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INTRODUCTION
The pathological hallmarks of Alzheimer’s disease (AD) in-

clude the presence of neuritic plaque, neurofibrillary tangles, and 
the loss of cortical neurons and synapses [1]. Amyloid beta (A�), 
an amino acid peptide derived from the metabolism of the amy-
loid precursor protein is a major protein component of the senile 
plaques in the brains of AD patients. A� can promote cellular 
Ca2+ overload by forming pores in the membrane [2] and induc-
ing membrane-associated oxidative stress [3]. A� either directly 
or indirectly acts on mitochondria to cause increased free radical 
production and Ca2+ overload. Increasing amounts of evidence 
implicate changes in [Ca2+]i and oxidative stress as causative fac-
tors in A�-induced neuronal cell death [4]. Brain zinc accumula-
tion is a prominent feature of advanced AD [5], and increased 

zinc concentration may serve to accelerate A� deposition [6].
Flavonoids have been known to inhibit various ion channels, 

including Ca2+-permeable ion channels [7-9]. Cyanidin-3-gluco-
side (C3G), a component of anthocyanin, belongs to the flavo-
noid family. C3G has been reported to exert a neuroprotective 
effect against glutamate-induced neuronal cell death in cultured 
hippocampal neurons [9] as well as in vitro ischemia-induced 
neuronal cell death [10], in vivo ischemia-induced neuronal cell 
death [11], ethanol neurotoxicity in the developing brain [12], and 
A�-induced cell death in cell line [13,14]. However, little is known 
about how C3G affects A�-induced neuronal cell death in cul-
tured rat hippocampal neurons. 

A�25-35 is a short peptide generated from proteolysis of A�1-40 
that, shows neurotoxic and aggregation effects similar to those 
of full-length peptides such as A�1-40 and A�1-42 [15]. The present 
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ABSTRACT Increasing evidence implicates changes in [Ca2+]i and oxidative stress as 
causative factors in amyloid beta (A�)-induced neuronal cell death. Cyanidin-3-glu-
coside (C3G), a component of anthocyanin, has been reported to protect against glu-
tamate-induced neuronal cell death by inhibiting Ca2+ and Zn2+ signaling. The pres-
ent study aimed to determine whether C3G exerts a protective effect against A�25-35- 
induced neuronal cell death in cultured rat hippocampal neurons from embryonic 
day 17 fetal Sprague-Dawley rats using MTT assay for cell survival, and caspase-3 as-
say and digital imaging methods for Ca2+, Zn2+, MMP and ROS. Treatment with A�25-35 (20 
�M) for 48 h induced neuronal cell death in cultured rat pure hippocampal neurons. Treatment 
with C3G for 48 h significantly increased cell survival. Pretreatment with C3G for 30 min 
significantly inhibited A�25-35-induced [Zn2+]i increases as well as [Ca2+]i increases in the 
cultured rat hippocampal neurons. C3G also significantly inhibited A�25-35-induced mi-
tochondrial depolarization. C3G also blocked the A�25-35-induced formation of ROS. 
In addition, C3G significantly inhibited the A�25-35-induced activation of caspase-3. 
These results suggest that cyanidin-3-glucoside protects against amyloid �-induced 
neuronal cell death by reducing multiple apoptotic signals. 
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study aimed to determine whether C3G protects against A�25-35-
induced neuronal cell death in cultured rat hippocampal cells and 
pure hippocampal neurons from embryonic day 17 fetal Sprague-
Dawley rats using using MTT assay for cell survival and digital 
imaging methods for Ca2+, Zn2+, MMP, ROS, and caspase-3 assay. 

Our results indicate that C3G induced neuroprotection against 
A�25-35-induced apoptosis by reducing multiple signals such as 
increases of [Ca2+]i and [Zn2+]i, mitochondrial depolarization, the 
formation of ROS, and the activation of caspase-3 in cultured rat 
hippocampal neurons.  

METHODS

Materials

Dulbecco’s modified eagle media, fetal bovine serum, and 
horse serum were obtained from Gibco-BRL (Grand island, NY, 
USA). Fura-2 acetoxymethyl ester, dihydroethidine, and rhoda-
mine 123 were purchased from Molecular Probes (Eugene, OR, 
USA). C3G was prepared from black rice (Oryza sativa L.) by 
College of Pharmacy, The Catholic University of Korea. All other 
materials, including A�25-35 reagents, were purchased from Sigma 
(St. Louis, MO, USA).

Culture of primary rat mixed hippocampal cells and 
pure hippocampal neurons

Isolations of rat hippocampal cells were grown in primary co-
culture as previously described with minor modifications [9]. Pri-
mary cells were obtained from the hippocampi of embryonic day 
17 adult maternal Sprague-Dawley rats (250-300 g). All animal 
research procedures were in accordance with the Laboratory Ani-
mals Welfare Act, the Guide for the Care and Use of Laboratory 
Animals, and the Guidelines and Policies for Rodent Experiment 
provided by the Institutional Animal Care and Use Committee 
in the College of Medicine, The Catholic University of Korea (Ap-
proval number: CUMC-2015-0171-01). Fetuses were removed on 
embryonic day 17 from rats that had been anesthetized with ure-
thane (1.3 g/kg body weight, i.p.). Hippocampi were dissected and 
placed in Ca2+- and Mg2+-free Hank’s balanced salt solution ad-
justed to pH 7.4 with NaOH. Cells were dissociated by trituration 
through a 5-ml pipette and a flame-narrowed Pasteur pipette.

