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Abstract
The protooncogene C-Myc (Myc) regulates cardiac hypertrophy. Myc promotes compensated
cardiac function, suggesting that the operative mechanisms differ from those leading to heart
failure. Myc regulation of substrate metabolism is a reasonable target, as Myc alters metabolism in
other tissues. We hypothesize that Myc-induced shifts in substrate utilization signal and promote
compensated hypertrophy. We used cardiac specific Myc-inducible C57/BL6 male mice between
4–6 months old that develop hypertrophy with tamoxifen (tam) injections. Isolated working hearts
and 13Carbon (13C)-NMR were used to measure function and fractional contributions (Fc) to the
citric acid cycle by using perfusate containing 13C-labeled free fatty acids, acetoacetate, lactate,
unlabeled glucose and insulin. Studies were performed at pre-hypertrophy (3-days tam, 3dMyc),
established hypertrophy (7-days tam, 7dMyc) or vehicle control (Cont). Non-transgenic siblings
(NTG) received 7-days tam or vehicle to assess drug effect. Hypertrophy was assessed by
echocardiograms and heart weights. Western blots were performed on key metabolic enzymes.
Hypertrophy occurred in 7dMyc only. Cardiac function did not differ between groups. Tam alone
did not affect substrate contributions in NTG. Substrate utilization was not significantly altered in
3dMyc versus Cont. The free fatty acid FC was significantly greater in 7dMyc versus Cont with
decreased unlabeled Fc, which is predominately exogenous glucose. Free fatty acid flux to the
citric acid cycle increased while lactate flux was diminished in 7dMyc compared to Cont. Total
protein levels of a panel of key metabolic enzymes were unchanged; however total protein O-
GlcNAcylation was increased in 7dMyc. Substrate utilization changes for the citric acid cycle did
not precede hypertrophy; therefore they are not the primary signal for cardiac growth in this
model. Free fatty acid utilization and oxidation increase at established hypertrophy. Understanding
the mechanisms whereby this change maintained compensated function could provide useful
information for developing metabolic therapies to treat heart failure. The molecular signaling for
this metabolic change may occur through O-GlcNAcylation.
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Introduction
Oxidative and non-oxidative substrate metabolism is altered in hypertrophy and the
transition to heart failure; but it is unclear whether this is causal or an epiphenomenon
(reviewed in [1–3]). The oncogene c-Myc plays an important role in the development of
cardiac hypertrophy [4–12]. Myc also transcriptionally activates genes involved in
metabolism across multiple species and models [13]. Myc promotes compensated cardiac
hypertrophy in some models although this effect may be dose dependent [6,11,12]. To
define Myc’s role in cardiac hypertrophy, Xiao and colleagues developed a cardiac specific
Myc-inducible mouse [11]. Myc induction for 7-days led to expression of the hypertrophic
gene program in conjunction with increased cardiomyocyte fiber width and heart weight to
body weight ratios. Cardiac function remained stable for at least 3 weeks after Myc-
induction, demonstrating compensated hypertrophy. With Ahuja et al, we previously showed
that Myc induction for 3 days in this mouse model increased the carbohydrate fractional
contribution (Fc) to acetyl-CoA while concurrently decreasing the free fatty acid Fc [14].
That study was limited in scope and evaluated only the initial metabolic responses to Myc-
induction. However, the results suggested that there may be interaction between
compensated hypertrophy initiated by Myc and shifts in substrate metabolism. Therefore,
our primary study objective was to test the hypothesis that Myc-induced shifts in substrate
utilization signal and promote compensated hypertrophy.

As hypertrophy is near completed by 7 days of Myc-induction [11], we performed extensive
metabolic evaluations at 3 and 7 days in this model. The 3 day time point represents the pre-
hypertrophy period. Data from this time point indicates whether shifts in substrate utilization
precede and are potentially necessary for development of hypertrophy. Experiments
performed at 7 days occur after established hypertrophy and investigate whether metabolic
changes are important for maintaining compensated function. In this model, we
utilized 13Carbon (13C) substrate labeling and isotopomer analysis to determine the Fc of
acetyl-CoA to the citric acid cycle from multiple substrates supplied to the heart
simultaneously in physiologic concentrations.

