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Abstract
Purple sweet potato color (PSPC), a class of naturally occurring anthocyanins, protects
brain function against oxidative stress induced by D-galactose (D-gal) (Sigma-Aldrich, St.
Louis, MO, USA). Our data showed that PSPC enhanced open-field activity, decreased
step-through latency, and improved spatial learning and memory ability in D-gal-treated
old mice by decreasing advanced glycation end-products’ (AGEs) formation and the AGE
receptor (RAGE) expression, and by elevating Cu,Zn-superoxide dismutase (Cu,Zn-SOD)
(Sigma-Aldrich) and catalase (CAT) expression and activity. Cleavage of caspase-3 and
increased terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphos-
phate (dUTP) nick-end-labeling (TUNEL)-positive cells in D-gal-treated old mice were
inhibited by PSPC, which might be attributed to its antioxidant property. PSPC also sup-
pressed the activation of c-Jun NH2-terminal kinase (JNK) and the release of cytochrome
c from mitochondria that counteracted the onset of neuronal apoptosis in D-gal-treated
old mice. Furthermore, it was demonstrated that phosphoinositide 3-kinase (PI3K) activa-
tion was required for PSPC to promote the neuronal survival accompanied with phospho-
rylation and activation of Akt and p44/42 mitogen-activated protein kinase (MAPK) by
using PI3K inhibitor LY294002 (Cell Signaling Technology, Inc., Beverly, MA, USA),
implicating a neuronal survival mechanism. The present results suggest that neuronal sur-
vival promoted by PSPC may be a potentially effective method to enhance resistance of
neurons to age-related disease.

Keywords

Akt pathway, apoptosis, ERK pathway,
neuronal survival, oxidative stress, PI3K, purple
sweet potato color.

Corresponding author:

Yuan-lin Zheng, PhD, Key Laboratory for
Biotechnology on Medicinal Plants of Jiangsu
Province, School of Life Science, Xuzhou
Normal University, Xuzhou 221116, Jiangsu
Province, China (E-mail: ylzheng@xznu.edu.cn,
yzheng170@yahoo.com.cn)

Received 19 August 2009; accepted 27
September 2009.

doi:10.1111/j.1750-3639.2009.00339.x

INTRODUCTION
Brain aging refers to a multidimensional process including
molecular, cellular and functional changes characterized by
pathological features such as oxidative stress, alterations in cell
metabolism, accumulation of misfolded proteins and nucleic acid
damage. Increased oxidative stress and accumulation of oxida-
tively damaged molecules (proteins, nucleic acids and lipids) in
the brain during aging promote dysfunction of various metabolic
and signaling pathways (12, 20, 27). Along with realizing the
adverse effects of oxidative stress on the brain, recent studies
suggest advanced glycation end-products (AGEs) are one of the
risk factors in brain aging (30, 49). AGEs are the products of
glycation reaction between a protein’s primary amino group and
a carbohydrate-derived aldehyde group, and increase during
aging (2, 29). Many studies have shown that D-galactose (D-gal)
(Sigma-Aldrich, St. Louis, MO, USA) induced mimetic aging in
experimental animals (5, 45). D-gal is a reducing sugar that can
form AGEs in vivo and result in oxidative stress, which contrib-

utes to making clear the mechanism of this aging model to some
extent (5, 7, 43). More evidence indicates that neuronal death
induced by oxidative stress could exacerbate the deficits of learn-
ing and memory (6, 28, 55). Using this stimulus, we investigated
whether D-gal could induce apoptosis that contributed to the
memory deficits in old mice.

Recently, interests in anthocyanin pigments have been intensi-
fied because of their physiological function, such as antioxidant,
anti-inflammatory and hepatoprotective activities (4, 39, 46).
Purple sweet potato color (PSPC) is a kind of anthocyanins that is
abundant in the tuber of the Okinawa purple sweet potato (Ipomoea
batatas) (19, 31, 57). Our previous study has shown that PSPC
could improve the ability of learning and memory in D-gal-injected
mice via regulating the expression of synaptic proteins (54). On the
basis of existing literature data, the primary aim of this research is
to evaluate whether PSPC helps to promote survival of neurons to
improve the ability of learning and memory in D-gal-treated old
mice, and to investigate the molecular mechanism of its action in
the brain of D-gal-treated old mice.

Brain Pathology ISSN 1015-6305

598 Brain Pathology 20 (2010) 598–612

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



MATERIALS AND METHODS

Animals and treatments

Forty 15-month-old male Kunming strain mice were purchased
from the Branch of National Breeder Center of Rodents (Shang-
hai). Prior to experiments, mice had free access to food and
water, and were kept under constant conditions of temperature
(23°C � 1°C) and humidity (60%). Eight mice were housed per
cage on a 12-h light/dark schedule (lights on 8:30 AM–8:30 PM).
After a week of adaptation, mice were divided randomly into six
groups. Groups 1, 5 and 6 served as vehicle control with injection
of saline (0.9%) only, and the other three groups of mice (groups 2,
3 and 4) received daily subcutaneous injection of D-gal at a dose of
500 mg/(kg/day) for 8 weeks, respectively.

After 8 weeks, mice in groups 3, 4 and 5 received PSPC (purity
>90%; Qingdao Pengyuan Natural Pigment Research Institute) of
100 mg/(kg/day) in distilled water containing 0.1% Tween 80
(Sigma-Aldrich, St. Louis, MO, USA) by oral gavage for another
4 weeks, and the mice of groups 1, 2 and 6 were given distilled
water containing 0.1% Tween 80 orally at the same dose. Thirty
minutes after PSPC treatment, 40 mg of LY294002 (Cell Signaling
Technology, Inc., Beverly, MA, USA), dissolved in 10 mL of the
solvent consisting of 99% sterile saline/1% dimethyl sulfoxide,
was given for 4 minutes in groups 4 and 6 by means of intracere-
broventricular infusion. The other four groups (groups 1, 2, 3 and
5) were infused with an equal volume of the solvent, respectively.
Drug infusion was daily performed using a microinjector (KD
scientific Inc., Holliston, MA, USA) through both cerebral ven-
tricles (from the bregma: anteroposterior, 0.5 mm; mediolateral,
1.0 mm; depth, 2.0 mm) at a rate of 2.5 mL/minute for 4 weeks
(35). All experiments were performed in compliance with the
Chinese legislation on the use and care of laboratory animals, and
were approved by the respective university committees for animal
experiments. After the behavioral testing, mice were sacrificed, and
brain tissues were immediately collected for experiments or stored
at -70°C for later use.

