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a b s t r a c t

Ursolic acid (UA), a pentracyclic triterpene, is reported to have an antioxidant activity. Here

we assessed the protective effect of UA against the D-galactose (D-gal)-induced neurotoxi-

city. We found that UA markedly reversed the D-gal induced learning and memory impair-

ment by behavioral tests. The following antioxidant defense enzymes were measured:

superoxide dismutases (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione

reductase (GR). The content of the lipid peroxidation product malondialdehyde (MDA) was

also analyzed. Our results indicated that the neuroprotective effect of UA against D-gal

induced neurotoxicity might be caused, at least in part, by the increase in the activity of

antioxidant enzymes with a reduction in lipid peroxidation. And UA also inhibited the

activation of caspase-3 induced by D-gal. Furthermore, we found that UA significantly

increased the level of growth-associated protein GAP43 in the brain of D-gal-treated mice.

These results suggest that the pharmacological action of UA may offer a novel therapeutic

strategy for the treatment of age-related conditions.
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1. Introduction

Formation of reactive oxygen species (ROS) has been

proposed to be an important step leading to neuronal death

in a variety of age-related neurodegenerative disorders such

as Alzheimer’s disease and Parkinson’s disease [1–3]. The

neuron is particularly susceptible to oxidative damage

resulted from the production of ROS. ROS oxidizes various

biological macromolecules thereby disturbing homeostatics

within the neuron and ultimately resulting in cell death.

D-Galactose (D-gal) can cause the accumulation of ROS, or
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stimulate free radical production indirectly by the formation

of advanced glycation endprodcts (AGE) in vivo, finally

resulting in oxidative stress [4]. Mice injected with D-gal have

been used for pharmacological studies. Further studies

showed that D-gal induced aging-related changes included

increased production of free radicals and decreased anti-

oxidant enzyme activities [4,5]. Recent studies have also

demonstrated that continuous subcutaneous injection of

D-gal in mice induced an increase in cell karyopyknosis,

apoptosis and caspase-3 protein levels in hippocampal

neurons [6].
.
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3, growth associated protein 43; GR, glutathione reductase; GPx,
mutases; UA, Ursolic acid
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Drugs isolated from traditional medicinal plants may

provide a promising therapy on brain injuries caused by

oxidative stress. Ursolic acid (UA; 3b-hydroxy-urs-12-en-28-

oic acid) is a triterpenoid compound, which is widely present

in berries, leaves, flowers, and many kinds of medicinal herbs,

such as Perilla frutescens [7], Glechoma hederaceae [8], Rosemarinus

officinalis, and Eriobotrya japonica [9], in the form of free acid or

as aglycones of triterpenoid saponins [10]. This triterpenoid

compound has been reported to induce pleiotropic biological

activities such as anti-tumor, antioxidant, anti-inflammatory,

hepatoprotective, anti-ulcer, antimicrobial, anti-hyperlipi-

demic and antiviral [11–15]. Shih et al. studied the protective

effect of ursolic acid on the hippocampal neurons against

kainate-induced excitotoxicity in rats and proved that free

radical scavenging may account, at least partially, for the

protective effects of ursolic acid [16]. However, no work has

been done to study whether UA has an effect against D-gal

induced neurotoxicity in mice model. In the present report, we

addressed this issue and investigated the mechanism under-

lying the neuroprotective effect of UA.

2. Materials and methods

2.1. Subjects

Ten-week-old male Kunming strain mice (29.85 � 5.58 g) were

purchased from the Branch of National Breeder Center of

Rodents (Shanghai, China). Prior to experiments the mice had

free access to food and water and were kept under constant

conditions of temperature (23 � 1 8C) and humidity (60%). Ten

mice were housed per cage on a 12-h light/12-h dark schedule

(lights on 08:30–20:30 h). After acclimatization to the labora-

tory conditions, two groups of mice received daily subcuta-

neous injection of D-gal (Sigma–Aldrich, MO, USA) at dose of

50 mg/(kg day) for 8 weeks, and the third group served as

vehicle control with injection of saline (0.9%) only. Then one

group of D-gal-treated mice received ursolic acid (Sigma–

Aldrich) of 10 mg/(kg day) in distilled water containing 0.1%

Tween-80 (dH2O/0.1% Tween-80) by oral gavage, for another 2

weeks. Meanwhile, the other group of D-gal-treated mice and

the vehicle control were given dH2O/0.1% Tween-80 without

ursolic acid. 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 immedi-

ately collected for experiments or stored at�70 8C for later use.

