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Abstract

Caloric restriction (CR) is a robust dietary intervention known to enhance cardiovascular health. AMP activated protein
kinase (AMPK) has been suggested to mediate the cardioprotective effects of CR. However, this hypothesis remains to be
tested by using definitive loss-of-function animal models. In the present study, we subjected AMPKa2 knockout (KO) mice
and their wild type (WT) littermates to a CR regimen that reduces caloric intake by 20%-40% for 4 weeks. CR decreased
body weight, heart weight and serum levels of insulin in both WT and KO mice to the same degree, indicating the
effectiveness of the CR protocol. CR activated cardiac AMPK signaling in WT mice, but not in AMPKa2 KO mice.
Correspondingly, AMPKa2 KO mice had markedly reduced cardiac function during CR as determined by echocardiography
and hemodynamic measurements. The compromised cardiac function was associated with increased markers of oxidative
stress, endoplasmic reticulum stress and myocyte apoptosis. Mechanistically, CR down-regulated the expression of ATP5g2,
a subunit of mitochondrial ATP synthase, and reduced ATP content in AMPKa2 KO hearts, but not in WT hearts. In addition,
CR accelerated cardiac autophagic flux in WT mice, but failed to do so in AMPKa2 KO mice. These results demonstrated that
without AMPK, CR triggers adverse effects that can lead to cardiac dysfunction, suggesting that AMPK signaling pathway is
indispensible for energy homeostasis and myocardial adaptation to CR, a dietary intervention that normally produces
beneficial cardiac effects.

Citation: Chen K, Kobayashi S, Xu X, Viollet B, Liang Q (2013) AMP Activated Protein Kinase Is Indispensable for Myocardial Adaptation to Caloric Restriction in
Mice. PLoS ONE 8(3): e59682. doi:10.1371/journal.pone.0059682

Editor: Xiongwen Chen, Temple University, United States of America
Received December 20, 2012; Accepted February 16, 2013; Published March 19, 2013

Copyright: © 2013 Chen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by a Career Development Grant (1-09-CD-09) from the American Diabetes Association and by grants from the National
Center for Research Resources (5P20RR017662-10) and the National Institute of General Medical Sciences (8 P20 GM103455-10) from the National Institutes of

* E-mail: Qiangrong.Liang@sanfordhealth.org

of America

Health. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

n Current address: Department of Biomedical Sciences, New York Institute of Technology College of Osteopathic Medicine, Old Westbury, New York, United States

Introduction

Caloric restriction (CR) is a robust anti-aging intervention. It
refers to the practice that reduces calorie intake by 20-50%
without causing malnutrition. The ability of CR to extend lifespan
was first reported in rats 95 years ago [1], which has since been
reproduced in diverse model systems [2—4]. Nevertheless, the life
extension effect of CR in long-lived primates such as rhesus
monkeys remains controversial [5,6], casting some doubt on the
hope that CR may be an effective approach to promote longevity
in humans. Despite this uncertainty, however, ample evidence
indicates that CR can produce dramatic cardiovascular benefits in
humans [7-10]. Indeed, CR can lower blood pressure, increase
insulin sensitivity, improve blood lipid profile, and suppress
atherosclerosis [7,11,12]. In addition, CR is sufficient to reduce
heart mass and attenuate ventricular chamber stiffness thereby
improving diastolic cardiac function in humans [13-15]. Animal
studies further show that CR is able to not only inhibit age-related
cardiac pathology including oxidative injury and hypertrophy [16—
19], but also reduce acute ischemic injury and chronic cardiac
remodeling [20-23], demonstrating the ability of CR to protect
against age or stress-induced heart disease. Recent research has
focused on developing drugs that mimic CR health-promoting
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effects without reducing food intake [24,25]. However, the
mechanisms of cardioprotection by CR remain speculative,
making it hard to design mimetics for harnessing the full benefits
of CR.

CR triggers an adaptive response that mobilizes cell defense and
repair systems in a coordinated fashion to achieve a state termed
hormesis [3,26], leading to a general attenuation of oxidative
damage [27], inflammation [28], and apoptosis [29], which is
associated with reduced serum levels of several hormones
including insulin and insulin-like growth factor 1 (IGF-1) [3,30].
CR-induced hormesis must obviate the potential negative effects of
CR and redirect molecular priorities to pathways designed for
energy saving, stress resistance, repair, and survival [31].
Accordingly, a defect in CR signaling cascade could potentially
undermine the ability of CR to achieve the hormetic state and
protect the heart.

