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ABSTRACT

Heart disease remains the most frequent cause of
death in the general population with increasing inci-
dence in the elderly population. The pathologic
failure of the aging heart may be related to structural
and functional alterations in cardiac muscle cells.
However, the molecular mechanisms underlying the
aging-related decline in cardiac muscle function are
largely unknown. To provide the ®rst analysis of
cardiac aging at the level of gene expression, we
established and compared cDNA libraries from
apparently healthy young and aged mouse ventricu-
lar cardiac muscle cells. We report the identi®cation
of genes that exhibit aging-related changes of
mRNA levels. Aging expression pro®les in aged
hearts indicate decreased cellular adaptation and
protection against stress-induced injury together
with the development of contractile dysfunction.
The data suggest reduced activity of the mitochon-
drial electron transport system and reduced levels
of cardiac-speci®c transcription regulators. The
cardiomyocyte aging pro®le of gene expression
displays similarities with known heart disorders.
Genes whose mRNA levels change with aging in
cardiomyocytes might profoundly affect patho-
logical changes in the heart.

INTRODUCTION

The genetics of aging is one of the biggest challenges to
genomic and medical research. The ultimate genomic goals
are the understanding of the dynamic network of genes, its
effect on the aging process, interaction with disease, and organ
speci®city (1). It has been proposed that the genetic
component of aging is small (2), however, studies with
centenarians have provided evidence that genes most likely
play a prominent role in the ability to achieve older age (3).

Although the heart is the focus of major problems in the
aging population and aging-related heart disease is the most
frequent cause of death, at present, genetic analysis of cardiac

aging is not available. Cellular aging is commonly associated
with the instability of the nuclear and mitochondrial genomes
and oxidative protein damage because of long-term exposure
to reactive oxygen species. Cardiac myocytes, however, are
highly specialized high-oxygen-content cells that generally do
not divide. Therefore, errors in nuclear DNA duplication and
replicative senescence should not be critical in their aging.
The cardiac myocytes, however, house a large number of
mitochondria that are dividing. Somatic mutations in the
mitochondrial genome are documented with aging. These
mutations have the potential to in¯uence mitochondrial
functions, which in turn may in¯uence functions in the
nuclear genome. Mitochondrial electron transport abnormal-
ities because of DNA deletion mutations can result in
oxidative cellular protein damage. Oxidative protein damage
may directly cause changes in transcription factors, chromatin
structure and function. With aging, these changes can result in
alterations of nuclear gene expression, mRNA stability or
both.

Searching for cardiac muscle cellular genes that change
expression levels during aging would lead to a better
understanding of decreased cardiac performance with aging.
We applied a combination of four different methods to screen
directly for differences in gene expression levels in cardiac
myocytes from young and aged mouse hearts. We found 43
genes that accumulate at different levels with age. The levels
of these genes did not change signi®cantly from animal to
animal. Our results clearly indicate the presence of cardiac-
speci®c aging gene candidates. We also found that the
cardiomyocyte aging pro®le of gene expression displays
similarities with known heart disorders.

MATERIALS AND METHODS

Adult mice hearts

Hearts were obtained from C57BL/6 mice with no clinical
evidence of heart failure such as labored breathing, ascites,
and signi®cant weight gain or weight loss.

Adult mouse cardiomyocytes

Left ventricular cardiac myocytes (LVCs) were enzymatically
dissociated from the left ventricle according to a previously
published protocol (4) with slight modi®cations. Hearts from
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young animals were perfused for 20 min and old hearts were
perfused for 25 min. Each heart from young animals yielded
approximately 2±3 3 106 cells and from aged animals
0.7±1.0 3 106 contracting rod-shaped cells. The purity, the
shape and the contractility of the myocyte preparations were
inspected by light microscopy. Cells were also inspected for
sarcolemma structure by confocal microscopy with FITC-
labeled rabbit antibodies (Sigma), which are speci®c to
cardiac alpha actinin. The accumulation of auto¯uorescent
material with aging was monitored by confocal microscopy
(excitation at 500 nm). Freshly isolated cardiomyocytes
typically contained >90% rod-shaped cells and <1% of non-
myocytes. Cells were used immediately for preparation of
RNA or for microscopy. Young C57BL/6 adult male mice
were 4 months old and the aged C57BL/6 adult male mice
were 20 months old. Retired C57BL/6 male breeders (Jackson
laboratory) were used after reaching the age of 20 months or
delivered from the National Institute of Aging at the age of
20 months.