Behavioral tests

Open-field test

Open-field test was performed as described previously (23–25).
The open-field apparatus was a circular arena (50 cm in diameter,
30 cm in height) made of wood laminated with light grey resin and
illuminated with a single 40-W bulb (3000 lux) placed 2.8 m above
the center of it. The bottom of the arena was divided into 21 equal-
area grid cells by white lines. Tests were performed in the breeding
room from 8:30 AM to 4 PM. The individual mouse was placed in
the middle of the chamber for each trial. After 1-minute adaptation,
the behavior of each mouse was recorded for 5 minutes by two
observers 1 m away from the open-field area. Between trials, the
mouse was returned to its home cage in the same room, and the
open field was wiped clean with a slightly damp cloth. The behav-
ioral parameters were analyzed as the following: (i) ambulation:
the number of grids crossed in the arena during the observation
period; (ii) rearing: the number of times the mouse stood on its hind
legs; (iii) leaning: the number of times the mouse placed one or two
forelimbs on the wall of the arena; (iv) grooming: the number of

times the mouse “washed” itself by licking, wiping, combing or
scratching any part of the body.

Step-through test

The step-through passive avoidance apparatus consisted of an illu-
minated chamber (11.5 cm ¥ 9.5 cm ¥ 11 cm) attached to a dark-
ened chamber (23.5 cm ¥ 9.5 cm ¥ 11 cm) containing a metal floor
that could deliver footshocks. The two compartments were sepa-
rated by a guillotine door. The illuminated chamber was lit with a
25-W lamp. The step-through test was performed as described
previously (23, 24).

Morris water maze (MWM) test

The MWM test was performed as described previously (23–25).
The experimental apparatus consisted of a circular water tank
(100 cm in diameter, 35 cm in height), containing water
(23°C � 1°C) to a depth of 15.5 cm, which was rendered opaque
by adding ink. A platform (4.5 cm in diameter, 14.5 cm in height)
was submerged 1 cm below the water surface and placed at the
midpoint of one quadrant. The pool was located in a test room that
contained various prominent visual cues. Each mouse received four
training trials per day for 5 consecutive days. Latency to escape
from the water maze (finding the submerged escape platform) was
calculated for each trial. On day 6, the probe test was carried out by
removing the platform and allowing each mouse to swim freely for
60 s. The time that mice spent swimming in the target quadrant
(where the platform was located during hidden-platform training),
and in the three nontarget quadrants (right, left and opposite quad-
rants), was measured, respectively. For the probe trials, the number
of times each mouse crossed over the platform site was also mea-
sured and calculated. All data were recorded with a computerized
video system.

Preparation of tissue samples

Tissue homogenates

For biochemical studies, animals were deeply anesthetized and
sacrificed (25). Brains were promptly dissected and perfused with
50-mM (pH 7.4) ice-cold phosphate-buffered saline (PBS) solu-
tion. Brains were homogenized in 1/5 (w/v) PBS containing a
protease inhibitor cocktail (Sigma-Aldrich) with 10 strokes at
1200 rpm in a Teflon-glass Potter-Elvehjem homogenizer (Kontes,
Vineland, NJ, USA). Homogenates were divided into two portions,
and one part was directly centrifuged at 8000 ¥ g for 10 minutes to
obtain the supernatant. Supernatant aliquots were used to deter-
mine brain catalase (CAT) and protein contents. The second part of
homogenates was sonicated four times for 30 s with 20-s intervals
using a VWR Bronson Scientific sonicator (VWR Int. Ltd. Merch
House Pool, UK), centrifuged at 5000 ¥ g for 10 minutes at 4°C,
and the supernatants were collected and stored at -70°C for the
determination of Cu,Zn superoxide dismutase (Cu,Zn-SOD)
(Sigma-Aldrich) enzyme activities.

For Western blot analysis, brains were homogenized in 1/3 (w/v)
ice-cold Radioimmunoprecipitation (RIPA) lysis buffer [1 ¥ Tris-
buffered saline (TBS), 1% Nonidet P-40 (NP-40), 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and 0.004%
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sodium azide] combining 30 mL of 10 mg/mL phenylmethylsulfo-
nyl fluoride (PMSF) solution, 30 mL of Na3VO4, 30 mL of NaF and
30 mL of protease inhibitor cocktails per gram of tissue (25, 54).
The homogenates were sonicated four times for 30 s with 20-s
intervals using a VWR Bronson Scientific sonicator, centrifuged at
15 000 ¥ g for 10 minutes at 4°C, and the supernatant was col-
lected and stored at -70°C for Western blot studies. Protein levels
in the supernatants were determined using the BCA™ assay kit
(Pierce Biotechnology, Inc., Rockford, IL, USA).

When necessary, brain tissues were immediately used to prepare
mitochondrial fractions at 4°C. Nonfrozen brain tissues were
homogenized in 1/3 (w/v) ice-cold homogenization buffer [50-mM
4-morpholinepropanesulfonic acid (MOPS), pH 7.4 (Sigma-
Aldrich), 100-mM KCl, 320-mM sucrose, 50-mM NaF, 0.5-mM
MgCl2, 0.2-mM 1,4-dithiothreitol, 1-mM ethylenediaminetet-
raacetic acid (EDTA), 1-mM ethylene glycol-bis(2-
aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 1-mM
Na3VO4 (Sigma-Aldrich), 20-mM sodium pyrophosphate, 20-mM
b-phosphoglycerol, 1-mM p-nitrophenyl phosphate, 1-mM benza-
midine, 1-mM phenylmethylsulfonyl fluoride and 5 mg/mL each
of leupeptin, aprotinin and pepstatin A]. The homogenates were
centrifuged at 1000 ¥ g for 10 minutes at 4°C. The pellets were
discarded, and supernatants were centrifuged at 17 000 ¥ g for
20 minutes at 4°C to get the cytosolic fraction in the supernatants
and the crude mitochondrial fraction in the pellets. The protein
concentrations were determined by the method of Lowry et al (22).

