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HIGHLIGHTS

e Cancer cells can promote metabolic remodeling in the heart.

e Metabolic changes provide opportunities for novel treatment strategies to prevent heart failure and monitor disease
progression through new imaging techniques.

e Translational biomarker and imaging studies are needed to further understand the impact of cancer cell biology on the
heart.

SUMMARY

An important priority in the cardiovascular care of oncology patients is to reduce morbidity and mortality, and improve
the quality of life in cancer survivors through cross-disciplinary efforts. The rate of survival in cancer patients has
improved dramatically over the past decades. Nonetheless, survivors may be more likely to die from cardiovascular
disease in the long term, secondary, not only to the potential toxicity of cancer therapeutics, but also to the biology of
cancer. In this context, efforts from basic and translational studies are crucial to understanding the molecular mecha-
nisms causal to cardiovascular disease in cancer patients and survivors, and identifying new therapeutic targets that may
prevent and treat both diseases. This review aims to highlight our current understanding of the metabolic interaction
between cancer and the heart, including potential therapeutic targets. An overview of imaging techniques that can
support both research studies and clinical management is also provided. Finally, this review highlights opportunities and
challenges that are necessary to advance our understanding of metabolism in the context of cardio-oncology.

(J Am Coll Cardiol Basic Trans Science 2021;6:705-718) © 2021 Published by Elsevier on behalf of the American College of
Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

etabolic reprogramming is a hallmark of by optimizing the utilization of nutrients and conse-
both cancer and cardiac adaptation. In quently acquiring metabolic adaptation (1,2). Some
the heart, cardiac cells adapt to different of these metabolic alterations precede structural
types of stress (eg, hydrodynamic, oxygen, nutrient) remodeling by initiating the expression of specific
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ABBREVIATIONS
AND ACRONYMS

['®FIFDG = 2-deoxy-2-
[fluorine-18]fluoro-D-glucose

99MTc-MIBI = **Mtechnetium-
sestamibi

2~KG = a-ketoglutarate

CVD = cardiovascular disease
D2-HG = D-2-hydroxyglutarate
FAO = fatty acid oxidation
FASN = fatty acid synthase
GLS = glutaminase

HF = heart failure

IDH = isocitrate dehydrogenase
IGF = insulin-like growth factor

MCT1 = monocarboxylate
transporter 1

MRS = magnetic resonance
spectroscopy

PTM = post-translational
modification

PI3K = insulin-activated
phosphoinositide-3-kinase

PDH = pyruvate
dehydrogenase

PET = positron emission
tomography

SGLT2 = sodium glucose
co-transporter 2

TRF = time-restricted feeding

gene programs and promoting protein syn-
thesis and growth (3-6), which allow for
maintenance of cardiac contraction and cell
survival. In the context of cancer, the heart
is further challenged by a unique combina-
tion of extrinsic factors that is defined by
the biology of the tumor and potentially car-
diotoxic treatment exposures.

Recent insights arising from advanced
analytic techniques in the pathogenesis of
cardiovascular diseases (CVD) in cancer pa-
tients and survivors have improved our
understanding of how tumors and cancer
treatments may adversely affect the heart
(7-10). These data contribute multiple lines of
evidence that suggest that metabolic
reprogramming plays an important role in
cardiac adaptation during cancer. First, car-
diac cells share many of the same stress
response pathways and metabolic strategies
with cancer cells, suggesting that metabolic
alterations during tumor progression impact
nonmalignant tissue. Second, chemothera-
peutics targeting metabolic vulnerabilities in
tumors often adversely affect the heart. In
fact, metabolic phenotypes and liabilities in
cancers evolve as the disease progresses,
resulting in variable efficacy of therapies and
severity of cardiovascular side effects. For
example, inhibition of insulin-activated

phosphoinositide-3-kinase (PI3K) has been associ-
ated with adverse systemic effects in patients,
depending on the degree of insulin resistance in
pancreatic tumor patients (11). Third, cardiovascular
events accelerate cancer disease and progression,
supporting a cross-communication between nonma-
lignant and malignant tissue (10). Understanding the
complex interactions between cardiac cells and can-
cer cells can enable the development of new thera-
peutic strategies and yield improvements in mortality
from both CVD and cancer. This review focuses on
recent conceptual and technological advances in un-
derstanding the impact of cancer biology on cardiac
metabolism and how these findings can inform the
management and treatment of cancer patients and
survivors from a cardio-oncology perspective.

