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Using "°C hyperpolarized magnetic resonance spectroscopy
to identify novel metabolic targets for preventing cardiac
disease

Shuo Cong'™", Xiao Meng Wang”, Chrishan J.A. Ramachandra'? Derek John Hausenloy'™*

Heart failure (HF) is one of the leading causes of death and disability worldwide, and new treatments are needed to prevent
the onset and progression of this debilitating condition. Metabolic perturbations are known to underlie many cardiac diseases
that result in HF, including acute myocardial infarction (AMI) and cardiomyopathies resulting from diabetes or hypertension.
The emergence of ">C hyperpolarized magnetic resonance spectroscopy (HP MRS) provides an innovative strategy for
assessing in vivo metabolic flux in the diseased heart and has provided unique insights into the pathophysiology of AMI
and diabetic and pressure-overload cardiomyopathies. Initial clinical studies have demonstrated the feasibility of using this
metabolic imaging approach in patients with cardiac disease including AMI and diabetic cardiomyopathy. In this article, we
provide an overview of the role of HP MRS in elucidating the in vivo metabolic perturbations underlying cardiac disease, and
highlight potential therapeutic targets and strategies for modulating cardiac metabolism that may be adopted to improve
outcomes in patients at risk of developing HF.

Keywords: "°C hyperpolarized magnetic resonance spectroscopy, metabolic probes, cardiac disease, acute myocardial
infarction, heart failure

Introduction

Heart failure (HF) is one of the leading causes of death and
disability worldwide. As such, new treatments are needed
to prevent the onset and progression of HF in order to
improve health outcomes in patients with cardiac disease.
Crucially, metabolic perturbations underlie several forms of
cardiac disease including ischemic heart disease, diabetic
cardiomyopathy, dilated cardiomyopathy, hypertrophic
cardiomyopathy, anthracycline cardiomyopathy, peripartum
cardiomyopathy, and mitochondrial cardiomyopathies, which
ultimately leads to HF (Karwi et al., 2018; Ramachandra et al.,
2019; Ramachandra et al., 2021). The clinical implementation
of innovative strategies that can provide novel insight into these
metabolic disturbances may help to identify new metabolic
targets for improving clinical outcomes.

Positron emission tomography (PET) and magnetic
resonance spectroscopy (MRS) are two methods currently used

in clinical practice to evaluate the metabolic profile of patient
hearts. PET offers high molecular specificity and sensitivity
in imaging glucose, amino acids, and fatty acids (Labbe et
al., 2012); however, the use of ionizing radiation limits its
application to repeated or longitudinal imaging (Ntziachristos
et al., 2019). Alternatively, conventional MRS (e.g., 31P—MRS),
though capable of accurately acquiring spatial information, is
unable to assess metabolic flux. The advent of dynamic nuclear
polarization (DNP) and its derived hyperpolarized (HP) MRS
(Ardenkjaer-Larsen et al., 2003; Golman et al., 2006) has
dramatically increased the sensitivity for detection of *C-labeled
molecules, allowing the assessment of metabolic flux, which
provides a significant advantage over early stage "C-MRS, the
latter impeded by low signal-over-noise sensitivity (Shulman
et al., 1990). HP MRS allows for a >10,000-fold increase in
sensitivity to detect metabolic tracers labelled with the non-
radioactive isotope, carbon-13 [1-"C], enabling in vivo real-
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time assessment of substrate uptake and tracking of downstream
metabolites (Wang et al., 2019). The most widely used tracer is
hyperpolarized [1-"C] pyruvate, which provides information on
oxidative metabolism (via hyperpolarized [1-"°C] bicarbonate),
glycolysis (via hyperpolarized [1-"°C] lactate), and amino acid
metabolism (via hyperpolarized [1-"C] alanine).