Differential gene subtraction

For differential gene expression analysis, we used the PCR-
based cDNA subtraction procedure (Clontech). LVCs isolated
from male and female hearts were used for the isolation of
total RNA as suggested by the manufacturer (Qiagen). cDNA
libraries were prepared using the SMART cDNA Synthesis
Kit (Clontech) as suggested by the manufacturer. Subtraction
hybridization was routinely performed with 600 ng of driver
cDNA that was mixed with 20 ng of the tester cDNA.
Subtracted fractions were then ampli®ed by selective PCR
using the Advantage cDNA PCR Core Kit (Clontech). The
subtraction ef®ciency was determined by virtual northern blot
analyses as suggested by the manufacturer. Differential
subtractions were independently conducted with six cDNA
libraries prepared from hearts from both ages (12 young
C57BL/6 male and 12 old C57BL/6 male mice).

Cloning and analysis of subtracted products

The subtracted cDNAs were ligated into Zero Blunt TOPOÔ
cloning vector (Invitrogen) and transferred to DH5a
Escherichia coli. The positive clones were identi®ed follow-
ing standard procedures. In brief, the tester and the driver
cDNA fractions were 33P radioactively labeled and used for
the colony hybridization. The clones that hybridize to the
tester probe but not to the driver probe represent differentially
expressed mRNAs. These clones were isolated and each
cDNA fragment from the positive clones was used as a probe
to con®rm its differential expression by virtual northern
blotting. Con®rmed positive clones were sequenced using a
310/317 Genetic Analyzer (Applied Biosystems). Sequence
data were compared with the GenBank database using the
BLAST program at the National Center for Biotechnology
Information (National Institutes of Health, Bethesda, MD).

Northern blotting

We routinely used 2 mg of RNA, which was separated on a
0.7% agarose gel, denatured and then blotted onto a nylon
membrane (GeneScreen plus; NEN). Hybridization with the
radioactively labeled probes was performed according to
standard protocols in Quick Hybrid solution (Stratagene). We
analyzed the RNA pool made from 10 male and 10 female

C57BL/6 mouse heart LVC preparations. Using pairwise,
young and respectively aged mice RNA pools, comparisons
were made with [33P]dATP radioactively labeled (Prime-It II;
Stratagene) individual cDNA clones. The radioactive hybrid-
ization signal was visualized after 2±6 days exposure using the
PhosphorImaging system, NIH Image and Adobe PhotoShop
software.

