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Abstract Excessive generation and accumulation of the β-
amyloid (Aβ) peptide in selectively vulnerable brain regions is
a key pathogenic event in the Alzheimer's disease (AD), while
epigallocatechin gallate (EGCG) is a very promising chemical
to suppress a variety of Aβ-induced neurodegenerative disor-
ders. However, the precise molecular mechanism of EGCG
responsible for protection against neurotoxicity still remains
elusive. To validate and further investigate the possible mech-
anism involved, we explored whether EGCG neuroprotection
against neurotoxicity of Aβ is mediated through the α7 nico-
tinic acetylcholine receptor (α7 nAChR) signaling cascade. It
was shown in rat primary cortical neurons that short-term
treatment with EGCG significantly attenuated the neurotoxic-
ity of Aβ1–42, as demonstrated by increased cell viability,
reduced number of apoptotic cells, decreased reactive oxygen
species (ROS) generation, and downregulated caspase-3 levels
after treatment with 25-μMAβ1–42. In addition, EGCG mark-
edly strengthened activation of α7nAChR as well as its down-
stream pathway signaling molecules phosphatidylinositol
3-kinase (PI3K) and Akt, subsequently leading to sup-
pression of Bcl-2 downregulation in Aβ-treated neurons.

Conversely, administration of α7nAChR antagonist methyl-
lycaconitine (MLA; 20 μM) to neuronal cultures significantly
attenuated the neuroprotection of EGCG against Aβ-induced
neurototoxicity, thus presenting new evidence that the
α7nAChR activity together with PI3K/Akt transduction sig-
naling may contribute to the molecular mechanism underlying
the neuroprotective effects of EGCG against Aβ-induced cell
death.
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Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
dementia pathologically characterized by cognitive and
memory impairment [1, 2]. Compelling evidence shows that
excessive production and deposition of β-amyloid peptides
as senile plaques in the brain initiates pathological cascade in
AD, leading to neuronal cell dysfunction and death [3–7]. By
far, little is known regarding the precise molecular mecha-
nisms in Aβ-mediated neurotoxicity. However, more and
more evidence suggests that oxidative stress may play a
key role in Aβ-mediated neurotoxicity [6]. Beyond the direct
effect of Aβ-induced oxidative damage to the brain such as
reactive oxygen species (ROS), nitric oxide synthase (NOS),
and Ca2+ influx, Aβ leads to cell injury through cell mem-
brane lipid destruction and cleavage of DNA [8–13]. In
addition, Aβ causes a reduction in glutamate uptake in
astrocytes, indicating that Aβ-induced cytotoxicity might
mediate glutamate excitotoxicity to some extent [14]. Based
on the aforementioned aspects, it is likely that other mecha-
nisms must be involved in accumulation of Aβ in AD.
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Epigallocatechin gallate (EGCG), a major constituent in the
green tea polyphenol extract, has shown protection against
neuronal degeneration and injuries caused by a variety of inter-
ventions such as Aβ, 6-hydroxydopamine, hydrogen peroxide,
N-methyl-4-phenyl-1,2,3,6-tetrahydroxynurenine (MPTP), and
3-hyoxykynurenine [15–17]. Furthermore, several lines of evi-
dence suggest that the role of EGCG in enhancing cell resis-
tance to oxidative stress may go beyond its simple radical
scavenging and iron chelating activities [18, 19]. Meanwhile,
accumulating studies revealed that a possible protective mech-
anism of EGCG also includes activation of protein kinase C [15,
17, 20, 21], regulation of PI3K [22], inhibition of GSK-3β [23],
upregulation of some receptors related to antiapoptosis, and
further modulation of cell survival genes [22], implying exis-
tence of a complementing molecular mechanism underlying
EGCG neuroprotection. However, the precise mechanism that
EGCG suppresses Aβ-induced cytotoxicity has been largely
uncharacterized.

Neuronal nAChRs belong to a family of ligand ion and
are members of the cys-loop receptor superfamily. In the
mammalian brain, α4- and α7-nAChRs are the most abun-
dant nAChRs. Both of nAChRs exert an important role in
cognitive processes such as learning and memory [24, 25], in
the modulation of neurotransmitter release [26], and in
neuroprotection [27–29]. Particularly, an interesting finding
is that α7nAChR activation protects against a great variety of
cytotoxic insults, including Aβ, glutamate, oxygen and glu-
cose deprivation, and kainic acid [22, 29–35]. In these studies,
the mechanism of α7nAChR-mediated neuroprotection is
likely to be associated with modulation of both survival and
apoptotic signaling cascades. However, the neuroprotective
action of EGCG through activation α7nAChR, resulting in a
reduction of Aβ plaque burden in AD, has not yet been
explored.

