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Abstract
Background: Age is a major risk for cardiovascular diseases. Although mitochondrial reactive
oxygen species (ROS) have been proposed as one of the causes of aging, their role in cardiac
aging remains unclear. We have previously shown that overexpression of catalase targeted to
mitochondria (mCAT) prolongs murine median lifespan by 17-21%.

Methods and Results: We used echocardiography to study cardiac function in aging cohorts of
wild type (WT) and mCAT mice. Changes found in WT mice recapitulate human aging: age-
dependent increases in left ventricular mass index (LVMI) and left atrial dimension, worsening of
the myocardial performance index (MPI), and a decline in diastolic function. Cardiac aging in
mice is accompanied by accumulation of mitochondrial protein oxidation, increased mitochondrial
DNA mutations and deletions and mitochondrial biogenesis, increased ventricular fibrosis,
enlarged myocardial fiber size, decreased cardiac SERCA2 protein and activation of the
calcineurin-NFAT pathway. All of these age-related changes were significantly attenuated in
mCAT mice. Analysis of survival of 130 mice demonstrated that echocardiographic cardiac aging
risk scores were significant predictors of mortality. The estimated attributable risk to mortality for
these two parameters was 55%.

Conclusion: This study shows that cardiac aging in the mouse closely recapitulates human aging
and demonstrates the critical role of mitochondrial ROS in cardiac aging and the impact of cardiac
aging on survival. These findings also support the potential application of mitochondrial
antioxidants in ROS-related cardiovascular diseases.
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Cardiovascular diseases are highly prevalent in the geriatric population. Age is a major risk
factor for cardiovascular disease, at least in part because it prolongs exposure to
hypertension, diabetes, hypercholesterolemia and other cardiovascular risks. However,
intrinsic cardiac aging, the slowly progressive structural changes and functional declines
with age, also makes the heart more susceptible to stress and contributes to increased
cardiovascular mortality and morbidity in the elderly.

Epidemiological data from the Framingham Study and the Baltimore Longitudinal Study on
Aging showed that in healthy populations there is an age-dependent increase in the
prevalence of echocardiographic left ventricular hypertrophy (LVH), a decline in diastolic
function, relatively preserved systolic function (ejection fraction) at rest, but a decline in
exercise capacity (maximal ejection fraction) and an increased prevalence of atrial
fibrillation1. LVH is well known to increase the risk of coronary heart disease, stroke and
sudden death. Diastolic heart failure, heart failure with diastolic dysfunction but preserved
systolic function, is a major contribution to congestive heart failure and exercise intolerance
in the elderly population. Given demographic projections, heart failure is likely to become
the major cause of hospital admissions and mortality in North America2.

According to the mitochondrial variant of the free radical theory of aging, reactive oxygen
species (ROS) produced mainly in the mitochondria attack mitochondrial constituents,
causing mitochondrial DNA (mtDNA) damage and mitochondrial dysfunction, leading to
further production of ROS, increases in oxidative damage to lipids and proteins and declines
of cellular and organ function that contribute to death3. We have recently shown that while
both point mutations and deletions in mtDNA accumulate with aging, mtDNA deletions are
likely to drive the aging process4. As a vital organ rich in mitochondria and high in oxygen
utilization, the heart is especially prone to oxidative damage. Together with the fact that
cardiovascular diseases are the leading cause of death in humans, we hypothesized that in
the absence of other cardiovascular risks, cardiac aging would be a predictor of mortality.

In this report we have made use of a transgenic mouse model in which catalase is
overexpressed and targeted to mitochondria (mCAT) in order to 1) clearly define cardiac
aging phenotypes in a murine model of aging and investigate their plausible molecular
mechanisms; 2) investigate the impact of reductions in mitochondrial ROS on cardiac aging;
and 3) investigate the impact of cardiac aging on all-cause mortality.

Methods
See the online supplement for additional detail.

