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ARTICLE INFO ABSTRACT

Keywords: This study aimed to explore effects and mechanisms of 004 (IMM-H004), a novel coumarin derivative, in OKA
Alzheimer’s disease (okadaic acid)-induced AD (Alzheimer’s disease)-like model. In vitro, MTT, LDH, and Annexin V/FITC flow
IMM-HO004

cytometry assay were used to test cell survival. In vivo, OKA microinjection was conducted to simulate AD-like
neuropathology. Morris water maze and Nissl staining were used to detect spatial memory function and neuronal
damage respectively. Western blot and immunohistochemistry were used to study the mechanisms of 004 in Tau
pathology. The results showed that 004 reduced cell death and increased survival in PC12 cells, and decreased
neuronal injury in the hippocampus in rats. 004 improved learning and memory functions in OKA-treated rats.
The mechanistic studies indicated that 004 inhibited phosphorylation of Tau protein by down-regulating the
activity of protein kinases CDK5 and GSK3p and increasing PP2A activity. Overall, 004 improved spatial memory
impairments and neuron cells injury induced by OKA; on the other hand, 004 inhibited Tau hyperpho-

Okadaic acid
Tau protein
Neuroprotection

sphorylation by regulating CDK5, GSK3p and PP2A.

1. Introduction

As a common clinical neurodegenerative disease, AD is induced by
complex factors, of which NFTs (neurofibrillary tangles) formed by
hyperphosphorylation of Tau protein are one of the hallmarks in la-
boratory research (Martin et al., 2013, 2011). Tau is an important
microtubule-associated protein that can regulate the assembly, dynamic
behavior, and spatial organization of microtubules under physiological
conditions (Medina and Avila, 2014). Under normal circumstances,
protein kinases and protein phosphatases can maintain Tau protein at a
physiological level. However, when the regulation of protein kinases
and protein phosphatases changes, Tau protein and microtubules de-
polymerize, and abnormal accumulation of Tau hyperphosphorylation
leads to formation of NFTs promotion of the AD process (Blennow et al.,

2006; Martin et al., 2013).

Accumulating evidence suggests that the Tau protein phosphatase
PP2A (protein phosphatase 2A, PP2A) and Tau protein kinases GSK-3(3
(glycogen synthase kinase-3f3, GSK-33) and CDK5 (Cyclin-dependent
kinase-5, CDK5) are major regulators of Tau in vitro and in vivo. PP2A is
one of the most significant serine/threonine phosphatases in the central
nervous system. PP2A can regulate various signal transduction path-
ways, including cell cycle regulation, cell growth and development and
cytoskeletal dynamics (Mo et al., 2014; Qian et al., 2010). The effect of
Tau protein dephosphorylation is enhanced when PP2A activity is in-
creased. Meanwhile, the activity of PP2A is decreased by abnormal
hyperphosphorylation of Tau protein in the AD brain (Mo et al., 2014;
Qian et al., 2010; Yang et al., 2016). CDKS5 is a specific cell cycle-de-
pendent kinase. Studies have shown that CDK5 can regulate a variety of
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substrates and play an important role in the development of the central
nervous system. However, CDKS5 activity also leads to the development
of some neurodegenerative diseases, such as AD, under pathological
conditions. For example, CDK5 can abnormally phosphorylate Tau
protein and increase the formation of NFTs. Therefore, modulating the
activity of CDK5 may be one strategy for the treatment of neurode-
generative diseases (Cruz and Tsai, 2004; Noble et al., 2003; Wilkaniec
et al., 2016). GSK3p is a serine/threonine protein kinase that regulates
the phosphorylation of serine/threonine residues in cytoplasmic pro-
teins. As a major Tau protein kinase, GSK3[3 plays an important role in
the process of AD by regulating Tau phosphorylation (Geschwind,
2003; Martinez et al., 2002; Wagner et al., 1996; Wang et al., 2015).

OKA is a specific protein phosphatase inhibitor that is mainly used
to simulate AD-like lesions in the laboratory. Its main mechanism of
action is the induction of phosphorylation abnormalities in a variety of
microtubule-binding proteins, especially Tau protein, and NFT forma-
tion, resulting in changes in the neuronal cytoskeleton, eventually
leading to cell death (Kamat et al.,, 2014, 2011). OKA induces the
phosphorylation of Tau by inhibiting PP2A and activating CDK5 and
GSK3p, thereby promoting the formation of intracellular NFTs (Kamat
and Nath, 2015). Therefore, OKA was used as a neurotoxic agent to
produce the AD model in our study.

