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Abstract

Alzheimer’s disease (AD) is the major form of age-related dementia and is characterized by
progressive cognitive impairment, the accumulation of extracellular amyloid B-peptide (AB), and
intracellular hyperphosphorylated tau aggregates in affected brain regions. Tau
hyperphosphorylation and accumulation in neurofibrillary tangles is strongly correlated with
cognitive deficits, and is apparently a critical event in the dementia process because mutations in
tau can cause a tangle-only form of dementia called frontotemporal lobe dementia. Among kinases
that phosphorylate tau, glycogen synthase kinase 3p (GSK3p) is strongly implicated in AD
pathogenesis. In the present study, we established an ELISA to screen for agents that inhibit
GSK3 activity and found that the flavonoid morin effectively inhibited GSK3p activity and
blocked GSK3p-induced tau phosphorylation in vitro. In addition, morin attenuated Ap-induced
tau phosphorylation and protected human neuroblastoma cells against Ap cytotoxicity.
Furthermore, treatment of 3xTg-AD mice with morin resulted in reductions in tau
hyperphosphorylation and paired helical filament-like immunareactivity in hippocampal neurons.
Morin is a novel inhibitor of GSK3p that can reduce tau pathology in vivo and may have potential
as a therapeutic agent in tauopathies.
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Introduction

Tauopathies are neurodegenerative disorders characterized by the abnormal intracellular
accumulation of filamentous aggregates of hyperphosphorylated tau protein; prominent
examples include Alzheimer’s disease (AD), frontotemporal dementia (FTD) and many
cases of Parkinson’s disease (Stoothoff and Johnson, 2005; Yancopoulou and Spillantini,
2003). Tau proteins are microtubule-associated proteins that are abundantly expressed in
neurons of peripheral and central nervous systems, primarily in axons wherein they stabilize
microtubules (Pittman et al., 2006). The tau phosphorylation state influences its ability to
bind and stabilize microtubules, with hyperphosphorylation resulting in tau detachment and

“To whom correspondence should be addressed at: Correspondence: J. Lee, Department of Pharmacy, College of Pharmacy, Longevity
Life Science and Technology Institutes, Pusan National University, Geumjeong-gu, Busan, 609-735, South Korea. Tel.:
+82-51-510-2805; Fax: +82-51-513-6754. neuron@pusan.ac.kr.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gong et al.

Page 2

self-aggregation and microtubule depolymerization (Alonso et al., 2001; Alonso et al., 1996;
Alonso et al., 1994; Luk et al., 2009). Tau hyperphosphorylation and aggregation is
sufficient to cause dementia as demonstrated by individuals with FTD, an inherited form of
‘tau only’ dementia (van Swieten and Spillantini, 2007). In AD, the numbers of tau tangle-
bearing neurons in vulnerable brain regions such as the hippocampus and frontal cortex have
been correlated with cognitive impairment in some studies (Dournaud et al., 1995; Nagy et
al., 1995). The cause of tau pathology in AD is not fully understood, but is believed to result
from increased oxidative stress (Mattson et al., 1997; Melov et al., 2007; Steinberg et al.,
2004), perturbed cellular calcium homeostasis (Hartigan and Johnson, 1999; Li et al., 2005;
Mattson, 1990) and energy deficits (Clodfelder-Miller et al., 2006). Altered proteolytic
processing of the amyloid precursor protein (APP) and accumulation of extracellular
amyloid B-peptide (AB) may be important antecedents to tauopathy and neuronal
degeneration in AD (Mattson, 2004). Aggregation of hyperphosphorylated tau protein and
deposition of AP are the two hallmark lesions of AD (Grundke-Igbal et al., 1986; Hooper et
al., 2008; Igbal and Grundke-Igbal, 2008; Kar et al., 2004).

Glycogen synthase kinase 3p (GSK3p) was originally identified as a regulator of glycogen
metabolism and is now known to regulate a diverse range of biological functions (Lee and
Kim, 2007). GSK3 is expressed at high levels in neurons in the brain where it plays
important roles in regulating structural and metabolic plasticity; two well-studied substrates
of GSK3p in neurons are the transcription factor p-catenin and tau (Soutar et al., 2010).
There is accumulating evidence that GSK3p plays a role in the hyperphosphorylation of tau
and the associated memory impairment in AD (Hooper et al., 2008). GSK3 expression is
up-regulated in the hippocampus and post-synaptosomal supernatants from AD brain
(Blalock et al., 2004; Pei et al., 1997) and in circulating peripheral lymphocytes in both AD
and in mild cognitive impairment (Hye et al., 2005). In addition, GSK3p transgenic mice
display tau hyperphosphorylation and neurodegeneration (Lucas et al., 2001), while chronic
lithium (GSK3p inhibitor) treatment prevents tau hyperphosphorylation and neurofibrillary
tangle formation in double transgenic mice overexpressing mutant tau (Noble et al., 2005).
In addition, a maleimide derivative that inhibits GSK3p exhibited neuroprotective effects in
cultured primary hippocampal neurons (Cross et al., 2001). Based upon its role in tau
hyperphosphorylation and neuronal degeneration in experimental models, GSK3p has
emerged as a therapeutic target for intervention in tauopathies including AD.

