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Abstract
Myocardial [ATP] falls in the failing heart. One potential compensatory mechanism for maintaining
a near normal free energy of ATP hydrolysis (ΔG∼ATP), despite a fall in [ATP], may be the reduction
of myocardial creatine (Cr). To test this, we conducted a longitudinal study using transgenic mice
overexpressing cardiac Gsα, which slowly developed cardiomyopathy. Myocardial energetics
measured using 31P NMR spectroscopy and isovolumic contractile performance were determined in
perfused hearts isolated from 5-, 10-, 17-month-old Gsα and age-matched littermate wild type (WT)
mice. In young Gsα hearts, contractile performance was enhanced with near normal cardiac
energetics. With age, as contractile performance progressively decreased in Gsα hearts, [ATP] and
[PCr] progressively decreased while [Pi] increased only modestly; no changes were observed in WT
hearts. Myocardial (but not skeletal) [Cr] in Gsα mice decreased, beginning at an early age (1.5-
months). Consequently, cytosolic [ADP] and the free energy available from ATP hydrolysis were
maintained at normal levels in Gsα hearts, despite decreased [ATP]. During increased cardiac work
caused by supplying isoproterenol, the relationship between the rate pressure product (RPP) and
ΔG∼ATP in Gsα mouse hearts demonstrated an increased cost of contraction in failing hearts. Thus,
our results suggest that the decrease of myocardial [Cr] and net Pi efflux play compensatory roles
by maintaining a nearly normal free energy of ATP hydrolysis in the dysfunctional heart; however,
it also increased the cost of contraction, which may contribute to the lower contractile reserve in the
failing heart.
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Introduction
Adenosine triphosphate (ATP) is the high energy phosphate-containing compound directly
used for excitation and contraction in the heart. Phosphocreatine (PCr), present in high
concentrations in striated muscle, is the high energy phosphate-containing compound used to
support temporal and spatial utilization of ATP during high work load. Transfer of the
phosphoryl group between ADP and Cr is catalyzed by creatine kinase. Results from studies
of both failing human myocardium and animal models of heart failure show that myocardial
[ATP] and [PCr] progressively fall during the development of heart failure. [ATP] in the failing
myocardium is as much as ∼25% lower than in normal myocardium while the fall in [PCr] is
even greater, falling by ∼ 50% (1,2,3,4). The observation that [ATP] is reduced in the failing
heart raises important questions central to our understanding of bioenergetics: Is the free energy
released from ATP hydrolysis (ΔG∼ATP) also decreased, or are there compensatory
mechanisms maintaining ΔG∼ATP to near normal values? If ΔG∼ATP is maintained near
normal, is it sufficient to support high cardiac workload? These questions are important because
a fall in ΔG∼ATP can limit the ability of the heart to increase its contractile performance (3,4,
5,6).

In a longitudinal study of the failing canine heart, we found that the tissue content of creatine
([Cr]) was progressively depleted and that the loss of myocardial [Cr] preceeded the fall in
[ATP](2). We hypothesized that the loss of [Cr] maintained a near normal ratio of PCr/Cr which
in turn blunted any increase in [ADP] caused by higher rates of ATP utilization needed to
support high wall stress characteristic of the failing heart (2). If this is the case, loss of creatine
in the failing heart would be compensatory. However, since [PCr] was not measured in that
study, this hypothesis could not be directly tested. If this hypothesis is correct, it has two
important consequences for the energetics of the failing heart: 1) by maintaining low [ADP],
[AMP] would also remain near normal and the purine nucleotide pool would be better preserved
(7) and 2) by maintaining low [ADP], ΔG∼ATP would remain near normal, despite decreased
[ATP]. Maintaining a near normal level of ΔG∼ATP, required to support cellular ATPase
reactions, is essential for cell survival (5,6). Here, we test this hypothesis.

The animal model chosen for this study was the well-characterized mouse with over expressed
cardiac Gsα transgene (Gsα mice) (8). Hearts of these transgenic mice exhibit enhanced
inotropic and chronotropic responses to the chronic increase in β-adrenergic signaling.
However, with age, these animals slowly develop cardiomyopathy characterized by myocyte
hypertrophy, fibrosis, apoptosis, left ventricular (LV) dilation, depression of LV mechanical
function, and an increase in sudden death (8-11). Thus, the Gsα transgenic mouse model
provides an opportunity to conduct a longitudinal study of cardiac energetics during the
development of cardiomyopathy and heart failure.

