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Abstract Calorie restriction (CR) is the most widely
studied intervention protecting from the adverse
effects of aging. Almost all prior studies have exam-
ined the effects of CR initiated in young animals.
Studies examining the effects of CR on development
of aging cardiomyopathy found only partial preven-
tion. The major goal of this study was to determine
whether CR initiated after aging cardiomyopathy de-
veloped could reverse the cardiomyopathy. Aging car-
diomyopathy in 2-year-old mice was characterized by
reduced left ventricular (LV) function, cardiac hyper-
trophy, and increased cardiac apoptosis and fibrosis.
When short-term (2 months) CR was initiated after
aging cardiomyopathy developed in 20-month-old
mice, the decrease in cardiac function, and increases
in LV weight, myocardial fibrosis and apoptosis were
reversed, such that the aging hearts in these mice were
indistinguishable from those of young mice or mice
where CR was initiated in young mice. If apoptosis

was the mechanism for protecting against aging car-
diomyopathy, then total myocyte numbers should have
reverted to normal with CR, but did not. However, the
alterations in cytoskeletal proteins, which contribute to
aging cardiomyopathy, were no longer observed with
CR. This is the first study to demonstrate complete
prevention of aging cardiomyopathy by CR and, more
importantly, that instituting this intervention even later
in life can rapidly correct aging cardiomyopathy,
which could have important therapeutic implications.
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The effects of aging on the heart has been referred to
as aging cardiomyopathy, which occurs in humans as
well as in most mammals (Boyle et al. 2011) and is
characterized by reduced cardiac function, increased
left ventricular (LV) weight, myocardial fibrosis and
apoptosis. Calorie restriction (CR) is the most fre-
quently studied mechanism for increasing longevity,
protecting against stress and retarding the onset of age-
associated diseases. Almost all of these studies have
initiated CR in young animals to see the extent to
which the effects of aging are protected. While CR
has not been studied extensively in aging cardiomy-
opathy, there are a few studies in rodents and humans
suggesting that CR did not prevent, but at least par-
tially ameliorated, aging cardiomyopathy (Niemann et
al. 2010; Shinmura et al. 2011; Weiss and Fontana
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2011). Again in these studies, CR was initiated in
young animals. However, this is the first study to
examine the extent to which CR, initiated after aging
cardiomyopathy develops, can reverse its adverse
effects on the heart. This is important from a clinical
perspective, as well as from a basic scientific per-
spective, because of difficulties in patient compli-
ance, it is virtually impossible to keep the majority
of humans on a normal diet for their entire lives to
prevent obesity, such that the possibility of main-
taining a CR diet for their entire lives is essentially
nonexistent. Accordingly, there were two goals of the
current investigation: (1) to determine if CR instituted
in young animals prevented the development of aging
cardiomyopathy in mice 26 months of age, which,
on a standard diet, had developed cardiomyopathy
months earlier; and (2) the major goal was to deter-
mine if instituting CR late in life after aging cardio-
myopathy developed could actually reverse it. If so,
this could be translated to clinical therapy more read-
ily. For the second goal, we selected an earlier time
point, but still when aging cardiomyopathy had been
established (20 months), reasoning that demonstrating
the principle of reversing aging cardiomyopathy with
short-term CR would be most feasible at the earlier

time point. If the novel concept of the reversal of
aging cardiomyopathy could be demonstrated, a later,
less novel goal would be to determine how long after
aging cardiomyopathy can be rescued.

The most significant finding of this investigation
was the accomplishment of the second goal, i.e., that
CR induced for only 2 months after aging cardiomy-
opathy had already developed completely rescued the
adverse effects of aging on the heart. As shown in
Table 1 (A) and Fig. 1a, LV function (LV ejection
fraction) and increased lung weight/tibial length (lung
wt/TL) (an index of heart failure) was completely
rescued and was no longer different from values in
young normal mice. Long-term CR showed similar
results (Fig. 1a and Table 1 (B)). Interestingly, the
aging-associated reduction in LV contractile function
was not accompanied by increased end-diastolic diam-
eter (LVEDD) and end-systolic diameter (LVESD)
(Table 1), which we observed previously in aging rats
(Lieber et al. 2008). This point has been controversial
in other rodent models with some studies showing LV
dilation with aging cardiomyopathy in rodents
(Iemitsu et al. 2002; Luptak et al. 2007; Niemann et
al. 2010; Boyle et al. 2011), whereas others did not
(Afilalo et al. 2007). Importantly, the majority of

