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Abstract
Anti-oxidative, anti-glycative and anti-apoptotic effects of oleanolic acid in brain from D-galactose treated mice were examined.  Oleanolic acid at 0.05, 0.1 and 0.2% was supplied to mice for 10 wk.  D-galactose treatment increased reactive oxygen species and protein carbonyl levels (P<0.05), and reduced activity and protein production of glutathione peroxide, superoxide dismutase and catalase in mice brain (P<0.05).  Oleanolic acid intake dose-dependently lowered reactive oxygen species and protein carbonyl levels (P<0.05), and retained activity and expression of these enzymes (P<0.05).  Brain levels of carboxymethyllysine, pentosidine and methylglyoxal were significantly increased in D-galactose treated mice (P<0.05).  Oleanolic acid intake significantly decreased the level of these parameters (P<0.05).  D-galactose treatments enhanced brain activity and protein expression of aldose reducatse (AR); and declined glyoxalase I (GLI) activity and expression (P<0.05).  Oleanolic acid intake dose-dependently diminished AR activity and expression (P<0.05), only at 0.2% retained GLI activity and expression (P<0.05).  D-galactose treatment up-regulated the activity, mRNA expression and protein production of nuclear factor-κB (NF-κB) p65, Bax and cleaved caspase-3 (P<0.05), as well as suppressed Bcl-2 production (P<0.05).  Oleanolic acid intake at 0.1 and 0.2% suppressed NF-κB p65, Bax and cleaved caspase-3 production, and retained Bcl-2 expression (P<0.05).  These findings support that oleanolic acid may be a potent neuro-protective agent against aging.
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1. Introduction
Oxidative, glycative and apoptotic stress play important roles in aging process.  Free radicals, especially reactive oxygen species, decrease neurogenesis and impair brain functions (Calabrese et al., 2010).  The accumulation of advanced glycation endproducts such as carboxymethyllysine and pentosidine has been observed in aging related diseases.  These glycative products, via interacting with their receptors, activate oxidative and inflammatory associated signaling pathways such as nuclear factor-κB (NF-κB) (Donato et al., 2008; Villarreal et al., 2011), and facilitate neuronal perturbation.  Aldose reductase (AR) and sorbitol dehydrogenase (SDH) are major enzymes in polyol pathway and responsible for advanced glycation endproducts formation (Maekawa et al., 2001).  Glyoxalase I (GLI) could metabolize physiological reactive (-carbonyl compounds and decrease the available precursors for glycative products production (Thornalley, 2003).  Age-dependent changes of these enzymes in human brain have been notified (Kuhla et al., 2007).  Thus, any agent with the potential to reduce the generation of free radicals, glycative products, and regulate activity or expression of NF-κB, AR, GLI may mitigate aging progression.  Mitochondrial apoptotic pathway is involved in neurons death.  It is mainly mediated by Bcl-2 family proteins, which include both pro-apoptotic members such as Bax, and anti-apoptotic members such as Bcl-2 (Pollack et al., 2002; Thees et al., 2005).  Caspase-3 is also responsible for neuro-apoptosis in brain tissue (Niu et al., 2010).  Thus, up-regulation of Bcl-2 and down-regulation of Bax and caspase-3 could alleviate nerve cell apoptosis and delay aging.   
Oleanolic acid is a triterpene that occurs naturally in plant foods such as glossy privet fruit (Ligustrum lucidum Ait.) and hawthorn fruit (Crataegi pinnatifidae Fructus) (Zhang et al., 2005).  Our previous study found that this compound protected PC12 cells against H2O2 or 1-methyl-4-phenylpyridinium induced oxidative and inflammatory injury via sparing glutathione, raising the activity of superoxide dismutase (SOD) and catalase, reducing the release of interleukin-6 and tumor necrosis factor-alpha (Tsai and Yin, 2008).  Our another study indicated that oleanolic acid intake diminished renal AR activity and advanced glycation endproducts formation in diabetic mice (Wang et al., 2010).  Therefore, we hypothesized that this compound could provide anti-oxidative, anti-glycative and anti-apoptotic effects in brain of mice with senescence.  

