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Abstract

The pathological characteristics of Alzheimer’s disease (AD) include formation of senile plaques resulting from amyloid-f
(Ap) deposition and neurofibrillary tangles caused by tau hyperphosphorylation. Reducing tau hyperphosphorylation is
crucial for treatment of AD. Network pharmacology analysis showed that CTS may reduce tau hyperphosphorylation by
regulating the phosphatidylinositol 3 kinases/protein kinase B/ glycogen synthase kinase-3p (PI3K/Akt/GSK3p) pathway.
We investigated the ability of cryptotanshinone (CTS) to reduce Ap-induced tau hyperphosphorylation and characterized the
underlying mechanisms. Amyloid-f,, oligomers (ABO) were used to establish an AD model in HT22 cells. The expression
levels of tau and related proteins in PI3K/Akt/GSK3f pathway were measured using western blot and immunofluorescence
staining. The above-mentioned proteins were then evaluated in an okadaic acid (OKA)-induced AD cell model to verify
the results. Synapse-associated proteins including post-synaptic density protein-95 (PSD95) and synaptophysin were also
evaluated. We found that CTS significantly reduced tau hyperphosphorylation at Ser202, Ser404, Thr181, and Thr231 in
APO- and OKA-induced cell models. Moreover, we also found that CTS reversed ApO-induced reductions in the levels of
PSD95 and synaptophysin. We used LY294002 to block PI3K and the results showed that CTS exerted neuroprotective effects
through regulation of the PI3K/Akt/GSK3 signaling pathway. In summary, we showed for the first time that CTS inhibited
AD-related tau hyperphosphorylation and reduced the effects of APO on the expression levels of PSD95 and synaptophysin
via the PI3K/Akt/GSK3p pathway in HT22 cells.
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Introduction

Alzheimer’s disease (AD) is the most common type of
dementia. Alzheimer’s disease is characterized by progres-
sive cognitive decline and loss of independent living ability.
There were 50 million patients with dementia worldwide
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in 2018, and the number of cases is increasing rapidly [1].
However, there are few effective therapies to improve cogni-
tive function and halt neurodegenerative changes of AD in
the long term [2].

The discoveries of neurofibrillary tangles in 1963 [3] and
amyloid-p (A) in 1984 [4] have led to several hypotheses
regarding the pathogenesis and underlying mechanisms of
AD. These hypotheses include the classic AP hypothesis,
the tau hypothesis, and the neurotransmitter hypothesis
[5]. Tau and AP are key pathological markers of AD cen-
tral to the most widely accepted hypotheses regarding AD
pathogenesis. Memory loss and cognitive decline in AD
have been shown to correlate with accumulation of senile
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plaques and neurofibrillary tangles caused by insoluble Af
deposition and abnormal tau phosphorylation, respectively
[6]. The amyloid hypothesis proposes that Af is upstream of
tau, and pathological AP production causes tau hyperphos-
phorylation [7]. However, recent clinical trials have shown
that anti-A therapy did not significantly prevent cognitive
decline in patients with AD [8]. Furthermore, A clearance
failed to reduce pathological tau deposition [9]. These find-
ings suggested that Ap may be an initiating factor in AD
pathology, and that tau may play an important role in disease
progression [10]. Recent studies have indicated that concur-
rently targeting tau and AP may be an effective therapeutic
approach for AD [10]. Reducing tau pathology could coun-
teract Ap-induced neuronal injury and cognitive decline [11,
12], a strategy which was supported by a recent human study
[13]. Therefore, prevention of tau hyperphosphorylation may
be promising for treatment of AD.

