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Caffeoylquinic Acid-Rich Purple Sweet Potato Extract, with or
without Anthocyanin, Imparts Neuroprotection and Contributes to
the Improvement of Spatial Learning and Memory of SAMP8 Mouse
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ABSTRACT: The effects of caffeoylquinic acid (CQA)-rich purple sweet potato (PSP) extract, with (PSPEa) or without
(PSPEDb) anthocyanin, on the improvement of spatial learning and memory of senescence-accelerated prone mouse strain
(SAMP) 8 was determined. SAMPS8 was treated with 20 mg/kg/day of PSPEa or PSPEb for 30 days. The effect on spatial
learning and memory and the molecular mechanism of this effect were determined in vivo (SAMP8) and in vitro (SH-SYSY
cells). PSPEa or PSPEb reduced the escape latency time of SAMPS by 17.0 + 8.0 and 14.2 + 5.8 s (P < 0.01), respectively.
PSPEa administration induced an overexpression of antioxidant-, energy metabolism-, and neuronal plasticity-related proteins in
the brain of SAMPS8. Additionally, PSPEa and PSPEDb increased the cell viability by 141.6 and 133% as compared to AB_,-
treated cells. These findings suggest that PSP rich in CQA derivatives with or without anthocyanidine had a neuroprotective
effect on mouse brain and can improve the spatial learning and memory of SAMPS.

KEYWORDS: purple sweet potato, caffeoylquinic acid, senescence-accelerated prone mouse strain 8, spatial learning and memory,
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B INTRODUCTION spatial learning and memory, and it was observed that the
mouse brain had an overexpression of phosphoglycerate kinase-
1, one of the enzymes in the glycolysis pathway.®

There are approximately 35.6 million people worldwide with
dementia, and this number is expected to increase to over 115
million by 2050. Alzheimer’s disease (AD), the most common
neurodegenerative disorder, is a progressive, age-dependent
neurodegenerative disorder of the cortex and hippocampus,
eventually leading to the impairment of the cognitive function
of the brain. The presence of intracellular neurofibrillary tangles
and extracellular A plaques in these learning and memory
regions are the hallmarks of AD.” Free radicals produced during
oxidative stress are speculated to be pathologically important in
AD and other neurodegenerative diseases.'® It is likely that the
neurotoxicity induced by Af is caused by oxidative stress and
that this Af-mediated oxidative stress is involved in the
pathogenesis of AD. The free radical theory supports the

Sweet potato (Ipomoea batatas) is the seventh most important
food crop in many Asian and African countries, and in Japan
alone, it was estimated in 2005 that one person consumes about
6.8 kg of sweet potato (FAOSTAT 2009 at http://faostat.fao.
org). Most sweet potato cultivars have white or yellow flesh,
but there are also some cultivars with orange flesh that have
high carotenoid contents or with purple flesh that have high
anthocyanin contents. In addition, the nutritional and health-
promoting benefits of the consumption of purple sweet potato
(PSP) have recently gained popularity,’ because it is a rich
source of a large number of diverse nutrients, such as vitamins,
minerals, and polyphenols, giving it an especially high
antioxidative potential> Also, PSP contains phenolic com-
pounds such as anthocyanins and caffeoylquinic acids (CQA).
Anthocyanins have been reported to exhibit several physio-
logical functions such as antioxidative effects,>* a neuro-

protective effect, and the ability to decrease amyloid-§ (Af) hypothesis that aging occurs when there is an accumulation of
peptide-mediated cytotoxicity in SH-SYSY neurocytes.” PSP oxidative damage, DNA mutation, and lipid and protein
has a higher amount of CQA derivatives (137 + 37.5 mg/100 dysfunction. Recently, many important and naturally occurring
g) than common sweet potato (25.7 + 4.3 mg/100 g))ﬁ making flavonols and flavones have“been shown to have a
it one of the suitable dietary sources of CQA. The presence of pharmacological benefit for AD."" Likewise, dietary polyphe-
CQAs in PSP therefore makes it more nutritious and more nols may be helpful in preventing or delaying such a disease.
beneficial to health than most foods. CQA derivatives have Therefore, PSP, with both anthocyanins and CQAs, will be
neuroprotective effects on hydrogen peroxide- and Af-induced very useful for protecting cells against neurodegenerative
cell death in SH-SYSY cells.” In our previous study, di-CQA,

one of the CQA derivatives, has shown a neuroprotective effect Received: September 26, 2012
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disorders such as AD. Previous reports on the effect of PSP on
the improvement of spatial learning and memory focused on
the effect of anthocyanins'>'® and not on CQA. In the present
study, two kinds of PSP extracts, with (PSPEa) or without
(PSPEb) anthocyanins, were used to determine the effect of
CQA alone. Both CQA and anthocyanins have shown a
neuroprotective effect and have caused an in improvement in
spatial learning and memory;'>'® we want to find out the effect
of CQA alone or with anthocyanins because it is also possible
that there is a synergistic effect between CQA and
anthocyanins. The present study was conducted to determine
the effect of PSP on spatial learning and memory of SAMPS8
mice and to investigate the mechanism underlying this effect. In
addition, we have previously reported that CQA can help
improve the spatial learning and memory;8 here, we determined
the molecular mechanism behind the neuroprotective effect of
CQA that imparts spatial learning and memory of SAMPS8

mouse.