In the present study, we established an enzyme-linked immunosorbent assay (ELISA) to
identify GSK3p small-molecule inhibitors among a panel of natural polyphenols. One such
polyphenol called morin inhibited GSK3p activity, prevented tau hyperphosphorylation and
protected cultured human neural cells against Ap-induced cell death. Moreover, morin
effectively reduced tau hyperphosphorylation in the 3xTg-AD mouse model (Oddo et al.,
2003b).

Materials and methods

Chemicals

Morin (2',3,4',5,7-pentahydroxyflavone), lithium chloride (LiCl) and 2-[4,5-dimethyl-2-
ly]-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Phytochemical libraries were provided by Prof. Hae Young Chung at
Pusan University. Synthetic AB1_4o was obtained from American Peptide Company (CA,
USA). 2/, 7' — dichlorofluoresceindiacetate (DCF-DA), Hoechst 33342, and propidium
iodide (PI) were purchased from Invitrogen (Carlsbad, CA, USA).
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Expression and purification of recombinant enzymes and substrates

To develop an ELISA to screen GSK3p inhibitors from a panel of phytochemicals, we
generated recombinant creatine kinase-1le, GSK3p and B-catenin proteins. For active
enzymes, full-length CK1g (residues 1-319) and the GSK3p catalytic domains (residues 27—
293) were cloned from a 17-day-old mouse embryo cDNA library (Clontech) and expressed
in Escherichia coli (E. coli) and Bac-to-Bac baculovirus expression system (Life
Technology), respectively (Cegielska et al., 1998; Dajani et al., 2001). For a substrate, the
N-terminal region (residues 1-133) of p-catenin was expressed in E. coli BL21-codon Plus-
RIL cells (Stratagene) as a GST-fusion protein with a TEV protease cleavage site (pGex-
TEV-B-catenin). Cells were grown in Luria-Bertani medium at 7°C to an OD of 0.6-0.8,
induced with 0.5 mM IPTG and grown for another 4 hours at 30°C. After pelleting and
resuspension in 20 mM ethanolamine (pH 9.5), 150 mM NaCl, 2 mM B-mercaptoethanol
and 20 mM glutathione (GSH), the cells were lysed in a French pressure cell. Subsequently,
the GST tag was cleaved using recombinant TEV protease and was removed by repeated
HiTrapQ anion-exchange chromatography.

ELISA Screening for GSK3 inhibitors

The N-terminal region of B-catenin was phosphorylated by incubation with the catalytic
domain of CK1e (0.28 mg/ml) at 37°C for 20 minutes in 50 mM Tris buffer (pH 8.0)
containing 10 mM MgCl,, 10 mM 2-mercaptoethanol, and 1 mM ATP. Primed GST-tagged
B-catenin (0.2 mg/ml) by CK1e was then added to the GSH-coated 96-well plate (Thermo
Fisher Scientific, Inc.) and incubated at room temperature (RT) for 30 minutes. Then
GSK3p and phytochemicals in 5X buffer (250 mM Tris, 50 mM MgCl, and 50 mM (-
mercaptoethanol, pH 8.0) with 1 mM ATP were added and incubated at RT for 30 minutes.
After the wash with washing buffer (20 mM Tris, 150 mM NaCl, 2 mM B-mercaptoethanol,
pH 8.0), primary antibody against phospho-p-catenin (S33/37/T41) (1:4000; Cell signaling
Technology, Inc.) was added and incubated at RT for 1 hour. Next, peroxidase-conjugated
secondary antibody (anti-Rabbit:31460(#), 1:20000; Thermo Fisher Scientific, Inc.) was
added for 1 hour, followed by incubation with 50 ul/well 3,3',5,5'-tetramethylbenzidine
(TMB) solution (TMB solution; Calbiochem, La Jolla, CA). After incubation of the TMB
solution at 37°C for 10 minutes, H,SO,4 was added for 5 minutes to stop the reaction.

