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ATP is required for normal cardiac contractile function, and it has long been hypothesized that reduced energy 
delivery contributes to the contractile dysfunction of heart failure (HF). Despite experimental and clinical HF 
data showing reduced metabolism through cardiac creatine kinase (CK), the major myocardial energy reserve 
and temporal ATP buffer, a causal relationship between reduced ATP-CK metabolism and contractile dysfunc-
tion in HF has never been demonstrated. Here, we generated mice conditionally overexpressing the myofibril-
lar isoform of CK (CK-M) to test the hypothesis that augmenting impaired CK-related energy metabolism 
improves contractile function in HF. CK-M overexpression significantly increased ATP flux through CK ex 
vivo and in vivo but did not alter contractile function in normal mice. It also led to significantly increased 
contractile function at baseline and during adrenergic stimulation and increased survival after thoracic aortic 
constriction (TAC) surgery–induced HF. Withdrawal of CK-M overexpression after TAC resulted in a signifi-
cant decline in contractile function as compared with animals in which CK-M overexpression was maintained. 
These observations provide direct evidence that the failing heart is “energy starved” as it relates to CK. In 
addition, these data identify CK as a promising therapeutic target for preventing and treating HF and possibly 
diseases involving energy-dependent dysfunction in other organs with temporally varying energy demands.

Introduction
Heart failure (HF) is typically defined as an inability of the heart 
to pump sufficient blood to meet the needs of the body at nor-
mal filling pressures (1) and is a major and growing public health 
problem throughout the world. It affects about 5 million patients 
in the United States alone, with approximately 550,000 new cases 
diagnosed each year (2). More Medicare dollars are spent for the 
diagnosis and treatment of HF than for any other diagnosis, and 
the total direct and indirect annual costs of HF in the United States 
have been estimated at approximately $27.9 billion (2). Because 
ATP is absolutely required to fuel ongoing normal contractile 
function, the possibility that inadequate ATP supply underlies HF 
has been the foundation for the decades-old, but still unproven, 
hypothesis that the failing heart is “energy starved” (3–5).

The creatine kinase (CK) reaction is the major energy reserve of 
the heart, providing ATP cyclically during the cardiac cycle and 
during periods of increased demand, as it rapidly and reversibly 
converts creatine phosphate (PCr) and ADP to ATP and creatine 

(Cr) (6, 7). Abnormalities in cardiac CK metabolism are present 
in nearly all forms of experimental and clinical HF, including a 
reduction in CK reactants (e.g., PCr, Cr, and ATP), altered CK 
isoforms, and reduced total CK activity (3–5, 8, 9). Despite the 
association between reduced CK activity and experimental HF 
across many species and in human HF (8–12), there has been 
no direct causal evidence showing that increasing depressed CK 
metabolism improves contractile function in the failing heart. In 
fact, the observation that transgenic constitutive CK-knockout 
mice do not develop overt HF (13) argues against a causal role. 
Thus, it has not been clear whether altered CK energy metabolism 
is simply one of many consequences of HF or whether it contrib-
utes mechanistically to the development and/or progression of 
contractile dysfunction in HF.

Because the loss of total CK activity potentially contributes 
more to reduced CK flux in experimental and human HF than do 
modest reductions in substrates driving the CK reaction (14, 15), 
increasing CK expression is a logical target to improve CK metabo-
lism in the failing heart in order to test this hypothesis. We utilized 
conditional, transgenic overexpression techniques to augment CK 
activity in murine hearts and thoracic aortic constriction (TAC) 
to induce pressure-overload hypertrophy, contractile dysfunction, 
and ventricular dilatation (16), producing a model that shares 
many energetic, anatomic, and functional characteristics with 
human HF (17). We used recent magnetic resonance spectroscopy 
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(MRS) and imaging (MRI) techniques adapted for rapidly beating 
mouse hearts (18, 19) to quantify the in vivo energetic and contrac-
tile consequences of the metabolic gene therapy.

Results
CK overexpression and cardiac energy metabolism in the in vitro 
heart. Mice transgenic for CK-M and tetracycline-con-
trolled transactivator (tTA) who were switched from a doxy-
cycline-containing diet to a regular diet (hereafter desig-
nated CK-M overexpressors or Overexp) in this “Tet-off ”  
model increased CK-M protein expression and in vitro total CK 
activity by approximately 70% over that in the control animals 
(Figure 1, A–C). This did not, however, significantly alter the activ-
ity of other cardiac phospho-transfer reactions such as hexokinase 
or adenylate kinase (Supplemental Table 1; supplemental material 
available online with this article; doi:10.1172/JCI57426DS1). Aug-
mentation of CK-M, a cytosolic isoform, did not alter mitochon-
drial anatomy or function (Supplemental Figures 1 and 2).

