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Abstract

Increasing evidence shows that oxidative stress and the hyperphosphorylation of tau pro-
tein play essential roles in the progression of Alzheimer’s disease (AD). Quercetinis a
major flavonoid that has anti-oxidant, anti-cancer and anti-inflammatory properties. We
investigated the neuroprotective effects of quercetin to HT22 cells (a cell line from mouse
hippocampal neurons). We found that Okadaic acid (OA) induced the hyperphosphorylation
of tau protein at Ser199, Ser396, Thr205, and Thr231 and produced oxidative stress to the
HT22 cells. The oxidative stress suppressed the cell viability and decreased the levels of
lactate dehydrogenase (LDH), superoxide dismutase (SOD), mitochondria membrane
potential (MMP) and Glutathione peroxidase (GSH-Px). It up-regulated malondialdehyde
(MDA) production and intracellular reactive oxygen species (ROS). In addition, phosphoino-
sitide 3 kinase/protein kinase B/Glycogen synthase kinase3p (PI3K/Akt/GSK3[) and mito-
gen activated protein kinase (MAPK) were also involved in this process. We found that pre-
treatment with quercetin can inhibited OA-induced the hyperphosphorylation of tau protein
and oxidative stress. Moreover, pre-treatment with quercetin not only inhibited OA-induced
apoptosis via the reduction of Bax, and up-regulation of cleaved caspase 3, but also via the
inhibition of PIBK/Akt/GSK3, MAPKs and activation of NF-kB p65. Our findings suggest
the therapeutic potential of quercetin to treat AD.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease which is characterized by
short-term memory loss, language and speech difficulties and disorientation. The pathological
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changes of AD are the deposition of B-amyloid, neurofibrillary tangles (hyperphosphorylation
of tau protein) and oxidative damage [1].

Clinical evidence indicates the number of neurofibrillary tangles was positively correlated
with the severity of dementia in AD patients [2]. Studies have shown that oxidative stress pro-
motes AD progression [1, 3]. OA, isolated from black sponge Holichondria okadai, is a potent
selective inhibitor to serine/threonine protein phosphatases 1 and 2A [4] and can induce oxida-
tive stress and hyperphosphorylation of tau, thus result in AD damage [3, 5].

Some antioxidants has been shown to protect neurons from oxidative damage [6, 7]. Quer-
cetin is an emerging compound from flavonoid that can scavenge free radicals (Fig 1). Pharma-
codynamics revealed that quercetin improved cognitive function in the APP/PS1 transgenic
mouse model of AD [8] and protected PC12 cells from AB-induced toxicity [9]. Islam and col-
leagues showed that quercetin has the therapeutic potential to treat AD by silico QSAR analysis
[10].

However, the neuro-protective effects of quecetin on tau phosphorylation and the underly-
ing mechanisms remain unclear. To determine the therapeutic potential of quercetin to AD,
we investigated the anti- hyperphosphorylation of tau protien, anti-oxidative stress and anti-
apoptotic effects of quercetin on HT22 cell line after exposure to OA. Furthermore, the under-
lying signaling pathways, such as MAPK and PI3K/Akt/GSK3p, for these effects were studied.

Materials and Methods

Materials

Quercetin (CysH;00,, FW: 302.24, Purity > 98%) was obtained from Aladdin Industrial Cor-
poration (Shanghai, China). Okadaic acid (OA), Rhodamine123 (Rh123), Dimethylsufoxide
(DMSO), 2',7'- Dichlorofluorescin diacetate (DCFH-DA), and LiCl were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo (Kumamoto, Japan). Fetal bovine serum, 100 kU/L penicillin and 100 mg/L strepto-
mycin were bought from Gibco-BRL Invitrogen (San Diego, USA). BCA protein Assay Kit was
purchased from Beyotime institute of Bioengineering (Jiangsu, China). The reagent kits for the
measurement of LDH, MDA, SOD, and GSH-Px were purchased from Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China). Protease inhibitor cocktail and phosphatase inhibitor
cocktail were purchased from Merk-Millipore (MA, USA). Anti-cleaved caspase-3 and anti-f-
actin were obtained from Cell Signaling Technology (Boston, USA). Anti-Bax was purchased
from Abcam (Cambridge, UK). Horseradish peroxidase-conjugated anti-rabbit antibody was
shipped from Bioworld Technology CO., Ltd (Minneapolis, USA). All the phosphorylated anti-
bodies used in this study were summarized in Table 1.

Cell Culture

The HT22 cells were a generous gift from Dr. Jun Liu (The Memorial Hospital of Sun Yat-Sen
University, Guangzhou, China) [11]. The cell line is a subclone of HT4, which was derived
from the mouse hippocampus [12]. The cells were cultured in DMEM supplemented with 10%
(v/v) FBS, 100 kU/L penicillin, and 100 mg/L streptomycin at 37°C in an atmosphere contain-
ing 5% CO, and 95% air.

Cell Treatment

OA was dissolved in DMSO to obtain 200pumol/L stock solution, and was diluted into sequen-
tial concentrations with serum-free media before using. Quercetin was dissolved and diluted
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Fig 1. Chemical structure of quercetin.

doi:10.1371/journal.pone.0152371.g001

with DMSO to obtain 100mM stock solution. HT22 cells were treated with various concentra-
tions (20-160nmol/L) of OA for 12h to optimize the appropriate concentration of drug.

HT?22 cells were pre-treated with quercetin (5, 10umol/L) for 12 h, then 80nmol/L OA was
added and incubated for another 12h in fresh media. To investigate the neuroprotective mech-
anism of quercetin, we had several experimental groups: 5pmol/L quercetin, 10umol/L
LY294002 (PI3K inhibitor), 10mmol/L LiCl (GSK3p inhibitor), quercetin + LY294002 and
quercetin + LiCl. HT22 cells were incubated with these treatments for 12h in before incubation

Table 1. Phosphorylated antibodies used in this study.