Collection of brain slice

The mice were perfused transcardially with 25 mL of normal saline
(0.9%). The brain tissues were fixed in a fresh solution of 4%
paraformaldehyde (pH 7.4) at 4°C for 4 h, incubated overnight
at 4°C in 100-mM sodium phosphate buffer (pH 7.4) containing
30% sucrose and embedded in optimal cutting temperature com-
pound (OCT, Leica Microsystems, Nussloch, Germany). Coronal
sections (12 mm) from cryofixed tissues were collected on
3-aminopropyl-trimethoxysilane-coated slides (Sigma-Aldrich)
and stored at -70°C.

Biochemical assays

Assay of Cu,Zn-SOD activity

Chemicals used in the assay, including xanthine, xanthine oxidase,
cytochrome c, bovine serum albumin (BSA) and SOD, were pur-
chased from Sigma-Aldrich. Cu,Zn-SOD activity was measured
according to the method described by Lu et al (23, 25). Solution A
was prepared by mixing 100 mL of 50-mM PBS (pH 7.4) contain-
ing 0.1-mM EDTA and 2 mmol of cytochrome c with 10 mL of
0.001 N NaOH solution containing 5 mmol of xanthine. Solution B
contained 0.2-U xanthine oxidase/mL and 0.1-mM EDTA. Fifty
microliters of a tissue supernatant was mixed with 2.9 mL of solu-
tion A, and the reaction was started by adding 50 mL of solution B.
Change in absorbance at 550 nm was monitored in a spectropho-
tometer (Shimadzu UV-2501PC, Shimadzu Corp., Kyoto, Japan).
A blank was run by replacing the supernatant with 50 mL of ultra
pure water. Cu,Zn-SOD level was expressed as units per milligram
protein, with reference to the activity of a standard curve of bovine
copper-zinc SOD under the same conditions.

Assay of CAT activity

CAT activity in brain tissue homogenates was determined using
the method of Lu et al (23, 25). In brief, to a quartz cuvette
(Shimadzu Corp., Kyoto, Japan), 0.65 mL of the phosphate buffer
(50 mmol/L; pH 7.0) and a 50 mL sample were added, and the
reaction was started by the addition of 0.3 mL of 30-mM hydrogen
peroxide (H2O2). The decomposition of H2O2 was monitored at
240 nm at 25°C. CAT activity was calculated in terms of nM H2O2

consumed per minute per milligram of protein in the samples.

Western blot analysis

Samples (80-mg protein each) were separated by denaturing SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred to a
polyvinylidene fluoride (PVDF) membrane (Roche Diagnostics
Corporation, Indianapolis, IN, USA) by electrophoretic transfer.
The membranes were blocked with 5% BSA and 0.1% Tween 20 in
TBS, incubated overnight with polyclonal anti-AGE antiserum and
raised against glyoxylic acid-treated keyhole limpet hemocyanin
(1:1000, Wako, Commercial Rafer, Zaragoza, Spain), monoclonal
anti-N-Carboxymethyl-lysine (CML) antibody (1:2000, Trans-
genic Inc., Kumamoto, Japan), a monoclonal anti-N-carboxyethyl-
lysine (CEL) antibody (1:2000, Transgenic Inc.) and polyclonal
rabbit anti-AGE receptor antibody (1:1000, Abcam, Cambridge,
UK), polyclonal rabbit anti-CAT antibody (1:4000, Abcam), poly-
clonal rabbit anti-Cu,Zn-SOD antibody (1:1000, Abcam), poly-
clonal rabbit anti-cleaved caspase-3 and anti-caspase-3 antibody
(1:1000, Cell Signaling Technology, Inc.), monoclonal rabbit anti-
stress-activated protein kinase/c-Jun NH2-terminal kinase (SAPK/
JNK) (pThr183 or pTyr185) antibody (1:1000, Cell Signaling
Technology, Inc.), monoclonal rabbit anti-SAPK/JNK antibody
(1:1000, Cell Signaling Technology, Inc.), monoclonal mouse anti-
cytochrome c antibody (1:2500, BD PharMingen, San Diego, CA,
USA), monoclonal rabbit anti-Akt (pThr308 or pSer473) antibody
(1:1000, Cell Signaling Technology, Inc.), monoclonal rabbit
anti-Akt antibody (1:1000, Cell Signaling Technology, Inc.),
monoclonal rabbit anti-p44/p42 mitogen-activated protein kinase
(MAPK) [anti-extracellular signal-related kinases (ERK1/2)]
(pThr202/Tyr204) antibody (1:1000, Cell Signaling Technology,
Inc.), monoclonal rabbit anti-ERK1/2 antibody (1:1000, Cell Sig-
naling Technology, Inc.), polyclonal rabbit anti-Bcl-2-associated
death protein (Bad) (pSer112 or pSer136) antibody (1:1000, Cell
Signaling Technology, Inc.), and polyclonal rabbit anti-Bad anti-
body (1:1000, Cell Signaling Technology, Inc.), respectively.
Quantitation of detected bands was performed with the Scion
Image™ analysis software (Scion Corp., Frederick, MD, USA).
The data were normalized using monoclonal mouse anti-b-actin
(1:8000, Chemicon International Inc., Temecula, CA, USA),
monoclonal mouse anti-cytochrome c oxidase (COX) IV antibody
(1:1000, Abcam), anti-total SAPK/JNK, anti-total-Akt, anti-total-
ERK1/2 or anti-total-Bad antibody as an internal control, and stan-
dardized with the vehicle control as 1.0.

