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Abstract Aging is often accompanied with geometric
and functional changes in the heart, although the underly-
ing mechanisms remain unclear. Recent evidence has
described a potential role of Akt and autophagy in aging-
associated organ deterioration. This study was to examine
the impact of cardiac-specific Akt activation on aging-
induced cardiac geometric and functional changes and
underlying mechanisms involved. Cardiac geometry, con-
tractile and intracellular Ca®" properties were evaluated
using echocardiography, edge-detection and fura-2 tech-
niques. Level of insulin signaling and autophagy was
evaluated by western blot. Our results revealed cardiac
hypertrophy (enlarged chamber size, wall thickness, myo-
cyte cross-sectional area), fibrosis, decreased cardiac
contractility, prolonged relengthening along with compro-
mised intracellular Ca®" release and clearance in aged
(24-26 month-old) mice compared with young (3—4 month-
old) mice, the effects of which were accentuated by
chronic Akt activation. Aging enhanced Akt and mTOR
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phosphorylation while reducing that of PTEN, AMPK and
ACC with a more pronounced response in Akt transgenic
mice. GSK3p phosphorylation and eNOS levels were
unaffected by aging or Akt overexpression. Levels of
beclin-1, Atg5 and LC3-II-to-LC3-I ratio were decreased in
aged hearts, the effect of which with the exception of Atg 5
was exacerbated by Akt overactivation. Levels of p62 were
significantly enhanced in aged mice with a more pro-
nounced increase in Akt mice. Neither aging nor Akt
altered f-glucuronidase activity and cathepsin B although
aging reduced LAMP1 level. In addition, rapamycin
reduced aging-induced cardiomyocyte contractile and
intracellular Ca®" dysfunction while Akt activation sup-
pressed autophagy in young but not aged cardiomyocytes.
In conclusion, our data suggest that Akt may accentuate
aging-induced cardiac geometric and contractile defects
through a loss of autophagic regulation.

Keywords Akt - Aging - Autophagy - Cardiac geometry -
Contractile function - Insulin signaling

Introduction

Aging is a complicated pathophysiological process
accompanied with a wide array of biological adaptations,
including progressive myocardial remodeling and deterio-
rated cardiac reserve [6, 8, 36, 62]. Cardiac aging is usually
characterized by increased left ventricular wall thickness
and chamber size, changes in diastolic filling patterns such
as prolonged diastolic duration, cardiac fibrosis and com-
promised ventricular contractile function, all of which
contribute to the increasing incidence of cardiac morbidity
and mortality in the elderly [36, 55, 62]. A number of
theories have been proposed to be responsible for the
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pathogenesis of the cardiac aging process such as myosin
heavy chain isozyme switch, changes in gap junction
structure, mitochondrial damage and free radical accumu-
lation, leading to dysregulated intracellular Ca*" homeo-
stasis and excitation—contraction coupling [7, 36, 61, 62].
However, none of these speculations have been confirmed
by clinical findings to explain the complex cardiac aging
process. Although Akt is commonly recognized as an
essential survival signaling molecule under cardiac stress
such as ischemia-reperfusion injury [3, 9, 66], a recent
report indicated that suppression of phosphoinositide
3-kinase (PI3K) may prevent aging-induced pathological
changes in the heart [30]. This evidence has corroborated a
role for PI3K and its downstream signaling targets
including Akt in cardiac aging.

Autophagy, an evolutionarily conserved process of
lysosome-dependent turnover of damaged proteins and
organelles, plays a pivotal role in the maintenance of cel-
lular environment in the heart [2, 47]. Autophagy is critical
to cell survival, the interruption of which may initiate
severe ventricular dysfunction, cardiomyopathy and ulti-
mately heart failure [47, 63]. Although the precise role of
autophagy in the regulation of biological responses and
function is still unknown, loss of autophagy governed by
mammalian target of rapamycin (mTOR) was demon-
strated to accelerate aging [1, 27, 54, 56, 57]. In particular,
reduced autophagy with aging has been speculated to be
responsible for aging-associated buildup of damaged
intracellular components such as protein aggregate lipo-
fuscin, resulting in altered cellular homeostasis and loss of
function in aging [12, 21, 56, 64]. Autophagy is potentially
regulated by AMP-dependent protein kinase (AMPK),
while being negatively regulated by mTOR through phos-
phorylation of its downstream targets such as p70s6k
[20, 52]. TOR signaling has been considered as the main
driver for aging since interrupted TOR signaling may
extend lifespan [5, 25]. Given the critical role for Akt in the
critical regulation of mTOR and cardiac geometry [10, 15,
23, 28], the present study was designed to examine the role
of chronic Akt activation on aging-induced geometric,
functional and intracellular Ca>" homeostatic changes in
the heart with a focus on autophagy. The Akt up- and
downstream- signaling molecules including insulin recep-
tor, phosphoinositide dependent kinase 1 (PDK1), mam-
malian target of rapamycin (mTOR), glycogen synthase
kinase-3 8 (GSK3f) and eNOS [19, 48] were examined in
wild-type and Akt overexpression transgenic mice. In
addition, Akt signaling is under the negative control of
phosphatase and tensin homologue on chromosome ten
(PTEN) to participate in the pathophysiology of a variety
of diseases including myocardial hypertrophy, heart failure
and preconditioning [48], therefore phosphorylation of
PTEN was also scrutinized. Given that AMPK and Akt
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signaling are often inversely correlated such that Akt
negatively regulates AMPK phosphorylation [34], AMPK
and its substrate acetyl-CoA carboxylase (ACC) were
evaluated. Recent evidence suggested an essential role for
sequestosome-1 (SQSTM, also known as p62) as an
autophagy adaptor in autophagosome formation and pro-
tein turnover [31]. Levels of p62 (total and triton-insoluble)
were examined in young or aged mouse hearts. Given that
autophagy quantification is heavily impacted by autophagic
flux in particular lysosomal degradation [21], lysosomal
activity was determined in young or aged mouse hearts
using a f-glucuronidase activity assay [11, 33], as well as
levels of cathepsin B and LAMPI1, two key autophagy-
related lysosomal proteins [17, 22].

