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Abstract

Purpose of Review: Define early myocardial metabolic changes among patients with obesity
and heart failure, and to describe noninvasive imaging methods and their applications for imaging
cardiac metabolic remodeling.

Recent Findings: Metabolic remodeling precedes, triggers, and sustains functional and
structural remodeling in the stressed heart. Alterations in cardiac metabolism can be assessed

by using a variety of molecular probes. The glucose tracer analogue, 18F-FDG, and the labeled
tracer 11C-palmitate are still the most commonly used tracers to assess glucose and fatty acid
metabolism, respectively. The development of new tracer analogues and imaging agents, including
those targeting the peroxisome proliferator-activated receptor (PPAR), provide new opportunities
for imaging metabolic activities at a molecular level. While the use of cardiac magnetic resonance
spectroscopy in the clinical setting is limited to the assessment of intramyocardial and epicardial
fat, new technical improvements are likely to increase its usage in the setting of heart failure.

Summary: Noninvasive imaging methods are an effective tool for the serial assessment of

alterations in cardiac metabolism, either during disease progression, or in response to treatment.
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Introduction

Clinical obesity is a paradigm of dysregulated systemic metabolism and known risk factor
for multiple diseases including insulin resistance and heart failure [1]. Like obesity, heart
failure is a major public health problem. The prevalence of both obesity and heart failure
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increases with age [1]. Therefore, early detection of patients at-risk for the development
of heart failure who would benefit from preventive measures becomes imperative [1]. This
review focuses on obese individuals as a group at risk for developing heart failure. We
discuss imaging modalities assessing the dysregulated metabolic state of the heart in obese
individuals, with the aim of detecting metabolic changes that underlie the development of
heart failure and identifying potential targets for treatment.

The conceptual framework presents itself as follows. First, the heart converts chemical
energy to mechanical energy through the integrated network of intermediary metabolism of
energy providing substrates. Some details are shown in Figure 1. In normal physiologic
conditions, the main sources of fuel for the heart are fatty acids and glucose [2, 3].
Secondly, the heart is a metabolic omnivore which has the ability to use a variety of
energy-providing substrates including triglycerides, long-chain fatty acids (LCFAS), glucose,
glycogen, lactate, pyruvate, ketone bodies, and amino acids [2—4]. These energy-providing
substrates are broken down into intermediates. These intermediates then enter the Krebs
cycle to provide reducing equivalents leading to oxidative phosphorylation of ADP to ATP,
or to provide biosynthetic precursors [3]. Energy providing substrates such as glucose, fatty
acids, ketone bodies, and branched chain amino acids (BCAAs) also affect cardiac function
through their auxiliary roles as myocardial signaling molecules, influencing mitochondrial
protein acetylation and mTOR (mammalian target of rapamycin) signaling [2]. Third, while
under resting, fasting conditions, the main contributors for ATP production in the heart are
fats (70%) and carbohydrates (30%), but the heart has the ability to adapt and alter its
energy metabolism in response to different physiologic states. Long-term over-reliance on
a single type of substrate underlies cardiac dysfunction in obesity, diabetes, ischemia, and
heart failure [2, 3, 5, 6].

In the stressed heart, metabolic remodeling precedes, triggers, and sustains functional and
structural remodeling (figure 1) [7-9]. The decline in cardiac function, in both obesity

and heart failure, is associated with abnormalities in cardiac metabolism, which play a
central role in the manifestations of cardiovascular disease and is a contributing factor to

the cardiac pathology associated with obesity and heart failure [5, 9-12]. The changes may
initially be adaptive before they become maladaptive [13-15]. Novel imaging techniques
provide insight to metabolic activity and the myocardial metabolic perturbations that underly
cardiovascular disease processes. These imaging techniques expose early indicators of
metabolic stress in the heart and may lead to risk stratification of patients most at risk of
developing heart failure [3, 10, 16, 17]. More importantly, noninvasive imaging methods are
a potential tool for the serial assessment of alterations in cardiac metabolism, either during
disease progression or in response to treatment [16, 18]. Currently, there are three main
methods used to image myocardial substrate metabolism: single photon emission computed
tomography (SPECT), positron emission tomography (PET), and magnetic resonance
spectroscopy [3, 16, 19]. We will now first describe the myocardial metabolic changes that
occur in both obesity and heart failure, and then discuss opportunities for imaging metabolic
remodeling.
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Cardiac metabolism in obesity

