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a  b  s  t  r  a  c  t

A  polysaccharide  (PMP)  was  isolated  from  Millettia  pulchra  and  purified  by  DEAE-cellulose  and  Sephadex
G-75  chromatography.  The  results  showed  that  PMP  was  composed  of d-glucose  and  d-arabinose  in  a
molar  ratio  of 90.79%  and  9.21%,  with  an  average  molecular  weight  of about  14,301  Da.  Furthermore,
the  effect  of  PMP  on  cognitive  impairment  induced  by d-galactose  in mice  was  evaluated.  Treatment
with  PMP significantly  reversed  d-galactose-induced  learning  and  memory  impairments,  as  measured
eywords:
olysaccharide
illettia pulchra

ognitive impairment
-Galactose

by  behavioral  tests.  One  of the  potential  mechanisms  of  this  action  was  to reduce  oxidative  stress  and
suppress  inflammatory  responses.  Furthermore,  our  results  also  showed  that  PMP markedly  reduced  the
content  and  deposition  of �-amyloid  peptide,  improved  the  dysfunction  of synaptic  plasticity,  increased
the  levels  of  acetylcholine,  but  decreased  cholinesterase  activity.  These  results  suggest  that  PMP  exerts  an
effective  protection  against  d-galactose-induced  cognitive  impairment,  and  PMP  may  be a major  bioactive
ingredient  in  M. pulchra.
. Introduction

Memory decline is characteristic of aging and age-related neu-
odegenerative disorders which lead to a progressive loss of cogni-
ive function, especially in spatial memory (Zhang, Jiang, Li, Hao, &
n, 2007). It has been proposed that formation of reactive oxygen
pecies (ROS) is an important step leading to neuronal death in a
ariety of age-related neurodegenerative disorders (Castegna et al.,
002; De Iuliis, Grigoletto, Recchia, Giusti, & Arslan, 2005). ROS oxi-
izes various biological macromolecules, thereby disturbing home-
statics within the neuron and ultimately resulting in cell death.
-Galactose (d-gal) can cause the accumulation of ROS, or stimulate

ree radical production indirectly by the formation of advanced gly-
ation endprodcts (AGE) in vivo, finally resulting in oxidative stress
Zhang, Li, Cui, & Zuo, 2005). d-Gal can also impair neurogenesis in
he dentate gyrus, a process similar to natural aging in mice (Cui
t al., 2006). Therefore, d-gal-induced senescent mouse is a good
odel for studying age-related damage in brain (Wei  et al., 2005).

Drugs isolated from traditional medicinal plants may  provide

 promising therapy on brain injuries caused by oxidative stress.
n example of a traditional herb that is often used in popular folk

∗ Corresponding author. Tel.: +86 0771 5339805.
E-mail address: huangrenbin518@163.com (R. Huang).

1 These authors contributed equally to this work.

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.09.037
© 2013 Elsevier Ltd. All rights reserved.

medicine in the Guangxi Zhuang Autonomous Region of China is
Millettia pulchra (Leguminosae M. pulchra Kurz), which is often used
as an anti-aging and memory improving agent (Huang, Jiao, Zhang,
& Huang, 2008). The active components of M.  pulchra primarily con-
sist of polysaccharides, amino acids, glycosides and flavonoids (Li,
2011). Our previous studies, which examined the crude polysaccha-
rides content from M. pulchra (Huang et al., 2009), demonstrated
that treatment with the M. pulchra crude polysaccharides signifi-
cantly increased neurotransmitter content in the brain, promoted
the metabolism of free radicals, and improved cognitive abilities
in animal dementia models (Huang, Lin, et al., 2008; Huang, Xie,
et al., 2008). Furthermore, the crude polysaccharides significantly
reduced the over-expression of �-amyloid (A�),  �-site amyloid
precursor protein cleaving enzyme (BACE) and �-amyloid precur-
sor protein (APP) in senescence-accelerated mouse prone 8 mice
in a dose-dependent manner (Huang et al., 2009). However, the
active ingredients in the crude polysaccharides content and the
mechanisms by which these active ingredients ameliorate cogni-
tive deterioration remain elusive. Extracting the bioactive fractions
from the crude polysaccharides is a valid approach, which allows for
the pharmacological assessment of substrates and effects. Prelimi-
nary screening of several fractions from the crude polysaccharides

indicated that a polysaccharide named PMP, with composed of ara-
binosyl and glucosyl residue, may  be an active fraction; this fraction
showed good neuroprotective action and was  a relatively clean
ingredient.

dx.doi.org/10.1016/j.carbpol.2013.09.037
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.09.037&domain=pdf
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Based on the preliminary screening, we hypothesized that PMP
ould protect the brain from cognitive impairment. In the present
tudy, we investigated the effect of PMP  on cognitive impairment
nd oxidative injury induced by d-galactose in mice. The molecu-
ar mechanisms involved in the prevention of learning and spatial

emory loss were also studied.

