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Abstract Antioxidant enzymes (AOEs) play an
important role in the protection of cells against
reactive oxygen species and facilitate the preven-
tion of oxidative stress-induced aging. In the pres-
ent study, the antioxidant indices, including the
content of peroxidation product and the expression
of AOEs in rat livers of varying ages (2, 12 and 18-
24 months old) were evaluated. Erythrocytes
haemolysis induced by free radicals showed sig-
nificant age-dependent increases (P < 0.05). The
content of oxidation products in livers showed that
increasing age was associated with serious oxida-
tive injury. The activities of AOEs decreased with
increasing age. Expression of the antioxidant and
age-related gene, klotho, decreased with increasing
age. Western blot assay showed that aged rats
experience higher levels of oxidative stress.
Nuclear factor-erythroid 2 p45-related factor 2
(Nrf2) exhibited an age-dependent decrease.
Additionally, the mitogen-activated protein kinase
cascade (MAPK) played a regulatory role in sig-
naling transduction. Overall, we suggest that age-
related declines of the antioxidant defense are
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closely involved with the expression of Nrf2 and
are regulated by the MAPK family.
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Abbreviations

AOEs  Antioxidant enzymes

ARE Antioxidant response element

CAT Catalase

ERK Extracellular responsive kinase

GPx Glutathione peroxidase

GR Glutathione reductase

JNK c-Jun NH2-terminal kinase

MAPK Mitogen-activated protein kinase
MDA Malondialdehyde

NQO1 NAD(P)H:quinone oxidoreductase 1
Nrf2 Nuclear factor-erythroid 2 p45-related

factor 2
TBARS Thiobarbituric acid reactive substances

Introduction
Free radicals cause cumulative oxidative damage

resulting in DNA, protein and lipid dysfunction.
Thus, it is critical for organisms to maintain
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optimal antioxidant defense against oxidative
stress. Antioxidant enzymes (AOEs) play an
important role in the protection of cells from
reactive oxygen species and it has been shown that
promoting the expression of phase II detoxifying
and antioxidant enzymes, such as glutathione per-
oxidase, quinone reductase and NAD(P)H:qui-
none oxidoreductase 1 (NQOL1), etc, facilitate the
prevention of oxidative stress-induced disease
and aging (Devasagayam et al. 2004). Several
researches have shown that the decreasing
expression of AOEs is associated with aging (Sanz
et al. 2002).

Nuclear factor-erythroid 2 p45-related factor 2
(Nrf2) is one of the critical transcription factors
involved in the regulation of drug-metabolizing
enzymes (Lee and Surh 2005). This basic-region
leucine zipper transcription factor mediates the
transcriptional activation of genes responsive to
oxidative and electrophile stress. It has been
found that Nrf2 transcription factor contributes to
the expression of glutathione S-transferases in
mouse (Hayes et al. 2000). Recently, the study
showed that the decline in Nrf2 results in the loss
of glutathione synthesis and is age-dependent
(Suh et al. 2004). Induction of such phase I AOE
genes by Nrf2 occurs through their recruitment to
the antioxidant response element (ARE) in their
gene promoters (Nguyen et al. 2003). Mice, with
the nrf2 gene-knockout by targeted homologous
recombination, showed lower constitutive levels
of NQOIL1 proteins in the liver (Nioi and Hayes
2004). These researches testify that transcription
factor Nrf2 indeed plays a crucial role in the
regulation of antioxidant system. Furthermore,
the gene named klotho, which is based on the
name of the Greek Fate who spins the thread of
life, has been found to be critically involved in the
regulation of several aging phenotypes (Kuro-o
et al. 2005). Mutations in the mouse klotho gene
lead to diseases resembling aging, but few reports
indicate whether there is any correlation between
antioxidant status and the expression of the
klotho gene during aging. Although the literature
discusses the age-related changes in appearance
and physiology, less research has been conducted
on the involved molecular mechanisms.

The haemolysis assay of erythrocytes has been
used as a model to evaluate oxidative damage in
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the blood circulation. The free radical-induced
damage, including cell membrane lipid bi-layer
peroxidation, protein refolding, and cell destruc-
tion, have been extensively studied (Zou et al.
2001). Some biomarkers of oxidative damage to
macromolecules, including malondialdehyde
(MDA), alkenals, 8-isoprostane, and protein
carbonyls, have been widely used in animal aging
studies (Block et al. 2003).

