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Abstract

We test the hypothesis that moderate calorie restriction (CR) reverses negative influences of age on molecular
determinants of myocardial stress resistance. Postischemic contractile dysfunction, cellular damage, and
expression of regulators of autophagy/apoptosis and of prosurvival and prodeath kinases were assessed in
myocardium from young adult (YA; 2- to 4-month-old) and middle-aged (MA; 12-month-old) mice, and MA
mice subjected to 14 weeks of 40% CR (MA-CR). Ventricular dysfunction after 25% – 2%), as was cell death
indicated by troponin I (TnI) efflux (1,701 – 214 ng vs. 785 – 102 ng in YA). MA hearts exhibited 30% and 65%
reductions in postischemic Beclin1 and Parkin, respectively, yet 50% lower proapoptotic Bax and 85% higher
antiapoptotic Bcl2, increasing the Bcl2/Bax ratio. Age did not influence Akt or p38-mitogen-activated protein
kinase (MAPK) expression; reduced expression of increasingly phosphorylated ribosomal protein S6 kinase
(p70S6K), increased expression of dephosphorylated glycogen synthase kinase 3b (GSK3b) and enhanced
postischemic p38-MAPK phosphorylation. CR countered the age-related decline in ischemic tolerance, im-
proving contractile recovery (60% – 4%) and reducing cell death (123 – 22 ng of TnI). Protection was not as-
sociated with changes in Parkin or Bax, whereas CR partially limited the age-related decline in Beclin1 and
further increased Bcl2. CR counteracted age-related changes in p70S6K, increased Akt levels, and reduced p38-
MAPK (albeit increasing preischemic phosphorylation), and paradoxically reduced postischemic GSK3b
phosphorylation. In summary, moderate age worsens cardiac ischemic tolerance; this is associated with re-
duced expression of autophagy regulators, dysregulation of p70S6K and GSK3b, and postischemic p38-MAPK
activation. CR counters age effects on postischemic dysfunction/cell death; this is associated with reversal of
age effects on p70S6K, augmentation of Akt and Bcl2 levels, and preischemic p38-MAPK activation. Age and
CR thus impact on distinct determinants of ischemic tolerance, although p70S6K signaling presents a point of
convergence.

Introduction

Age and calorie restriction (CR) exert opposing ef-
fects in the cardiovascular system, with CR effectively

countering age-related cardiac and vascular changes and
impacting beneficially on most major cardiovascular risk
factors.1 CR is also the only stimulus that consistently in-
creases longevity in multiple organisms, and may thus act
by specifically repressing or decelerating cellular aging
processes and associated molecular alterations. Indeed,
there is evidence that age-dependent changes in the cardiac
transcriptome are selectively reversed by CR,2 although

other studies support distinct effects of age and CR on car-
diac gene expression.3,4 Unraveling the basis of advanced
age-related deteriorations in the heart, and of the benefit
with CR in this setting, may assist the design of new ther-
apeutic approaches in ischemic heart disease, which is
prevalent in the elderly.

Experimental evidence supports a negative influence of age
on ischemic tolerance,5–18 and on the efficacy of cardiopro-
tective responses in animal models5,12,19–21 and humans.22–24

Dysfunctional postischemic remodeling may also arise with
age.18,25 Detrimental effects of age on stress resistance may
involve multiple mechanisms, including alterations in stress
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responses and signal transduction,26–28 mitochondrial control
of cell death,15,26,27 autophagy,29,30 heat shock responses,31

and oxidative stress.17,32

At the level of the myocardium, CR improves resistance to
injurious stressors33–37 and restores cytoprotective responses
lost with age.38,39 That said, cardiac protection is not always
observed after CR. For example, Ahmet et al. recently found
that whereas CR inhibited cardiac and vascular changes with
aging, a 3-month period of CR failed to limit infarction with
permanent coronary occlusion in young rats.40 Mechan-
istically, CR may enhance ischemic tolerance by targeting the
same processes altered with age, including mitochondrial
function,34 oxidative stress,32 heat shock protein respon-
siveness,31 and protein kinase36 and nitric oxide (NO) sig-
naling.37 In the present study, we tested whether CR reverses
age-related changes in key molecular signaling determinants
of cell survival or generates a distinct protected phenotype.
Specifically, we examined the effects of moderate aging in
middle-aged (MA; 12-month-old) mice and CR on myocar-
dial outcomes from ischemia-reperfusion, on select regula-
tors of postischemic autophagy and apoptosis, and on the
expression of protein kinases implicated in control of cell
survival versus death [Akt, p70S6K, p38-mitogen-activated
protein kinase (MAPK), GSK3b]. Active (dephosphorylated)
GSK3b promotes mitochondrial dysfunction and cell death.41

Akt and p70S6K transduce cytoprotective signals to nega-
tively modulate GSK3b and inhibit cell death,42 whereas
effects of p38-MAPK are controversial, with evidence for
involvement in both cardioprotection and postischemic cell
death/ remodeling.43,44

Methods

All studies were performed in accordance with the
guidelines of the Animal Ethics Committee of Griffith Uni-
versity, which is accredited by the Queensland Government,
Department of Primary Industries and Fisheries under the
guidelines of The Animal Care and Protection Act 2001,
Section 757.

