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Abstract In this study, we investigated whether tanshi-
none I (T-1) has therapeutic effects in cellular and animal
model of Parkinson’s disease (PD), and explore its possible
mechanism. For this purpose, human neuroblastoma SH-
SYSY cells were cultured and exposed to 100 pM 6-hy-
droxydopamine (6-OHDA) in the absence or presence of
T-I (1, 2.5 and 5 pM). The results revealed that 6-OHDA-
induced cell death was reduced by T-I pretreatment as
measured by MTT assay, lactate dehydrogenase release
and flow cytomety analysis of cell apoptosis. The increase
in the reactive oxygen species caused by 6-OHDA treat-
ment was also attenuated by T-I in SH-SYS5Y cells. T-I
pretreatment was also shown to result in an increase in
nuclear factor erythroid-2-related factor 2 (Nrf2) protein
levels and its transcriptional activity as well as the upreg-
ulation of Nrf2-dependent genes encoding the antioxidant
enzymes heme oxygenase-1, glutathione cysteine ligase
regulatory subunit and glutathione cysteine ligase modu-
latory subunit in SH-SYSY cells. Moreover, in the in vivo
experiment, T-I treatment significantly attenuated
6-OHDA-induced striatal oxidative stress and ameliorated
dopaminergic neurotoxicity in 6-OHDA-lesioned mice, as
evidenced by western blot analysis of tyrosine hydroxylase
(TH) and TH immunostaining of dopaminergic neurons in
the substantia nigra and the striatum. Taken together, the
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results suggest that T-I may be beneficial for the treatment
of neurodegenerative diseases like PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by a loss of dopaminergic neurons in the
substantia nigra pars compacta (SNc) for which no effec-
tive neuroprotective treatment is currently available [1].
Although the exact mechanisms underlying PD are largely
unknown, oxidative stress is thought to be one of the
critical factors that induce the onset of the disease [2].
The transcription factor nuclear factor erythroid-2 rela-
ted factor 2 (Nrf2) is a key regulator in the coordinated
induction of a battery of cytoprotective genes, including
those encoding for endogenous antioxidant such as heme
oxygenase-1 (HO-1), glutathione cysteine ligase regulatory
subunit (GCLC) and glutathione cysteine ligase modula-
tory subunit (GLCM). Loss of Nrf2-mediated transcription
exacerbates the vulnerability of dopaminergic neurons to
oxidative stress [3—5], whereas Nrf2 activation provides a
neuroprotective response [6-9]. Due to this, the Nrf2/an-
tioxidant response element (ARE) pathway is considered
important and has great promise to be explored for neu-
rotherapeutics in neurodegenerative diseases such as PD.
Danshen (Radix Salvia miltiorrhiza root) extract was
widely used in oriental medicine for the treatment of various
microcirculatory disturbance-related conditions, including
cardiovascular and cerebrovascular diseases. Tanshinone I
(T-I) was one the main lipophilic diterpenoid quinines in
Danshen. Tanshinone I has the potential to penetrate the
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blood-brain barrier because of its molecule with high lipo-
philic property and small molecular weight, and has been
reported to exert antioxidant and anti-inflammatory effects
in the prevention of ischemic injury in animal models [10].
Recent studies have shown that T-I was able to activate the
Nrf2 pathway and induce the expression of antioxidant
proteins, which could protect against As(IIl)-induced lung
inflammation in vitro and in vivo via the Nrf2 pathway [11].
However, the potential neuroprotective effects of T-I on PD
have not been studied. Based on the previous study, we
hypothesize that T-I may have therapeutic effects in 6-hy-
droxydopamine (6-OHDA)-induced cellular and animal
model of PD via upregulating Nrf2 activity.

Materials and Methods
Reagents

T-1 and 6-OHDA were purchased from Sigma Chemical
Company (St. Louis, MO, USA). Primary antibodies to
Nrf2, HO-1, GCLC, GCLM, Lamin A and B-actin were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Primary antibody to tyrosine hydroxylase (TH)
was purchased from Chemicon (Bill card city, MA, USA).