Recently, more attention has been paid to the
importance of phase Il-enzyme induction as a
mechanism of chemoprevention, but there seems
to be comparatively less foci on whether there is
any correlation between the activity of detoxifi-
cation and antioxidant enzymes and aging. In the
present study, we evaluated the antioxidant indi-
ces, including free radical-mediated oxidative
damage of erythrocytes, the formation of perox-
idative products (MDA and carbonyl protein),
and the expression of AOEs, including GPx, GR,
catalase and NQOI1, and the age-related gene,
klotho, in the liver of rats with different ages
(young rats: 2 months old, middle-aged rats:
1 year old, and aged rats: 1.5-2 years old). Fur-
thermore, the content of transcription factor Nrf2
and the signaling mechanism involved were also
investigated. The original intention of this study
was to estimate the antioxidant status in vivo at
different life phases, which mimic the entire life-
span of a human being.

Materials and methods
Chemicals and reagents

2,2’-Azo-bis (2-amidinopropane) dihydropropane
(AAPH) was purchased from Wako Pure
Chemical Industries (Chuo-Ku, Osaka, Japan).
1,1,3,3-tetracthoxypropane (TEP), thiobarbituric
acid (TBA), and trichloroacetic acid (TCA) were
purchased from Merck Chemical Co. (Darmstadt,
Germany). Rabbit anti-ERK1/2, p38x, and JNK
polyclonal antibodies were purchased from
Chemicon International Corporation (Temecula,
CA, USA) and their related phosphospecific
polyclonal antibodies were purchased from
Biosource International Corporation (Camarillo,
CA, USA). Anti-Nrf2 antibody is the product of
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Santa Cruz Biotechnology Corporation (Santa
Cruz, CA, USA). All other chemicals used in this
study were of the highest purity and were
purchased from commercial suppliers.

Experimental animals and procedures

Male Sprague-Dawley rats were purchased from
the National Laboratory Animal Center, Taipei,
Taiwan. The rats were fed a laboratory rodent
diet from Newco Distributors Corporation
(Rancho Cucamonga, CA, USA) and given water
ad libitum. The animal room was maintained at a
temperature of 22 + 5°C with a 12 h light-dark
cycle (6:00-18:00) and 35 + 5% humidity. All
experimental procedures involving animals were
based on the National Institutes of Health (NTH)
guidelines. This experiment was approved by the
Institutional Animal Care and Use Committee
(IACUC) of the National Chung Hsing Univer-
sity of Taichung, Taiwan. The rats [2 months old
(young), 1 year old (middle-aged), and 1.5-
2 years old (aged)] were sacrificed with over-
dosage of CO,, blood was collected from the
inferior vena cava, and livers were isolated for
further examination.

Haemolysis determination

The determination of rat erythrocyte haemolysis
induced by peroxyl radicals was previously de-
scribed (Zhu et al. 2002). Blood was centrifuged
and washed three times with 0.9% of saline.
During each wash, the erythrocytes were centri-
fuged at 3000 rpm for 10 min to obtain a packed
cell pellet. The erythrocytes were diluted with
saline at a ratio of 1:200 (v/v). Erythrocyte oxi-
dative haemolysis was performed by the presence
of AAPH. Four miililitre of erythrocyte suspen-
sions alone or with AAPH (final concentration
was 15 mM) was incubated on a shaker at 37°C
for 10 h. The reaction mixture was centrifuged
and 100 pl of the supernatant was removed for
evaluation every 2 h. The degree of haemolysis
was determined from the absorbance of haemo-
globin at 410 nm by FLUO star galaxy spectro-
photometer (BMG LABTECH  Limited
Company, Offenburg, Germany).

Measurement of lipid peroxidation product:
Malondialdehyde (MDA)

Determination of MDA by thiobarbituric acid
(TBA) was used as an index of the extent of lipid
peroxidation (Buege and Aust 1978). The super-
natant of liver tissue homogenate (1 ml) was
mixed with 1 ml of 7.5% (w/v) cold trichloro-
acetic acid (TCA) to precipitate proteins and then
centrifuged at 1,500 rpm. The supernatant was
mixed with 1 ml of 0.8% (w/v) TBA for 45 min in
a boiling water bath. After cooling, the lipid
peroxidation product (MDA) was assayed
according to an improved thiobarbituric acid
reactive substances (TBARS) fluorometric
method after excitation at 555 nm and emission at
515 nm using 1,1,3,3-tetracthoxypropane (TEP)
as the standard. The protein concentration was
determined using a standard commercial kit
(Bio-Rad Laboratories, Hercules, CA, USA).
The results were expressed as MDA formation
per milligram of protein.