Differential gene expression analysis by DNA array

An alternative method to analyze gene expressions was
performed using DNA-arrayed membranes. We developed a
DNA array with immobilized oligonucleotides that recognize
the 3¢ end of the mRNAs of the differentially expressed genes.
To ensure gene-speci®c hybridization for each gene, 20 fmol
of two to four different 60 bp oligonucleotides (MWG
Biotech) were spotted onto hybridization transfer membranes
(GeneScreen plus) with a 1536-pin replicator (V and P
Scienti®c, CA). The selected oligonucleotides satis®ed the
following criteria: Tm within 85±95°C; absence of secondary
structure; and absence of cross-hybridization veri®ed by
querying each oligonucleotide against the expressed sequence
tag (EST) database. Blank spots without oligonucleotides
were included for evaluation of background caused by non-
speci®c interactions of individual probes with the membrane.
For the array analysis the cDNA libraries were labeled with
[33P]dCTP (Prime-It II). Labeled cDNA was puri®ed from free
[33P]dCTP by a QiaQuick PCR column (Qiagen) and heat
denatured before hybridization to the membrane array. After
washing and exposure, the spot reading on the membranes was
performed with the PhosphorImager. Matrix overlay maps
spotted oligonucleotides on the array. In a single experiment,
two or three identical membranes were hybridized with each
of the radioactively labeled cDNA libraries and analyzed.
Individual cDNA libraries from eight young and eight old
male hearts were labeled and used separately for hybrid-
ization. The data were imported into Microsoft Excel spread-
sheets. The data from different arrays were normalized using a
set of highly and steadily expressed genes, and the probes with
hybridization below background noise were excluded from the
analysis. The readings of each oligonucleotide probe averaged
among replicate arrays hybridized with the same cDNA were
considered independent measurements. All such measure-
ments obtained from old animals were pooled to make the
`old' sample, and all from the young made up the `young'
sample. The hypothesis that a gene was differentially
expressed in the old as compared with the young hearts was
tested by calculating the corresponding P-value using the
native Excel t-test option.

Gene expression analysis by Affymetrix gene chips

We analyzed total RNA from two sets of six mice indepen-
dently. cDNA was labeled and hybridized to the gene chip
(murine genome array U74Av2) in the Affymetrix facility at
Beth Israel Deaconess Medical Center. The data analysis of
the micro-arrays was performed using Affymetrix software.
Pairwise comparisons between individual mice were made
using Excel software as recommended by Affymetrix.
Changes higher than 1.2-fold were considered as a difference
and they were included in the tables. The data analysis of the
micro-arrays was performed in the Affymetrix facility. Each
gene in the Affymetrix array was represented by perfectly
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matched (PM) and mismatched (MM) control oligonucleo-
tides. Fluorescence intensity was read for each oligonucleotide
to calculate the average signal intensity (SI) for each gene by
subtracting the intensities of the PM from the intensity of the
MM control, after discarding the maximum, the minimum and
any outliers beyond three standard deviations. The effects of
aging were determined by comparing each young (a mixture
from six young hearts) with each old (a mixture from six old
hearts) cRNA, generating two pairwise comparisons. The data
reported in Table S1 of the Supplementary Material, represent
the average fold changes obtained through the two pairwise
combinations. The calculations were performed by an
Affymetrix algorithm.

RESULTS

To ®nd cardiac-speci®c `aging genes', we ®rst constructed
cDNA libraries from total RNA of puri®ed LVCs from
C57BL/6 mouse male hearts at age 4 months (young) and at
age 20 months (aged). The isolated LVCs contained typically
>90% rod-shaped cardiomyocyte cells (Fig. 1). Confocal
microscopy revealed the expected presence of the auto¯uores-
cent cytoplasmic lipofuscin inclusions in the aged cells
(Fig. 1B) (5,6). Signi®cantly fewer ¯uorescent inclusions
were observed in LVCs from young mice (Fig. 1A) (5). We
®rst compared RNA levels from both ages by the cDNA
differential subtraction method. Three hundred and sixty
individual clones from the subtracted cDNA libraries were
sequenced to identify the differentially expressed genes. We
found clones that were present in the young cDNA libraries at
a signi®cantly higher level than in the aged libraries (Table 1,
D), as well as other clones that are induced in aged LVCs
(Table 1, U). The proportion of mitochondrial RNAs was
relatively high (48%) in the libraries from both groups, most
likely because of the high copy number of mitochondrial
genomes per cardiac muscle cell and the presence of tandem
A-run sequences.