Neuroblastoma SH-SY5Y Cell Culture

Human neuroblastoma SH-SYSY cells were obtained from
American Type Culture Collection (Rockville, MD, USA),
and the cells were maintained in DMEM-F12 supple-
mented with 10 % FBS at 37 °C in a humidified atmo-
sphere of 5 % CO,.

Cell Death/Viability Assessment

Cells seeded in 96-well plate were pretreated with T-I at
the indicated concentrations (1, 2.5 and 5 uM) for 2 h
before being exposed to 100 uM 6-OHDA for an additional
24 h. Cell viability was quantified using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay 24 h after 6-OHDA exposure.

6-OHDA -induced cell death was quantified by measuring
lactate dehydrogenase (LDH) release from damaged cells
into the culture medium using a kit according to the manu-
facturer’s instructions (Cat. No. 04744926001, Roche
Diagnostic, Indianapolis, IN). All data were expressed as
percentage of LDH release compared with the control group.

Apoptosis Assay

Apoptosis was detected with an Annexin V-FITC/PI dou-
ble staining Kit (BD Biosciences, San Jose, CA, USA)
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according to the manufacturer’s instruction. Briefly, cells
were treated with T-I (1 and 2.5 uM) for 2 h before being
exposed to 6-OHDA for an additional 24 h, and then
1 x 10° cells were harvested, washed twice with ice-cold
PBS, and evaluated for apoptosis by double staining with
annexin V-FITC and PI in binding buffer using a Cytoflex
flow cytometer.

GSH and ROS Determination

Cells were treated with different concentrations of T-I for
24 h. Glutathione (GSH) level was measured using a flu-
orometric method as previously described [12].

The level of oxidative stress was determined by mea-
suring intracellular reactive oxygen species (ROS) gener-
ation. The production of cellular ROS was detected using
the 2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
fluorescence assay. The level of ROS generated was mea-
sured based on the fluorescence intensity of DCF at 525 nm
after excitation at 485 nm on a fluorescence microplate
reader (Thermo Scientific Varioskan Flash).

Cellular Extraction, Western Blot and Nrf2 Activity
Assay

Nuclear extracts and whole cell extracts from SH-SYSY
cells and mice brain tissues were prepared as described
previously [13]. Protein concentrations were determined by
the bicinchonininc acid (BCA) method (Thermo/Pierce).
The following antibodies were utilized for the western blot:
Nrf2, HO-1, GCLC, GCLM, TH, Lamin A and [-actin.
TransAM Nrf2 assay (Active Motif, Carlsbad, CA) was
used to measure Nrf2 DNA binding activity according to
the manufacturer’s instruction.

Animal Surgery

All animal experiments were approved by Institutional
Animal care and Use committee of Shandong University.
Eight-week-old male C57BL/6 mice were treated with
10 mg/kg T-I or vehicle by intraperitoneal injection for
3 days prior to lesioning. On the 3th day of treatment, 1 h
after final dosing, mice were placed in a stereotaxic device
under 30 mg/kg pentobarbital sodium anesthesia. 6 pg of
6-OHDA (in 2 pl of normal saline with 0.02 % ascorbic
acid) or saline alone was injected into the 2 different sites
of the striatum on the right side of the brain separately.
Mice were sacrificed at different time points following
6-OHDA for biochemical or histological assessment. The
stereotaxic coordinates, measured in millimeters, from
bregma were: anterior/posterior +1.0, medial/lateral £2.1,
and dorsal/ventral —2.9 as well as anterior/posterior +0.3,
medial/lateral +2.3, and dorsal/ventral —2.9.
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TH Immunostaining