AMPK is a heterotrimeric protein kinase composed of a
catalytic o subunit and two regulatory subunits (B & ). As an
energy sensor, AMPK detects and reacts to fluctuations in
intracellular ATP levels under normal and stress conditions. CR-
induced relative energy deficits result in elevated intracellular
AMP and ADP, which bind to the 7y subunit, leading to
phosphorylation of the o subunit on its activating loop at Thr-
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172 by a upstream kinase such as LKBI, thereby activating
AMPK. The activated AMPK affects multiple metabolic pathways
to maintain an energy homeostasis conducive to stress resistance
and cell survival [32]. Not surprisingly, AMPK has been suggested
to play a role in CR-induced longevity [7,33-36] and myocardial
protection [19,21] based on the correlation between the activated
AMPK and the observed effects. However, definitive evidence is
lacking to support the hypothesis that the cardioprotective effect of
CR under disease conditions is mediated through AMPK
pathway. It is also unclear if AMPK is really important for
mounting an effective hormetic response to maintain cardiac
homeostasis during periods of restricted calorie intake under basal
physiological conditions. Therefore, in the present study we tested
the necessity of AMPK in myocardial adaptation to CR by using
AMPK deficient mice. Our results demonstrated that AMPK
activation is absolutely required for sustaining energy production
during CR to maintain a normal cardiac function.

Materials and Methods

Reagents and Antibodies

Bafilomycin Al (BFA) was obtained from LC laboratories
(Woburn, MA). Anti-nitrotyrosine and anti-4-hydroxynonenal
antibodies were from EMD Millipore (Billerica, MA). Antibodies
against ATP synthase Fo complex subunit C2 (Atp5g2), cyto-
chrome c oxidase subunit IV (COX-1V), Cytochrome b5 (Cyth5),
and optic atrophy type 1 (OPAI) were purchased from Abcam
(Cambridge, MA). Anti-dynamin-related protein 1 (Drpl) anti-
body and horseradish peroxidase (HRP)-conjugated secondary
antibodies anti-rabbit, anti-mouse, and anti-goat IgG were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-p62  c-terminus/SQSTM1 antibody was purchased from
Research Diagnostics (Flanders, NJ). The following antibodies
were purchased from Cell Signaling (Danvers, MA): AMPKa,
AMPKal, AMPKo2, Phospho-AMPKa (Thr172), AMPKfB1/2,
Phospho- AMPKP1 (Ser108), Acetyl-CoA Carboxylase (ACC),
Phospho-ACC (Ser79), Tuberin/Tuberous sclerosis protein 2
(TSC2), Phospho-TSC2 (Ser1387), microtubule-associated protein
light chain 3 (LC3), C/EBP homologous protein (CHOP), 78 kD
glucose-regulated protein (GRP78) or BIP, Protein disulfide
isomerase (PDI), RNA activated protein kinase (PKR)-like
endoplasmic reticulum kinase (PERK), Inositol-Requiring Enzyme
1 Alpha (IREle), Unc-51-like kinase 1 (ULK1), Phospho-ULK1
(Ser555), Beclin 1, Atg 5, Atg7, Atgl2, Atgl6L1, and Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH).

Animals and Caloric Restriction Protocols

AMPKo2 knockout (KO) mice and their wide type (WT)
littermates were used in the study [37]. The AMPKa2 KO mice
have been backcrossed to C57B/6J strain for more than 8
generations. Twelve-week-old mice were fed ad libitum (AL) with
the #2018 rodent diet for 1 week. The average daily food intake

Table 1. Effects of CR on serum levels of insulin and IGF-1.

Parameter AL CR

N (mice) 6 6

Insulin (ng/ml) 0.59+0.03 0.12+0.03**
IGF-1 (ng/ml) 476.9+22.3 294.8+21.1%*

**p<<0.01 vs AL group.
doi:10.1371/journal.pone.0059682.t001
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Table 2. Cardiac gravimetric and echocardiographic data.

Parameter AL CR

N (mice) 12 12

HW (mg) 120+4.2 93.3+1.6%*
BW (g) 26.3+0.6 20.4+0.3**
TL (mm) 22.2+0.01 22.1+0.01
HW/BW 4.56*0.11 4.57+0.07
HW/TL 5.39+0.18 4.23+0.06**
HR (bpm) 470x7 457*+6
LVIDd (mm) 3.75+0.07 3.41+0.07**
LVIDs (mm) 2.39:+0.06 2.10+0.06**
FS(%) 36.3+0.8 38.4+0.6

HW indicates heart weight; BW, body weight; TL, tibial length; HR, heart rate;
LVIDd, left ventricular (LV) internal diameter in diastole;; LVIDs, LV internal
diameter in systole; FS, fractional shortening. Data are presented as Mean=*SE
and analysized by t test.

*p<<0.05,

**p<<0.01 vs AL group.

doi:10.1371/journal.pone.0059682.t002

was used as the base to calculate the amount of food to be
allocated to mice that would undergo caloric restriction (CR).
Mice were randomly assigned to AL and CR groups. AL mice
continued to be fed ad libitum. CR mice were fed 20% less than
consumed by AL groups for 2 weeks, followed by 40% less for
another 2 weeks. Animals in CR groups were given food at 5:00
p-m. every day. The allocated amount of food was updated weekly
based on food consumption in AL group. At the end of the study,
cardiac function was measured with echocardiography and
hemodynamics. Mice were sacrificed and blood samples were
drawn. The hearts were quickly removed, washed, weighed and
cut into pieces for subsequent analyses.

