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Abstract In brain, excess zinc alters the metabolism of
amyloid precursor protein, leading to 3-amyloid protein
deposition, one of the hallmarks of Alzheimer’s disease
(AD) pathology. Recently, it has been reported that zinc
accelerates in vitro tau fibrillization, another hallmark of
AD. In the current study, we examined the effect of
high-concentration zinc on tau phosphorylation in human
neuroblastoma SH-SYSY cells. We found that incubation
of cells with zinc resulted in abnormal tau phosphorylation at
Ser262/356. Moreover, the current study has investigated
whether luteolin (Lu), a bioflavonoid, could decrease zinc-
induced tau hyperphosphorylation and its underlying mecha-
nisms. Using Western blot and protein phosphatase activity
assay, activities of tau kinases and phosphatase were investi-
gated. Our data suggest (1) that zinc induces tau hyperphos-
phorylation at Ser262/356 epitope and (2) that Lu efficiently
attenuates zinc-induced tau hyperphosphorylation through
not only its antioxidant action but also its regulation of the
phosphorylation/dephosphorylation system.
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Abbreviations

AD Alzheimer’s disease

CaMKII Calcium/calmodulin-dependent protein kinase 11
ERK1/2 Extracellular signal-regulated kinases 1 and 2
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase
GSH Reduced glutathione

GSK3p Glycogen synthase kinase 33

H,0, Hydrogen peroxide

Lu Luteolin

mTOR Mammalian target of rapamycin

NFTs Neurofibrillary tangles

OA Okadaic acid

p70S6K 70-kDa Ribosomal protein S6 kinase
PP2A Protein phosphatase 2A

Rapa Rapamycin

ROS Reactive oxygen species

SH-SYS5Y Human SH-SYS5Y neuroblastoma cells
Introduction

In brain, zinc is released into the synaptic cleft with synaptic
activity, reaching routine concentrations of 10-20 uM and a
concentration of 300 uM in extreme conditions. It is well
established that zinc has a crucial pathogenic role in pro-
moting the deposition of (3-amyloid protein [1]. Zinc seems
to accumulate in and around neurofibrillary tangles (NFTs),
characterized by hyperphosphorylated tau protein, and cor-
relate with the severity of dementia in neurodegenerative
diseases [2]. Moreover, enhanced zinc consumption
increases brain levels of zinc and causes memory deficits
[3]- Recently, it has been shown that zinc can also accelerate
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the aggregation of a tau peptide, the major protein subunit of
NFTs under reducing conditions [4]. These data suggest that
zinc may play a key role in quickening the clinical progres-
sion of the dementia associated with Alzheimer’s disease
(AD). Whether zinc could trigger tau hyperphosphorylation,
however, remains elusive.

Targeting zinc ions or controlling zinc-triggering down-
stream signal transduction cascades are believed to be effi-
cient therapeutic strategies for zinc-induced toxicity-
associated diseases. It was reported that treatment with a
zinc chelator markedly and rapidly inhibited (-amyloid
accumulation in AD-model mice [5, 6], suggesting that
targeting zinc might improve senile plaque lesions. Never-
theless, whether targeting zinc could inhibit tau hyperphos-
phorylation is obscure.

As a bioflavonoid, luteolin (Lu) has been shown to pos-
sess antioxidant and anti-inflammatory properties. It was
reported that Lu, when applied to the Tg2576 mouse model
of AD, could decrease soluble A 3 levels, reduce GSK3
activity, and disrupt PS1—-amyloid precursor protein (APP)
association [7], suggesting that Lu may exert a beneficial
effect on neurodegenerative diseases. Our previous study
has demonstrated that Lu protects SH-SYSY cells against
reactive oxygen species (ROS)-mediated apoptotic cell
death induced by zinc by inhibiting the PI3K/Akt/NF-«B/
ERKs pathway [8]. Whether Lu is able to interfere with
zinc-induced tau phosphorylation, however, is needed for
further investigations.

The aims of the current study are to measure the effect of
zinc on tau phosphorylation in SH-SYSY cells, to elucidate
the effect of Lu on zinc-induced tau phosphorylation and its
underlying mechanisms. Our data demonstrate that high-
concentration zinc triggers tau hyperphosphorylation via the
overactivation of tau kinases, and Lu downregulates the kinase
activities and recovers the suppressed total phosphatase activ-
ity. The findings strongly support the notion that Lu might
reduce the zinc-induced tau phosphorylation at Ser262/356
epitope in an ROS-dependent manner by regulating the balance
between tau kinases and phosphatases.