B MATERIALS AND METHODS

Chemicals. Af,_,, was purchased from Funakoshi (Japan).
Coomassie Tablets, PhastGel R-350, and a 2-D quant kit were from
GE Healthcare (Japan). Dulbecco’s modified Eagle’s medium
(DMEM), Ham’s F-12, and fetal bovine serum (FBS) were from
Sigma Aldrich Co., Ltd. (Irvine, United Kingdom). Penicillin-
streptomycin was from Lonza Inc. (Walkersville, MD), and OPTI-
MEM was purchased from Gibco (Japan). NH,HCO; was from Sigma
(United States). Acetonitrile (ACN) (HPLC grade) and formic acid
were from Wako (Japan). MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide] was from (Dojindo, Japan). An
adenosine triphosphate (ATP) bioluminescence assay kit was from
TOYO Ink (Japan).

Sample Preparation. The Japanese PSP variety “Ayamurasaki”,
used in this study, was obtained from Tanegashima Region (Japan),
and the contents were 53.3, 24.0, 19.5, and 10.7 mg/100 g 5-CQA, 3,4
di-CQA, 3,5-di-CQA, and 4,5-di-CQA, respectively (dry weight), as we
have previously reported.'* The composition of PSP, as previously
reported, is summarized in Table 1.%'* Whole PSPEa and PSP extract

Table 1. Composition of PSP*

component amount source
sucrose 3.08 + 0.09 g/100 g ref 6
fructose 0.39 + 0.03 g/100 g
glucose 0.50 + 0.04 g/100 g
total vitamin C 23.6 + 0.9 mg/100 g
anthocyanin (C3G equivalent volume) 258 + 17.3 mg/100 g
polyphenol (CQA equivalent volume) 137 + 37.5 mg/100 g
5-CQA 53.3 mg/100 g ref 14
3,4-di-CQA 24.0 mg/100 g
3,5-di-CQA 19.5 mg/100 g
4,5-di-CQA 10.7 mg/100 g

total amount of CQA 108 mg/100 g

“Abbreviation: C3G, cyanidin-3-glucoside.

subjected to an ethyl acetate liquid/liquid extraction method" to
remove the anthocyanins (PSPEb) were used in this study. PSPEb
treatment will show the effects of CQAs alone. To prepare the extract,
PSP was washed, cut, and placed inside the compression machine to
concentrate the extract and was filtered prior to use (PSPEa). To
prepare PSP without anthocyanins, PSPEa was filtered, steamed for 40
min, minced, and then dried using a double drum type drier. The dried
PSPEb was then crushed in 80% ethanol, filtered, and concentrated
using an evaporator. The PSPEb was then divided into fractions
containing phenolic compounds or anthocyanins, using the ethyl
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acetate liquid/liquid extraction method. The phenolic fraction was
used to see the effect of PSP without the anthocyanins.

Animals and Sample Treatment. The 4 month old male SAMPS8
and senescence-accelerated resistant mice (SAMR) 1 used in the
experiment were obtained from Japan SLC, Inc. Mice were housed one
mouse per cage and were allowed access to water and food ad libitum,
under a 12/12 h light/dark cycle. The protocol for this animal
experiment was approved by the Animal Care and Use Committee of
the University of Tsukuba. After 14 days of acclimatization to the
laboratory conditions, the mice were divided into five groups: SAMRI
control group (n = §), SAMR1 PSPEa-administered group (n = ),
SAMPS control group (n = 5), SAMP8 PSPEa-administered group (n
= 5), and PSPEb-administered group (n 5). The PSPEa-
administered group and PSPEb-administered group were fed with
PSPEa or PSPEb mixed with tap water (20 mg/kg day) for 30 days
using an oral administration tube and syringe. Control groups were
administered an equivalent volume of tap water.

Morris Water Maze (MWM) Test. The MWM test was carried
out using a circular pool (120 cm in diameter and 45 cm in height)
with a featureless inner surface. In this experiment, four symbols (a
triangle, a circle, a cross mark, and a square) were attached on the
inner surface of the circular pool. The pool was filled to a depth of 30
cm with water (23 + 2 °C) and divided into four quadrants designated
as north, east, west, and south. A platform (10 cm in diameter) was
placed in the northeast quadrant and submerged 1 cm below the water
surface so that it was invisible at water level. The mice were then given
a trial session four times each day for 1 week on a platform fixed in the
same location in the pool for the whole duration of the experiment.
Each mouse was placed on the platform for 30 s every day for 7 days.
During the trial period, PSPEa and PSPEb were not administered to
the mice.