Antibody

Tau-1

pS199

pT205

pS396

pT231

Tau-5

GSK3p

GSk 3B (pY216)
GSk 3B (pSer9)
AKT

p-AKT

ERK1/2
p-ERK1/2

JNK

p-JNK

p38

p-p38

NF-kB p65
NF-kB p-p65

Specificity Type Dilution Source
Dephosphorylated tau mAb 1: 10000 Millipore
Phosphorylated tau at Ser199 pAb 1: 1000 Invitrogen
Phosphorylated tau at Thr205 pAb 1: 1000 Invitrogen
Phosphorylated tau at Ser396 mAb 1: 2000 Abcam
Phosphorylated tau at Thr231 mAb 1: 1000 Abcam
Total-tau protein mAb 1: 1000 Abcam
Total GSK-383 mAb 1: 2000 Abcam
Phosphorylated GSK-3p at Tyr216 pAb 1: 1000 Abcam
Phosphorylated GSK-3 at Ser9 pAb 1: 500 Abcam
Total AKT mAb 1: 1000 CST
Phosphorylated AKT at Ser473 mAb 1: 2000 CST
Total ERK mAb 1: 1000 CST
Phosphorylated ERK at Thr202/Tyr204 mAb 1: 1000 CST
Total INK mAb 1: 1000 CST
Phosphorylated JNK at Thr183/Tyr185 mAb 1: 1000 CST
Total P38 mAb 1: 1000 CST
Phosphorylated p38 at Thr180/Tyr182 mAb 1: 1000 CST
Total p65 mAb 1: 1000 CST
Phosphorylated p65 at Ser536 mAb 1: 1000 CST

pAb: polyclonal antibody; mAb: monoclonal antibody; CST: Cell signaling technology

doi:10.1371/journal.pone.0152371.t001
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with OA (80nmol/L) for 12 h., In addition, HT22 cells were treated with 10umol/L LY294002
alone for 24h after growing 12h.

Analysis of Cell Viability (CCK-8 assay)

Cell viability was assessed by the CCK-8 Cell Counting kit. In brief, HT22 cells were seeded in
96-well plates with a density of 5000 cells/well. The cells were pre-treated with sequential con-
centrations of quercetin (0, 2.5, 5.0, 10.0, and 20.0pmol/L) for 12 h, and 80nmol/L OA was
added to each group for 12h incubation. We also measured the cytotoxicity of quercetin at vari-
ous concentrations (0, 5, 10, 20, 50, 100pmol/L). Finally, the absorption at 450nm was mea-
sured by microplate reader (TECAN, Austria).

Determination of LDH Release, Lipid Peroxidation Products and
Antioxidant Enzyme Activity

OA (80nmol/L) and quercetin (5pmol/L, 10pmol/L) were added as described above at 70-80%
confluence. Control group was treated with 0.5% DMSO. Cells were lysed on ice for 30min and
centrifuged at 12, 000g for 10min at 4°C. The supernatants were separated. Briefly, MDA was
evaluated using the thiobarbituric-acid-reactive substancemethod [5]. The cellular antioxidant
enzyme (Cu-Zn, SOD and GSH-Px) activity was measured using the commercially available
colorimetric assay kit (Nanjing Jiancheng Bioengineering Institute). Some cells were centri-
fuged and LDH activity was measured using the LDH assay kit (Nanjing Jiancheng Bioengi-
neering Institute).

Detection of Reactive Oxygen Species (ROS)

HT22 cells were plated on 24-well plates (cell density, 3x10*/well). Cells were treated as previ-
ous described. DCFH-DA in serum-free DMEM was added at a final concentration of 10pM
for 30 min at 37°C. The intracellular oxidant productions were measured. Mean intensity of
fluorescence for randomly selected 3 fields were measured and analyzed by Image J 1.410 soft-
ware (NIH, USA).

Measurement of Mitochondrial Membrane Potential (MMP)

The mitochondrial membrane potential was measured by using rhodamine123 fluorescent dye
[6]. HT22 cells were incubated with rhodaminel23 (2umol/L) for 30min at 37°C for all the

above groups. After incubation, cells were washed with PBS for three times. Fluorescent images
were taken (Leica, Germany). All data were analyzed using Image J 1.41. software (NIH, USA).

Western Immunoblotting

Protein levels were measured using western blotting as previously described [7]. Briefly, cells
were lysed for 30 minute in ice-cold RIPA solution (1x PBS, 1% NP40, 0.1% SDS, 5mmol/L
EDTA, 0.5% Sodim Deoxycholate, 1% Protease inhibitor and 1% phosphatase inhibitor). The
homogenate was centrifuged at 12000xg for 10 min at 4°C. The supernatant was collected and
protein concentrations were measured using BCA Protein Assay Kit. After adding loading
buffer, samples with equal amount of protein were electrophoresed on 10%, 12% or 15% SDS-
polyacrylamide gel. Proteins (about 30ug) were transferred to polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% bovine albumin in TBST (TBS and 0.1% Tween
20) for 1 h at room temperature. The blots were incubated overnight with anti-B-actin
(1:1000), anti-cleaved caspase-3 (1:1000), anti-Bax (1:1000). Then after washing three times
with TBST, the membranes were incubated with HRP-conjugated antibody (1:10000) for 1h at

PLOS ONE | DOI:10.1371/journal.pone.0152371 April 6, 2016 4/18



@’PLOS ‘ ONE

Quercetin Protects against HT22 Cells from OA-Induced Injury

room temperature and were washed for three times with PBS. Bands were visualized using ECL
detection reagents. The gray values of sample bands were quantified using Image J 1.41. and
normalized by B-actin.

Statistical Analysis

Data were analyzed by SPSS 16.0 statistical software package using one-way analysis of vari-
ance (ANOVA) followed by LSD’s post hoc test. All data were presented as mean + S.E.M The
criterion of significance was P < 0.05.

Results

Effects of OA on Phosphorylation of Tau Protein via GSK3( and
p38-MAPK

In this study, we quantified the levels of tau phosphorylation at different sites by western blot-
ting. Cells were incubated with various concentrations of OA (0, 20, 40, 60, 80, 160nmol/L) for
12h. As shown in Fig 2, the phosphorylation of tau, p38-MAPK and GSK3p had a significant
increase in a dose-dependent manner after treatment with OA (20-80 nmol/L). The phosphor-
ylation of tau protein at Thr231, Thr205, Ser199 and Ser396 was peaked when treated with OA
at 80nmol/L. p38 MAPK and GSK3p also were maximal activated at this concentration. The
phosphorylation of tau at different sites and activation of p38-MAPK were increased by
363.57% (Fig 2A and 2a),137.20%, (Fig 2A and 2b), 982.40% (Fig 2A and 2c), 79.26% (Fig 2A
and 2d) and 116.27% (Fig 2C and 2g) respectively compared to DMSO-treated control; The
phosphorylation of active site at Tyr216 (Fig 2B and 2e) increased by 322.38% and the inhibi-
tory site at Ser9 (Fig 2B and 2f) decreased by 41.65% in GSK3p. However, the phosphorylation
of tau and activities of p38-MAPK and GSK3p were reduced by OA at 160nmol/L. Therefore,
80nmol/L of OA was chosen as optimal concentration for the following experiments.