Traditional Chinese medicine (TCM) has been used for
centuries in China. Salvia miltiorrhiza is a widely used
traditional Chinese herbal medicine. It has been used for
treatment of cardiovascular and cerebrovascular diseases for
hundreds of years [14]. In recent decades, physician scien-
tists have discovered that Salvia miltiorrhiza can be used for
treatment of diabetes [15], osteoporosis [16], inflammation
[17], and cancer [18]. Cryptotanshinone (CTS) (Fig. 1A), a

A

natural quinone compound, is one of the main pharmaco-
logically active components of Salvia miltiorrhiza. Previ-
ous pharmacological studies of CTS reported its anti-tumor,
anti-inflammatory, neuroprotective, and cardioprotective
properties, and its benefits for treatment of metabolic disor-
ders [19]. Treatment with CTS has been shown to improve
memory function in a scopolamine-induced AD rat model
[20]. Studies have also shown that CTS could reverse gluta-
mate-induced neuronal toxicity [21], reduce production of
AP [22], and exert anti-neuroinflammatory effects [23] in
animal models of AD. In vitro experiments showed that the
anti-AD effects of CTS may be related to upregulation of
a-secretase [24] and inhibition of AP aggregation [25]. Fur-
thermore, CTS may exert anti-AD effects through inhibition
of neuroinflammation [26] and AP production [27]. These
studies suggested that CTS may be a potential treatment for
human AD. However, the majority of these findings were
based on the classic AP hypothesis. Few studies have evalu-
ated the effects of CTS on tau hyperphosphorylation, which
might be a key factor in drug efficacy.

Using network pharmacology, we identified CTS as a
potential therapeutic drug for AD that regulates tau phos-
phorylation through the PI3K/Akt/GSK3p pathway. We
induced AD models in cell culture using Af,, oligomer
(APO) and okadaic acid (OKA), to verify that treatment with
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Fig. 1 A) Chemical structure of CTS. B) Results from KEGG enrichment analysis of the effects of CTS on AD. C) Results from PPI analysis of

the effects of CTS on AD. D) Molecular docking of CTS with PI3K
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CTS reversed tau hyperphosphorylation. We then character-
ized the underlying mechanisms of this effect. Our results
showed that CTS may be a promising therapeutic agent for
AD.

Materials and Methods
Network Pharmacology and Molecular Docking

We identified components of interest using network phar-
macology and molecular docking. These procedures are
described in detail in Supplementary Information. We
extracted the components of the 10 most frequently used
traditional Chinese medicinal drugs [28] from the Tradi-
tional Chinese Medicine Systems Pharmacology Database
and Analysis Platform (TCMSP: https://www.tcmsp-e.com/)
[29]. We then obtained the targets of the components that
met our criteria from PubChem (https://pubchem.ncbi.nlm.
nih.gov/) and matched the targets with the AD-related tar-
gets obtained from the DisGeNet database (https://www.
disgenet.org/) [30]. The components with matching tar-
gets were selected for further protein—protein interaction
(PPI) analysis, Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis, and Gene Ontology (GO)
enrichment analysis. Finally, molecular docking was per-
formed to determine which components to evaluate in sub-
sequent experiments.

Cell Culture and Reagents

Immortalized hippocampal neurons (HT22) were obtained
from LMAI Bio (Shanghai, China). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% penicillin—strepto-
mycin (all Gibco) at 37 “C and 5% CO,. Unless otherwise
specified, cells were seeded overnight and grown to 90%
confluence in culture dishes or plates. Before treatment,
the cells were starved with DMEM containing 2% FBS and
1% penicillin—streptomycin, for 2 h. To establish the ABO-
induced AD cell model with tau hyperphosphorylation,
we treated HT22 cells with 5 pM APO (ChinaPeptides), as
described in our previous study [31], for 3, 6, 12, or 24 h.
The level of tau hyperphosphorylation was determined using
western blot to select the best model induction time. Then,
HT?22 cells were treated with 2, 5, 10, or 20 pM ABO to
determine the optimal APO concentration to induce the AD
model. Four experimental groups were used to evaluate the
protective effects of CTS against ABO-induced neurotoxic-
ity: (1) control group; (2) ApO-induced AD cell model; (3)
APO-induced AD cell model treated with CTS (the National
Institutes for Food and Drug Control); and (4) cells pre-
treated with PI3K inhibitor LY294002 (MedChemExpress)
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prior to cotreatment with ApO and CTS. We used another
AD cell model to validate our findings. The three valida-
tion groups were as follows: (1) control group; (2) AD cell
model induced by the PP2A inhibitor okadaic acid (OKA)
(Yuanye) to generate tau pathology; (3) OKA-induced AD
cells treated with CTS. Dimethylsulfoxide was added to the
culture medium in the control groups at a volume equal to
the highest volume included in the other treatment groups.