Deoxyribonucleotidyl transferase
(TdT)-mediated dUTP-fluorescein isothiocyanate
(FITC) nick-end labeling (TUNEL) assay

For the TUNEL staining, the standard protocol for frozen sections
was followed (BD ApoAlert™ DNA Fragmentation assay kit, BD
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Biosciences Clontech, Palo Alto, CA, USA). The sections were
immersed in a Coplin jar (VWR International, Aurora, CO, USA)
containing fresh 4% formaldehyde/PBS, and incubated at room
temperature for 5 minutes. The sections were washed twice with
PBS for 5 minutes. The liquid was allowed to drain thoroughly, and
the slides were placed on a flat surface. Each section was covered
with 100 mL of 20 mg/mL Proteinase K solution (section III) and
incubated at 37°C for 5 minutes. After two washes of 5 minutes
each with PBS, the sections were transferred into a Coplin jar
containing 4% formaldehyde/PBS and then washed in PBS again.
The cells were covered in equilibration buffer (from the kit) and
equilibrated at room temperature for 5 minutes. The equilibration
buffer was drained, and TdT incubation buffer was added to the
tissue sections. To perform the tailing reaction, the slice was placed
in a dark and humidified 37°C incubator for 1 h. The tailing reac-
tion was terminated by immersing the samples in 2 ¥ saline-
sodium citrate (SSC) at room temperature for 15 minutes. Samples
were washed three times with PBS for 5 minutes to remove
unincorporated fluorescein-dUTP. Finally, strong, nuclear green
fluorescence in apoptotic cells was observed on a fluorescent
microscopy equipped with a standard fluorescein filter (520 nm �
20 nm). All cells stained with propidium iodide exhibit strong red
cytoplasmic fluorescence when viewed at 620 nm. Specimens were
analyzed with a Zeiss Axioskop 40™ microscope equipped for light
microscopy (Carl Zeiss, Oberkochen, Germany). The images were
taken with a CCD camera (CoolSNAP™ Color, Photometrics,
Roper Scientific Inc., Trenton, NJ, USA) and processed with
Image-Pro® Plus 6.0 software (Media Cybernetics Inc., Newbury-
port, MA, USA). For analysis; plaque areas were excluded, and the
number of stained cells in 0.01 mm2 was estimated by blind manual
counting of seven regions located at a consistent position per
section.

Statistical analysis

All statistical analyses were performed using the SPSS software,
version 11.5 (SPSS Inc., Chicago, IL, USA). Group differences in
the escape latency in the MWM training task were analyzed using
two-way analysis of variance (ANOVA) with repeated measures,
the factors being treatment and training day. The other data were
analyzed with one-way ANOVA followed by Newman-Keuls or
Tukey’s Honestly Significant Differences (HSD) post hoc test.
Data were expressed as means � standard deviation. Statistical
significance was set at P < 0.05.

RESULTS

Effect of PSPC on the behavior of D-gal-treated
old mice

Open-field test

The effect of PSPC on the behavior of D-gal-treated old mice in
open field is shown in Figure 1. D-gal treatment reduced the loco-
motor activity, exploratory behavior and anxiety-related behavior
such as grid crossing, rearing/leaning [F(4,35) = 14.349,
P < 0.001] and grooming [F(4,35) = 12.169, P < 0.001]. PSPC
treatment produced a significant increase in open-field activity in
D-gal-treated old mice (P < 0.01). However, LY294002, a selec-

tive phosphatidylinositol 3-kinase inhibitor, produced a decrease
in open-field activity in the old mice cotreated with D-gal and
PSPC. And there was no significant difference in open-field activ-
ity between the D-gal/PSPC/LY294002 group and the D-gal
group.
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Figure 1. Effect of purple sweet potato color (PSPC) on the behavior of
D-galactose (D-gal)-treated old mice in the open field (n = 8). All values
are expressed as means � standard deviation. A. Comparison of cross-
ing numbers (within 5 minutes). B. Comparison of rearing/leaning
numbers (within 5 minutes). C. Comparison of grooming numbers
(within 5 minutes). **P < 0.01, ***P < 0.01 vs. control group;
##P < 0.01, ###P < 0.001 vs. D-gal group; +P < 0.05, ++P < 0.01 D-gal/
PSPC group vs. D-gal/PSPC/LY294002 group.
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Step-through test

In the acquisition trial, the step-through latencies did not differ
among the five groups [F(4,35) = 1.510, P > 0.05] (Figure 2). The
step-through latency in the 24-h retention trial was significantly
decreased in D-gal-treated old mice [F(4,35) = 5.741, P < 0.05].
Post hoc analysis showed that PSPC significantly inhibited the
amnesic effect of D-gal on latency time for the step-through trial
(P < 0.05); however, the latency time in the D-gal/PSPC group was
markedly decreased by LY294002. And there was no significant
difference in the latency time between the D-gal/PSPC/LY294002
group and the D-gal group.

MWM test

Statistical analysis for the escape latency in the MWM test was
performed using two-way ANOVA for repeated measures, with day
and treatment as sources of variation (Figure 3). Mice showed
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Figure 3. Effect of purple sweet potato color (PSPC) on the behavior of
D-galactose (D-gal)-treated old mice in Morris water maze (n = 8). All
values are expressed as means � standard deviation. A. Comparison of
latency to platform during 5 training days. B. Comparison of numbers of
crossing over platform site on day 6. ***P < 0.001 vs. control group;

#P < 0.05, ###P < 0.001 vs. D-gal group; +P < 0.05 D-gal/PSPC group
vs. D-gal/PSPC/LY294002 group. C. Comparison of the time spent in
target quadrant with other quadrants on day 6. *P < 0.05, **P < 0.01,
***P < 0.01 compared with any other quadrant.
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significant difference in mean latency to reach the platform
between training days [F(4,175) = 54.747, P < 0.001] and between
treatments [F(4,175) = 17.871, P < 0.001], but no interaction
between the factors day and treatment [F(16,175) = 0.964,
P > 0.05].