Research has explored the roles of IMM-HO004, [7-hydroxy-5-
methoxy-4-methyl-3-(4-methylpiperazin-1-yl)-coumarin, 004, Fig. 1] in
protecting against AD. Those results confirmed that 004 alleviates Ap-
induced neuronal injury (Song et al., 2013). Furthermore, adminis-
tering 004 before OKA treatment inhibited abnormal Tau protein
phosphorylation (Song et al., 2016a,b). These results indicated that 004
may be a promising compound for the prevention of OKA-induced AD-
like degeneration. However, further studies are needed. Therefore, this
study explored the therapeutic effect and the molecular mechanisms of
004 in OKA-induced AD-like degeneration. PP2A, CDK5 and GSK3p,
which regulate the hyperphosphorylation of Tau protein, were explored
in depth.

2. Materials
2.1. Cells and rats

PC12 cells, a common neural cell line, were purchased from ATCC
(Maryland, USA) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and
5% ES in an incubator at a constant temperature of 37 °C and 5% COo,

Adult male Sprague-Dawley (SD) rats (220 = 20 g, 6-7 weeks old)
from SPF Biotechnology Co., Ltd. (Beijing, China), were chosen for our
experiments. All the rats were housed in a room and had free access to
food and water and the housing conditions were at 23 °C and 12 h light/
dark. All rats were handled according to the standards established in
the Guide for the Care and Use of Laboratory Animals published by the
Institute of Laboratory Animal Resources of the National Research
Council (USA) and approved by the Animal Care Committee of the
Peking Union Medical College and the Chinese Academy of Medical
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Fig. 1. The chemical structure of IMM-HO004.
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2.2. Compounds and reagents

OKA (okadaic acid, OKA) was purchased from Express Technology
Co., Ltd. (Beijing, China), and 004 was obtained from Sphinx Scientific
Lab Corporation (Tianjin, China). Melat (Melatonine, Melat) and DP
(Donepezil, DP) were from the National Institutes for Food and Drug
Control (Beijing, China).

The FITC Annexin V Apoptosis Detection Kit was purchased from BD
(New Jersey, USA). The LDH Cytotoxicity Assay Kit was purchased from
Beyotime Biotechnology Co., Ltd (Shanghai, China). The bicinchoninic
acid (BCA) kit was obtained from Applygen Technologies (Beijing,
China).

3. Methods
3.1. Cell viability

PC12 cells were cultured at density of 5 x 10%/well (100 pL per
well) in 96 well plates. Based on our preliminary study in PC12 cells,
30 nmol/1 OKA was chosen as the most suitable model concentration
(Wang et al., 2016). Subsequently, we explored the effect of 004 in the
OKA model by MTT assays. The samples were divided into the Control,
OKA, OKA + 004 (0.01uM, 0.1puM, 1uM and 10puM), and OKA +
Melat (0.01 uM, 0.1 uM, 1 pM, and 10 uM) groups. OKA, 004 and Melat
dissolved in DMSO (Dimethyl sulfoxide, DMSO) and Melat acted as
positive control. The cell viability rate was detected after 36 h of in-
cubation with OKA. MTT solution (0.5 mg/ml) was added to each well
and the incubation was continued for 4 h at 37 °C in dark. Then samples
were incubated with lysing buffer comprising 5% (v/v) isobutanol and
10% (g/v) sodium dodecyl sulfate for overnight at room temperature.
The absorbance was measured at 570 nm.

3.2. Cell mortality

The LDH cytotoxicity assay kit was used. At 1h before the end of
drug treatment, we added the LDH release induction agent provided in
the LDH cytotoxicity assay kit at a volume of 150 pL to the plate and
mixed well. Then, the cells were incubated in the cell incubator for an
additional 1 h. From each well, 120 pL of the supernatant was collected
and placed in a new 96-well plate. Then, the samples were treated
according to the instructions of the kit.