With confirmation that the transgenic mice augment cardiac CK-M  
expression and total CK activity in response to doxycycline manipu-
lation, isolated perfused mouse heart studies were performed to 

determine the effect of CK-M overexpression on myocardial high-
energy phosphate metabolism under perfusion conditions where 
coronary flow and substrates could be identically matched between 
CK-M overexpressing and control mice. Hearts were isolated follow-
ing sham surgery or 4 or 9 weeks after TAC surgery. TAC surgery 
resulted in a significant, progressive increase in heart weight that 
was similar in control and CK-M overexpressing animals (Table 1).  
TAC also caused a reduction in CK-M expression and total CK 
activity (Figure 2). Importantly, CK-M overexpression in TAC hearts 
significantly increased the depressed CK-M protein levels and CK 
activity above that of control TAC hearts (Figure 2). Cardiac high-
energy phosphates and the rates of ATP synthesis through CK were 
studied with a combination of biochemical and saturation trans-
fer magnetic resonance (MR) spectroscopy techniques (Figures 3 
and 4). CK-M overexpression did not change cardiac PCr/ATP or 
ATP concentrations (hereafter designated [ATP]) in sham animals, 
although it did increase the CK pseudo-first-order rate constant 
and the rate of ATP synthesis through CK several-fold in isolated 
beating perfused hearts from sham animals (Figure 3, A and B, and  
Figure 4A). In contrast, CK-M overexpression attenuated the 
decline in PCr/ATP and [ATP] in TAC hearts (Figure 4, B and C).  

Figure 1
Effects of CK-M overexpression on protein content and CK activity. (A) Western blots and summary results, (B) CK-M protein expression, and 
(C) total CK activity (IU/mg protein) in control mice on a doxycycline (doxy) diet (n = 6), control on regular (reg) diet (n = 10), CK-M/tet on a 
doxycycline diet (n = 6), and CK-M/tet on regular diet (n = 7) mouse hearts. Results are mean ± SD. #P < 0.01, ‡P < 0.005.

Table 1
Morphology of control and CK-M overexpressing mice

Model	 Sham	 	 4-Week TAC	 	 9-Week TAC
	 Control	 CK-M	 Control	 CK-M	 Control	 CK-M
	 (n = 10)	 (n = 9)	 (n = 7)	 (n = 10)	 (n = 5)	 (n = 7)
HW (mg)	 156 ± 13.4	 147 ± 10.9	 234 ± 47.2A	 231 ± 29.7B	 324 ± 64.7A	 317 ± 26.1B

BW (g)	 37.1 ± 5.3	 37.3 ± 4.7	 35.8 ± 7.3	 36.8 ± 5.6	 35.5 ± 4.6	 32.8 ± 8.7
HW/BW (mg/g)	 4.2 ± 0.5	 4.0 ± 0.4	 6.6 ± 1.3A	 6.3 ± 0.7B	 9.1 ± 1.4A	 10.2 ± 2.6B

HW/tibia (mg/mm)	 8.5 ± 0.6	 8.2 ± 0.7	 12.8 ± 2.4A	 12.2 ± 1.5B	 17.5 ± 3.2A	 16.7 ± 1.4B

HW, heart weight; BW, body weight. AP < 0.05 versus control sham. BP < 0.05 versus CK-M sham.
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The rate of ATP synthesis through CK in TAC hearts was signifi-
cantly higher in CK-M overexpressing hearts than that in control 
TAC hearts and was maintained at levels comparable to those in 
control sham animals (Figure 4, B and C). Thus, CK-M overexpres-
sion significantly increased the rate of ATP synthesis through CK 
in normal and TAC failing mouse hearts, and this was associated 
with modest but significant increases in cardiac high-energy phos-
phate stores in failing TAC hearts.

In vivo metabolic, functional, and survival effects of CK-M overexpression.  
At baseline, there were no differences in either anatomic or func-
tional cardiac parameters, including LV mass (113 ± 14 mg vs. 
112 ± 14 mg, P = NS), end-diastolic volume (EDV; 77 ± 15 μl vs.  
71 ± 11 μl, P = NS), end-systolic volume (ESV; 27 ± 6 μl vs. 25 ± 5 μl,  
P = NS), stroke volume (SV; 50 ± 10 μl vs. 46 ± 7 μl, P = NS), or 
ejection fraction (EF; 65% ± 5% vs. 64% ± 1%, P = NS) in CK-M 
overexpressor versus control mice, respectively. There was also no 
difference in cardiac PCr/ATP, measured in vivo, between control 
and CK-M overexpressing mice (Figure 5D).

CK-M overexpression prior to TAC (Figure 5A) attenuated the 
decline in cardiac PCr/ATP in vivo that followed TAC surgery  
(Figure 5D). Specifically, mean in vivo cardiac PCr/ATP was mod-
estly, but significantly, higher in CK-M overexpressors than in con-
trol animals at both 4 and 8 weeks after TAC (Figure 5D).

CK-M overexpression significantly improved LV systolic con-
tractile function in TAC hearts (Figure 5, B and C). Specifically, at  
4 and 8 weeks following TAC, mean EF (P < 0.001), SV (P < 0.001), and 
cardiac output (CO; P < 0.0001) were significantly higher in CK-M  
overexpressors as compared with control animals (Figure 5C).  
CK-M overexpression had no effect on LV mass at either 4 weeks 
(197 ± 14 mg vs. 203 ± 30 mg, P = NS) or 8 weeks after TAC  
(214 ± 16 mg vs. 227 ± 19 mg, CK-M overexpressors versus control, 
respectively, P = NS). Survival after TAC was significantly improved 
with CK-M overexpression (Figure 5E). Thus CK-M overexpres-
sion improves the in vivo energetic profile, significantly enhances 
contractile function (EF, SV, and CO), and improves survival in 
murine TAC-induced LV dysfunction.

Reversibility of functional effects of CK-M overexpression after TAC. 
Because impaired energy metabolism may play varied roles dur-
ing different stages of heart failure development and progression, 
we performed additional studies in which CK-M was reversibly 
overexpressed to determine whether the long-term contractile 
benefits, shown in the first series of experiments (Figure 5), would 
cease after CK-M was no longer overexpressed. In this experiment, 

TAC was performed in control and CK-M–overexpressing mice, 
with the CK-M overexpression being discontinued later in some 
animals (Figure 6A).