. Materials and methods

.1. Drugs and chemicals

M.  pulchra (Leguminosae M.  pulchra Kurz) was purchased
rom Nanning Qianjinzi Chinese Pharmaceutical Co. Ltd. (Nan-
ing, China). A voucher specimen (YLS20110312619) was identified
y Professor Quanfang Huang in the Department of Pharmacog-
osy, The First Affiliated Hospital of Guangxi University of Chinese
edicine and deposited in the herbarium of Department of Phar-
acology of Guangxi Medical University.
d-Galactose (d-gal) was purchased from Sino-American

iotechnology Co., Ltd. (Luoyang, China), and dissolved in phys-
ological saline. Huperzine A was purchased from Yuzhong Drug

anufactory (Henan, China). Malondialdehyde (MDA), superoxide
ismutase (SOD), glutathione (GSH), nitric oxide (NO), glutathione
eroxidase (GPX), neuronal nitric oxide synthase (nNOS) and total
OS kits were obtained from Nanjing Jiancheng Bioengineering
esearch Institute (Nanjing, China).

.2. Preparation of PMP

.2.1. Preparation of crude polysaccharides from M. pulchra
Dry, sliced M.  pulchra (1.5 kg) was extracted with 12 L of water

or 2 h at 95 ◦C three times. The combined extracts were fil-
ered, concentrated and centrifuged, and then the supernatant was
reated with 3 volumes of ethanol at 4 ◦C overnight. The precip-
tate was separated by filtration, washed exhaustively with 95%
thanol, and then dissolved in deionized water and dialyzed using
ellulose sacks (8000–10,000 D, Sigma) against flowing water for
8 h. The non-dialyzed portion was precipitated again with three
olumes of ethanol overnight. The resulting precipitate was fil-
rated and washed exhaustively first with anhydrous ethanol, then
ith acetone and finally with anhydrous ether; 102.86 g of crude
olysaccharides was obtained.

.2.2. Anion-exchange chromatographic method
The crude polysaccharides (100 mg)  were dissolved in distilled

ater and filtered through a membrane (0.45 �m,  Nucleopore).
hen the solution was applied to a DEAE-Sepharose fast-flow col-
mn  (3 cm × 45 cm)  pre-equilibrated with 20 mM Tris–HCl buffer
pH 7.8). Fractions were prepared in a stepwise elution with
ncreased concentration of NaCl (0.1–1 M)  solution at a flow rate of
.0 ml/min, and with collection of 5 ml  for each tube. The polysac-
haride content in each fraction was detected by phenol–sulphuric
cid method (Zhang et al., 2007). The appropriate fractions were
oncentrated, dialyzed against water, and finally lyophilized.

.2.3. Gel-filtration chromatography
Size-exclusion chromatography of the purified polysaccharide

as performed on Sephadex G-75 (20 × 600 mm),  and 0.1 M NaCl
as used as eluant. The major polysaccharides fractions were col-

ected with a fraction collector, then dialyzed with water, and
yophilized to give a polysaccharide named PMP, which was used
n subsequent analyses.
.2.4. Physicochemical property of PMP
Total carbohydrate content of PMP  was determined by phenol-

ulfuric acid colorimetric method using d-glucose as standard
ers 101 (2014) 533– 543

(Taylor, 1995). Protein content was quantified according to the
method of Bradford (1976), using bovine serum albumin as
standard reference material. Sulphate content was  measured from
about 10 mg  of samples after 2 mol/l HCl hydrolysis (2 h at 100 ◦C),
as described elsewhere (Kawai, Seno, & Anno, 1969). Uronic acid
content was estimated by m-hydroxydiphenyl assay using glu-
curonic acid as the standard (Filisetti-Cozzi & Carpita, 1991).

2.2.5. Molecular weight determination
The homogeneity and molecular weight of PMP were deter-

mined by high-performance gel-permeation chromatography
(HPGPC). The sample solution (20 �l of 0.5%) was applied to
Agilent 1100 HPLC system equipped with a Dhpak SB-803 HQ
(8.0 mm × 300 mm),  eluted with 0.05 M Na2SO4 solution at a flow
rate of 0.5 ml/min and detected by a RID-10A refractive index detec-
tor. The columns were calibrated with T-series dextran (T-200,
T-70, T-40, T-20 and T-10) and glucose as standards. The molecular
weight of PMP  was estimated by the calibration curve.

2.2.6. Polysaccharide hydrolysis with acid and monosaccharides
derivative

The PMP  (10 mg)  was hydrolysed with 2 M trifluoroacetic acid
(TFA) (10 ml)  for 8 h at 100 ◦C in a sealed glass tube. The excess
acid was completely removed at 70 ◦C by a steady stream of nitro-
gen, and the hydrolysed products were used for the preparation
of its derivative. The reaction was carried out by mixing 10 mg of
hydrolysed products and 5 ml  0.5 M NaOH, and then 6 ml  0.5 M
1-phenyl-3-methyl-5-pyrazolone methanol solution were added
followed by incubation at 70 ◦C water bath for 30 min. Subsequently
the tube was  cooled down to room temperature, and 0.5 M HCl
was added to neutralize solution pH to 7. Finally, the solution
was extracted with 20 ml CHCl3 twice. The extract was centrifuged
(3000 rpm, 15 min), the supernatant was collected and the deriva-
tives of the sugars were performed on HPCE. As references, the
following neutral sugars were derived and analyzed: l-rhamnose,
d-arabinose, d-xylose, d-glucose and d-galactose.