To further validate the data, we analyzed mRNA expression
in young and aged LVCs applying northern blotting. Equal
amounts of total RNA from young and aged LVCs were
probed for signals from 34 of the differentially expressed
genes. Examples of the northern blot assays are displayed in
Figure 2. To con®rm results from the cDNA subtraction
experiments and to verify the reproducibility of aging-related
differential gene expression in individual mouse preparations,
we performed expression analysis experiments using an
oligonucleotide array. We developed an array for differen-
tially expressed genes. In addition, we included probes for 120
genes previously identi®ed to play roles in the cardiac muscle
specialized functions (Fig. 3). We performed eight sets of
independent hybridization experiments with identical array
membranes and radioactively labeled cDNA libraries from
individual hearts. We also conducted two sets of analyses with
an independent gene array containing 6000 mouse genes and
ESTs. The results of the gene array comparative assays are
presented in Table S1 of the Supplementary Material. To
further validate the data, we analyzed mRNA expression in
young and aged LVCs applying northern blotting. Equal
amounts of total RNA from young and from aged LVCs were
probed for signals from 34 of the differentially expressed
genes. Examples of the northern blot assays are shown in
Figure 2.

We found 43 RNAs that accumulate at different levels with
male mouse strain C57BL/6 age. Their levels did not change
signi®cantly from animal to animal (Table 1). Five of these
clones have not been reported previously in the gene bank.

DISCUSSION

Our results indicate that the induction of an oxidative stress-
induced transcriptional response may be a common feature of
cellular aging in cardiac and in skeletal muscle of rodents and
primates, but the extent to which aging modi®es these
responses may be cell speci®c.

Figure 1. Confocal microscopy of LVCs from healthy young and aged mouse hearts. Anti-alpha actinin±FITC conjugated antibodies (green) were used to
label the alpha actinin distribution in the contractile apparatus. The auto¯uorescent lipofuscin inclusions (pink and yellow) were visualized with the Texas red
®lter. Nuclei are labeled with arrows. Pictures were taken at magni®cation 3600 and simultaneously with three of the ®lters. (A) LVCs from young animals.
(B) LVCs from aged animals.
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Our results indicate that the expression of several members
of the stress-responsive heat-shock protein (Hsp) family is
modulated by aging (Table 1, Figs 2 and 3, Table S1 in
Supplementary Material). Changes in the oxidative stress-
induced transcriptional response may be a common feature of
skeletal (7,8) and cardiac muscle aging. The mRNA for the
inducible Hsp70 and Hsp25 decreased in aged LVCs. A
similar aging pattern was observed in mouse and monkey
skeletal muscle cells (7,8). The accumulation of Hsp70 in
cardiac cells after heat stress is known to protect the
myocardium from ischemic injury (9). We found that the
aged LVCs expressed less hsc70 and a B-crystallin mRNAs.
One of the roles of the constitutively expressed hsc70 is to
bind to misfolded polypeptides to deter inappropriate inter-
actions, which may lead to aggregation and loss of function
(10,11). a B-crystallin has been shown to protect against
hyperthermia, hypertonic stress and various cytotoxic agents,
and its ectopic expression in adult rat cardiomyocytes leads to
increased protection against ischemic injury (12). We found
that Hsp32 mRNA was present in young LVCs and undetect-
able in cDNA libraries from aged LVCs. Hsp32, also known as
heme oxygenase 1 (HO-1), is inducible in many tissues by
various agents, including heme compounds, heavy metals,
sulfhydryl reagents and hydrogen peroxide (13). The heart is
rich in cytochromes and is a site of heme synthesis, the
substrate for HO-1 (14). The reduced expression of Hsp32
mRNA might signi®cantly contribute to changes in myocar-
dial mechanisms of cellular adaptation and sensitivity to
environment.

