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Abstract In this review, we examine cardiovascular metabo-
lism from three different, but highly complementary,
perspectives. First, from the abstract perspective of a me-
tabolite network, composed of nodes and links. We present
fundamental concepts in network theory, including emer-
gence, to illustrate how nature has designed metabolism with
a hierarchal modular scale-free topology to provide a robust
system of energy delivery. Second, from the physical per-
spective of a modular spatially compartmentalized network.
We review evidence that cardiovascular metabolism is func-
tionally compartmentalized, such that oxidative phosphory-
lation, glycolysis, and glycogenolysis preferentially channel
ATP to ATPases in different cellular compartments, using
creatine kinase and adenylate kinase to maximize efficient
energy delivery. Third, from the dynamics perspective, as a
network of dynamically interactive metabolic modules capa-
ble of self-oscillation. Whereas normally, cardiac metabolism
exists in a regime in which excitation-metabolism coupling
closely matches energy supply and demand, we describe how
under stressful conditions, the network can be pushed into a
qualitatively new dynamic regime, manifested as cell-wide
oscillations in ATP levels, in which the coordination between
energy supply and demand is lost. We speculate how this
state of “metabolic fibrillation” leads to cell death if not
correctedanddiscuss the implications for cardioprotection.—
Weiss, J. N., L. Yang, and Z. Qu. Network perspectives of
cardiovascular metabolism. J. Lipid Res. 2006. 47: 2355–2366.
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Muscle cells must adapt rapidly to a much wider range
of energy demands than most noncontractile cells. For
example, the rate of respiration by cardiac muscle in-
creases by a factor of 15–20 between unloaded and maxi-
mal workload conditions (1). This requires a very robust
metabolic network that can deliver smooth performance
over a wide range of parameters. Although we do not yet
fully understand how this is accomplished, new systems

biology approaches, complemented by network theory
and computer modeling studies, are at the threshold of
providing new insights.

Cardiovascular metabolism can be viewed as a network
of interlinked energy-produced pathways (e.g., oxidative
phosphorylation, glycolysis, and glycogenolysis), energy-
consuming pathways [e.g., myofilament, sarcoplasmic
reticulum (SR), and sarcolemma (SL) ATPases], and energy-
distributing pathways [e.g., creatine kinase (CK) and ade-
nylate kinase (AK)] (Fig. 1A). In this review, we begin by
considering metabolism from a highly abstract perspec-
tive, as a metabolite network in which substrates/products
are represented as nodes and metabolic enzymes are
represented as the links between nodes. We present some
fundamental concepts in network theory, including the
concept of emergence, and discuss how through Darwin-
ian evolution metabolic networks are likely to have evolved
a scale-free hierarchal modular topology that ensures the
robustness of this most fundamental of cell functions.

Next, we consider cardiovascular metabolism from the
perspective of a physical network, in which various met-
abolic modules are spatially distributed throughout the
interior of the cell to optimize ATP delivery to specific
ATPases. We review evidence that glycolysis preferentially
serves energy channeling to the SL, where glucose trans-
port into the cell occurs, by providing this readily available
substrate for glycolytic enzymes bound to sarcolemmal
molecular complexes (2). Glycogenolysis, on the other
hand, may preferentially serve the SR, where large amounts
of glycogen are stored and used by glycogenolytic enzymes
in SR multiprotein complexes to energize intracellular
Ca (Cai) cycling (3–5). The SL/glycolytic and SR/glyco-
genolytic pathways thus represent low-capacity but high-
specificity modules of the integrated metabolic network of
a cardiac myocyte. Conversely, mitochondria represent a
high-capacity but low-specificity module, channeling ATP
mostly to the myofilaments (6) but also by bulk action
throughout the cytoplasm to meet generic energy needs of
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the cell. Concomitantly, energy distribution is aided by the
CK and AK systems to facilitate smooth ATP delivery
throughout the cell (Fig. 1A). In this system, Cai is the
major regulator of energy consumption through its
activation of various ATPases, whereas free ADP and Cai
jointly regulate energy production.

Finally, we consider cardiovascular metabolism from a
dynamic perspective, focusing in particular on the ability
of components of metabolic modules, such as glycolysis,
oxidative phosphorylation, and SR Ca cycling, to sponta-
neously oscillate under appropriate conditions. For ex-
ample, removing glucose or inducing localized increases
in reactive oxygen species (ROS) can trigger cell-wide os-
cillatory mitochondrial depolarizations that deplete global
ATP levels, and SR Ca (Cai) overload can cause spontane-
ous Ca waves attributable to Ca-induced Ca release. Based
on these and other observations, we present a hypothesis
describing how the oscillatory properties of the metabolic
network may serve to regulate excitation-metabolism cou-
pling. We speculate that the spatially distributed metabolic
network is analogous to a system of weakly coupled os-
cillators, operating normally in an asynchronous mode
that tightly adjusts energy production to energy needs over
a wide range of physiological conditions. Under pathophys-
iological conditions, however, the accumulation of ROS
and other factors may increase the coupling strength be-
tween the oscillators sufficiently to induce synchroniza-
tion, producing cell-wide oscillations in energy production
uncoupled from the energy needs of the cell. Such cell-
wide oscillations in ATP levels have been observed directly
in isolated cardiac myocytes subjected to metabolic stress
or high ROS and recently were detected during ischemia/
reperfusion in intact myocardium (7, 8). If a cell is unable
to escape from this “metabolic fibrillation,” it becomes in-

creasingly susceptible to both Cai overload and the mito-
chondrial permeability transition (MPT), which lead in-
exorably to apoptotic or necrotic cell death. This holistic
view of cardiovascular metabolism as a scale-free hierar-
chal modular, spatially compartmentalized, dynamic net-
work may be conceptually useful for illuminating the basis
of ischemia/reperfusion injury and cardioprotection.

PERSPECTIVE 1: CARDIOVASCULAR METABOLISM
AS A METABOLITE NETWORK

When engineers design a machine, the traditional ap-
proach is based on linear logic, in which A causes B causes
C, etc. Although feedback loops play essential roles in
engineering design, they are incorporated mainly to regu-
late the flow of the linear sequence. This approach max-
imizes efficiency but in doing so sacrifices adaptability
(because the machine is designed to perform only a spe-
cific set of tasks) and fail-safe performance (because cut-
ting one link in a linear sequence disrupts the chain). In
complex biological systems subject to Darwinian evolu-
tion, however, the latter two qualities are at least equally, if
not more, important than efficiency. Complex biological
systems, therefore, probably evolved using a different type
of logic, incorporating a high level of redundancy in which
relationships are typically reciprocal (i.e., A causes B, but B
also causes A) (9). The high degree of redundancy com-
promises efficiency but promotes adaptability and fail-safe
performance, because alternative routes to the same end
point are almost always available. Moreover, this circular,
or network, logic is characterized by a mysterious and
fascinating phenomenon called “emergence,” in which
unexpected new properties can arise abruptly from the