Using this model, our first goal was to determine the sequence of changes in cardiac ATP, PCr
and Cr levels as cardiomyopathy and heart failure developed. The second goal was to determine
whether the free energy of ATP hydrolysis, ΔG∼ATP, in failing hearts was maintained at a near
normal level. The third goal was to determine the energetic cost of increasing work in failing
hearts by measuring the change in ΔG∼ATP as a consequence of increasing work load.
Simultaneous 31P NMR spectroscopy and isovolumic contractile performance measurements
were made using hearts isolated from 5-, 10-, 17-month-old Gsα mice and age-matched wild
type (WT) mice. The primary hypothesis tested is that the decrease in myocardial Cr content
is a compensatory mechanism blunting an increase in cytosolic [ADP] (despite decreased
[ATP] and [PCr]) in response to increased wall stress, thereby maintaining a near normal
ΔG∼ATP during the development of cardiomyopathy and heart failure.
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Methods
Animals

The investigation conformed 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).
The experimental protocol was approved by the Standing Committee on Animals of Harvard
Medical Area and followed the recommendations of current NIH and APS guidelines. Three
age groups of mice, 5-, 10- and 17-month-old littermate transgenic mice selectively
overexpressing cardiac Gsα (Gsα, n=4, 4, and 7 in each age group) and wildtype (WT, n=5, 4,
and 7 in each age group), were used for this study.

Isolated Perfused Heart Preparation and Protocols
Hearts were isolated from experimental mice and perfused in the Langendorff isovolumic mode
(balloon-in-LV) as described (12,13). The coronary perfusate consisted of phosphate-free
Krebs-Henseleit buffer containing (mM) NaCl (118), KCl (5.3), CaCl2 (2.0), NaHCO3 (25),
MgSO4 (1.2), EDTA (0.5), glucose (10) and pyruvate (0.5) equilibrated with 95% O2 + 5%
CO2 to maintain a pH of 7.4.

Measurements of contractile performance and 31P NMR spectroscopy were made
simultaneously at baseline and two levels of higher contractile performance induced by
supplying isoproterenol (ISO). ISO was administered (1% coronary flow) via a fine cannula
into the aortic perfusion catheter to final concentrations of 5×10-10 M and 1×10-8 M. Hearts
were perfused at each ISO concentration for 20 minutes to allow for the collection of two 31P
NMR spectra (see below). At the end of the protocol, subsets of 10- and 17-month-old Gsα
and WT hearts were freeze-clamped for high pressure liquid chromatography analysis (HPLC)
of ATP (2); other hearts were weighed. In addition, samples of cardiac and skeletal (from the
upper leg) muscles were collected from 0.5, 1.5, 5, 10 and 17 month-old Gsα mice and age-
matched WT mice for analysis of Cr content.

Measurement of Isovolumic Contractile Performance
A custom-made water-filled balloon inserted into the LV was connected to a pressure
transducer (Statham P23Db, Gould, Oxnard, CA) for continuous recording of LV developed
pressure (LVdevP) and heart rate (HR). The balloon volume was adjusted to set LV end-
diastolic pressure at ∼8 mmHg, and then held constant. Contractile performance data were
collected on-line at a sampling rate of 200Hz using data acquisition system (MacLab, AD
Instruments). Isovolumic contractile performance was expressed as the product of HR and
LVdevP, the rate-pressure product (RPP).

31P NMR Spectroscopy and Data Analysis
31P NMR free induction decays were collected at 161.94 MHz using a GE-400 wide-bore
Omega spectrometer (Freemont, CA) (12,13). Spectra were obtained without proton
decoupling over 8 minutes by signal-averaging 208 scans (pulse width 15 μsec, pulse angle
60°, recycle time 2.14 sec and sweep width 6000 Hz).

31P NMR spectra were analyzed as previously described (12,13). To determine the cytosolic
concentrations of PCr, Pi, and ATP, the mean of the resonance areas for [γ−P]ATP and [β-P]
ATP was normalized by heart weight. We made the assumption that the fractional volume of
intracellular water in the myocytes of Gsα and WT hearts were similar and equal to values
typical of well perfused rodent hearts (0.48 μl/mg wet weight, adjusted to take into account
any changes in protein content). In this case, resonance areas/mg wet weight were directly
proportional to intracellular metabolite concentrations. The values for [ATP] obtained from
HPLC for 10- and 17-month-old Gsα and WT hearts were used to calibrate the 31P NMR
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spectra. [Pi] and [PCr] were calculated by multiplying the ratio of their resonance areas to ATP
resonance areas. Intracellular pH was determined by comparing the chemical shift difference
between the Pi and PCr resonances to standard values.