 For digital imaging for Ca2+, Zn2+, MMP and ROS in primary 
rat mixed hippocampal cells, rat hippocampal cells were grown 
in primary co-culture as previously described [16] with minor 
modifications. The cell suspension was centrifuged at 1,000 rpm 
for 3 min, and the cells were resuspended in Dulbecco’s modi-
fied eagle media without glutamine, supplemented with 10% fetal 
bovine serum and penicillin/streptomycin (100 U/ml and 100 �g/
ml, respectively). Dissociated cells were plated in six-well culture 
plates at a density of 50,000 cells/well onto 25-mm-round cover 

glasses (Fisher Scientific, Pittsburgh, PA, USA) which had been 
coated with matrigel (0.2 mg/ml) (BD Bioscience) [17]. Neurons 
and glial cells were grown in a humidified atmosphere of 10% 
CO2/90% air (pH 7.4) at 37°C. The medium was replaced 72 to 
90 h after plating with Dulbecco’s modified eagle media supple-
mented with 10% horse serum and penicillin/streptomycin and 
fed by an exchange of 25% of the medium after seven days. The 
cells were cultured without mitotic inhibitors for a minimum 
of 12 days, and were used between 10 and 13 days in culture for 
fluorescent dye-based digital imaging methods.

For MTT assay for cell survival and caspase-3 assay in primary 
rat pure hippocampal neurons, the cells were resuspended in 
Neurobasal medium (Gibco/Life Technologies, St. Petersburg, 
FL, USA) supplemented with 2% B27, 1% penicillin/streptomycin 
(100 U/ml and 100 �g/ml, respectively), 0.5 mM glutamine, and 
25 �M glutamate. Dissociated cells were plated at a density of 
40,000 cells per well onto 96 wells previously coated with matrigel 
(0.2 mg/ml). Cells were grown in Neurobasal medium (Gibco/
Life Technologies, St. Petersburg, FL, USA) supplemented with 2% 
B27, 1% penicillin/streptomycin, 0.5 mM glutamine, and 25 �M 
glutamate at 37°C in 10% CO2. One-half of the culture medium 
was changed every three to four days without glutamate [9]. Cells 
were used between 11 and 13 days in culture. 

Calcium imaging

Calcium imaging was performed as described by Yang et al. 
[9]. The mixed hippocampal cells were loaded with 12 �M fura-
2 acetoxymethylester in HEPES-buffered Hank’s balanced salt 
solution containing 0.5% bovine serum albumin for 45 min at 
37°C. The HEPES-buffered Hank’s balanced salt solution was 
composed of the following: 20 mM HEPES; 137 mM NaCl; 1.26 
mM CaCl2; 0.4 mM MgSO4; 0.5 mM MgCl2; 5 mM KCl; 0.4 mM 
KH2PO4; 0.6 mM Na2HPO4; 3 mM NaHCO3; and 5.6 mM glu-
cose. Fura-2-loaded cells were alternately excited at 340 and 380 
nm. Digital fluorescence images (510 nm) were collected using 
a computer-controlled, cooled, charge-coupled device camera 
(1280×1035 binned to 256×207 pixels, Quantix, Photometrics, 
Tucson, AZ, USA). A ratio of 340/380 nm was calculated from the 
background-subtracted digital images. Background images were 
collected at the beginning of each experiment after removing all 
cells from other areas to the coverslip. 

Measurement of Zn
2+

  In order to monitor the intracellular accumulation of Zn2+, 
the fluorescent probe FluoZin-3 was used [18]. The mixed hip-
pocampal cells were loaded with 5 �M FluoZin-3 for 45 min, 
then washed with HEPES-HBSS for 10 min. The fluorescence of 
FluoZin-3 was detected at 535±25 nm following the excitation of 
cells at 480±20 nm. Each fluorescence image was detected by the 
same instruments and methods as those used in calcium imag-
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ing. The fluorescence was background-subtracted and normal-
ized to starting values as F/F0. 

Measurement of mitochondrial membrane potential 
and superoxide

In order to measure mitochondrial membrane potential (MMP) 
and superoxide, the mixed hippocampal cells were loaded with 
10 �M rhodamine 123 for 15 min and 10 �M dihydroethidine 
for 30 min, respectively. Each fluorescence intensity was detected 
by the same instruments and methods as those used in calcium 
imaging. While the fluorescence of H2DCFDA was measured fol-
lowing a treatment with amyloid �25-35 or vehicle for 10 min, that 
of rhodamine was measured following a treatment with amyloid 
�25-35 or vehicle for 5 min. The fluorescence of rhodamine 123 
was measured (excitation 480±10 nm, emission 535±25 nm). The 
fluorescence of dihydroethidine was measured (excitation 510±40 
nm, emission 605±50 nm). The fluorescence was background-
subtracted. The formation of ROS, change in MMP, was shown 
as a percentage of the initial intensity of the fluorescence (F/F0 
×100). The initial intensity of the fluorescence (F0) was measured 
just prior to the treatment with amyloid �25-35 or vehicle.

