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Summary

We used DNA microarrays to identify panels of transcrip-

tional markers of aging that are differentially expressed

in young (5 month) and old (25 month) mice of multiple

inbred strains (129sv, BALB ⁄ c, CBA, DBA, B6, C3H and

B6C3F1). In the heart, age-related changes of five genes

were studied throughout the mouse lifespan: comple-

ment component 4, chemokine ligand 14, component of

Sp100-rs, phenylalanine hydroxylase and src family asso-

ciated phosphoprotein 2. A similar analysis in the brain

(cerebellum) involved complement component 1q (alpha

polypeptide), complement component 4, P lysozyme

structural, glial fibrillary acidic protein and cathepsin S.

Caloric restriction (CR) inhibited age-related expression of

these genes in both tissues. Parametric analysis of gene

set enrichment identified several biological processes that

are induced with aging in multiple mouse strains. We also

tested the ability of dietary antioxidants to oppose these

transcriptional markers of aging. Lycopene, resveratrol,

acetyl-L-carnitine and tempol were as effective as CR in

the heart, and a-lipoic acid and coenzyme Q10 were as

effective as CR in the cerebellum. These findings suggest

that transcriptional biomarkers of aging in mice can be

used to estimate the efficacy of aging interventions on a

tissue-specific basis.
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Introduction

Gene expression profiling with DNA microarrays can measure

the transcriptional changes of thousands of genes simulta-

neously providing a useful tool for the study of complex biologi-

cal processes, such as aging. To understand the molecular basis

of aging and to identify biomarkers of aging, we have used DNA

microarrays to characterize tissue-specific gene expression

profiles associated with aging in mice (Lee et al., 1999, 2000,

2002; Higami et al., 2004). Heart aging is characterized by a

transcriptional profile suggestive of induction of cellular struc-

tural proteins involved in cardiomyocyte hypertrophy, a meta-

bolic shift from fatty acid toward carbohydrate metabolism and

reduced protein biosynthesis (Lee et al., 2002; Park et al., 2008).

In contrast, brain aging in mice is associated with a heightened

cellular immunity, inflammation and a concerted induction of

genes involved in stress response (Lee et al., 2000; Park et al.,

2008). In addition, the gene expression pattern is suggestive of

reduced protein turnover and a decreased expression of genes

encoding growth and trophic factors. Because these studies

were performed in a very limited set of mouse inbred strains, it

is unclear if the main observations represent general aging

features, or if they are secondary to strain-specific pathology.

Transcriptional profiles of tissues from animals on caloric

restriction (CR) suggest that CR reduces endogenous damage

and induces metabolic shifts and thus opposes the aging process

(Lee et al., 1999, 2000, 2002; Park & Prolla, 2005a,b). Genome-

wide microarray analysis of hepatic RNA shows that shifting

from control diet to CR induces a rapid shift toward the gene

expression profile of long-term CR and shifting from long-term

CR to control diet reverses 90% of the CR effect on gene expres-

sion within 8 weeks, suggesting a cause- and effect relationship

between the rate of aging and the CR-associated alterations in

gene expression (Dhahbi et al., 2004).

Several natural and synthetic compounds with antioxidant

activity also have the potential to slow specific aspects of the

aging process. In a previous study in the mouse heart, a-lipoic

acid (LA) and coenzyme Q10 (CQ) inhibited age-related altera-

tions in the expression of genes involved in the extracellular

matrix (ECM), cellular structure, and protein turnover, but had

no impact on longevity or tumor patterns compared with control

mice (Lee et al., 2004). Resveratrol (RE), a polyphenol compound
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found in red wine, retards cardiac aging in mice (Barger et al.,

2008a,b) and increases survival of mice fed a high fat diet (Baur

et al., 2006). The yellow curry spice compound curcumin (CU) is

more potent than vitamin E in scavenging free radicals (Zhao

et al., 1989) and reduces oxidative damage in an Alzheimer

transgenic mouse model (Lim et al., 2001), suggesting that it

may also retard brain aging. Lycopene (LY), a major carotenoid

present in tomato, reduces lipid peroxidation induced by oxida-

tive stress (Parfitt et al., 1994). Astaxantin (AS) is a carotenoid

responsible for the pink color of the flesh of salmon and also

exhibits potent antioxidant properties in membranes (Palozza &

Krinsky, 1992). Dietary supplementation with acetyl-L-carnitine

(AC) in rats reverses the age-associated decline of mitochondrial

functions (Hagen et al., 1998a,b). Chronic treatment with the

superoxide dismutase mimetic tempol (TP) shows protective

effects on age-related vascular dysfunction in rats (Tatchum-Ta-

lom & Martin, 2004). Despite compelling evidence that these

agents may retard specific aspects of aging, they have not been

systematically or comparatively evaluated in their ability to mod-

ify aging parameters. Because lifespan studies are time consum-

ing and costly, the ability to screen compounds for their ability

to impact aging or mimic CR in specific tissues would be useful

in deciding what compounds to pursue in further study, and also

in deciding the most effective combinations of compounds.