It is not known exactly how changes in Hsp transcript levels
contribute to the decline of cardiac performance with age. The
precise mechanism by which heat-shock proteins confer LVC

Table 1. mRNAs that decrease or increase in LVCs from aging mouse
hearts compared with those from young mouse hearts

The table lists mRNAs that were selected ®rst in differential gene
subtraction and the differences were next con®rmed by northern blot
analysis (1), by DNA array (2) and by Affymetrix gene chip (3) as indicated
in the last right column. Identity of columns, from left to right: GenBank
accession number; name of gene encoding mRNA; change in mRNA steady
state level with aging, decrease (D), increase (U). Some of the differentially
expressed genes are not presented in the Affymetrix gene chip. For these
clones `3' is not added to the last column. For clones that are not present in
the DNA array we developed, `2' is not added to the last column.

Figure 2. Representative northern blot analyses con®rming changes in
mRNA levels. Total cellular RNA samples (2 mg) from young and aged
LVCs were examined by northern blot analysis. Genes to which the probes
correspond are identi®ed to the left of the autoradiograms. Y, young LVCs;
A, aged LVCs. Probes were radioactively labeled differentially expressed
cDNA fragments. The level of mRNA speci®c for beta actin did not change
signi®cantly with aging and was used as an internal control.
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protection remains to be elucidated. This knowledge ultim-
ately would help in developing pharmacological methods to
improve the aging heart's ability to respond to environmental
and oxidative stresses.

We also found age-related changes in RNA levels in
mitochondrially encoded transcripts. Constituents of the
mitochondrial respiratory chain such as the mitochondrially
encoded cytochrome b and cytochrome c oxidase subunit 3
were decreased in aged LVCs. Cytochrome b, a catalytic
subunit of complex III, is directly involved in electron
transfer. A decrease in both of these enzymatic activities
with aging has been previously demonstrated (15). In mouse
and monkey skeletal muscle cells mRNAs levels for some of
the nuclear encoded subunits of these enzymes decline with
aging (8,16). Although LVCs house a large number of
mitochondria, the ATP consumption in these cells is high
and the loss of metabolic activity in a certain number of
mitochondria might result in cardiac life span shortening.

We observed less mitochondrial creatine kinase (Mi-CK)
mRNA in aged LVCs. The Mi-CK enzymatic activity also
declines with aging as does the steady state level of the Mi-CK
mRNA (data not shown). Mi-CK octamer±substrate com-
plexes have a stabilizing and protective effect against
mitochondrial permeability and pore opening (17). In mouse
skeletal muscle, the steady state level of this enzyme increases
with aging (8,16). The cytosolic creatine kinase mRNA and
enzymatic activity in LVCs (data not shown), however, were
found to increase slightly with aging. Cytosolic creatine
kinases play a crucial role in the energetics of Ca2+-
homeostasis (18). It is possible that with aging, cardiac
muscle cells switch on compensatory mechanisms that cause
elevated activity of the cytosolic creatine kinase.

Aging is associated with changes in mRNA level from
genes whose proteins play a role in the LVC contractile
apparatus. For example, the mRNA level for dystrophin was
reduced with aging. In humans, the cardiomyopathies associ-
ated with Duchenne muscular dystrophy (19), Becker muscu-
lar dystrophy (20) and X-linked dilated cardiomyopathy are all
caused by defects in the dystrophin gene (21). Since
dystrophin-de®cient mice have an increased vulnerability to
acute pressure overload in vivo the aging-associated reduced
dystrophin mRNA level might contribute to a reduced
threshold for the development of contractile dysfunction
upon exposure to increased levels of mechanical stress (22).
There was aging-speci®c decreases in mRNA for a tropo-
myosin, a skeletal actin and sarcoplasmic reticulum Ca2+-
ATPase (SERCA2) transcripts in aged LVCs (Table 1, Figs 2
and 3, Table S1 in Supplementary Material). SERCA2 plays a
key role in the contraction±relaxation cycle of the myo-
cardium by controlling the intracellular Ca2+ concentration. A
reduction in the SERCA2 mRNA level because of transcrip-
tion repression has been documented in all models of heart
failure, including human failing ventricles (23,24). None of
these contractile apparatus protein genes has been associated
with aging of mouse and rhesus monkey skeletal muscle (7,8).
The LVC contractile apparatus most likely ages differently
from that of skeletal muscle because of its signi®cant
functional difference, namely the continuous necessity of
cardiac myocytes to produce force and motion.