Effects of Quercetin on OA-Induced Neurotoxicity

No reduction of cell viability was observed when treated with quercetin (Fig 3A), indicating no
detectable cytotoxicity (concentration< 100pumol/L) of the drug. However, pre-treated with
various concentrations of quercetin (2.5, 5.0, 10.0, 20.0umol/L) for 12h increased the cell viabil-
ity to 78.36 + 2.48%, 86.88 + 6.02%, 82.62 + 1.28% and 81.79 + 5.78%, compared to OA group
(80nmol/L, 74.72 + 2.56%) (Fig 3B), and cell morphology was apparently improved in groups
pre-treated with quercetin (Fig 3C). We also found that the secretion of LDH was significantly
decreased after pre-treatment with quercetin (5,10pumol/L) (Fig 3D). Therefore, we used
5umol/L and 10pmol/L of quercetin in the following experiments.

Quercetin Blocked OA’s Effects on MDA, Cu-Zn SOD and GSH-Px

The level of MDA markedly increased by 109.62% (P< 0.01), when incubated with 80nmol/L
OA for 12h compared to control group (Table 2). However, this effect was reversed by pre-
treatment of quercetin (5,10umol/L) (Table 2). The level of GSH and activity of SOD were sig-
nificantly decreased 16.98% and 24.93% respectively compared to control group in OA group
(Table 2). Interestingly, the decreases were attenuated by pre-treatment of quercetin (Table 2).

Effects of Quercetin on Intracellular Level of ROS

As described above, OA induction (80nmol/L) increased the intracellular leve of ROS com-
pared to the control group (Fig 4B and 4E), and the quercetin (5,10umol/L) markedly reduced

PLOS ONE | DOI:10.1371/journal.pone.0152371 April 6, 2016 5/18



@’PLOS ‘ ONE

Quercetin Protects against HT22 Cells from OA-Induced Injury

( A PT231
PT205

PS396

PS199

B-actin
1200

=3
=3
>

800

600

400

PS199/B-actin (% of Control)

[
=3
=

200
180
160
140
120
100
80
60
40
20

PS396/B-actin (% of Control)

300

250

200

150

100

PT205/B-actin (% of Control)

50

500

400

300

200

100

PT231/-actin (% of Control)

— e ST Y —

- —— — —
—— o W ——
w* %
*%
*%
*%
*%
Control 20 40 60 80 160
OA (nmol/L) for 12h
%%
*%
] *k
L sk
Control 20 40 60 80 160
OA (nmol/L) for 12h
%%
., S
ek *k
%%
k%
Control 20 40 60 80 160
OA (nmol/L) for 12h
%%
ek
ok *%
RE
Control 20 40 60 80 160

OA (nmol/L) for 12h

(B)GSK33(PTYT216) e — G D S
GSK3B (pSer9) e SupaiD s ap =
B-actin —— TP —

(€)

500

400

w
=3
S

[~
=3
=3

GSK3p (pTyr216)/B-actin
(% of Control)

100 |—‘
0 -

Control 20 40 60 80 160
OA (nmol/L) for 12h
120
100 { =
.g %%
3.3 wx
25
SEe0 B
33 s
%5
2e
g<
o 2
Control 20 40 60 80 160

OA (nmol/L) for 12h

p-p38 - a»> eSSV
B-aclin o m—

N
[
=

[
3
=3

150

—_
=3
=

P-P38/B-actin(% of Control)
n
S

wdk

*k

Control

20

40 60 80 160

OA (nmol/L) for 12h

Fig 2. Effects of OA on the phosphorylation of tau protein. Cell lysates were treated with various concentrations of OA (20-160nmol/L) for 12h. Protein
levels of different phosphorylated tau protein, GSK3@ and p38-MAPK were analyzed by western blotting, which were phosphorylated tau (A), phosphorylated
GSK3B to pTyr216 and pSer9 (B) and phosphorylated p38-MAPK (C). Quantitative analysis of the blots showed in panel a-g. Data normalized by -actin

were analyzed by ANOVA with LSD’s post-hoc test (**P < 0.01 vs. control group).

doi:10.1371/journal.pone.0152371.9002
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Fig 3. Effects of quercetin on OA-induced neurotoxicity. (A) Final concentration of DMSO in the mediumwas 0.5% (the control was also included). The
quercetin did not affect the cell viability of HT22 cells after incubation for 24h with different concentrations(<100umol/L); (B) Cells were pre-treated with
different concentrations of quercetin for 12h before incubation of 80nmol/L OA for 12 h. The cell viability was measured by CCK-8 assay; (C) Morphology of
HT22 cells was injured by OA but was reversed by quercetin (200x, 5, 10puM); (a) Control group; (b) 80nmol/L OA; (c) 5pmol/L quercetin + 80nmol/L OA; (d)
10pmol/L quercetin + 80nmol/L OA; Scale bar = 100pum. (D) Pre-treated with quercetin (5.0, 10.0umol/L) for 12h decreased LDH release which was
increased by OA at 80nmol/L. (n = 5, **P < 0.01 vs. control, *P < 0.05, #P < 0.01 vs. OA-control)

doi:10.1371/journal.pone.0152371.9003

Table 2. Effects of different concentrations of quercetin on change of MDA, SOD and GSH-Px induced by OA in HT22 cells.

