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Abstract

Tracer techniques are powerful methods for assessing rates of biological processes in vivo. A case
in point is intermediary metabolism of energy providing substrates, a central feature of every
living cell. In the heart, the tight coupling between metabolism and contractile function offers an
opportunity for the simultaneous assessment of cardiac performance at different levels in vivo:
Coronary flow, myocardial perfusion, oxygen delivery, metabolism, and contraction. Non-
invasive imaging techniques used to identify the metabolic footprints of either normal or perturbed
cardiac function are discussed.

In order to contract under constantly changing environmental conditions, the healthy heart
derives its energy from a variety of oxidizable organic compounds (1). When myocardial
energy demands are increased acutely, the heart maintains the balance between its energetic
supply and demand by shifting fluxes through existing metabolic pathways (2,3). Sustained
increases in myocardial energy demand result in metabolic adaptations at a transcriptional
level through selective upregulation of the synthesis and degradation of the enzymes that
collectively make up metabolic pathways (4). In short, a striking system of checks and
balances regulates contractile function in the heart and metabolism is at the center of the
whole system.

Since the 1980s, the study of cardiac metabolism in the laboratory has been leveraged by
clinicians using non-invasive imaging to distinguish heart muscle that is reversibly
dysfunctional (viable myocardium) from muscle that is irreversibly dysfunctional (scar
tissue) (5). The assessment of regional myocardial metabolism was first appreciated as a tool
to guide therapeutic decisions for revascularization in patients with chronic ischemic left-
ventricular dysfunction. Here the premise was that restoration of blood flow to viable
ischemic tissue will result in restoration of oxidative metabolism and, as a consequence,
normal contractile function. Similar imaging techniques are now explored to identify
prospectively patients with reversible left ventricular dysfunction in order to improve both,
quality of life and outcome (6,7).
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REGULATION OF METABOLISM IN NORMAL AND FAILING HEART

The uptake of oxidizable fuel is tightly matched to the contractile work performed by the
heart(8). Because oxygen extraction by the heart is nearly complete, increased rates of
oxygen consumption can only be met by an increase in coronary flow (9). The normal heart
oxidizes fat in preference to carbohydrates (the Randle hypothesis) (10), but it increases
carbohydrate oxidation when stressed (11). When myocardial blood flow is impaired, the
balance between cellular metabolism and contractile function is perturbed. The decrease in
coronary flow and concomitant reduction in oxygen delivery triggers specific and
coordinated responses in gene expression, including activation of HIF1a (12) and the
reactivation of the fetal gene program (13), both of which improve the cardiomyocytes’
tolerance to ischemia. Collectively, these changes represent the heart’s adaptive processes
resulting in cell survival, a phenomenon that we termed “programmed cell survival” some
time ago (14,15). The term programmed cell survival contrasts programmed cell death or
apoptosis, which occurs in the maladapted, failing heart. The metabolic derangements in the
failing heart have been reviewed earlier (16,17). We have proposed that the non-ischemic,
failing heart is drowning in fuel (18), and there is considerable metabolic heterogeneity in
the failing human heart. Both are areas of active research and beyond the scope of this
review.

Beyond supporting the metabolism of energy providing substrates, proteins that regulate
metabolic pathways in the heart turn over themselves, as do sarcomeric proteins,
cytoskeletal proteins, and other cellular components that are necessary for cardiac
maintenance and growth. When subjected to stress, the heart undergoes hypertrophy, a
process that demands increased energy supply. A large amount of this energy is likely
required to fuel protein synthesis and protein quality control (19), suggesting the need for
the cardiomyocyte to continually renew itself from within during times of growth. While
regression of left ventricular hypertrophy has been associated with improved contractile
function, its effects on myocardial energetics have yet to be characterized with non-invasive
metabolic imaging.

WHICH TRACERS FOR WHICH PATHWAYS?

Nuclear metabolic imaging uses targeted radiotracers to assess flux through specific
metabolic pathways (by quantifying either the flux of energy-providing substrates or the
steady-state metabolites). It is convenient to follow energy transfer in the heart muscle cell
from the circulation (substrate and O2 delivery) to the cross-bridges (energy utilization)
through a series of moiety conserved cycles (Figure 1). Specific radiotracers are available to
assess perfusion, substrate uptake and delivery, as well as Krebs cycle turnover (oxygen
consumption). We have represented the family of radiolabeled tracers by red arrows. In
addition, we have highlighted the metabolic imaging modalities by magnetic resonance
spectroscopy with either stable isotopes (e.g., 13C) or 31P in the blue circles. Calcium (Ca?*)
is not an imaging agent but the ion has been included because it is the signal that links
contraction and mitochondrial respiration (20). Radiotracer retention and/or metabolism is
assessed by noninvasive techniques, such as single-photon emission computed tomography
(SPECT) and positron emission tomography (PET).