In the present study, we used an in vitro cultured neuron
model to investigate α7nAChR-mediated neuroprotective
actions of EGCG against Aβ-induced cytotoxicity. These
data indicate that this neuroprotective effect of EGCG
against Aβ-induced cytotoxicity may be mediated, at least
in part, via activation of α7nAChR and its downstream
PI3K/Akt signaling prosurvival cascades. The present study
may lay a foundation for further investigation of EGCG
molecular mechanism and its clinical application in the treat-
ment of AD.

Material and Methods

Reagents

Neurobasal, B27 supplement, normal donkey serum, normal
goat serum, and fetal calf serum (FCS) were purchased from
Invitrogen (USA); EGCG, Aβ1–42 penicillin G, streptomycin,

glutamine, trypsin, poly-L-lysine (PLL), ethylenediaminetetra-
acetic acid (EDTA), HEPES, bovine serum albumin (BSA),
3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl (MTT), and MLA
were purchased from Sigma-Aldrich (USA); anti-γ-tubulin and
anti-Tuj1 antibody were purchased from Chemicon (USA);
anti-α7nAChR antibody was purchased from Abcam (USA);
caspase-3, PI3K, p-PI3K, Akt, and phosphorylated Akt were
from Cell Signaling (USA); Bcl-2 antibody was from Onco-
gene Research (USA); the BCA kit was from Qiagen
(Germany); chemiluminescence western blotting kit was pur-
chased from Plus (Germany); and DCF-DA kit, DAPI Kit,
Fluor488-conjugated donkey antimouse IgG, and Fluor594-
conjugated goat antirabbit were purchased from Molecular
Probes (USA). Cell culture plates, dishes, cover slips, and
flasks were purchased from Nuncon (Denmark).

Primary Cortical Neuronal Cultures

Primary cultures were obtained from cerebral cortex of fetal
rats (16–18 days of gestation) by procedures described pre-
viously [36]. Briefly, single cells dissociated from cerebral
cortex of fetal rats were plated onto plastic cover slips in 35-
mm dishes, 96-well plates, or six-well plates pretreated with
50 μg/ml PLL. The cell plating density is 2×105 cells/cm2.
Cultures were incubated in Neurobasal supplemented with
2 % B27, 0.5 mM glutamine and 10 mM HEPES, 100 U/ml
penicillin, and 100 μg/ml streptomycin and maintained at
37 °C in a humidified atmosphere of 5 % CO2, and the
culture medium was changed once every 3 days. After 7–
8 days, the cells were harvested and prepared for further
experiments.

Treatment of the Cultures

For drug treatment, primary neurons were treated with
25-μM Aβ1–42 peptide for 24 h following pretreatment with
EGCG (dissolved in saline) for 2 h at concentrations of 5, 10,
20, 40, 60, and 100 μM. Notably, prior to use, Aβ1–42 was
dissolved in DMSO at a concentration of 10−3 M and
preaggregated for 16 h at 37 °C. As to the optimal concen-
tration of EGCG for the subsequent experiments, MTTassay
(next step neurotoxicity) was conducted. Meanwhile, in sep-
arate set of experiments to evaluate the mechanism of EGCG
actions, a selective antagonist of α7nAChR (MLA, 20 μM)
was coadministered with EGCG for a 48-h treatment. Nota-
bly, the antagonist concentrations were chosen on the basis
of a previous study (Yu et al. 2011).

Assessment of Cell Viability

Aβ-induced neuronal cytotoxicity was assessed by using
MTT assay, and the conversion rate of MTT represents cell
viability in all groups. Briefly, MTT (Sigma-Aldrich) was
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dissolved in saline (5 mg/ml) and diluted directly into the
media at a final concentration of 0.2 mg/ml. Following
incubation at 37 °C for 4 h to allow MTT conversion into
insoluble purple formazan crystals, the medium was gently
aspirated and 100 μl dimethyl sulfoxide was added to each
well followed by incubation and mechanical shaking for
10 min to dissolve the formazan product. The absorbance,
expressed as the optical density (OD), was determined on a
Dynatech MR4000 microplate reader (Dynatech, USA) with
570 and 630 nm for the measurement and reference wave-
lengths, respectively.

Measurement of Intracellular ROS

Intracellular production of ROS was measured as described
previously [37]. In brief, cells were incubated with 30-μM
DCF-DA at 37 °C for 30 min and treated with experimental
reagents at 37 °C for another 30 min. After chilling on ice,
cells were washed with ice-cold PBS in darkness, detached
from the dishes, and resuspended in 10-mM EDTA-
containing PBS. The fluorescence intensity of DCF formed
by the reaction of DCF-DA with peroxides of more than
10,000 viable cells from each sample was analyzed by
fluorescence-activated cell sorting (FACS) Caliber flow
cytometer (Becton, Dickinson and Company, USA). Similar
results were obtained when experiments were repeated for at
least three times.