CVD IN CANCER PATIENTS AND SURVIVORS

Over the past few decades, advances in cancer treat-
ment have allowed for considerable improvements in
survival for patients with cancer. Reflective of this
progress, the 5-year survival for all pediatric cancer
types is now >80% compared with 20% just 3 decades
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ago (12). Despite these advancements, survivors are at
a higher risk of premature mortality and chronic dis-
eases as a direct consequence of their cancer and their
cancer therapy (13). Compared with their siblings,
survivors are 10 times more likely to die from CVD
and 15 times more likely to develop heart failure (HF)
(12,14-16). In fact, 73% of survivors will develop at
least 1 chronic physical health condition, and 42% will
develop a severe, life-threatening, or disabling con-
dition or die from a chronic condition (12,17,18).
Enmeshed within the advances in cancer treatment
are the wunintended consequences of cancer
treatment-related cardiotoxicity, with notable impli-
cated therapies including anthracyclines, radiation
therapy, tyrosine kinase inhibitors, and immune
therapy (13). Patients who have been treated for
cancer are at increased risk of the development of
CVD, including HF, coronary disease, and arrhyth-
mias. Consequentially, CVD has emerged as a leading
cause of morbidity and mortality in survivors of
cancer. The development of CVD is driven by risk
factors (eg, diabetes, hypertension), genetic predis-
position, and direct and indirect toxicities of thera-
peutics, as well as the biology of the cancer itself (13).

Potential factors that contribute to the develop-
ment of overt cardiotoxicity include cancer therapy
exposure, as well as host and environmental factors,
including prevalent and incident risk factors. How-
ever, a comprehensive understanding of the mecha-
nisms and the management of established CVD
secondary to cancer therapies remains unclear
(19,20). This in turn underscores the need for a more
robust intersection between cardiology and oncology
to elucidate the mechanisms involved in the devel-
opment of cardiotoxicity and subsequently establish
more effective and stringent surveillance and treat-
ment models.

CARDIOMETABOLIC ADAPTATION
IN CANCER

There is increasing evidence that the crosstalk be-
tween cancer cells and the heart at a molecular level
contributes to incident CVD risk in cancer patients
(7,21-23). Metabolic reprogramming in tumors is
driven through multiple mechanisms; moreover,
mitochondrial metabolism plays a critical role in the
regulation of tumorigenesis (24). Mutations in mito-
chondrial enzymes (eg, succinate dehydrogenase,
fumarate hydratase, isocitrate dehydrogenase) result
in the production of oncometabolites. Transcriptional
regulators of mitochondrial function are often
mutated in tumors including c-MYC (25), K-RAS (26),
PI3K, and p53 signaling pathways (27,28). Together
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these factors contribute to tumor cell transformation
and progression. The metabolic properties of tumors
change as the disease progresses, and most malig-
nancies demonstrate a vast metabolic heterogeneity
even within the same tumor (29,30). Moreover, the
metabolic phenotype of a tumor impacts both the
local and systemic environment. Recent findings
indicate that tumors can impair glucose homeostasis
(31,32), sleep quality (33), and T-cell function (34).
Similarly, the heart activates mechanisms to resist
stress imposed by the tumors that lead to selective
metabolic vulnerabilities depending on the genetic
properties of the tumor.

In particular, the link between the epigenome and
intermediary metabolism may provide mechanistic
insights into both cancer and CVD progression.
Epigenetic modifications are covalent post-
translational modifications (PTMs) of DNA and his-
tones that affect DNA accessibility and chromatin
structure (35,36), thus directly affecting gene
expression (37). PTMs range from small chemical
groups, such as methyl groups, acetyl groups, or
phosphate groups, to more complex oligosaccharide
structures that require metabolic precursors derived
from intermediary metabolism. Glycosylation repre-
sents one of the most widely studied and complex
PTMs, which affects protein function, folding, locali-
zation, and stability. The oligosaccharide structures
are derived from monosaccharides, including galac-
tose, fucose, mannose, N-acetylglucosamine, and
sialic acid, resulting in seemingly infinite combina-
tions that regulate fundamental biological processes,
including cell trafficking, signal transduction, cell
differentiation, and immunity (38-42). Our under-
standing of metabolic competition and cooperation
within the tumor microenvironment is limited.
Recent observations that mutations in hematopoietic
stem cells are associated with CVD and epidemiologic
evidence suggest that cardiac pathologies are not
exclusively a side effect of cancer therapy (16,22).
How cancer cell metabolism affects tumor progres-
sion and cardiac remodeling at the molecular level is
a focus of ongoing basic and translational research
efforts.

