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ABSTRACT

Background: The deposition of amyloid B (AB) proteins and
hyperphosphorylation of tau proteins are the two notable features of
Alzheimer's disease. During the past decades, novel drug candidates
have been found from natural herbs and its derived compounds due
to their broad spectra of therapeutic effects with low toxicity. Among
the different compounds studied, tanshinone I[IA, which is derived
from Salvia miltiorrhiza, has been reported to attenuate AP-induced
neurotoxicity. Materials and Methods: In this study, we studied the
effects of tanshinone IIA on the neurotoxicity, proliferation, and apoptosis
of AB,, ,-induced SH-SY5Y cells. We applied various methods such as
Western blot, fluorescence staining, and flow cytometry. \We analyzed the
tau phosphorylation and inflammatory response of SH-SY5Y cells, and we
further discuss the relationship between phosphorylated tau and GSK-3f3
pathway. Results: Tanshinone [IA promoted proliferation and inhibited
neurotoxicity of AR, .-induced SH-SY5Y cells. In addition, it downregulated
the level of phosphorylation of tau protein, leading to the inhibition of
inflammatory response. The Y216 phosphorylation level of GSK-33 was
downregulated by tanshinone IlA, whereas the S9 phosphorylation level
was upregulated. Conclusion: The results of this study provide evidence
that tanshinone [IA exerts its beneficial effects by attenuating the
neurotoxicity induced by AB,, . through the GSK-3f3 pathway.

Key words: Alzheimer's disease, amyloid 3 peptide, GSK-33 pathway,
SH-SY5Y cells, tanshinone IIA, tau phosphorylation

SUMMARY
e Tanshinone IIA promoted proliferation and inhibited neurotoxicity of
AB,; ,-induced SH-SYBY cells. In addition, it downregulated the level of

INTRODUCTION

Alzheimer’s disease (AD), the most common type of senile dementia,
has several pathological features, including neuronal degeneration,
intracellular neurofibrillary tangles, and extracellular senile plaque
deposition.!! Although a large number of investigators have been
searching for effective methods for the diagnosis and treatment of this
disease, the pathogenesis of AD is still not clear. In the pathological
process known so far, the dynamic balance between the production
and clearance of amyloid 3 (APB) peptides is destabilized, resulting in
the abnormal accumulation of AP peptides. The complex cascade of
reactions triggers multiple processes, including plaque formation, tau
protein hyperphosphorylation, glial cell proliferation, and inflammation,
which results in nerve cell dysfunction.” Therefore, AP is a promising
target in the treatment of AD, which has been widely investigated."*

During the past few decades, great efforts have been made to
develop drugs for the prevention and treatment of AD. So far,
numerous drug candidates have been studied, such as natural
compounds derived from herbs.”” Among these, tanshinone
IIA [Figure la], a diterpenoid compound isolated from Salvia
miltiorrhiza, is widely used in the treatment of cardiovascular
diseases. This compound shows antiapoptosis, anti-inflammation,
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phosphorylation of tau protein, leading to the inhibition of inflammatory
response. The Y216 phosphorylation level of GSK-33 was downregulated by

tanshinone 1A, whereas the S9 phosphorylation level was upregulated.
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and antioxidant activity.® Recently, several studies have revealed
their positive effects of tanshinone IIA on diseases affecting
the nervous system, demonstrating the therapeutic potential of
tanshinone IIA in preventing and alleviating AD. For example,
Qian et al." demonstrated that tanshinone IIA protects neurons
against AB-induced neuronal injury through the activation of the
Bcl-xL pathway. Jiang et al.'l found that tanshinone ITA decreases
the release of nitric oxide, peroxynitrite, and anion, as well as the
expression of inducible nitric oxide synthase, matrix metalloprotein
type 2, and nuclear factor-kappa B in the AD rat model. In a recent
study, Geng et al.l'! reported that tanshinone IIA reduced the level of
AB-induced neurotoxicity due to its superior antioxidant properties.
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Figure 1: Effects of tanshinone IIA on the proliferation of SH-SY5Y cells injured by Af
4-phenylbutyrate (5 mM) or tanshinone IIA (2.5 uM, 5 uM, and 10 uM), the proliferation of Af3

(a) Chemical structure of tanshinone IIA. After treating with sodium
-injured SH-SY5Y cells was measure by (b) CCK8 assay,

25-35"

25-35

(c) EdU staining, and (d) Western blot for cell proliferation factor (Ki-67 and PCNA). Statistical data are presented as mean =+ standard deviation **P < 0.01,
versus control group. *P < 0.05, #P < 0.01, versus A} group. The experiments were independently repeated three times

