet
was washed twice with ice cold PBS and resuspended with
Annexin V binding buffer. Annexin V-FITC and PI were
added according tomanufacturer’s instruction and incubated
in dark at room temperature for 15min. 300 𝜇L of binding
buffer was added to each sample. The stained cells were
analyzed by fluorescence-activated cell sorter (FACS). Ten
thousands events were analyzed per sample.

2.10. Measurement of Apoptosis. The treated cells were
collected and washed twice with ice cold PBS. PC12
cells were lysed in cell lysis buffer (50mM Tris-HCl pH
7.4, 2mMMgCl

2
, 0.1% Triton X-100) with 2 freeze/thaw

cycles. The supernatant was collected after centrifugation at
15,000×g for 3min; after that, the total protein concentration
was determined by the bicinchoninic acid (BCA) assay, using
bovine serum albumin (BSA) as a standard. The samples
were then applied to caspase-3 activity assays, according to
manufacturer’s instructions. The activities were normalized
using the total protein concentrations.

2.11. Measurement of Reactive Oxygen Species (ROS) Produc-
tion. The 2,7-dichlorodihydrofluorescein diacetate (H

2
DCF-

DA) method was used to measure intracellular ROS pro-
duction. H

2
DCF-DA can pass through the cell mem-

brane and oxidized by ROS to form the fluorochrome
2,7dichlorofluorescein (DCF). Therefore, H

2
DCF-DA was

widely used to reflect the intracellular ROS content [42–44].
The treated cells were collected, washed twice with ice cold
PBS, and incubated with H

2
DCF-DA (20𝜇M) in the dark

at 37∘C for 15min. Then cells were washed once with PBS
and harvested for fluorescence-activated cell sorter (FACS)
analysis. Ten thousands events were analyzed per sample.

2.12. Measurement of the Antioxidative Enzyme Activities.
The treated cells were collected and washed twice with ice
cold PBS. The cells were lysed in cell lysis buffer (50mM
Tris-HCl pH 7.4, 2mMMgCl

2
, 0.1% Triton X-100) with

2 freeze/thaw cycles. The supernatant was collected after
centrifugation at 14,000×g for 3min, after that the total
protein concentration was determined by the bicinchoninic
acid (BCA) assay, using bovine serum albumin (BSA) as
a standard. The samples were then applied to antioxidative
enzyme activity assays, including glutathione peroxidase
(GPx), superoxide dismutase (SOD), and catalase (CAT),
according to manufacturer’s instructions. The activities were
normalized using the total protein concentrations.

2.13. Statistical Analysis. Multiple group comparisons were
performed using one-way analysis of variance (ANOVA)
followed by Dunnett’s test to detect intergroup differences.

Comparisons for survival assay were performed using Log-
Rank analysis and chi-square comparison.

All statistical analyses were performed using GraphPad
Prism version 5.0 for Windows (GraphPad Software Inc.,
California, USA). The data were expressed as mean ± stan-
dard deviation (SD). A value of 𝑃 < 0.05 was considered
statistically significant.

3. Results

3.1. Tianma Prolonged the Lifespan and Improved Locomotor
Abilities of A𝛽-Expressing Drosophila. In the present study,
we evaluated the neuroprotective effect of aqueous extract
of GE, using Drosophila AD model. Before performing the
experiments, we evaluated the effect of 5 and 50mg GE
extract/g of Drosophila media on food intake of Drosophila.
Both GE treatments did not affect the food intake of
Drosophila (data not shown), which ensured no experimental
differences were due to the alteration of feeding behavior.
For lifespan experiment, A𝛽42 Drosophila showed a reduc-
tion of median and maximum lifespan by 17 days and 32
days when compared with control, respectively. Both GE
treatments significantly improved the survival of Drosophila
(Figure 1(a)). At 1mg GE extract/g of Drosophila media,
median and maximum lifespan were increased by 4 days
(12.0%) and 4 days, respectively (𝑃 < 0.001 for mean
increases). At 5mgGE extract/g ofDrosophilamedia, median
and maximum lifespan were increased by 7 days (26.9%) and
7 days, respectively (𝑃 < 0.001 for mean increases).

For locomotor abilities determination, A𝛽42 Drosophila
showed significant impaired locomotion from age of day 9
onwards (Figure 1(b-i)). GE-treated flies showed an improve-
ment in locomotor activity from age of days 12 to 23. At day
12, 19, and 23, 5mg GE extract/g ofDrosophilamedia resulted
in a 14.4%, 11.6%, and 9.74% improvement in locomotion,
respectively (𝑃 < 0.001, 𝑃 < 0.01, 𝑃 < 0.05) (Figure 1(b-
ii)) when compared with the A𝛽42 Drosophila without GE
treatment.

3.2. Tianma Rescued Neurodegeneration in Ommatidia of
A𝛽-Expressing Drosophila. We analyzed the effect of A𝛽42
on degeneration of retinal tissue of Drosophila, which were
mainly neurons. A𝛽42 Drosophila contained significantly
more degenerating rhabdomeres, compared with OregonR.
The number of degenerated rhabdomeres was 3.82 ± 0.09.
A𝛽42Drosophila treated with GE (1 and 5mg/g ofDrosophila
media) had significantly rescued rhabdomere in each omma-
tidium, with an increase of 0.49 and 0.97 rhabdomere count
per ommatidium, respectively (Figure 2), which reflected a
preventive effect of GE on neurodegeneration.The preventive
effect was comparable to donepezil medication (10 𝜇mol/g
of Drosophila media), in which there was an increase of
0.78 rhabdomere count per ommatidium than the A𝛽42
Drosophila.

3.3. Tianma Reduced A𝛽-Induced Cytotoxicity in PC12 Cells
and Prevented A𝛽-Induced Apoptosis. Exposure of PC12 cells
to aggregated A𝛽

25−35
(20𝜇M) for 48 h caused significant
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Figure 1: Intake of GE increases the (a) lifespan and (b-i) locomotor activity of A𝛽-expressing Drosophila. The lifespan of A𝛽42 group
(squares in red) is shorter than the control group (circles in blue), while GE (asterisks and triangles in purple) or donepezil (triangles in
green) treatments delay the mortality of the Drosophila. (b-ii) is an amplification of the region from days 12 to 23 showing the differences
among the A𝛽42 group and the treatment groups. The percentage of Drosophila climbing up 8 cm in 10 seconds was increased by GE or
donepezil treatments when compared with A𝛽42 group. Results are the means ± SEM from five independent crosses. ###𝑃 < 0.001 relative
to control; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 relative to A𝛽42 Drosophila by one-way ANOVA for locomotor activity. Log-Rank analysis
and chi-square comparison were applied to the survival data and 𝑃 < 0.001 was obtained when comparing A𝛽42 Drosophila and Donepezil
10𝜇mol/g or GE 1mg/g or 5mg/g treated ones (𝑛 = 150).

cytotoxicity. Concentration of GE in the range from 125
to 1000 𝜇g/mL was identified to be non-toxic to PC12 cells
by MTT assay (data not shown). The high concentration
of GE used is also correlated to its high extraction yield
in water (48.9%), compared with the yield of less than
a few percent in extraction by nonpolar solvents. Our
results demonstrated that GE imposed significant protective
effect against A𝛽

25−35
-induced damage in a dose dependent

manner, with the maximum effect observed at 1000 𝜇g/mL
(Figure 3). Therefore, concentration of GE in the range from
250 to 1000 𝜇g/mL was selected for the further apoptosis
study. In this regard, we investigated the effect of GE on
A𝛽
25−35

-induced apoptosis using Annexin V-FITC and PI
staining. Early apoptotic (PI: negative, Annexin V: positive)
cells and late apoptotic (PI andAnnexinV: positive) cells were

quantified by flow cytometry. For the control group treated
with A𝛽

25−35
only, the normalized percentages of early and

late apoptosis induced by A𝛽
25−35

were 14.1 ± 3.5% and 2.6 ±
0.3%, respectively. For the treatment groups, the percentage
of early and late apoptosis induced by A𝛽

25−35
with treatment

of GEwere 9.7±2.4%and 0.9±0.6% for 250𝜇g/mL, 8.2±0.3%
and 0.4 ± 0.7% for 500𝜇g/mL, and 3.1 ± 3.1% and 0.1 ±
0.1% for 1000 𝜇g/mL (Figure 4(b)).The results suggested that
GE can reduce A𝛽

25−35
-induced apoptosis dose dependently.

To further confirm the antiapoptotic effects of GE against
A𝛽
25−35

-induced toxicity, the activity of crucial mediator
of apoptosis caspase-3 was assessed. Caspase-3 activity was
increased by 31.8 ± 13.4% with A𝛽

25−35
treatment, and the

increase in activity was attenuated dose dependently with
treatment of GE (Figure 4(c)). At 1000𝜇g/mL of GE, the
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caspase-3 activation was totally abolished and reverted to
the normal activity level of the PC12 cells without A𝛽

25−35

treatment.

3.4. Tianma Prevented A𝛽-Induced Oxidative Stress.
Figure 5(a) shows that 20𝜇M A𝛽

25−35
elevated the

production of ROS from 100% to 145.2 ± 16.3%, whereas
the fluorescence intensity in GE-treated groups decreased
significantly (110.9 ± 7.5%, 103.7 ± 23.1%, and 99.0 ± 15.1%,
resp.). The decrease of fluorescence by GE reflected the
reduction of ROS content, which possibly caused by the
activation of antioxidative enzymes.

The activities of antioxidative enzymes (SOD, CAT, and
GPx) in untreated PC12 cells and in those treated with 20 𝜇M
A𝛽
25−35

alone or with GE together are presented in Figures
5(b)–5(d). Activity of SODwas decreased by 24.75±9.07% in
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Figure 3: Protective effect of GE on A𝛽-induced cytotoxicity in
PC12 cells. Effect of 48 h treatment of GE extract on the viability of
PC12 cells was determined by MTT assay. Results are the means ±
SD from three separate experiments. ###𝑃 < 0.001 relative to control;
∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001 relative to A𝛽 treatment only by one-way
ANOVA.

the cells exposed to 20𝜇MA𝛽
25−35

(Figure 5(b)). Exposure to
20𝜇MA𝛽

25−35
did not significantly affect the activity of CAT

(Figure 5(c)) and induced a 19.70±4.87% increase in activity
of GPx (Figure 5(d)). With 1000 𝜇g/mL of GE treatment, the
activity of SOD was reverted to the normal activity level of
the PC12 cells without A𝛽

25−35
treatment, while the activity

of CAT was enhanced by 63.30 ± 12.58% compared with
the normal control. Moreover, 1000 𝜇g/mL of GE further
increase the activity of GPx to 45.00 ± 7.71% higher than the
normal control. Overall, treatment with different doses of GE
significantly and dose-dependently enhanced the activities of
SOD, CAT, and GPx (Figures 5(b)–5(d)).

4. Discussion

In the present study, we have presented the first evidence
that the aqueous extract of GE could significantly ameliorate
the adverse morphological changes from A𝛽 protein in
Drosophila, as indicated by improving locomotor abilities,
prolonging the lifespan, and rescuing neurodegeneration in
ommatidia inA𝛽-expressingDrosophila. In vitro experiments
showed that A𝛽-treated cultures exhibited characteristic
features of ROS production, apoptosis, and cell death in PC12
cells. GE aqueous extract attenuated A𝛽-induced cytotoxic-
ity effectively, probably through increasing the activities of
antioxidative enzymes so as to reduce overall oxidative stress
and subsequently inhibiting A𝛽-induced apoptosis.

Two Drosophila lines were used to overexpress different
levels of A𝛽, one was using GMR promoter and one was
using GAL4-UAS system. GMR promoter element directs
the expression of the protein at the eye imaginal disc. The
advantage of expressing only in the eye is that flies producing
a highly toxic protein may still be viable. Rapid and severe
degeneration of the ommatidia (eyes of Drosophila) was
achieved due to the presence of two copies of gene encoding
for A𝛽 in our Drosophila with GMR promoter [10]. For the
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Figure 4: Antiapoptotic effect of GE on A𝛽-induced cytotoxicity in PC12 cells. (a) Representative plots for the flow cytometric analysis. (b)
GE extract reduced A𝛽-induced apoptosis in flow cytometric analysis.The fluorescence intensity was measured after PC12 cells were exposed
to 20𝜇MA𝛽 for 48 h, followed by incubationwithAnnexinV-FITC and PI for 15min. (c) 48 h treatment of GE extract attenuatedA𝛽-induced
activation of caspase-3. Results are the means ± SD from three separate experiments. #𝑃 < 0.05 relative to control; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
∗∗∗𝑃 < 0.001 relative to A𝛽 treatment only by one-way ANOVA.

latter one, the GAL4-UAS system is more complex. Tissue-
specific expression of the UAS-A𝛽42 is achieved by crossing
the transgenicDrosophilawith driver lines that control tissue-
specific expression GAL4, which would bind with UAS to
activate gene transcription. Elav-GAL4 is a commonly used
pan-neuronal driver that directs the expression of transgene

throughout the brain, neuronal system, and retina of the
Drosophila [45].The advantage of this model is that the lethal
gene can be carried in the parents without affecting their
viability and fecundity. In this study, UAS-A𝛽42 would be
crossed with elavC155-GAL4 to express A𝛽42 in the brain
and the whole neuronal system and gradually accumulate to
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Figure 5: Antioxidative effect of GE on A𝛽-induced cytotoxicity in PC12 cells. (a) GE extract reduced A𝛽-induced oxidative stress in flow
cytometric analysis of DCF positive cells. The fluorescence intensity of DCF was measured after PC12 cells were exposed to 20 𝜇M A𝛽 for
48 h, followed by 20 𝜇MH2DCF-DA for 15min. 48 h treatment of GE extract increased the activities of antioxidative enzymes (b) superoxide
dismutase (c) catalase and (d) glutathione peroxidase in 20𝜇MA𝛽-treated cells. Results are the means ± SD from three separate experiments.
#𝑃 < 0.05, ##𝑃 < 0.01 relative to control; ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001 relative to A𝛽 treatment only by one-way ANOVA.

induce the degenerative phenotypes, such as the pathological
morphologies and behavioral changes, in weeks. Therefore,
to identify the efficacy against A𝛽 toxicity, the rationale of
the current assays aimed to see whether GE aqueous extract
can rescue retinal degeneration, locomotion and climbing
deficits, and increase the lifespan of the flies, restoration of
normal activity.

Using these two Drosophila models, the in vivo effects
of GE aqueous extract in Alzheimer’s disease were studied.
Firstly, we found that GE aqueous extract reduced the neuro-
toxic effect of A𝛽 to ommatidia. The degree of degeneration
of ommatidia reflected the extent of neurodegeneration [46],
based on the fact that photoreceptors were neurons in nature.
Overexpression of A𝛽 causes plaque formation and neuronal
degeneration, which was responsible for the eye morpholog-
ical changes [10, 12]. The intake of GE extract reduced the

adverse effect of A𝛽-associated plaque formation and rescued
the eye phenotype. Similar findings were observed in the
other Drosophila model with systemic pan-neuronal A𝛽42
expression. GE aqueous extract significantly prolonged the
lifespan and improved locomotor dysfunction of the flies.We
also found that the beneficial effects of GE were comparable
with the medicine donepezil. Hong et al. recently reported
that Chinese traditional medicinal prescription SuHeXiang
Wan improved the longevity and locomotor ability using the
sameDrosophilamodel system [47].The results of the current
study suggested thatGE aqueous extract confers a therapeutic
potential to AD-like pathology of A𝛽42 overexpressing in
different Drosophila models. In our Drosophila model, the
AD-like pathology was caused by the neurotoxic A𝛽 pro-
duced, secreted to and aggregated in the extracellular matrix
[48], yet there was no previous report on the effect of A𝛽 on
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apoptosis and oxidative stress onDrosophila. Previous reports
revealed the direct proportional relationship between the
manifestations of neuronal dysfunction in Drosophila, such
as locomotor deficits and reduced lifespan, and aggregation
rate of the A𝛽, which provide evidence that the aggregated
A𝛽 is the primary determinant of the pathological behavior in
theDrosophila system [49]. To study pathogenicmechanisms,
we have developed in vitro model that recapitulate many of
the signature events in A𝛽 neurotoxicity including the accu-
mulation extracellular aggregated A𝛽, leading to apoptotic
events and formation of reactive oxygen species. Basing on
previous studies that were using PC12 cells as a platform
to express and study the action mechanisms of Drosophila
proteins [50], we postulate that the PC12 cells would be able to
mimic the cellular environment of the Drosophila. Moreover,
there was a well-established platform using PC12 cells and
Drosophila toscreen and validate aggregation inhibitors of
polyglutamine, which resulted in neurodegeneration [51,
52]. The platform suggested that PC12 cells and Drosophila
would have correlation in neurodegeneration mechanisms.
Therefore, PC12 cell line was used to explain the in vivo effects
in the present study.

For the in vitromechanistic studies, PC12 cell line, which
is originated from transplantable rat adrenal pheochromo-
cytoma, was used. Due to their similarity with sympathetic
neurons and their reversible differentiation response to nerve
growth factor [53], PC12 cells were widely used in the
study of neuronal differentiation [54], neuronal function [55],
and neurodegeneration [56, 57]. A𝛽-induced cytotoxicity
on PC12 cell line is widely used to study the AD-related
neurodegeneration [58]. In the present study, we adopted
this cell line and found that GE possessed protective effect
against A𝛽-induced cell death inMTT assay. Previously, Kim
et al. had also demonstrated that the ethyl ether fraction of
GE was able to protect A𝛽-induced IMR-32 neuroblastoma
cell death [59]. However, the content of active ingredients
in the ethyl ether extract was expected to be different from
the aqueous extract. Although the dose of extract used in
the study was as low as 10𝜇g/mL, the extraction yield of the
extract was only 1.12%. When comparing with the present
study of extraction yield of 48.90%, the dose was equivalent
to 420.61𝜇g/mL in the present study, which is similar to
the present dose of 500 𝜇g/mL. Moreover, the study only
demonstrated the protective effect using MTT assay, but
lacked further elucidation of any protective mechanisms. A
complete picture from the in vivo effect to the downstream
neuroprotective mechanisms was yet to be provided, and
the present study was the novel one targeting this. Extensive
evidence shows that neuron cell death in AD is mediated
by apoptosis [60, 61]. For instance, postmortem analysis of
AD brain shows that there is DNA fragmentation in neurons
and glia of hippocampus and cortex as detected by TdT-
mediated dUTP nick end labeling [62]. It was also found
that the extracellular accumulation of A𝛽, which triggers the
intracellular formation of neurofibrillary tangles [63], leads
to the loss of cholinergic neurons [64]. Hence, a common
theory believed that the pathological neuronal loss in AD is
through apoptosis, whichmay be caused byA𝛽 accumulation
and cytotoxicity [2, 34]. In order to elucidate the possible

mechanisms of the neuroprotective effect, the antiapoptotic
effects of GE were determined by flow cytometry using
PI/Annexin V staining method and caspase-3 activity assay.
Our PI/Annexin V data demonstrated that GE could strongly
attenuate not only the early stage but also the late stage of
apoptosis/necrosis induced by A𝛽. Besides, we also found
that GE could suppress A𝛽-induced caspase-3 activity, which
provided further evidence in antiapoptosis.

Although the exact underlying mechanism leading to
A𝛽-induced apoptosis was not well understood, oxidative
stress caused by the A𝛽 plaque was widely believed to
seriously impair various cellular function and play an impor-
tant role in apoptosis [65, 66]. Therefore, reducing reactive
oxygen species (ROS) production was a promising approach
to inhibit A𝛽-induced apoptosis. It has been previously
reported that the nonpolar fractions of GE and its active
constituents could inhibit ROS generation [32, 67]. In this
study, we found that the aqueous extract of GE also possessed
strong antioxidative action, which decreased the H

2
DCF-

DA-labeled ROS accumulation in PC12 cells. Antioxidative
action can be mediated by 2 mechanisms: activation of
antioxidative enzymes and direct free radical scavenging [68].
Antioxidative enzymes, including superoxide dismutase and
catalase, convert superoxides, a strong ROS, to hydrogen
peroxide and then to water. Glutathione peroxidase cat-
alyzes the reaction of glutathione and hydrogen peroxide,
which is a crucial endogenous antioxidative mechanism,
to water [69]. In the present study, although A𝛽 did not
affect the activity of CAT, the impairment of the upstream
SOD would cause the accumulation of superoxides. On the
other hand, the upregulation of GPx by A𝛽 was possibly
a response to the increased ROS and facilitated the action
of glutathione. Due to the fact that CAT and GPx could
not breakdown superoxides, the accumulation of superoxides
may be the explanation for the observed oxidative stress after
the A𝛽 treatment. Our results also demonstrated that GE
up-regulated the activity of SOD, CAT, and GPx during A𝛽-
insult. The activity of SOD was retained, which resume the
breakdown of superoxides to hydrogen peroxide. The up-
regulation of CAT and GPx can promote the clearance of
ROS, and that partially explained the antioxidative action
for GE. Other studies also demonstrated that both nonpolar
and polar fractions of GE have hydroxyl radical scavenging
activity and reduce lipid peroxidation [67, 70, 71]. Its active
constituents, including vanillyl alcohol, vanillin, hydroxy-
benzyl alcohol, and hydroxybenzaldehyde, were found to be
potent antioxidants [32, 72]. These compounds can be found
in aqueous extract of GE [73, 74].