Two classes of radiotracers are currently used to trace metabolic activity: labeled substrates
or substrate analogs. Labeled substrates are taken up by heart muscle and either rapidly
cleared or retained, while substrate analogs are taken up and retained only (Figure 2). Both
will be discussed below in the context of their usefulness.

To assess fatty acid utilization, earlier studies used the labeled substrate 11C-palmitate. After
its uptake into the cell and activation by binding to coenzyme A, 11C-palmitate undergoes
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beta-oxidation, ultimately leading to the release of 11CO2. However, this technique requires
a PET camera and an on-site cyclotron. As SPECT cameras were already available to the
majority of nuclear cardiologists, the focus turned on the development of SPECT tracers for
fatty acid oxidation. One of them is [1231]-B-methyl-p-iodophenyl-pentadecanoic acid (123I-
BMIPP), a substrate analog that is rapidly taken up into the cardiomyocytes and which
shows prolonged retention due to limited catabolism.

The current gold standard for evaluating glucose metabolism is 2-deoxy-2-(18F) fluoro-D-
glucose (18F-FDG) PET. 18F-FDG is a glucose analog that competes with glucose for
phosphorylation by hexokinase. Once phosphorylated, it is trapped inside the cell and can
neither be further metabolized, nor exported back out of the cell. We have demonstrated the
retention of 18F-FDG in the isolated perfused heart at a constant, intermediate workload
before (21) (Figure 3). Hearts were perfused with a buffer containing 18F-FDG for 60
minutes. During this time, radioactivity in the heart increased in a linear fashion. Note the
retention of the tracer by the heart when the perfusate was switched to a tracer-free perfusate
at 60 minutes (arrow). The drop in tissue radioactivity was caused by the wash-out of tracer
from the ventricles, vascular and extracellular space. Also note that tracer uptake was linear
with time by Patlak analysis (insert).

While the imaging of glucose and fatty acid metabolism in the heart has been well
established in the past, imaging of amino acid metabolism has received less attention. In
comparison to fatty acids and carbohydrates, amino acids are a more heterogeneous group of
small organic compounds. The function of amino acids as building blocks for proteins and
the intermediary metabolism of amino acids in the body was first investigated with stable
isotopes by Schoenheimer in 1942 (22). The carbon skeleton of amino acids may enter the
citric acid cycle and replenish the pool of its intermediates by a process termed anaplerosis,
or be used for anaerobic energy provision (23). In 1954, Bing et al. reported that amino
acids were extracted from the coronary blood and suggested that “a considerable fraction of
the oxygen consumption of the heart can be ascribed to the breakdown of amino acids” (24).
The intermediary metabolism of amino acids is complex. However, under aerobic conditions
many amino acids, including the branched chain amino acids (BCAASs) leucine, isoleucine,
and valine, are oxidized in the Krebs cycle (Figure 1). The BCAAs are essential amino acids
with multiple roles in energy balance, nutrient signaling and protein homeostasis(25). The
rate-limiting step in their catabolism is the a-ketoacid dehydrogenase reaction, an enzyme
regulated by phosphorylation and dephosphorylation (26). Huang et al. has recently
reviewed the role of defects in BCAA metabolism in heart disease (27). In spite of the
physiologic importance of BCAA metabolism (and myocardial protein turnover in general),
as yet no metabolic imaging strategies have been applied in the heart.

In contrast, amino acid metabolism in the ischemic heart has been investigated with 11C-
glutamate. The rationale for this tracer is given by the anaerobic metabolism of glutamate to
both alanine (28) and succinate (23). At the same time, we observed enhanced extraction of
glutamate and enhanced release of alanine by hearts of patients with coronary artery disease
(29). We suggested that this pattern was part of an adaptive process, where pyruvate is
converted into alanine by the transfer of an amino group from glutamate, thereby reducing
the formation of lactate out of pyruvate, which would ultimately inhibit glycolysis and thus
anaerobic ATP production. Although the potential of using labeled amino acids for cardiac
PET imaging was recognized 30 years ago (30), only a few investigators have used this
technique to trace the footprints of myocardial ischemia. Several studies have assessed the
uptake of 13N-glutamate in the ischemic heart, reporting either increased (31,32) or
unchanged rates of uptake (33), relative to blood flow tracers as 13N-ammonia