2.2.7. High-performance capillary electrophoresis (HPCE)
analysis

HPCE was  performed on an uncoated fused-silica capillary tube
(50 �m × 70 cm)  at 25 ◦C using 75 mM sodium tetraborate buffer
(pH 9.5) as solvent, the absorbance was  detected at 254 nm. Before
each run, the capillary tube was washed by methanol (5 min), dou-
ble distilled water (2 min), 0.1 M HCl (5 min), double distilled water
(2 min), 0.1 M NaOH (10 min), double distilled water (2 min), and
conditioned with the operating buffer for 10 min. The samples to
be analyzed were injected automatically, using the low pressure
injection mode (0.5 psi), in which the sample is pressurized for 5 s.
The injection volume can be calculated with the Poiseuille equa-
tion, as proposed by the manufacturer, giving an estimated volume
of 6 nl/s of injection time. Electrophoresis was performed at 15 kV
using normal polarity. Peak areas were recorded and calculated
using the Beckman software system.

2.3. Animals and treatment

Male Kunming mice, weighing 30 ± 2 g, were provided by
the Experimental Animal Center of Guangxi Medical University
(Guangxi, China). The research was conducted according to pro-
tocols approved by the institutional ethical committee of Guangxi
Medical University (approval no.: 20110501202). All mice were
housed under controlled conditions at 25 ± 2 ◦C, with a relative

humidity of 60 ± 10%, room air changes 12–18 times/h, and a 12-h
light/dark cycle. Feed and water were made available ad libitum.

After one week acclimatization, the mice were randomly divided
into six groups, each consisting of 15 animals. The six groups were
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esigned as follows: group 1 (normal control group); group 2 (d-
al model group); group 3 (d-gal + huperzine A group); group 4
o group 6 (d-gal + PMP  group). Mice in group 2 to group 6 were
ubcutaneously intraperitoneally (i.p.) injected with d-gal (in phys-
ological saline) once daily at a dose of 150 mg/kg/day for 8 weeks,

hile mice in group 1 were treated with the same volume of phys-
ological saline. From the third weeks, after the injection of d-gal,
roup 3 mice were treated with huperzine A by intragastric admin-
stration at a dose of 0.02 mg/kg/day, and group 4 to group 6 mice

ere orally administrated with PMP  at the doses of 45, 90 and
80 mg/kg/day, respectively. At the same time, the normal con-
rol group (group 1) and the d-gal model group (group 2) mice
ere taken the same volume of physiological saline by intragastric

dministration.
At the end of the treatment period, behavioral tests were per-

ormed at the same time of the day (9:00 am to 3:00 pm). Next,
he mice were euthanized by decapitation, and blood was  sampled
rom the carotid artery, centrifuged at 3000 rpm for 10 min  at 4 ◦C
nd the serum was collected. Meanwhile, the brain was rapidly
xcised and dissected on ice to obtain the hippocampus and the
erebral cortex. All of the serum and tissue samples were stored at
80 ◦C until analysis.

.4. Open field test

The open field test was used to assess mouse locomotor activ-
ty in the different groups in order to exclude locomotor activity
s an influence on memory, as described elsewhere (He et al.,
009). Locomotive activity was quantified with an open field appa-
atus (60 cm × 60 cm × 30 cm); the floor was divided into 25 equal
quares. The animals were gently placed in the center of the
rena, and behavior was recorded for 5 min. Locomotor activity was
xpressed as the total number of squares crossed and the total num-
er of rearings, while emotional reactivity was expressed as the
ime spent in the central squares and the number of fecal boluses.

.5. Single-trial passive avoidance test

The method used was the same as that described previously
Bagheri, Joghataei, Mohseni, & Roghani, 2011) with some modi-
cations. The apparatus (40 cm long, 20 cm wide and 30 cm high)
onsisted of an illuminated chamber connected to a dark cham-
er by a guillotine door. Electric shocks were delivered to the grid
oor by an isolated stimulator. Animals started the test in the light
ompartment. After a brief orientation (10 s), the gate was opened
o allow the mouse to enter the darkroom. Once the mouse was
nside the darkroom, the gate was closed and 0.5 mV,  1 s shocks
repeated three times with an interval of 5 s) were executed. The
ime that the mouse stayed in the light room was recorded. Each

ouse was exposed to the test on the first, second, third and sev-
nth day of the experiment. After shock administration, the time
hat the mouse hesitated before entering the darkroom again was
bserved. Each test was performed for no longer than 180 s.

.6. Morris water-maze task

The Morris water-maze task was selected to evaluate spatial
earning and memory (Zhang et al., 2012). The water maze was  a
ircular pool 90 cm in diameter and 50 cm in height with a black
nner surface. The tank was placed in a dimly lit soundproof room

ith several visual cues. The pool was divided into 4 quadrants of
qual area, and filled to a depth of 30 cm with water at 20–21 ◦C. A

lack platform 6 cm in diameter and 1 cm below the surface of the
ater was placed in one of the quadrants. For memory acquisition

training), each mouse underwent four successive trials a day for 6
ays. The interval between trials every day was 15 min  to let mice
ers 101 (2014) 533– 543 535

recover physical capacity. The sequence of water-entering points
differed each day, but the location of the platform was  constant.
Latency to find the platform was  measured up to a maximum of 60 s.
On locating the platform, the mouse was left there for 10 s prior to
the next trial. If the mouse failed to locate the platform within 60 s,
it was guided to the platform and allowed to stay there for 10 s.
Latency and average speed to reach the platform were recorded for
each trial.