Preparation of ABO and CTS Solutions

One milligram of APO powder was dissolved in 110 pL
of DMSO (Sigma-Aldrich) to prepare a 2 mM stock solu-
tion. Twenty milligrams of CTS powder was dissolved in
6.75 mL of DMSO using ultrasonication to prepare a 10 mM
stock solution. The stock solutions were diluted in complete
medium to the desired concentrations at the time of use.

Cell Viability Using the MTT Assay

Cell viability was evaluated using the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
(Sigma-Aldrich) assay after treatment with CTS or ABO.
HT?22 cells were seeded into 96-well microplates (Corning)
at a density of 8 x 10? cells per well and cultured overnight.
The cells were treated with 10 uL. of MTT for 4 h, after
which the media were replaced with 150 uL of DMSO. Opti-
cal density was recorded at 490, 570, and 630 nm.

Quantitative Reverse Transcription Polymerase
Chain Reaction

Quantitative reverse transcription polymerase chain reaction
(qQRT-PCR) was used to determine the mRNA levels of post-
synaptic density protein-95 (PSD95), synaptophysin (SYN),
PI3K, Akt, GSK3p, and tau. HT22 cells were seeded in
6-well plates (corning) at a density of 7 x 10° cells per well.
After serum starvation for 2 h, the cells were treated with
5 uM APO for 6 h, 30 uM CTS for 6 h, or pre-treated with
30 uM CTS 3 h, then co-treated with 5 uM ApO and CTS for
an additional 6 h. We extracted and reverse-transcribed the
total ribonucleic acid (RNA) from HT22 cells into comple-
mentary deoxyribonucleic acid (cDNA) using the RNAsim-
ple Total RNA Kit (Tiangen Tech) and the PrimeScript RT
reagent Kit with gDNA Eraser (Takara Biotech). We used
TB Green Premix® Ex Taq™ II to perform qRT-PCR on
the StepOnePlus™ Real-time PCR System (Applied Biosys-
tems) following the manufacturer’s instructions as follows:
pre-incubation at 95 “C for 30 s for 1 cycle; denaturation at
95 °C for 5 s followed by annealing at 60 °C for 30 s for 40
cycles; and melting at 95 °C for 15 s, 60 °C for 1 min, and 95
°C for 15 s for 1 cycle. The oligonucleotide primer sequences
used in this study are summarized in Table 1.
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Table 1 Sequences of oligonucleotide primers

PSD95 Forward 5'-CTTCATCCTTGCTGGGGGTC-3'
Reverse 5'"TTGCGGAGGTCAACACCATT-3'
SYN Forward 5'-CTGCGTTAAAGGGGGCACTA-3'
Reverse 5'-ACAGCCACGGTGACAAAGAA-3'
PI3K Forward 5'-CTGCTCCGTAGTGGTAGAC-3'
Reverse 5'“TTCATCGCCTCTGTTGTG-3'
Akt Forward 5'-ATAACGGACTTCGGGCTGTG-3'
Reverse 5" TAGGAGAACTTGATCAGGCGG-3'
GSK3p Forward 5'-CGGGACCCAAATGTCAAACT-3'
Reverse 5 TCCGAGCATGTGGAGGGATA-3'
Tau Forward 5'-GACATGGACCATGGCTTAAAAG-3'
Reverse 5'-GCTTTCTTCTCGTCATTTCCTG-3'
GAPDH Forward 5'-ATTCAACGGCACAGTCAAGG-3'
Reverse 5'"TGGATGCAGGGATGATGTTC-3'

PSD95, postsynaptic density protein-95; SYN, synaptophysin; PI3K,
phosphatidylinositol 3-kinases; Akt, protein kinase B; GSK3p, glyco-
gen synthase kinase3f; GADPH, glyceraldehyde 3-phosphate dehy-
drogenase