or 201Thallium (291T1). More recent studies used 11C-methionine for PET analysis of cardiac
tissue after myocardial infarction (MI) (34). The investigators reported increased uptake
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of 11C-methionine in infarcted areas during the acute phase after MI, while 29171 and 18F-
FDG uptake were reduced. Thus, the assessment of 11C-methionine uptake can be useful in
monitoring the remodeling of the heart after MI. With the current notion that changes in
amino acid metabolism are an “under-appreciated culprit” of heart disease, rather than just
an epiphenomenon (27), studies addressing and validating the imaging of cardiac amino acid
metabolism by using labeled amino acids are needed more than ever.

METABOLIC REMODELING IN MYOCARDIAL ISCHEMIA

The heart protects itself from insufficient oxygen supply by downregulating mitochondrial
oxidative metabolism. Moderate ischemia (75% reduction in coronary flow) shifts
myocardial energy metabolism to an anaerobic state (35). During severe ischemia (90%
reduction in coronary flow), myocardial glucose extraction increases while glucose uptake
remains the same (36), at least until the degree of ischemia becomes so severe that substrate
delivery and glycolysis are both inhibited by the accumulation of lactate (37). During
prolonged severe ischemia, the decline of glucose uptake may be attenuated by various
interventions protecting the heart against ischemic injury, such as an increase in the
extracellular glucose concentration or the addition of insulin (38). Moreover, transcript
levels of glucose transporters are also increased (39—-41). In the absence of adaptive changes
in metabolism, the resultant energy deficit ultimately leads to cell death, either by apoptosis
or necrosis (14). Hence, acute and chronic metabolic adaptation to a temporary or sustained
reduction in coronary blood flow conserves energy to protect the structural and functional
integrity of the myocardium. Reversible metabolic changes, as a feature of sustained
myocardial viability, will occur in the setting of diminished but not absent regional
myocardial blood flow.

ASSESSMENT OF MYOCARDIAL VIABILITY

To date, much has already been written about the assessment of myocardial viability (42).
The principle is clear. Any transformational change in response to an altered environment
requires a living or “viable” tissue. Let us consider the following: As already outlined above,
the oxygen-deprived heart exhibits drastic changes in its metabolism leading to the
development of left-ventricular dysfunction. Assessment of myocardial viability is needed in
a situation, when left-ventricular dysfunction can either be permanent (due to myocardial
cell death and formation of scar tissue) or reversible (in hibernating myocardium, which is
ischemic but still viable). The benefit of revascularization for patients with coronary artery
disease, for example, is known to be increasing with increasing amounts of hibernating
myocardium (43). Metabolic imaging techniques as 18F-FDG PET can identify the extent of
hibernating myocardium and therefore help to assess the benefit of revascularization in these
patients (44).

By definition, hibernating myocardium shows chronic contractile dysfunction in the setting
of reduced coronary flow reserve. After revascularization, myocardial function is restored,
paralleled by an increase in coronary flow reserve (45). Hibernating myocardium can be
assessed non-invasively with a variety of radiolabeled markers using different techniques.
While SPECT tracers as 201 Thallium chloride and %™ Technetium (?9™Tc)-labeled perfusion
tracers (e.g., 99MTc-tetrofosmin and 9¥MTc-sestamibi) are primarily used as blood flow
tracers, the uptake and retention of these agents inside the cell still requires intact cell
membranes and viable cells. Hence, thallium and 9MTc-labeled perfusion tracers can be
used for viability assessment as well. These flow tracers when administered under resting
conditions delineate presence or absence of scar tissue and its amount. As such, the
information obtained with these flow tracers is analogous to that available through late
contrast enhanced magnetic resonance imaging where the amount of residual non-enhancing
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myocardium (or scar tissue) contains similar to the perfusion defect severity predictive
information on the potential for functional recovery (46). However, beyond identifying
regional blood flow, thallium differs from other flow tracers as being a monovalent cation
with biologic properties that are similar to potassium. Like potassium, thallium is
transported across the myocellular membrane via the sodium-potassium adenosine
triphosphatase transport system. While the initial extraction and distribution of thallium in
the myocardium are primarily a function of blood flow, the late redistribution phase of
thallium is a function of regional myocardial potassium space (as the radiotracer has
equilibrated between blood and myocytes). Thus, differences in thallium distributions
between the early (myocardial perfusion phase) and delayed images reflect hypoperfused but
viable (in the true sense of the term) myocardium. At the same time, although myocardium
can be severely hypo-perfused, regional increase in glucose extraction via glucose
transporter protein type 1 (GLUT1) results in up-regulated glucose uptake (termed a
mismatch pattern) (Figure 4). This mismatch pattern is an indicator for hibernating
myocardium, which can be salvaged by the restoration of blood flow. Therefore, metabolic
imaging of myocardial viability may assist the early identification of patients who would
benefit from revascularization therapies. This would decrease the risk/benefit ratio of
revascularization and improve the patient’s outcome and prognosis.