Assessment of Hoechst 333258 DNA Staining of Apoptotic
Nuclei

To unravel the nuclear morphological changes in cultured
neurons, cells were stained with nuclear dye Hoechst 33258.
Briefly, cultured neurons following different treatments were
fixed in 4 % paraformaldehyde for 25 min at room temper-
ature (RT) and incubated with 15 μg/ml Hoechst 33258 for
10 min at RT. After washing thrice with PBS, cells were
cover slipped and further observed under an Olympus BX-51
fluorescence microscope (Olympus, Japan). All images were
captured using a FV10-ASW 1.6 photo system (Olympus,
Japan). Hoechst 33258-stained apoptotic cells, defined as
those with bright blue fragmented nuclei containing one or
more lobes of condensed chromatin, were counted and at
least 15 fields per cover slip with at least 50 cells per field
were examined, yielding >400 cells examined per cover slip.

For immunofluorescent staining, cells following various
different treatments were fixed using 4 % (w/v) paraformalde-
hyde in 0.1 M PBS for 25 min. After blocking with medium
containing 5% normal goat or rabbit serum, 2 % bovine serum
albumin, and 0.05 %Triton X-100 for 1 h, cells were incubated
with antimonoclonal Tuj-1 antibody (1:1,000; Chemicon,
Berkeley, CA, USA) and antipolyclonal α7nAChR at 4 °C
overnight. Notably, primary antibodies were diluted in PBS

containing 3 % (w/v) BSA. After washing thrice, cells were
incubated with the corresponding secondary antibody of
fluorescein-conjugated IgG. The secondary antibodies used
were Alexa Flour 488 antimouse IgG (1:500 in PBS; Molec-
ular Probes) for Tuj-1 and Alexa Flour 594 antirabbit IgG
(1:500 in PBS; Molecular Probes) for α7nAChR. DIPA coun-
terstain (1μg/ml) was subsequently carried out. After washing,
the cells were mounted with FluorSave and viewed using an
Olympus BX-51 fluorescence microscope.

Western Blot

For analysis of protein changes after various treatments, cells
were harvested and homogenized in a lysis buffer (50 mM
tris–HCl, pH7.2; 10 mM EDTA; 0.1 % (w/v) SDS; 1 % (w/v)
sodium deoxycholate; 1 % (v/v) Triton X-100; 0.6 % (w/v)
PMSF; 100 U/ml Trasylol; 2 μg/ml leupetin; 100 μM sodi-
um orthovanadate lysis buffer) on ice bath for 1 h. Cell
lysates were then clarified and the total protein was deter-
mined using BCA assay [38]. Protein lysates were run on 4–
20 % gradient SDS-PAGE, respectively, transferred onto
nitrocellulose membrane and blocked with 5 % fat free milk.
Following this step, the membranes were incubated with the
primary antibodies (α7nAChR, caspase-3, PI3K, p-PI3K,
p-Akt, Akt, and Bcl-2 diluted according to instructions) at
4 °C overnight, respectively. γ-Tubulin was used as loading
control. Subsequently, the next blotting procedures and the
digitized images of the immunoblotting bands were quantitat-
ed as described previously [39].

Statistics

All data are presented as mean±SEM. Differences between
groups were determined by applying a one-way ANOVA
followed by a Newman-Keuls test or Student's t test when
appropriate. P<0.05 was considered to be statistically
significant.

Results

Amelioration of the Decrease in Viability of Aβ-Treated
Cortical Neurons by EGCG

To determine if EGCG can exert neuroprotective effects against
Aβ-induced cell neurotoxicity, neuronal growth was first evalu-
ated with an inverted phase-contrast microscope after pretreat-
ment with gradually increasing concentrations of EGCG (5–
100 μM) for 72 h in the presence of Aβ as described in the
experimental procedures. As shown in Fig. 1, almost all primary
cortical neurons exposed to EGCG exhibited intact cell bodies
with elaborate networks of neurites (Fig. 1a), while those ex-
posed to 25-μM Aβ1–42 for 72 h resulted in apparent cell
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morphological distortion characterized by cell shrinkage, cyto-
plasmic blebbing, injury, and neurite fragmentation, mainly
displaying extensive disintegration of neurites and scattered nu-
merous cell debris in cultures (Fig. 1b). As to neurons pretreated
with increased concentrations (5–100 μM) of EGCG prior to
Aβ1–42 exposure, their morphological distortion caused by Aβ1–

42 remarkably attenuated, and the EGCG neuroprotection against
Aβ1–42 neurotoxic insults displayed a dose-dependent fashion
(Fig. 1c, d, e, f, g, and h). Comparatively, EGCG concentrations
less than 20 μM resulted in slight suppression of Aβ1–42 neuro-
toxic insults (Fig. 1c and d).