Animal Longevity Cohort and Echocardiography
C57Bl6 mice in the longevity cohort were maintained as described7. This study comprised a
cross-sectional sample of 170 mice from this cohort with n=20-30 mice in each group. Mice
were not subjected to any invasive experimentation other than echocardiography.
Echocardiography was performed with Acuson CV-70 (Siemens) using standard imaging
planes: M-mode, conventional and Tissue Doppler imaging. All protocols were approved by
the University of Washington Institutional Animal Care and Use Committee.

Dai et al. Page 2

Circulation. Author manuscript; available in PMC 2010 June 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Biochemical and Molecular Analysis
Gene expression, mitochondrial DNA copy number and mutation frequency assays were
performed using quantitative PCR. Mitochondrial protein carbonyl and calcineurin activity
assays were determined using commercial kits. Measurement of cardiac angiotensins was
performed with a tandem quadrupole mass spectrometry coupled to a HPLC. For study of
calcium-transients, cardiomyocytes were isolated by an enzymatic method, then loaded with
Fluo-4 and electrically stimulated at 1Hz. Ca-transient fluorescence was collected using an
IonOptix system5.

Statistics and Survival Analysis
Continuous variables with normal distribution are presented as mean ± standard error of the
mean. Those significantly skewed are presented as boxplots (median, 25% and 75%) and an
“x” within the box to indicate the mean. Standard t-tests, ANOVA and linear regression
were applied as appropriate to detect the statistical differences between genotypes or age
groups. P-values are shown uncorrected for multiple-testing. To be more conservative, a
Bonferroni correction (n=2) can be applied to t-test comparisons between young wild-type
(WT) vs. old WT and old WT vs. old mCAT groups, after which p<0.025 would be
considered significant. To investigate the effect of cardiac aging on survival, we chose
variables representing structure (LVMI) and function (MPI), a priori, to create a cardiac
aging risk score. Univariate Cox regression was used to verify a strong association between
these variables and mortality. We then included both age-adjusted functional decline (MPI)
and structural changes (LVMI) in a multivariate analysis to generate the semi-parametric
maximum likelihood estimate of the best fitting linear combination of MPI and LVMI score
in predicting subsequent mortality (ß2 MPI + ß3 LVMI in model 1 Table 1). We define this
linear combination to be the “cardiac aging risk score”; Kaplan Meier curves stratified on
the risk score tertiles are used to illustrate the differences in risk as the score increases. Log
rank test p-values serve as descriptive statistics for the strength of the differences in survival
between tertiles. To approximate the attributable risk fraction of cardiac aging on mortality,
we calculated the difference between the incidence of the all-cause mortality rate of mice
with risk scores in the highest tertile and the incidence in those with scores in the middle and
lowest tertiles6.

Results
MCAT attenuates the cardiac aging phenotype

There were no differences in body weight or food consumption between mCAT and WT
mice7. There were no significant differences with age or genotype in blood pressure, heart
rate, pulse pressure, fasting plasma glucose or total-cholesterol in the mouse longevity
cohort (STab 1). This is consistent with a low incidence of conventional cardiovascular risks
in these C57Bl6 mice8.

Echocardiography was performed in 90 mCAT and 80 WT littermate mice across a wide
range of ages in a mouse longevity cohort. Despite the absence of cardiovascular risk
factors, we found significant age-dependent linear trends for all parameters (p <0.001 for all
except for FS, p=0.005). Left ventricular mass index (LVMI, Fig. 1A) was 76% higher in
the oldest group compared to the young adult group. Left atrial dimension was significantly
increased by 35% with age (Fig. 1B). Systolic function measured by fractional shortening
showed a 12% decline from young adult to the oldest group (Fig. 1C). Tissue Doppler
Imaging revealed an age-dependent decline in Ea/Aa, from 1.69 ± 0.3 in young adult to 0.95
± 0.4 in the oldest (Fig. 1D). The prevalence of diastolic dysfunction, defined as Ea/Aa <19,
was dramatically increased to 55% in the oldest age group (Fig. 1E). The myocardial
performance index (MPI) was significantly increased (worsened) with age (Fig 1F),
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consistent with the age-related declines in systolic and diastolic function. These
abnormalities mimic closely the age-related echocardiographic changes in human cardiac
aging previously reported in healthy human populations1.