We also sought to determine whether Myc augments myocardial beta-O-linked N-
acetylglucosamine (O-GlcNAc) levels; a post-translational modification that plays a critical
regulatory role in multiple biologic processes [15]. Morrish et al demonstrated that Myc
promoted O-GlcNAcylation in association with metabolic shifts in cultured fibroblasts [16].
This suggests a novel mechanism for post-translational regulation by Myc, possibly
involving regulation of substrate metabolism. This operative Myc mechanism has not been
previously investigated in myocardium. However, O-GlcNAcylation has been shown to
promote myocardial fatty acid oxidation in isolated perfused rat hearts [17]. Furthermore,
elevated O-GlcNAc levels occur during cardiac hypertrophy and heart failure in both
humans and rats [18]. This post-translational modification may regulate myocardial
remodeling as well. For instance, activation of the hypertrophy transcription factor NFAT
(nuclear factor of activated T-cells) is dependent upon O-GlcNAc signaling [19].
Accordingly, Myc may regulate metabolism and hypertrophy through O-GlcNAc post-
translational modification.
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Materials and Methods
Animals

For these studies, we utilized cardiac-restricted, Myc-inducible mice generated from a C57/
BL6 strain and non-transgenic littermates. The mice were a kind gift from W. Robb
MacLellan, M.D. and have been previously described [11,14]. All experiments utilized mice
between the ages of 4–6 months. This investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the National Institute of Health (NIH Pub. No. 85–
23, revised 1996) and were reviewed and approved by the Office of Animal Care at Seattle
Children’s Research Institute.

Myc Induction
In the transgenic mice, the Myc protein is fused to a mutated estrogen receptor (making it
unresponsive to endogenous estrogen) and is made cardiac specific by linking expression to
the α-myosin heavy chain promoter. Upon exposure to 4-hydroxytamoxifen (tam, Sigma
H-7904), the Myc chimeric protein translocates to the nucleus where it mediates
transcriptional events. Tam at a dose of 1 mg in peanut oil injected via an intraperitoneal
route is sufficient for Myc nuclear translocation.

Echocardiogram
Serial echocardiograms were performed on a cohort separate from those undergoing
working heart experiments. Mice were initially sedated with 3% isoflurane in 21% O2 at a
flow of 1 LPM and placed in a supine position at which time the isoflurane is reduced to 1%
administered via a small nose cone. ECG leads were placed for simultaneous ECG
monitoring during image acquisition. Echocardiographic images were performed with a
Vevo 2100 machine using a MS400 transducer (VisualSonics, Inc, Toronto, Canada). M-
Mode measurements at the midpapillary level of the left ventricle (LV) were performed at
end-diastole (LVEDD) and end-systole (LVESD) to determine LV function via the
fractional shortening [(LVEDD-LVESD)/LVEDD * 100] in a parasternal short axis mode.
LV posterior wall (LVPW) thickness was measured in a parasternal short axis view. At the
end of the echocardiographic studies, myocardial tissue was collected, weighed and stored
for western blot studies.

Isolated working heart preparation
Mice were heparinized (5000 U/kg ip) and anesthetized with a mixture of ketamine (90 mg/
kg) and xylazine (10 mg/kg). After adequate sedation, the aorta was rapidly cannulated with
an 18-guage steel cannula and the hearts were administered Custodiol HTK cardioplegia
solution (Dr. Franz Kohler Chemie GMBH, Alsback-Hahnlein, Germany) until the hearts
were rapidly excised and placed on the perfusion system. The hearts were initially perfused
in a Langendorff manner (70 mmHg perfusion pressure) with physiological salt solution
(PSS), pH 7.4, containing (in mmol/l) 118.0 NaCl,25.0 NaHCO3, 4.7 KCl, 1.23 MgSO4, 1.2
NaH2PO4, 5.5 D-glucose, and 1.2 CaCl2. All perfusates were equilibrated with 95% O2-5%
CO2, passed through filters with 3.0-μm pore size and warmed to maintain heart
temperature around 37.5 degrees C. During retrograde perfusion, the left atrium was
connected to the preload reservoir by cannulating the pulmonary vein with a 16-gauge steel
cannula. An SPR-PV-Catheter (SPR-869 or -839 Millar Pressure-Volume Systems, Millar
Instruments, Inc, Houston, TX) was inserted into the left ventricle through the apex for
continuous measurement of left ventricular pressure (LVP). Spontaneously beating hearts
were then switched to the antegrade work-performing mode with perfusion into the left
atrium of semi-recirculating PSS containing the following 13C-labeled substrates in addition
to unlabeled glucose (5.5 mmol/l): 1,3-[13C]acetoacetic acid (ACAC, 0.17 mmol/l), L-