Preparation of AB1_42

The oligomeric APq_4o Was prepared as described previously (Dahlgren et al., 2002). AB1_42
peptide was dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanal (HFIP) to a final concentration
of 1 mmol/L. The peptide was dried in a vacuum dryer and the oligomeric AB,_4o peptide
was stored at —80°C until use. In our experiments, the peptide was dissolved in culture
medium to a final concentration of 10 uM, and the peptide was incubated at 4°C for 24
hours.

Cell culture and cell viability assay

Human neuroblastoma SH-SY5Y cells were obtained from American Type Culture
Collection (Manassas, VA, USA) and cultured in plastic culture dishes in RPMI 1640
medium containing 10% fetal bovine serum (FBS) and 2 mM glutamine in a humidified
atmosphere of 5% C0,/95% air at 37°C. For the cell viability experiments, cells were plated
in 24-well plates and incubated in RPMI 1640 medium containing 1% FBS to suppress cell
proliferation. Twenty-four hours after plating, the cells were pretreated with morin (1 uM,
10 uM) or LiCl (100 uM) for 6 hours and then treated with 10 uM AP for 24 hours.
Treatments were administered by direct dilution into the culture medium, and an equivalent
volume of vehicle was added to the control cultures. At the end of the experimental
treatment period, 150 ul of 0.5 mg/ml MTT in PBS was added to each well. The plate was
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incubated at 37°C for 4 hours and then the MTT solution was removed. Cells were dissolved
in solubilization solution (DMSO:ethanol, 1:1), and the formazan dye product was
quantified in an ELISA microplate reader at an absorbance of 560 nm.

Nuclear staining with Hoechst 33342 and PI

Cell death measurements were performed using a fluorometric method under a fluorescence
microscope, as described previously (Wrede et al., 2002). The plasma membrane of all cells
is permeable to Hoechst 33342 irrespective of whether they are damaged, and it emits blue
fluorescence after the dye binds to the nucleus. However, the polar nuclear stain Pl can only
penetrate cells with damaged membranes. Cells were seeded in 60-mm cultured dishes and
allowed to attach for 24 hours. Cells were pretreated with or without morin for 6 hours, and
then 10 uM AB1_42 was applied for 24 hours. Hoechst 33342 and PI were added for 10
minutes at final concentrations of 10 uM and 50 uM, respectively. Images were acquired
using a Nikon ECLIPSE TE 2000-U microscope (Nikon, Tokyo).

Assessment of oxidative stress

Briefly, 24 hours after seeding in a 96-well plate neuroblastoma cells were pretreated for 6
hours with 1 or 10 uM morin, and then 25 uM DCFDA was added to cell culture medium
for 30 minutes. After 30 minutes, A was added to each well. Changes in fluorescence
intensity were measured at 0, 10, 20, 30, 40, 50 and 60 minutes after Ap treatment with a
fluorescence plate reader (GLOMAX, Wisconsin, USA), with excitation and emission
wavelengths set at 485 and 530 nm, respectively.

Western blot analysis

After the experimental treatment, the cells and tissue homogenates were solubilized in SDS-
polyacrylamide gel electrophoresis sample buffer, and the protein concentration in each
sample was determined using a Bio-Rad protein assay kit with bovine serum albumin as the
standard. Total protein equivalents for each sample (50 pg protein per lane) were then
separated in 10% SDS-polyacrylamide gels and electrophoretically transferred to
Immobilon-PSQ transfer membrane (Millipore Corp., Bedford, MA, USA). The membrane
was immediately placed into blocking solution (5% nonfat milk) at room temperature for 30
minutes. The membrane was incubated with diluted primary antibody for phospho-tau
(pSpS;Serl99/202 Rapbit; 1:1000, Invitrogen), phospho-tau (pTau;Ser3%, Mouse; 1:1000,
Cell signaling Technology, Inc.), or B-actin (Mouse; 1:1000, Sigma Chemicals Co.) in TBS-
T buffer (Tris-HCI based buffer with 0.2% Tween 20, pH 7.5) at 4°C overnight. After
washing four times for 10 minutes each, the membrane was incubated with secondary
polyclonal anti-rabbit antibody or monoclonal anti-mouse antibody (1:10,000, Sigma
Chemicals Co.) in TBS-T buffer at room temperature for 1 hour. Horseradish-conjugated
secondary antibody labeling was detected by enhanced chemiluminescence (ECL) and
exposure to radiographic film. Pre-stained blue markers were used for molecular weight
determination.