Tissue Preparation and Proteomics Analysis Using Two-
Dimensional Gel Electrophoresis (2-DE). Mice were sacrificed by
dislocation of the cervical spine on the day of the last trial for the
MWM test. The brain samples were rapidly removed from the
sacrificed mouse, quickly dissected in liquid nitrogen, and stored in
—80 °C until use. For 2-DE, tissue samples were washed with PBS,
mechanically homogenized in lysis buffer (7 M urea, 2 M thiourea, 4%
CHAPS, and 40 mM Tris, pH 8.0, 1 mL per 0.1 g tissue), and
centrifuged (15000g, 10 min, 4 °C). The pellet was then discarded,
and the concentration of the protein in the supernatant was estimated
using the 2-D quant kit. 2-DE (Amersham Biosciences, Sweden) was
performed using 180 mm pH 3—10 immobilized pH gradients (IPG)
strips. The protein sample (350 ug) was loaded on IPG strips that
were actively rehydrated at 20 °C for 12 h. The isoelectric focusing of
strips loaded was done at 20 °C and was run as follows: 300 V for 3 h,
600V for 3 h, 1000 V for 3 h, and 8000 V for 4 h. IPG strips were then
equilibrated for 20 min prior to second-dimension separation in 6 M
urea, 50 mM Tris-HCI, pH, 30% glycerol, 2% sodium dodecyl sulfate
(SDS), and 0.25% DTT, followed by re-equilibration for 20 min in the
same buffer containing 4.5% iodoacetamide in place of DTT. When
the equilibration was finished, the strips were loaded onto 12.5%
acrylamide vertical gels, and the separation of proteins with different
molecular weight was carried out at 1 W per gel for 1 h, followed by 2
W per gel for 16 h.

Coomassie brilliant blue staining using Coomassie Tablets,
PhastGel R-350, was performed according to the manufacturer’s
instructions. The gels were subjected to image analysis using
ImageMaster 2D Platinum software (version 4.9; GE Healthcare,
Japan). The average mode of background subtraction was used to
normalize the intensity value, which represents the amount of protein
per spot. After spot detection and matching, the spots of interest were
manually selected, and the relative intensities were obtained. Spot
intensities were expressed as percentages (% vol) of relative spot
volumes with the value (or OD) of each pixel integrated in the spot
intensity.

In-Gel Digestion and Mass Spectrometry. The protein spots in
the gel were excised using a picking tip (HI-TECH CO., Ltd., Japan)
and transferred into 1.5 mL eppendorf tubes. The protein spots were
decolorized with 100 uL of 50% acetonitrile (ABI: P/N400313 solvent
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B)/25 mM NH,HCO,. After decolorization, the spots were
dehydrated with 100 pL of 100% ACN and dried using SpeedVac
(SCRUM Inc,, Japan). The addition of 100 L of 10 mM DTT/25
mM NH/HCO; to the protein spots was done and shaken for 1 h.
Protein samples spots were then washed with 25 mM NH,HCO;
(washing solution) for 10 min. Protein spots were alkylated with 100
puL of 5§ mM iodoacetamide/25 mM NH,HCO; for 45 min in dark.
After alkylation, protein spots were washed with 100 yL of washing
solution for 10 min. Finally, protein spots were digested with 20 uL of
trypsin [(10 ug/mL Modified Trypsin Sequencing grade (Promega,
United States), SO mM NH,HCO;)], and the peptides were extracted
with 50% ACN/5% formic acid. The peptide solution was
concentrated using a SpeedVac until the volume was only about 5—
10 pL and analyzed using LC/MS/MS 3200Q_trap system. The mass
spectra of the identified proteins were matched to the mass spectra of
protein in NCBI protein databases to identify the protein.

Cell Culture. The human neuroblastoma SH-SYSY cell line was
obtained from American Type Culture Collection. SH-SYSY neuro-
blastoma cells were cultured in 100 mm Petri dish or in 96-well plates
with a 1:1 (v/v) mixture of DMEM and Ham’s F-12 nutrient mixture
supplemented with 15% FBS and 1% penicillin (5000 pg/mL)—
streptomycin (5000 IU/mL) solution at 37 °C in a 95% humidified
air—5% CO, incubator. A serum-free Eagle’s minimum essential
medium (OPTI-MEM) was used to culture the cells for the cell
viability assay, intracellular ATP measurement, and intracellular
reactive oxygen species (ROS) measurement. The PSPEa and
PSPEb used contained 1.55 and 5 uM di-CQA, respectively, for all
in vitro assays.

Determination of Cell Proliferation. Cell proliferation was
measured using the MTT method. SH-SYSY cells cultured in 96-well
plate (fibronectin-coated plate) (BD BioCoat, United States) were
treated with PSPEa or PSPEb and treated to 15 uM Af,_,, for 72 h.
After sample treatment, 100 uL of Opti-MEM and 10 yL of MTT ($
mg/ mL) were added, and the cells were incubated further for 6 h. The
MTT formazan formed was dissolved in 100 uL of 10% SDS (w/v),
and the absorbance was measured using the microtiter plate reader
(Dainippon Sumitomo Pharma Co., Ltd., Japan).

Measurement of the Intracellular ATP Production. The
cellular ATP content was assessed using ATP bioluminescence assay
kit. SH-SYSY cells (2 X 10° cells/mL) were cultured in a 96-well plate
(fibronectin-coated plate) and treated with PSPEa or PSPED for 4, 8,
and 16 h. After treatment with PSPEa or PSPEb, 100 uL of the
luciferin-luciferase solution, which contains the cell lysis buffer and
luciferase luminescence reagent, was added, and the bioluminescence
was measured using a luminometer (Powerscan HT; Dainippon
Sumitomo Pharma Co, Ltd., Japan).