During the hidden-platform acquisition, the performance was
improved as indicated by the decreased escape latencies across
successive days (Figure 3A). In the D-gal group, the latency was
prolonged significantly as compared with that in the vehicle con-
trols (P < 0.001), and remained unchanged in the D-gal group
cotreated with PSPC (P > 0.05). However, the D-gal/PSPC group
remained with prolonged latency caused by LY294002. During the
probe trial, the spatial accuracy of old mice was determined by the
number of times they crossed the former platform area (Figure 3B).
A significantly decreased number of crossing was observed in the
D-gal group [F(4,35) = 12.276, P < 0.001], which was reversed by
PSPC treatment. In contrast, no significant difference was found in
the number of crossings between the D-gal group and the D-gal/
PSPC/LY294002 group. Probe trial performance can also be repre-

sented as time spent in different quadrants, and the well-trained
mouse will show high preference for the target quadrant where the
platform used to be (Figure 3C). The preference, which was not
significant in both D-gal group and D-gal/PSPC/LY294002 group,
approached significance in the control, D-gal/PSPC and PSPC
groups [control group: F(3,28) = 9.369, P < 0.01; D-gal group:
F(3,28) = 1.747, P > 0.05; D-gal/PSPC group: F(3,28) = 8.956,
P < 0.05; D-gal/PSPC/LY294002 group: F(3,28) = 1.655,
P > 0.05; PSPC group: F(3,28) = 8.598, P < 0.05 vs. target
quardrant].

Effect of PSPC on AGEs, CML, CEL formation
and RAGE expression in D-gal-treated old mice

The antibodies to AGEs, CML and CEL were used as markers of
glycoxidation and carbonyl production. The formation of AGEs,
CML and CEL (ranging from 30 kDa to 200 kDa) was analyzed by
Western blotting (Figure 4). The intensity of AGEs, CML and CEL
was significantly increased in the brain of D-gal-treated mice
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Figure 4. Effect of purple sweet potato color (PSPC) on the expression
of advanced glycation end-products (AGEs), Carboxymethyl-lysine
(CML), carboxyethyl-lysine (CEL) and AGE receptor (RAGE) in the brain
of D-galactose (D-gal)-treated old mice (n = 3). A. Immunoreactivity of
AGEs, CML, CEL, RAGE and b-actin in all treated groups. B. Relative
density analysis of the AGEs, CML, CEL and RAGE protein bands.
b-Actin was probed as an internal control. The relative density is

expressed as the ratio (AGEs/b-actin, CML/b-actin, CEL/b-actin, RAGE/b-
actin), and the vehicle control is set as 1.0. Values are averages from
three independent experiments. Each value is the mean � standard
deviation. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group;
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. D-gal group; ++P < 0.01,
+++P < 0.001 D-gal/PSPC group vs. D-gal/PSPC/LY294002 groups.
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as compared with vehicle controls [AGEs: F(4,10) = 80.714,
P < 0.001; CML: F(4,10) = 56.097, P < 0.001; CEL: F(4,10) =
67.233, P < 0.001]. PSPC significantly reduced the formation of
AGEs, CML and CEL in the brain of D-gal-treated mice [AGEs:
P < 0.001; CML: P < 0.01; CEL: P < 0.05 vs. D-gal group].
However, LY294002 significantly inhibited the reduced AGEs,
CML and CEL formation in the brain of old mice cotreated with
D-gal and PSPC [AGEs: P < 0.001; CML: P < 0.01; CEL:
P < 0.01 vs. D-gal/PSPC group].

RAGE, the receptor for AGEs, is a member of the immunoglobu-
lin superfamily of cell surface molecules; its interaction with
ligands enhances receptor expression (34, 38). D-gal markedly
increased the expression of RAGE in the brain of mice [RAGE:
F(4,10) = 104.291, P < 0.001] (Figure 4). PSPC significantly
inhibited the overexpression of RAGE in the brain of D-gal-treated
mice (P < 0.001). LY294002 markedly induced the expression of
RAGE (P < 0.001), which was consistent with the changes in the
formation of AGEs. No significant difference was found in the
expression of AGEs, CML, CEL and RAGE between mice treated
with PSPC alone and vehicle controls.

Effect of PSPC on the expression and activity of
Cu,Zn-SOD and CAT in D-gal-treated old mice

We had previously found that mice, when treated with D-gal,
underwent age-related changes via redox balance alterations (23,
25). To determine whether antioxidative effect of PSPC was
responsible for the improved learning and memory performance in
the same model, we examined the changes in the expression and
activities of enzymes Cu,Zn-SOD and CAT. As shown in Figures 5
and 6, the expressions of Cu,Zn-SOD and CAT in D-gal-treated
old mice were significantly decreased as compared with vehicle
controls [Cu,Zn-SOD: F(4,10) = 198.972, P < 0.001; CAT:
F(4,10) = 270.723, P < 0.001]. The expression levels of Cu,Zn-
SOD and CAT were significantly higher in old mice cotreated with
PSPC and D-gal than that in D-gal treated old mice (Cu,Zn-SOD:
P < 0.001; CAT: P < 0.001). Correspondingly, the decreased
activities of Cu,Zn-SOD and CAT in D-gal-treated old mice were
significantly elevated by PSPC [Cu,Zn-SOD: F(4,20) = 29.601,
P = 0.01; CAT: F(4,20) = 21.006, P < 0.05 vs. D-gal group].
LY294002 markedly inhibited the increased expression and
activities of Cu,Zn-SOD and CAT in old mice cotreated with D-gal
and PSPC.

Effect of PSPC on the D-gal-induced
caspase-3-dependent apoptosis in mouse brain

We used the TUNEL assay to investigate the effect of PSPC on
the D-gal-induced apoptosis (Figures 7 and 8). The number of
TUNEL-positive cells in the hippocampus and cerebral cortex of
D-gal-treated old mice was significantly increased [hippocampus:
F(4,30) = 45.566, P < 0.001; cerebral cortex: F(4,30) = 37.602,
P < 0.001]. There were significantly fewer TUNEL-positive cells in
the hippocampus and cerebral cortex of old mice cotreated with
D-gal and PSPC as compared with those treated with D-gal (hip-
pocampus: P < 0.001; cerebral cortex: P < 0.001). However, the
significantly increased TUNEL-positive cells were observed in the
hippocampus and cerebral cortex of old mice cotreated with D-gal

and PSPC group caused by LY294002 (hippocampus: P < 0.001;
cerebral cortex: P < 0.001).