Fig. 1. A: Scheme of modular metabolic compartmentalization in a cardiac myocyte. Energy modules include glycolytic enzymes (GE)
associated with sarcolemma (SL) ATPases in red, glycogenolytic enzymes (GGE) associated with sarcoplasmic reticulum (SR) Ca ATPases
(SERCA) in blue, and oxidative phosphorylation in mitochondria (Mito) associated with myofilament (MyoF) ATPases in green. Energy-
distributing modules include creatine kinase (CK) in purple and adenylate kinase (AK) in orange. CP, creatine phosphate; Cr creatine;
KATP, ATP-sensitive K channel; PYR, pyruvate. B: Electron micrograph of a cardiac myocyte, showing rows of mitochondria (dark stripes)
parallel to myofilaments. Approximately two mitochondria are spaced between each z-line.
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cooperative interactions between simple individual units:
that is, the whole becomes greater than the sum of the
parts. Well-known examples of emergence include self--
organizing pattern formation in reaction-diffusion systems
[such as spontaneous patterning in the Belousov-Zhabo-
tinsky chemical reaction (10), calcification patterns in
cultured vascular smooth muscle cells produced by dif-
fusible morphogens (11), and spiral and scroll waves
causing arrhythmias in cardiac tissue (12)] and self-oscil-
latory behaviors (such as circadian rhythms, the cell cycle,
and cardiac pacemaking). In metabolism, both glycolysis
(13) and oxidative phosphorylation (14) are capable of
developing emergent behavior in the form of spontaneous
self-sustained oscillations. In this case, no individual met-
abolic enzyme provided with a constant supply of substrate
has an intrinsic ability to oscillate. However, when coupled
into a network with other metabolic enzymes creating
positive and negative feedback loops, oscillations in met-
abolic fluxes (the system output) can emerge from the
integrated system, even though the supply of substrates
(the system input) remains constant and nonoscillatory.
An important corollary is that emergent behaviors cannot
be understood solely by examining the properties of indi-
vidual proteins: although reductionist approaches are
essential to characterize the individual components of the
system, the components must be reintegrated back into
the system to understand how system behavior emerges
from their interactions.

The information flow in complex biological systems,
such as genetic, protein-protein interaction, protein
domain, and metabolic networks, can be analyzed at an

abstract level by considering the system as a topological
network of nodes and links (15). In the case of metab-
olism, the substrates/products are represented as nodes,
and metabolic enzymes are represented as links mediating
metabolic fluxes (i.e., conversion of substrate to product)
between nodes (16) (Fig. 2A). Links can be unidirectional
or bidirectional and assigned strengths proportional to
metabolic flux rates. Network theory (also called graph
theory) has been successfully applied to technology net-
works (e.g., the World Wide Web), social interaction net-
works (e.g., the six degrees of separation phenomenon),
and epidemiology (e.g., the spread of epidemics) and has
yielded surprising insights into universal features of com-
plex self-organizing systems (15).

To analyze a network, the first step is to characterize its
topology [i.e., the relationship between the nodes and the
links (also called edges)]. If the links between nodes are
distributed randomly, the probability P(k) that a node has k
links follows a Poisson distribution, with most of the nodes
having close to the average number of links ,k. and very
few nodes having a large number of links. This is called a
random network, as illustrated in Fig. 2B. If an initially
random network has been subject to growth, so that new
nodes and links have been randomly added over time,
older nodes will have a statistically greater chance (in
proportion to their age) of acquiring new links, so that P(k)
follows an exponential instead of a Poisson distribution
(Fig. 2B). This is called an exponential network. Relative
to a random network, the exponential network has a larger
proportion of nodes that have many links. If an initially
random network grows and while it grows is also subject to

Fig. 2. A: Representation of a metabolic pathway as a network. a, the first five steps of glycolysis shown traditionally as biochemical
reactions; b, their simplified network representation as nodes (squares) and links (lines connecting squares). GLU, glucose; G6P, glucose-6-
phosphate; F6P, fructose-6-phosphate; FDP, fructose-1,6-diphosphate; G3P, glyceraldehyde-3-phosphate; HK, hexokinase; PFI, phospho-
fructose isomerase; PFK, phospho-fructose kinase; Aldo, aldolase. B: Upper diagrams show arrangements of nodes (circles) and links (lines)
for typical examples of random, exponential, scale-free, and hierarchal modular scale-free networks. The distinctions are not necessarily
intuitively obvious from the diagrams, but when analyzed according to the probability distribution P(k) of a given node having k links, the
differences are obvious (graphs). For the random network, the plot of P(k) versus k on a linear scale shows a typical Poisson distribution. For
the exponential network, the plot of P(k) versus k on a log-linear scale shows a straight line indicating an exponential distribution. For the
scale-free networks, the plot of P(k) versus k on a log-log scale shows a straight line indicating a power law distribution. The scale-free
networks enhance the prevalence of nodes with a large number of links more than either the random or monoexponential network.
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selection biases, so that new links preferentially attach to
already highly linked nodes (according to the principle
that success begets success in competition for business or
social status), then this preferential attachment produces
an even greater proportion of highly connected nodes,
creating a “scale-free” network (Fig. 2B). In this case, the
probability P(k) that a given node has k links is given by a
power law distribution P(k) »k2c . The exponent c is called
the degree distribution of the network and typically ranges
from 2 to 3 in social and biological networks. The scale-
free feature arises directly from the power law relation-
ship; for example, if one asks what is the distribution of
nodes containing links on a different scale, such as links
in multiples of 5, then P(k) »(5k)2c = 52c k2c, which is
the identical power law distribution, just multiplied by
a different constant. Thus, the units in which links are
measured do not affect the shape of their distribution,
unlike in random or exponential networks. [For example,
in an exponential network P(k) »e2ck, so for units of five
links, P(k)»e2c5k, which is a distribution with a much more
rapid falloff of nodes with a large number of links.] This
self-similarity feature gives scale-free networks a fractal
structure, a common theme in biology.

Another way of describing the difference between a
scale-free network and a random or exponential network is
that no node is truly typical in a scale-free network. That is,
most nodes have a small number of links, but there are
always a small number of nodes with a very large number
of links. The latter are called hub nodes and have criti-
cal influences on the features of a scale-free network,
particularly in conferring robustness (i.e., stability in the
face of random perturbations) to the network. Scale-free
networks have small-world properties (15): that is, the
distance between any two nodes (i.e., the minimum num-
ber of links that must be traversed to connect the nodes) is
short as a result of the presence of hub nodes containing
many links. For example, if every node is connected to a
hub node, and all hub nodes are interconnected, then at
most three links would be required to connect any two
nodes in the network. In the case of metabolism, this
means that if any single enzyme (link) regulating the flux
of substrate X to product Y is disabled, the substrate/
product flux can be maintained by an alternative, and
fairly direct, pathway, allowing the organism to rapidly
adapt to an environmental change. [Similarly, if a given
substrate (node A) becomes limited, its product (node B)
can be produced by an alternative pathway.] This high-
connectivity feature makes a scale-free network robust with
respect to a random disruption of nodes or links, because
an efficient alternative pathway is almost always present to
circumvent the disruption. Moreover, a random loss of
nodes or links is unlikely to disrupt the network as a whole
for the following reasons: first, the vast majority of nodes
have only a few links, so the statistical likelihood that a
random perturbation will disrupt a hub node or its links is
small; second, hub nodes by definition have a large num-
ber of links to begin with, so that disruption of one or
even several of its links may not be consequential as long as
the hub node retains its connectivity to other hub nodes

(preserving its ultra-small-world features). In some scale-
free networks, up to 80% of nodes or links can be ran-
domly disrupted without having a major impact on the
connectivity of the network as a whole (17). Conversely,
however, scale-free networks are vulnerable to a targeted
attack on hub nodes. Targeted disruption of one or more
hub nodes can be catastrophic for overall network
function, because their influence on connectivity is so
widespread. The attack vulnerability of scale-free networks,
however, provides a potential advantage for therapeutic
interventions in biology. That is, if the hub nodes in a
complex system can be identified, their manipulation can
dramatically alter system behavior.