Animals and drug administration

The 3xTg-AD mice were originally derived by transfecting transgenes encoding human
APPg,e and taupsgy_ into single-cell embryos harvested from homozygous mutant
PS1m146v knock-in mice. The 3xTg-AD mice progressively develop age-dependent
amyloid plaques, neurofibrillary tangles and cognitive impairment in AD-relevant brain
regions. The mice also display synaptic dysfunction including long-term potentiation (LTP)
deficits (Desai et al., 2009; Oddo et al., 2003a). The mice used in the present study were
backcrossed to C57BL/6 mice for 8 generations. Eight-month-old male 3xTg-AD mice and
age-matched C57/BL6 wild-type (WT) mice were used in the current study. All mice were
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maintained under temperature- and light-controlled conditions (20-23°C, 12-hour light/12-
hour dark cycle) and provided food and water ad libitum. Mice were randomly divided into
four groups of 4 or 5 animals. Morin was administrated once daily intraperitoneally (i.p.) at
10 mg/kg body weight for 7 days. Mice in the control group received an injection of 5%
ethanol in PBS (vehicle). The institutional animal care committee of Pusan National
University approved the experimental protocol (#PNU-2010-000163).

Tissue preparation

For the histological study, mice were anesthetized and perfused intracardially with 4%
paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). After fixative perfusion, the brains were
removed from the cranium, placed in the same fixation solution at 4°C overnight and
transferred to a 30% sucrose solution. The cryoprotected brains were sectioned serially at
40-um thickness in the coronal plane using a freezing microtome (MICROM, Germany),
and the brain sections were collected in Dulbecco’s phosphate-buffered saline (DPBS)
solution containing 0.1% sodium azide and stored at 4°C. Each section that contained the
hippocampal formation was saved.

Immunohistochemistry (IHC)

Sections were treated with 0.6% H,0, in Tris-buffered saline (TBS; pH 7.5) to block
endogenous peroxidase. The sections were blocked in TBS/0.1% Triton X-100/3% horse
serum (TBS-TS) for 30 minutes, and incubated with either anti-phospho-tau (mouse
monoclonal; 1:500, Cell signaling) or anti-HT7 (mouse monoclonal; 1:500, Thermo)
antibodies in TBS-TS at 4°C overnight. The sections were incubated with biotinylated
secondary goat anti-mouse IgG antibodies (1:400, Vector Laboratories) at room temperature
for 3 hours, followed by incubation with ABC solution (Vectastain ABC reagent Elite Kit,
Vector Laboratories, Burlingame, CA, USA) at room temperature for 1 hour. After
diaminobenzidine (DAB) solution was added to the sections for 5 minutes, images were
acquired using a Nikon ECLIPSE TE 2000-U microscope (Nikon, Tokyo). Cells in every
sixth section that included the hippocampus were counted. The reference region consisted of
the CAL neurons in the hippocampus. All cell counts were performed by the same blinded
investigator (EG).

Double-Labeling Immunostaining

For double-labeling IHC, the sections were blocked with 3% normal goat serum (Gibco,
Grand Island, NY, USA) and incubated with primary antibodies against the following
proteins: the neuronal marker NeuN (mouse monoclonal; 1:500, Chemicon, CO, ASO); the
astrocyte marker GFAP (rabbit polyclonal; 1:500, Sigma); the human tau marker HT7
(mouse monoclonal; 1:1000, Thermo); and the microglia marker Iba-1 (rabbit polyclonal;
1:500, Wako) at 4°C overnight. The brain sections were then washed with TBS and
incubated for 3 hours in presence of anti-mouse 1gG labeled with Alexa Fluor-488 and anti-
rabbit 1gG labeled with Alexa Fluor-568. Images were acquired using a FV10i FLUOVIEW
Confocal Microscope (Olympus, Tokyo).

Nissl (Cresyl Violet) Staining

For Nissl staining, the sections were mounted on slides and dried overnight. Brain sections
were hydrated in diminishing ethanol solutions stained with cresyl violet, then dehydrated in
increasing ethanol solutions and extracted with xylene. Sections were mounted with
permanent mounting medium (Fisher Scientific, Fair Lawn, NJ) and cover-slipped. Images
were acquired using a Nikon ECLIPSE TE 2000-U microscope (Nikon, Tokyo).
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Statistical analysis

Results

The statistical significance of the differences between control and morin-treated groups was
determined by analysis of variance (ANOVA) with Fisher’s protected least significant
difference (PLSD) procedure. Values of p<0.05 were considered statistically significant.
Analyses were performed using Statview software ®.