OLSON et al. Page 3

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lactic-3-[13C]acid (Lactate, 1.2 mmol/l), and U-[13C]-long-chain mixed free fatty acids (free
fatty acids, 0.35 mmol/l) bound to 0.75% (wt/vol) delipidated bovine serum albumin
reconstituted with deionized water. Additional studies were performed with the same labeled
substrates with insulin (2 nM) in the perfusate. To establish the origin of the unlabeled
fraction, additional hearts were perfused with unlabeled lactate (1.2 nmol/l), 1-[13C]glucose
(5.5 mmol/l), 1,3-[13C]ACAC (0.17 mmol/l), U[13C]free fatty acids (0.35 mmol/l) and
insulin (2 nM). Details regarding this preparation and labeling strategy have been published
previously [20]. In our system, only aortic outflow that bypasses the coronary circulation is
recirculated. In the working mode, preload was 12 mmHg and afterload was 50 mmHg. Left
atrial inflow was measured with a flow probe (T403; Transonic Systems, Ithaca, NY) and
aortic (not including coronary flow) flow was measured via 30 second timed collections.
Coronary flow was calculated as the difference between left atrial inflow and aortic flow
although this measurement is affected by perfusate leak from the left atrium. Every 10
minutes, left atrial influent and coronary effluent was collected for determination of PO2,
PCO2, and pH with an ABL800 blood gas analyzer (Radiometer, Copenhagen, Denmark).
Continuously recorded parameters are left ventricular (LV) pressure (mmHg), HR (beats/
min), and rate of LV contraction and relaxation (±dP/dt, mmHg/s). Developed pressure (DP)
was calculated as the maximum LV pressure subtracted by LV end diastolic pressure.
Cardiac work was calculated as the cardiac output times the developed pressure. Myocardial
oxygen consumption (MVO2) was calculated as MVO2 = CF × [(PaO2 − PvO2) × (c/760)] ×
heart weight, where CF is coronary flow (ml·min−1g wet weight−1), (PaO2 - PvO2) is the
difference in the partial pressure of oxygen (PO2, mmHg) between perfusate and coronary
effluent, and c is the Bunsen solubility coefficient of O2 in perfusate at 37°C (22.7 μl
O2·atm−1·ml−1). Cardiac efficiency was defined as cardiac work/MVO2.

Experimental Protocol
To assess whether Tam alone affected myocardial substrate utilization for the citric acid
cycle, non-transgenic (NTG) littermates were divided into 2 groups: NTG with 7-days
vehicle injections (NTG-Con) or NTG with 7-days of tam injections (NTG-Tam) and
subjected to working heart experiments.

Myc-induction for 7-days in this transgenic mouse results in stable cardiac hypertrophy as
assessed by hypertrophic gene program expression, increased cardiomyocyte fiber width and
heart weight to body weight ratio (HW/BW) [11]. Induction for 3 weeks did not lead to
further hypertrophy growth. As stated, the objective of our current study was to test the
hypothesis that Myc-induced metabolic changes signal for hypertrophy development and
promote compensated hypertrophy. We performed metabolic and functional studies before
hypertrophy (Tam injections for 3-days, 3dMyc) and at established hypertrophy (Tam
injections for 7-days; 7dMyc). Myc transgenic mice injected with vehicle (peanut oil) for 7-
days served as the control group (Cont).

We previously demonstrated in a working mouse heart model that perfusate containing
insulin increases the unlabeled Fc primarily at the expense of free fatty acid Fc with our
substrate labeling protocol [21]. Our current experiments showed significant changes in the
free fatty acid Fc between the groups and a modest trend towards increased unlabeled Fc
(see results below). To further investigate these findings, we repeated our isolated working
heart studies with insulin-containing perfusate. We reasoned that this would increase the
probability of detecting important changes in the unlabeled Fc as well as robustly confirm
the changes in free fatty acid Fc.
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13C Magnetic Resonance Spectroscopy (MRS) and isotopomer analyses
Myocardial tissue was extracted as previously described [20]. Substrate metabolism was
established by using 13C-labeled substrates in combination with NMR spectroscopy.
Glutamate isotopomer analyses provide Fc of acetyl-CoA to the citric acid cycle from up to
three differentially labeled substrates.

Lyophilized heart extracts were dissolved in 99.8% D2O for decoupled 13C NMR spectral
acquisition. NMR free-induction decays (FIDs) were acquired on a Varian Direct Drive
(VNMRS) 600 MHz spectrometer (Varian Inc., Palo Alto, CA) equipped with a Dell
Precision 390 Linux workstation running VNMRJ 2.2C. The spectrometer system was
outfitted with a Varian triple resonance salt-tolerant cold probe with a cold carbon
preamplifier. A Varian standard one dimensional carbon direct observe sequence with
proton decoupling was used to collect data on each sample. Final spectra were
accumulations of 4800 individual FIDs. Each FID was induced using a nonselective, 45-
degree excitation pulse (7.05 us @ 58 dB), with an acquisition time of 1.3 seconds, a recycle
delay of 3 seconds, and a spectral width of 224.1 ppm.