2.2. Behavioral tests

2.2.1. Open field test
Each mouse was placed in the center of an open field chamber

with internal dimensions of 50 cm � 50 cm and walls of 30 cm

high, illuminated by a 40-W bulb (3000 lux) placed 2.8 m above

the center of it. The open field was divided into 21 equally sized

squares by white lines. Tests were performed in the breeding

room from 8:30 to 16:00 h. After 1-min adaptation, the

behavior of each mouse was recorded for 5 min by two

observers 1 m away from the open field area. Between trials,
the mice were returned to their home cage in the same room

and the open field was wiped clean with a slightly damp cloth.

The behavioral parameters recorded were: (1) ambulation: the

number of grids crossed in the arena during the observation

period; (2) rearing: the number of times the mouse stood on its

hind legs; (3) leaning: the number of times the mouse placed

one or two forelimbs on the wall of the arena; (4) grooming: the

number of times the mouse ‘washed’ itself by licking, wiping,

combing, or scratching any part of the body.

2.2.2. Morris water maze
The Morris water maze test was performed as described

previously [17]. The experimental apparatus consisted of a

circular water tank (100 cm in diameter, 35 cm in height),

containing water (23 � 1 8C) 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, which contained various

prominent visual cues. Each mouse received four training

periods per day for 4 consecutive days. Before the first trail,

each mouse was put on the platform for 15 s, and then it was

given a 30 s free swim and then was assisted to the platform

where it was remained for another 15 s rest. For each trial, the

mouse was placed in the water facing the wall at one of four

starting positions, and the time required for the released

mouse to find the hidden platform was recorded. A mouse that

found the platform was allowed to remain on the platform for

15 s and then returned to its cage for the inter-trial interval. A

mouse that did not find the platform within 60 s was placed on

the platform for 15 s at the end of the trial. Latency to escape

from the water maze (finding the submerged escape platform)

was calculated for each trial. On day 5, 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 non-

target quadrants (right, left, and opposite quadrants), was

measured, respectively. For the probe trials, the number of

times crossing over the platform site was measured and

calculated. All data were recorded with a computerized video

system.

2.3. Preparation of tissue samples

2.3.1. Tissue homogenates
For biochemical studies, animals were deeply anesthetized

and sacrificed. Brains were promptly dissected and perfused

with 50 mM (pH 7.4) ice-cold phosphate buffer saline solution

(PBS). Brains were homogenized in 1/5 (w/v) PBS containing a

protease inhibitor cocktail (Sigma–Aldrich) with 10 strokes at

1200 rpm in a Potter homogenizer. Homogenates were divided

into two portions and one part was directly centrifuged at

8000 � g for 10 min to obtain the supernatant. Supernatant

aliquots were used to determine brain catalase (CAT),

glutathione peroxidase (GPx), glutathione reductase (GR)

activities, MDA levels 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, centri-

fuged at 5000 � g for 10 min at 4 8C, and the supernatants were
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collected and stored at�70 8C for determination of superoxide

dismutases (SOD) enzyme activities. Protein contents were

determined by using the BCA assay (Pierce Biotechnology, Inc.,

Rockford, IL, USA).

2.3.2. Collection of brain slice
For in situ hybridization studies, 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) for 4 h, incubated overnight at 4 8C in 100 mM sodium

phosphate buffer (pH 7.4) containing 30% sucrose; and

embedded in Optimal Cutting Temperature (OCT, Lecia, CA,

Germany). Cryosections (12 mm) were collected on 3-amino-

propyl-trimethoxysilane-coated slides (Sigma–Aldrich) and

stored at �70 8C.

2.4. Measurement of antioxidative systems and oxidative
products

2.4.1. Assay of Cu, Zn-SOD activity
Chemicals used in the assay, including xanthine, xanthine

oxidase, cytochrome c, bovine serum albumin (BSA) and SOD,

were purchased from Sigma Chemical Company (St. Louis,

MO, USA). Cu, Zn-SOD activity was measured according to the

method described by McCord and Fridowich [18]. Solution A

was prepared by mixing 100 ml of 50 mM PBS (pH 7.4)

containing 0.1 mM EDTA and 2 mmol of cytochrome c with

10 ml of 0.001N 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 solution A and the reaction was started by adding

50 ml of solution B. Change in absorbance at 550 nm was

monitored in a spectrophotometer (Shimadzu UV-2501PC,

Japan). A blank was run by replacing the supernatant with

50 ml of ultra pure water. Cu, Zn-SOD levels were expressed as

units per mg protein with reference to the activity of a

standard curve of bovine copper-, zinc-SOD under the same

conditions.