The cleavage and activation of caspase-3 in the brain of old mice
were also examined by Western blotting (Figure 9). As reported
previously, D-gal increased the activation of caspase-3 in the brain
of mice (25). In the present study, we found that PSPC could
markedly inhibit the activation of caspase-3 in D-gal-treated old
mice [F(4,10) = 383.581, P < 0.001 vs. D-gal group]. The activa-
tion of caspase-3 was markedly increased in the brain of D-gal/
PSPC-cotreated old mice by treatment with LY294002 (P < 0.001
vs. D-gal/PSPC group).

Effect of PSPC on the activation of JNK and
the release of cytochrome c in the brain of
D-gal-treated old mice

In Figure 10, we examined the activation of JNK by Western blot
analysis. D-gal induced the activation of JNK significantly in the
brain of old mice [p-p46 JNK: F(4,10) = 66.735, P < 0.001; p-p54
JNK: F(4,10) = 27.679, P < 0.001], which was markedly inhibited
by PSPC treatment (p-p46 JNK: P < 0.01; p-p54 JNK: P < 0.05 vs.
D-gal group). The activation of JNK in the brain of old mice
cotreated with D-gal and PSPC was significantly increased by
LY294002 (p-p46 JNK: P < 0.01; p-p54 JNK: P < 0.05 vs. D-gal/
PSPC group).

It has been demonstrated that the activation of JNK is respon-
sible for the cytochrome c release, which leads to the cleavage of
caspase-3 and the induction of apoptosis. In the present study, we
then measured the mitochondrial and cytosolic cytochrome c in the
brain of old mice by Western blot analysis (Figure 11). Without
D-gal treatment, most of the detectable cytochrome c in the brain of
old mice was in the mitochondria. Cytochrome c in the cytosol of
D-gal-treated old mice significantly increased [F(4,10) = 314.371,
P < 0.001], which was markedly inhibited by cotreatment with
PSPC (P < 0.001 vs. D-gal group). The amount of cytochrome c in
mitochondria showed a corresponding increase in the brain of
old mice cotreated with D-gal and PSPC [F(4,10) = 166.061,
P < 0.001 vs. D-gal group]. Interestingly, the amount of cytosolic
cytochrome c in the brain of old mice cotreated with D-gal and
PSPC was significantly increased by LY294002 (P < 0.001 vs.
D-gal/PSPC group).

Effect of PSPC on the phosphorylation of Akt
and p44/42 MAPK in the brain of D-gal-treated
old mice

Both Akt and p44/42 MAPK (ERK1/2) are serine/threonine
kinases that are invoked by numerous growth and survival factors.
We investigated the effect of PSPC on phosphorylation of Akt and
p44/42 MAPK by Western blot analysis (Figure 12). Akt activa-
tion requires phosphorylation on both Thr308 and Ser473 (26).
The phosphorylation of Akt (Thr308/Ser473) was significantly
decreased by D-gal treatment [Akt (Thr308): F(4,10) = 287.585,
P < 0.001; Akt (Ser473): F(4,10) = 298.725, P < 0.001]. PSPC
remarkably attenuated the decrease of pAkt (Thr308/Ser473) in the
brain of D-gal-treated old mice [Akt (Thr308/Ser473): P < 0.001
vs. D-gal group]. LY294002 significantly decreased the
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phosphorylation of Akt (Thr308/Ser473) in the brain of old mice
cotreated with D-gal and PSPC [Akt (Thr308/Ser473): P < 0.001
vs. D-gal/PSPC group].

The p44/42 MAPK phosphorylation status was also analyzed
by Western blot. Similarly, the analysis of Western blot showed
that D-gal markedly decreased the phosphorylation of p44/42
MAPK [p-p44 MAPK: F(4,10) = 79.357, P < 0.001; Akt (Ser473):
F(4,10) = 117.092, P < 0.001]. Figure 12 also revealed that the
PSPC induced phosphorylation of p44/42 MAPK (Thr202/Tyr204)
in the brain of D-gal-treated old mice (P < 0.001 vs. D-gal group),
which was inhibited by LY294002 (P < 0.001 vs. D-gal/PSPC
group).

Effect of PSPC on the phosphorylation of Bad in
the brain of D-gal-treated old mice

Bad, a proapoptotic Bcl-2 family protein, is modulated by phos-
phorylation at two sites, serine 112 (Ser-112) and serine 136
(Ser-136). The analysis of Western blot showed that D-gal signifi-
cantly reduced the phosphorylation of Bad at Ser-112 and Ser-
136 [pBad (Ser112): F(4,10) = 53.169, P < 0.001; pBad
(Ser136): F(4,10) = 39.689, P < 0.001] (Figure 12). However,
PSPC significantly increased the phosphorylation of Bad at these
two sites in the brain of D-gal-treated old mice (P < 0.01 vs.
D-gal), which would promote the neuronal survival by the
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Figure 5. Effect of purple sweet potato color (PSPC) on the expression
of Cu,Zn-superoxide dismutase (Cu,Zn-SOD) and catalase (CAT) in the
brain of D-galactose (D-gal)-treated old mice (n = 3). A. Immunoreactivity
of Cu,Zn-SOD, CAT and b-actin in all treated groups. B. Relative density
analysis of the Cu,Zn-SOD protein bands. C. Relative density analysis of
the CAT protein bands. b-Actin was probed as an internal control. The

relative density is expressed as the ratio (Cu,Zn-SOD/b-actin, CAT/b-
actin), and the vehicle control is set as 1.0. Values are averages from
three independent experiments. Each value is the mean�standard
deviation. *P < 0.05, ***P < 0.001 vs. control group; ###P < 0.001 vs.
D-gal group; +++P < 0.001 D-gal/PSPC group vs. D-gal/PSPC/LY294002
group.
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association of Bad with 14-3-3. There was no significant effect of
PSPC on the Bad phosphorylaton of mice without D-gal treat-
ment. LY294002 markedly inhibited the PSPC-induced phospho-
rylation of Bad in the brain of D-gal-treated old mice (P < 0.01
vs. D-gal/PSPC group).