Groups MDA(nmol/mg Protein) SOD(U/mg Protein) GSH-Px(U/mg Protein)
Control 0.20 £ 0.07 10.28 £ 0.06 577.83x17.18

OA 0.42 + 0.09** 7.72 £ 0.05** 479.59 + 5.92%*
Quercetin (5umol/L)+0A 0.26 + 0.09"* 10.24 + 0.08** 595.19 + 16.77**
Quercetin (10pmol/L)+0A 0.25 + 0.06"* 9.25 + 0.07% 557.52 + 18.71%#

(**P < 0.01 vs. control group, *P < 0.01 vs. OA-control group)

doi:10.1371/journal.pone.0152371.t002

PLOS ONE | DOI:10.1371/journal.pone.0152371  April 6, 2016 7/18



el e
@ ' PLOS ‘ ONE Quercetin Protects against HT22 Cells from OA-Induced Injury

400 -

300 -

200 -
i

o

=3

=3
L
.l

MFI of DCF (% of Control)

Conirol 0 5 llO Que(pmol/L)
80nmol/L OA for 12h

Fig 4. Effects of different concentrations of quercetin on OA induced ROS production in HT22 cells (200x). Quercetin was added 12 h prior to OA
induction and cells were incubated for another 12 h with OA. The ROS was quantified as previously described with the mean intensity of fluorescence. (A)
control group; (B) 80nmol/L OA; (C) 5pmol/L quercetin + 80nmol/L OA; (D) 10pumol/L quercetin + 80nmol/L OA and (E) quantitative analysis of mean intensity
of fluorescence (**P < 0.01 vs. blank control, **P < 0.01 vs. OA-control).

doi:10.1371/journal.pone.0152371.9004

the increase (Fig 4C-4E). These findings may indicate that quercetin protected OA induced
cell injury to HT22 cells.

Effects of Quercetin on Membrane Potential

The mitochondrial membrane potential (MMP) was evaluated using the fluorescent rhoda-
mine dye, Rh123. As showed in Fig 5B and 5E, the MMP level was reduced to 59.70% of the
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Fig 5. Quercetin reversed OA induced decrease of MMP in HT22 cells (200x). Quercetin was added 12h before OA incubation. The MMP was quantified
as the mean intensity of fluorescence. (A) Control group; (B) 80nmol/L OA; (C) 5umol/L quercetin + 80nmol/L OA; (D) 10pmol/L quercetin + 80nmol/L OA; (E)
quantitative analysis of the mean fluorescent intensity (**P < 0.01 vs. control, #P < 0.01 vs. OA-control).

doi:10.1371/journal.pone.0152371.9005
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control (P < 0.01) when OA (80nmol/L) was added and incubated for 12h. Quercetin (5,
10umol/L) significantly reversed the OA-induced the decrease of MMP (Fig 5C-5E). These
results (The raw data was showed in S1 Fig) indicate that quercetin may play an important role
in protecting HT22 cells against OA-induced injury via the enhancement of MMP.

Effects of Quercetin on OA-Induced Hyperphosphorylation of Tau
Protein

Phosphorylated tau is a major neuropathological character of AD. In the current study, we
investigated whether quercetin had any effects on OA-induced phosphorylation of tau protein.
Compared to control group, treatment with OA (80nmol/L) for 12h obviously increased the
levels of tau phosphorylation at pS396, pS199, pT205, and pT231 but decreased the level of
phosphorylation at Tau-1. However, the treatment did not affect the level of total tau (Tau-5)
(Fig 6B and 6f). Pre-treatment with quercetin (5,10pumol/L) for 12 h significantly suppressed
OA-induced hyperphosphorylation of tau protein at pS396 (Fig 6A and 6a), pS199 (Fig 6A
and 6b), pT205 (Fig 6A and 6¢), pT231 (Fig 6A and 6d) and reversed hyperphosphorylation
tau at Tau-1 (Fig 6B and 6e). These data indicated the protective role of quercetin in AD

pathology.
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Fig 6. Effects of quercetin on OA induced hyperphosphorylation of tauprotein. Protein levels of phosphorylated tau proteins and total tau protein (Tau-
5) were measured by western blotting (A, B). Statistical analysis for protein levels was shown in panel a-f. (**P < 0.01 vs. control, *P < 0.05, #P < 0.01 vs.

OA-control).
doi:10.1371/journal.pone.0152371.9006
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Effects of Quercetin on OA-Induced Inhibition of Akt and Activation of
GSK-3p

To investigate the effect of quercetin on inhibition of tau phosphorylation, we measured the
level of Akt at Ser473 (the activated form) and GSK-3 at Ser9 (the inactivated form) and
Tyr216 (the activated form). It has been shown that pre-treatment with quercetin significantly
increased the phosphorylation of Akt at Ser473 (Fig 7A and 7a) and inactivated GSK-3fby the
increased phosphorylation of GSK-3p at Ser9 (Fig 7B and 7c) and the decreased phosphoryla-
tion of GSK-3p at Tyr216 (Fig 7B and 7d), whereas, the level of total GSK-3f was not affected
(Fig 7B and 7b) (The raw data was showed in S2 Fig).

Effects of Quercetin on Apoptosis-Related Proteins

The activity of cleaved caspase-3 was significantly elevated in OA (80nmol/L) group compared
to control group (Fig 8A and 8a) and quercetin (5pmol/L) reduced the increased activity (Fig
8A and 8a). To further confirm the protective role of quercetin on OA-mediated apoptosis, we
investigated the level of Bax. As showed in Fig 8B and 8b, the level of Bax apparently increased
in HT22 cells when incubated with 80nmol/L OA and quercetin (5umol/L) reversed the
increased level of Bax (The raw data was showed in S3 Fig).

Effects of Quercetin on PISK/Akt/GSK3[ Signaling Pathway

Akt is the up-stream kinase of GSK3p. Increased GSK3 activity has been implicated in neuro-
nal death. Activation of GSK3p can be mediated by inhibition of PI3K dependent Akt activity
[13]. To determine the underlying mechanisms of quercetin on inhibition of apoptosis, the
effects of quercetin on PI3K/Akt/GSK3p signaling pathway was studied. As shown in Fig 9A
(the second and third lane), cell treated with OA alone or LY294002 (an inhibitor of PI3K/Akt
pathway) alone apparently decreased Akt phosphorylation at Ser473, without changing level of
total Akt. Pre-treatment with 5umol/L quercetin reversed the decrease of phosphorylation level
of Akt induced by OA(Fig 9A: the fourth lane)and LY294002 blocked quercetin’s effect (Fig 9A:
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doi:10.1371/journal.pone.0152371.9007
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doi:10.1371/journal.pone.0152371.9008