Multiple studies of leukemia survivors have sug-
gested a markedly increased risk for HF (43-44).
Metabolism is at the center in the pathogenesis of
cancer and HF, making it an attractive focal point for
further our understanding of the intersection be-
tween cancer and CVD, and to inform the develop-
ment of new therapeutic strategies that target the
tumor while protecting the heart. About 20% of acute
myeloid leukemia patients harbor isocitrate dehy-
drogenase 2 (IDH2) mutations, which are associated
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with metabolic reprogramming and reduced overall
patient survival (45,46). IDH1 and IDH2 catalyze the
reversible NADPH-dependent oxidative decarboxyl-
ation of isocitrate to a-ketoglutarate (KG). In acute
myeloid leukemia, a missense mutation of IDH1 or -2
at codon R140Q or R172K leads to the neomorphic
activity of reducing a-KG to its structural homolog,
the oncometabolite D-2-hydroxyglutarate (D2-HG), a
metabolite that is normally found at very low con-
centrations in the blood (Figure 1) (47,48). Similarly,
deficiency of D2-HG dehydrogenase (D2HGDH), which
converts D2-HG to a-KG, causes a severe metabolic
disorder, D2-hydroxyglutaric aciduria, with excessive
production of D2-HG. In both IDH and D2HGDH mu-
tations, the resultant high levels of D2-HG are asso-
ciated with a wide spectrum of clinical disorders
including dilated cardiomyopathy and cardiac hy-
pertrophy (23,49-51). Recent preclinical studies indi-
cate that D2-HG suppresses cardiac energy provision
through inhibition of «-KG dehydrogenase activity
(7). The oncometabolic stress causes both heart and
skeletal muscle atrophy in mice and promotes cardiac
contractile dysfunction ex vivo (7). Further, intracel-
lular accumulation of succinate and acetyl-CoA cause
epigenetic changes indicating that oncometabolic
dysregulation may contribute to structural remodel-
ing in the heart during cancer.

Succinate and fumarate have also been recognized
as oncometabolites that are primarily produced in
cancer types with mutations of succinate dehydro-
genase (eg, paraglanglioma, renal cell carcinoma) and
fumarate hydratase (eg, leiomyomatosis, renal cell
carcinoma) (52-54). Similar to D2-HG, succinate in-
hibits several a-ketoglutarate dioxygenases and in-
duces pseudohypoxia pathways and genomic
hypermethylation (Figure 1) (7,22,55,56). Similarly,
mutations of the fumarate hydratase cause increased
flux through the argininosuccinate lyase and
increased production of argininosuccinate from
fumarate and arginine (52). Both metabolites are
metabolic signals for stress, hypoxia, and inflamma-
tion. Succinate serves as a metabolite in innate im-
mune signaling and activation of macrophages
through HIF1-o signaling pathways (Figure 1) (57).
Elevated levels of succinate in the blood can be
observed with CV risk factors and disease states
including hypertension (58), ischemic heart disease
(54,59), and type 2 diabetes (58,60). Recent studies
also suggest that the immune response during cancer
facilitates adverse remodeling, not only in the tumor
microenvironment, but also in other organ systems
(61,62). How immune cells contribute to cardiac
remodeling in the context of cancer is still unknown
and the focus of current studies.
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FIGURE 1 Metabolic Targets in HF and Cancer
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Cardiometabolic derangements or systemic
inflammation can occur due to the presence of cancer
itself and may lead to increased risk factors in pa-
tients even before treatment (63,64). In this context,
muscle wasting, and cachexia have been recognized
as a direct consequence of the tumor burden with a
strong metabolic component due to decreased
nutrient intake, systemic metabolic dysfunction,
inflammation, and increased energy expenditure
(65,66). The genetic and metabolic basis for the
development of cancer cachexia remains elusive.
Recent studies suggest that the crosstalk between
cancer cells and other organ systems (eg, muscle and
adipose tissue) drive the pathogenesis of cachexia.
The release of proinflammatory cytokines from can-
cer cells and activation of the immune system
through tumor necrosis factor, interferon-gamma,
and several interleukins (eg, IL-6, IL-1B) have been
described as mediators of metabolic remodeling in
muscle, including cardiac muscle (64,67). In addition,
the metabolic derangement in cancer cells may play a
pivotal role in promoting remodeling in both heart
and skeletal muscle. Severe forms of cachexia are
often associated with specific tumor types, including
hematological malignancies (eg, leukemia, lym-
phoma), pancreatic tumors, and non-small cell lung
tumors (68). The phenotype of these tumor types is

characterized by metabolic heterogeneity that
evolves as the cancer progress from premalignant
lesions to primary tumors and then metastasis
(29,69). Mobilization of energy providing substrates
such as glucose and amino acids (eg, glutamine,
leucine) from muscle tissue due to the tumor burden
may cause a negative energy balance and loss of body
weight (Figure 1). Correspondingly, insulin resistance
and decreased glucose tolerance correlate with the
degree of cachexia in pancreatic tumors and breast
cancer.

THE ROLE OF METABOLIC MODULATION TO
TREAT HF

Therapeutic interventions targeting tumor cells have
increasingly focused on liabilities that arise from
reprogrammed metabolism in cancer cells or prolif-
erating tumors (70,71). Metabolic vulnerabilities in
cancer cells are often part of the metabolic adaptation
in CVD. Therefore, focusing therapeutic interventions
and risk reduction strategies on shared metabolic
pathways may have positive outcomes for both CVD
and certain cancers (72).

