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Abstract Justicidin A is a structurally defined arylnaph-
thalide lignan, which has been shown anti-cancer activity;
however, the neuroprotective effect of justicidin A is still
untested. In this study, we investigated the action of jus-
ticidin A on amyloid beta (A),5_3s-induced neuronal cell
death via inhibition of the hyperphosphorylation of tau and
induction of autophagy in SH-SY5Y cells. Pretreatment
with justicidin A significantly elevated cell viability in cells
treated with AP,s_3s. Western blot data demonstrated that
justicidin A inhibited the AP,s_3s-induced up-regulation
the levels of hyperphosphorylation of tau in SH-SYS5Y
cells. In addition, treatment with justicidin A significantly
induced autophagy as measured by the increasing LC3 II/1
ratio, an important autophagy marker. These studies
showed that justicidin A inhibited activity of glycogen
synthase kinase-3beta (GSK-3f), which is an important
kinase in up-stream signaling pathways; inhibited hyper-
phosphorylation of tau in AD; and enhanced activity of
AMP-activated protein kinase (AMPK), which is the key
molecule for both hyperphosphorylation of tau and induc-
tion of autophagy. These data provide the first evidence
that justicidin A protects SH-SY5Y cells from AP,s_35-
induced neuronal cell death through inhibition of hyper-
phosphorylation of tau and induction of autophagy via
regulation the activity of GSK-3B and AMPK, and they
also provide some insights into the relationship between
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tau protein hyperphosphorylation and autophagy. Thus, we
conclude that justicidin A may have a potential role for
neuroprotection and, therefore, may be used as a thera-
peutic agent for AD.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by the progressive loss of neurons and pro-
duction of amyloid beta (A). There are two major markers
for AD: extracellular plaques consisting of Af fibrils and
intracellular deposits of neurofibrillary tangles (NFTs)
composed of the hyperphosphorylated form of tau, a
microtubule-binding protein [1, 2]. Specifically, hyper-
phosphorylation of tau protein is proposed to be an early
event in the evolution of AD, and it may play an important
role in AB-induced neurodegeneration. In normal physio-
logical processes, tau protein binds to microtubules,
thereby stimulating polymerization and promoting stabi-
lization; however, accumulation of AP can cause tau
hyperphosphorylation, which reduces its ability to bind to
microtubules and leads to aggregation of tau protein.
Therefore, reduction of tau hyperphosphorylation or
removal of aggregated tau protein will be useful treatments
for curing AD.

Justicidin A is an arylnaphthalide lignan (Fig. 1a) and
has been reported to suppress in vitro growth of several
tumor cell lines [3, 4]. Nevertheless, no information is
available regarding the neuroprotective effects of justicidin
A against the pathogenesis of AD, although the bioactivi-
ties of justicidin A are known. However, it is noteworthy


http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-016-1857-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-016-1857-5&amp;domain=pdf

Neurochem Res (2016) 41:1458-1467

1459

Fig. 1 a Chemical structure of
justicidin A. Protective effect of
justicidin A on Af,s_zs-induced
cytotoxicity in SH-SYS5Y cells.
b Cells were treated with the
indicated concentrations of
justicidin A alone for 24 h, and
cell viability was then detected
using the MTT assay. ¢ Cells
were pre-treated with the
indicated concentrations of
justicidin A for 30 min and then
treated with 30 uM AP,s_35 for
24 h. d SH-SYSY cells were
pre-treated with 30 uM AB,s5_35
for 2 h and then treated with
justicidin A (62.5, 125, and
250 nM) for 24 h. Data are
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that justicidin A has shown anti-cancer effects mainly
through inducing autophagic flux, thus enhancing apopto-
sis, in cancer cells [4]. Autophagy has been reported to
have dual roles, both cell-destructive and cell-protective.
The beneficial roles of autophagy in the nervous system are
mainly associated with maintaining the normal balance
between the formation and degradation of cellular proteins,
as inactivation of the autophagy-lysosomal system could
lead to the accumulation of tau [5]. Therefore, it is nec-
essary to ascertain whether justicidin A exerts neuropro-
tective effects by inducing autophagy.