Metabolomics Analysis. SH-SYSY cells (2 X 10° cells/mL) were
treated with PSPEa and subjected to metabolites extraction by adding
1 mL of methanol that contained 10 uM internal standard solution [20
umol/L each of methionine sulfone and 2-(N-morpholino)-
ethanesulfonic acid], which were used for identification of metabolites
using mass spectrometry. The addition of 1 mL of chloroform and 400
puL of Milli-Q water followed, and the samples were centrifuged at
2300g at 4 °C for S min. After centrifugation, the aqueous phase was
transferred to a filtration tube (Millipore, United States) and
centrifuged at 9100g at 4 °C for 120 min. Filtrates were dried and
dissolved in 50 uL of Milli-Q water prior to analysis. Metabolomics
analysis was performed using capillary electrophoresis time-of-flight
mass spectrometry (CE-ToFMS) (Agilent Technologies, Inc., United
States).

Measurement of the Intracellular ROS. SH-SY5Y cells (2 X 10°
cells/mL) were seeded in fibronectin-coated 96-well plates and were
incubated in Opti-MEM with increasing concentrations of Af,_,, with
or without PSPEa or PSPEb for 1 h. The cells were then incubated
with 10 zM dichlorodihydrofluoresein diacetate (DCFH-DA) at 37 °C
for 1 h and washed with PBS, and the fluorescence intensity of
dichlorofluoresein (DCF) was measured using a microtiter plate
(Dainippon Sumitomo Pharma Co. Ltd, Japan) reader at an
excitation wavelength of 485 nm and emission wavelength of 528
nm. Intracellular ROS was monitored using the fluorescent probe
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DCFH-DA." Intracellular H,0, or low-molecular weight peroxides
oxidize DCFH-DA to the highly fluorescent compound DCEF.

Statistical Analysis. All of the results were expressed as means +
standard error deviations (SDs), and the statistical evaluation was
performed using Student’s ¢ test when two value sets were compared.
P < 0.05 was considered to be statistically significant.

B RESULTS

PSPEa and PSPEb Improved the Spatial Learning and
Memory of SAMP8. To evaluate the effect of PSPEa and
PSPED on the spatial learning and memory in SAMPS8 mice, a
MWM test was employed. The MWM test is a widely used tool
to assess spatial learning and memory in rodents. In the MWM
test, the animal is placed on the platform of the pool concealed
under the surface of the water. The swimming time to reach the
platform was measured to assess the effect of PSPEa or PSPEb
on spatial learning and memory. The amount of time (in
seconds) spent to reach the platform indicates how quickly it
can learn and memorize the location of the platform. Shorter
swimming times as compared to the untreated control indicates
an improvement in spatial learning and memory. As shown in
Figure 1A, the escape latency time of SAMP8 administered with
PSPEa group (n = S) was significantly decreased as compared
to the SAMP8 control group after 3 days of training. In
addition, the escape latency time of PSPEb-administered
SAMPS8 groups was also significantly decreased as compared
to SAMPS control groups after 3 days (Figure 1A). At the best,
PSPEa and PSPEDb decreased the escape latency time of SAMPS8
by 17.0 & 8.0 and 14.2 + 5.8 s (P < 0.01). However, the escape
latency time of PSPEb-administered group was increased at 7
days after training. On the other hand, there was no observed
difference between the escape latency time of SAMRI1 control
groups (n = 10) and SAMRI groups administered with PSPEa,
suggesting that PSP is safe for consumption or as food (Figure
1B). However, the escape latency time of SAMRI control and
PSPEa groups (n = 10) was higher as compared to SAMRI
groups and SAMPS8 administered with PSPEb (P < 0.01) at the
seventh day of the experiment (Figure 1A).

PSPEa Induced the Overexpression of Antioxidation-,
Energy Metabolism-, and Neuronal Plasticity-Related
Proteins in Mouse Brain. The results of the MWM test
revealed that PSPEa and PSPEb can improve the spatial
learning and memory of SAMP8. However, at day 7 of training,
the escape latency time of PSPEb was increased (Figure 1A).
Therefore, the effect of PSPEa on the improvement of spatial
learning and memory was greater than PSPEb and was
subjected to 2D electrophoresis, and the differentially expressed
proteins were identified. To determine the molecular
mechanism of the effect of PSPEa on the protein expression
in mouse on the spatial learning and memory of SAMP8 mice
administered with PSPEa, we analyzed the protein expression
in SAMP8 brain. We found that the expressions of nine
proteins were increased in SAMP8 mouse treated with PSPEa.
Figure 2A—C presents the representative gel of the protein
from whole brain homogenate of PSPEa-administered SAMP8
mice and SAMPS control mice. The identified proteins (Tables
2 and 3) appeared in the expected molecular weights and pl
ranges on the gels. The expression levels of all proteins were
significantly increased in the brain of SAMP8 mice adminis-
tered with PSPEa. Subjecting the spots to identification, we
found that the expression of peroxiredoxin-2 (PRDX2), the
protein associated with the antioxidative properties, was
increased by administered with PSPEa. Also, the expressions
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Figure 1. Effect of PSP extract, with (PSPEa) or without anthocyanin
(PSPED), on the spatial learning and memory of SAMP8 mice. SAMP8
water-treated group, SAMP8 PSPEa-treated group, and SAMPS
PSPEb-treated group (A). SAMRI1 mice water-treated group and
SAMRI PSPEa-treated group (B). Each bar represents the mean + SD
(n = 35); *P < 0.0S, **P < 0.01 vs SAMP8 water-treated group.