The mechanism of aging modulation of mRNA levels
remains to be determined. Aging could at least in part
modulate the stability of certain mRNAs by a heat-shock
protein±ubiquitin±proteasome pathway through the reduced
level of Hsp70 (25). Aging might either induce or fail to
trigger a pathway that leads to repression or activation of the
transcription promoters. The levels of transcription factors
could also be modulated. The Nkx2.5, GATA4, c-jun and
Jun B mRNA levels declined with aging (Table 1, Figs 2 and
3, Table S1 in Supplementary Material). Jun homo- and
hetero-dimers regulate transcription in response to stimuli of
several genes by interacting with the AP-1, phorbol 12-O-
tetradecanoate 13-acetate- and cAMP-response promoter
elements (26). Concerted changes in the SERCA2 (27),
cytochrome c (28), actin isoforms (29) and some of the heat-
shock protein mRNA levels (30) may be a direct effect of the
reduced levels of c-jun and junB with aging. AP-1 and
GATA4 are both involved in the response to the cardiac
pressure overload (29). AP-1 and GATA4 are targets of
signaling cascades (31,32). Differences in response to stress

Figure 3. DNA arrays were used to con®rm differential gene expression
pro®les. Identical DNA array membranes were probed with individual 33P-
labeled cDNA libraries prepared from (A) young and (B) aged LVCs.
Arrays contain oligonucleotide probes that are speci®c for the 45 differen-
tially expressed clones and for 120 additional genes with known function in
the cardiac muscle cells. Bottom panels of (A) and (B) show an enlargement
of the boxed portions in the top panels. Matrix overlay maps the individual
oligonucleotides for each of the genes. Hybridization position of some of
the differentially expressed genes in the magni®ed region: 1 and 2, cyto-
chrome NADH dehydrogenase subunit 1; 3 and 4, cytochrome c oxidase,
subunit 3; 5 and 6, cytochrome b; 33 and 34, cardiac myosin light-chain; 41
and 42, a B-crystallin; 65 and 66, Hsp25.
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may occur because of aging-related changes in protein
phosphorylation or oxidative protein damage of cascade
members. GATA4 ®ne-tunes cardiac myocyte-speci®c gene
expression together with Nkx2.5 (33,34). The reduced Nkx2.5
mRNA level in aged LVCs coincides with the reduction of
connexin-43 and cardiac myosin light-chain mRNAs. Nkx2.5
was previously shown to regulate the expression of both genes
(35,36). The cardiac phenotype of mice expressing the mutant
Nkx2.5 are in some ways similar to the aging heart (36). Both
result in progressive cardiac conduction defects that may lead
to heart failure.

The down regulation of these transcription factors may be
important for the transition and establishment of an `aged
mode' of LVC transcription regulation of gene expression.

Although we might ®nd some additional expression differ-
ences by applying less stringent conditions and testing a larger
number of animals, our results suggest that aging alters
expression in the ventricular cardiac muscle of the mouse.
Aging in¯uences gene expression in different cell types, some
of which respond differently than the ventricular cardiac
myocytes suggesting that aging gene expression pattern might
differ according to the specialized cellular functions. It is not
known exactly how the subset of mRNAs is selected for
expression changes with LVC aging. It is not known if the
LVC aging gene expression pro®le in cardiac myocytes from
C57BL/6 mice displays similarities with the pro®les of other
mouse strains and of other mammalian species. It is not known
if there is a connection between the pathways that lead to
accumulation of the auto¯uorescent lipofuscin inclusions and
to the LVC aging gene expression pro®le. We propose that
several cellular genes whose mRNA levels change with LVC
aging might profoundly in¯uence the age-related pathologic
changes in the heart.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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