Animals and feeding protocols

Male C57/Bl6 mice aged 2–4 months (young adult [YA])
or 12 months (MA) were housed in divided cages, enabling
individual feeding while maintaining social interaction.
Control mice were fed the semipure AIN-93 diet ad libitum,
with food consumption measured weekly to determine
normal caloric consumption. A subset of MA mice were
subjected to CR (MA-CR), ingesting 40% less food (by
weight) than control mice, using a version of AIN-93 spe-
cifically formulated to contain 40% more vitamins and
minerals. Thus, MA-CR mice consumed 40% less calories
than MA mice, yet with optimal nutrition. CR was com-
menced at & 38 weeks of age and maintained for 14 weeks
until experimentation (at 12 months of age).

Perfused heart preparation

Mice were anesthetized with 60 mg/kg sodium pento-
barbital, and their hearts were removed and perfused as
described previously.12,14,45 Briefly, the hearts were rapidly
excised into ice-cold perfusion fluid, the aorta cannulated,
and the coronary circulation perfused in Langendorff mode

at a pressure of 80 mmHg with modified Krebs–Henseleit
solution containing: 120 nM NaCl, 25 nM NaHCO3, 4.7 nM
KCl, 2.5 nM CaCl2, 1.2 nM MgCl2, 1.2 nM KH2PO4, 15 nM D-
glucose, and 0.5 nM EDTA. Perfusion fluid was maintained
at 37�C and bubbled with a mix of 95% O2/5% CO2 at 37�C
to provide a pH of 7.4 and PO2 of & 600 mmHg at the aortic
cannula over a 1- to 5-mL/min flow range. Perfusate was
continuously passed through a 0.45-lm filter. The left ven-
tricle was vented with a polyethylene apical drain, and a
fluid-filled polyvinyl chloride plastic film balloon was in-
serted into the ventricle via the mitral valve. Balloons were
connected by fluid-filled tubing to a P23 XL pressure trans-
ducer (Viggo-Spectramed, Oxnard, CA), permitting contin-
uous assessment of contractile function. Balloon volume was
increased to give an end-diastolic pressure of 5 mmHg dur-
ing stabilization and not adjusted further. Coronary flow
was monitored via a flow-probe in the aortic perfusion line,
connected to a T206 flowmeter (Transonic Systems Inc,
Ithaca, NY). Functional data were recorded at 1 KHz on an 8-
channel MacLab data acquisition system (ADInstruments,
Castle Hill, Australia) connected to an Apple iMac computer.
Left ventricular pressure signals were digitally processed to
yield diastolic, systolic, and developed pressures, + dP/dt,
[rate of increase in LV systolic pressure (rate of LV contrac-
tion)], - dP/dt, and heart rate.

After preparation, hearts were immersed in perfusion fluid
at 37�C in a water-jacketed organ bath. Temperatures of the
perfusion fluid and organ bath were continuously monitored
by two-needle thermistor probes connected to a TH-8 digital
thermometer (Physitemp Instruments Inc, Clifton, NJ). Hearts
were removed from study if they met one of the follow-
ing exclusion criteria after stabilization: (1) Coronary flow
> 5 mL/min; (2) unstable (fluctuating) contractile function; (3)
left ventricular systolic pressure < 100 mmHg; or (4) signifi-
cant cardiac arrhythmias. This amounted to < 4% of all hearts
perfused.

Cardiac ischemia-reperfusion

After 20 min of stabilization, hearts were switched to
ventricular pacing at 420 beats/min (Grass S9 stimulator,
Quincy, MA), with normalization of the rate to permit
comparison of rate-dependent measures of contractile func-
tion. Baseline measurements were made after a further
10 min before subjecting hearts to 25 min of normothermic
global zero-flow followed by 45 min of aerobic reperfusion.
In all groups, pacing was terminated on initiation of ischemia
and resumed after 1.5 min of reperfusion.14,45 To assess
myocardial cell death, the total cumulative washout of car-
diac troponin I (TnI) over the 45-min period of reperfusion
was assayed via commercial enzyme-linked immunosorbent
assay (ELISA; Life Diagnostics Inc., West Chester, PA).