Cardiac remodeling in patients with obesity is a multi-factorial process involving changes

in hemodynamics, neurochormonal signaling, and intermediary metabolism [20]. We have
previously proposed that excess nutrients and fuel in patients with obesity activate
myocardial cellular mechanisms that cause metabolic adaptations and inflammation, and
that insulin resistance protects the heart from fuel overload [13, 21]. Cardiac metabolism

is altered in patients with obesity; there is excessive fatty acid oxidation and relatively
diminished glucose metabolism [11, 20, 22]. This increase in fatty acid metabolism is linked
to insulin resistance and suppresses glucose uptake and oxidation [22]. In the setting of
insulin resistance, previous findings from our lab have also demonstrated an inverse relation
between plasma free fatty acids levels, and diastolic function [23].

The uptake of triglycerides and of long-chain fatty acids by the heart is highly regulated

[6]. When it exceeds beta-oxidation it results in lipotoxicity, which is characterized

by an excessive accumulation of intracellular triglycerides and lipids, accompanied

by myocardial contractile dysfunction, reduced cardiac efficiency, increased myocardial
oxygen consumption, and remodeling [11, 20, 23-25]. Mechanisms promoting metabolic
remodeling in obese patients include ectopic cardiac fat deposition, toxic lipid metabolite
accumulation, mitochondrial dysfunction, and inflammation [12]. Both, metabolic and
cardiovascular changes can already be observed in obese children [26]. While obesity

is associated with an unfavorable cardiometabolic profile, weight loss can reverse the
metabolic remodeling observed in obesity. Specifically, weight loss decreases total fatty acid
utilization and oxidation, and myocardial oxygen consumption, while increasing myocardial
glycolysis, myocardial glucose oxidation, and myocardial glucose utilization [11, 12, 27—
29]. Additionally, in severely obese patients undergoing bariatric surgery, the effects of
restoring a metabolic homeostasis are immediate and include a reversal of insulin resistance
and diastolic dysfunction of the left ventricle [30].

Of note, there are different types of cardiac fat. Fat may accumulate around the heart,

or as myocellular fat in the heart muscle itself [31]. The latter has also been termed
“ectopic” fat. Fat around the heart may be pericardial or epicardial. Pericardial fat is located
between the visceral and parietal pericardium, its physiologic role is largely unknown,

but it has been proposed to function as structural support, a thermogenic source, or a
mechanical scaffolding [12, 32]. In obesity, pericardial fat increases in size which may
result in a constrictive, mechanical challenge for the heart. Additionally, pericardial fat is
relatively metabolically inactive, and its role as a source of adipokines is unknown and still
debated [32]. Epicardial fat is located on the surface of the heart between the outer wall

of the myocardium and the visceral layer of pericardium. It is distributed mainly along the
atrioventricular and interventricular grooves, and it shares the same microcirculation as the
myocardium [12, 32, 33]. The amount of epicardial fat around the heart is associated with
obesity, visceral fat, coronary artery disease, and insulin resistance [34, 35]. Epicardial fat is
metabolically and hormonally active, releasing adipokines, paracrine factors, and providing
energy through the release of free fatty acids [33-36]. Previously, it has been reasoned that
epicardial fat delivers substrate directly to the heart and contributes to myocardial steatosis
[13, 33]. In contrast to epicardial and pericardial fat, myocardial steatosis, the accumulation
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of lipid droplets in non-adipocytes within the myocardium, has been associated with left
ventricular hypertrophy, structural remodeling, and functional impairment [22]. In obesity,
ectopic cardiac fat deposition within and around the heart promotes metabolic alterations,
cardiac lipotoxicity, and dysfunction [12, 25].