As aqueous extract of GE was widely and traditionally
used in Chinese medicine as a supplement in diet and
an herbal medicine [75], and the further development of
GE as novel non-toxic preventive/treatment interventions
for life-threatening neurodegenerative diseases, such as AD,
is possible. In order to confirm our current findings, fur-
ther investigation of the neuroprotective effect of GE to
mammalian AD model is necessary. Since the traditional
way of consuming Chinese herbs is to be taken orally, the
gastrointestinal metabolic ingredients of GE are the final
effective elements. However, very limited information were
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found regarding the pharmacokinetic data of GE aqueous
extract, except that gastrodin was known to be metabolized
to p-hydroxybenzyl alcohol [76], and both gastrodin and p-
hydroxybenzyl alcohol possess significant free radical scav-
enging and memory consolidation effects [77, 78]. Hence,
further pharmacokinetic studies are required to understand
the post metabolism ingredients of GE. Besides, further
investigation is needed to determine the clinical efficacy
and safety of GE in human subjects because the presence
of blood-brain barrier (BBB) may block those beneficial
active ingredients from the brain. Although BBB exists in
Drosophila and serves the function of blocking the passage
of ions and small molecules [79, 80], the Drosophila’s BBB
is morphologically different from the mammalian one [81,
82]. Nevertheless, some previous studies demonstrated that
intravenous administration of gastrodin and hydroxybenzyl
alcohol were able to pass through BBB in rats [83, 84].
However, the pharmacokinetics of GE in the human brain is
yet to be investigated.

5. Conclusions

In conclusion, the present study demonstrated the novel
use of aqueous extract of GE against A𝛽-induced neurode-
generation in Drosophila. Its effect is mediated through the
increasing activity of antioxidative enzymes and reducing
oxidative stress in cells, together with the inhibition of
caspase-3, leading to the attenuation of apoptosis. Based on
these findings, we suggest developing GE aqueous extract
as a potential therapeutic intervention for neurodegenerative
diseases, such as Alzheimer’s disease.
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6-Hydroxydopamine (6-OHDA) is known to contribute to neuronal death in Parkinson’s disease. In this study, we found that the
preincubation of SH-SY5Y cells for 24 h with 20 𝜇M notoginsenoside R2 (NGR2), which is a newly isolated notoginsenoside from
Panax notoginseng, showed neuroprotective effects against 6-OHDA-induced oxidative stress and apoptosis. NGR2 incubation
successively resulted in the activation of P90RSK, inactivation of BAD, and inhibition of 6-OHDA-induced mitochondrial
membrane depolarization, thus preventing the mitochondrial apoptosis pathway. NGR2 incubation also led to the activation of
Nrf2 and subsequent activity enhancement of phase II detoxifying enzymes, thus suppressing 6-OHDA-induced oxidative stress,
and these effects could be removed by Nrf2 siRNA. We also found that the upstream activators of P90RSK and Nrf2 were the
MEK1/2–ERK1/2 pathways but not the JNK, P38, or PI3K/Akt pathways. Interestingly, NGR2 incubation could also activate
MEK1/2 and ERK1/2. Most importantly, NGR2-mediated P90RSK and Nrf2 activation, respective downstream target activation,
and neuroprotection were reversed by the genetic silencing of MEK1/2 and ERK1/2 by using siRNA and PD98059 application.
These results suggested that the neuroprotection elicited by NGR2 against 6-OHDA-induced neurotoxicity was associated with
NGR2-mediated P90RSK and Nrf2 activation through MEK1/2-ERK1/2 pathways.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by severe motor deficits including resting
tremor, rigidity, bradykinesia, and postural instability. The
pathophysiological changes responsible for these motor def-
icits are known to be associated with the selective loss of
dopaminergic neurons in the substantia nigra pars compacta
and subsequent depletion of striatal dopamine content.

To date, although L-dopa or MAO-B inhibitors such
as rasagiline show symptomatic relief, no available therapy
can delay or halt the neurodegenerative process of PD [1].
Therefore, an urgent clinical need exists for effective PDdrugs
and therapies. A promising effective therapy for PD may be
achieved by target- andmechanism-based drug development
[2]. Previous studies consistently implicated that oxidative

stress and mitochondrial dysfunction are common mecha-
nisms that lead to the demise of dopaminergic neurons in
both familial and sporadic PD [3, 4]. Neuroprotective thera-
pies are presumed approaches to suppress oxidative stress and
reverse mitochondrial dysfunction in PD.

Wemimicked the pathogenesis of PD by using an in vitro
PD model of 6-OHDA-induced cell death in SH-SY5Y cells
[5]. SH-SY5Y cells are widely used for studies of neuronal sur-
vival, apoptosis, and their underlying mechanisms [6], and
6-OHDA can lead to oxidative stress, mitochondrial dysfunc-
tion, and apoptosis in SH-SY5Y cells [7]. This model can be
used to determine the possible neuroprotective compounds
and investigate the underlying mechanism.

P. notoginseng saponins, the main active ingredients of P.
notoginseng (Burk.) F. H. Chen, have neuroprotective proper-
ties against PD in vivo [8]. Furthermore, ginsenosides Rg1 [9]
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Figure 1: Chemical structure of NGR2.

and Re [10], which are the main saponins in P. notoginseng
saponins, protect dopaminergic neurons in vivo. Notogin-
senoside R2 (NGR2), whose chemical structure is shown in
Figure 1, is a new notoginsenoside isolated from P. notogin-
seng. We hypothesized that NGR2 might be neuroprotective
because NGR2 has a similar chemical structure to ginseno-
sides Rg1 and Re. However, the neuroprotective properties of
NGR2 are largely unknown. Since our preliminary experi-
ments found that NGR2 has an ability to protect neurons
against various toxic stimuli, in the present study, multiple
approaches were conducted to explore the neuroprotective
effects of NGR2 and underlying mechanisms.

Phase II detoxifying enzymes including heme oxygenase-
1 (HO-1), glutathione peroxidase (GSH-PX), and glutathione
peroxidase (GR) are believed to play a central role in neuronal
defense [11]. They can reportedly be upregulated in neurons
via the activation of nuclear factor-erythroid 2-related factor
2 (Nrf2) by pharmacological inducers such as ginsenosideRg1
[12]. Moreover, activated P90RSK can phosphorylate and
inactivate a proapoptotic protein BAD [13] and subsequently
inhibit the apoptotic pathways, which emphasizes the impor-
tance of P90RSK. Targeting the P90RSK and Nrf2 signaling
pathways may provide neuroprotection advantages. Further-
more, P90RSK and Nrf2 activation is regulated by multiple
signaling pathways such as ERK1/2, JNK, p38, and PI3K/Akt
[14–20]. Whether these mechanisms are responsible for
NGR2-mediated neuroprotection remains to be seen.

In this study, we demonstrated that NGR2 possessed
neuroprotective effects against 6-OHDA-induced apoptotic
death in SH-SY5Y cells by the activation of P90RSK and Nrf2
via MEK1/2-ERK1/2 signaling pathways.

2. Materials and Methods

2.1. Materials. NGR2 (molecular weight = 871.01; purity >
98%) was purchased from Shanghai Winherb Medical S&T
Development (China). Human SH-SY5Y neuroblastoma cell
line was obtained from the Cell Resource Center of the

Institute of Basic Medical Sciences, Peking Union Medical
College/Chinese Academy ofMedical Sciences (China). Dul-
becco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco Life Technologies
(USA). Primary and secondary antibodies were all purchased
from Santa Cruz Biotechnology (USA). All other chemicals
used were obtained from Sigma (USA).

2.2. Cell Culture. SH-SY5Y cells were maintained in a 1 : 1
mixture of F12 nutrient and DMEM supplemented with
10% (v/v) heat-inactivated FBS, 2mM L-glutamine, 50U/mL
penicillin, and 50 𝜇g/mL streptomycin. Rat pheochromocy-
toma PC12 cells were grown in DMEM that contains 10%
heat-inactivated horse serum, 5% heat-inactivated FBS,
50U/mL penicillin, and 50 𝜇g/mL streptomycin. SH-SY5Y
and PC12 cells were maintained at 37∘C in a humidified
atmosphere of 95% air and 5% CO

2
. Cells at a passage below

10 and in the exponential growth phase were used in all
experiments. Primary cortical neurons were prepared from
embryonic day 18 Sprague-Dawley rat fetuses according to a
previously described method with a slight modification [21].
The protocol was performed according to the Guide for the
Care and Use of Laboratory Animals of the National Institute
of Health and approved by the Animal Ethics Committee of
Peking UnionMedical College. All efforts were made to min-
imize the number of animals used and reduce their suffering.
The cerebral cortex was collected, mechanically fragmented,
and incubated at 37∘C for 10 min with 0.125% trypsin.
The cortical neurons were incubated in DMEM/F12 supple-
mentedwith 20%heat-inactivated FBS for 4 h in a humidified
atmosphere of 95% air and 5% CO

2
at 37∘C. After the cells

attached to the substrate, the culture medium was replaced
with a serum-free neurobasal medium supplemented with
2% B27 (Gibco, USA) and changed twice a week. The
experiments were performed on day seven of the cell culture.

2.3. Drug Preparation. NGR2 was stored at 4∘C as a stock
solution (100mM) in dimethyl sulfoxide (DMSO). 6-OHDA
was dissolved in sterile distilled water containing 0.1% ascor-
bic acid as a stock solution (1M). NGR2 and 6-OHDA stock
solutions were diluted in DMEM/F-12 immediately before
use.

2.4. Analysis of Cell Viability and Morphological Changes.
Cell viability was determined by cell counting kit-8 (Dojindo
Laboratories, Japan). SH-SY5Y cells were cultured in 96-well
plates at a density of 1 × 104 cells/well and grown for 24 h.
The cells were treated with 6-OHDA or preincubated with
NGR2 followed by treatment with 6-OHDA or coincubation
withNGR2 and 6-OHDA.Cells incubated inDMEM/F12 that
contain an equivalent concentration of DMSO (the highest
concentration less than 0.1%) were used as the control.There-
after, a 10𝜇L cell counting kit-8 solution was added to each
well. The absorbance was detected at 450 nm on a microplate
reader after 1 h (Spectra Fluor, Tecan, Sunrise, Austria). Cell
viability was expressed as a percentage of the control. The
morphological changes in the SH-SY5Y cells were visualized
by an inverted microscope connected to a digital camera
(Canon, Japan).
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2.5. Quantization of Cell Apoptosis Rate. Cell apoptosis was
determined by flow cytometry by using Annexin V-propid-
ium iodide (PI) double staining kits (Invitrogen, USA). SH-
SY5Y cells (5 × 104 cells/well) were cultured in 24-well plates.
The cells were preincubated with 20 𝜇M NGR2 for 24 h fol-
lowed by treatment with 50𝜇M 6-OHDA for 24 h. Then, the
cells were washed twice with ice-cold PBS and collected by
trypsinization and centrifugation.The cells were incubated in
the dark in 100𝜇L of 1× binding buffer with 5𝜇L Annexin V
and 1𝜇L PI for 15 min. After 400𝜇L of 1× binding buffer was
added, the cells were subjected to FACSCalibur analysis (BD
Biosciences, USA).

2.6. Detection of Cell DNA Fragmentation. The DNA frag-
mentation in the apoptotic SH-SY5Y cells was detected by
TUNEL assay by using ApopTag Fluoresce in situ Apoptosis
Detection Kits (Millipore, MA, USA). SH-SY5Y cells were
cultured on cover slips. The cells were preincubated with
20𝜇M NGR2 for 24 h followed by treatment with 50 𝜇M 6-
OHDA for 24 h. The cells were washed twice with PBS and
fixed in 4% neutral-buffered formalin solution for 30min.
The cells were rinsedwith PBS and incubatedwith amethanol
solution containing 0.3% H

2
O
2
for 30min. Thereafter, the

cells were incubated by a permeabilizing solution (0.1%
sodium citrate and 0.1%TritonX-50) for 10min. After rinsing
in the equilibration buffer, the cells were incubated with a
working-strength TdT enzyme in a humidified chamber at
37∘C for 1 h. The cells were then rinsed in the stop/wash
buffer and incubated with the working-strength antidigox-
igenin conjugate at room temperature for 30min. After
washing in PBS, the cells were counterstained by diamidino-
2-phenylindole (DAPI) and viewed under a fluorescence
microscope (Leica, Germany).

2.7. Detection of Intracellular ROS. To detect intracellu-
lar reactive oxygen species (ROS), the molecular probe
5-(and -6)-carboxy-2,7-dichlorodihydrofluorescein diac-
etate (carboxy-H2DCFDA) was used. SH-SY5Y cells (1 ×
104 cells/well) were cultured in 96-well plates. The cells were
preincubated with 20𝜇M NGR2 for 24 h followed by treat-
ment with 50𝜇M 6-OHDA for 24 h. The cells were harvested
and washed with 1× washing buffer and incubated with
carboxy-H2DCFDA (final concentration of 25𝜇M) in the
dark at 37∘C for 30min. The fluorescence was immediately
detected on a microplate reader. Excitation and emission
wavelengths were 495 and 529 nm, respectively. The level of
cellular ROS was expressed as a percent of the control.

2.8. Determination of LDH and MDA Levels and HO-1, GSH-
PX, and GR Activities. Lactate dehydrogenase (LDH) and
malondialdehyde (MDA) levels, as well as GSH-PX and GR
activities, were measured by using the respective assay kits
according to the manufacturer’s protocol (Nanjing Jiancheng
Bioengineering Institute, China). HO-1 activities were deter-
mined by using HO-1 ELISA kits (RapidBio Lab, USA). SH-
SY5Y cells (1 × 105 cells/well) were cultured in 6-well plates.
The cells were preincubated with 20 𝜇M NGR2 for 24 h
followed by treatment with 50𝜇M 6-OHDA for 24 h. The
cell culture media were collected to measure the level of

extracellular LDH. The cells were harvested to measure the
level of intracellular LDH and MDA and detect HO-1, GSH-
PX, and GR activities. LDH release was expressed as the
rate of extracellular LDH to total LDH (intracellular plus
extracellular). HO-1 activity was expressed as the fold change
of the control.

2.9.Measurement ofMitochondrialMembrane Potential. JC-1
(5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocy-
anine iodide, Enzo Life Sciences International, USA) was
used to measure the changes in mitochondrial membrane
potential. SH-SY5Y cells (1 × 105 cells/well) were cultured in
6-well plates. The cells were preincubated with 20𝜇MNGR2
for 24 h followed by treatment with 50 𝜇M 6-OHDA for 24 h.
The cells were washed with PBS and incubated in the dark
at 37∘C with JC-1 (final concentration of 2𝜇M) for 30min.
After washing twice with PBS, the cells labeled with JC-1
were analyzed by a high content screening system (Molecular
devices, USA).

2.10. siRNA Transfection. MEK1/2 siRNA, ERK1/2 siRNA,
Nrf2 siRNA, and control siRNA were purchased from Santa
Cruz Biotechnology (USA). SH-SY5Y cells were cultured
in 6-well plates. When 50% confluence was achieved, SH-
SY5Y cells were transfected with MEK1/2 siRNA (100 nM),
ERK1/2 siRNA (100 nM), Nrf2 siRNA (50 nM), or equivalent
concentrations of control siRNA by using a Lipofectamine
2000 reagent (Invitrogen, USA). The cells were transfected
for 48 h in Opi-MEMmediumwithout serum and antibiotics
and incubated with 20 𝜇MNGR2 for 24 h.

2.11. Preparation of Cytosolic and Nuclear Proteins. Reagents
and kits used were all purchased from Santa Cruz Biotech-
nology (USA). Cytosolic and nuclear proteins were prepared
by using cell nuclear protein extraction kits. SH-SY5Y cells
were briefly washed with cold PBS, scraped in cold buffer A
supplementedwith protease inhibitor cocktail, and incubated
on ice for 15min.The supernatant that contains cytosolic pro-
teins was collected by centrifugation at 12,000 rpm for 10min
at 4∘C.Apellet-containing nuclear fractionwas re-suspended
in buffer 𝐶 supplemented with a protease inhibitor cocktail
and incubated on ice for 30min. Thereafter, the supernatant
that contains nuclear proteins was collected by centrifugation
at 12,000 rpm for 10min at 4∘C. The total protein concen-
tration was determined by bicinchoninic acid assay kits and
boiled with a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis loading buffer for 5min. The cytosolic and
nuclear proteins were stored at −80∘C until use.

2.12. Western Blot Analysis. Protein expression was deter-
mined by western blot analysis. Briefly, equal amounts of pro-
tein were separated by electrophoresis on 10% SDS polyacry-
lamide gels and transferred onto nitrocellulose membranes.
The membranes were incubated with 5% (w/v) nonfat milk
powder in tris-buffered saline containing 0.1% (v/v) Tween
20 for 2 h to block nonspecific binding sites. Thereafter, the
membranes were incubated overnight at 4∘Cwith the respec-
tive primary antibodies. The primary antibodies used were
as follows: rabbit polyclonal anti-p-MEK-1/2 (Ser218/Ser222);
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rabbit polyclonal anti-MEK-1/2 (12-B); rabbit polyclonal anti-
p-ERK1/2 (Thr177/Thr160)-R; mouse monoclonal anti-ERK
1/2 (MK1); rabbit polyclonal anti-p-Rsk-1 (Ser363); mouse
monoclonal anti-Rsk (B-4); rabbit polyclonal anti-Nrf2 (C-
20); Lamin A (H-102): sc-20680; goat polyclonal anti-p-BAD
(Ser112); rabbit polyclonal anti-BAD (C-20); mouse mono-
clonal anti-Bcl-XL (H-5); rabbit polyclonal anti-BAX (N-20);
mouse monoclonal anticytochrome C (6H2); goat polyclonal
anticleaved caspase-9 p10 (h331); goat polyclonal anticleaved
caspase-3 p11 (h176); mouse monoclonal anti-𝛽-actin (C4).
After washingwith tris-buffered saline and Tween 20 (TBST),
the membranes were incubated for 1 h at room temperature
with the respective peroxidase-conjugated secondary anti-
bodies. The membranes were rewashed with TBST, and the
bands were developed by using an enhanced chemilumi-
nescence reagent. The protein levels were quantified by
densitometry by using Image J software.

2.13. Statistical Analysis. The data were expressed as the
mean± standard deviation (SD) of three independent experi-
ments. ANOVA followed by the Newman-Keuls post hoc test
or Student’s 𝑡-test were used for multiple group comparison
and two-group comparison, respectively. 𝑃 < 0.05 was con-
sidered statistically significant.

3. Results

3.1. NGR2 Inhibited 6-OHDA-Induced Cell Death in SH-
SY5Y Cells. The potential protective effects of NGR2 were
investigated in SH-SY5Y cells exposed to 6-OHDA.

First, we investigated the effect of 6-OHDA on SH-SY5Y
cells. The SH-SY5Y cell treatment at different concentrations
(25, 50, 100, and 200𝜇M) of 6-OHDA for various periods (4,
8, 16, 24, and 32 h) decreased cell viability in concentration-
and time-dependentmanners (Figure 2(a)). Cell viability was
reduced approximately to 50% of the control when SH-SY5Y
cells were exposed to 50𝜇M of 6-OHDA for 24 h. Thus,
the concentration (50𝜇M) and period (24 h) were used for
further investigations.

Second, we investigated the effect of NGR2 on SH-SY5Y
cells.The results indicated that no significant difference in cell
viability was found when SH-SY5Y cells were incubated for
32 h at different concentrations (10, 20, and 40 𝜇M) of NGR2
comparedwith the control.This finding suggested that NGR2
had no toxic effect on SH-SY5Y cells (Figure 2(b)).

Third, we explored the potential protective effect ofNGR2
on 6-OHDA-induced cell death in SH-SY5Y cells. The pre-
incubation of SH-SY5Y cells with increasing concentrations
(10, 20, and 40 𝜇M) of NGR2 for different time periods (4, 8,
16, and 24 h) reversed the decreased cell viability induced by
6-OHDA (Figure 2(c)). In this study, rasagiline was used as a
positive control drug for it is a specific monoamine oxidase
B inhibitor and used as a monotherapy in early Parkinson’s
disease or as an adjunct therapy in more advanced cases. As
shown in Figure 2(c), the pre-incubation of SH-SY5Y cells
with 10 𝜇M of rasagiline for different time periods (4, 8, 16,
and 24 h) markedly inhibited the reduction of cell viability
induced by 6-OHDA. However, NGR2 pre-incubation of
SH-SY5Y cells with 40 𝜇M NGR2 for 32 h had almost no

incremental protective action compared with that of 20𝜇M
NGR2 for 24 h, and the cell viability resumed to 80% of con-
trol.This result suggested that the maximum protective effect
was achieved with 20𝜇M NGR2 for 24 h. Nevertheless, the
maximum protective effect of NGR2 is lower than rasagiline.
Therefore, the concentration (20 𝜇M) and time period (24 h)
were selected for further investigations.