D-galactose induced aging model has been used to study pathological characteristics of senescence, which includes mitochondrial dysfunctions, oxidative stress, excessive glycative products formation and AR expression (Lu et al., 2010; Tsai et al., 2011).  In our present study, D-galactose treated mice were used to examine the neuro-protection of oleanolic acid.  The effects of oleanolic acid at various doses upon brain levels of reactive oxygen species and advanced glycation endproducts were measured.  The impact of this agent upon activity, mRNA expression and/or protein production of AR, GLI, NF-κB, Bcl-2, Bax and cleaved caspase-3 were also determined in order to elucidate its possible action modes. 
2. Materials and methods
2.1. Animals and diet
Three- to four-week-old male C57BL/6 mice were obtained from National Laboratory Animal Center (National Science Council, Taipei City, Taiwan).  Mice were housed in stainless steel wire-bottom cages (3 mice/cage) under controlled conditions of temperature (22 ± 2 °C), humidity (50 to 60%), and lights on from 0700 to 1900, and fed with water and mouse standard diet for 20 wk.  Use of the mice was reviewed and approved by China Medical University animal care committee (CMU-99-22-N).  Oleanolic acid (99%) was purchased from Aldrich Chemical Co. (Milwaukee, WI, USA).  This agent at 0.05, 0.1 or 0.2 g was mixed with 99.95, 99.9 or 99.8 g powder diet (PMI Nutrition International LLC, Brentwood, MO, USA), and supplied to mice.  
2.2. Experimental design 
Mice at 3-month-old were used for experiments.  Mice were divided into two groups, in which one group was treated with D-galactose (Sigma Chem. Co., St. Louis, MO, USA) at 100 mg/kg body weight via i.p. daily injection, and the other group was treated with saline injection for 10 wks.  Song et al. (1999) reported that mouse with 50-150 mg/kg body weight D-galactose injection for 8 wks led to both physiologically and pathologically resemble their aged control counterparts at 20-month-old.  Thus, D-galactose at the dose we used for 10 wks for 3-month-old mice resulted in about 24-month-old finally, approximately equal to 80-year-old in human.  D-galactose treated mice were further divided into four sub-groups, in which normal diet or oleanolic acid at 0.05, 0.1 or 0.2% was provided.  Non- D-galactose treated mice were divided into two sub-groups, and normal diet or 0.2% oleanolic acid was supplied.  Consumed feed intake, water volume and body weight were recorded weekly.  After 10-wk supplementation, mice were sacrificed by decapitation.  Brain was quickly removed, and at 0.1 g was homogenized on ice in 2 ml of phosphate buffer saline (pH 7.2).  Protein concentration of filtrate was determined by a commercial assay kit (Pierce Biotechnology Inc., Rockford, IL, USA) with bovine serum albumin as standard.  In all experiments, the sample was diluted to a final concentration of 1 mg protein/ml. 
2.3. Analysis of oleanolic acid content

The content of oleanolic acid in brain was analyzed by a method described in Zhang et al. (2005).  Briefly, brain homogenate at 100 (l was dried at 60 °C, and followed by soaking with 1 ml ether for 2 h for extraction.  Oleanolic acid was separated and quantified by a HP3D capillary electrophoresis system (Agilent Technologies, Palo Alto, CA, USA) with a diode array detector.

2.4. Determination of reactive oxygen species, glutathione and protein carbonyl levels 
The method described in Gupta et al. (2007) was used to measure reactive oxygen species level.  Briefly, 10 mg tissue was homogenized in 1 ml of ice cold 40 mM Tris–HCl buffer (pH 7.4), and further diluted to 0.25% with the same buffer.  Sample was mixed with 40 μl 1.25 mM 2’, 7’-dichlorofluorescin diacetate in methanol for reactive oxygen species estimation, which was determined at 488 nm excitation and 525 nm emission using a fluorescence plate reader.  Glutathione concentration was determined by a commercial colorimetric glutathione assay kit according to the manufacturer’s instruction (OxisResearch, Portland, OR, USA).  Protein carbonyl was determined with the Zentech PC kit (BioCell, Auckland, New Zealand).  The absorbance at 450  nm was measured.  
2.5. Catalase, SOD and glutathione peroxidase (GPX) activity assay 
The activities of catalase, SOD and GPX were determined by commercial catalase, SOD and GPX assay kits (Calbiochem, EMD Biosciences, Inc., San Diego, CA, USA).  The enzyme activity was expressed in U/mg protein. 