Myocardial protein expression and phosphorylation

Cardiac tissue was rapidly frozen in liquid nitrogen at the
end of normoxic stabilization or on completion of 45 min of
reperfusion. Samples of ventricular myocardium were ho-
mogenized in lysis buffer (50 mmol/L HEPES, 150 mmol/L
NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, 1% Triton X,
10% glycerol) plus 8.6 lmol/L leupeptin, 5.8 lmol/L pep-
statin A, 4 mmol/L phenylmethylsulfonyl fluoride (PMSF),
0.6 lmol/L aprotinin, 4 mmol/L sodium fluoride, and
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0.8 mmol/L sodium orthovanadate, and centrifuged at
10,000 · g for 15 min to remove nuclei and debris. The su-
pernatant was centrifuged at 100,000 · g to enrich for cyto-
solic components. Samples containing 30 lg of total protein
were loaded onto precast 10% acrylamide gels and separated
at 150 V for & 1.5 hr. Proteins were subsequently transferred
to polyvinylidene difluoride membranes and blocked in 5%
skim milk powder in Tris-buffered saline and Tween 20
(TBST) for 60 min. Blots were incubated with primary anti-
body (total or phosphorylated Akt, GSK3b, p70S6K, p38-
MAPK; and total Beclin1, Parkin, Bcl2, and Bax; Cell
Signaling Technology Inc., Danvers, MA) overnight at 4�C.
Following three washes in TBST, the blots were incubated
with secondary antibody and visualized on a ChemiDoc XRS
system (BioRad, Hercules, CA). For comparison purposes,
data for protein expression and phospho/total protein ratios
were normalized to values acquired in YA hearts.

Data analysis

A one-way analysis of variance (ANOVA) was employed
to contrast data across the three groups (YA, MA, MA-CR),
with a post hoc Newman–Keuls test used to identify indi-
vidual effects. Evidence of statistical significance was ac-
cepted at p < 0.05. All data are expressed as mean – the
standard error of the mean (SEM).

Results

Effects of moderate age and CR
on baseline parameters

An increase in age from 2–4 to 12 months was associated
with a 50% increase in body weight (Table 1). A 14-week
period of CR reduced body weight in age-matched MA an-
imals to that for YA mice (a 35% reduction). Age was asso-
ciated with a reduction in inotropic state indicated by + dP/
dt (Table 1). This occurred without shifts in ventricular

pressure development, - dP/dt, or coronary flow (Table 1).
Induction of CR reversed the age-dependent fall in + dP/dt.

Moderate age worsens whereas CR improves
myocardial resistance to ischemia-reperfusion

In YA hearts, a 25-min episode of ischemia followed by
45 min of reperfusion resulted in reduced pressure develop-
ment (to & 58% of preischemia), a sustained elevation in
diastolic pressure (to & 20 mmHg), and reductions in + dP/
dt and - dP/dt (to 45% - 50% of preischemia) (Fig. 1). MA
hearts exhibited significantly greater postischemic dysfunc-
tion (Fig. 1). A period of CR improved postischemic out-
comes, with final functional recoveries for MA-CR hearts
equivalent or superior to recoveries in YA hearts (Fig. 1).
Recovery of coronary perfusion did not differ between
groups, reaching 69% – 2%, 68% – 4%, and 75% – 3% of pre-
ischemic values in Y, MA, and MA-CR hearts, respectively.
Myocardial cell damage and death, indicated by release of
cardiac TnI, was significantly exacerbated in MA versus YA
hearts and reduced in MA-CR hearts to levels even lower
than in YA (Fig. 2).

Moderate age and CR modify regulators
of postischemic autophagy and apoptosis

Postischemic expression of Beclin1 was significantly re-
duced in MA versus YA hearts (Fig. 3), a change tempered
somewhat by CR (with Beclin1 in MA-CR hearts midway
between, and not differing from, YA and MA values). Ad-
ditionally, the key mitophagy inducer Parkin47 was repressed
by 60% with age, a change insensitive to CR. Proapoptotic Bax
was paradoxically reduced in MA hearts, whereas anti-
apoptotic Bcl2 was increased (Fig. 3). Induction of CR did not
modify Bax but substantially increased Bcl2 levels (by
& 85%). As a result, the postischemic Bcl2/Bax ratio increased
with moderate age and further with CR (Fig. 3).

Moderate age and CR modify protein kinase
expression and phospho-regulation

Cardiac outcomes from ischemia-reperfusion are dictated
in part by expression and functionality of prosurvival versus
proinjury kinases. We examined effects of age and CR on
expression of key regulatory kinases—Akt, p70S6K, p38-
MAPK, and GSK3b (Fig. 4). Compared with YA, MA hearts
exhibited a 60% decline in p70S6K expression and 75% in-
crease in GSK3b levels, with no changes in expression of Akt
or p38-MAPK (Fig. 4). Subjecting animals to CR partially
countered the effect of age on p70S6K expression, selectively
increased expression of Akt by 20%, reduced expression of
p38-MAPK by 25%, and was without effect on GSK3b levels
(Fig. 4). Effects of age and CR on kinase expression are
summarized in Table 2.