Moreover, in neurons, the products of degradation are
transported from the axon to the cell body through retrograde
transport [6]. Thus, it seems likely that the nature and reg-
ulation of retrograde axonal organelle transport are central to
the regulation of the autophagic-lysosomal pathway of
protein degradation in neurons. In addition, microtubules
which are stabilized by tau protein, provide platforms for
intracellular transport. Thus, there may be a potential rela-
tionship between tau hyperphosphorylation and the process
of autophagy. We therefore examined whether justicidin A
inhibits the hyperphosphorylation of tau in AB,5_35-induced
neuronal cell death in SH-SYSY cells.

Justicidin A + AB,5_35 30uM

Materials and Methods
Chemicals and Reagents

Justicidin A was synthesized at AK Scientific Inc. (Union,
CA, USA). AP,5_35, okadaic acid (OA), lithium chloride
(LiCl, a potent GSK-3 inhibitor), 3-Methyladenine (3-
MA) and Rabbit anti-phospho-tau (pSer'*”?°?) antibody
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were obtained from Hyclone (Logan,
UT, USA). Penicillin/streptomycin mixture and 0.25 %
trypsin—-EDTA were obtained from GIBCO-BRL (Grand
Island, NY, USA). Rabbit anti-phospho-tau (Ser396) and
Rabbit anti-phospho-tau (Ser404) antibodies were pur-
chased from Abcam (Cambridge, MA, USA). Rabbit anti-
phospho-AMPK, rabbit anti-AMPK, rabbit anti-SQSTM1/
p62, rabbit anti-LC3B, rabbit anti-phospho-GSK-3f (Ser9),
rabbit anti-GSK-38, GAPDH, rabbit anti-phospho-tau
(Ser202), and anti-rabbit horseradish peroxidase (HRP)-
linked IgG antibodies were purchased from Cell Signaling
Technology Inc. (Boston, MA, USA). Rabbit anti-tau
antibody was from Santa Cruz Biotechnology Inc. (Santa
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Cruz, CA, USA). All other chemicals were of analytical
grade.

Cell Culture and Treatment

SH-SYSY cells were grown in DMEM supplemented with
10 % heat-inactivated FBS and 1 % penicillin/strepto-
mycin at 37 °C in a humidified atmosphere of 5 % CO,
and 95 % air. APB,5_35 was dissolved in deionized distilled
water at 1| mM as a stock solution and stored at -80 °C. The
stocks were diluted to the desired final concentrations in
treatment medium prior to use.

Measurement of Cell Viability

Cell viability was measured using an EZ-Cytox kit
(DAEILLAB Co, Ltd, Seoul, Republic of Korea) according
to the manufacturer’s instructions. SH-SYSY cells were
incubated at 37 °C with 30 uM of AP,5_35 for the indicated
time with or without justicidin A pre-treatment and then
incubated with EZ-Cytox solution for 1 h at 37 °C. The
absorbance at 450 nm was measured with a microplate
reader (BIO-TEK® Dower Wave XS, Winooski, VT,
USA). The results are expressed as the percentage of MTT
reduction relative to the absorbance of control cells.

Western Blot Analysis

Treatment of SH-SYSY cells and preparation of total cell
lysates were performed as described previously [7]. Pro-
teins (20 pg) were separated on 8-15 % SDS-polyacry-
lamide gels, transferred onto polyvinylidene difluoride
(PVDF) transfer membranes and blocked with 3 % BSA or
5 % skim milk. Membranes were incubated with the pri-
mary antibody, followed by HRP-linked secondary anti-
body, and detected with enhanced chemiluminescence ECL
reagents (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK).

Immunofluorescence Assay

To detect expression of phosphorylated tau and total tau,
SH-SYS5Y cells were seeded on sterile coverslips placed on
24-well culture plates. After treatment with the indicated
drugs for 24 h, cells were washed with PBS and fixed with
3.8 % paraformaldehyde for 20 min, permeabilized with
0.2 % Triton X-100 for 30 min, blocked with 5 % BSA in
PBS for 1 h, incubated with primary antibodies for 2 h, and
incubated with secondary antibodies labeled with Alexa
Fluor 488 (Invitrogen, Carlsbad, CA, USA) for 1 h at room
temperature in the dark place. This was followed by
incubation with of 4’,6-diamidino-2-phenylindole (DAPI)
at 37 °C for 30 min in the dark. The coverslips were then
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prepared with one drop of Pro-Long Gold Antifade
Reagent (Invitrogen) and sealed to slides. Images were
obtained using a Leica TCS SP5 confocal microscope
(Leica, Mannheim, Germany).