Caspase-3 activity assay

After drug treatment, caspase-3 activity assay was carried out 
according to the manufacturer’s protocol (Abcam, ab39401). Pure 
hippocampal neurons were lysed with 50 �l chilled cell lysis buf-
fer and incubated, centrifuged, and analyzed for total protein 
using a Bradford assay. The samples were diluted in a ratio of 50 
�g protein in 50 �l cell lysis buffer for each assay, then 2× reaction 
buffer and DEVD-p-NA substrate were added to each sample. 
After incubation, absorbance was read at a wavelength of 405 nm 
using a microplate multi-label counter system (Perkin-Elmer, 
Boston, MA).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) reduction assay

Pure hippocampal neuron viability was quantified by measur-
ing the reduction of MTT, which produces a purple formazan 
product by mitochondrial dehydrogenase in viable cells [9]. 
Briefly, neurons were treated with amyloid � and/or C3G at 37°C 
for 48 h in HEPES-buffered Hank’s balanced salt solution. After 
treatment, fresh HEPES solution containing the MTT at a final 
concentration of 0.5 mg/ml was added to each well and incubated 
at 37°C for 3 h. After removing the medium, dimethyl sulfoxide 
was used to dissolve the insoluble purple formazan product. 
Absorbance was measured at a wavelength of 570 nm using a 
microplate multi-label counter system (PerkinElmer). The absor-
bance of the formazan that had formed in the non-treated cells in 
culture medium (control) represented 100% viability.

Statistical analysis

Data are expressed as the mean±S.E.M. Significance was deter-
mined using either a Student’s t-test or a one-way analysis of vari-
ance (ANOVA) followed by a Bonferroni test.

RESULTS

Effects of C3G on A�25-35-induced cell death in cultured 
pure rat hippocampal neurons

We first investigated whether C3G affects A�25-35-induced neu-
ronal cell death in cultured pure rat hippocampal neurons (Fig. 
1A). Pure hippocampal neurons at 11 day in culture were exposed 
to 20 �M A�25-35 containing HEPES-buffered Hank’s balanced 
salt solution for 48 h in either the presence or absence of C3G (5 
�g/ml, 10 �g/ml, 15 �g/ml). Treatment with A�25-35 (20 �M) for 48 
h induced a marked neuronal cell death (p<0.01). Treatment with 
C3G (5 �g/ml) for 48 h did not significantly affect A�25-35-induced 
neuronal cell death, whereas treatment with higher concentration 
of C3G (10 �g/ml and 15 �g/ml) significantly increased neuronal 
cell survival (p<0.05). However, there was no difference seen in 
neuronal cell survival between 10 �g/ml and 15 �g/ml. Therefore, 
C3G (10 �g/ml) was used to investigate how C3G induces neuro-
protection against A�25-35-induced neuronal cell death. Represen-
tative phase contrast photomicrographs showed cultured pure rat 
hippocampal neurons 48 h following co-treatment of C3G (10 �g/
ml) with A�25-35 (20 �M) at 11 days in culture (Fig. 1B). Treatment 
with A�25-35 (20 �M) for 48 h was found to destroy the cell bod-
ies and processes of hippocampal neurons as compared to those 
of the vehicle. Co-treatment of C3G (10 �g/ml) with A�25-35 was 
found to inhibit the destruction of the cell bodies and processes of 
hippocampal neurons. However, treatment for 48 h with C3G (10 
�g/ml) alone was not found to affect the hippocampal neurons.

Effects of C3G on A�25-35-induced [Ca
2+

]i increases 

In the following experiment, we investigated how C3G induced 
neuroprotection against A�25-35-induced neuronal cell death. The 
A�25-35-induced [Ca2+]i increase has been proposed as one of the 
mechanisms involved in A�-induced neuronal cell death in cultured 
cortical neurons [19,20] and hippocampal neurons [21,22]. Therefore, 
we determined whether C3G affects the A�25-35-induced [Ca2+]i in-
crease in hippocampal neurons. Reproducible [Ca2+]i increases were 
elicited by applying A�25-35 (20 �M) for 5 min at 35 min intervals (Figs. 
2A, C). In the previous study, the effects of C3G on ATP-induced 
Ca2+ signaling reached a maximum at 30 min duration when cells 
were pretreated with C3G [23]. Therefore, we pretreated neurons 
with C3G (10 �g/ml) for 30 min in order to determine whether C3G 
affects A�25-35-induced [Ca2+]i increases. Pretreatment with C3G (10 
�g/ml) for 30 min was found to significantly inhibit A�25-35-induced 
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[Ca2+]i responses (p<0.05) (Figs. 2B, C). These data suggest a possibil-
ity that C3G induces neuroprotection against A�25-35-induced neuro-
nal cell death by inhibition of [Ca2+]i increases.

