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1  | INTRODUC TION

Alzheimer's disease (AD) is increasingly severe in this century.1,2 The 
clinical characteristics of AD are deficiencies in cognition.3 AD pathol-
ogy is mainly characterized by excessive accumulation of toxic forms 
of amyloid-β (Aβ), abnormally hyperphosphorylated tau and neuro-
fibrillary tangles.4,5 Some evidence suggests that overproduction of 

or reduced clearance of Aβ is occurred in the process of AD, which 
leading to the formation of Aβ plaques.6,7 Aβ accumulation can induce 
deterioration of neurons and lower expressions of nerve growth fac-
tors, which lead to cognitive impairment and dementia.8,9 Treatments 
that target Aβ process, decreasing the generation of Aβ or acceler-
ating the clearance of Aβ, are considered to slow the progression of 
AD. However, up to now, all of the clinical trials targeting Aβ for AD 
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Abstract
Sodium tanshinone IIA sulfonate (STS) has been reported to prevent Alzheimer's dis-
ease (AD). However, the mechanism is still unknown. In this study, two in vitro mod-
els, Aβ-treated SH-SY5Y cells and SH-SY5Y human neuroblastoma cells transfected 
with APPsw (SH-SY5Y-APPsw cells), were employed to investigate the neuroprotec-
tive of STS. The results revealed that pretreatment with STS (1, 10 and 100 µmol/L) 
for 24 hours could protect against Aβ (10 µmol/L)-induced cell toxicity in a dose-
dependent manner in the SH-SY5Y cells. Sodium tanshinone IIA sulfonate decreased 
the concentrations of reactive oxygen species, malondialdehyde, NO and iNOS, 
while increased the activities of superoxide dismutase and glutathione peroxidase 
in the SH-SY5Y cells. Sodium tanshinone IIA sulfonate decreased the levels of in-
flammatory factors (IL-1β, IL-6 and TNF-α) in the SH-SY5Y cells. In addition, Western 
blot results revealed that the expressions of neprilysin and insulin-degrading enzyme 
were up-regulated in the SH-SY5Y cells after STS treatment. Furthermore, ELISA and 
Western blot results showed that STS could decrease the levels of Aβ. ELISA and 
qPCR results indicated that STS could increase α-secretase (ADAM10) activity and 
decrease β-secretase (BACE1) activity. In conclusion, STS could protect against Aβ-
induced cell damage by modulating Aβ degration and generation. Sodium tanshinone 
IIA sulfonate could be a promising candidate for AD treatment.
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treatment were reported failed, such as solanezumab, a monoclonal 
antibody targeting Aβ peptide.10 Thus, finding new therapeutic drugs 
is urgent.

Natural products are large potential sources of compounds for AD 
treatment.11 Sodium tanshinone IIA sulfonate (STS) is a derivative of 
Tanshinone IIA, which extracted from the dried roots of Danshen (Salvia 
miltiorrhiza). A large number of studies have shown that STS could pro-
tect against cardiovascular diseases.12-15 Besides the well-known car-
dioprotective effect, STS possesses neuroprotective activity against 
neural dysfunction.16-18 Previous studies suggested that STS have 
some pharmacological actions, such as anti-oxidative stress,19,20 anti-in-
flammation.13,21 However, STS has not yet been reported to have any 
Aβ-regulation effect. Considering during AD process, Aβ aggregation 
can damage and cause neuronal death by inducing oxidative stress and 
neuroinflammation.22,23 Therefore, it was hypothesized that STS could 
display the neuroprotective effects through modulating Aβ process.

In this study, two in vitro models, Aβ-treated SH-SY5Y cells and 
SH-SY5Y human neuroblastoma cells transfected with APPsw (SH-
SY5Y-APPsw cells), were employed to investigate the neuropro-
tective of STS. Different doses (1, 10 or 100 µmol/L) of STS were 
used to treat cells. We revealed that STS could obviously protect 
against Aβ-induced cell toxicity through modulating Aβ degration 
and generation.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

Both SH-SY5Y cells and SH-SY5Y-APPsw cells were cultured in DMEM 
medium with 10% foetal bovine serum (Thermo Fisher Scientific), 1× 
antibiotic (Thermo Fisher Scientific) was added into the medium. The 
cells were cultured in a humidified incubator under standard condi-
tions of 37°C with 4%-5% CO2. The SH-SY5Y cells were treated with 
1, 10 or 100 µmol/L Sodium tanshinone IIA sulfonate (STS, MedChem 
Express, Figure 1) for 24 hours and then treated with 10 µmol/L Aβ 
(Sigma-Aldrich) for 24 hours. The SH-SY5Y-APPsw cells were treated 
with 1, 10 or 100 µmol/L STS for 24 hours.