The age-related changes in all of the above echocardiographic findings were significantly
delayed and attenuated in age-matched mCAT littermates. In the oldest age group, mCAT
significantly reduced the age-related increase of LVMI by 39%, the percent of mice with
diastolic dysfunction by 69%, the MPI by 67% and the age-related decrease in Ea/Aa by
59% (Fig. 1). The genotype difference in the linear rate of change with age (the genotype-
by-slope interaction) was highly significant for all outcomes (p<0.001 for all except
fractional shortening, p=0.03).

To confirm the protective effects of mCAT on cardiac aging, we performed a cross sectional
study of an additional 42 old WT and mCAT C57BL6 mice (ages 27-29 months), in which
cardiac tissue harvest was also performed within 24 hours after echocardiography. The
protective effects of mCAT on echocardiographic parameters were fully reproduced in this
independent data set (STab 2).

Histological analysis of tissue showed that compared with young WT (4 months old), old
WT mice had significantly larger myocardial fiber width (Fig 2A, B) as well as a higher
cross-sectional area with fibrosis (Fig 2C, D). Both cardiomyocyte hypertrophy and
ventricular fibrosis were significantly attenuated in age-matched old mCAT mice. There was
no genotype difference in young adults. Moreover, myocardial fiber width by image analysis
was highly correlated with LVMI determined by echocardiography (R2=0.73, p<0.01, SFig
1).

MCAT protects against mitochondrial oxidative damage and DNA mutations in the aged
heart

As an extension to our earlier findings that mCAT protected cardiac mitochondrial aconitase
enzyme from oxidative damage7, we further found that protein carbonyls, an indicator of
oxidative damage, increased significantly in cardiac mitochondria with age, and this was
significantly reduced in old mCAT mice (Fig 3C). Aging is associated with increased
mtDNA mutations and deletions4,10, as well as extensive morphological damage in
mitochondria shown by electron micrographs (SFig 2 ). Using the newly developed “random
mutation capture assay”, we found that cardiac mtDNA point mutation and deletion
frequencies both significantly increased by approximately 3-fold with aging11. The mCAT
genotype significantly reduced DNA point mutation and deletion frequencies to levels more
comparable to those of young animals (Fig 3A,B). As oxidative stress has been shown to
induce mitochondrial biogenesis12, we found that mitochondrial DNA copy number
increased in aged heart (Fig 3D) and was accompanied by upregulation of transcription
factors involved in mitochondrial biogenesis (Fig 3E). Most of these changes were
significantly reduced in old mCAT, including an attenuated increase in mitochondrial DNA
copy number, and reduced induction of level of PGC-1α and TFAM, but not NRF-1 and
NRF-2 mRNA (Fig 3D,E).

Plausible mechanisms of cardiac hypertrophy in the aged heart and the effect of mCAT
To investigate the potential mechanisms of aging-associated cardiac hypertrophy, we
measured the activation of calcineurin-NFAT and phospho-ERK1/2 pathways, which are
known to mediate pathological and compensated hypertrophy, respectively13. Both the
phosphorylation of ERK1/2 and the total ERK1/2 protein levels did not change significantly
with age (data not shown). However, we found that the calcineurin-NFAT pathway was
activated in cardiac aging. Activity of calcineurin, a phosphatase that activates NFAT by
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dephosphorylation, was found to increase significantly with age (Fig 4A). Downstream to
calcineurin, NFAT3 activity was increased in aged heart as shown by stronger DNA binding
activity (Fig 4B) as well as increased transcription of NFAT target genes, including
modulatory calcineurin interacting protein-1 (MCIP-1) and atrial and brain natriuretic
peptides (ANP and BNP) (Fig 4C). Furthermore, we also found that GATA4, a cofactor of
NFAT314, was activated in aged heart, as shown by increased phosphorylation of GATA4 at
serine-105 (Fig 4D). The age-dependent activation of calcineurin-NFAT and GATA4 were
significantly reduced in old mCAT hearts (Fig 4A-D).