ELISA development to screen GSK3B inhibitors

In order to screen GSK3p inhibitors in a phytochemical library, we established the ELISA to
detect the enzymatic activity of GSK3p by using B-catenin as a substrate. The
phosphorylated GST-tagged B-catenin primed by CKI was incubated in GSH-coated well
plates and active GSK3p and phytochemicals (1, 2.5, 5 mM) were added to each well. Plates
were incubated with primary antibody against phospho-p-catenin overnight and then
peroxidase-conjugated secondary antibody. Enzyme activities were measured by the
colorization of TMB solution and stopped by addition of H,SO,4. We confirmed that the
phospho-B-catenin antibody selectively recognized B-catenin only after phosphorylation by
GSK3p and that this GSK3p activity was effectively blocked by 50 mM LiCl (Fig. 1A). We
identified 3 phytochemicals in the flavonoid library that were effective inhibitors of GSK3p
activity (data not shown), but morin showed the strongest inhibition in the GSK3p activity
assay (Fig. 1B). Several flavonoids with structural similarity to morin, including quercetin
and rutin, did not inhibit GSK3p activity (Fig. 1B).

Morin inhibits GSK3B-induced tau phosphorylation ex vivo

Since our ELISA screen is based on the phosphorylation of B-catenin by GSK3p, we next
determined whether morin inhibited GSK3B-mediated tau phosphorylation. The GSK3p-
inhibitory action of morin was tested ex vivo using brain tissue. We tested GSK3p-induced
tau phosphorylation from 3 different brain tissues (hippocampus, cortex and cerebellum),
and we found that hippocampal tau proteins were more quickly phosphorylated by GSK3p
compared to tau from cerebellum, and this phosphorylation was maintained longer than that
of tau from cortex (Supplemental Fig. 1). GSK3p dramatically increased the
phosphorylation of hippocampal tau in 30 min (Fig. 2A). Morin significantly attenuated
GSK3B-induced tau phosphorylation in a dose-dependent manner, whereas the negative
controls quercetin and rutin failed to modulate tau phosphorylation (Fig. 2B). Note that
GSK3B-induced tau phosphorylation was also effectively blocked by 50 mM LiCl (Fig. 2B).
Therefore, we were able to confirm the inhibitory action of morin on GSK3p activity and
GSK3B-induced tau phosphorylation. In addition, we have confirmed ex vivo experiments in
the presence of phosphatase inhibitors (50 mM NaF, 5 mM B-glycophosphate, and 1 mM
sodium vanadate) to show that morin decreased hyperphosphorylation of tau by inhibiting
GSK-3p in the hippocampal homogenate (Supplemental Fig. 2).

Morin decreases AB-induced cell death and tau phosphorylation in human neuroblastoma

cells

Several studies have shown that Ap can cause cell death (Hoi et al., 2010; Kwon et al., 2010;
Song et al., 2008). To determine whether morin can protect neural cells against AB-induced
death, a cell viability test was performed in human neuroblastoma SH-SY5Y cells. Cells
were seeded and cultured for 24 hours; the cells were then pretreated with different
concentrations of morin for 6 hours and then incubated with 10 uM AB1_45 in 1% FBS
medium for 24 hours. We also examined the protective effect of the GSK3p inhibitor LiCl
(100 uM) against AB-induced neurotoxicity. MTT analysis showed that A significantly
decreased cell viability, and both morin and LiCl effectively reduced Ap-induced cell loss
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(Fig. 3A). Ap-induced cell death was also assessed by staining the cells with the DNA-
binding dye Hoechst 33342 and the cell-impermeant dye PI. Cells were pretreated with
morin (1 pM and 10 pM) for 6 hours, followed by treatment with AB for 24 hours. AB
treatment resulted in an increase in the number of Pl-stained cells, suggesting that Af caused
cell death. There were significantly fewer Pl-stained cells following Ap treatment in cells
pretreated with 1 uM or 10 pM morin compared to cells not pretreated with morin (Fig. 3B
and C).

It has been reported that AB1_42 induces tau phosphorylation in human neuroblastoma cells
and rat hippocampal neurons (Busciglio et al., 1995; Ferrari et al., 2003; Sun et al., 2008;
Zhang et al., 2009). Therefore, in order to evaluate whether the neuroprotective effect of
morin is related with tau-phosphorylation, we examined the levels of phospho-tau protein in
cultured human neuroblastoma cells treated with Ap. We considered using primary rodent
hippocampal neurons, but they did not exhibit nearly as robust tau hyperphosphorylation
compared to the human neuroblastoma cells, presumably because the tau sequence is
different in rodents. Ap significantly increased phosphorylation levels of tau protein, and
morin effectively inhibited tau hyperphosphorylation, supporting the neuroprotective action
of morin (Fig. 3D).