of cytochrome oxidase subunit SA (COXSA), triosephosphate
isomerase (TPI), and phosphoglycerate mutase 1 (PGAM1),
which are enzymes associated with energy metabolism, were
increased. In addition, the expressions of peptidyl-prolyl cis/
trans isomerase A (PPIA), a protein related to the neuronal
cytoskeleton, glial fibrillary acidic protein (GFAP), the main
intermediate filament of a mature astrocyte, tubulin-f 2A
(TBB2A), actin-# (ACTB), and cofilin-1, a protein related to
the cytoskeleton, were increased. Thus, treatment with PSPEa
induced an increase in the expressions of antioxidant-, energy
metabolism-, and neuronal plasticity-related proteins.

PSP Extract Inhibited Neuronal Cytotoxicity and
Increased the Proliferation of SH-SY5Y Cells. The MTT
assay was used to determine the effect of PSPEa and PSPEb on
SH-SYSY cell proliferation and on neuronal cytotoxicity. The
results showed that exposure to Af};_,, resulted in a significant
decrease in cell proliferation (Figure 3). The cell viability of
AP\ _-treated cells was significantly decreased to 56 + 1.7% as
compared to nontreated cells (P < 0.01). However, incubation
with PSPEa reversed the Af,_,,-induced cell death, and the cell
viability was significantly increased by 141.6 + 2.3% as
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Figure 2. Two-dimensional gel electrophoresis gel of the brain of
SAMPS mice treated with water (A) and PSP (B) and magnified
images of the spot (C).

compared to the 100% of the Af;_,-treated group (P <
0.01). PSPEb also prevented Af,_,-induced cell death and
improved the cell viability (133 + 2.0%) as compared to the
100% of the Af;_,,-treated group (P < 0.01). Interestingly, the
cell viability of cells treated with PSPEa and PSPEb, without
Apy_4, treatment, was significantly increased (134.4 + 3.3%)
(129 + 2.2%) as compared to the 100% of the untreated cells
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Table 2. List of Identified Proteins in the Brain of SAMPS8
Mice”

identified MW sequence
accession no. protein (kDa) pl  score  coverage (%)
NP_033476 TBB2A 50.3 4.78 412 31
NP_031419 ACTB 42.1 5.29 332 25
NP_075907 PGAM1 29.0 6.67 214 24
NP_033441 TPI 27.0 6.9 103 8
NP_035693 PRDX2 21.9 52 220 35
NP_031713 cofilin-1 18.8 8.22 45 35
AANS87913 GFAP 49.9 5.27 31 2
NP_032933 PPIA 18.1 7.74 63 19
NP_031773 COXSA 16.3 6.08 S8 10

“Sequence coverage extends the percentage of the matched peptides.
A score greater than 29 is considered significant (P < 0.05).
Abbreviations: MW, molecular weight; pl, isoelectric point.

Table 3. Classification of Identified Proteins and Expression
of These Proteins in Brain of SAMP8 and SAMR1 Mice”

relative expression

relative expression
change (SAMRI +

change (SAMPS8 +

protein PSPa vs SAMRI1 + PSPa vs SAMPS +
name water) water) function

PRDX2 1.36 1.65 antioxidative
effect

PGAM1 1.07 1.67 energy
metabolism

TPI 1.44 1.38

COXSA 0.99 1.27

TBB2A 1.11 1.37 neuronal
plasticity

ACTB 0.86 1.45

cofilin-1 1.27 1.84

GFAP 0.74 1.55

PPIA 1.26 1.73

“Spot intensities were expressed as percentages (% vol) of relative spot
volumes with the value (or OD) of each pixel integrated in the spot
intensity. The expressions of the protein spots of the brain of SAMRI-
fed PSP extracts (PSPEa) and water groups and SAMP8-fed PSPEa
and water groups were compared, respectively.

(P < 0.01). Moreover, comparing PSPEa and PSPED, the
neuroprotective effect of PSPEa was higher than that of the
effect of PSPEb on cells with or without Af,_,, (P < 0.05)
pretreatment (P < 0.01).