Plausible mechanisms of diastolic dysfunction in the aged heart and effect of mCAT
Several factors have been reported to cause diastolic dysfunction, including impaired
myocardial relaxation due to decrease calcium reuptake and increased myocardial
stiffness15. Increased fibrosis in the aged hearts and amelioration of this in mCAT mice
were previously described above.

Sarco(endo)plasmic reticulum Ca ATP-ase (SERCA-2) and the sodium calcium exchanger
(NCX) are key proteins in calcium reuptake to assist myocardial relaxation during the
diastolic phase. These were examined by Western blots in the aged hearts. Quantitative
analysis revealed that SERCA-2 protein decreased by 52% in the aged WT heart compared
with young WT heart (p<0.01). SERCA2 was much better preserved in the old mCAT heart
compared to old WT littermates (Fig. 5A). NCX protein increased by 103% in the aged WT
heart compared with the young WT heart (Fig 5B). The increase was significantly less in old
mCAT hearts compared to old WT hearts. Interestingly, we found an inverse correlation
between the level of NCX and SERCA-2 proteins (Fig 5C). This is a novel observation and
suggests that NCX may be up-regulated in the aged heart to compensate for the decline in
SERCA-2. Levels of total and phosphorylated phospholamban, which inhibits SERCA-2
activity in its dephosphorylated form, did not change significantly with age (Fig 5E).

To further investigate plausible mechanisms of diastolic dysfunction in the aged heart, we
analyzed the relationships of myocardial fiber width, ventricular fibrosis and SERCA-2
protein to diastolic dysfunction. Univariate analysis showed that cardiomyocyte hypertrophy
and ventricular fibrosis were significantly associated with the presence of diastolic
dysfunction (Fig 6A, B). These findings were consistent with the fact that both ventricular
hypertrophy and fibrosis would increase myocardial stiffness. The level of SERCA-2 protein
was dramatically decreased in mice with age-related diastolic dysfunction (Fig 6C).
Multivariate regression modeling showed that SERCA-2 was the strongest predictor of Ea/
Aa, an indicator of diastolic function (p=0.01, STab 3).

To further investigate the role of SERCA2 in aging, we examined [Ca2+]i transients in
ventricular myocytes isolated from mouse hearts, loaded with the Ca2+ indicator dye Fluo-4,
and paced at 1Hz. Compared to young cardiomyocytes, old WT cardiomyocytes had
significantly lower [Ca2+]i transients amplitude as well as slower rates of decay, while old
mCAT cardiomyocytes had significantly preserved Ca-transients amplitude and decay rates
(Fig 6D,E). Stimulation with caffeine, which opens ryanodine receptors and unload the SR
calcium5, showed that old WT cardiomyocytes had significantly lower SR calcium loads.
This is consistent with the lower [Ca2+]i transient amplitude observed in old WT
cardiomyocytes. Inhibition of SERCA2 using cyclopyazonic acid (5 μM) completely
abolished the beneficial effects of mCAT on calcium transient amplitude and rate of decay
(Fig 6E, F), suggesting that the protective effect of mCAT in aged cardiomyocytes is
mediated by better preservation of SERCA2 activity. Overall, the decline of ventricular
SERCA2 thus appeared to be the most important factor associated with age-dependent
cardiac diastolic dysfunction, presumably by causing impaired myocardial relaxation.
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Increased cardiac angiotensin II in aging
Angiotensin II (Ang II) is known to induce cardiomyocyte hypertrophy and apoptosis,
increase cardiac fibrosis and impair cardiomyocyte relaxation16, compatible with all of the
above aging-related changes. We therefore measured the cardiac Ang II octapeptide in
young and old LV tissue using mass spectrometry. Cardiac Ang II concentrations increased
significantly with age (Fig 5D). mCAT did not appear to reduce the age-related increase in
cardiac Ang II, suggesting that the mechanism of mCAT protection is downstream of Ang
II.