In this study, the neuroprotective effects of tanshinone IIA on
AB-induced SH-SY5Y cells were investigated. The proliferation of
AB-induced SH-SY5Y cells was found to be promoted by tanshinone IIA.
In addition, the apoptosis of Af-induced SH-SY5Y cells was inhibited.
Moreover, we demonstrated that tanshinone ITA downregulated the
phosphorylation level of tau protein in these cells, leading to the inhibition
of the inflammatory response. GSK-3f3 pathway, which could cause
hyperphosphorylation tau, was further demonstrated to be regulated
corresponding to the tanshinone ITA treatment. Our research may provide
proof-of-principle evidence of the mechanism through which tanshinone
IIA prevents AP-induced neurotoxicity of SH-SY5Y cells.

MATERIALS AND METHODS

Compounds

Tanshinone ITA (ClnggOa, FW: 294.34, purity >98%) was obtained from
MedChemExpress (Shanghai, China). AB,. .. peptide (purity >95%)
was purchased from GL Biochem Inc. (Shanghai, China). Sodium
4-phenylbutyrate (4-PBA) (C, H,0,, FW: 164.20, purity >98%) was
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obtained from Sigma-Aldrich (Shanghai, China).

Cell treatment
For the establishment of AB,, , -induced SH-SY5Y cell model, AB,_ .. was
diluted to 1 mM by distilled water for a stock solution and then cultured
in a 37°C incubator for 3 days to aggregate oligomers before use The
activated AB,, ., was diluted to 25 uM and stored at —20°C. Cells (1 x 10°)
were seeded in a 6-well plate (1 mL) and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS). When the confluency
reached 70%, the medium was replaced with a serum-free culture medium
and incubated for 24 h. Then, AB,_ .. (25 uM) was added and incubated
for another 24 h for use in subsequent experiments. To understand the
role of tanshinone ITA, the experimental groups were set up, including
a blank control group, the negative control group (phosphate-buffered
saline [PBS]), tanshinone ITA (2.5, 5, and 10 uM) experimental group, and
positive control group (4-PBA). The effects of 4-PBA were determined by
treating the cells with 5 mM 4-PBA.
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Cell viability analysis

Cells (5 x 10°) were seeded in 96-well plate (100 uL) and cultured in
RPMI 1640 medium supplemented with 10% FBS. When the confluency
reached 70%, the medium was replaced with a medium containing
different concentrations of tanshinone IIA. After 24 h of incubation,
20 uL CCK-8 solution (Beyotime Biotechnology, Nantong, China) was
added to each well. After incubating for 1 h, the absorbance was detected
at 450 nm by a microplate reader (Thermo Fisher, Massachusetts, USA).

Quantitative real-time polymerase chain reaction
SH-SY5Y cells (1 x 10°) were seeded in a 6-well plate (1 mL) and
treated according to the experimental group. When the confluency
reached 90%, the RNA extraction was performed by TRIzol reagent
as described previously."® The concentration of RNA was measured
by spectrophotometer, and all samples were balanced by reverse
transcription with a ¢cDNA synthesis kit (Fermentas, St. Leon-Rot,
Germany). After the implementation of a real-time reverse-transcription
polymerase chain reaction, the cycle threshold (CT) value of the target
gene expression was obtained and compared with the control group.
GAPDH was used as the internal control gene. The relative quantitative
analysis was conducted by 22T method.

EdU staining

SH-SY5Y cells (1 x 10°) were seeded in a 6-well plate (1 mL) and
treated according to the experimental group. After treatment, the
cells were fixed with 4% paraformaldehyde and permeated with 0.5%
Triton X-100. After washing (thrice) with PBS containing 3% BSA,
the EdU staining solution (US Everbright, Suzhou, China) was added
and incubated at room temperature (RT) for 30 min. Subsequently, the
nucleus was counterstained with DAPI, and the cells were observed with
a fluorescence microscope (IX73, Olympus, Japan).

Cell apoptosis analysis

Cells (1 x 10°) were seeded in a 6-well plate (1 mL) and cultured for
24 h. After the treatment of the cells as mentioned above, the cells were
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collected (x1000 rpm for 5 min) and washed with PBS. Then, the cells were
resuspended with 5 uL Annexin V-fluorescein isothiocyanate (FITC)
and 5 uL of propidium iodide (PI) and incubated at RT for 15 min. Flow
cytometric analysis was conducted by a FACSCalibur flow cytometer
(BD Bioscience, New Jersey, USA).

