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Abstract
AMPK, a metabolic sensor, protects against ischemic injury and cardiac hypertrophy although its
role in obesity is unclear. This study was designed to examine the impact of AMPK deficiency on
cardiac dysfunction following high fat feeding. Adult WT and transgenic mice overexpressing a
kinase dead (KD) α2 isoform (K45R mutation) of AMPK were fed a low or high fat diet for 20
weeks. DEXA was used to confirm adiposity. Wheat germ agglutinin immunostaining was used to
evaluate myocardial histology. Myocardial function was evaluated using echocardiography and
edge-detection. AMPK activity was analyzed using fluorescence polarization assays. [1-14C]
oleate was used to determine fatty acid oxidation. Expression of AMPK, α1, α2, ACC, Akt, the
Glut-4 translocation mediator Akt substrate of 160KD (AS160), mTOR, total and membrane
Glut-4 was evaluated using Western blot. AMPK activity was decreased in KD mice regardless of
diet regimen. High fat diet led to obesity, glucose intolerance and cardiac hypertrophy with
accentuated glucose intolerance, dampened fatty acid oxidation and cardiac hypertrophy in KD
mice. High fat feeding triggered lower fractional shortening, increased LV mass, left ventricular
end diastolic/systolic diameter, decreased PS, ± dL/dt, prolonged TR90 and intracellular Ca2+

mishandling with a more pronounced effect in KD mice. High fat diet and AMPK KD lessened
AMPKα2 isoform activity and ACC phosphorylation. AMPK deficiency unveiled or accentuated
high fat diet-induced decrease in phosphorylation of Akt and AS160, membrane fraction of Glut-4
and mTOR expression (a greater mTOR phosphorylation). Taken together, these data suggest that
AMPK deficiency exacerbates obesity-induced cardiac hypertrophy and contractile dysfunction,
possibly associated with AS160 and mTOR signaling.
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INTRODUCTION
Obesity, if uncorrected, contributes to the onset and development of insulin resistance,
cardiac hypertrophy, compromised myocardial contractile function, altered glucose, lipid
and energy metabolism [1-3]. Although several theories have been postulated for obesity-
induced cardiac morphological and functional anomalies including changes in cardiac fatty
acid oxidation [4], increased myocardial oxygen consumption [5], oxidative stress [6],
myocardial intracellular Ca2+ handling [7], hyperleptinemia [2] and insulin resistance [8],
the precise mechanism(s) of action responsible for obesity-induced cardiac disorders
remains poorly understood. To better understand cardiac pathological changes in obesity,
fat-enriched diet is used to foster the diet-induced pre-diabetic obesity [6]. Recent evidence
from our laboratory as well as others has demonstrated insulin resistance, cardiac
hypertrophy, myocardial dysfunction, downregulated mitochondrial oxidative
phosphorylation and biogenesis in high fat diet-induced obesity [6;9;10]. Nonetheless, the
pathogenesis of cardiac hypertrophy and contractile dysfunction following high fat diet
intake still remains a mystery. Given that AMP-activated protein kinase (AMPK) has
emerged as an important regulator of whole body energy metabolism with a close tie to
diabetes mellitus and metabolic syndrome [11], increasing attention has been drawn towards
the role of AMPK in energy expenditure and cardiovascular diseases. AMPK, which is
highly expressed in the heart, is composed of a catalytic α-subunit, regulatory β- and γ-
subunits. AMPK is activated via phosphorylation at Thr172 by an increase in the cellular
AMP/ATP ratio. Activated AMPK then switches on the energy producing processes while
switching off the energy consuming processes [11]. Once activated, AMPK facilitates fatty
acid oxidation by phosphorylating and thus inactivating acetyl-CoA carboxylase. In
consequence, the inhibition of fatty acid uptake into mitochondria by malonyl-CoA, which
inhibits carnitine palmitoyltransferase 1 (CPT-1), the rate limiting enzyme for mitochondrial
uptake of long-chain carnitine acyl-CoAs [12]. In addition to fatty acid oxidation, AMPK
may improve glucose metabolism en route to its cardioprotective property [13]. Activation
of AMPK has been found to protect the heart against ischemic injury [14], reactive oxygen
species-induced cell death [15] and pressure-overload-induced cardiac hypertrophy [16].