Methods and materials

Cardiac-specific Akt overexpression mice
and intraperitoneal glucose tolerance test (IPGTT)

All animal procedures were approved by the Animal Care
and Use Committee at the University of Wyoming (Lara-
mie, WY). Mice overexpressing the hemagglutinin (HA)-
tagged Akt with src myristoylation signal under the
direction of the murine o-myosin heavy-chain promoter
were obtained from Dr. Anthony Rosenzweig at the Har-
vard Medical School (Boston, MA). The cardiac-specific
Akt transgenic mice were genotyped using PCR [42]. Both
3-4 month-old (denoted as “young”) and 24-26 month-
old (as “old”) male wild-type (WT) and Akt overexpres-
sion mice were maintained on a 12/12-light/dark cycle with
free access to tap water until experimentation. At the time
of sacrifice, blood glucose and plasma insulin levels were
measured using a glucose monitor and an ELISA com-
mercial kit, respectively. The homeostasis model assess-
ment of insulin resistance (HOMA-IR) was used to
estimate insulin resistance based on the following equation:
fasting insulin (WU/ml) X fasting blood glucose (mM)/
22.5 [44]. Prior to sacrifice, mice were fasted for 12 h and
were then given an intraperitoneal (i.p.) injection of glu-
cose (2 g/kg b.w.). Blood samples were drawn from the tail
vein immediately prior to the glucose challenge, as well as
15, 30, 60 and 120 min thereafter. Blood glucose levels
were determined using an Accu-Chek III glucose analyzer.
The area under the curve (AUC) was calculated using
trapezoidal analyses for each adjacent time point and serum
glucose level.

Echocardiographic assessment

Cardiac geometry and function were evaluated in anes-
thetized (Avertin 2.5%, 10 pl/g, b.w., i.p.) mice using 2-D



Basic Res Cardiol (2011) 106:1173-1191

1175

guided M-mode echocardiography (Sonos 5500) equipped
with a 15-6 MHz linear transducer. Left ventricular (LV)
anterior and posterior wall dimensions during diastole and
systole were recorded from three consecutive cycles in
M-mode using method adopted by the American Society of
Echocardiography [16]. Fractional shortening was calcu-
lated from LV end-diastolic (EDD) and end-systolic (ESD)
diameters using the equation (EDD — ESD)/EDD. Heart
rates were averaged over 10 cycles.

Isolation of mouse cardiomyocytes

Hearts were rapidly removed from anesthetized mice and
mounted onto a temperature-controlled (37°C) Langendorff
system. Following perfusion with a modified Tyrode’s
solution (Ca" free) for 2 min, the heart was digested with
a Ca’'-free KHB buffer containing liberase blendzyme 4
(Hoffmann-La Roche Inc., Indianapolis, IN) for 20 min.
The modified Tyrode solution (pH 7.4) contained the fol-
lowing (in mM): NaCl 135, KCI 4.0, MgCl, 1.0, HEPES
10, NaH,PO4 0.33, glucose 10, butanedione monoxime 10,
and the solution was gassed with 5% CO,-95% O,. The
digested heart was then removed from the cannula and the
left ventricle was cut into small pieces in the modified
Tyrode’s solution. Tissue pieces were gently agitated and
the pellet of cells was resuspended. Extracellular Ca** was
added incrementally back to 1.20 mM over 30 min. A
yield of at least 60—70% viable rod-shaped cardiomyocytes
with clear sacromere striations was achieved. Only rod-
shaped myocytes with clear edges were selected for con-
tractile and intracellular Ca** studies [16].

Cell shortening/relengthening

Mechanical properties of cardiomyocytes were assessed
using a SoftEdge MyoCam® system (IonOptix Corpora-
tion, Milton, MA) [16]. In brief, cells were placed in a
Warner chamber mounted on the stage of an inverted
microscope (Olympus, IX-70) and superfused (1 ml/min at
25°C) with a buffer containing (in mM): 131 NaCl, 4 KCl,
1 CaCl,, 1 MgCl,, 10 glucose, 10 HEPES, at pH 7.4. The
cells were field stimulated with a supra-threshold voltage at
a frequency of 0.5 Hz (unless otherwise stated), 3 ms
duration, using a pair of platinum wires placed on opposite
sides of the chamber connected to a FHC stimulator
(Brunswick, NE). The myocyte being studied was dis-
played on the computer monitor using an IonOptix Myo-
Cam camera. IonOptix SoftEdge software was used to
capture changes in cell length during shortening and re-
lengthening. Cell shortening and relengthening were
assessed using the following indices: peak shortening
(PS)—peak ventricular contractility, time-to-PS (TPS)—
contraction duration, and time-to-90% relengthening

(TRgg)—cardiomyocyte relaxation duration, maximal
velocities of shortening (4-dL/dt) and relengthening
(—dL/dt)}—maximal velocities of ventricular pressure
rise/fall. In the case of altering stimulus frequency from
0.1 to 5.0 Hz, the steady state contraction of the myocyte
was achieved (usually after the first 5-6 beats) before PS
was recorded.

Intracellular Ca®" transient measurement

Myocytes were loaded with fura-2/AM (0.5 uM) for
10 min and fluorescence measurements were recorded with
a dual-excitation fluorescence photomultiplier system
(IonOptix). Cardiomyocytes were placed on an Olympus
IX-70 inverted microscope and imaged through a Fluor
40x oil objective. Cells were exposed to light emitted by a
75 W lamp and passed through either a 360 or a 380 nm
filter, while being stimulated to contract at 0.5 Hz. Fluo-
rescence emissions were detected between 480 and 520 nm
by a photomultiplier tube after first illuminating the cells at
360 nm for 0.5 s then at 380 nm for the duration of the
recording protocol (333 Hz sampling rate). The 360 nm
excitation scan was repeated at the end of the protocol and
qualitative changes in intracellular Ca®* concentration
were inferred from the ratio of fura-2 fluorescence intensity
(FFI) at the two wavelengths (360/380). Fluorescence
decay time was measured as an indication of the intracel-
lular Ca®" clearing rate. Both single and bi-exponential
curve fit programs were applied to calculate the intracel-
lular Ca®* decay constant [16].