2.4.2. Assay of CAT activity
CAT activity was assayed by the method of Aebi [19]. In brief, to

a quartz cuvette, 0.65 ml of the phosphate buffer (50 mmol/l;

pH 7.0) and 50 ml sample were added, and the reaction was

started by addition of 0.3 ml of 30 mM hydrogen peroxide

(H2O2). The decomposition of H2O2 was monitored at 240 nm at

25 8C. CAT activity was calculated as nM H2O2 consumed/min/

mg of tissue protein.

2.4.3. Assay of GPx activity

The GPx activity assay was based on the method of Paglia and

Valentine [20]. tert-Butylhydroperoxide was used as substrate.

The assay measures the enzymatic reduction of H2O2 by GPx

through consumption of reduced glutathione (GSH) that is

restored from oxidized glutathione GSSG in a coupled

enzymatic reaction by GR. GR reduces GSSG to GSH using

NADPH as a reducing agent. The decrease in absorbance at

340 nm due to NADPH consumption was measured in a

Molecular Devices M2 plate reader (Molecular Devices, Menlo.

Park, CA). GPx activity was computed using the molar

extinction coefficient of 6.22 mM�1 cm�1. One unit of GPx
was defined as the amount of enzyme that catalyzed the

oxidation of 1.0 mmol of NADPH to NADP+ per minute at 25 8C.

2.4.4. Assay of GR activity

The GR activity assay was based on the method of Mizuno and

Ohta [21]. The enzymatic activity was assayed photometrically

by measuring NADPH consumption. In the presence of GSSG

and NADPH, GR reduces GSSG and oxidizes NADPH, resulting

in a decrease of absorbance at 340 nm, which was measured in

a M2 plate reader. Quantification was based on the molar

extinction coefficient of 6.22 mM�1 cm�1 of NADPH. One unit

of GR was defined as the amount of enzyme that reduced

1 mmol of GSSG (corresponding to the consumption of 1 mmol

of NADPH) per minute at 25 8C.

2.4.5. Measurement of malondialdehyde (MDA) levels
Chemicals, including n-butanol, thiobarbutiric acid, 1,1,3,3-

tetramethoxypropane and all other reagents, were purchased

from Sigma Chemical Company (St. Louis, MO, USA). The level

of malondialdehyde (MDA) in brain tissue homogenates was

determined using the method of Uchiyama and Mihara [22].

Half a milliliter of each homogenate was mixed with 3 ml of

H3PO4 solution (1%, v/v) followed by addition of 1 ml of

thiobarbituric acid solution (0.67%, w/v). The mixture was

incubated at 95 8C in a water bath for 45 min. The colored

complex was extracted into n-butanol, and the absorption at

532 nm was measured using tetramethoxypropane as stan-

dard. MDA levels were expressed as nmol per milligram of

protein.

2.5. Immunohistochemistry

Mouse tissues were sectioned after being fixed in 4%

paraformaldehyde. For immunohistochemistry, endogenous

peroxidase activity in the sectioned tissues was blocked with

3% H2O2, and nonspecific binding sites were blocked with 3%

normal goat serum (Chemicon International Inc., Temecula,

CA). The sections were incubated with anti-cleaved caspase-3

(1:50, Cell Signaling Technology, Inc., Beverly, MA, USA) in

Tris-buffered saline (TBS) containing 1% goat serum at 4 8C

overnight. Subsequently, biotinylated goat anti-rabbit IgG

secondary antibody (diluted as per the recommendations of

the supplier; Vector Laboratories, Inc., Burlingame, CA, USA)

was applied, followed by incubation for 1 h with an avidin–

biotin–horseradish peroxidase complex (ABC Elite Kit, Vector

Laboratories, Inc.). Horseradish peroxidase was reacted with

diaminobenzidine and H2O2 for 5 min to yield a permanent

deposit. Stained whole mounts were rinsed in distilled water,

mounted on 3-aminopropyl-trimethoxysilane-coated slides,

air-dried overnight, dehydrated in ethanol, cleared in xylene,

and cover-slipped with cytoseal (Stephens Scientific, Kalama-

zoo, MI). The specificity of the staining was assessed by

omitting the primary antibody.