Statistical Analysis

Data were analyzed with Prism 5.0 software (GraphPad
Software, Inc., San Diego, CA, USA) and are expressed as
the mean £ SEM Statistical analyses were performed
using one-way analysis of variance (ANOVA) followed by
the Newman—Keuls test. Statistical significance was set at
p < 0.05.

Results

Effect of Justicidin A Against Af,s_3s-Induced
Cytotoxicity in SH-SYSY Cells

To detect the effect of justicidin A on AP,s5_3s5-induced
cytotoxicity, cells were treated with justicidin A at various
concentrations (62.5, 125, 250, and 500 nM). Justicidin A
did not show any significant cytotoxic effect (Fig. 1b). To
test the neuroprotective effect of justicidin A, SH-SYS5Y
cells were pre-treated with the indicated concentrations of
justicidin A for 30 min and then treated with 30 pM
APss_35 for 24 h. Only 74 £ 1.15 % of the cells survived
after treatment with 30 uM AP,s_35 for 24 h, and cell
viability in justicidin A-treated groups increased to
87 £+ 3.13, 89 £ 2.49, and 98 + 0.83 % at concentrations
of 62.5, 125, and 250 nM, respectively (Fig. 1c). In addi-
tion, when SH-SYSY cells were pre-treated with 30 uM
AB,s_35 for 2 h and then treated with justicidin A (62.5,
125, and 250 nM) for 24 h, 77 £ 0.58 % of SH-SY5Y
cells survived after treatment with 30 pM A,5_35 for 24 h,
and in the justicidin A post-treatment groups, the cell
viability was significantly recovered to 89 % (.89,
97 £ 1.33 and 103 =+ 2.08 % of control values (Fig. 1d).

Effect of Justicidin A on Ap,s_3s-Induced
Hyperphosphorylation of Tau in SH-SYSY Cells

To evaluate the possible involvement of justicidin A in
ABas_ss-induced hyperphosphorylation of tau, cells were
treated with AP,s_35 in the presence or absence of justi-
cidin A. Treatment with 30 uM Af,s_35 significantly
increased the levels of hyperphosphorylation of tau at the
sites Ser202, Ser396 and Ser404 (Fig. 2a). However, this
increased hyperphosphorylation of tau was significantly
and dose-dependently inhibited by pre-treatment with jus-
ticidin A at 62.5, 125, and 250 nM. We also monitored the
alteration of tau hyperphosphorylation via cellular
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Fig. 2 Justicidin A attenuated Af,s_zs-induced hyperphosphoryla-
tion of tau in SH-SYSY cells. a Cells were pre-treated with the
indicated concentrations of justicidin A for 30 min and then treated
with 30 uM AP,5_35 for 24 h. Levels of phosphorylation of tau (at
Ser202, Ser396 and Ser404) and levels of GAPDH were evaluated

immunofluorescence staining. As shown in Fig. 2b,
increased staining for phosphorylated tau at Ser202, Ser396
and Ser404 were detected upon Ap,s_3s treatment, with no
change in total tau immunoreactivity. This staining pattern
for hyperphosphorylated tau was also reversed after pre-
treatment with justicidin A at 62.5, 125, and 250 nM,
consistent with the western blotting results.

Effect of justicidin A on OA-induced
hyperphosphorylation of tau in SH-SYSY cells

Okadaic acid, a widely used reagent in studies of tau
protein hyperphosphorylation, was used as a positive con-
trol in this study [8, 9]. Cells were treated with OA in the
presence or absence of justicidin A, and tau hyperphos-
phorylation was measured using western blot analysis.
Treatment with 15 nM OA significantly increased the
levels of hyperphosphorylation of tau at Ser202, Ser396
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using western blot analysis. b Immunofluorescence staining of
phosphorylated tau protein (at Ser202, Ser396 and Ser404) and total
tau (bar 20 um). Data are presented as the means £ SEM (n = 3).
*#p < 0.01 compared with the control group. *p < 0.01 compared
with the AB,s_35-treated group

and Ser404 (Fig. 3). However, the increased hyperphos-
phorylation of tau was significantly and dose-dependently
inhibited by pre-treatment with justicidin A at 62.5, 125,
and 250 nM.

