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a b s t r a c t

The toxicity of aggregated �-amyloid (A�) has been implicated as a critical cause in the development of
Alzheimer’s disease (AD). Hibifolin, a flavonol glycoside derived from herbal plants, possessed a strong
protective activity against cell death induced by aggregated A�. Application of hibifolin in primary cortical
neurons prevented the A�-induced cell death in a dose-dependent manner. In cultured cortical neurons,

2+
eywords:
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ortical neuron
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ibifolin

the pre-treatment of hibifolin abolished A�-induced Ca mobilization, and also reduced A�-induced
caspase-3 and caspase-7 activation. Moreover, DNA fragmentation induced by A� could be suppressed
by hibifolin. In addition to such protection mechanisms, hibifolin was able to induce Akt phosphorylation
in cortical neurons, which could be another explanation for the neuroprotection activity. These results
therefore provided the first evidence that hibifolin protected neurons against A�-induced apoptosis and
stimulated Akt activation, which would be useful in developing potential drugs or food supplements for

treating AD.

lzheimer’s disease (AD) is a multifaceted neurodegenerative dis-
rder characterized by the progressive deterioration of cognition
nd memory and affects nearly 0.4% of the world population and
xpected to 1% in 2050. Pathologically, senile plaque and neurofib-
illary tangles are the hallmarks of AD [21]. Peptide �-amyloid (A�)
s the major protein component of senile plaques, and its excessive
ccumulation in the brain has been suggested as a possible cause of
eurodegeneration [26]. The A�-related fragments are toxic to neu-
ons in vitro, or in vivo, which might be attributed to A� production,
ggregation and degradation [10]. The inhibition of A�-induced cell
oxicity is one of the targets for AD treatment and drug discovery.
owever, the detailed mechanisms for A�-induced neuronal death

emain controversial and unclear. In neurons, A� triggered the dis-
urbance of calcium homeostasis [15]. In addition, cultured neurons

reated with A�, or transgenic mice expressing A�, render neurons
ulnerable to apoptosis [5].

A serine/threonine kinase Akt is proposed to have roles in
he regulation of cell growth, proliferation, migration, glucose

Abbreviations: A�, �-amyloid protein; AD, Alzheimer’s disease; A23187, Ca2+

onophore; BAPTA-AM, 1,2-bis-(o-aminophenoxy)ethane-N,N,N′ ,N′-tetraacetic acid
etra-(acetoxymethyl) ester.
∗ Corresponding author. Tel.: +852 2358 7332; fax: +852 2358 1559.
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metabolism, transcription, protein synthesis, angiogenesis, cell sur-
vival and anti-apoptosis [2,18]. Akt is activated by phosphorylation
at two critical residues: T308 in the kinase domain and S473 in
the hydrophobic motif. The stimulation of Akt kinase therefore is
another approach for AD therapy.

Among those neuroprotective compounds, estrogen and its
chemically similar compounds are drawing lots of attention. The
estrogen-treated patients could experience a reduced risk suffering
from AD, and estrogen has been proposed to have neuroprotec-
tive roles in neurons [7]. Unfortunately, the increased estrogen
level causes sever side effects in clinical evidence [8]. Polypheno-
lic compounds have been considered as substitutes for estrogen,
and indeed some of these compounds have been proven to possess
neuroprotective effects, e.g. baicalein, genistein and kaempferol
[1,19]. Different flavonoids with neuroprotective effects have been
identified as potential therapeutic agents against AD. Among
these flavonoids, baicalein, scutellarin, hibifolin and quercetin-
3′-glucoside possessed the strongest effects in neuroprotection;
however, the neuroprotective activity did not directly correlate with
the estrogenic activity of the flavonoids [29]. One of the potential

candidates, hibifolin, having strong neuroprotective effects and no
estrogenic effects, is a flavonol glycoside and isolated from herbal
medicines, e.g. Abelmoschus manihot and Melochia corchorifolia
[12,23,29]. Here, we showed that hibifolin could inhibit A�-induced
toxicity in cultured neurons, and which possessed neuroprotective

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:botsim@ust.hk
dx.doi.org/10.1016/j.neulet.2009.06.010
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monitored for 2 min after the addition of A�. Data were analyzed
by SoftMax Pro 4.7 software.