Western Blot

HT?22 cells were cultured in 6-well plates at a density of
7% 10° cells per well. The cells were treated as follows: (1)
The control group was treated with media and DMSO; (2)
the APO-induced group was treated with 5 pM ABO for 6 h;
(3) the treatment group was pre-treated with 30 pM CTS
for 3 h and then co-treated with 5 pM ABO and 30 pM CTS
for 6 h; (4) the inhibitor group was pre-treated with 10 pM
LY294002 for 1 h and then co-treated with 10 pM LY 294002
and 30 pM CTS for 3 h, and 10 pM LY294002, 30 uM CTS,
and 5 pM APO for another 6 h. Radioimmunoprecipitation
assay buffer (RIPA) (Applygen) was used to extract total
protein from the HT22 cells. The bicinchoninic acid protein
assay kit (Beyotime) was used to measure the protein con-
centration, and all extracts were adjusted to the same con-
centrations using RIPA buffer. Mixed protein loading buffer
(5X; WellBio) was added to the samples, and proteins were
denatured by boiling at 100 °C for 5 min. Proteins were sepa-
rated using sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) (SolarBio) and then electrotrans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore). The membranes were blocked with 5% non-fat
milk for 2 h and then incubated overnight at 4 °C with the
following primary antibodies: p-PI3K (1:500), PI3K (p85)
(1:1,000), p-Akt (1:500), Akt (1:1,000), p-GSK3p (1:1,000),
GSK3p (1:1,000), PSD95 (1:1,000), SYN (1:1,000), p-tau
(Ser202) (1:500), p-tau (Ser404) (1:500), and tau (1:500),
which were purchased from Cell Signaling Technology;
p-tau (Thr231) (1:500) and p-tau (Thr181) (1:500), pur-
chased from Abcam; and p-actin (1:2,000) purchased from
ProteinTech. The membranes were incubated with secondary

antibody (1:2,000) purchased from Cell Signaling Technol-
ogy for 2 h after being washed with Tris—HCI buffer with
0.1% Tween 20 (TBST) 3 times. Finally, the protein blots
were observed by enhanced chemiluminescence (ECL)
(Millipore) using a Multi-Function Gel Image System (Bio
Olympics) and analyzed using ImagelJ software.

Immunofluorescence Staining

HT22 cells were seeded into poly-D-lysine-coated 24-well
plates at a density of 6 x 10* cells per well. The cells were
treated under the same condition as those used for western
blot. The experiment was performed according to the manu-
facturer’s instructions. The cells were fixed in chilled 4%
paraformaldehyde for 15 min and then blocked in blocking
buffer for 1 h. Primary antibodies including anti-PSD95 and
anti-p-tau (Ser404) purchased from Cell Signaling Technol-
ogy, and anti-SYN purchased from Abcam were diluted in
antibody dilution buffer (all 1:100) and incubated overnight
at 4 °C. The cells were then incubated with fluorochrome-
conjugated secondary antibodies purchased from Pro-
teinTech (all 1:200) for 1 h at room temperature and then
incubated with DAPI for 10 min to label the nuclei. Images
were collected by using a fluorescence microscope (Olym-
pus). The average fluorescence intensity was analyzed using
ImagelJ software.

Statistical Analysis

All experiments were performed independently in triplicate.
All data in this study are reported as the mean + standard
error of measurement (SEM). The normality of data distribu-
tion was assessed using the Shapiro—Wilk test. For normally
distributed data, one-way analysis of variance (ANOVA)
was used to detect differences among three or more groups,
and Tukey’s post hoc test was used for pairwise comparisons
when necessary. Nonparametric methods with Bonferroni
correction for pairwise comparisons were used to analyze
non-normally distributed data. P values <0.05 were consid-
ered statistically significant. GraphPad Prism 8.0 (GraphPad
Software Inc., California, USA) and SPSS software (version
22.0, SPSS, USA) were used to analyze the data and gener-
ate statistical charts.