DISCUSSION
Previous studies have revealed that D-gal has a neurotoxic effect in
mice (23, 54). D-gal is a reducing sugar that can form AGEs in vivo
and result in oxidative stress. It is also demonstrated that AGEs
exacerbate and accelerate aging change and contribute to the devel-
opment of age-related diseases, including atherosclerosis, neuro-
degenerative disease and age-related macular degeneration (3, 49).
Our present study showed that D-gal induced the oxidative stress,
including decreased expression and activity of Cu,Zn-SOD and
CAT, which might result from the increased expression of AGEs,
CML, CEL and RAGE, (Figures 4–6). In the open-field tests, the
D-gal model group showed a significantly decreased number of
crossing, rearing/leaning and grooming as compared with the
vehicle group. These results indicated that spontaneous behavior
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Figure 6. Effect of purple sweet potato color (PSPC) on the activity of
Cu,Zn-superoxide dismutase (Cu,Zn-SOD) and catalase (CAT) in the brain
of D-galactose (D-gal)-treated old mice (n = 5). Values are averages from
five independent experiments. Each value is the mean � standard
deviation. A. Cu,Zn-SOD. B. CAT. *P < 0.05, **P < 0.01, ***P < 0.001
vs. control group; #P < 0.05, ###P < 0.001 vs. D-gal group; +P < 0.05
D-gal/PSPC group vs. D-gal/PSPC/LY294002 group.
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Figure 7. A. In situ detection of fragmented DNA [deoxyribonucleotidyl
transferase-mediated dUTP-FITC nick-end labeling (TUNEL) assay] in the
hippocampus of old mice. The brain tissues were processed for TUNEL
and photographed using a fluorescence microscope with either a pro-
pidium iodide (PI) filter alone (left) or an FITC filter alone (middle). The
merged images show that apoptotic cells appear yellow and non-
apoptotic cells appear red (right). Scale bars = 100 mm. B. The histogram
showed the relative proportion of TUNEL-positive cells in the hippocam-
pus of old mice. Data are means � standard deviation (n = 7).
***P < 0.001 vs. control group; ###P < 0.001 vs. D-galactose (D-gal)
group; +++P < 0.001 D-gal/purple sweet potato color (PSPC) group vs.
D-gal/PSPC/LY294002 group.
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and explorative response were decreased by the D-gal-induced oxi-
dative stress. Furthermore, D-gal-treated old mice in the step-
through test and MWM test also showed an impaired learning and
memory ability.

PSPC, a class of naturally occurring anthocyanins, possesses
potent anti-inflammatory and antioxidant properties (32, 36). It
has been reported to play a useful role in improving the learning
and memory ability by increasing the expression of synaptic pro-
teins such as GAP43 and PSD95 (54). Dietary supplementation
with PSPC improved the learning and memory ability of D-gal-
treated old mice, accompanied with increased expression and
activity of Cu,Zn-SOD and CAT (Figures 5 and 6). Cu,Zn-SOD
converts superoxide enzymically into hydrogen peroxide that can
be converted nonenzymically into the highly reactive hydroxyl
radical (OH) in the presence of reduced transition metals (eg,
ferrous or cuprous ions) or converted into water by the enzyme
CAT, thereby promoting the clearance of reactive oxygen species
(ROS) (10). The present results indicate that PSPC plays an effec-
tive role in protecting brain function from D-gal-induced oxida-
tive insults.

High ROS concentrations contribute to the apoptotic cell death
whenever they are generated in the context of the apoptotic process
(44). The TUNEL method was used to analyze apoptotic cells in
situ, based on labeling of DNA strand breaks in the cerebral cortex
and the hippocampus of mice. Previous reports show that
anthocyanins play neuroprotective effects as assessed in vitro by
reducing oxidative stress-induced apoptosis (14, 15, 48). As shown
in Figures 7 and 8, D-gal increased the number of TUNEL-positive
cells in the cerebral cortex and the hippocampus of old mice. The
activation of caspase-3 was involved in the apoptosis pathway
induced by D-gal (Figure 9). We found that PSPC decreased the
number of TUNEL-positive cells and inhibited the activation
of caspase-3 in old mice treated with D-gal. Thus, it suggests
that PSPC has a potential anti-apoptotic effect by its antioxidant
activity.

MAPKs are proposed to participate in various cellular pro-
cesses, including cell proliferation, differentiation and apoptosis.
Numerous studies indicate that JNK, also known as SAPK, can be
activated by oxidative stress and involved in apoptosis signaling
pathways (Figure 13) (21, 51). The release of cytochrome c is
tightly linked to the presence and activation of JNK, and the JNK-
mediated cytochrome c release contributes to caspase-3 activation
and onset of apoptosis (11, 51). The activation of JNK and the
release of cytochrome c from mitochondria into cytosol were sig-
nificantly increased by the treatment with D-gal (Figures 10 and
11). Our results further revealed that PSPC markedly prevented the
activation of JNK and the release of cytochrome c induced by
D-gal. Suppressing apoptosis using PSPC that targets key proteins
in the cell death process, such as cytochrome c and caspase-3,
might be a potent method to enhance resistance of neurons to
age-related disease.

It has been reported that Bad, a proapoptotic Bcl-2 family
protein, may be an integrated checkpoint of phosphoinositide
3-kinase (PI3K)/Akt-mediated survival signaling and JNK-
mediated death signaling. JNK reduces the affinity of Bad for
14-3-3 and promotes the association of Bad with Bcl-XL or Bcl-2
via phosphorylation of Bad (Ser128) or 14-3-3 (8, 47). Bad pro-
motes an apoptotic cascade by binding to Bcl-XL and Bcl-2. Previ-
ous reports suggest that the decreased activation of JNK may
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Figure 8. A. In situ detection of fragmented DNA [deoxyribonucleotidyl
transferase-mediated dUTP-(FITC) nick-end labeling (TUNEL) assay] in
the cerebral cortex of old mice. The brain tissues were processed for
TUNEL and photographed using a fluorescence microscope with either a
propidium iodide (PI) filter alone (left) or an FITC filter alone (middle). The
merged images show that apoptotic cells appear yellow and non-
apoptotic cells appear red (right). Scale bars = 100 mm. B. The histogram
showed the relative proportion of TUNEL-positive cells in the cerebral
cortex of old mice. Data are means � standard deviation (n = 7).
***P < 0.001 vs. control group; ###P < 0.001 vs. D-galactose (D-gal)
group; +++P < 0.001 D-gal/purple sweet potato color (PSPC) group vs.
D-gal/PSPC/LY294002 group.
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contribute to neuronal survival via the formation of heterodimers
of Bad with 14-3-3.