Cardiac aging phenotype as predictors of follow-up mortality
To investigate whether the cardiac aging phenotype determined by echocardiography is a
predictor of follow-up mortality, we performed survival analysis of 130 old WT and mCAT
mice that underwent echocardiography at mid-life (ages 16-24 mo) in the longevity cohort.
Univariate Cox regression analyses verifies that age, MPI and LVMI were significant
predictors of mortality (Table 1). A multivariate Cox model was used to estimate the best
linear combination of these variables (ß2 MPI + ß3 LVMI) to create a cardiac aging risk
score for each mouse based on these variables. Cox regression adjusted for age at the time of
echocardiography (Cox model 2) verifies that this risk score provides a biologically
meaningful measure of the risk of death; mice in the highest tertile (T3) had a significantly
increased hazard of all-cause mortality, with a hazard ratio of 2.88 (95% CI 1.43, 5.82,
p=0.003) compared with mice in the lowest tertile of cardiac aging score (T1)(Table 1 and
Fig. 7A). As evidence for our hypothesis, we found a marked difference in the distribution
of cardiac aging risk scores between mCAT and WT mice: at mid-life the proportions of
mCAT mice in T1, T2 and T3 are 91%, 48% and 24%, vs. 9%, 52% and 76% for WT
(χ2=39.4, p<10−7). Kaplan Meier analysis based on tertiles of cardiac risk scores calculated
separately for WT and mCAT mice also stratified each of these genotypes into high and low
mortality risk groups (Fig 7B and 7C, respectively).

To study the relative contribution of cardiac aging to mortality, we estimated the incidence
of all-cause mortality in mice that reached their natural end-of-life. The incidence of
mortality in the highest tertile of cardiac aging score T3 vs. those in the lower two tertiles of
cardiac aging score were 16.2 % and 7.3%, respectively. The attributable risk fraction
indicated that 55% of mortality risk was attributable to the cardiac aging risk score. This is
the first such analysis of cardiac functional parameters with aging that has been reported.
Thus, cardiac aging is a significant predictor of mortality in mice, despite the absence of
hypertension, diabetes or hypercholesterolemia, and the cardiac aging phenotype appears to
contribute to approximately half of the mortality risk in the mouse longevity cohort.

Discussion
Our results demonstrate that overexpression of catalase targeted to mitochondria (mCAT)
protects mice from cardiac aging, providing direct evidence for the role of mitochondrial
ROS in the aging of this vital organ. Several lines of evidence support this conclusion. In
WT mice from the longevity cohort, we found age-dependent LVH and a decline in cardiac
performance (especially diastolic function), concomitant with the accumulation of oxidized
mitochondrial proteins, mtDNA mutations, increased ventricular fibrosis, cardiomyocyte
hypertrophy, a decline of SERCA2 protein and activation of the calcineurin-NFAT pathway
in the aged heart. These age-related alterations took place in the absence of significant
cardiovascular risks, such as diabetes, hypertension or hypercholesterolemia, suggesting that
these findings are primary changes of cardiac aging, rather than secondary to other diseases.
MCAT littermates were partially protected from all of the above age-related cardiac
alterations, suggesting that these aging changes are related in substantial part to chronic

Dai et al. Page 6

Circulation. Author manuscript; available in PMC 2010 June 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ROS exposure and emphasizing the role of mitochondrial ROS in cardiac aging.
Interestingly, we did not observe any additional benefit in protection against cardiac aging in
mice with higher versus lower mCAT cardiac expression (STab 2), which is consistent with
our previous observation that lifespan is not associated with the level of mCAT expression7.
We have suggested that the location of the catalase, i.e., targeting to mitochondria, is more
important than the magnitude of catalase expression. Here we show that mtDNA point
mutations and deletions in the heart increased significantly with age, but that the antioxidant
function of mCAT protects cardiac mtDNA from these age-related mutations. These age-
associated mtDNA point mutations had a spectrum similar to that observed in oxidative
DNA damage4. Furthermore, as oxidative stress has been shown to induce mitochondrial
biogenesis12, we also found that mt-DNA copies increased in aged heart, with upregulation
of transcription factors involved in mitochondrial biogenesis. These phenomena were
reduced in old mCAT mice, suggesting that mitochondrial biogenesis in the aging heart is
mediated by oxidative damage to mitochondria.