2.6. In situ hybridization

2.6.1. RNA isolation, RT-PCR, plasmid construction and in
vitro synthesis of riboprobes
Whole brains of mice were dissected after euthanasia with an

overdose of the anesthetic agent. Total mRNA was extracted
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from mice brain with Trizol (Invitrogen, Carlsbad, CA, USA).

About 50–100 mg of brain material was used for RNA isolation

with 1 ml of Trizol Reagent. AMV reverse transcriptase

(Promega, Madison, WI, USA), and oligo-(dT)15 primers

(Promega) were used for generating total cDNA. PCR cloning

of growth-associated protein GAP43 was performed with

primers containing EcoRI and BamHI (New England Biolab,

Beverly, MA) restriction enzyme cut site. The sequences of PCR

primers were as follows:

� 50-ATCGAATTCATGGCTCTGCTACTACCG -30(forward pri-

mer);
Fig. 1 – Number of line crossing, rearing/leaning and self-

grooming in the open field test in the vehicle controls, D-

gal-treated mice and D-gal-treated mice fed with UA. Each

value is the mean W S.E.M. *P < 0.05; **P < 0.01; ***P < 0.001

as compared to the control group.

Fig. 2 – Spatial learning and memory in the Morris water-

maze test. (A) Mean latency in the hidden platform test; (B)

the number of crossings over the exact location of the

former platform. **P < 0.01 as compared to the control

group; (C) comparison of the time spent in target quadrant

with other quadrants on day 5. *P < 0.05 as compared to

any other quadrant.
� 50-ATCGGATCCGCTTCGTCTACAGCGTCT -30(reverse pri-

mer).

PCR was performed in 50 ml containing thermostable High-

Fidelity Taq DNA polymerase (Roche Diagnostics Corporation,

Indianapolis, IN, USA), which provides a 30 to 50 proofreading

activity, 0.1 mM dNTPs and 1 mM MgCl2, using the Expand

High-Fidelity PCR-system according to the instructions of the

manufacturer. For PCR, the initial melting temperature was

95 8C for 5 min, followed by 35 cycles at 94 8C for 30 s, 55 8C for

30 s, and 72 8C for 1 min, with a final extension at 72 8C for

10 min. The PCR products were visualized on a 1% agarose gel

and purified with a Wizard SV Gel and PCR Clean-Up System



Fig. 3 – Effect of ursolic acid on the Cu, Zn-SOD activity in

the brain of D-gal-treated mice. Each value is the

mean W S.E.M. ***P < 0.001, as compared to the control

group.

Fig. 4 – Effect of ursolic acid on the CAT activity in the brain

of D-gal-treated mice. Each value is the mean W S.E.M.
**P < 0.01, as compared to the control group.

Fig. 5 – Effect of ursolic acid on the GPx activity in the brain

of D-gal-treated mice. Each value is the mean W S.E.M.
**P < 0.01, as compared to the control group.
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kit (Promega) and cloned into pGEM3Z plasmids (Promega).

The insert was sequenced and verified to be a 364 base-pair

(bp) cDNA, corresponding to bases 400–763 of the GAP43

mRNA. To make GAP43 riboprobe templates, the recombinant

plasmid containing the 364 bp GAP43 cDNA fragment was

linearized with EcoRI and transcribed with SP6 to generate a

complementary RNA (cRNA) antisense probe complementary

to mouse GAP43 mRNA. A sense probe was generated by

linearizing the plasmids with BamHI, and transcribed with T7

RNA polymerase. Antisense and sense (control) riboprobes

were labelled during in vitro transcription in a reaction

mixture containing DIG RNA Labeling mix (Roche Diagnostics

Corporation), 1 mg of linearized plasmids, and 20 units of SP6

or T7 RNA polymerase (Promega) according to the manufac-

turer’s protocol. After transcription, the template DNA was

digested with 40 units of DNase I for 15 min at 37 8C.

Unincorporated labeling molecules were removed by centri-

fugation.