Cytosolic [ADP] was calculated using the creatine kinase equilibrium expression: ADP =
([ATP][free creatine]) / ([PCr][H+]Keq), using measured values for [ATP], [PCr] and [Cr]
(14) and Keq of 1.66×109 (mol/L)-1 for a [Mg2+] of 1.0 mmol/L (15,16). [AMP] was calculated
using the adenylate kinase equilibrium expression: AMP = 1.05[ADP]2 / [ATP], measured
values of [ATP] and calculated values for [ADP]. The free energy of ATP hydrolysis
(ΔG∼ATP) was calculated from: ΔG∼ATP (kJ/mol) = ΔG° - RT ln ([ATP]/[ADP][Pi]), where
ΔG° (-30.5 kJ/mol) is the value of ΔG∼ATP under standard conditions of molarity, temperature,
pH, and [Mg2+], R is the gas constant (8.3 J/mol K), and T is temperature (Kelvin) (16),
measured values of [ATP] and [Pi] and calculated values for [ADP].

Statistical Analysis
Data were expressed as mean ±SE. ANOVA followed by Fisher's PLSD test were applied to
compare the differences among the age groups using of Statview (Brainpower, Calabasas);
significance was defined at P<0.05. The relationships between RPP and ΔG∼ATP during ISO
challenge were constructed using linear regressions.

Results
Cardiac Hypertrophy in Old Gsα Mice

Body weight, heart weight, heart weight to body weight ratio, and myocyte protein content
were measured in 5-, 10- and 17-month-old Gsα and WT mice (Table I). Compared with age-
matched WT mice, the heart weight and the heart weight to body weight ratio for young Gsα
mice were comparable to young WT mice, but were 19% and 23% higher for 17-month-old
Gsα mice. Myocyte protein content was unchanged in young Gsα mice, but was slightly lower
in old Gsα mouse heart. As observed for previous studies (9,11), hearts of 17-month-old Gsα
mice were hypertrophied.

Progressive Decrease in Contractile Performance in Gsα Hearts with Age
To determine changes in cardiac function in Gsα mouse hearts with increasing duration of
chronic β-AR activation, we measured contractile performance in age-matched 5-, 10- and 17-
month-old Gsα and WT hearts using isolated isovolumic heart preparations perfused at the
same constant perfusion pressure (Table II).

Baseline (Table II, Figure 1)—Compared with age-matched WT hearts, RPP was higher
in young Gsα hearts (+43%, P<0.05), similar in 10-month-old Gsα hearts and lower in old
Gsα hearts (-30%, P<0.05). The slope of the relationship for RPP and age was very steep for
Gsα hearts (-1685 mm Hg/min/month), but close to zero for WT hearts. All Gsα hearts had
higher heart rates (>400 beats/min) than for WT hearts (<350 beats/min) that was independent
of age. All Gsα hearts exhibited a lower LVdevP (<100 mmHg) than WT hearts, and the
difference became greater with age. The progressive decrease in LVdevP was the major factor
responsible for the reduction of RPP for Gsα hearts.

Contractile reserve was determined with acute ISO challenge. RPP increased with ISO in the
dose dependent manner for all age groups for both Gsα and WT mouse hearts (Figure 2). The
maximum RPP observed for Gsα hearts at high dose ISO (10 nM) was the same as for 5-month-
old WT hearts (70,400±2600 vs 67,800±2600 mmHg/min), 16% lower for 10-month-old hearts
(54,500±3300 vs 64,700±2100 mmHg/min) and 33% lower for 17-month-old hearts (36,800
±2900 vs 55,100±2400 mmHg/min, p<0.05). Coronary flow during the ISO challenge was
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increased, which was not different in young Gsα and WT hearts, but was lower in the old
Gsα hearts, compared to the age matched old WT hearts (Table II). Thus, chronically enhanced
sympathetic activity in the mouse led to large and progressive decreases in cardiac contractile
performance and contractile reserve encompassing a hyper-contractile state, a transition state
and finally cardiomyopathy.

Changes in Energetics in Gsα Hearts with Age
To determine the sequence of changes in energetics associated with these three different
contractile states, we obtained 31P NMR spectra for 5-, 10- and 17-month-old Gsα and WT
mouse hearts. Figure 3 shows representative 31P NMR spectra obtained from 17-month-old
Gsα and WT hearts. The mean values for [ATP], [ADP], [AMP], [PCr], [Pi], [Cr], [PCr]/[ATP],
[PCr]/[Cr], [ATP]/[ADP] and ΔG∼ATP are shown in Figures 4-6 and Table III.