Protein concentrations were measured with a kit from Bio-Rad
Laboratories (Hercules, CA). Statistical tests were done by using

Fig. 1. Hibifolin prevents A�-induced cell toxicity. (A) The chemical structure of hib-
ifolin. (B) Cultured cortical neurons were pre-treated with hibifolin for 24 h, and then
were washed away. Aged A� (10 �M; 37 ◦C for 4 days of aging), or A�25–35 (10 �M),
J.T.T. Zhu et al. / Neuroscie

ctivity by blocking A�-induced calcium mobilization, as well as by
ctivating Akt signaling pathway.

17�-Estradiol, congo red, 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyl tetrazolium bromide (MTT), staurosporin, A23187,
APTA-AM, tetrodotoxin and �-amyloid25–35 (A�25–35) were pur-
hased from Sigma (St. Louis, MO); �-amyloid1–40 (A�1–40) was
rom American Peptide Company (Sunnyvale, CA); Cytotoxicity
etection Kit (LDH) was from Roche (Mannheim, Germany). Hib-

folin was obtained from Kunming Institute of Botany (Kunming,
hina). The purity of hibifolin was over 98%, and dissolved in DMSO
o give stock solutions at a concentration of 100 mM.

Cortical neurons were cultured as described previously with
odifications [24]. In brief, cortex was dissected from embryonic

ay 18 rats and undergone trypsin digestion. The dissociated cor-
ical neurons were grown in neural basal medium with B27 and
.5 mM GlutaMax in a humidified incubator with 5% CO2 at 37 ◦C.
he cultures were treated with 2.5 �M cytosine arabinoside on the
hird day of culture as to eliminate glial cells. The primary cor-
ical neurons were cultured for 2 weeks before the treatments.
eagents for cell cultures were purchased from Invitrogen Tech-
ologies (Carlsbad, CA). Un-aggregated A� (A�1–40) was dissolved

n water and incubated for 4 days at 37 ◦C. The aged A� together
ith the active fragment of A� (A�25–35) were used for the toxic-

ty tests. Cultured cortical neurons in 96-well plate were treated
ith 10 �M A� (either aged A� or A�25–35) for 24 h. Followed

y addition of 3-(4,5-dimethylthiazol-2)-2,5 diphenyltetrazolium
romide (MTT; 0.5 mg/ml) in PBS for 2 h, the medium was aspi-
ated, and the cultures were re-suspended by DMSO to determine
he cell viability by measuring the absorbance at 570 nm. To mea-
ure lactate dehydrogenase (LDH), cultures were treated as in the
iability assay. After the treatment, the conditioned medium was
ollected and centrifuged for 14,000 rpm at 25 ◦C for 5 min. The
upernatant was added into Cytotoxicity Detection Kit and incu-
ated for 20 min at room temperature before taking the absorbance
t 490 nm. In the blocking experiment, cultures were pre-treated
ith DMSO (control, 1/2000 dilution) or hibifolin (0.5, 5 and 50 �M)

or 24 h or 1,2-bis-(o-aminophenoxy) ethane-N,N,N′,N′-tetra-acetic
cid tetra-(acetoxymethyl) ester (BAPTA-AM; 50 �M) for 3 h before
he addition of A�.

Analysis of DNA fragmentation was performed according to the
revious report [6]. In brief, the cultured cortical neurons were pre-
reated with or without hibifolin (0.5, 5, 50 �M) for 24 h before
he addition of A� for 24 h. The cultures were lysed by 10 mM
ris–HCl pH 7.5, 10 mM EDTA and 1% Triton X-100, and centrifuged
or 14,000 rpm at 4 ◦C for 10 min. The supernatant treated with pro-
einase K (0.1 mg/ml) at 55 ◦C for 1 h, RNase A (0.2 mg/ml) 37 ◦C for
0 min, and then extracted with phenol:chloroform:isoamyl alco-
ol (25:24:1) and then precipitated by isopropanol in the presence
f 300 mM sodium acetate. The fragmented DNA was visualized by
garose gel electrophoresis.