3.3. Flow cytometry to detect cell apoptosis/apoptosis analysis by Annexin
V-FITC and PI staining

Annexin V-FITC staining precedes the loss of membrane integrity
which accompanies the latest stages of cell death resulting from
apoptotic. Cells are in early apoptosis are Annexin V-FITC positive and
PI negative; and cells are in late apoptosis or already dead are both
Annexin V-FITC and PI positive. (Chen et al., 2008).

To investigate whether 004 could reduce cell apoptosis, apoptosis
was examined by flow cytometry. Following treatment, the cells were
harvested, washed three times with ice-cold PBS, resuspended with
100 uL of binding buffer containing 5L of Annexin V-FITC, and in-
cubated in the dark for 10 min. Then, the cells were resuspended with
5 uL of PI solution, and the cell suspension was diluted with 400 pL of
binding buffer and then analyzed by flow cytometry after incubation for
10 min (BD, USA) (Vermes et al., 1995).

3.4. Microinjection and surgery

The rats were randomly assigned to 7 groups (n=12).
Microinjection was performed before drug administration, and rats
were anesthetized with 300 mg/kg chloral hydrate intraperitoneally,
except for the control rats, to perform the operation.

Rats in control group received no treatment.

For the
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microinjections, rats were anesthetized with chloral hydrate (300 mg/
kg, ip) and restrained in a stereotactic apparatus (RWD, Shenzhen,
China). The sham group was injected with 5 uL of saline, and the re-
mainder of the rats (n = 60) were injected with OKA (diluted to
200 ng/5 L. with physiological saline after dissolved in absolute
ethanol) into the right ventricle of brain, which was 0.8 mm anterior to
Bregma, 1.5 mm to the right of the median line of the sagittal suture,
and 3.6 mm ventral to the dura. Each rat (n = 72) received only one
microinjection. The animals were injected via a transcranial route using
a 10-uL Hamilton syringe fitted with a 26-gauge needle. And micro-
injection was completed before rat administration. The entire process of
injection lasted for 5min (5 pL/5 min); then, the needle was kept sta-
tionary for 5min after the end of the injection. Finally, penicillin
powder was applied around the wound and rats were sutured im-
mediately after the syringe was removed.

3.5. Morris water maze

We chose the Morris water maze training system to assess spatial
learning and memory, as has been described in detail previously for rats
(Song et al., 2016a,b). Two sites were selected for the navigation and
spatial exploration experiments, and we calculated the mean escape
latency and number of platform crossings (Vorhees and Williams,
2006).

The rats were divided randomly into control group, sham group,
OKA group, DP (1 mg/kg) + OKA group, compound 004 (2, 4 and
8 mg/kg) + OKA group. 004 and DP administered by intragastric ad-
ministration once daily at 8 a.m. on the day after microinjection and
trained in the Morris water maze. 004 and DP dissolved in distilled
water and DP acted as positive control. The dose of donepezil was de-
termined by conversion of the regular dose for humans to that for rats
(Stoiljkovic et al., 2018; Zheng et al., 2018). There were two tests, the
orientation navigation and spatial probe tests, in our Morris water maze
experiment. As shown in Fig. 2, the Morris water maze experiment was
conducted from the 15th to the 18th day of drug administration. All rats
were placed in the first quadrant or the fourth quadrant facing the pool
wall. Animals unable to locate the target platform were guided to it,
and the maximal latency time recorded was 120 s. On the 19th day, the
spatial exploration experiment was carried out: the target platform (in
the second quadrant) was removed, and each rat was placed in the
water in the first quadrant. The number of times the rats passed through
the region of the original target platform, the residence time and the
average speed of the rats were recorded.

‘h B‘h
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3.6. Nissl staining and immunohistochemistry

On the 21 st day, four rats randomly chosen from each group were
anesthetized with chloral hydrate (300 mg/kg, i.p.) and perfused with
0.1 mol/L PBS (pH 7.4) followed by 4% paraformaldehyde in PBS.
Then, the brains were removed and stored in 4% paraformaldehyde for
more than 24 h. The brain tissues throughout the hippocampus were cut
into 4-um-thick coronal sections for immunohistochemistry after de-
hydration and subsequent embedding in paraffin blocks. In the Nissl
staining experiment, the paraffin sections were incubated with Nissl
staining solution (centrifuged to remove impurities before use) after
treatment according to the literature for 1h at room temperature
(Huang et al., 2013). Then, the sections were washed twice in distilled
water, dehydrated twice in 90% alcohol, incubated twice in fresh xylol,
and then coverslipped with 90% glycerinum (Zhou et al., 2013).