To investigate the neuroprotective effects of EGCG on pri-
mary cortical neurons, EGCG was applied in parallel to cells at

various concentrations (5, 10, 20, 40, 80, and 100μM), followed
by assessment of cell viability byMTTassay. Strikingly, EGCG
alone failed to cause a significant increase in cell viability.
Although 80-μM EGCG increased it slightly,, there was no
significant difference compared with the untreated control
(Fig. 1i). To evaluate and figure out the optimal dose of EGCG
against Aβ1–42 neurotoxic insults in cortical neurons, we
preincubated cells with the aforementioned concentrations of
EGCG for 24 h prior to 25-μM Aβ1–42 exposure. As shown in
Fig. 1j, when subjected to the neurotoxic insult with Aβ1–42, cell
viability decreased significantly compared with control group
(0.304±0.045 vs. 0.568±0.035, p<0.05). In contrast, the in-
creased concentrations of EGCG ranging from 5 to 100 μM

Fig. 1 Effect of EGCG on Aβ1–42-induced neurotoxic insults. a Phase-
contrast micrographs of primarily dissociated cortical neurons on 72 h.
b–h Cultures were incubated with 25μ M Aβ1–42 for 72 h in the
presence and absence of EGCG pretreatment at indicated concentra-
tions, respectively. iMTTwas performed to examine cell viability after
treatment with EGCG at indicated concentrations for 72 h. Notably, no
significant changes were found among different groups. j The cells

were pretreated with various concentrations (5–100 μM) prior to expo-
sure to 25 μM Aβ1–42. Pretreatment with EGCG strongly suppressed
the decrease of cell viability caused by Aβ1–42. Scale bars indicate
50 μm. Each data in i and j are expressed as the mean ± SEM (n=5) of a
representative experiment that was repeated at least thrice. *P<0.05
compared with 20, 40, 80, and 100 μM EGCG-pretreated cells;
#P<0.01 compared with control

Mol Neurobiol (2014) 49:66–77 69



for 24 h prior to Aβ1–42 exposure resulted in a corresponding
attenuation of cell viability decline. Similar to morphological
assay, the EGCG concentration below 20 μM did not result in
a significant inhibition of cell viability decline (0.304±0.045 vs.
0.368±0.056 and 0.398±0.046, p>0.05). In comparison, EGCG
at 80 μMwas the optimal concentration in suppression of Aβ1–

42-induced cell viability decrease because cell viability
(0.478±0.098) was the highest. Then, 80 μM EGCG was se-
lected as an optimal concentration for subsequent experiments.

Suppression of Aβ-Induced Decrease of Expression Levels
of α7nAChR in Cultured Cortex Neurons by EGCG

To validate and investigate if possible involvement of
α7nAChR signaling cascade contributed to EGCG suppres-
sion of Aβ-induced cell apoptotic insult, we determined the
level of α7nAChR protein in cortical neurons treated with
EGCG at the aforementioned concentrations (excluding 10-,
40-, and 100-μM groups because there was no significant
change in α7nAChR levels in cells shown groups such as 5,
20, and 80 μM in our preliminary experiment) after exposure
to Aβ1–42. By means of double immunofluorescence, we
found that almost all Tuj-1-positive cells treated with or
without EGCG exhibited more pronounced α7nAChR im-
munoreactivity, whereas cells exposure to Aβ1–42 only
showed weak α7nAChR reactivity. However, preincubation
of cells with EGCG prior to Aβ1–42 remarkably attenuated
the decrease of α7nAChR immunoreactivity in cells. In
addition, EGCG dose-dependently suppressed the decrease
of α7nAChR immunoreactivity (Fig. 2a). Strikingly, treat-
ment with EGCG concentration above 20 μM showed more
pronouncedα7nAChR immunoreactivity. To further confirm if
EGCG inhibited the decrease in intracellular α7nAChR protein
level, parallel western blot analysis was carried out. Consistent
with immunofluorescence, the bands for α7nAChR showed a
similar result (Fig. 2b) that the most intense blot occurred in
normal and EGCG alone groups, and there was no statistical
significance (P>0.05) in the value of relative optical density
(OD), while the amount ofα7nAChR proteins in neuronal cells
treated with Aβ1–42 showed 1.2–3.3-fold decrease. When cells
were pretreated with EGCG, the decrease of α7nAChR protein
level caused by Aβ1–42 was efficiently inhibited in a dose-
dependent manner (Fig. 2b and c).