For the detection of caspases, 2-week-old cultured cortical
eurons in 12-well plates were pre-treated for 24 h with or with-
ut hibifolin (50 �M) before the addition of A� for 24 and 48 h.
taurosporin (1 �M) was used as a control to induce apoptosis.
or the detection of Akt, 2-week-old cortical neurons in 12-well
lates were starved by neurobasal medium or DMEM for 3 h with
etrodotoxin (100 nM) and then treated with hibifolin (50 �M) for 0,
, 15 min. Cultures were then collected immediately by lysis buffer
ontaining 0.125 M Tris–HCl, pH 6.8, 4% SDS, 20% glycerol, 2% 2-
ercaptoethanol, and the cell lysates were analyzed by Western

lot analysis. The antibodies were specific for cleaved caspase-3,

otal caspase-3, cleaved caspase-7, total caspase-7, phospho-Akt
473, phospho-Akt T308 and total Akt (1:2000; Cell Signaling Tech-
ology, Danvers, MA). The detection was performed according to
he ECL (Amersham Biosciences, Piscataway, NJ). The intensities of
he bands in the control and drug-stimulated samples, run on the
tters 461 (2009) 172–176 173

same gel and under strictly standardized ECL conditions, were com-
pared on an image analyzer, using in each case a calibration plot
constructed from a parallel gel with serial dilutions of one of those
samples.

Cultured cortical neurons in 96-well clear-bottom black plates
were labeled by 2 �M Fluo-4-AM (Invitrogen) in HEPES buffer saline
(Invitrogen) for 1 h at 37 ◦C, and then the change of intracellular Ca2+

mobilization was determined by FlexStation II (Molecular Devices,
Sunnyvale, CA). For the blocking experiment, 50 �M hibifolin was
included during the labeling process. The Ca2+ mobilization was
was applied onto cultured neurons for 24 h before the MTT cell viability assay and
LDH assay. 17�-Estradiol (E2, 10 nM) and congo red (CR, 1 �M) were used as positive
controls. The results are normalized and expressed as a ratio to the value obtained
at control (with A� but no drug): that is arbitrarily set to 1. Data are expressed as
mean ± SEM, where n = 5, each with triplicate samples. *p < 0.05 and **p < 0.01 as
compared to the control group (with A� but no drug).
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Fig. 2. Pre-treatment of hibifolin prevents intracellular Ca2+ mobilization induced
by A�. (A) Cultured cortical neurons were labeled with Ca2+ indicator Fluo-4-AM
(2 �M), and challenged by DMSO (control), A� (100 �M), A� (100 �M) + hibifolin
(50 �M) and calcium ionophore A23187 (10 �M). Arrow-head indicated the addition
of A� or drug. Value at 0 min was set as the basal level 1. (B) Cultured cortical neurons
were pre-treated with DMSO (0.1%), or Ca2+ chelator BAPTA-AM (50 �M), for 3 h
b
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the neuroprotection of hibifolin. The phosphorylation of Akt was
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efore the addition of A� (10 �M) for 24 h treatment, and which was subjected to
ell viability assay. Value of DMSO-treated culture without A� was considered as a
ontrol. **Indicated the significant value with p < 0.01.

ne-way ANOVA. Statistically significant changes were classed as
ignificant [*] where p < 0.05 and highly significant [**] where
< 0.01.