Animals were anesthetized with sodium pentobarbital at
3 weeks after 6-OHDA administration, transcardially per-
fused with 0.9 % normal saline, followed by 4 %
paraformaldehyde in 0.1 M PBS (pH 7.4). Brains were
dissected out, postfixed in 4 % paraformaldehyde for 24 h,
and cryopreserved in 30 % sucrose for 48 h. Frozen brains
were then coronally sectioned at 25 pM thickness on a
cryomicrotome and sections were mounted on slides. Using
an antibody against TH, DA neurons were identified with
biotinylated secondary antibody and streptavidin ABC
solution (Vector Laboratories). Immunostaining was visu-
alized after diaminobenzidine staining (Vector Laborato-
ries) using bright field microscopy (Olympus).

Statistical Analysis

All data are expressed as the mean £ SEM. The statistical
significance between means was assessed by Student’s
t test (single comparisons) or by ANOVA followed by
Duncan’s multiple range tests (for multiple comparisons).
p < 0.05 was considered statistically significant.

Results

T-I Enhances Nuclear Nrf2 Expression and Its
Transcriptional Activity in SH-SYSY Cells

In this study, we tested the ability of T-I to activate Nrf2
signaling in SH-SYSY cells. When cells were exposed to
T-I for 8 h, endogenous Nrf2 protein levels increased sig-
nificantly after T-I treatment (Fig. 1a). Next, the time
dependent induction of Nrf2 by T-I was conducted using
2.5 uM dose. A significant increase in Nrf2 protein level
was observed as early as 2 h and persisted up to 24 h
(Fig. 1b).

To detect if T-I enhance Nrf2 transcriptional activity in
SH-SYS5Y cells, we incubated cells either with different
concentrations of T-I for 8 h or with 2.5 uM T-I for dif-
ferent time points and then extracted nuclear fractions.
Consistent with the result demonstrating upregulation of
Nrf2 at the protein level in response to T-I treatment, the
transcriptional activity of Nrf2 was also induced by T-I
treatment (Fig. le, f).

T-1 Upregulates ARE-Regulated Genes in SH-SY5Y
Cells

We next determined whether T-I induces the expression of
endogenous ARE-regulated genes. Consistent with the
upregulation of nuclear Nrf2 protein levels, exposure of

cells to T-I strongly induced a sustained upregulation of
HO-1, GCLC and GCLM (Fig. 2a, b) in SH-SYS5Y cells.

T-I Attenuates 6-OHDA -Induced Neuronal Death
in SH-SY5Y Cells

Activation of the Nrf2/ARE pathway is known to confer
resistance of cells to oxidative stress-induced cell death
[14]. To test this in SH-SYSY cells, we first performed the
MTT and LDH release assay after challenging cells with
100 uM 6-OHDA for 24 h. Compared to vehicle treated
control cells, pretreatment of cells with T-I significantly
reduced 6-OHDA -associated cell death as well as LDH
release (Fig. 3a, b). This was further confirmed by Annexin
V-FITC/PI double staining (Fig. 3c, d).

T-I Preventes 6-OHDA-Induced Oxidative Damage
in SH-SYSY Cells

To examine whether T-I also prevented the production of
ROS from 6-OHDA exposure, the accumulation of ROS
was measured by the fluorescent probe DCFH-DA in SH-
SYS5Y cells. As shown in Fig. 4a, T-I effectively reduced
6-OHDA-induced intracellular ROS level.

Since T-I significantly changed levels of key proteins
that regulate GSH metabolism, we also measured cellular
levels of GSH at 24 h after T-I treatment. We noted that
T-I produced a significant increase in GSH levels in SH-
SYSY cells (Fig. 4b). Together, our in vitro data suggest
that T-I induces nuclear accumulation of Nrf2 to upregulate
downstream ARE genes, leading to increase in cellular
antioxidants such as GSH.