2.6.2. Brain sections in situ hybridization
The in situ hybridization procedure was carried out as

described (Roche Diagnostics Corporation), all steps being

performed in RNAse-free conditions. Briefly, the frozen

mouse brain sections were arranged in metal racks and

brought to room temperature for 30 min. The sections were

fixed for 10 min with a 4% paraformaldehyde solution in PBS,

rinsed twice with PBS and twice with PBS containing 100 mM

glycine, permeabilized for 30 min at 37 8C with TE buffer

[100 mM Tris–HCl, 50 mM EDTA, pH 8.0] containing 20 mg/ml

RNase-free proteinase K (Merck, Darmstadt, Germany), post-

fixed for 5 min at 4 8C with DEPC-treated PBS containing 4%

paraformaldehyde, acetylated with 0.25% acetic-anhydride

in 0.1 M triethanolamine–HCl (pH 8.0) for 15 min and

dehydrated through graded ethanol. The sections were

equilibrated for 5 min in 4 � SSC, and then prehybridized

for 2 h at 55 8C in 4 � SSC containing 50% deionized

formamide (Ameresco). Hybridization was performed at

60 8C overnight in hybridization buffer solution containing

40% deionized formamide (Ameresco Co., Solon, OH, USA),

400 ng/ml digoxigenin-labeled probes, 10% dextran sulfate

(Sigma–Aldrich), 1 � denhard’s solution [0.02% Ficoll-400

(Ameresco Co.), 0.02% polyvinylpyrrolidone (Ameresco

Co.), 10 mg/ml RNase-free bovine serum albumin (Ameresco

Co.)], 4 � SSC, 10 mM DTT (Sigma–Aldrich), 1 mg/ml yeast

tRNA (Calbiochem, La Jolla, CA), and 1 mg/ml denatured and

sheared salmon sperm DNA (Sigma–Aldrich). Prior to

hybridization, the riboprobes were denatured for 5 min at

80 8C and then cooled on ice. Following hybridization, the

sections were washed three times for 1 h each with 2 � SSC

at room temperature, 2 � SSC at 65 8C and 0.1 � SSC at 65 8C,

respectively. Slides were then incubated for 1 h in 0.5%

blocking reagent (Roche Diagnostics Corporation) prepared

in 150 mM NaCl, 100 mM Tris–HCl pH 7.5 (NT), and the

localization of the bound riboprobes was detected by

incubating overnight at 4 8C with an AP-coupled anti-

digoxigenin antibody (Roche Diagnostics Corporation)

diluted 1:2000 in 0.5% blocking reagent prepared in NT.

The slides were washed twice in NT and equilibrated in a

solution of 50 mM MgCl2, 100 mM NaCl and 100 mM Tris–HCl

pH 9.5 (MNT). The antibody was visualized using an alkaline
phosphatase substrate (338 mg/ml nitroblue tetrazolium,

175 mg/ml 5-bromo-4-chloro-3-indolyl phosphate; Roche

Diagnostics Corporation) in MNT buffer. Finally, the color

reaction was stopped by washing the slides with 10 mM Tris–

HCl (pH 8.0) containing 1 mM EDTA.



Fig. 6 – Effect of ursolic acid on the GR activity in the brain of

D-gal-treated mice. Each value is the mean W S.E.M.
**P < 0.01, as compared to the control group.

Fig. 7 – Effect of ursolic acid on the content of MDA in the

brain of D-gal-treated mice. Each value is the

mean W S.E.M. ***P < 0.001, as compared to the control

group.
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2.7. Western blot analysis

Total protein extracts were prepared in 3 ml of ice cold RIPA

lysis buffer [1 � TBS, 1% NP-40, 0.5% sodium deoxycholate,

0.1% SDS, 0.004% sodium azide] combining 30 ml of 10 mg/ml

PMSF solution, 30 ml of Na3VO4 and 30 ml of protease inhibitors

cocktail per gram of tissue. Lysates were centrifuged at

10,000 � g for 10 min at 4 8C, and then remove the super-

natants and centrifuge again. The supernatants were
Fig. 8 – Immunohistochemistry analysis of cleaved caspase-3 in

gal-treated mice; (C) D-gal-treated mice fed with UA. The areas i

panels D–F for clearer visualization. Scale bars: 100 mm (A–F).
collected. Protein levels in the supernatants were determined

using the BCA assay kit (Pierce Biotechnology, Inc., Rockford,

IL, USA). Samples (60 mg each) were separated by denaturing

SDS-PAGE and transferred to a PVDF membrane (Roche

Diagnostics Corporation) by electrophoretic transfer. The

membrane was pre-blocked with 5% non-fat milk and 0.1%

Tween-20 in Tris-buffered saline (TBS), incubated overnight
the hippocampus of mice. (A) The vehicle control mice; (B) D-

ndicated within the boxes in panels A–C were enlarged in
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with either polyclonal rabbit anti-cleaved caspase-3 antibody

(1:2000, Cell Signaling Technology, Inc., Beverly, MA, USA) or

polyclonal rabbit anti-GAP43 antibody (1:1000, Chemicon

International Inc., Temecula, CA). Quantitation of detected

bands was performed with the Scion Image analysis software

(Scion Corp., Frederick, MD, USA). Each density was normal-

ized using each corresponding b-actin density as an internal

control and we standardized the density of vehicle control for

relative comparison as 1.0 to compare other groups.