Ethics Statement

All procedures with animals were performed according to the
Public Health Service Guide for Care and Use of Laboratory
Animals and were approved by Sanford Research/USD Institu-
tional Animal Care and Use Committee.

Measurement of Cardiac Function

Echocardiography and hemodynamics were performed as
described previously [38,39]. in brief, echocardiographic mea-
surements were performed under anesthesia (3% isoflurane
induction, 1% maintenance) using a visualsonics vevo 2100
high-resolution imaging system (visual sonics, toronto, canada).
Left ventricular dimensions and heart rate were measured from 2-
d short-axis m-mode tracings at the level of the papillary muscle.
Left ventricular mass and functional parameters were calculated
using the above primary measurements. Left ventricular hemody-
namics were measured under anesthesia using a millar catheter
(millar instruments, houston, tx) inserted into the left ventricle via
the carotid artery. After stabilization, heart rate (hr) as well as left
ventricular end-systolic and end-diastolic pressure were measured
from the left ventricular pressure waveforms, and *dp/dt were
calculated.

Western Blot Analysis

Protein samples from the left ventricle were prepared in lysis
buffer as described previously [40]. The proteins (40-50 pg) were
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Figure 1. General effects of CR on AMPKa2 KO mice and their WT littermates. Both AMPK o2 KO mice and C57B/6 WT littermates were
either fed ad libitum (AL) or subjected to CR (mice were allocated 20% less food than AL for 2 weeks and 40% less for another 2 weeks). Western blot
analysis of cardiac proteins was performed to assess the total protein levels and the phosphorylation states of AMPK ¢:1/2 and f subunits as well as its
downstream target acetyl-CoA carboxylase (ACC) and TSC2 (A). Note: the antibodies against AMPKa. and p-AMPKa. can recognize both a1 and a2
isoforms. Other parameters indicative of the effectiveness of the CR protocol include body weight (BW, B), heart weight (HW, C), HW/BW ratio (D),
blood triglycerides (E), and serum levels of insulin (F) and IGF-1 (G). Data areexpressed as mean = SE and analyzed by two-way ANOVA. Sample sizes
were indicated in the bar graphs.

doi:10.1371/journal.pone.0059682.g001

resolved by SDS-PAGE and transferred to a PVDF membrane
(GE Healthcare). The membrane was then incubated with a
primary antibody and followed by a HRP-conjugated secondary
antibody. Specific proteins were detected by chemiluminescent
methods using the Lumigen TMA-6 kit (Lumigen, Southfield,
Michigan). Protein abundance on western blots was quantified by

densitometry using Quantity One software (Bio-Rad, Hercules,
CA).

TUNEL Assay and DNA Laddering Assay

Apoptotic cells were detected by terminal deoxynucleotidyl
transferase-mediated nick-end labeling ('UNEL) using the APO-
BrdU TUNEL Assay Kit (Molecular Probes Inc, Eugene, OR) as
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Table 3. Cardiac echocardiographic and hemodynamics data
in WT and AMPKa2 KO mice with or without caloric restriction.

Parameter WT-AL WT-CR KO-AL KO-CR

Heart Rate (bpm)  490+12  427+15*  488+10 426+147% #
LVESD (mm) 200+0.14 1.81+0.10 2.04+0.14  2.58+0.107 # %%
LVEDD (mm) 331£0.17 3.13%0.12 337017  3.67=0.12°°
LVESV(ul) 138220 105+16  144*20 247+2.5% # %%
LVEDV (ul) 464+55 399+40 481%56  57.9+47°°

EF (%) 71.7+20 746+17  774+18  57.8+13% # %%
FS (%) 402+17 424+14  399+16  29.9+08" # %
Stroke Volume (ul) 32.6+35 29.4+26  337%36  33.2+24
Cardiac Output 161£1.9 126209  162%+2.0 14.2+0.9
(ml/min)

N (mice) 11 1 10 10

+dp/dt max 11573+178 10895+398 10892+439 8271+474% # %
-dp/dt min 10263+344 95914335  10522+331 7286+593% # %
Tau (ms) 74+03  82%03 86+0.4 14.1+2.4% %
LVSP 1126+1.8 109.8+20 117.6+1.8 101.9+24% #°
LVEDP 90+10  86+08 86+1.3 121+1.0%

N (mice) 9 9 9 9

LVESD indicates left ventricle (LV) end systolic diameter; LVEDD, LV end diastolic
diameter; LVESV, LV end systolic volume; LVEDV, LV end diastolic volume; EF,
ejection fraction; FS, fractional shortening; LVSP, LV systolic pressure; LVEDP, LV
end diastolic pressure. Data are presented as Mean*SEM and analysized by 2-
way ANAVO with the Bonferroni post-tests.