FIDs were baseline corrected, zero-filled, and Fourier transformed. All of the labeled carbon
resonances (C1–C5) of glutamate were integrated with the Lorentzian peak fitting
subroutine in the acquisition program (NUTS, Acorn NMR, Livermore, CA). The individual
integral values were used as starting parameters for the citric acid cycle analysis fitting
algorithm tcaCALC, kindly provided by Drs. Mallow and Jeffrey [22]. This algorithm
provided the Fc for each substrate in the acetyl-CoA pool entering citric acid cycle. The
absolute flux for the citric acid cycle and oxidative flux for individual substrates were
calculated as previously described [22,23].

Immunoblotting
Immunoblotting was done as previously described in our laboratory [21]. The primary
antibody used in this study for malonyl CoA decarboxylase (MCD) was obtained from
Proteintech Group, Inc, Chicago, IL. The primary antibody for FAT/CD36 was obtained
from Novus Biologicals, Littleton, CO. The primary antibodies for liver (l)- and muscle (m)
carnitine palmitoyltransferase I (CPT-I) and pyruvate dehydrogenase (PDK)-2 and PDK-4
and were obtained as personal gifts from Gebre Woldegiorgis (Oregon Health Sciences
University, Beaverton, OR) and Robert Harris (Indiana University School of Medicine,
Indianapolis, IN), respectively. The primary antibodies for peroxisome proliferator-activated
receptor alpha (PPARα) and peroxisome proliferator-activated receptor gamma co-
activator-1 alpha (PGC-1α) were obtained from Santa Cruz Biotechnology, Inc, Santa Cruz,
CA. The primary antibody for Acetyl CoA carboxylase (ACC) was purchased from Cell
Signaling Technology, Danvers, MA. The molecular weights are as follows (kDa): MCD, 50
kDa; FAT/CD36, 72 kDa; PDK-4, 46 kDa; PDK-2, 42 kDa; PGC-1α, 90 kDa; PPAR α, 55
kDa; mCPT-I, 85 kDa; lCPT-I 90 kDa and ACC, 265 kDa. Total protein O-linked β-N-
acetylglucosamine (O-GlcNAc) levels were determined using an antibody (clone
CTD110.6) from Covance, Princeton, NJ. Protein extract for total O-GlcNAc levels was
obtained from a separate cohort of mice and prepared as previously described [17]. Of note,
all immunoblots were normalized to total protein levels assessed from Ponceau S staining,
which are shown in their respective figures.

Statistical Analysis
Reported values are means ± standard error (SE) in figures and text. Data were analyzed
with a single factor ANOVA for multiple comparisons. If significance was identified by
ANOVA (P-value < 0.05); then a two-way unpaired t-test was performed between groups. A
paired t-test was solely used to compare serial echocardiographic changes within individual

OLSON et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mice after significant changes were determined by ANOVA and two-way unpaired t-test
between the groups. Criterion for significance was p < 0.05 for all comparisons.

RESULTS
Morphometric and echocardiographic data

Heart to body weight ratios increased by around 26% in 7dMyc compared to 3dMyc and
Cont (Figure 1A, p<0.05 for 7dMyc vs. 3dMyc and 7dMyc vs. Cont). There was no
difference between 3dMyc and Cont. The change from baseline in left ventricular posterior
wall thickness was significantly greater in 7dMyc versus 3dMyc and Cont (Figure 1B,
p<0.05). The value increased from baseline in 7dMyc only (Figure 1B, p< 0.05 by paired t-
test). Left ventricular shortening fraction (SF) was unchanged from baseline and similar
among all groups. In 7dMyc, the SF was 30.1±1.8% (data not shown). Additional functional
measurements were made during the working heart experiments.

Cardiac function during the working heart experiments
Ex Vivo functional assessments were made during the working heart perfusions. All
reported values are after 20 minutes of stable left atrial infusion. First, we measured cardiac
function in the Myc-induced mice without insulin in the perfusate (n=5–7 per group, Table
1). +dP/dTmax was significantly greater in 3dMyc compared to Cont (p<0.05) with a trend
towards increased +dP/dTmax in 7dMyc versus Cont (p=0.089). Other functional parameters
were similar between groups. With insulin, cardiac function, aortic and coronary flow was
similar among the groups (n=6–10 per group, Table 2).