IMAGING CARDIAC METABOLISM TO DETECT ANTECEDENT ISCHEMIA

The detection of even subtle metabolic alterations in the ischemic myocardium by metabolic
imaging was first shown in a canine model of partial coronary artery occlusion and rapid
atrial pacing (47). In subsequent occlusion-reperfusion studies, prolonged metabolic
alterations were observed after 30 minutes of occlusion. These metabolic changes persisted
for several weeks thereafter (48-51). The studies served as the experimental basis of
subsequent clinical studies in which persistent reductions in fatty acid metabolism could be
detected long after the resolution of the perfusion abnormality and ischemia (52-58). Thus,
the application of a metabolic radiotracer for imaging, as opposed to a perfusion tracer,
potentially extends the scope for noninvasive imaging of an ischemic event beyond the
resolution of symptoms and allows monitoring long-term effects. The concept applies to
tracers or tracer analogs of both, long-chain fatty acids and glucose. Their uptake by
previously ischemic heart muscle is either decreased (in the case of fatty acids) or increased
(in the case of glucose).

An exciting development in this field is the use of 1231-BMIPP to assess fatty acid
metabolism with SPECT. In an open label Phase 2A clinical trial, patients with exercise-
induced ischemia on a clinically indicated thallium SPECT study underwent rest 123|-
BMIPP SPECT imaging within 30 hours of the exercise treadmill study (52). 123]-BMIPP
was able to detect antecedent ischemic abnormality (with 91% agreement between 123]-
BMIPP uptake and retention under resting conditions and 29171 imaging under stress
conditions). These findings were complemented by studies that interrogated the benefits of
assessing altered glucose metabolism in patients undergoing exercise treadmill testing
using 18F-FDG (53,54). A metabolic switch from predominant fatty acid use to predominant
glucose use seems pivotal in preserving myocardial viability and likely represents the
earliest adaptive response to myocardial ischemia (53). Applying a dual-isotope 9MTc-
sestambi and 18F-FDG simultaneous-injection-and acquisition protocol, investigators have
shown that a metabolic switch from fatty acid to glucose use occurs promptly when
myocardial ischemia is induced during exercise. Moreover, the exercise-induced metabolic
switch to glucose may persist for 24 hours, despite restoration of blood flow at rest (54)
(55). Together, these reports with fatty acid and glucose analogues suggest an
interdependence of the increased glucose uptake and the diminished fatty acid uptake.
Whether there are temporal differences between the two processes cannot be addressed
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conclusively, because the two radiotracers (1231-BMIPP and 18F-FDG) were not injected at
the same time and in the same patient.

In a recent multicenter clinical trial, patients presenting to the emergency department with
suspected acute coronary syndrome were imaged with 1231-BMIPP within 30 hours of
symptom cessation (56). The initial clinical diagnosis was based on symptoms,
electrocardiographic changes, and elevated serum troponin levels, while the final diagnosis
was based on all available data (including coronary angiography and stress SPECT) but

not 1231-BMIPP SPECT. Final diagnoses were adjudicated by a blinded committee into
“positive for acute coronary syndrome”, “intermediate likelihood of acute coronary
syndrome” or “negative for acute coronary syndrome”. Compared to the clinical impression
alone, the combination of 123]-BMIPP with the initial clinical diagnosis increased sensitivity
for identifying patients with acute coronary syndrome, negative predictive value, and
positive predictive value, with the same specificity. The findings suggest that the addition

of 1231-BMIPP imaging data to the clinical impression provides incremental value toward
the early diagnosis of acute coronary syndrome in the emergency department. These results
are consistent with earlier findings in patients with acute chest pain who underwent coronary
angiography, in which the sensitivity of 1231-BMIPP for detecting an obstructive coronary
artery disease or provocable spasm was 74%, when 1231-BMIPP imaging was carried out
within 3 days of presenting symptoms (57). Delayed recovery of fatty acid metabolism as
assessed by SPECT for up to 30 hours after the resolution of transient myocardial ischemia,
provides the potential for diagnosing antecedent myocardial ischemia, a phenomenon that
we have termed “ischemic memory” or “metabolic stunning” (58).