PSPEa and PSPEb Promoted the Intracellular ATP
Production in SH-SY5Y Cells. We observed an increase in
the cell proliferation in PSPEa and PSPEb-treated SH-SYSY
and decided to determine the ATP content of the cells. ATP is
a multifunctional nucleotide that is also regarded as the “energy
currency” of the cell and is also widely used as a marker of cell
proliferation, as it transports chemical energy within cells for
metabolism. The intracellular ATP production level in the
PSPE-treated SH-SYSY cells was measured using a luciferase
method. SH-SYSY cells treated with the PSPEa have
significantly higher ATP production (1733 + 4.0%) as
compared to the untreated group 4 h of treatment (P <
0.01) (Figure 4). After 8 h of treatment, the amount of ATP in
the PSPEa-treated group was significantly increased to 142.8 +
1.2% as compared to the untreated group (P < 0.01).
Moreover, the ATP production in the PSPEa-treated group
was also significantly increased to 123.4 + 1.9% as compared to
the untreated group after 16 h of treatment (P < 0.01). On the
other hand, as compared to the control group, the ATP
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Figure 3. Effect of PSP extract, with (PSPEa) or without anthocyanin
(PSPED), on the viability of Af,_,,-treated SH-SYSY cells. SH-SYSY
cells were treated with PSPEa or PSPEb or 15 yM Ap,_,, for 72 h.
The final concentrations of CQA in PSPEa and PSPEb were 1.55 and
S uM, respectively. Each bar represents the mean + SD (n = 5); **P <
0.01 vs nontreated cells, P < 0.01 vs Af-treated cells, and P < 0.05
(a) and P < 0.01 (aa) vs PSPEb-treated cells.
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Figure 4. Effect of PSP extract, with (PSPEa) and without anthocyanin
(PSPED), on the intracellular ATP production of SH-SYSY cells. SH-
SYSY cells were treated with PSPEa or PSPED for 4, 8, and 16 h. The
final concentrations of CQA contained in PSPEa and PSPEb were 1.55
and S uM, respectively. Each bar represents the mean + SD (n = S);
*#*P < 0.01 vs nontreated cells, aa P < 0.05 vs PSPEb-treated cells, and
P < 0.01 (aa) vs PSPEb-treated cells.

produced by the PSPEb-treated group was also significantly
increased to 154.5 £+ 1.9, 131.9 + 1.8, and 128.2 & 3.5% after 4,
8, and 16 h of treatment (P < 0.01), respectively. Interestingly,
comparing PSPEa and PSPEb treatment groups, the ATP
production in the PSPEa-treated group was higher than that of
the ATP production in the PSPEb-treated group at 4 and 8 h
(P < 0.01).

PSPEa Promoted the Central Energy Metabolism in
SH-SY5Y Cells. Because PSPEa was found to promote the
intracellular ATP production, the mechanism for this effect was
investigated by analyzing the expressions of the metabolites in
the glycolysis and tricarboxylic acid (TCA) cycle by CE-
ToFMS. In this study, 47 main metabolites were detected and
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quantified (data not shown). It was noted that the
concentrations of glycolysis metabolites glucose 6-phosphate
(G6P), fructose 6-phosphate (F6P), fructose 1,6-diphosphate
(F1,6P), 3-phosphoglyceric acid (3-PG), and phosphoenolpyr-
uvic acid (PEP) were remarkably increased as compared to the
PSPEa treatment group and the control group (Table 4).
Moreover, TCA cycle metabolites such as acetyl CoA divalent
(AcCoA), citric acid, cis-aconitic acid, and succinic acid were
also increased in the PSPEa-treated group (Table 4).

Table 4. Quantification of Glycolysis and TCA Cycle
Metabolites in PSP Extract (PSPEa)-Treated SH-SYSY
Cells®

control (pmol/ PSPEa (pmol/ ratio (PSPEa/

metabolites 10° cells) 10° cells) control) function
G6P 300 480 1.6 glycolysis
F6eP 70 112 1.6
F1,6P 700 1260 1.8
3-PG 200 320 1.6
PEP 80 136 1.7
AcCoA 15 36 2.4 TCA cycle
citric acid S 6 12
cis-aconitic 1300 1560 12
acid
succinic 900 1440 1.6
acid

“Metabolome analyses of nontreated cells and PSP extracts (PSPEa)-
treated cells (1.55 uM di-CQA contained). The data of the table show
amounts of metabolites (pmol/10° cells) determined by CE-TOFMS.

Intracellular ROS Production in SH-SY5Y Cells Was
Inhibited by PSPEa and PSPEb. In this experiment, the
degree of ROS accumulation after exposure to Af; ,, was
measured to determine the effect of PSP on ROS production in
cells pretreated with Af3,_,,. As shown in Figure 5, treatment of
SH-SYSY cells with Af,_, (5 uM) increased the DCF
fluorescence in a concentration-dependent manner, the highest
of which was 1789 + 20.4% as compared with the control.
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Figure 5. Effect of PSP extract, with (PSPEa) and without anthocyanin
(PSPEb), on the intracellular ROS production of Af|_,,-treated SH-
SYSY cells. SH-SYSY cells were treated with PSPEa or PSPEb or S uM
Ap,_4, for 72 h. The final concentrations of CQA contained in PSPEa
and PSPEDb were 1.55 and S uM, respectively. Each bar represents the
mean + SD (n = 5); **P < 0.01 vs nontreated cells, and *P < 0.01 vs
Ap-treated cells.
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However, PSPEa treatment decreased the Af,_,,-induced ROS
production (90.2 + 10.0%). In addition, PSPEb-treated group
also had decreased Af,_,,-induced ROS production (932 +
9.0%). The results suggested the involvement of ROS in
Ap\_p-induced cytotoxicity and the antioxidative activity of
PSPEa and PSPEb in SH-SYSY cells. However, there was no
significant difference between PSPEa and PSPEb treatment
groups.