2.6. Measurement of carboxymethyllysine, pentosidine, sorbitol, fructose and methylglyoxal
Carboxymethyllysine was immunochemically determined with ELISA technique using carboxymethyllysine-specific monoclonal antibody 4G9 and calibration with 6-(N-carboxymethylamino)caproic acid (Roche Diagnostics, Penzberg, Germany).  Intra- and interassay variability were 5.3 and 5.8%, respectively.  Pentosidine was analyzed by a HPLC equipped with a C18 reverse-phase column and a fluorescence detector according to the method described in Miyata et al. (1996).  Briefly, sample was lyophilized and acid hydrolyzed in 500 µl 6 N HCl for 16 h at 110 °C in screw-cap tubes purged with nitrogen.  After neutralization with NaOH, sample was used for HPLC measurement.  The content of sorbitol and fructose in lyophilized sample was determined by liquid chromatography with tandem mass spectrometry, according to the method of Guerrant and Moss (1984).  Methylglyoxal level was analyzed by an o-phenylenediamine based assay and determined by a HPLC method (Chaplen et al., 1996).
2.7. Activity of AR, SDH and GLI elevate



















































































































The method of Nishinaka and Yabe-Nishimura (2001) was used to measure AR activity by monitoring the decrease in absorbance at 340 nm due to NADPH oxidation.  SDH activity was assayed according to the method of Ulrich (1974) by mixing 100 (l homogenate, 200 (l NADH (12 mM) and 1.6 ml triethanolamine buffer (0.2 M, pH 7.4), and monitoring the absorbance change at 365 nm.  The method of McLellan and Thornalley (1989) was used to assay GLI activity.  Brain tissue at 50 mg was homogenized in 1 ml NaPB containing 0.02% Triton X-100.  After centrifugation at 20,000 xg for 20 min at 4 °C, GLI activity of supernatant was assayed by monitoring the increase in absorbance at 240 nm due to the formation of S-(D)-lactoylglutathione.  

2.8. NF-κB activity assay
Nuclear protein extracts were prepared from fresh brain tissues, and 10 (g nuclear protein extract was used for determining NF-κB activity using antibody against NF-κB p65 by a TransFactor kit (Clontech Laboratories Inc, Mountain View, CA, USA).  Absorbance was measured at 655 nm with a microtiter plate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA).  Values are expressed as relative optical density (OD) per mg protein. 

2.9. RT-PCR for mRNA expression
Brain tissue was homogenized in guanidinethiocyanate, and total RNA was isolated using Trizol reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA).  One (g RNA was used to generate cDNA, which was amplified using Taq DNA polymerase.  PCR was carried out in 50 (l of reaction mixture containing Taq DNA polymerase buffer and 2.5 U Taq DNA polymerase.  The specific oligonucleotide primers of targets are shown in Table 1.  The cDNA was amplified under the following reaction conditions: 95 ºC for 1 min, 55 ºC for 1 min, and 72 ºC for 1 min.  28 cycles were performed for glyceraldehyde-3-phosphate dehydrogenase (GAPDH, the housekeeping gene) and 35 cycles were performed for others.  Generated fluorescence from each cycle was quantitatively analyzed by using the Taqman real-time sequence detection system (ABI Prism 7700, Perkin-Elmer Inc., Foster City, CA, USA).  In this study, mRNA level was calculated as percentage of the control group. 

2.10. Western blot analysis 
Brain tissue was homogenized in buffer containing 0.5% Triton X-100 and protease-inhibitor cocktail (1:1000, Sigma-Aldrich Chemical Co., St. Louis, MO, USA).  This homogenate was further mixed with buffer (60 mM Tris-HCl, 2% SDS and 2% β-mercaptoethanol, pH 7.2), and boiled for 5 min.  Sample at 40 μg protein was applied to 10% SDS-polyacrylamide gel electrophoresis, and transferred to a nitrocellulose membrane (Millipore, Bedford, MA, USA) for 1 h.  After blocking with a solution containing 5% nonfat milk for 1 h to prevent non-specific binding of antibody, membrane was incubated with mouse anti-GPX (1:500), anti-SOD (1:500), anti-catalase (1:1000), anti-AR (1:1000), anti-SDH (1:500), anti-GLI (1:1000), anti-advanced glycation endproduct receptor (1:2000), anti-cleaved caspase-3 (1:1000), anti-Bcl-2 (1:2000), anti-Bax (1:1000) and anti-NF-κB p65 (1:1000) monoclonal antibody (Boehringer-Mannheim, Indianapolis, IN, USA) at 4 ºC overnight, and followed by reacting with horseradish peroxidase-conjugated antibody for 3.5 h at room temperature.  The detected bands were quantified by an image analyzer (ATTO, Tokyo, Japan) and GAPDH was used as a loading control.