Assay of carbonyl proteins

Carbonyl proteins were analysed through the
determination of absorbance (Hipkiss et al. 2001).
Protein samples were added to an equal volume of
0.1% 2,4-dinitrophenylhydrazine (DNPH) in 2 M
HCI and incubated 1 h at room temperature. 20%
TCA was added to the mixture and the precipitate
was extracted three times with ethanol/ethyl
acetate (v/v, 1:1). The pellets were dissolved in
8 M guanidine hydrochloride (containing 13 mM
EDTA, 133 mM Tris, pH 7.4) and the absorbance
was measured at 365 nm. The concentration of
carbonyl groups was calculated using the absor-
bance of 1 nmol/ml of carbonyl at 365 = 0.021.
Data are expressed as the amount of nmol car-
bonyl protein formed per mg of total protein.

Assays of antioxidant enzyme activity

Liver homogenates were prepared by homogeniz-
ing tissue in 0.075 M NaCl containing 3 mM
EDTA, pH 7.4, to obtain a 10% solution. The
samples were immediately centrifuged (12,000 rpm
for 10 min) at 4°C to obtain the supernatant
of liver tissue. The protein content of liver
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homogenates was determined using a Bio-Rad
protein assay Kkit.

The glutathione peroxidase (GPx) activity was
determined spectrophotometrically (Mohandas
et al. 1984). The following solutions were pip-
etted into a cuvette: 0.1 ml of homogenate and
0.8 ml of 100 mM potassium phosphate buffer,
pH 7.0, containing 1 mM EDTA, 1 mM NaNs,
0.2 mM NADPH, 1 unit/ml GSH reductase, and
1 mM GSH. This mixture was preincubated for
5 min at 37°C. After, the reaction was initiated
by adding 0.1 ml of 2.5 mM H,0O,. Enzyme
activity was calculated by the change in absor-
bance value at 340 nm for 5 min. The non-
enzymatic reaction rate was correspondingly
assayed by replacing the homogenate sample
with potassium phosphate buffer. GPx activity
was expressed as nmole of NADPH per minute
per milligram of protein.

The glutathione reductase (GR) assay moni-
tored the oxidation of NADPH consumed in the
reduction of glutathione disulfide (GSSG) by the
change in absorbance at 340 nm (Reed et al.
1980). The following solutions were pipetted into
a 1 cm spectrophotometric cuvette: 0.1 ml of
homogenate and 0.9 ml of 0.10 M phosphate
buffer, pH 7.0, containing 1 mM MgCl, - 6H,0,
50 mM GSSG, and 0.1 mM NADPH. This mix-
ture was preincubated for 5 min at 37°C. GR
activity was calculated by the change in absor-
bance value at 340 nm for 5 min. GR activity was
expressed as nmol of NADPH per minute per
milligram of protein.

Catalase (CAT) was measured as the method
described by Aebi (Aebi 1984). About 100 ul of
liver homogenate with 900 pl of 50 mM H,O, as

the substrate. The reaction was monitored over
2 min at 240 nm in a recording spectrophotometer.

The method for determining the activity of
NAD(P)H:quinone oxidoreductase 1 (NQOT1)
was well defined (Jaiswal et al. 1988). Reduction
of cytochrome ¢ (50 pM) in the presence of liver
homogenate, 10 pyM menadione and 1 mM
NADPH was monitored for 2 min. The reactions
were carried out in 100 mM potassium phosphate
buffer, pH 7.7, containing 0.04% triton X-100 at
25°C. Activity of dicumarol-inhibitable menadi-
one reductase was determined at 550 nm spec-
trophotometrically.

Reverse transcriptase-polymerase chain
reaction analysis

Total RNA from hepatic tissues was extracted by
using the Trizol reagent (Invitrogen Corporation,
Carlsbad, CA, USA) following the manufacturer’s
instructions. cDNA synthesis and subsequent
PCR were performed through Titanium™ One-
Step system (BD Biosciences Corporation, San
Jose, CA, USA). Specific primer pairs for differ-
ent genes were designed as shown in Table 1.