Results

Network Pharmacology and Molecular Docking

The detailed results of the network pharmacology and
molecular docking are summarized in Supplementary

Information. Cryptotanshinone and imperatorin (IMP)
were selected from a total of 1,232 components extracted
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from TCMSP. Kyoto Encyclopedia of Genes and Genomes
Enrichment Analysis suggested CTS and IMP could exert
therapeutic effects against AD through the PI3K/Akt/GSK3f3
pathway (Fig. 1B). Results from PPI analysis suggested that
Akt occupied one of the most important positions in the PPI
network, and GSK3p was also important in the PPI network
(Fig. 1C). Molecular docking analysis showed that CTS was
likely to bind to PI3K (Fig. 1D), Akt, and GSK3p. There-
fore, the bioinformatics results indicated that CTS could
exert therapeutic effects against AD via modulation of the
PI3K/Akt/GSK3p pathway.

Amyloid-B,, Oligomer-Induced AD Cell Model
with Tau Hyperphosphorylation

Cell viability analysis using the MTT assay showed that
CTS exhibited no toxicity toward HT22 cells after 24 h at
concentrations up to 30 pM (Fig. 2A). Therefore, we used
30 pM CTS as the therapeutic concentration for subsequent
experiments. Treatment with 10 pM or higher concentra-
tions APO resulted in significant cytotoxicity in HT22 cells
(Fig. 2B). Western blot analysis showed that 5 pM APO

induced the highest level of tau hyperphosphorylation at 6 h.
The second-highest level of tau phosphorylation occurred at
12 h (Fig. 2C, E). Treatment with 5 pM APO induced tau
hyperphosphorylation at Ser202 to the greatest extent at 6 h
(Fig. 2D, F). Based on these results, we treated cells with
5 pM ApO for 6 h in subsequent experiments.

Cryptotanshinone Attenuated ABO-Induced Tau
Hyperphosphorylation in HT22 Cells

Quantitative RT-PCR showed that the levels of tau mRNA
did not differ among the treatment groups (Figure S4A in
Supplementary Information). However, the levels of tau
phosphorylation at Ser202, Ser404, Thr181, and Thr231
were increased in response to APO stimulation (Fig. 3A).
To evaluate the effect of CTS on tau hyperphosphorylation
in AD, we measured the levels of tau phosphorylation in
the CTS pretreatment group and the APO-stimulated group.
Our results showed that pretreatment with 30 pM CTS for
3 h significantly inhibited APO-induced tau hyperphospho-
rylation. Pretreatment with LY294002 (a PI3K inhibitor)
prior to treatment with CTS resulted in higher levels of tau
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Fig.3 Effect of CTS treatment on APO-induced HT22 cells. West-
ern blot (A) showed the levels of tau phosphorylation at Ser202 (B),
Ser404 (C), Thr181 (D), and Thr231 (E). Immunofluorescence stain-

phosphorylation at Ser202, Ser404, Thr181, and Thr231
compared with those in the CTS group. To verify these
results, tau phosphorylation at Ser404 was evaluated using
immunofluorescence staining. The results were consistent
with those from western blot analysis (Fig. 3F-G).

Cryptotanshinone Regulated the PI3K/Akt/GSK3[
Pathway in HT22 Cells

The PI3K/Akt pathway regulates a variety of physiological
activities and associates with neurodegeneration [32]. The
PI3K/Akt pathway is inhibited in the brain in AD, which
may contribute to the pathological changes associated with
AD [32]. Previous studies have indicated that ABO inhibited
the PI3K/Akt pathway [33], which resulted in activation of
GSK3p [34]. Increased GSK3p activity has been shown to
play an important role in neuronal death and tau hyperphos-
phorylation. Quantitative RT-PCR results showed that the
levels of PI3K, Akt, and GSK3p mRNA did not differ among
the experimental groups (Figure S4B-D in Supplementary
Information). To verify that CTS acted through the PI3K/
Akt/GSK3p pathway to decrease tau hyperphosphorylation,

ing showed the expression of p-tau at Ser404 in the different groups
(F, G). Scale bar: 50 pm. * p<0.005, n=3 for western blot and
immunofluorescence staining

we showed that the p-PI3K-Tyr458/total PI3K, p-Akt-
Ser473/total Akt, and p-GSK3p-Ser9/total GSK3p ratios in
HT?22 cells were significantly lower in the ApO-induced AD
cell model group compared with those in the control group.
Administration of CTS significantly upregulated the three
above-mentioned ratios in ApO-induced AD cell model, and
LY294002 blocked the protective effect of CTS (Fig. 4).