Although a role of AMPK signaling has been indicated in aging, obesity and insulin
insensitivity [17-19], how defective AMPK signaling may contribute to cardiac dysfunction,
insulin resistance and obesity is still unclear. Hence, we took advantage of a transgenic
model with overexpression of a dominant-negative mutant α2 catalytic subunit of AMPK to
examine the impact of AMPK deficiency on high fat diet-induced cardiac morphological
and functional defects. Isoform-specific AMPK expression and activity were monitored. In
an effort to elucidate the cellular mechanisms involved in AMPK deficiency and high fat-
induced myocardial alterations, if any, special focus was made on AMPK and Akt, as well
as their downstream target mammalian target of rapamycin (mTOR) and glycogen synthase
kinase-3β (GSK-3β), which are pivotal in the maintenance of cell survival, glucose, lipid
and energy metabolism in myocardium [20]. Since AMPK and Akt have been demonstrated
to phosphorylate Akt substrate of 160KD (AS160) to initiate glucose transport by Glut-4
translocation to the plasma membrane [21;22], phosphorylation of AS160 and myocardial
Glut-4 translocation were monitored in myocardium following high fat diet feeding in wild-
type (WT) C57 and AMPK deficient mice.
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METHODS AND MATERIALS
Experimental animals, diet feeding and intraperitoneal glucose tolerance test (IPGTT)

The experimental procedure was approved by our Institutional Animal Use and Care
Committee and and was in compliance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). In brief, 4 month-old male C57BL/6 and AMPK transgenic mice weighing
~20 g were randomly assigned to a low fat (10% of total calorie) or a high fat (45% of total
calorie) diet (Research Diets Inc., New Brunswick, NJ) for 20 weeks. The AMPK transgenic
mice overexpress a dominant negative α2 subunit of AMPK (kinase dead, KD, K45R
mutation, KD1 line) driven by a muscle specific creatine kinase promoter to the skeletal and
cardiac muscles were obtained from Dr. Morris Birnbaum (University of Pennsylvania,
Philadelphia, PA) [23]. Littermates expressing wild-type of α2 subunit of AMPK were used
as the control. Due to the replacement of functional α1, α2 and α3 isoforms by the KD α2
isoform, KD mice display very low AMPK activity in skeletal and cardiac muscles. AMPK
KD mice were genotyped by PCR using the following primers: GGT CGA CGG TAT CGA
TAA GCT TGA TAT C (forward) and GAA GGA ACC CGT TGG AGG ACT GGA GGC
GAG G (reverse) [23]. Mice were housed in a climate-controlled environment (22.8 ±
2.0°C, 45-50% humidity) with a 12/12-light/dark cycle with free access to diet and water.
After 5 months of feeding, body fat composition was measured using the Dual Energy X-ray
Absorptiometry (DEXA, GE Lunar Prodigy™ 8743; Madison, WI). Difference in
absorbance of the X-ray was detected based on tissue density. Percent fat was calculated
using fat and body mass. Thereafter, mice were fasted for 12 hrs and were then given an
intraperitoneal (i.p.) injection of glucose (2 g/kg b.w.). Blood samples were drawn from the
tail vein immediately before the glucose challenge, as well as 15, 30, 60 and 120 min
thereafter. Serum glucose levels were determined using an Accu-Chek III glucose analyzer.
The area under the curve (AUC) was calculated using trapezoidal analysis for each adjacent
time point and serum glucose level. Blood pressure was recorded using a CODA non-
invasive blood pressure system (Kent Scientific Co, Torrington, CT) according to the
instructions and were pooled from 3 readings from each mouse. Blood insulin levels were
measured using an insulin enzyme-linked immunosorbent assay kit (Linco Research St.
Charles, MO). In addition, left tibia of each animal was isolated at autopsy and tibial length
was measured with a digital caliper.

Echocardiography
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5%, 10 μl/g body
wt i.p.) mice using a two-dimensional guided M-mode echocardiography (Sonos 5500,
Phillips Medical System, Andover, MA) equipped with a 15–6 MHz linear transducer.
Anterior and posterior wall thickness and diastolic and systolic left ventricular dimensions
were recorded from M-mode images using the method adopted by the American Society of
Echocardiography. Fractional shortening was calculated from end-diastolic diameter (EDD)
and end-systolic diameter (ESD) using the following equation: (EDD -ESD)/EDD.
Estimated echocardiographic left ventricular (LV) mass was calculated as [(LVEDD + septal
wall thickness + posterior wall thickness) 3-LVEDD3] *1.055, where 1.055 (mg/mm3) is the
density of myocardium. Heart rates were averaged over 10 cardiac cycles [24].

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 hrs. The specimen was
processed through graded alcohols, cleared in xylenes, embedded in paraffin, serial sections
were cut at 5 μm. Deparaffinized slides were briefly rinsed with PBS and incubated in 0.1
mg/ml fluorescein isothiocyanate (FITC)-tagged wheat germ agglutinin ( FITC-WGA) for 2
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hrs in the dark. Thereafter, the slides were washed with PBS 3 times, mounted with aqueous
mounting media and coverslipped [25]. Cardiomyocyte cross-sectional areas were
digitalized using an Olympus BX-51 microscope (Olympus America Inc., Melville, NY)
equipped with a fluorescence filter and measured with the Image J (version1.44C) software
[26].

Isolation of cardiomyocytes
After ketamine/xylazine sedation, hearts were removed and perfused with Krebs-Henseleit
bicarbonate (KHB) buffer containing (in mM): 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2
KH2PO4, 25 NaHCO3, 10 HEPES and 11.1 glucose. Hearts were digested with collagenase
D for 20 min. Left ventricles were removed and minced before being filtered. Myocyte yield
was ~ 75% which was not affected by high fat diet or AMPK deficiency. Only rod-shaped
myocytes with clear edges were selected for mechanical and intracellular Ca2+ study [26].

