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To provide a global analysis of gene expression in the aging heart, we
monitored the expression of 9,977 genes simultaneously in 5- and
30-month-old male B6C3F1 mice by using high-density oligonucleo-
tide microarrays and several statistical techniques. Aging was asso-
ciated with transcriptional alterations consistent with a metabolic
shift from fatty acid to carbohydrate metabolism, increased expres-
sion of extracellular matrix genes, and reduced protein synthesis.
Caloric restriction (CR) started at 14 months of age resulted in a 19%
global inhibition of age-related changes in gene expression. Interest-
ingly, CR also resulted in alterations in gene expression consistent
with preserved fatty acid metabolism, reduced endogenous DNA
damage, decreased innate immune activity, apoptosis modulation,
and a marked cytoskeletal reorganization. These observations pro-
vide evidence that aging of the heart is associated with specific
transcriptional alterations, and that CR initiated in middle age
may retard heart aging by inducing a profound transcriptional
reprogramming.

When started either early in life or at middle age, caloric
restriction (CR) increases average and maximum lifespan,

and reduces the incidence and delays the onset of spontaneous
cancers and several other age-related diseases (1). Additionally, CR
reduces the age-associated increase in reactive oxygen species
(ROS)-induced molecular damage (2–5). Previously, we have used
high-density oligonucleotide arrays to define aging and CR-related
transcriptional alterations in mouse skeletal muscle (6) and brain
(7). These reports provided evidence for an age-associated stress
response characterized by the induction of heat-shock factors and
other oxidative stress-induced transcripts. CR prevented these
age-related alterations completely or partially. Both studies pro-
vided further support for the concept that oxidative stress may be
an important, and perhaps underlying cause of the aging process of
postmitotic tissues.

The cardiac myocyte is the most energy demanding cell in the
body, contracting constantly, 3 billion times or more in the average
human lifespan (8), requiring large supplies of high-energy phos-
phates (9). Age-related changes in human and rodent hearts include
a reduction in the number of myocytes (10, 11), myocyte hyper-
trophy (11, 12), cardiac fibrosis (13), lipofuscin pigment accumu-
lation (14), a reduction in calcium transport across sarcoplasmic
reticulum membrane (15), and alterations in the response to
�-adrenergic stimulation (16). Collectively, these alterations likely
contribute to age-related heart diseases being the leading cause of
mortality in the U.S. (17). CR reduces the severity of spontaneous
cardiomyopathy in male Sprague–Dawley rats (18) and prevents
age-associated alterations in late diastolic function in B6D2F1 mice
(19). At the molecular level, CR reduces the concentration of both
8-hydroxydeoxyguanosine in DNA (20) and dityrosine cross-linking
of proteins (21) in the heart of aging mice, and prevents somatic
mitochondrial genomic rearrangements associated with aging (22).

To infer mechanisms of aging in the heart and their possible
modification by middle age-onset CR, we obtained global gene
expression profiles by monitoring mRNA levels for 9,977 genes,

using high-density oligonucleotide arrays. To understand the effects
of aging on gene expression, the transcriptional activities of hearts
were measured in 5- and 30-month-old mice. To determine the
effects of CR on aging, transcriptional alterations were measured
for 30-month-old mice on CR since 14 months of age.

Materials and Methods
Animals and Dietary Manipulations. Male B6C3F1 mice (6–7 weeks
of age) were purchased from Harlan Sprague–Dawley. Mice
were housed singly and provided acidified water ad libitum. The
control group was fed 98 kcal�week of AIN-M semipurified diet
(Bioserv, Frenchtown, NJ), which is �15% less than the average
ad libitum intake. The CR group was gradually restricted from
14 months of age, being fed 78 kcal�week for the first month of
CR and 58 kcal�week (a 41% CR) thereafter. The restricted diet
was nearly isocaloric to the normal diet, but enriched in protein,
vitamins, and minerals to avoid malnutrition (23). Animals were
fed three times per week, a strategy supported by data showing
that the frequency and timing of meals for mice on CR does not
influence longevity (24). Mice were euthanized by cervical
dislocation. Tissues were frozen in liquid nitrogen and stored at
�80°C until use.