the last lane). We also found OA treatment resulted in a markedly increase of GSK3p (pY216)
(Fig 9B) and PT205 (Fig 9C). Pre-treatment with quercetin decreased the elevated expression of
GSK3B (pY216) and pT205 induced by OA. Interestingly, compared with quercetin pre-treat-
ment groups, the levels of GSK3p (pY216) and pT205 were decreased in the 10pumol/L
LY294002 plus 5umol/L quercetin pre-treatment group (P<0.01). To further exam the effects
of quercetin on PI3K/Akt/GSK3 signaling pathway, cells were pre-treated with LiCl, a GSK3f
inhibitor. Our results suggested that OA resulted in a significant increase of GSK3p (pY216)
(Fig 10A and 10a) and pT205(Fig 10B and 10c)but the decrease of GSK3 (pSer9) (Fig 10A and
10b). Pre-treatment with 5pmol/L quercetin or 10mmol/L LiCl reversed OA’s effects on the
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quercetin plus LY294002 (10pmol/L) for 12 h before exposure to 80nmol/L OA. The protein levels of total Akt, p-Akt (Ser473), total GSK3B, GSK3p (pY216)
and PT205 were quantified. We found that pre-treatment of 5umol/L quercetin decreased the level of GSK3p (pY216) and increased the levels of p-Akt
(Ser473) and PT205. However, the effect of quercetin was blocked by 10umol/L LY294002. Protein levels of phosphorylated GSK3 and Akt were quantified
which were normalized by total GSK3B and total Akt respectively. Data were expressed as mean+S.E.M (**P < 0.01 vs. control; **P < 0.01 vs. OA-control;
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doi:10.1371/journal.pone.0152371.9009
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doi:10.1371/journal.pone.0152371.g010

protein levels. The effects of quercetin, LY294002 and LiCl on OA-induced hyperphosphoryla-
tion of tau were also be further demonstrated in PS396 (Fig 11). These experiments suggest that
quercetin down-regulates the activity of GSK3p via the enhancement of PI3K/Akt.

Effects of Quercetin on OA-Induced Activation of MAPK Signaling
Pathway

MAPK signaling pathway mediates a variety of cellular activities in response to extracellular
stimuli. ERK1/2, JNK, and p38 are the three components of MAPK which play important roles
in cell survival and apoptosis [14, 15]. In the present study, expression levels of both total and
phosphorylated proteins were evaluated to determine the involvement of the MAPK signaling
pathway in apoptosis. As shown in Fig 12, OA significantly increased the expression of
P-ERK1/2(Fig 12A and 12a), P-JNK (Fig 12B and 12b) and p-p38 (Fig 12C and 12¢) by
109.31%, 36.21% and 135.29% in HT22 cells, while the levels for total ERK1/2, p38 and JNK
were not changed in the absence or presence of OA. Pre-treatment with quercetin significantly
inhibited the expression of P-JNK and p-p38 induced by OA. All these results indicate
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doi:10.1371/journal.pone.0152371.9011

quercetin inhibited OA-induced apoptosis via MAPK signaling pathway in HT22 cells (The
raw data was showed in S4 Fig).

Effects of Quercetin on p65 Subunit of NF-kB

NF-kB signaling pathway is an essential pathway involving in multiple cellular responses. We
showed that the level of NF-kB p-p65 significantly increased after exposure to 80nmol/L OA
for 12h (as shown in Fig 13). This effect was attenuated by prtreatment with quercetin. These
data may indicate that quercetin inhibited cell apoptosis via decreasing the transcription activ-
ity of NF-xB p65.

Discussion

The hyperphosphorylation of tau protein is regulated by protein phosphatases and kinases,
and PP2A (protein phosphatae 2A) is a key phosphatase [16]. The balance between phosphory-
lation and de-phosphorylation of tau protein is critical for AD treatment. OA is a specific
inhibitor of protein phosphatases 1 and 2A. Hippocampal injection of OA induces the hyper-
phosphorylation of tau protein through the inhibition of PP2A [4]. In the present study, we
determined OA induced phosphorylation of tau, p38-MAPK and GSK3p in a dose-dependent
manner which was peaked at 80mmol/L. We see that OA activated GSK3P via phosphorylation
of GSK3p at Tyr216, which was supported by previous study that the activity of GSK3p was
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regulated by phosphorylation of Ser9 and Tyr216 [17]. In addition, the increased phosphoryla-
tion of p38-MAPK was also seen after OA induction. OA also resulted in the inhibition of cell
viability and increase of LDH release, however, quercetin can reverse these effects and improve
cell morphology.

Oxidative stress is due to the imbalance between ROS and anti-oxidative system. Evidence
suggests that oxidative stress is a prominent early feature of AD and plays an essential role in
the pathogenesis of OA [18, 19]. Some antioxidants, such as GSH and SOD, can scavenge ROS
to prevent cell damage. Herein, we investigated the role of quercetin in OA-induced oxidative
stress and found that OA significantly inhibited SOD and GSH activities, increased the level of
MDA production and the accumulation of ROS. Pre-treatment with quercetin reversed these
effects in HT22 cells. These results suggest that quercetin can significantly attenuate OA-
induced neurotoxicity by reducing ROS and enhancing the antioxidant system.

Mitochondrial membrane lipids are highly susceptible to ROS, resulting in dysfunction via
MMP [20]. We showed a dramatic increase of intracellular ROS but decrease of MMP and pre-
treatment with quercetin reversed these effects, indicating the neuroprotective role of quercetin.

Oxidative stress induced tau phosphorylation [21]. An accumulation of 4-HNE, a major
production of oxidative stress, hyperphosphorylated tau protein in brain of mouse [22]. In
Drosophila, tau-induced neurodegeneration was proved to be mediated by oxidative stress
[23]. GSK3p is a downstream enzyme of PI3K/Akt signaling pathway and is considered as the
major kinase to phosphorylate tau protein in AD [24]. PI3K activates Akt, which inactivates
GSK3p by phosphorylation of Ser9 or dephosphrylation of Tyr216. We showed that quercetin
suppressed tau phosphorylation at Ser396, Ser199, Thr205 and Thr231 and increased phos-
phorylation of tau-1 (dephosphorylated tau at ser195/198/199/202). Moreover, quercetin
decreased the activity of GSK3f but increased the activity of Akt (Ser473). These data suggest
that the neuroprotective effects of quercetin are associated with anti-hyperphosphorylation of
tau protein.