2.11. Statistical analysis
The effect of each treatment was analyzed from ten mice (n=10).  Data were reported as means ( standard deviation (S.D.).  Statistical analysis was done using one-way analysis of variance (ANOVA), and post-hoc comparisons were carried out using Dunnet's t-test.  P values <0.05 were considered as significant.
3. Results
Treatments from D-galactose and/or oleanolic acid did not affect feed intake, water intake, body weight and brain weight (data not shown).  Compared with controls, oleanolic acid treatments at 0.2% alone (without D-galactose) increased its deposit in brain (Table 2), and did not affect other measurements (P>0.05).  D-galactose treatment increased reactive oxygen species and protein carbonyl levels, and decreased glutathione content in mice brain (P<0.05).  Oleanolic acid intake dose-dependently reduced the formation of reactive oxygen species and protein carbonyl, but only at 0.1 and 0.2% retained glutathione level (P<0.05).  As shown in Table 3 and Figure 1, D-galactose lowered brain activity, mRNA expression (A) and protein level (B) of GPX, SOD and catalase (P<0.05).  Oleanolic acid intake at 0.1 and 0.2% retained activity, mRNA expression and protein production of these enzymes (P<0.05). 

Brain levels of carboxymethyllysine, pentosidine, sorbitol, fructose and methylglyoxal were significantly increased in D-galactose treated mice (Table 4, P<0.05).  Oleanolic acid intake significantly reduced the levels of these parameters (P<0.05).  As shown in Table 5 and Figure 2, D-galactose treatments elevated brain activity, mRNA expression (A) and protein level (B) of AR and SDH (P<0.05); and declined GLI activity and expression (P<0.05).  However, oleanolic acid intake dose-dependently decreased AR activity and expression (P<0.05), but did not affect SDH activity and expression (P>0.05).  Oleanolic acid intake only at 0.2% retained GLI activity and expression (P<0.05).  As shown in Figure 3, D-galactose treatments enhanced NF-κB p65 activity (A), mRNA expression (B) and protein production (C) (P<0.05), and oleanolic acid intake at 0.1 and 0.2% significantly diminished activity, expression and protein formation of NF-κB p65 (P<0.05).  D-galactose treatments also up-regulated the expression of Bax, cleaved caspase-3 and advanced glycation endproduct receptor, and suppressed Bcl-2 production in mice brain (Figure 4, P<0.05), oleanolic acid intake at 0.1 and 0.2% suppressed protein production of Bax and cleaved caspase-3, and retained Bcl-2 expression (P<0.05).  Oleanolic acid treatments did not affect advanced glycation endproduct receptor level (P>0.05). 
4. Discussion
Clinical studies indicated that human brain aging was associated with oxidative stress, advanced glycation endproduct accumulation and apoptosis (Bader et al., 2008; Cruz-Sánchez et al., 2010), which were substantially reflected in brain tissues of D-galactose treated mice as observed by our present study and others (Lu et al., 2010).  However, we found the intake of oleanolic acid effectively reduced the production of reactive oxygen species, glycative products, retained activity and expression of GPX and GLI, as well as declined AR activity and protein expression in brain, which in turn attenuated glycative and oxidative stress.  Furthermore, this compound suppressed protein production of pro-apoptotic factors, Bax and cleaved caspase-3, which further mitigated apoptotic stress in brain.  These findings suggested that oleanolic acid might penetrate blood brain barrier and exhibit anti-oxidative, anti-glycative and anti-apoptotic activities.  
Oleanolic acid supplement not only maintained glutathione level but also restored GPX, catalase and SOD activities and expression in brain of D-galactose treated mice.  These results explained the lower formation of reactive oxygen species and protein carbonyl, and indicated that this compound ameliorated brain oxidative injury via regulating antioxidant enzymes.  Carboxymethyllysine and pentosidine have been implied in aging associated pathological development (Jono et al., 2002; Gironès et al., 2004).  The lower advanced glycation endproducts generation in brain of oleanolic acid-treated mice revealed that glycative injury in those mice has been alleviated.  AR and SDH are key enzymes in polyol pathway.  Increased activity and expression of these enzymes facilitate the production of sorbitol and fructose, and promote glycative products formation and glycative stress.  