*p<0.05,

**p<<0.01 vs WT-AL;

#p<0.05,

##p<0.01 vs AMPKo.2 KO-AL;

$p<0.05,

$5p<0.01 vs WT-CR.

doi:10.1371/journal.pone.0059682.t003

per the manufacturer’s protocol. Briefly, Hearts were cut into
pieces and embedded in OCT media (Sakura Finetechnical Co.,
Ltd. Japan). Frozen ventricular sections (5 um) were fixed in 4%
(w/v) paraformaldehyde for 15 min on ice, permeabilized with
70% ethanol for 30 min on ice, and incubated with 50 ul. DNA-
labeling solution containing TdT enzyme and Br-dUTP at 37°C
for 60 min. After the labeling reaction, the sections were washed
and stained with fluorescein-labeled anti-BrdU antibody for
30 min. Before mounting, the cells were stained with 4', 6-
diamidino-2-phenylindole (DAPI) and Alexa Fluor 594-labeled
phalloidin. Images were captured at 600X using an FV1000
confocal microscope (Olympus, Japan) and percentage of TUNEL
positive cells were measured using Image J (NIH) from 4-5 regions
per heart, an area of at least 100 cardiac myocytes. Apoptosis-
induced DNA fragmentation in the heart was also assessed by
using a semiquantitative PCR-based DNA laddering kit from
Maxim Biotech, Inc (San Francisco, CA) as described previously
[41].

Markers of Oxidative Stress

Protein carbonyl content in the heart homogenates was
measured by western blot analysis using the Oxyblot'™ Protein
Oxidation Detection Kit (S7150, Chemicon, Temecula, CA),
based on immunochemical detection of protein carbonyl groups
derived from 2,4-dinitrophenyl hydrazine [42]. Lipid peroxidation
and protein nitration were evaluated by standard Western blotting

PLOS ONE | www.plosone.org
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Figure 2. Cardiac ATP contents and Atp5g2 expression levels
were reduced in AMPKa2 KO mice during CR. A. Cardiac ATP
contents were determined with a colorimetric/fluorometric assay kit
(Abcam, San Francisco, CA). Data are expressed as mean * SE and
analyzed by two-way ANOVA. B. Western blot analysis of proteins
involved in regulating mitochondrial function and dynamics.
doi:10.1371/journal.pone.0059682.g002

procedure using 4-Hydroxynonenal (4-HNE) and 3-Nitrotyrosine
(3-NT) antibodies respectively.

Measurement of Serum Levels of Insulin, IGF-1 and
Triglyceride

Serum levels of insulin, IGF-1 and triglyceride were determined
by using commercial kits following the manufacturer’s protocols
(rat/mouse insulin ELISA KIT: Millipore, St. Charles, MO;
mouse/rat IGF-1 ELISA kit: Diagnostic Systems Laboratories,
Webster, TX; and triglycerides liquid reagent set: Pointe Scientific,
Canton, MI). The absorbances were measured at 450 nm for
insulin and IGF-1, 500 nm for triglyceride on a Synergy™ Mx
multi-mode microplate reader from BioTek. The concentrations
were calculated based on standard curves generated at the same
time.

Measurement of Tissue ATP

The tissue levels of ATP were measured by using a colorimet-
ric/fluorometric assay kit (Abcam, San Francisco, CA). Briefly, the
left ventricle tissues were lysed with ATP assay buffer and
centrifuged at 15,000xg for 2 minutes to pellet insoluble materials.
The supernatant and 50 pl of the reaction mix were added to each
well on the 96-well plate. The absorbance was read at 535/
587 nm using a Synergy' ™' Mx multi-mode microplate reader
from BioTek. The ATP contents were calculated based on a
standard curve generated at the same time.
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Figure 3. Knocking out AMPKo2 increased cardiac oxidative stress, ER stress and apoptosis during CR. Both AMPKa2 KO and WT mice
were subjected to AL or CR feeding as described in Figure 1. A. Western blot analysis of protein carbonyl groups (upper), nitrotyrosine (middle) and
4-hydroxynonenal (bottom). B. Western blot analysis of proteins involved in ER stress including CHOP, BiP, PDI, PERK, and IRE10. Data are expressed
as mean = SE (n=4) and analyzed by two-way ANOVA, *p<0.05; **p<<0.01 vs WT-AL group. C. TUNEL labeling. Apoptotic nuclei were stained green,
and slides were counter-stained with Alexa fluor 568 conjugated-phalloidin (red) and DAPI (blue). Scale bars are 20 um. TUNEL positive cells were
expressed as mean * S.E and analyzed by 2-way ANOVA (n=5). D. DNA laddering. A semiquantitative PCR-based DNA laddering kit was used to

assess the degree of apoptosis in the heart.
doi:10.1371/journal.pone.0059682.g003

Statistical Analysis

Quantitative data were presented as the Means * SE.
Differences between experimental groups were examined by
two-way analysis of variance (ANOVA) followed by the Bonferroni
post-test using Prism software (GraphPad). For all analysis,
p<<0.05 were considered statistically significant.