Effect of Justicidin A on Ap,s_3s-Induced
Phosphorylation Levels of GSK-3f and AMPK
in SH-SY5Y Cells

We examined the levels of phosphorylation of GSK-3f and
AMPK, which are possible up-stream components in the
signaling pathway involved in Af,s_3s-induced tau
hyperphosphorylation [10, 11]. Treatment with 30 uM
APss_35 significantly decreased the level of GSK-3f3
phosphorylation at Ser9 compared to the control group
(Fig. 4a). Conversely, the AP,s_3s-induced decrease in
phosphorylation of GSK-3p was significantly inhibited by
pre-treatment with justicidin A at 62.5, 125, and 250 nM.
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Fig. 4 Justicidin A attenuated hyperphosphorylation of tau by
inhibiting GSK-3f activity and enhancing AMPK activity. a Cells
were pre-treated with the indicated concentrations of justicidin A for
30 min and then treated with 30 pM AP,s_35 for 24 h. Levels of
phosphorylation of GSK-38 and AMPK were evaluated using western
blot analysis. b Cells were pre-treated with 5 mM LiCl or justicidin A
for 30 min and then treated with 30 uM A,s_35 for 24 h. Levels of
phosphorylation of tau (at Ser202, Ser396 and Ser404) and levels of

In contrast, treatment with 30 pM AP,s5_35 significantly
increased the level of AMPK phosphorylation compared to
the control group. Furthermore, pre-treatment with justi-
cidin A at 62.5, 125, or 250 nM significantly stimulated the
phosphorylation of AMPK.

LiCl, a potent GSK-3f inhibitor, was used as a pos-
itive control. As shown in Fig. 4b, LiCl also significantly
inhibited tau phosphorylation at Ser202, Ser396, and
Ser404. In addition, LiCl significantly increased cell
viability in AB-treated SH-SYS5Y cells, but co-treatment
with LiCl and justicidin A did not further increase the
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GAPDH were evaluated using western blot analysis. ¢ Cells were pre-
treated with 5 mM LiCl or justicidin A for 30 min, treated with
30 UM AP,s_3s for 24 h, and then evaluated using an MTT assay.
Data are presented as the means £ SEM (n = 3). *p <0.05,
**p < 0.01 and ***p < 0.001 compared with the control group.
#p < 0.05, p < 0.01 and *p < 0.001 compared with the ABas_35-
treated group

cell viability compared with LiCl treatment alone
(Fig. 4c).

TDZD-8, another specific GSK-3f inhibitor, was used in
this study as a positive control. TDZD-8 significantly
increased the level of GSK-3B phosphorylation at Ser9
(Fig. 5a), with an effect as strong as that of justicidin A.
Further, the MTT assay showed that TDZD-8 significantly
increased cell viability in AB-treated SH-SYSY cells, but
co-treatment with TDZD-8 and justicidin A did not further
increase the cell viability compared with TDZD-8 treat-
ment alone (Fig. 5b). Immunofluorescence staining
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Fig. 5 Justicidin A attenuated the hyperphosphorylation of tau by
inhibiting GSK-3f activity. a Cells were pre-treated with 5 pM
TDZD-8 or justicidin A for 30 min and then treated with 30 pM
AP,s_35 for 24 h. Levels of phosphorylation and total GSK-3f were
evaluated using western blot analysis. b Cells were pre-treated with
5 uM TDZD-8 or justicidin A for 30 min and then treated with

revealed increased staining for phosphorylated tau (at
Ser202, Ser396 and Ser404), with no change in total tau
immunoreactivity, upon Af,s_3s treatment, and this
hyperphosphorylated tau staining pattern was also reversed
after pretreatment with justicidin A or TDZD-8 (Fig. 5¢).