Our present study found that oleanolic acid suppressed activity and expression of AR, which subsequently reduced sorbitol and fructose production and explained the observed lower production of advanced glycation endproducts.  These findings support that this compound could inhibit brain glycative products formation via suppressing polyol pathway.  On the other hand, advanced glycation endproducts formation could be diminished via elevating activity or expression of GLI to catalyze the detoxification of alpha-oxoaldehydes to corresponding aldonic acids (Vander, 2008).  Methylglyoxal, the most reactive advanced glycation endproduct precursor, is a physiological substrate of GLI (Kilhovd et al., 2003).  We notified that oleanolic acid at 0.2% was able to retain both activity and protein expression of GLI, which in turn benefited methylglyoxal metabolism and lowered advanced glycation endproducts precursors.  Thus, the anti-glycative activity of oleanolic acid also involved its up-regulation upon GLI.  
The interaction of advanced glycation endproduct receptor with its ligands activates NF-κB, which promote glycative and oxidative, and even inflammatory reactions, in aging progression (Gao et al., 2008; Villarreal et al., 2011).  In our present study, the raised mRNA expression and protein production of advanced glycation endproduct receptor and NF-κB in brain of D-galactose treated mice agreed that the interaction of advanced glycation endproduct receptor and its ligands, as well as NF-κB activation were responsible for the observed aging features.  Furthermore, we found oleanolic acid treatments suppressed NF-κB activation and expression, but failed to affect advanced glycation endproduct receptor.  Obviously, the observed anti-aging effects of oleanolic acid were advanced glycation endproduct receptor independent.  It is highly possible that the less available glycative products due to oleanolic acid’s anti-glycative activity led to less ligands to interact with advanced glycation endproduct receptor, which diminished the subsequent NF-κB activation.  In addition, reactive oxygen species, acting as a second messenger, is a stimulator for NF-κB activation (Esposito et al., 2002).  Our data indicated that oleanolic acid intake decreased brain reactive oxygen species level.  Thus, the declined NF-κB activation could be partially ascribed to oleanolic acid reduces the available reactive oxygen species.  These findings support that anti-aging effects of oleanolic acid were NF-κB dependent.  Oleanolic acid failed to counteract D-galactose enhanced advanced glycation endproduct receptor expression.  This result implied that other pathways such as the interaction of advanced glycation endproduct receptor and amyloid-beta peptide might contribute to D-galactose induced neurotoxicity, and stimulated advanced glycation endproduct receptor production.  
Bcl-2 is an anti-apoptotic gene, and Bax and caspase-3 are pro-apoptotic genes.  It is documented that Bcl-2 decrease and/or Bax and cleaved caspase-3 increase are crucial mediators for the aging progression (Pollack et al., 2002; Kim et al., 2010) because these alterations mean the activation of mitochondrial apoptotic pathway and neuronal cell death.  In our present study, oleanolic acid intake at 0.1 and 0.2% down-regulated Bax and cleaved caspase-3, but this compound only at 0.2% retained Bcl-2 production.  It seems that this agent was more effective in suppressing apoptotic pathway than in raising anti-apoptotic defense.  Reactive oxygen species stimulate Bax relocalization and caspase activation (Kirkland and Franklin, 2003), and down-regulate Bcl-2 in neuronal cells (Lee et al., 2008).  We found oleanolic acid intake effectively reduced reactive oxygen species formation in brain.  Since the inducers had been lowered, the less production of Bax and cleaved caspase-3 could be explained.  These findings implied that oleanolic acid provided neuro-protection through repressing mitochondrial apoptotic pathway.  Oleanolic acid is a compound naturally occurs in many edible plants.  However, it may not be appropriate to consume these plant foods in order to obtain this compound because its content varies from season to season, and from species to species (Yin and Chan, 2007).  Further study is necessary to ensure the safety and efficiency of this compound.