Results

Four Weeks of CR Reduced Mouse Body Weight and
Serum Levels of Insulin and IGF-1

Long-term CR in animals induces a host of changes at organ,
cellular and molecular levels, among which are reduced body
weight (BW) and serum levels of several hormones including
insulin and IGF-1 [3,30]. We determined if a short-term CR could
produce similar effects on mice. Three-month old male C57BL/6]
mice were fed #2018 rodent diet (Harlan) either ad libitum (AL)
or at a restricted amount (CR) for 4 weeks, i.e., 20% less food
intake than AL for 2 weeks followed by 40% less for 2 weeks. This
short-term CR reduced serum levels of insulin and IGF-1 by 79%
and 39%, respectively (T'able 1), validating the effectiveness of the
CR protocol. In addition, CR caused a roughly 20% decrease in
both BW and heart weight (HW) without an effect on tibial length
(TL). Consequently, the HW/BW ratio remained unchanged but
the HW/TL ratio was reduced after CR (Table 2). Despite a
smaller heart, the cardiac function was well maintained during CR
as indicated by the normal fractional shortening (FS) measured
with echocardiography (Table 2). In summary, the 4-week CR
regimen was sufficient to produce hallmark features of long-term
CR in mice.

Four Weeks of CR Activated AMPK Signaling Pathway in
the Mouse Heart

Different CR protocols have been shown to activate cardiac
AMPK [19,21,43], an energy sensor essential for maintaining
energy homeostasis. Consistently, the 4-week CR regimen in the
present study was sufficient to activate AMPK in the mouse heart
as indicated by the increased phosphorylation of o and B subunits
and its downstream target acetyl-CoA carboxylase (ACC) and
TSC2, suggesting that AMPK may play a role in maintaining
cardiac homeostasis during CR (left half of the Western blot in
Fig. 1A).

AMPK Activation is Required to Maintain Normal Cardiac
Function in Response to CR

Upon activation by CR-induced low energy status, AMPK
switches on ATP producing catabolic pathways such as fatty acid
oxidation and glucose transport, and at the same time shuts off
anabolic ATP consuming pathways such as lipogenesis and protein
synthesis [32]. By doing so, AMPK may offset the initial energy
deficit induced by CR thereby helping keep a normal cardiac
function during extended CR. However, the necessity of AMPK
activation for maintaining cardiac homeostasis during CR has
never been directly determined. Therefore, we used AMPKoa2
knockout (KO) mice [32] to investigate the role of AMPK in the
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heart during CR. AMPK has two isoforms of the catalytic o-
subunit (a1 and a2). AMPKa2 KO mice show no detectable a2
protein and have markedly reduced cardiac protein levels of total
and phosphorylated AMPKo (al+02), indicating o2 as the
dominant isoform in the heart (Fig. 1A). Deletion of AMPK o2
leads to decreased phosphorylation of ACC and TSC2, confirming
the diminished AMPK signaling in the 2 KO heart. These mice
do not have an appreciable baseline cardiac phenotype although
they are sensitive to pressure overload-induced cardiac remodeling
[44].

Wild type (WT) and AMPKoa2 KO mice were fed either ad
libitum (AL) or subjected to CR as described earlier. CR induced
AMPK activation in the hearts of WT mice but not AMPKa2 KO
mice (Fig. 1A). In response to CR, both WT and KO mice had
similarly reduced BW (Fig. 1B), HW (Fig. 1C), blood triglycerides
(Fig. 1E), and serum levels of insulin (Fig. 1F) and IGF-1 (Fig. 1G),
indicating the effectiveness of the CR protocol. We assessed and
compared cardiac function between W and KO mice with or
without CR by echocardiographic and hemodynamic analyses. As
shown in Table 3, both cardiac systolic and diastolic function were
markedly reduced in AMPKa2 KO mice as compared to WT in
response to CR. The impaired cardiac function in the KO mice
was indicated by a 26% reduction in fractional shortening (FS) and
ejection fraction (EF), a 10% and 24% decrease in left ventricular
systolic pressure (LVSP) and +dP/dt, respectively, a 30%
reduction in —dP/dt, a 39% increase in LV end diastolic pressure
(LVEDP), and a 68% increase in Tau. Together, these results
suggest that AMPK activation is required to maintain normal
cardiac systolic and diastolic function during CR.