TUNEL analysis

Cells (1 x 10°) were seeded in a 6-well plate (I mL) and treated
according to the experimental group. After treatment, the cells were
fixed with 4% paraformaldehyde and permeated with 0.5% Triton.
After washing (thrice) with PBS containing 3% BSA, cells were treated
with TUNEL staining. The experiment was conducted according to the
instructions of the TUNEL Assay Kit (Abcam, Shanghai, China). Finally,
the nuclei were counterstained with DAPI, and the cells were observed
with a fluorescence microscope (IX73, Olympus, Japan).

Enzyme-linked immunosorbent assay

The inflammatory factors in the supernatant of the cell culture medium
were detected according to the instructions. All enzyme-linked
immunosorbent assay (ELISA) kits were purchased from R&D
Systems (Shanghai, China). Finally, the value of optical density for
each well was measured by a microplate reader at 450 nm wavelength
(Thermo Fisher, Massachusetts, USA).

Immunofluorescence analysis

The cells were inoculated into a Petri dish with pretreated glass slides.
When the confluency reached 80%, the cells were fixed with 4%
paraformaldehyde and permeated with 0.5% Triton. Subsequently,
the cells were washed (thrice) with PBS and blocked with 3% (w/v)
BSA at 4°C overnight. Then, the cell was incubated with primary
antibodies against p-GSK-33-Y216 (1:500 dilution) and p-GSK-3[3-S9
(1:500 dilution) at 4°C overnight. All antibodies were purchased from
Abcam (Shanghai, China). After incubating with FITC-conjugated
secondary antibodies (1:200 dilution, Proteintech, Wuhan, China) at
RT for 1 h, the slides were observed with a fluorescence microscope
(IX73, Olympus, Japan).

Statistical analysis

Data were presented in the form of mean + standard deviation. Statistical
analysis was performed by GraphPad Prism 6 (GraphPad Software, Inc.,
San Diego, CA, USA), and differences between groups were analyzed by
one-way analysis of variance and Dunnett’s multiple comparison tests.
A P <0.05 was considered statistically significant.

RESULTS

Tanshinone IIA promotes the proliferation of
amyloid B.. ..-induced SH-SY5Y cells

25-35

In this study, we studied the effects of tanshinone IIA on the proliferation
of SH-SY5Y cells. As revealed in Figure 1b, the viability of SH-SY5Y
cells was significantly inhibited, indicating that the cell model was
successfully established. These results also suggested that 4-PBA
(an inhibitor of endoplasmic reticulum stress) significantly attenuated
the AB,_ . -induced neurotoxicity [P < 0.05, vs. AP group, Figure 1b].
Of note, both 5 uM and 10 uM tanshinone IIA significantly attenuated
the AP,. .-induced neurotoxicity [P < 0.05, vs. AP group, Figure 1b].
Moreover, EAU staining was also employed to analyze the proliferation
of AP, ,.-induced SH-SY5Y cells. The results suggested that tanshinone
IIA significantly promoted the proliferation of AB-induced SH-SY5Y
cells [Figure 1c]. Moreover, tanshinone ITA promoted the proliferation
of SH-SY5Y cells. Next, we investigated the expression of the cell
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proliferation factor of AP, . -induced SH-SY5Y cells. As demonstrated
in Figure 1d, tanshinone IIA significantly increased the expression levels
of Ki-67 and PCNA [Figure 1d]. In addition, tanshinone IIA exhibited
comparable effects with 4-PBA on the proliferation of AB,, _.-induced
SH-SY5Y cells. Overall, our results show that tanshinone ITA promotes
the proliferation of AP, ,.-induced SH-SY5Y cells.

25-35

-induced

Tanshinone IIA rescued amyloid [325_35

apoptosis of SH-SY5Y cells

In this study, we studied the effects of tanshinone IIA on the apoptosis
of SH-SY5Y cells using TUNEL analysis. According to our results, DNA
fragments with 3’-OH cohesive terminus of SH-SY5Y cells were in
increased quantities in response to AP treatment, which indicates that the
apoptosis of A, . -induced SH-SY5Y cells was upregulated. In contrast,
tanshinone IIA also decreased the DNA fragments in AP, . -induced
SH-SY5Y cells [Figure 2a]. In addition, the results of Annexin V/PI
staining suggested that tanshinone IIA significantly decreased the level
of apoptosis [P < 0.05, vs. AP group, Figure 2b]. In this study, we analyzed
the apoptotic pathway via Western blot analysis. According to the results
of Western blot analysis, tanshinone IIA downregulated the expression
of Bax and upregulated the expression of Bcl-2 proteins [P < 0.01, vs.
AP group, Figure 2c]. Moreover, it exhibited comparable effects with
4-PBA on the apoptosis of AB,, . -induced SH-SY5Y cells. Overall, these
data indicate that tanshinone IIA rescued apoptosis in AP, _.-induced
SH-SY5Y cells.