Most flavonoids have an antioxidant activity (Hurst et al., 2009; Kim et al., 2005; Kim et
al.,; Lambert and Elias 2010). As expected, AP significantly increased ROS production in a
time-dependent manner. Interestingly, 1 uM morin was not able to prevent Ap-induced ROS
while 10 uM morin effectively blocked the ROS generation (Fig. 3E). These results suggest
that the neuroprotective action of the low concentration morin (1 uM) may be mediated
probably by suppression of tau hyperphosphorylation, rather than by a direct antioxidant
action of morin. LiCl exhibited no antioxidant activity in our DCF assay (data not shown).

Morin treatment decreases tau hyperphosphorylation and HT-7 in the hippocampus of
3xTg-AD mice

Previous studies have shown that 3xTg-AD mice develop both plague and tangle
pathologies as they age (Oddo et al., 2003b). To verify the effect of morin on the tau
hyperphosphorylation in vivo, we administered morin (10 mg/kg, i.p. daily for 7 days) to 8-
month-old 3xTg-AD mice. Immunostaining of brain sections revealed numerous phospho-
tau (ser3%6, PHF13)-stained CA1 neurons in vehicle-treated 3xTg-AD mice. In contrast,
there was a marked reduction in phospho-tau immunoreactivity in CA1 neurons of morin-
treated 3xTg-AD mice (Fig. 4A). We also observed sparse phospho-tau-stained cells in the
cortex and amygdala, and morin decreased levels of phospho-tau in these brain regions (data
not shown). We also immunostained brain sections with antibody HT7, which recognizes all
human tau (Kobayashi et al., 2003). HT7 immunostaining was not observed in wild-type
mice, and the majority of immunostained cells were confined to the CA1 region of
hippocampus in 3xTg-AD mice. HT7 staining was significantly decreased in 3xTg-AD mice
treated with morin compared to that in mice treated with vehicle (Fig. 4B).

Tau hyperphosphorylation occurs early and prior to neuronal damage and glial reactivity

in 3xTg-AD

In order to evaluate neuronal loss and glial cell activation in 3xTg-AD mice, double-label
immunohistochemistry was performed using antibodies against the neuronal marker NeuN
in combination with the astrocyte marker GFAP or the marker of activated microglia Iba-1.
There was no significant difference in NeuN, GFAP or Ibal staining in the hippocampus of
3xTg-AD mice compared to wild-type mice (Fig. 5A). However, the modulatory effect of
morin on tau hyperphosphorylation was reconfirmed (Fig. 5B). In addition, Nissl staining
revealed no apparent differences in the neuronal density or shape of the hippocampus and
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cortex in 3xTg-AD mice compared to wild-type mice (data not shown). These data suggest
that, while there is tau hyperphosphorylation in 8-month-old 3xTg-AD mice, there is no
apparent glial hyperactivation or neuronal loss associated with the tau pathology.
Nonetheless, we clearly observed tau hyperphosphorylation in the hippocampus and morin
effectively reduced the tau hyperphosphorylation.

Discussion

Because AD is characterized by the abnormal accumulation of AB plaques, most studies
have targeted p-secretase (BACE) and y-secretase to modulate sequential proteolytic
cleavage of APP so as to reduce AP production (Arbel et al., 2005; Evin and Kenche, 2007;
Jo et al., 2010; Nunan and Small, 2000; Vassar et al., 1999). Unfortunately, in a recent major
clinical trial, a y-secretase inhibitor exacerbated the cognitive decline in AD patients
(Extance), likely because of off-target actions of y-secretase in the Notch signaling pathway
(Wang et al., 2004). In the present study, we focused on a tau-based AD therapeutic strategy
by targeting tau phosphorylation by GSK3p, a kinase previously reported to phosphorylate
tau on the same amino acids that are hyperphosphorylated in tauopathies (Avila et al., 2010;
Hooper et al., 2008)