To investigate the signaling in age-associated cardiac hypertrophy, we examined two major
pathways of cardiac hypertrophy: MEK1/2-ERK1/2 and calcineurin pathways, which are
central regulators of compensated and pathological hypertrophy, respectively13. While we
did not find increased expression or phosphorylation of ERK1/2 in aging, we found that the
calcineurin-NFAT pathway was significantly activated in the aged heart. Calcineurin
activity was increased by approximately 4-fold in the aged heart (Fig 4A). This phosphatase
activates the transcription factor NFAT. Activated NFAT translocates into nucleus where it
interacts with the transcription factor (GATA4) to initiate transcription of hypertrophic fetal
genes, such as ANP and BNP. EMSA showed that NFAT DNA binding activity is increased
in aged heart (Fig 4B), consistent with increased mRNA levels of ANP, BNP and MCIP1
(Fig 4C). Furthermore, we found an age-dependent increase in GATA4 phosphorylation at
Ser105 (Fig 4D), which has been reported to enhance its activity of DNA binding and
transcription activation14. The activation of the calcineurin-NFAT pathway in age-
associated cardiac hypertrophy was partially protected by mCAT, suggesting an interaction
between ROS and hypertrophic signaling mediators. Though myocardial ROS has been
implicated in generation of cardiac hypertrophy and dysfunction, as shown by the anti-
hypertrophic effect of several antioxidants17,18, the in vivo evidence for direct links between
hypertrophic mediators and ROS has been scant19. ROS might cause oxidative and nitrative
modification of signaling proteins and may thereby modulate signal transduction,
transcriptional and translational regulation20. However, further studies are needed to
elucidate the exact mechanism of these interactions.

Upstream to the above signaling pathways, Ang II induces cardiomyocyte hypertrophy and
apoptosis, increases cardiac fibrosis and impairs cardiomyocyte relaxation16, all consistent
with our observed age-related changes. Inserra et al. proposed that Ang II is a crucial
mediator of cardiovascular aging21. They recently showed that long-term inhibition of Ang
II reduces cardiac pathology and prolongs rat survival22. Consistent with this, we found that
cardiac Ang II concentrations increased significantly with age. Cardiac Ang II levels in old
mCAT mice were similar to old WT mice despite mCAT protection against cardiac aging,
suggesting that mCAT acts downstream of Ang II. Ang II is known to promote superoxide
generation through NADPH oxidase, uncouple endothelial nitric oxide synthase and
stimulate mitochondrial H2O2 production in vascular endothelial cells in vitro23. While
blocking Ang II signaling provides survival benefit in patients with heart disease, the
efficacy of such drugs to retard intrinsic cardiac aging remains unknown.

Diastolic dysfunction is well documented in human cardiac aging. Impaired myocardial
relaxation due to functional decline in calcium handling proteins and increased myocardial
stiffness related to cardiac hypertrophy and fibrosis are common causes of diastolic
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dysfunction. Among these, the decline in SERCA2 protein is the strongest predictor of
diastolic dysfunction in aged mice (STab 3). We and others have found that old WT
cardiomyocytes have a lower amplitude and prolonged decay rate of calcium transients24,
and we have shown that old mCAT cardiomyocytes have calcium transient profiles more
comparable to young cardiomyocytes (Fig 6E). Significantly lower SR calcium loads in old
WT cardiomyocytes (shown by caffeine stimulation, Fig 6D) is best explained by chronic
reduction of SERCA2 protein levels in old hearts, since dephosphorylated phospholamban
did not change significantly with age (Fig 5E) and the beneficial effect of mCAT was
completely abolished when SERCA2 was inhibited by cyclopyazonic acid (Fig 6E). Our
data also shows that NCX is up-regulated in aged heart when SERCA2 is decreased. Such
declines in SERCA2 and increases in NCX expression have been previously reported in
cardiac aging in response to Ang II, as well as in heart failure25-27. Ren et al. reported that
overexpression of catalase in cardiomyocytes attenuated aging-induced cardiomyocyte
relaxation dysfunction by increasing NCX rather than preserving SERCA228. In contrast,
mCAT preserves SERCA2 in old mice and up-regulation of NCX is less apparent.