Progressive Decrease in Myocardial [ATP] and [PCr] in Gsα Hearts—[ATP] for
WT hearts did not change with age. In contrast, [ATP] for Gsα hearts progressively fell with
age compared to age-matched WT hearts. [ATP] in the hyper-contractile Gsα hearts was
unchanged, but [ATP] was 14% lower in 10-month-old Gsα hearts and 23% lower in 17-month-
old Gsα hearts (Figure 4). The 23% fall in [ATP] in Gsα hearts with cardiomyopathy is
comparable to changes in [ATP] observed in other animal models of heart failure and in failing
human hearts (1,2,3).

[PCr] and [Pi] also did not change with age for WT hearts. In contrast, for hyper-contractile
Gsα hearts, [PCr] was 13% lower and [Pi] was 46% higher (both P<0.05) than for WT hearts.
This profile is consistent with chronically hyper-contractile hearts. [PCr] progressively fell
with age (-23% in 10-month-old and -32% in 17-month-old Gsα hearts (P<0.05 vs. WT
littermates). Thus, for Gsα hearts, [ATP] and [PCr] progressively decreased as isovolumic
contractile performance progressed from a hyper-contractile state to cardiomyopathy.

The total amount of NMR visible phosphate-containing metabolites was not different among
three age groups of WT hearts (50±1, 51±2, 50±1 mM). In contrast, the total amount of NMR
visible phosphate-containing metabolites progressively fell with age for the Gsα hearts: 47±2
mM (-5.9% compared to age-matched WT hearts), 44±2 mM (-14%, P<0.05) and 37±2 mM
(-25%, P<0.05) for 5-, 10- and 17-month-old Gsα hearts respectively. The loss of total
phosphate was due to the decreases in [ATP] and [PCr] without a concomitant increase in [Pi].
Intracellular pH was similar for all groups (pH 7.16).

Decrease in [Cr] in Gsα Mouse Hearts—To determine whether the progressive decrease
in [PCr] in Gsα mouse hearts observed during the evolution of cardiomyopathy was due to a
decrease in [Cr] or to increased chronic demand for ATP with unchanged [Cr], and whether
this change was cardiac specific, myocardial and skeletal muscle [Cr] were measured for 5 age
groups in both Gsα and WT mice (Figure 5).

Cr is not made in the myocardium but accumulates via a saturable creatine transporter (17). Cr
accumulation in WT hearts displayed the normal age-related increase for the myocardium,
increasing from 5.0±0.4 nmol/mg wet weight in 2-week-old WT hearts to typical adult heart
values of ∼14 nmol/mg wet weight in 6-week-old hearts. Although [Cr] in 2-week-old Gsα
hearts was the same as for littermate WT hearts, the normal increase in [Cr] with age was
blunted, reaching levels of only ∼11 nmol/mg wet weight. [Cr] in skeletal muscle was also
measured. There was no difference in [Cr] between Gsα and age-matched WT mice at any age.
Thus the failure to accumulate normal levels of Cr in Gsα mice was cardiac-specific.
Importantly, the ratio of [PCr] to [Cr] was the same for both Gsα hearts and WT hearts for all
age groups, independent of contractile performance or the development of cardiac dysfunction.
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Normal Cytosolic [ADP], [AMP] and ΔG∼ATP in Gsα Mouse Hearts (Figure 6)—
Based on the progressive decreases in [ATP] and [PCr] in Gsα hearts with age, it would be
expected that cytosolic [ADP] and [AMP], as well as [Cr] and [Pi], would all increase. This
was not observed. [ADP] and [AMP] for the three age groups of Gsα mouse hearts were either
lower than or the same as for age-matched WT hearts. As a consequence, [ATP]/[ADP] and |
ΔG∼ATP| was similar for all groups, ∼57 kJ/mol.

In Figure 6 we also show values for cytosolic [ADP], [AMP], [ATP]/[ADP] and ΔG∼ATP if
cardiac [Cr] had been maintained at normal values for the age of the mouse. [ADP] would have
increased by 1.6-, 1.7- and 2.0-fold, [AMP] would have increased by 2.4-, 2.9- and 3.9-fold,
[ATP]/[ADP] would have progressively fallen to values half that observed, and |ΔG∼ATP|
would have decreased by 1.9, 1.5, and 2.0 kJ/mol in 5-, 10- and 17-month Gsα hearts,
respectively. Thus, because [Cr] was lower and [Pi] increased only slightly in chronically β-
AR stimulated hearts, ΔG∼ATP was well preserved in both the hyperactive and cardiomyopathic
states.