Oxygen consumption was determined after 20 minutes of stable left atrial infusion with the
insulin containing perfusate in a subgroup of mice. As shown in Table 2, MVO2 per gram
wet heart weight did not differ between groups (n=5 for Cont and 7dMyc, n=3 3dMyc).
Cardiac efficiency (defined as work/MVO2) did not differ between groups.

Fc of acetyl-CoA to the citric acid cycle
We next determined the Fc of acetyl-CoA to the citric acid cycle for each studied substrate
(Figure 2A). First, we established whether Tam alone affects myocardial intermediate
metabolism. Tam did not alter substrate utilization patterns in NTG mice. The Fc of free
fatty acids, lactate and ACAC (used to represent ketones) were similar to each other at
around 30%. Based upon previous experiments with this labeling strategy, the unlabeled
fraction is composed of primarily of exogenous unlabeled glucose and endogenous
glycogen, although endogenous triglycerides may contribute as well [20].

The Fc in the Myc-induced mice without insulin is shown in Figure 2B. Compared to Cont,
7dMyc increased free fatty acid Fc by nearly 50% (p<0.05) with a simultaneous decrease in
lactate Fc and ACAC Fc (p<0.05 for both). 7dMyc also promoted a trend towards increased
free fatty acids Fc versus 3dMyc (p=0.07). The unlabeled Fc trended towards being
increased in 3dMyc versus both Cont (p=0.07) and 7dMyc (p=0.06).

The Fc of Myc-induced mice with insulin containing perfusate are displayed in Figure 2C.
Of note, we used 1-[13C] glucose and unlabeled lactate in place of L-lactic-3-[13C]acid and
unlabeled glucose for a portion of the insulin experiments as noted in Materials and Method.
This demonstrated that only a negligible portion of the unlabeled substrate is not from
exogenous glucose. Therefore, the unlabeled Fc is indicative of exogenous glucose Fc for
these experiments. As expected, insulin increased unlabeled (glucose) at the expense of free
fatty acids compared to non-insulin containing perfusate for all groups. There was no change
in the unlabeled Fc in 3dMyc versus control. However, under insulin perfusion conditions
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we detected a decrease in unlabeled Fc in 7dMyc versus Cont with a trend towards being
decreased versus 3dMyc (p=0.055). The 7dMyc still had a greater free fatty acid Fc (p<0.05)
than both Cont and 3dMyc. There was also a trend towards decreased lactate Fc in 7dMyc
versus 3dMyc (p=0.08). Differing from the non-insulin experiments, there were no
differences in the ACAC and lactate fractional contributions between 7dMyc and Cont.

Substrate flux
Figure 3 shows the calculated flux rates from the insulin experiments. Since there were no
differences in Fc in the 3dMyc group, we only evaluated flux in 7dMyc versus Cont. There
was no change in overall citric acid cycle flux. As MVO2 was similar between 7dMyc and
Cont, free fatty acid flux rates followed Fc results with a significant greater flux in 7dMyc.
Lactate flux was decreased in 7dMyc compared to Cont.

Protein expression
Ahuja et al previously analyzed some proteins regulating glycolysis and fatty acid oxidation
[14]. The Myc-induced metabolic changes in established hypertrophy prompted further
protein analysis for enzymes involving fatty acid oxidation. Results appear in Figure 4. Myc
is primarily a transcriptional regulator, so we focused on total protein levels. There were no
changes in protein levels of the fatty acid oxidation transcriptional regulators PPARα and
PGC-1α. The fatty acid cellular membrane transport protein FAT/CD36 and mitochondria
transporter CPT-I (both mCPT-I and lCPT-I) levels were also unchanged. ACC and MCD
affect CPT-I activity through synthesis and breakdown of malonyl CoA, respectively. MCD
and ACC proteins levels were similar among groups. PDK-2 and -4 reduce pyruvate entry
into the citric acid cycle by inhibiting pyruvate dehydrogenase. PDK-4 and PDK-2 levels
were not affected by Myc-induction.

Since Myc did not affect total protein levels of key fatty acid oxidation enzymes, we
explored potential mechanisms for post-translational modification [15]. As previously noted,
O-GlcNAcylation affects myocardial fatty acid oxidation and is potentially important for the
development of hypertrophy [17,19,24]. Total protein O-GlcNAc levels were increased in
7dMyc versus Cont and 3dMyc (p<0.05, Figure 5). Measuring signal intensity along entire
lanes can obscure differences in specific bands between our 3 conditions. Accordingly, we
specifically evaluated the band at ~ 58 kDa, which qualitatively demonstrated the largest
signal difference across groups. The densitometric analyses for this band revealed
differences in the O-GlcNAcylation profile between 3dMyc versus Cont. The signal for this
band further increased in 7dMyc (Figure 5D). Thus, Myc activation begins to affect protein
O-GlcNAcylation prior to the development of hypertrophy.