Western blot assay

The tissue homogenates were mixed with 4x
sample buffer (8% SDS; 0.04% coomassie blue
R-250; 40% glycerol; 200 mM Tris, pH 6.8 and
10% 2-mercaptoethanol) and boiled for 10 min.
Samples were electrophoresed in a 10% SDS-
PAGE minigel and then transferred onto polyvi-
nylidenedifluoride membranes (PVDF; Millipore
Corp., Bedford, MA, USA) with transfer buffer

Table 1 Primer

Gene (Accession No
sequences for the targeted ( )

Primer sequences

genes Actin (V00481)
CAT (M11670)
GPx (124896)
GR (U73174)
Klotho (AB017820)

NQOI1 (BC083542)

Forward: 5-ACCTTCAACACCCCAGCCATGTACG-3’
Reverse: 5-CTGATCCACATCTGCTGGAAGGTGG-3’
Forward: 5-GCGAATGGAGAGGCAGTGTAC-3’
Reverse: 5-GAGTGACGTTGTCTCATTAGCACTG-3’
Forward: 5-CTCTCCGCGGTGGCACAGT-3’

Reverse: 5'-CCACCACCGGGTCGGACATAC-3’
Forward: 5-GGGCAAAGAAGATTCCAGGTT-3"
Reverse: 5-GGACGGCTTCATCTTCAGTGA-3’
Forward: 5-GGCCGACCATTTCAGGGATTAC-3
Reverse: 5~ ATCGGGCAGCAGGGATGAGA-3
Forward: 5-ATAGCAAGAATGAGGCGGAGAC-3’
Reverse: 5-TCAAACAATGGCTGAGGGACTA-3
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(48 mM Tris; 39 mM glycine; 0.0037% SDS and
20% methanol) at 350 mA for 60 min. The
membranes were blocked with 5% nonfat milk in
PBS solution containing 0.1% Tween-20 (PBST)
for 1 h. The membrane was immunoblotted with
primary antibodies of rabbit anti-rat Nrf2 and
MAPK family in PBST solution containing 5%
bovine serum albumin overnight at 4°C. After
30 min of consecutive PBST washes, the mem-
brane was incubated with horseradish peroxidase-
labeled secondary antibody for 60 min at room
temperature and washed with PBST for 30 min.
Final detection was performed with enhanced
chemiluminescence (ECL™ kit) western blotting
reagents (Amersham Pharmacia Biotech, New
Jersey, USA).

Statistical analysis

All data are presented as means + SD. Statistical
significance relative to the untreated group was
calculated by a one- or two-way analysis of
variance (ANOVA) and individual group means
were then compared with the Student’s ¢ test.

Results

The levels of haemolysis and oxidative
products

To evaluate the antioxidant ability against free
radical induced damage, erythrocytes from rats of
different ages were treated with or without per-
oxyl radical for up to 10 h at 37°C. Erythrocytes
exposed to 15 mM AAPH underwent progressive
haemolysis and the release of haemoglobin was
determined. As shown in Fig. 1, the middle-aged
and aged rats exhibited lower resistance to
AAPH-mediated oxidative damage in red blood
cells. The haemolysis percentages of middle-aged
and aged rats were significantly (P < 0.05) ele-
vated after 8 h incubation as compared to the
young rats.

The liver performs critical functions, which
include anti-oxidation and detoxification. Lipid
peroxidation levels, which have been recog-
nized as biomarkers for tissue injury, were
measured to ascertain whether any changes in

100

Haemolysis (% of control)

0 T T T T T
0 2 4 6 8 10

Time (h)

Fig. 1 Time course of haemolysis in rat erythrocytes
induced by AAPH. Erythrocyte suspensions were incu-
bated with or without 15 mM AAPH at 37°C. Significant
differences in the young group (2 months old) compared
with middle-aged group (1 year old) and aged group (1.5-
2 years old) of rats (*P < 0.05). ¥: 2 months old; O:
1 year old; @: 1.5-2 years old

liver integrity occur throughout the aging pro-
cess. In Fig. 2a, aged rats had higher contents
of MDA as compared to the young rats
(P < 0.05). Furthermore, oxidation of protein
always results in the formation of carbonyl
proteins, which has been used as a marker of
protein dysfunction. As shown in Fig. 2b, the
content of carbonyl proteins was associated
with increasing age and the aged rats showed
2.2 times greater oxidative levels relative to the
young rats.