2.2 | Cell viability

The SH-SY5Y cells were seeded in the 96-well plates. The cell viabil-
ity was measured by MTT assay.

2.3 | Reactive oxygen species (ROS) level

The cells were collected and centrifuged. The 2′7′-dichlorofluo-
rescein diacetate (DCFH-DA) fluorescent dye method (Invitrogen) 
was used to measure the ROS level. The presence of ROS can con-
vert non-fluorescent DCFH-DA to fluorescent dichlorofluorescein 
(DCF).

2.4 | Malondialdehyde (MDA) level

The cells were collected to detect the level of MDA by using the kit 
(Nianjing Jiancheng Bioengineering Institute) according to the manu-
facturer's instructions.

2.5 | Superoxide dismutase (SOD) and glutathione 
peroxidase (GSH-Px) activities

The cells were collected to detect the activities of SOD and GSH-Px 
by using the kits (Nianjing Jiancheng Bioengineering Institute) ac-
cording to the manufacturer's instructions.

2.6 | Nitric oxide (NO) level

The cells were collected to detect the level of NO by using the kit 
(Abcam) according to the manufacturer's instructions.

2.7 | ELASA

The SY5Y cells were collected. The concentrations of IL-1β, IL-6, 
TNF-α and iNOS were measured by using the ELISA kits (Thermo 
Fisher Scientific) according to the manufacturer's instructions.

The SH-SY5Y-APPsw cells were collected. The levels of Aβ1-
40 and Aβ1-42 were measured by using the ELISA kits (Invitrogen) 
according to the manufacturer's instructions. The activities of α-, 
β- and γ-secretase were measured by using the ELISA kits (R&D 
Systems) according to the manufacturer's instructions.

2.8 | Western blot analysis

The cells were collected and lysed in RIPA buffer. The lysate was col-
lected and extracted the protein. The protein was separated by SDS-
PAGE gel and then migrated to PVDF membranes. The membranes 
were incubated with anti-neprilysin (NEP), anti-insulin-degrading en-
zyme (IDE), anti-Aβ and anti-β-actin primary antibodies and then incu-
bated with horseradish peroxidase-conjugated anti-rabbit secondary 
antibody. Finally, the exposures of membranes were analysed.

F I G U R E  1   Molecular structure of STS
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2.9 | Quantitative PCR

The cells were collected, and the total RNA was isolated by using 
the RNeasy kit (Hilden) and reverse-transcribed using SuperScript 
III Reverse Transcriptase (Invitrogen). Forward and reverse 
primers were as follows: ADAM metallopeptidase domain 10 
(ADAM10): For, 5′-TTCTCCCTCCGGATCGATGT-3′, Rev, 5′-ATAC 
TGACCTCCCATCCCCG-3′; beta-secretase 1 (BACE1): For, 5′-ACTT 
TACACTCTGTTCTGGGTGG-3′, Rev, 5′-ACCACAAAGCCTGGCAA 
TCTC-3′; presenilin 1 (PSEN1): For, 5′- AATGACGACAACGGTGA 
GGG-3′, Rev, 5′-CCAGATTAGGTGCTTCCCCG-3′; β-actin: For,  
5′-AGAGCTACGAGCTGCCTGAC-3′, Rev, 5′-AGCACTGTGTTGGCG 
TACAG-3′.

2.10 | Statistical analysis

The data were analysed by using Student's t test and ANOVA by 
SPSS 19.0 statistical software (IBM). The results were expressed as 
the mean  ±  SEM. The differences were considered as statistically 
significant at P < .05.

3  | RESULTS

3.1 | STS ameliorates Aβ-induced cell toxicity in SH-
SY5Y cells

In order to prove whether STS had the neuroprotective effect, the Aβ-
treated SH-SY5Y cell model was employed. We firstly screened the 
best concentration of Aβ. Different dosages of Aβ (1.25, 2.5, 5, 10 and 
20 µmol/L) were added into the cultured medium for 24 hours. As re-
vealed in the MTT test (Figure 2A), the concentrations of Aβ (5, 10 and 
20 µmol/L) treatment caused cell injury obviously. The concentration of 
Aβ (10 µmol/L) was around the median lethal dose. Thus, 10 µmol/L Aβ 
was selected for the further study. We next studied the neuroprotec-
tive effect of STS on Aβ-treated SH-SY5Y cells. The SH-SY5Y cells were 
pretreated with different concentrations of STS (1, 10 and 100 µmol/L) 
for 24 hours, and then treated with 10 µmol/L Aβ for 24 hours. Result 
indicated that STS could prevent against Aβ-induced cell toxicity in a 
dose-dependent manner (Figure 2B). These data indicated that STS had 
neuroprotective effect against Aβ-induced cell toxicity.