Caspase cascade and Bax family members are key mediators for the apoptotic signaling
transduction. Studies showed that hyperphosphorylation of tau and neuronal death were
induced by OA andassociated with the induction of Bax in rat brain [25]. The decrease of
MMP released an apoptosis inducing factor leading to activation of caspase-3 cascade [7]. Our
present study demonstrated that exposure to OA for 12h caused an apparently increase of Bax
and caspase-3 activity in HT22 cells. Quercetincompletely reversed the tendency. These data
suggest the neuroprotective effects of quercetin was not only because of its antioxidant and
anti-apoptotic properties, but also was via the inhibition of apoptosis.

The abnormal tau protein was cleaved by caspase-3 to generate the cleavage of N-terminus,
which could activate caspase-8 through FADD and ultimately lead to neuron death [26]. It has
been reported that PI3K/Akt/Bad/Bcl signaling pathway involved in AB-induced neuronal apo-
ptosis in rat cortex [27]. ROS also plays a critical role in HO-1 expression which was mediated
by PI3K/Akt signaling pathway [28]. Therefore, we hypothesized that quercetin inhibited the
apoptosis via PI3K/Akt/GSK3p signaling pathway. To confirm this hypothesis, we investigated
the effects of LY294002 (PI3K inhibitor) and LiCl (GSK3p inhibitor) on PI3K/Akt/GSK3p sig-
naling pathway. We found that LY294002 blocked the Akt activity induced by quercetin. Fur-
thermore, quercetin also inhibited the activity of GSK3 and LiCl. Our data further support the
neuroprotective effects of quercetin was via PI3K/Akt/GSK3 signaling pathway.

It has been reported that chicoric acid induces apoptosis through ROS-mediated PI3K/Akt
and MAPK signaling pathways [29]. Our data support that quercetin inhibited, OA induced
phosphorylation of ERK1/2, JNK and p38MAPK indicating its neuroprotective role in AD.

NF-kB is a nuclear transcription factor with heterodimers and homodimers structures. It
has been reported that ROS induced neuronal apoptosis through the NF-kB and DNA damage
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pathways in AB-infused AD model rats [30]. Oxidative stress activated NF-xB and led to cell
death [31] and MAPKs and PI3K/Akt/GSK3p signaling directly or indirectly regulate the acti-
vation of NF-kB [32]. In our study, we found that pre-treatment with quercetin inhibited OA
induced phosphorylation of NF-«B p65. Therefore, quercetin may paly the anti-apoptotic role
via activation of NF-xB p65.

Conclusions

Our studies investigated the neuroprotective effects and underlying molecular mechanisms of
quercetin against OA-induced toxicity in HT22 cells. We found that quercetin markedly atten-
uated OA-induced hyperphosphorylation of tau protein and oxidative stress and inhibited the
neuronal apoptosis via suppression of caspase-3 and Bax activity and activation of NF-kB p65.
Furthermore, we demonstrated that the anti-apoptotic role of quercetin was via MAPKs and
PI3K/Akt/GSK3p signaling pathways. Our findings support that quercetin may be a potential
target for AD treatment.

Supporting Information

S1 Fig. Quercetin reversed OA induced decrease of MMP in HT22 cells.
(DOC)

S2 Fig. Effects of quercetin and OA induced protein levels of Akt and GSK3.
(DOC)

S3 Fig. Effects of quercetin on OA induced elevation of cleaved caspase-3 and Bax in HT22
cells.
(DOC)

S4 Fig. Effects of quercetin on the MAPK pathway in HT22 cells.
(DOC)

Author Contributions

Conceived and designed the experiments: W] TL FH HQW. Performed the experiments: W]
TL. Analyzed the data: W] TL FH HQW. Contributed reagents/materials/analysis tools: FH
HQW JX SL YZ XYS. Wrote the paper: W] TL.

References

1. Swomley AM, Forster S, Keeney JT, Triplett J, Zhang Z, Sultana R, et al. Abeta, oxidative stress in Alz-
heimerdisease: Evidence based on proteomics studies. Biochim Biophys Acta. 2014 Aug; 1842
(8):1248-57. doi: 10.1016/j.bbadis.2013.09.015 PMID: 24120836

2. Thal DR, von Arnim C, Griffin WS, Yamaguchi H, Mrak RE, Attems J, et al. Pathology of clinical and pre-
clinical Alzheimer's disease. Eur Arch Psychiatry Clin Neurosci. 2013 Nov; 263 Suppl 2:5137-45.
PMID: 24077890

3. \Valdiglesias V, Laffon B, Péasaro E, Cemeli E, Anderson D, Méndez J. Induction of oxidative DNA dam-
age by the marine toxin okadaic acid depends on human cell type. Toxicon. 2011 May; 57(6):882-8.
doi: 10.1016/j.toxicon.2011.03.005 PMID: 21396392

4. Zimmer ER, Kalinine E, Haas CB, Torrez VR, Souza DO, Muller AP, et al. Pretreatment with memantine
prevents Alzheimer-like alterations induced by intrahippocampal okadaic acid administration in rats.
Curr Alzheimer Res. 2012 Dec; 9(10):1182-90. PMID: 22515493

5. Zhang Z, Simpkins JW. An okadaic acid-induced model of tauopathy and cognitive deficiency. Brain
Res. 2010 Nov 4; 1359:233—46. doi: 10.1016/j.brainres.2010.08.077 PMID: 20807517

6. Jiang W, Duan WB, Li S, Shen XY, Zhou Y, Luo T, et al. Jatrorrhizine Protects Against Okadaic Acid
Induced Oxidative Toxicity Through Inhibiting the Mitogen-Activated Protein Kinases Pathways in

PLOS ONE | DOI:10.1371/journal.pone.0152371 April 6, 2016 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152371.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152371.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152371.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0152371.s004
http://dx.doi.org/10.1016/j.bbadis.2013.09.015
http://www.ncbi.nlm.nih.gov/pubmed/24120836
http://www.ncbi.nlm.nih.gov/pubmed/24077890
http://dx.doi.org/10.1016/j.toxicon.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21396392
http://www.ncbi.nlm.nih.gov/pubmed/22515493
http://dx.doi.org/10.1016/j.brainres.2010.08.077
http://www.ncbi.nlm.nih.gov/pubmed/20807517

@’PLOS ‘ ONE

Quercetin Protects against HT22 Cells from OA-Induced Injury

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

HT22 Hippocampal Neurons. CNS Neurol Disord Drug Targets. 2015; 14(10):1334—42. PMID:
26295822