The expression of antioxidant enzymes

The different expression of various phase II
antioxidant enzymes, including GPx, GR, CAT
and NQO1, was elevated. As shown in Fig. 3a and
b, the aged group of rats displayed lower gluta-
thione-related antioxidant enzymes activities. The
activity of GPx and GR in aged rats significantly
decreased to 23% and 49%, respectively, as
compared with young rats. The aged group of rats
also exhibited lower activities of CAT and NQO1
(Figs. 3c, d) than other groups, which significantly
decreased 26% and 86% relative to the young
group, respectively. These trends were similar to
the changes in GPx and GR.

Figure 4a indicates the mRNA expressions of
antioxidant enzymes, including GPx, GR, CAT,
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Fig. 2 Age-related levels of (a) TBARS and (b) carbonyl-
protein formation during aging. Young group: 2 months
old; middle-aged group: 1 year old; and aged group: 1.5—
2 years old. The values presented as nmol TBARS

formation/mg protein, and *P < 0.05 versus young group
of rats

NQOI1, and the age-related klotho. The data
displayed different expression patterns in the
three age groups. The results showed that the
activities of all genes in aged rats were dramati-
cally decreased (declined about 53%, 60%, 62%,
69%, and 72% in GPx, GR, NQO1, CAT and
klotho, respectively) as compared to the young
group of rats.

Fig. 3 Effect of aging on the activities of antioxidant»

enzymes. (a) Glutathione peroxidase (GPx). (b) Glutathi-
one reductase (GR). (c¢) Catalase (CAT) and (d)
NAD(P)H:quinone oxidoreductase 1 (NQO1). The results
are expressed as nmol/min/mg protein in the case of GP,
GR, CAT and NQOI1. *P < 0.05 and **P < 0.01 as
compared with young group of rats
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Fig. 4 Phase 2 antioxidant enzymes and age-related gene
expression during aging. (a) mRNA expression of specific
genes at various ages. Young group: 2 months old; middle-
aged group: 1 year old; and aged group: 1.5-2 years old.
(b) *P < 0.05 compared to young group of rats (n = 6-8)

Age-related decline in transcription
factor Nrf2

The transcription factor, Nrf2, plays a crucial role
in the regulation and activation of the transcrip-
tion of antioxidant enzymes. Thus, we examined
whether Nrf2 levels are negatively affected during
aging. The age-dependent expression of tran-
scription factor Nrf2 in rats with different ages
was detected (Fig 5). Rats in each group were
used to determine the total cytosolic Nrf2 activity
in liver tissue. Results of the western blot assay
showed that aged groups of rats exhibited signif-
icantly lower Nrf2 content than young group of
rats (46.4% decreased, P < 0.05).

(a) 2 months 1 year 1.5-2 years

1 T
. TITTT DL

Fluorescent intensity

0.0 -

2 months 1 year

Age

1.5-2 years

Fig. 5 Nrf2 expression in rats of varying ages. (a) Western
blot analysis of rat liver total Nrf2 expression from young
group: 2 months old; middle-aged group: 1 year old; and
aged group: 1.5-2 years old. (b) Significant difference
between the aged and young groups of rats (P < 0.05)

MAPK family participate in the signaling
transduction

To evaluate the mechanism involved in the regu-
lation of signals that stimulate the expression of the
transcription factor, Nrf2, the members of MAPK
cascades were examined. The MAPK pathway is
thought to participate in the upstream mediation of
Nrf2. Figure 6 illustrates the expression of
p47phox. The increase in oxidative stress was
accompanied by increasing age and age-related
deficits in Nrf2 were regulated by the different
activities of phosphorylated ERK1/2 and p38. The
expression of phospho-ERK1/2 was decreased and
the phospho-p38 level was increased with age, but
the expression of phospho-JNK did not change
significantly (data not shown). The data suggests
that the activities of antioxidant enzymes were
affected by the expression of transcription Nrf2,
which was regulated by signaling mediators, MAP
kinases.
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Fig. 6 Changes in the expression of p47-phox and MAPK
family in aging rats. Western blot analysis of rat liver
MAPK family expression from young group: 2 months old;
middle-aged group: 1 year old; and aged group:
1.5-2 years old

Discussion

The chronic process of aging leads to a functional
imbalance, increased pathology and death. It has
been hypothesized that senescence is the result of
accumulated oxidative injury. Methods of pro-
moting cellular antioxidant capacity and reducing
oxidative stress are areas of intense investigation.