In conclusion, the supplement of oleanolic acid effectively decreased reactive oxygen species and advanced glycation endproducts production, declined activity and expression of AR, restored activity and expression of SOD and GLI, diminished NF-κB activation, which alleviated oxidative and glycative stress in brain of D-galactose treated mice.  This agent also exhibited anti-apoptotic effects via suppressing protein production of Bax and cleaved caspase-3, and retaining Bcl-2 expression.  These findings support that oleanolic acid is a potent neuro-protective agent against aging.  Schematic diagram for neuro-protective effects of this compound is shown in Figure 5.
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Figure legend.

Fig. 1. mRNA expression (A) and protein level (B) of GPX, SOD and catalase in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  Data are mean(S.D. (n = 10).  *P<0.05 vs. control group.  #P<0.05 vs. D-galactose group.
Fig. 2. mRNA expression (A) and protein level (B) of AR, SDH and GLI in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  Data are mean(S.D. (n = 10).  *P<0.05 vs. control group.  #P<0.05 vs. D-galactose group.
Fig. 3. Activity (A), mRNA expression (B) and protein level (C) of NF-(B p65 in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  Data are mean(S.D. (n = 10).  *P<0.05 vs. control group.  #P<0.05 vs. D-galactose group.
Fig. 4. Protein level of advanced glycation endproduct receptor, Bax, cleaved caspase-3 and Bcl-2 in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  

Fig. 5. Schematic diagram for neuro-protective effects of oleanolic acid against aging.

Table 1
Forward and reverse primers for real time PCR analysis.

	Target
	forward
	reverse

	GPX
	5’-CCT CAA GTA CGT CCG GCC TG-3’
	5’-CAA CAT CGT TGC GAC ACA CC-3’

	SOD
	5'-TGG GTT CCA CGT CCA TCA GTA-3'
	5'-ACC GTC CTT TCC AGC AGT CA-3'

	Catalase
	5'-TTC AGA AGA AAG CGG TCA AGA AT-3'
	5'-GAT GCG GGC CCC ATA GTC-3'

	AR
	5’-CCC AGG TGT ACC AGA ATG AGA-3’
	5’-TGG CTG CAA TTG CTT TGA TCC-3’

	SDH
	5’-TGG GAG CTG CTC AAG TTG TG-3′
	5′-GGT CTC TTT GCC AAC CTG GAT-3′

	GLI
	5’-CGT GAG ACA GCA AGC AGC TAG A-3’
	5’-ACC ATG AGG CAT AGG CAT ACC C-3’

	NF-κB p65
	5’-GCG TAC ACA TTC TGG GGA GT-3’
	5’-CCG AAG CAG GAG CTA TCA AC-3’

	GAPDH
	5’-TGA TGA CAT CAA GAA GGT GGT GAA G-3’
	5’-CCT TGG AGG CCA TGT AGG CCA T-3’


Table 2
Level of oleanolic acid, glutathione, reactive oxygen species and protein carbonyl in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  

	
	oleanolic acid
nmol/mg protein
	glutathione
ng/mg protin
	reactive oxygen species 
nmol/mg protein
	protein carbonyl

pmol/mg protein

	Control
	-*
	92(3d
	0.22(0.05a
	15.2(1.0a

	Oleanolic acid, 0.2
	0.21(0.06b
	95(5d
	0.24(0.06a
	14.9(0.8a

	
	
	
	
	

	D-galactose 
	-
	56(2a
	1.81(0.27e
	143.4(8.1e

	D-galactose+oleanolic acid, 0.05
	-
	60(4a
	1.47(0.21d
	121.5(4.3d

	D-galactose+oleanolic acid, 0.1
	0.05(0.02a
	69(4b
	1.18(0.15c
	90.3(5.2c

	D-galactose+oleanolic acid, 0.2
	0.10(0.03a
	77(5c
	0.73(0.12b
	62.7(3.9b


Data are mean(S.D., n = 10.
*Means too low to be detected.

a-eMeans in a column without a common letter differ, P<0.05.