Table 1 LV function

ST short term, ND normal diet,
CR calorie restriction, LT long
term, LVEF left ventricular ejec-
tion fraction, LVEDD left ven-
tricular end-diastolic diameter,
LVESD left ventricular end-
systolic diameter, EDWT end-
diastolic wall thickness

*p<0.05 vs. prior to ST CR; †p
<0.05 vs. old ST ND; **p<0.05
vs. young ND; ††p<0.05 vs. old
LT ND

A: Short-term calorie
restriction

Prior to ST
CR and ND

Old ST ND Old ST CR

Number 8 8 6

Age (months) 20 22 22

BW (g) 27±1 27±1 23±1*†

LVEF (%) 63±1 65±1 74±1*†

Fractional shortening (%) 28±2 29±1 36±1*†

Heart rate (bpm) 438±20 492±12* 505±28*

LVEDD (mm) 3.6±0.1 3.6±0.1 3.0±0.2*†

LVESD (mm) 2.6±0.1 2.6±0.1 1.9±0.1*†

EDWT (mm) 0.74±0.04 0.89±0.04 0.85±0.06

B: Long-term calorie
restriction

Young ND Old LT ND Old LT CR

Number 8 6 6

Age (months) 4 26 26

BW (g) 25±1 26±1 18 ±0.4**††

LVEF (%) 71±1 53±6** 71±2††

Fractional shortening (%) 34±1 23±3** 34±1††

Heart rate (bpm) 422±19 453±10 482±26**

LVEDD (mm) 3.7±0.1 3.1±0.1** 3.0±0.2**

LVESD (mm) 2.4±0.1 2.3±0.2 2.1±0.1**

EDWT (mm) 0.82±0.03 0.97±0.02** 0.77±0.04††
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studies in aging humans did not show increased LV
volume (Gardin et al. 1979; Rodeheffer et al. 1984;
Pavlik et al. 2001). However, CR reduced LVEDD and
LVESD significantly. Potential causes of the cardio-
myopathy of aging, namely increased LV hypertrophy,
as reflected as increased LV weight/tibial length (LV
wt/TL) (Fig. 1b) and increased myocyte size (Fig. 1c),
fibrosis (Fig. 1d), and apoptosis (Fig. 1e), were also
completely rescued by short-term CR, and there was
no difference from the values in young, normal mice,
similar to long-term CR (Fig. 1b–e). CR is the most
widely studied model protecting from the effects of
aging. Almost all studies on CR involve initiating the
CR in young animal models and demonstrating that
the adverse effects of aging are not observed. Our
finding that short-term CR was as effective as long-
term CR is important for several reasons, not the least
of which is that if clinical therapy is to be designed on
the basis of CR, it would be difficult for patients to
comply with CR for life, but would be much more
feasible if the therapy could be instituted in old
patients, already afflicted with the adverse effects of

aging. Other studies have noted that gene changes and
vascular changes of aging can be effective with CR
instituted in older animals (Jung et al. 2009; Rippe et
al. 2010), but this is the first study to show that
functional effects of aging on a major organ, i.e., aging
cardiomyopathy can be completely rescued by CR
after the cardiomyopathy developed.

Another novel finding is that, although CR protects
against cardiac apoptosis (Fig. 1e), this mechanism is
not involved in the rescue of aging cardiomyopathy by
CR. This conclusion contrasts with those of prior
studies suggesting that apoptosis is the mechanism
for aging cardiomyopathy (Bernecker et al. 2003;
Goldspink et al. 2003). This concept is based on the
finding that apoptosis increases with age, resulting in
reduced numbers of contractile units (myocytes) in the
heart. However, extrapolating from increased total
numbers of apoptotic cells in the heart to loss of
myocytes is not generally possible, since 70 % of cells
in the heart are not myocytes, and, accordingly, this
conclusion cannot be made without specific myocyte
staining as it was done in the current investigation.
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Fig. 1 Histology in young mice on a normal diet (n=8), old mice
on a normal diet (n=14), mice on short-term CR (n=6), and mice
on long-term CR (n=6). In this figure, the data for the 26-month
and 22-month normal diet groups were similar, so they were
averaged to compare with the data from both the long-term CR
and short-term CR. Short-term CR rescued the aging cardiomyop-
athy, which was characterized by increased lung wt/TL (a),