Materials and Methods
Materials

Anti-pSer262, anti-pSer356 tau antibodies were purchased
from Bioworld Technology (Minneapolis, MN, USA). Anti-
tau 5 antibody was purchased from Calbiochem (San Diego,
CA, USA). Anti-pCaMKII, anti-total CaMKII, anti-pSer21/
9 GSK3«/f3, anti-total GSK3w/3, anti-pSer389 p70S6K,
anti-total p70S6K, and anti-GAPDH antibodies were pur-
chased from Cell Signal Technology (Beverly, MA). U0126,
GSH, LY294002, okadaic acid (OA), and rapamycin were
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purchased from Beyotime Biotechnology (Beyotime, China).
Other reagents including zinc sulfate were obtained from
Sigma, unless indicated otherwise.

Cell Culture

To assure cell-cycle synchronization, SH-SY5Y cells were
cultured for 24 h in Dulbecco’s modified Eagle’s medium
(low glucose) supplemented with HEPES, 0.5% (v/v) fetal
bovine serum (Hyclone, Inc.), 100 U/mL penicillin, and
100 mg/mL streptomycin, and maintained in a humidified,
5% CO, incubator at 37°C. Before treating the cells, the
cultures were maintained in medium containing 10% FBS
for at least 10 h. Unless otherwise stated, experiments were
performed with cells at 80% confluency.

Western Blot Assay

To determine the phosphorylation levels of tau protein and the
activities of several tau kinases, Western blot analyses were
performed as described previously [9]. Briefly, cells were
rinsed with ice-cold PBS and then lysed in buffer containing
1% Triton X-100, 1% sodium dodecyl sulfate (SDS) supple-
mented with protease inhibitor, centrifuged at 8,000 rpm for
5 min at 4°C. Equal amounts of total protein (measured with a
BCA Protein Assay Kit, Pierce) were separated by SDS-
PAGE on 10% polyacrylamide gels, and then transferred to
PVDF membranes. Membranes were blocked with 5% non-
fatty milk in Tris buffered saline (TBS)/0.1% (v/v) and Tween-
20 (TBST) and then subsequently probed with appropriate
primary antibodies diluted in 5% BSA in TBST for 1 h.
Membranes were washed with TBST and incubated with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse
antibodies (1:10,000) for 1 h at room temperature; labeled
bands were visualized with an ECL detection system. The
relative density of immunoreactive bands on Western blots
was measured by using the Quantity One 4.3.0 software (Bio-
Rad Laboratories, Hercules, CA, USA).

Protein Phosphatase Activity Measurements

Cellular protein phosphatase 2A (PP2A) and total Ser/Thr
phosphatase activity were measured using a colorimetric
protein phosphatase assay kit purchased from Enzo Life
Sciences Inc. The assay was performed according to the
manufacturer’s instructions. Briefly, control and treated cells
were scraped off the plates with phosphatase extraction
buffer. After brief centrifugation, the supernatant was incu-
bated with the phosphate detection solution offered by the
kit. Following incubation, the supernatant transferred to a
96-well plate (Bio-Tek Instruments), and free phosphate was
quantified by measuring the absorbance of the mixture at
650 nm. Data were normalized to control values.
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Statistical Analysis

Quantitative data were statistically analyzed by independent
Student’s? test. Data are presented as the mean=+standard
deviation and analyzed using SPSS 10.0 statistical software
(SPSS Inc, Chicago, IL, USA). p<0.05 is regarded as the
criterion for significant differences among groups.

Results

Zinc induces abnormal tau phosphorylation at Ser262/356
epitope involved in upregulation of several tau kinases,
and it appears to be mediated by ROS in SH-SYSY cells

To investigate the effect of zinc on tau phosphorylation in
SH-SYSY cells, the level of tau phosphorylation was
examined after cells were treated with different concen-
trations (0, 100, 200, 300, or 400 uM) of zinc for 1 h.
Figure la shows that tau phosphorylation at Ser356 is
markedly enhanced in the zinc treatment groups com-
pared with the control groups, suggesting that zinc may
induce in vitro tau hyperphosphorylation.