Attenuation of Aβ-Induced DNA Fragmentation by EGCG

DNA fragmentation is a vital biomarker of apoptosis. To
further investigate in detail whether EGCG could attenuate
Aβ-induced neuron apoptosis, DNA fragmentation was,
thus, detected and quantified based on apoptotic morphology
as revealed by Hoechst 33258 staining. In line with MTT
assay results, a significant increase in the number of neurons
displaying nuclear condensation or fragmentation was observed

following 72-h exposure to 25-μM Aβ1–42, while treatment
with 80-μM EGCG significantly decreased the number of
Aβ-induced DNA fragmentation in cells (1.85-fold vs. con-
trol, **P<0.01). In addition, the administration of α7nAchR
inhibitor MLA (20 μM) significantly aggravated Aβ-induced
neuron apoptotic insults regardless of pretreatment with or
without EGCG when compared to cells untreated with MLA
(##P<0.01). Comparatively, pretreatment with EGCG resulted
in a relatively lower DNA fragmentation in cells than that of
unpretreatment group, but no significant difference was
found. Strikingly, no remarkable condensed and DNA frag-
mentation nuclei were found between control and EGCG
alone treatment groups, and there was no statistical difference
in the number of cell DNA fragmentation nuclei (Fig. 3a and b).
The results demonstrated that EGCG could prominently pre-
vent neurons from Aβ1–42-induced apoptosis via α7AchR-
dependent pathways.

Suppression of Aβ-Induced Activity of Caspase-3 by EGCG

Caspase-3, a key downstream effector of the cysteine prote-
ase family, is involved in both mitochondrial apoptotic path-
way and death receptor pathway. Although previous studies
have shown that the EGCG-induced neuroprotection against
Aβ1–42 apoptotic neurotoxicity is likewise due to its regula-
tion in caspse-3 level in neurons, it is still unknown whether
the inhibition of caspase-3-dependent insult pathway is also
mediated through α7nAchR. To address the issue, we inves-
tigated the ability of α7nAchR to affect caspse-3 activation
in the presence of EGCG and its antagonist, MLA. As shown
in Fig. 4a and b, immunohistochemistry revealed that expo-
sure of neurons to Aβ1–42 significantly increased the amount
of cleaved caspase-3, displaying higher proportion of
caspase-3-positive neurons (45.3 %) as compared to the con-
trol and EGCG groups (1.2 and 1.5 %; P<0.05). After admin-
istration of MLA into cultures in the presence of Aβ1–42, the
insult caused by Aβ1–42 was further aggravated and the per-
centage of caspase-3-positive cells (51.8 %) was significantly
increased (P<0.05 as compared to control and EGCG
groups). In contrast, caspase-3-positive cells could hardly be
found in the both normal group and EGCG treatment group.
Notably, MLA alone could also cause excessive caspase-3
expression and the percentage of caspase-3-positive cells
reached 40.4 and 42.1 %, respectively, implying possible
involvement of α7AchR may contribute to EGCG-induced
neuroprotection against Aβ1–42-induced cell insult.

To further substantiate this possibility, western blot assess-
ment was performed. As expected, treatment of Aβ1–42

resulted in a significant increase of caspase-3 in cells, and
pretreatment with 20-μM MLA remarkably exacerbated the
increase of caspase-3 level. In agreement with immunocyto-
chemistry, MLA alone also resulted in a relatively high
caspase-3 level (Fig. 4c and d), further suggesting α7AchR

70 Mol Neurobiol (2014) 49:66–77



signaling may be involved in EGCG-induced neuroprotection
against Aβ1–42-induced cell insult.

Decrease of Aβ-Induced Accumulation of ROS by EGCG

Oxidative stress is a mechanism that drives cells into apoptosis
through excessive production of ROS. To test whether
α7nAchR-mediated signaling is involved in the suppressive
effect of EGCG on ROS production in neurons after exposure
to Aβ1–42, we measured changes of intracellular ROS produc-
tion by DCF formation rate. As shown in Fig. 5, similar mean
DCF fluorescence intensity was found in control and EGCG

groups (100.0±1.5 for EGCG group; 102.0±5.3, P>0.05).
Increased DCF intensity was 1.8-fold in Aβ group in the ab-
sence of EGCG (179.9±18.4) compared with the control group.
Such increasedDCF intensity was reduced by about 35% inAβ
plus EGCG group (128.3±3.3), and no statistical difference was
found when compared to the control group. Strikingly, when
MLA was administrated to cultures exposed to Aβ1–42, ROS
production was remarkably exacerbated in the presence or ab-
sence of EGCG, and the mean fluorescent intensity of cellular
DCF was approximately 1.5- to twofold as compared to control
groups. Comparatively, no significant difference in cellular DCF
intensities was found between cells pretreated with or without