T-I Reduces 6-OHDA-Induced Oxidative Stress
in Mice Striatum

To substantiate the in vitro findings regarding the neu-
roprotective effects of T-I, we next measured the levels of
ROS and GSH in the mice striatum at 1 and 7 days after
6-OHDA lesioning. As an index of ROS formation, we
first measured the oxidation of the fluorescent probe
DCFH-DA in the striatum of 6-OHDA-treated animals.
As shown in Fig. 5a, 6-OHDA induced significant
increases in ROS formation at 1 and 7 days after the toxin
injection. In turn, T-I pretreatment significantly decreased
the 6-OHDA-induced ROS formation. We also measured
the levels of GSH at the same time; T-I pretreatment also
exhibited a consistent protection against the 6-OHDA-
induced oxidative stress by increasing GSH levels at 1
and 7 days after 6-OHDA injection (Fig. 5b). Altogether,
these results indicate that the pretreatment with T-I pro-
tect mice against 6-OHDA-induced oxidant damage in the
striatum.
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Fig. 1 T-I enhances nuclear Nrf2 expression and its transcriptional
activity in SH-SYSY cells. a—d T-I caused nuclear Nrf2 upregulation
in SH-SY5Y cells. Cells were either treated with different concen-
trations of T-I for 8 h or treated with 2.5 uM of T-I for different time
points, after which nuclear extracts were prepared to measure the
protein levels of Nrf2. e, f T-I treatment resulted in a significant

T-I Prevents 6-OHDA-Induced Dopaminergic
Neuronal Loss in Mice Striatum and SNc¢

To further determine if the protection exerted by T-I
against the 6-OHDA-induced oxidative stress also accounts
to preserve the integrity of the nigrostriatal tract, we ana-
lyzed TH immunohistochemistry as a phenotypic marker
for fibers of dopaminergic neurons in the SNc and striatum.
To do this, brains were collected at 21 days after 6-OHDA
lesioning. Immunohistochemical staining demonstrated
that the 6-OHDA-induced loss of TH-positive neurons in
the striatum and SNc were remarkably attenuated by T-I
treatment (Fig. 6a). These results were also supported by
immunoblots of striatal extracts evaluated using an anti-TH
antibody, which show higher TH protein levels in T-I
treated mice (Fig. 6b).

Discussion
In this paper, we evaluated whether T-I may represent a

possible pharmacological intervention in PD. Our in vitro
results demonstrated that T-I activate the Nrf2 pathway and
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increase in Nrf2 transcriptional activity. Cells were either treated with
indicated doses of T-I for 8 h or treated with 2.5 uM of T-I for
different time points, after which nuclear extracts were prepared to
measure the Nrf2 transcriptional activity. Data represented as
mean = SEM of triplicate independent experiments. *p < 0.05;
**p < 0.01 versus control

protect SH-SYSY cells against 6-OHDA-induced neuro-
toxicity. While in vivo studies using 6-OHDA-lesioned PD
model showed that T-I could also ameliorate dopaminergic
neurodegeneration in mice. This in vivo data provides
further confirmative evidence supporting the observed
neuroprotective effects of T-I in vitro. Taken together, the
result of this study support our hypothesis that T-I protects
against 6-OHDA-induced neurotoxicity and this protective
effect involves the Nrf2 signaling pathway.

The pathogenesis of neuronal degeneration in PD is yet
to be fully understood; however, oxidative stress appears to
be a prominent pathogenic component in PD. Among
potential radical-induced antioxidant pathways, the Nrf2/
ARE signaling pathway has emerged as a promising ther-
apeutic target for neurodegenerative disorders; there is an
increasing clinical interest in using Nrf2 activators for
therapeutic purposes. One way to achieve this is using
drugs that are already used in clinic that can activate the
Nrf2 pathway. Unlike many experimental Nrf2 activators
with undefined or unfavorable pharmacokinetic profiles,
tanshinones are investigational drugs currently in advanced
stages of clinical development in human patients with
cardiovascular diseases and other indications. T-I has been
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Fig. 2 T-I activates the downstream genes of Nrf2 in SHSY-5Y cells.
Total cell lysates from SH-SYS5Y cells treated with different
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time points (b, d) were subjected to immunoblot analysis for HO-1,
GCLC, GCLM and B-actin. Data represented as mean = SEM of
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Fig. 3 T-I protects against 6-OHDA neurotoxicity in SH-SYS5Y cells.
SH-SY5Ycells were pretreated with T-I at the indicated concentra-
tions and exposed to 100 uM 6-OHDA. The protective effect of T-I
was determined at 24 h after 6-OHDA exposure by a MTT assay and
b LDH release. ¢ Cell apoptosis was measured by Annexin-V/PI