Exogenous addition of hydrogen peroxide (H,O,) has
often been used to mimic the effect of H,O, production
during signal transduction processes [10]. Moreover, our
published data reveal that zinc (300 uM, 1 h) significantly
induces an increased intracellular ROS level [8]. Thus, in
our study, H,O, treatment was used to mimic the intracel-
lular production of H,O,, which mediated, at least in part,
zinc-induced tau phosphorylation. Cells were treated with

H,0, (200 uM) for different lengths of time from 10 min to
4 h, and the levels of phosphorylated tau at Ser262/356 were
examined with Western blot assay. As shown in Fig. 1b and
¢, tau phosphorylation at both sites is elevated at 10 min
(relative values, 0.982+0.14 for pSer262, 2.04+0.17 for
pSer356, p<0.05 vs. control groups), peaked at 1 h (relative
values, 1.36+£0.32 for pSer262 p<0.05, 2.5+0.16 for
pSer356, p<0.01 vs. control groups), and then returned to
control levels within 4 h of exposure to H,O, (relative
values, 1.07+0.18 for pSer262, 0.27+0.37 for pSer356, p
>0.05 vs. control groups), indicating that the changes of
phosphorylation levels of tau protein triggered by exoge-
nous H,O, appear, in case of time course measurement, to
be in accordance with that of zinc induction.

To further clarify whether the increased intracellular ROS
level mediates zinc-induced tau phosphorylation, a potent
free radical scavenger reduced glutathione (GSH) was used
to study the effect of ROS on tau phosphorylation. Cells
were preincubated with GSH (30 mM, 1 h) followed by
300 uM zinc for an additional 1 h, and the level of pSer356
tau was detected. The result demonstrates that GSH attenu-
ates zinc-induced tau phosphorylation, indicating that the
increased intracellular ROS level appears to be tightly cor-
related with zinc-induced tau phosphorylation. In addition,
our published data show that zinc strongly activates the
extracellular signal-regulated kinase 1/2 (ERK1/2) [8], also
considered as a tau kinase [11, 12]. To determine whether
ERK1/2 as well as another tau kinase, the 70 kD S6 protein
kinases (p70S6K), mediates zinc-induced tau phosphoryla-
tion, cells were pretreated for 1 h with rapamycin (Rapa,
100 nM), an inhibitor of FRAP/mTOR which is the
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Fig. 1 Zinc induces abnormal tau phosphorylation at Ser262/356
epitope involved in several tau kinases, and it appears to be mediated
by ROS in SH-SYS5Y cells. After 0-400 uM zinc treatment for 1 h, the
level of tau phosphorylation at Ser356 was examined with Western blot
assay (a; n=3). After 200 uM H,0, treatment for 0—4 h, the levels of
tau phosphorylation at Ser262/356 were also assayed with Western blot
(b; n=3), and the shape of the curve of the changes induced by H,O; in
tau phosphorylation is shown in ¢. After U0126 (10 uM), GSH

(30 mM) and/or Rapa (100 nM) pretreatment for 1 h followed by
300 uM zinc for an additional 1 h, the level of tau phosphorylation
was detected (d, n=3). Cells were pretreated with LY294002 at con-
centrations of 10, 20, or 40 uM followed by 300 uM zinc for an
additional 1 h, and tau phosphorylation at Ser262 was detected (e,
n=3). The graphs in f represent densitometric analysis of the bands
from e. Significance indicated by *p<0.05, **p<0.01 compared with
control groups, #p<0.05, ##p<0.01 compared with zinc-treated groups
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immediate upstream kinase of p70S6K, or with the ERK1/2
inhibitor U0126 (10 uM), followed by 300 pM zinc for an
additional 1 h. As shown in Fig. lc, both Rapa and U0126
significantly decrease tau phosphorylation, suggesting that
activations of p70S6K and ERK1/2 are responsible for zinc-
induced tau phosphorylation.

We have preciously established that zinc also strongly
induced Akt activation, being capable of phosphorylating
tau at several sites [13]. To investigate whether Akt mediates
zinc-induced tau phosphorylation, cells were pretreatment
with LY294002 (0, 10, 20, or 40 uM), an PI3K inhibitor that
acts as an upstream inhibitor of Akt activation, followed by
300 puM zinc for an additional 1 h, and tau phosphorylation
at Ser262 was detected by Western blot assay. As shown in
Fig. le and f, ptau is decreased by LY294002 at concen-
trations of 20 or 40 uM (relative values, 1.32+0.17, 1.08+
0.36, p<0.05 vs. zinc-treated groups), in particular, at a
concentration of 40 puM, indicating that Akt is likely to
mediate zinc-induced tau phosphorylation.