Fig. 2 Changes of α7AchR expression in EGCG-pretreated neurons
after exposure to Aβ1–42. a Cortical neurons were doubly immuno-
stained for Tuj-1 (green) andα7AchR (red) after pretreatment with various
concentrations of EGCG prior to Aβ1–42 stimulation. Of note, untreated
cells and EGCG alone cells exhibited the strongest α7AchR immunore-
activity, and Aβ1–42 remarkably decreased α7AchR immunoreactivity.
EGCG effectively suppressed the decrease caused by Aβ1–42 in a dose-
dependent manner. In agreement with immunocytochemistry, western blot

analyses showed similar changes in α7AchR expression in each corre-
sponding treatment groups (b). Scale bars indicate 50 μm. c Quantitative
assessment of immunoblot of three independent experiments. Data are
reported as mean ± SEM the pretreatment induced from spinal cord under
different conditions of three independent experiments. *P<0.05 and
**P<0.01 compared with 20 and 80 μM EGCG-pretreated cells, respec-
tively; #P<0.001 compared with control
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EGCG, suggesting that α7nAchR-mediated signaling may play
a crucial role in the neuroprotective effect of EGCG against
Aβ1–42-induced neurotoxic insult.

Effects of EGCG on PI3K/Akt Activation and Its
Downstream Molecule Bcl-2 in Cortical Neurons

Numerous studies have demonstrated that α7nAchR activa-
tion can be against various cytotoxic insults by downstream
signaling such as PI3K/Akt and Bcl-2 [22, 30, 33]; therefore,
we next ascertained the potential intracellular signaling
mechanisms responsible for the protective effects of EGCG
against Aβ1–42-induced neurotoxicity. As shown in Fig. 6a
and b, exposure of cells to Aβ1–42 (25 μM) alone for 72 h
markedly resulted in a decrease in PI3K levels in cells, while
pretreatment with EGCG for 24 h prior to Aβ1–42 exposure
significantly inhibited the decrease of PI3K level. Moreover,
administration of MLA could exacerbate the decrease of

PI3K level caused by Aβ1–42 and the pretreatment of EGCG
failed to inhibit the decrease of expression of PI3K even
though a slightly elevated PI3K level occurred (Fig. 6a). In
comparison, no significant effect was observed following
application of 80-μM EGCG alone (Fig. 6b). These data
suggested that EGCG-mediated neuroprotection against
Aβ1–42 neurotoxic insult via α7nAchR stimulation involves
the activation of the PI3K prosurvival pathway in neurons.

Akt is a putative effector of PI3K. When PI3K is activated,
it phosphorylates Akt. To further confirm the above-mentioned
possibility, we examined the level of phosphorylated Akt using
western blot. As we expected, EGCG-induced Akt phosphor-
ylation via α7nAchR downstream signaling molecule PI3K
showed a similar change in tendency with PI3K expression
even though there was slight inconsistency under certain treat-
ments (Fig. 6a and b), indicating that EGCG indeed restored
Akt phosphorylation in Aβ1–42-treated neurons via α7AchR
signaling cascade.

Fig. 3 Effects of EGCG andα7AchR antagonist, MLA on Aβ-induced
nuclei DNA fragmentation. a Photomicrographs of Tuj-1 (green)
immunofluorescently and Hoechst 33258 (blue)-labeled counter
(blue)-stained neurons with indicative treatments, respectively,
depicting the changes of nuclei DNA. Notably, normal cells and apo-
ptotic cells (with fragmented or condensed nuclei) are indicated by the
triangle arrowheads and arrows, respectively. Scale bars indicate
50 μm. The histogram illustrating the percentages of apoptotic neurons

with indicative treatments is presented in b. EGCG significantly re-
duced the percentages of Aβ1–42-induced apoptotic neurons, but the
presence of MLA aggravated Aβ1–42-induced cell apoptosis regardless
of pretreatment with or without EGCG. ##P<0.001 represents signifi-
cant differences between normal/EGCG groups and indicative groups.
**P<0.01 represents significant difference between pretreatment with
and without EGCG after exposure to Aβ1–42
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Bcl-2 protein, a type of antiapoptotic protein, can exert a
pivotal role in preventing cell death caused by a variety of
toxic insults. It has been documented that Akt activation leads
to the overexpression of Bcl-2; thus, we next determined the
Bcl-2 protein levels. Intriguingly, exposure to Aβ1–42 signif-
icantly suppressed the level of Bcl-2, and the downregulation
of Bcl-2 caused by Aβ1–42 was reduced by pretreatment with
EGCG for 24 h. More importantly, the addition of MLA to
cultures remarkably exacerbated downregulation of Bcl-2 re-
gardless of the presence or absence of EGCG. In comparison,
EGCG alone inhibited the decrease of Bcl-2 induced byMLA,
but no a significant difference was found as compared with the
control group (Fig. 6a and b).