DISCUSSION
Myc regulates cardiac hypertrophy and also affects intermediate metabolism in non-cardiac
tissue. Our objective was to test the hypothesis that Myc-induced substrate utilization
changes to the citric acid cycle signal for hypertrophy development and promote
compensated hypertrophy. Echocardiogram and ex vivo working heart experiments
confirmed that this was compensated hypertrophy as function was preserved or slightly
improved with Myc-induction. Myc affected myocardial substrate utilization patterns at
established hypertrophy (7dMyc), with a marked increase in free fatty acid oxidation with
concurrently decreased lactate oxidation.

We chose the 3dMyc group to determine whether substrate utilization changes precede
hypertrophy and may therefore signal for its development. Demonstrating a metabolic shift
prior to hypertrophic growth is necessary (but not sufficient) to establish a signaling role.
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The current study justified this time point for pre-hypertrophy metabolic evaluation since the
heart weight to body weight ratios are similar to Cont and there was no change in serial LV
posterior wall thickness. Metabolic changes are considered part of the hypertrophic process;
however altered utilization patterns may also drive hypertrophy development. For example,
cardiac specific PPARα overexpression promotes myocardial fatty acid oxidation through
transcription of genes involved in this process. These changes lead to hypertrophy,
demonstrating that alterations in substrate citric acid cycle contribution can promote
hypertrophy development [25]. Given Myc’s ability to regulate substrate metabolism in non-
cardiac tissue, we hypothesized that changes in substrate utilization may lead to hypertrophy
development in this model. Ahuja et al previously reported that Myc activation for 3 days
increased the unlabeled Fc to acetyl-CoA and ultimately the citric acid cycle [14]. However,
those experiments included only a small number of mice and were considered preliminary.
Our current study with greater numbers (n=6) showed only a modest trend towards increased
unlabeled Fc in 3dMyc, which disappeared in follow up studies with insulin-containing
perfusate. As no other changes in substrate utilization occurred prior to hypertrophy (i.e. in
the 3dMyc versus Cont), oxidative shifts are not the primary signal for cardiac growth in this
model. However, oxidative changes may still be required to provide energy and substrates
for rapid protein synthesis and growth.

Unlike the 3dMyc, 7dMyc significantly altered substrate contribution to the citric acid cycle.
Free fatty acid contribution increased nearly 50% corresponding with decreased exogenous
glucose contribution. Absolute flux of free fatty acids and lactate were also changed in
established hypertrophy representing oxidative metabolism. Myc-induced hypertrophy
maintained compensated function while increasing fatty acid oxidation. This is notable as
many investigators are exploring pharmacologic modulation of substrate utilization for heart
failure treatment. Typically, however, the therapeutic goal is to inhibit fatty acid oxidation
for reasons including that this theoretically requires 11–12% more oxygen for a given
amount of ATP produced than glucose oxidation [3]. Trimetazidine is a partial
mitochondrial fatty acid β-oxidation inhibitor used to treat chronic stable angina in Europe
and Asia. Multiple small, short term studies utilizing trimetazidine to treat heart failure
demonstrated improved LV ejection fraction, exercise performance and plasma heart failure
biomarkers [26–28]. Similarly, the cardiac specific PPARα overexpressing mice discussed
above had decreased cardiac function [25]. Our results do not contradict these studies, but it
demonstrates that increased fatty acid oxidation does not uniformly cause functional
abnormalities in the hypertrophied myocardium. Future studies are planned to determine the
necessity of these metabolic changes for maintaining compensated function in our model.
Additionally, understanding the mechanisms whereby fatty acid oxidation is not functionally
detrimental in this model would provide useful information for developing metabolic
therapies to treat heart failure and diabetic cardiomyopathy which is associated with
increased fatty acid oxidation.