In this study, age-related differential expression of genes from

several strains of mice, 129sv, BALB ⁄ c, CBA, DBA, B6, C3H, and

B6C3F1, was determined using Affymetrix high-density oligonu-

cleotide arrays to establish a panel of transcriptional markers of

aging and to identify pathways significantly altered with aging

in multiple mouse strains. We identified tissue-specific panels of

biomarkers of aging that are common in multiple strains of mice

in the heart and brain (cerebellum). Using these panels, we

tested the effect of middle-age (15 month) onset CR and dietary

supplementation of eight antioxidants (LA, CQ, RE, CU, LY, AC,

AS and TP) on the expression of each transcriptional biomarker

of aging.

Results

Identification of transcriptional biomarkers of heart

aging

Comparison between 5-month-old (C5) and 25-month-old

(C25) heart tissues with Affymetrix Mouse Genome 430A arrays

representing 22 626 transcripts resulted in age-related changes

(P < 0.05) of 3383 (15%) transcripts in the 129sv strain, 2552

(11%) in BALB ⁄ c, 1363 (6%) in CBA, 2449 (11%) in DBA, 2845

(13%) in B6, 1452 (6%) in C3H and 1718 (8%) in B6C3F1.

Among these, only 20 genes were common in at least six of the

seven strains of mice tested (Table S1, Supporting information).

From the binomial distribution, the probability of at least six

of seven tests being significant at the 0.05 level by chance alone

is 1.05 · 10)7. Interestingly, 19 of the genes meeting these

criteria were up-regulated with aging. There was only one

down-regulated gene, enoyl coenzyme A hydratase 1, and its

fold change (FC) with aging is relatively small in all strains

(�0.85). Table 1 contains a panel of biomarkers of heart aging

that were common in all seven strains of mice tested. Three

genes are known to be involved in cellular immune and inflam-

matory responses, which is suggestive of heightened immunity

in the aged heart. Complement component 4 (C4) is involved in

the classical complement activation and chemokine (C-X-C

motif) ligand 14 (Cxcl14) is a cytokine involved in immune

responses (Shurin et al., 2005). Src family associated phospho-

protein 2 (Scap2) is a specific substrate for the Src family protein

tyrosine kinase Fyn (Marie-Cardine et al., 1998) and is also

known to negatively regulate cell proliferation. A recent study

in Scap2) ⁄ ) mice suggests that Scap2 is required for proper

activation of the immune system (Togni et al., 2005). Phenylala-

nine hydroxylase (Pah) metabolizes aromatic amino acids and is

involved in clearing circulating phenylalanine in blood and body

fluids, increased levels of which can cause phenylketonuria

(Christensen et al., 2005). The biggest FC with aging was

observed in component of Sp100-rs (Csprs) which encodes a

putative G-protein coupled receptor (Weichenhan et al., 2001).

We note that the method used for identification of aging tran-

scriptional markers is based on analysis of two time points, and

therefore does not identify genes that are significantly altered

only after 25 months of age, or genes that reach significance at

earlier ages but at 25 months return to an expression level more

similar to that of young animals.

Identification of transcriptional biomarkers of

cerebellum aging

Of the 45 037 transcripts screened using Affymetrix Mouse

Genome 430 2.0 arrays, 3752 (8%) transcripts were signifi-

cantly changed by aging in the cerebellum of the 129sv strain,

4317 (10%) in BALB ⁄ c, 7273 (16%) in CBA, 4635 (10%) in B6,

9020 (20%) in C3H and 5948 (13%) in B6C3F1. In the cerebel-

lum, 99 genes were common in all strains tested: 82 of these

were increased in expression and 12 were decreased in all strains

tested (Table S2, Supporting information). Among them, we

selected five genes having a higher FC with aging for further

study (Table 2). Many genes involved in cellular immune and

inflammatory responses were induced with aging. Four initiators

Table 1 Age-related fold change of selected biomarkers of heart aging

Gene

Strain

129 BalbC CBA DBA B6 C3H B6 ⁄ C3H

C4 2.1 2.1 2.1 3.7 1.9 2.0 1.8

Csprs 13.4 7.1 1.8 4.8 10.0 3.8 11.1

Pah 2.3 4.5 2.1 2.0 3.7 2.9 4.2

Cxcl14 2.0 2.8 1.6 2.0 1.5 1.7 2.4

Scap2 1.9 1.5 1.3 1.5 1.4 1.9 1.4

Values are the fold change (FC) of genes obtained by comparing the

25-month-old control group (C25) with the 5-month-old control group

(C5). All genes are significantly (P < 0.05) changed in expression in all

strains tested.
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of the classical complement cascade, C4 and three polypeptides