Target RNA Preparation, Hybridization, and Preliminary Data Analysis
by Affymetrix Algorithms. Total RNA was extracted from frozen
heart tissues and polyadenylate [poly(A)�] RNAs were isolated as
described (6). Detailed procedures for target preparation and array
image data analysis are available in Supporting Text, which is
published as supporting information on the PNAS web site, www.
pnas.org. We used five animals per group, and hybridized each
sample to independent DNA chips, because previous work from
our laboratory suggests that variability between individuals is higher
than variability observed in replicate hybridizations of the same
samples (25).

Statistical Analysis. To statistically evaluate the effects of age and
CR on gene expression levels, we conducted a multistep evalu-
ation procedure. In the first step, we used nonparametric
bootstrap hypothesis testing (26) to obtain a frequentist P value
for each gene. Part of our reason for having five animals per
group is that n � 5 in a two-group comparison offers a sufficient
number (�15,000) of unique bootstrap resamples. We used
10,000 resamples to compute P values to the level of 10�4. Gene
expression change was called significant when the P value
was �0.05.

In the second step, we used a mixture modeling approach (27)
that begins by using frequentist P values, but then incorporates
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them into a mixture model and ultimately produces posterior
probabilities (pp) for each gene. The pp is the Bayesian probability
that a gene with a frequentist P value less than or equal to that
observed is a gene for which there is a real difference between
groups in expression level. This procedure provides an omnibus test
of whether there is any overall effect of treatment on gene expres-
sion levels, an estimate of the total number of genes that have their
expression levels altered, and a model describing the distribution of
effects on gene expression levels (27).

Finally, we estimated the effect of CR on aging by using a
statistical procedure. First, we constructed an index that used all
genes to create a function on which old and young animals were
highly separated. We converted all genes to unit variance, and then
assigned them a coefficient in the function that was proportional to
their mean difference across the young and old groups. Once the
index was so constructed, we were able to test whether the young
and old animals differed significantly on the index. We conducted
100 simulations under the global null hypothesis to determine the
P value. Once it was determined that the young and old groups
differed significantly, we were next able to determine whether, on
this same function, the CR group was significantly different from
the old controls and, if so, what percent of the way on this function
they had moved toward being like the young controls. This provided
a quantitative estimate of the extent to which CR inhibits the
age-induced changes in gene expression levels. These estimates, as
well as the significance levels, were again determined by simulation.
This percent reduction was calculated as:

percent reduction �
�E�YCR	 � �CR � �OC
 � YCR

2�E�YCR	 � �CR � �OC

,

where E(YCR)��CR � �OC is the expected value of the mean index
score for the CR group under the null hypothesis of there being no
difference between the CR group and the old control group, and
YCR is the observed mean index value for the CR group.

Results
Overview of Aging- and CR-Induced Gene Expression Patterns. Of the
9,977 genes studied, 5,701 (57%) genes were expressed in the
5-month-old control group, 5,669 (57%) genes in the 30-month-old
control group, and 5,253 (53%) genes in the 30-month-old CR
group based on the Affymetrix algorithm. According to the boot-
strap test, 996 (10%) transcripts were significantly changed by aging,
whereas 2,075 (21%) transcripts were significantly changed by CR.
The number of genes was further reduced to 312 and 831 in the
aging and CR comparisons, respectively, after filtering by detection
decision and average FC (1.5 or higher). The proportions of genes
changed by aging and CR were 27% and 47%, respectively, as
estimated by the mixture model analysis, which takes into account
the P value distribution (Fig. 1 Upper). As long as the P value for
a given gene was �0.05, there was a 63% chance in the comparison
between the 30- and 5-month-old control group, and an 87%
chance in the comparison between the 30-month-old CR and
30-month-old controls, that the gene is truly differentially expressed
(the posterior probability; Fig. 1 Lower). The estimate for the global
CR inhibition effect on aging was �19% when using the percent
reduction equation described in Statistical Analysis (Fig. 2). Table 1
contains selected genes that are significantly changed in expression
by aging (P � 0.05), and display a fold change equal or greater than
1.5. Tables 2–6 contain all genes meeting statistical criteria and
gene identifier numbers, and are published as supporting informa-
tion on the PNAS web site.