3.2 | STS ameliorates oxidative stress, nitrosative 
stress and neuroinflammation in Aβ-treated SH-
SY5Y cells

Oxidative and nitrosative stress statements are observed in the 
AD patients' brain.24,25 As shown in Figure 3, oxidative stress 
(increased levels of ROS and MDA, decreased activities of SOD 
and GSH-Px) and nitrosative stress (increased levels of NO and 
iNOS) were observed in Aβ-treated SH-SY5Y cells. While, STS 

pretreatment decreased the levels of ROS, MDA, NO and iNOS, 
and increased the activities of SOD and GSH-Px significantly. In 
addition, Aβ accumulation can also induce neuroinflammation in 
the AD patients' brain.26,27 In this study, Aβ-treatment increased 
the neuroinflammatory factors (IL-1β, IL-6 and TNF-α) in SH-SY5Y 
cells. Sodium tanshinone IIA sulfonate pretreatment significantly 
decreased these neuroinflammatory factors (Figure 4). These find-
ings suggested that the neuroprotective effects of STS might be in 
connection with its anti-oxidative and nitrosative stress and anti-
inflammatory abilities.

3.3 | STS improves the expressions of Aβ-degrading 
enzymes in Aβ-treated SH-SY5Y cells

NEP and IDE are two important Aβ-degrading enzymes in the 
cell.28,29 As shown in Figure 5, Aβ-treatment caused the cell dam-
age and decreased the protein expressions of NEP and IDE in 
SH-SY5Y cells. In contrast, STS pretreatment prevented against 
the decreases of NEP and IDE. These data indicated that STS 
could protect against Aβ-induced cell toxicity by modulating Aβ 
degration.

3.4 | STS inhibits Aβ generation in SH-SY5Y-
APPsw cells

Furthermore, we also studied the effect of STS on Aβ generation. 
A SH-SY5Y cell line overexpressing the human APP Swedish mu-
tant (SH-SY5Y-APPsw) was used for investigation. The levels of 
Aβ1-40 and Aβ1-42 were significantly decreased after STS treat-
ment in a dose-dependent manner (Figure 6A,B). Western blot re-
sult also showed the same effect (Figure 6C,D). We next studied the 
effect of STS on APP cleavage process. Amyloid precursor protein 
is mainly cleaved by three enzymes, α-, β- and γ-secretases. ELISA 
results showed that STS increased α-secretase activity and de-
creased β-secretase activity, while did not affect the γ-secretase 
activity (Figure 7A-C). Inconsistently, qPCR results indicated that 
STS increased ADAM10 and decreased BACE1 mRNA expression. 
PS1 mRNA expression was not changed (Figure 7D-F). Thus, it was 
revealed that STS could protect against Aβ-induced cell toxicity by 
inhibiting Aβ generation.

4  | DISCUSSION

In this study, we studied the neuroprotective effect of STS against 
Aβ process in two in vitro models, Aβ-treated SH-SY5Y cells and 
SH-SY5Y-APPsw cells. Pretreatment of STS (1, 10 and 100 µmol/L) 
could relieve Aβ-induced cell impairment. In additionally, STS could 
protect cells against Aβ-induced oxidative stress and inflammation. 
Mechanism studies showed that the neuroprotective effect of STS 
might be through modulating Aβ degration and generation.
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The impairment of cognitive function is the characteristic of 
AD. The pathological product, Aβ (the main component of amyloid 
plaques), acts as a central role in AD process.30-33 Aβ can aggre-
gate to form oligomers. The Aβ oligomers are the most toxic to 
neuron.34 In this study, Aβ was treated to SH-SY5Y cells to induce 

cytotoxicity. MTT results revealed that the STS treatment amelio-
rated Aβ-induce cytotoxicity. Aβ accumulation can exacerbate oxi-
dative stress and inflammation, which damage proteins, DNA, lipids 
and other compounds.35 Oxidative, nitrosative stress and inflam-
mation are playing crucial roles in cell homeostasis and apoptosis. 

F I G U R E  2   STS protects against Aβ-induced cell toxicity in SH-SY5Y cells. (A) MTS cell viability assay was performed in SH-SY5Y cells 
after exposure to different concentrations of Aβ (1.25, 2.5, 5, 10 and 20 µmol/L) for 24 h. (B) MTS cell viability of Aβ (10 µmol/L)-treated 
SY5Y cells after STS preprotection. STS-L: 1 µmol/L, STS-M: 10 µmol/L, STS-H: 100 µmol/L. Experimental values were expressed as 
mean ± SEM. *P < .05, **P < .01 vs Con group; #P < .05, ##P < .01 vs Aβ group