An appealing aspect of network theory for theories of
biological evolution is the feature of emergence, in which
unexpected new properties abruptly emerge from the
cooperative interactions between simple individual units.
If the emergent behavior arising from a module of simple
units confers a survival advantage, then natural selection
will tend to preserve it. Moreover, if this small module later
develops interactions with other small modules, new
emergent behaviors conferring survival advantages can
emerge from the new (larger) module of (smaller) mod-
ules. In this way, it is intuitive to imagine how an in-
creasingly complex biological system could be built up
layer by layer. Modular structure and scale-free topology
are not inconsistent if modules are organized in a hier-
archal structure (18), so that hub nodes remain intercon-
nected (Fig. 2B). In network theory, hierarchical modular
structure can be characterized mathematically by the net-
work’s clustering coefficient C(k), reflecting the extent to
which the nearest neighbors of hub nodes are inter-
connected to each other (15). In a study of the large-scale
organization of metabolic networks from 43 different bac-
teria (16, 18), the clustering was significant, reflecting a
hierarchal modules-within-modules (fractal) topology.
Moreover, there was a generally good correlation between
modules identified topologically and those defined bio-
chemically (18). We are not aware that a formal topological
analysis of mammalian cardiovascular metabolism has been
performed, but the cardiovascular biochemical network has
an intuitively modular structure, consisting of modules of
energy production (oxidative phosphorylation, glycolysis,
glycogenolysis, etc.), energy consumption (myofilament
ATPases, SR Ca ATPases, SL ATPases, etc.), and energy
distribution (CK and AK systems).

Although complete metabolite networks of various bac-
teria have been reconstructed from genomic and bio-
chemical databases, experimental data on metabolic flux
rates (i.e., rate constants) are still incomplete. Once the
topological structure of a metabolite network has been
defined, computational techniques based on optimality
assumptions can be used to test its validity and predictive
accuracy (19). Two commonly used optimality assump-
tions include flux balance analysis (FBA) and minimiza-
tion of metabolic adjustment (MOMA). FBA assumes that
the goal of metabolism is to maximize growth (i.e., maxi-
mizing the conversion of substrates into products that are
essential for cell growth). With this constraint, the un-
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known parameter values in the network are explored
computationally and assigned optimized values that
maximize growth rate. The original FBA approach applied
only to the steady-state conditions of the metabolite net-
work and did not integrate dynamic changes in metabolite
concentrations, which may have important regulatory
roles. Recently, the method has been extended to predict
dynamic changes as well (20). The maximal growth cri-
terion is a reasonable assumption for the evolution of
metabolism in wild-type bacteria but may not be valid
for engineered mutations causing acute perturbations, in
which bacteria have not been exposed to long-term evolu-
tionary pressure. Accordingly, in MOMA, the assumption
is made that the metabolite network will strive to minimize
metabolic flux redistribution relative to the wild-type case.
Similar to FBA, the unknown parameter values are then
explored computationally and assigned optimized values
that minimize metabolic flux redistribution. Using these
techniques, knowledge of a restricted set of parameters
combined with the application of fundamental thermody-
namic and evolutionary principles can generate quantita-
tive predictions and testable hypotheses, and these have
successfully predicted experimental results in microbe re-
sponses to mutations and environmental changes. Recently,
a similar approach was adapted to model the metabolic
responses of the mammalian myocardium to acute is-
chemia (21). Incorporating a dynamic MOMA approach
based on the optimality assumption that during ischemia
cardiac metabolism readjusts itself to minimize the fluc-
tuation of the profile of metabolite concentrations, this
study showed good agreement between predicted and ex-
perimentally measured alterations in cardiac metabolites.

PERSPECTIVE 2: CARDIOVASCULAR METABOLISM
AS A PHYSICAL, SPATIALLY

COMPARTMENTALIZED NETWORK

The topological analysis ofmetabolite networks described
above makes no assumptions about the nature of the phys-
ical and spatial interactions between nodes and links in the
network. However, metabolite networks also have a physical
structure. In the beating heart, the majority (60–90%) of
ATP production comes from b-oxidation of fatty acids by
mitochondria (22). Glycolytic and glycogenolytic enzymes
directly produce onlyz5%of total ATP production but pro-
vide pyruvate as a substrate for oxidative phosphorylation,
from which 10–40% of total ATP is generated. It is intuitive
to consider oxidative phosphorylation in terms of a physical
network, because it is carried out in discrete organelles
(mitochondria) that are spatially distributed in a highly or-
ganized manner throughout the cytoplasm (23) (Fig. 1B).
However, despite their minor overall contribution to ATP
production, abundant evidence suggests that glycolytic and
glycogenolytic enzymes associate with specific ATPases
in molecular complexes to serve selective functions in
energy channeling.

In the past, compartmentalization of the cell’s interior
was believed to be largely defined by internal membranes,

such as the nuclear envelope, Golgi, endoplasmic reticu-
lum (ER), SR, vesicular trafficking systems, and mitochon-
dria. During the past two decades, however, advances
in subcellular imaging have dramatically upset this view,
so that now a high degree of compartmentalization of
signaling pathways within the cytoplasm is considered the
norm rather than the exception. The cytoplasm is better
viewed as a gel than as a well-mixed medium, in which a
highly organized cytoskeleton and sophisticated molecu-
lar trafficking mechanisms direct and tether proteins into
macromolecular signaling complexes at specific locations.
These locations comprise microdomains with restricted
diffusion, facilitating direct interactions between locally
generated signaling molecules, enzymes, and their tar-
get substrates.

In metabolism, subcellular compartmentalization of
energy production has been a well-accepted fact ever
since mitochondria were identified as the engines driving
oxidative phosphorylation. In addition, glycolytic and
glycogenolytic enzyme complexes have been shown to be
associated with the SL (24, 25) and specific intracellular
membranes such as the SR (3, 4). On the other hand,
however, energy consumption by the cell has traditionally
been viewed as a democratic process, with high-energy
phosphates freely diffusing throughout the cytoplasm to
be consumed wherever they are needed. In tissues with
high energy requirements such as muscle, the CK system is
considered an important equalizer in this design, with
creatine phosphate (CP) shuttling rapidly to regenerate
ATP from ADP wherever CK is located, maintaining free
ADP concentration at low levels to maximize the free
energy of ATP hydrolysis (26–29). In heart, this role of
CP as a mediator of cross-talk between ATP production
and ATP use has been demonstrated for both contractile
function and SL function (28, 30, 31). AK, which converts
two ADP molecules to ATP and AMP, plays a similar role
in facilitating local regeneration of ATP (32).