METABOLIC REMODELING OF THE HEART IN DIABETES AND OBESITY

Non-invasive imaging also provides distinct advantages to studying the effects of systemic
metabolic diseases, such as diabetes and obesity, on the heart. The introduction of new
animal models of insulin resistance and type 2 diabetes has resulted in a deeper
understanding of the biochemical derangements underlying metabolic and structural
remodeling of the myocardium. We have proposed that metabolic remodeling precedes,
triggers, and maintains functional and structural remodeling, all of which can be traced by
noninvasive imaging techniques (2). With diabetes and obesity, fatty acid delivery to the
heart is increased. In combination with increased incorporation of fatty acid translocase into
the plasma membrane (59), excess fatty acid supply results in increased intracellular levels
of fatty acids. After being activated to acyl-CoA, fatty acids can serve many purposes,
including energy production (via mitochondrial B-oxidation), posttranslational protein
modification, or triglyceride synthesis (60). However, cardiomyocytes have only a limited
capacity to store triglycerides and an increase in triglyceride levels in the heart can be used
as an indicator of a deleterious imbalance between fatty acid uptake and oxidation (61) that
eventually culminates in lipotoxicity. Indeed, myocardial lipid overload induces a lipotoxic
cardiomyopathy even in the absence of systemic perturbations in fatty acid metabolism (62).

In patients with impaired glucose tolerance, myocardial steatosis was found using H
magnetic resonance spectroscopy and shown to precede the onset of type 2 diabetes and
cardiac dysfunction (63). While increased intracellular triglyceride levels are considered
more as a marker rather than a mediator of lipotoxicity (64), increased levels of acyl-CoA
have several detrimental effects: 1) Beside triglycerides, levels of diacylglycerol (DAG) are
enhanced, which has been implicated in the activation of protein kinase C theta (PKC9).
Chronic activation of PKC6 impairs insulin signaling by phosphorylating IRS-1 on serine
residues (65,66); 2) concentration of ceramide, potentially cardiotoxic due to its role in
apoptotic signaling, is increased, which is associated with the development of
cardiomyopathies in diabetes and obesity (67); 3) excess fatty acids and their oxidation are
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associated with increased production of reactive oxygen species that are known to
compromise a variety of other cellular processes and to induce adverse cardiac remodeling
(68). However, a recent study raises doubt about the role of DAG and ceramide as mediators
of lipotoxic heart disease. Son et al. assessed metabolic changes in a PPARa-deficient
model of PPARy-induced cardiolipotoxicity and reported increased rates of fatty acid
oxidation with preserved cardiac function and improved survival despite no changes in
triglycerides, DAG and ceramide levels (69). This now questions the biological relevance of
these lipotoxic intermediates in mediating contractile dysfunction.

METABOLIC REMODELING IN THE HEART OF PATIENTS WITH PRE-
CLINICAL AND END-STAGE RENAL DISEASE

While myocardial infarction and ischemic heart disease account for the significant portion of
patients with heart failure and left ventricular remodeling, several sequelae of renal failure
can also contribute to left ventricular metabolic remodeling, termed uremic cardiomyopathy
(70-72) (Figure 5). Kidney disease affects over 19 million American adults, and the
prevalence of moderate-to-severe chronic kidney disease (CKD) in individuals who are not
on dialysis is high (73). The United States Renal Data System has reported near-equivalent
rates of myocardial infarction and cardiac death in dialysis patients and an approximately
10-fold higher rate of heart failure in the same population (74). The common occurrence of
heart failure in the dialysis population is thought to be related to left ventricular hypertrophy
that occurs frequently in patients with CKD. Hypertension is common among patients with
renal disease and has been suggested to be volume-dependent. Therefore, both volume- and
pressure-overload would trigger left-ventricular hypertrophy, while further changes in
structure (e.g., anterior wall thickening and arterial stiffening) and hormone status (i.e.,
activation of neurohormones) take place. Concomitantly, renal function declines and CKD
progresses.