The day after the last training session, mice were subjected to
a probe trial session in which the platform was  removed from the
pool. The mice were allowed to swim for 60 s to search for it. Latency
(the first time that the mice crossed the site of the removed plat-
form), searching frequency (the number of times that the mice
crossed the site of the removed platform), and the swimming time
within the target quadrant were recorded and analyzed.

2.7. Biochemical assays in brain

Levels of MDA, NO, neuronal NOS (nNOS), SOD, GPX, and GSH
in brain were measured using commercially available kits (Nan-
jing Jiancheng Bioengineering Research Institute, Nanjing, China)
according to the manufacturer’s instructions.

2.8. Measurement of Aˇ1–42 protein and plasticity-related
proteins in hippocampus by Western blotting

The mouse hippocampi were lysed in a buffer containing 50 mM
Tris–HCl (pH 6.8) containing 10% glycerol, 2% sodium dodecyl
sulfate, and 5% �-mercaptoethanol. Protein lysate (50 �g) was sep-
arated by 8% SDS-PAGE and transferred onto a polyvinylidene
difluoride (PVDF) membrane. After blocking in a 5% nonfat dry
milk solution in washing buffer containing 10 mM  Tris (pH7.5),
150 mM NaCl, and 0.05% Tween-20, the membranes were incu-
bated overnight at 4 ◦C with different antibodies: rabbit polyclonal
anti-� amyloid 1–42 (Abcam, UK, 1:500), rabbit monoclonal
anti-PSD-95 (Thermo, USA, 1:200), rabbit polyclonal anti-phospho-
NMDAR1 (Ser896) and rabbit polyclonal anti-phospho-CaMKII
(Thr286) (Upstate Biotechnology, USA, 1:1000), rabbit polyclonal
anti-phospho-PKA Catalytic � subunit (Ser338) (Millipore, USA,
1:1000), mouse monoclonal anti-PKC� (Invitrogen, USA, 1:1000),
mouse monoclonal anti-phospho-CREB (Ser133) (Cell Signaling
Technology, USA, 1:1000), and anti-BDNF (Roche Molecular Bio-
chemicals, Germany, 1:500). After washing three times with
phosphate buffer solution, the membranes were incubated for
1.5 h with horseradish peroxidase-conjugated secondary antibody
at room temperature. Following a final washing in phosphate
buffer solution, the antigen-antibody staining was visualized using
diaminobenzidine. Finally, the sections were washed in distilled
water, dehydrated through an ethanol series, cleared with xylene
and mounted in gel. The band was then scanned, and the intensity
of the protein was  measured using densitometry software. �-actin
was used as the internal control. All values were normalized to
�-actin and expressed as arbitrary units relative to the control.

2.9. Preparation of total RNA and cDNA

Total RNA was extracted from the hippocampus using Trizol
reagent (Invitrogen) according to the manufacturer’s instructions
and stored at −70 ◦C. A ratio of A260/A280 in the range of 1.9–2.0
was used. The RNA concentrations were determined from the
absorbances at 260 nm.  Denaturing formaldehyde 1% agarose gel

electrophoresis was used to check the integrity of the total RNA.
cDNA was synthesized from total RNA by reverse transcriptase
(Fermentas) with the primer oligo (dT) 12–18 and was  stored at
−20 ◦C.
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Table 1
The primer sequences of six genes for quantitative real-time PCR.

Gene Sense primer Anti-sense primer

APP 5′-TTCGGACATGATTCAGGATTT-3′ 5′-TGATGACAATCACGGTTGCTA-3′

BACE1 5′-AGGGCTTGCACCTGTAGGAC-3′ 5′-GCCTGAGTATGACGCCAGTA-3′

CatB 5′-ACAAGCCTTCCTTCCACCCG-3′ 5′-TGTCCTCACCGAACGCAACC-3′
′ ′ ′ ′
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NEP 5 -TCTTGTAAGCAGCCTCAGCC-3
IDE 5′-TGGTCATCTAATTGGGCACG-3′

GAPDH 5′-CCTTCCGTGTTCCTACCC-3′

.10. Relative quantitative real-time PCR

By using the primer sequences listed in Table 1, relative quan-
itative real-time PCR analysis was performed with an Applied
iosystems Prism 7500 Fast Sequence Detection System. The mRNA

evel of amyloid protein precursor (APP), �-site amyloid cleaving
nzyme-1 (BACE1), cathepsin B (CatB), neprilysin (NEP) and insulin
egrading enzyme (IDE) in the hippocampus was analyzed. Mouse
APDH gene was used as endogenous control.

SYBR® Green Real-time PCR Master Mix  (TOYOBO) and iTaqTM

YBR Green Supermix with Rox (BIO-RAD) were used according
o the manufacturer’s instructions. The thermal cycler conditions
ere as follows: hold for 120 s at 95 ◦C, followed by three-step PCR

or 40 cycles of 95 ◦C for 15 s, 58 ◦C (GAPDH, APP, BACE1 and CatB)
r 60 ◦C (GAPDH, NEP and IDE) for 30 s, and 72 ◦C for 45 s. Levels
f mRNA expression were determined using the 7500 Fast Real-
ime PCR System SDS software version 2.0.5 (Applied Biosystems)
ccording to the 2−��Ct method.