F I G U R E  3   STS ameliorates oxidative 
and nitrosative stress in Aβ-treated SH-
SY5Y cells. The levels of ROS (A), MDA (B), 
the activities of SOD (C), GSH-Px (D) and 
the levels of NO (E), iNOS (F) in SH-SY5Y 
cells. STS-L: 1 µmol/L, STS-M: 10 µmol/L, 
STS-H: 100 µmol/L. Experimental values 
were expressed as mean ± SEM. *P < .05, 
**P < .01 vs Con group; #P < .05, ##P < .01 
vs Aβ group
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Oxidative, nitrosative stress and inflammation in neuron can cause 
dysfunction of neural junction, and then induce the nervous sys-
tem damage.36 The antioxidant enzymes were significantly de-
creased in AD mice.37,38 In this study, the primary indicators of 

oxidative and nitrosative stress were obviously increased after 
Aβ treatment. The activities of the antioxidant enzymes were de-
creased. Sodium tanshinone IIA sulfonate pretreatment reversed 
the Aβ-induced oxidative and nitrosative stress. Inflammation also 

F I G U R E  4   STS reverses neuroinflammation in Aβ-treated SH-SY5Y cells. The levels of IL-1β (A), IL-6 (B) and TNF-α (C) were detected 
by ELISA in SH-SY5Y cells. STS-L: 1 µmol/L, STS-M: 10 µmol/L, STS-H: 100 µmol/L. Experimental values were expressed as mean ± SEM. 
*P < .05, **P < .01 vs Con group; #P < .05, ##P < .01 vs Aβ group

F I G U R E  5   STS improves the protein 
expressions of Aβ degrading enzymes 
in Aβ-treated SH-SY5Y cells. NEP (A) 
and IDE (B) protein levels were detected 
by Western blotting in SH-SY5Y cells. 
STS-L: 1 µmol/L, STS-M: 10 µmol/L, 
STS-H: 100 µmol/L. Experimental values 
were expressed as mean ± SEM. *P < .05, 
**P < .01 vs Con group; #P < .05, ##P < .01 
vs Aβ group

F I G U R E  6   STS decreases Aβ level in 
SH-SY5Y-APPsw cells. Aβ1-40 (A) and 
Aβ1-42 (B) levels were measured by ELISA 
in SH-SY5Y-APPsw cells. Aβ protein level 
was detected by Western blotting (C 
and D) in SH-SY5Y-APPsw cells. STS-L: 
1 µmol/L, STS-M: 10 µmol/L, STS-H: 
100 µmol/L. Experimental values were 
expressed as mean ± SEM. *P < .05, 
**P < .01 vs Con group
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plays an important role in AD. Some inflammatory factors, such as 
IL-1β, IL-6 and TNF-α, were observed in AD brain.39-41 In our study, 
excessive IL-1β, IL-6 and TNF-α were produced in the Aβ-treated 
SH-SY5Y cells. Sodium tanshinone IIA sulfonate suppressed the 
production of these inflammatory factors. These findings sug-
gested that the anti-Aβ cytotoxicity effect of STS could be related 
to the anti-oxidative stress and anti-inflammation capacity.

Amyloid precursor protein (APP) is an integral membrane protein, 
which can be cleaved by α- (the extracellular region), β- (the extracellu-
lar region) and γ-secretase enzymes. Aβ is the cleaved product of APP 
by β- and γ-secretase under pathological conditions. Amyloid precursor 
protein is mainly cleaved by α-secretase and γ-secretase under normal 
physiological conditions.42 The cleavage by α-secretase can prevent 
the generation of Aβ. Thus, increasing ADAM10 (α-secretase), or inhib-
iting of BACE1 (β-secretase), can avoid Aβ generation. In our study, STS 
could decrease the levels of Aβ1-40 and Aβ1-42 in SH-SY5Y-APPsw 
cells. Both ELISA and qPCR results found that STS increased the activ-
ity of α-secretase and decreased the activity of β-secretase. However, 
STS did not affect the activity of γ-secretase. In addition, Aβ clearance 
is another important pathway to protect against AD process. Aβ can 
be cleared through the intracellular pathway or the extracellular path-
way. Blood-brain barrier (BBB) transport redominates the extracellu-
lar pathway.43 Intracellular pathway is mainly occurred in neurons or 
glia.44 The enzymatic breakdown-induced degradation clearance is the 
major pathway, including NEP and IDE.45-47 In this study, STS increased 
the protein expressions of NEP and IDE in SH-SY5Y cells. The above 
results demonstrated that STS could protect against Aβ-induced cell 
toxicity through modulating Aβ degration and generation.

In conclusion, the study provides some evidence that STS can 
alleviate Aβ-induced cell toxicity by inhibiting oxidative stress and 
neuroinflammation. This neuroprotective effect of STS might be 
through regulating Aβ degration and generation. Sodium tanshinone 
IIA sulfonate might be developed as a new anti-AD drug. However, 
whether STS could affect Aβ transport is still unknown. Further 
studies are needed.
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