Four weeks after TAC, mean contractile function was better in CK-M  
overexpressors (n = 19) than in control mice (n = 10, Figure 6B),  
confirming the results of the first series of experiments (Figure 5). 
Specifically, EF (43% ± 8% vs. 35% ± 4%, P < 0.01), SV (45 ± 8 μl vs.  
26 ± 4 μl, P < 0.001), and CO (20.7 ± 6.1 ml/min vs. 11.9 ± 2.5 ml/min,  
P < 0.001) were significantly higher in CK-M overexpressors than in 
control animals. Four weeks after TAC, CK-M overexpression was 
stopped in some, but not all, of the double transgenic animals by 
returning them to a doxycycline-containing diet (Figure 6A). In vivo 
contractile function was studied 8 weeks later (12 weeks after TAC). 
Contractile function was better in CK-M–overexpressing mice at  
12 weeks than in those in which CK-M overexpression was discon-
tinued in terms of EF (39% ± 4% vs. 30% ± 6%, P < 0.05), SV (59 ± 10 μl  
vs. 36 ± 12 μl, P < 0.05), and CO (26.6 ± 6.1 ml/min vs. 17.9 ± 5.2 ml/min,  
P = 0.07; Figure 6B). The reduced function in CK-M withdrawal 
animals was not due to a negative inotropic effect of doxycycline, 
because contractile parameters in the doxycycline-fed control TAC 
animals and the control TAC animals fed a regular diet 12 weeks 
after TAC were similar (EF 30% ± 4% vs. 34% ± 5%, P = NS), SV  
(30 ± 2 μl vs. 36 ± 12 μl, P = NS), and CO (13.8 ± 1.1 ml/min vs.  
15.2 ± 7.3 ml/min, control doxycycline [n = 6] vs. control-regular 
diet [n = 7], P = NS). Thus, CK-M overexpression improved contrac-
tile function in TAC hearts, but this improvement did not persist 
after discontinuation of the CK-M transgene overexpression.

Effects of CK-M overexpression during adrenergic stress in normal and 
failing hearts. Because CK is the primary energy reserve of the heart 
and because CK inhibition limits contractile reserve (i.e., the con-
tractile response to adrenergic stimulation) (20, 21), additional 
in vivo studies were performed to determine the extent to which 
CK-M overexpression augments contractile reserve in normal and 
failing hearts. Functional and metabolic parameters were assessed 
by MRI/MRS before and after the administration of dobutamine 
(22, 23) in control and CK-M overexpressor mice (Figure 7). As 
observed in the earlier series of experiments, under baseline condi-
tions, contractile function was similar in control and CK-M–over-
expressing mice, but it was significantly improved for overexpres-
sors after TAC (Supplemental Figures 3 and 4).

The heart rate response to dobutamine was similar in control 
and CK-M overexpressor animals in both sham (Figure 7A) and  
4-week TAC (Figure 7B) hearts. In sham hearts, CK-M overexpres-

Figure 2
CK expression and activity in TAC hearts. Effect 
of TAC and CK-M overexpression on CK-M pro-
tein expression (A and B) and CK activity (C) 
in control sham, control TAC, and CK-M TAC 
isolated mouse hearts. Results are mean ± SD; 
n = 6–17 each group. *P < 0.05, †P < 0.001.
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sion did not affect the contractile response to adrenergic stimulation 
(Figure 7, C and E) or the in vivo cardiac PCr/ATP ratio (1.95 ± 0.07  
vs. 1.88 ± 0.10, baseline vs. dobutamine, P = NS). In TAC hearts, in 
contrast, CK-M overexpression resulted in a greater increase in EF 
from baseline (54% ± 9% vs. 37% ± 11%, relative increases for CK-M  
vs. control, P < 0.005, Figure 7D) and a greater decrease in ESV 
from baseline (–58% ± 16% vs. –22% ± 7%, P < 0.001; Figure 7F) as 
compared with that in control hearts. Mean CO was significant-
ly higher in CK-M overexpressing than in control hearts during 
dobutamine treatment (31.7 ± 5.3 ml/min vs. 24.4 ± 1.9 ml/min,  
CK-M vs. control; P < 0.006, Supplemental Figure 4I), but the 
dobutamine-induced changes in CO from baseline were similar in 

the two groups (75% ± 19% vs. 68% ± 11%, P = NS). The myocardial 
PCr/ATP ratio was higher after TAC at baseline in CK-M overex-
pressor versus control hearts (1.76 ± 0.11 vs. 1.60 ± 0.14, P < 0.024), 
consistent with earlier experiments (Figure 4 and Figure 5D), but 
was unchanged during dobutamine treatment in both CK-M  
(1.77 ± 0.15, P < NS) and control (1.59 ± 0.17, P = NS) TAC animals. 
Thus, in vivo myocardial high-energy phosphates were maintained 
in CK-M overexpressing TAC hearts despite the higher CO and 
increased contractile response to adrenergic stimulation.