of complement component 1q (C1q), were increased in expres-

sion by aging in all strains of mice, which supports a chronic

inflammatory state of the aged cerebellum. Several cathepsins

were also up-regulated in the aged cerebellum, including

cathepsin D, S and Z. Cathepsin S (Ctss) plays a key role in major

histocompatability complex (MHC) class II-mediated antigen

presentation (Hsieh et al., 2002; Boes et al., 2005). Lysozyme

and P lysozyme structural (Lzp-s, also known as Lzp-1) are bacte-

riolytic lysosomal hydrolases, and involved in human hereditary

amyloidosis (Röcken et al., 2006). In all six strains of mice, Lzp-s

showed the largest FC with aging. Glial fibrillary acidic protein

(Gfap) was first discovered as an astrocyte-specific intermediate

filament (Eng et al., 1971) and is widely used as a marker of

neurodegeneration (Nawashiro et al., 2002; Wei et al., 2002;

Rozovsky et al., 2005). In addition, two lipid molecule transport-

ers, apolipoprotein D (ApoD) and E (ApoE), were induced with

aging in the cerebellum. ApoD is also known to be involved in

the response to oxidative stress in the brain (Navarro-Incio &

Tolivia-Fernandez, 2004), and we have previously shown that its

expression is increased with aging in the brain of mice, rhesus

monkeys and humans (Loerch et al., 2008).

The kinetics of expression of transcriptional

biomarkers of aging and the effect of caloric

restriction

We measured changes in mRNA levels for selected biomarkers

of aging at various points of the mouse lifespan using real-time

quantitative RT-PCR, and also tested the ability of CR to inhibit

these changes. mRNA was extracted from the tissues of B6 mice

(n ‡ 5) killed at 5, 10, 15, 20, 25, 30 months of age and used as

a template for real-time quantitative RT-PCR. In the heart, there

was an age associated, approximate linear induction of expres-

sion in Csprs and Pah (Fig. 1). The expression of C4 was only

slightly increased until 25 months of age and then greatly

increased in 30-month-old animals. Both Cxcl14 and Scap2

showed a rising and falling expression pattern between 15 and

25 months and a significant induction at the age of 30 months.

In the heart, CR appeared to prevent the late (25–30 months)

age-related induction of these markers, with minimal effects

earlier in life. Measurement of heart function using echocardio-

gram analysis showed that there was no decline in heart func-

tion with aging until late age (25 months) in these strains (data

not shown).

In the cerebellum, the expression of C1q alpha polypeptide

(C1qa), Ctss and Gfap displayed an age-related linear

increase throughout the lifespan of B6 mice (Fig. 2). The

age-associated induction of C4 and Lzp-s was observed lar-

gely after 20 months of age. Interestingly, C4, a biomarker

of aging common in both heart and cerebellum, followed

the same expression pattern throughout the lifespan in both

tissues, suggesting that this gene may be a very good bio-

marker of aging in postmitotic tissues. CR significantly

opposed age-related transcriptional changes in the cerebel-

lum (Fig. 2). CR showed a consistent effect on aging mark-

ers throughout the lifespan, including C1qa, Ctss and Gfap.

CR reduced expression of Gfap and C1qa as early as

5 months of age (Fig. 2).

Identification of common pathways in heart and

cerebellum aging of multiple mouse strains

To determine to what extent aging is associated with the alter-

ation of shared pathways in multiple inbred mouse strains, we

performed parametric analysis of gene set enrichment (PAGE), a

computational method that allows determination of significant

changes in defined gene sets (Kim & Volsky, 2005). For our anal-

ysis, we used GO biological pathway, cellular component and

molecular function gene sets. We also calculated z ratios for

each gene set, which serve as a normalization factor (Cheadle

et al., 2003). An initial comparative analysis between the seven

mice strains revealed no gene sets significantly enriched

(P < 0.05) among all strains in the heart. Relaxing the criteria

to at least six strains significantly changed out of seven tested

identified several enriched GO gene sets. A robust observation

was the induction of genes involved in the complement and

innate immune response, including complement activation

(GO:0006956), acute inflammatory response (GO:0002526)