Cardiac metabolism in heart failure

Obesity is frequently associated with heart failure [23, 37, 38]. It is now well-established
that cardiac metabolism is altered in heart failure, and plays an integral part in its
development and progression [39-44]. The metabolic remodeling that occurs in heart failure
is complex and depends on the type of heart failure, its severity, and its progression,

with considerable overlap in the presence of comorbidities such as obesity and type 2
diabetes [40, 41]. In general, heart failure displays a reduction in myocardial mitochondrial
oxidative capacity, with metabolic changes resulting in a less efficient transfer of energy
from the oxidation of substrates to mechanical work including decreased cardiac work,
oxygen consumption, as well as decreased myocardial ATP, and phosphocreatine levels

[40, 41]. However, the heart’s preference for oxidation of specific substrates is dependent
on the etiology of heart failure; fatty acid oxidation increases in heart failure associated

with diabetes and obesity and decreases in heart failure associated with hypertension and
ischemia [40]. While glucose uptake and glycolysis are increased in heart failure, there is
often a decrease in glucose oxidation [40]. Additionally, amino acid oxidation is decreased,
while ketone body oxidation is increased [40]. In patients with heart failure, there is an
observed increase in plasma levels of ketone bodies, as well as increases in ketone body
metabolism and gene expression for enzymes involved in ketone body oxidation [41, 42].
There are also profound sex-related differences in substrate metabolism in heart failure, such
that women with nonischemic heart failure have higher fatty acid uptake and utilization (as
well as blood flow) in comparison with men [45]. In short, heart failure is associated with
significant changes in cardiac metabolism, and the metabolic remodeling is characterized by
a loss of metabolic homeostasis, and reduced substrate selection flexibility and metabolic
reserve [40, 41, 43, 44].

Imaging metabolic remodeling

Substrates and metabolites can be traced as they move through the metabolic pathways
inside cardiac myocytes [46]. While the cycles involved in each pathway including the
Krebs cycle, electron transport chain, and ATP cycle, cannot be imaged, strategic metabolic
imaging can obtain snapshots of the flux through selected pathways [46]. Here it is
conventional to divide substrate metabolism in the heart into different stages: substrate
uptake and metabolism, oxidation, and ATP production - all of which can be traced using
positron-labeled tracers [46, 47]. Specific types of tracers are used to assess static and
dynamic aspects of myocardial perfusion, substrate uptake and retention, or flux through
entire metabolic pathways, and flux through the citric acid cycle [46]. Labeled tracer analogs
for glucose and fatty acids are taken up by the heart and retained, while tracer substrates
such as 11C-compounds are taken up, metabolized, and released as 11CO, [46].
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The most common methods to image myocardial metabolism are single photon emission
computed tomography (SPECT), positron emission tomography (PET) and magnetic
resonance spectroscopy (MRS) [3, 10, 16, 17, 48]. Each method has its own set of
advantages and limitations which have been discussed extensively in the literature and are
beyond the scope of our review [16, 17, 48, 49]. Briefly, SPECT is widely available and

has a relatively high-count sensitivity, but SPECT has a low spatial resolution precluding the
quantification of cellular metabolic processes [16]. SPECT also uses high levels of ionizing
radiation. Newer solid-state cadmium-zinc-telluride SPECT cameras have greater spatial and
temporal resolution and offer the possibility of performing the kinetic analyses required to
evaluate metabolic processes. Unfortunately, there are very few SPECT radiotracers that
have been developed for metabolic analysis. PET uses positron-emitting radionuclides and
has quantitative capabilities that allow for the measurement of rates of substrate utilization
[10]. It allows for both the accurate quantification of activity in the field of view and its
temporal distribution, however, PET systems are also expensive and may also require an
onsite cyclotron for the production of radionuclides with short half-lives, such as O-15

and C-11 [17, 48, 49]. Both SPECT and PET utilize radionuclides that produce ionizing
radiation. MRS can detect a range of compounds using nuclei such as hydrogen (H-1),
carbon (C-13), nitrogen (N-15), sodium (Na-23), and phosphorus (P-31), allowing it to
detect several metabolic pathways without the use of radiotracers. In addition, it permits
repeated measurements to monitor disease progression [50-52]. However, MRS has an
intrinsically low sensitivity, limited spatial resolution, and long image acquisition times [17,
48, 50, 51].