Aging Results in Expression of Genes Encoding Structural Proteins.
Several genes involved in structural roles, such as extracellular
matrix (ECM) components, collagen deposition, cell adhesion, and
cell growth, were induced as a result of the aging process. These
include Smoothelin B, a cytoskeletal marker of smooth muscle cell

differentiation (28), Calponin 2, a smooth muscle contraction
modulator, and Troponin T1, which couples troponin C to actin-
myosin contractile machinery (29). Genes encoding junctional
proteins were also up-regulated, including Claudin-5, a component
of tight junctions, and Connexin 43, a component of gap junctions.
Some collagen family members were also up-regulated, including
Type XV collagen alpha 1, Type VI collagen alpha 3, Type IV
collagen alpha 1, and Type VI collagen alpha 2. These observations
are consistent with previous findings that the aging heart undergoes
ECM protein deposition (30), fibrosis (31), and cardiomyocyte
hypertrophy (11).

Aging Results in Expression of Genes Involved in Neurodegeneration.
Aging also resulted in a striking up-regulation of Cyclin-
dependent kinase 5 (Cdk5). Aberrant Cdk5 expression has been

Fig. 1. Distribution of P values and pp for 9,977 genes in the (a) aging
comparison (30- and 5-month-old control fed animals) and (b) CR comparison
(30-month-old CR and 30-month-old control diet-fed animals). (Upper) The
distribution of the P values for all genes representing in the oligonucleotide
array. The fitted model was a mixture of one uniform (. . .) and one beta (—)
distribution. The null (uniform) proportions were 0.7285 (a) and 0.5304 (b),
and the alternative (beta) proportions were 0.2715 (a) and 0.4696 (b). (Lower)
The pp of the 9,977 genes along with their corresponding P values.

Fig. 2. Global estimation of CR effect on aging. Both aging and CR significantly
affected global gene expression patterns. Old and young means would fall with
99% confidence in the region between the green lines if there were no global
effects of aging on gene expression. The region between blue lines denotes the
99% confidence interval for a global effect of CR on gene expression. The upper
orange line denotes the expected value of the CR mean if there was no aging
retardation by CR. The lower orange line denotes the expected value of the CR
mean if CR completely eliminated all effects of aging (i.e., if the population CR
mean equaled the population young mean). The estimate of the percent
CR inhibition in the transcriptional changes associated with the aging process
was �19%.
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observed in skeletal muscle following nerve injury (32), and also
in a number of neurodegenerative conditions (33). Another
surprising finding was a 6-fold increase in the expression of

Alpha synuclein, a major component of Lewy bodies (LBs), a
marker of neurodegeneration found in Parkinson’s disease. LBs,
as well as ubiquitin-positive degenerating neurites, are strongly

Table 1. List of selected genes altered in the expression by aging

Gene
FC,
age

%CR
effect

P
value pp

Glucose�carbohydrate�energy metabolism
Creatine kinase, brain 1.7 86* 0.0016 0.81
Homologous to human glucan (1,4-alpha-), branching enzyme 1 1.6 8 0.0427 0.64
Phosphofructokinase, liver, B-type 1.5 105* 0.0005 0.85
Pyruvate dehydrogenase kinase 4 �8.5 139* 0.0020 0.80
Fructose 1,6-bisphosphatase 2 �5.0 22* 0.0013 0.82
Uncoupling protein 3, mitochondrial �2.6 146* 0.0038 0.77

Fatty acid metabolism
Fatty acid transport into cytosol and mitochondrial matrix

Solute carrier family 27 (fatty acid transporter), member 1 �2.0 25 0.0055 0.76
CD36 antigen �1.8 �14 0.0363 0.65
Carnitine O-palmitoyl transferase I, mitochondrial liver isoform �3.3 46* 0.0004 0.86
Carnitine acetyltransferase �1.6 �15 0.0211 0.68
Mitochondrial carnitine�acylcarnitine translocase �1.5 73* 0.0011 0.82

Mitochondrial �-oxidation
Acyl-CoA thioesterase 1, cytosolic �5.1 71* 0.0007 0.84
Lipase, hormone sensitive �4.6 89* 0.0073 0.74
Acyl-Coenzyme A oxidase 1, palmitoyl �1.8 38* 0.0213 0.68
Carboxylesterase 3 �1.6 182* 0.0154 0.70
Peroxisomal delta3, delta2-enoyl-coenzyme A isomerase �1.6 174* 0.0054 0.76
Enoyl coenzyme A hydratase 1, peroxisomal �1.5 13 0.0486 0.63
Dodecenoyl-coenzyme A delta isomerase �1.5 26 0.0164 0.70
Alpha-methylacyl-CoA racemase 4.5 32 0.0103 0.72