Cell shortening/relengthening
Mechanical properties of cardiomyocytes were assessed using an IonOptixTM soft-edge
system (IonOptix, Milton, MA). Myocytes were placed in a chamber mounted on the stage
of an Olympus IX-70 microscope and superfused (~2 ml/min at 25°C) with a KHB buffer
containing 1 mM CaCl2. Myocytes were field stimulated at 0.5 Hz unless otherwise stated.
Cell shortening and relengthening were assessed including peak shortening (PS), time-to-PS
(TPS), time-to-90% relengthening (TR90) and maximal velocities of shortening/
relengthening (± dL/dt) [26].

Intracellular Ca2+ transients
A cohort of myocytes was loaded with fura-2/AM (0.5 μM) for 10 min and fluorescence
intensity were recorded witha a dual-excitation fluorescence photomultiplier system
(Ionoptix, Milton, MA) Myocytes were placed onto an Olympus IX-70 inverted microscope
and imaged through a Fluor × 40 oil objective. Cells were exposed to light emitted by a 75W
lamp and passed through either a 360 or a 380 nm filter, while being stimulated to contract
at 0.5 Hz. Fluorescence emissions were detected between 480-520 nm and qualitative
change in fura-2 fluorescence intensity (FFI) was inferred from FFI ratio at the two
wavelengths (360/380). Fluorescence decay time (both single and bi-exponential decay
rates) was measured as an indication of intracellular Ca2+ clearing rate [26].

AMPK activity
Isoform-specific AMPK activity was measure on left ventricular lysate using an AMPK
KinEASE™ FP Fluorescein Green Assay kit (Millipore, Bedford, MA) as described [19].

Cardiac fatty acid oxidation
Cardiac fatty acid oxidation rate was determined in isolated cardiomyocytes with [1-14C]
oleate (Perkin-Elmer Life Sciences, Inc. Boston, MA) according to the previously described
method with minor modifications [27-29]. In brief, cardiomyocytes were incubated in
DMEM supplemented with [1-14C] oleate (0.1 μCi/ml, 0.6 μM), 0.5% BSA, 1 mM L-
carnitine, and 12.5 mM HEPES and maintained in a 24-well plate covered with parafilm for
1 hr under an atmosphere of 95% O2/5% CO2. The reactions were terminated by adding 100
μl of 70% perchloric acid and the released 14CO2 was trapped in 200 μl of 1 M NaOH
employing a fatty acid oxidation device described by Wang and colleagues [30]. To
determine the oxidation rate, both CO2 and 14C-acid-soluble products (ASMs) were
calculated from the amount of 14C(O2) counted in Ecolite scintillation solution (ICN
Biomedicals, Costa Mesa, CA) in a Beckman counter (LS5000 TD, Beckman Coulter,
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Fullerton, CA). Results were expressed as picomole of substrate oxidized per hr per gram of
protein (determined by the Bradford assay).

Western blot analysis
Protein levels either total or phosphorylated Akt, AMPKα, ACC, AS160, GSK-3β, mTOR
and Glut-4 were examined. The protein was prepared as described [6]. Samples containing
equal amount of proteins were separated on 10% SDS-polyacrylamide gels in a minigel
apparatus (Mini-PROTEAN II, Bio-Rad) and transferred to nitrocellulose membranes. The
membranes were blocked with 5% milk in TBS-T, and were incubated overnight with anti-
Akt (1:1,000), anti-pAkt (Ser473,1:1,000), anti-AMPKα (1:1,000), anti-pAMPK (Thr172,
1:1,000), anti-AMPKα2 (1:1,000), anti-AMPKα1 (1:1,000; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-ACC (Ser79, 1:1,000), anti-GSK-3β (1:1,000), anti-mTOR (1:1,000),
anti-pmTOR (Ser2448, 1:1,000), anti-Glut4 (1:1,000) and anti-pAS160 (Thr642, 1:1,000;
Upstate Biotechnology Lake Placid, NY). All antibodies above were purchased from Cell
Signaling (Beverly, MA) unless otherwise indicated. Blots were then incubated for 1 hr with
horseradish peroxidase (HRP)–conjugated secondary antibody (1:5,000). Antibody binding
was detected using the enhanced chemiluminescence (Amersham Pharmacia, Piscataway,
NJ). The film was scanned and the intensity of immunoblot bands was detected with a Bio-
Rad Calibrated Densitometer (Model: GS-800). GAPDH and α-tubulin (Cell Signaling)
were used as the loading controls.

Myocardial membrane protein extraction
Cardiac muscle membrane protein was extracted using a membrane protein extraction kit
(Biovision, Mountain View, CA). The membrane protein was subsequently used for
Western blot analysis of Glut-4 [31].