Effect of CK-M overexpression on in vivo ATP synthesis rates. The sig-
nificantly improved contractile function of CK-M overexpressor 
TAC hearts was associated with a significant, but relatively mod-

Figure 3
Perfused heart 31P MR spectroscopy. Representative 31P saturation transfer MR spectra are shown for (A and B) sham, control, and CK-M 
overexpressors, respectively; (C and D) 4-week TAC, control, and CK-M overexpressors; and for (E and F) 9-week TAC, control, and CK-M 
overexpressors. Spectra were acquired in the presence of saturating irradiation (arrows) either in the control (left spectrum in each pair) or γ-ATP 
position (right spectrum). The decrease in the height of PCr peak between control and γ-ATP saturation (dotted lines) is directly related to the 
rate of ATP synthesis through the CK reaction.
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est, improvement of in vivo myocardial PCr/ATP ratio (Figure 5D 
and Figure 8E). Based on prior studies in experimental and human 
hypertrophied and failing hearts showing that the rate of ATP syn-
thesis through the CK reaction is more markedly reduced than are 
the relative and absolute high-energy phosphate pools (12, 14, 15), 
we posited that CK-M overexpression likely has a greater impact 
on the in vivo rate of ATP synthesis through CK than on PCr/ATP. 
This would be consistent with our observations in isolated hearts 
(Figures 3 and 4) and possibly suggest that increased myofibril-
lar ATP delivery may account for the contractile improvement in 
failing CK-M hearts. We therefore used in vivo saturation transfer 
techniques recently adapted for the mouse heart (12) to determine 
the extent to which the rate of ATP synthesis is augmented in 
hypertrophied and failing hearts by CK-M overexpression in vivo. 
A representative high-resolution transverse 1H MR cardiac image 
and corresponding spatially localized cardiac 31P MR spectra 
under different chemically sensitive saturating conditions from 
the in vivo mouse heart and summary data are shown in Figure 8. 
The mean in vivo cardiac kf, the pseudo-first-order rate constant, 
increased almost 2-fold in CK-M–overexpressing mice (Figure 8H). 
Critically, the in vivo rate of ATP synthesis through cardiac CK 
was significantly increased under non-TAC and TAC conditions 
in CK-M–overexpressing mice as compared with control animals, 
and, in fact, the rate of ATP synthesis in the CK-M–overexpressing 
TAC mice was similar to that in control mice that did not undergo 
TAC (Figure 8I). These findings are consistent with the premise 
that CK-M overexpression primarily enhances myocardial energy 

metabolism in the failing heart by enhancing the rate of myofibril-
lar ATP delivery rather than by only augmenting the PCr/ATP or 
the size of myocardial high-energy phosphate pools.

Effect of CK-M overexpression on excitation-contraction coupling in iso-
lated myocytes. To determine whether the improvement in contrac-
tile function in CK-M–overexpressing TAC hearts was related to 
fundamental changes in myocyte function and/or calcium han-
dling, we performed isolated myocyte studies. Sarcomere shorten-
ing was decreased and sarcomere relaxation time increased with 
TAC (Figure 9, A and B). There were no differences in sarcomere 
shortening or calcium transient amplitude between control and 
CK-M overexpressor myocytes for control or for TAC animals 
(Figure 9, A–D), although calcium relaxation time increased in 
CK-M TAC versus control TAC (Figure 9D). Taken together, these 
results indicate that the protective benefit of CK-M overexpres-
sion observed in vivo is not present in the single, isolated myo-
cyte. They suggest there are no fundamental mechanical changes 
in the isolated, unloaded myocyte and that the in vivo contractile 
and survival benefits of CK-M overexpression arise primarily from 
the augmented myofibrillar energy delivery afforded by CK to the 
intact, hemodynamically loaded mouse heart.

Discussion
Although metabolic abnormalities and, in particular, reduced CK-
mediated metabolism have been identified in nearly all experimen-
tal HF models and indeed in human HF (3, 5, 24), it has not been 
clear whether reduced CK metabolism contributes to, or is only 

Figure 4
Summary of energetic findings in perfused hearts. ATP concentration (μmol/g of wet weight), PCr/ATP ratio, myocardial T1′ for PCr(s), pseudo-first-
order forward rate constant, kf (s–1), and ATP flux through CK (μmol/g/s) in control (white bars) and CK-M overexpressing (black bars) mouse hearts in 
the sham (A), 4-week TAC (B), and 9-week TAC (C) groups. Results are mean ± SD; n = 5–10 in each group. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5
Functional and survival effects of CK-M overexpression in TAC hearts. (A) Time course of experimental protocol and (B) typical transverse in 
vivo 1H MR images of the mid-LV at end-systole and end-diastole after 8 weeks of sham or TAC surgery in control and CK-M mice. (C) Summary 
MRI findings (mean ± SD) at 4 and 8 weeks showing EF, SV, and CO in CK-M sham (open circles, n = 8) and control sham (X, n = 9) mice, as 
well as in CK-M TAC (filled circles, dashed lines, n = 8) and control TAC mice (filled diamonds, solid lines, n = 13). (D) In vivo cardiac PCr/ATP 
ratio in control sham (n = 9), control with TAC (n = 13 at 4 weeks, n = 9 at 8 weeks), CK-M overexpressor (Overexp) sham (n = 8), and CK-M 
with TAC (Overexp TAC; n = 8 at 4 weeks, n = 7 at 8 weeks) mouse hearts. (E) Kaplan-Meier survival curve showing improved survival following 
TAC in CK-M mice (dotted line n = 18) as compared with control mice (solid line, n = 17). *P < 0.05, **P < 0.001, ***P < 0.0001.
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another consequence of, the anatomic remodeling and mechanical 
dysfunction associated with heart failure. Here we show that CK-M 
overexpression in the failing heart significantly increases the rate 
of in vivo ATP delivery, enhances systolic function and CO at base-
line and in response to adrenergic stress, and improves survival. 
Although CK-M overexpression does not limit remodeling in the 
failing LV, the improvement in in vivo contractile function in HF is 
reversible and dependent on persistent CK-M overexpression.