reported to be neuroprotective for PD [16]. However, the
mechanism that underlies its neuroprotection against PD
remains poorly understood. Therefore, we investigated the

staining. The apoptotic rate calculated from the flow cytometry data
were shown in (d). All data are presented as the mean + SEM of
triplicate independent experiments. **p < 0.01 versus control,
*p < 0.05, **p < 0.01 versus 6-OHDA group

therapeutical potential of T-I in protecting against
6-OHDA model both in vitro and in vivo. Our results
indicate that T-I can induce the expression and activate the
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Fig. 4 T-1 attenuates 6-OHDA-induced oxidative stress in SH-SYS5Y
cells. a SH-SY5Y cells were pretreated with T-I at the indicated
concentrations for 2 h and exposed to 100 uM 6-OHDA, cells were
collected 24 h later for intracellular ROS level. b Total cell lysates

g
3
]

g
o
1

-
o
1

e
3
1

Relative intracellular ROS (%) >
b= o
L 1

T-1 + 6-OHDA

6-OHDA

Fig. 5 T-I reduces 6-OHDA-induced striatal oxidative stress in mice
striatum. Mice were given 10 mg/kg T-I by intraperitoneal injection
for 3 days, and then received striatal infusion of 6-OHDA. At 1 and
7 days after 6-OHDA injection, striatum was collected for

transcriptional activity of Nrf2; the induction of Nrf2 can
trigger the downstream regulation of antioxidant enzymes,
as evidenced by the subsequent change in the cellular redox
status through the upregulation of HO-1, GCLC and
GCLM protein expression, indicating a protective role of
Nrf2 signaling in this process.

Neuroprotective effects of Tanshinones have been
shown in several neurodegenerative disease models. Chong
et al. [15] revealed that Dan shensu (B-3,4-dihydrox-
yphenyl-lactic acid), a compound extracted from Radix
Salviae Miltiorrhizae (known as ‘Danshen’ in Chinese),
protected against 6-hydroxydopamine-induced damage of
PC12 cells in vitro and dopaminergic neurons in zebrafish.
During the preparation of the manuscript, a recent article
demonstrated that T-I could selectively suppress pro-in-
flammatory genes expression in activated microglia and
prevent nigrostriatal dopaminergic neurodegeneration in a
MPTP-mouse model of PD [16]. In consistent with the
previous reports, we also observed that T-I can elicit robust
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neuroprotection against 6-OHDA PD model possibly
through activating the Nrf2 pathway.

Our study indicates that the neuroprotective effect of T-I
is associated with its ability to activate Nrf2. A recent study
showed that T-I induced Nrf2-dependent response pri-
marily by hindering its ubiquitination and degradation of
Nrf2, and stabilizing Nrf2 protein level in a Keapl-de-
pendent manner [11]. While the current study focuses on
Nrf2, it does not exclude the possibility that T-I may
exhibit its neuroprotective effects through other mecha-
nisms. Further studies are still needed to elucidate the
precise protective mechanisms exerted by T-I in several
toxic models.

In conclusion, the results of this study demonstrate a
neuroprotective role for T-I against experimental PD
models. We also observed that T-I increase the expression
of the nuclear level of Nrf2 and its transcriptional activity.
Together with the previous reports, T-I may provide ther-
apeutic benefit in the treatment of PD.
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