Luteolin Attenuates Zinc-Induced Abnormal Tau
Phosphorylation

To investigate the effect of luteolin on zinc-induced tau
phosphorylation, cells were pretreated for 1 h with 5—
100 uM luteolin followed by 300 uM zinc for an additional
1 h, and the levels of tau phosphorylation at Ser262/356
were measured with Western blot analysis. Tau phosphory-
lation was significantly attenuated in the luteolin pretreat-
ment groups compared with the zinc-alone treatment groups
(Fig. 2a and b; relative values, 1.746+0.37, 1.52+0.28, 1.42

+0.38, 1.39+0.27, 1.0£0.42, and 0.47+0.27, 2.5+0.16 for
pSer356; 1.3+0.49, 1.33+0.43, 1.31+0.37,0.73+0.26, 0.52
+0.22, and 0.47+0.27 for pSer262, in the 5, 10, 20, 40, 80,
and 100 uM Lu pretreatment groups, respectively, p<0.05,
p<0.01 vs. zinc-treated groups), in particular, at a concen-
tration of 100 uM.

To test whether luteolin, per se, could affect tau phos-
phorylation, we treated cells with 5, 20, 80 or 100 pM
luteolin alone for 1 h and measured the phosphorylation
level of tau at Ser356. We found that luteolin alone did not
obviously alter tau phosphorylation, suggesting that luteo-
lin’s effect on tau phosphorylation appears to be dependent
upon zinc (Fig. 2c).

Luteolin Regulates the Activities of Tau Protein Kinases
and Protein Phosphatases

Since p70S6K and glycogen synthase kinase 33 (GSK3(3)
are the two major tau kinases, we estimated the effect of
luteolin on their activities as assessed by the phosphoryla-
tion levels. Cells were pretreated with luteolin (1, 10, or
20 uM) followed by zinc treatment (300 uM) for an addi-
tional 1 h. As shown in Fig. 3a, the intensity of the relative
immunoreaction of p70S6 kinase is dramatically decreased
by luteolin pretreatment. Figure 3b shows GSK3f Ser9
phosphorylation, which inactivates GSK3f3, is markedly
reduced by luteolin, indicating that luteolin’s inhibitory
effect on zinc-induced tau phosphorylation at Ser262/356
appears to be poorly correlated with inhibition of GSK3[3.
It has been reported that calcium/calmodulin-dependent
protein kinase II (CaMKII) is an important tau kinase. Thus,

A B
— % 2.5 1 pSerdsh
psersso tau [INEEEREEREEE |, e
pSer262 tau | == == L %1-5
tau-5 |-—--_~ s ! i
2o0s
GAPDH | 2 o
) L S A i e
ZInc (300 ]_IN‘) = + + + + + + * be?&v:\?\’;&’"\’oc@\;s’@@\y
Lu(uM) — — 5 10 20 40 80100 R

pSer3s ta [ S ——

tau5 |

GAPDH | F—-.q

Lu(uM) - s

Fig. 2 Luteolin attenuates zinc-induced abnormal tau phosphorylation.
Pretreatment with increasing concentrations of luteolin for 1 h followed
by zinc (300 uM) for an additional 1 h. The levels of tau phosphorylation
at Ser262/356 were examined with Western blot (a). The graphs in b
represent densitometric analysis of the bands from three independent
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experiments of a. Significance indicated by *p<0.05, **p<0.01
compared with control groups, #p<0.05, ##p<0.01 compared with
zinc-treated groups. After cells had been treated with increasing concen-
trations of luteolin only (0—100 uM) for 1 h, the level of tau phosphor-
ylation at Ser356 was also assayed (c; n=3)
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Fig. 3 Regulatory effects of luteolin on the activities of several tau
kinases and protein phosphatase. Cells were pretreated for 1 h with 0,
1, 10, or 20 uM Lu for 1 h followed by 300 uM zinc treatment for an
additional 1 h, and the phosphorylation levels of p70S6K (a, n=3) and
GSK3f (b, n=3) were immunoblotted. After luteolin pretreatment
with 5-100 uM for 1 h followed by 300 uM zinc treatment for an
additional 1 h, the phosphorylation level of CaMKII (¢, n=3) was
detected. After luteolin pretreatment with 5-100 uM for 1 h followed

in our study, CaMKII activity was also investigated. Cells
were pretreated with 5-100 uM luteolin followed by
300 uM zinc for an additional 1 h, and the relative level
of pCaMKII was measured with Western blot. As shown in
Fig. 3c, the level of pCaMKII is not decreased by luteolin
pretreatment, suggesting that CaMKII appears not to be
implicated with zinc-induced tau phosphorylation.