The CK reaction is a rapid, reversible reaction that transfers a 
high-energy phosphoryl group between PCr and ATP, providing an 
energy reservoir for cells with high, time-varying energy demands, 
such as spermatozoa, and those of the brain and of skeletal and 
cardiac muscle (6). Because there are different mitochondrial and 
cytosolic isoforms of the CK enzyme, it has also been postulated 
that CK acts as a spatial ATP buffer, enhancing transfer of high-
energy phosphates from the mitochondrial sites of generation 
to cytosolic sites of utilization, including the myofibrils (6, 25). 
There is evidence that CK is part of a spatially arranged enzymatic 
network participating in efficient intracellular energy transfer and 
signaling (26). In the normal heart, an approximately 75% increase 
in cardiac CK-M expression increases in vitro total CK activity by 
about 70% (Figure 1) and the in vivo ATP synthesis rate through 
CK by approximately 50% (Figure 8I). CK-M cardiac overexpres-
sion in the nonfailing heart does not, however, affect the relative 
or absolute concentrations of myocardial high-energy phosphates 
(Figure 4A, Figure 5D, and Figure 8, E–G), baseline indices of con-
tractile function (Figure 5C and Supplemental Figure 3), or the 
response to adrenergic stimulation (Figure 7 and Supplemental 
Figure 3). These first observations of CK-M overexpression indi-
cate that the CK reaction is not limiting energy transfer at baseline 
or during stress in the normal, nonfailing heart.

The role of CK in HF was questioned in recent years when trans-
genic CK-null mice constitutively lacking the M-isoform (CK-M), 
the mitochondrial-isoform (CK-mito), or both were created and 
found not to develop overt heart failure (13). Two more recent lines 

of evidence explain this apparent discrepancy. First, contractile 
function in CK-null mice is not normal, since the in vivo mechani-
cal response to adrenergic stimulation is impaired (i.e., “reduced 
contractile reserve”) (27). Second, CK is only one of several high-
energy phosphoryl transfer pathways in tissues with time-varying 
energy demands that can serve as temporal or spatial high-energy 
phosphate buffers (26). In muscle of constitutive CK-null mice, 
phosphoryl transfer through other pathways including adenyl-
ate kinase and hexokinase is increased (28), and cytoarchitectural 
remodeling occurs to more closely approximate energy produc-
tion and utilization sites (29). In HF, adenylate kinase activity is 
increased, and this partially offsets the CK-mediated loss of ATP-
buffering capacity (30). Thus, adaptive increases in other energy 
buffering reactions provide some energy reserve in constitutive 
CK-null mice but are insufficient to fuel normal in vivo contrac-
tile function. These first studies showing that augmented CK-M 
expression improves in vivo metabolism and contractile function 
in dysfunctional hearts demonstrate that impaired CK metabolism 
limits function, at least in part, in the failing heart and therefore 
that the failing heart is “energy starved” as it relates to CK.

Exercise intolerance occurs early in HF, limits functional capac-
ity, and significantly impacts quality of life. Therefore, studies of 
the metabolic and functional response to adrenergic stress are a 
compelling aspect of these observations, especially since CK is the 
major myocardial energy reserve reaction. CK-M overexpression 
did not significantly augment contractile reserve in normal hearts 
(Figure 7, C and E, and Supplemental Figure 3). However, in the 
failing mouse heart, CK-M overexpression increased the response 
to adrenergic stimulation (i.e., greater increase in EF and decrease 
in ESV; Figure 7, D and F) and enabled attainment of significantly 
higher contractile parameters during stress, including CO (Results 
and Supplemental Figure 4, G–J). In healthy hearts (31), includ-
ing those of mice (23) and humans (32), high-energy phosphates 
are generally maintained during exercise or adrenergic stimula-
tion, except possibly for modest changes at maximal stimulation 

Figure 6
Reversible functional effects of CK-M 
overexpression in TAC hearts. (A) Time 
course of experimental protocol and (B) 
summary of in vivo cardiac functional 
parameters (mean ± SD) derived from 
MRI; EF, SV, and CO in control ani-
mals (gray bars), CK-M animals with 
the CK-M transgene turned “on” during 
the entire experiment (black bars), and 
CK-M animals with the CK-M transgene 
turned “off” after 4 weeks of TAC (cross-
hatched bars). n = 5–10 animals in each 
group. *P < 0.05, ‡P < 0.01, #P = 0.07, 
**P < 0.001.
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(33, 34). Data are very limited on myocardial high-energy phos-
phates during stress in failing human hearts, but there is anec-
dotal evidence for high-energy phosphate decline during adrener-
gic stress–induced heart failure decompensation (35). The higher 
level of cardiac output and function attained during dobutamine 
stress in failing CK-M TAC hearts was accomplished with an 
unchanged, and nearly normal, cardiac PCr/ATP ratio, suggesting 
that increased contractile performance during acute stress does 
not exact an adverse energetic toll in CK-M failing hearts.

Although cardiac-specific CK-M overexpression reversibly 
improved contractile function in the failing heart (Figure 6), it did 
not completely normalize contractile function, nor did it attenu-
ate LV remodeling. It is possible that overexpression of the mito-
chondrial CK isoform, or even of the other cytosolic CK isoform 
(CK-B), might have a greater impact on myocardial dysfunction, 
given that HF-induced reductions in the mitochondrial isoform are 
closely related to ATP flux through CK (36) and that CK-B expres-
sion increases in heart failure (9), a presumably adaptive response. 