PET/SPECT

SPECT and PET remain the most versatile imaging modalities due to their high sensitivity,
depth of penetration, and large number of molecular probes available (Table 1) [53].

As mentioned above, in the failing heart, glucose uptake is most commonly increased
while fatty acid oxidation is decreased. Substrate utilization in myocardial metabolism

can be examined with a variety of molecular probes [53]. The most commonly used

probe to assess glucose metabolism is the glucose positron-emitting tracer analogue 2-
deoxy-2-(18F)fluoro-D-glucose (FDG), which is a tracer analog and used to assess glucose
uptake and phosphorylation. Glucose metabolism can also be assessed using the PET tracer,
11C-glucose, which has the advantage of being able pass through all of the pathways

of glucose metabolism because it is a radiolabeled glucose molecule [53]. In contrast,
11c-acetate is a tracer which is readily oxidized and exponentially decays commensurate
with flux through the Krebs cycle [49].

The concept that myocardial metabolic remodeling precedes the onset of left ventricular
hypertrophy and heart failure has been corroborated using FDG PET in multiple studies

[9, 54-56]. Using FDG PET, the laboratory of Dr. Kundu was able to demonstrate

that dysregulated glucose metabolism is a feature of a maladapted failing heart and

that metabolic changes precede and trigger contractile dysfunction and left ventricular
hypertrophy, in rat and mouse models [9, 54, 56]. Most importantly, targeting the metabolic
dysregulation with the antidiabetic drug metformin, reverses the metabolic and structural
changes in the heart [57]. In humans, a study using FDG PET, conducted by Hamirani et al.,
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revealed that in hypertensive patients, increased glucose metabolic remodeling is detectable
before the development of left ventricular hypertrophy, as evidenced by an increased rate
of 18F-FDG uptake [55]. In contrast, patients with left ventricular hypertrophy and diastolic
dysfunction exhibited lower glucose uptake rates [55], consistent with the observation of
impaired left ventricular relaxation in the presence of high plasma levels of long-chain fatty
acids [23].

Traditionally, FDG PET is used to identify perfusion-metabolism mismatch in hibernating
myocardium [8]. Hibernation is suspected when a region with reduced contractile

activity has absent or reduced perfusion but remains viable, as demonstrated by the

uptake and retention of 18F-FDG. Using FDG PET, clinicians are able to differentiate
between hibernating (still metabolically active) or scarred (no longer metabolically active)
myocardium and use the results to determine if revascularization is needed [58]. Studies
have shown PET-guided revascularization significantly improves angina and heart failure
symptoms[58-60]. A recent review has also suggested that surgical revascularization should
be performed to prevent further damage by protecting the residual viable myocardium from
subsequent acute coronary events [61]. In short, determining myocardial viability, through
metabolic imaging is strongly favored for the early identification of patients who would
benefit from revascularization.

Fatty acid metabolism can also be assessed using PET. As mentioned above, fatty

acid metabolism is altered in obese patients. Recent research has examined the use

of radiolabeled fatty acid probes for imaging myocardial fatty acid oxidation [62].

Fatty acid analogs such as 18F-fluoro-6-thia-heptadecanoicacid or 11C-palmitate are used
to evaluate fatty acid uptake, and metabolism through beta-oxidation and the Krebs

cycle [63]. Other 18F-labeled fatty acid analogs include 16-18F-fluoro-4-thia-palmitate,
trans-9(RS)-18F-fluoro-3,4(RS,RS) methyleneheptadecanoic acid, and 18-18F-fluoro-4-thia-
oleate [53]. While these molecules are easily taken up by cardiac myocytes, they are poor
at distinguishing between fatty acid uptake, oxidation, esterification, and storage pathways
because their chemical structures do not allow complete metabolism [53]. Currently, 11C-
palmitate is the most physiological tracer available and is likely the most optimal tracer for
assessing beta oxidation of long-chain fatty acids and mitochondrial function because of its
similarity to non-radiolabeled palmitate.