However, just as the norm for other signaling pathways
is a high degree of functional compartmentalization, ac-
cumulating evidence indicates that energy consumption
is less democratic than was once assumed. Evidence for
preferential energy channeling has largely rested on
functional studies using pharmacological and genetic
manipulations. Unfortunately, imaging tools to track
energy production/consumption directly at the subcellu-
lar level are still not well developed, as they are, for
example, for imaging Ca microdomains or hotspots of
protein kinase activity using fluorescence techniques. In
addition, both traditional “grind-and-bind” biochemical
methods and global measures of metabolic function such
as NMR are based on averaged cytoplasmic values of
various metabolites and do not easily lend themselves to
investigating the subcellular compartmentalization of
energy channeling. Nevertheless, a general theme emerg-
ing from functional studies in both muscle and nonmuscle
cells has been that glycolytically derived ATP is used
preferentially to support membrane-related ATPases
(such as ion transporters and channels in the SL and
SR), whereas mitochondrially generated ATP is used
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preferentially in supporting functions in the cytoplasm
(such as contractile protein ATPases). Several of the ma-
jor observations supporting this idea are the following.
Selective inhibition of anaerobic glycolysis and selective
inhibition of mitochondrial oxidative phosphorylation
have different functional effects, which cannot be attrib-
uted to changes in global tissue high-energy phosphate
levels (2, 33, 34). Manipulations of glycolysis markedly
affect functional performance and recovery during ische-
mia/reperfusion or hypoxia/reoxygenation, again in a
manner that does not correlate with changes in global
tissue high-phosphate levels (35–39). Finally, substrates
for glycolysis, mitochondrial oxidative phosphorylation,
or ATP regeneration via CK have differential efficacies at
supporting specific membrane and/or contractile func-
tions in heart and other tissues (33, 40–43).

Genetic models interrupting energy channeling have
also proven informative. Genetically engineered mice lack-
ing mitochondrial and cytosolic CK had nearly normal
cardiac performance, up to at least moderate workloads
(44–46). However, they showed increased susceptibility
to ischemic injury (46) and electrical instability during
stress (47) as well as a markedly reduced work capacity
during voluntary exercise (48). Mice with undetectable
levels of creatine phosphate attributable to knock out of
a critical enzyme required for creatine synthesis also had
normal resting cardiac function but a markedly impaired
inotropic reserve in response to adrenergic stimulation
(49). In permeabilized cardiac muscle fibers from CK
knockout mice, ATP generated endogenously by mito-
chondria was found to be much more effective at sup-
porting SR Ca uptake (6) than exogenous ATP delivered
via the bath, indicating that competition for exogenous
ATP by other ATPases limited its availability to Ca ATPases
in the SR. In wild-type permeabilized fibers, on the other
hand, exogenous CP plus ADP to permit local ATP re-
generation by CK was equally effective as endogenous
ATP generated by mitochondria. This observation is con-
sistent with the idea that CK plays an important role in
distributing ATP throughout the cytosol. These authors
estimated that at normal cardiac workload, approximately
one-third of ATP used by the SR Ca pump is channeled
directly from the mitochondria and approximately two-
thirds is provided by the CK system. In CK-deficient mice,
mitochondria effectively compensated for the lack of CK
up to moderate workloads, but at a cost. The hearts of
these mice showed significant cytoarchitectural changes
in addition to mild hypertrophy, including increased
splitting of myofibrils, as if the heart were trying to de-
crease the average distance between mitochondria and
myofilaments to compensate for the lack of CK-facilitated
ATP regeneration. The roles of glycolysis and glycogen-
olysis in supporting SL and SR function in these mice
were not specifically investigated in that study, however.

Sarcolemmal ATP-sensitive K channels (KATP channels)
are hypothesized to protect the heart by shortening ac-
tion potential duration and reducing contractility when
energy production becomes limited. In mice, knock out of
SUR2a, a subunit of the cardiac sarcolemmal KATP chan-

nel, compromised adaptation to exercise and promoted
cardiac injury in mice by disrupting energy signaling
between the cytoplasm and the SL (50). [Interestingly, a
human mutation in SUR2a has been identified that causes
dilated cardiomyopathy, postulated to result from similar
chronically compromised energy signaling during meta-
bolic stress (51)]. Knock out of either CK (47) or AK (32)
also disrupted the efficient transmission of energy signals
between mitochondria and sarcolemmal KATP channels,
indicating that these energy transfer systems also play a
vital role in energy signaling.

In functional studies of cellular metabolism in wild-
type or genetically modified animals, there are valid
concerns about interpretation. Metabolic inhibitors are
neither completely effective nor completely specific. Also,
metabolic inhibition has global consequences, with a
wide array of effects on many cellular processes, so that
distinguishing the primary effects of metabolic inhibi-
tion from its secondary consequences is often difficult.
Finally, in studies in which global tissue high-energy
phosphate levels are used to track metabolic inhibition,
these levels reflect a net effect on metabolism but do
not provide direct information about how the underly-
ing metabolic fluxes have been affected unless supple-
mented by other techniques. Despite these limitations,
these studies have made an important contribution to our
understanding of cardiovascular metabolism by provid-
ing further evidence for localized cross-talk between
energy production and energy consumption in cardio-
vascular myocytes. Although direct visualization of this
energy channeling will require the development of better
metabolic imaging tools, the functional picture emerg-
ing is that metabolism shares features in common with
other compartmentalized cellular signaling mechanisms:
namely, the cytoplasm is far from being a well-mixed
bag of water, in which high-energy phosphates diffuse
readily and indiscriminately to various cellular ATPases.
Like other signaling molecules, ATP has emerged as a
local cellular currency, with CP as its major global inter-
mediary. A close physical relationship is present between
the mitochondrial and ER networks (52), and mitochon-
dria participate in very localized Ca signaling with ER
and SR membranes (53), so a similar relationship with
respect to ATP transfer by mitochondria is not surpris-
ing. Glycolytic and glycogenolytic enzymes are also com-
mon components of molecular signaling complexes using
ATP for ion transport (3, 4), metabolic signaling (24, 25),
and protein kinase signaling (54) and have been dem-
onstrated to be capable of generating ATP locally from
ADP in the immediate vicinity of these ATPases (5, 24,
41, 42). Perhaps an indirect clue that the heart prefers
local over global ATP generation to achieve a high ef-
ficiency in matching the output of its energy production
modules to the energy consumption needs of various
cellular compartments is provided by the following ob-
servation. Even when increased glucose is provided as
the sole exogenous substrate to the heart, glucose oxi-
dation accounts for only 40–50% of ATP production, with
the heart diverting more than half of glucose uptake to
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glycogen synthesis and consuming endogenous triglyc-
erides to generate the majority of ATP (55, 56).

In summary, we have reviewed evidence supporting
a modular organization of energy-consuming, energy-
producing, and energy-distributing processes in cardio-
vascular myocytes. Mitochondria are regularly spaced
between rows of myofilaments (Fig. 1B). SL-bound gly-
colytic enzymes are associated with SL ion channels and
transporters, where their substrate glucose is imported
into the cell. Glycogenolytic enzyme complexes are asso-
ciated with the SR Ca ATPase, for which glucose import
is not readily available because of diffusional barriers,
but where glycogen can be stored at close range. This
compartmentalization of metabolic modules is not abso-
lute, and CK and AK act as energy-distributing systems to
minimize local ATP gradients and transmit energy sig-
nals between the modules. The latter energy-distributing
modules do not appear to be essential under physiologi-
cally unstressed conditions but play a critical role under
stressed conditions, both in maximizing cardiac perfor-
mance and protecting the heart from ischemic injury at-
tributable to supply-demand imbalance.