Although mice are the best studied experimental model of mammalian aging, little evidence
has directly linked the senescence of vital organs with survival. Echocardiographic data of
our mouse longevity cohort suggested that both cardiac hypertrophy (increased LVMI) and
functional decline (increased MPI) are significant predictors of mortality. We generated the
cardiac aging risk score for each mouse in the cohort, estimated by the linear regression
model of LVMI and MPI (Cox model 1, Table 1) and showed that the cardiac aging risk
score is an independent predictor of mortality. Estimation by an epidemiological approach
suggested that approximately half of natural death in the cohort was attributable to cardiac
aging. Study of the end-of life pathology of this longevity cohort has indicated that cardiac
pathology was a contributing cause of death in about half of C57BL6 mice29, consistent
with the estimated attributable risk fraction for cardiac aging by echocardiography and
suggesting that cardioprotection likely contributes to the lifespan extension previously
observed in mCAT mice7. Such demonstration of improved organ function during aging
may be even more relevant to human health than observations of extended longevity30, and
this report shows that the murine model of cardiac aging is well suited for this approach. In
conclusion, our data emphasizes the roles of mitochondrial ROS in cardiac aging, which is
an independent predictor of mortality in mouse longevity cohort. This study also suggests
potential clinical applications of mitochondrial-targeted antioxidant drugs in cardiovascular
diseases, despite the disappointing results from non-targeted antioxidants.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Echocardiography of mice from different age groups in the longevity cohort
Age related changes in: A) LV mass index (mg/g body weight); B) LA dimension (mm); C)
Fractional shortening (%); D) Ea/Aa measured by tissue Doppler imaging of the mitral
annulus; E) Proportion of mice with diastolic dysfunction, defined as Ea/Aa < 1; F)
Myocardial Performance index (MPI). There were significant linear increase across ages for
all outcomes (p <0.001 for all except for FS where p=0.005, fit linearly to a continuous age
function). MCAT mice had a significantly lower rate of progression with age in all of the
above measurements when compared to WT (p<0.001 for all except for FS, p=0.03, for an
interaction between age-slope and genotype). 90 mCAT and 80 littermate WT were
examined, approximately 20 mice in each age and genotype group.
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Figure 2. Cross-sectional study of cardiac pathology
A) Old WT (OWT) mice had larger myocardial fiber width than old mCAT (OmCAT) mice
(trichrome stain, 400x, scale bar:10μm). B) Quantitative analysis showed a significant
increase in myocardial fiber-width in aged heart, which was significantly attenuated in
OmCAT mice. C) OWT mice had more fibrosis (blue; trichrome , 20x) than OmCAT mice,
as shown by quantitative image analysis of the percent fibrotic area in aged hearts, which
was significantly attenuated in OmCAT mice (D).
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Figure 3. Mitochondrial DNA mutations, oxidative damage and biogenesis in aged heart and the
protective effect of mCAT
A) Mitochondrial DNA point mutation and B) deletion frequencies (both per million)
increased significantly with age and were better preserved in OmCAT mouse hearts. C)
Mitochondrial protein carbonyls (nmol/mg) increased significantly in old age, while
OmCAT mice were better protected from oxidative damage to mitochondrial proteins. D)
Mitochondrial DNA copy number (normalized to young WT) increased significantly with
age, and old mCAT mice had significantly lower mitochondrial DNA copy number. E).
Genes involved in mitochondrial biogenesis, PGC-1α, TFAM, NRF-1 and NRF-2, were
upregulated in aged heart, and changes in PGC-1α and TFAM were attenuated in old mCAT
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mice (*p<0.025 between young vs. old WT, #p<0.025 between old WT vs. mCAT; n=9-12
each group; old: 26-28 months, young:4-5 months old).
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Figure 4. Activation of calcineurin-NFAT and GATA4 in age-dependent left ventricular