Effects of C3G on A�25-35-induced [Zn
2+

]i increases 

Tissue Zn2+ levels are increased in AD, correlating with the lev-
els of brain A� [5]. In the present study, C3G inhibited A�25-35-in-
duced [Ca2+]i increases. The removal of intracellular Ca2+ with 
intracellular Ca2+ chelator BAPTA-AM decreases [Zn2+]i and C3G 
inhibits glutamate-induced [Zn2+]i increases in cultured rat hip-
pocampal neurons by inhibiting [Ca2+]i increases [9]. Therefore, 

we tested whether C3G inhibits A�25-35-induced [Zn2+]i increases 
(Fig. 3). Treatment with A�25-35 (20 �M) for 10 min was found to 
increase [Zn2+]i increases. Pretreatment with C3G (10 �g/ml) for 
30 min was found to significantly inhibit A�25-35-induced [Zn2+]i 
responses (p<0.01). 

Effects of C3G on A�25-35-induced mitochondrial 
depolarization 

An increase in [Ca2+]i [24] or [Zn2+]i [25,26] can induce mito-
chondrial depolarization. A�25-35 has been reported to induce 
an impairment of mitochondrial function [27]. C3G has been 
reported to inhibit glutamate-induced mitochondrial depolariza-
tion as well as [Ca2+]i and [Zn2+]i increases [9]. Therefore, we tested 
whether C3G inhibits A�25-35-induced mitochondrial depolariza-
tion (Fig. 4). In this study, treatment with A�25-35 (20 �M) for 5 
min was found to induce mitochondrial depolarization. Pretreat-
ment with C3G (10 �g/ml) for 30 min was found to significantly 
inhibit A�25-35-induced mitochondrial depolarization (p<0.01) 
(Fig. 4).

Fig. 1. Effects of C3G on A�25-35-induced cell death in cultured pure 
rat hippocampal neurons. A�25-35 (20 �M)-induced neuronal damage 
was measured through the reduction of MTT in viable cells at 11 days 
in culture. The bar graph shows the purple formazan product from 
pure hippocampal neurons after treatment. (A) Effects of C3G on A�25-

35-induced cell death in the non-treated(control) (vehicle, n=5; A�, 
n=5), 5 �g/ml C3G (vehicle, n=4; A�, n=4), 10 �g/ml C3G (vehicle, n=4; 
A�, n=4), and 15 �g/ml C3G (vehicle, n=4; A�, n=4)-treated cells in the 
absence (vehicle) and presence of 20 �M A�25-35 for 48 h. (B) Represen-
tative phase contrast photomicrographs showing cultured pure rat 
hippocampal neurons 48 h following co-treatment of C3G with A�25-35 
at 11 days in culture. Data are expressed as mean±S.E. of experiments. 
##p<0.01 relative to control, *p<0.05 relative to control A� (ANOVA with 
Bonferroni test).

Fig. 2. Effects of C3G on A�25-35-induced [Ca2+]i increases. Reproduc-
ible [Ca2+]i increases were elicited by applying A�25-35 (20 �M) for 5 min 
at 35 min intervals (A). Pretreatment with C3G (10 �g/ml) for 30 min sig-
nificantly inhibited A�25-35-induced [Ca2+]i responses (B). (C) Summary of 
the A�25-35-induced [Ca2+]i increases in non-treated (control, n=17) and 
C3G-pretreated (C3G, n=10) cells. A�25-35 induced response is presented 
as a percentage of the initial A�25-35 induced response (peak 2/peak 1). 
Data are expressed as mean±S.E. *p<0.05 relative to control (non-paired 
Student’s t-test).
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Effects of C3G on A�25-35-induced formation of 
intracelluar ROS

Mitochondrial depolarization induced by [Ca2+]i or [Zn2+]i incre-
ase has been reported to lead to the enhanced formation of ROS 
[24-26,28]. A�25-35 has been reported to induce the formation of 
ROS [29]. In the present study, C3G inhibited A�25-35-induced 
[Ca2+]i and [Zn2+]i increases, as well as mitochondrial depolar-
ization. Therefore, we tested whether C3G inhibits the A�25-35- 
induced formation of ROS using H2DCFDA (Fig. 5). Treatment 
with A�25-35 (20 �M) for 10 min was found to significantly in-
crease the formation of ROS (p<0.05). Pretreatment with C3G (10 
�g/ml) for 30 min was found to block the A�25-35-induced forma-
tion of ROS (p<0.05).

Effects of C3G on A�25-35-induced activation of 
caspase-3

A�-induced [Ca2+]i increase has been proposed as one of the 
mechanisms involved in A�-induced apoptosis in hippocampal 

neurons [21,30]. In Fig. 1, C3G inhibited A�25-35-induced neu-
ronal cell survival. We used a caspase-3 assay in order to deter-
mine whether C3G inhibits A�25-35-induced neuronal cell death 
through the activation of caspase-3 (Fig. 6). Treatment with A�25-35 
(20 �M) for 24 h was found to increase the activation of caspase-3 
(p<0.01). Co-treatment with C3G (10 �g/ml) for 24 h was found 
to significantly inhibit the A�25-35-induced activation of caspase-3 
(p<0.05).