A major protein phosphatase implicated in tau dephos-
phorylation is the PP2A that is reduced in both levels and
activity in AD brain. To further define whether luteolin’s
inhibition on zinc-induced tau phosphorylation is implicated
with the dephosphorylation system, we assayed the role of
the protein phosphatase in zinc-induced tau phosphoryla-
tion. First, cells were pretreated with 5-100 uM luteolin for
1 h followed by OA (100 nM, 3 h), a specific PP2A
inhibitor, and the relative levels of pSer262/356 tau were
examined with Western blot. Figure 3d shows that luteolin
does not decrease but rather increases OA-induced tau phos-
phorylation at Ser262/356, indicating that luteolin reduces
zinc-induced tau phosphorylation likely independent of
recovery of PP2A activity.

Next, to further investigate whether luteolin alters the
activities of the PP2A or total protein phosphatase induced
by zinc, we pretreated cells with luteolin followed by zinc
treatment and examined the activities of the PP2A and total
protein phosphatase using a protein phosphatase assay kit.
Our results show that neither luteolin nor zinc alters the
PP2A activity (data not shown), indicating that PP2A
appears not to be involved in zinc-induced tau phosphory-
lation. Furthermore, the total phosphatase activity decreases
in the zinc treatment groups and recovers in the Lu pretreat-
ment groups compared with the zinc treatment groups
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by 100 nM OA treatment for an additional 3 h, the phosphorylation
level of tau at Ser262/356 (d, n=3) was detected. After luteolin
pretreatment with 20, 40, or 80 uM for 1 h followed by 300 uM zinc
treatment for an additional 1 h, the total protein phosphatase activity (e,
n=6) was assayed as described in “Materials and Methods.” Signifi-
cance indicated by *»<0.05 compared with control groups, #p<0.05
compared with zinc-treated groups

(Fig. 3e, relative values, 93.1+5.43 for the zinc-treated
groups, p<0.05 vs. control groups; 101.1+5.9 for the
20 uM Lu pretreatment groups, 100+5.8 for the 40 uM
Lu pretreatment groups, 98.3+5.7 for the 80 uM Lu pre-
treatment groups, p<0.05 vs. zinc-treated groups), suggest-
ing that the recovery total phosphatase activity may be one
of mechanisms underlying Lu’s inhibition on zinc-induced
tau phosphorylation.

Discussion

In the mammalian brain, excess zinc is a promoter for
aggregation of (3-amyloid peptide and tau protein or cytole-
thal. It has been reported that NFTs are apparently required
for the clinical expression of AD, and in the absence of
amyloid plaques, it leads to dementia in related tauopathies
characterized by tau hyperphosphorylation. It is increasingly
believed that inhibition of abnormal tau hyperphosphoryla-
tion is likely to inhibit neurofibrillary degeneration [14, 15].
Our current study demonstrates that luteolin can inhibit in
vitro abnormal tau phosphorylation induced by excess zinc,
suggesting that luteolin’s neuroprotection against zinc tox-
icity is likely implicated with abnormal tau phosphorylation.

Tau phosphorylation at Ser262 in pretangle neurons, as
an early event in tauopathology [16], significantly attenuates
the ability of tau to bind microtubules approximately by
35% [17]. It has been recently reported that in Drosophila
co-expression of human A (342 and mild tau increases tau
phosphorylation at Ser262 and enhances tau-induced neuro-
degeneration; co-expression of A 342 and a Ser262Ala tau
mutation, however, do not cause neurodegeneration,
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suggesting that the Ser262 phosphorylation site is required
for the pathogenic interaction between A (342 and tau [18].
Although the precise pathophysiology is not fully known, it
is increasingly believed that tau phosphorylation at Ser262
as well as Ser356 may be an important therapeutic target
in AD.