Current efforts in targeting cancer cells and treat-
ing CVD focus on the metabolism of 4 substrate
classes: 1) glucose; 2) fatty acids; 3) ketone bodies;
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and 4) amino acids (eg, glutamine) (Figure 1). The
nutrient selection by tissues and nutrient flux be-
tween them depend on various factors, including
hormonal regulation, nutrient availability, and the
activity of metabolic enzymes. Together, these sys-
temic factors can result in a competition between
nutrients most notably between the oxidation of
glucose and fatty acids in muscle and adipose tissue
(73). The “glucose-fatty-acid cycle” (or Randle cycle)
conceptualizes the dynamic interactions of nutrients
in a complex environment that contains different
specialized tissues and cells with specific metabolic
requirements. Ketone bodies as “precursors” for fatty
acids show a similar interaction with glucose, and
likewise amino acids (eg, glutamate, glutamine) are
increasingly recognized as energy-providing sub-
strates under hemodynamic stress (74,75).

In the failing heart, early metabolic adaptation is
characterized by a “fetal pattern” of substrate use
including enhanced glucose uptake and utilization,
whereas fatty acid oxidation (FAO) is decreased
(76,77). In later stages of HF, glucose metabolism may
decrease due to the development of insulin resistance
(78,79). In the failing heart, glycolysis is increased
without a corresponding increase in glucose oxida-
tion, pointing toward mitochondrial dysfunction (76).
Reminiscent of the Warburg effect in cancer cells,
studies of left ventricular assist device patients who
experience recovery of systolic function suggest that
cardiac recovery may be in part mediated by the
shunting of glycolytic metabolites into nonoxidative
pathways of the pentose phosphate pathway to in-
crease biosynthesis of NADPH and decrease oxidative
stress (80). However, pharmacologic inhibition of
glycolytic enzymes has not shown to be effective in
HF during clinical trials due to severe side effects
(81,82).

The biological consequences of the Warburg effect
are still not fully understood. In the 1920s, Otto
Warburg showed that cultured ascites tumor cells
have high rates of glucose uptake and lactate secre-
tion, even in the presence of oxygen (83-85). The
Warburg effect describes a metabolic observation, but
does not imply a loss of oxidative metabolism in the
presence of increased glycolysis. In fact, recent ad-
vancements in studying cancer metabolism have
shown that certain tumors can simultaneously up-
regulate glycolysis while redirecting intermediates
into the Krebs cycle and maintaining mitochondrial
metabolism. The increased conversion of glucose to
lactate that is observed in cancer or the failing heart
has no obvious biosynthetic purpose, because shift-
ing glucose metabolism entirely towards lactate pro-
duction means that cells are losing carbons. In fact,
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neither cancer cells nor failing hearts are fully losing
oxidative metabolism, which is further supported by
an up-regulation of ketone body metabolism. An
increased demand for glucose with heart failure may
overwhelm endogenous enzyme systems (eg, pyru-
vate dehydrogenase activity), thus preventing the
incorporation of carbons into the Krebs cycle and
causing increased lactate secretion.

Pharmacologic strategies that enhance overall
glucose oxidation through increased availability (eg,
GLUT1 and GLUT4 transporters), incorporation into
the Krebs cycle (eg, pyruvate dehydrogenase activa-
tion, pyruvate dehydrogenase kinase inhibition), or
targeting signaling pathways (eg, hexokinase-II
activation, insulin-dependent phosphoinositide 3-
kinase) have shown promising results in both pre-
clinical and clinical trials (86-89). Targeting kinase
activity through pharmacologic modulation has
enormous therapeutic potential. Pyruvate dehydro-
genase (PDH) hydrolyzes pyruvate to acetyl-CoA in
the mitochondria, which is critical for the entry of
glucose-derived carbons into the Krebs cycle and
linking glucose to fatty acid metabolism for the pro-
vision of ATP. The activity of PDH is regulated by
various PDH kinases (PDK1, -2, and -4), which phos-
phorylate and inhibit PDH (90). Similar, PI3K
signaling can contribute to tumorigenesis and a broad
range of diseases, including immunological disorders,
diabetes, and CVD. Insulin-dependent growth is
mediated by PI3K in heart and skeletal muscle (91).
Downstream phosphorylation of proteins within the
Akt-mTOR signaling pathways can lead to complex
feedback loops allowing cells to efficiently integrate
growth signals and use nutrients (91).

Metabolic disorders, such as diabetes, are preva-
lent both in HF and cancer. Patients with diabetes
have a higher risk for cancer, and elevated blood
glucose levels are associated with tumorigenesis, in-
vasion and migration, and resistance to chemo-
therapy (62,92-94). Metastatic tumors with known
mutations of mitochondrial enzymes are often sus-
ceptible to strategies that reduce glucose availability
or prevent glycolysis (95-97). Among several in-
hibitors of glycolytic enzymes (eg, 3-bromopyruvate,
2-deoxyglucose, GEN-27, benserazide, and lonid-
amine) that have shown efficacy in preclinical
studies, only 2-deoxyglucose is currently in phase I/II
clinical trials for solid tumors and prostate cancer.
Despite these promising results, the potential for se-
vere side effects may limit the application of phar-
macologic modulation for glycolytic enzymes in both
cancer and HF.