2.8. Statistic analysis

All statistical analyses were performed using the SPSS soft-

ware, version 11.5. Analysis of variance (ANOVA) was carried

out with Newman–Keuls or Tukey’s HSD post hoc test for
Fig. 9 – Immunohistochemistry analysis of activated caspase-3 in

D-gal-treated mice; (C) D-gal-treated mice fed with UA. The areas

panels D–F for clearer visualization. Scale bars: 100 mm (A–F).
multiple comparisons. Data were expressed as means � S.E.M.

Statistical significance was set at P < 0.05.

3. Results

3.1. Effects of ursolic acid on the behaviour of D-gal-treated
mice

3.1.1. Open field
Based on spontaneous exploration of a novel environment, the

open field is one of the most widely used behavioral tests. Fig. 1

shows that daily injection of D-gal produced behavioral effects

in mice. These behavioral effects included decreased activity

in the open-field, in terms of line crossing (F(2, 27) = 5.198,
the cerebral cortex of mice. (A) The vehicle control mice; (B)

indicated within the boxes in panels A–C were enlarged in



Fig. 10 – Western blot analysis of the activation of caspase-

3 in the mouse brain. (A) A representative Western blot of

the cleaved caspase-3 in vehicle control, D-gal-treated, and

D-gal/UA-treated mice; (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

cleaved caspase-3/b-actin ratio and the vehicle control is

set as 1.0. Values are averages from three independent

experiments. Each value is the mean W S.E.M.
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P < 0.05), rearing/leaning (F(2, 27) = 16.598, P < 0.001) and

grooming (F(2, 27) = 7.550, P < 0.01). After 8 weeks of injection

of D-gal, mice were fed with UA for another 2 weeks. No

statistically significant difference was found between the

vehicle and UA group.

3.1.2. Morris water maze
The Morris water maze is a sensitive method for revealing the

impairment of spatial learning and memory. During the

hidden sessions, all treated groups improved their perfor-

mance with training. Compared to the vehicle, the D-gal group

displayed increased latency to the platform (Fig. 2A). How-

ever, there was no significant difference in spatial learning

ability between the vehicle controls and the UA-treated D-gal

mice learned to find the hidden platform. In the probe trial

following the last day of hidden platform training, D-gal-

treated group made less platform crossings than the vehicle-

treated group (F(2, 27) = 4.559, P < 0.01) and the UA treatment

could increase the number of times of crossing over the

platform site (Fig. 2B). Both vehicle-treated and UA-treated

mice spent most of their time in the target quadrant where

the platform had been located during the training (Fig. 2C). On

the other hand, D-gal-treated group showed a decreased

spatial preference for the target quadrant as compared with

the vehicle.

3.2. Effects of ursolic acid on antioxidative status of D-gal-
treated mouse brain

The concentration of ROS is determined by the balance

between the rate of production and the rate of clearance by

various antioxidant compounds and enzymes. Cu–Zn super-

oxide dismutase (Cu, Zn-SOD) is the first enzyme of the

enzymatic antioxidative pathway to convert superoxide

anions into peroxides, which are converted into water by

catalase (CAT) and glutathione peroxidase (GPx). In the

glutathione peroxide reaction, glutathione is oxidized into

glutathione disulfide, which can be converted back to

glutathione by glutathione reductase (GR) in an NADPH-

consuming process [23,24]. To determine whether the

increased oxidative damages in the brain of D-gal-treated

mice is related to an altered antioxidant capacity, we

measured the activities of major antioxidant enzymes in

mouse brain. Figs. 3–6 present activities of antioxidant

enzymes, including Cu, Zn-SOD, CAT, GPx, and GR, in the

brain of mice. In D-gal-treated mice, Cu, Zn-SOD (P < 0.001),

CAT (P < 0.01), GPx (P < 0.01) and GR (P < 0.01) activities

decreased significantly as compared with those in the vehicle

controls. In contrast, no significant decrease in activities of

these antioxidant enzymes was observed in D-gal-treated mice

fed with ursolic acid.