Effect of Justicidin A on Autophagy-Mediated
Signaling Protein Levels in SH-SY5Y Cells

To evaluate the autophagic effects of justicidin A on SH-
SYSY cells under basal conditions, cells were treated with
justicidin A at 62.5, 125, and 250 nM. The results revealed
that justicidin A significantly increased the value of the
LC3 II/T ratio in a dose-dependent manner, indicating that
autophagy was induced by justicidin A (Fig. 6a). Treat-
ment with justicidin A at concentrations of 62.5, 125, and
250 nM also significantly and dose-dependently increased
the phosphorylation of AMPK, which is upstream of
autophagy (Fig. 6a). In addition to LC3, p62/SQSTMI is
also possible to use as a marker for autophagy, since P62
itself is removed from the cytoplasm mainly by autophagy,

30 uM AP,s5_35 for 24 h, and cell viability was evaluated using an
MTT assay. ¢ Immunofluorescence staining of phosphorylated tau
protein (at Ser202, Ser396 and Ser404) and total tau (bar 20 um).
Data are presented as the means £ SEM (n = 3). ***p < 0.001
compared with the control group. ##p < 0.01 and ###p < 0.001
compared with the Af,s 3s-treated group

it recognize toxic cellular waste, becomes incorporated into
the completed autophagosome and is degraded in
autolysosomes, its amount is generally considered to
inversely correlate with autophagic activity [12]. As
expected, justicidin A down-regulated p62 expression sig-
nificantly and dose-dependently in Fig. 6a. Autophagy is a
mechanism of cell homeostasis that becomes activated
under stress conditions (nutrient deprivation, infection,
toxins), but it is a short-term process because it is self-
perpetuated within the cell. Therefore, continuous autop-
hagy should be induced to protect cells from damage. We
next evaluated the autophagic effects of justicidin A on
SH-SYSY cells under pathological conditions. As expec-
ted, co-treatment with justicidin A in both pre- and post-
treatment with AB,s_35 significantly increased the expres-
sion levels of LC3 II and P-AMPK compared with AB,s_35
treatment alone, and there were no significant differences
between the pre-treatment and post-treatment groups
(Fig. 6b). These data indicate that the autophagy-inducing
effect of justicidin A is a continuous and independent
process. 3-Methyladenine (3-MA), a potent autophagy
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Fig. 6 Justicidin A induced autophagy by enhancing AMPK and
reducing p62. a Cells were treated with the indicated concentrations
of justicidin A for 24 h; levels of LC3, AMPK and p62 were
evaluated using western blot analysis. b Cells were pre-treated with
250 nM justicidin A for 30 min, treated with 30 UM AP,s_35 for 24 h,
pre-treated with 30 pM A,s_35 for 2 h, and then treated with 250 nM
justicidin A for 24 h, or only treated with justicidin A for 24 h. LC3
and AMPK levels were evaluated using western blot analysis. ¢ Cells

inhibitor, inhibits autophagy by blocking autophagosome
formation via the inhibition of class [l PI3 K [13]. 3-MA
and justicidin A did not show any significant cytotoxic in
SH-SYSY cells, respectively. Justicidin A significantly
increased cell viability in AB-treated SH-SYS5Y cells, but
this increase was reversed by co-treatment with
3-MA.These data indicate that justicidin A protects the cell
death induced by AP,s_3s through induction of autophagy
(Fig. 6¢).

Discussion

In the present study, we demonstrated for the first time that
justicidin A exerts protective effects in a cellular model of
AD induced by AP,s_3s. Neuroprotection by justicidin A
has not previously been investigated in any models of
neurodegenerative disease. Therefore, we investigated the
possible molecular mechanism underlying the neuropro-
tective effect of justicidin A against A,s_3s-induced cell
death in SH-SYS5Y cells.