Tanshinone IIA inhibits tau phosphorylation and
inflammatory response in amyloid f3,, ..-induced
SH-SY5Y cells

Next, we analyzed the level of tau phosphorylation via Western blot
analysis. According to our results, the phosphorylation of tau at
Ser205, Ser396, and Ser413 was all significantly upregulated by AR, ..
peptides [P < 0.01, vs. control group, Figure 3a], and tanshinone IIA
remarkably inhibited the phosphorylation of tau at these sites. These
results show that tanshinone IIA downregulated the AP, . -induced
neuroinflammation in SH-SY5Y cells. Hence, the expression of
inflammatory cytokines was further analyzed by ELISA and qPCR.
As revealed in Figure 3b and c, the protein and mRNA levels of
inflammatory cytokines (tumor necrosis factor-alpha [TNF-al,
interleukin [IL]-6, IL-1f, and IL-10) were upregulated by AP, ..
peptides (P < 0.01, vs. control group). Moreover, tanshinone IIA
decreased the secretion of the aforementioned inflammatory cytokines
from the AP, ,.-induced SH-SY5Y cells [Figure 3b]. In addition, the
mRNA level of inflammatory factors was also markedly downregulated
by tanshinone ITA [P < 0.05, vs. A group, Figure 3¢]. Overall, tanshinone
IIA exhibited comparable effects with 4-PBA on the tau phosphorylation
and inflammation in the AP, .-induced SH-SY5Y cells. These results
indicated that tanshinone ITA inhibited the phosphorylation level of tau,
leading to the downregulation of the AB-induced neuroinflammation.

Tanshinone IIA regulates GSK-3[3 pathway of
amyloid B-induced SH-SY5Y cells

In this study, we investigated the activation of GSK-3[3 pathway, which
could cause hyperphosphorylation of tau. First, the fluorescence
intensity of p-GSK-3(3-Y216 was increased after inducing the cells with
AB,. .. peptides; however, the fluorescence intensity of p-GSK-33-S9
was decreased [Figure 4a]. Furthermore, our results show that the
expression of p-GSK-3B3-Y216 was downregulated in AP,. .-induced

SH-SY5Y cells by tanshinone IIA, whereas the intensity of p-GSK-3(3-S9
was increased [Figure 4a]. Our findings show that tanshinone ITA might
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Figure 2: Effects of tanshinone IIA on the apoptosis of SH-SY5Y cells injured by A
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tau proteins (Ser205, Ser396, and Ser413), and total tau protein (Tau-5) were measured by Western blot, (b) expression of inflammatory factors
(TNF-0,, IL-6, IL-1B, and IL-10) was measured by ELISA, and (c) mRNA expression levels of inflammatory factors (TNF-o,, IL-6, IL-1f3, and IL-10) were measured
by gPCR. Statistical data are presented as mean * standard deviation **P < 0.01, versus control group. P < 0.05, #P < 0.01, versus AP group. The experiments

were independently repeated three times

regulate the level of phosphorylation of GSK-3[. Therefore, we further
analyzed the level of tau phosphorylation. According to our results,
the Y216 phosphorylation level of GSK-3f was downregulated by
tanshinone IIA, whereas the S9 phosphorylation level was dramatically
upregulated [Figure 4b]. Of note, all these effects of tanshinone IIA were
in a dose-dependent manner and were comparable with the positive
drug 4-PBA. These results indicated that tanshinone ITA regulated the
GSK-3f pathway of AP-induced SH-SY5Y cells, leading to a decrease in
the phosphorylation level of tau.

DISCUSSION

Neurodegenerative disease is one of the most severe challenges for
human beings. To date, the pathogenesis of AD has not been fully
understood. Of note, various natural compounds derived from herbs
have been found to have excellent biological activity, which could be
the potential candidates for the treatment of AD.***) Among these
natural compounds, tanshinone IIA is an interesting regulatory
molecule for AD, which had been reported to attenuate AP-induced
neurotoxicity.!'>!*!