Although Myc is upregulated in nearly all types of hypertrophy, the metabolic phenotype in
the Myc-inducible mice did not fully recapitulate changes described in physiologic
hypertrophy models such pressure overload. As such, our findings are due to Myc-induction
and not secondary to hypertrophy. Fatty acid oxidation levels are typically unchanged or
mildly diminished in compensated physiologic hypertrophy and decreased in heart failure
with physiologic hypertrophy [3,29]. One potential reason for this difference could be that
Myc levels are lower in physiologic hypertrophy thereby affecting intermediate metabolism
to a lesser degree. Xiao et al [11] showed that Myc mRNA levels in this transgenic mouse
are similar to non-transgenic mice after 6 hours of transverse aortic constriction. They did
not report protein levels or temporal data, so differences cannot be completely ruled out.
Another more likely possibility is that additional metabolic regulation counterbalances Myc.
The etiology of decreased fatty acid oxidation in physiologic hypertrophy and heart failure is
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incompletely understood but it is likely at least partially due to reduced transcriptional
activation of genes regulated by peroxisome proliferator-activated receptor alpha (PPARα),
peroxisome proliferator-activated receptor gamma co-activator-1 alpha (PGC-1α) and
retinoic acid X receptor α (RXRα) [1,3]. These proteins form heterodimers that
transcriptionally control fatty acid oxidation encoding genes. We did not find any
differences in PPARα or PGC-1 protein levels. In physiologic hypertrophy, changes in
PPARα, PGC-1and/or RXRα activity may counteract Myc’s effect on fatty acid oxidation.
Myc may prevent a larger reduction in fatty acid oxidation. Future studies are planned using
the cardiac specific inducibly inactivate Myc mice (described by Zhong et al [12])to
elucidate Myc’s role in metabolic changes from hypertrophy secondary to pressure overload.

Regulation of intermediate metabolism
Surprisingly, the substrate utilization changes do not appear to be due to transcription and/or
translation of fatty acid oxidation genes. Ahuja et al previously demonstrated unchanged
gene expression of the fatty acid oxidation transcription factors PGC-1α, PGC-1β, PGC-1
related coactivator, PPARα, estrogen-related receptor α, and nuclear respiratory factor [14].
Medium chain acyl-CoA dehydrogenase (MCAD) and carnitine palmitoyl-transferase 1
(CPT-1) RNA levels were decreased [14], although our study demonstrated that this does
not reduce fatty acid oxidation. As noted earlier, protein levels of the transcription factors
PPARα and PGC-1α were unchanged confirming that global transcription of metabolic
genes is unlikely. Thereafter we explored total protein levels of specific enzymes. Fatty acid
oxidation regulation occurs at multiple steps from cellular uptake to mitochondrial transport
to β-oxidation [3] but we did not find protein changes that would augment fatty acid
oxidation such as in mCPT-I, lCPT-I, FAT/CD36, MCD and ACC. PDK2 and PDK4 inhibit
pyruvate dehydrogenase and therefore glucose and lactate oxidation. This could reciprocally
promote fatty acid utilization according to the Randle hypothesis. However, we did not find
changes in either PDK isoform. Overall, Myc did not augment fatty acid oxidation through
transcription or translation of the commonly investigated regulatory enzymes. Further work
is necessary to determine whether other enzymes are transcriptionally affected by Myc.

Many metabolic enzymes undergo post-translational modification altering their activity [3].
Myc is primarily a transcriptional regulator, but recent studies have demonstrated
transcription-independent functions [16,30]. O-GlcNAc post-translational modification was
increased by Myc-induction in our study. Recent work suggests O-GlcNAc promotes
myocardial fatty acid oxidation [17,24]. Laczy and colleagues perfused isolated rat hearts
with glucosamine to acutely increase total protein O-GlyNAcylation under normoxic
condition [17]. Glucosamine caused a dose dependent increase in O-GlcNAc levels, which
was associated with increased palmitate oxidation. This metabolic change was attributed to
increased FAT/CD36 membrane translocation and fatty acid cellular uptake. FAT/CD36
immunoprecipitation demonstrated evidence of O-GlcNAc modification. We are currently
evaluating whether Myc activation increases FAT/CD36 membrane levels in our model.

O-GlcNAc
In addition to regulating cardiac substrate metabolism, O-GlcNAcylation may promote
hypertrophy in our model. Facundo and colleagues recently demonstrated that O-GlcNAc
signaling is necessary for NFAT-mediated hypertrophy [19]. NFAT activation from
phenylephrine was blunted by O-GlcNAc inhibition in neonatal rat cardiac myocytes.
Further, O-GlcNAc augmentation increased NFAT activation and nuclear translocation
independent of hypertrophic stimuli. In our study, the O-GlcNAc band near 58 kDa was
greater in 3dMyc compared to Cont demonstrating that the increase in O-GlcNAcylation
begins prior to hypertrophy. Because of the nonspecific nature of the O-GlcNAc antibodies,
additional work is required to identify O-GlcNAcylated proteins within the ~58 kDa band
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and at other molecular weights that may promote the development of hypertrophy in our
model. Interestingly, Morrish et al demonstrated that inhibiting the pathway for producing
O-GlcNAc reduced growth in Myc-expressing cultured fibroblast [16]. We plan future
studies to elucidate Myc’s role in myocardial O-GlcNAcylation.