Fatty acid and mitochondrial metabolism are
impaired in HF and serve as attractive therapeutic
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targets for the treatment of HF (Figure 1) (98). Of note,
pharmacologic strategies targeting fatty acid meta-
bolism in both CVD and cancer aim to inhibit de novo
lipogenesis or stimulate FAO (99,100). Approaches to
limit de novo lipogenesis have mainly focused on
inhibiting fatty acid synthase (101) or ATP citrate
lyase (102), which catalyzes the conversion of
glucose-derived citrate to acetyl-CoA. Clinical trials
aimed at inhibiting fatty acid synthase have been
shown to be effective for the treatment of metastatic
KRAS mutant non-small cell lung cancers and meta-
static HER2 breast cancer (now in phase II clinical
trials) (103); however, this relationship has yet to be
recapitulated in similar trials for HF. Other promising
approaches have focused on modulating key regula-
tors of FAO such as selective inhibition of carnitine
palmitoyl-transferase 1 (104) and 3-ketoacyl
coenzyme-A thiolase (99,100) or activation of perox-
isome proliferator-activated receptor o (105). How-
ever, the application of CPT-1 inhibitors has been
limited due to severe side effects including hepato-
toxicity. In relation to mitochondrial metabolic tar-
gets, there has been a recent push to leverage the use
of metformin, a pleiotropic antidiabetic agent that
inhibits electron transport chain I, in the treatment of
cancer and heart disease. Metformin decreases mito-
chondrial ATP provision and reduces plasma levels of
insulin and insulin-like growth factor (IGF) 1. These
effects increase reliance on glycolysis for ATP provi-
sion and make cancer cells more vulnerable to limited
glucose availability, thus highlighting the anticancer
properties of metformin, particularly in tumors with
high levels of organic cation transporters (106,107).
However, there have been mixed results and uncer-
tainty on the role that metformin may play in
reducing risk for CVD (107). In a recent post hoc
analysis, metformin use was not associated with
lower rates of cardiovascular death among patients
with type 2 diabetes mellitus and high cardiovascular
risk (108). Furthermore, metformin use was not
associated with cardiovascular events in patients
with prior HF or moderate-to-severe chronic kidney
disease. Metformin has the potential to complement
existing chemotherapeutic regimens without
increasing the risk for cardiovascular events.

As the failing heart becomes inefficient in fatty acid
and glucose oxidization, ketone bodies provide an
alternative energy source because ketone oxidation
bypasses the dysregulation of the B-oxidation
pathway and pyruvate dehydrogenase complex in HF
(Figure 1). End-stage HF patients have been shown to
have increased expression of ketolytic enzymes and
ketogenic derivatives (75), suggesting that, in
contrast with FAO, ketone bodies can be completely
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oxidized in the failing heart despite metabolic dys-
regulation. Limited data in humans suggest that ke-
tone supplementation has therapeutic potential in
HF. In a randomized crossover study in patients with
compensated HF with reduced ejection fraction, an
infusion of 3-hydroxybutyrate increased cardiac
output and improved hemodynamics compared with
saline in a dose-dependent manner (109). It is unclear
whether these short-term beneficial hemodynamic
effects translate into long-term clinical benefit.
Recently, targeting sodium-glucose transport in
the kidney through sodium glucose co-transporter 2
(SGLT2) inhibitors has emerged as a primary therapy
for HF, which resulted in a significant reduction in HF
hospitalization and mortality (110,111). Although the
exact mechanisms are unknown, SGLT2 inhibitors
induce systemic ketosis by decreasing the insulin-to-
glucagon ratio and increasing lipolysis. SGLT2 in-
hibitors have been shown to increase ketone levels in
diabetic patients and animal models of HF, which
may in turn increase myocardial use of ketones as an
energy source (112,113). The systemic ketosis achieved
with SGLT2 inhibitors that improve HF clinical out-
comes is comparable to levels shown to be beneficial
in HF via ketone infusions. Emerging evidence sug-
gest that therapeutic ketosis may be a viable way to
treat HF. In the context of cancer, ketone bodies have
been described as oncometabolites, and studies using
preclinical cell culture models suggested that
increased ketone body availability may promote tu-
mor growth and progression (114). However, more
recent studies have shown that cancer cells are more
metabolically  heterogeneous than previously
thought, and even within the same solid tumor,
different metabolic profiles can be observed (30).
Ketogenic diets have shown promising results as
adjuvant therapies in randomized controlled clinical
trials with glioblastoma, ovarian, endometrial, or
breast cancer (115-117). Preclinical studies demon-
strate that a ketogenic diet, together with caloric re-
striction, reduces circulating blood glucose levels,
which may decrease adverse cardiac remodeling in
HF and inhibition of growth of certain solid tumors.
The reduction in blood glucose level is accompanied
by a reduction of insulin and/or the IGF levels (11).
Both insulin and IGF receptor signaling pathways
contribute to tumorigenesis and cardiac remodeling
in HF. Pharmacologic modulation of this signaling
pathway through inhibition of the insulin-activated
enzyme PI3K is an effective chemotherapeutic strat-
egy (118-120). However, targeting PI3K leads to the
activation of a feedback loop, and often results in
hyperglycemia and subsequent treatment resistance.
Clinical trials have shown that drug resistance against
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PI3K inhibitors is attenuated by a ketogenic diet (11).
These findings support the hypothesis that the
reduction of blood glucose is a contributing factor in
the effectiveness of ketogenic diets. To further
elucidate the underlying mechanisms and therapeu-
tic benefits of ketone bodies in the treatment of
cancer and HF, further randomized controlled trials
and molecular studies are needed.