Statistical analysis
Data were expressed as Mean ± SEM. Statistical significance (p < 0.05) was estimated by
one-way ANOVA followed by the Tukey's post hoc test. A two-way ANOVA with the
Bonferroni correction was employed for the analysis of IPGTT.

RESULTS
General characteristics of experimental animals and IPGTT

Table 1 shows the general biometric characteristics of WT and AMPK KD mice fed low fat
or high fat diet for 20 weeks. High fat feeding significantly increased body weight in WT
and KD mice compared with the low fat-fed counterparts (by 28.6% and 26.8% in WT and
KD mice, respectively). This is supported by the greater body fat composition depicting
increased adiposity in high fat diet groups using DEXA scanning. High fat diet feeding
increased heart weight and the heart weight-to-tibial length ratio in WT mice compared with
WT-LF group, the effect of which was accentuated by AMPK deficiency. High fat feeding
significantly increased liver and kidney weights but not the size of liver and kidney or blood
pressure (diastolic and systolic) in a comparable manner in WT and AMPK KD groups.
Fasting plasma insulin levels were equally elevated in WT and KD mice with the chronic
high fat diet feeding. Following the intraperitoneal glucose challenge, serum glucose levels
in low fat fed mice began to drop after peaking at 15 minand returned to baseline values
after 120 min. Low fat-fed AMPK KD mice displayed slightly higher (although non-
significant) serum glucose levels at 30 and 60 min compared with WT mice. However, the
post-challenge glucose levels remained much higher in high fat-fed WT and KD mice, with
a further increase in KD mice between 30 and 60 min. These data favor the presence of
glucose intolerance following high fat diet feeding (Fig. 1A). This is consolidated by the
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higher area underneath the curve (AUC) in both high fat groups with an exaggerated
response in AMPK KD mice (Fig. 1B). These data indicate an exacerbated glucose disposal
defect in AMPK KD mice following high fat feeding.

Cardiac fatty acid oxidation
Data from 14C-oleate oxidation measurement revealed unaltered fatty acid oxidation in KD
mice at basal level, consistent with an earlier report [14]. While high fat diet feeding
exhibited a non-significant trend of decreased in oleate oxidation in WT mice, it
significantly dampened fatty acid oxidation in AMPK KD mice (Fig. 1C).

Effect of high fat feeding and AMPK deficiency on myocardial histology
To assess the impact of AMPK deficiency on myocardial histology following high fat diet
feeding, cardiomyocyte cross-sectional area was examined. In FITC-WGA immunostained
sections, high fat diet significantly increased the cardiomyocyte transverse cross-sectional
area, consistent with the increased cardiac mass and size in WT and KD mice. Consistent
with the gross biometric data (heart weight to tibial length ratio), the high fat diet-induced
cardiomyocyte hypertrophy was significantly accentuated by AMPK deficiency (Fig. 2).

Echocardiography
Twenty-weeks of high fat feeding significantly reduced left ventricular (LV) fractional
shortening in WT mice compared to low fat fed controls, the effect of which was
exaggerated by AMPK deficiency. LV wall thickness and heart rate were similar among all
groups although high fat feeding triggered a marked increase in EDD and ESD compared
with the low-fat fed mice. AMPK deficiency further accentuated the high fat diet-induced
increase in EDD and ESD without eliciting any notable effect by itself. LV mass was
significantly increased in high fat-fed mice with a further increase in high fat-fed KD mice.
LV mass normalized to the murine body weight was equally enhanced in high fat diet-fed
WT and KD mice without any effect of AMPK deficiency by itself (Table 1).

Cardiomyocyte contractile and intracellular Ca2+ properties
The resting myocyte length was comparable among in all groups. High fat diet feeding
significantly decreased PS and ± dL/dt as well as prolonged TR90 without affecting TPS in
WT mice, the effects of which were exacerbated by AMPK deficiency (Fig. 3). Furthermore,
high fat feeding significantly increased baseline intracellular Ca2+ levels, depressed
intracellular Ca2+ rise in response to electrical stimulus ( FFI) and prolonged intracellular
Ca2+ decay time (single and bi-exponential fit) compared with the low fat feeding groups.
AMPK deficiency exaggerated the prolonged single exponential intracellular Ca2+ decay
with subtle effect on high fat diet-elicited response in baseline intracellular Ca2+, ΔFFI and
bi-exponential intracellular Ca2+ decay (Fig. 4).