An emerging new opportunity for imaging cardiac metabolism is the development of
imaging agents that target peroxisome proliferator-activated receptor (PPAR) [53]. The
ligand-activated nuclear receptors, PPAR-a and PPAR-y, play a significant role in
regulating myocardial fat metabolism and free fatty acid concentrations [53]. The PPAR
agonists, 11C-KSM1 and 18F3, are radiolabeled biomarkers that target PPAR-a. and PPAR-y,
respectively. These were recently developed to assess PPAR activities, and their use is
currently under investigation [53]. Imaging the PPAR system would allow for a more
detailed evaluation of the factors driving myocardial fatty acid metabolism [10].
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Cardiac MRS/MRI

The use of cardiac MRS/MRI (magnetic resonance spectroscopy/imaging) in the clinical
setting has been minimal, as it has mainly been limited to research [52]. A review by
Dellegrottaglie et al., advocates for the use of cardiac MRS in clinical practice to allow
clinicians to better understand changes in cardiac pathophysiology and allow for the initial
characterization and monitoring of patients with heart failure [52]. 1H-MRS and 31P-MRS
have been the most promising for potential clinical applications because they do not require
the use of stable isotope tracers, relying instead on the H and 31P isotopes that are the

most common forms present in the environment and in vivo. 1H-MRS is used to examine
triglyceride content and creatine levels, while 31P-MRS is used to measure energetics,
specifically phosphocreatine (PCr) and ATP content [52]. Changes in the PCr/ATP ratio have
been proposed as a predictor of cardiac functional status in heart failure and could be used
as an imaging biomarker to assess heart failure severity [52]. Additionally, cardiac proton
(H*) MRS is used clinically to study the myocardial metabolic effects of nutritional and
pharmacological interventions in heart failure patients and those with obesity [52]. However,
the technical limitations associated with cardiac MRS, including the poor signal amplitude
and limited spatial and temporal resolution, must be addressed if there is to be any future
potential use of this imaging application.

Hyperpolarization allows for a greater magnetic resonance signal by mixing an electron
paramagnetic agent with a 13C-containing molecule, in a magnetic field at very low
temperatures [51, 64]. This process polarizes the free radicals. The polarized electrons

are then transferred to the 13C nucleus by microwave irradiation. When combined with
metabolic tracers 1-13C and 2-13C pyruvate, real time imaging of myocardial substrate
metabolism was observed [50]. However, a major constraint of the method is the metabolic
stress imposed by the high concentrations of hyperpolarized pyruvate that need to be
administered. Another study was also able to assess pyruvate metabolism, using 13C
hyperpolarized imaging, which demonstrated a strong signal and proved to be feasible

for assessing flux through the pyruvate dehydrogenase complex in the myocardium [65].
Additionally, a recent review examined the use of hyperpolarized magnetic resonance to
define and further characterize myocardial metabolism in heart failure and demonstrated
that it was over 10,000 times more sensitive than conventional MRS [64]. Other technical
improvements such as the development of advanced shimming algorithms, radiofrequency
pulses, pulse sequences, multichannel detection coils, use of hyperpolarized nuclei, and
scanning at higher magnetic field strengths will allow for better clinical applicability [51].
In vivo evaluation of cardiac metabolism, using MRS could provide important and clinically
useful information in the setting of heart failure.

Cardiac MRS/MRI is also used to quantify total epicardial adipose tissue (EAT), which

is associated with myocardial metabolic alterations [66]. Cardiac MRI allows for the
measurement of epicardial fat volume and fat area [67]. Lipids stored in intracellular and
extracellular compartments can be distinguished and quantified using cardiac MRS [68].
Together, cardiac MRS/MRI is a useful tool for quantifying myocardial triglyceride content
and screening patients for fatty heart [69]. Epicardial fat can also be visualized using
echocardiography and CT [35]. Given its affordability, availability, and short testing time,
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echocardiography of epicardial fat thickness, provides the most useful method for widescale
imaging of epicardial fat [67]. Overall, intramyocardial triglyceride imaging will allow
researchers to further understand the relationship between obesity, fatty acid metabolism,
and myocardial function, as well as differences that exist between different demographics
[62].