Glucose uptake assay

Cardiomyocytes were washed 3 times with Krebs—Ringer-
N-[2-hydro-ethyl]-piperazine-N'-[2-ethanesulfonic  acid]
(HEPES) (KRH, 136 mM NaCl, 4.7 mM KCl, 1.25 mM
CaCl,, 1.25 mM MgSO,, 10 mM HEPES, pH 7.4) buffer
and incubated with 2 ml KRH buffer at 37°C for 30 min.
A cohort of cardiomyocytes from each group was subjected
to insulin stimulation (10 nM, 15 min). Glucose uptake
was initiated with addition of 0.1 ml KRH buffer and
2-deoxy-D-[3H] glucose (0.2 p Ci/ml with a specific
activity of 10 Ci/mmol) and 5 mM glucose. Glucose
uptake was terminated after 30 min by washing the cells
with cold PBS [13]. The cells were lysed overnight with
0.5 ml 0.5 M NaOH and 0.1% SDS (w/v). Radioactivity
retained by the cell lysates was determined using a scin-
tillation counter (1 cpm = 0.888 x 10712 Ci, Beckmann
LC 6000IC) and normalized to protein concentration
measured using a Bradford Protein Assay Kit. All assays
were repeated in duplicate to ensure reproducibility of the
results. Data from 5-6 mice per group were used for final
data analyses.
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Histological examination

Following anesthesia, hearts were arrested in diastole with
saturated KCl, excised and fixed in 10% neutral-buffered
formalin at room temperature for 24 h. The specimen was
processed through graded alcohol concentrations, cleared
in xylene, embedded in paraffin, and serial sections were
cut at 5 pm and stained with hematoxylin and eosin
(H&E). Frozen hearts were used for Masson’s Trichrome
staining. Serial sections were cut at 10 um thickness using
a Leica, cryomicrotome (Model CM3050S, Leica Micro-
systems, Buffalo Grove, IL, USA) prior to fixation in 4%
paraformaldehyde for 30 min. Following two washes with
phosphate buffered saline (PBS), the sections were stained
with a Trichrome stain kit (Sigma-Aldrich, St. Louis, MO,
USA). Cardiomyocyte cross-sectional area and fibrosis-to-
total area ratio were measured from cardiomyocytes with
clear myofiber outlines on a digital microscope (400x)
using the Image J (versionl.34S) software [16].

Lipofuscin assay

Frozen heart tissues were homogenized in chloroform—
methanol (1:20, w:v). The chloroform-rich layer was
mixed with methanol following 15 min centrifugation at
15,000g. Fluorescence in the sample was measured at an
excitation wavelength of 350 nm and emission wavelength
of 485 nm using a spectrofluorimeter (Molecular Devices,
SpectraMAX Gemini XS, CA, USA) [53]. The data were
expressed as fluorescence intensity per 100 mg tissue.

f-glucuronidase assay

Subcellular fractions were separated. Briefly, a portion of
the heart was homogenized in an ice-cold 0.25 M
sucrose solution. The homogenate was centrifuged at
600g for 10 min at 4°C. The supernatant was further
centrifuged at 16,000g for 30 min at 4°C. The sediment
(lysosomal fraction) was collected and incubated with an
ice-cold lysis buffer for 15 min prior to the determina-
tion of f-glucuronidase activity. Activity was determined
according to the method of Koldovasky [11, 33]. The
assay mixture contained 0.5 ml of freshly prepared
4 mM p-nitrophenyl f-p-glucuronide (final concentration
of 2mM) in 0.1 M sodium acetate buffer (pH 5.0).
Twenty-five microlitre of lysosome lyses was made up to
1.0 ml with assay buffer and incubated at 37°C for 1 h.
The reaction was stopped by the addition of 3 ml of
0.2 M glycine-NaOH buffer (pH 11.7). Absorbance was
measured at 410 nm using a spectrophotometer (Molec-
ular Devices Spectra Max 190, CA, USA). The data
were expressed as pmol p-nitrophenol liberated per hour
per 100 mg protein.
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Western blot analysis

Murine heart tissues were homogenized and sonicated in a
lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton, 0.1% sodium
dodecyl sulfate (SDS), and a protease inhibitor cocktail
(Thermo Scientific). Protein levels of insulin receptor f,
phosphorylated PDK1 (pPDK 1,Ser**"), Akt, phosphorylated
Akt (pAkt) at both Ser*’® and Thr’®®, GSK3#, phosphory-
lated GSK3 8 (pGSK3p, Ser”), PTEN, phosphorylated PTEN
(pPTEN, Ser*®®), AMPK, phosphorylated AMPK (pAMPK,
Thr'"?), acetyl CoA Carboxylase (ACC), phosphorylated
ACC (pACC, Ser79), eNOS, mTOR, phosphorylated mTOR
(pmTOR, Ser***®), Beclin 1, Atg5, LC3 isoform, p62,
cathepsin B and LAMP1 were examined using standard
western immunoblotting. All antibodies were obtained from
Cell Signaling Technology (Beverly, MA, USA) except p62
antibody (PROGEN Biotechnik, Heidelberg, Germany) and
cathepsin B antibody (Sigma-Aldrich, St. Louis, MO, USA).
Membranes were probed with respective antibodies using
o-tubulin serving as the loading control. To detect the
expression of cellular triton-insoluble p62, cellular proteins
were separated into detergent-soluble and -insoluble frac-
tions with the 2% Triton X-100 buffer (50 mM Tris (pH 8.0),
150 mM NaCl, 1 mM EDTA, 10% glycerol, 2% Triton
X-100, protein inhibitor cocktail). Buffer with 1% SDS was
used to solve the insoluble fractions. The triton-insoluble
fractions were subjected to western blot analysis and probed
with p62 and lamin A/C (loading control, Cell Signaling
Technology) antibodies [18]. The membranes were incu-
bated with horseradish peroxidase (HRP)-coupled secondary
antibodies. Following immunoblotting, the film was scanned
and detected using a Bio-Rad Calibrated Densitometer and
the intensity of the immunoblot bands was normalized to that
of a-tubulin or lamin A/C (for insoluble p62) [16].

Data analyses

Data were expressed as Mean 4+ SEM. Statistical signifi-
cance (p < 0.05) was estimated using one-way analysis of
variation (ANOVA) or repeated-measures of ANOVA (for
Fig. 1) followed by a Tukey’s test for post hoc analysis.
The number of replicates for each experiment is expressed
in the figure legends.