and activation of plasma proteins during inflammation

(GO:0002541) (Fig. 3). We had previously reported age-related

induction of the complement system in the heart of B6C3H F1

hybrid mice (Lee et al., 2002). Our study extends this finding to

an additional six strains of inbred mice, and shows that comple-

ment activation is a universal feature of aging in the mouse

heart. Gene sets involved in mRNA processing and splicing were

also altered in expression, but the direction of change as deter-

mined by the z ratio varied between strains (Fig. 3). Interestingly,

the GO term polysaccharide binding (GO:0030247) was signifi-

cantly and consistently up-regulated in most strains. A gene sig-

nificantly up-regulated in this gene set in some strains is

Chitinase-3-Like 1 (CHI3L1). CHI3L1 is a secreted 40 kDa glyco-

protein that is up-regulated in a number of human cancers and

in non-neoplastic disease states characterized by chronic inflam-

mation and tissue remodeling (Coffman, 2008). Stabilin 1, a

receptor expressed on both macrophages and different sub-

Table 2 Age-related fold change of selected biomarkers of cerebellum aging

Gene

Strain

129 BalbC CBA B6 C3H B6 ⁄ C3H

C4 1.9 1.8 3.9 3.3 3.5 2.3

C1qa 4.3 2.7 2.8 3.0 4.0 3.3

Ctss 2.6 1.8 2.7 2.3 2.2 2.7

Lzp-s 13.5 5.3 8.1 4.8 5.1 5.4

Gfap 3.6 2.6 3.2 2.3 4.0 2.6

Values are the fold change (FC) of genes obtained by comparing the 25-

month-old control group (C25) with the 5-month-old control group (C5).

All genes are significantly (P < 0.05) changed in expression in all strains

tested.
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types of endothelial cells that is induced during chronic inflam-

mation and tumorigenesis (Kzhyshkowska et al., 2006), was also

consistently induced. Several other members of this gene set are

consistent with alterations in the ECM with aging in the heart.

A similar analysis in cerebellum revealed common gene sets

altered in multiple mouse strains with aging. Inflammatory

gene sets such as positive regulation of immune system pro-

cess (GO:0002684) and regulation of immune response

(GO:0050776) were induced with aging. A key feature of

induction of these gene sets is also the activation of comple-

ment genes, including C4B (Rostagno et al., 2002). Gene sets

related to lysosomal activity, such as lysosome (GO:0005764)

and lytic vacuole (GO:0000323) were also consistently induced

across multiple mouse strains (Fig. 4). Gene set members chan-

ged in expression included several lysosomal proteases, such

as cathepsins S, D, A and H. Cathepsins are involved in ECM

proteolytic degradation, and the induction of cathepsins in the

brain is a marker of astrogliosis and microglial activation

(Akahoshi et al., 2007). Interestingly, the expression of cathep-

sin D appears to be a hallmark of aging in dogs and the

human Alzheimer brain as well (Bi et al., 2003). An imbalance

of cathepsins, and defective lysosomes has been postulated to

play an important role in human age-related neuronal dysfunc-

tion (Nakanishi, 2003). Many other GO terms were signifi-

cantly changed in expression in at least five of six strains

analyzed, but the direction of change as evidenced by the

z-score, was not uniform. Surprisingly, gene sets related to

mitochondria were strongly and significantly induced in some

strains, but reduced in others (Fig. 4). Our overall analysis

suggests induction of transcription of innate immunity genes

in both tissues examined, as well as multiple tissue-specific

patterns of aging.
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Fig. 1 Time-course quantitative RT-PCR of biomarkers of heart aging in B6 mice. The effect of aging and caloric restriction on the expression of selected

biomarkers of heart aging is measured. Relative amount of mRNA compared to young control is shown for each sample. (A) C4, (B) Csprs, (C) Pah, (D) Cxcl14 and

(E) Scap2. C5, 5-month-old control group. Lines above ⁄ below bars indicate standard error.
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Fig. 2 Time-course quantitative RT-PCR of biomarkers of cerebellum aging in B6 mice. The effect of aging and caloric restriction on the expression of selected

biomarkers of cerebellum aging is measured. Relative amount of mRNA compared to young control is shown for each sample. (A) C4, (B) C1qa, (C) Ctss, (D) Lzp-s

and (E) Gfap. C5, 5-month-old control group. Lines above ⁄ below bars indicate standard error.
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Fig. 3 Common pathways of heart aging in multiple mouse strains. Parametric analysis of gene set enrichment (PAGE) identified gene sets significantly enriched