AMPK Activation is Essential for Maintaining Cardiac ATP

Homeostasis during CR

Since AMPK is the key player that senses energy deficit and
controls ATP homeostasis, we determined if the impaired cardiac
function in AMPKa2 KO mice during CR was linked to reduced
ATP content. As shown in Figure 2A, despite no difference in WT
mice between the two feeding groups, the cardiac ATP levels were
decreased by 38.5% in AMPKa2 KO mice subjected to CR as
compared with the mice fed ad libitum (AL). Mitochondria are the
major site for ATP generation. To explore the potential defects
that may underlie the reduced ATP levels in AMPKa2 KO heart,
we screened proteins involved in several mitochondrial processes
such as fission (Drpl), fusion (Opal), and oxidative phosphoryla-
tion (Cytochrome c oxidase IV: Cox IV; Cytochrome b5: Cytb5;
ATP synthase Fo complex subunit C2: Atp5g2). As determined by
Western blot analysis, CR led to down-regulated protein
expression of Atp5g2 in AMPKa2 KO mice, but not in WT
mice (Fig. 2B). Together, these results suggest that AMPK is
essential for the animal to maintain cardiac ATP homeostasis
during CR, in part due to the effects of AMPK on mitochondrial
ATP synthase.
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Figure 4. AMPKa2 is essential for the CR-induced autophagy in
the heart. A. CR increased LC3-Il levels and decreased p62 levels in WT
mice, but not in AMPKa2 KO mice. B. CR increased cardiac autophagic
flux in WT mice, but not in AMPKa2 KO mice, as shown by the
difference of LC3-Il protein levels in the absence and presence of
bafilomycin A1 (BFA, 3 umole/kg), an inhibitor of autophagic
degradation. BFA was delivered by i.p. injection 30 minutes before
animals were sacrificed. C. CR induced the phosphorylation of ULK1 at
ser555 in WT mice, but not in AMPKa2 KO mice. Data in A and B were
expressed as mean = SE and analyzed by two-way ANOVA. Sample
sizes were indicated in the bar graphs.

doi:10.1371/journal.pone.0059682.g004

Diminished AMPK Signaling Increased Cardiac Oxidative
Stress, ER stress and Apoptosis during CR

CR-induced hormetic response has been shown to attenuate
oxidative stress and ER stress in several organs including the heart
[45]. We determined if this beneficial effect of CR could be
affected by the loss of AMPK signaling. We assessed cardiac
protein oxidation by measuring carbonyl groups, a hallmark of
reactive oxygen species modified proteins, nitrotyrosin (N'T), a
product of tyrosine nitration mediated by reactive nitrogen species
such as peroxynitrite anion and nitrogen dioxide, and 4-
Hydroxynoneal (4-HNE), a product of lipid peroxidation. As
shown in Figure 3A, CR reduced the formation of protein
carbonyls and 4-HNE in WT mice, but this effect was abolished in
AMPKoa2 KO mice. In fact, the levels of protein carbonyl groups,
NT and 4-HNE in AMPKa2 KO hearts were all increased when
animals were subjected to CR, suggesting that the diminished
AMPK signaling undermined the ability of CR to inhibit oxidative
stress. Similarly, we investigated the effect of CR on cardiac ER
stress in both WT and AMPK o2 KO mice. As shown in
Figure 3B, CR reduced the expression levels of ER stress markers
in WT hearts including GRP78 or BiP, an ER-specific chaperone,
CHOP, a transcriptional factor involved in ER stress response, as
well as the 3 upstream components of ER stress, PDI, PERK and
IREla [46]. However, CR failed to attenuate these ER stress
markers in AMPKa2 KO mice. Instead, the ER stress was
enhanced in AMPKa2 KO mice during CR. Consistent with the
increased oxidative stress and ER stress, cardiac apoptosis was
dramatically increased in AMPKa2 KO mice during CR as shown
by increased TUNEL labeling (Fig. 3C) and DNA laddering
(Fig. 3D). Collectively, these findings indicate that AMPK
signaling is required for CR to attenuate oxidative stress, ER
stress and apoptosis in the heart.