The so-called uremic cardiomyopathy probably has multiple causes. One of them involves a
myocyte-capillary mismatch, with a diminished vascular supply relative to the number and
volume of functioning myocytes (75). As in the ischemic heart, the oxygen-poor milieu
leads to a decline in aerobic myocardial fatty acid utilization and a shift to anaerobic
glycolytic metabolism, with increased uptake of glucose as the principal energy providing
substrate (76,77). The shift from a predominance of aerobic (fatty acid) to anaerobic
(glucose) metabolism appears to account for a significant portion of the excessive
cardiovascular morbidity and mortality observed across all stages of kidney disease (70,78).
Thus, the application of a non-invasive, quantitative PET technique to monitor myocardial
metabolism in early-stage early stage kidney disease has potential to identify deleterious
changes in cardiac metabolism prior to its manifestation as contractile dysfunction and
cardiac hypertrophy.

Pre-Clinical Myocardial Metabolic Alterations in Chronic Kidney Disease

18F_FDG PET images are usually interpreted qualitatively in areas with myocardial
perfusion deficits at rest and designated as either metabolism-perfusion mismatch
(indicating viable myocardium) or match (indicating scarred myocardium) defects.
However, detection of early, pre-clinical myocardial metabolic alterations can be limited
with qualitative assessment of regional 18F-FDG uptake. Although the distribution of 18F-
FDG uptake may visually appear homogeneous throughout the left ventricular myocardium,
absolute myocardial glucose utilization may be abnormal. Quantitative assessment with PET
may identify alterations in whole myocardial glucose uptake (MGU) before clinical,
functional, and prognostic consequences ensue.
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The feasibility of employing quantitative MGU with PET to gain additional insight into the
alterations of myocardial metabolism in CKD patients was recently studied (77). The
authors demonstrated a significant inverse correlation between myocardial glucose uptake
and renal function, assessed by estimated glomerular filtration rate (eGFR), in CKD patients.
The relationship between MGU and eGFR could not be ascribed to demographic factors or
cardiac workload. Thus, 18F-FDG PET may be an effective tool to investigate pre-clinical
changes in myocardial metabolism in CKD.

Myocardial Metabolic Alterations in End-Stage Chronic Kidney Disease

In hemodialysis patients without coronary artery disease, investigators have demonstrated
alterations in myocardial fatty acid utilization in subsets of patients by using 1231-BMIPP
SPECT. Reduced uptake of 123]-BMIPP correlates with reduced left ventricular ejection
fraction and increased systemic insulin resistance (76). While some studies have
demonstrated that systemic insulin resistance is associated with heart failure and cardiac
insulin resistance (79) others have argued that it does not (80). The importance of assessing
metabolic changes in the heart of patients with end-stage CKD was, however, underlined by
another study where impaired 1231-BMIPP uptake was shown to identify patients with a high
risk for cardiac death (78). The application of metabolic imaging with PET and SPECT
tracers has the potential to offer useful insights into the pathogenesis for uremic
cardiomyopathy and to point towards therapies for this disease. For example, carnitine
deficiency is known to be common in end-stage renal disease and supplementation to
patients on dialysis has been evaluated as a potential treatment for heart failure and
hypotension (81). At least one study has used SPECT to examine the effect of carnitine
supplementation on free fatty acid metabolism in patients with end-stage renal disease (82).
The study demonstrated enhanced washout of myocardial 1231-BMIPP with carnitine
treatment but no change in the heart-to-mediastinal ratio. The relatively preserved heart-to-
mediastinal 1231-BMIPP uptake in the chronic hemodialysis patients suggests that the
myocardial ATP content in these patients (hence ATP-dependent conversion of 1231-BMIPP
to 1231-BMIPP-CoA\) had not decreased in these patients despite carnitine deficiency. As
such, there was no accelerated back diffusion of the non-metabolized radiotracer. However,
because carnitine is essential for the transport of long-chain fatty acids from the cytoplasm
into the matrix of mitochondria (the site of y-oxidation), decreased carnitine availability
results in longer residence of free fatty acids in the cytoplasm (in the form of 123]-BMIPP-
CoA), as reflected by the lower washout rate of the radiotracer before carnitine
administration. These findings are supported by the experimental observation in rats
exhibiting prolonged retention of 123]-BMIPP in the myocardium when pretreated with a
mitochondrial carnitine acyltransferase | inhibitor (83).