Effect of AMPK deficiency and high fat diet on AMPK α isoform expression and activity
Consistent with the previous studies [14;23], AMPKα2 isoform displayed slower protein
migration in AMPK KD mice due to the c-myc–tag (Fig. 5A). AMPKα2 protein expression
was comparable in WT and AMPK KD mice regardless of the fat content in diet although
AMPKα2 isoform mutation led to a significant decrease in the expression of AMPK α1,
again in line with the previous reports [14;23]. The isoform-specific AMPK activity assay
revealed comparable AMPKα1 activity between WT and KD mice regardless of diet feeding
regimen. Interestingly, AMPKα2 activity was significantly lower in low fat-fed KD mice
compared with WT controls, validating the AMPK deficiency model as reported previously
[14;23]. High fat feeding resulted in a significant decrease in AMPKα2 activity in WT mice
with little further decline in KD mice (Fig. 5).
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Effect of AMPK deficiency and high fat diet on AMPK, pAMPK and pACC levels
Western blot analysis revealed that an upregulated total AMPK expression in both low fat
and high fat diet-fed AMPK KD mice with a greater elevation in the KD-LF group. High fat
diet feeding did not affect AMPK level in WT mice. Interestingly, AMPK phosphorylation,
either in absolute value or pAMPK/AMPK ratio, was unaffected by either high fat diet or
AMPK KD. Phosphorylation of ACC, a downstream target for AMPK, was depressed by
high fat diet feeding and AMPK deficiency, with an additive effect of the two (Fig. 6).

Effect of AMPK deficiency and high fat diet on Akt, AS160, Glut-4, GSK-3β and mTOR
levels

To explore the possible mechanism of action behind AMPK deficiency- and high fat diet-
induced cardiac morphological and functional alterations, expression and phosphorylation of
Akt, AS160, Glut-4 (total and membrane-bound) and hypertrophic signaling (GSK-3β and
mTOR) were examined in low fat and high fat diet-fed mice. Neither high fat diet nor
AMPK deficiency affected Akt levels. Akt phosphorylation (absolute or pAkt/Akt ratio) was
reduced in AMPK KD mice, regardless of the diet feeding regimen. Phosphorylation of
AS160, which mediates glucose transport by Glut-4 translocation to the plasma membrane
[21;22], was significantly depressed by the combined action of high fat diet and AMPK
deficiency, but not either factor alone (Fig. 7). Although total Glut-4 expression was
unchanged by high fat diet or AMPK deficiency, or both, high fat diet feeding significantly
dampened the membrane fraction of Glut-4, the effect of which was accentuated by AMPK
deficiency. Expression of the hypertrophic makers GSK-3β and phosphorylated mTOR was
unaffected by either high fat diet or AMPK deficiency. However, combination of high fat
diet and AMPK deficiency facilitated mTOR phosphorylation without affecting GSK-3β
expression. Intriguingly, high fat diet feeding but not AMPK deficiency overtly
downregulated mTOR expression with a greater decline in the AMPK KD mice. As a result,
the pmTOR-to-mTOR ratio was significantly increased in the high fat diet-fed groups with a
more pronounced rise in KD mice. AMPK deficiency itself failed to alter the pmTOR-
tomTOR ratio in the absence of high fat diet feeding (Fig. 8).

DISCUSSION
The major findings of our current study indicate that high fat diet feeding-induced obesity
leads to glucose intolerance, hyperinsulinemia, cardiac hypertrophy, myocardial contractile
dysfunction, and impaired intracellular Ca2+ handling, the effects of which, with the
exception of hyperinsulinemia, were exacerbated by the muscle-specific AMPK deficiency.
Our results further revealed that AMPK KD mutation reduced AMPK activity, aggravated or
unveiled the reduced phosphorylation of ACC and Akt or enhanced phosphorylation of
mTOR following high fat diet feeding. These data are coincided with depressed AS160
phosphorylation and Glut-4 translocation in AMPK KD mice. AMPK deficiency
exaggerated high fat diet-induced changes in cardiac hypertrophy and contractile
dysfunction, in the absence of any innate harmful effect by AMPK deficiency itself,
indicating an essential role of intact AMPK signaling in the cardiac hypertrophic changes
and myocardial contractile dysfunction under diet-induced obesity.

Obesity-induced metabolic anomalies such as hypertension, insulin resistance, type 2
diabetes and dyslipidemia often elicit devastating health consequences [32]. Our present
study revealed glucose intolerance, hyperinsulinemia, cardiac morphological and contractile
defects following high fat feeding, consistent with the previous reports in both human and
experimental models of obesity [1;3;6;8;9]. However, our 20-week high fat diet feeding
regimen initiated obesity, glucose intolerance and hyperinsulinemia with little changes in
blood pressure and fasting blood glucose, not favoring a major role of concomitant
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hypertension and diabetes. The impaired intracellular Ca2+ handling shown as decreased
intracellular Ca2+ release upon electrical stimulation and reduced intracellular Ca2+