Discussion

EGCG, a major component of green tea, exerts an important
role in endogenous antioxidative defense against oxidative

Fig. 4 Effects of EGCG on activation of caspase-3 in Aβ1–42-induced
cortical neurons in the presence or absence ofMLA. a Immunocytochem-
istry showing caspase-3 expression (yellow) in cortical neurons (Tuj-1,
red) after indicative treatments. EGCG-reduced Aβ1–42 induced the
upregulation of caspase-3 in neurons, and MLA remarkably aggravated
caspase-3 expression. Scale bars indicate 50 μm. b Quantitative analyses
of non-caspase-3-positive cells under the above-mentioned treatments.
Data correspond to means and SEM of three experiments from three

different cell cultures. c A representative immunoblot of caspase-3 in
Aβ1–42-treated neurons after EGCG pretreatment in the presence or the
absence of MLA. d Quantitative analysis of western blotting results. The
intensity of blots of MLA + Aβ1–42 and MLA in the presence or the
absence of EGCG pretreatment groups were significantly higher than that
of EGCG alone and control groups, respectively. **P<0.01, whereas
with Aβ1–42 in the presence of EGCG group, there was no statistical
significance in comparison with EGCG alone and the control groups

Fig. 5 Effect of EGCG on ROS generation in cultured cortical neurons
exposed to Aβ1–42. The fluorescence intensity of DCF was measured
after neurons were treated with indicated conditions, respectively. All
data are presented as means ± SEM for three independent experiments
with triplicate determinations. *P<0.05 and **P<0.01 represent sig-
nificant differences, respectively, compared with its controls
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injury and suppression of several harmful molecule-
triggered neurotoxic insults [35, 40]. Increasing evidence
has shown that EGCG-neuroprotective properties and a pos-
sible mechanism responsible for the effects are intimately
relevant to its attenuating cell apoptotic insult caused by
accumulation of free radical [41], excessive ROS generation
[23], Ca2+ overload and destruction of cell membrane ion
homeostasis, etc. [35, 40, 42]. EGCG simultaneously pro-
motes antiapoptotic molecule (Bcl-2) production and, subse-
quently, activates downstream neuroprotective signaling in-
volved in the suppressive apoptotic event [16, 17], suggesting
this neuroprotective compound with potential therapeutic in-
terest might be used clinically after neurons already have
become vulnerable to damage or other insults in various
neurodegenerative diseases such as AD or PD. However, there
is limited agreement in the literature concerning the pathways
involved in EGCG protection against Aβ1–42-induced toxici-
ty, and a clear and precise cellular/molecular mechanism
underlying these effects hitherto remains elusive. We, there-
fore, sought to elucidate the detailed underlying mechanism
using in vitro cultured cell model. Our present results revealed
that these neuroprotective effects of EGCG on Aβ1–42-in-
duced insult are likely to be mediated by α7AchR and its
downstream signal PI3K/Akt and Bcl-2.

Our in vitro experiment provided the first morphological
evidence that EGCG treatment reduced damage caused by
Aβ1–42, displaying a significant attenuation of decrease of
cell survival and growth. Meanwhile, cell apoptotic death
and mitochondrial damage were both reduced after treatment
with EGCG, as demonstrated by suppression of proapoptotic
protein activation including caspase-3, further resulting in a
significant decease of the accumulation and production of
ROS, and attenuation of cell nuclear condensation or frag-
mentation. Moreover, the protective effect of EGCG on

injured neurons was dose dependent. These findings strongly
suggest that EGCG can attenuate damage and cell death
caused by Aβ1–42 toxicity, which is consistent with numer-
ous previous reports [23, 43, 44]. Furthermore, we found
Aβ1–42 significantly decreased the expression of α7AchR
protein levels, but the decrease of α7AchR protein was effi-
ciently suppressed in the presence of EGCG.Notably, Aβ1–42-
induced neurotoxic insult is tightly linked to α7AchR protein
levels, namely lower protein levels of α7AchR result in a
more serious cell injury or death. In addition, MLA,α7nAchR
antagonist, remarkably exacerbated cell injury or death caused
by Aβ1–42, as demonstrated by 33258 nuclear staining assay,
ROS production, and caspase-3 activation. These results re-
vealed that the EGCG protection against Aβ1–42-inuduced
cell insult may be associated with α7nAchR signaling cas-
cade. Of course, there may be other underlying mechanisms
involved in EGCG neuroprotection because MLA also
resulted in neuronal insult with or without EGCG pretreat-
ment. Therefore, with these results, a new question arises
whether α7nAchR is also responsible for neuronal survival.
From a previous study that the activation of α7nAchR medi-
ates specifically and selectively the neuroprotective effects of
nicotine along the caspase-independent apoptosis via inhibi-
tion of Aβ actions [22], we could hardly eliminate the possi-
bility of protection of α7nAchR itself; in other words,
α7nAchR prosurvival signaling cascade itself mediates
neuroprotection. Based on our present results in combination
with several previous reports, we can speculate that the pro-
tective effect of EGCG on Aβ1–42-induced neurotoxicity and
involvement of α7AchR signaling could be, at least in part,
causally related.