In the present study, we examined the antiox-
idant status of aging rats. Two-month-old rats
(young group), weighing 200-250 g, 1 year old
rats (middle-aged) weighing 400-600 g, and 1.5-
2 year old rats (aged group) weighing 650-750 g,
showed no difference in histological analysis and
serum biochemical values, except cholesterol
(aged group was 2 times over the young group)
and albumin content (aged group decreased 22%
as compared to the young group, data not shown).
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In addition, we evaluated the free radical-induced
oxidative damage in the blood circulation using
the haemolysis assay; the data showed that ery-
throcytes exposed to AAPH underwent progres-
sive haemolysis. Furthermore, lipid damage,
expressed in TBARS levels, and protein damage,
measured by the liver carbonyl content in the
aged rats, were significantly higher in the older
rats relative to the younger rats (P < 0.05,
Fig. 2). Similar results have shown that aged rats
exhibited higher TBARS content than others
(Sanz et al. 2002).

In the assays of the antioxidant enzymes,
including GPx, GR, CAT, and NQO1, both the
activity and mRNA were analysed. The data
showed that the aged group of rats exhibited
lower enzymatic activities and genetic expression
than the other groups of rats. The literature
indicated that many antioxidant enzymes, such as
superoxide dismutase and xanthine oxidase, dis-
play lower activities in elder rabbit cornea
(Cejkova et al. 2004). Furthermore, levels of the
age-related gene, klotho, decreased with age. The
expression of klotho is closely related to the life-
span of the organism (Takahashi et al. 2000;
Kuroso et al. 2005). Recently, it has been shown
that klotho increases the resistance to oxidative
stress induced cell death (Yamamoto et al. 2005;
Ikushima et al. 2006). This evidence may explain
why aging rats experience higher levels of oxida-
tive injury.

It has been reported that there is an age-
dependent decrease in the activity of antioxidant
defense systems (Semsei et al. 1989; Rao et al.
1990); however, few researches focus on the
involved mechanism. We determined the content
of the transcription factor, Nrf2, which mediates
activation of the antioxidant responsive element
(ARE)-related gene expression, such as NQO1,
HO-1, and GST, etc, and thus plays a critical role in
activation of phase II detoxifying and antioxidant
enzymes. Our data showed that the aged group of
rats exhibited lower total Nrf2 content relative to
other groups (Fig. 5). Similar results showed that
the decline in transcriptional activity of Nrf2 causes
the age-associated loss of glutathione synthesis,
which is directly involved in the expression of glu-
tamylcysteine synthetase (Suh et al. 2004). The
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mitogen-activated protein kinase (MAPK) family
is well known that involves in the regulation of
survival, proliferation and cell death (Johnson and
Lapadat 2002; Dent et al. 2003). MAP kinase
members, such as ERK, JNK, and p38, are con-
sidered to be involved in regulation of the ARE
(Chen et al. 2004). Additionally, the subunit of
NAD(P)H oxidase, p47phox, which has been
widely defined as a sensor to the ROS, was also
analysed to evaluate is tissue after oxidative stress
challenge (Touyz and Schiffrin 2004). According to
the data of the expression of p47phox, we observed
that the increase in oxidative stress was accompa-
nied by increasing age. Age-related deficits in Nrf2
were regulated by the different activities of spe-
cifically phosphorylated ERK1/2 and p38, which
might affect the expression of antioxidant enzymes
consistently. Based on the present data, we have
found that declines in the expression of antioxidant
enzymes, such as NQO1, GPx, GRd, and CAT, are
critically involved in the transcriptional activity of
Nrf2 and regulation of MAP kinase pathway,
especially in the upregulation of phospho-p38 ki-
nase and the down-modulation of phospho-ERK1/
2 kinase. These results are similar to a recent study
that shows ERK and JNK signaling pathways in-
duced the recruitment of a co-activator to the
transcription initiation complex and up-regulated
Nrf2 transcriptional activity (Shen et al. 2004). As
researchers of functional food and health
enhancement, our purpose is to understand how
and what we should eat to improve health
throughout the aging process. Recently many
studies have been focused on the significant rela-
tionship between phytochemicals and Nrf2, such as
the induction of detoxifying enzymes by garlic or-
ganosulfur compounds through transcription fac-
tor Nrf2 (Chen et al. 2004). Nrf2 contributes to the
expression of glutathione S-transferase in mice li-
ver and could be induced by synthetic antioxidants
(Suh et al. 2004).