AP is one of the main markers of AD, and it can induce
axonopathy and neuronal apoptosis both in brain tissue and
in neuronal cells [14]. The axonal disruption induced by
AP is strongly related to the hyperphosphorylation and
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were pre-treated with justicidin A or co-treated with 5 mM 3-MA for
30 min, treated with 30 uM Af,s_35 for 24 h, and then evaluated
using an MTT assay. Data are presented as the means &= SEM
(n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the

control group. ™p < 0.01 and ™p < 0.001 compared with the

AB,s_zs-treated group. $$p < 0.01 compared with the AP,s_35 and
justicidin A treated group

dissociation of the microtubule-associated protein tau.
Previous studies demonstrated that axonopathy, not apop-
tosis, is an early marker of AP neurotoxicity [15], and cells
may undergo apoptosis due to the removal of a trophic
factor. In this study, we treated SH-SYSY cells with 30 uM
ABas_35 to induce cell death, and this treatment also suc-
cessfully induced tau protein hyperphosphorylation. Justi-
cidin A significantly prevented and/or ameliorated
neuronal cell death both as a pre-treatment and as a post-
treatment (Fig. 1).

The serine (S) 202 residue is located in the proline-rich
region, and it is phosphorylated in fetal human brain,
becomes dephosphorylated around birth, and remains
unphosphorylated throughout life under normal circum-
stances. The abnormal phosphorylation of tau at Ser202 in
AD thus recapitulates the normal phosphorylation during
development [16]. In addition, the formation of intracel-
lular deposits of NFTs probably occurs in several steps:
pre-NFT, intra-neuronal NFT, and extra-neuronal NFT.
One study showed that at all of these stages, tau was
phosphorylated at Ser396 [17]. Therefore, to confirm the
effect of justicidin A in attenuating the hyperphosphory-
lation of tau, it was necessary to detect tau phosphorylation
at Ser202, Ser396, and Ser404. As expected, in our study,
justicidin A significantly attenuated AP,s_3s-induced
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hyperphosphorylation of tau at Ser202, Ser396, and Ser404
in a dose-dependent manner (Fig. 2).

Recent studies have suggested that synthetic AP pep-
tides and AP peptides isolated from the brains of AD
patients promote tau phosphorylation [18-20]. AP peptides
may interact directly or indirectly with neurons to induce
tau hyperphosphorylation. In the direct process, AB pep-
tides bind to the receptors, thus disturbing the balance of
tau kinase and phosphatase activity in the affected neurons
[21]. Although these observations suggest pathophysio-
logical roles for AP peptides in AD pathogenesis, it
remains unclear how A induces the hyperphosphorylation
of tau in AD brains [22]. It is difficult to anticipate whether
justicidin A regulates tau phosphorylation through a non-
specific pathway or through a specific molecular interac-
tion, and this will be tested in future studies. OA, an
inhibitor of protein phosphatases 1 (PP1) and 2A (PP2A)
that directly increases the level of tau phosphorylation in
cultured cells [23] and in situ [24], was used as a positive
control to induce hyperphosphorylation of tau. Justicidin A
significantly decreased the level of OA-induced hyper-
phosphorylation of tau, as expected (Fig. 3).

One protein kinase that has garnered significant atten-
tion as a “tau kinase” is GSK-3f [22], which is a consti-
tutively active serine/threonine kinase and has been
implicated in AD pathobiology. GSK-3 phosphorylates
tau at select epitopes, increasing the propensity for the
formation of oligomeric tau [25]. Phosphorylation of GSK-
3B at Ser9 leads to inactivation of the enzyme, thereby
reducing tau phosphorylation. Both LiCl and TDZD-8
inhibit hyperphosphorylation of tau by inhibiting GSK-3f3
activity [10], and they were used as positive controls for
GSK-3B. As expected, justicidin A significantly inhibited
the GSK-3p activity by increasing the phosphorylation of
GSK-38 at Ser9 (Fig. 4a). LiCl significantly attenuates the
APss_35-induced hyperphosphorylation of tau to the same
degree as justicidin A (Fig. 4b). Meanwhile, both justicidin
A and TDZD-8 significantly inhibited GSK-3f activity in
AB,s_3s-treated SH-SYSY cells (Fig. 5a), and immunoflu-
orescence showed that justicidin A and TDZD-8 attenuated
the AP,5_35-induced hyperphosphorylation of tau (Fig. 5c).
Additionally, like justicidin A, both LiCl and TDZD-8
significantly protected cells from A,s_3s-induced neuronal
cell death, but co-treatment with justicidin A did not show
additional protection (Fig. 4c, 5b). Notably, GSK-3f is the
main molecule involved in AB- and OA-induced tau
hyperphosphorylation [26, 27]. These findings indicated
that justicidin A may decrease the hyperphosphorylation of
tau by inhibiting GSK-3f activity.