The role of hibifolin (Fig. 1A) in protecting against cell death
nduced by aged A�, or A�25–35, in cultured cortical neurons were

lucidated. By using MTT assay for cell viability, application of A�
either aged A� or A�25–35) for 24 h caused 40–50% death of the cul-
ured cells (supplementary material Fig. 1S). Similarly the release of
DH, a cytosolic marker for cell death, into medium was markedly

ig. 3. Hibifolin protects neurons from A�-induced apoptosis. (A) Cultured cortical neuro
f 10 �M A� for 0–48 h. Cultures were collected at different time points to determine th
pplication of staurosporin (10 �M) for 2 h served as a control. (B) Quantification of band
ulture to background level (untreated culture), and in all cases values are mean ± SEM fo
ere pre-treated with hibifolin (50 �M), or water control, for 24 h before the addition of 1

ane on the right shows the DNA markers from 100 to 2000 bp. A representative gel photo
tters 461 (2009) 172–176

increased to ∼2-fold after A� (either aged A� or A�25–35) appli-
cation (supplementary material Fig. 1S). The protective effect of
hibifolin was quantified by MTT and LDH assays. The pre-treatment
of hibifolin prevented A�-induced cell death in a dose-dependent
manner (Fig. 1B, upper panel). In parallel, the release of LDH induced
by A� was reduced by hibifolin in cortical neurons (Fig. 1B, lower
panel). Congo red and estrogen served as positive controls [7,14,25].
The morphological change of the drug-treated cortical neurons
also indicated the toxicity of A� and neuroprotection of hibifolin
(supplementary material Fig. 2S). Due to the similar results of aged
A� and A�25–35 shown in the cell death assays, A�25–35 was used
routinely in the subsequent experiments.

The role of hibifolin in calcium mobilization was determined. In
cultured neurons, about ∼2-fold increase of intracellular Ca2+ level
was revealed after application of A� and sustained for few minutes.
Calcium ionophore A23187 served as a control for Ca2+ elevation
(Fig. 2A). To reveal the correlation between A�-induced Ca2+ influx
and neuroprotection mechanisms of hibifolin, the cultured neurons
were pre-treated with the flavonol for 24 h before the measurement
of intracellular Ca2+. Interestingly, hibifolin pre-treatment reduced
the amount of Ca2+, induced by A� by over 70% (Fig. 2A). Moreover,
hibifolin itself did not trigger any Ca2+ mobilization upon treatment.
These results indicated that A�-induced Ca2+ elevation was one of
the signaling pathways in mediating cell death, and hibifolin could
partially block this action. Serving as a control, the pre-treatment of
a cell permeable Ca2+ chelator BAPTA-AM for 3 h reduced the A�-
induced cell death (Fig. 2B), which suggested that the intracellular
Ca2+ indeed was one of downstream mediators for A�-induced cell
death.

In cultured cortical neurons, the application of A� caused an
increase of cleaved caspase-3 and caspase-7, both at ∼16 kDa, by
∼2-fold (Fig. 3A); however, the pre-treatment of hibifolin fully pre-
vented this cleavage (Fig. 3A and B). Similarly, the pre-treatment of
hibifolin was shown to block the DNA fragmentation triggered by
A� (Fig. 3C). The general apoptotic inducer, staurosporin, served as
a control for both the assays. These results suggested that hibifolin
exerted its neuroprotection by blocking A�-induced apoptosis.

In addition to the above protection mechanism, Akt pathway
has been demonstrated to mediate neurotrophic and anti-apoptotic
effects [18]. Therefore, we targeted the role of Akt signaling in
determined by using antibodies against T308 and S473 positions.
Results revealed that the application of hibifolin induced the phos-
phorylation of Akt to ∼2-fold at T308 and S473 (∼60 kDa) in a
time-dependent manner (Fig. 4). The total amount of Akt (∼60 kDa)

ns were pre-treated with hibifolin (50 �M), or DMSO, for 24 h before the addition
e amount of caspase-3 (16 kDa) and caspase-7 (20 kDa) by Western blot analysis.
intensity from (A) was performed. The values are expressed as the ratio of treated

r five independent experiments, each with triplicate samples. (C) Cultured neurons
0 �M A� for 24 h. Application of staurosporin (10 �M) served as a control. The last
was shown.
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Fig. 4. Activation of Akt signaling pathway by hibifolin in cortical neurons. Cultured
cortical neurons were serum starved for 3 h before the addition of hibifolin (50 �M)
for different times. Total Akt and phosphorylated Akt at T308 or S473 (∼60 kDa)
were revealed by using specific antibodies (upper panel). The phosphorylations were
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of Alzheimer’s disease, J. Biosci. Bioeng. 99 (2005) 437–447.
uantified from the blots by calibrated densitometry (lower panel). Data are normal-
zed and expressed as the ratio to the basal activity where time 0 (untreated) equals
o 1. Data are expressed as mean ± SEM, where n = 5, each with triplicate samples.