Assessment of phosphoregulation revealed no effect of age
on baseline phosphorylation of Akt or p38-MAPK, whereas
p70S6K phosphorylation was enhanced and GSK3bphos-
phorylation reduced (Fig. 5, Table 2). Postischemic phos-
phorylation of all four kinases was augmented two- to
three-fold in MA versus YA hearts. CR countered the effects
of age on p70S6K and augmented baseline phosphorylation
of p38-MAPK, whereas Akt and GSK3b phosphorylation was
unaltered (Fig. 5). Postischemic kinase phosphorylation was

Table 1. Baseline Function in Isolated Perfused

Hearts from Young and Middle-Aged

Mice – Calorie Restriction

Young
(n = 11)

Middle-aged
(n = 10)

Middle-aged
CR (n = 10)

Body weight (g) 23.2 – .4 35.3 – 1.2* 23.3 – 0.7{
EDP (mmHg) 4 – 2 2 – 2 3 – 1
LVDP (mmHg) 146 – 4 146 – 6 160 – 1
- dP/dt

(mmHg/s)
- 3,441 – 354 - 3,690 – 215 - 4,022 – 28

+ dP/dt
(mmHg/s)

6,843 – 376 5,653 – 248* 6,686 – 89{

Coronary flow
(mL/min)

3.2 – 0.3 3.3 – 0.2 3.3 – 0.1

Baseline functional measures were acquired immediately prior to
induction of global ischemia. Data are mean – standard error of the
mean (SEM).

*p < 0.05 versus young.
{p < 0.05 middle-aged versus middle-aged CR.
CR, Calorie restriction; EDP, end-diastolic pressure; LVDP, left

ventricular developed pressure; - dP/dt, rate of decline in LV
systolic pressure (rate of LV relaxation); + dP/dt, rate of increase in
LV systolic pressure (rate of LV contraction).
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largely unaltered by CR, although phosphorylation of GSK3b
declined by & 25% (Fig. 5, Table 2).

Discussion

The present study reveals significant impairment of is-
chemic tolerance in MA versus YA myocardium, and shows
that CR (40% for 14 weeks) reverses this effect very effec-
tively. The age-related decline in ischemic tolerance is asso-
ciated with reduced expression of autophagy regulators
(Beclin1, Parkin) and p70S6K, and enhanced expression of
injurious GSK3b. Cardioprotective CR counteracts the effects
of age on p70S6K (and more moderately Beclin1), selectively
increases Akt expression, and further augments Bcl2 levels
without modifying Parkin or Bax. Thus, opposing effects of
age and CR on ischemic tolerance are associated with distinct
molecular changes (age-dependent changes in GSK3b and
controllers of autophagy; CR-dependent changes in Akt),
together with common modulation of p70S6K signaling.

Ischemic intolerance in MA myocardium

Age is a significant risk factor for development of ischemic
heart disease, and there is considerable evidence that older

hearts become less resistant to ischemic insult.5–17 Age also
impairs long-term outcomes and remodeling.18,25 Given the
predominance of ischemic heart disease in the elderly pop-
ulation, it is important to delineate effects of age on the heart
and its response to injurious stress. With a median life span
of > 800 days, 12-month C57Bl/6 mice are considered mid-
dle-aged, certainly not aged or senescent. As shown in Figs. 1
and 2, the modest increase in age from YA to MA is asso-
ciated with a profound increase in postischemic contractile
dysfunction and cellular damage. This augmented cell
damage/death likely contributes to poor functional outcome
in MA hearts, with the pattern of TnI efflux mirroring
changes in contractility. However, this does not preclude a
contribution from contractile dysfunction per se (stunning),
with prior data demonstrating a greater degree of stunning
in older hearts.14 Older myocardium, which is at greatest risk
from ischemic disease, thus responds quite differently to
insult and may require specific management strategies not
apparent from analysis of younger hearts.