In the immunohistochemistry experiment, the slices were incubated
overnight at 4 °C with a primary antibody (1:200) after blocking with
5% BSA, followed by incubation with the corresponding secondary
antibody (1:200) for 1h at room temperature. After washing 3 times
with PBST, the samples were dyed with 3,3’-diaminobenzidine (DAB)
substrate. The dye staining was observed using a microscope. Then, the
slices were dehydrated with an alcohol gradient (80%, 90%, and
100%), cleared, and coverslipped with neutral resin adhesive.

3.7. Western blot

Cell and tissue samples (four rats randomly chosen from each group
and the maximum deviation one was eliminated in the statistics) were
quantified using the BCA protein assay kit. The samples were separated
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) in a 12% gel and electroblotted onto a PVDF membrane. After
blocking with 3% bovine serum albumin in Tris buffer, the membrane
was incubated overnight at 4 °C with antibodies specific for GSK-3a/p
(Cell Signaling Technology Cat# 5676, RRID:AB_10547140), Phospho-
GSK-3a/B (Tyr 216) (Santa Cruz Biotechnology Cat# sc-81496,
RRID:AB_1125866), Phospho-GSK-3-beta (Ser9) (Cell Signaling
Technology Cat# 9322S, RRID:AB_2115196), Anti-beta Actin (Abcam
Cat# ab8226, RRID:AB_306371), Tau Monoclonal Antibody (TAU-5)
(Thermo Fisher Scientific Cat# MA5-12808, RRID:AB_10980631),
Phospho-Tau pSer214 (Thermo Fisher Scientific Cat# 44-742G,
RRID:AB_2533740), Phospho-Tau pThr212 (Thermo Fisher Scientific
Cat# 44-740 G, RRID:AB_2533739), Phospho-Tau pThr181 (Thermo
Fisher Scientific Cat# 701530, RRID:AB_2532491), Phospho-Tau
pThr205 (Thermo Fisher Scientific Cat# 44-738 G, RRID:AB_2533738),

Fig. 2. Schematic diagram of the Morris water
maze experiment of SD rats. A: In the orienta-
tion navigation test, from day 15 to day 18, the
target platform was in the second quadrant,
and all rats were placed in the water from the
first quadrant or the fourth quadrant. Then, we
intercalated that the navigation time was
120, and once each rat reached the platform,
the rat was allowed to stay on the target plat-
form for 30s. B: In the spatial probe test, the
target platform was removed, and all rats were
placed in the water from the first quadrant.
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Fig. 3. 004 inhibited early apoptosis of PC12 cells induced by OKA. A: The results of MTT assays show that 004 significantly improved the cell survival rate. B: The
results showed that 004 decreases the cell death rate based on the level of intracellular LDH. C: 004 significantly decreased early apoptosis (the percentage of cells in
Q4) by OKA of cells based on flow cytometry. D: OKA significantly increased early apoptosis (the percentage of cells in Q4) induced by OKA compared with Control,
004 and Melat significantly decreased early apoptosis. Q1: Late apoptosis cells, Q2: Dead cells, Q3: Viable cells, Q4: Early apoptosis cells. **p < 0.01, **#p < 0.001

vs. the Control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the OKA group;

each group, n = 3.

Phospho-Tau (Thr231) (Thermo Fisher Scientific Cat# 701056,
RRID:AB_2532360), CDK5 Antibody (Thermo Fisher Scientific Cat#
MA5-11291, RRID:AB_10979358) according to the experimental needs.
After washing with TBST 3 times, the membrane was incubated with
the corresponding secondary antibody (1:5000) for approximately 2h
at room temperature. The immunoreactive bands were visualized by
enhanced chemiluminescence after washing with TBST and were
quantified with Quantity One software (Quantity One 1-D Analysis
Software, RRID: SCR_014280).