Future directions

Factors that drive obesity-related changes in myocardial fatty acid metabolism are
incompletely understood and imaging fatty acid metabolism provides a tool to explore in
detail these mechanisms [62]. In obese patients at risk of developing heart failure to due
lipotoxicity, radiolabeled fatty acid probes facilitate the development of targeted therapies
that influence myocardial fatty acid uptake and metabolism [25, 62]. Imaging metabolic
remodeling in patients with obesity will allow clinicians to detect early subclinical heart
disease and improve a patient’s prognosis through early initiation of preventative therapy
[46, 66]. This may be especially important for the management of obese children, where
significant cardiac remodeling and dysfunction has been shown to begin as young as age
eight [70].

PET/SPECT imaging may also develop as a useful tool to risk stratify hypertensive

patients for the development of heart failure so that pharmacologic interventions such

as beta blockers, metformin, or mTOR inhibitors could be administered to prevent the
progression to left ventricular hypertrophy and heart failure [9]. In preclinical studies,
metformin normalized myocardial metabolism by modulating the activities of AMP-
activated protein kinase and mammalian target-of-rapamycin [57]. This prevented left
ventricular hypertrophy, improved cardiac function, and led to reductions in blood pressure
and reduced FDG uptake to normal, in spontaneously hypertensive rats [57]. Beta blockers
have also been shown to prevent metabolic alterations and subsequent myocardial structural
and functional remodeling [56]. In general, the concept of rebalancing substrate metabolism
of the heart using pharmacologic interventions may become an effective strategy for

heart failure treatment [6]. In addition to pharmacologic treatments, changes in cardiac
metabolism of obese patients have been observed by clinicians, using 1°0-water and 1-11C-
glucose PET imaging, following weight loss interventions [27, 29].

Numerous imaging modalities already exist to characterize different aspects of
cardiovascular disease processes. However, metabolism and cardiac function are most often
not assessed together, and imaging methods are frequently used in isolation which may

not capture the multi-dimensional nature of a disease such as diabetes or the metabolic
syndrome [71, 72]. A combined PET/MR stress test to examine cardiac function and
metabolism simultaneously has the potential to assist clinicians in identifying subtle
metabolic and functional abnormalities in patients with obesity or those at risk of heart
failure progression [71, 72]. As the feasibility has now been demonstrated in animal models,
future studies are likely to use this imaging modality to evaluate cardiac disease progression
in humans [72].
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Conclusions

Metabolic remodeling precedes, triggers, and sustains functional and structural remodeling
in the stressed heart. Serial assessments of this remodeling by SPECT, PET, or MRS,

allows for early detection, monitoring of disease progression, and assessment of the response
to treatment. Metabolic imaging methods are powerful tools to provide insight into the
metabolic changes that occur in various disease processes and has enhanced the discovery of
new treatments that use metabolic modulation to target the detrimental effects of myocardial
metabolic remodeling. Future research will now focus on improving current non-invasive
imaging modalities, conducting studies which use imaging to monitor disease progression,
and determining the effectiveness of early metabolic interventions for the treatment of obese
patients at risk of developing heart failure. Specifically, tracking metabolic changes of the
heart in the dysregulated states of obesity and diabetes mellitus emerges as a useful tool for
choosing the most effective interventions to unload the heart from metabolic stress.

Lastly, a word about the elusive goal of imaging myocardial protein turnover. When

Rudolf Schoenheimer first deployed stable isotopes in metabolic research some 80 years
ago, he made a fundamental discovery that “not only the fuel but the structural materials
are in a steady state of flux.” [73]. Although rates of myocardial protein turnover are
considerable, there are currently no imaging methods for assessing this dynamic process. If
technically feasible, imaging protein turnover may provide unprecedented new insights into
the pathophysiology of heart disease.
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Figure 1:
A simplified schematic drawing of molecular pathways for the metabolism of energy-

providing substrates in the heart. Metabolic reactions are traced with labeled tracer
analogs which are taken into the myocardium and retained, while tracer substrates such