as unchanged. Thus, the activity of hibifolin on Akt phosphoryla-
ion could be another explanation for its protective effect against
�-induced cell death.

Estrogen has been proven to improve cognitive impairments
n animal model or in AD patients [7]. Being the alternative
rugs of estrogen, flavonoids were firstly selected to study the
echanism for its neuroprotection: this study could pave an

venue in developing new drugs for AD [29]. Here, our results
ndicated that hibifolin blocked calcium mobilization and apop-
osis induced by A�, and simultaneously which stimulated Akt
hosphorylation in cultured neurons. Flavonoids are polyphenolic
ompounds with multiple biological functions and widely existed
n herbal medicines, fruits and vegetables. Hibifolin belongs to
avanol subclass with 3-hydroxyflavone backbone (3-hydroxy-2-
henylchromen-4-one (IUPAC). In this subclass, some flavonols
uch as kaempferol, quercetin and myricetin have been studied to
xert neuroprotection for the substitution of hydroxyl group at C-3
osition and double bond between C-2 and C-3 positions [19,22].
tronger neuroprotective activity of hibifolin, as compared to other
avonols, illuminates that the sugar residues might increase the
europrotective effects of flavonols which is similar to the case of
insenoside [16].

In the present study, we have shown the neuroprotective role
f hibifolin against A�-induced toxicity. The calcium mobilization
nd apoptosis induced by A� have been proposed to be one of the
auses of AD [4]. Hibifolin mediated its neuroprotection by block-
ng the upstream calcium elevation and apoptosis induced by A�
n cultured neurons. Alternatively, the activation of Akt kinase has
een demonstrated to mediate neurotrophic and anti-apoptotic
ffects, which could be used as another target for drug develop-
ent against AD [2,18]. Such speculation was further supported by

he fact that estrogen could activate PI3K/AKT pathway to exert its

europrotection [9]. In addition, the activation of Akt by a flavanol
uercetin has been revealed to downregulate the pro-apoptotic
roteins [20]. The involvement of Akt in A�-induced toxicity there-

ore supported the role of this kinase in neuroprotective activity
[

tters 461 (2009) 172–176 175

[17]. However, the mechanism of A�-induced neuronal apoptosis
remains incompletely defined. Other routes related to A�-induced
apoptosis, e.g. Bcl-2 family protein, c-Jun N-terminal kinase, mito-
chondrial malfunctioning metal ions, reactive oxygen species (ROS)
release, and apoptogenic acetylcholinesterase variants should also
be considered in revealing the neuroprotective mechanisms of hib-
ifolin [13,27,28]. Complete elucidation of the signaling mechanism
promises the acceleration of developing neuroprotective interven-
tions for AD treatments.

The generation of free radicals and oxidative stress has been
proposed to be another cause of AD. Indeed, many natural prod-
ucts particular flavonoids are the well-known anti-oxidants or free
radical scavengers. The relationship between flavonoid structure
and anti-oxidant activity has been studied [11]. Possibly, the anti-
oxidant effects of flavonoids may be one of the mechanisms for
its neuroprotection, and the estrogenic activity could be correlated
with the neuroprotection activity [14]. In opposite to this notion,
most of the flavonoids having strong estrogenic activity do not exert
strong neuroprotective effects, e.g. hibifolin [29]. Under this sce-
nario, the neuroprotective effect of flavonoids could not be fully
accounted by estrogenic effect, or which is not the only factor
involved in neuroprotection [3,14]. Nevertheless, the association
of estrogenic activity and neuroprotective effect is required to be
further explored.
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