Energetic Response to Acute ISO Challenge (Table III, Figure 7)
Abruptly increasing cardiac contractile performance in rodent hearts by supplying inotropic
agents typically leads to decreased [PCr] with concomitant increased [ADP] and [Pi], with
unchanged [ATP]. Changes in [ATP], [ADP] and [Pi] can be described by a single number,
the free energy of ATP hydrolysis, ΔG∼ATP. Because ΔG∼ATP is a negative number, we
describe how it changes using its absolute value, |ΔG∼ATP|., This value describes the energetic
state of the heart and represents the chemical energy available for the ATPase reactions in the
cell. |ΔG∼ATP| in the normal mouse heart varies between ∼60 kJ/mol at low work states to
∼53 kJ/mol at high work states (18,19).

As expected, |ΔG∼ATP| fell as work load increased. At low work states (baseline) in WT and
Gsα mouse hearts at all ages, |ΔG∼ATP| was ∼57 kJ/mol. For the WT hearts, |ΔG∼ATP| fell
∼1.2 kJ/mol for low dose ISO and ∼ 3.8 kJ/mol for high dose ISO challenge. The decreases
in |ΔG∼ATP| for Gsα hearts were greater: ∼2.2 kJ/mol at low ISO (P<0.05 vs. WT) and ∼4.3
kJ/mol at high ISO.

We constructed the relationships between RPP and ΔG∼ATP during ISO challenge for all groups
(Figure 8). This relationship defines the change in contractile reserve as ΔG∼ATP changes; the
inverse of the slope of this relationship provides a measure of the cost of increased contraction
(kJ/mol per unit RPP). The regression lines for RPP and ΔG∼ATP in young hyper-contractile
Gsα and young WT mouse hearts were similar, showing comparable cost of increasing
contraction. In contrast, at any given |ΔG∼ATP|, RPP was lower (p<0.05) in old
cardiomyopathic Gsα mouse hearts than for age-matched WT hearts, showing greater cost of
increasing contraction in cardiomyopathic hearts. The cost of increasing contraction in old
cardiomyopathic Gsα mouse hearts was nearly twice that compared to both young Gsα mouse
hearts and age-matched WT hearts: 0.29 vs. 0.15 and 0.16 units, respectively. The values for
WT hearts are in good agreement with other reports (18). For the transition state of contractile
dysfunction prior to cardiomyopathy, hearts had normal |ΔG∼ATP| at low workloads but used
more free energy from ATP hydrolysis to support a smaller increase in work upon inotropic
challenge. Thus, the cost of increasing contraction progressively increased with the
development of cardiomyopathy in Gsα mouse hearts.

Discussion
To define the sequence of changes in energy metabolites and to test whether loss of creatine
is an early and persistent marker of contractile dysfunction requires measuring both energetic
parameters and contractile performance in a longitudinal model of heart failure. The model we
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chose for this study is the mouse with selective overexpression of cardiac Gsα leading to
chronically enhanced β-adrenergic signaling. These hearts slowly made the transition from
hyperactivity at 5 months of age to cardiomyopathy by 17 months of age. Here we studied
three distinct contractile states in the isolated perfused Gsα mouse heart: 1) an early stage with
a hyper-contractile baseline contractile function with normal contractile reserve; 2) a transition
stage with a reduced contractile reserve despite apparently compensated baseline contractile
function; and 3) a dysfunctional stage, with lower baseline LV contractile performance as well
as decreased contractile reserve associated with hypertrophy, intracellular edema and fibrosis
(9,10,11). The latter stage was considered heart failure.

Progressive Fall in [ATP]
An important observation made here is that [ATP] was normal in young hyper-contractile
Gsα hearts and progressively fell in parallel with the age-related decrease in isovolumic
contractile performance and impaired contractile reserve. We previously reported that
myocardial [ATP] was lower in a canine model of pacing-induced heart failure during the phase
of cardiac dysfunction even prior to congestive heart failure (2). Since [ATP] fell even before
the development of heart failure in these two very different models, the progressive decrease
in myocardial [ATP] is likely to be a characteristic of the heart during prolonged cardiac
dysfunction as well as cardiomyopathy.