.11. Assay of Ach

Ach was measured using the method of Zhong et al. (Zhong,
e, Qu, Li, & Ma,  2009). Briefly, 0.8 ml  of brain homogenate (10%,
/v) was mixed with 1.4 ml  of pure water followed by addition

f calabarine sulfate. Then, 0.8 ml  of trichloracetic acid (1.84 M)
as added and mixed. The mixture was centrifuged at 3000 rpm

or 15 min, and the supernatant was removed and centrifuged at
000 rpm for 10 min  before the final supernatant was removed.
lkalinity hydroxylamine (1 ml)  was added to 1.0 ml  of the final
upernatant and mixed. Subsequently, 0.5 ml  of 4 M HCl and 0.5 ml
f 0.37 M ferric chloride were added, and the mixture was shaken
iolently. The absorbance at 540 nm was measured. Ach levels were
xpressed as �g per mg  of protein.

.12. Determination of AChE activity

AChE activity in the supernatant of brain homogenate was  mea-
ured according to the method of Zhong et al. (Zhong et al., 2009).
riefly, a reaction mixture that contained 470 �l of sodium phos-
hate (1 mM,  pH 8.0), 167 �l of 2% DTNB and 33 �l of homogenate
as incubated for 5 min  at 37 ◦C. Then, 280 �l of acetylcholine

odide (2 mM)  was added to the reaction mixture. After incubation
or 3 min  at 37 ◦C, the reaction was terminated by adding 50 �l of
eostigmine (4 mM).  The absorbance was measured at 412 nm at
oom temperature. AChE activity was expressed as �mol  per �g of
rotein.

.13. Nissl staining

Brains were fixed with 4% paraformaldehyde and cryoprotected
ith 30% sucrose containing phosphate-buffered saline (PBS).

erial coronal sections (15 �m)  of the hippocampal regions were

btained using a rotary microtome and mounted on slides. The
ounted and dried sections were rehydrated, incubated in Cresyl
iolet, destained in 96% ethanol containing 0.5% acetic acid, dehy-
rated with isopropanol, cleared in xylene, and coverslipped. Image
5 -CTCCCCACAGCATTCTCCAT-3
5′-AACCTCGGGCTCCTTCCTTC-3′

5′-CAACCTGGTCCTCAGTGTAG-3′

analysis was performed by a researcher blind to the experimen-
tal conditions. A computer-assisted light microscope (OLYMPUS,
BX51) was used to scan the sections. The densities of Nissl-positive
cells in the hippocampal pyramidal cell layer (CA1, CA3 and CA4)
and the dentate gyrus (DG) of the scanned digital images were
calculated using Image-Pro Express software (Ver 6.0). Total cell
counts were averaged from both the hippocampi in 5 sections for
each animal.

2.14. Histopathological examination

Brains were fixed in 4% paraformaldehyde for 48 h and then
transferred to 30% sucrose in 0.1 M PBS (pH 7.4) for at least 16 h until
they sank, which indicates cryoprotection. The tissues were then
kept in the final sucrose solution until sectioning. Serial (neigh-
boring) 10-�m thick sections were cut in the coronal plane and
stained with hematoxylin and eosin (H&E). Histological specimens
were examined by light microscopy.

2.15. Statistical analysis

Statistical analysis was performed using SPSS 11.5 for Win-
dows. Differences between groups were assessed using a one-way
analysis of variance (ANOVA) with Tukey’s test for multiple post
hoc comparisons. The data are presented as the means ± SE. A p-
value < 0.05 was  considered to be statistically significant.

3. Results and discussion

3.1. Isolation and purification of polysaccharides composition

The total yield of crude polysaccharides was 6.85% (w/w) of the
dried material. To obtain high-purity and homogeneous polysac-
charide products for stable and functional property, the crude
polysaccharides were further purified by DEAE fast flow Sepharose
anion exchange chromatography. Different fractions were selected
based on total carbohydrate elution profile (Fig. 1(A)). The results
showed that crude polysaccharides were mainly composed of two
sub-fractions, namely CP-1and CP-2. Each fraction was eluted as a
single symmetrical peak, which indicated that CP-1 (8.13%) and CP-
2 (91.87%) were two homogeneous polysaccharide sub-fractions
and CP-2 was  the predominate fraction. To obtain high-purity and
homogeneity polysaccharide products for stable functional prop-
erty, the main fraction of CP-2 was  further purified by Sephadex
G-75 gel permeation chromatography (Fig. 1(B)). The main frac-
tion was  collected, dialyzed and lyophilized to obtain a purified
polysaccharide, named as PMP.

PMP  appeared as a white powder, and had a negative response to
Bradford assay. No absorption at either 280 or 260 nm was detected
by UV spectrophotometer. The above results showed the absence of
protein and nucleic acid in PMP. Phenol–sulfuric acid assay showed
PMP  contained 97.82% carbohydrate. In addition, sulfate and uronic

acid could not be detected in the samples of PMP.