We confirmed the protective effect of NGR2 by using
LDH release assay. SH-SY5Y cell pre-incubation with 20𝜇M
of NGR2 or 10 𝜇M of rasagiline for 24 h decreased LDH
release in cells treated with 6-OHDA (Figure 2(d)). In con-
trast, NGR2 treatment alone had no effect on LDH release.

Both the cell counting kit-8 test (Figure 2(e)) and LDH
assay (Figure 2(f)) demonstrated that almost no protection
was obtained when NGR2 (10, 20, and 40𝜇M) was co-
incubated with 6-OHDA for 24 h.This finding suggested that
the protective effect of NGR2 was exerted only by pretreat-
ment and not by co-treatment with 6-OHDA.

Finally, we assessed whether the observed neuroprotec-
tive action of NGR2 was cell type specific by using pheochro-
mocytoma PC12 cells and rat primary cortical neurons. The
neuroprotection of NGR2 against 6-OHDA toxic effects was
confirmed in these two types of cells by both cell counting
kit-8 test (Figure 2(g)) and LDH release assay (Figure 2(h)).
This result suggested that the neuroprotective effect of NGR2
was independent of cell type.

3.2. NGR2 Ameliorated 6-OHDA-Induced Morphological
Changes in SH-SY5Y Cells. The control SH-SY5Y cells had
normal shapes with a smooth cellular profile and extensive
neurite processes, whereas cells treated with 6-OHDA lost
their neurite processes and became round (Figure 3(a)). An
obvious amelioration of the morphological changes induced
by 6-OHDA was observed in cells preincubated with NGR2.
However, NGR2 treatment alone did not alter the morphol-
ogy of the SH-SY5Y cells.

3.3. NGR2 Inhibited 6-OHDA-Induced Apoptosis in SH-SY5Y
Cells. DNA fragmentation is a typical marker of apoptosis.
Therefore, the nuclear fragmentation in apoptotic cells was
detected to investigate the possible effects of NGR2 on
6-OHDA-induced apoptosis. The DNA fragmentation and
TUNEL-positive cell rate were dramatically augmented in
SH-SY5Y cells exposed to 6-OHDA compared with the
control (Figures 3(b) and 3(d)). In contrast, pretreatmentwith
NGR2 effectively reversed these changes induced by 6-
OHDA, but NGR2 treatment alone had no effect on DNA
fragmentation. We then corroborated the protective effect of
NGR2 in SH-SY5Y cells by Annexin V-PI double staining
by using flow cytometry. An early indicator of apoptosis
is the translocation of the membrane phospholipid phos-
phatidylserine from the cytoplasmic interface to the extra-
cellular surface. The phospholipid phosphatidylserine that
accumulates on the extracellular surface can be detected
by Annexin V. PI is a fluorescent dye that binds to the
nuclei of dead cells. Annexin−/PI−, Annexin+/PI−, and
Annexin+/PI+ represented the viable cells, early apoptotic
cells, and late apoptotic cells, respectively. Figures 3(c) and
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Figure 2: Continued.
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Figure 2: Protective effects of NGR2 on 6-OHDA-induced cell death in SH-SY5Y cells. Cell viability was measured by cell counting kit-8 test
or LDH assay. (a) 6-OHDA could induce cell death in SH-SY5Y cells in concentration- and time-dependent manners. (b) NGR2 had no toxic
effect on cell viability. Preincubation with different concentrations of NGR2 for different periods of time had protective effect on 6-OHDA-
induced cell death (c) and LDH release (d) in SH-SY5Y cells. Coincubation with NGR2 had almost no protective effect on 6-OHDA-induced
cell death (e) and LDH release (f) in SH-SY5Y cells. Both the cell counting kit-8 test (g) and LDH assay (h) showed that the neuroprotective
effects of NGR2 was independent of cell type. The results were expressed as the mean ± SD of three independent experiments. ## indicates a
significant difference from the control (𝑃 < 0.01). ∗∗ indicates a significant difference from the 6-OHDA treatment alone (𝑃 < 0.01).

3(e) show that Annexin+/PI− and Annexin+/PI+ substan-
tially increased in the 6-OHDA-treated cells. This result
suggested that the apoptosis rate was significantly increased
when SH-SY5Y cells were challenged by 6-OHDA. However,
these changes were markedly reversed by NGR2 pre-incu-
bation. NGR2 treatment alone had no effect on the apoptosis
rate. These results suggested that NGR2 was capable of
rescuing SH-SY5Y cells from 6-OHDA-induced apoptotic
death.

3.4. NGR2 Activated P90RSK and Nrf2 Pathways in SH-
SY5Y Cells. Given that P90RSK and Nrf2 activation has
beneficial effects on cell survival, we examined the effect of
NGR2 on P90RSK and Nrf2 activation in SH-SY5Y cells. The
time-dependent stimulation of SH-SY5Y cells with NGR2
increased the phosphorylation of P90RSK and the subse-
quent phosphorylation of BAD, which is a downstream target
of activated P90RSK. SH-SY5Y cells receiving NGR2 simi-
larly exhibited enhanced levels of nuclear Nrf2 accumulation
(Figure 4(a)) and subsequent increase in phase II detoxifying
enzyme activities such as HO-1, GSH-PX, and GR in a time-
dependent manner (Figure 4(b)).

3.5. NGR2 Inhibited 6-OHDA-Induced Oxidative Stress in SH-
SY5Y Cells. 6-OHDA kills dopaminergic neurons by induc-
ing oxidative stress through the increase of ROS production
and the decrease of antioxidative enzyme activities in cells.
We investigated the effect of NGR2 on 6-OHDA-induced
oxidative stress in SH-SY5Y cells. The exposure of SH-
SY5Y cells to 6-OHDA increased H2DCFDA fluorescence
and MDA production compared with the control cells. This
finding indicated that 6-OHDA elevated ROS production

and lipid peroxidation in SH-SY5Y cells. 6-OHDA treatment
also decreased levels of nuclear Nrf2 accumulation and the
activities of HO-1, GSH-PX, and GR in SH-SY5Y cells. How-
ever, these effects were significantly suppressed byNGR2 pre-
incubation (Figure 5(a)). These results suggested that the
enhanced cellular levels of phase II detoxifying enzymes by
NGR2 provided neuroprotection against 6-OHDA-induced
oxidative stress.

3.6. NGR2 Reversed 6-OHDA-Induced Depolarization of
Mitochondrial Membrane in SH-SY5Y Cells. Mitochondrial
membrane depolarization is the hallmark of apoptosis. Thus,
we used JC-1 to detect the mitochondrial membrane poten-
tial. In nonapoptotic cells, JC-1 emits green fluorescence
as the monomeric form in cytosol and red fluorescence as
aggregates in the mitochondria. In apoptotic cells, JC-1 emits
only green fluorescence in cytosol. Therefore, mitochondrial
membrane depolarization can be detected as a reduction in
the ratio of the red-to-green fluorescence intensity. In this
study, the treatment of SH-SY5Y cells with 6-OHDA resulted
in a significant decrease in the ratio of red-to-green fluores-
cence intensity. This decrease suggested that 6-OHDA could
depolarize the mitochondrial membrane of SH-SY5Y cells.
However, NGR2 pre-incubation prevented this 6-OHDA
effect. NGR2 treatment alone did not change the red-to-green
fluorescence intensity ratio (Figures 5(b) and 5(c)). These
results demonstrated that NGR2 could reverse the 6-OHDA-
induced depolarization of the mitochondrial membrane in
SH-SY5Y cells.

3.7. NGR2 Inhibited 6-OHDA-Induced Deregulation of
Apoptosis-Related Proteins in SH-SY5Y Cells. We examined
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Figure 3: Protective effect of NGR2 on 6-OHDA-induced apoptosis in SH-SY5Y cells. The SH-SY5Y cells were preincubated with 20𝜇M
NGR2 for 24 h followed by treatment with 50 𝜇M 6-OHDA for 24 h. (a) Photographs of morphological changes in SH-SY5Y cells were
visualized by an inverted microscope connected to a digital camera, bar = 50𝜇m. (b) Photographs of DNA fragmentation were detected
by TUNEL assay in the apoptotic SH-SY5Y cells, bar = 50𝜇m. Arrows represent TUNEL-positive cells. (c) Cell apoptosis was determined
by Annexin V-PI double staining kits by using flow cytometry. (d) Quantification of the TUNEL-positive cell rate. (e) Quantification of the
apoptosis rate. The results were expressed as the mean± SD of three independent experiments. ## indicates a significant difference from the
control (𝑃 < 0.01). ∗∗ indicates a significant difference from the 6-OHDA treatment alone (𝑃 < 0.01).
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Figure 4: NGR2 could activate P90RSK and Nrf2 pathways in SH-SY5Y cells. The expression of proteins was determined by western blot
analysis. HO-1 activities were measured by HO-1 ELISA kits. GSH-PX and GR activities were measured by GSH-PX and GR assay kits,
respectively. The SH-SY5Y cells were treated with 20𝜇MNGR2 for different periods of time (4, 8, 16, and 24 h). (a) NGR2 time dependently
increased p-P90RSK and p-BAD expression and nuclear Nrf2 accumulation. (b) NGR2 increased the activities of HO-1, GSH-PX, and GR in
a time-dependent manner.The results are expressed as the mean± SD of three independent experiments. ## indicates a significant difference
from the control (𝑃 < 0.01).

the markers of the apoptotic pathway to delineate
the mechanism for NGR2-mediated neuroprotection.
Figure 5(d) shows that 6-OHDA treatment significantly in-
creased the release of cytochrome c and the expression of
cleaved caspase-9 and cleaved caspase-3. The expression of
p-BAD in SH-SY5Y cells decreased compared with that of
the control cells. However, NGR2 pre-incubation markedly
blocked these effects. This finding suggested that NGR2-
mediated neuroprotection was associated with the inhibition
of 6-OHDA-induced altered expression of apoptosis-related
proteins.

3.8. Dependence and Independence of NGR2-Mediated
P90RSK and Nrf2 Activation on MEK1/2-ERK1/2 Pathways
and JNK, P38, or PI3K/Akt Pathways. To delineate the
pathway involved in NGR2-mediated activation of P90RSK
and Nrf2, we pretreated the SH-SY5Y cells with various
inhibitors for 2 h, followed by incubation of NGR2 for 24 h.
The MEK1/2 inhibitor PD98059 (20 𝜇M) effectively pre-
vented the phosphorylation of P90RSK and nuclear Nrf2
accumulation mediated by NGR2 (Figure 6(a)). However,
the JNK inhibitor SP600125 (20𝜇M), p38 inhibitor SB203580
(20𝜇M), and PI3K/Akt inhibitor LY294002 (10 𝜇M) all failed
to affect the NGR2-mediated phosphorylation of P90RSK
and nuclear Nrf2 accumulation. We then investigated the

time course of MEK1/2 and ERK1/2 phosphorylation after
NGR2 incubation. The results depicted in Figure 6(b) show
that the treatment of SH-SY5Y cells with 20𝜇M NGR2 for
24 h resulted in the phosphorylation of MEK1/2 and ERK1/2.
MEK1/2 phosphorylation reached a peak point at 16 h.
This finding was similar to ERK1/2 phosphorylation, which
reached maximal elevation at 20 h. The aforementioned
results indicated the involvement of MEK1/2-ERK1/2 but not
of JNK, p38, or PI3K/Akt in NGR2-mediated P90RSK and
Nrf2 activation.

3.9. NGR2-Mediated Neuroprotective Effects by P90RSK
and Nrf2 Activation via MEK1/2-ERK1/2 Pathways. MEK1/2
siRNA and ERK1/2 siRNA were used to determine whether
P90RSK and Nrf2 activation occurs downstream of the
MEK1/2-ERK1/2 pathway. When SH-SY5Y cells were trans-
fected with MEK1/2 siRNA, MEK1/2 expression in SH-
SY5Y cells was successfully blocked (Figure 7(a)). Moreover,
NGR2-mediated ERK1/2 phosphorylation, P90RSK phos-
phorylation, and BAD phosphorylation, as well as Nrf2 acti-
vation and the activity enhancement of phase II detoxifying
enzymes (i.e., HO-1, GSH-PX, and GR), were all simultane-
ously inhibited (Figures 7(a) and 7(c)). Similarly, increased
ERK1/2, p-P90RSK, and p-BAD expressions, as well as
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Figure 5: NGR2 reversal of 6-OHDA-induced oxidative stress, mitochondrial membrane depolarization, and apoptosis-related protein
deregulation in SH-SY5Y cells. The SH-SY5Y cells were preincubated with 20𝜇M NGR2 for 24 h followed by treatment with 50 𝜇M 6-
OHDA for 24 h. (a) NGR2 reversal of 6-OHDA induced the increase in MDA production and ROS generation, as well as the decrease of
nuclear Nrf2, HO-1, GSH-PX, and GR activities in SH-SY5Y cells. (b) NGR2 reversal of mitochondrial membrane depolarization. (c) The
cells labeled by JC-1 were analyzed by a high content screening system. (d) NGR2 suppression of 6-OHDA induced increase in cytochrome c
release, upregulation of cleaved caspase-9 and cleaved caspase-3, and downregulation of p-BAD. The results are expressed as the mean ± SD
of three independent experiments. ## indicates a significant difference from the control (𝑃 < 0.01). ∗∗ indicates a significant difference from
the 6-OHDA treatment alone (𝑃 < 0.01).



10 Evidence-Based Complementary and Alternative Medicine

P90RSK

90 kDa

𝛽-Actin

57 kDa

69 kDaLamin A

90 kDa

p-P90RSK

43 kDa

Nuclear Nrf2

C
on

t

SP
60

01
25

 

SB
20

35
80

LY
29

40
02

 

N
G

R2

PD
98

05
9

(a)

p-MEK1/2

MEK1/2

p-ERK1/2

ERK1/2

43 kDa

44 kDa
42 kDa

44 kDa
42 kDa

47 kDa
45 kDa

47 kDa
45 kDa

0 2420168

NGR2 treatment time (h)

𝛽-Actin

(b)

Figure 6: NGR2-mediated activation of P90RSK and Nrf2 was dependent of MEK1/2-ERK1/2 pathways but independent on JNK, P38, or
PI3K/Akt pathways.The expression of proteins was determined by western blot analysis.The SH-SY5Y cells were preincubated with different
inhibitors for 1 h followed by treatment with 20𝜇MNGR2 for 24 h. (a) NGR2-mediated the phosphorylation of P90RSK and the nuclear Nrf2
accumulation were effectively prevented byMEK inhibitor PD98059 but not by JNK inhibitor SP600125, p38 inhibitor SB203580, or PI3K/Akt
inhibitor LY294002. (b) Treatment of SH-SY5Y cells with 20𝜇MNGR2 for different periods of time (4, 8, 16, 24 h) resulted in the activation
of MEK1/2-ERK1/2 pathways.

nuclear Nrf2 accumulation and the NGR2-mediated activity
enhancement of HO-1, GSH-PX, and GR, were all effectively
diminished by the suppression of ERK1/2 expression with
siRNA (Figures 7(b) and 7(c)). The NGR2-mediated activity
enhancement of HO-1, GSH-PX, and GR was also abolished
by the transfection of SH-SY5Y cells with Nrf2 siRNA
(Figure 7(c)). These results were corroborated by cell count-
ing kit-8 test, where the protective effect of NGR2 against
6-OHDA was completely abolished by the genetic silencing
of MEK1/2 and ERK1/2 and the pharmacologic blockade of
MEK1/2 by using PD98059. However, the protective effect of
NGR2 was partly inhibited by Nrf2 siRNA (Figure 7(d)).

4. Discussion

PD is a neurodegenerative disease that causes the selec-
tive loss of dopaminergic neurons in the substantia nigra.
Although the etiology and pathogenesis of PD are not com-
pletely elucidated, accumulating evidence indicates that 6-
OHDA, a hydroxylated dopamine metabolite, contributes to
neuronal cell death in PD [22, 23].

6-OHDA can selectively kill dopaminergic neurons
because of its high affinity to the dopamine transporter [24].
Once inside the neuron, 6-OHDA undergoes auto-oxidation
or metabolic degradation and produces hydrogen peroxide,
superoxide, and hydroxyl radicals. This process causes lipid
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Figure 7: Neuroprotection of NGR2 involved the activation of P90RSK and Nrf2 through MEK1/2-ERK1/2 pathway. Protein expression was
determined by western blot analysis. Both MEK1/2 siRNA (a) and ERK1/2 siRNA (b) suppressed NGR2-mediated activation of P90RSK and
Nrf2. (c) NGR2-mediated activity enhancement of HO-1, GSH-PX, and GR was abolished by transfection of SH-SY5Y cells with MEK1/2
siRNA, ERK1/2 siRNA, and Nrf2 siRNA and by MEK inhibitor PD98059. The results are expressed as the mean ± SD of three independent
experiments. ## indicates a significant difference from the control (𝑃 < 0.01). ∗∗ indicates a significant difference from the NGR2 treatment
alone (𝑃 < 0.01). (d)The protective effect ofNGR2 against 6-OHDAwas partly abolished byNrf2 siRNA and completely abolished byMEK1/2
siRNA, ERK1/2 siRNA, and PD98059.The results are expressed as the mean ± SD of three independent experiments. ## indicates a significant
difference from the control (𝑃 < 0.01). ∗∗ indicates a significant difference from the 6-OHDA treatment alone (𝑃 < 0.01). & indicates a
significant difference fromNGR2+6-OHDA group (𝑃 < 0.05). && indicates a significant difference fromNGR2+6-OHDA group (𝑃 < 0.01).
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peroxidation, protein oxidation, and DNA oxidation and
finally results in oxidative stress, mitochondrial dysfunction,
and apoptosis [3, 25]. 6-OHDA is widely accepted as a toxin
for induction of the PD model in vivo and in vitro [23, 26,
27]. We investigated the neuroprotective effect of NGR2 and
underlying mechanisms by using an in vitro model of 6-
OHDA-induced cell death in SH-SY5Y cells.

6-OHDA caused oxidative stress in SH-SY5Y cells, which
is consistent with the results of a previous study [28].
Oxidative stress occurs when ROS production overwhelms
the antioxidative ability in cells. In this study, a significant
increase in ROS production and MDA levels and a striking
decrease in the activities of phase II detoxifying enzymes
(HO-1, GSH-PX, andGR) were observed in 6-OHDA-treated
cells. However, these 6-OHDA effects were suppressed by
NGR2 preincubation.

Phase II detoxifying enzymes have a central function in
neuronal defense against oxidative stress. The induction of
phase II detoxifying enzymes also contributes to neuropro-
tection. HO-1 is a rate-limiting enzyme that catalyzes the
oxidative catabolismof heme and produces biliverdin, carbon
monoxide, and ferrous iron. GSH-PX can catalyze the reac-
tion between reduced glutathione andhydrogen peroxide and
convert reduced glutathione to oxidized glutathione. GR can
convert oxidized glutathione to reduced glutathione. A cycle
exists between reduced glutathione and oxidized glutathione
by GSH-PX and GR. These phase II detoxifying enzymes
generate potent antioxidative abilities.The expression of HO-
1, GSH-PX, and GR is regulated by the activation of an
important transcription factor Nrf2. In normal status, Nrf2
is sequestrated in the cytoplasm with Keap1 (Nrf2-Kelch-like
ECH-associated protein 1). When activated, Nrf2 detaches
itself from the Nrf2-Keap1 complex and translocates to the
nucleus. Then, Nrf2 binds to the antioxidant responsive
element and initiates the expression of phase II detoxifying
enzymes [29].We found that the nuclear translocation ofNrf2
in SH-SY5Y cells time dependently increased in response to
NGR2 stimulation.The abilities ofHO-1, GSH-PX, andGR all
increased in a time-dependent manner by NGR2 incubation.
To determine whether the elevation of HO-1, GSH-PX, and
GR activities is dependent on Nrf2 activation, we trans-
fected SH-SY5Y cells with Nrf2 siRNA.The NGR2-mediated
upregulation of HO-1, GSH-PX, and GR activities was effec-
tively inhibited by Nrf2 siRNA. The neuroprotective effect
of NGR2 was also partly suppressed by Nrf2 siRNA. More-
over, nuclear Nrf2 accumulation and the activities of HO-1,
GSH-PX, and GR were all decreased by 6-OHDA. However,
NGR2 preincubation effectively inhibits the effects of 6-
OHDA. These results suggested that the neuroprotective
effect of NGR2 pre-incubationmay be partly caused by Nrf2-
dependent activity enhancement of HO-1, GSH-PX, and GR.