Progressive Fall in [PCr] and [Cr]
Decreases in [PCr] and in [PCr]/[Cr] in response to supply/demand mismatch such as during
acute ischemia or with increased inotropic stimulation are well known (20,21). Unlike those
cases where [PCr]/[Cr] is lower because [PCr] is used to support ATP synthesis and [Cr] is not
lost from the cell, [PCr] was lower in Gsα mouse hearts because [Cr] was lower. Gsα hearts
failed to accumulate as much Cr as age-matched WT hearts and the failure to accumulate
normal Cr levels began during (or perhaps before) the hyper-contractile phase, prior to
hypertrophy and cardiomyopathy. [Cr] in Gsα hearts was lower than for age-matched WT
hearts as early as 6 weeks postpartum. Importantly, as observed for the canine model of pacing-
induced heart failure (2), decreases in [Cr] occurred earlier and to a greater degree than that
observed for [ATP].

We also measured the total Cr pool in skeletal muscle from both Gsα and WT mice, and found
no difference at any age. These observations make it unlikely that there was a defect in Cr
synthesis in Gsα mice or that blood levels of [Cr] were abnormal. Instead, the reduction of
myocardial [Cr] was tissue-specific. Failure to accumulate normal levels of Cr could be due
to a down-regulation of the Cr transporter protein synthesis, decreased trafficking of the
transporter to the sarcolemma or to altered kinetics of the transporter. In support of the results
presented here, Spindler at al (22) studying non-failing 4-month-old Gsα mice over-expressing
the β1-adrenergic receptor found concordant decreased [PCr] and [Cr] with no change in
[ATP], and decreased Cr transporter protein levels.

The progressive decreases in [PCr] and [ATP] in the Gsα hearts studied here suggest that
chronic activation of the β-adrenergic signaling pathway is so energy costly that normal [PCr]
and [ATP] cannot be maintained. The [PCr] to [ATP] ratio has been used in both basic and
clinical studies as an index of impaired cardiac energetics and a predictor of mortality (23,
24). It is important to point out that this ratio was nearly normal in 10-month-old Gsα hearts,
with apparently normal contractile function at baseline but decreased contractile reserve, even
though both [ATP] and [PCr] were reduced. Thus, the using the PCr/ATP ratio can
underestimate the presence of impaired energetics.
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Consequences of Maintaining Near Normal Levels of Cytosolic [Pi], [ADP] and |ΔG∼ATP|
An inverse relationship between [Pi] and [PCr] has been well studied in many physiologic and
pathophysiologic conditions. During a twitch in skeletal muscle (25) and in many examples of
acute hypoxia and ischemia in the heart (26,27), the increase in [Pi] matched the decrease in
the sum [PCr] + [3×ATP]; the sum of phosphate-containing molecules was constant. This was
not observed in the model of chronic activation of β-adrenergic signaling pathway studied here.
Instead, we observed a progressive fall in [PCr] and [ATP] without a concomitant increase in
[Pi]; [Pi] increased only modestly, by ∼40-50 %. These results suggest that net Pi efflux
occurred in Gsα hearts.

The major goal of this study was to test the hypothesis that the decrease in [Cr] is a
compensatory mechanism blunting the expected increase in cytosolic [ADP] in the
dysfunctional failing heart. If this hypothesis is correct, it would have two important
consequences: 1) by maintaining low [ADP], the purine nucleotide pool and [ATP] should be
better preserved; and 2) by maintaining low [ADP], the free energy of ATP hydrolysis,
ΔG∼ATP, should remain near normal, despite decreased [ATP]. This theory of the energetics
of the failing heart is supported by the results presented here. We observed that [Cr] failed to
accumulate to normal levels in these hearts and that [ADP] was near normal in both the
hyperactive and failing states. Importantly, the apparent loss of Cr occurred early in the
evolution of heart failure, prior to the loss of ATP.

Based on the creatine kinase and adenylate kinase reactions, the fall in [PCr] without a fall in
[Cr] would have led to an increased cytosolic [ADP] and [AMP]. Because [Cr] was lower in
both young and old Gsα hearts, calculated cytosolic [ADP] and [AMP] did not increase. As a
consequence, activation of the cytosolic AMP-specific 5′-nucleotidase, the primary gatekeeper
for purine loss from the myocyte, by ADP and AMP (24) was minimized, and [ATP] fell slowly
during the evolution of cardiomyopathy. If [Cr] had been normal in the Gsα mouse hearts,
[ADP] would have increased by 2-fold and [AMP] by as much as 4-fold. The increased [AMP]
would have activated 5′-nucleotidase, leading to a greater loss of purines.