Validation of the Effects of CTS Using OKA-Induced
Tau Hyperphosphorylation in HT22 Cells

Protein phosphatase 2A (PP2A) is an important serine threo-
nine phosphatase that can affect tau phosphorylation [35].
Okadaic acid is a specific PP2A inhibitor that can be used
to generate AD models in animals or cells. Okadaic acid-
induced AD models usually exhibit tau hyperphosphoryla-
tion and abnormal GSK3f phosphorylation [36]. Based on
the findings in previous studies [37, 38], we treated HT22
cells with 40 nM OKA for 8 h to establish an AD cell model.
In addition, we pretreated HT22 cells with 30 pM CTS for
3 h prior to treatment with OKA. Tau phosphorylation was
significantly increased at Ser202, Ser404, Thr181, and
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Thr231 following treatment with OKA, which indicated
establishment of the AD cell model (Fig. SA-E). The ratios
of p-Akt-Ser473/total Akt and p-GSK3p-Ser9/total GSK3p
were also downregulated after OKA treatment. These effects
were blocked by pretreatment with CTS (Fig. SF-H).

Cryptotanshinone Improved the Expression
of Synapse-Associated Proteins

A typical pathological hallmark of AD is synaptic dysfunc-
tion [39]. Previous studies showed that APO-induced neu-
rotoxicity and synaptic dysfunction might be tau-dependent
[40]. Therefore, we investigated the levels of the synapse-
associated proteins (SYN [41] and PSD95 [42], which are
indicators of synaptic function) using qRT-PCR and western
blot to characterize the neuroprotective effects of CTS on the
synapse. Quantitative RT-PCR results showed that the lev-
els of SYN and PSD95 mRNA decreased significantly after
ApO treatment, and these decreases were blocked by CTS
pretreatment (Fig. 6A-B). Furthermore, SYN and PSD95
protein levels were significantly decreased in ABO-induced
cells, and this effect was blocked by pre-treatment with CTS
(Fig. 6C-E). The protective effects of CTS were blocked by
LY294002. Immunofluorescence staining results agreed with
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those obtained using qRT-PCR and western blot (Fig. 6F-I).
However, treatment with OKA did not alter the expression of
SYN and PSD95 in HT22 cells (Figure S5 in Supplementary
Information).

Discussion

Cryptotanshinone was selected as a candidate therapeutic
agent for AD using bioinformatics and then evaluated in a
series of experiments. This is the first study to investigate
inhibition of tau hyperphosphorylation by CTS in AD cell
models. The results showed that CTS inhibited ApO-induced
tau hyperphosphorylation in HT22 cells through regulation
of the PI3K/Akt/GSK3p pathway. This finding was validated
in an OKA-induced AD cell model. In addition, CTS also
protected synapse-associated proteins against ABO-induced
downregulation in HT22 cells.

In recent decades, hundreds of drugs have been developed
to treat AD, but few have succeeded in reversing pathologi-
cal progression or cognitive decline [5]. Some experts have
suggested that this lack of success may be due to these drugs
being focused on a single target despite AD resulting from
complex pathological mechanisms. Therefore, scientists
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have suggested adopting a multi-target approach [43].
Results from studies on drug combination therapy reported
greater beneficial effects against cognitive and functional
decline than monotherapies or placebo treatments, which
supported the multi-target strategy [44, 45]. Compared with
the conventional single-target therapeutic strategy, the multi-
target strategy associated with TCM may provide dramatic
benefits for AD treatment [46]. In this study, we screened
components using network pharmacology with a multi-tar-
get strategy. Cryptotanshinone from Salvia miltiorrhiza was
chosen for further evaluation. Cryptotanshinone had also
been a candidate therapeutic agent in a previous network
pharmacology study [47]. Salvia miltiorrhiza is a widely
used herbal medicine for treatment of AD. The results of our
network pharmacology analysis showed that CTS may be a
promising therapeutic agent. In addition, molecular docking
analysis showed that CTS could bind to PI3K. A literature
review showed that CTS exerted therapeutic effects in AD
cell or animal models via regulation of the MAPK path-
way [26], regulation of the cellular response to peptides and

inhibition of apoptosis [25], increased levels of neurotrans-
mitters [20, 21], and regulation of PI3K-related pathways
[21, 24]. The majority of previous studies focused on evalu-
ation of the mechanisms of action of formulations comprised
of multiple herbal medicines or a group of potentially benefi-
cial components. However, previous studies did not evaluate
the therapeutic potential or mechanisms of action of any
individual components. In contrast, our study focused on a
single component and characterized its mechanism of action.