(P < 0.05) in heart aging among at least six strains of seven tested. Each row corresponds to the transcriptional alteration of each gene set with aging. Gene sets

up-regulated with aging are shown in red, while gene sets down-regulated with aging are shown in blue. Labels indicate the GO numbers and GO term of each

pathway.
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The effect of antioxidant supplementation on the

expression of transcriptional biomarkers of aging

To determine the influence of selected antioxidants on the

expression of biomarkers of aging in each tissue, 30-month-old

mice fed various antioxidants from 15 months of age were com-

pared with 30-month-old control fed mice (C30). As a positive

control for aging retardation, we also analyzed 30-month-old

mice on CR from 15 months of age to 30 months of age. We

determined the effects of each intervention on the panel of

aging markers, generating a tissue-specific ‘aging prevention

index’ (API), representing the average effect of an intervention

on all biomarkers. In the heart, middle age-onset CR significantly

prevented age-related up-regulation of all six biomarkers of

aging tested with an API value of 51 (Fig. 5). Among biomarkers

of heart aging, only Pah was affected by all antioxidants tested.

LA and CQ were not strongly effective in inhibiting age-related

increases in expression of biomarkers of heart aging: only one

gene, Pah, was affected by LA supplementation and two genes,

Pah and Scap2, were affected by CQ (Table 3). There was a mod-

erate anti-aging effect in CU- and AS-supplemented groups (API

of CU and AS was 41% and 45%, respectively). Remarkably, AC

and TP were even more effective than CR in terms of the API,

and also significantly reduced the age-related expression of all

biomarkers tested. RE, which we have previously shown to

retard cardiac aging (Barger et al., 2008a,b), and LY also showed

strong efficacy in inhibiting the cardiac aging biomarkers.

The impact of middle age-onset CR and antioxidant supple-

mentation on the expression of biomarkers of cerebellum aging

is shown in Fig. 6 and Table 4. Similar to biomarkers of heart

aging, all six biomarkers of cerebellum aging were markedly

inhibited by CR (a 59% API). The age-associated up-regulation

of C1qa was decreased significantly by all eight antioxidant

interventions (Fig. 6). As opposed to the effect on heart aging,

LA and CQ were the two most effective antioxidants in

suppressing age-related induction of biomarkers of aging in the

cerebellum, nearly as effective as CR (API of LA and CQ were

58% and 50%, respectively). Supplementation of CU, LY and

AC showed significant effects on the expression of five biomar-

kers of aging in the cerebellum. However, these antioxidants did

not prevent the age-related up-regulation of C4 (Table 4). RE

and TP, which were among the most effective antioxidants in

heart aging, displayed only marginal efficacy in the cerebellum.

These observations suggest that unlike the effect of CR, the

effects of dietary antioxidant supplementation are tissue specific.

Discussion

In short-lived organisms, the examination of survival curves is

practical, and therefore useful in assaying aging rates. However,

for most mammalian species, survival curves are less practical

due to their relatively long lifespan and complexity. Given the

long lifespan of mammals, it would be useful to establish organ-

specific biomarkers of aging for evaluating the efficacy of inter-

ventions. Our comparison of gene expression patterns in heart

and cerebellum of multiple strains of mice revealed tissue-spe-

cific biomarkers of aging that can be used to measure the aging

process. Although thousands of genes were changed in expres-

sion with aging in each individual strain, there was a relatively

small number of common genes changed in all strains tested: 20

genes in the heart and 99 genes in the cerebellum. One possible

explanation for this finding is that many biological processes

associated with aging are strain specific. Aging resulted in

up-regulation of several genes that are involved in immune and

–4
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4

Fig. 4 Common pathways of cerebellum aging in multiple mouse strains. Parametric analysis of gene set enrichment (PAGE) identified gene sets significantly

enriched (P < 0.05) in cerebellum aging among at least five strains of six tested. Each row corresponds to the transcriptional alteration of each gene set with aging.

Gene sets up-regulated with aging are shown in red, whereas gene sets down-regulated with aging are shown in blue. Labels indicate the GO numbers and GO

term of each pathway.
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inflammatory responses related to innate immunity. The expres-

sion of C4 was induced with aging in both heart and cerebel-

lum. C4 prevents early stage autoimmune disease (Paul et al.,

2002) and mice with a disrupted C4 locus showed an impaired

immune response (Gadjeva et al., 2002). In the heart, two more

genes involved in the immune response were identified as bio-

markers of aging. Cxcl14 is a potent chemoattractant that is

ubiquitously expressed in normal tissues, but absent in many

tumor cell lines (Frederick et al., 2000) and Scap2 is required for

the activation of the immune system (Togni et al., 2005).

