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INTRODUCTION 
The heart is the most energy-demanding organ because of its non-stop contraction. Alterations in myocardial oxidative metabolism have been related 
to several prevalent cardiac diseases such as heart failure and diabetic cardiomyopathy.  Metabolic efficiency, i.e., the coupling between oxidation 
and phosphorylation, is an important index of mitochondrial function. Metabolic uncoupling results in decreased ATP synthesis for a given level of 
oxygen consumption, and is often invoked as a mechanism underlying cellular dysfunction.  However, due to the lack of nondestructive method to 
quantify mitochondrial oxidation and ATP synthesis, metabolic efficiency remains inaccessible in vivo.  In this study, we investigated the potential of 
combining 17O spectroscopy (17O-MRS) [1] and 31P magnetization transfer (31P-MT) method for evaluating metabolic efficiency in perfused hearts. 
METHODS 
Animal Models: Isolated hearts from 2-month male Sprague-Dawley rats were perfused with oxygenated Krebs-Henseleit buffer containing (in 
mM): NaCl 118, NaH2CO3 25, CaCl2 1.5, KCl 5.3, MgSO4 1.2, and glucose 10. Left ventricular developed pressure (LVDP) and heart rate (HR) 
were measured via a water-filled balloon connected to a pressure transducer.  The perfusion column was loaded into a Bruker 9.4T vertical-bore 
spectrometer.  At the start of the perfusion protocol, the heart was supplied with 16O2-oxygenated perfusate and 31P-MT experiments were performed.  
The perfusate was then switched to 17O2-oxygenated buffer for 17O-MRS acquisition.  To induce metabolic uncoupling, 10 or 15 µM 2,4-
dinitrophenol (DNP) [2] was added to the perfusate in two of the three experimental groups (n=5 for each group).  The third group without DNP was 
used as the controls (n=5). 
31P-MT: A train of sinc pulses was used to selectively saturate only one resonance peak (γ-ATP, PCr 
or Pi) of the 31P spectrum. These peaks were individually saturated in three MT acquisitions with the 
saturation time ranging from 0 to 4 s. Rate constants of ATP synthesis/hydrolysis, as well as  creatine 
kinase reaction, were determined by solving the Bloch equations of a three spin system [3].  
Dynamic 17O-MRS: At the end of 31P-MT acquisition, a natural abundance 17O spectrum was 
collected for background subtraction.  The perfusate was then switched to 17O2-oxygenated buffer, and 
sequential 17O spectra were acquired at 14 s temporal resolution with 32 averages for 8 min. H2

17O 
content was quantified by fitting the resonance peaks with Lorentzian curves followed by the 
integration of the peak area. The time course of metabolic H2

17O signal increment was obtained by 
normalizing signal intensity to natural abundance H2

17O signal. 
RESULTS 
Ventricular function, quantified as the rate-pressure-product (RPP), during 31P-MT and 17O-MRS 
acquisition are presented in Table 1. RPP decreased slightly during 17O-MRS acquisition.  However, 
there was no statistical difference among the three experimental groups. The results of 31P-MT 
measurements of all rate constants in ATP synthesis/hydrolysis and creatine kinase reactions are 
presented in Table 2. The ATP synthesis rate (k-2) was similar among all three groups. However, the 
ATP hydrolysis rate (k2) increased significantly in the presence of DNP, causing an increase in Pi peak as shown in the Figure 1. Dynamic 17O 
spectra showed progressive increase of H2

17O resonance peak (Figure 2a), suggesting steady production of mitochondrial H2
17O. Hearts perfused 

with DNP demonstrated accelerated H2
17O production which is indicated by the slope of the H2

17O curve (Figure 2b). Compared to the control group, 
the slope of H2

17O curve increased from 1.3 ± 0.5 to 5.9 ± 1.8 and 6.9 ± 3.0 min-1 with 10 and 15 µM DNP in the perfusate, respectively.  This 
increase in mitochondrial H2

17O production suggests increased oxygen consumption rate in the presence of DNP. As a result, average ratio of ATP 
synthesis (k-2) to H2

17O production decreased from 28.2 with the control group to 5.49 and 4.43 with 10 and 15 µM DNP in the perfusate, 
respectively, suggesting reduced metabolic efficiency induced by DNP. 

CONCLUSION 
In this study, we have demonstrated that the ratio of ATP synthesis measured by 31P-MT to mitochondrial H2

17O production quantified by 17O-MRS 
can be used as an indicator of metabolic efficiency.  Therefore, the combination of 31P-MT and 17O-MRS allows quantitative evaluation of the 
coupling between mitochondrial oxidation and phosphorylation. 
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Table 1.  Ventricular function evaluated by 
rate-pressure-product (in 104 mmHg/min). 

 31P-MT 17O-MRS 
Control 1.94±0.29 1.15±0.44 
DNP 10 1.92±0.40 1.26±0.37

 
Figure 1. 31P NMR spectra of hearts perfused with control buffer (a) and 15 µM DNP 
buffer (b). The resonance peaks of γ-ATP, PCr or Pi are shown in the figure (γ-ATP is 
progressively saturated from 0 – 4 s). 

Figure 2. a. Representative dynamic 17O spectra of control and DNP 
groups b. Time course of H2

17O Signal increment in control, DNP 10 
µM and DNP 15 µM groups. 

Table 2.  31P-MT rate constants (s-1). 

 Control DNP 10 DNP 15 
k1 0.89±0.03 0.85±0.08 0.83±0.05* 
k-1 0.57±0.12 0.50±0.18 0.47±0.05 
k2 0.06±0.01 0.17±0.10 0.20±0.07* 
k-2 0.61±0.09 0.54±0.11 0.51±0.10 

      The exchange reaction and rate constants: 
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