hypertrophy and the effect of mCAT
A) Calcineurin phosphatase activity (nmol phosphate / 5 ug cardiac protein) increased
significantly in aged heart and was partially protected in old mCAT hearts. B) Mobility shift
assay showed that NFAT DNA-binding activity increased in old WT and the increase was
less obvious in old mCAT hearts. Competitive DNA binding with excess unlabelled NFAT
probe (arrow) using the leftmost old WT sample confirmed the specificity of the bands
(arrowhead). C) The relative mRNA levels of ANP, BNP and MCIP, target genes of NFAT,
increased significantly in old WT but not old mCAT hearts. D) Age-dependent increased
phosphorylation of GATA-4 at Ser105 was reduced in old mCAT heart. *p<0.025 between
YWT and OWT, # p<0.025 between OWT and OmCAT.
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Figure 5. Calcium handling proteins and cardiac angiotensin-II
Western blots of calcium handling proteins were quantified relative to GAPDH. A)
SERCA2 protein was significantly reduced in aged WT heart, and better preserved in old
mCAT heart; B) NCX protein was significantly increased in aged heart, and lower in old
mCAT compared with old WT; C) Linear regression demonstrates an inverse correlation
between SERCA2 and NCX protein levels (all ages: β= −0.61, R2=0.49, p<0.01; old mice
only: β= −0.82, R2=0.52, p=0.001). D) Cardiac angiotensin II concentration (fmol/mg total
protein) measured by mass spectrometry was significantly increased with age in both WT
and mCAT mice. E) Phosphorylated and total protein levels of phospholamban did not
change significantly with age or mCAT expression.
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Figure 6. Plausible mechanisms of diastolic dysfunction in aged heart
A) Myocardial fiber width was significantly greater in old mice with diastolic dysfunction
(DD), compared with those with normal diastolic function (N). B) Ventricular fibrosis (%)
was higher in old mice with diastolic dysfunction. C) SERCA2 protein was significantly
decreased in mice with diastolic dysfunction. D) Representative calcium transients of
isolated cardiomyocytes from young and old mouse hearts loaded with Fluo-4 and paced at
1 Hz. The inset illustrates OWT vs. OmCAT decay rates. E) Quantitative analysis showed
significant decreases in Ca-transient amplitude (F/F0) and decay rate constant λ (s−1) in old
WT, and protection in old mCAT cardiomyocytes. Sarcoplasmic reticulum Ca2+ load was
also significantly higher in OmCAT cardiomyocytes, as shown by mobilization of Ca2+ by
caffeine. The protective effect of mCAT was completely abolished by treating the old
cardiomyocytes with cyclopyazonic acid, a SERCA-2 inhibitor.*p<0.025
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Figure 7. Kaplan Meier analysis of follow-up mortality stratified by cardiac aging risk score
tertiles
Cardiac aging risk score was calculated as a linear combination of MPI and LVMI obtained
from the multivariate Cox model 1 (ß2 MPI + ß3 LVMI). Mice with the higher tertile of
cardiac aging score (T3) had significantly shorter survival than those with the lower tertile
(T1), when scores were analyzed for WT and mCAT mice together (A) or separately for WT
(B) and mCAT (C) mice.
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Table 1

Cox regression models predicting mortality

Predictors Hazard
Ratio p 95% Conf. Interval

Univariate Cox model

 Age (months) 1.18 <0.001 1.11 1.26

 Male vs. female 1.20 0.46 0.74 1.94

 MPI* (0.1 unit) 1.35 <0.001 1.16 1.58

 LVMI† (mg/g) 1.44 0.002 1.15 1.80

Multivariate Cox model 1

 Age (months) 1.15 <0.001 1.07 1.23

 MPI* (0.1 unit) 1.26 0.005 1.07 1.48

 LVMI† (mg/g) 1.12 0.41 0.86 1.45

Multivariate Cox model 2

 Age (months) 1.16 <0.001 1.09 1.24

 Cardiac aging score T2‡ 1.80 0.067 0.96 3.39

 Cardiac aging score T3‡ 2.88 0.003 1.43 5.82

*
The hazard ratio (HR) rises by a factor of 1.35 for every 0.1 unit difference in MPI

†
HRs associated with LVMI are calculated as for MPI.

‡
Cardiac aging risk score = ß2 MPI + ß3 LVMI, calculated from the multivariate Cox model 1, and presented as middle (T2) or high (T3) vs. lower

(T1) tertiles.
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