Table 3
Activity of GPX, SOD and catalase in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  

	
	GPX

U/mg protein
	SOD

U/mg protein
	Catalase
U/mg protein

	Control
	21.9(1.3d
	7.8(0.7e
	2.7(0.6d

	Oleanolic acid, 0.2
	23.1(1.1d
	10.1(0.9f
	2.8(0.5d

	
	
	
	

	D-galactose
	10.3(0.4a
	1.7(0.3a
	0.7(0.2a

	D-galactose+oleanolic acid, 0.05
	12.6(0.7b
	3.1(0.5b
	1.0(0.3a

	D-galactose+oleanolic acid, 0.1
	15.0(1.0c
	4.6(0.8c
	1.5(0.5b

	D-galactose+oleanolic acid, 0.2
	16.2(0.5c
	6.2(0.6d
	2.1(0.4c


Data are mean(S.D., n = 10.

a-fMeans in a column without a common letter differ, P<0.05.

Fig. 1. mRNA expression (A) and protein level (B) of GPX, SOD and catalase in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  Data are mean(S.D., n = 10.  *P<0.05 vs. control group.  #P<0.05 vs. D-galactose group.
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Table 4
Level of carboxymethyllysine, pentosidine, sorbitol, fructose and methylglyoxal in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.    

	
	carboxymethyllysine
pmol/mg protein
	pentosidine

pmol/mg protein
	sorbitol

nmol/mg protein
	fructose

nmol/mg protein
	methylglyoxal
nmol/mg protein

	Control
	5(2a
	0.21(0.06a
	3.04(0.23a
	11.6(1.0a
	0.78(0.21a

	Oleanolic acid, 0.2
	6(3a
	0.16(0.05a
	3.10(0.16a
	10.8(1.2a
	0.86(0.18a

	
	
	
	
	
	

	D-galactose 
	81(7c
	1.44(0.20d
	9.11(0.32e
	79.5(6.1d
	7.16(0.38d

	D-galactose+oleanolic acid, 0.05
	74(5c
	1.13(0.17c
	7.72(0.43d
	63.8(4.5c
	6.83(0.51d

	D-galactose+oleanolic acid, 0.1
	50(6b
	0.82(0.10b
	6.54(0.25c
	59.3(5.2c
	5.41(0.40c

	D-galactose+oleanolic acid, 0.2
	43(4b
	0.74(0.12b
	5.26(0.19b
	46.8(4.3b
	4.02(0.24b


Data are mean(S.D., n = 10.
a-eMeans in a column without a common letter differ, P<0.05.
Table 5
Activity of AR, SDH and GLI in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  
	
	AR

nmol/min/mg protein
	SDH

U/g protein
	GLI

nmol/min/mg protein

	Control
	1.23(0.18a
	3.84(0.56a
	276(23c

	Oleanolic acid, 0.2
	1.17(0.13a
	3.72(0.61a
	284(19c

	
	
	
	

	D-galactose
	3.95(0.28e
	7.43(0.95b
	139(18a

	D-galactose+oleanolic acid, 0.05
	3.30(0.21d
	7.37(1.08b
	145(21a

	D-galactose+oleanolic acid, 0.1
	2.78(0.14c
	7.22(0.70b
	156(9a

	D-galactose+oleanolic acid, 0.2
	2.31(0.10b
	7.29(0.88b
	193(16b


Data are mean(S.D., n = 10.
a-eMeans in a column without a common letter differ, P<0.05.

Fig. 2. mRNA expression (A) and protein level (B) of AR, SDH and GLI in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  Data are mean(S.D., n = 10.  *P<0.05 vs. control group.  #P<0.05 vs. D-galactose group.
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Fig. 3. Activity (A), mRNA expression (B) and protein level (C) of NF-κB p65 in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  Data are mean(S.D., n = 10.  *P<0.05 vs. control group.  #P<0.05 vs. D-galactose group.
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Fig. 4. Protein level of advanced glycation endproduct receptor, Bax, cleaved caspase-3 and Bcl-2 in brain from mice with or without D-galactose treatment and consumed oleanolic acid at 0 (control), 0.05, 0.1 or 0.2%.  
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Fig. 5. Schematic diagram for neuro-protective effects of oleanolic acid against aging.
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