B DISCUSSION

Sweet potatoes contain high levels of phenolic compounds that
have been reported to have potential for use as a functional
food for improving human health, such as inhibition of the
growth of human colon, leukemia, and stomach cancer cells."”
Moreover, PSP has received a lot of attention for its good
effects on health'® because it contains high anthocyanin
pigments, CQA derivatives, and various nutrients as compared
with other kinds of sweet potato. CQA derivatives have been
reported to have cardioprotective effects and exhibit lipid
hyperoxidation inhibitory activity and antitumor activity, in
addition to its antioxidant effect with free radical scavenging
activities.'”*® Also, from the viewpoint of nutritional science,
CQA is known to be poorly absorbed in the intestine but is
hydrolyzed by intestinal microflora into various aromatic acid
metabolites such as caffeic acid and quinic acid.** Caffeic acid
has a stronger antioxidative activity than that of CQA, and
caffeic acid is readily absorbed in human intestinal epithelium
Caco-2 cells as compared to CQA.>> Moreover, clinical study
results also suggest that CQAs are absorbed in the form of
caffeic acid conjugates, such as caffeic acid sulfates/
glucuronides, in the upper gut. Therefore, in the present
study, the caffeic acid and its conjugates in PSP extract may
have played an important role in the neuroprotective effect of
PSP on SH-SYSY cells and on the improvement of spatial
learning and memory of SAMP8 mice. Analysis of the
concentration of caffeic acid and its conjugates in plasma and
brain is therefore needed to determine the bioactivity of CQA
in the brain that contributes to the improvement of spatial
learning and memory. It has been reported that 12.4 + 1.8 mg/
100 g of caffeic acid was detected in the brain of mice with a
diet containing 2% caffeic acid for 4 weeks.”® Moreover, caffeic
acid protected the PC12 cells against Af-induced cell death
through the attenuation of intracellular calcium influx and
reduction of 7 phosphorylation by the decrease to GSK-3/
activation.”* Thus, caffeic acid in the brain can provide
protection against neuronal cell death. It has been reported
that PSP also contains anthocyanins that possess numerous
biological functions, which include ROS scavenging, antimuta-
genic, anticarcinogenic, and antihypertensive effects,”® and
improvement of spatial learning and memory.'>"?

SAMP8 has been used as a model for accelerated senescence
in neuroscience research and has provided valuable insights into
the physiological and pathological mechanisms underlying
neuronal function. Intake of PSPEa and PSPEb for 3 days
tended to improve mouse memory (Figure 1A). It was
observed that on the seventh day of oral administration of
the extract, the SAMP8 escape latency time has increased in the
PSPEb-treated group; this implies that the bioactivity of CQA
decreases with time, indicating a need for consumption of PSP
or CQA to be done continuously to maintain the effective
minimum concentration in the system. However, in the PSPEa-
administered group, anthocyanins may have an additive effect
on the improvement of spatial learning and memory, because
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the decrease in the escape latency time was maintained in
SAMPS8 treated with PSPEa for 7 days. However, SAMP8
treated with PSPEb showed an increase in the escape latency
time at the seventh day of the trial (Figure 1A).

According to the free radical theory of aging, the generation
of ROS, or free radical-induced oxidative stress, can lead to cell
and tissue damage, paralleled by alterations in the function of
the genetic ag aratus, and results to aging and age-related
memory loss.”®”” In this study, results showed that PSPEa
induced the overexpression of PRDX2 protein in the brain of
SAMPS8 (Figure 2 and Table 3). PRDX2 is one of the
antioxidative enzymes that may play a protective role against
the oxidative damage caused by ROS.*® Because PRDX2
modulates the intracellular H,O, production and H,O,-
mediated apoptosis,®® it is possible that PRDX2 eliminated
the Af-mediated H,0O, production in neurons. Moreover,
PSPEa and PSPED inhibited the intracellular ROS production
(Figure S) and the neuronal cell death caused by the oxidative
stress following Af3,_,, treatment in the human neuroblastoma
clonal SH-SYSY cells (Figure 3). Overexpression of PRDX2
and inhibition of the intracellular ROS production suggests that
PSPEa and PSPEDb improved the antioxidant system in neurons
that resulted in the prevention of biological dysfunction of
neurons in SAMPS8 mice brain, causing an improvement in
learning and memory.

Glucose metabolism is the main source of cerebral energy
under normal conditions, and the necessity for glucose in brain
function has been established to be solely for ATP production.
This line of evidence suggests that glycolysis plays an important
role in maintaining normal synaptic function. In the present
study, we found that treatment with PSPEa significantly
increased the TPI and PGAMI expressions in the brain of
SAMPS8 (Figure 2 and Table 3). In AD brain, the protein
expressions of PGM1 and TPI were significantly decreased.>*"
In addition, COXSA was increased in the brain of PSPEa-
administered SAMP8 (Table 3). In the electron transport
chain, cytochrome oxidase (CcO) converts oxygen to water as
the final step, driving aerobic ATP production and therefore
supplying most of the phosphorylative energy to the brain. CcO
is susceptible mediated to damage by ROS that are generated
by cerebral metabolism.** In addition, metabolomics analysis
revealed that the concentrations of glycolysis- and TCA cycle-
related metabolites were increased in PSPEa-treated SH-SYSY
cells (Table 4), and intracellular ATP production was
significantly increased in both PSPEa- and PSPEb-treated SH-
SYSY cells (Figure 4). In this study, the overexpression of
COXSA, PGAM1, and TPI caused the improvement of
glycolytic function and increased ATP production. PSPEa and
PSPEDb promoted the intracellular ATP production in SH-SYSY
cells, suggesting that PSPEa and PSPEb have a positive effect
on neuronal recovery and improved cognitive function. The
increase in the rate of energy metabolism presents an
alternative pathway for the reduction of the oxidative stress.
These results therefore provided an insight on the mechanism
of the effect of CQA, and that is the induction of the
overexpression of PGK1 gene and increasing the intracellular
ATP production.®