The results agreed well with a previous study in which 6-
OHDA resulted in mitochondrial dysfunction and apoptosis
in SH-SY5Y cells [25]. This phenomenon was manifested
by mitochondrial membrane depolarization, cytochrome c
release, caspase-9 and caspase-3 activation, DNA fragmen-
tation, and increased apoptosis rate. However, NGR2 pre-
incubation was effective in protecting SH-SY5Y cells against
6-OHDA-induced apoptosis. This is the first study to report

the neuroprotective effect ofNGR2 against 6-OHDA-induced
apoptosis.The deregulation of Bcl-2 family protein is respon-
sible for mitochondrial dysfunction induced by 6-OHDA. In
the presence of apoptotic factors, the proapoptotic protein
BAD interacts with the antiapoptotic protein Bcl-xl, thereby
releasing the proapoptotic protein BAX from the Bcl-xl-BAX
complex. BAX can disrupt the mitochondrial membrane,
thus leading to the release of cytochrome c from the mito-
chondria. Consequently, caspase-9 and caspase-3 are subse-
quently activated, and apoptosis is initiated [30]. However,
BAD can be inhibited when it is phosphorylated at serine 112.
Therefore, promoting the phosphorylation of BAD at serine
112 contributed to apoptosis inhibition. A previous study
showed that P90RSK could phosphorylate and inhibit BAD
[31]. Therefore, the effect of NGR2 on P90RSK and BAD was
investigated. NGR2 time dependently activated P90RSK and
increased BAD phosphorylation, thereby preventing 6-
OHDA-induced apoptotic cell death. To our knowledge, this
is the first study that involves P90RSK in the neuroprotection
against 6-OHDA-induced apoptosis.

Given that NGR2 activated Nrf2 and P90RSK in a time-
dependent manner, the fact that NGR2-mediated protection
was achieved by pre-incubation only rather than cotreat-
ment with 6-OHDA was not surprising. This result may be
attributed to the requirement of sufficient time for tran-
scriptional and translational alterations to activate Nrf2 and
P90RSK.

However, the mechanism of the activation of Nrf2 and
P90RSK is still unclear. Previous reports showed that ERK1/2,
JNK, P38, and PI3K/Akt pathways might be involved in
P90RSK or Nrf2 activation in various cell types [14–20].
To ascertain which pathway participated in the activation
of P90RSK and Nrf2, different inhibitors including MEK1/2
inhibitor PD98059, JNK inhibitor SP600125, p38 inhibitor
SB203580, and PI3K/Akt inhibitor LY294002were used in the
present study. We found that the MEK1/2 inhibitor PD98059,
rather than inhibitors against JNK, p38, or PI3 K/Akt,
achieved a nearly complete inhibition of P90RSK and Nrf2
activation. This finding suggested that MEK1/2 was involved
in NGR2-mediated P90RSK and Nrf2 activation.

MEK1/2, which is located upstream of ERK1/2, plays an
important role in a variety of biological responses such as
cell differentiation, proliferation, survival, and apoptosis [32].
Once activated, ERK1/2 leads to P90RSK phosphorylation
andNrf2 activation.We then explored the duration ofMEK1/
2 and ERK1/2 phosphorylations after NGR2 incubation. The
treatment of SH-SY5Y cells with NGR2 led to MEK1/2
and ERK1/2 activation. The phosphorylation of MEK1/2 and
ERK1/2 reached their respective peak points chronologically
at 16 and 20 h. The question remains on whether ERK1/2 was
activated by MEK1/2 and whether P90RSK and Nrf2 activa-
tion occurs downstream of the ERK1/2 pathway. To clarify
this issue, SH-SY5Y cells were transfected with MEK1/2
siRNA or ERK1/2 siRNA. MEK1/2 siRNA simultaneously
blocked NGR2-mediated the activation of ERK1/2, P90RSK,
and Nrf2 as well as the subsequent activation of their
respective downstream targets. NGR2-mediated activation of
P90RSK and Nrf2, and the subsequent activation of their
respective downstream targets were also simultaneously
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reversed by ERK1/2 siRNA. Moreover, NGR2-mediated neu-
roprotection was partly inhibited by Nrf2 siRNA and com-
pletely abolished by the genetic silencing of MEK1/2 and
ERK1/2 or the application of a pharmacological inhibitor
against MEK1/2. These results suggested that the immediate
upstream activator of P90RSK and Nrf2 was ERK1/2, and the
immediate upstream activator of ERK1/2 was MEK1/2, and
these factors were all involved in NGR2-mediated neuropro-
tection either directly or indirectly.

Although P90RSK and Nrf2 activation was clearly acti-
vated byMEK1/2-ERK1/2 signaling pathways, the occurrence
of a cross-talk between P90RSK and Nrf2 was not clearly
elucidated. Detailed experiments are needed to investigate
the exact underlying mechanism.

However, the successful application of the protective
effect of NGR2 on different neuronal cell types remains to
be determined. In this study, the neuroprotective effects of
NGR2 against 6-OHDA toxic effects were confirmed in PC12
cells and rat primary cortical neurons.These results suggested
that the neuroprotection of NGR2 was independent of cell
type.

5. Conclusion

NGR2 exhibited neuroprotective effects against 6-OHDA-
induced apoptosis in SH-SY5Y cells. The mechanism of
this neuroprotection was associated with NGR2-mediated
P90RSK and Nrf2 activation via MEK1/2-ERK1/2 pathways
(Figure 8). NGR2 provides a potential promising alternative
option as adjunctive medication for the treatment of PD in
clinic.

Acknowledgments

This work was supported by the Key Projects of the
National Science and Technology Pillar Program (Grant no.
2008BAI51B02), the Major Scientific and Technological Spe-
cial Project for “Significant New Drugs Formulation” (Grants
no. 2012ZX09501001004 and no. 2012ZX09301002-001), and
the Graduate Innovation Foundation of Peking Union Medi-
cal College (Grant no. 2011-1007-002).



14 Evidence-Based Complementary and Alternative Medicine

References

[1] K. L. Lim and C. W. Zhang, “Molecular events underlying Par-
kinson’s disease: an interwoven tapestry,” Frontiers inNeurology,
vol. 4, article 33, 2013.

[2] P. C. Trippier, K. Jansen Labby, D.D.Hawker, J. J.Mataka, andR.
B. Silverman, “Target- and mechanism-based therapeutics for
neurodegenerative diseases: strength in numbers,” Journal of
Medicinal Chemistry, vol. 56, no. 8, pp. 3121–3147, 2013.

[3] O. Hwang, “Role of oxidative stress in Parkinson’s disease,”
Experimental Neurobiology, vol. 22, no. 1, pp. 11–17, 2013.

[4] M. H. Yan, X. Wang, and X. Zhu, “Mitochondrial defects and
oxidative stress in Alzheimer disease and Parkinson disease,”
Free Radical Biology and Medicine, vol. 62, pp. 90–101, 2013.

[5] Y.-C. Lo, Y.-T. Shih, I.-J. Chen, and Y.-C. Wu, “San-Huang-Xie-
Xin-Tang protects against activated microglia- and 6-OHDA-
induced toxicity in neuronal SH-SY5Y cells,” Evidence-Based
Complementary and Alternative Medicine, vol. 2011, Article ID
429384, 11 pages, 2011.

[6] H. Kumar, I. S. Kim, S. V. More et al., “Gastrodin protects apop-
totic dopaminergic neurons in a toxin-induced Parkinson’s
diseasemodel,” Evidence-Based Complementary and Alternative
Medicine, vol. 2013, Article ID 514095, 13 pages, 2013.

[7] S.-H. Kwon, S.-I. Hong, Y.-H. Jung et al., “Lonicera japonica
THUNB. protects 6-hydroxydopamine-induced neurotoxicity
by inhibiting activation of MAPKs, PI3K/Akt, and NF-𝜅B in
SH-SY5Y cells,” Food and Chemical Toxicology, vol. 50, no. 3-4,
pp. 797–807, 2012.

[8] F.-C. Luo, S.-D. Wang, L. Qi, J.-Y. Song, T. Lv, and J. Bai,
“Protective effect of panaxatriol saponins extracted from Panax
notoginseng against MPTP-induced neurotoxicity in vivo,”
Journal of Ethnopharmacology, vol. 133, no. 2, pp. 448–453, 2011.

[9] L. Xu, W.-F. Chen, and M.-S. Wong, “Ginsenoside Rg1 protects
dopaminergic neurons in a rat model of Parkinson’s disease
through the IGF-I receptor signalling pathway,” British Journal
of Pharmacology, vol. 158, no. 3, pp. 738–748, 2009.

[10] K. H. Kim, K. Song, S. H. Yoon et al., “Rescue of PINK1 protein
null-specific mitochondrial complex IV deficits by ginsenoside
Re activation of nitric oxide signaling,” Journal of Biological
Chemistry, vol. 287, no. 53, pp. 44109–44120, 2012.

[11] B. K. Barlow, D. W. Lee, D. A. Cory-Slechta, and L. A. Opan-
ashuk, “Modulation of antioxidant defense systems by the
environmental pesticide maneb in dopaminergic cells,” Neuro-
Toxicology, vol. 26, no. 1, pp. 63–75, 2005.

[12] X. Du, H. Xu, H. Jiang, and J. Xie, “Akt/Nrf2 activated
upregulation of heme oxygenase-1 involves in the role of Rg1
against ferrous iron-induced neurotoxicity in SK-N-SH cells,”
Neurotoxicity Research, vol. 24, no. 1, pp. 71–79, 2013.

[13] S. R. Boston, R. Deshmukh, S. Strome, U. D. Priyakumar, A. D.
MacKerell Jr., andP. Shapiro, “Characterization of ERKDocking
domain inhibitors that induce apoptosis by targeting Rsk-1 and
caspase-9,” BMC Cancer, vol. 11, article 7, 2011.

[14] B. S. Bowser, S. Alam, and C. Meyers, “Treatment of a human
papillomavirus type 31b-positive cell line with benzo[a]pyrene
increases viral titer through activation of the Erk1/2 signaling
pathway,” Journal of Virology, vol. 85, no. 10, pp. 4982–4992,
2011.

[15] L. Li, J. K. Du, L. Y. Zou et al., “Decursin isolated from Angelica
gigas Nakai rescues PC12 cells from amyloid beta-protein-
induced neurotoxicity through Nrf2-mediated upregulation of
Heme oxygenase-1: potential roles of MAPK,” Evidence-Based

Complementary and Alternative Medicine, vol. 2013, Article ID
467245, 14 pages, 2013.

[16] G. B. Sun, X. Sun, M. Wang et al., “Oxidative stress suppression
by luteolin-induced heme oxygenase-1 expression,” Toxicology
and Applied Pharmacology, vol. 265, no. 2, pp. 229–240, 2012.

[17] E. J. Park, Y. M. Kim, S. W. Park et al., “Induction of HO-1
through p38 MAPK/Nrf2 signaling pathway by ethanol extract
of Inula helenium L. reduces inflammation in LPS-activated
RAW 264. 7 cells and CLP-induced septic mice,” Food and
Chemical Toxicology, vol. 55, pp. 386–395, 2013.

[18] J. Xu,M.Xilouri, J. Bruban et al., “Extracellular progranulin pro-
tects cortical neurons from toxic insults by activating survival
signaling,” Neurobiology of Aging, vol. 32, no. 12, pp. 2326.e5–
2326.e16, 2011.

[19] A. Zoubeidi, A. Zardan, R. M. Wiedmann et al., “Hsp27 pro-
motes insulin-like growth factor-I survival signaling in prostate
cancer via p90Rsk-dependent phosphorylation and inactiva-
tion of BAD,”Cancer Research, vol. 70, no. 6, pp. 2307–2317, 2010.

[20] X. Wang, J. Z. Liu, J. X. Hu et al., “ROS-activated p38
MAPK/ERK-Akt cascade plays a central role in palmitic acid-
stimulated hepatocyte proliferation,” Free Radical Biology and
Medicine, vol. 51, no. 2, pp. 539–551, 2011.

[21] Y. Yuan, C. Y. Jiang, H. Xu et al., “Cadmium-induced apoptosis
in primary rat cerebral cortical neurons culture is mediated by a
calcium signaling pathway,” PLoS ONE, vol. 8, no. 5, Article ID
e64330, 2013.

[22] R. Andrew, D. G.Watson, S. A. Best, J. M.Midgley, H.Wenlong,
and R. K. H. Petty, “The determination of hydroxydopamines
and other trace amines in the urine of parkinsonian patients
and normal controls,”Neurochemical Research, vol. 18, no. 11, pp.
1175–1177, 1993.

[23] J. W. Chambers, S. Howard, and P. V. LoGrasso, “Blocking c-
JunN-terminal kinase (JNK) translocation to themitochondria
prevents 6-hydroxydopamine-induced toxicity in vitro and in
vivo,” Journal of Biological Chemistry, vol. 288, no. 2, pp. 1079–
1087, 2013.

[24] V. Lehmensiek, E.-M. Tan, S. Liebau et al., “Dopamine
transporter-mediated cytotoxicity of 6-hydroxydopamine in
vitro depends on expression of mutant 𝛼-synucleins related to
Parkinson’s disease,” Neurochemistry International, vol. 48, no.
5, pp. 329–340, 2006.

[25] J. C. Tobon-Velasco, J. H. Limon-Pacheco, M. Orozco-Ibarra et
al., “6-OHDA-induced apoptosis and mitochondrial dysfunc-
tion are mediated by early modulation of intracellular signals
and interaction of Nrf2 andNF-kappaB factors,”Toxicology, vol.
304, pp. 109–119, 2013.

[26] G. Tovilovic, N. Zogovic, V. Soskic et al., “Arylpiperazine-medi-
ated activation of Akt protects SH-SY5Y neuroblastoma cells
from 6-hydroxydopamine-induced apoptotic and autophagic
death,” Neuropharmacology, vol. 72, pp. 224–235, 2013.

[27] N. Sriraksa, J. Wattanathorn, S. Muchimapura, S. Tiamkao, K.
Brown, and K. Chaisiwamongkol, “Cognitive-enhancing effect
of quercetin in a rat model of Parkinson’s disease induced
by 6-hydroxydopamine,” Evidence-Based Complementary and
AlternativeMedicine, vol. 2012, Article ID 823206, 9 pages, 2012.

[28] M. P. Cunha,M. D.Martin-de-Saavedra, A. Romero et al., “Pro-
tective effect of creatine against 6-hydroxydopamine-induced
cell death in humanneuroblastoma SH-SY5Y cells: involvement
of intracellular signaling pathways,” Neuroscience, vol. 238, pp.
185–194, 2013.



Evidence-Based Complementary and Alternative Medicine 15

[29] J.-W. Kim, M.-H. Li, J.-H. Jang et al., “15-Deoxy-Δ12,14-
prostaglandin J2 rescues PC12 cells from H2O2-induced apop-
tosis through Nrf2-mediated upregulation of heme oxygenase-
1: potential roles of Akt and ERK1/2,” Biochemical Pharmacol-
ogy, vol. 76, no. 11, pp. 1577–1589, 2008.

[30] E. Yang, J. Zha, J. Jockel, L. H. Boise, C. B. Thompson, and S.
J. Korsmeyer, “Bad, a heterodimeric partner for Bcl-x(L), and
Bcl-2, displaces Bax and promotes cell death,” Cell, vol. 80, no.
2, pp. 285–291, 1995.

[31] A. Bonni, A. Brunet, A. E. West, S. R. Datta, M. A. Takasu,
and M. E. Greenberg, “Cell survival promoted by the Ras-
MAPK signaling pathway by transcription-dependent and
-independent mechanisms,” Science, vol. 286, no. 5443, pp.
1358–1362, 1999.

[32] M. C. Lawrence, A. Jivan, C. Shao et al., “The roles of MAPKs
in disease,” Cell Research, vol. 18, no. 4, pp. 436–442, 2008.



Hindawi Publishing Corporation
Evidence-Based Complementary and Alternative Medicine
Volume 2013, Article ID 347525, 5 pages
http://dx.doi.org/10.1155/2013/347525

Research Article
Open Randomized Clinical Trial on JWSJZ Decoction for
the Treatment of ALS Patients

Weidong Pan,1 Xiaojing Su,2 Jie Bao,1 Jun Wang,1 Jin Zhu,1

Dingfang Cai,1,3 Li Yu,1 and Hua Zhou4

1 Department of Neurology, Shuguang Hospital Affiliated to Shanghai University of TCM, 528 Zhangheng Road,
Pudong New Area, Shanghai 201203, China

2Department of Rehabilitation, First Hospital of Yinchuan, 40 Liqun East Road, Xing Qing Area, Yinchuan 750001, China
3 Laboratory of Neurology, Institute of Integrative Medicine, Zhongshan Hospital, Fudan University,
180 Fenglin Road, Shanghai 200032, China

4Department of Cardiology, Shuguang Hospital Affiliated to Shanghai University of TCM, 528 Zhangheng Road,
Pudong New Area, Shanghai 201203, China

Correspondence should be addressed to Hua Zhou; huazhoum@gmail.com

Received 27 April 2013; Revised 21 July 2013; Accepted 23 July 2013

Academic Editor: Paul Siu-Po Ip

Copyright © 2013 Weidong Pan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. To investigate the efficacy and safety of the traditional Chinese medicine Jiawei Sijunzi (JWSJZ) decoction for the
treatment of patients with amyotrophic lateral sclerosis (ALS).Methods. Forty-eight patients with ALS were divided into a JWSJZ
group (𝑛 = 24) and a control group (𝑛 = 24) using a randomized number method. Together with the basic treatment for ALS,
JWSJZ decoction was added to the treatment regimen of patients in the JWSJZ group or Riluzole was administered to the control
group for 6 months. Neurologists evaluated the treated and control patients using the ALS functional rating scale (ALSFRS) before,
3 and 6 months after starting the additional treatments. Results. The ALSFRS scores in both groups were lower 3 and 6 months
after treatment than before. There was a significant difference at 6 months after treatment between the subgroups of patients with
ALS whose limbs were the initial site of attack. No serious adverse effects were observed in the JWSJZ group. Conclusion. JWSJZ
decoction may be a safe treatment for ALS, and may have delayed the development of ALS, especially in the subgroup of patients
in whom the limbs were attacked first when compared with Riluzole treatment.

1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou
Gehrig’s disease, is a relatively rare, adult-onset, rapidly
progressive, and fatal disease that involves degeneration of
spinal cord motor neurons [1]. This disorder causes muscle
weakness and atrophy throughout the body, and patients with
ALS ultimately lose all voluntary movement. Regardless of
the region of onset, however, muscle weakness and atrophy
invariably spread to other parts of the body as the disease
progresses. Although disease progression varies between
individuals, toward the end stages of disease, most patients
require ventilator support. Individuals with ALS most com-
monly die of respiratory failure or pneumonia within 2–
5 years of diagnosis. There are no current treatments for

ALS. ALS is diagnosed as “flaccidity syndrome” by traditional
Chinese theory based on the weakness and atrophy of limbs
and body and the fact that most patients are eventually
unable to stand or walk, get in or out of bed on their
own, use their hands and arms, and have difficulty with
chewing, swallowing, and breathing, which ultimately lead
to progressive weight loss and increased risk of choking
and aspiration pneumonia. Most traditional Chinese doctors
believe that the pathogenesis of motor neuron degeneration
in ALS has its origin in a deficiency in the spleen, which is
the organ that controls the creation of muscle, or deficiency
of spleen accompanied by excess expending [2]. “Deal with
Yangmingmeridian alonewhen treating flaccidity syndrome”
is described in the ancient Chinese medicine book Huangdi
Neijing [3]. The Yangming meridian means the functions of



2 Evidence-Based Complementary and Alternative Medicine

the spleen. It could be thought that dealing with the spleen
alone might improve the flaccidity syndrome. In previous
studies, Sijunzi decoction appeared to positively improve and
optimize cellular immune function and nutritional status in
postsurgical gastric cancer patients [4], as well as improving
neuroendocrine regulation in rats with “spleen-deficiency
and spleen dysfunction” [5]. Jiawei Sijunzi decoction (JWSJZ)
is made from Sijunzi decoction which can nourish the spleen
and enrich the vitality of the body, plus the 2 herbs Radix
astragali and Desertliving cistanche. Here we investigated the
effects of JWSZJ decoction in the treatment of patients with
ALS at 6 months and compared them with those of Riluzole,
the only possibly effective “orphan drug” for treating ALS,
in an attempt to demonstrate an evidence-based quantitative
study of the effects of JWSJZ decoction.

2. Subjects and Methods

2.1. Subjects. An open randomized study design was used.
Forty-eight patients with probable or definite ALS as defined
by the El Escorial criteria [6] diagnosed at the Department
of Neurology of Shuguang Hospital Affiliated to Shanghai
University of TCM were invited to participate in the study.
The age of the patients ranged from 20 to 80 years old (𝑥 ±
𝑠, 50.4±6.7 years), and signed informed consent was obtained
before participation. The baseline clinical characteristics of
the two ALS groups, including age, gender, mean symptom
duration at baseline, in months, mean time from diagnosis to
baseline in months, and mean ALSFRS scores at baseline are
presented in Table 1. The study was approved by The Ethics
Committee of Shuguang Hospital Affiliated to Shanghai
University of TCM and was performed in accordance with
the principles outlined in the Declaration of Helsinki.