Results

General biometric and echocardiographic
characteristics

The biometric profiles of young or old WT and Akt over-
expression mice are shown in Table 1. Cardiac
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Fig. 1 Intraperitoneal glucose tolerance test (IPGTT, 2 g/kg) and
glucose uptake in WT and Akt overexpression (AOE) mice at young
and old ages. a Serum glucose levels within 120 min following IPGTT
challenge, b area underneath the curve (AUC), ¢ 2-Deoxyglucose
uptake in freshly isolated cardiomyocytes from WT and AOE mice
with or without insulin treatment (100 nm, 15 min). Mean & SEM,
n = 5-6 mice or isolations per group, *p < 0.05 versus respective
WT-young or basal group, *p < 0.05 versus insulin-treated WT-young
group, 'p < 0.05 versus respective WT-old group

overexpression of Akt did not elicit any notable effect on
body weight compared with the age-matched WT mice.
Although Akt activation failed to affect heart weight at the
young age, it prompted overt cardiac hypertrophy (both
absolute weight and size) in aged mice. Aged WT and Akt
transgenic mice displayed greater body and heart weights
(and heart size in Akt mice) compared with their young

counterparts. Neither aging nor Akt activation or the com-
bination of the two significantly altered fasting blood glu-
cose levels. Aging, but not Akt overexpression, increased
plasma insulin and HOMA-IR levels. Aging but not Akt
activation significantly increased left ventricular wall
thickness and ESD, the effects of which were more pro-
nounced in Akt mice. Neither aging nor Akt overexpression
significantly affected EDD and fractional shortening,
although the combination of the two overtly increased EDD
while decreasing fractional shortening. Heart rate was
unaffected by either aging or Akt overexpression.

IPGTT and glucose uptake in young or old WT and Akt
overexpression mice

Following acute intraperitoneal glucose challenge, changes
in serum glucose levels of the young WT and Akt mice
displayed similar patterns, i.e., peaking at 15 min and
returning to near baseline after 120 min. However, the post-
challenge glucose levels remained at significantly higher
levels between 15 and 120 min for both aged groups,
indicating glucose intolerance. The basal fasting glucose
levels were comparable among all groups, excluding the
existence of full-blown diabetes (Fig. 1a). These findings
were supported by the area under the IPGTT curve (AUC)
where elevated AUC levels were observed in both old
mouse groups with little effect of Akt overactivation at the
young age (Fig. 1b). Measurement of 2-deoxy-p-[*H] glu-
cose uptake revealed that neither aging nor Akt overex-
pression (or both) affected basal glucose uptake. Acute
insulin challenge (100 nm) significantly stimulated glucose
uptake, in a similar manner, in the young WT and Akt
transgenic mice. Aging drastically abrogated insulin-stim-
ulated glucose uptake with a more pronounced decrease in
cardiomyocytes from Akt mice (Fig. 1c).

Cardiomyocyte contractile and intracellular
Ca”" transient properties

Aging, but not Akt overactivation, significantly elongated
resting cardiomyocyte length. Aging significantly reduced
peak shortening, maximal velocities of shortening/re-
lengthening (+dL/dt) and prolonged time-to-90% relength-
ening (TRyp) without affecting time-to-peak shortening
(TPS). While Akt overexpression itself did not elicit any
significant effects on the mechanical parameters of young
mice, it significantly accentuated aging-induced alterations
in PS, £dL/dt and TRy, without affecting TPS (Fig. 2). To
explore the possible mechanisms of action between aging
and Akt overexpression, intracellular Ca*" handling was
evaluated using fura-2 fluorescence techniques. Our data
revealed that neither aging nor Akt overexpression signifi-
cantly affected resting intracellular Ca** levels, although the
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Table 1 Biometric and echocardiographic parameters of WT and AOE mice at young and old age

Parameter WT-young WT-old AOE-young AOE-old

Body weight (g) 222 £ 0.6 30.1 £+ 0.8* 22.0 +£ 0.5 29.3 + 0.8*
Heart weight (mg) 120 £ 3 157 £ 5% 123 £2 184 + 4%}
Heart/body weight (mg/g) 5.41 £ 0.08 5.24 £0.19 5.58 £ 0.08 6.30 + 0.21%,*
Fasting blood glucose (mg/dl) 99 £ 2 97 £ 4 101 £ 5 113 £ 9
Plasma insulin (ng/ml) 0.41 + 0.07 2.18 £ 0.41* 0.44 £+ 0.08 2.33 £ 0.30%
HOMA-IR (mmol/I*pU/ml) 2.40 £ 0.39 12.22 £ 1.96% 2.63 £ 041 14.87 £ 2.28%*
Heart rate (bpm) 423 + 9 520 + 49 450 £ 10 472 £+ 20
Wall thickness (mm) 0.64 & 0.06 1.24 £ 0.08* 0.64 &+ 0.04 1.45 £ 0.03%*
EDD (mm) 2.88 £ 0.36 3.24 £0.19 2.88 + 0.05 3.53 + 0.07+*
ESD (mm) 1.59 £ 0.15 1.89 £+ 0.10* 1.56 + 0.04 2.19 £ 0.04%*
Fractional shortening (%) 43.8 + 3.1 41.6 = 0.7 457 £ 1.5 37.9 + 0.8%*

HW heart weight, HOMA-IR homeostatic model assessment of insulin resistance, EDD end diastolic diameter, ESD end systolic diameter, LV left

ventricular

Mean + SEM, n = 6-7 mice per group

* p < 0.05 versus WT-young group, ¥ p < 0.05 versus WT-old group

combination of the two overtly elevated resting intracellular
Ca”" levels. Aging, but not Akt overactivation, itself sig-
nificantly decreased the electrically stimulated rise in intra-
cellular Ca*>" (AFFI) and intracellular Ca®" clearance rate
(either single or bi-exponential) with a more pronounced
response in Akt mice (Fig. 3a—d).

Effect of increased stimulation frequency
on cardiomyocyte shortening amplitude

Mouse hearts normally contract at very high frequencies
(>400), whereas our recordings were performed at 0.5 Hz.
To evaluate the impact of aging and/or Akt overexpression
on cardiac contractile function under higher frequencies,
we increased stimulus frequency up to 5.0 Hz (300 beats/
min) and recorded the steady-state PS amplitude. Cardio-
myocytes were initially stimulated to contract at 0.5 Hz for
5 min to ensure steady-state prior to commencing the fre-
quency response. Figure 3e displays a negative staircase of
PS with increased stimulus frequency in all four groups
with a steeper decline in the aged mice. Although Akt
overexpression itself failed to elicit any obvious effects on
the patterns of frequency-shortening response, it exacer-
bates aging-induced decline in PS amplitude. These data
favor a possible role for reduced intracellular Ca** cycling
and stress intolerance in Akt overactivation-exacerbated
mechanical anomalies during aging.