AMPK is Essential for CR-induced Autophagy

Autophagy is the primary cellular pathway for lysosomal
degradation and recycling of long lived proteins and organelles.
Autophagy is induced to offset energy deficit thereby promoting
myocardial survival in response to CR [47], starvation [48] or
ischemia [49]. Strong evidence suggests AMPK as a positive
regulator of autophagy [49-51]. We tested if CR could induce
cardiac autophagy in AMPK deficient mice by measuring the
protein levels of LC3 and p62. When autophagy is induced, LC3-I
is converted to LC3-II and conjugated to the autophagosome
membrane. The amount of LC3-II is proportional to the number
of autophagic vacuoles that exist in the cell. LC3-II remains
associated with autophagic vacuoles until being recycled or
degraded by lysosomal proteases. p62/SQSTMI is a polyubiqui-
tin-binding protein that is degraded by autophagy. Thus, the
protein levels of p62 are inversely related to autophagic
activity[52-55]. As suspected, CR increased cardiac LC3-II levels
and decreased p62 levels in WT mice, but these effects
disappeared in AMPKo2 KO mice (Fig. 4A)suggesting that
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autophagy induction in WT mice was impaired by diminished
AMPK signaling in KO mice. To ascertain that the changes in
LC3-II levels were caused by altered formation of autophagosomes
rather than the clearance of autophagic vacuoles, we determined
autophagic flux, an index that reflects the number of autophagic
vacuoles delivered to and degraded in the lysosome [56]. This was
assessed by the difference of LC3-II protein levels in the absence
and presence of bafilomycin Al (BFA, 3 umole/kg), an inhibitor of
autophagic degradation. BFA was delivered by i.p. injection 30
minutes before animals were sacrificed. As shown in Figure 4B.
CR-induced increase in LC3-II was further elevated by BFA in
WT mice (AL 0.29%0.02 versus CR 0.51%+0.03, n=4, p<<0.01);
but this effect was markedly diminished in AMPKa2 KO mice
(AL 0.28%+0.04 versus CR 0.29%0.04, n=4, p>0.05). These
results suggest that the ability of CR to induce autophagy is
mediated, at least in part, by AMPK activation.

Unc-51-like kinase 1 (ULK1) is a mammalian homolog of yeast
autophagy-related 1 (Atgl) that forms a complex with at least 3
other proteins (Atgl3, FIP200 and Atgl01) to initiate autophago-
some formation [57-59]. Phosphorylation of ULK1 by AMPK at
Ser-555 appears to be critical for starvation-induced autophagy in
cell culture [60,61]. We examined the phosphorylation state of
ULKI in the mouse heart. As shown in Figure 4C, CR induced
the phosphorylation of ULK1 at Ser-555 in WT mice, but not in
AMPKa2 KO mice, consistent with the functional status of
autophagy in the heart. Of note, the expression levels of several
autophagy-related genes, including Beclin-1, Atgd, Atg7, Atgl2
and Atgl6, were not markedly altered in all four groups. These
results suggested a crucial role for AMPK-ULKI axis in regulating
cardiac autophagy under caloric restricted conditions.

Discussion

Excessive calorie intake posts an increased risk for cardiovas-
cular disease. On the contrary, caloric restriction (CR) can
enhance cardiovascular health [2—4]. Indeed, CR not only reduces
several risk factors for heart disease [7-10], but also directly affects
cardiac growth and function [13-15]. These observations dem-
onstrate a preventative and therapeutic potential of CR for heart
disease. However, it has proven difficult to implement and sustain
a CR regimen in humans. Thus, research interest has focused on
identifying agents that can mimic CR health-promoting effects
without reducing calorie intake [24,25]. In order to design
mimetics for harnessing the full benefits of CR, it is imperative
to identity the underlying mechanisms that mediate CR-induced
cardioprotection.

CR-triggered adaptive response uses diverse signaling mecha-
nisms to achieve a hormetic state that provides cardioprotection at
baseline and in response to various stresses [3,26]. The AMPK
signaling pathway has been implicated in CR-induced lifespan
extension effects in a number of organisms [7,33-36]. AMPK has
also been shown to protect the mouse heart under ischemic or
hypertrophic [44,49,62,63] conditions. These studies suggest that
the ability of CR to protect the heart may be mediated through
AMPK. In support of this hypothesis, the ability of CR to reduce
cardiac hypertrophy [19] and ischemic injury [21,43] was
associated with AMPK activation. In addition, either short-term
or life-long CR protected the mouse heart against ischemia-
reperfusion damage in the Langendorfl model, and the cardio-
protection was abolished by the AMPK inhibitor adenine 9-B-D-
arabinofuranoside (AraA) that was given intravenously [21] or
added to the perfusate before the onset of ischemia [43].
Nevertheless, AraA may not be highly specific for AMPK. Also,
the necessity of AMPK for CR to mount an effective hormetic
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response remains largely untested. In this respect, using a genetic
loss-of-function approach, we showed that CR activated cardiac
AMPK in WT mice but not in mice deficient in AMPKa2; and
that WT mice maintained normal cardiac function during CR, but
AMPKa2 KO mice lost this capacity. Thus, the diminished
AMPK signaling not only undermined the CR-induced hormetic
response, but also triggered adverse effects that led to cardiac
dysfunction, suggesting an indispensible role for AMPK in
myocardial adaptation to CR, a dietary intervention that normally
produces beneficial cardiac effects.