Similarly, intermittent fasting or time-restricted
feeding (TRF) has shown cardiovascular benefits in
both preclinical models and human trials, including
reduced blood pressure, low-density lipoprotein
cholesterol levels, triglycerides, fasting insulin, in-
sulin resistance, inflammation, and oxidative stress
(121,122). The time frames for caloric restrictions vary
between short-term fasting or TRF (4 to 10 h), and
alternate-day fasting, or 2-day fasting followed by
“feast days” (5:2 diet). Recent preclinical studies have
shown promising results for TRF regimes in both
CVDs and certain types of breast cancer. The reduc-
tion of plasma lipid concentration and insulin level
through short-term fasting slows tumor growth and
potentially removes risk factors associated with both
CVDs and cancer. However, future trials are needed to
examine the long-term effects and benefits of TRF on
the cardiovascular system, as well as different cancer
types.

Glutamine metabolism plays a critical role in ni-
trogen balance and nitrogen exchange between or-
gans, intermediary metabolism, immune modulation,
and pH homeostasis. In the failing heart, glutamine
complements glucose and fatty acids in core meta-
bolic tasks: it participates in ATP provision, supports
cell defenses against oxidative stress, and aids in the
production of macromolecules (eg, proteins, lipids)
(1,123). Increased plasma glutamine levels are
inversely associated with obesity, hypertension, and
insulin resistance. Although glutamine is a highly
abundant metabolite in the blood, glutamate is not.
The metabolic fate of glutamine is driven by reactions
that use glutamine for its y-nitrogen (nucleotide
synthesis and hexosamine synthesis) and those that
use either the a-nitrogen or the carbon skeleton,
which require glutamate. Intracellular glutamate
pools are dependent on the ability to convert gluta-
mine to glutamate through the activity of the mito-
chondrial glutaminase (GLS) (Figure 1). Furthermore,
glutamine exclusively contributes to the synthesis of
asparagine by providing nitrogen. Expression of GLS1
is increased in proliferating tumors, in right ventric-
ular hypertrophy during pulmonary hypertension,
and in rodent models of ischemia-reperfusion injury.
Recent studies indicate that modulation of GLS1 in
endothelial cells may result in high rates of ammonia
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synthesis, endothelial cell senescence, proliferation,
redox potential (eg, glutathione synthesis), and en-
ergy balance (124). Loss of GLS1 in endothelial cells
results in impaired angiogenesis, suggesting a critical
role in blood vessel formation and as a potential
pharmacologic target in proliferating tumors
(125,126). The GLS inhibitor CB-839 is currently being
tested in phase I/II clinical trials for the treatment of
metastatic KRAS mutant non-small cell lung cancers,
colorectal cancer, and other solid tumors. In the
treatment of CVD, GLS1 inhibition has shown efficacy
in preclinical models of pulmonary arterial hyper-
tension with reduced arterial remodeling, improved
right ventricular function, and improved cardiac
glucose oxidation (74). A new experimental gluta-
minase antagonist, JHU-083 (or DRP-083), has shown
promising results in preclinical models by preventing
cancer cells from utilizing glutamine for macromole-
cule synthesis (34,127,128). Collectively, evidence
from preclinical and clinical studies supports target-
ing key metabolic pathways in ameliorating disease
progression in both cancer and CVD. The challenge is
to conceptualize therapies targeting tumor cells
without harming the heart and other cells that
constrain tumor growth.