DISCUSSION
This study clearly demonstrated that C3G inhibits A�25-35-

Fig. 3. Effects of C3G on A�25-35-induced [Zn2+]i increases. (A) Treat-
ment with A�25-35 (20 �M) for 10 min increased [Zn2+]i increases (n=26). 
(B, C) Pretreatment with C3G (10 �g/ml) for 30 min significantly inhib-
ited the A�25-35-induced [Zn2+]i responses (n=22). (C) A�25-35 induced re-
sponse is normalized to the initial value measured before the addition 
of agonist. Data are expressed as mean±S.E. **p<0.01 relative to control 
(non-paired Student’s t-test).

Fig. 4. Effects of C3G on A�25-35-induced mitochondrial depolariza-
tion. (A) Reproducible depolarization in mitochondrial membrane 
potential (MMP) was elicited by applying A�25-35 (20 �M) for 5 min at 
35 min intervals. (B) Pretreatment with C3G (10 �g/ml) for 30 min sig-
nificantly inhibited A�25-35-induced mitochondrial depolarization. (C) 
Summary of glutamate-induced mitochondrial depolarizations in non-
treated (control, n=18) and C3G-pretreated (n=18) cells. Cells were pre-
incubated with 10 �M rhodamine 123 for 15 min. Change in MMP was 
shown as a percentage of the maximal intensity of rhodamine 123 (3 
�M FCCP). Data are expressed as mean±S.E. **p<0.01 relative to control 
(non-paired Student’s t-test). 



694

https://doi.org/10.4196/kjpp.2018.22.6.689Korean J Physiol Pharmacol 2018;22(6):689-696

Yang JS et al

induced neuronal cell death in cultured rat pure hippocampal 
neurons. Specifically, C3G was found to inhibit A�25-35-induced 
increases in both [Ca2+]i and [Zn2+]i in cultured rat hippocampal 
neurons. C3G also inhibited A�-induced mitochondrial depolar-
ization and formation of ROS. In addition, C3G inhibited the A�-
induced activation of caspase-3. These results suggest that C3G 
inhibits A�25-35-induced neuronal cell death by reducing multiple 
apoptotic signals, such as [Ca2+]i and [Zn2+]i increases, mitochon-
drial depolarization, the formation of ROS, and the activation of 
caspase-3.

A� has been reported to induce the dysregulation of Ca2+ 
homeostasis by enhancing two pathways: Ca2+ influx from the 
extracellular space and Ca2+ release from the intracellular stores. 
In this study, C3G was found to inhibit A�25-35-induced increases 
in [Ca2+]i and [Zn2+]i in cultured rat hippocampal neurons. Since 
the removal of intracellular Ca2+ with the intracellular Ca2+ chela-
tor BAPTA-AM inhibited agonist-induced [Zn2+]i increase [9], 
we assumed that C3G inhibited A�25-35-induced [Zn2+]i increase 
by inhibiting [Ca2+]i increase. Genistein, the active component of 
soy isoflavones, has been reported to inhibit A�25-35-induced [Ca2+]i 
increases and apoptosis in hippocampal neurons [21]. Recently, Yang 
et al. [9] reported that C3G inhibits neuronal cell death by inhibit-
ing glutamate-induced [Ca2+]i and [Zn2+]i increases in cultured rat 
hippocampal neurons. All these data suggest that C3G potentially 
inhibits A�-induced Ca2+ influx through cation-selective chan-
nels on the membrane and by modulating the Ca2+-permeable 
channels, as well as through the release of Ca2+ from the intracel-
lular stores. The inhibitory mechanism of C3G should be investi-
gated in detail in the future. 

[Ca2+]i increases induce mitochondrial Ca2+ overload and mito-

chondrial dysfunction [31]. In the present study, C3G was found 
to inhibit the A�25-35-induced mitochondrial depolarization as 
well as [Ca2+]i and [Zn2+]i increases. In our previous study, BAP-
TA-AM or intracellular Zn2+ chelator TPEN inhibited agonist-
induced mitochondrial depolarization [9]. These data suggest that 
C3G inhibits A�25-35-induced mitochondrial depolarization by in-
hibiting [Ca2+]i and [Zn2+]i increases. This result is indirectly sup-
ported by previous reports of ours that C3G inhibits glutamate-
induced mitochondrial depolarization and neuronal cell death in 
cultured rat hippocampal neurons [9].

Cytosolic Ca2+ appears to play a pivotal role in the formation 
of ROS [32]. Mitochondrial Ca2+ uptake induces the formation 
of ROS [33]. In this study, C3G was found to inhibit the amyloid 
�25-35-induced formation of ROS, as well as mitochondrial depo-
larization and [Ca2+]i and [Zn2+]i increases. In a previous study 
of ours [9], BAPTA-AM or TPEN decreased the agonist-induced 
formation of ROS. All these data suggest that C3G potentially 
inhibits the glutamate-induced formation of ROS by inhibiting 
[Ca2+]i increases. It has been reported that flavonoid genistein in-
hibits the A�-induced formation of ROS [21]. 