Figure 7
Functional response to adrenergic stress. Effects of dobutamine stress on heart rate (HR; A and B), EF (C and D), and LV ESV (E and F) in sham 
(A, C, and E) and TAC animals (B, D, and F) in both control (gray bars) and CK-M “on” (black bars) animals (n = 6–10 in each group). The change 
induced by dobutamine (as percentage of baseline values) is shown in the right plot of each panel. Note that although the contractile response of 
control and CK-M overexpressing animals was similar under sham conditions (A, C, and E), the dobutamine-induced changes in mean EF and 
ESV were significantly greater in CK-M TAC hearts than in control TAC hearts (B, D, and F). Results are mean ± SD. ‡P < 0.005, **P < 0.001.
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Nevertheless, CK-M is the predominant isoform in the adult mam-
malian heart and, as such, was a logical first target, whose overex-
pression indeed improved ATP synthesis and contractile function 
in the failing mouse heart. It is clear that TAC-induced HF sig-
nificantly reduced native CK capacity and that attributable to the 
overexpressed CK-M transgene, as reflected by ATP flux through 
CK (Figure 4 and Figure 8I). Thus, this genetic approach can be con-
sidered a “brute force” means to augment CK capacity in HF, and 
future work is needed to identify specific mechanisms that impair 
CK in HF, as these would offer a direct, non-genetic approach to 
preventing and reversing the critical decline in CK capacity in HF.

Contractile function is dependent on energy delivery and calcium 
handling, which are linked. Energy is required to fuel the calcium 
pumps that maintain calcium concentrations in a physiologic range. 
We studied the relationship between calcium and contraction in iso-
lated ventricular myocytes, where TAC had negative inotropic and 
lusitropic effects but no effect on calcium transient amplitude. CK-M  
overexpression only further delayed the temporal recovery of the 

calcium transient and had no impact on sarcomere shortening in 
isolated myocytes (Figure 9). These observations suggest that CK-M  
overexpression does not alter fundamental contractile function or 
maximal calcium release in the isolated myocyte, whose energetic 
demands while unloaded and stimulated at 0.5 Hz are more than an 
order of magnitude below that of the in vivo, hemodynamically loaded 
mouse heart beating at 10 Hz. This was an important avenue for inves-
tigation, because the products of ATP hydrolysis (e.g., ADP + inorgan-
ic phossphate [Pi]) inhibit calcium pump activity and adversely affect 
the relationship between calcium and the myofilaments (37, 38).  
Indeed, the reduction in PCr in TAC hearts could be associated with 
an increase in Pi that cannot be quantified in vivo. Nevertheless, we 
did not observe any changes in sarcomere shortening or calcium 
transient amplitude in CK-M–overexpressing myocytes, keeping in 
mind that augmentation of CK energy reserve capacity likely has a 
greater impact in settings with high energy demand (i.e., the chroni-
cally failing in vivo heart) than those with low energy requirements 
(i.e., unloaded, slowly contracting isolated myocytes).

Figure 8
In vivo determination of ATP synthesis rates through CK in the mouse heart. (A) Typical transverse 1H MR image of a mouse at the mid-LV with 
the nominal location of 31P MR cardiac voxel denoted between the white lines. (B) 31P MR spectrum with control saturation and TR = 10 sec-
onds and NEX = 16. (C) Spectrum with γ-phosphate of ATP saturated with TR = 6 seconds, NEX = 32. (D) Spectrum with γ-phosphate of ATP 
saturation with TR = 1.5 seconds, NEX = 96. β-ATP; β-phosphate of ATP. (E–I) Summary of in vivo energetics (mean + SD) for control no-TAC 
(Control, n = 11), control with TAC (Control TAC, n = 10), CK-M overexpressors no-TAC (Overexp, n = 8), and CK-M overexpressors with TAC 
(Overexp TAC, n = 7) mice. (E) PCr/ATP ratio. (F) PCr concentration (μmol/g wet weight). (G) ATP concentration (μmol/g wet weight). (H) CK 
forward pseudo-first-order rate constant (kf, s–1). (I) rate of ATP synthesis through CK (CK flux, μmol/g/s). Some of the data in control mice, but 
not CK-M overexpressers, were previously reported (12). *P < 0.05, **P < 0.01, ***P < 0.001.
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Work more than 15 years ago (20, 21, 39) suggested that the 
normal heart has considerable excess CK capacity in that loss of 
approximately 90% of CK activity had minor effects on baseline 
systolic function, although this was not the case in all studies (40). 
However, CK loss impaired contractile reserve and caused diastolic 
dysfunction (21, 41). In the present study, the contractile benefits 
of CK-M overexpression were observed only in failing hearts —  
both acutely in response to adrenergic stimulation (Figure 7 and 
Supplemental Figure 4) and chronically in terms of functional 
(Figure 5C and Figure 6B) and survival improvements (Figure 5E). 
Such observations are consistent with prior studies in which longer- 
term CK inhibition (>40 minutes) impaired in vivo function 
in normal porcine hearts (42) or resulted in 100% mortality fol-
lowing myocardial infarction in rats (43). Thus, the role of CK is 
magnified over time and in the failing heart. The increased ener-
getic demand and altered substrate metabolism in HF (5) may be 
important contributing factors to these observations of improved 
function with CK-M overexpression in the failing heart, as well as 
the very recent appreciation that CK-M loss contributes to cyto-

skeletal alterations in HF, including actin 
depolymerization and the modification 
of desmin by advanced glycation end 
products (44). Thus, CK-M overexpres-
sion may have many effects in HF beyond 
an increase in PCr/ATP ratio.