AMPK may be activated by exposure of cells to A, and
our results were consistent with this hypothesis (Fig. 4a). It
is unclear how AMPK regulates the phosphorylation of tau.
AMPK is a tau kinase that can phosphorylate tau on a

number of sites, altering the binding between tau and
microtubules [28]. However, there are also many reports
that AMPK can inhibit the hyperphosphorylation of tau. In
a subsequent study, the same authors revealed that AMPK
was able to inhibit GSK-3f activity and thus prevent the
phosphorylation of tau protein [29]. Our results are con-
sistent with the latter mechanism; justicidin A significantly
increased the level of AMPK phosphorylation in a dose-
dependent manner (Fig. 4a). It seems that the effect of
AMPK on phosphorylation of tau is context-dependent;
that is, under certain conditions, AMPK can directly
phosphorylate tau, but in other contexts, AMPK can inhibit
tau phosphorylation and aggregation through the activation
of sirtuin 1 (SIRT1) and the inhibition of GSK-3f [30]. In
additional, AMPK and GSK-3p kinases signaling are also
the major regulators capable of activating autophagy [31—
33]. LiCl, a potent GSK-3f inhibitor, which can induce
autophagy to enhance clearance of mutant proteins [34,
35]. Meanwhile, AMPK promotes autophagy by directly
activating Ulkl through phosphorylation of Ser317 and
Ser777 [36]. Since Justicidin A inhibited GSK-3p and
increased the level of AMPK phosphorylation. Therefore,
we investigated the effect of justicidin A on the induction
of autophagy: SH-SY5Y cells were treated with various
concentrations of justicidin A and incubated for 24 h. As
expected, justicidin A increased the protein expression of
LC3 11, a marker of autophagy, as well as the phosphory-
lation of AMPK, in a dose-dependent manner (Fig. 6a).
Because autophagy is known to be activated by many types
of stimulation, treating cells with Af,s_35s before or after
justicidin A treatment may influence the ability of justi-
cidin A to induce autophagy. In our further experiment,
justicidin A was applied before or after AP,s_3s treatment,
and cells were collected after 24 h of incubation. As shown
in Fig. 6b, both pre- and post-treatment justicidin A with
AP,s_35 significantly increased the expression levels of
LC3 II and the phosphorylation of AMPK, and there were
no significant differences between this two groups. These
results show that autophagy induced by justicidin A is not
related to AP,s_3s. In addition, justicidn A co-treatment
with 3MA attenuated its protective effect in Af-treated
SH-SYSY cells. Interestingly, our results show no induc-
tion of autophagy upon Af,5_35 treatment, which has been
reported to induce autophagy in other circumstances.
However, it should be noted that amyloid-induced autop-
hagy is a short-term process because it is self-perpetuated
within the cell. In such experiments, amyloid-induced
autophagy was most abundant after 4 h of incubation, but
after that, the increase in autophagy faded with increased
incubation time [37]. In this study, we detected the
induction of autophagy after 24 h of incubation with
AB,s_3s. It is therefore more relevant that justicidin A
induced autophagy after a long incubation period.
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Conclusion

In conclusion, justicidin A protected SH-SY5Y cells from
neuronal cell death produced by AP,s_35 by inducing
autophagy, and it significantly attenuated the AP,s_3s-in-
duced hyperphosphorylation of tau at Ser202, Ser396 and
Serd404 through the phosphorylation of GSK-38 and
AMPK. These results indicate that justicidin A inhibited
the tau hyperphosphorylation induced by Ap,s_3s. Taken
together, the results presented here increase our knowledge
about the neuroprotective effect of justicidin A, and sug-
gest this compound as a candidate for the development of
therapeutic agents for Alzheimer’s disease and other tau
pathology-related neuronal degenerative diseases.
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