In this study, we also found an interesting phenomenon
that the level of α7nAchR was tightly associated with
neuroprotective action of EGCG against Aβ1–42-induced

Fig. 6 Involvement of α7nAchR signaling cascade in EGCG-mediated
neuroprotection against Aβ-induced neurotoxic insult. a EGCG
(80 μM) was added to primary cortical neuron cultures for 2 h prior
to Aβ1–42 treatment. MLAwas simultaneously administrated to cultures
to block α7nAchR biofunctions. Cell lysates were immunoblotted for

phosphor-PI3K, phosphor-Akt, and Bcl-2, respectively. b The densito-
metric analysis of the representative bolts was shown. All data are
presented as means ± SEM for three independent experiments with
triplicate determinations. **P<0.01 represents significant differences,
compared with its controls
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toxic injury or death, suggesting that α7nAchR is likely to be
involved in mediating specifically the actions of EGCG on
Aβ1–42 toxicity. Consistent with this observation, additional
evidence has demonstrated that α7nAchR shares a down-
stream signaling mechanism against Aβ1–42-induced neuro-
toxicity via activating various signaling pathways related to
neuroprotection such as Akt and further modulating calcium
homeostasis, the expression of antiapoptotic proteins, and
release of the neurotransmitters [45–47]. This finding led us
to postulate that there may be a possible mechanism under-
lying the involvement of α7nAchR signaling cascade in
neuroprotection of EGCG against Aβ1–42-induced neurotox-
icity. Nevertheless, it is still unknown whether change of
α7nAchR levels can result in a corresponding change in its
downstream signaling such as PI3K/Akt and Bcl-2, an effec-
tor against cell apoptosis. We, consequently, conducted the
examination of the above-mentioned signaling pathway
components. Intriguingly, western blot analyses showed p-
PI3K/p-Akt and Bcl-2 expression patterns are similar to that
of α7nAchR. That is, p-PI3K/p-Akt levels in cells showed a
consistent change of α7nAchR levels. We, thus, surmised
that involvement of α7nAchR signaling cascade is likely to
participate actively in EGCG-mediated neuroprotection
against Aβ1–42-induced toxic injury or death. Also, it has
been documented that PI3K is one of the main intracellular
factors responsible for the transmission of antiapoptotic sig-
nals and PI3K signaling pathway plays a central role in
neuronal survival and death [18, 48–51]. Additionally, acti-
vated PI3K phosphorylates Akt, which can further foster cell
survival against several toxic insults such as oxidative stress,
excitatory neurotoxin, and matrix detachment [47, 52, 53].
Based on these reports, we subsequently tested the α7nAchR
downstream signaling cascade. Strikingly, the administration
of MLA to the neurons pretreated with or without EGCG
failed to result in any significant increase of p-PI3K/p-Akt,
suggesting α7nAchR is likely to mediate the neuroprotection
via PI3K/Akt signaling. Besides, we monitored the Bcl-2
levels in cultured neurons subjected to Aβ1–42. Coincidental-
ly, the administration of EGCG to cultures exposed to Aβ1–42

also caused remarkable alterations of Bcl-2 levels, similar to
α7nAchR levels. Of note, MLA also abrogated the increase of
Bcl-2 caused by EGCG in the presence of Aβ1–42. These data
imply that α7nAchR signaling cascade may partly contribute
to the mechanism underlying the neuroprotective effect of
EGCG against Aβ1–42-induced neurotoxic insults.

Taken together, our in vitro study in combination with
previous studies indicates that in addition to other signaling
pathways, α7nAchR signaling cascade must be involved in
the EGCG neuroprotection against Aβ1–42-induced neurotox-
icity, implying that there may be a variety of mechanisms of
neuroprotective actions of EGCG against Aβ1–42 toxicity and
that these effects are not fully attributable to the antiapoptotic
properties of EGCG and may depend upon its effect on

α7nAchR. Therefore, activation of this receptor could poten-
tially prevent apoptotic death in therapy for neurodegenerative
diseases.
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