clearance rate in high fat diet-fed WT myocytes are in line with data from rodent models of
high fat-induced obesity [6;9] and is likely responsible for prolonged relaxation, reduced
peak shortening and maximal velocity of relengthening in high fat diet-fed mouse hearts.
While the muscle specific AMPK deficiency itself did not affect body weight, heart weight
and cardiomyocyte cross-sectional area, KD mice displayed dramatically enhanced cardiac
hypertrophy without affecting whole body weight. Although AMPK deficiency itself failed
to affect cardiomyocyte contractile and intracellular Ca2+ properties, it significantly
augmented obesity-elicited cardiomyocyte mechanical abnormalities. In particular,
cardiomyocyte mechanical anomalies such as depressed peak shortening and maximal
velocity of shortening/relengthening associated with prolonged duration of relaxation and
intracellular Ca2+ decay were accentuated in high fat-fed KD mice. Our study also revealed
that cardiomyocytes from high fat-fed mice displayed reduced intracellular Ca2+ rise in
response to electrical stimulus and slowed intracellular Ca2+ decay, indicating a
predominant role of Ca2+ resequestration (likely by SERCA) in the disrupted intracellular
Ca2+ homeostasis. It worth mentioning that AMPK deficiency itself did not overtly affect
myocardial morphology, cardiomyocyte contractile and intracellular Ca2+ properties in low
fat diet group, suggesting that deficiency of this cellular fuel sensor is not innately harmful
to the basal cardiac morphology and mechanical function. This is consistent with an earlier
report using a somewhat similar AMPKα2 knockout mouse model [16]. Deficiency of
AMPK, however, seems to have an overt detrimental influence on the heart under certain
stress conditions such as pressure overload and advanced aging [16;19].

The heart as an energy-consuming organ mandates a constant supply of fuel and oxygen to
maintain the intracellular ATP level and uninterrupted myocardial contraction/relaxation
cycle [33]. Given that ~ 50 - 70% of total cardiac energy supply is derived from fatty acids,
regulation of fatty acid oxidation by AMPK is crucial for normal cardiac function [14]. Our
data showed that fatty acid oxidation and glucose disposal was severely impaired by high fat
diet feeding in KD mice compared with WT mice. This finding is in line with an earlier
study where ablation of AMPKα2 activity in skeletal muscle exacerbated insulin resistance
induced by a 30-week high fat feeding [34]. As the predominant AMPK catalytic subunit in
the heart [35], AMPKα2 plays a crucial role in the development of glucose intolerance and
insulin resistance in skeletal muscles and adipose tissues [34;36]. In contrast, using the same
mouse strain and similar high fat diet regimen, a recent study failed to reveal any AMPK-
dependent effects on skeletal muscle glucose metabolism with high fat feeding [37]. Several
factors may attribute to the discrepant findings between the earlier study and our current
work such as the duration of high fat feeding (12 versus 20 weeks), the age of the mice at
the start of fat feeding (6-9 weeks versus 16 weeks), difference in tissues (skeletal muscle
versus cardiac muscle) and different modes of substrate preference and metabolism under
high fat diet setting. It is also important to point out that the KD mice used in both studies
[37] elicits higher levels of mutant α2 expression in skeletal over cardiac muscles [23].
Nonetheless, AMPKα2 activity is reduced remarkably in cardiac muscles similar to skeletal
muscles [14].

Our data revealed an elevated AMPKα protein expression (reflecting overexpression of
mutant α2 subunit) associated with unchanged AMPK phosphorylation in AMPK KD mice,
consistent with the report of unchanged AMPKα phosphorylation in skeletal muscles of
AMPK KD mice [23]. Our observation revealed significantly depressed AMPKα2 isoform
activity and phosphorylation of ACC, an AMPK downstream signaling molecule, in AMPK
KD mice, validating the AMPK KD transgenic model. It has been demonstrated that high fat
diet or obesity is associated with a reduced AMPK activity [38]. In our hand, high fat diet
significantly decreased pACC in the absence of notable change in pAMPK, prompting a
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high fat diet-induced inhibitory effect on AMPK activity with little role of the AMPK
upstream activators such as LKB1. AMPK was shown to regulate intracellular fatty acid
oxidation via inactivating ACC [39]. The reduced pACC levels in diet-induced obesity
suggest a pivotal role of AMPK in obesity-triggered inefficient fatty acid oxidation and
insulin resistance. In agreement with a previous report [14], oleate oxidation in KD mice did
not change with low fat diet feeding, suggesting basal fatty acid oxidation was less likely to
be affected by AMPK deficiency (supported by our data). Given the observation of the
overtly reduced ACC phosphorylation in high fat diet-fed KD mice, our finding of reduced
fatty acid oxidation in these same mice may stem from decreased CPT-1 activity. However,
upstream AMPK kinases, glucose oxidation, fatty acid transporters and hepatic glucose
production warrant further scrutiny in the face of the impaired fatty acid oxidation and
glucose disposal in KD mice following high fat diet feeding. In addition, while the ACC
phosphorylation pathway is beyond the scope of our study, further research should be
focused on the role of ACC phosphorylation and fatty acid transport/uptake (e.g., due to a
higher level of malonyl-CoA) in obesity-induced cardiovascular complications.