In conclusion, we evaluated the correlation be-
tween aging and antioxidant status and many
important antioxidant enzymes. Furthermore, a
potential mechanism was also described. Our work
suggests that age-related decreases in resistance to
oxidative stress, might result from the lower
expression of antioxidant enzymes, which are reg-

ulated by the transcriptional activity of Nrf2 and its
mediators, MAP kinases. As a result, we question
whether the supplement of healthy food, herbal
medicine, or nutraceuticals, which are all naturally
occurring compounds, will promote antioxidant
activity by scavenging free radicals directly or
enhancing the expression of antioxidant enzymes
through biological mechanisms.

Acknowledgement This research was partially supported
by the National Science Council (NSC94-2321-B005-005),
Taiwan, Republic of China.

References

Aebi H (1984) Catalase in vitro. Methods Enzymol
105:121-126

Block G, Dietrich M, Norkus EP, Packer L (2003) Oxi-
dative stress in human populations. In: Cutler RG,
Rodriguez H (eds) Critical reviews of oxidative stress
and aging: advances in basic science diagnostics and
intervention. World Scientific Publishing, Singapore,
pp 870-880

Buege AJ, Aust SD (1978) Microsomal lipid peroxidation.
Methods Enzymol 52:302-310

Cejkova J, Vejrazka M, Platenik J, Stipek S (2004) Age-
related changes in superoxide dismutase, glutathione
peroxidase, catalase and xanthine oxidoreductase/
xanthine oxidase activities in the rabbit cornea. Exp
Gerontol 39:1537-1543

Chen C, Pung D, Leong V, Hebbar V, Shen G, Nair S,
Li W, Kong ANT (2004) Induction of detoxifying
enzymes by garlic organosulfur compounds through
transcription factor Nrf2: effect of chemical structure
and stress signals. Free Radic Biol Med 37:1578-
1590

Dent P, Yacoub A, Fisher PB, Hagan MP, Grant S (2003)
MAPK pathways in radiation responses. Oncogene
22:5885-5896

Devasagayam TP, Tilak JC, Boloor KK, Sane KS,
Ghaskadbi SS, Lele RD (2004) Free radicals and
antioxidants in human health: current status and
future prospects. J Assoc Physicians India 52:794—
804

Hayes JD, Chanas SA, Henderson CJ, McMahon M, Sun
C, Moffat GJ, Wolf CR, Yamamoto M (2000) The
Nrf2 transcription factor contributes both to the basal
expression of glutathione S-transferases in mouse
liver and to their induction by the chemopreventive
synthetic antioxidants, butylated hydroxyanisole and
ethoxyquin. Biochem Soc Trans 28:33-41

Hipkiss AR, Brownson C, Carrier MM (2001) Carnosine,
the anti-ageing, anti-oxidant dipeptide, may react with
protein carbonyl groups. Mech Ageing Dev 122:1431-
1445

@ Springer



80

Biogerontology (2007) 8:71-80

Ikushima M, Rakugi H, Ishikawa K, Maekawa Y,
Yamamoto K, Ohta J, Chihara Y, Kida I, Ogihara T
(2006) Anti-apoptotic and anti-senescence effects of
Klotho on vascular endothelial cells. Biochem Bio-
phys Res Commun 339:827-832

Jaiswal AK, Mcbride OW, Adesnik M, Nebert DW (1988)
Human dioxin-inducible cytosolic NADP(H):menadi-
one oxidoreductase. cDNA sequence and localization
of gene to chromosome. J Biol Chem 263:13572-13578

Johnson GL, Lapadat R (2002) Mitogen-activated protein
kinase pathways mediated by ERK, JNK, and p38
protein kinases. Science 298:1911-1912

Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga
T, Utsugi T, Ohyama Y, Kurabayashi M, Kaname T,
Kume E, Iwasaki H, Iida A, Shiraki-lida T, Nishikawa
S, Nagai R, Nabeshima YI (2005) Mutation of the
mouse klotho gene leads to a syndrome resembling
ageing. Nature 390:45-51

Kuroso H, Yamamoto M, Clark JD, Pastor JV, Nandi A,
Gurnani P, McGuinness OP, Chikuda H, Yamaguchi
M, Kawaguchi H, Shimomura I, Takayama Y, Herz J,
Kahn CR, Rosenblatt KP, Kuro-o M (2005) Sup-
pression of aging in mice by the hormone Klotho.
Science 16:1829-1833