Neurodegeneration
Cyclin-dependent kinase 5 6.3 74* 0.0051 0.76
Synuclein, alpha 6.0 �80 0.0046 0.76

Protein synthesis, modification, and turnover
Eukaryotic translation initiation factor 2, subunit 3, structural gene Y-linked �2.2 �10 0.0030 0.78
Eukaryotic translation initiation factor 4E binding protein 1 �1.7 19 0.0002 0.88
Homologous to human eIF4B �1.6 10 0.0122 0.71
Proteasome (prosome, macropain) 28, subunit 3 2.7 129 0.0262 0.67
Peptidylprolyl isomerase C 2.4 7 0.0062 0.75
Ubiquitin specific protease 23 1.6 210* 0.0085 0.73
Ubiquitin-like I (sentrin) activating enzyme EIA 1.5 115* 0.0334 0.65

Extracellular matrix proteins
Procollagen, type XV 3.4 134* 0.0285 0.66
Procollagen C-proteinase enhancer protein 2.1 60 0.0315 0.66
Type VI collagen alpha 3 subunit 2.1 189* 0.0134 0.71
Collagen alpha 1 (IV) 1.9 59* 0.0007 0.84
Hyaluronan synthase 1 1.7 0 0.0388 0.64
Serine (or cysteine) proteinase inhibitor, clade H, member 1 1.5 231* 0.0048 0.76

Structure, structural modulation, cell–cell interaction, and muscle contraction
Smoothelin 15.2 81 0.0275 0.67
Claudin-5 8.1 71* 0.0069 0.74
Sodium channel, voltage-gated, type 1, beta polypeptide 5.9 77* 0.0064 0.75
SWI�SNF related, matrix-associated, actin-dependent regulator of

chromatin, subfamily, member 1
4.2 23 0.0405 0.64

Actin, alpha 2, smooth muscle, aorta 2.2 28 0.0230 0.68
Integrin alpha 6 1.9 93* 0.0033 0.78
SWI�SNF related, matrix-associated, actin-F171 dependent, regulator of

chromatin, subfamily e, member 1
1.7 38 0.0209 0.68

Gap junction membrane channel protein alpha 1 1.6 159* 0.0073 0.74
Intercellular adhesion molecule 2 1.6 162* 0.0273 0.67
Troponin T1, skeletal, slow 1.6 21 0.0005 0.85
Calponin 2 1.6 67 0.0223 0.68
Ankyrin 1, erythroid 1.5 63 0.0338 0.65
Type 2 desmoglein �3.3 14 0.0086 0.73
NAD(P)� arginine ADP-ribosyltransferase �1.6 167* 0.0209 0.68
Gap junction membrane channel protein beta 5 �1.6 12 0.0131 0.71
Neuroepithelial cell transforming gene 1 �1.6 28 0.0018 0.81
Dynein, cytoplasmic, heavy chain 1 �1.5 39 0.0069 0.74

This table lists the genes of selected classes that were significantly (P value � 0.05, FC � 1.5) altered in expression with aging. The complete
list of genes that were significantly changed by aging, including gene identifier numbers, can be found in the supporting information. %CR
effectwascomputedas ((O � CR)�(O � Y)) � 100,whereO,CR, andYaretheaverage intensitiesof the30-month-oldcontrol,30-month-old
CR, and 5-month-old control groups, respectively.
*Significantly different between CR and O groups.
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immunoreactive with antibodies against Alpha synuclein (34,
35). The heart has dual sympathetic and parasympathetic inner-
vation, and recent findings have linked Alpha synuclein expres-
sion in the heart with sympathetic cardiac dysfunction in Par-
kinson’s disease patients (36).