Effect of Akt overexpression and aging on myocardial
histology

To assess the impact of Akt activation on myocardial his-
tology in aging, cardiomyocyte cross-sectional area and
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cardiac fibrosis were examined. H&E staining revealed an
increased cardiomyocyte transverse cross-sectional area in
aged mouse hearts, consistent with increased left ventri-
cular geometry (wall thickness and ESD) and heart weights
in old WT mice. While Akt overexpression itself failed to
affect cardiomyocyte cross-sectional area early on, it sig-
nificantly accentuated aging-induced increase in cardio-
myocyte cross-sectional area, again in line with the
geometric and biometric findings. Masson’s trichrome
staining revealed enhanced cardiac fibrosis in aged mouse
hearts. Importantly, while Akt activation itself did not
affect cardiac fibrosis at the young age, it remarkably
exacerbated aging-induced cardiac fibrosis (Fig. 4).

Effect of aging and Akt overexpression on insulin
signaling

To elucidate the possible mechanisms of action behind
aging and/or Akt overexpression-induced cardiac
mechanical and intracellular Ca** derangements, mole-
cules involved in insulin signaling were examined. Our
data depicted that aging significantly upregulated insulin
receptor f§ levels in WT but not Akt transgenic mice. Akt
activation itself did not affect insulin receptor f levels.
Levels of Akt were elevated in a comparable manner in
young and aged Akt mice. Akt overexpression but not
aging significantly enhanced PDKI and Akt (Thr’*®)
phosphorylation with no synergistic effects. Aging and Akt
overexpression significantly stimulated phosphorylation of
Akt (Ser*”) and decreased PTEN phosphorylation with a
more pronounced effect in aged Akt mice. Neither aging
nor Akt overexpression significantly affected protein
expression of PDKI, GSK3f and PTEN or GSK3p
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phosphorylation. Aging itself did not overtly affect the
expression of Akt (Fig. 5).

Effect of aging and Akt activation on AMPK, ACC,
eNOS, mTOR, autophagy and lipofuscin

To further elucidate the signaling mechanisms involved in
aging and/or Akt overexpression -induced myocardial
dysfunction, western blotting was performed on signaling
molecules including AMPK, the AMPK phosphorylation
target ACC, eNOS, the Akt downstream signal mTOR and
autophagic protein markers. Both aging and Akt overacti-
vation significantly suppressed AMPK phosphorylation
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with a more pronounced inhibition in aged Akt mice.
Likewise, both aging and Akt overexpression suppressed
ACC phosphorylation with little additive effects between
the two. Both aging and Akt overexpression facilitated
mTOR phosphorylation with a more obvious increase in
aged Akt mice. Neither aging nor Akt overexpression
altered eNOS expression. Expression of pan AMPK, ACC
and mTOR was unaffected by either aging or Akt over-
expression, or a combination of both (Fig. 6). To evaluate
the role of autophagy in aging and Akt overexpression-
elicited cardiac geometric, function and intracellular Ca*t
handling responses, autophagic markers including Beclin-
1, LC3-I/11, and Atg5 were examined and our results shown
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Fig. 3 Intracellular Ca®" transient and frequency response in
cardiomyocytes from young or old WT and Akt overexpression
(AOE) mice. a Resting fura-2 fluorescence intensity (FFI), b electri-
cally stimulated rise in FFI (AFFI), ¢ single exponential intracellular
Ca** decay, d bi-exponential intracellular Ca*t decay, and e changes

in Fig. 7 depicted overtly reduced autophagy in aging WT
mice as evidenced by downregulated Beclin-1, Atg5, LC3-
II levels and decreased LC3-II-to-LC3-I ratio. Akt over-
expression itself did not exert any notable effects on
autophagic protein markers, although it accentuated aging-
induced decreases in Beclin-1, LC3-1I and LC3-1I-to-LC3-I
ratio but not that of Atg5. Neither aging nor Akt overex-
pression affected the expression of LC3-1. Lastly, aged WT
and Akt transgenic mice exhibited overtly elevated levels
of protein aggregate lipofuscin, a protein aggregate marker
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3.0 5.0
Stimulus Frequency (Hz)

in peak shortening amplitude of cardiomyocytes (normalized to that
obtained at 0.1 Hz from the same cell) at various stimulus frequencies
(0.1-5.0 Hz). Mean £+ SEM, n = 82 cells (panels a—d) and 23-26
cells (panel e) from 5 mice per group, *p < 0.05 versus WT-young
group, *p < 0.05 versus WT-old group

for aging and oxidative stress [14], in a comparable manner
within the heart. Akt activation itself did not elicit any
effects on lipofuscin content at the young age.

Effects of aging and Akt overexpression on autophagy
adaptor p62, f-glucuronidase activity as well
as expression of cathepsin B and LAMP1

Recent evidence suggested that LC3 directly interacts with
p62, a protein involved in autophagosome formation and
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Fig. 4 Histological analyses of hearts from young or old WT and Akt
overexpression (AOE) mice. a—d Representative H&E staining
micrographs displaying transverse myocardial sections (x400),
e-h representative Masson’s Trichrome staining micrographs show-
ing sections of left ventricular myocardiums (x200), i quantitative
analyses of cardiomyocyte cross-sectional (transverse) area using

protein turnover [31]. Total and triton-insoluble p62 were
evaluated in young or aged WT and Akt transgenic mice.
Neither age nor Akt overactivation affected the level of
total p62, although the combination of the two upregulated
total p62 levels. Aging, but not Akt overactivation,
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measurements of ~100 cells from 3 to 4 mice per group, and
Jj quantitative analyses of fibrotic area (Masson’s trichrome stained
area in light blue color normalized to the total myocardial area) from
~ 100 sections from 4 mice per group. Mean £ SEM, *p < 0.05
versus WT-young group, *p < 0.05 versus WT-old group

enhanced triton-insoluble p62 levels, with a more pro-
nounced rise in aged Akt transgenic mice (Fig. 8). To
determine whether aging or Akt-induced effects on
autophagy was associated with change in lysosomal
activity, f-glucuronidase activity, which is usually used as

@ Springer



1182

Basic Res Cardiol (2011) 106:1173-1191

IRB 95KD
o -Tubulin 55KD

*

o
.2 0.08 |
=
L2 1 T
c 0061 —
S
S 0.04
i

3 4

g 0.02
-
(=N
@ 0.00 . .