In this modular network, Cai is the major regulator of
energy consumption. In the mitochondria/myofilament
module, Cai directly regulates energy consumption by
myofibrillar ATPases in generating contraction. In the
glycogenolysis/SR module, Cai directly regulates energy
consumption by SR/ER Ca ATPases (SERCA pumps) in
recycling Cai. In the glycolysis/SL module, Cai indirectly
regulates the energy consumption by Na-K ATPase, be-
cause z85% of total Na influx in the beating heart (which
must be pumped out for Na-K ATPase to maintain ionic
homeostasis) occurs via forward-mode Na-Ca exchange to
remove Ca entering via L-type Ca channels in exchange for
Na (57). Cai also directly regulates energy production by
oxidative phosphorylation and glycogenolysis, through Ca-
sensitive metabolic enzymes such as pyruvate dehydroge-
nase and phosphorylase (22). However, the major local
regulator of energy production is free ADP (22).

Finally, we have focused only on the three metabolic
modules mentioned above, because they are responsible
for the majority of energy production and consumption in
working cardiovascular myocytes. However, additional
metabolic energy modules also contribute to the overall
cardiovascular metabolic network, including lipid, amino
acid, nucleic acid, and other carbohydrate pathways. In
the beating heart, these pathways account for z20% of
energy consumption (58).

PERSPECTIVE 3: DYNAMICS OF
CARDIOVASCULAR METABOLISM

In representing a complex system as a network of nodes
and links, we have not yet considered how network topol-
ogy affects the dynamics of the network. This is an area of
active investigation (59–61) and is particularly germane to
biological networks, including metabolism, because these
networks contain functional modules with positive and

negative feedback loops that produce rich dynamics, such
as limit cycles (oscillators or clocks) and bistability (bio-
chemical switches) (62). Such dynamics are critical to the
function of biological networks, such as the cell cycle,
circadian rhythms, cardiac pacemaking, protein kinase
signaling, etc. The hierarchal modular topology of bio-
logical networks provides an advantage for analyzing these
dynamics, because this type of network can be broken
down into individualmodules whose dynamics can be char-
acterized separately before recombining them to study
their interactions systematically (63, 64).

Metabolic modules have been shown to be capable of
nontrivial dynamics. For example, yeast extracts contain-
ing glycolytic enzymes can spontaneously oscillate their
output of metabolites when provided with a constant input
of glucose as substrate (13) (Fig. 3A). In isolated guinea
pig myocytes, removal of glucose has also been shown to
induce oscillations in cellular ATP, manifested as episodes
of action potential duration shortening attributable to the
activation of KATP channels (65) (Fig. 3B). Similarly, cell-
wide oscillations in ATP levels can be triggered by localized
ROS production in isolated cardiac myocytes (14, 66, 67).
These oscillations have been attributed to ROS-induced
ROS release triggering synchronous cell-wide mitochon-
drial depolarization by opening of ROS-sensitive inner
membrane anion channels (IMACs) (68). Less consis-
tently, anoxia-reoxygenation and increased extracellular
Ca also have been reported to induce similar oscillations
in mitochondrial membrane potential in isolated cardiac
myocytes (69, 70). Apoptotic agents have also been shown
to induce mitochondrial depolarization waves associated
with MPT in cardiac myotubes (71). Recent confocal im-
aging studies suggest that similar cell-wide oscillations in
mitochondrial membrane potential occur in intact tissue
during ischemia/reperfusion (7, 8). Finally, single isolated
mitochondria have been shown to exhibit spontaneous
cyclical membrane depolarizations (Fig. 3C). Here, we
discuss these data and speculate on how these dynamics
may be important in cardiovascular metabolism under
normal and metabolically stressed conditions such as
ischemia/reperfusion.

Mitochondria are double membrane structures z1–
2 mm in diameter (Fig. 4A). The outer membrane is
porous to solutes up to 1,000 molecular weight as a re-
sult of the abundance of voltage-dependent anion chan-
nels (also known as porin). The inner membrane, on the
other hand, is impermeant, which allows electron trans-
port to generate a matrix membrane potential (DC) of
z2200 mV by pumping protons out of the matrix. This
electrochemical proton gradient is subsequently used
by the F0-F1 ATP synthase in the inner membrane to phos-
phorylate ADP to ATP (Fig. 4A, detail). Less appreciated,
if the matrix is depolarized, then ATP synthase will oper-
ate in the reverse direction and consume, rather than
synthesize, ATP to pump protons out of the matrix to
restore DC. For example, during ischemia, in which a
lack of oxygen leads to mitochondrial depolarization, pre-
treatment with ATP synthase blockers such as oligomycin
significantly reduces the rate of ATP depletion (72). A
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number of ion channels are present in the inner mem-
brane, but their conductance is normally low to avoid
short-circuiting DC. However, confocal imaging of indi-
vidual isolated mitochondria has revealed periodic oscilla-
tions in DC (73–75) (Fig. 3C), and similar flickering has
also been observed in intact myocytes (69), although the
mechanism and relevance to mitochondrial behavior in
intact cells remain controversial. Isolated mitochondria
immobilized in an agar gel also cross-talk with each other
sufficiently to propagate DC depolarization waves caused
by MPT in response to localized increases in Ca (76).

A model accounting for periodic DC oscillations attrib-
utable to ROS-induced ROS release has been developed by
the O’Rourke group (77) and proposed to account for
cell-wide DC oscillations induced by localized ROS pro-
duction (68). In this model, a fraction of O2 consumption
diverted to superoxide anion (normally z2–5% during
physiological respiration) causes superoxide accumula-
tion in the matrix and intermembrane space, beyond the
capability of mitochondrial superoxide dismutase to com-
pensate. Because of the low permeability of the inner
membrane, superoxide anions are trapped in the matrix
until they have accumulated sufficiently to activate ROS-
sensitive IMACs. When open, IMAC channels depolarize
DC and allow the accumulated superoxide anions to be
released into the cytoplasm, where they are converted

to H2O2 by cytoplasmic superoxide dismutase, closing the
IMAC channels and allowing DC to be regenerated, as
illustrated schematically in Fig. 4B. With the correct pa-
rameter settings in the model, DC oscillates periodically.
Normally, when cellular antioxidant levels are high, super-
oxide anions released by mitochondria do not activate
IMAC channels in nearby mitochondria. If ROS levels
are increased or antioxidant capacity is reduced, however,
ROS-induced ROS release may propagate and create syn-
chronous cell-wide DC depolarizations. Aon, Cortassa, and
O’Rourke (68) have proposed that cardiac mitochondria
operate as a network of coupled nonlinear elements, in
which periodic DC depolarization events can be modeled
by percolation cluster theory.