In contrast to the current data, there are reports of age-
independent stress resistance in similar models.19–21,47–49 Rea-
sons for differing observations are not readily apparent,
though analysis of different end points may contribute. In these

FIG. 1. Age reduces whereas calorie restriction (CR) enhances functional tolerance to ischemia-reperfusion. Recovery of
contractile function and coronary flow was assessed at the end of 45 min reperfusion following 25 min of global ischemia in
hearts from young, middle-aged, and middle-aged CR mice. Data are shown for recoveries of: (A) Left ventricular end-
diastolic and developed pressures; and (B) + dP/dt and - dP/dt. Data are means – standard error of the mean (SEM). (*)
p < 0.05 versus young; ({) p < 0.05 middle-aged versus middle-aged CR.
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latter studies, cellular damage was assessed from infarct size
determined by triphenyltetrazolium chloride (TTC) staining,
whereas in our present study we assess loss of myocardial TnI
(Fig. 2). Other studies confirm age-related increases in loss of
intracellular proteins.5,12,14,15,50 Furthermore, McCully et al.16

and Jugdutt et al.18 also report age-related exaggeration of
TTC-determined infarct size in vitro and in vivo. Overall, there
seems to be a greater consensus regarding exaggerated con-
tractile dysfunction with age, with mixed findings regarding
markers of myocardial cell damage and death. Importantly, an
age-related increase in either contractile dysfunction or cell
death will contribute to altered remodeling and hypertrophic
changes apparent in older hearts.18,25

Regulators of postischemic autophagy
and apoptosis in MA myocardium

Interactions between apoptosis and autophagy may in-
fluence short- and longer-term outcomes from ischemia-
reperfusion. We assessed postischemic expression of the key
autophagy regulators Beclin1 and Parkin, and of pro- and
antiapoptotic Bax and Bcl2. Beclin1 is essential for activation
(and is a specific marker) of autophagy, whereas Parkin is
key to mitophagy, translocating to depolarized or uncoupled
mitochondria, ubiquitinating target proteins, and recruiting
autophagosomes. A 30% fall in Beclin1 and 65% fall in Parkin
implicates impaired activation of autophagy/mitophagy in

FIG. 2. Age increases whereas calorie reduction (CR) reduces cardiac cell death (postischemic troponin I [TnI] efflux).
Coronary washout of TnI throughout the 45-min reperfusion period following 25 min of global ischemia in hearts from
young, middle-aged, and middle-aged CR mice. Data are means – standard error of the mean (SEM). (*) p < 0.05 versus
young; ({) p < 0.05 middle-aged versus middle-aged CR.

FIG. 3. Age and calorie restruction (CR) modify markers of autophagy and apoptosis in postischemic myocardium. Ex-
pression of Beclin1 (mammalian ortholog of yeast Atg6/Vps30, regulating autophagosome formation), Parkin (an E3 ubi-
quitin ligase targeting damaged mitochondria for mitophagy), and proapoptotic Bax and antiapoptotic Bcl2 was assessed in
postischemic cardiac homogenates from young, middle-aged, and middle-aged CR mice (relative densities normalized to
young). The ratio of Bcl2/Bax is also shown in the right panel. Left ventricular tissue was sampled after 25 min of global
ischemia and 45 min of reperfusion. Data are means – standard error of the mean (SEM). (*) p < 0.05 versus young; ({) p < 0.05
middle-aged versus middle-aged CR.

CALORIE RESTRICTION, AGE, AND ISCHEMIC TOLERANCE 63



postischemic tissue from older hearts (Fig. 3). This is con-
sistent with the proposal that progressive impairment of
autophagy underpins the process of cellular aging.29 None-
theless, some investigations find no age-related changes in
cardiac autophagy,51 and it is also relevant that Parkin may
translocate to mitochondria after ischemic insult, reducing
cytosolic expression.52

Because it is generally considered cytoprotective, a decline
in autophagy may well contribute to greater postischemic
dysfunction and cell death in MA hearts (Figs. 1 and 2). This
is consistent with cardioprotection in response to upregu-
lated autophagy,53 and induction of autophagy with pre-
conditioning.54,55 However, detrimental effects of autophagy
have also been reported in cardiac cells and myocardium,56–58

and repression of Beclin1-dependent autophagy may be car-
dioprotective.57,58 Such observations underpin the suggestion
that stimulus dictates outcome: Beclin1-activated autophagy
may be detrimental, whereas adenosine monophosphate-
activated protein kinase (AMPK)- or Sirt1/FoxO-dependent
autophagy seems protective.58 Furthermore, AMPK activa-

tion may predominate during ischemia, whereas Beclin1 ac-
tivation may predominate during reperfusion. Thus, whether
marked repression of postischemic Beclin1 and Parkin con-
tributes to poor outcomes in MA hearts remains to be estab-
lished. Future studies may require use of models that also
permit study during late-term recovery and adaptive re-
modeling after ischemic injury.