Aging Results in Down-Regulation of Genes Involved in Fatty Acid
Metabolism. Several genes involved in lipid metabolism and fatty
acid oxidation (FAO), the major energy source in the adult heart,
were altered in expression as a result of aging (Table 1 and Fig. 3).
There was a concerted down-regulation of genes involved in fatty
acid transport to mitochondria, including Carnitine O-palmitoyl
transferase I (Cpt1), Carnitine acetyltransferase (Crat), Mitochon-
drial carnitine�acylcarnitine translocase, and Carnitine palmitoyl-
transferase 2 (Cpt2). Cpt1 esterifies the long-chain fatty acids to
carnitine (37), whereas Crat is specific for short-chain fatty acids.
Carnitine�acylcarnitine translocases transport fatty acids across the
mitochondrial membranes (38), and Cpt2 releases the fatty acids
from carnitine at the inner mitochondrial membrane. Also down-
regulated were Solute carrier family 27, which catalyzes the transfer
of long-chain fatty acids across the plasma membrane (39), and
CD36 antigen, which encodes a fatty acid translocase. Another
group of genes showing a decrease in expression in the old heart is
involved in lipolysis; this group includes Triacylglycerol hydrolase,
which mobilizes triacylglycerol from storage pools (40), Lipase,
hormone sensitive, which catalyzes the rate-limiting step in adipose
tissue lipolysis (41), and Acyl-CoA thioesterase 1, cytosolic, which
modulates the cellular levels of fatty acid-CoA ligands. Aging also

down-regulated several genes involved in fatty acid �-oxidation in
mitochondria (Table 1). Taken as a whole, the striking down-
regulation of genes involved in fatty acid metabolism is consistent
with previous observations of impaired mitochondrial function and
decreased palmitoylcarnitine-supported respiration in heart mito-
chondria from aged rats (42, 43).

Aging Results in a Transcriptional Shift Toward Carbohydrate Metab-
olism. A key enzyme involved in fuel selection is Pyruvate dehy-
drogenase kinase isoenzyme 4 (PDK4). PDK4 inhibits pyruvate
dehydrogenase and thus minimizes carbohydrate oxidation by
preventing the flow of glycolytic products into the tricarboxylic acid
cycle (44). We observed a dramatic down-regulation (8.5 fold) of
PDK4, suggesting a metabolic shift toward glycolysis in the aging
heart. This is also supported by the finding that the gene encoding
Fructose 1,6-bisphosphatase 2, a key enzyme in gluconeogenesis, is
markedly depressed (5-fold) in the aging heart. Phosphofructoki-
nase, an allosteric enzyme that controls the pace of glycolysis by
converting fructose 6-phosphate to fructose 1,6-bisphosphate is
also induced in the aging heart (Fig. 3).

CR Prevents Many Age-Related Alterations in Gene Expression in the
Heart. To determine the influences of CR effects on gene expres-
sion, 30-month-old mice on CR from 14 months of age were
compared with 30-month-old control fed mice. CR prevented most
aging-related gene expression changes in the main functional classes
either completely or partially (Table 1). Specifically, CR prevented
either completely or partially 134 of the 177 (75%) genes observed

Fig. 3. Genes involved in �-oxidation are reduced in expression as a result of aging. The transcriptional patterns also suggest that glucose utilization is
increased as a result of aging. Genes encoding enzymes involved in each metabolic step are italicized. All genes shown were altered in expression as a result
of aging, and the alteration in expression was either completely or partially prevented by CR. For fold-change data for each gene, and the specific
percentage inhibition of the age-related change by CR, see Table 1. Fold change for phosphoglycerate kinase and enolase was 1.1-fold (P � 0.05) and is
not listed in Table 1.
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to be altered as a result of aging. For example, CR completely
prevented the age-related increases in expression of several colla-
gen family members (Table 1). CR also completely prevented the
age-related down-regulation of PDK4 and the up-regulation of
Phosphofructokinase, whereas the 5-fold up-regulation of Fructose
1,6-bisphosphatase 2 was only marginally prevented (22%).

CR Markedly Suppresses the Expression of Genes Encoding Structural
Proteins. In addition to preventing aging-related changes in gene
expression, CR shifted transcriptional activity of genes that were
not changed in expression in response to aging in the hearts of the
control group. The largest transcriptional class affected by CR
encodes genes involved in structural roles, including ECM proteins,
and genes related to actin and tubulin structural modulation (see
Tables 3 and 4). CR suppressed the expression of type I, V, and VI
collagens. In addition, CR down-regulated genes related to post-
translational modification of collagen, such as Prolyl 4-hydroxylase
alpha-1 subunit and Procollagen-proline 2-oxoglutarate 4-dioxyge-
nase alpha II polypeptide. CR also down-regulated Laminin beta 2,
a major component of the basement membrane, and two actin
components, Actin alpha 1 and Actin gamma. In addition, CR
down-regulated the expression of several actin-binding and actin
cytoskeleton-modulating genes, including Tropomyosin 2, Plastin 2,
Fascin homolog 1, Cofilin 1, and Gelsolin. Tropomyosin stabilizes
the actin cytoskeleton, whereas plastins and fascins organize fila-
mentous actins into bundles (45–47). Cofilin enhances actin fila-
ment turnover (48), and gelsolin regulates actin assembly (49, 50).
These findings suggest major structural remodeling in response
to CR.