3.8. The protein phosphatase activity assay for PP2A

PP2A activity in the cell and tissue extracts was detected according
to the manufacturer’s protocol (V2460 kit, Promega, USA), and cell and
rat tissue samples were prepared according to previous reports
(Bialojan and Takai, 1988; Reszka Krzysztof and Britigan Bradley,
2007; Zhao et al., 1993). Endogenous free phosphates were removed,
and the protein contents of the cell and tissue extracts were normalized

224
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p < 0.001, the 10 uM 004 group vs. the 10 uM Melat group. Mean + SD in

across all samples using a BCA protein assay kit. Samples were in-
cubated with reaction premix solutions in a 96-well plate (provided in
the kit) for 30 min at 30 °C. The reaction was stopped by adding 50 pL of
molybdate dye/additive mixture. Then, we detected the release of
phosphate by measuring the optical density of the malachite green-
phosphomolybdate complex using a plate reader with a 630 nm filter
(Reszka Krzysztof and Britigan Bradley, 2007).

4. Statistical analysis

The GraphPad Prism 5.0 (Graphpad Prism, RRID: SCR_002798)
software package was used to analyze the quantitative data. All data are
presented as the means + SD except for the data from the Morris water
maze and Western blot assays (the standard deviation is too large and
the results from both assays were presented as the means = SEM).
Data were analyzed by ANOVA followed by Newman-Keuls Multiple
Comparison Test. A P-value < 0.05 was considered statistically sig-
nificant.
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Fig. 4. 004 alleviated the deficits in learning and memory induced by OKA injection in rats. A: The escape latency of rats; B: number of platform crossings; C: the
residence time of the rats on the platform; D: the average speed of the rats in each group, the average speed in each group was not significantly affected. DP acted as

positive control in all data. **p < 0.01, #*##

group, n = 8-12.

5. Results
5.1. 004 inhibited the apoptosis of PC12 cells induced by OKA

MTT and LDH assays were used to test cell viability and cell mor-
tality. As shown in Fig. 3A and B, OKA significantly decreased cell
viability, increasing the percentage of dead PC12 cells. 004 or Melat
treatment improved the number of cells alive in a dose-dependent
manner. Importantly the effect of 004 was stronger than that of Melat at
the same dose.

Apoptosis is a normal physiologic process that occurs during em-
bryonic development (Vermes et al., 1995). We measured the effect of
004 on the early apoptosis of PC12 cells by flow cytometry. As shown in
Fig. 3C and D, cell apoptosis in the OKA group was significantly higher
than that in the control group (p < 0.01), and cells treated with
004 + OKA and Melat + OKA had a lower early apoptosis rate than
cells treated with OKA alone (p < 0.05). These results suggested that
004 and Melat inhibited early apoptosis induced by OKA.

These results confirmed that 004 suppresses the toxicity of OKA by
inhibiting cell apoptosis and improving cell survival.

5.2. 004 reduced OKA-induced learning and memory dysfunction in rats

The Morris water maze, which is often used to examine learning and
memory function in the setting of AD, was used in our experiment. In
the learning stage, from days 15 to 18, the escape latencies were re-
corded. The results showed that (Fig. 4A) the escape latency was

p < 0.001 vs. the Control group; *p < 0.05, **p < 0.01,

“**p < 0.001 vs. the OKA group. mean + SEM in each

prolonged significantly in the OKA group compared with the Control
group and the Sham group. In contrast, the escape latency from day 15
to day 18 was significantly shortened by treatment with 004 and DP. On
day 19, we removed the platform, and the number of crosses over the
platform location was significantly different between the Control and
OKA groups; there was a significant decrease in platform crossings in
the OKA group (p < 0.01). The number of platform crossings increased
significantly via treatment with 8 mg/kg 004 (p < 0.05) (Fig. 4B). The
residence time (Fig. 4C) showed a significant improvement trend only
between the OKA group and the 8mg/kg 004 + OKA group
(p < 0.05). However, there was no statistical significance among the
OKA, Control and Sham groups. It may be due to the small sample size
and the large individual differences among rats. In addition, the
swimming speed did not vary significantly among groups on day 19
(Fig. 4D). Based on the above results, we confirmed that the escape
latency was significantly prolonged in rats after OKA injection. In ad-
dition, compared with the Control group, the number of platform
crossings was significantly reduced in rats in the OKA group, suggesting
that OKA induced spatial memory impairment. In contrast, 004 and DP
significantly reduced the escape latency. Moreover, the number of
platform crossings was increased significantly in the rats in the 8 mg/kg
004 group, suggesting that 004 and DP attenuated the spatial memory
impairment induced by OKA. These behavioral test results indicated
that OKA certainly damaged the spatial memory of rats and that 004 or
DP prevented this impairment induced by OKA. Overall, these results
provided support for the subsequent experiments.