In this study, C3G was found to inhibit the A�25-35-induced 
[Ca2+]i and [Zn2+]i increases, mitochondrial depolarization, and 
formation of ROS. In addition, C3G was also found to inhibit 
A�25-35-induced caspase-3 activation, as well as neuronal cell 
death. These results suggest that C3G induces neuroprotection 
against A�25-35-induced apoptosis by reducing multiple signals, 
such as [Ca2+]i and [Zn2+]i increases, mitochondrial depolariza-
tion, the formation of ROS, and the activation of caspase-3. These 
data are indirectly supported by a report that purple rice extract 
and its major anthocyanin constituent, cyanidin, induce neuro-
protection against A�25-35-induced apoptosis in SK-N-SH cells 
by attenuating the formation of ROS, downregulation of cyto-
chrome C, and activation of caspase [34]. Anthocyanins have also 

Fig. 6. Effects of C3G on A�25-35-induced activation of caspase-3. 
Treatment with A�25-35 (20 �M) for 24 hr increased the activation of cas-
pase-3 (n=6). Co-treatment with C3G (10 �g/ml) for 24 hr significantly 
inhibited the A�25-35-induced activation of caspase-3 (n=4). Data are ex-
pressed as mean±S.E. ##p<0.01 relative to vehicle (non-paired Student’s 
t-test) *p<0.05 relative to respective control (non-paired Student’s t-
test).

Fig. 5. Effects of C3G on the A�25-35-induced formation of intracel-
luar ROS. Treatment with A�25-35 (20 μM) for 10 min significantly in-
creased superoxide formation (vehicle, n=19; A�, n=22). Pretreatment 
with C3G (10 �g/ml) for 30 min blocked A�25-35-induced superoxide 
formation (vehicle, n=16, A�, n=14). Superoxide formation was shown 
as a percentage of the initial intensity of dihydroxyehidine. Data are ex-
pressed as mean±S.E. #p<0.05 relative to vehicle (non-paired Student’s 
t-test). *p<0.05 relative to respective control (non-paired Student t-
test).
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been reported to protect against kainic acid-induced apoptosis 
in hippocampal neurons via the ROS-activated AMPK pathway, 
including the activation of caspase-3 [35]. Genistein, one of the 
flavonoids, has also been reported to ameliorate A�25-35-induced 
apoptosis through various mechanisms, including the inhibition 
of [Ca2+]i increase, ROS formation, and caspase-3 activation [21]. 

A�25-35 spontaneously inserted into planar lipid membranes 
forms weakly selective, voltage dependent, ion permeable chan-
nels, which act as toxic leaks in plasma and /or intracellular mem-
branes [36]. A� generates reactive oxygen species and causes lipid 
peroxidation and protein oxidation [37,38]. These studies suggest 
that oligomeric A�25-35 potentially causes Ca2+ dysregulation, mi-
tochondrial depolarization, disruption of membrane potential, 
and energy balance via the formation of ion permeable pores and 
radical-initiated lipid peroxidation, and also may cause neuronal 
cell death. C3G has been suggested to cross the blood brain bar-
rier and affect neuronal cells [39]. Flavonoids including C3G can 
have different interaction sites, such as the surface of the mem-
brane and the hydrophobic core of the membrane, based on their 
chemical properties; this preserves the structure and function of 
the membrane, including ion channels [40,41]. 

In conclusion, cyanidin-3-glucoside inhibits A�25-35-induced 
[Ca2+]i and [Zn2+]i increases, mitochondrial depolarization, the 
formation of ROS, and the activation of caspase-3 in cultured rat 
hippocampal neurons, which are involved in neuroprotection. 
These results suggest that cyanidin-3-glucoside exerts protective 
effects against amyloid-induced neuronal cell death by reducing 
multiple apoptotic signals. The details of how cyanidin-3-gluco-
side inhibits A�25-35-induced signaling pathways at the molecular 
level should be further investigated in future studies.

ACKNOWLEDGEMENTS
This research was supported by the Basic Science Research Pro-

gram through the National Research Foundation of Korea funded 
by the Ministry of Education (NRF-2016R1D1A1B03934176).

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

REFERENCES
1. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, 

Hansen LA, Katzman R. Physical basis of cognitive alterations in 
Alzheimer’s disease: synapse loss is the major correlate of cognitive 
impairment. Ann Neurol. 1991;30:572-580.

2. Arispe N, Rojas E, Pollard HB. Alzheimer disease amyloid beta pro-
tein forms calcium channels in bilayer membranes: blockade by tro-
methamine and aluminum. Proc Natl Acad Sci U S A. 1993;90:567-

571.
3. Mattson MP. Pathways towards and away from Alzheimer’s dis-

ease. Nature. 2004;430:631-639.
4. Bezprozvanny I, Mattson MP. Neuronal calcium mishandling 

and the pathogenesis of Alzheimer’s disease. Trends Neurosci. 
2008;31:454-463.

5. Religa D, Strozyk D, Cherny RA, Volitakis I, Haroutunian V, Win-
blad B, Naslund J, Bush AI. Elevated cortical zinc in Alzheimer dis-
ease. Neurology. 2006;67:69-75.

6. Bush AI, Pettingell WH Jr, de Paradis M, Tanzi RE, Wasco W. The 
amyloid beta-protein precursor and its mammalian homologues. 
Evidence for a zinc-modulated heparin-binding superfamily. J Biol 
Chem. 1994;269:26618-26621.