Pharmacognosy Magazine, Volume 17, Issue 75, July-September 2021

AB-induced neurotoxicity is one of the most important pathological
features of AD." Alleviating its toxicity is an essential indicator for
evaluating drug candidates of AD. In this study, we demonstrate that
tanshinone IIA possessed an excellent pharmacological activity to
prevent AP-induced neurotoxicity of SH-SY5Y cells. In general, this
effect is usually generated by inhibiting the apoptotic pathway.'® By
analyzing the typical apoptotic characteristics and the critical factors
involved in the apoptotic pathway, our results showed that tanshinone
I1A indeed inhibited the AB-induced apoptosis of SH-SY5Y cells. These
findings indicated that tanshinone ITA had the potential pharmacological
activity to become a drug candidate for AD.

Tau protein is a phosphate-containing essential protein in maintaining
the stability of microtubule and nerve cell function, which participates
in the growth, development, and formation of axons.!'”!® Studies
have shown that the level of tau protein phosphorylation in the brain
of patients may become an index for early diagnosis of AD. The
pathological mechanism of tau phosphorylation has a significant
relationship between AP peptides. Our findings suggest that tanshinone
ITA inhibited the Ser205, Ser396, and Ser413 phosphorylation of tau

555



RONGRONG HUANG and SONGXIA LU: Tanshinone ITA Alleviates Ap-Induced Neurotoxicity

ABH2S uMTanllA  ABHS M TanllA

Control AP

DAPL

p-GSK-3p-$9

Merge

ABHI0 uM lanlA

AP+PBA

w\\\»\w‘\\.\ \\.“\\\\r\

<o) A3 s e weh
COM AD AT AR AT AR

— — |

p-GSK-3p-Y216

P-GSK-3P-59 s I— |

T e o e— — — —
B3 Contiol
AR AR 11O LM TanllA
613 AG 2.5pM lun BT AR14PBA
T

ARHS 1M TarTA

“

]
P-GSK-33-Y216/
CSK-35

Relutive protein expression

P-GSK-35-597
GSK-3p

Figure 4: Effects of tanshinone IIA on GSK-33 phosphorylation of SH-SY5Y cells injured by Af
-injured SH-SY5Y cells, (a) phosphorylation levels of GSK-33 protein were measured by immunofluorescence

concentrations of tanshinone IIA on AB,, .

After treating with sodium 4-phenylbutyrate or indicated

25-35°

and (b) protein levels of phosphorylated GSK-3f3 proteins (Y216 and S9) and total GSK-3f proteins were measured by Western BLOT. Statistical data are
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protein. However, neuroinflammation is another typical pathological
feature in the occurrence and development of AD in addition to AP
deposition and tau hyperphosphorylation.?*?!! Here, we found that
the protein and mRNA levels of an inflammatory factor, including
TNF-a, IL-6, IL-1f3, and IL-10, were downregulated by tanshinone IIA
in AB-induced SH-SY5Y cells. These findings show that tanshinone ITA
decreased the level of phosphorylation of tau, leading to the amelioration
of inflammatory response in the AB-induced SH-SY5Y cells.

GSK-3f is a critical serine/threonine protein kinase, which plays a
crucial role in neuronal development, neurophysiological function,
and the pathogenesis of some nervous system diseases.”? GSK-3(3
plays a critical role in the production of toxic AP protein, abnormal
hyperphosphorylation of tau protein, dystrophic neuritis, and
impaired neuronal function. Hence, it plays a vital role in pathological
transformations. Sengupta et al.® found that GSK-3f participates in
the phosphorylation of multiple sites of tau protein activation. Hoshi
et al.? found that toxic AP rapidly increased the phosphorylation of
GSK-3[3, which contributed to the abnormal hyperphosphorylation of
tau protein and neuronal death. In addition, Saeki et al.®® suggested
that hyperphosphorylated tau protein activates GSK-3f via oxidative
stress, inflammatory response, and apoptosis. However, the roles of
tanshinone ITA on the regulation of the GSK-3f pathway of SH-SY5Y
cells are not clear. According to our results, the Y216 phosphorylation
level of GSK-38 was decreased by tanshinone IIA, whereas the S9
phosphorylation level was increased. These results show that tanshinone
IIA regulated the GSK-3[3 pathway of AB-induced SH-SY5Y cells and
decreased the phosphorylation level of the tau protein.

CONCLUSION

Our findings demonstrated that tanshinone ITA alleviated neurotoxicity
and hyperphosphorylated tau in SH-SY5Y cells induced by AP, ..
through the GSK-3f3 pathway, which may provide a novel insight to
illustrate the therapeutic mechanism of tanshinone ITA on the AD.
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