The variable terms in the expression for ΔG∼ATP are [ATP]/[ADP] and 1/[Pi]. As a result of
the apparent loss of Cr coupled with the less than expected increase in Pi from the failing
Gsα mouse hearts, [ATP]/[ADP] and [Pi] were maintained near normal, and combine to
maintain a nearly normal ΔG∼ATP despite lower [ATP] and substantial molecular remodeling.
A normal free energy of ATP hydrolysis ensured that the contractile apparatus and ATP-
dependent Ca2+ and Na+ pumps continue to function in hyperactive, hypertrophied and
dysfunctional myocardium (5,6). If these compensatory changes had not occurred, |ΔG∼ATP|
would have been ∼2 kJ/mol lower.

The importance of maintaining a normal [PCr[/[Cr] is shown by experiments in which
myocardial [Cr] was increased in mouse hearts by increasing Cr transporter accumulation
genetically (28,29). [Cr] increased ∼2-fold but, unexpectedly, [PCr]/[Cr] was half normal. As
a consequence, cytosolic [ADP] increased, |ΔG∼ATP| decreased and the hearts develop
hypertrophy, dilatation and contractile dysfunction.

Increased Cost of Contraction in Gsα Mouse Hearts
Because Gsα mouse hearts have enhanced adrenergic signalling and the β-receptors do not
desensitize (30), ISO infusion effectively induced cardiac inotropic response in all age groups
of Gsα mouse hearts. In response to an acute inotropic challenge in the normal myocardium,
myocardial [Pi] increases as [PCr] decreases but [ATP] remains constant. This pattern was
observed for both WT and Gsα hearts with the low dose of ISO. However, with high dose of
ISO, [ATP] decreased, showing that [ATP] production failed to meet ATP utilization. The
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decrease in [ATP] was significantly greater in Gsα mouse hearts, indicating a defect in ATP
supply in these hearts.

The relationship between RPP and ΔG∼ATP defines the cost of increasing contraction, an index
of the efficiency of the coupling between ATP supply and utilization (5,18). The cost of
increasing contraction progressively increased with the development of cardiomyopathy in
Gsα mouse hearts. For young hyper-contractile Gsα mouse hearts, the RPP - ΔG∼ATP
relationship was the same as for WT hearts; however, for old cardiomyopathic Gsα mouse
hearts, a large change in ΔG∼ATP supported less cardiac work. The cost of increasing
contraction (kJ/mol per unit RPP) was twice as high in cardiomyopathic hearts as for hyper-
contractile hearts and for WT hearts, demonstrating lower energetic efficiency during inotropic
challenge in the Gsα failing heart, despite nearly normal ΔG∼ATP.

Comparison with Ischemia
Comparison of the energetic phenotypes of the failing and ischemic myocardium reveals many
similarities. For both, [PCr] falls before and to a greater extent than [ATP]; phosphoryl
synthesis, turnover and utilization are all down regulated (31,32,33,34), and the cost of
increasing contractile work is higher than normal (32,33). Comparing cardiac hypoxia, hypo-
perfusion and failure shows that the changes in [PCr] and [Pi] can be modest, and [ATP] is
often well preserved. For example, unlike the continued fall in ATP with severe ischemia with
time, [ATP] fell by ∼30 % early during ischemia but changed little even after 5 hrs of persistent
moderate ischemia in the canine heart (35). In another example, in sustained hypo-perfusion
in the swine heart, [ATP] was well preserved; initially [Pi] increased from 4 to 8 mM and |
ΔG∼ATP| fell from 58 to 52 kJ/mol; however, with time, these returned to normal (32,33). In
these examples, the new energetic steady state is well tolerated provided [ATP] had not fallen
below ∼70% of normal. Maintaining a low [Pi] in the failing heart as reported here and the
return to normal [Pi] as observed in the swine heart study of hypoperfusion (32) both lead to
near normal |ΔG∼ATP|, suggesting that regulation of [Pi] efflux is a previously unappreciated
aspect of energetics of the chronically stressed myocardium. We suggest that chronic mismatch
in ATP supply and utilization, whether due to persistent ischemia or heart failure, leads to a
common energetic phenotype.