3.3. Effects of ursolic acid on lipid peroxidation level in D-
gal-treated mouse brain

Our results in Fig. 7 demonstrated that the level of MDA in the

brain of D-gal-treated mice was significantly higher than that

in the vehicle control mice (P < 0.001). There was no significant

difference with regard to the MDA content between ursolic

acid-fed mice and the vehicle controls. The increase in lipid
peroxidation indicates an elevated in vivo oxidative stress in

the brain of D-gal-treated mice. Interestingly, ursolic acid

could attenuate D-gal induced MDA increasing (P < 0.001).

3.4. Effects of ursolic acid on the activation of caspase-3 in
D-gal -treated mouse brain

In our present study (Figs. 8 and 9) showed that D-gal treatment

induced an increase in the activation of caspase-3 in both the

hippocampus and cortex, which was reversed by ursolic acid.

Western blot analysis also showed the activation of caspase-3

was induced by D-gal and was reversed by ursolic acid (Fig. 10).

3.5. Effects of ursolic acid on the expression of the growth
associated protein 43 mRNA in the D-gal-treated mouse brain

Previous in situ analysis showed that the expression of the

GAP43 gene was present in the hippocampus and the cortex of

mice brain [25–27]. We examined the expression of GAP43

mRNA in these brain tissues by in situ hybridization (Figs. 11

and 12). For GAP43 mRNA, intense hybridization signals were

detected only in the CA1, CA2, and CA3 regions of the

hippocampus (Fig. 11). Fig. 11 shows that the expression of

GAP43 mRNA was decreased in the hippocampus of D-gal-

treated mice brain. However, as compared to the D-gal-treated

mice, a significantly increase of GAP43 mRNA level was found

in the CA1, CA2, and CA3 regions of hippocampus in the D-gal-

treated mice fed with ursolic acid. Similarly, the ursolic acid

treatment also significantly restored the GAP43 mRNA

expression in the cerebral cortex that was significantly

decreased in the D-gal-treated mice (Fig. 12). Western blot

analysis was also used to investigate the effect of ursolic acid



Fig. 11 – In situ hybridization analysis of the expression of GAP43 mRNA in the hippocampus of mice. Neuron-specific

localization of GAP43 mRNA was detected with the antisense riboprobe (A–C, E–G), but no signal was detected with the

sense riboprobe (D). (A) The vehicle control mice; (B) D-gal-treated mice; (C) D-gal-treated mice fed with UA. The areas

indicated within the boxes in panels A–C were enlarged in panels E–G for clearer visualization. Sense RNA was used as a

negative control (D). Scale bars: 100 mm (A–G).
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on the expression of GAP43. Fig. 13 showed that D-gal

significantly reduced the expression of GAP43 and ursolic

acid induced it in the mouse brain.

4. Discussion

The increase in life expectancy in the 21st century has resulted

in an increase in theprevalence of age-dependent diseases such

as depression, Alzheimer’s disease (AD) and other dementias. A

number of studies have been carried out to seek new therapies,

especially focusing on the aging process itself. It is important to

identify the adverse effects of age-related changes and develop

therapies that retard or reverse such changes. Because D-gal has

a neurotoxic effect, different animal species injected with

D-gal have been used as aging models for brain aging or

anti-aging pharmacological studies [28,29]. In our study, we first
investigated the effects of ursolic acid on the D-gal-induced

neurotoxicity by behavioral tests. Significant differences

between the vehicle and D-gal-treated mice were observed in

the open field test, suggesting that the injection of D-gal causes

motor abnormalities and impairments of novelty-induced

exploratory behaviors (Fig. 1). The data also indicate that

UA-feeding for 2 weeks is capable of reversing the D-gal induced

behavioral impairment. The protective effect of UA on D-gal

induced spatial learning and memory impairment was also

demonstrated in water Maze test (Fig. 2).

On the other hand, D-gal causes age-related changes in

different animal models. It has been reported that free radicals

were increased in D-gal-treated animals and the free radical

theory of aging indicates that these increased free radicals

may account for the underlining mechanism responsible for

age-related degenerative processes [28,30–33]. The cellular

redox homeostasis could be maintained by the production of



Fig. 12 – In situ hybridization analysis of the expression of GAP43 mRNA in the cerebral cortex of mice. Neuron-specific

localization of GAP43 mRNA was detected with the antisense (A–C, E–G) riboprobe, but no signal was detected with the

sense riboprobe (D). (A) The vehicle control mice; (B) D-gal-treated mice; (C) D-gal-treated mice fed with UA. The areas

indicated within the boxes in panels A–C were enlarged in panels E–G for clearer visualization. Sense RNA was used as a