For a more intuitive view, the Nissl staining method was used to
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Fig. 5. 004 inhibited OKA-induced neuronal apoptosis in the CA3 region of the hippocampus in rats. A: Nissl staining in the CA3 region of the right hippocampus.
OKA induced neuronal apoptosis, and 004 or DP significantly reduced the apoptosis of hippocampal neurons. **#p < 0.001 vs. the Control group; ©©@p < 0.001
vs. the Sham group; ***p < 0.001 vs. the OKA group. Mean * SD in each group, n = 4. Ordinates represent the percentage of damaged (trachychromatic) neurons

among all neurons per unit area.

validate the above results. The Nissl staining results showed (Fig. 5A) phosphorylation in vitro (p < 0.05, p < 0.01). There were four Tau
that hippocampal neurons in CA3 (the right hippocampus of rats was phosphorylation sites, S214, T205, T231, and T181, with significant
chosen in our experiment) in the OKA group were darkly stained and hyperphosphorylation in the OKA group compared with the Control
reduced in number with shriveled nuclei compared with hippocampal and Sham groups (p < 0.05 and p < 0.01, respectively) in vivo, in-
neurons in the Control group and the Sham group (p < 0.001), sug- dicating that OKA intervention induced Tau protein hyperpho-
gesting that OKA induced hippocampal neuronal apoptosis. After sphorylation at sites S214, T231, T205 and T181. In contrast, 004
treatment with 004 and DP, the above phenomena were significantly down-regulated the phosphorylation level of Tau at sites S214, T205,
alleviated (p < 0.001), suggesting that 004 and DP significantly sup- T231 and T181 (Fig. 6D-H). These results indicated that 004 reversed
pressed the OKA-induced apoptosis of hippocampal neurons (Fig. 5B). the Tau pathology induced by OKA in vitro and in vivo.
The above results were obtained by calculating the percentage of To verify the above results further and in an intuitive fashion, we
apoptotic hippocampal neurons among all neurons per unit area. used immunohistochemistry in the following experiment, and we chose
The results of the behavioral studies and Nissl staining indicated Tau sites S214 and T231 (both of which showed significant changes in
that OKA injection induced the dysfunction of learning and memory phosphorylation levels), as shown in Fig. 7A (S214), the Control and
and apoptosis of hippocampal neurons, while 004 or DP played an Sham groups showed weak staining of S214 in the right CA3 region.

important role in improving learning and memory function and in- However, staining of S214 was stronger in rats with OKA injection than
hibiting the apoptosis of hippocampal neurons induced by OKA and in sham-treated rats. T231 staining showed the same alterations
exerted a neuroprotective effect. This evidence provided a basis for the (Fig. 7B). However, 004 treatment at different doses significantly re-
study of the mechanism of the protective effect of 004 in AD. versed these alterations. Nevertheless, the DP group showed no differ-

ence in Tau phosphorylation compared with the OKA group, similar to
the results from Western blot analysis. These results suggested that 004
attenuated the hyperphosphorylation of Tau induced by OKA in vitro
and in vivo.

Next, Western blot was used to detect the levels of the kinases CDK5
and GSK3p and the Tau phosphorylation levels at different Tau sites in
vitro and in vivo. The results (Fig. 8) showed that the level of CDK5
increased significantly in the OKA group compared with the Control
group both in PC12 cells and in rats. 004 and Melat administration
decreased CDKS5 levels greatly in vitro. Furthermore, 004 and DP had
played the same effect in vivo. These results suggested that OKA upre-
gulated CDK5 both in vitro and in vivo. In addition, 004 decreased the

5.3. 004 decreased Tau hyperphosphorylation by modulating the protein
phosphatase PP2A and the protein kinases CDK5 and GSK3f