Summary
Myc is an important regulator of cardiac hypertrophy. In the current study, we show that
Myc affects substrate utilization for the citric acid cycle. This process does not precede
hypertrophy and therefore does not signal for hypertrophy development. With established
compensated hypertrophy, Myc-induction increased fatty acid utilization suggesting a
potential mechanistic role. Based upon our results, further studies are warranted to
determine whether fatty acid oxidation promotes functional compensation in the model as
well as Myc’s role in metabolic changes from physiologic hypertrophy.
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Highlights

• C-Myc activation affects myocardial substrate utilization for the TCA cycle.

• Fatty acid oxidation increases with established compensated cardiac
hypertrophy.

• Substrate oxidation is not altered prior to the development of hypertrophy.

• Myocardial O-GlcNAcylation was increased by c-Myc.
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Figure 1.
Heart weight to body weight ratios (A) and change from baseline in left ventricular posterior
wall (LVPW) thickness in mm (B). LVPW was measured via echocardiogram as described
in the methods section. Values are means ± SEM. * p<0.05 between indicated groups. Note:
p<0.05 versus baseline measurement in 7dMyc only as assessed by paired t-test. n=4–6 per
group.
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Figure 2.
Fractional contribution (Fc) to the citric acid cycle for unlabeled substrates (unlab),
acetoacetate as ketone (ACAC), lactate (Lac) and free fatty acids (FFA). (A) Non-transgenic
mice receiving vehicle (NTG) or tam injections (NTG-Tam) for 7 days. (B) 13C-labeled
substrates without insulin. (C) 13C-labeled substrates with insulin. * p<0.05 between
indicated groups. There were no significant differences between NTG and NTG-Tam. n=5–9
per group for A, 5–7 per group for B and 7–10 per group for C.
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Figure 3.
Flux rates for total citric acid cycle and individual substrates in Cont and 7dMyc.
Abbreviations as indicated in Figure 2. * p<0.05 versus Cont. n=5 per group.
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Figure 4.
Expression of proteins involved in the regulation of fatty acid metabolism. All values are
arbitrary units normalized to total protein staining shown as Ponceau in the figure. The
approximate molecular weight of each protein is noted. n=3–5 per group. PPAR, peroxisome
proliferator-activated receptor; PDK, pyruvate dehydrogenase kinase; lCPT-I, liver-specific
carnitine palmitoyltransferase I; mCPT-I, muscle-specific CPT-I; MCD, malonyl-CoA
decarboxylase; ACC, acetyl-CoA carboxylase. No differences were found between the
groups for any protein.
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Figure 5.
Total protein O-linked β-N-acetylglucosamine (O-GlcNAc) levels. A. Total protein O-
GlcNAc immunoblot. B. Ponceau S membrane staining. C. Total protein O-GlcNAc
quantification in arbitrary units normalized to Ponceau S staining. D. Quantification of O-
GlcNAc band at approximately 58 kDa. Of note, the molecular weight latter (in kDa) is
shown between A and B. n=3–5 per group. * p<0.05 between indicated groups.
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Table 1

Functional measurements during isolated working heart with 13C-labeled substrates without insulin in the
perfusate. Values are means ± SEM.

Cont 3dMyc 7dMyc

Heart rate (BPM) 384±14 373±7 396±20

+dP/dTmax (mmHg/sec) 3779±199 4399±87* 4019±209

−dP/dTmin (mmHg/sec) −3640±168 −3770±82 −3432±157

Power (ml/min)* mmHg 946±67 1088±38 1036±154

*
p<0.05 3dMyc versus Cont.

n=5–7 per group.
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Table 2

Functional measurement during isolated working heart with 13C-labeled substrates and insulin-containing
perfusate. Efficiency is defined as cardiac power/oxygen consumption. MVO2, Myocardial oxygen
consumption.

Cont 3dMyc 7dMyc

Heart rate (BPM) 401±16 381±14 382±10

+dP/dTmax (mmHg/sec) 4702±166 4967±246 4842±313

−dP/dTmin (mmHg/sec) −3892±92 −4043±144 −4038±120

Power (ml/min)*mmHg 1268±91 1329±71 1267±115

Aortic flow (ml/min) 11.3±0.6 10.5±0.6 10.6±0.4

Coronary flow (ml/min) 3.7±0.3 4.9±0.7 3.8±0.6

MVO2 (μmol/g wet weight/min) 7.9±0.1 8.0±1.5 6.9±0.6

Efficiency (ml*mmHg/μmol O2/g) 145±8 153±10 183±21

Values are means ± SEM.

n=6–10 per group.
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