Lee JS, Surh YJ (2005) Nrf2 as a novel molecular target
for chemoprevention. Cancer Lett 224:171-184

Mohandas J, Marshall JJ, Duggin GG, Horvath JS, Tiller
DJ (1984) Low activities of glutathione-related en-
zymes as factors in the genesis of urinary bladder
cancer. Cancer Res 44:5086-5091

Nguyen T, Sherratt PJ, Pickett CB (2003) Regulatory
mechanisms controlling gene expression mediated by
the antioxidant response element. Annu Rev Phar-
macol Toxicol 43:233-260

Nioi P, Hayes JD (2004) Contribution of NAD(P)H:
quinone oxidoreductase 1 to protection against car-
cinogenesis, and regulation of its gene by the Nrf2
basic-region leucine zipper and the arylhydrocarbon
receptor basic helix-loop-helix transcription factors.
Mutat Res 555:149-171

Rao G, Xia E, Richardson A (1990) Effect of age on the
expression of antioxidant enzymes in male Sisher
F-344 rats. Mech Ageing Dev 53:49-60

@ Springer

Reed DJ, Babson JR, Beatty PW, Brodie AE, Ellis WW,
Potter DW (1980) High-performance liquid chroma-
tography analysis of nanomole levels of glutathione,
glutathione disulfide, and related thiols and disulfides.
Anal Biochem 106:55-62

Sanz N, Diez-Fernandez C, Andres D, Cascales M (2002)
Hepatotoxicity and aging: endogenous antioxidant
systems in hepatocytes from 2-, 6-, 12-, 18- and
30-month-old rats following a necrogenic dose of
thioacetamide. Biochim Biophys Acta 1587:12-20

Semsei I, Rao G, Richardson A (1989) Changes in the
expression of superoxide dismutase and catalase as a
function of age and dietary restriction. Biochem
Biophys Res Commun 164:620-625

Shen G, Hebbar V, Nair S, Xu C, Li W, Lin W (2004)
Regulation of Nrf2 transactivation domain activity.
The differential effects of mitogen-activated protein
kinase cascades and synergistic stimulatory effect of
Raf and CREB-binding protein. J Biol Chem
279:23052-23060

Suh JH, Shenvi SV, Dixon BM, Liu H, Jaiswal AK, Liu
RM, Hagen TM (2004) Decline in transcriptional
activity of Nrf2 causes age-related loss of glutathione
synthesis, which is reversible with lipoic acid. Proc
Natl Acad Sci USA 101:3381-3386

Takahashi Y, Kuro-o M, Ishikawa F (2000) Aging mech-
anisms. Proc Natl Acad Sci USA 97:12407-12408

Touyz RM, Schiffrin EL (2004) Reactive oxygen species in
vascular biology: implications in hypertension. Histo-
chem Cell Biol 122:339-352

Yamamoto M., Clark JD, Pastor JV, Gurnani P, Nandi A,
Kurosu H, Miyoshi M, Ogawa Y, Castrillon DH,
Rosenblatt KP, Kuro-o M (2005) Regulation of oxi-
dative stress by the anti-aging hormone klotho. J Biol
Chem 280:38029-38034

Zhu Q, Hackman RM, Ensunsa JL (2002) Antioxidative
activities of Oolong tea. J Agric Food Chem 50:6929—
6934

Zou CG, Agar NS, Jones GL (2001) Oxidative insult to
human red blood cells induced by free radical initiator
AAPH and its inhibition by a commercial antioxidant
mixture. Life Sci 69:75-86



	Differential expressions of antioxidant status in aging rats: the role of transcriptional factor Nrf2 and MAPK signaling pathway
	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Experimental animals and procedures
	Haemolysis determination
	Measurement of lipid peroxidation product: Malondialdehyde \(MDA\)
	Assay of carbonyl proteins
	Assays of antioxidant enzyme activity
	Reverse transcriptase-polymerase chain reaction analysis
	Western blot assay
	Tab1
	Statistical analysis
	Results
	The levels of haemolysis and oxidative products
	The expression of antioxidant enzymes
	Fig1
	Fig2
	Fig3
	Age-related decline in transcription �factor Nrf2
	MAPK family participate in the signaling transduction
	Fig4
	Fig5
	Discussion
	Fig6
	Acknowledgement
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