In addition to C4, several genes involved in the immune and

inflammatory response were increased in expression with aging

in the cerebellum, including the lysosomal proteases cathepsin

D, cathepsin S, cathepsin Z, and three components of

C1q (alpha, beta and gamma polypeptide) involved in innate

immunity. The lysosomal protease cathepsin S is involved in deg-

radation of protein antigens and controls intracellular trafficking

of class II MHC molecules (Hsieh et al., 2002). The activation of

the classical complement system was reported in the nonde-

mented aged human brain and also in early-stage Alzheimer’s

disease (Zanjani et al., 2005), and an increase of C1q beta poly-

peptide mRNA was found in aging rats (Pasinetti et al., 1999).

Taken together, our observations suggest that normal aging in

the heart and brain is associated with a transcriptional pattern

indicative of heightened immune and inflammatory responses.

Interestingly, the expression of complement activation genes

has been shown in skeletal muscle, kidney and brain in humans

(Zahn et al., 2006). The expression of innate immunity genes

may be due to the activation of an ancient NF-jB signaling path-

way of host defense in multicellular organisms (Salminen et al.,
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Fig. 5 The effect of middle age-onset CR and antioxidant supplementation on the expression of biomarkers of heart aging. Relative amount of mRNA compared

to young control is shown for each group. (A) C4, (B) Csprs, (C) Pah, (D) Cxcl14 and (E) Scap2. C5, 5-month-old control; C30, 30-month-old control; CR, caloric

restriction; LA, a-lipoic acid; CQ, coenzyme Q10; RE, resveratrol; CU, curcumin; LY, lycopene; AC, acetyl-L-carnitine; AS, astaxanthin; TP, tempol. Lines

above ⁄ below bars indicate standard error. The one-way ANOVA test showed significant P-value (P < 0.01) in all genes tested. *Significantly different from C30

(P < 0.05).
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2008). This signaling system may connect genotoxic stress,

inflammation, and apoptosis, and therefore play an important

role in the origin of aging phenotypes and age-related diseases

(Salminen et al., 2008). Previous studies have shown that the

expression of Gfap, the first validated brain aging transcriptional

marker, increases progressively during aging in humans and

rodent models (Nichols et al., 1993). It is reassuring that our

screen identified Gfap, and also that the expression of this gene

is reduced by CR at all ages examined. Some of the inflamma-

tory markers reported in this study were also identified in our

original DNA microarray analysis of heart (Lee et al., 2002) and

brain (Lee et al., 2000). Interestingly, gene sets related to the

immune system, such as complement activation (GO:0006958)

and regulation of the immune system (GO:0050776), were

induced in both heart and cerebellum. Examination of these

gene sets suggests that genes involved in innate immunity

account for the majority of genes induced. Possibly, induction of

these and other genes related to the immune system is a conse-

quence of either increased levels of monocytes ⁄ macrophages in

tissues, or increased levels of cytokines, as demonstrated in adi-

pose (Wu et al., 2007) and brain (Ye & Johnson, 1999) tissues of

aged mice. In contrast, GO categories related to mitochondria

were induced in some strains, but suppressed in others. This

observation suggests that a reduction in the expression of genes

related to mitochondria and energy metabolism is not a univer-

sal feature of aging in mice.

Our data revealed two biomarkers of aging that are common

in both heart and cerebellum: C4 and tissue inhibitor of metallo-

proteinase 2 (TIMP2). Aging is a major risk factor for the devel-

opment of arterial stiffness and vascular disease such as

hypertension and atherosclerosis (Lakatta, 2002), and it is asso-

ciated with the imbalance between matrix metalloproteinases

and their endogenous inhibitors, tissue inhibitors of metallopro-

teinases (Dollery et al., 1995; Zervoudaki et al., 2003). In mice,

new fibrovascular tissue from old animals expressed more TIMP2

than did corresponding tissue from young mice (Koike et al.,

2003). Comparison between young and old human microvascu-

lar endothelial cell lines revealed that TIMP2 is expressed at

higher levels in cell lines from old humans (McNulty et al., 2005).

Interestingly, a transcriptional profiling of human tissues with

aging identified TIMP1 as the gene displaying the highest

change in gene expression in multiple tissues in humans (Zahn

et al., 2006). The transcriptional alterations of TIMP2 in multiple

strains of aged mice are consistent with these previous observa-

tions, suggesting that elevated levels of TIMP2 may modulate

impaired angiogenesis and fibrosis in aged tissues.