7. Ahn SH, Kim HJ, Jeong I, Hong YJ, Kim MJ, Rhie DJ, Jo YH, Hahn 
SJ, Yoon SH. Grape seed proanthocyanidin extract inhibits gluta-
mate-induced cell death through inhibition of calcium signals and 
nitric oxide formation in cultured rat hippocampal neurons. BMC 
Neurosci. 2011;12:78. doi: 10.1186/1471-2202-12-78.

8. Bae JH, Mun KC, Park WK, Lee SR, Suh SI, Baek WK, Yim MB, 
Kwon TK, Song DK. EGCG attenuates AMPA-induced intracellular 
calcium increase in hippocampal neurons. Biochem Biophys Res 
Commun. 2002;290:1506-1512.

9. Yang JS, Perveen S, Ha TJ, Kim SY, Yoon SH. Cyanidin-3-glucoside 
inhibits glutamate-induced Zn2+ signaling and neuronal cell death 
in cultured rat hippocampal neurons by inhibiting Ca2+-induced 
mitochondrial depolarization and formation of reactive oxygen spe-
cies. Brain Res. 2015;1606:9-20.

10. Bhuiyan MI, Kim HB, Kim SY, Cho KO. The Neuroprotective po-
tential of cyanidin-3-glucoside fraction extracted from mulberry 
following oxygen-glucose deprivation. Korean J Physiol Pharmacol. 
2011;15:353-361.

11. Kang TH, Hur JY, Kim HB, Ryu JH, Kim SY. Neuroprotective 
effects of the cyanidin-3-O-beta-d-glucopyranoside isolated 
from mulberry fruit against cerebral ischemia. Neurosci Lett. 
2006;391:122-126.

12. Ke Z, Liu Y, Wang X, Fan Z, Chen G, Xu M, Bower KA, Frank JA, 
Ou X, Shi X, Luo J. Cyanidin-3-glucoside ameliorates ethanol neu-
rotoxicity in the developing brain. J Neurosci Res. 2011;89:1676-
1684.

13. Tarozzi A, Morroni F, Hrelia S, Angeloni C, Marchesi A, Cantelli-
Forti G, Hrelia P. Neuroprotective effects of anthocyanins and their 
in vivo metabolites in SH-SY5Y cells. Neurosci Lett. 2007;424:36-
40.

14. Tarozzi A, Merlicco A, Morroni F, Franco F, Cantelli-Forti G, Teti 
G, Falconi M, Hrelia P. Cyanidin 3-O-glucopyranoside protects and 
rescues SH-SY5Y cells against amyloid-beta peptide-induced toxic-
ity. Neuroreport. 2008;19:1483-1486.

15. Kubo T, Nishimura S, Kumagae Y, Kaneko I. In vivo conversion of 
racemized beta-amyloid ([D-Ser 26]A beta 1-40) to truncated and 
toxic fragments ([D-Ser 26]A beta 25-35/40) and fragment presence 
in the brains of Alzheimer’s patients. J Neurosci Res. 2002;70:474-
483.

16. Kim HJ, Kim TH, Choi SJ, Hong YJ, Yang JS, Sung KW, Rhie DJ, Hahn 
SJ, Yoon SH. Fluoxetine suppresses synaptically induced [Ca²+]i spikes 
and excitotoxicity in cultured rat hippocampal neurons. Brain Res. 
2013;1490:23-34.

17. Kim HJ, Martemyanov KA, Thayer SA. Human immunodeficiency 



696

https://doi.org/10.4196/kjpp.2018.22.6.689Korean J Physiol Pharmacol 2018;22(6):689-696

Yang JS et al

virus protein Tat induces synapse loss via a reversible process that is 
distinct from cell death. J Neurosci. 2008;28:12604-12613.

18. Dineley KE, Devinney MJ 2nd, Zeak JA, Rintoul GL, Reynolds IJ. 
Glutamate mobilizes [Zn2+] through Ca2+-dependent reactive oxy-
gen species accumulation. J Neurochem. 2008;106:2184-2193.

19. Agostinho P, Oliveira CR. Involvement of calcineurin in the neu-
rotoxic effects induced by amyloid-beta and prion peptides. Eur J 
Neurosci. 2003;17:1189-1196.

20. Ferreiro E, Oliveira CR, Pereira C. Involvement of endoplasmic re-
ticulum Ca2+ release through ryanodine and inositol 1,4,5-triphos-
phate receptors in the neurotoxic effects induced by the amyloid-
beta peptide. J Neurosci Res. 2004;76:872-880.

21. Zeng H, Chen Q, Zhao B. Genistein ameliorates beta-amyloid pep-
tide (25-35)-induced hippocampal neuronal apoptosis. Free Radic 
Biol Med. 2004;36:180-188.

22. Resende R, Pereira C, Agostinho P, Vieira AP, Malva JO, Oliveira 
CR. Susceptibility of hippocampal neurons to Abeta peptide toxic-
ity is associated with perturbation of Ca2+ homeostasis. Brain Res. 
2007;1143:11-21.