Luo T, Jiang W, Kong Y, Li S, He F, Xu J, et al. The protective effects of Jatrorrhizine on -amyloid (25—
35)-induced neurotoxicity in rat cortical neurons. CNS Neurol Disord Drug Targets. 2012 Dec; 11
(8):1030—7. PMID: 23244426

Wang DM, Li SQ, Wu WL, Zhu XY, Wang Y, Yuan HY. Effects of Long-Term Treatment with Quercetin
on Cognition and Mitochondrial Function in a Mouse Model of Alzheimer's Disease. Neurochem Res.
2014 Aug; 39(8):1533—43. doi: 10.1007/s11064-014-1343-x PMID: 24893798

Park SY, Lim JY, Jeong W, Hong SS, Yang YT, Hwang BY, et al. C-methylflavonoids isolated from Cal-
listemon lanceolatus protect PC12 cells against Abeta-induced toxicity. Planta Med. 2010 Jun; 76
(9):863-8. doi: 10.1055/s-0029-1240801 PMID: 20101562

Islam MR, Zaman A, Jahan |, Chakravorty R, Chakraborty S. In silico QSAR analysis of quercetin
reveals its potential as therapeutic drug for Alzheimer's disease. J Young Pharm. 2013 Dec; 5(4):173—
9. doi: 10.1016/}.jyp.2013.11.005 PMID: 24563598

Liu J, Li L, Suo WZ. HT22 hippocampal neuronal cell line possesses functional cholinergic properties.
Life Sci. 2009 Feb 27; 84(9-10):267—71. doi: 10.1016/j.1fs.2008.12.008 PMID: 19135458

Morimoto BH, Koshland DE Jr. Induction and expression of long- and short-term neurosecretory poten-
tiation in a neural cell line. Neuron. 1990 Dec; 5(6):875-80. PMID: 1980069

Zhao R, Zhang Z, Song Y, Wang D, Qi J, Wen S. Implication of phosphatidylinositol-3 kinase/Akt/glyco-
gen synthase kinase-3f3 pathway in ginsenoside Rb1’s attenuation of beta-amyloid-induced neurotoxic-
ity and Tau phosphorylation. J Ethnopharmacol. 2011 Feb 16; 133(3):1109—-16. doi: 10.1016/j.jep.
2010.11.054 PMID: 21129477

Yan F, Wang M, Li J, Cheng H, Su J, Wang X, et al. Gambogenic acid induced mitochondrial-depen-
dent apoptosis and referred to Phospho-Erk1/2 and Phospho-p38 MAPK in human hepatoma HepG2
cells. Environ Toxicol Pharmacol. 2012 Mar; 33(2):181-90. doi: 10.1016/j.etap.2011.12.006 PMID:
22222560

Hanana H, Talarmin H, Pennec JP, Droguet M, Morel J,Dorange G. Effect of okadaic acid on cultured
clam heart cells: involvement of MAPkinase pathways. Biol Open. 2012 Dec 15; 1(12):1192-9. doi: 10.
1242/bi0.20122170 PMID: 23259053

Landrieu I, Smet-Nocca C, Amniai L, Louis JV, Wieruszeski JM, Goris J, et al. Molecular implication of
PP2A and Pin1 in the Alzheimer's disease specific hyperphosphorylation of Tau. PLoS One. 2011; 6
(6):21521. doi: 10.1371/journal.pone.0021521 PMID: 21731772

FengY, XiaY, Yu G, Shu X, Ge H,Zeng K, et al. Cleavage of GSK-3f by calpain counteracts the inhibi-
tory effect of Ser9 phosphorylation on GSK-3f activity induced by H202. J Neurochem. 2013 Jul; 126
(2):234—42. doi: 10.1111/jnc.12285 PMID: 23646926

Meraz-Rios MA, Franco-Bocanegra D, Toral Rios D, Campos-Pefia V. Early onset Alzheimer's disease
and oxidative stress. Oxid Med Cell Longev. 2014; 2014:375968. doi: 10.1155/2014/375968 PMID:
24669286

Chen Z, Zhong C. Oxidative stress in Alzheimer's disease.Neurosci Bull. 2014 Apr; 30(2):271-81. doi:
10.1007/s12264-013-1423-y PMID: 24664866

Kamat PK, Tota S, Shukla R, Ali S, Najmi AK, Nath C. Mitochondrial dysfunction:a crucial event in oka-
daic acid (ICV) induced memory impairment and apoptotic cell death in rat brain. Pharmacol Biochem
Behav. 2011 Dec; 100(2):311-9. doi: 10.1016/j.pbb.2011.08.019 PMID: 21893081

Clausen A, Xu X, Bi X, Baudry M. Effects of the superoxide dismutase/catalase mimetic EUK-207 in a
mouse model of Alzheimer's disease: protection against and interruption of progression of amyloid and
tau pathology and cognitive decline. J Alzheimers Dis. 2012; 30(1):183—208. doi: 10.3233/JAD-2012-
111298 PMID: 22406441

Zhou S, Yu G, Chi L, Zhu J, Zhang W, Zhang Y, et al. Neuroprotective effects of edaravone on cognitive
deficit, oxidative stress and tau hyperphosphorylation induced by intracerebroventricular streptozotocin
in rats. Neurotoxicology. 2013 Sep; 38:136—45. doi: 10.1016/j.neuro.2013.07.007 PMID: 23932983

Dias-Santagata D, Fulga TA, Duttaroy A, Feany MB. Oxidative stress mediates tau-induced neurode-
generation in Drosophila. J Clin Invest. 2007 Jan; 117(1):236-45. PMID: 17173140

Hu S, Cui W, Mak S, Tang J, Choi C, Pang Y, et al. Bis(propyl)-cognitin protects against glutamate-
induced neuro-excitotoxicity via concurrent regulation of NO, MAPK/ERK and PI3-K/Akt/GSK3 path-
ways. Neurochem Int. 2013 Mar; 62(4):468—77. doi: 10.1016/j.neuint.2013.01.022 PMID: 23357479

Chen LQ, Wei JS, Lei ZN, Zhang LM, Liu Y, Sun FY. Induction of Bcl-2 and Bax Was Related to Hyper-
phosphorylation of Tau and Neuronal Death Induced by Okadaic Acid in Rat Brain. Anat Rec A Discov
Mol Cell Evol Biol. 2005 Dec; 287(2):1236—45. PMID: 16265626