2.2. Randomization, Masking, and Drug Administration.
An unblinded pharmacist generated randomization codes
using an Excel (Microsoft Office) random number generator
(Microsoft, USA) in blocks of two and four participants.
Kits were given sequential numbers that corresponded to the
randomization key and were maintained in a secure location.
When randomized, each successive participant was assigned
by an electronic clinical trial management system to the next
numbered kit in sequence at each site. The ALS patients were
randomized into either the JWSJZ group (𝑛 = 24) or the
control group (𝑛 = 24).There was no stratification of patients
according to the onset region, age, or respiratory function
since all the patients enrolled were supposed to receive both
treatments.

Patients who had a forced vital capacity of less than
30%, those with signs of a major psychiatric disorder and/or
dementia, acute cholecystitis, or bile duct occlusion, or
patients who had another concomitant condition thought
to be likely to interfere with drug compliance and outcome
assessment were excluded. Additional exclusion criteria were
pregnancy and participation in other clinical trials. The
patients in the JWSJZ group took the JWSJZ decoction
(Panax Jinseng 9 g, Radix Astragali 30 g, Desert Cistanche
12 g,RhizomaAtractylodisMacrocephalae 9 g,Poria Cocos 9 g,

Glycyrrhiza 9 g; Place all of the herbs into 400mL of cold
water, soak for 30min, and boil for 30min using a small
flame to obtain about 100mL of decoction. The decoctions
were prepared by the manufacturing laboratory of Shuguang
Hospital) (50mL) twice per day while the other patients were
treated with Riluzole tablets (Sanofi-Aventis Co., Ltd., France;
50mg) twice per day for 6 consecutive months. They were
not treated by any other complementary and/or alternative
treatments such as other traditional Chinese medicine, Tai
Chi exercise, or acupuncture.

2.3. Clinical Efficacy and Safety Evaluation. Adetailed history
and neurological examination were performed 3 times by a
neurologist in all subjects at baseline (before treatment), 3
months, and 6months throughout the 6-month study period.
Disease severity was graded using the revised ALS functional
rating scale (ALSFRS) [7]. We used the improvement rate of
ALSFRS as the primary result to evaluate the efficacy of the
additional treatment.The improvement rates were calculated
using the formula (1). Treatment compliance was checked
monthly by a pharmacist, and noncompliant patients who
took less than 80% of the study medications were considered
to have violated the treatment protocol. Changes in the SF-
36 physical functioning (PF) subscale [8] and the mean distal
limb muscle strength scale were used as secondary results.
Standard laboratory tests including red blood cell count,
chemistry, renal and liver function, and electrocardiograms
were performed at baseline and at the posttreatment dis-
continuation visit. Safety was evaluated as the incidence and
severity of adverse events, and their relationships to treatment
were determined based on the results of laboratory tests,
patient reports, and the judgment of the investigator.

Consider the following:

improvement rate =


after − before
before


× 100%. (1)

2.4. Statistical Analysis. Repeated-measure ANOVA was
conducted to test the differences among changes in outcomes
at baseline, at 3 months, and 6 months later for both
groups. Differences at baseline between the JWSJZ group and
control group were analyzed using the 𝑡-test. A significant
difference was defined as 𝑃 < 0.05. SPSS (Windows version
17.0) software was used for statistical analyses. All data are
expressed as the mean ± standard deviation.

3. Results

There were no differences in gender, age, and ALSFRS scores
before the additional treatments were started between the
two groups (Table 1). In the JWSJZ group, 18 patients first
developed ALS in the limbs (defined as subgroup), 3 via
bulbar paralysis, and 3 from both syndromes. In the control
group, 19 patients first developed ALS in the limbs, 2 via
bulbar paralysis, and 3 were attacked by both. Except for the
patient who died from development of the disease at the end
of the trial, all patients completed the investigation with less
side effects (treatment related gastrointestinal side effects: 2
with nausea and 2 with constipation) in the JWSJZ group.
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Table 1: Baseline clinical characteristics of the two ALS groups.

Subjects JWSJZ group (𝑛 = 23) Control group (𝑛 = 19) 𝑃 value
Age (years) 51.6 ± 7.2 50.1 ± 4.2 0.89
Men/Women 14/9 11/8 —
Disease duration (months) 25.9 ± 24.7 26.1 ± 24.9 0.37
Mean time from diagnosis (months) 18.35 ± 16.78 17.59 ± 13.51 0.29
Area where ALS first developed—limbs/bulbar/both 18/3/3 19/2/3 —
ALSFRS 37.1 ± 7.6 37.4 ± 9.2 0.65

No liver/kidney damage was observed in the JWSZJ group.
Two patients died fromdevelopment of the disease, including
one limb first attack patient, and 12 patients had drug related
gastrointestinal side effects in the control group (including
9 cases with nausea, 6 with dizziness, 7 with anorexia, 3
with constipation, and 3with diarrhea).Three cases withdrew
from the study due to side effects or economic reasons or both
in the control group (Figure 1). Four patients had drug related
liver/kidney damage.

The changes in ALSFRS score were as follows: the scores
of both groups had decreased significantly after 6 months of
treatment compared with those before treatment; however,
the slope of the decrease in the JWSJZ groupwas less than that
in the control group. No significant differences were found
between the endpoint of the two groups (Table 2). The limbs
first attack patients (subgroup) in the JWSJZ group had a
significantly smaller rate of change (%) of ALSFRS scores
after 6 months of treatment compared with the subgroup in
the control group (Table 3). The changes in SF-36 physical
functioning (PF) sub-scale and muscle strength were as
follows: both groups had significant decreases in the PF sub-
scale, but therewere no significant changes inmuscle strength
(Table 4) comparedwith baseline after 6months of treatment.
The PF sub-scale was slightly higher in the JWSJZ group than
in the control group at the endpoint, but the difference was
not significant.

4. Discussion

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative disorder characterized by progressive degeneration of
motor neurons in the motor cortex, brain stem, and spinal
cord, leading to paralysis and death, typically within 3–5 years
from symptom onset. Riluzole is the only FDA-approved
“orphan drug” for ALS and prolongs median survival by
only 2-3 months in patients treated for at least 18 months.
Importantly, the greatest benefit of Riluzole is observed when
treatment is initiated early in the course of the disease,
highlighting the importance of early intervention in ALS [9].
Identifying effective treatments for ALS is themost important
task for neurologists. Traditional Chinese medicine is one
treatment choice for ALS due to its benefits that have
been reported in clinical studies [10, 11]. The progressive
weakness, muscle atrophy, dysphagia, weight loss, and even
respiratory paralysis associatedwithALS belong to “flaccidity
syndrome or Wei Zheng” in Chinese traditional medicine

theory. “Deal with Yangming meridian alone when treating
flaccidity syndrome” is one proven theory currently in use
for flaccidity treatment. According to traditional Chinese
medicine, the functions of the stomach and spleen belong
to the Yang Ming meridian. The “Stomach is the reservoir
of food and drink” and “the sources of Qi (vitality) and
bloodmanufacture” according to Huangdi Neijing [3], which
demonstrates that “YangMing is the sea of the viscera internal
organs of the body, it can embellish muscle tendons, and
the muscle tendons can modify the movement of the joints.”
The Yang Ming meridian can manufacture all muscles of the
organs and limbs and control their activities. If the Yang
Ming is deteriorating, the muscles will atrophy and flaccidity
will develop. We based JWSJZ on the famous traditional
nourishing spleen and enriching vitality formula, Sijunzu
decoction (Panax ginseng (Ren Shen), Rhizoma Atractylodis
Macrocephalae (Bai Zhu), Poria cocos (Fu Ling), and honey-
fried licorice root (Zhi Gan Cao)) [2], plus more potent
nourishing spleen and enriching vitality herbs, Astragalus
mongholicus (HuangQi) andHerba cistanche (CongRong), to
increase the nourishing functions of the decoction. Previous
studies have demonstrated that Panax ginseng can improve
the immunity of the body [12] and that Rhizoma Atractylodis
Macrocephalae has neuroprotective effects and can protect
against excitotoxicity-induced apoptosis in cultured cerebral
cortical neurons [13]. Poria cocos and honey-fried licorice
root have been found to inhibit the development of senile
dementia and improve the degeneration of neurons [14].
Astragalus mongholicus inhibited high mobility group pro-
tein 1-(HMGB1-) induced endothelial cell permeability in
endothelial cells and modulates some endothelial functions
of the body [15]. The JWSJZ decoction might improve the
activity and condition of themuscles, and thismay agree with
the treatment policy of “Deal with Yangming meridian alone
in treating for flaccidity syndrome” when treating ALS. After
6 months of treatment, the severity of the ALS worsened in
both groups and the symptoms of the ALS patients were not
improved by the JWSJZ decoction, but compared with the
Riluzole group, the JWSJZ decoction seemed to be slightly
superior at slowing down the speed of development of ALS
(Table 1). JWSJZ showed significant effects in the limbs first
attacked subgroup patients on reducing development of the
disease comparedwithRiluzole (Table 2). Limbs first attacked
patients with limb atrophy and flaccidity syndrome belong to
the “flaccidity syndrome orWei Zheng” and conformmore to
traditional Chinese medicine theory, while bulbar paralysis
first attack patients just suffer a deficiency of vital energy. It is
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Allocation

Analysis

Followup

Enrollment

Assessed for eligibility (n = 63)

Randomized (n = 48)

Excluded (n = 15)
Not meeting inclusion criteria (n = 10)
Declined to participate (n = 5)

Allocated to JWSJZ (n = 24)
Received allocated JWSJZ (n = 24)

Allocated to control (n = 24)
Received allocated Riluzole (n = 24)

Discontinued intervention (n = 1)
Died (n = 1)

Discontinued intervention (n = 5)
Died (n = 2)

Unable to tolerate the side effects (n = 1)

Economic reason (n = 1)

Both of them (n = 1)

⧫ ⧫

⧫

⧫

Analyzed (n = 23) Analyzed (n = 19)

Figure 1: CONSORT flow diagram of JWSJZ decoction for the treatment of patients with ALS.

Table 2: Comparison of ALSFRS before and after treatment for JWSJZ group and control group (𝜒 ± 𝑆).

Variable 𝑛 ALSFRS Rate of change (%)
Before After Before 3m 6m

JWSJZ 24 23 38.2 ± 6.3 36.1 ± 8.7 34.4 ± 7.9∗ 13.57
Control 24 19 37.9 ± 7.7 34.3 ± 6.8 30.6 ± 9.1∗ 19.26
JWSJZ: Jiawei Sijunzi decoction; ALSFRS: amyotrophic lateral sclerosis functional rating scale; ∗𝑃 < 0.05 compared with before treatment for the same group;
rate of change: counted between before treatment and 6months for the same group.

Table 3: Comparison of ALSFRS before and after treatment for limbs first attacked subgroups of JWSJZ group and control group (𝜒 ± 𝑆).

Variable 𝑛 of limbs first attacked ALSFRS Rate of change (%)
Before After Before 3m 6m

JWSZJ 18 18 37.1 ± 7.6 35.2 ± 7.4 33.9 ± 6.2∗ 10.68#

Control 19 18 37.4 ± 9.2 34.5 ± 4.5 31.6 ± 8.9∗ 19.03
JWSJZ: Jiawei Sijunzi decoction; ALSFRS: amyotrophic lateral sclerosis functional rating scale; ∗𝑃 < 0.05 compared with before treatment for the same group;
#
𝑃 < 0.01, compared with JWSJZ group; rate of change; counted between before treatment and 6months for the same group.

Table 4: Comparison of SF-36 physical function (PF) sub-scale and mean distal limb muscle strength between JWSJZ group and control
group before and after treatment (𝜒 ± 𝑆).

Variable 𝑛 PF sub-scale Distal limb muscle strength
Before After Before 3m 6m Before 3m 6m

JWSJZ 24 23 43.1 ± 5.2 42.4 ± 7.3 38.9 ± 4.9∗ 3.7 ± 0.5 3.7 ± 0.3 3.5 ± 0.7
Control 24 19 42.9 ± 4.9 42.3 ± 6.8 37.6 ± 7.7∗ 3.7 ± 0.7 3.6 ± 0.6 3.5 ± 0.4
JWSJZ: Jiawei Sijunzi decoction; PF sub-scale: physical function sub-scale; ∗𝑃 < 0.05 compared with before treatment for the same group.
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easy to understand why patients whose limbs were attacked
first responded more sensitively to treatment with the JWSJZ
decoction. No significant differences were observed between
the subgroups in the Riluzole group. Furthermore, compared
with the Riluzole group, the JWSJZ group demonstrated
better dependency, less side effects, and a cheaper price. From
2008 to 2012 inChina, themeanprice of JWSJZdecoctionwas
about 22.8 yuan/per day, while Riluzole cost was 160 yuan/per
day (exchange rate; approximately 6 yuan/US dollar); there-
fore, the JWSJZ decoction is superior to Riluzole from a price
perspective.

Inefficient GluR2 Q/R site editing is a disease-specific
molecular dysfunction found in the motor neurons of spo-
radic ALS patients [16]. Genetically modified mice (desig-
nated as AR2) showed a decline in motor function com-
mensurate with the slow death of ADAR2-deficient motor
neurons in the spinal cord and cranial motor nerve nuclei
[17]. The efficacy of JWSJZ decoction for treating ALS was
also observed in vivo using this AR2mouse model [18]; how-
ever, the molecular mechanism is not yet clear and further
studies are needed. We have reported the clinical effects of
the nourishing spleen and enriching vitality method, JWSJZ
decoction, for treating ALS, especially in patients whose
limbs were the first point of attack of the disease, compared
with the ALS “orphan drug” Riluzole.The traditional Chinese
decoction may be one adjuvant treatment for ALS; however,
studies with larger sample sizes and/or different dosages will
be needed to confirm the efficacy.
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Parkinson’s disease (PD) is a multifactorial disorder, which is neuropathologically identified by age-dependent neurodegeneration
of dopaminergic neurons in the substantia nigra. Development of symptomatic treatments has been partly successful for PD
research, but there remain a number of inadequacies in therapeutic strategies for the disease. The pathogenesis of PD remains
intricate, and the present anti-PD treatments appears to be clinically insufficient. Comprehensive research on discovery of novel
drug candidates has demonstrated that natural products, such as medicinal herbs, plant extracts, and their secondary metabolites,
have great potential as therapeutics with neuroprotective activity in PD. Recent preclinical studies suggest that a number of
herbal medicines and their bioactive ingredients can be developed into optimum pharmaceuticals for treating PD. In many
countries, traditional herbal medicines are used to prevent or treat neurodegenerative disorders, and some have been developed as
nutraceuticals or functional foods. Here we focus on recent advances of the evidence-linked neuroprotective activity of bioactive
ingredients of herbal origin in cellular and animal models of PD research.

1. Introduction

Parkinson’s disease (PD) is a chronic neurological disorder,
characterized by a selective loss of dopaminergic neurons in
the substantia nigra (SN) of ventral midbrain area, causing
a subsequent reduction of dopamine (DA) levels in the
striatum. Loss of dopaminergic supply to striatum causes
imbalance with neurotransmitters like acetylcholine and DA,
resulting in PD symptoms. Some typical characteristic symp-
toms observed in PD patients are tremor, myotonia, and
dyskinesia [1].The threemain strategic developments in drug
discovery that have advanced the progress in therapeutic
management of PD patients have focused on the alleviation
of motor symptoms by the use of dopaminergic mimetics,
the development of novel nondopaminergic drugs for symp-
tomatic improvement, and lastly, the discovery of neuropro-
tective compounds that have disease modifying effects in PD
[2]. The pathogenesis and etiology of PD are not completely
understood. Extensive study of various models mimicking
key features of PD has outlined important cellular factors

of dopaminergic cell death, including neuroinflammation,
oxidative stress, mitochondrial dysfunction, and excitotox-
icity [3, 4]. Although no model has thus far been able to
reiterate all the pathological features of PD [5], the neurotoxic
models have proved themselves to be a worthy tool for devel-
oping novel therapeutic strategies and assessing the efficacy
and adverse effects of symptomatic treatments of PD [6].

Since ancient times, PD has been documented in various
parts of the world. Based on their experience-based theories
as well as practices from elsewhere, Asian countries, such
as India, China, Japan, and Korea, have been using different
combinations of herbal materials to treat PD within the
context of ancient herbal medical systems [7]. Ayurveda,
an ancient form of alternative traditional medicine followed
in the Indian subcontinent describes PD as “Kampavata”
[8] wherein seed preparations of mucuna are used as con-
temporary medicine for the treatment of PD [7]. Upon
scientific investigations, it was found that Mucuna pruriens
contains levodopa, which provides long-term amelioration
of Parkinsonism [9, 10]. Formulation of powdered seed of
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Figure 1: Chemical structure of ginsenoside Rg1 (a), baicalein (b), curcumin (c), and gastrodin (d).

Mucuna pruriens also showed positive effects on PD patients
in clinical trials, with quick onset of action and without
concomitant increase in dyskinesia [11]. Zandopa (HP-200), a
commercial preparation ofMucuna pruriens, is also available
for the treatment of PD [12]. In Chinese traditional medicine,
22,500medicinal herbs are in use throughout China, of which
only a few have been successfully investigated in animal
experiments or clinical trials for potential development into
herbal formulations for treating PD [13].

The past decade has substantiated considerable interest
in phytochemical bioactive constituents from herbal medi-
cines, which can have long-termmedicinal or health-promot-
ing qualities in PD [14]. In comparison, many medicinal
plants exhibit specific medicinal actions without serving a
nutritional role in the human diet and may be used in
response to specific health problems over short- or long-
term intervals [15, 16]. Therefore, a scientific re-examination
of these therapies in preclinical models is valuable for the
development of novel neuroprotective drugs for PD [17].
According to estimates from theWorld Health Organization,
by 2040, neurodegenerative diseases will exceed cancer as the
principal cause of death in industrialized countries. Irrespec-
tive of our advances in understanding the pathogenesis of
PD, pharmacological treatments by conventional medicine
have not transpired into satisfactory results. Therefore, it is
plausible that the use of bioactive compounds from natural
sources may yield more appropriate potential candidates for
the preventive treatment of PD [18].

Comprehensive research on the discovery of novel neuro-
protective drug candidates has proven that natural products,
such as plant extracts and their bioactive compounds, can
have tremendous potential as lead neuroprotective candi-
dates in PD treatment. To list a few compounds from
herbal origin, apomorphine, rivastigmine, and PYM-50028
are under clinical investigation to be used as potential

neuroprotective agents in PD [19]. Here, we have focused on
recent advances in the research of herbal medicines and their
bioactive ingredients used in animal and cellular neurotoxic
models of PD, so as to facilitate future basic and clinical
investigations.

2. Neuroprotective Activity
of Bioactive Compounds from
Herbal Medicines

2.1. Ginsenoside Rg1. Ginseng is the dried root and rhizome
of Panax ginseng and Panax notoginseng (Araliaceae) [13].
Ginseng is a valuable herb in traditional medicine, which
has been utilized for over many centuries, based on the
theory that it is a general tonic for the promotion of vitality,
health, and longevity. The aqueous extract of ginseng has
been used to treat many kinds of disease including ischemia,
anemia, diabetes mellitus, gastritis, and insomnia [20]. There
are over 30 ginsenosides among which the main active ingre-
dients responsible for its vivid pharmaceutical actions are
ginsenoside Rb1, Rd, Re, and Rg1 [21].

Recently, the aqueous extract ofPanax ginseng was invest-
igated for its protective effects against cellular model
of parkinsonism like 1-methyl-4-phenylpyridine (MPP+)-
induced cytotoxicity in SH-SY5Y human neuroblastoma
cells. In this study, the aqueous extract of Panax ginseng
decreased the overproduction of reactive oxygen species
(ROS), release of cytochrome c and activation of caspase-3,
elevated Bax/Bcl-2 ratio, and thus, increased cell survival in
MPP+-treated SH-SY5Y cells [20]. Apart from Panax ginseng,
saponins, obtained from Panax notoginseng by the induction
of thioredoxin-1, elicit a very potent neuroprotective effect
on MPP+ induced toxicity to PC12 cells and Kunming mice
[22, 23]. In a very recent report, ginsenoside Rg1 (Figure 1(a))
was studied for themechanistic activity behind its antioxidant
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effect on hydrogen peroxide (H
2
O
2
)-induced oxidative stress

to PC12 cells. Pretreatment with Rg1 at concentrations of
0.1–10 𝜇M significantly decreases the cytotoxicity induced by
400𝜇M of H

2
O
2
in PC12 cells. Ginsenoside Rg1 abates the

phosphorylation and nuclear translocation of nuclear factor-
kappa B (NF-𝜅B)/p65, phosphorylation, and degradation of
inhibitor protein of 𝜅B (I𝜅B), as well as the phosphoryla-
tion of I𝜅B-kinase complex (IKK). Furthermore, Rg1 also
inhibited the activation of Akt and the extracellular signal-
regulated kinase 1/2 (ERK1/2). These results indicate that
ginsenoside Rg1 protects the cell injury induced by H

2
O
2
via

downregulating ERK1/2 and by decreasing the activation of
the NF-𝜅B signaling pathway [24].