23. Perveen S, Yang JS, Ha TJ, Yoon SH. Cyanidin-3-glucoside inhibits 
ATP-induced intracellular free Ca2+ concentration, ROS formation 
and mitochondrial depolarization in PC12 cells. Korean J Physiol 
Pharmacol. 2014;18:297-305.

24. Nasr P, Gursahani HI, Pang Z, Bondada V, Lee J, Hadley RW, 
Geddes JW. Influence of cytosolic and mitochondrial Ca2+, ATP, 
mitochondrial membrane potential, and calpain activity on the 
mechanism of neuron death induced by 3-nitropropionic acid. Neu-
rochem Int. 2003;43:89-99.

25. Sensi SL, Yin HZ, Weiss JH. AMPA/kainate receptor-triggered Zn2+ 
entry into cortical neurons induces mitochondrial Zn2+ uptake and 
persistent mitochondrial dysfunction. Eur J Neurosci. 2000;12:3813-
3818.

26. Sensi SL, Ton-That D, Sullivan PG, Jonas EA, Gee KR, Kaczmarek 
LK, Weiss JH. Modulation of mitochondrial function by endog-
enous Zn2+ pools. Proc Natl Acad Sci U S A. 2003;100:6157-6162.

27. Pereira C, Santos MS, Oliveira C. Mitochondrial function impair-
ment induced by amyloid beta-peptide on PC12 cells. Neuroreport. 
1998;9:1749-1755.

28. Gottlieb E, Vander Heiden MG, Thompson CB. Bcl-x(L) prevents 
the initial decrease in mitochondrial membrane potential and sub-
sequent reactive oxygen species production during tumor necrosis 
factor alpha-induced apoptosis. Mol Cell Biol. 2000;20:5680-5689.

29. Schubert D, Behl C, Lesley R, Brack A, Dargusch R, Sagara Y, 
Kimura H. Amyloid peptides are toxic via a common oxidative 
mechanism. Proc Natl Acad Sci U S A. 1995;92:1989-1993.

30. Bisaglia M, Venezia V, Piccioli P, Stanzione S, Porcile C, Russo C, 
Mancini F, Milanese C, Schettini G. Acetaminophen protects hip-
pocampal neurons and PC12 cultures from amyloid beta-peptides 
induced oxidative stress and reduces NF-kappaB activation. Neuro-
chem Int. 2002;41:43-54.

31. Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu SS. Calcium, 
ATP, and ROS: a mitochondrial love-hate triangle. Am J Physiol 
Cell Physiol. 2004;287:C817-833.

32. Oyama Y, Furukawa K, Chikahisa L, Hatakeyama Y. Effect of N,N-
diethyldithiocarbamate on ionomycin-induced increase in oxida-
tion of cellular 2’,7’-dichlorofluorescin in dissociated cerebellar 
neurons. Brain Res. 1994;660:158-161.

33. Adam-Vizi V, Starkov AA. Calcium and mitochondrial reactive 
oxygen species generation: how to read the facts. J Alzheimers Dis. 
2010;20 Suppl 2:S413-426.

34. Thummayot S, Tocharus C, Pinkaew D, Viwatpinyo K, Sringarm 
K, Tocharus J. Neuroprotective effect of purple rice extract and its 
constituent against amyloid beta-induced neuronal cell death in SK-
N-SH cells. Neurotoxicology. 2014;45:149-158.

35. Ullah I, Park HY, Kim MO. Anthocyanins protect against kainic 
acid-induced excitotoxicity and apoptosis via ROS-activated AMPK 
pathway in hippocampal neurons. CNS Neurosci Ther. 2014;20:327-
338.

36. Mirzabekov T, Lin MC, Yuan WL, Marshall PJ, Carman M, Toma-
selli K, Lieberburg I, Kagan BL. Channel formation in planar lipid 
bilayers by a neurotoxic fragment of the beta-amyloid peptide. Bio-
chem Biophys Res Commun. 1994;202:1142-1148.

37. Bondy SC, Guo-Ross SX, Truong AT. Promotion of transition metal-
induced reactive oxygen species formation by beta-amyloid. Brain 
Res. 1998;799:91-96.

38. Huang X, Atwood CS, Hartshorn MA, Multhaup G, Goldstein LE, 
Scarpa RC, Cuajungco MP, Gray DN, Lim J, Moir RD, Tanzi RE, 
Bush AI. The A beta peptide of Alzheimer’s disease directly produc-
es hydrogen peroxide through metal ion reduction. Biochemistry. 
1999;38:7609-7916.

39. Talavéra S, Felgines C, Texier O, Besson C, Gil-Izquierdo A, Lamai-
son JL, Rémésy C. Anthocyanin metabolism in rats and their dis-
tribution to digestive area, kidney, and brain. J Agric Food Chem. 
2005;53:3902-3908.

40. Oteiza PI, Erlejman AG, Verstraeten SV, Keen CL, Fraga CG. Flavo-
noid-membrane interactions: a protective role of flavonoids at the 
membrane surface? Clin Dev Immunol. 2005;12:19-25.

41. Tillman TS, Cascio M. Effects of membrane lipids on ion channel 
structure and function. Cell Biochem Biophys. 2003;38:161-190.