Moderate aging was associated, somewhat paradoxically,
with reduced expression of Bax relative to Bcl2 (Fig. 3). Bcl2
enhances cell survival, whereas Bax exerts opposing effects
on signaling and apoptosis. The expression ratios of such
anti- and proapoptotic molecules are important to initiation
and progression of cell death with ischemia.59 As shown in
Fig. 3, the Bcl2/Bax ratio increases with age, in agreement
with prior evidence of age-related elevations in Bcl2/Bax or
reductions in cardiac Bax.60,61 Although such changes ap-
pear inconsistent with age-related enhancement of apopto-
sis, the effects of age on postischemic apoptosis are not
entirely clear (nor directly assessed here). For example, Liu
et al.61 found that apoptosis peaks earlier in older hearts, yet

FIG. 4. Age and calorie restriction (CR) modify cardiac expression of prosurvival and prodeath kinases. Cardiac expression
of Akt, GSK3b, p70S6K, and p38-mitogen-activated protein kinase (MAPK) was assessed in left ventricular homogenates
from normoxic hearts from young, middle-aged, and middle-aged CR mice (relative densities all normalized to young). Data
are means – standard error of the mean (SEM). (*) p < 0.05 versus young; ({) p < 0.05 middle-aged versus middle-aged CR.

Table 2. Summary of the Effects of Moderate Age and Calorie Restriction on Pre-

and Postischemic Protein Kinase Signaling by Akt, GSK3b, p70S6K, and p38-MAPK

Cardiac expression level Preischemic phosphorylation Postischemic phosphorylation

Protein kinase
Age

(MA vs. YA)
CR

(MA-CR vs. MA)
Age

(MA vs. YA)
CR

(MA-CR vs. MA)
Age

(MA vs. YA)
CR

(MA-CR vs. MA)

Akt (prosurvival) – [ [ – – [[[ –
p70S6K (prosurvival) Y Y [ [ [[[ Y Y [[[ –
p38-MAPK

(prosurvival/death?)
– Y – [ [[[ –

GSK3b (prodeath) [[[ – Y Y – [[[ Y

Relative changes in Akt, GSK3b, p70S6K, and p38-MAPK levels and phosphorylation in middle-aged (MA) versus young (Y) hearts, and
with CR in MA hearts: ([) increased; (Y) decreased; ( - ) unchanged. ([ or Y) 10% - 40% change; ([ [ or Y Y) 41% - 70% change; ([[[ or
YYY) > 70 + % change. Responses are derived from data in Figs. 4 and 5.

CR, Calorie reduction; YA, young adult; MAPK, mitogen-activation protein kinse.
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is repressed later and does not differ in the long term. Some
studies report associations between Bax expression and
postischemic death,59,62 and others report improved postis-
chemic outcomes in the face of increased Bax,63 or no rela-
tion between Bax expression and ischemic or hypoxic
tolerance.60,61,64 This raises the question of how shifts in Bax

(or Bcl2/Bax) influence postischemic death, although one
might speculate that reduced postischemic Bax and in-
creased Bcl2 may serve to dampen or counter an age-related
proapoptotic phenotype.

Cardioprotective effects of CR in MA myocardium

Crandall et al.33 were among the first to assess the specific
impact of CR on cardiac tolerance to injury, documenting
reduced isoproterenol-induced infarction in adult rats sub-
jected to 10 weeks of CR. A number of studies have subse-
quently addressed the impact of CR on myocardial stress
resistance,36,65 including analysis of hearts from older ani-
mals.32,34,35,37,38,39 We show here that CR markedly enhances
ischemic tolerance in MA myocardium, improving contrac-
tile recovery and largely eliminating cell death (Figs. 1 and
2). This is consistent with prior findings in young mice36 and
adult to MA (6.5- to 12-month-old) rats,34,37 yet contrasts lack
of effect of CR on ischemic tolerance in MA (10-month-old)
and senescent (24-month-old) rats.38,39 The reasons for these
differences are unclear, although the latter findings are
suggestive of an age-related decline in cardiac responsive-
ness to CR.

Despite significant reductions in contractile dysfunction
and cell death, CR failed to significantly modify postischemic
expression of Bax and regulators of autophagy (Fig. 3), al-
though the decline in Beclin1 was partly countered with CR
such that Beclin1 levels no longer differed from either YA or
MA. There is evidence of enhanced cardiac autophagy with
starvation or CR,51,66 which may preserve ventricular func-
tion under these conditions. Our findings relate specifically
to postischemic myocardium, and support an antiautophagic
milieu in MA versus YA hearts, with a rather modest effect
of CR on Beclin1 (but not Parkin). Interestingly, postischemic
Bcl2 and the Bcl2/Bax ratio were further enhanced by CR in
aged myocardium (Fig. 3). These changes support an anti-
apoptotic effect of CR, although there was also a rise in this
ratio as a result of age alone (which is associated with
worsened postischemic outcomes).