In this scenario, asynchronous ROS-induced DC oscilla-
tions provide a mechanism for individual mitochondria
to flush out toxic superoxide anions periodically. Concep-
tually, because mitochondria consume ATP when depo-
larized, the fraction of polarized versus depolarized
mitochondria could also provide an effective mechanism
for matching ATP production to the energy needs of the
cells, as illustrated schematically in Fig. 4C. Mitochondrial
ROS production is much greater in state 4 than in state 3
(78), so high workload conditions (i.e., high free ADP
promoting state 3) would inhibit ROS-induced DC

oscillations, increasing the percentage of polarized mito-

Fig. 3. A: Spontaneous oscillations of glycolysis in a yeast extract. The graph shows oscillations of NAD
fluorescence over time. Reprinted with permission from Chance, B., B. Schoener, and S. Elsaesser. 1964.
Control of the waveform of oscillations of the reduced pyridine nucleotide level in a cell-free extract. Proc.
Natl. Acad. Sci. USA. 95: 1618–1623. B: Spontaneous oscillations in action potential duration in a ventricular
myocyte after glucose was removed from the superfusate. Representative action potentials at the points
indicated are shown below. Action potential duration shortening episodes reflect global ATP depletion
attributable to mitochondrial membrane potential depolarization, causing the activation of sarcolemmal
KATP. Reprinted with permission from O’Rourke, B., B. M. Ramza, and E. Marban. 1994. Oscillations of
membrane current and excitability driven by metabolic oscillations in heart cells. Science. 265: 962–966.
D1994 AAAS. C: Membrane potential oscillations imaged confocally with tetramethylrhodamine methyl
ester (TMRE) in a single isolated mitochondrion elicited by the addition of malate to the superfusate. Re-
printed with permission from Hattori, T., K. Watanabe, Y. Uechi, H. Yoshioka, and Y. Ohta. 2005. Repeti-
tive transient depolarizations of the inner mitochondrial membrane induced by proton pumping. Biophys. J.
88: 2340–2349.
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chondria actively synthesizing ATP. As workload decreases
(i.e., low free ADP promoting state 4), mitochondrial ROS
production would increase, promoting ROS-induced DC

oscillations in a greater proportion of mitochondria and
thereby decreasing net ATP synthesis to match the re-
duced energy requirements of the cell.

As long as ROS-induced DC oscillations in individual
mitochondria remain asynchronous, this could provide an
effective mechanism for matching net ATP production
to cellular energy needs over a wide range of workloads
(although it would involve a degree of futile ATP cycling).
However, if ROS-induced DC oscillations in the mito-
chondrial network become synchronized, global cellular
ATP levels would fluctuate as the bulk of mitochondria
oscillate between depolarized (ATP-consuming) and
polarized (ATP-producing) states, thereby uncoupling
metabolism from cellular energy needs (Fig. 4C). If the
myocyte were unable to escape from this “metabolic
fibrillation,” unregulated ROS production and the inabil-
ity to handle Ca cycling by ATP-dependent processes
would make mitochondria progressively more susceptible

to MPT, triggering cell death by apoptosis or necrosis. We
can further speculate that signaling pathways involved in
cardioprotection (protein kinase C, tyrosine kinases, nitric
oxide, etc.) might act through a common mechanism of
modulating this synchronization threshold, whether in-
duced by the ROS-induced ROS mechanism postulated
above or a different set of pathophysiological triggers.
Because the synchronization threshold in a weakly
coupled oscillator network is likely to be influenced by a
large number of parameters, searching for a single protein
target end effector mediating cardioprotection, onto
which all cardioprotective pathways ultimately converge,
is likely to be fruitless. To date, this search has been very
frustrating because of the bewildering plethora of path-
ways that all trigger cardioprotection. If viewed from the
holistic perspective as an interactive dynamic network,
however, we are hopeful that a deeper understanding of
cardioprotection signaling might be achievable, as has
been the case for other areas using systems approaches
(79). Although this scenario is highly speculative at pres-
ent, its feasibility can be tested quantitatively using the

Fig. 4. A: Scheme of a mitochondrion (below) show-
ing the outer membrane (OM), intermembrane space
(IMS), inner membrane (IM), and matrix. The ex-
panded cartoon (detail above) illustrates the ATP-
generated system, in which electron transport (ET)
pumps protons from the matrix, establishing a negative
membrane potential (DC) near 2200 mV. Proton
influx down its electrochemical gradient is then
coupled to ATP generation by ATP synthase. However,
ATP synthase is reversible and consumes ATP to pump
protons out of the matrix when DC is depolarized. B:
Scheme of DC oscillations attributable to the accumu-
lation of superoxide anion (red shading) in the matrix
during respiration, eventually triggering inner mem-
brane anion channels (IMAC) to open, releasing
superoxide anions and depolarizing DC, after which
the cycle repeats. Depol, depolarized; Pol, polarized. C:
Hypothetical scenarios of excitation-metabolism cou-
pling (upper) and uncoupling (lower) within the mito-
chondrial network in a myocyte. Red indicates
depolarized mitochondria, and green indicates polar-
ized mitochondria. In the upper panels, DC oscilla-
tions are asynchronous, and as workload increases,
more mitochondria are recruited into the polarized
state. In the lower panels, reactive oxygen species
(ROS)-induced ROS release causes, first, locally syn-
chronous depolarizations of clusters of mitochondria,
and then, globally synchronous DC depolarization
waves, causing cell-wide oscillations in ATP as mitochon-
dria convert between depolarized (ATP-consuming)
and polarized (ATP-producing) states. See text for fur-
ther description.
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appropriate computational dynamic network models that
have been expanded to incorporate the interactions of the
relevant signaling pathways with excitation-contraction-
metabolism coupling. Based on these findings, experi-
mental protocols can then be designed to validate model
predictions. Moreover, synchronization of weakly coupled
oscillators is a well-studied area in physics (80), and in-
sights from this field may be useful for understanding
the dynamics of mitochondrial and metabolic networks.
[Synchronization of weakly coupled oscillators was discov-
ered in 1665 by Christiaan Huygens, a Dutch telescope and
clock maker, who, while sick in bed, noted that two clocks
that he had recently fabricated and hung on the same wall
were swinging with their pendulums in complete syn-
chrony (80). When he placed the clocks on different walls,
however, their motions remained asynchronous. He de-
duced that the weak coupling from mechanical vibrations
propagating through the wall synchronized the clocks.]

SUMMARY AND CONCLUSIONS

In this brief review, we have presented cardiovascular
metabolism from three different, but highly complemen-
tary, perspectives: as a metabolite network that has been
designed by nature with a hierarchal modular scale-free
topology to provide a robust and reliable system of energy
delivery; as a physical spatially compartmentalized net-
work, using metabolic modules incorporating glycolysis
with the SL, glycogenolysis with the SR, and oxidative
phosphorylation with the myofilaments in a spatially
compartmentalized manner to efficiently match energy
supply to energy needs over a wide and rapidly varying
range of physiological conditions; and finally, as a dynamic
network of weakly coupled oscillators, whose properties
are just beginning to be probed.

We are hopeful that this holistic view of cardiac metabo-
lism as a modular interactive dynamic network may lend
itself more successfully to unraveling the complex emer-
gent pathophysiology of ischemia/reperfusion injury and
its abrogation by cardioprotection. To make further
progress in this area, the challenge is several-fold. We
will need more detailed information cataloguing interac-
tions between metabolic modules and cardioprotective
signaling pathways. Functional proteomics approaches
(81) will be essential to identify physical interactions be-
tween key signaling proteins, metabolic enzymes, and
ATPases in the various metabolic modules. In addition to
standard genetic approaches, genetical genomics is a
novel technique for analyzing gene coexpression networks
(82), which can identify cotravelers with metabolic genes
by evaluating their relationships to hub genes regulating
gene coexpression modules. We need to develop better
bioprobes to image metabolic microdomains in wild-type
and genetically engineering animals in which components
of excitation-contraction-metabolism coupling have been
altered. We need to understand how other cell types, such
as vascular smooth muscle cells (83) and endothelial cells,
interact metabolically with cardiac myocytes to decide

their joint fates. Finally, we will need to develop mathemat-
ical models incorporating both the details and dynamics
of excitation-contraction-metabolism coupling and their
interactions with cardioprotective signaling pathways.