CARDIAC METABOLIC IMAGING AND
APPLICATIONS IN CARDIO-ONCOLOGY

To understand the impact of cardiac metabolic pro-
cesses during CVD progression on a translational
level, scientists have turned to the use of existent
radiopharmaceuticals and imaging techniques.
Currently, there are a number of clinical radiophar-
maceuticals such as °°™technetium-sestamibi (°*™Tc-
MIBI) (129), or CardioLite (Lantheus), and [*®*F]FDG
(130), and emerging techniques for interrogating
metabolic parameters such as glutamine uptake and
pyruvate transport potential (Figure 2). There has
been a desire in the cardiology community for a pure,
safe, noninvasive flow tracer, essentially equivalent
to 3H-microsphere retention in the heart. °*™Tc-MIBI,
or CardioLite, a lipophilic cation with high first-pass
extraction and exceptionally high molar activities,
was developed as a high first-past extraction flow
tracer (Figure 2). In the context of metabolic reprog-
raming of the heart, the correlation between the total
cellular delta psi (131) might be as or more important
than simple changes in perfusion. Adequate perfu-
sion is critical for delivery to cardiac tissue. However,
the driving force for retention of lipophilic cations is
the Nernstian potential, or delta psi, at the cell
membrane and more importantly at the mitochon-
drial membrane (132-134). Although °°™Tc-MIBI was
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FIGURE 2 Metabolic Vulnerabilities and Use of PET Imaging
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originally imaged with both 2-dimensional gamma
cameras and single-photon emission computed to-
mography, new positron emission tomography (PET)-
based lipophilic cations such as ®®Ga-ENBPI (135) and
BF-TPP (131), have been introduced in preclinical
research. PET tracers may enable the deconvolution
of perfusion and net delta psi trapping. Through ki-
netic imaging protocols and kinetic modeling, one
might capture both the pure flow component as well
as the trapping and the net delta psi from a single
imaging session (131).

A more recent PET perfusion agent, ®F-flurpiridaz
(Lantheus) (Figure 2), demonstrates a variety of
favorable flow tracer characteristics including low
“roll off” of uptake with high flow velocities (136).
Like lipophilic cations, '®F-flurpiridaz is retained in
mitochondria but is trapped through a different mo-
lecular mechanism. Complex I is a critical protein
component of the electron transport chain found and
localizes to the mitochondrial matrix. F-flurpiridaz
has a high affinity (half maximal inhibitory
concentration = 16 nmol/L) to mitochondrial complex
I, therefore trapping reflects the total mitochondrial
concentration per voxel (137). Thus, analogous to

lipophilic cations, kinetic modeling of *8F-flurpiridaz
will yield quantitative information about both flow
and mitochondria mass. With the right combination
of both classical and emerging “flow tracers,” both
the imaging and quantification of how metabolic
reprogramming affects the mass and energetics of the
cardiac mitochondria can be performed. Indeed, it is
well known that the Nernst potential of cardiac cells
can rapidly change during ischemia reperfusion
injury through a variety of mechanisms including loss
of ATP that can occur even when there is not com-
plete loss of flow and perfusion (138). Furthermore, D/
L-2-HG, a potent oncometabolite, dramatically
changes the mitochondrial polarization of tumor cells
(139,140) and could signal to the heart (7). Note that
in vivo, these lipophilic cations are substrates for
ABCB1 (MDRipgp), which could complicate the
interpretation of their retention in some classes of
tumors unlike in the healthy heart (141). As a final
example, heritable loss of complex I is a known risk
factor for CVD, and *®F-flupiridaz might be leveraged
to study this risk factor (142).

PET radiopharmaceutical [®F]FDG is the work-
horse of molecular imaging in oncology and is also
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used in CVD as a diagnostic strategy (Figure 2).
Emerging data in cardio-oncology suggest that this
reporter can be used to gain insight into the car-
diotoxic effects of cancer therapy (143). Moreover,
small studies have suggested that aortic vascular
uptake by [*®F]FDG may be a marker of cancer disease
severity and its effects on the vasculature (144).
Transport of extracellular [*®F]JFDG into the cell de-
pends upon the relative expression of up to 14
glucose transporters (145). Cardiomyocytes typically
express only a subset of these glucose transporters;
the primary glucose transporter in the heart and
skeletal muscle is GLUT4 (146,147). Once inside the
cell, FDG is then trapped by a combination of 1 of 4
hexokinases (148). Once phosphorylated, [*®F]FDG-
phosphate (FDG-P) is no longer a substrate for glucose
transporters and can no longer simply diffuse out of
the cell due to the highly localized negative charge
contained on phosphate. However, in cells expressing
glucose-6-phosphatase complex, such as hepatocytes
(149) or activated murine macrophages (150), FDG-P
can be dephosphorylated and lost from the cell
(150). Imaging of this pathway is generally correlated

with either aerobic or anaerobic glycolysis. Although
related to glycolysis, the net retention of ['®F]FDG is a
robust, but complex, integration of the fluxes through
multiple enzymes.