An unexpected consequence of CR was moderately im-
proved baseline contractility (Table 1). Cardiac + dP/dt de-
clined & 20% with age, an effect reversed by CR. The basis of
this select effect of CR on contraction velocity is not known.
However, gene profiling in CR supports shifts toward re-
duced cardiac fibrosis and remodeling, with improved con-
tractility and energy production,3 consistent with improved
contractility observed here (Table 1). Shinmura et al.67 also
recently reported that CR reverses age-related diastolic dys-
function. Thus, CR appears to restore multiple determinants
of contractile function in older myocardium. The decline in
+ dP/dt with age is of interest, occurring in the absence of
shifts in absolute force development or - dP/dt. There is good
evidence for altered Ca2 + handling and impaired relaxation
with age, prolonging the period of contraction.68 Lengthened
contraction may well contribute to impaired + dP/dt with
age, together with alterations in Ca2 + handling evidenced by
impaired myocyte contraction velocity.69

Modulation of prosurvival and -injury kinases
with age and CR

Age and CR are both known to modify protective kinase
signaling, which may contribute to poor outcomes and

FIG. 5. Age and calorie restriction (CR) modify phosphor-
egulation of prosurvival and prodeath kinases in normoxic
and postischemic myocardium. Relative phosphorylation of
Akt, p70S6K, p38-mitogen-activated protein kinase (MAPK),
and GSK3b was assessed in homogenates from normoxic
and postischemic hearts from young, middle-aged, and
middle-aged CR mice (ratios normalized to values for
young). Left ventricular tissue was sampled after normoxic
perfusion or following 25 min of global ischemia and 45 min
of reperfusion. Data are means – standard error of the mean
(SEM). (*) p < 0.05 versus young; ({) p < 0.05 middle-aged
versus middle-aged CR.
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refractoriness to protective stimuli in older hearts,26–28,45 and
conversely to cardioprotection with CR.36,67,70 Therefore, we
assessed relevant signaling components, including Akt,
p70S6K, p38-MAPK, and GSK3b. The survival kinase Akt is
activated by phosphoinositide 3-kinase (PI3-kinase), regu-
lates downstream targets including eNOS, PKC, p70S6K, and
GSK3b, negatively regulates autophagy, and is key to mul-
tiple cardioprotective responses.71 Age did not modify Akt
expression but increased postischemic Akt phosphorylation,
whereas CR specifically augmented Akt levels (Figs. 4 and 5,
Table 2). These data are consistent with those of Zhu et al.,49

who reported no effect of age on myocardial Akt phos-
phorylation, and Sung et al.,70 who reported that protective
CR increased activation of Akt in young hearts. Thus, al-
though age-related ischemic intolerance does not involve
repressed Akt signaling, cardioprotection via CR may in-
volve enhanced Akt signaling.

Downstream p70S6K is activated by Akt/mammalian
target of rapamycin (mTOR) paths and impacts on cell cycle
regulation, ribosomal peptide translation, autophagy, and
prosurvival signaling (the latter via phosphorylation and
sequestration of Bad).72 Although the importance of p70S6K
in ischemic tolerance remains to be firmly established, there
is support for involvement in protection in response to
preconditioning,73 postconditioning,74,75 and opioid and
adenosine receptor agonism.76,77 Our data support age-
related repression of p70S6K to less than 50% of levels
in YA hearts, a change that may well influence ischemic
tolerance (Fig. 4). Whereas relative phosphorylation was
increased (Fig. 5), partly compensating for the fall in
p70S6K expression, these changes will collectively restrict
capacity to activate p70S6K signaling (for example via Akt
or mTOR), because there is considerably less total and
nonphosphorylated p70S6K substrate available for activa-
tion in older hearts. Subjecting animals to CR countered the
negative influence of age on p70S6K signaling, the only
clear point of convergence between age and CR (Figs. 4 and
5). The positive effects of a 14-week period of CR on p70S6K
signaling in older hearts contrasts the study of Shinmura
et al.,67 who reported that a much longer period of CR can
represses baseline mTOR activation and thus downstream
p70S6K phosphorylation.

The role of p38-MAPK in cardioprotection is also contro-
versial, with evidence for both beneficial and detrimental
functions.44,71 These differences may stem from time- and iso-
form-dependent actions of p38-MAPK. Although age did not
modify p38-MAPK expression, postischemic phosphorylation
(activation) was increased (Fig. 3, Table 2). Given evidence that
p38-MAPK induces cardiac fibrosis and dysfunction78–80 and
mediates detrimental remodeling postischemia,81,82 enhanced
postischemic activation may contribute to age-dependent
changes in postischemic remodeling. Clinical and experimental
data support adverse remodeling in aged myocardium from
humans and animal models.18,25 Interestingly, induction of CR
modified pre- but not postischemic p38-MAPK activation, and
preischemic activation has been shown to limit cell death
during subsequent ischemia-reperfusion.83 Therefore, it is
possible that pre- versus postischemic p38-MAPK activation
contributes to the positive effects of CR versus the negative
effects of age on ischemic tolerance.