CR Markedly Suppresses the Expression of Genes Involved in Immu-
nity. CR suppressed the expression of genes encoding several major
histocompatibility complex (MHC) components (see Table 3);
MHC class I H-2B1, H-2Q2, H-2Q4alpha, H-2Kf, H-2K2, and
H-2D(b)alpha. Complement-related genes, which are involved in
innate immunity, were also down-regulated in a concerted fashion,
including the three genes encoding the complement component 1,
q subunits C1qa, C1qb, and C1qc. C1qbp (Complement component
1 binding protein), an inhibitor of C1q, was up-regulated in expres-
sion by adult-onset CR. Previously, McGeer and colleagues (51)
demonstrated that myocardial tissue locally expresses complement,
and that this expression significantly increases in response to
ischemia and reperfusion. Our results suggest that CR lowers the
expression of immune-related genes, which in turn may be associ-
ated with a lower proinflammatory status in the CR heart.

CR Modulates the Expression of Genes Involved in DNA Repair and
Apoptosis in the Heart. CR down-regulated the expression of several
DNA damage-inducible transcripts, including Chop-10, Gadd45a,
and a DNA polymerase beta homolog, suggesting lowered endog-
enous DNA damage in the heart (see Table 3). In contrast, CR
induced the expression of some constitutive DNA repair genes,
including genes encoding Rad50, Rad21, and Xpc. CR reduced the
expression of several apoptotic genes, including down-regulation of
the proapoptotic factors Bax, Bad, DNA fragmentation factor, and
Caspase 9 and 11. CR up-regulated the expression of the Mouse
inhibitor of apoptosis protein-2, the apoptosis inhibitor Bcl-x, and
two poorly characterized apoptosis-related genes, a Fas homolog
and Programmed cell death 1. These observations suggest that CR
modulates apoptosis in the heart, perhaps by enhancing DNA
repair and reducing endogenous DNA damage.

Discussion
The cardiac myocyte is the most energetically demanding cell in the
body, contracting repeatedly throughout the life span and requiring
large amounts of ATP and rapid ATP turnover (9, 52). In adult
hearts, fatty acids are the major energy source, whereas fetal hearts
primarily use glucose (53). Age-associated reductions in lipid

oxidation by heart mitochondria have been previously reported in
rats (54, 55). Our results at the transcriptional level are in agree-
ment with these observations, because we detected a marked
down-regulation in transcripts involved in �-oxidation (Fig. 3).
These observations suggest a shift with aging toward the use of
glucose and pyruvate as energy sources, as reflected by transcrip-
tional up-regulation of genes related to glycolysis in aged hearts
(Fig. 3). Aging also increased the transcription of genes related to
glucose uptake, such as Glut4 (1.4-fold; data not shown), and
down-regulated the transcription of the gene encoding a glycolysis
inhibitory enzyme, PDK4 that phosphorylates mitochondrial pyru-
vate dehydrogenase and inhibits its activity (56). Interestingly, these
observations are in contrast with our previous observations in
C57Bl6 mouse skeletal muscle, where aging down-regulated the
expression of genes associated with glycolysis, such as Alpha
enolase, Glucose 6-phosphate isomerase, and Glycerophosphate
dehydrogenase (6). Clearly, aging in different tissues leads to
unique transcriptional and metabolic alterations.