Previous studies reported the impact of antioxidants on age-

related gene expression patterns in mice. Dietary supplementa-

tion with LA or CQ results in transcriptional changes associated

with reduced oxidative stress in heart, but these antioxidants did

not extend maximum lifespan and reduce tumor incidence (Lee

et al., 2004). Middle age-onset dietary supplementation of vita-

min E also showed a partial inhibitory effect on age-related tran-

scriptional alteration in heart and brain, but was not as effective

as CR (Lee et al., 2002; Park et al., 2008). We have previously

shown that RE can prevent age-related cardiac dysfunction and

transcriptional alterations associated with cardiac aging (Barger

et al., 2008a,b), and these findings are in agreement with the

strong effect of RE in inhibiting transcriptional markers of aging

reported in this study. In the heart, AC was the natural com-

pound that displayed the largest inhibition in the expression of

the transcriptional markers. In rats, short-term supplementation

with AC reduced age-related alterations in lipid metabolism in

multiple tissues including normalization of the cholesterol ⁄ phos-

pholipid ratio (Tanaka et al., 2004) and reduced DNA damage in

the brain (Haripriya et al., 2005). We have previously identified

transcriptional evidence for alterations in lipid metabolism as a

major feature of aging in the heart, and showed that CR, but

not dietary antioxidants, can prevent these alterations (Lee

et al., 2004; Park et al., 2008). Thus, we postulate that similar to

RE, AC may be acting to mimic the metabolic effects of CR in

the heart.

We note that a major finding of this study is the remarkable

difference in efficacy of the tested compounds. In the heart, RE,

LY, AC, and TP were at least as effective as CR, whereas LA and

CQ were the most effective antioxidants tested in the cerebel-

lum. Our studies provide support for an important role of oxida-

tive stress in aging, but suggest that the effects of individual

antioxidants are tissue specific. Robust transcriptional biomar-

kers of aging will be useful for designing combinations of dietary

antioxidants that will be effective in inhibiting the aging process

in individual tissues in mammals.

Experimental procedures

Animals and dietary manipulations

Different strains of male mice were purchased from Harlan Spra-

gue–Dawley at 6–7 weeks of age. Mice were housed singly in a

pathogen-free facility and provided acidified water ad libitum.

Table 3 Effect of CR or antioxidant supplementation on the expression of

biomarkers of heart aging

Gene CR

Antioxidant

LA CQ RE CU LY AC AS TP

C4 66* )48 )8 61* 27 58* 62* 11 59*

Csprs 52* 21 )19 48* 41* 34* 68* 50* 65*

Pah 47* 46* 50* 58* 60* 55* 71* 64* 67*

Cxcl14 37* )24 24 90* 36* 81* 85* 12 98*

Scap2 60* 22 35* 25* 34* 39* 44* 44* 45*

API 51 16 19 52 41 51 66 45 66

The % inhibition effect of CR or antioxidants was computed as

[(O)S) ⁄ (O)Y)] · 100, where O, S, and Y are the average signal intensities

of the 30-month-old control, 30-month-old CR or antioxidant-

supplemented group, and 5-month-old control, respectively. API represents

the average effect of the intervention on all markers tested.

CR, caloric restriction; LA, a-lipoic acid; CQ, coenzyme Q10; RE, resveratrol;

CU, curcumin; LY, lycopene; AC, acetyl-L-carnitine; AS, astaxanthin; TP,

tempol.

*Significantly different between S and O groups (P < 0.05).
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Each mouse was fed 84 kcal per week of AIN-76A diet. For the

study of CR, B6 mice were used: the control group was fed

84 kcal per week of AIN-76A and the CR group was fed 63 kcal

per week (a 25% CR) from 5 months of age. To avoid malnutri-

tion, the restricted diet was enriched in protein, vitamins, and

minerals. The effect of dietary supplementation of antioxidant

was performed in B6C3F1 mice. Each group was fed 84 kcal per

week of AIN-93M diet mixed with each antioxidant: LA

(600 mg kg)1 of diet), CQ (100 mg kg)1 of diet), RE

(50 mg kg)1 of diet), CU (500 mg kg)1 of diet), LY

(250 mg kg)1 of diet), AC (1 g kg)1 of diet), AS (1 g kg)1 of

diet) and TP (5 mg kg)1 of diet). The antioxidant groups were

supplemented with each antioxidant since middle age, as we

intended to test the effect of middle-age onset dietary supple-

mentation. As a control, we also included mice under CR since

15 months of age. At the age of 30 months, mice were killed by

rapid cervical dislocation and tissues were immediately frozen in

liquid nitrogen and stored at )80�C. All aspects of animal care

were approved by the appropriate university committees and

conformed to institutional guidelines.

RNA sample preparation and hybridization

Total RNA was extracted from frozen tissue and converted to

double-stranded cDNA after purifying mRNA. Biotin-labeled

cRNA was made from double-stranded cDNA and then hybrid-

ized to the gene chip as previously described (Lee et al., 1999).