The HPGPC (Fig. 1(C)) profiles showed a single and sym-
metrical sharp peak, indicating that PMP  was a homogeneous
polysaccharide with an average molecular weight of about



X. Lin et al. / Carbohydrate Polymers 101 (2014) 533– 543 537

Fig. 1. Chemical analysis of PMP. (A) Elution profiles of crude polysaccharides on DEAE-Sepharose fast flow anion-exchange chromatography column (3 cm × 45 cm) with
0.1–1  M NaCl stepwise elute. (B) Profile of CP-2 on Sephadex G-75 gel permeation chromatography column (20 cm × 60 cm) with 0.1 M NaCl elute. The major fractions (i.e.
1 olysa
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5–25  tubes) were collected, then dialyzed with water, and lyophilized to give a p
hpak  SB 803 HQ gel filtration column (8.0 cm × 300 cm) eluted with 0.05 M Na2S

Peak  identity: 1: l-rhamnose, 2: d-arabinose, 3: d-xylose, 4: d-glucose and 5: d-ga

4,301 Da, according to the calibration curve with standard dex-
rans.

Monosaccharide compositions of PMP  were determined by the
FA hydrolysis and HPCE analysis method. The results indicated
hat PMP was  composed of d-glucose and d-arabinose with molar
ercent of 90.79% and 9.21%, respectively (Fig. 1(D)).

.2. The effects of PMP  on locomotor activity and emotional
eactivity in the open field test

As a measure of general locomotor activity as well as anxiety,
ice were examined in an open field chamber. The number of cross-

ngs, rearings and fecal boluses and the time in the central squares
ere recorded. As shown in Fig. 2(A), the number of rearings and

ecal boluses in the normal mice were significantly lower than in
he d-gal model control mice; locomotor activities of mice in all
ther groups did not differ.

.3. Passive avoidance test

As shown in Fig. 2(B), the passive avoidance time in the d-gal
odel control group was significantly shorter than in the normal

ontrol group. However, the passive avoidance times of mice sup-
lemented with 90 or 180 mg/kg PMP  or 0.02 mg/kg huperzine A
ere longer than those of the d-gal model control mice.
.4. The effects of PMP  on spatial learning and memory deficits

Mice were trained in the water maze for 6 days. Normal control
ice rapidly learned the location of the platform, but d-gal model
ccharide named PMP. (C) Profile of PMP  in HPGPC. The sample was analyzed by a
5 ml/min. D: HPCE electropherogram of monosaccharides: (D1) standard mixture
e); (D2) sample (peak identity: 1: d-arabinose, 2: d-glucose).

control mice had significantly longer escape latencies on every
test day. Treating mice with 90 or 180 mg/kg PMP or 0.02 mg/kg
huperzine A resulted in a significant decrease in escape latency
(Fig. 2(C)).

In  the probe test, latency (the first time that the mice crossed
the site of the removed platform) was increased and searching
frequency (the number of times that the mice crossed the site
of the removed platform) was decreased in d-gal model control
mice compared to normal control mice. The latency was decreased
by PMP  or huperzine A administration, and searching frequency
was increased significantly by administration of 90 and 180 mg/kg
PMP. In addition, treatment with PMP  or huperzine A increased the
swimming time within the target quadrant (Fig. 2(D)).

3.5. Biochemical assays

Although the exact molecular basis of aging remains uncer-
tain, accumulated knowledge suggests that it may  be related to
an increase in free radicals (Burke & Barnes, 2006; Kishida & Klann,
2007). According to the Free Radical Theory of Aging, the genera-
tion of reactive oxygen species (ROS) and/or free radical-induced
oxidative stress can lead to cell and tissue damage, paralleled by
alterations in the function of the genetic apparatus, thus result-
ing in aging and age-related memory loss (Muller, Lustgarten, Jang,
Richardson, & Van Remmen, 2007). Many studies have shown that
aging and particularly brain aging are associated with the action

of free radicals and their intermediate products, such as MDA,
NO, etc. Cells can defend themselves against the harmful effects
of free radicals with adequate protective mechanisms: SOD, GSH,
GPx, etc. (Devasagayam et al., 2004). There is a balance that exists
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Fig. 2. Behavioral tests. (A) The locomotor behavior and emotional reactivity of mice in the open field test. Locomotive activities of mice in the 3 dose PMP  treated groups were
no  different from d-gal model control mice. (B) The effects of PMP  on the learning and memory impairment in the passive avoidance test. Avoidance tests were performed
for  three consecutive days as well as on the seventh day of the study. (C) The training trial sessions. Spatial learning and memory ability of d-gal model control mice was
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mpaired  all throughout the test; and the impairment was improved by the admini
he  mice crossed the former platform; searching frequency: the number of times th
ime  within the target quadrant. Data values are expressed as means ± SE, *P < 0.05

etween free radicals and antioxidants under normal physiologi-
al conditions in healthy people and in other organisms. However,
n the process of aging, the balance is broken; free radical genera-
ion may  increase and antioxidant defense systems may  gradually
iminish in efficacy (Reiter, 1995; Reiter, Acuña-Castroviejo, Tan,

 Burkhardt, 2001). In the present study, levels of MDA, NO, neu-
onal NOS (nNOS), SOD, GSH and GPX in brain were detected. As
hown in Fig. 4, MDA, NO and nNOS content was significantly higher
n d-gal model control mice when compared with normal control

ice. Administration of PMP  at 90 and 180 mg/kg body weight sig-
ificantly decreased the MDA, NO and nNOS levels (Fig. 3(A)). In
ddition, the SOD, GSH and GPX activities were significantly lower
n the d-gal model control mice when compared with the nor-

al  control mice. However, the mice treated with PMP  showed
 significant improvement toward the normal value (Fig. 3(B)).
hese results indicate that PMP  treatment significantly enhances
he antioxidant defense systems and alleviates the harmful effects
f free radicals.