In a report by Xu et al., it was observed that pretreatment
with ginsenoside Rg1 to MES23.5 cells renews an iron-
induced reduction in mitochondrial transmembrane poten-
tial. Pretreatment with ginsenoside Rg1 also decreases the
increase of iron influx by inhibiting 6-hydroxydopamine (6-
OHDA)-induced upregulation of an iron importer protein
divalent metal transporter 1 with iron responsive element
(DMT1-IRE). Further findings demonstrated that, due to
the antioxidant effect of ginsenoside Rg1, it inhibits iron
regulatory proteins, and thereby downregulating DMT1 and
IRE expression [25]. In a parallel study, pretreatment with
ginsenosideRg1was seen to inhibit theMPP+-inducedupreg-
ulation of DMT1-IRE, which was associated with the produc-
tion of ROS and translocation of NF-𝜅B to nuclei in MES23.5
cells [26]. Similar results were reported in a 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD in
C57BL/6 mice, wherein pretreatment with ginsenoside Rg1
significantly attenuated MPTP-induced elevated iron levels
decreased the expression ofDMT1 and increased ferroportin-
1 expression in the SN [27]. Antiinflammatory effects of gin-
senoside Rg1 were also evident in lipopolysaccharide (LPS)-
induced microglial activation in male C57BL/6 mice. In this
study, ginsenoside Rg1 is found to inhibit proinflammatory
markers, including inducible nitric oxide synthase (iNOS),
nitric oxide (NO), tumor necrosis factor alpha (TNF-𝛼),
and expression of ionized calcium binding adaptor molecule
1 (Iba-1) in both the cerebral cortex and hippocampus of
C57BL/6 mice. Treatment with ginsenoside Rg1 suppresses
downstream inflammatory markers by inhibiting the phos-
phorylation levels of I𝜅B, nuclear translocation of p65 sub-
unit of NF-𝜅B, and phosphorylation level of ERK1/2 kinase
induced by LPS [28]. Ginsenoside Rg1 is also reported to
have protective effects on dopaminergic neurons in ovariec-
tomized female SD rat injected intracerebroventricularlywith
6-OHDA [29]. In a similar 6-OHDA-induced nigrostriatal
injury model of PD, ginsenoside Rg1 was observed to have
a neuroprotective effects on dopaminergic neurons through
the insulin-like growth factor-I receptor signaling pathway
[30].

2.2. Baicalein. Baicalein (Figure 1(b)) is a flavonoid and one
of the active constituents obtained from a dried root of
Scutellaria baicalensis (Labiatae). Recently, ethanolic extract
of Scutellaria baicalensis was demonstrated to decrease LPS-
induced expression of iNOS,NO, cyclooxygenase-2 (COX-2),

and prostaglandin E
2
levels in BV-2 andRAW 264.7 cells [31].

In a latest study by Li et al., they investigated the effects of
baicalein on rotenone-induced neurotoxicity in PC12 cells.
The results demonstrated that baicalein, in a concentration-
dependent manner, inhibits the accumulation of ROS, defi-
ciency of ATP, dissipation of mitochondrial membrane
potential, and activation of caspase-3/7. Baicalein suppresses
rotenone-induced apoptosis, indicating that baicalein likely
improves mitochondrial function. Moreover, isolated rat
brain mitochondria were used by the author to evaluate
the effect of baicalein. It was found that treatment with
baicalein promotes mitochondrial active respiration and
prevents the rotenone-induced production of ROS, defi-
ciency of ATP, and swelling of isolated brain mitochondria
[32]. In addition to the rotenone model, baicalein was
also explored for its neuroprotective effect in 6-OHDA-
induced cellular and animal models of experimental parkin-
sonism. Baicalein at 0.5 and 5𝜇g/mL promotes neurite
outgrowth in PC12 cells and significantly attenuates the 6-
OHDA-induced cell apoptosis in SH-SY5Y cells. In animal
experiments, treatment with baicalein significantly attenu-
ates muscle tremor in 6-OHDA-lesioned rats but does not
have any effect on apomorphine induced rotations. Further-
more, baicalein treatment mitigates astroglial response and
increases tyrosine-hydroxylase-(TH-) positive neurons in SN
[33].

Analogous to this study, treatment with baicalein at 100,
200, and 400mg/kg significantly attenuates muscle tremor
in 6-OHDA-lesioned rats. Baicalein was demonstrated to
modulate the balance between glutamate and gamma amino
butyric acid. Baicalein was also demonstrated to inhibit cyto-
chrome oxidase subunit I (CO-I) mRNA expression in the
subthalamic nucleus [34]. In a similar study, baicalein was
seen to improve impaired spontaneous motor activity and
rotarod performance induced by MPTP in C57BL/6 mice.
Besides, baicalein at 280 and 560mg/kg displays a protective
effect against the MPTP-induced fall of TH-positive neurons
in the SN. Treatment with baicalein also abates an MPTP-
induced decrease in DA levels in the striatum by changing
dopamine catabolism and inhibiting dopamine turnover [35].
In a similar model of MPTP-induced loss of dopaminergic
fibers in mice, pretreatment with baicalein was found to
increase the levels of DA and 5-hydroxytryptamine in the
striatum, increase the counts of dopaminergic neurons, and
inhibit both the oxidative stress and the astroglial response
[36].

Baicalein is also reported to decrease fibrillization of
E46K and E46K 𝛼-synuclein-(𝛼-syn-) induced aggregation
and toxicity in N2A cells. It was also demonstrated that
baicalein significantly attenuates both E46K-induced mito-
chondrial depolarization, significantly attenuates the inhibi-
tion of proteasome, and protects N2A cells against E46K-
induced toxicity [37]. In a related study, baicalein was found
to inhibit the oligomerisation of𝛼-syn in cell-free and cellular
systems, as well to act as an efficient inhibitor of𝛼-syn fibrilla-
tion in cell-free systems. Furthermore, baicalein was demon-
strated to inhibit the formation of 𝛼-syn oligomers in Hela
and SH-SY5Y cells and protect SH-SY5Y cells from 𝛼-syn
oligomer-induced toxicity [38].
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2.3. Curcumin. Rhizomes of Curcuma longa (Zingiberaceae)
with the common name of turmeric along with its active
components have been comprehensively used in the Indian
subcontinent as food additives and cosmetics, exhibiting
several medicinal properties [39]. The multiple pharmaco-
logical activities of Curcuma longa are mainly attributed to
its polyphenolic fraction, curcuminoids, comprised of cur-
cumin (Figure 1(c)), demethoxy curcumin (DMC), and bis-
demethoxy curcumin (BDMC). Following extensive research
on curcumin, the major active component of curcuminoids
has revealed its bioactivities, including antiinflammatory,
antioxidant, proapoptotic, chemopreventive, chemothera-
peutic, antiproliferative, wound healing, antinociceptive,
antiparasitic, and antimalarial properties [40]. In a latest
study by Jiang and coworkers, curcumin was found to ame-
liorate A53T 𝛼-syn-induced SH-SY5Y cell death by downreg-
ulating rapamycin/p70 ribosomal protein S6 kinase signaling
[41]. In a similar study byWang et al., curcuminwas observed
to decrease 𝛼-syn-induced intracellular ROS generation and
inhibit caspase-3 activation in SH-SY5Y cells [42]. In a recent
experiment by Ojha et al., they investigated curcuminoids for
their neuroprotective effects on inflammation-mediated neu-
rodegeneration of dopaminergic neurons of C57BL/6mice in
the acuteMPTP-model. Authors found that oral pretreatment
with curcuminoids (150mg/kg/day) significantly prevents
MPTPmediated loss of TH-positive neurons and depletion of
DA. Furthermore, pretreatment with curcuminoidsmitigates
cytokines, generation of total nitrite, and the expression of
protein inflammatory markers, such as glial fibrillary acidic
protein (GFAP) and iNOS, in the striatum of MPTP-intoxi-
cated mice. Moreover, curcuminoids also improved motor
deficits produced byMPTP, as evidenced by rotarod and open
field tests [43].

In a comparable study carried out by Pan et al., curcumin
was observed to protect dopaminergic neurons from apop-
tosis in an MPTP mouse model of PD. Curcumin markedly
ameliorated the loss of dopaminergic axons in the striatum
as well as the demise of dopaminergic neurons, in an MPTP
mousemodel. Furthermechanistic studies demonstrated that
curcumin inhibits MPTP-induced hyperphosphorylation of
c-Jun N-terminal kinase (JNK). Phosphorylation of JNKs is
known to cause translocation of Bax to mitochondria as well
as the release of cytochrome c, which ultimately results in
mitochondria-mediated apoptosis. Authors have established
that curcumin prevents the degeneration of nigrostriatal neu-
rons by inhibiting the dysfunction of mitochondria through
abolishing the hyperphosphorylation of JNKs induced by
MPTP [44]. Apart from MPTP model, curcumin is also
reported to be neuroprotective in a 6-OHDA-induced hemi-
parkinsonian mice model. Posttreatment with curcumin
following a unilateral intrastriatal 6-OHDA injection to mice
was found to decrease the 6-OHDA-induced loss of striatal
TH fibers and nigral TH-immunoreactive neurons. The neu-
roprotection was accompanied with a significant weakening
of astroglial and microglial reaction in the striatum and the
substantia nigra pars compacta (SNpc).These results indicate
that the neuroprotective effects of curcumin in 6-OHDA-
lesioned mice may be mediated via its antiinflammatory
properties, or direct protection on nigral DA neurons [45].

2.4. Gastrodin. Gastrodia elata (GE), belonging to the family
of Orchidaceae, has been traditionally used as a folkmedicine
in Oriental countries for many centuries due to its vivid exhi-
bition of therapeutic benefits [46]. The major compounds in
GE are gastrodin, vanillyl alcohol, 4-hydroxybenzaldehyde,
and vanillin (Figure 1(d)). These compounds are known
to cross the blood brain barrier and also to display vari-
ous biological activities, such as antioxidant, antiasthmatic,
antimicrobial, and antimutagenic activities [47]. In a study by
An et al., pretreatment with GE extract (10, 100, 200𝜇g/mL)
for 4 h prior to the addition of MPP+ significantly rescued
the MPP+-induced decrease in viability of SH-SY5Y cells.
Pretreatment with GE at 10, 100, and 200𝜇g/mL for 4 h prior
to the addition of 0.5mM MPP+ significantly improves cell
viability in Neuro-2a cells [46]. Pretreatment with GE (10,
100, and 200𝜇g/mL) reduces the proportion of apoptotic
cells, ROS, and Bax/Bcl-2 ratio in a concentration-dependent
manner in MPP+-induced toxicity to SH-SY5Y cells [46].
These findings suggest that treatment with GE shifts the
balance between pro- and antiapoptotic members towards
cell survival.

Application of vanillyl alcohol to MPP+ intoxicated
MN9D dopaminergic cells effectively improves cell viability
and inhibits cytotoxicity. The underlying mechanisms of
vanillyl alcohol were found to be attenuation of the elevated
ROS levels, as well as initiating a decrease in the Bax/Bcl-
2 ratio and poly (ADP-ribose) polymerase (PARP) proteol-
ysis. These results demonstrate that vanillyl alcohol protects
dopaminergic MN9D cells against MPP+-induced apoptosis
by relieving oxidative stress and modulating the apoptotic
process [47]. In a recent study, treatmentwith gastrodin signi-
ficantly and dose dependently protected dopaminergic neu-
rons against neurotoxicity, through regulating free radicals,
Bax/Bcl-2 mRNA, and caspase-3 and cleaved PARP in SH-
SY5Y cells stressed with MPP+ [48]. Gastrodin also shows
neuroprotective effects in the subchronic MPTP mouse PD
model by ameliorating bradykinesia and motor impairment
in the pole and rotarod tests, respectively [48]. Consistent
with this finding, gastrodin prevents DA depletion and
reduces reactive astrogliosis caused byMPTP in SN and stria-
tum of C57BL/6 mice. Moreover, gastrodin is also effective in
preventing neuronal apoptosis by attenuating oxidative stress
and apoptosis in SNand striatumofC57BL/6mice.Gastrodin
is also reported to significantly inhibit levels of neurotoxic
proinflammatory mediators and cytokines including iNOS,
COX-2, TNF-𝛼, and IL-1𝛽 by inhibiting the NF-𝜅B signaling
pathway and phosphorylation of MAPKs in LPS-stimulated
microglial cells [49].These results indicate that gastrodin has
protective effects in experimental PD models and might be
suitable for development as a clinical candidate to ameliorate
PD symptoms [48].

2.5. Resveratrol. Resveratrol (Figure 2(a)) is a naturally
occurring polyphenolic phytoalexin which occurs in plants
such as grapes, peanuts, berries, and pines [50]. Resveratrol is
reported to have several pharmacological properties, such as
cardioprotection, scavenging of free radicals, and inhibition
of COX and hydroperoxidase [50, 51]. In a recent study
by Chang et al., resveratrol was found to markedly reduce
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Figure 2: Chemical structure of resveratrol (a), acteoside (b), echinacoside (c), and paeoniflorin (d).

levels ofmyeloperoxidase (MPO) inmicroglia and astrocytes,
without increasing the levels of NO. Resveratrol-induced
downregulation of MPO significantly attenuates rotenone-
triggered inflammatory responses, including the production
of ROS and phagocytic activity in primary microglia and
astrocytes [52]. In addition, pretreatment with resveratrol
also alleviates impaired responses to rotenone from primary
mixed glia in MPO deficient mice. The authors further
demonstrated that resveratrol attenuates rotenone-induced
dopaminergic cell death in neuron-glia cocultures, as com-
pared to perse neuronal culture. Similar effects were also
shown by resveratrol in modulating MPO levels in microglia
treated with MPP+, which supports its antiinflammatory
profile in PD [52]. In an adjacent study by Wu et al., resver-
atrol was observed to protect SH-SY5Y cells against rotenone-
induced apoptosis, and to enhance the degradation of 𝛼-
syn in 𝛼-syn-expressing PC12 cell line via the induction

of autophagy. After observing that suppression of silent
information regulator 2 (SIRT1) andmetabolic energy sensor
AMP-activated protein kinase (AMPK) causes a decrease in
protein levels of LC3-phosphatidylethanolamine conjugate
(LC3-II), the authors concluded that AMPK and/or SIRT1 are
required for the resveratrol-mediated induction of autophagy
[53]. A similar study of the PC12 cell line demonstrated that
pretreatment with resveratrol for 3 h before MPP+ signifi-
cantly reduced apoptosis-mediated neuronal cell death [54].
The authors also established that resveratrol tunes mRNA
levels and protein expression of Bax and Bcl-2. Further
investigation revealed that resveratrol reduces apoptotic neu-
ronal cell death by decreasing cytochrome c and nuclear
translocation of the apoptosis-inducing factor (AIF) [54]. As
compared to earlier neuroprotective mechanism reported for
resveratrol, it was found that antiapoptotic effects elicited
against MPP+ in rat cerebellar granule neurons by resveratrol
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are independent of the stimulation ofmammalian SIRT-2, but
dependent on its antioxidant properties [55].

In a chronic MPTP model in Balb/c mice, resveratrol
was observed to show significant neuroprotection by alle-
viating MPTP-induced impairments in motor coordination,
oxidative stress, and loss of TH neurons [56]. Furthermore,
resveratrol at (10mg/kg, daily) significantly attenuated toxic-
ity induced by paraquat and maneb, by increasing the levels
of cytochrome P450 2D6 gene, as well as the expressions of
vesicular monoamine transporter type 2 (VMAT-2). Resver-
atrol also relieves the increased accumulation of paraquat
in nigrostriatal tissues, as well as relieving oxidative stress,
microglial activation, neuroinflammation, and increasing the
number of TH-positive cells and DA content [57]. Daily oral
doses of resveratrol (10, 20 and 40mg/kg) to rats with 6-
OHDA-induced degeneration of the nigrostriatal network
revealed that resveratrol alleviates 6-OHDA-induced swelling
of mitochondria, condensation of chromatin, and vacuoliza-
tion of dopaminergic neurons in rat SN.Moreover, resveratrol
treatment significantly decreases the m-RNA levels of COX-
2 and TNF-𝛼 in the SN [58]. Other reports also support the
neuroprotective effects of resveratrol on nigral cells, wherein
it mitigated oxidative damage and depletion of DA in 6-
OHDA-induced dopaminergic cell death in a rat model [59–
61]. These findings support the role of these natural polyphe-
nols in preventive and/or complementary therapies for sev-
eral human neurodegenerative diseases caused by oxida-
tive stress and apoptosis.

2.6. Acteoside and Echinacoside. Cistanches Herba is the
dried juicy stem ofCistanche deserticola orCistanche tubulosa
(Orobanchaceae) [62]. Total glycosides obtained from Cis-
tanches Herba have been demonstrated to have neuroprotec-
tive effects on dopaminergic neurons of SN in a chronically
intoxicated MPTP mice model of PD [62]. Treatment with
400mg/kg of total glycosides significantly improves the
altered neurobehavioral pattern of MPTP-intoxicated mice
and inhibits the reduction of nigral dopaminergic neurons
and the expression of TH in the striatum [62]. Acteoside
(Figure 2(b)) extracted from Cistanches Herba has neuro-
protective effects against rotenone-induced damage to SH-
SY5Y cells. Pretreatment of SH-SY5Y cells with acteoside
(10, 20, or 40mg/L) for 6 h significantly reduces the release
of lactate dehydrogenase induced by rotenone (0.5 𝜇M/L).
Pretreatment of SH-SY5Y cells with acteoside at the same
dose ranges for 6 h, dose dependently decreases the cleavage
of parkin induced by 0.5 𝜇M/L of rotenone, decreases 𝛼-
syn-positive SH-SY5Y cells, and stops the dimerization of 𝛼-
syn. These findings indicate that the neuroprotective effects
elicited by pretreatment of acteoside are due to its ability
to reduce the cleavage of parkin and inhibit the expression
of 𝛼-syn induced by rotenone in SH-SY5Y cells [63]. It
is also found that pretreatment with acteoside significantly
attenuates LPS-induced release of NO in RAW 264.7 cells
via inhibition of NF-𝜅B and activator protein-1 (AP-1) [64].
Acteoside has also been studied for its neuroprotective
effects in MPTP models of PD. Pretreatment with acteoside
at 10 and 30mg/kg significantly improved MPTP-induced
behavioral deficits in C57BL/6 mice. Acteoside also increases

the dopaminergic neurons and content of DA [65]. Echi-
nacoside (Figure 2(c)) is an important bioactive compound
obtained and purified from the stems of Cistanche tubulosa, a
Chinese herbal medicine [66]. Simultaneous treatment with
3.5 and 7.0mg/kg of echinacoside is observed to prevent the
6-OHDA-induced extracellular loss of monoamine neuro-
transmitters, including DA, 3,4-dihydroxyphenylacetic acid
(DOPAC), and homovanillic acid (HVA), in rat striatum
[67]. Further authors suggested that alleviation of MPTP-
induced behavioral deficits in C57BL/6 mice by pretreatment
of echinacoside might result from a decrease in the biliverdin
reductase B level [68]. In this study, acteoside selectively
suppressed AP-1 activation, which may be essential for iNOS
induction in the LPS-treated macrophages. In another study,
prior treatment with echinacoside toMPTP-intoxicatedmice
was found to increase levels of striatal DA and its metabolite,
reduce behavioral deficits, cell death, and lead to a significant
rise in TH expression as compared to mice treated with
MPTP alone. In addition, pretreatment with echinacoside
markedly reduces MPP+-induced activations of caspase-3
and caspase-8 in cerebellar granule neurons. These findings
indicate that echinacoside uplifts neurochemical and behav-
ioral outcomes in MPTP mice models of PD and inhibits
caspase-3 and caspase-8 activation in cerebellar granule
neurons [69]. In a comparable study, oral administration of
echinacoside (30mg/kg/day for 14 days) to MPTP-induced
sub-acute mice model of PD significantly overcomes the
reduction of striatal fibers, nigral dopaminergic neurons,
dopamine transporter, and dopamine in MPTP-lesioned
animals. As compared to vehicle-treated mice, echinacoside
treatment increases mRNA and protein expression of glial
cell-derived neurotrophic factor (GDNF) and brain-derived
neurotrophic factor in MPTP-lesioned mice. In addition,
echinacoside treatment decreases the increased apoptotic
cells andmRNA/protein ratio of Bax/Bcl-2 inMPTP-lesioned
mice. Echinacoside treatment was also found to improve
motor deficits produced by MPTP. These findings demon-
strate that echinacoside is an orally active inhibitor of apop-
tosis, as well as an inducer of neurotrophic factors, and thus
providing preclinical support for its therapeutic potential in
the treatment of PD [70].