Our study investigated the ability of CTS to reduce tau
hyperphosphorylation, which is a key pathological feature
of AD. Tau is the major neuronal microtubule-associated
protein. Abnormal phosphorylation of tau is related to neu-
rofibrillary tangles [48] and neuron death. According to the
Ap hypothesis, accumulation of AP precedes and induces
development of neurofibrillary tangles and may require tau
hyperphosphorylation to induce AD pathology [6]. A pre-
vious study showed that reduced tau phosphorylation ame-
liorated deficits induced by AP [11]. Therefore, inhibition
of tau hyperphosphorylation might be critical to effective
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Fig.6 Effect of CTS treatment on ABO-induced HT22 cells. Lev-
els of SYN (A) and PSD95 (B) mRNA were tested using qRT-PCR.
Western blot (C) showed the protein levels of SYN (D) and PSD95
(E). Immunofluorescence staining showed the expression of SYN

treatment of AD. Previous studies have identified drugs that
can reverse the abnormal tau phosphorylation observed in
AD models in vivo[49] and in vitro[50-53]. In this study,
we showed that APO-induced tau hyperphosphorylation at
Ser202, Ser404, Thr181, and Thr231 was significantly inhib-
ited by CTS pretreatment. Furthermore, our study verified
this finding using immunofluorescence staining. In addition,
OKA-induced tau hyperphosphorylation was inhibited by
CTS pretreatment, which agreed with previous findings in
studies that evaluated OKA-induced tau hyperphosphoryla-
tion in vivo [54] or in vitro [55]. Our results supported the
hypothesis that CTS may reduce tau hyperphosphorylation.

The imbalance between protein kinases and protein phos-
phatases is considered a causal factor in tau hyperphospho-
rylation. Specifically, GSK3p and PP2A are considered to
be the most important proteins in this imbalance [56]. The
protein kinase GSK3p is regulated by phosphorylation (site
Ser9 for inhibition and site Tyr216 for activation). Previ-
ous studies showed that PI3K and Akt were downregulated,
and GSK3p was upregulated, in AD brains and AD models
[57]. Several drugs have been identified that regulate this
pathway [49, 51, 52, 55]. Network pharmacology analysis
showed that Akt and GSK3p were key proteins, and that
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Average fluorescence
intensity of SYN (norm.)

Average fluorescence
intensity of PSD95 (norm.)

(F, H) and PSD95 (G, I) in the different groups. Scale bar: 50 pm.
*p<0.005, n=4 for qRT-PCR, n=3 for western blot and immuno-
fluorescence staining

PI3K/Akt/GSK3p was the key pathway through which
CTS inhibited tau hyperphosphorylation. We found that
the ratios of p-PI3K-Tyr458/total PI3K, p-Akt-Ser473/total
Akt, and p-GSK3p-Ser9/total GSK3p were decreased in the
ABO-induced AD cell model, which was consistent with
the results of previous studies [56]. These decreases were
reversed by pretreatment with CTS, and the protective effect
of CTS was blocked by LY294002 (a PI3K inhibitor). Our
results showed that CTS blocked APO-induced decreases
in PI3K and downstream Akt and GSK3f activity in HT22
cells, resulting in inhibition of tau hyperphosphorylation.
To validate our findings, we used OKA, a PP2A inhibitor,
to establish another AD cell model for evaluation of the
therapeutic effects of CTS. A previous study showed that
PP2A was one of the most active protein phosphatases in
dephosphorylation of tau in AD [58]. In a previous study,
the activity of PP2A was downregulated, and the activity of
GSK3p was upregulated in AD, which resulted in tau hyper-
phosphorylation [59]. In addition, the activity of GSK3p has
been shown to be upregulated in OKA-induced AD mod-
els, which resulted in tau hyperphosphorylation [60]. In our
study, the activity of Akt was downregulated and the activity
of GSK3f was upregulated by OKA in HT22 cells. These



Molecular Neurobiology (2022) 59:4488-4500

4497

changes were blocked by pretreatment with CTS, which was
consistent with findings from studies of other drug candi-
dates [37, 55, 61]. These results verified that CTS could
improve tau hyperphosphorylation through activation of the
PI3K/Akt/GSK3 pathway.