It is important to emphasize that these 
translational studies derive directly from 
clinical observations. Hypertension affects 
as many as 60% of older individuals in 
industrialized societies and often results 
in pressure-overload hypertrophy, and 
eventually HF and increased cardiovas-
cular mortality (45). Because the kinetics 
of ATP flux through CK, rather than CK 
pool sizes, differ between failing and non-
failing human pressure-overload hyper-
trophied hearts (15), we chose here a gene 
therapy strategy designed to augment CK 
enzyme activity, rather than CK pool sizes. 
A recent transgenic strategy that increased 
Cr and PCr pools did not improve murine 
cardiac contractile function, but instead 
attenuated it (46). In contrast, our strat-
egy of augmenting CK expression, activ-
ity, and in vivo ATP synthesis through CK 
improved LV function in failing hearts. 
These observations directly demonstrate 
that metabolic augmentation of the rate 
of myofibrillar ATP delivery offers an 
attractive opportunity to improve con-
tractile function and important clinical 
outcomes in HF.

Methods
Animal studies. All transgenic mouse develop-
ment work was performed at the transgenic core 
facility of UCLA. Transgenic mice were devel-
oped on the basis of the Tet-off system (47). At 
the first stage, two types of mice were generated: 
first, those with a transgene for the regulatory 

protein tTA (tetracycline-controlled transactivator) under the control of the 
α-MHC promoter; and second, mice expressing the CK-M transgene under 
the control of tetracycline-responsive element (TRE) following microinjec-
tion of the CK-M construct into fertilized mouse embryos (C57BL/6 strain). 
After the crossing of TRE-CK-M mice with α-MHCtTA mice, double trans-
genic mice (CK-M-tTA) were confirmed by genotyping, and CK-M transgene 
induction was achieved by switching from a diet containing doxycycline  
(650 mg/kg body weight) to a regular chow diet at least 4 weeks prior to 
study (designated CK-M overexpressors) and typically shortly after the time 
of weaning. Control mice were littermates containing either the tTA or CK-M  
transgene alone or double transgenic CK-M-tTA mice remaining on the dox-
ycycline diet. Six- to 10-week-old male mice underwent sham or TAC surgery 
as previously described (17, 48). Prior studies had shown that this method of 
TAC results in cardiac dilatation and dysfunction after 3–4 weeks, as well as 
a reduction in cardiac PCr/ATP ratio and ATP flux through CK of a magni-
tude similar to that in human heart failure (12, 17, 49).

31P NMR spectroscopy of perfused hearts. Mice were heparinized (500 U i.p.) 
and anesthetized with sodium pentobarbital (80 mg/kg body weight). 
Hearts were isolated and subjected to retrograde perfusion via the aortic 

Figure 9
Isolated myocyte function and calcium transients. Sarcomere shortening (A), sarcomere shorten-
ing time (B), calcium transient amplitude (C), and calcium relaxation time (D) in myocytes isolated 
from control (n = 3 sham and n = 6 TAC) and CK-M–overexpressing (n = 3 sham and n = 6 TAC) 
hearts, with 23–51 myocytes in each group. *P < 0.05 versus baseline control; #P < 0.05 versus 
baseline CK-M; §P < 0.05 versus TAC control.
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cannula (Langendorff mode) at a constant temperature of 37°C and con-
stant pressure of 100 cm H2O with modified Krebs-Henseleit buffer. The 
buffer was saturated with 95% O2 and 5% CO2 and contained (in mM)  
118.5 NaCl, 25 NaHCO3, 5.9 KCl, 1.2 MgSO4, 1.6 CaCl2, 1 Na pyruvate, and 
5 glucose. Perfused hearts were placed into a 10-mm diameter NMR tube 
and lowered into a Bruker Avance 500 (11.7T) vertical bore MR system inter-
faced with XWIN-NMR software. The effluent was removed from the NMR 
tube via vacuum suction, with the liquid level kept well above the heart.

31P MR spectra were collected at 202.5 MHz without proton decoupling 
by signal averaging 128 scans using a sweep width of 8,090 Hz. Control 
spectra without pre-saturation (pulse width 12 μs, flip angle 67 degrees, 
relaxation delay [d1] 1 second) were obtained immediately before and 
after the magnetization transfer experiment to assess the stability of the 
preparation over the course of the experiment. Magnetization transfer was 
performed (128 scans, pulse width 12 μs, flip angle 67 degrees) by applying 
a continuous wave saturation pulse at the γ-phosphate of ATP for 8 sec-
onds and measuring of the PCr signal intensity (M0′). A control experiment 
was performed in which the selective irradiation was placed downfield at 
a frequency equidistant from the PCr resonance before measuring the PCr 
signal intensity (M0). The intensity of PCr resonance decays from M0 to M0′ 
as γ-ATP is saturated. A complete magnetization transfer experiment was 
performed in 36 minutes.