The postnatal activation of the mitochondrial energy production
pathway involves the expression of nuclear genes encoding enzymes
involved in fatty acid oxidation (FAO), and other proteins impor-
tant in mitochondrial energy pathways (57). During the develop-
ment of cardiac hypertrophy, the myocardial energy substrate
preference shifts back toward the fetal pattern, with a correspond-
ing reduction in the expression of FAO enzyme genes. Therefore,
the transcriptional patterns associated with aging are consistent
with an adult to fetal transcriptional shift typical of cardiac hyper-
trophy. In fact, when measuring heart weights before tissue pro-
cessing for the microarray experiment, we observed an increase in
average weights in the young and old groups from 214 mg to 278 mg,
respectively. Although not statistically significant (P � 0.19), this
age-related trend was not observed in the CR group (average
weight 211 mg). Other transcriptional alterations observed in aged
B6C3F1 mice consistent with a state of cardiac hypertrophy as
determined by previous DNA microarray profiling studies (58, 59)
include alterations in the expression of alpha actin isoforms, myosin
heavy chain, and multiple collagen-encoding genes (Table 1, and
see supporting information).

Age-related decreases in mRNA levels were also observed for
several genes involved in protein synthesis. Translation initiation
and elongation factors, including eIFs3y, eIF4ebp1, and Elongation
factor 2 were reduced in expression. Aging was also associated with
a concerted reduced mRNA levels for ribosomal components,
including Ribosomal proteins L10a, L10, L19, L21, L44, S16, S11,
S6, S5, S4x, S3a, and S3. These alterations displayed small fold
changes between �1.3 and �1.1 (representing 10–30% decreases
in mRNA levels), but were statistically significant (P � 0.05, and pp
�60%). Possibly, these alterations reflect decreased protein syn-
thesis as an adaptation to impaired ATP production. A decline in
synthesis rate of protein in skeletal muscle has been observed from
young to middle age in humans (60), and also in the hearts of aged
rats (61). Our observations suggest that declining ribosomal activity
may be a feature of aging in the heart.

Forty-four percent of the alterations in genes that were signifi-
cantly decreased or increased in expression with aging by 50% or
more were inhibited by at least 50% by adult-onset CR. In addition
to preventing age-related changes in gene expression, CR also
affected unique transcriptional categories that were not affected by
aging. CR suppressed genes involved in antigen presentation, such
as major histocompatibility complex (MHC) class I histocompati-
bility components. In addition, nonspecific lysosomal proteases,
which produce peptide fragments for display by the MHC, were
down-regulated by CR. Transcripts encoding complement C1q
alpha, beta, and gamma chains were simultaneously down-
regulated by CR, whereas the expression of C1qbp, which binds to
the globular heads of C1q thus inhibiting C1 activation, was
increased by CR. Based on these observations, it appears likely that
CR suppresses the innate immune response. Because complement
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contributes to tissue damage induced by reperfusion (62), these
findings suggest mechanisms involved in cardioprotection by CR.

CR also altered the expression of genes involved in apoptosis.
Most of these alterations were consistent with a reduction in
apoptosis-inducing signals in the heart, perhaps because of the fact
that endogenous DNA damage, as determined by the concentration
of 8-hydroxydeoxyguanosine, has been shown previously to be
lower in multiple tissues of CR mice as compared with mice fed ad
libitum diets (20). In both humans and animals, the aging process
in the heart has been associated with a decrease in the total number
of myocytes and reactive hypertrophy of the remaining cells (11,
63). Loss of myocytes in the aging heart may be due to apoptosis,
which has been linked to cytochrome c release and oxidative stress
(64). Based on the transcriptional profile of the hearts of CR mice,
we suggest that CR protects myocytes from age-associated death, a
conclusion that is consistent with the previous observation that CR
prevents cardiomyopathy in rats (65, 66).

Surprisingly, we found no evidence that aging in the heart is
associated with a transcriptional profile indicative of an oxidative
stress response, as previously demonstrated for skeletal muscle (6)

and brain (7) of C57Bl6 mice. As a whole, CR affects the expression
of more genes in the heart than the aging process (21% vs. 10%).
Possibly, alterations in the expression of genes involved in specific
transcriptional classes, such as DNA repair, apoptosis, and immu-
nity, mediate the effects of CR on the retardation of the aging
process, whereas inhibition of most age-related alterations may
simply reflect the fact that CR animals are physiologically younger.
We also note that many of the alterations in gene expression
observed with aging or CR may be associated with changes in cell
populations in the heart. Importantly, when combined to our
previous studies, our data suggest that each organ undergoes
unique aging alterations at the transcriptional level. Therefore, to
evaluate aging interventions by using DNA microarrays, it may be
useful to identify transcriptional markers that represent various
biochemical pathways altered with aging in specific tissues. The use
of DNA microarrays representing the entire genome should allow
for the rapid development of this resource.
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