Similar to [®F]FDG, ®F-glutamine is emerging
from preclinical research into active clinical research
(Figure 2). Labeling of glutamine with ®F creates a
complex set of chemical isomers through the creation
of a new chiral center. Unlike [*®*F]FDG, which is a
substrate for both glucose transport and hexokinase,
with '8F-glutamine, 1 isomer (2S,4R) is taken up by
the glutamine transporters, including SLC1A5, and
another is recognized by glutaminase (2S,4S) (151). To
interrogate intracellular glutaminase, a cell-permeant
prodrug of the (2S,4S) isomer has now been synthe-
sized and tested in preclinical models (152). As cardiac
cells adjust their homeostatic needs for glutamine
during differentiation, changes in SLC1A5 activity
might concomitantly (153) change the uptake of 8F-
glutamine (2S,4R). Although tumor cells up-regulate
the expression of glutamine transporters such as
SLC1A5 (154), analysis of human cardiac samples
demonstrated that the failing heart down-regulates
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SLC1As5 at both the messenger and protein level (155).
Although cardiac biopsies are possible, longitudinal
evaluation of these patients by PET over time with
heart failure progression or recovery might be more
informative.

The use of *C-hyperpolarzied magnetic resonance
spectroscopy (MRS) is also emerging as a tool to study
both tumor and cardiac metabolism (156-159).
Although a thousand-fold more sensitive than normal
MRS, these techniques still require millimolar con-
centrations of circulating stable isotope (160). These
high concentrations have implications for the
biochemical interpretation of signals. Biochemical
tracers that operate in the linear uptake or binding
regimes require concentrations either much higher or
much lower than the Km or Kd for the enzymes or
targets under study. Because HP MRS reporters tran-
siently operate near the Km (nonlinear regime) or
above, they interrogate the complex interplay be-
tween the Km, Vmax, and flux of substrate. There-
fore, these reporters could yield highly nonlinear
signals. Quantitative modeling to linearize this
nonlinear behavior to enable more robust and repro-
ducible data sets is an area of active research. Mech-
anistically, in the case of 3C-pyruvate, the signal
generated is the convolution of blood flow, cellular
transport (eg, MCT1) (161), intracellular pyruvate
pool, transport into the mitochondria for oxidation to
CO2, and export of lactate to the extracellular envi-
ronment (MCT1/4). Indeed, the heart is one of the
only organs with the combination of either a suffi-
ciently small pyruvate pool or sufficiently high flux
through the mitochondrial pyruvate carrier protein to
observe polarized CO2/bicarbonate (162,163). Despite
the high mitochondrial mass of many tumors, CO2/
bicarbonate is rarely observed, whereas lactate and
even alanine are readily observed. In rats, data sug-
gest that MCT1 and therefore likely pyruvate uptake
and metabolism occurs during the process of HF
(164,165). In patients and mice, MCT4 has been shown
to play a critical and inhibitory role in cardiac hy-
pertrophy (166). The translational role of hyper-
polarized MRS in cardio-oncology is of interest;
defining the interactions between tumor secreted
factors, and pyruvate-lactate transport in the heart
might advance our understanding of the direct in-
teractions between cancer and CVD.

Finally, particularly as higher-field magnets
become more readily available, and cardiac gating
becomes more routine, there may be a resurrection of
endogenous MRS of the heart. Boltzmann polariza-
tion of 3'P can detect and quantify phosphocreatine to
ATP ratios, which can help identifying perturbed
cardiac metabolism during ischemia (167,168).
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Measuring these ratios does not directly determine
which metabolic pathways are altered in a disease
state, but they may serve as early indicators for flux
changes both ex vivo and in vivo (167,168). Addi-
tionally, these endogenous readouts might well be
coupled with metabolic tracers via noninvasive car-
diac PET/MRI yielding multidimensional highly
orthogonal data sets (169). Such data sets are
currently expensive and still inferior to other imaging
techniques for cardiac stress tests (170). Nonetheless,
these techniques could feed into modern machine
learning algorithms to build better predictive models
of patient risk and response to therapy (169).

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Future research in cardio-oncology needs to focus on
elucidating the mechanisms involved in crosstalk
between cardiac and cancer cells (Central Illustration).
Therefore, the bridge from animal models to human
studies is critical to translate findings from basic
research into clinical applications. Identification of
biomarkers and characterization of cardiac metabolic
changes during cancer in animal models and patients
to date have yielded some results highlighting a po-
tential role for carnitine, citric acid, and aconitic acid
in anthracycline cardiotoxicity; these studies need
external validation (171,172). The development of
multi-institutional cohort studies and clinical trials
with detailed biologic and clinical phenotypic data
collection, coupled with recent advances in imaging
and metabolic probes will be key to overcome these
shortcomings (173). Thus, interdisciplinary collabo-
rations among cardiologists, oncologists, basic re-
searchers, and radiologists will be necessary to
advance the field and identify metabolic vulnerabil-
ities for the development of novel therapeutics.
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