Modulation of GSK3b, constitutively active within the
cytosol and inactivated by phosphorylation, is a critical

component of many protective responses.41 While underly-
ing mechanisms remain to be elucidated, active GSK3b
promotes mitochondrial permeability transition pore activ-
ity, and may modulate functionality of proapoptotic Bcl-2
proteins such as Bax.41,49 Moderate age was associated with
a 60% - 70% increase in GSK3b expression and a 25% fall in
baseline phosphorylation. Thus, MA hearts exhibit much
higher active GSK3b, consistent with enhanced cell death
and dysfunction. Because p70S6K inactivates GSK3b,42 im-
paired expression of p70S6K may further promote GSK3b
activation in older hearts. On the other hand, postischemic
phosphorylation of GSK3b was enhanced in older hearts,
supporting later repression of GSK3b activity. Increased
postischemic phosphorylation agrees with the findings of
Zhu et al.,49 although they also observed increased base-
line phosphorylation (without reporting total expression
values). Subjecting MA mice to protective CR did not
modify GSK3b expression, but reduced postischemic
phosphorylation (Fig. 3). These effects are inconsistent
with mechanistic involvement in CR-associated cardiopro-
tection. In contrast, Sung et al.70 found that CR increased
baseline phosphorylation of GSK3b in YA hearts, support-
ing a role for phospho-dependent regulation of GSK3b
in younger tissue. Thus, the effects of CR may be mediated
via distinct mechanisms in older versus young tissue. Age-
dependent shifts in mechanisms of injury or protection
have been reported,48 and age significantly modifies regu-
latory cell signaling as shown here (Figs. 3–5) and in prior
studies.26–28,45 In this respect, Giani et al.84 showed that a
prolonged 12-month period of CR increased Akt phos-
phorylation in older hearts, contrasting effects of CR in the
young,70 and differing from our findings regarding more
abbreviated CR in MA hearts (increased Akt expression but
not phosphorylation). Thus, both duration of CR and tissue
age may be important determinants of molecular adapta-
tions to CR in the heart.

Limitations

There are a number of limitations to the current study
worth mentioning. First, although we were interested in
potential roles of Beclin1 and Parkin, which are less well
studied in myocardium, we did not directly assess autop-
hagy or measure conventional markers such as LC3 or
Sqstm1/p62. Changes in these regulatory proteins are con-
sistent with the proposed role of autophagy in aging; for
example, further work is warranted to specifically address
the impact of age, CR, and ischemia on activity of cardiac
autophagy. Furthermore, we here assess changes in autop-
hagy, apoptosis, and signaling proteins at a single time point
of reperfusion (45 min), when substantial cellular injury/
death is apparent and processes of tissue injury and repair
will be relevant to outcome. Nonetheless, temporal changes
in cellular injury and repair processes are likely to be im-
portant to outcome from ischemic insult, and future work
may address patterns of change in regulatory proteins over
time.

Finally, heart weights were not recorded owing to the
need to freeze tissue rapidly for analysis of protein expres-
sion and phosphorylation. Cardiac mass does appear to fall
with long-term CR, dependent upon duration and severity of
CR. As indicated by the work of Faulks et al., cardiac mass
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normalized to body weight is relatively invariant with 3-
month periods of moderate-to-profound CR.84 Other studies
report relatively fixed heart/body weight ratios with CR.35,85

On this basis, we predict as much as a 30% - 35% decline in
cardiac mass with the current CR regime (based on the fall in
body mass). How a fall in cardiac mass impacts on ischemic
tolerance is not clear, although a rise in mass with hyper-
trophy can be detrimental.

Conclusions

In summary, the present data support emergence of cardiac
ischemic intolerance by middle age in male C57/Bl6 mice, and
show that moderate CR (40% for 14 weeks) counters this ef-
fect, restoring ischemic tolerance to levels observed in young
hearts. Age-related postischemic dysfunction and cell damage
are associated with repressed expression of autophagy regu-
lators (Beclin1, Parkin) and p70S6K, increased expression of
active GSK3b, and increased postischemic activation of p38-
MAPK. In contrast, cardioprotection with CR is associated
with a distinct phenotype, involving reversal of age-related
changes in p70S6K, augmented Akt expression, preischemic
activation of p38-MAPK, partial inhibition of changes in Be-
clin1, and exaggeration of Bcl2 levels. Thus, whereas different
molecular adaptations may contribute to differential effects of
age and CR on ischemic tolerance, transduction of Akt/
mTOR signaling via p70S6K may represent a key point of
regulatory convergence.
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