PLOS ONE | DOI:10.1371/journal.pone.0152371

April 6,2016 17/18


http://www.ncbi.nlm.nih.gov/pubmed/26295822
http://www.ncbi.nlm.nih.gov/pubmed/23244426
http://dx.doi.org/10.1007/s11064-014-1343-x
http://www.ncbi.nlm.nih.gov/pubmed/24893798
http://dx.doi.org/10.1055/s-0029-1240801
http://www.ncbi.nlm.nih.gov/pubmed/20101562
http://dx.doi.org/10.1016/j.jyp.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24563598
http://dx.doi.org/10.1016/j.lfs.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19135458
http://www.ncbi.nlm.nih.gov/pubmed/1980069
http://dx.doi.org/10.1016/j.jep.2010.11.054
http://dx.doi.org/10.1016/j.jep.2010.11.054
http://www.ncbi.nlm.nih.gov/pubmed/21129477
http://dx.doi.org/10.1016/j.etap.2011.12.006
http://www.ncbi.nlm.nih.gov/pubmed/22222560
http://dx.doi.org/10.1242/bio.20122170
http://dx.doi.org/10.1242/bio.20122170
http://www.ncbi.nlm.nih.gov/pubmed/23259053
http://dx.doi.org/10.1371/journal.pone.0021521
http://www.ncbi.nlm.nih.gov/pubmed/21731772
http://dx.doi.org/10.1111/jnc.12285
http://www.ncbi.nlm.nih.gov/pubmed/23646926
http://dx.doi.org/10.1155/2014/375968
http://www.ncbi.nlm.nih.gov/pubmed/24669286
http://dx.doi.org/10.1007/s12264-013-1423-y
http://www.ncbi.nlm.nih.gov/pubmed/24664866
http://dx.doi.org/10.1016/j.pbb.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21893081
http://dx.doi.org/10.3233/JAD-2012-111298
http://dx.doi.org/10.3233/JAD-2012-111298
http://www.ncbi.nlm.nih.gov/pubmed/22406441
http://dx.doi.org/10.1016/j.neuro.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23932983
http://www.ncbi.nlm.nih.gov/pubmed/17173140
http://dx.doi.org/10.1016/j.neuint.2013.01.022
http://www.ncbi.nlm.nih.gov/pubmed/23357479
http://www.ncbi.nlm.nih.gov/pubmed/16265626

@’PLOS ‘ ONE

Quercetin Protects against HT22 Cells from OA-Induced Injury

26.

27.

28.

29.

30.

31.

32.

Chung C.W., Hong Y.M., Song S., Woo H.N., Choi Y.H., Rohn T, et al. A typical role of proximal cas-
pase-8 in truncated tau-induced neurite regression and neuronal cell death. Neurobiol Dis. 2003 Dec;
14(3):557-66. PMID: 14678771

Zeng KW, Wang XM, Ko H, Kwon HC, Cha JW,Yang HO. Hyperoside protects primary rat cortical neu-
rons from neurotoxicity induced by amyloid 3-protein via the PI3K/Akt/Bad/BcIXL regulated mitochon-
drial apoptotic pathway. Eur J Pharmacol. 2011 Dec 15; 672(1-3):45-55. doi: 10.1016/j.ejphar.2011.
09.177 PMID: 21978835

Min KJ, Lee JT, Joe EH, Kwon TK. An IkBa phosphorylation inhibitor induces hemeoxygenase-1(HO-1)
expression through the activation of reactive oxygen species (ROS)-Nrf2-ARE signaling and ROS-
PI3K/Akt signaling in an NF-kB-independent mechanism.Cell Signal. 2011 Sep; 23(9):1505—13. doi:
10.1016/j.cellsig.2011.05.013 PMID: 21620964

Xiao H, Wang J, Yuan L, Xiao C, Wang Y, Liu X. Chicoric Acid Induces Apoptosis in 3T3-L1 Preadipo-
cytes through ROS-Mediated PI3K/Akt and MAPK Signaling Pathways. J Agric Food Chem. 2013 Feb
20; 61(7):1509-20. doi: 10.1021/if3050268 PMID: 23363008

Giridharan VV, Thandavarayan RA, Arumugam S, Mizuno M, Nawa H, Suzuki K, et al. Schisandrin B
Ameliorates ICV-Infused Amyloid 8 Induced Oxidative Stress and Neuronal Dysfunction through Inhib-
iting RAGE/NF-kB/MAPK and Up-Regulating HSP/Beclin Expression. PLoS One. 2015 Nov 10; 10(11):
€0142483. doi: 10.1371/journal.pone.0142483 PMID: 26556721

Post A, Crochemore C, Uhr M, Holsboer F, Behl C. Differential induction of NF-kappaB activity and neu-
ral cell death by antidepressants in vitro. Eur J Neurosci. 2000 Dec; 12(12):4331-7. PMID: 11122343

Hu W, Li F, Mahavadi S, Murthy KS. Upregulation of RGS4 expression by IL-1beta in colonic smooth
muscle is enhanced by ERK1/2 and p38 MAPK and inhibited by the PIBK/Akt/GSK3 pathway. Am J
Physiol Cell Physiol. 2009 Jun; 296(6):C1310-20. doi: 10.1152/ajpcell.00573.2008 PMID: 19369446

PLOS ONE | DOI:10.1371/journal.pone.0152371

April 6,2016 18/18


http://www.ncbi.nlm.nih.gov/pubmed/14678771
http://dx.doi.org/10.1016/j.ejphar.2011.09.177
http://dx.doi.org/10.1016/j.ejphar.2011.09.177
http://www.ncbi.nlm.nih.gov/pubmed/21978835
http://dx.doi.org/10.1016/j.cellsig.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21620964
http://dx.doi.org/10.1021/jf3050268
http://www.ncbi.nlm.nih.gov/pubmed/23363008
http://dx.doi.org/10.1371/journal.pone.0142483
http://www.ncbi.nlm.nih.gov/pubmed/26556721
http://www.ncbi.nlm.nih.gov/pubmed/11122343
http://dx.doi.org/10.1152/ajpcell.00573.2008
http://www.ncbi.nlm.nih.gov/pubmed/19369446