Following hybridization, the gene chip was installed in a fluidics

system for washes and staining. The signals on the gene chip

were read using a Hewlett Packard GeneArray Scanner (Affyme-

trix, Santa Clara, CA, USA). The averaged images collected from

two scanned images were used as raw data for statistical analy-
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Fig. 6 The effect of middle age-onset CR and antioxidant supplementation on the expression of biomarkers of cerebellum aging. Relative amount of mRNA

compared to young control is shown for each group. (A) C4, (B) C1qa, (C) Ctss, (D) Lzp-s and (E) Gfap. C5, 5-month-old control; C30, 30-month-old control; CR,

caloric restriction; LA, a-lipoic acid; CQ, coenzyme Q10; RE, resveratrol; CU, curcumin; LY, lycopene; AC, acetyl-L-carnitine; AS, astaxanthin; TP, tempol. Lines

above ⁄ below bars indicate standard error. The one-way ANOVA test showed significant P-value (P < 0.01) in all genes tested. *Significantly different from C30

(P < 0.05).
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sis. We used five animals per group, and hybridized each sample

to independent DNA chips, because previous work from our lab-

oratory suggests that variability between individuals is higher

than variability observed in replicate hybridizations of the same

samples (Weindruch et al., 2002).

Microarray data analysis

Preliminary data analysis was performed using Affymetrix algo-

rithms for microarray data analysis, GCOS (GeneChip Operating

Software). Detailed protocols for data analysis and extensive

documentation of sensitivity and quantitative aspects of the

method have been described previously (Lee et al., 2002). Gene

expression change was called significant when the P-value (P)

was < 0.05. To obtain posterior true positive probabilities (pp)

for each gene, we used a mixture modeling approach (Allison

et al., 2002) that uses the frequentist P-values and incorporates

them into a mixture model. The pp is the Bayesian probability

that a gene is truly different between groups in mean expression

level. The raw data of each DNA chip are provided as supporting

information (Tables S3 and S4).

Pathway analysis of microarray data

To identify common pathways with aging in multiple inbred

mouse strains, PAGE was employed (Kim & Volsky, 2005). We

input a list of probe set IDs and their t-test statistic values to

PAGE. For multiple test correction, we used Benjamini-Hochberg

FDR estimate. Only GO terms that have at least ten and at most

1000 genes and have level 3 and below were analyzed. Probe

set IDs filtered from the original series were used. The filtering

process deletes the following probe set ids: probe sets ending

with x_at and s_at, probe sets annotated with more than one

gene, probe sets not mapped to a gene, and probe sets not with

the highest average SI for corresponding gene. Z-ratios were

also determined for each gene set (Cheadle et al., 2003). All GO

terms and pathways significantly altered with aging in each

strain were shown in Tables S5 and S6, Supporting information.

Real-time quantitative RT-PCR

mRNA quantification was performed using real-time quantita-

tive RT-PCR with ABI prism 7000 Sequence Detection System

(TaqMan; Applied Biosystems, Foster City, CA, USA). Template

mRNA was first converted to double-stranded cDNA and then

amplified by Taq DNA polymerase. Gene-specific TaqMan

probes contain a fluorescent reporter at the 5¢-end of the probe.

As the PCR cycle progresses, the degradation and release of the

fluorescent reporter by Taq DNA polymerase results in fluores-

cence at 518 nm. The accumulation of PCR products, therefore,

is detected directly by monitoring the increase in fluorescence

during the amplification process. Gene-specific primers

and probe sets were purchased from Assays-on-Demand

Gene Expression probes (Applied Biosystems): Pah

(Mm00500918_m1), C4 (Mm00437890_m1), Cxcl14

(Mm00444699_m1), Scap2 (Mm00490022_m1), C1qa

(Mm00432142_m1), Lzp-s (Mm00657323_m1), Gfap

(Mm00546086_m1), Ctss (Mm00457902_m1) and TATA bind-

ing protein (Tbp) (Mm00446973_m1). For Csprs and copine 2

(Cpne2), we designed our own primers and probe sets: for

Csprs, 5¢-GTT ATC CAT TGA ACT CTC CAT CCT TT-3¢ (forward

primer), 5¢-TGG TCC AAG TCC CAG CTA GAA-3¢ (reverse

primer), and 5¢-FAM-TGG ATT CTG CTA AGT ACA G-TAMRA-3¢
(fluorescent probe); for Cpne2, 5¢-TCT CAG TGC TGT GTG TGC

AAA G-3¢ (forward primer), 5¢-TCC CGG TCC AGC AGG TT-3¢
(reverse primer) and 5¢-FAM-CTG TCA GTG AGT GGC CA-TAM-

RA-3¢ (fluorescent probe). Tbp and Cpne2 were used as control

genes for normalization.
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