The mechanisms by which AMPK provides cardioprotection in
the context of CR are not entirely clear. Upon activation by CR,
AMPK switches on ATP producing catabolic pathways and
concurrently shuts off anabolic ATP consuming pathways, thus
keeping ATP at relatively normal levels to maintain cardiac
function during CR. Indeed, ATP levels were reduced in
AMPKa2 KO hearts, which may have contributed to the
impaired cardiac function during CR. This notion is supported
by a previous study showing an essential role of ATP metabolism
in contractile function and cardiomyocyte survival upon pressure
overload [64]. Mitochondrial ATP synthase catalyzes ATP
synthesis utilizing an electrochemical gradient of protons across
the inner membrane. ATP5g2, a subunit of mitochondrial ATP
synthase, was down regulated in AMPKa2 KO mice during CR,
which may partially account for the reduced ATP levels. Together,
our results demonstrated that AMPK is required for maintaining
energy homeostasis, which is essential for preventing cardiac
dysfunction in response to restricted food availability.

The compromised cardiac function in AMPKoa2 KO mice
during CR was also associated with increased markers of oxidative
stress, ER stress and myocyte apoptosis, suggesting an essential
role for AMPK in mediating CR-induced attenuation of oxidative
damage [27] and apoptosis [29]. The protective effects of AMPK
are likely mediated through multiple mechanisms, such as
stimulation of FoxO, Nrf2, and SIRTI1 signaling pathways to
improve cellular stress resistance, inhibition of NF-kB signaling to
suppress inflammatory responses, and maintenance of mitochon-
drial quality to reduce free radical generation [65]. Although
mitochondrion and oxidative stress are critical for inducing
apoptosis in the heart under various conditions, increasing
evidence also suggests other organelles as major points of
integration of proapoptotic signaling [66,67]. In particular,
endoplasmic reticulum (ER) stress has been shown to play a
significant role in the process of apoptosis, contributing to the
pathogenesis of heart disease. AMPK 1is able to attenuate hypoxia-
induced ER stress in neonatal rat cardiomyocytes through
inactivation of eEF2 [68] and reduce apoptosis during cardiac
dysfunction [69,70]. It is thus not surprising that inactivation of the
AMPKo2 gene could turn CR, a normally protective intervention,
into a damaging stimulus that triggers oxidative stress, ER stress
and apoptosis, leading to cardiac dysfunction as shown in our
present study.

Another potential mechanism that could mediate the protective
effect of AMPK during CR is the induction of autophagy, the
primary cellular pathway for lysosomal degradation and recycling
of long-lived proteins and organelles. Autophagy plays an
extremely important role in maintaining cell and organ homeo-
stasis under both basal and various stressful conditions [71,72].
Accumulating evidence suggests that CR may induce autophagy as
a means to promote survival and longevity [73,74]. Supporting
this notion, autophagy is required for the survival of starved
neonatal mice [48] and for CR-mediated lifespan extension in C.
elegans [75]. These results suggest that autophagy may play a role
in CR-mediated myocardial protection. Indeed, autophagy is
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induced to offset energy deficit, promoting myocardial survival in
response to CR [47], starvation [48] or ischemia [49]. Autophagy
is controlled by multiple signaling pathways including AMPK, a
positive regulator, in a number of organisms [49-51]. Our present
study demonstrated that CR accelerated cardiac autophagic flux
in WT mice, but not in AMPKea2 KO mice, suggesting that the
AMPK signaling pathway plays a crucial role in regulating cardiac
autophagy in response to restricted caloric intake. It is conceivable
that the AMPK-dependent autophagy not only provides a certain
amount of energy but also promotes mitochondrial quality control
to limit cardiac injury. Indeed, AMPK can simultaneously
promote the destruction of defective mitochondria and the
biogenesis of new mitochondria through PGC-1a, the net effect
of which is the replenishment of new functional mitochondria and
the attenuation of oxidative injury [76,77].

Another interesting finding in the present study is that CR
reduced heart weight in both wild type and AMPK KO mice,
suggesting that AMPK signaling is not required for CR to reduce
heart weight. This is in contrast with a previous study showing that
loss of AMPKa2 exaggerated pressure overload-induced cardiac
remodeling indicating AMPK as a negative regulator of cardiac
hypertrophy [44]. However, there are multiple negative regulators
of cardiac growth under diverse physiological and pathological
conditions [78]. CR may induce heart size reduction through
many pathways other than AMPK such as glycogen synthase
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In summary, using AMPKa2 deficient mice, we demonstrated
that in the absence of AMPK signaling, CR is unable to mount an
effective hormetic response to protect the heart; instead, CR
triggers adverse effects that culminate in cardiac dysfunction,
suggesting that the AMPK signaling pathway is absolutely
required for energy homeostasis and myocardial adaptation to
restricted caloric intake. The results from this study may stimulate
further research into the mechanisms of CR-induced cardiopro-
tection, facilitating the design of effective mimetics to harness the
power of CR for preventive and therapeutic intervention of heart
disease.
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