We developed a novel ELISA system for GSK3p activity and used it to identify morin as a
chemical inhibitor of GSK3p that blocks GSK3p-mediated tau hyperphosphorylation and
decreases AB-induced cell death and tau phosphorylation. Morin is a naturally occurring
flavonoid that occurs in several different plants including old fustic (Macluratinctoria),
Osage orange (Maclurapomifera), common guava (Psidiumguajava), onion and apple.
Morin exhibits various biological actions in non-neuronal cells including antioxidant, anti-
inflammatory and anti-cancer effects and cytoprotection (Subash and Subramanian, 2008;
Subash and Subramanian, 2009). Interestingly, it was reported that polyphenols including
morin have potent anti-amyloidogenic effects by inhibiting the formation of A fibrils (Ono
et al., 2003). Moreover, some natural flavonoids can inhibit BACE to reduce the levels of
secreted A in primary neurons (Shimmyo et al., 2008). In contrast to morin (2',3,4',5,7-
pentahydroxyflavone), the structurally related flavonoid quercetin (3,3',4,5,7-
pentahydroxyflavone) had no effect on GSK3p activity and tau hyperphosphorylation.

Morin protected neurons against tau hyperphosphorylation induced by Ap. The
mechanism(s) by which AP promotes tau hyperphosphorylation are not understood fully, but
are believed to involve oxidative stress (Mattson et al., 1997), perturbed cellular Ca2*
homeostasis (Mattson, 2004), and the activation of kinases and/or inhibition of phosphatases
(Alvarez et al., 2002; Esposito et al., 2006; Stoothoff and Johnson, 2005). We found that
morin prevented AB-induced tau hyperphosphorylation in human neuroblastoma cells.
Because previous studies have shown that other flavonoids (epicatechin and Purple sweet
potato anthocyanins) can suppress Ap-induced oxidative stress in cultured cells (Kim et al.,
2005; Martin et al., 2010; Ye et al., 2010), it is possible that reduced oxidative stress may
contribute to the neuroprotective action of morin. However, we found that 1 pM morin did
not prevent Ap-induced oxidative stress but did inhibit AB-induced tau
hyperphosphorylation and cell death. The latter result is consistent with a key role for the
inhibition of GSK3p in the neuroprotective mechanism of action of morin. In addition, we
found that 100-500 pM morin, which were necessary to efficiently block the exogenously
added GSK3p-induced tau hyperphosphorylation in hippocampal homogenates, were
cytotoxic to human neuroblastoma cells (data not shown). However, in the experiments of
cell viability and generation of ROS, lower concentration of morin (1-10 uM) and LiCl (100
uM) were sufficient to inhibit endogenous GSK3p without affecting cell viability.
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We found that treatment with morin ameliorated tau hyperphosphorylation in 3xTg-AD
mice, an animal model of AD. Morin-treated 3xTg-AD mice exhibited significantly fewer
phospho-tau immunoreactive neurons compared to vehicle-treated 3xTg-AD mice. The
3xTg-AD mice express mutant forms of tau and APP that cause early-onset FTD and AD,
respectively. The tau hyperphosphorylation in hippocampal CA1 neurons and some cortical
neurons occurs relatively early in the disease process in the 3xTg-AD mice, concomitant
with early accumulation of soluble AB oligomers and prior to cognitive impairment (Oddo et
al., 2003a; Oddo et al., 2003Db). It is possible that GSK3p acts both upstream and
downstream of AP production/aggregation to increase tau hyperphosphorylation. We
observed neuron-associated AB immunoreactivity in the hippocampus of 3xTg-AD mice
that was lessened in morin-treated 3xTg-AD mice, suggesting that morin inhibits AP
production and/or enhances its clearance (Supplemental Fig. 3). This is consistent with
previous studies in which GSK3p inhibitors reduced A production (Phiel et al., 2003;
Sereno et al., 2009). On the other hand, perturbed cellular Ca?* homeostasis occurs early in
the disease process in 3xTg-AD mice because of a pathogenic effect of mutant presenilin-1
that results in excessive elevation of intracellular Ca2* levels (Goussakov et al., 2010; Guo
et al., 1999). Data suggest that, by activating calcineurin, Ca2* can activate GSK3p (Kim et
al., 2009), consistent with a role for Ca2* in GSK3p-mediated tau hyperphosphorylation in
3xTg-AD- mice (Elliott et al., 1993; Mattson, 1990).

Collectively, our findings suggest that morin is an effective inhibitor of GSK3p-mediated
tau hyperphosphorylation in cell culture and in vivo in a mouse model of AD. Further
medicinal chemistry and preclinical development will be required to establish the molecular
mechanism of the interaction of morin with GSK3p, and to determine whether this and
related flavonoids ameliorate the cognitive deficits in animal models of AD and other
tauopathies.
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Fig. 1.