NEW HORIZONS
METABOLOMICS

Our current knowledge of the dynamics of intermediary metabolism remains fragmented and
poorly integrated into the biology of the cell. The new and powerful tools of systems
biology give a fresh approach to the diagnosis and treatment of different forms of heart
disease. A case in point is the field of metabolomics. In analogy to the genome, the
transcriptome, and the proteome, the metabolome has been defined as the total set of low
molecular weight metabolites. The techniques of metabolomics (in particular nuclear
magnetic resonance and mass spectroscopy) allow us to analyze changes in the metabolome
in a given system. A major advantage of this metabolic profiling is the comparatively small
number of possible targets: The Human Metabolome Database currently lists approximately
7,900 small metabolites, compared to 25,000 genes, 100,000 transcripts, and 1,000,000
proteins (84). Further, metabolites may show a better correlation with a disease’s phenotype
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than mRNAs or proteins, as they are further proximal reporters of a pathological process.
Recent studies have delivered promising results and reported new markers for the
development of type 2 diabetes (85) or coronary artery disease and subsequent
cardiovascular events (86)(96).

Considering our hypothesis of metabolic changes preceding and triggering structural and
functional changes in the heart, metabolomics can be useful beyond the mere exploration of
biomarkers and assist the search for mediators of cardiovascular diseases. However, the
impact of changes in the metabolome is debated and additional mechanistic studies would be
needed to define the biological relevance of such changes. Although the use of
metabolomics for assessing cardiovascular diseases is still in its infancy, it may soon be a
powerful tool in the quest for alterations in metabolite levels and determining their
pathophysiological impact.

TRACKING THE FATE OF TRANSPLANTED STEM CELLS

Myocardial regeneration through stem cell injection is a beguiling concept, which to date
has produced mixed results. Laboratory experiments and clinical trials suggest that cell-
based therapies can improve cardiac function (87). Several experimental strategies to
“remuscularize” and revascularize the failing heart using adult stem cells or pluripotent stem
cells, cellular reprogramming or tissue engineering are in progress and offer unique
opportunities for metabolic imaging.

After MI, patients have a high risk of developing heart failure due to cardiomyocyte death.
Although the current treatments of MI aim on reducing the extent of cell death in the heart,
they cannot restore myocardial contractility. With a cell-based therapy, myocytes can be
generated out of adult, autologously transplanted stem cells and therefore prevent the
progression into heart failure. While the recent development in the field of stem cell therapy
is out of the scope of this review, it is appropriate to comment on using imaging techniques
to track transplanted stem cells in vivo. Although preclinical studies have delivered
promising data, concerns about dose requirements, localization after injection as well as
viability impede the clinical use of autologously transplanted stem cells. All of these aspects
can be assessed with the help of non-invasive imaging techniques.

In general, stem cells can be tracked with different imaging methods such as MRI, PET, and
SPECT. Further, multimodality approaches, combining PET or SPECT with MRI or CT,
merge the advantages and data sets delivered by each imaging technique itself (88). Stem
cells can be labeled with radioactive markers prior to transplantation to assess their
localization in the host’s body. However, concerns about the dissociation of the radionuclide
from the stem cell have questioned the reliability of this technique for long-time studies,
although it is a valid method to determine the success of a transplantation directly after
delivery (88). Nonetheless, metabolic imaging of stem cells with 18F-FDG has produced
promising results tracking the homing of CD34* cells to infracted myocardium (Figure 6)
(89). A different labeling technique uses reporter genes that are introduced into the stem
cells or the host genome. Besides the ability to perform long-time studies, the use of reporter
genes allows the investigator or clinician to assess stem cell survival, as only viable cell
produce the reporter probe. A recent study by Lee et al. has demosntrated the applicability
of these techniques in a large-animal model (90). Briefly, the investigators generated
induced pluripotent stem cells (iPSCs) from adipose stromal cells in a canine model and
transduced these iPSCs with a triple-fusion reporter gene that included the herpex simplex
truncated thymidine kinase. After injection of 9-[4-[(18)F]fluoro-3-
(hydroxymethyl)butyl]guanine (18F-FHBG) they could determine the accumulation of iPSCs
(as increased tracer activity) in the anterior wall and confirm its localization by MRI and co-
labeling of iPSCs with iron oxide particles. Improving stem cell targeting and reparative
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capacity will also rely heavily on metabolic imaging with PET in the future (91). While the
usefulness of this strategy is beyond question, little work has been done in this area until
now.