.6. The effect of PMP  on Aˇ1–42 protein in hippocampus

Aggregation and deposition of A� in the brain is a key step in the
athogenesis of AD that elicits a cascade of cellular events leading

ltimately to neuronal loss and dementia (Hardy & Selkoe, 2002).
s shown in Fig. 4(A) and (B), the content of A� in the hippocampus
f d-gal-induced model mice was significantly higher than in the
ormal control. Administration of PMP  significantly decreased the
n of different dosages PMP. (D) The probe trial session. Latency: the first time that
 mice crossed the site of the removed platform; time in target area: the swimming
gal model control.

A� content, and this decrease may  be one of the mechanisms of
action of PMP  in ameliorating cognition degeneration in mice.

3.7. Effects of PMP  on the expression of genes related to Aˇ

An imbalance between the production of A� and its removal
causes A� accumulation. A� is produced by proteolytic processing
of APP. Proteases referred to as �-secretase and �-secretase cleave
at the N- and C-termini of A� within APP to generate A�. A�
then undergoes secretion to provide extracellular A� that produces
neurotoxic effects, with aggregation and accumulation in amyloid
plaques of AD brains. BACE1 and CatB are generally considered
to be the critical �-secretases (Haque, Banik, & Ray, 2008; Hook,
Schechter, Demuth, & Hook, 2008; Stockley & O’Neill, 2008). Addi-
tionally, several enzymes within the central nervous system are
capable of degrading A�. Among these enzymes, there is increasing
evidence that NEP and IDE are primarily responsible for degrading
A� in the brain (Chen et al., 2010). Therefore, five genes associated
with the A� pathway, APP, BACE1, CatB, NEP and IDE, were ana-
lyzed to explore the molecular mechanism of the effect of PMP  on
abnormal A� levels. Statistical analysis showed higher APP, BACE1
and CatB levels and significantly lower NEP and IDE levels in the d-
gal model control group compared with the normal control group.

Treatment with PMP  induced changes in the mRNA levels: APP,
BACE1 and CatB mRNA levels were decreased and NEP and IDE
mRNA levels were markedly increased after treatment (Fig. 4(C)).
This indicates that PMP  may  lower A� content by modulating the
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ig. 3. The effects of PMP  on brain levels of MDA, NO, nNOS, SOD, GPX and GSH.
ata values are expressed as means ± SE, *P < 0.05 vs. d-gal model control.

� pathway (particularly inducing a decline in the levels of APP,
ACE1 and CatB and a rise in the levels of NEP and IDE).

.8. The effects of PMP  on the expression of synapse
lasticity-related proteins in the hippocampus

Initially, the decline of memory function with age is believed to
e due to changes in synaptic function rather than a loss of neu-

ons (Lesné et al., 2006). Postsynaptic density 95 (PSD-95), highly
bundant at the postsynaptic density and a major constituent
f dendritic spines, can be regarded as a key molecule in neu-
onal information storage-related processes (Bevilaqua, Medina,

ig. 4. The effects of PMP  on A�1–42 protein and expression of genes related to A�. (A) Th
odel  control group; lane 3, 0.02 mg/kg huperzine A-treated group; lane 4–6, 45, 90 and 1

n  Western blotting. (B) Relative protein level between the tested target protein and int
atB,  NEP and IDE mRNA expression were assayed by real-time PCR in the hippocampu
athepsin B; NEP: neprilysin; IDE: insulin degrading enzyme. Data values are expressed a
ers 101 (2014) 533– 543 539

Izquierdo, & Cammarota, 2005). The processes of learning, memory
formation and functional plasticity, such as long-term potentiation
(LTP), are associated with the phosphorylation state of N-methyl-d-
aspartic acid receptors (NMDARs) and Ca2+/calmodulin-dependent
protein kinase II (CaMKII) (Ahmed & Frey, 2005). NMDA  recep-
tor subunit 1 (NMDAR1) is a subunit required for functional
receptor formation (Lau, Saha, Faris, & Russek, 2004). A previ-
ous study reported impaired learning and memory in rats in
which the NMDAR1 subunit was  knocked down in a subset of
hippocampal neurons (Cheli et al., 2006). CaMKII, acting through
its autophosphorylation properties, is thought to represent a
“molecular switch” for the transition from short-term to long-
term information storage (Vaynman, Ying, & Gomez-Pinilla, 2007).
There is strong evidence that the protein kinase C (PKC) and
protein kinase A (PKA) signaling pathways, especially those of
isoenzyme-PKA C� and PKC�, regulate important molecular events
in learning and memory processes and in the neurodegenerative
pathophysiology of AD (Pang & Lu, 2004). In addition, cAMP-
response element binding protein (CREB) has been identified as
a key molecule initiating the transcriptional activation of other
genes encoding proteins that presumably play an important role
in the structural and functional changes underlying information
storage (Lamprecht, 1999). Indeed, CREB activation through its
phosphorylation on Serine-133 (p-CREB) controls the induction of
regulatory immediate-early genes whose products subsequently
induce the transcription of late downstream genes and activate
direct “effector” proteins, such as structural proteins, signaling
enzymes or growth factors that are essential for long-term memory.
Brain-derived neurotrophic factor (BDNF) is a powerful modula-
tor of neuronal excitability and synaptic transmission and plays a
role in hippocampal-dependent learning and memory (Bimonte,
Nelson, & Granholm, 2003; Gómez-Pinilla et al., 2007). In this
study, the expression of the above mentioned synaptic plasticity
related proteins were evaluated. As shown in Fig. 5, significantly
lower expression of these proteins was observed in the d-gal model
control group when compared with the normal control. Animals
treated with PMP  exhibited a significant increase in the expression
of these proteins. This result suggests that the protective effect of
PMP  on the intact of synapse in hippocampus may  be a neurobio-
logical basis for improving cognition deterioration.
3.9. Ach level and AChE activity in brain