\N“NO\K\Q \N—‘.o\d _\(0\“‘9 p\oe.o\d
pAkt (Ser 473) 60KD
(C) [ - —— co— a—

Akt 60KD
| — e c— cm— |

o. -Tubulin 55KD

* #

y 2 T

pAkt (Ser*73)-to-Akt Ratio

2 =

1 =

0

Wt °““9 °\d -‘(0““9 R e

pGSK3p 46KD

E) | |

GSK3B 46KD
|
2 0204 |
: T
§ 0154 T
0 1
G o0.10
o
<
& 0.05 1
¥
»
Q 0.00 . . ;
) )
\N"N ound ‘N"O\h N ound R or_‘,(;.\

Fig. 5 Effect of Akt overexpression (AOE) on aging-induced change
in insulin receptor f§ (panel a), PDK1 phosphorylation (panel b), Akt
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(panel d), GSK3p phosphorylation (pGSK3/-to-GSK3p ratio, panel
e), and PTEN phosphorylation (pPTEN-to-PTEN ratio, panel f).

an index for lysosomal activity [11, 33], was determined in
young or aged WT and Akt transgenic mice. Our data
failed to revealed altered f-glucuronidase activity in
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Insets: representative gel blots depicting expression and phosphory-
lation of these proteins using specific antibodies. a-Tubulin was used
as the loading control. Mean & SEM, n = 5-7 mice per group,
*p < 0.05 versus WT-young group, i"}7 < 0.05 versus WT-old group

response to aging, Akt overactivation, or both. In addition,
the levels of the two autophagy-related lysosomal proteins,
cathepsin B and LAMP1, were examined [17, 22]. Neither
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Fig. 6 Effect of Akt overexpression (AOE) on aging-induced change
in AMPK phosphorylation (pAMPK-to-AMPK ratio, panel a), ACC
phosphorylation (pACC-to-ACC ratio, panel b), mTOR phosphory-
lation (pmTOR-to-mTOR ratio, panel c), and eNOS expression (panel

aging nor Akt overexpression significantly affected
cathepsin B expression with no synergistic effects between
the two. Aging significantly downregulated the levels of
LAMPI1 in WT but not the Akt transgenic group. Lastly,
Akt overactivation itself did not affect LAMP1 level.

Effects of the autophagy inducer rapamycin
on cardiomyocyte contractile and intracellular
Ca”* derangement in aging

To further examine the role of autophagy in aging-induced
cardiac contractile alterations, cardiomyocytes from both
young and aged male WT mice were treated with rapa-
mycin, an autophagy inducer which is capable of eliciting
autophagy within 1-2 h [24, 50]. While rapamycin (5 pM
for 4 h) failed to elicit any mechanical responses in young
mice, it significantly alleviated or abrogated aging-induced
cardiomyocyte contractile defects including reduced PS
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d). Insets: representative gel blots of these proteins using specific
antibodies. a-Tubulin was used as the loading control. Mean + SEM,
n = 5-6 mice per group, *p <0.05 versus WT-young group,
#p < 0.05 versus WT-old group

and +dL/dt, shortened TPS and prolonged TRgo. Aged
murine cardiomyocytes possessed a lower LC3-1I-to-LC3-1
ratio compared with cardiomyocytes from young mice,
depicting a lower autophagic capacity. Furthermore, pep-
statin A, a lysosome proteinase inhibitor [41], provoked an
increase in the LC3II-to-LC3I ratio in cardiomyocytes
from both young and old mice. These data did not favor a
major role for lysosomal enzymatic activity in aging-
associated loss of autophagy. Acute treatment with insulin
(100 nm), an Akt activator, suppressed autophagy as evi-
denced by a reduced LC3-II-to-LC3-I ratio in the young
but not old murine cardiomyocytes. To the contrary, rap-
amycin significantly facilitated autophagy (shown as ele-
vated LC3-II-to-LC3-I ratios) in cardiomyocytes from both
age groups (Fig. 9). To further examine if intracellular
Ca”’" handling plays a role in autophagy-regulated car-
diomyocyte function in aging, fura-2 fluorescence was
evaluated in cardiomyocytes from young and aged WT
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Fig. 7 Effect of Akt overexpression (AOE) on aging-induced change
in autophagic and aging markers. a Beclin-1 expression, b LC3-II
expression, ¢ LC3-I expression, d LC3-II-to-LC3-I ratio, e Atg5
expression, and f lipofuscin levels. Insets: representative gel blots of

mice following incubation with rapamycin (5 UM for 4 h).
Our data presented in Fig. 10 revealed that rapamycin
abrogated aging-induced cardiomyocyte intracellular Ca®"
mishandling including reduced AFFI and prolonged intra-
cellular Ca®" clearance. Rapamycin itself did not elicit any
notable intracellular Ca®" response in young mice. These
data support a beneficial role for autophagic induction
against aging-induced cardiac contractile and intracellular
Ca”" defects.
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Discussion

Our study revealed that chronic activation of Akt accen-
tuated aging-associated cardiac hypertrophy, interstitial
fibrosis, contractile dysfunction, and intracellular Ca*t
mishandling. Akt overexpression significantly worsened
the aging-induced loss of insulin sensitivity in the heart
along with suppressed autophagy including buildup of
insoluble p62, favoring a role for Akt-mediated autophagy
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Fig. 8 Effect of Akt overexpression (AOE) on aging-induced change
in the autophagic adapter p62 and lysosomal enzymes. a Represen-
tative gel blots of total and insoluble p62, LAMP1, cathepsin B and -
tubulin (loading control, Lamin a/c was used as loading control for
insoluble p62) using specific antibodies, b total p62 expression,

regulation in Akt activation-accentuated cardiac aging.
Reduced autophagy or inability to remove damaged
structures was supported by the accumulation of garbage
protein aggregate such as lipofuscin, an aging marker [14].
The involvement of autophagy in cardiac aging was further
substantiated by in vitro autophagy induction where rapa-
mycin alleviated aging-induced cardiomyocyte mechanical
and intracellular Ca®" derangements. These results col-
lectively suggest a possible role for Akt and autophagy in
the regulation of myocardial morphology and function in
the aging process and more importantly, the therapeutic
potential for autophagy in cardiac aging.
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Akt activation worsens cardiac geometry, contractile
and intracellular Ca** properties in aging

Changes in myocardial morphology, geometry and con-
tractile function are typical in aged hearts characterized by
a buildup of the protein aggregate lipofuscin, cardiac
hypertrophy, interstitial fibrosis, intracellular Ca** defect,
and compromised contractility in particular prolonged
diastolic duration [14, 21, 35, 61, 62]. However, ventricular
ejection fraction, the essential measure of left ventricular
systolic performance, is usually preserved during aging,
potentially due to enlarged ventricular end diastolic volume
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Fig. 9 Effect of Akt activation using insulin and lysosomal inhibition
with pepstatin A on autophagy as well as the impact of autophagy
induction on cardiomyocyte mechanical function in young (4 months)
and old (24 months) WT mice. a LC3-II-to-LC3-I ratio in cardio-
myocytes treated with or without the Akt activator insulin (100 nm,
15 min) or the autophagy inducer rapamycin (5 pM, 1 h) before
immunoblotting was performed, b LC3-II-to-LC3-I ratio in cardio-
myocytes from young and old mice treated with or without pepstatin a