CONCLUSIONS

In recent years, the tools of molecular and cellular biology have provided new insights into
the complex mechanisms of metabolic pathways and the multitude of potential targets which
can be explored for the treatment of various heart diseases. SPECT and PET imaging
techniques provide a sensitive, non-invasive, quantitative tool for investigating pre-clinical
and clinical abnormalities in myocardial perfusion, metabolism, enzymatic or receptor
derangements and allow for monitoring disease progression and the effectiveness of medical
therapy. The new fields of metabolomics and stem cell imaging offer challenges to both the
experimental biologist and the clinical cardiologist to refine the tools of metabolic imaging
for the diagnosis and treatment of myocardial diseases.

ABBREVIATIONS
SPECT single-photon emission computed tomography
PET positron emission tomography
1231.BMIPP [1231]-B-methyl-p-iodophenyl-pentadecanoic acid
18F.FDG 18F_fluorodeoxyglucose
201 201Thallium
99mT 9MTechnetium
DAG diacylglycerol
CKD chronic kidney disease
MGU myocardial glucose uptake
(AYMI (acute) myocardial infarction
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Substrate Uptake
and Metabolism

Figure 1. Energy is transferred along a series of conserved cycles, starting at coronary
circulation and ending at cross-bridge formation of contractile elements

Calcium release from the sarcoplasmic reticulum triggers calcium uptake into the
mitochondria and activation of dehydrogenases in the Krebs cycle. Radiolabeled tracers in
combination with SPECT or PET (red arrows) and NMR spectroscopy (blue cycles) can
assess various cycles noninvasively in vivo. NAD(P)H/H*: reduced nicotinamide adenine
dinucleotide (phosphate); FADH2: reduced flavin adenine dinucleotide; PCr:
phosphocreatine.
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Figure 2. Schematic overview of the fate of labeled substrates and substrate analogs

Radiolabeled 11C-substrate is taken up into the cell and undergoes complete oxidation,

eventually leading to the release of 11CO2. After their uptake into the cell, substrate analogs

labeled with 18F or 123] are partially metabolized and then retained. The majority of

perfusion tracers require preserved cellular metabolism to be taken up by the cell. Substrate

oxidation rates can also be monitored using 1°0 and measuring the release of H21°0.
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Figure 3. Diagram showing linear increase of radioactivity in the heart during perfusion

with 18F-fluorodeoxygIucose-containing buffer
Note that tissue radioactivity remains constant after a tracer-free buffer was used (arrow).

Cardiac power was unchanged throughout the experiment (not shown). Patlak analysis

shows linear tracer uptake with time (insert).
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Flow
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Figure 4. PET scan showing hibernating myocardium, revealing perfusion-metabolism mismatch
(UPPER COLUMN) Blood flow imaging using rubidium 82 in short-axis view shows
markedly decreased perfusion, extending from distal to basal slices in the apical, inferior,
inferolateral and septal regions of the left ventricle at rest. (LOWER COLUMN) [*8F]-
fluorodeoxyglucose-labeled PET images acquired under glucose-loaded conditions shows
preserved glucose utilization in abnormally perfused myocardium, except for the
anteroseptal region, in which a metabolism matches perfusion. 18F-

FDG: 18Ffluorodeoxyglucose; 82Rb: rubidium 82. (58)
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Figure 5. Pathogenic factors contributing to the development of uremic cardiomyopathy in the

setting of chronic kidney disease

See text for further discussion. LVH: left ventricular hypertrophy; CKD: chronic kidney

disease (with permission from JACC ref. 70)
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Figure 6. Myocardial homing and biodistribution of 18 FDG-labeled BMCs

Left posterior oblique (A) and left anterior oblique (B) views of chest and upper abdomen of
patient 2 taken 65 minutes after transfer of 18F-FDG-labeled, unselected BMCs into left
circumflex coronary artery. BMC homing is detectable in the lateral wall of the heart (infarct
center and border zone), liver, and spleen. Left posterior oblique (C) and left anterior
oblique (D) views of chest and upper abdomen of patient 7 taken 70 minutes after transfer
of 18F-FDG-labeled, CD34-enriched BMCs into left anterior descending coronary artery.
Homing of CD34enriched cells is detectable in the anteroseptal wall of the heart, liver, and
spleen. CD34" cell homing is most prominent in infarct border zone (arrowheads) but not
infarct center (asterisk) (with permission from Circulation — ref. 89).
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