increased LV wt/TL (b), increased myocyte size (c), increased
cardiac fibrosis (d), and also increased myocyte apoptosis (e).
However, the myocyte number (f) was significantly less in both
normal diet and CR mice compared to that in young mice. Long-
term CR induced similar beneficial results as short-term CR (aster-
isk, p<0.05 vs. young mice on normal diet; dagger, p<0.05 vs.
old mice on normal diet). Data are expressed as mean±SEM
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Thus, the current results, which found very little myo-
cyte apoptosis and reversal with CR, do not support
this concept. Our data show that total myocyte numb-
ers did not increase with CR (Fig. 1f), even though LV
function was restored. It is much more likely that the
LV hypertrophy and fibrosis are much more important
mechanisms.

Since prevention of myocyte apoptosis is not likely
the mechanism for the protection of aging cardiomy-
opathy by CR, other mechanisms must be considered.
Previous studies demonstrated that alterations in cyto-
skeletal proteins can induce cardiomyopathy (Heling
et al. 2000) and that these alterations also occur in
aging cardiomyopathy (Heling et al. 2000; Lieber et
al. 2008). We found that cardiac cytoskeletal proteins
in old normal mice were increased, e.g., α-tubulin, β-
tubulin, and cleaved desmin, whereas intact desmin

was decreased. Short-term CR significantly reduced
α-tubulin (33 %), β-tubulin (72 %), and cleaved des-
min (47 %) and restored intact desmin, similar to the
effects of long-term CR (Fig. 2a–d), which likely
contributed to the preservation of LV function with
CR. There is a direct evidence that desmin is involved
in the development of cardiomyopathy, e.g., desmin
knockout mice develop severe cardiomyopathy
(Milner et al. 1996; Thornell et al. 1997). In addition,
alterations in tubulin have been reported as the cause
of LV dysfunction in hypertrophic hearts (Tagawa et
al. 1997; Tsutsui et al. 1993). Therefore, it is conceiv-
able that CR decreased the expression levels of α-
tubulin, β-tubulin, and cleaved desmin and restored
intact desmin in aged mice, which could be one po-
tential mechanism that prevents the development of
aging cardiomyopathy.
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Fig. 2 Alterations in cytoskeletal proteins during aging and
CR. With aging cardiomyopathy, there were significant
increases in cleaved desmin (b) but a decrease in intact desmin
(a) as well as α- (c) and β-tubulin (d). Both short-term and

long-term CR corrected these alterations in cytoskeletal pro-
teins in aging (n=4/group) (asterisk, p<0.05 vs. young normal
diet; dagger p<0.05 vs. old normal diet). Data were normal-
ized to old normal diet
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We also examined oxidative stress, one of the most
studied mechanisms mediating the adverse effects of
aging (Droge 2002; Harman 1956; Ungvari et al.
2008). We examined the antioxidants, MnSOD, and
catalase, in long-term CR mice. The levels of MnSOD
and catalase were significantly increased in long-term
CR as compared to age-matched old mice on the
standard diet, supporting the concept that CR induces
a protective effect against oxidative stress in aging
hearts (Fig. S1a–b). In addition, the ratio of LC3-II/
LC3-I, a marker of autophagy, was decreased in old
mice on normal diet but increased in long-term CR
mice (Fig. S1c), suggesting that autophagy declines
with age but is enhanced by CR. However, MnSOD,
catalase, as well as the ratio of LC3-II/LC3-I did not
increase significantly in short-term CR mice, suggest-
ing that not all mechanisms are identical for reversing
aging cardiomyopathy by short-term vs. long-term
CR. We recently reported that the stress resistance
regulator, SIRT1, was upregulated in the hearts of
CR mice and cardiac protective genes, which regulate
GTPase activator activity (e.g., Rgs2) and glutathione
transferase activity (e.g., Gstk1, Gstm), which were
downregulated in the heart with pressure overload
but were significantly upregulated with CR (Yan et
al. 2012), suggesting that these genes could be in-
volved in the cardioprotection of CR mice.

In summary, instituting CR even later in life after
aging cardiomyopathy develops can completely rescue
the adverse effects of aging on the heart. It will be
important to determine if the effects of aging in other
organs can also be rescued by initiating CR later in
life. The results of these studies could provide new
impetus for designing aspects of CR for therapy in
aging patients.
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