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Translational Physiology
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First published April 21, 2006; doi:10.1152/ajpheart.01382.2005.—In re-
sponse to exercise, the heart increases its metabolic rate severalfold
while maintaining energy species (e.g., ATP, ADP, and Pi) concen-
trations constant; however, the mechanisms that regulate this response
are unclear. Limited experimental studies show that the classic regu-
latory species NADH and NAD� are also maintained nearly constant
with increased cardiac power generation, but current measurements
lump the cytosol and mitochondria and do not provide dynamic
information during the early phase of the transition from low to high
work states. In the present study, we modified our previously pub-
lished computational model of cardiac metabolism by incorporating
parallel activation of ATP hydrolysis, glycolysis, mitochondrial de-
hydrogenases, the electron transport chain, and oxidative phosphory-
lation, and simulated the metabolic responses of the heart to an abrupt
increase in energy expenditure. Model simulations showed that myo-
cardial oxygen consumption, pyruvate oxidation, fatty acids oxida-
tion, and ATP generation were all increased with increased energy
expenditure, whereas ATP and ADP remained constant. Both cytoso-
lic and mitochondrial NADH/NAD� increased during the first min-
utes (by 40% and 20%, respectively) and returned to the resting values
by 10–15 min. Furthermore, model simulations showed that an altered
substrate selection, induced by either elevated arterial lactate or
diabetic conditions, affected cytosolic NADH/NAD� but had minimal
effects on the mitochondrial NADH/NAD�, myocardial oxygen con-
sumption, or ATP production. In conclusion, these results support the
concept of parallel activation of metabolic processes generating re-
ducing equivalents during an abrupt increase in cardiac energy ex-
penditure and suggest there is a transient increase in the mitochondrial
NADH/NAD� ratio that is independent of substrate supply.
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CARDIAC PUMP FUNCTION is fueled by ATP hydrolysis, which is
precisely matched by ATP formation, primarily in the mito-
chondria (42). In the transition from rest to intense exercise,
there is a three- to sixfold increase in the rate of cardiac power
generation, myocardial oxygen consumption (MV̇O2), and ATP
turnover (25). Nevertheless, at high work states the myocardial
ATP and ADP concentrations are maintained at a relatively
constant level (2, 4, 36). There is rapid activation of NADH
generation in the mitochondria, flux through the electron trans-
port chain (ETC), and ATP production by oxidative phosphor-
ylation to match exactly ATP breakdown in the cytosol. Stud-

ies in isolated mitochondria show that the generation of NADH
from carbon substrates, oxygen consumption, and oxidative
phosphorylation are turned on by feedback from an increase in
ADP concentration (9); however, the regulatory mechanisms in
vivo are still unclear. Experimental studies suggest that the
mitochondrial NADH and NAD� are also maintained near
steady-state values at high rates of energy expenditure due to
the matching of NADH oxidation by complex I of the ETC
with the rapid activation of substrate metabolism and NADH
formation by dehydrogenases [e.g., pyruvate dehydrogenase
(PDH), fatty acids oxidation, and the Krebs tricarboxylic acid
cycle] (22, 36). The stability of these regulatory species in the
heart demonstrate that metabolic control models based solely
on changes in the levels of these intermediates to control
metabolic flux rates cannot fully explain the observed re-
sponses (5, 27–29).

An alternative regulatory hypothesis proposes that there is
simultaneous parallel activation of ATP utilization and produc-
tion, glycolysis, and mitochondrial dehydrogenases by signal-
ing molecules, e.g., Ca2� (6, 7, 31, 43). Simulations from an
integrated computational model of cardiac mitochondrial en-
ergy metabolism demonstrate that an increase in Ca2� concen-
tration in the mitochondrial matrix activates NADH generation
and oxidative phosphorylation (13). Indeed, Korzeniewski et
al. (27–29) found additional support for the parallel-activation
mechanism in the skeletal muscle and the heart by using a
dynamic computer model of oxidative phosphorylation; how-
ever, this model did not incorporate metabolic pathways for
substrate metabolism and NADH generation. Because current
experimental measurements of myocardial metabolism lump
the cytosol and mitochondria, it is important to distinguish
these subcellular compartments in computational models to
provide better insight into the metabolic responses during the
transition to increase cardiac power.

The plasma concentration of substrates effect the metabolic
response to increased cardiac work such as with the rise in
arterial lactate concentration during physical exercise. Myocar-
dial lactate uptake during exercise is increased as a function of
the arterial lactate concentration (16, 23, 38), which is depen-
dent on the rate of systemic lactate production and clearance
(39). In addition, studies in resting dogs (37) and perfused rat
hearts (15) demonstrate that an elevation in arterial lactate
concentration reduces the relative contribution of fatty acids to
MV̇O2 (37). The mechanism for this effect is not clear but
could be due to a lactate-induced increase in cytosolic and/or
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