[36, 62]. This is in line with the unchanged fractional
shortening in our aged WT hearts. However, this apparent
compensation in aging disappeared following chronic Akt
activation, consistent with the detrimental effects of Akt
and its downstream signaling molecules such as GSK3p in
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(10 pg/ml, 1 h) prior to immunoblotting, ¢—f cardiomyocyte contrac-
tile function in cardiomyocytes incubated for 4 h in the absence or
presence of rapamycin (5 uM) prior to mechanical assessment. ¢ peak
shortening (normalized to resting cell length), d maximal velocity of
shortening/relengthening (£dL/dt), e time-to-PS (TPS), and f time-to-
90% relengthening (TRyg). Mean = SEM, n = 4-5 isolations (panel
a-b) or 98-119 cells from 4 mice (panel c—f), *p < 0.05 versus
respective young group, p < 0.05 versus old group

certain pathological conditions such as hypertrophic and
ischemia—reperfusion injuries [10, 15, 19, 46, 49]. Ven-
tricular hypertrophy and fibrosis are common manifesta-
tions of the aging heart and may lead to heart failure [59].
Our data revealed more prominent changes in heart mass,
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Ca®" handling. a Baseline FFI, b electrically stimulated rise in FFI

heart-to-body weight ratio, cardiomyocyte cross-sectional
area, interstitial fibrosis and fractional shortening in aged
Akt mice, favor a prominent role for Akt overactivation in
aging as opposed to younger mice. EDD, which is pre-
served under aging and Akt activation, is significantly
enhanced with concurrent aging and Akt overexpression.
The enhanced EDD is likely responsible for reduced left
ventricular fractional shortening in aged Akt mice. Our
findings revealed increased ventricular wall thickness and
ESD with aging, but not Akt overexpression, early on in
life, suggesting a lesser role of short-term Akt overacti-
vation in cardiac geometry and function. Although it is
beyond the scope of our study to examine the precise
mechanism responsible for cardiac hypertrophy in aged
Akt mice, overexpression of the essential cardiac survival
factor Akt may be responsible for exacerbated cardiac
hypertrophy in these mice [10, 15]. It is worth mentioning
that the young Akt transgenic mice exhibited comparable
body and heart weight compared with their WT littermates,
different from the earlier findings of enlarged body and
heart mass (as well as larger cardiomyocyte surface area)
using the same Akt transgenic mice [42]. This apparent
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Basal Akt AMPK
activation Activation

\ /
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Autophagy

—> stimulation l =y Inhibition

e of d d proteins and
development of cardiac contractile dysfunction

(AFFI), ¢ intracellular Ca*t decay rate (single exponential), and
d schematic illustration depicting the role of Akt, AMPK and mTOR
in aging-induced changes in autophagy and cardiac contractile
function. Mean & SEM, n = 72 cells from 3 mice per group,
*p < 0.05 versus young group, *p < 0.05 versus old group

discrepancy in mouse biometric data may be associated
with the slightly younger age of mice in our study
(3—4 months, mostly at 3 months of age) compared with
those (15.4-15.8 weeks) previously reported [42].

In our study, aged murine cardiomyocytes displayed
unchanged resting intracellular Ca”" levels, decreased
intracellular Ca”" release in response to electrical stimulus
(excitation) and delayed intracellular Ca®* clearance,
somewhat in line with our previous reports [38, 39, 61].
Although Akt overactivation did not affect intracellular
Ca”* homeostasis in young mice, it unveiled an overloaded
resting and dampened release of intracellular Ca®" with
aging as well as accentuated aging-induced decrease in
intracellular Ca®" clearance. These findings suggest that
Akt overactivation with time is capable of disrupting
intracellular Ca®" handling. Existence of intracellular Ca®"
mishandling in aging with or without chronic Akt activation
is further supported by the reduced stress tolerance shown
as a steeper negative staircase in peak shortening-frequency
response. Dampened SERCA2a expression and phospho-
lamban phosphorylation may account for, at least in part,
intracellular Ca®" mishandling, prolonged intracellular
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Ca”" clearance and cardiac relaxation in senescent Akt
murine hearts although further study is warranted. Since
Akt overexpression itself did not alter myocardial contrac-
tile and intracellular Ca>* properties in young mouse hearts,
activation of this kinase early on in life may not be innately
harmful to cardiac function. It should be pointed out that the
discrepant findings between unchanged fractional shorten-
ing and reduced cardiomyocyte contractile capacity in the
aging WT group may be related to possible non-cardio-
myocyte factors such as fibroblasts and connective tissues
as well as the non-loading isotonic nature of our current in
vitro experimental setting.

Akt overactivation worsens cardiac insulin signaling
independent of the whole body metabolic status
in aging

Several mechanisms may be proposed for chronic Akt
activation-elicited exaggeration of aging-induced cardiac
mechanical and intracellular Ca** dysregulation. First, our
data revealed that chronic Akt overactivation exacerbated
aging-induced decrease in cardiac glucose uptake, depict-
ing an involvement of glucose metabolism and fatty acid
uptake in Akt overexpression-elicited cardiac geometric
and functional anomalies. Aging-induced decrease in the
expression of Glut4 has been demonstrated [58]. Findings
using the same murine model revealed that chronic Akt
activation dampened insulin-stimulated glucose uptake in
adulthood [43], reminiscent of our current findings. How-
ever, the more dramatic reduction in insulin-stimulated
glucose uptake does not seem to be associated with any
dramatic increases in blood glucose, plasma insulin and/or
HOMA-IR indices in aged Akt mice, suggesting that car-
diac anomalies may develop independent of the whole
body metabolic status (levels of fasting glucose, insulin and
HOMA-IR). In addition, our data revealed upregulated
insulin receptor f in aging WT mice which may be a
possible compensatory response of the dampened insulin
sensitivity with aging. The enhanced PDK1 phosphoryla-
tion in Akt mice is somewhat surprising and may reflect a
feedback regulation of chronic Akt activation as PDKI is
known to activate Akt [45]. Our data depicted low phos-
phorylation of the Akt negative regulator PTEN with aging,
the effect of which was accentuated by Akt overexpression.
This finding favors a role for PTEN in the regulation of Akt
activation in aging and chronic Akt overactivation states.