Summary
Chronic activation of the β-adrenergic signaling pathway due to selective over expression of
cardiac Gsα in the mouse led to progressive decreases in isovolumic contractile performance,
contractile reserve and the tissue contents of PCr, Cr, Pi and, with time, ATP. We suggest that
the decreased [Cr] combined with net efflux of Pi are adaptive, limiting the loss in the purine
pool and maintaining a near normal ΔG∼ATP in spite of a reduced [ATP] in failing hearts.
Despite this adaptation, the cost of increasing contraction was higher in the failing heart. We
suggest that this energetic phenotype is a common feature of the failing mammalian
myocardium and that interventions designed to reduce the cost of increasing contraction would
be effective therapy.
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Figure 1.
Changes in LV developed pressure, heart rate (HR) and rate-pressure product (RPP) with age
in Gsα and WT mouse hearts. There were progressive decreases in LV developed pressure (a)
and RPP (c) and with age in Gsα hearts. Heart rate is higher in all age groups of Gsα hearts
than in WT hearts (b). Wild type (○), Gsα (●), * P<0.05, Gsα vs. age-matched WT.
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Figure 2.
Left ventricular rate-pressure product (RPP) in response to isoproterenol challenge among
different age groups of WT and Gsα mouse hearts. The RPP response to isoproterenol was not
different among three age groups of WT mouse hearts, but progressively decreased with age
in Gsα mouse hearts. Wild type (○), Gsα (●), * P<0.05, vs. age-matched WT.
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Figure 3.
Representative 31P NMR spectra from hearts isolated from a 17-month-old Gsα mouse (right)
and an age-matched wild-type mouse (left). Each spectrum is the average of 416 consecutive
scans collected over 16 minutes. The major resonances are assigned (from left to right) as Pi,
PCr, and γ-, α-, and β-phosphates of ATP. The area under each peak is proportional to the
number of molecules of that substance in the heart. The 17-month-old Gsα mouse heart had
lower PCr and ATP than did age-matched wild-type mouse heart.
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Figure 4.
Changes in myocardial [ATP], [PCr] and PCr/ATP with age in Gsα and WT mouse hearts.
[ATP] and [PCr] progressively decreased with age in Gsα mice (a and b). The ratio of PCr/
ATP was not different in 5- and 10-month-old Gsα and WT hearts, and fell only in the 17-
month-old Gsα mice. Wild type (○), Gsα (●), * P<0.05, Gsα vs. age-matched WT.
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Figure 5.
Changes in total creatine (Cr) pool in myocardium and skeletal muscle with age in Gsα and
WT mice. Although the cardiac [Cr] in 2-week-old Gsα was the same as in WT mouse hearts,
the total cardiac Cr pools and free Cr in Gsα hearts were significantly lower than age-matched
WT hearts (a, c). The total Cr pool in upper leg skeletal muscle was no difference between
Gsα and age-matched WT mice in any age group (b). PCr/Cr ratio was not different among
Gsα and WT hearts (d). Wild type (○), Gsα (●), * P<0.05, Gsα vs. age-matched WT.
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Figure 6.
The cytosolic [ADP], [AMP], ATP/ADP ratio and free energy from ATP hydrolysis (|
ΔG∼ATP|) in 5-, 10-, 17-month-old Gsα and WT mouse hearts. Using measured values for ATP,
PCr, Cr, and H+ determined by 31P NMR spectroscopy and chemical assays, and using the
creatine kinase and adenylate kinase equilibrium expression, we calculated cytosolic
concentrations of ADP, AMP, ATP/ADP ratio and |ΔG∼ATP|. The cytosolic [ADP], [AMP],
ATP/ADP ratio and |ΔG∼ATP| in all age groups of Gsα mouse hearts (●) were not different,
and they were also not different from the age matched WT mouse hearts (○). In addition, we
also calculated the values (▲) for cytosolic [ADP], [AMP], ATP/ADP ratio and |ΔG∼ATP| if
the [Cr] had been maintained at a normal level, the cytosolic [ADP] and [AMP] would have
increased with age (a,b), and ATP/ADP ratio and |ΔG∼ATP| would have been significantly
lower at all ages in Gsα hearts (c, d).

Shen et al. Page 17

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Changes in myocardial [ATP] and [PCr] in response to isoproterenol challenge among different
age groups of Gsα and WT mouse hearts. The reduction of [ATP] and [PCr] at higher work
load lower was significant with age in Gsα mouse and WT hearts, and fell only in the 17-month-
old Gsα mice. Wild type (○), Gsα (●), * P<0.05, Gsα vs. age-matched WT, § P<0.05, vs. 5-
month-old mouse hearts, BL (baseline).
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Figure 8.
Relationship between rate-pressure product (RPP) and free energy from ATP hydrolysis (|
ΔG∼ATP |) for Gsα and WT mouse hearts, which was constructed by linear regressions (y = ax
+ b). The slopes and y-intercepts were significantly different among 10- and 17-month-old
Gsα mouse hearts, indicating a shifting of the RPP - ΔG∼ATP relationship, compared to the
WT mouse hearts. Wild type (○), Gsα (●), * P<0.05, Gsα vs. age-matched WT.
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