The authors thank Paavo Korge, Henry Honda, Jun-Hai Yang,
Thomas Vondriska, and Alan Garfinkel for helpful discussions
and Annie DeTemple for technical support. This work was sup-
ported by National Institutes of Health/National Heart, Lung,
and Blood Institute Grants P01 HL-080111 and R01 HL-071870
and by the Laubisch and Kawata Endowments.

REFERENCES

1. Williamson, J. R., C. Ford, J. Illingworth, and B. Safer. 1976. Coor-
dination of citric acid cycle activity with electron transport flux.
Circ. Res. 38: I39–I51.

2. Weiss, J., and B. Hiltbrand. 1985. Functional compartmentation
of glycolytic versus oxidative metabolism in isolated rabbit heart.
J. Clin. Invest. 75: 436–447.

3. Entman, M. L., K. Kaniike, M. A. Goldstein, T. E. Nelson, E. P.
Bornet, T. W. Futch, and A. Schwartz. 1976. Association of glyco-
genolysis with cardiac sarcoplasmic reticulum. J. Biol. Chem. 251:
3140–3146.

4. Xu, K. Y., and L. C. Becker. 1998. Ultrastructural localization of
glycolytic enzymes on sarcoplasmic reticulum vesicles. J. Histochem.
Cytochem. 46: 419–427.

5. Xu, K. Y., J. L. Zweier, and L. C. Becker. 1995. Functional coupling
between glycolysis and sarcoplasmic reticulum Ca2+ transport. Circ.
Res. 77: 88–97.

6. Kaasik, A., V. Veksler, E. Boehm, M. Novotova, A. Minajeva, and R.
Ventura-Clapier. 2001. Energetic crosstalk between organelles:
architectural integration of energy production and utilization. Circ.
Res. 89: 153–159.

7. Slodzinski, M. K., M. Aon, and B. O’Rourke. 2004. Intracellular
and intercellular mitochondrial membrane potential oscillations
in the Langendorff perfused heart (Abstract). Biophys. J. 86
(Suppl.): 461A.

8. Akar, F. G., M. A. Aon, G. F. Tomaselli, and B. O’Rourke. 2005. The
mitochondrial origin of postischemic arrhythmias. J. Clin. Invest.
115: 3527–3535.

9. Kelly, K. 1994. Out of Control: The New Biology of Machines, Social
Systems and the Economic World. Basic Books, New York.

10. Ouyang, Q., and H. L. Swinney. 1991. Transition to chemical
turbulence. Chaos. 1: 411–420.

11. Garfinkel, A., Y. Tintut, D. Petrasek, K. Bostrom, and L. L. Demer.
2004. Pattern formation by vascular mesenchymal cells. Proc. Natl.
Acad. Sci. USA. 101: 9247–9250.

12. Davidenko, J. M., A. V. Pertsov, J. R. Salomonsz, W. Baxter, and J.
Jalife. 1992. Stationary and drifting spiral waves of excitation in
isolated cardiac muscle. Nature. 355: 349–351.

13. Chance, B., B. Schoener, and S. Elsaesser. 1964. Control of the
waveform of oscillations of the reduced pyridine nucleotide level in
a cell-free extract. Proc. Natl. Acad. Sci. USA. 52: 337–341.

14. Romashko, D. N., E. Marban, and B. O’Rourke. 1998. Subcellular
metabolic transients and mitochondrial redox waves in heart cells.
Proc. Natl. Acad. Sci. USA. 95: 1618–1623.

15. Barabasi, A. L., and Z. N.Oltvai. 2004. Network biology: understand-
ing the cell’s functional organization. Nat. Rev. Genet. 5: 101–113.

16. Jeong, H., B. Tombor, R. Albert, Z. N. Oltvai, and A. L. Barabasi.
2000. The large-scale organization of metabolic networks. Nature.
407: 651–654.

17. Albert, R., H. Jeong, and A. L. Barabasi. 2000. Error and attack
tolerance of complex networks. Nature. 406: 378–382.

18. Ravasz, E., A. L. Somera, D. A. Mongru, Z. N. Oltvai, and A. L.
Barabasi. 2002. Hierarchical organization of modularity in meta-
bolic networks. Science. 297: 1551–1555.

19. Segre, D., D. Vitkup, and G. M. Church. 2002. Analysis of optimality
in natural and perturbed metabolic networks. Proc. Natl. Acad. Sci.
USA. 99: 15112–15117.

20. Mahadevan, R., J. S. Edwards, and F. J. Doyle, 3rd. 2002. Dynamic

2364 Journal of Lipid Research Volume 47, 2006

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


flux balance analysis of diauxic growth in Escherichia coli. Biophys. J.
83: 1331–1340.

21. Luo, R. Y., S. Liao, G. Y. Tao, Y. Y. Li, S. Zeng, Y. X. Li, and Q. Luo.
Dynamic analysis of optimality in myocardial energy metabolism
under normal and ischemic conditions. Mol. Syst. Biol. Epub ahead
of print June 6, 2006; doi:10.1038/msb4100071.

22. Stanley, W. C., F. A. Recchia, and G. D. Lopaschuk. 2005. Myocar-
dial substrate metabolism in the normal and failing heart. Physiol.
Rev. 85: 1093–1129.

23. Vendelin, M., N. Beraud, K. Guerrero, T. Andrienko, A. V.
Kuznetsov, J. Olivares, L. Kay, and V. A. Saks. 2005. Mitochondrial
regular arrangement in muscle cells: a “crystal-like” pattern. Am. J.
Physiol. 288: C757–C767.

24. Dhar-Chowdhury, P., M. D. Harrell, S. Y. Han, D. Jankowska, L.
Parachuru, A. Morrissey, S. Srivastava, W. Liu, B. Malester, H.
Yoshida, et al. 2005. The glycolytic enzymes, glyceraldehyde-
3-phosphate dehydrogenase, triose-phosphate isomerase, and
pyruvate kinase are components of the K(ATP) channel macro-
molecular complex and regulate its function. J. Biol. Chem. 280:
38464–38470.

25. Jovanovic, S., Q. Du, R. M. Crawford, G. R. Budas, I. Stagljar, and
A. Jovanovic. 2005. Glyceraldehyde 3-phosphate dehydrogenase
serves as an accessory protein of the cardiac sarcolemmal K(ATP)
channel. EMBO J. 6: 848–852.

26. Bessman, S. P., and P. J. Geiger. 1981. Transport of energy in
muscle: the phosphorylcreatine shuttle. Science. 211: 448–452.

27. Saks, V. A., V. V. Kupriyanov, and G. V. Elizarova. 1980. Studies of
energy transport in heart cells: the importance of creatine kinase
localization for the coupling of mitochondrial phosphorylcreatine
production to oxidative phosphorylation. J. Biol. Chem. 255: 755–763.