2.7. Paeoniflorin. Paeoniae alba Radix is the red root of Paeo-
nia lactiflora or Paeonia veitchii, used extensively as a compo-
nent of traditional Chinese prescriptions to treat amenorrhea,
traumatic injuries, epistaxis, inflammation, boils, and sores
and to relieve pain in the chest and costal regions [71].
Paeoniflorin (PF) (Figure 2(d)) is a main principal bioactive
component of P. alba Radix [72]. PF has been cited to exhibit
many pharmacological effects, such as antiinflammatory
and antiallergic effects, anti-hyperglycemic effects, analgesic
effects, neuromuscular blocking effect, cognition-enhancing
effects, and inhibitory effects on steroid protein binding [71].
Pretreatment of PF (2.5 and 5mg/kg) for 11 days has been
shown to protect striatal nerve fibers and TH-positive neu-
rons in SNmitigate bradykinesia observed in an acute MPTP
model of PD [71]. Posttreatment with PF for 60min (2.5 and
5mg/kg) once a day for the subsequent 3 days after MPTP
administration significantly ameliorated the dopaminergic
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neurodegeneration in a dose-dependentmanner [71].MPTP-
induced activation of microglia and astrocytes, accompanied
with the upregulation of proinflammatory genes, is also
significantly attenuated by posttreatment with PF. Further
mechanistic studies revealed that the neuroprotective and
antineuroinflammatory effects of PF are associated with the
activation of adenosine A

1
receptor [71]. The effect of PF

was also studied in neurological impairments following 6-
OHDA-induced unilateral striatal lesion in Sprague-Dawley
(SD) rat. Subchronic treatment with PF (2.5, 5 and 10mg/kg,
subcutaneously, twice daily for 11 days dose dependently
reduces apomorphine-induced rotation, indicating that PF
has an alleviative effect on the 6-OHDA-induced neuro-
logical impairments). Since PF had no direct action on
dopamineD

1
receptor or dopamineD

2
receptor, these results

suggest that PF might provide an opportunity to develop a
nondopaminergic management of PD [73].

In a recent report, PF was observed to protect PC12 cells
from MPP+ and acid-induced damage via an autophagic
pathway. Treatment with 50𝜇M of PF protects PC12
cells against both MPP+ and acid-induced injury, as
determined byMTT assay, and decreases the release of lactate
dehydrogenase and apoptotic rate. PF also reduces the influx
of Ca2+ and reduces its cytosolic content. Furthermechanistic
study found that the neuroprotective effects of PFwere closely
associated with the upregulation of LC3-II protein, which is
specifically associated with autophagic vacuole membranes.
In addition to this, PF also inhibits the MPP+-induced over-
expression of LAMP2a, which is directly correlated with the
activity of the chaperone-mediated autophagy pathway [74].
In a similar study by Sun et al., PF was observed to increase
the autophagic degradation of 𝛼-syn by regulating the
expression and activity of acid-sensing ion channels and thus
eliciting protective effects against its cytotoxicity in PC12 cells
[75].

2.8. Tenuigenin. Polygalae radix (PRE) is the dried root of
Polygala tenuifolia (polygalaceae). PRE is composed of vari-
ous xanthones, saponins, and oligosaccharide esters [76–78].
PRE is one of the most frequently prescribed herbal remedies
in traditional Korean medicine and is used for the treatment
of various cognitive symptoms associated with aging, senile
dementia, and PD [79, 80]. In a recent finding, PRE (0.05–
1 𝜇g/mL) was demonstrated to significantly inhibit 6-OHDA
induced damage to PC12 cells, with amaximal effect observed
at a dose of 0.1 𝜇g/mL. PRE at 0.1 𝜇g/mL ameliorates the
production of ROS, NO, and activity of caspase-3. At the
same dose, PRE prevents the abnormal shrinking of dendrites
and promotes the survival of mesencephalic dopaminergic
neurons from MPP+-induced toxicity. In an acute MPTP
model of PD, pretreatment with PRE (100mg/kg/day, 3
days) guards dopaminergic neurons and fibers from MPTP-
induced toxicity in striatum and SNpc in C57BL/6 mice [81].
Tenuigenin (Figure 3(a)) is a bioactive principle found in
Polygala tenuifolia root extracts [82]. In one study by Liang et
al., tenuigeninwas evaluated for its neuroprotective activity in
6-OHDA-induced cytotoxicity in SH-SY5Y cells. This study
found that a 10𝜇Mdose of tenuigenin significantly increased
cell viability and reduced cell death [82].

Tenuigenin also protects against 6-OHDA induced dam-
age of the mitochondrial membrane and markedly increases
glutathione and superoxide dismutase (SOD) expression.
Tenuigenin is observed to downregulate caspase-3 activity at
the translational level and also to upregulate the expression of
TH in 6-OHDA, damaged SH-SY5Y cells.These results estab-
lish that tenuigenin has neuroprotective effects on dopamin-
ergic neurons via its antioxidant and antiapoptotic profile
[82]. In a very recent report, tenuigenin was discovered
to show the neuroprotective effect on neuroinflammation
produced by a single unilateral intranigral dose of LPS (10𝜇g)
in adult male SD rat. The authors observed that treatment
with 300mg/kg/day tenuigenin over 14 weeks improved the
survival rate of TH-immunoreactive neurons in the SNpc,
as compared to a contralateral side. A single dose (200 or
300mg/kg/day) of tenuigenin significantly improved levels of
DA in the striatum. Furthermore, LPS-induced upregulation
of cytokines, such as TNF-𝛼 and IL-1𝛽, was also nullified by
tenuigenin administration [83].

2.9. Peurarin. Puerarin (Figure 3(b)), also known as daid-
zein-8-C-glucoside, is a major isoflavonoid derived from
the Chinese medical herb Pueraria lobata belonging to the
family of Leguminosae. In China, this herb has been used as
a traditional medicine for treating various diseases includ-
ing cardiovascular disorders, gynecological disease, osteo-
porosis, and cognitive dysfunction [84, 85]. In a recent
report by Zhu et al., puerarin was observed to upregulate
the phosphorylation of Akt in MPP+-induced cytotoxicity
in SH-SY5Y cells. This effect was further confirmed when
puerarin-induced activation of Akt phosphorylation was
completely blocked by phosphoinositide 3-kinase (PI3K)
inhibitor (LY294002). Treatment with LY294002 also blocked
the protective effect elicited by puerarin in MPP+-induced
toxicity to SH-SY5Y cells. Further mechanistic investiga-
tion demonstrated that puerarin inhibits the MPP+-induced
nuclear translocation of p53, Puma (p53-upregulated medi-
ator of apoptosis), expression of Bax, and caspase-3-depend-
ent programmed cell death. This protection was also abo-
lished by treatment with PI3K/Akt inhibitor [86]. In addi-
tion to the involvement of the PI3K/Akt pathway in puer-
arin mediated neuroprotection to SH-SY5Y cells, puerarin is
also reported to prevent the dysfunction of the proteasomal
system and thereby avoid the accumulation of ubiquitin-
conjugated proteins. Meanwhile, pretreatment of SH-SY5Y
cells with puerarin significantly reduces the ratio of bcl-
2/bax and caspase-3 activity [87]. In a latest study by Li et
al., treatment with puerarin to 6-OHDA-lesioned rats was
observed to significantly increase the protein expression of
DJ-1 and superoxide dismutase-2 in the SN [88]. In recent
report by Zheng et al., puerarin was found to suppress LPS-
induced release of iNOS and phosphorylation of MAPKs in
N9 cells [89]. Similar in vitro effects of puerarin are also
evident in 6-OHDA-induced neurotoxicity to PC12 cells,
wherein puerarin inhibits the MPP+-induced phosphoryla-
tion of JNK [90]. These antiapoptotic mechanisms of puer-
arin were also reflected in 6-OHDA-mediated nigrostria-
tal damage in rats. Intraperitoneal administration of puerarin
0.12mg/kg/day for 10 days inhibits the 6-OHDA mediated
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Figure 3: Chemical structure of tenuigenin (a), puerarin (b), protocatechuic acid (c), and umbelliferone (d).
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Figure 4: Chemical structure of esculetin (a), asiaticoside (b), acacetin (c), and magnolol (d).

damage to TH-positive neurons and restores the contents of
DA and its metabolites. Furthermore, puerarin also increases
the expression level of GDNF in the striatum in rats intoxi-
cated with 6-OHDA [91].

2.10. Protocatechuic Acid. Alpiniae Oxyphyllae Fructus
(AOE) is the dried and ripe seed of Alpinia oxyphylla
(Zingiberaceae). Ethanolic extract of AOE prevented and
renewed 6-OHDA-induced degeneration of dopaminergic
neuron and also attenuated deficits in locomotor activity
in a zebrafish model of PD. AOE, by attenuating cellular

apoptosis, also increased the viability of 6-OHDA-toxined
PC12 cells in a dose-dependent manner. A mechanistic
study revealed that AOE protected the dopaminergic neuron
from 6-OHDA-induced injury by its antioxidant effect, by
inhibition of NO production and iNOS expression in PC12
cells, and by its antiinflammatory action, by downregulation
of gene expression of IL-1𝛽 andTNF-𝛼. In addition to this, the
PI3K-Akt pathwaymight also be a part of the neuroprotective
mechanism of AOE. Protocatechuic acid (PCA) (Figure 3(c))
is one of the active ingredients obtained fromAOE [92]. PCA
is found to inhibit the decreased expression of TH, apoptotic
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Table 1

Bioactive compound Biological source Model Biological effect References
Umbelliferone
(Figure 3(d)) and
esculetin
(Figure 4(a))

Various
plant
species

Subacute MPTP model of
PD in mice

Decrease in nitrosative stress,
protection of tyrosine-hydroxylase-
(TH-) positive neurons- and
attenuation of caspase-3 activity

[96]

Asiaticoside
(Figure 4(b))

Centella
Asiatica

MPTP-induced
parkinsonism in rats

Protection of dopaminergic neuron,
alleviation of oxidative stress and
motor dysfunction

[97]

Acacetin
(Figure 4(c))

Chrysanthemum, safflower,
Calamintha and Linaria
species

MPP+-induced toxicity in
primary mesencephalic
culture

Protection of dopaminergic neuron
and inhibition of production of
inflammatory factors

[98, 99]
Subacute MPTP model of
PD in mice

Protection of dopaminergic neuron,
avoidance of dopamine (DA)
depletion, and alleviation of behavioral
deficits

Lipopolysaccharide
stimulated BV-2 microglial
cells

Significant inhibition of NO,
prostaglandin E2, iNOS, COX-2,
TNF-𝛼, and IL-1𝛽 in LPS stimulated
BV-2 cells

Magnolol
(Figure 4(d)) Magnolia obovata

MPP+-induced toxicity in
SH-SY5Y cells

Protection of MPTP-induced
cytotoxicity and mitigation of
oxidative stress

[100–102]

Acute MPTP
model of PD in mice

Attenuation of MPTP-induced
decrease in DAT and TH protein levels
and lipid peroxidation in striatum

6-OHDAmodel
of PD in mice

Amelioration of
apomorphine-induced contralateral
rotation and increase of TH protein
expression in striatum

Lipopolysaccharide +
Interferon-𝛾-(IFN-𝛾)
stimulated BV-2 and HAPI
cells

Inhibition of LPS + IFN-𝛾-induced
NO, cytokine, and ROS expression in
BV-2 and HAPI cells

Naphthazarin
(Figure 5(a)) Lomatia obliqua Acute MPTP model of PD

in mice
Protection of dopaminergic neuron
and suppression of astroglial response [103]

Xyloketal B
(Figure 5(b))

Xylaria
species

MPP+-induced
neurotoxicity in
Caenorhabditis elegans (C.
elegans) and PC12 cells

Increases cell viability in C. elegans
and PC12 cells, attenuation of
intracellular ROS accumulation, and
restoration of GSH level in PC12 cells

[104]

Morin
(Figure 5(c))

Onion, red wine and Osage
orange

MPP+-induced toxicity in
PC12 cells

Attenuation of cell viability, reactive
oxygen species (ROS), and apoptosis
in PC12 cells

[105]
Subacute MPTP model of
PD in mice

Attenuation of behavioral deficits,
dopaminergic neuronal death, and
striatal dopamine depletion

Fucoidan
(Figure 5(d)) Laminaria japonica

MPP+-induced toxicity in
MN9D cells Protection of MN9D cells

[106, 107]
Acute MPTP model of PD
in mice

Reduced behavioral deficits, oxidative
stress and cell death, increase in
striatal dopamine and TH expression

LPS-induced damage to rat
neurons and primary
microglia

Downregulation of intracellular ROS
and cytokines release in LPS-activated
microglia

Luteolin
(Figure 6(a))

Celery, perilla leaf and
chamomile tea.

LPS-induced cell toxicity in
primary mesencephalic
neuron-glia cultures

Inhibition of LPS-induced activation
of microglia and excessive production
of TNF-𝛼, NO, and superoxide

[108]
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Table 1: Continued.

Bioactive compound Biological source Model Biological effect References

Tetramethylpyrazine
(Figure 6(b)) Ligusticum chuanxiong

MPP+-induced toxicity to
rat mesencephalic neurons

Increase of dopaminergic neurons and
its neurite length

[109, 110]
Subacute MPTP model of
PD in mice

Increase in density of dopaminergic
neurons

LPS-stimulated
N9 microglial cells

Inhibition of NO and iNOS through
blocking MAPK and PI3K/Akt
activation and reducing ROS
production

Astragaloside IV
(Figure 6(c)) Astragalus membranaceus

MPP+-induced toxicity in
SH-SY5Y cells

Reduction in cell loss, activity of
caspase-3, ROS, and increase in
Bax/Bcl-2 ratio [111, 112]

6-OHDA-induced toxicity
in primary nigral culture

Promotion of neurite outgrowth and
increase in TH-positive neurons

Theaflavin
(Figure 6(d)) Camellia sinensis

Subacute MPTP model of
PD in mice

Reduction in oxidative stress, motor
deficits, and increase in the expression
of dopamine transporter (DAT) and
VMAT2 in striatum and SN

[113, 114]

Chronic MPTP/probenecid
model of PD in mice

Attenuation of caspase-3, 8, 9
expression, increase in nigral TH and
DAT

S-Allylcysteine
(Figure 6(e)) Allium sativum

Subacute MPTP model of
PD in mice

Reduction in TNF-𝛼, inducible iNOS,
and glial fibrillary acidic protein
(GFAP) expression [115, 116]

MPP+-induced striatal
damage in mice

Attenuation of MPP+-induced loss of
striatal DA level, oxidative stress, and
behavioral deficits

morphology, cytotoxicity, mitochondrial dysfunction [93],
and abnormal tangling of 𝛼-syn in PC12 cells treated
with MPP+ [94]. Neuroprotective activity of PCA is also
reported in MPTP-induced neurotoxicity C57BL/6 mice.
PCA improved the motor deficits in rotarod test, contents
of DA in striatum, and expression of TH in SN of C57BL/6
mice intoxicated by MPTP [95].

3. Evidence-Linked Bioactive Components
Exhibiting Neuroprotective Activity in
In Vivo and In Vitro Models of PD

See Table 1 and Figures 4, 5, and 6.

4. Conclusion

PD as a disease has multifactorial pathological mechanisms,
and till now currently available conventional treatments are
not been able to elicit disease modifying effects by targeting
each of these pathomechanisms. Herbal medicines have been
known to possess a combination of bioactive components
which might target different pathomechanisms in neurode-
generative diseases. Recently, the identification and charac-
terization of medicinal plants to cure PD by conventional
medicine is one of the major increasing scientific interest.
Although there are more than 120 traditional medicines
being used for therapy of central nervous system (CNS) dis-
orders in Asian countries, lack of their quality control data
and safety in consumption across the population limits their

use in modern world of medicines. A significant amount of
people in the developing countries now consume CAM as
they are viewed as being innately safer than synthetic chem-
ical compounds. From the ethnobotanical and ethnophar-
maceutical resources, many of the bioactive compounds
from natural sources have recently been reported to exert
neuroprotective effects in various experimental models of
PD. Although demand for bioactive compounds from nat-
ural sources is increasing, a large-scale, double-blind, and
placebo-controlled trials and there pharmacokinetic data to
optimize the dosage form are still required to establish the
clinical effect of CAM on PD. In addition to this, a very
important property of a neuroprotective agent depends on
its ability to cross the blood-brain barrier (BBB), in order
to reach the target sites of the CNS. Whereas there have
been a limited number of animal and cell a based studies
focusing on penetration of BBB. Here, we have searched the
literature for the most recent available data about bioactive
constituents from natural sources that possess neuroprotec-
tive activity in various experimental models of PD. Bioactive
constituents listed in this current write-up belong to different
chemical classes like including, Terpenes (ginsenoside Rg1,
tenuigenin, astragaloside IV), flavones (puerarin, luteolin and
baicalein, morin), stilbenoids (resveratrol), phenylpropanoid
(echinacoside), phenylethyl glycoside (acteoside), coumarin
(umbelliferone and esculetin), and catechol (curcumin and
protocatechuic acid). The bioactive ingredients discussed
have traditionally been used in many countries for different
ailments, and thus providing a basis for their validation in
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comparison with modern day supplements. Even though the
range of these studies reported are not vast, all thementioned
bioactive compounds have demonstrated a significant neuro-
protective effect in PD models. Hence, bioactive compounds
from natural sources can be used as alternative and valuable
sources for anti-Parkinsonian drugs.
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Neurotrophic factors are playing vital roles in survival, growth, and function of neurons. Regulation of neurotrophic factors in the
brain has been considered as one of the targets in developing drug or therapy against neuronal disorders. Flavonoids, a family of
multifunctional natural compounds, arewell known for their neuronal beneficial effects.Here, the effects of flavonoids on regulating
neurotrophic factors were analyzed in cultured rat astrocytes. Astrocyte is a major secreting source of neurotrophic factors in the
brain. Thirty-three flavonoids were screened in the cultures, and calycosin, isorhamnetin, luteolin, and genistein were identified
to be highly active in inducing the synthesis and secretion of neurotrophic factors, including nerve growth factor (NGF), glial-
derived neurotrophic factor (GDNF), and brain-derived neurotrophic factor (BDNF). The inductions were in time- and dose-
dependent manners. In cultured astrocytes, the phosphorylation of estrogen receptor was triggered by application of flavonoids.
The phosphorylation was blocked by an inhibitor of estrogen receptor, which in parallel reduced the flavonoid-induced expression
of neurotrophic factors. The results proposed the role of flavonoids in protecting brain diseases, and therefore these flavonoids
could be developed for health food supplement for patients suffering from neurodegenerative diseases.

1. Introduction

Astrocytes are the most abundant type of glial cell in nervous
system, and various brain functions have been attributed to
astrocytes. During the last decade, it is recognized that the
functions of astrocyte are not limited in supporting neurons,
but they have a number of essential activities in the brain,
including the development of central nervous system (CNS),
ion homeostasis, uptake of neurotransmitters, maintenance
of the blood-brain barrier (BBB), and modulation of CNS
immune system, as well as the synthesis of neurotrophic
factors [1]. Neurotrophic factors are a group of proteins
mainly synthesized and secreted by neurons and astrocytes
[2, 3]: these factors are playing vital roles in maintaining
the survival, growth, differentiation, and normal functions
of neurons [4, 5]. Nerve growth factor (NGF) is one of the
key neurotrophic factors of neurite outgrowth during devel-
opment. Many diseases of nervous system are associated with

NGF insufficiency, especially neurodegenerative diseases [6],
for example, depression [7] and Alzheimer’s disease [8]. The
expressions of glial cell-derived neurotrophic factor (GDNF)
and brain-derived neurotrophic factor (BDNF) are also
regulated by stress-related mood disorder and depression.
The amount and effectiveness of the neurotrophic factors in
the brain were found to be decreased during the process
of aging, and the decrease was robust in the pathological
condition of Parkinson’s and Alzheimer’s diseases [9, 10].
Much attention has been attracted to the correlation between
neurotrophic factors and neurodegenerative diseases and
depression. The upregulation of NGF, BDNF, GDNF, and
other neurotrophic factors is considered for treatment of
depression and neurodegenerative diseases [11]. In animal
model of Parkinson’s disease, the delivery of GDNF gene to
damaged nigrostriatal system could alleviate the symptoms in
rats, which therefore implied a potential clinical use of GDNF
for human [12]. The expression of BDNF is closely related
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to estrogen: the activation of estrogen receptor (ER) could
potentially lead to production of BDNF [13]. Flavonoids,
also known as phytoestrogen, have been reported to have
neuronal beneficial effects including neuroprotection against
neurotoxin stress, promotion of memory, learning and cog-
nitive functions [14, 15]. Previously, it has been stated that
flavonoids could protect the neurons against cell toxicity
induced by oxidative stress [16] and by aggregated 𝛽-amyloid
[17]: these stress inducers are considered as the causes of
Alzheimer’s disease. In addition, flavonoids were also shown
to significantly potentiate NGF-induced neurite outgrowth
[18], as demonstrated in cultured PC12 cells. Having a close
resemblance to estrogen, the roles of various flavonoids in
inducing the expression of neurotrophic factors could be
an interesting question. Here, we are testing the hypothesis
that the regulation of NGF, BDNF, and GDNF in cultured
astrocytes could be triggered by flavonoids, and this effect
could be mediated by a signaling of ER.