Several mechanisms may be considered for the AMPK KD-elicited exaggeration of high fat
diet-induced morphological, mechanical and intracellular Ca2+ dysregulation. First, our data
suggest that AMPK deficiency may promote high fat diet-induced mTOR phosphorylation
(resulted from downregulated mTOR expression). Inhibition of AMPK is known to
stimulate mTOR signaling [40]. Enhanced mTOR phosphorylation directly promotes cardiac
hypertrophy [41;42], interrupt cardiac contractile function and intracellular Ca2+

homeostasis [43]. Second, AMPK deficiency was found to unveil a reduced AS160
phosphorylation following high fat diet feeding. This is supported by the overtly
downregulated Glut-4 translocation in high fat-fed KD mice, indicating a poor Glut-4
mediated glucose disposal in the presence of AMPK deficiency and high fat diet feeding. In
our study, a reduction in Glut-4 expression was observed in high fat diet-fed WT mice,
which is supported by previous findings [44-46]. It is well accepted that intact insulin
sensitivity through Glut-4 translocation is essential to the maintenance of cardiac contractile
function [47]. Our study further revealed depressed Akt phosphorylation in KD mice,
depicting a role of Akt in AMPK deficiency-associated exaggeration of myocardial response
in obesity. AS160 is a downstream target for both Akt [48] and AMPK [49]. Therefore,
reduced AS160 phosphorylation may likely be responsible for the impaired Glut-4
translocation in high fat-fed KD mice. Last but not least, decreased fatty acid oxidation may
also contribute to the impairment in substrate utilization. It is well accepted that excess lipid
accumulation in the heart leads to cardiac lipotoxicity and contractile dysfunction [50].

In summary, our findings suggest that maintenance of AMPK signaling may be essential in
the preservation of ventricular function in obesity. These data favor the notion that AMPK
may serve as a potential therapeutic target for obesity and obesity-associated complications.
Although our present study has shed some light on the role of Akt, mTOR and AS160 in
high fat diet-induced myocardial defects, the pathogenesis of cardiac morphological and
contractile dysfunction in obesity still deserves further in-depth investigation. As the obesity
epidemic continues to rise worldwide, cardiac implication of obesity is becoming a more
pertinent health care issue. A better and thorough understanding of the genetic and
environmental maneuvers of energy metabolism in obesity should help to ramify not only
obesity but also obesity-associated cardiovascular anomalies.
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Fig. 1.
Intraperitoneal glucose tolerance test (IPGTT, 2 g/kg) in low fat (LF) or high fat (HF)-fed
WT and AMPK KD mice. A: Serum glucose levels within 120 min following glucose
challenge; B: Area underneath the curve (AUC). C: Oleate oxidation rate in isolated
cardiomyocytes from LF- or HF-fed WT and AMPK KD mice. Mean ± SEM, n = 3-6 mice
per group, * p < 0.05 vs. WT-LF group, # p < 0.05 vs. WT-HF group.
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Fig. 2.
Analysis of cardiac hypertrophy in hearts from WT and AMPK KD mice with low fat (LF)
or high fat (HF) diet intake. A: Normalization of heart weight to tibial length from LF- or
HF-fed WT and AMPK KD mice; B: FITC-conjugated wheat germ agglutinin
immunostaining depicting transverse sections of left ventricular myocardium from LF- or
HF-fed WT and KD mice (magnification, ×400); C: Quantitative analysis of cardiomyocyte
cross-sectional (transverse) area in ~ 200 cells from 4 - 5 mice per group, Mean ± SEM, n =
13-15 mice per group, * p < 0.05 vs. WT-LF group, # p < 0.05 vs. WT-HF group.
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Fig 3.
Cardiomyocyte contractile properties from low fat (LF) and high fat (HF)-fed WT and
AMPK KD mouse hearts. A: Resting cell length (CL); B: Peak shortening (PS, normalized
to CL); C: Maximal velocity of shortening (+ dL/dt); D: Maximal velocity of relengthening
(-dL/dt); E: Time-to-PS (TPS); and F: Time-to-90% relengthening (TR90). Mean ± SEM, n
= 85-86 cells per group from 3-4 mice, * p < 0.05 vs. WT-LF group, # p < 0.05 vs. WT-HF
group
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Fig 4.
Intracellular Ca2+ transient properties in cardiomyocytes from low fat (LF) and high fat
(HF)-fed WT and AMPK KD mouse hearts. A: Resting fura-2 fluorescence intensity (FFI);
B: Electrically-stimulated rise in FFI ( FFI); C: Single exponential intracellular Ca2+ decay
rate; and D: Bi-exponential intracellular Ca2+ decay rate. Mean ± SEM, n = 50 cells per
group from 4-5 mice, * p < 0.05 vs. WT-LF group, # p < 0.05 vs. WT-HF group.
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Fig. 5.
Protein expression and activity of AMPK α isoforms in left ventricular protein lysates from
low fat (LF) and high fat (HF)-fed WT and AMPK KD mice. A: Representative gel blots
depicting AMPKα1, AMPKα2 and GAPDH (loading control) using specific antibodies; B:
Protein expression of AMPKα1 and AMPKα2; and C: Isoform-specific AMPK activity in
left ventricular protein lysates from LF and HF-fed WT and AMPK KD mice. Mean ± SEM,
n = 6-8, * p < 0.05 vs. WT-LF group, # p < 0.05 vs. WT-HF group.
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Fig. 6.
AMPK expression as well as activation of AMPK and ACC in myocardium from low fat
(LF) and high fat (HF)-fed WT and AMPK KD mice. A: AMPKα; B: pAMPK; C: pAMPK/
AMPK ratio; and D: pACC. Inset: Representative gel blots depicting AMPKα, pAMPK,
pACC and GAPDH (loading control) using specific antibodies. Mean ± SEM, n = 4, * p <
0.05 vs. WT-LF group, # p < 0.05 vs. WT-HF group.
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Fig. 7.
Protein expression of Akt, pAkt and pAS160 in myocardium from low fat (LF) and high fat
(HF)-fed WT and AMPK KD mice. A: Akt; B: pAkt; C: pAkt/Akt ratio; and D: pAS160.
Inset: Representative gel blots depicting Akt, pAkt, pAS160 and GAPDH (loading control)
using specific antibodies. Mean ± SEM, n = 4, * p < 0.05 vs. WT-LF group, # p < 0.05 vs.
WT-HF group.
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Fig. 8.
Protein expression of Glut-4, GSK-3β and mTOR in myocardium from low fat (LF) and
high fat (HF)-fed WT and AMPK KD mice. A: Total Glut-4; B: Membrane fraction of
Glut-4; C: GSK-3β; D: mTOR; E: phosphorylated mTOR (pmTOR) and F: pmTOR/mTOR
ratio. Inset: Representative gel blots depicting total Glut-4, membrane GLUT4, GSK-3β,
mTOR and pmTOR. Mean ± SEM, n = 4-5 per group, * p <0.05 vs. WT-LF group, # p <
0.05 vs. WT-HF group.
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Table 1