negative control (D). Scale bars: 100 mm (A–G).
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ROS and the activities of antioxidant enzymes. An extended

life span was also observed in Drosophila strains with extra

copies of genes encoding SOD and catalase [34,35]. In our

study, the activities of antioxidative enzymes, including CAT,
SOD, GPx, and GR were measured in mouse brain. As lipid

peroxidation induced by ROS may also contribute to the

neurotoxicity in mouse brain, the ROS production could be

indirectly estimated by measuring MDA, a product of lipid



Fig. 13 – Western blot analysis of the expression of GAP43

in the mouse brain. (A) A representative Western blot of

GAP43 in vehicle control, D-gal-treated, and D-gal/UA-

treated mice; (B) relative density analysis of the cleaved

GAP43 protein bands. b-Actin was probed as an internal

control. The relative density is expressed as cleaved

GAP43/b-actin ratio and the vehicle control is set as 1.0.

Values are averages from three independent experiments.

Each value is the mean W S.E.M.
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peroxidation. In the brain of D-gal-treated mice, lowered SOD,

CAT, GPx, GR activities and elevated MDA content were

observed as compared with the vehicle control mice,

consistent with previous studies. Many studies indicated that

UA has a potent antioxidant activity by scavenging free

radicals [11]. The antioxidant activity of UA isolated from

Ocimum sanctum against free radical induced damage was

studied by Balanehru and Nagarajan [36]. UA was identified as

inhibitor of O2
� generation in xanthine (XA)-xanthine oxidase

(XOD) assay system. It also showed marked inhibitory effects

on the tumor promoter 12-O-tetradecanoylphorbol-13-acetate

(TPA)-induced O2
� generation in dimethylsulfoxide (DMSO)-

differentiated HL-60 cells. Heo et al. [37] investigated the effect

of UA from Origanum majorana L. on Abeta-induced neuro-

toxicity using PC12 cells. Pretreatment with isolated UA and

Vitamin E prevented the PC12 cell from ROS toxicity, which is

mediated by Ab. This study suggested that UA might be an

effective therapeutic agent in AD. Strikingly, UA significantly

increased the activities of all these enzymes and decreased the

level of MDA in the brain of D-gal-treated mice (Figs. 3–7). Our

results strongly suggest that UA can strengthen antioxidative

defence against free radicals induced by D-gal in vivo.

In addition, age-related changes in neuronal function,

viability and ultimately cognition are attributable to the cell

death resulted from oxidative damages [38,39]. Many evi-

dences showed that ROS-mediated increase in the activation

of caspase-3 could result in impaired neuronal function and,

eventually, neurodegeneration [40,41]. Considering the roles

of caspase-3, an effector caspase, in the process of cell death,

we measured the cleaved caspase-3 in the brain of mice. Our
results revealed that D-gal induced neurotoxic effects were

associated with the activation of caspase-3. D-gal induced the

activation of caspase-3 was reversed by treatment of UA in

mouse brain (Figs. 8 and 9). Western blot analysis also showed

ursolic acid could significantly reverse the activation of

caspase-3 in the D-gal-treated mice.

The neural growth-associated protein GAP43 is thought to

play a role in axonal elongation, synaptic plasticity, and nerve

sprouting during development and in adult [42–46]. Although

the precise role of this protein in the adult nerve system is not

yet known, several lines of evidence relate the level of GAP43

mRNA to structural synaptic plasticity in the adult nervous

system [47,48]. To this end we have used in situ hybridization

techniques to study the distribution and the level of GAP43

mRNA in the hippocampus and the cerebral cortex of mice

(Figs. 11 and 12). The expression of GAP43 mRNA was

observed in the CA1, CA2, CA3 regions of hippocampus and

the cerebral cortex. UA could restore the expression of GAP43

mRNA in the hippocampus and the cerebral cortex of mice

treated with D-gal. In considering the level of GAP43 mRNA

elevated by UA, it should be emphasized that it may be

required in the structural synaptic reorganization of the

injured neurons. This possibility is supported by the reversal

effect of ursolic acid on D-gal induced learning and memory

impairment (Fig. 13).

In conclusion, UA, a pentacyclic triterpene acid, has an

effectively antioxidative activity. Our present study showed

that ursolic acid could reverse the neurotoxic effect in mice

brain induced by D-gal, through (1) elevating antioxidant

enzymes activities and reducing MDA content, (2) reducing the

activation of caspase-3, and (3) restoring GAP43 expression.
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