Firstly, we tested some Tau phosphorylation sites. Putative phos-
phorylation sites on the Tau protein were chosen for detection in our
experiment, including S214, T212, T205, T181, and T231 (Alonso et al.,
2010; Simic et al., 2016). According to the results, we observed that
Tau sites S214 (Fig. 6A and B) and T231 (Fig. 6A and C) were hyper-
phosphorylated after OKA treatment compared with the control treat-
ment in vitro (p < 0.01). Additionally, 004 and Melat decreased the
phosphorylation level of Tau by regulating S214 and T231
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level of CDK5. Moreover, the level of GSK3f in the OKA group was
increased significantly compared with the Control group in vitro; how-
ever, the 004 (10pM) group had greatly reduced GSK3p levels
(p < 0.01). Then, we measured S9 and T216 phosphorylation of
GSK3pB. The results indicated that OKA treatment significantly de-
creased GSK3P S9 phosphorylation (p < 0.01) and increased T216
phosphorylation (p < 0.05) both in vitro and in vivo. The results also
showed that 004 administration increased the phosphorylation of
GSK3p at S9 and decreased phosphorylation of GSK3f3 at T216, which
suggested that 004 inhibited GSK3[ activity by modulating its phos-
phorylation at S9 and T216 in vitro and in vivo.

Finally, a PP2A activity assay kit was used to determine the effect of
004 on the activity of PP2A. As shown in Fig. 9A, PP2A activity was
decreased significantly in PC12 cells incubated with OKA (p < 0.05).
However, the 004 (10puM) and Melat (10 uM) groups showed sig-
nificantly enhanced PP2A activity (p < 0.01), suggesting that these
compounds increased PP2A activity in PC12 cells. A similar result was
observed in rats (Fig. 9B). These results suggested that 004 enhanced
PP2A activity in the OKA-induced AD model in vitro and in vivo.

6. Discussion

NFTs, which are mainly composed of abnormally phosphorylated
Tau protein, are hallmarks of AD in laboratory research (Martin et al.,
2013, 2011). Tau hyperphosphorylation in Alzheimer’s disease leads to
sequestration of Tau and other microtubule-associated proteins, which
causes disaggregation of microtubules and thus harms axonal transport,
thereby impairing neuronal and synaptic function (Blennow et al.,
2006; Medina and Avila, 2014). In AD, Tau phosphorylation results in
the formation of NFTs (Blennow et al., 2006). The results of our study
indicated that 004 treatment alleviated spatial memory impairments
and inhibited brain cell apoptosis induced by OKA in rats and inhibited
apoptosis in PC12 cells.

In AD, OKA treatment in the brain leads to mitochondrial dys-
function and increased protein expression of caspase-3, Bad, and Bax
(Kamat et al., 2014, 2011; Yoon et al., 2006), and previous reports
indicate that OKA could be an important inducer of apoptosis (Kamat
et al.,, 2014). In our experiment, our results confirmed that 004 in-
creased cell viability and suppressed neuronal apoptosis. And 004
ameliorated the deficits in learning and memory function induced by
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OKA.

Based on previous studies, it is well known that Tau is a member of
the family of microtubule-associated proteins, which an important role
in the assembly of tubulin monomers into microtubules to constitute
the neuronal microtubule network (Martin et al., 2013, 2011; Medina
and Avila, 2014). Abnormally phosphorylated Tau is a major neuro-
pathological hallmark of tauopathies, including AD (Geschwind, 2003).
Previous studies have shown that different Tau kinases and phospha-
tases induce distinct catalytic effects on different Tau sites and that
CDKS5 can directly phosphorylate Tau at T212 and T205 (Alonso et al.,
2010; Simic et al., 2016). Tau site T205 is the favored phosphorylation
site for PP2A, while S214 is less favored; Tau sites T205 and T231 are
target sites for GSK3p, while T181 and $S262/356 are less favored sites,
although there is a difference between in vitro and in vivo results (Liu
et al., 2007; Longin et al., 2007; Wang et al., 2015). In our results, there
were obvious fluctuations in the Tau phosphorylation levels at S214,
T231, T205 and T181, but there was no significant difference in Tau
phosphorylation at T212. We demonstrated that 004 reversed the
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neurotoxicity of abnormally phosphorylated Tau induced by OKA both
in vitro and in vivo.