Characterization of an ELISA to screen GSK3 inhibitors using B-catenin as a substrate.
(A) Adding GSK3p significantly increased p-catenin phosphorylation, and LiCl (50 mM)
effectively blocked GSK3p-induced phosphorylation. (B) Among flavonoids tested, we
found that morin decreased the levels of phosphorylated -catenin, while flavonoids with
similar structures had no effect on GSK3-induced phosphorylation.
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Fig. 2.
Morin inhibits GSK3p activation-induced tau hyperphosphorylation in hippocampal
homogenate.

GSK3p-inhibitory effect of morin was evaluated by tau phosphorylation inhibition.
Hippocampal tissue homogenate in 5X buffer with 1 mM ATP was pre-incubated with
phytochemicals on ice for 30 minutes and then GSK3p was added and incubated at 37°C in
a water bath for 30 minutes. Tau hyperphosphorylation (pTauser39, pSpsser199/202y \yas
determined by immunoblot analysis. Note the molecular band shift due to increased
phosphorylation. (A) GSK3p significantly increased tau hyperphosphorylation compared to
homogenates incubated in the absence of GSK3p. (B) LiCl (50 mM), a well-known GSK3p3
inhibitor, decreased the tau hyperphosphorylation induced by GSK3p. Morin effectively
decreased the GSK3B-mediated tau hyperphosphorylation in a concentration-dependent
manner. In contrast, quercetin and rutin did not inhibit GSK3p-induced tau
hyperphosphorylation.
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Fig. 3.

Protective effects of morin against Ap-induced neurotoxicity and tau hyperphosphorylation
in human neuroblastoma cells.

We investigated whether morin prevents Ap-induced cell death and tau
hyperphosphorylation in SH-SY5Y human neuroblastoma cells. (A) Cells were pretreated
with morin (1 pM or 10 uM) and LiCl (100 uM) for 6 hours, followed by incubation with 10
uM AR for 24 hours. Cell viability was determined using the MTT assay. Pretreatment with
morin and LiCl significantly increased cell viability in Ap-treated cells. (B) We confirmed
that morin protected against AB-induced cell death using Hoechst 33342 and Pl staining. (C)
Quantitative analysis of the number of Pl-stained SH-SY5Y cells. The values are reported as
the mean + S.E.M (n=4). *p<0.01 compared to control. #p<0.01 compared to AB-treated
culture. Scale bar = 100 um. (D) Whole cell extracts from cells pretreated with morin for 6
hours, followed by treatment with 10 uM AP for 24 hours, were subjected to immunoblot
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analysis using antibodies against phosphorylated tau protein (pTauser39, pSpgser199/202y
Level of B-actin was used as protein loading control. The blots were quantified by the
densitometric analysis. (E) Total ROS were evaluated by DCF-DA method. Exposure to Af
(10 uM) elevated ROS levels in the cells and morin treatment resulted in a significant
attenuation of Ap-induced ROS production. Values are the mean + S.E.M (n=8). * p<0.01
compared to control. # p<0.01 compared to AB-treated culture (ANOVA with Fisher’s
PLSD procedure).
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Levels of tau hyperphosphorylation and HT-7 immunoreactivity were alleviated by morin

treatment in the hippocampus of 3xTg-AD mice.

(A and B) Accumulation of tau phosphorylation and HT-7 in hippocampal neurons of

vehicle- and morin-treated 3xTg-AD mice were evaluated by immunohistochemistry using
antibodies pTauser3%9 (A) and HT7 (B). Scale bar = 100 um. Phospho-tau- and HT7-stained

neurons were observed in CA1 region of 3xTg-AD mice. However, morin treatment

decreased the numbers of phospho-tau- and HT7-stained CA1 neurons. No staining was
detected in WT mice. Value are the mean + S.E.M (n=4). * p<0.01 compared to 3xTg-AD-

Control (ANOVA with Fisher’s PLSD procedure).
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Fig. 5.

Early tau hyperphosphorylation is not associated with neuronal loss or glial hyperreactivity
in 3xTg-AD mice.

(A) To evaluate the neuronal loss/damage in 3xTg-AD mice, double-label
immunohistochemistry was performed with primary antibodies against a post-mitotic neuron
marker NeuN (red) and the astrocyte marker GFAP (green). There was no sign of neuronal
death and/or loss, or astroglial activation in the hippocampus. (B) Furthermore, microglia
Iba-1 staining (red) showed no neuroinflammatory response in the hippocampus of 8 month-
old 3xTg-AD mice. However, we were able to confirm that morin significantly decreased
HT7-stained CAL neurons (green).
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