Loss of synapses is highly correlated with cognitive
decline in AD progression [62]. Synaptic dysfunction is
initiated by A during the early stages of AD [63]. This
synaptic dysfunction may be tau dependent [40]. Tau hyper-
phosphorylation may also cause synapse loss [64]. Neuron
loss, synaptic dysfunction, and cognitive decline have been
shown to be strongly associated with accumulation of Af
and Ap-induced reductions in the expression levels of SYN
and PSD95 [65]. Postsynaptic density protein 95 is a major
postsynaptic scaffold protein that has been shown to be criti-
cal to synaptic development of hippocampal neurons [66]
and is required for long-term potentiation [67]. Preventing
downregulation of PSD95 expression may preserve hip-
pocampal neuron plasticity and cognitive function [68]. The
expression of SYN is closely associated with the number of
synapses [69], and SYN plays an important role in neuronal
development [70]. Loss of SYN in the hippocampus has
been shown to correlate with cognitive decline in AD [71].
Therefore, preservation of PSD95 and SYN expression may
be crucial for protection of synaptic function and preven-
tion of cognitive decline. Our results showed that the levels
of SYN and PSD95 were decreased in response to ApO,
and these decreases were blocked by CTS pretreatment,
which indicated that CTS may protect synaptic function.
The protective effect of CTS was blocked by LY294002,
which indicated that CTS may preserve synaptic function
through the PI3K pathway [72, 73]. The protective effects of
CTS against synaptic dysfunction may be due to the negative
effects of tau hyperphosphorylation on axonal transport of
synaptic proteins [74, 75]. However, results from the OKA-
induced cell model of AD indicated that hyperphosphoryl-
ated tau might play an intermediary role in Ap-induced syn-
aptic dysfunction in AD. A previous study reported results
with no significant difference among groups in PSD95 in
OKA-induced SY5Y cells, which agreed with the results
of our study [76]. However, the results of an in vivo study
showed that OKA downregulated the mRNA level of SYN
in a rat model [77]. These contradictory results may indi-
cate that hyperphosphorylated tau may have to persist for
a longer period of time to cause synapse-associated protein
loss. Additional in vivo studies are needed to clarify this
discrepancy.

Synaptic dysfunction resulting from tau hyperphos-
phorylation- and APO-induced dysregulation of Fyn and
N-methyl-D-aspartate-receptor (NMDAR) r may also
be a target of CTS [40]. However, synaptic dysfunction
could be caused by many other factors. Synaptophysin

and PSD95 are also regulated by other factors, includ-
ing NMDAR, brain-derived neurotrophic factor (BDNF),
mitochondrial dysfunction [39]. Therefore, CTS may
improve synaptic function through other pathways, which
should be the focus of future in vivo studies.

In the present study, we investigated the effects, and
potential underlying mechanisms, of CTS on tau hyper-
phosphorylation in an ABO-induced AD cell model. We
verified our findings in another OKA-induced cell model
of AD. However, the results from the in vitro experiments
were less reliable than those from in vivo experiments.
In addition, characterization of the influence of OKA on
synapse-associated proteins might also require in vivo
experiments. Therefore, our future studies will include
in vivo experiments to investigate the therapeutic effects
and underlying mechanisms of CTS on AD.

Conclusion

This study showed that CTS inhibited ABO-induced tau
hyperphosphorylation via the PI3K/Akt/GSK3f pathway.
The expression of key synaptic proteins was upregulated
by CTS in an AD cell model. Our results were strength-
ened by use of two typical AD cell models to verify our
findings. CTS is an attractive candidate for treatment of
AD due to its ability to inhibit tau hyperphosphorylation.
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