Akt activation worsens aging-induced decrease
in autophagy possibly through mTOR and AMPK

signaling in the heart

Perhaps the most interesting finding from our present study
is that chronic Akt activation accentuates aging-induced

@ Springer

decline in autophagy. This is shown by reduced autophagy
protein markers and upregulated levels of insoluble p62.
Akt is an essential regulator involved in cardiac survival
and autophagy [51]. Numerous studies have demonstrated
that Akt activation and aging may independently decrease
autophagic activity [4, 12, 14, 29, 51, 56, 64]. Our study
revealed that the autophagy inducer rapamycin improved
aging-induced cardiomyocyte contractile and intracellular
Ca”* dysregulation. This is consistent with a recent report
that rapamycin prolongs lifespan in a murine model
through activation of autophagy [26]. In addition, long-
term caloric restriction, a known trigger for autophagy
induction [14, 60], overtly improves diastolic function in
senescent myocardium through amelioration of the age-
associated intracellular Ca** mishandling [53]. In vitro
insulin treatment, which activates Akt, significantly sup-
pressed autophagy in young but not in aged cardiomyo-
cytes. These data suggest that Akt activation with time may
inhibit autophagy in aging and thus elicit cardiac geometric
and functional anomalies associated with aging. The lack
of inhibition in autophagy in aged murine cardiomyocytes
by insulin may be due to an already low basal autophagy
level in aging. Our data depicted a significant increase in
mTOR phosphorylation in aged mice which was in line
with the enhanced Akt activation in these mice. These
findings are supportive of the loss of autophagy in aged
WT and Akt mice as mTOR negatively regulates autoph-
agy and life span [5, 25, 52]. Nonetheless, further scrutiny
is needed to elucidate the precise role for mTOR in aging-
induced change in cardiac geometric and functional chan-
ges. In addition, mTOR may coordinate survival and
growth in response to various stimuli independent of
autophagy regulation [5, 25]. For example, mTOR complex
I may participate in the aging process through promoting
mRNA translation and ribosome biogenesis [25]. Our data
also revealed reduced phosphorylation of AMPK and its
target ACC in aged mice, the effect of which may be
exacerbated by Akt overactivation. This finding supports
the inverse correlation between AMPK and Akt signaling
[34]. AMPK has been shown to regulate intracellular fatty
acid oxidation via inactivating ACC (phosphorylation of
ACC) [35]. The aging-induced suppression of AMPK
phosphorylation was shown previously [37]. AMPK may
be negatively regulated by Akt phosphorylation while the
duo often exert opposite pleiotropic and metabolic
responses in the heart [40]. Aging-associated decreases in
AMPK phosphorylation observed in our study may provide
an alternate mechanism for the low level of autophagy in
aging. AMPK is known to promote autophagy and an array
of cardiac responses through inhibition of mTOR [40, 65].
Changes in pACC levels during aging not only provide
evidence that Akt plays a role in aging-associated intra-
cellular fat oxidation and insulin signaling, but also suggest
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involvement of an AMPK-ACC-mTOR mediated pathway
in Akt overactivation-exacerbated aging responses.
Although the nature of the ACC pathway is beyond the
scope of our current study, its important role in cardiac
aging should not be underestimated. Last, but not least, our
data failed to reveal any patterns of responsiveness to
eNOS expression, not favoring a major role for eNOS in
aging and/or Akt overactivation-induced cardiac responses.
A scheme is shown to illustrate the possible mechanisms of
action in Akt- and AMPK-induced regulation of autophagy
with mTOR serving as a converging point en route to
protein quality control in the heart and therefore regulation
of cardiac contractile function (Fig. 10d).

Role of lysosomal pathways in Akt activation
accentuated autophagic response in aging heart

Detection of processed LC3-II is an important approach to
quantify autophagy [14, 21, 40]. However, measurement of
the LC3-1I-to-LC3-I ratio may not be the best parameter to
estimate autophagic status. Our current data revealed a
lower LC3-II-to-LC3-I ratio in aged cardiomyocytes in the
absence (steady-state autophagosomes) or presence
(cumulative autophagosomes) of the lysosomal inhibitor
pepstatin A, suggesting a minor role for lysosomal degra-
dation (i.e., the late-stage autophagic flux) in aging-induced
decrease in autophagy. This is somewhat supported by the
negative findings from the fS-glucuronidase activity and
cathepsin B experiments. Interestingly, our study revealed
reduced LAMP1 expression in aged WT but not Akt
transgenic mice. LAMP1 is a lysosomal membrane
receptor protein to mediate the fusion of mature auto-
phagosomes with cytosolic lysosomes forming auto-
phagolysosomes prior to the hydrolysis of the sequestered
component [17]. Levels of LAMP1 were found to be
reduced in aging hearts [60], consistent with our present
findings. Nonetheless, our data do not favor a role for
LAMPI in Akt overactivation-induced cardiac autophagic
and mechanical responses. It is worth mentioning that
increased insoluble p62 levels in aging with a more pro-
nounced response in Akt transgenic also support a role for
poor early stage autophagosome formation in aging- and
Akt overactivation-induced autophagic responses. Levels
of p62 are used to assess autophagic flux. The autophagy
adaptor bridges ubiquitinated proteins to LC3 and becomes
Triton-insoluble itself prior to incorporation into auto-
phagosomes and degradation by lysosomes [31]. Therefore,
our observation of accumulation of insoluble p62 depicts
impaired autophagic pathway in aging and Akt overacti-
vation. Finally, it is noteworthy that the aging markers
lipofuscin were elevated in a comparable manner in both
WT and Akt murine hearts, suggesting possible contribu-
tion of autophagy-independent mechanism(s) such as

ubiquitin—proteasome system to the accumulation of the
garbage protein aggregates in aging [32].

In summary, our findings suggest that Akt may play an
essential role in the regulation of cardiac function in the
elderly. Our data favor the notion that increased Akt
phosphorylation with aging may be responsible for
reduced autophagic activity in aging, indicating the ther-
apeutic potentials for Akt and autophagy in the manage-
ment of aging-associated complications. Although our
study sheds some light on the interaction of Akt/AMPK/
mTOR signaling, autophagy and aging-induced cardiac
geometric, functional and intracellular Ca®" defects, the
pathogenesis of cardiac dysfunction under aging, partic-
ularly in association with autophagy, still deserves further
investigation.
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