2. Materials and Methods

2.1. Materials. Calycosin and other flavonoids were pur-
chased from theNational Institute for the Control of Pharma-
ceutical Biology Products (NICPBP; Beijing, China), Sigma
(St. Louis, MO) Wakojunyaku (Osaka, Japan), or Kunming
Institute of Botany, Chinese Academy of Science (Kunming,
China). All of them were at over 98% purity. The flavonoids
were solubilized in dimethylsulfoxide (DMSO) to give stock
solution at a series of concentration from 25 to 100mM,
stored at −20∘C.

2.2. Cell Culture and Flavonoid Treatment. Primary cul-
tured rat astrocyte was isolated from 1-day-old neonatal rat
as described previously [19] with little modification. Cells
were maintained in Minimum Essential Medium (MEM)
supplemented with 10% horse serum, 100U/mL penicillin,
and 100𝜇g/mL streptomycin in a humidified CO

2
(5%)

incubator at 37∘C. Fresh medium was supplied every three
days. All culture reagents were purchased from Invitrogen
Technologies (Carlsbad, CA). During the treatment with
flavonoids, cultured astrocyte cells were serum starved for
3 days in MEM supplemented with 0.5% fetal horse serum
and penicillin-streptomycin, which were then treated with
the flavonoids and/or other reagents for 48 hours.

2.3. Real-Time Quantitative PCR. Total RNA was isolated
from cell cultures by RNAzol RT reagent according to
the manufacture’s instruction (Molecular Research Center,
Cincinnati, OH). The purities of the RNAs were detected
by UV absorbance at 260 nm. Total RNA was used to do
the reverse transcription with Moloney murine leukemia
virus (MMLV) reverse transcriptase according to the protocol
provided by manufacturer. Real-time PCR was performed by
usingRoche SYBRFASTqPCRMasterMix andRox reference
dye, according tomanufacturer’s instruction (RocheWoburn,
MA). The SYBR green signal was detected by Mx3000P
multiplex quantitative PCR machine. The primers used for

PCRwere 5-CACTCTGAGGTGCATAGCGTAATGTC-
3 and 5-CTG TGA GTC CTG TTG AAG GAG ATT GTA
C-3 for NGF (XP 001067130.2, 374 bp); 5-GAG CTG AGC
GTG TGT GAC AGT ATT AG-3 and 5-ATT GGG TAGT
TCG GCA TTG CGA GTT C-3 for BDNF (BC087634,
229 bp); 5-GCG CTG ACC AGT GAC TCC AAT ATG-3
and 5-CGC TTC ACA GGA ACC GCT ACA ATAT C-3
for GDNF (AF497634, 318 bp); 5-AACGGATTTGGCCGT
ATT GG-3 and 5-CTT CCC GTT CAG CTC TGG G-3 for
GAPDH ([20], 516 bp).

2.4. Measurement of Secretion of NGF, BDNF, and GDNF. To
measure the protein level of secreted neurotrophic factors
in primary cultured rat astrocyte, the method of enzyme-
linked immunosorbent assay (ELISA) was employed. Rat
astrocytes were plated in a 12-well plate in MEM supple-
mented with 10% horse serum, 100U/mL penicillin, and
100 𝜇g/mL. When the confluence of cells was higher than
80%, the medium was changed into MEM with 0.5% horse
serum, 100U/mL penicillin, and 100𝜇g/mL streptomycin for
other weeks and was changed again to get equal volume 3
hours before the drug treatment. Flavonoids and other drugs
were applied to cell culture and lasted for 48 hours. Then
the medium and cell culture were collected and stored in
−80∘C. The protein amount of neurotrophic factors in the
medium was measured with the method of ELISA, and the
protein concentration of the cell lysate for each sample was
also measured. The ELISA assays were performed with the
commercially available ELISA kits (AbFrontier, Millipore)
for NGF, BDNF, and GDNF measurement according to the
manufacturer’s instructions. Briefly, samples were applied
onto a 96-well plate precoated with anti-rat NGF, BDNF, or
GDNF antibodies and incubated on at 37∘C for 90 minutes.
After discarding plate content, biotinylated anti-rat NGF,
BDNF, or GDNF antibodies were added and incubated at
37∘C for 60 minutes. After washing with PBS for four times,
the avidin-biotin-peroxidase complex solution was added
and incubated at 37∘C for 30 minutes. Tetramethylbenzidine
solution was added and incubated at 37∘C for 15 minutes.The
reaction was stopped with 1M sulfuric acid and absorbance
recorded at 450 nm, immediately. The values of standards
and samples were corrected by subtracting the absorbance of
nonspecific blinding. All samples were measured in triplicate
in the same assay to minimize interassay variation.

2.5. Estrogen Receptor Phosphorylation. Astrocytes were
seeded onto 12-well plates. When the confluence of cells in
the plate reached to 90%, the culture medium was changed
to MEMmedium without any serum. After serum starvation
for at least 5 hours, the cells were treated with drugs at
different time points (e.g., 0 to 30 minutes). Then, the cells
were harvested and digested with 2 X SDS-PAGE sample
buffer (0.125M Tris-Cl, pH 6.8, 4% SDS, 20% glycerol, 2% 2-
mercaptoethanol, and 0.02% bromophenol blue) by shaking
for 2 minutes and boiling for 15 minutes. The proteins
were subjected to SDS-gel electrophoresis and blotting. The
membrane containing the transferred proteins was incubated
with antiphospho-ER𝛼-S118 antibody (1 : 2000; Upstate, Lake
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Placid, NY) and antitotal ER𝛼 antibody (1 : 1000; Upstate)
at 4∘C for 12 hours. Horseradish-peroxidase- (HRP-) con-
jugated anti-rabbit secondary antibody (1 : 5000; Invitrogen)
was then added to the membranes for 1 hour at room tem-
perature. The secondary antibody, horseradish-peroxidase-
(HRP-) conjugated anti-rabbit antibody (1 : 5000; Invitrogen)
was then added to the membranes for 1 hour at room
temperature. The immunecomplexes were visualized by the
enhanced chemiluminescence (ECL) method (GE, Health-
care). The band intensities, recognized by the antibodies in
the ECL film, in control and flavonoid-treated samples were
run on the same gel and under strictly standardized ECL
conditions. The bands were compared on an image analyzer,
using in each case a calibration plot constructed from a
parallel gel with serial dilution of one of those samples as to
ensure the subsaturation of the gel exposure. Total amount of
ER𝛼 was detected as an internal control.

2.6. Statistical Analysis and Other Assays. The protein con-
centrations were measured routinely by Bradford’s method
(Hercules, CA). Statistical analyses were performed using
one-way ANOVA followed by Student’s 𝑡-test. Statistically
significant changes were classed as (∗) where 𝑃 < 0.05; (∗∗)
where 𝑃 < 0.01.

3. Results

3.1. Screening for Flavonoids in Increasing the Expression
of Neurotrophic Factors. Rat astrocytes were isolated and
cultured. The cells were proliferated in culture for about 3
weeks, which reached maximum cell number under different
plating cell numbers (See Supplementary Figure 1 Material
available online at http://dx.doi.org/10.1155/2013/127075).The
culture showed over 90% identity of astrocyte, that is, the
specific staining of GFAP (Supplementary Figure 2). Thirty-
three flavonoids from different subclasses were screened
for their effects on secretion of neurotrophic factors on
cultured astrocytes. These flavonoids are mainly derived
from vegetables and Chinese herbal medicines. According
to the results of cell viability assay, flavonoids were applied
onto the cultures at concentrations of 10 𝜇M, at which the
flavonoids induced neither cell proliferation nor cell toxicity.
After incubation for 48 hours, the culture medium was
harvested to perform the ELISA assay in measuring the
concentrations of NGF, GDNF, and BDNF. The results were
normalized by protein concentrations of cell lysates from
each sample. Estrogen was shown to induce the expression
and secretion of neurotrophic factors in cultured hippocam-
pal neuron [21], and therefore 17𝛽-estradiol served as the
positive control. From Table 1, several flavonoids showed
significant effects in upregulating secretion of NGF, GDNF,
and BDNF. Alpinetin, luteolin, calycosin, genistein, and
isorhamnetin were revealed in inducing the expression of
NGF, GDNF, and BDNF, significantly. On the other hand,
the NGF-induced flavonoids was included silybin, calycosin-
7-O-glucoside, and fiestin. The GDNF-induced flavonoids
were naringin, neohesperidin, apigenin, sulphureting, car-
damonin, calycosin-7-O-glucoside, puerarin, galangin, and

Table 1: The bioactivities of flavonoids in increasing the protein
levels of neurotrophic factors.

Flavonoid NGF GDNF BDNF
Flavanones

Alpinetin +++ ++ +
Hesperidin — + —
Naringenin — — —
Naringin — +++ —
Neohesperidin — ++ —

Flavones
Apigenin — ++ —
Baicalein — — —
Luteolin ++++ ++++ ++
Tangeretin ++ — —
Wogonin — — —

Aurones
Sulfuretin — ++ —

Dihydrochalcones
Phloretin — — —

Flavonols
Silybin ++++ — +

Chalcones
Cardamonin + ++ —

Isoflavones
Calycosin +++ ++++ +++
Calycosin-7-O-glc +++ ++ —
Daidzein — — —
Formononetin — — —
Genistein ++++ ++++ ++
Genistin — — —
Puerarin + +++ —

Flavones
(−)-Catechin — — +
(−)-Epicatechin — — —

Flavonols
Fisetin +++ — +
Galangin — ++ —
Hyperin — — —
Icariin — — +
Isorhamnetin ++++ ++++ +++
Kaempferol + + +
Quercetin — + —
RNFG — ++ —
173-estradiol ++++ ++++ +++

Percentage of increas + > 100%, ++ > 200%, +++ > 300%, ++++ > 500%.
Flavonoids at 10𝜇M were applied to cultured rat astrocytes and maintained
for 48 hours. The protein levels of NGF GDNF and BDNF were measured
by ELISA. 17𝛽-Estradiol at 100 nM served as the positive control. Data are
Means± SEM, 𝑛 = 3, eachwith triplicate samples.The value of SEM is within
5% of the mean, which is not shown for clarity. “+” to “+++” indicate the
ranking of the inductive effect on protein amount of neurotrophic factors.
“—” indicates no effect, that is, below 10% increase in the tested activities.

RNFG. The BDNF-induced flavonoids were very limited
(Table 1).
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Figure 1: Flavonoids increase the protein expressions of neurotrophic factors in time-dependent manner. (a) The chemical structures of
the most effective flavonoids, calycosin, luteolin, genistein, and isorhamnetin, in inducing neurotrophic factors in cultured astrocytes. (b)
Calycosin, isorhamnetin, luteolin and genistein at the concentration of 10 𝜇Mwere applied to cultured astrocytes. Conditional medium was
collected at different time points (0–72 hours), and the concentrations of neurotrophic factors were measured by ELISA kits. Values are
expressed as the fold of change (× basal) against the control (no treatment at various time points; set as 1) and in Mean ± SEM, 𝑛 = 3.

3.2. Flavonoids Increase the Expression of NGF, BDNF, and
GDNF. Among these effective flavonoids, luteolin from
Lonicerae Japonicae Flos, isorhamnetin fromGinkgo Folium,
genistein from Soybean, and calycosin from Astragali Radix
(Figure 1(a)) showed themost promising effects by increasing

the secretion of the three neurotrophic factors, which there-
fore were selected for further elucidation. These flavonoids
were applied onto cultured astrocytes for different time points
up to 72 hours, and the amount of neurotrophic factors
in the conditioned medium was determined by ELISA.
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Figure 2: Flavonoids increase the expression of NGF, GDNF, and BDNF in cultured astrocytes in dose-dependent manner. The flavonoids
calycosin, isorhamnetin, luteolin, and genistein (1, 3, 10 𝜇M)were applied to cultured astrocytes for 48 hours. 17𝛽-estradiol at 100 nM served as
the positive control. The protein levels of NGF, GDNF, and BDNF in the conditional medium were measured by ELISA. Values are expressed
as the fold of change (× basal) against the control (no treatment; set as 1) and in Mean ± SEM, 𝑛 = 4, each with triplicate samples. ∗∗ where
𝑃 < 0.01 compared to the control.

The flavonoids induced the amounts of NGF, GDNF and
BDNF in the conditioned medium in a time-dependent
manner: the increase was significantly at 12 hours after the
treatment (Figure 1(b)). The induction was more robust in
cases of NGF and GDNF; this induction was higher than that
of BDNF by 2 folds. Besides, the flavonoid-induced expres-
sion of neurotrophic factors was also in a dose-dependent
manner (Figure 2). In most cases, the lowest concentration of
flavonoids (i.e., at 1𝜇M) was able to induce the neurotrophic
factor expressions (Figure 2). Here, the induction by estrogen
was serving a positive control. The mRNA expressions of
NGF, GDNF, and BDNF were revealed in cultured astrocytes

under the treatment of different flavonoids, including lute-
olin, isorhamnetin, genistein, and calycosin. The treatment
was at 48 hours, and then the total RNA was subjected to
real-time quantitative PCR. Similar to the protein expression,
the mRNAs encoding neurotrophic factors were induced by
the flavonoids in a dose-dependent manner (Figure 3). The
magnitude of induction was very similar in the scenario
of protein expression, which suggested the transcriptional
regulation of these neurotrophic factors could be amajor step
in regulation by flavonoids. Among these flavonoids, luteolin
at 10 𝜇M showed the most promising effects in increasing
the mRNA levels of NGF and GDNF to more than 7 folds,
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Figure 3: Flavonoids increase the mRNA levels of NGF, GDNF, and BDNF in cultured astrocytes in dose-dependent manner.The flavonoids
calycosin, isorhamnetin, luteolin and genistein (1, 3, 10 𝜇M) were applied to cultured astrocytes for 48 hours. 17𝛽-estradiol at 100 nM served
as the positive control. The mRNA levels of NGF, GDNF, and BDNF were measured by real-time quantitative PCR. Values are expressed as
the fold of change (× Basal) against the control (no treatment; set as 1), and in Mean ± SEM, 𝑛 = 4, each with triplicate samples. ∗∗ where
𝑃 < 0.01 compared to the control.

while calycosin at 10 𝜇M showed most promising effect in
increasing the mRNA level of BDNF to more than 4 folds
(Figure 3). 17𝛽-Estradiol served as the positive control.

3.3.The Flavonoid-Induced Expression of Neurotrophic Factors
Is Mediated by Estrogen Receptor. Since calycosin, isorham-
netin, luteolin, and genistein showed significant effects in
modulating mRNA expression and protein secretion of NGF,
GDNF, and BDNF, the potential molecular mechanism was
elucidated. As mentioned before, estrogen signaling pathway
was considered to be closely related to the expression of
neurotrophic factors in the brain [21, 22]. The activation of
estrogen-mediated transcription requires the phosphoryla-
tion of ER, either 𝛼 or 𝛽 forms [23]. Different flavonoids,

when applied in cultured MCF-7 cells, triggered the estro-
genic pathway by phosphorylating ER𝛼 at S118 position, as
well as the estrogen responsive element [16]. Here, the effects
of these flavonoids in activating ER𝛼 were firstly determined
in astrocytes. The flavonoids were applied onto the cultures
at different time points. From Figures 4(a) and 4(b), caly-
cosin, isorhamnetin, luteolin, and genistein induced ER𝛼
phosphorylation at S118, significantly. The phosphorylation
was observed from 10 minutes after treatment and lasted
for at least 30 minutes at maximal phosphorylation (Figures
4(a) and 4(b)). The phosphorylation induced by flavonoids
could be fully blocked by the ER antagonist ICI 182, 780
(Figure 4(a)). ICI 182, 780 was used to further investigate
the relation between flavonoids induced neurotrophic factors
expression and ER-dependent signaling pathway. ICI 182,
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Figure 4: Flavonoids induce the phosphorylation of estrogen
receptor. (a) Cultured astrocytes were serum starved for 3 hours
with or without the pretreatment of ICI 182, 780 for another 3
hours. Then calycosin, isorhamnetin, luteolin, and genistein at
10𝜇M were applied onto the cell cultures for a different time. 17𝛽-
Estradiol (10 nM) served as the positive control. Total ER𝛼 and
S118 phosphorylated ER𝛼 (both at ∼66 kDa) were revealed by using
specific antibodies. (b) Quantification plot for the phosphorylation
level of ER induced by flavonoids. Data are Means ± SEM, 𝑛 = 3,
each with triplicate samples.

780 was applied onto astrocytes 3 hours before the flavonoid
treatments, and the mRNA levels of NGF, BDNF, and GDNF
were measured. With the pretreatment of ICI 182, 780,
the mRNA levels of the neurotrophic factors, increased
by calycosin, isorhamnetin, luteolin, and genistein, were
blocked close to the basal level. 17𝛽-Estradiol served as the

positive control (Figure 5). These results suggested that the
activities of calycosin, isorhamnetin, luteolin, and genistein
in increasing the expression of NGF, BDNF, and GDNF were
achieved through ER-mediated signaling pathway.

4. Discussion

Astrocyte is the most dominant and functional type of
neuroglial cell; however, the study about relations between
flavonoid and astrocyte is very limited. At the same time,
neurotrophic factor has been studied as an important direc-
tion to alleviate neurodegenerative disease and depression.
So far, most of these works were carried out in animal
models [9–11]. Here, the roles of flavonoids in regulating
neurotrophic factors were investigated in cultured astrocytes.
The effects of calycosin, isorhamnetin, luteolin, and genistein
in enhancing neurotrophic factor expressions were closely
related to an ER-dependent pathway. Even though there
was no direct evidence showing that estrogen could trigger
the neurotrophic factor expression in astrocytes; studies had
demonstrated that estrogen possessed activities in astrocytes.
For example, the expression levels of glutamate transporters
were increased by the applied estrogen in cultured astro-
cytes [24], and estrogen reduced lipopolysaccharide-induced
expression of tumor necrosis factor-𝛼 and interleukin-18 in
midbrain astrocytes [25]. On the other hand, estrogen could
modulate the expression of neurotrophic factors in neuronal
cells [21, 26, 27], which also enhanced mRNA expression of
BDNF by phosphorylating CREB in rat hippocampus [28]. In
a study of ER-dependent pathway, the activated ER dimer was
shown to bind onto a DNA segment of upstream of BDNF
promoter: the binding promoted the mRNA expression of
BDNF in hippocampal neuron [29].

Estrogen could be synthesized directly in nervous system
[30];meanwhile, ER (both𝛼 and𝛽 form) andGPR30 are both
widely distributed in the nervous system [31, 32]. Estrogen
affects synaptogenesis and morphological plasticity within
the brain by enhancing the density of dendritic spines [33, 34]
and promoting subsequent synapse formation [35, 36]. In
line to this notion, a study showed that ER𝛼 played a critical
role in estrogen-induced glutamatergic synapse formation,
including the expressions of presynaptic vesicular gluta-
mate transporter protein (vGlut1) and postsynaptic NMDA
receptor (NR1 subunit) [37]. Flavonoids are well-known
phytoestrogens with multiple activities in different systems
[38, 39]. Much attention has been focused on the neuronal
beneficial effects of flavonoids, including the neuroprotection
against neurotoxin stress [16] as well as the promotion of
memory and learning and cognitive functions [15]. Previous
studies in cultured neurons showed that flavonoids possessed
the abilities of antioxidation and inhibiting A𝛽-induced cyto-
toxicity [16, 17].Many flavonoids showed estrogenic effects by
directly inducing the ER phosphorylation [40–43]. Here, the
correlation between estrogen signaling pathway andneuronal
beneficial effects of flavonoids was innovatively demon-
strated. These results explained the mechanism of flavonoids
in regulating the expression of neurotrophic factors. Being
the very popular phytoestrogen, the properties of flavonoids
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Figure 5: The flavonoid-induced expressions of neurotrophic factors are blocked by inhibitor of estrogen receptor. Cultured astrocytes were
serum starved for 3 hours with or without the pretreatment of ICI 182, 780 for another 3 hours, as in Figure 4. Astrocytes were pretreated
with ICI 182, 780 (1 𝜇M) for 3 hours and then treated with flavonoids for 48 hours. The mRNA expression levels of neurotrophic factors were
analyzed. Values are expressed as the fold of change (× basal) against the control (no treatment; set as 1), and inMean ± SEM, 𝑛 = 4, ∗∗where
𝑃 < 0.01.

in the brain health could be the potential candidates for
drug development for different types of neurodegenerative
diseases.
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