The cholinergic system has been implicated in several neu-
ropsychic functions, such as learning, memory, sleep, etc. (Everitt

e bands are a representative of the blot. Lane 1, normal control group; lane 2, d-gal
80 mg/kg PMP-treated groups. 50 �g protein lysate was separated by 8% SDS-PAGE

ernal standard �-actin band was calculated and labeled on Y axis. (C) APP, BACE1,
s. APP: amyloid protein precursor; BACE1: �-site amyloid cleave enzyme-1; CatB:
s means ± SE, *P < 0.05 vs. d-gal model control.
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Fig. 5. The effects of PMP  on the expressions of synapse plasticity-related proteins in hippocampus. (A) The bands are a representative of the blot. Lane 1, normal control
g  group; lane 4–6, 45, 90 and 180 mg/kg PMP-treated groups. (B) Relative protein level
b d and labeled on Y axis. Data values are expressed as means ± SE, *P < 0.05 vs. d-gal model
c
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roup; lane 2, d-gal model control group; lane 3, 0.02 mg/kg huperzine A-treated
etween the tested target protein and internal standard �-actin band was  calculate
ontrol.

 Robbins, 1997). Ach plays a principal role in modulating these
unctions (Mohapel, Leanza, Kokaia, & Lindvall, 2005); AChE is
esponsible for the degradation of Ach to acetate and choline in
he synaptic cleft. As shown in Fig. 6, AChE activity was signifi-
antly higher in d-gal-induced model mice. As a consequence of
he increase of AChE activity, the Ach level was lower in d-gal-
nduced model mice. Treatment with 180 mg/kg PMP  reversed the
bnormalities in Ach level and AChE activity. This result suggests
hat PMP  may  improve dysfunction of the cholinergic system.

.10. The effect of PMP  on Nissl-positive cell density in the
ippocampus

After Nissl staining, intact cells were smoothly stained a light
lue color with regularly shaped cell bodies and a large centrally

ocated nucleus. As shown in Fig. 7(A), the Nissl positive cell num-

ers per mm2 of the CA1 and CA3 regions of the hippocampus
howed no significant differences among all groups. The cell den-
ity of the granule neurons in dentate gyrus (DG) was  significantly
ower in d-gal model control mice compared with normal mice,
Fig. 6. The effects of PMP  on Ach level and the AChE activity of mice brains. Data
values are expressed as means ± SE, *P < 0.05 vs. d-gal model control.
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Fig. 7. The effects of PMP  on Nissl-positive cell densities and histopathological changes. (A) Nissl-positive cell densities (positive cells per mm2) in the CA1, CA3 and DG of
hippocampus. Data values are expressed as means ± SE, *P < 0.05 vs. d-gal model control. (B) Normal control showed intact and well-arranged neurons; in contrast, neurons
of  d-gal model control showed reduced staining, and they were significantly swollen and arranged abnormally. Administration of PMP  or huperzine A diminished the loss
and  swelling of neurons in the hippocampus, and neurons recovered their characteristic shape and arrangement. (C) Representative photomicrograph showing the histology
of  CA1 hippocampal neurons (H&E, 400×).
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nd administration of PMP  significantly prevented cell loss in the
ippocampus.

In the DG of d-gal model control mice, neuronal loss was
ccompanied by swollen neurons and an abnormal neuronal
rrangement. In contrast, neurons in the other groups were intact
nd well-arranged (Fig. 7(B)).

.11. Histopathological findings

As shown in Fig. 7(C), the neurons in the normal control group
ere large, conical shaped cells with well delineated amphophilic

ytoplasm and round vesicular nuclei with prominent nucleoli. In
he d-gal model control group, the CA1 layer neurons showed pro-
ounced shrinkage of the neuronal bodies with the nuclei losing
heir regular outlines and becoming hyperchromatic. The shrinkage
f the cells also caused a clear space to form around each neuron.
reatment with huperzine A or PMP  significantly attenuated the
hrinkage of the neurons and decreased the retraction space around
he neurons.

. Conclusions

Our study demonstrated that PMP  significantly improved cog-
itive impairment and neuropathologic lesions induced by d-gal in
ice, and these effects may  be mediated by scavenging free radi-

als, modulating the activity of antioxidant enzymes, decreasing
he content and deposition of A�, improving the dysfunction of
ynaptic plasticity, reversing the abnormality of Ach level and AChE
ctivity, and protecting hippocampal neurons from damage. These
ata suggest that PMP is helpful in preventing age-related cognitive
eficits.
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