as 11C-compounds are taken up, metabolized, and release as 11CO,. For glucose and fatty
acid metabolism tracer analogs and/or tracers may be used (red star), while tracers are
used for lactate, acetate, amino acids, and ketone body metabolism (blue star). Sustained
metabolic or neurohumoral stress leads to altered glucose and fatty acid metabolism.
Fatty acid-mediated inhibition of glucose utilization stems from the allosteric effects of
metabolites whose concentration rise in response to increased B-oxidation. At the same
time, the activity of phosphofructokinase (PFK), which catalyzes the rate-limiting step in
glycolysis, is inhibited by citrate. The resulting increase in glucose 6-phosphate (G6P) levels
in turn inhibits the activity of hexokinase (HK), and rates of glucose uptake are decreased.
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Increased flux of glucose through the pyruvate dehydrogenase (PDH) complex inhibits
[B-oxidation through an increase in cytosolic malonyl-CoA, which acts as an inhibitor of

the carnitine palmitoyltransferase 1 (CPT1) reaction (green). The accumulation of fatty acid
metabolites such as diacylglycerol, fatty acyl-CoA, and ceramides leads to the activation

of novel PKC isoforms and to the inhibitory phosphorylation of insulin receptor substrates
(IRSs) (purple). Additionally, the accumulation of G6P activates mTORCL, resulting in
increased protein synthesis and ER stress. Consequently, the heart hypertrophies (increased
protein synthesis), and eventually fails. As energy demand outstrips energy supply,
contractile dysfunction ensues, induced by altered calcium metabolism from oxidative stress
and ER stress. Note that metabolic remodeling precedes, triggers, and sustains structural and
functional remodeling. Abbreviations used: AMPK: 5" AMP-activated protein kinase. HK:
Hexokinase-Il. LVH: Left ventricular hypertrophy. HFpEF: Heart Failure with preserved
Ejection Fraction. HFrEF: Heart Failure with reduced Ejection Fraction.
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Table 1.

Tracers and Tracer Analogs Used for the Noninvasive Assessment of Myocardial Metabolic Reactions /in Vivo

Radionuclide Half-life Compound Present Use
SPECT
123 13.3h IPPA Fatty acid uptake, oxidation, and storage
BMIPP Fatty acid storage
9omT e 6.0h Annexin-V Apoptosis
PET
150 2.0 min 150, Oxygen consumption
1c 20.4 min Acetate Oxygen consumption
Palmitate Fatty acid uptake, oxidation, and storage
Glucose Glucose uptake, glycolysis, oxidation, and glycogen turnover
Lactate Lactate uptake and oxidation
KSM-01 PPARa activation
Glutamate Amino acid oxidation
Aspartate Amino acid oxidation
Methionine Amino acid oxidation
Acetoacetate Ketone body metabolism
B-hydroxybutyrate Ketone body metabolism
18F 110 min FDG Glucose transport and phosphorylation
FBEM-Cys*0-exedin-4 Glucagon-like peptide-1
FTHA, FTP, FCPHA, and FTO  Fatty acid uptake and oxidation
F7 Fatty acid uptake, oxidation and storage
F3 PPARYy activation
Fatty acid uptake, oxidation, and storage

Abbreviations used: BMIPP indicates 123I—ﬁ—methyl—iodophenyl pentadecanoic acid; F3, 2-chloro-N-(4-(2-fluoroethyl)phenyl)-5-nitrobenzamide;

F7, 15-(4-(2-fluoroethoxy)phenyl)pentadecanoic acid; FCPHA, rrans—g(RS)-lgF-fluoro-3,4(R$,RS)—methyIeneheptadecanoic acid; FDG,
fluorodeoxyglucose; FTHA,14-(R, S)-fluoro-6-thiaheptadecanoic acid; FTO, 18-fluoro-4-thia-oleate; FTP, 16-fluoro-4-thia-palmitate; IPPA,
p-123l-iodophenylpentadecanoic acid; KSM-01, p-methoxyphenyl ureidothiobutyric derivative, a peroxisomal proliferator-activated receptor
agonist; PET, positron emission tomography; PPAR, peroxisome proliferator-activated receptor; and SPECT, single-photon emission computed
tomography.
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