To determine the apparent relaxation time (T1′) of PCr (i.e., relaxation 
time in the presence of saturating irradiation), we acquired 31P spectra 
by signal averaging 128 scans with d1’s of 0.3, 0.4, 0.7, 1.1, 1.7, 2.8, 4.0, 
and 6.0 seconds (saturating pulse at γ-ATP, pulse width 16.5 μs, flip angle  
90 degrees). The different d1’s were applied randomly to minimize any 
effects of experimental time. The exponential increase in the PCr signal 
intensity with increasing d1’s was analyzed using LABFit curve fitting soft-
ware to determine T1′. Intrinsic T1 (i.e., relaxation time of PCr in the absence 
of chemical exchange) was then calculated using the equation T1 = T1′/ 
(M0′/M0) (50). The pseudo-first-order rate constant (kf) for the forward CK 
reaction (PCr + ADP + H+ ↔ ATP + Cr) was then calculated as kf = (M0 – M0′)/ 
(T1 × M0′) as described previously (51). Subsequently, flux through the CK 
reaction (i.e., rate of ATP synthesis from PCr) was calculated as the product 
of kf and [PCr] (14, 15).

In vivo MRI/MRS studies. In vivo MRI/MRS experiments were performed 
on a Bruker spectrometer equipped with a 4.7-T/40-cm Oxford magnet and 
actively shielded gradients. The studies were conducted with an in vivo car-
diac combined MRI/MRS protocol as previously described (17–19). A com-
plete set of high temporal and spatial resolution multi-slice cine MR images 
was acquired of the entire LV without gaps to assess LV mass, ventricular 
volumes, and EF (18, 19). After imaging and without repositioning the ani-
mal, a one-dimensional 31P chemical shift imaging (1D-CSI) sequence was 
used to obtain high-energy phosphate data. The PCr and [β-P] ATP peaks 
in 31P MR localized spectra were quantified by integration of the peak areas 
(18) by investigators blinded to the group assignment. The technique of 
voxel shifting (52) permitted us to redefine the slice boundaries fractionally 
during processing after data collection in order to align them with the LV 
border using the high-resolution 1H image as a guide and thus minimize 
contamination from the chest wall. After the mouse exams were completed, 
external phantom experiments were also performed on the same day with 
the same coil set under comparable conditions in order to calculate the 
absolute concentrations of PCr and ATP, as described previously (49).

To measure the rate of ATP synthesis through cardiac CK, a separate tri-
ple repetition time saturation transfer (TRiST) MRS study was performed 
in some animals using a previously published protocol (12, 53). Specifical-
ly, localized 31P MR spectra were obtained with a 1D-CSI sequence (16 mm 
field of view, 16 phase encoding steps) using modified BIR4 90° adiabatic 
pulses. Two acquisitions with different repetition periods (repetition time 

[TR] = 1.5 s, number of excitations [NEX] = 96 and TR = 6 s, NEX = 32) were 
acquired in the presence of a saturating irradiation pulse applied to the 
exchanging CK moiety, namely, γ-phosphate of ATP at –2.5 ppm, relative 
to PCr, and another acquisition, fully relaxed (TR = 10 s, NEX = 16) in the 
presence of control irradiation applied at +2.5 ppm. The measured signal 
intensities were normalized for different NEX values. PCr concentration 
was measured as described previously (49).

To determine the effect of CK-M overexpression on the inotropic, chrono-
tropic, and metabolic response of the normal and failing heart to adrenergic 
stress, we performed MRI and MRS examinations at baseline and after i.p. 
bolus injection of dobutamine (1.5 μg/g body weight) (22, 23) in the absence 
and presence of TAC in control and CK-M–overexpressing mice.

Biochemistry. CK protein expression was determined by standard Western 
blotting techniques as previously reported (54–56). LV homogenates were 
separated on a 4%–12% Bis-Tris gradient gel under denaturing conditions 
as previously described (55, 56) and using an anti–CK-M166–180 antibody 
produced in rabbit IgG fraction of antiserum and electroblotted onto 
nitrocellulose membrane (55, 56). Primary antibody binding was visualized 
using a horseradish peroxidase–based chemiluminescence assay (Figures 1 
and 2 and Supplemental Figure 5).

Heart tissues were powdered in liquid N2 with mortar and pestle and 
extracted with 150 mmol/l NaCl, 60 mmol/l Tris-HCl (pH 7.5), 5 mmol/l 
EDTA, 0.2% Triton X-100, 1 mmol/l PMSF, 10 mg/ml leupeptin, and 1 mg/ml  
aprotinin. Extracts were centrifuged (10 minutes, 10,000 g, 4°C), and ade-
nylate kinase and hexokinase enzyme activities were measured with cou-
pled enzyme assays with a SpectraMax M2 spectrophotometer (Molecular 
Devices) at 340 nm, as previously described (30). Total CK activity was also 
measured in homogenized heart tissue from the same animals as previ-
ously described (12).

Isolated myocyte studies. Sarcomere shortening, whole Ca2+ transient, 
and their kinetics were assayed in freshly isolated myocytes as previously 
described (57).

Statistics. Results are presented as mean ± SD. Survival curves were gener-
ated using the Kaplan-Meier survival function using XLSTAT statistical 
software (Microsoft). Data were tested for normality, and parametric test-
ing was used when appropriate. Comparisons between 2 groups were per-
formed with the paired or unpaired Student’s t test, as appropriate. Com-
parisons among multiple groups were performed with 1-way ANOVA, and 
if a significant difference was observed, pairwise comparisons were per-
formed with the Tukey-Kramer comparisons test. To adjust for repeated 
measures in the same animal (Figure 5C), a generalized estimating equa-
tion (GEE) model was used to adjust for repeated measures.

Study approval. Studies were approved by the Institutional Animal Care 
and Use Committee of the Johns Hopkins University.
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