28. Wallimann, T., M. Wyss, D. Brdiczka, K. Nicolay, and H. M.
Eppenberger. 1992. Intracellular compartmentation, structure and
function of creatine kinase isoenzymes in tissues with high and
fluctuating energy demands: the ‘phosphocreatine circuit’ for
cellular energy homeostasis. Biochem. J. 281: 21–40.

29. Saks, V., P. Dzeja, U. Schlattner, M. Vendelin, A. Terzic, and
T. Wallimann. 2006. Cardiac system bioenergetics: metabolic ba-
sis of the Frank-Starling law. J. Physiol. 571: 253–273.

30. Saks, V. A., N. V. Lipina, V. G. Sharov, V. N. Smirnov, E. Chazov, and
R. Grosse. 1977. The localization of the MM isozyme of creatine
phosphokinase on the surface membrane of myocardial cells and
its functional coupling to ouabain-inhibited (Na+,K+)-ATPase. Bio-
chim. Biophys. Acta. 465: 550–558.

31. Sasaki, N., T. Sato, E. Marbán, and B. O’Rourke. 2001. ATP con-
sumptionby uncoupledmitochondria activates sarcolemmal K(ATP)
channels in cardiac myocytes. Am. J. Physiol. 280: H1882–H1888.

32. Carrasco, A. J., P. P. Dzeja, A. E. Alekseev, D. Pucar, L. V. Zingman,
M. R. Abraham, D. Hodgson, M. Bienengraeber, M. Puceat, E.
Janssen, et al. 2001. Adenylate kinase phosphotransfer communi-
cates cellular energetic signals to ATP-sensitive potassium channels.
Proc. Natl. Acad. Sci. USA. 98: 7623–7628.

33. Lynch, R. M., and R. J. Paul. 1983. Compartmentation of glycolytic
and glycogenolytic metabolism in vascular smooth muscle. Science.
222: 1344–1346.

34. Doorey, A. J., and W. H. Barry. 1983. The effects of inhibition of
oxidative phosphorylation and glycolysis on contractility and high-
energy phosphate content in cultured chick heart cells. Circ. Res.
53: 192–201.

35. McDonald, T. F., and D. P. MacLeod. 1973. Metabolism and
the electrical activity of anoxic ventricular muscle. J. Physiol. 229:
559–583.

36. Bricknell, O. L., and L. H. Opie. 1978. Effects of substrates on tissue
metabolic changes in the isolated rat heart during underperfusion
and on release of lactate dehydrogenase and arrhythmias during
reperfusion. Circ. Res. 43: 102–115.

37. Higgins, T. J. C., and P. J. Bailey. 1983. The effects of cyanide and
iodoacetate intoxication and ischaemia on enzyme release from the
perfused rat heart. Biochim. Biophys. Acta. 762: 67–75.

38. Runnman, E. M., S. T. Lamp, and J. N. Weiss. 1990. Enhanced
utilization of exogenous glucose improves cardiac function in
hypoxic rabbit ventricle without increasing total glycolytic flux.
J. Clin. Invest. 86: 1222–1233.

39. Jeremy, R. W., Y. Koretsune, E. Marban, and L. C. Becker. 1992.
Relation between glycolysis and calcium homeostasis in postische-
mic myocardium. Circ. Res. 70: 1180–1190.

40. Bessman, S. P., and P. J. Geiger. 1981. Transport of energy in
muscle: the phosphorylcreatine shuttle. Science. 211: 448–452.

41. Parker, J. C., and J. F. Hoffman. 1967. The role of membrane
phosphoglycerate kinase in the control of glycolytic rate by ac-
tive cation transport in human red blood cells. J. Gen. Physiol. 50:
893–916.

42. Weiss, J. N., and S. T. Lamp. 1987. Glycolysis preferentially inhibits
ATP-sensitive K channels in isolated guinea pig cardiac myocytes.
Science. 238: 67–69.

43. Hoerter, J. A., R. Ventura-Clapier, and A. Kuznetsov. 1994.
Compartmentation of creatine kinases during perinatal de-
velopment of mammalian heart. Mol. Cell. Biochem. 133–134:
277–286.

44. Saupe, K. W., M. Spindler, J. C. Hopkins, W. Shen, and J. S. Ingwall.
2000. Kinetic, thermodynamic, and developmental consequences
of deleting creatine kinase isoenzymes from the heart. Reac-
tion kinetics of the creatine kinase isoenzymes in the intact heart.
J. Biol. Chem. 275: 19742–19746.

45. Saupe, K. W., M. Spindler, R. Tian, and J. S. Ingwall. 1998. Im-
paired cardiac energetics in mice lacking muscle-specific isoen-
zymes of creatine kinase. Circ. Res. 82: 898–907.

46. Spindler, M., K. Meyer, H. Stromer, A. Leupold, E. Boehm, H.
Wagner, and S. Neubauer. 2004. Creatine kinase-deficient hearts
exhibit increased susceptibility to ischemia-reperfusion injury and
impaired calcium homeostasis. Am. J. Physiol. 287: H1039–H1045.

47. Abraham, M. R., V. A. Selivanov, D. M. Hodgson, D. Pucar, L. V.
Zingman, B. Wieringa, P. P. Dzeja, A. E. Alekseev, and A. Terzic.
2002. Coupling of cell energetics with membrane metabolic
sensing. Integrative signaling through creatine kinase phospho-
transfer disrupted by M-CK gene knock-out. J. Biol. Chem. 277:
24427–24434.

48. Momken, I., P. Lechene, N. Koulmann, D. Fortin, P. Mateo, B. T.
Doan, J. Hoerter, X. Bigard, V. Veksler, and R. Ventura-Clapier.
2005. Impaired voluntary running capacity of creatine kinase-
deficient mice. J. Physiol. 565: 951–964.

49. ten Hove, M., C. A. Lygate, A. Fischer, J. E. Schneider, A. E. Sang,
K. Hulbert, L. Sebag-Montefiore, H. Watkins, K. Clarke, D. Isbrandt,
et al. 2005. Reduced inotropic reserve and increased susceptibility to
cardiac ischemia/reperfusion injury in phosphocreatine-deficient
guanidinoacetate-N-methyltransferase-knockout mice. Circulation.
111: 2477–2485.

50. Kane, G. C., A. Behfar, S. Yamada, C. Perez-Terzic, F. O’Cochlain,
S. Reyes, P. P. Dzeja, T. Miki, S. Seino, and A. Terzic. 2004. ATP-
sensitive K+ channel knockout compromises the metabolic benefit
of exercise training, resulting in cardiac deficits. Diabetes. 53 (Suppl.
3): 169–175.

51. Bienengraeber, M., T. M. Olson, V. A. Selivanov, E. C. Kathmann, F.
O’Cochlain, F. Gao, A. B. Karger, J. D. Ballew, D. M. Hodgson, L. V.
Zingman, et al. 2004. ABCC9 mutations identified in human
dilated cardiomyopathy disrupt catalytic KATP channel gating. Nat.
Genet. 36: 382–387.

52. Rizzuto, R., P. Pinton, W. Carrington, F. S. Fay, K. E. Fogarty, L. M.
Lifshitz, R. A. Tuft, and T. Pozzan. 1998. Close contacts with the
endoplasmic reticulum as determinants of mitochondrial Ca
responses. Science. 280: 1763–1766.
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