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ABSTRACT 
It used to be difficult to quantitate aerobic metabolic flux in 
mammalian tissue samples, especially in the multiple samples 
necessary to reveal spatial profiles of energy turnover [2]. We 
developed a pre-steady-state method to quantitate metabolic 
fluxes. The strategy is to infuse carbon-13 labeled substrates for 
aerobic metabolism, such as acetate and lactate. We obtain 
myocardial tissue samples after 5-7 min, before the isotopic steady 
state is reached. The multiplet structure in the NMR spectrum of 
tissue sample extracts is measured and analyzed with a model of 
the TCA cycle. Aerobic metabolism is relatively complex: the 
TCA cycle consists of three turns during which acetyl-CoA is 
metabolized. Carbon isotope leaves the cell in the form of carbon 
dioxide. Furthermore, TCA cycle intermediates are present at low 
concentrations which makes direct measurement by NMR 
spectroscopy impractical. However, the TCA cycle is in relatively 
fast exchange with the amino acid glutamate which is present at 
high concentration so that carbon-13 incorporation in glutamate is 
measurable by NMR spectroscopy. Thus the TCA cycle flux must 
be derived from label incorporation in a metabolite in a side 
branch. 

Monte Carlo analysis of the computer model optimization strategy 
showed that the NMR spectrum of glutamate contains sufficient 
information to estimate several metabolic parameters 
simultaneously. Six metabolic parameters can be quantitated from 
just nine measurable carbon-13 multiplets of glutamate. These six 
parameters are the TCA cycle flux, the transport time from label 
infusion to incorporation in acetyl-CoA, the fraction of acetyl-
CoA derived from the labeled substrate, the size of the glutamate 
pool that is reachable by label, the anaplerotic flux (consisting of 
other metabolites besides acetyl-CoA entering the TCA cycle) and 
the transamination rate which exchanges carbon skeletons 
between the TCA cycle and amino acid pools. 

The method has been validated against a gold standard for 
measurement of aerobic metabolism [3]. Thus metabolic flux can 
be quantitated based on one high-resolution NMR spectrum, 
measured at one point in time, in contrast to previous methods 

which used multiple time points measured on large tissue regions 
with low resolution NMR [1,4,5].  

The carbon-13 measurements reveal major heterogeneity of 
energy turnover in cardiac tissue, despite the heart’s apparent 
structural homogeneity. We conclude that the analysis of pre-
steady-state carbon-13 NMR spectra based on computer models 
constitutes a practical method to measure aerobic metabolic flux 
in biological samples.  
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