Tau hyperphosphorylation is well known to result from
an imbalance between tau protein kinases and phosphatases.
It has been predicted that selective inhibition of tau kinases
and/or activation of tau phosphatases might be the most
promising approach to treat tauopathies like AD. Tau is
phosphorylated by several protein kinases, and among var-
ious kinases, GSK3f3 is one of the most implicated kinases
for tau hyperphosphorylation. Our study reveals that luteolin
pretreatment causes an obvious reduction in GSK3[3 Ser9
phosphorylation, suggesting that luteolin reduces zinc-
induced tau phosphorylation independent of GSK3 3 inacti-
vation according to the study from Meske V [19]. It is well
documented that Ser262/356 in tau is a good in vitro sub-
strate for CaMKII. It has been reported that CaMKII
accounts for approximately 45% of tau phosphorylation at
Ser262 [20], suggesting that tau at Ser262 seems to be
primarily phosphorylated by CaMKII [21]. In our study,
however, luteolin appears not to inhibit CaMKII activity,
and the latter seems not to be implicated with zinc-induced
tau phosphorylation at Ser262/356.

The p70S6K whose activity is markedly enhanced in
neurons with NFTs mediates tau phosphorylation in AD
brain and in vitro [22, 23]. It was reported that in vitro
treatment with A (325-35 and in vivo transgenic APP
expression could both trigger parallel increases in p70S6K
activation and tau phosphorylation at Ser262 [24], suggest-
ing that p70S6K plays an important role in tau phosphory-
lation at Ser262. Our data reveal that inhibition of zinc-
induced tau phosphorylation by luteolin is tightly correlated
with p70S6K inactivation. ERK1/2 is also believed to be
involved in abnormal tau phosphorylation [25] in A
342-induced tau phosphorylation [26] and in transgenic
models co-expressing tau V337M and the familial amy-
loid precursor protein AD mutation APP V7171 [27].
The current study demonstrates that ERK1/2 is likely to
mediate zinc-induced tau phosphorylation, whose inhibi-
tion may be a mechanism underlying action of luteolin
on tau phosphorylation.

Whether oxidative stress contributes to tau hyperphos-
phorylation is somewhat controversial. It was found that
mitochondrial oxidative stress caused tau hyperphosphory-
lation at PHF-1 (Ser396/Thr404) epitopes in M17 neuro-
blastoma cells [28] and at Ser-205/396 and Thr404 epitopes
in a genetic animal model of oxidative stress [29]. It has
been shown that treatment of H,O, promotes tau dephos-
phorylation at AT8 (Ser202/Thr205) and PHF1 epitopes
accompanied with oxidative stress in neuronal cells [30].
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This might be partially determined by cell type as well as
phosphorylation sites in tau. In the current study, the con-
centrations of H,O, have been referred as a study from
Uguz, AC [31]. Our current study supports that ROS may
induce tau hyperphosphorylation at Ser262/356. Further-
more, our data demonstrate that luteolin may exert inhibito-
ry effect on zinc-induced tau phosphorylation by
antioxidative action; whether, however, ROS exerts an ef-
fect through regulation of tau kinases or tau phosphatases
needs further investigations.

It is recently reported that selenate treatment can stabilize
PP2A-tau complexes, reduce tau hyperphosphorylation, and
completely abrogate NFTs formation via targeting PP2A
[32, 33], suggesting that a therapy by enhancing phospha-
tase activity is also promising. Our study reveals that luteo-
lin appears not to affect the PP2A activity but to recover the
total phosphatase activity.

Recently, it has been reported that tau phosphorylation
may antagonize apoptosis by stabilizing [3-catenin via a
mechanism involving Alzheimer’s neurodegeneration [34];
by contrast, tau dephosphorylation may promote apoptosis by
a mechanism involving a failed dephosphorylation/activation
of Bcl-2 [35]. Combined with our previous data showing that
zinc triggers cell apoptosis, zinc-induced tau phosphorylation
may help to antagonize apoptosis, but, in turn, however, con-
tribute to tau pathology.

More and more evidences have been collected to show a
crucial role of tau abnormalities in AD neurodegeneration,
and the idea of targeting tau phosphorylation for developing
therapeutic disease-modifying drugs of AD for therapeutic
measures against zinc toxicity is increasingly becoming a
major target for developing neurological disease treatments.
Our study supports the notion that luteolin, (1) as a nontoxic
and easily bio-available dietary flavonoid and (2) as a potent
inhibitor of activated tau kinases should be beneficial for the
treatment of chronic neurological diseases associated with
zinc toxicity. The findings provide further support for luteo-
lin’s neuroprotective effect on AD-like neurodegenerative
diseases.
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