PP2A, CDK5 and GSK3p play important roles in the phosphorylation
and dephosphorylation of Tau. They are major Tau phosphatases and
kinases in vitro and in vivo (Buée et al., 2000). PP2A is apparently the
most active enzyme in dephosphorylating abnormally hyperpho-
sphorylated Tau to a normal-like state (Wang et al., 1995, 1996). In the
AD brain, the activity of PP2A is decreased. When PP2A is inhibited in
vitro or in vivo, Tau is hyperphosphorylated at several sites (Gong et al.,
2000; Liu and Wang, 2009; Tanaka et al., 1998). Tau is phosphorylated
by several protein kinases, such as CDK5 and GSK3f. Both CDK5 and
GSK3p are proline-regulated protein kinases that mainly act on the
proline-linked serine/threonine residues of Tau (Tian et al., 2004). In-
creasing evidence indicates that CDK5 deregulation promotes the neu-
rodegenerative pathogenesis of AD by regulating a series of in-
tracellular signaling pathways. CDK5 activity is confirmed to lead to
intracellular accumulation of hyperphosphorylated Tau protein in NFTs
(Song et al., 2016a,b). GSK3p is also a key enzyme involved in the
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Fig. 10. A schematic of the effect of 004 in the OKA-induced AD-like model.

regulation of Tau phosphorylation and has been suggested to be in-
volved in abnormal Tau phosphorylation and aggregation in AD. GSK33
can catalyze Tau protein phosphorylation at multiple sites (Spittaels
et al., 2000; Wang et al., 2007). GSK3p activity is regulated by site-
specific phosphorylation, and GSK3[} activity is inhibited by its phos-
phorylation at S9 and Thr390 and activated by its phosphorylation at
T216 (Cai et al., 2007; Chen et al., 2001; Goc et al., 2014; Hughes et al.,
1993).

Therefore, on the basis of pharmacodynamics, we preliminarily
explored the mechanism by which 004 suppresses OKA-induced AD-like
degeneration. Taking PP2A, CDK5 and GSK3[ as markers, we demon-
strated that 004 protected PC12 cells and brains of SD rats by regulating
Tau protein phosphorylation at sites S214, T231, T205 and T181
through regulating PP2A, CDK5 and GSK3f. We confirmed that 004
protected the central nervous system and suppressed the pathological
changes in an AD model induced by OKA in vitro and in vivo.

It is well known that Tau protein kinases and phosphatases and Tau
sites are involved in the progression of AD, and there is a complex re-
lationship among PP2A, CDK5 and GSK3p (Geschwind, 2003; Simic
et al.,, 2016; Wang et al., 2015). It has been observed that abnormal
CDK5 activation contributes to the inhibition of GSK3f (Chu et al.,
2016; Plattner et al., 2006). However, in old transgenic animals, CDK5

230

increases GSK3[ activity (Spittaels et al., 2000). Crosstalk between
GSK3[ and PP2A may also contribute to Tau hyperphosphorylation in
the AD brain. It was reported that decreased activity of PP2A might
decrease GSK3[ activity, which may produce a vicious cycle of further
reduced PP2A and GSK3p activity, thus increasing Tau hyperpho-
sphorylation in the rat brain; additionally, it was reported that the
activity level of PP2A positively correlated with the level of GSK3f in
the mouse brain (Chu et al., 2016; Wang et al., 2015). However, the
roles of PP2A, CDK5 and GSK3f in Tau hyperphosphorylation are not
fully explained, and whether a mutual relationship between these
proteins exists remains to be explored. We do not understand how 004
might act in terms of the mutual relationship between these enzymes.
Future experiments are needed to test the specific mechanism of 004.

In conclusion (Fig. 10), 004 significantly inhibited neuronal cells
death and improved spatial memory impairment induced by OKA. The
mechanisms were as follows: 004 reduced OKA-induced Tau phos-
phorylation by inhibiting PP2A and increasing the activity of CDK5 and
GSK3p, thereby suppressing microtubule destabilization and neurofi-
brillary tangle formation. Our study provided evidences that 004 re-
duced AD-like degeneration through inhibition of Tau pathology. This
study provided support for new drug research and further research into
004.
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