PI3K/Akt pathway may lead to Bad phosphorylation and may
thereby suppress cell death and promote cell survival. Akt is a
potent Bad Ser-136 kinase in vitro (9). The decreased phosphoryla-
tion of Akt at Thr308 and Ser473 was found in the D-gal-treated old
mice accompanied with the decreased phosphorylation of Bad at
Ser136 (Figure 12). PSPC treatment caused the phosphorylation of
Bad (Ser136) associated with the phosphorylation of Akt (Thr308/
Ser473) in the brain of D-gal-treated old mice.

The p44/42 MAPK, also called the ERK1/2, plays an impor-
tant role in promoting cell survival by phosphorylation of Bad at
Ser112 (41, 58). Similarly, the decreased phosphorylation of Bad
at Ser112 was observed in the D-gal-treated old mice accompa-
nied with the decreased phosphorylation of p44/42 MAPK at
Thr202 and Tyr204 (Figure 12). PSPC induced the phosphoryla-
tion and activation of p44/42 MAPK in the D-gal-treated old
mice, which resulted in the concomitant phosphorylation of Bad
(Ser112). PSPC-induced phosphorylation of Bad at Ser136 and
Ser112 sites promoted the neuronal survival in the D-gal-treated
old mice. Phosphorylation of these two sites has been associated

with binding of Bad with 14-3-3 protein, which may sequester
Bad from Bcl-XL or Bcl-2, thus promoting the neuronal
survival.

LY294002 was used to further investigate whether PI3K-
dependent survival pathways were required for PSPC to promote
neuronal survival (Figure 13). LY294002, a flavonoid derivative, is
a competitive and reversible inhibitor of the adenosine-5′-
triphosphate (ATP) binding site of PI3K (42, 52). Akt pleckstrin
homology (PH) domain with 3′-phosphoinositides is thought to
provoke conformational changes in Akt, resulting in its phosphory-
lation at Thr308 and Ser473 respectively by PDK1 and PDK2 (50,
53). As shown in Figure 12, LY294002 significantly inhibited the
phosphorylation of Akt (Thr308/Ser473) and Bad (Ser136) in the
brain of old mice cotreated with D-gal and PSPC. Many investiga-
tions indicate that there is a strong cross talk between the PI3K
pathway and the MEK (mitogen-activated protein kinase kinase)
pathway (1, 40). Inhibition of the PI3K has been shown to inhibit
the ERK pathway in a cell type- and ligand-specific manner (1, 37).
Our results also showed that LY294002 significantly inhibited the
phosphorylation of p44/42 MAPK and Bad (Ser112) in the brain of
old mice cotreated with D-gal and PSPC. Accompanied with the
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Figure 9. Effect of purple sweet potato color (PSPC) on the cleavage of
caspase-3 in the brain of D-galactose (D-gal)-treated old mice (n = 3). A.

Immunoreactivity of cleaved caspase-3 and b-actin in all treated groups.
B. Relative density analysis of the cleaved caspase-3 protein bands.
b-Actin was probed as an internal control. The relative density is
expressed as the ratio of cleaved caspase-3 to b-actin, and the vehicle

control is set as 1.0. Values are averages from three independent
experiments. Each value is the mean � standard deviation. *P < 0.05,
***P < 0.001 vs. control group; #P < 0.05, ###P < 0.001 vs. D-gal group;
+P < 0.05, +++P < 0.001 D-gal/PSPC group vs. D-gal/PSPC/LY294002
group.
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inhibition of pBad (Ser112/Ser136), LY294002 resulted in the
onset of apoptosis in the hippocampus and cerebral cortex of old
mice cotreated with D-gal and PSPC. As shown in Figures 7–9,
LY294002 significantly induced the cleavage of caspase-3 and
increased the number of TUNEL-positive cells in the old mice
cotreated with D-gal and PSPC.

In addition, the phosphorylation and activation of JNK have
been found to be inhibited via the activation of PI3K/Akt pathways

in response to various stress (16, 37). This may help to explain in
part why PSPC significantly decreased the phosphorylation of JNK
in the D-gal-treated old mice. On the contrary, LY294002 induced
the phosphorylation of JNK in the brain of old mice cotreated with
D-gal and PSPC, which might result from the inhibition of pAkt
(Figure 10). Consequently, LY294002 also induced the release of
cytochrome c from the mitochondria in the old mice cotreated with
D-gal and PSPC, which contributed to the initiation of apoptosis
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control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. D-gal group;
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(Figure 11). Furthermore, our present study concluded that the
release of cytochrome c from mitochondria probably resulted from
the reduction of pBad induced by LY294002. It was likely that the
reduction of pBad induced the efflux of cytochrome c via the for-
mation of heterodimers with, and inactivation of, anti-apoptotic
proteins Bcl-2 and Bcl-XL (13, 17, 18, 33, 56). As a result,
LY294002 induced obvious deficits in learning and memory in old
mice cotreated with D-gal and PSPC, which was associated with
the neuronal apoptosis.

In conclusion, our present data suggest that D-gal induces mul-
tiple molecular and functional changes in the brain similar to the
natural aging. In the D-gal-treated old mice, PSPC promotes neu-
ronal survival against oxidative stress, ultimately resulting in the
enhanced cognitive performance of D-gal-treated old mice. Further
research was carried out to identify the mechanism that promoted
neuronal survival. The survival signaling pathways involve the

concomitant phosphorylation of Bad at Ser-112 and Ser-136 by
simultaneous activation of PI3K/Akt pathways and ERK pathway,
respectively.
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