The exact cause of the observed deficiency in learning and
memory during aging is not clear, but some stereological
studies in rats have demonstrated that a loss of principal
neurons in the hippocampus account for age-related learning
and memory impairment.>> In this study, the protein spots of
ACTB, TBB2A, cofilin-1, PPIA, and GFAP were observed to be
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increased in SAMPS following treatment with PSPEa (Figure 2
and Table 3). Actin is also a cause involved in the elongation of
the growth cone, and a loss of actin function could cause a loss
of synapse and neuronal communication in AD.** Tubulin is
the core protein of microtubules and plays a role in cytoskeletal
maintenance. Additionally, tubulin has been shown to be
involved in the transport of membrane-bound organelles and is
required for extension and maintenance of neurites. A decrease
in tubulin may lead to loss of protein function, which could
result in the loss of neuronal connections and communication,
as well as compromised cellular structure, leading to neuro-
degeneration.”> Moreover, cofilin plays an important role in
neuronal shape, Peptidyl-prolyl cis/trans isomerase (Pin 1) is
the enzyme that catalyzes the isomerization of 7, a neuronal
cytoskeleton protein, which is hyperphosphorylated in AD
brain.>” In addition, GFAP is widely used as an astroglial cell
marker, and an elevation in GFAP expression indicates
enhanced astrogliosis associated with brain aging and
dementias.®® These results suggest that oral administration
with PSPEa may enhance the synthesis of cytoskeletal protein
and promote neural plasticity by enhancing synapse formation
in the brain of SAMP8 mice.

Several polyphenols have been shown to interact with cellular
signaling pathways, which are directly or indirectly involved in
neuroprotective effects. Generally, most of these pathways are
related to antioxidative effects, cell survival, and apoptosis. For
example, (—)-epigallocatechin-3-gallate (EGCG) induced over-
expression of genes that are important in causing antioxidative
effects, such as glutathione S-transferase and hemeoxygenase-1
genes.””*® Moreover, decreasing the level of antioxidant-related
genes may lead to disruption of redox status with subsequent
activation of upstream kinases including phosphatidylinositol 3-
kinase, protein kinase C, and MAPKs, such as c-Jun NH2-
terminal kinase and extracellular signal-regulated kinase.*!
Moreover, another report showed that EGCG induced
upregulation of neuronal plasticity-related proteins (f-actin,
the actin binding protein tropomyosin 3, and f-tubulin IV).*
These proteins were known to play crucial roles in developing
neurons. From these reports, our proteomics results considered
that upregulation of antioxidative effect and neuronal plasticity-
related proteins are general mechanisms of the neuroprotective
effect. However, overexpression of energy metabolism-related
proteins-induced PSPEa was considered the specific mechanism
of neuroprotective effect.

In this study, we report that oral administration of PSPEa
and PSPED caused an improvement in the spatial learning and
memory on SAMPS (Figure 1A), and proteomics analysis of
the mouse brain revealed that PSPEa increased the expression
of proteins relevant for antioxidant effect (PRDX2), energy
metabolism (TPI, PGAMI, and COXSA), and neuronal
plasticity-related proteins (ACTB, TBB2A, cofilin-1, PPIA,
and GFAP) in the brain of SAMPS8 (Figure 2C and Table 3). In
addition, PSPEa and PSPEb have a neuroprotective effect on
AP, _y-treated SH-SYSY cells (Figure 3). PSPEa and PSPEb
increased the cell proliferation and the intracellular ATP
production (Figure 4), as well as inhibited the intracellular ROS
production in Af,_y-pretreated SH-SYSY cells (Figure S).
These results suggest that there are two ways by which PSPEa
and PSPEb may prevent neuronal cell death caused by Af: (a)
promotion of the intracellular ATP production as shown by the
PSPEa-increased neuronal cell proliferation and (b) countering
the oxidative stress with PSPEa/b’s antioxidant effect. These
results, therefore, suggest that the effect of PSP extract on the
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improvement of spatial learning and memory of SAMP8 mouse
may be imparted by its neuroprotective effect. Moreover,
comparing PSPEa with PSPEb in terms of their ability to
enhance intracellular ATP production, neuroprotective effect,
and improve spatial learning and memory, PSPEa was more
bioactive, which means that CQAs alone or even in the absence
of anthocyanins can improve spatial learning in mice, and when
there is anthocyanin (PSPEb), there is an additive effect. A
long-term consumption of CQA and anthocyanin-rich PSP is
therefore deemed to have a potential in decreasing the
incidence of neurodegenerative disorders, as well as in
preventing or reversing the deterioration of cognitive perform-
ance associated with old age.
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