Biometric parameters of WT and AMPK KD mice with low fat (LF) or high fat (HF) diet for 20 weeks.

WT-LF WT-HF KD-LF KD-HF

Body Weight (BW, g) 26.2 ± 1.0 33.7 ± 0.8* 26.5 ± 0.6 33.6 ± 0.7*

Heart Weight (HW, mg) 131 ± 4 168 ± 5* 147 ± 10 195 ± 8*,#

HW/TL (mg/mm) 7.68 ± 0.20 9.56 ± 0.49* 8.36 ± 0.29 10.95 ± 0.43*,#

Liver Weight (LW, g) 1.38 ± 0.04 1.59 ± 0.03* 1.43 ± 0.05 1.70 ± 0.10*

LW/BW (mg/g) 53.6 ± 1.94 48.1 ± 1.6 54.6 ± 2.8 50.4 ± 2.6

Kidney Weight (KW, g) 0.37 ± 0.02 0.48 ± 0.02* 0.44 ± 0.01 0.52 ± 0.02*

KW/BW (mg/g) 13.9 ± 0.6 14.4 ± 0.7 16.7 ± 0.5 14.8 ± 0.4

Body Fat Composition (%) 28.0 ± 1.6 48.4 ± 5.8* 22.5 ± 2.0 46.5 ± 4.7*

Plasma Insulin (ng/ml) 0.44 ± 0.09 0.90 ± 0.09* 0.44 ± 0.08 1.01 ± 0.35*

Heart Rate (bpm) 452 ± 30 465 ± 11 519 ± 18 505 ± 36

Wall thickness (mm) 0.77 ± 0.10 0.88 ± 0.03 0.74 ± 0.08 0.87 ± 0.06

EDD (mm) 2.09 ± 0.09 2.51 ± 0.16* 2.29 ± 0.28 3.40 ± 0.31*,#

ESD (mm) 0.89 ± 0.11 1.64 ± 0.17* 1.11 ± 0.11 2.14± 0.19*,#

LV mass (mg) 49.6 ± 4.9 77.7 ± 9.3* 43.4 ± 5.0 85.9 ± 10.6*

Normalized LV mass (mg/g) 1.91 ± 0.16 2.37 ± 0.22* 1.84 ± 0.20 2.53 ± 0.37*

Fractional Shortening (%) 48.8 ± 1.8 35.9 ± 3.4* 47.3 ± 1.3 27.4 ± 1.0*,#

Diastolic blood pressure 83.1 ± 4.3 87.2 ± 6.1 83.1 ± 8.1 85.5 ± 5.8

Systolic blood pressure 111.1 ± 6.1 119.0 ± 4.6 118.2 ± 3.2 121.3 ± 6.6

Tibial length: TL; EDD: end diastolic diameter; ESD: end systolic diameter; Left ventricular: LV. Mean ± SEM

For echocardiography and blood pressure analysis, n = 8; all other parameters: n=13 -15 mice per group.

*
p < 0.05 vs. WT-LF group

#
p < 0.05 vs. WT-HF group.
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