A number of clinical studies have used *C HP MRS to
assess metabolic flux in patients. In 2010, [1-"C] pyruvate
was administered to prostate cancer patients to obtain real-time
metabolic images of the prostate (University of California and
Healthcare, 2010), after which other clinical trials have been
initiated to assess patients with various types of cancers, with
prostate and neurological neoplasms being the most studied
(Chang et al., 2015; Centre, 2016b; University of California et
al., 2016; Centre, 2017). °C HP MRS has also been applied to
monitor metabolic events in fatty liver disease and traumatic
brain injury (Center, 2018b, c). The use of "C HP MRS in
cardiovascular disease is minimal, but could gain further
support pending findings from two on-going clinical trials
that are evaluating its application for congestive heart failure
and hypertrophic cardiomyopathy (Centre, 2016a; Center,
2018a). Though “C HP MRS is yet to gain wide-spread clinical
implementation, several pre-clinical (Golman et al., 2008;
Merritt et al., 2008; Aquaro et al., 2013; Ball et al., 2013; Lau
et al., 2013; Dodd et al., 2014; Yoshihara et al., 2015; Oh-Ici et
al., 2016) and initial clinical studies (Rider et al., 2020; Apps
et al., 2021) have supported the use of hyperpolarized [1-"C]
pyruvate-MRS to gain insights into cardiometabolic changes
underpinning AMI and diabetic cardiomyopathy. Here, we
provide an overview on the use of 13C HP MRS in preclinical
and clinical studies, and discuss the feasibility of this innovative
strategy to gain unprecedented insight into maladaptive
metabolic remodeling that occurs during HF, which may help
in the identification of novel metabolic treatment targets for
improving health outcomes in patients with cardiac disease.

Metabolic Probes in Cardiac “C HP MRS

Probes for Energy Production

Unlike PET, which measures myocardium metabolism by
imaging the uptake of radioactive glucose or other probes, “C
HP MRS traces the production and consumption of different
metabolites simultaneously, yielding information about
enzymatic metabolic flux (Schelbert, 1994). Early applications
of "C HP MRS used [1-"C] pyruvate as the probe to examine
metabolic flux through the pyruvate dehydrogenase complex
(PDH) in animal hearts subjected to ischemic episodes
(Golman et al., 2008; Merritt et al., 2008; Schroeder et al.,
2008). PDH converts pyruvate into carbon dioxide and acetyl-
Coenzyme A (acetyl-CoA), which enters the tricarboxylic
acid (TCA) cycle to reduce electron carriers, nicotinamide
adenine dinucleotide (NAD) and flavin adenine dinucleotide
(FAD), into NADH and FADH, (Figure 1) (Nelson et al.,
2008). Reduced electron carriers transfer high-energy electrons
to the electron transport chain, consuming oxygen as final
electron acceptors and generating ATP. However, when the
cellular oxygen supply is compromised, the electron transport
chain is impaired, leading to an accumulation of NADH and
FADH, with concurrent shortage of NAD and FAD (Nelson
et al., 2008). Increased NADH/NAD causes the inhibition
of PDH, shunting the pyruvate flux away from downstream
catabolic reactions and towards lactate production. To restore
the intracellular NAD stock, lactate dehydrogenase regenerates
NAD from NADH by reducing pyruvate into lactate (Figure 1).
In cardiomyocytes, PDH converts [1-"°C] pyruvate into acetyl-
CoA and "“CO,, which becomes "“C-bicarbonate rapidly, while
lactate dehydrogenase (LDH) reduces [1-"C] pyruvate into [1-
"(C] lactate (Figure 1) (Schroeder et al., 2008). Therefore, the
measurements of "CO, /”C-bicarbonate and [1-"°C] lactate

could potentially identify ischemic myocardium. Moreover,
since the conversion between lactate and pyruvate by LDH is
reversible, some studies have used [1-"°C] lactate as a metabolic
probe (Mayer et al., 2012; Lau et al., 2021). Interestingly,
alanine transaminase (ALT) could convert cytosolic [1-"C]
pyruvate into [1-"C] alanine, which can also be resolved by °C
HP MRS (Figure 1) (Golman et al., 2008; Merritt et al., 2008;
Dodd et al., 2012; Menichetti et al., 2012; Dodd et al., 2013;
Apps et al., 2018).

During the PDH conversion, the first carbon of pyruvate is
converted into CO,, while the second and third carbon nuclei
are converted into acetyl-CoA. Hence, labeling the second
carbon of pyruvate with C ([2-"°C] pyruvate) allows for
measuring TCA cycle flux (besides PDH flux) by tracking
TCA cycle intermediates and their derivatives, such as [1-"C]
citrate and [5-"C] glutamate (Schroeder et al., 2009) (Figure 1).
Moreover, the measurement of [1-"C] acetyl-CoA after [2-"C]
pyruvate administration provides information on the relative
contributions from glucose and fatty acid oxidation for the
energy need of cardiomyocytes. Healthy cardiomyocytes fuel
their acetyl-CoA pool primarily via B-oxidation of long-chain
fatty acids, while glycolysis is activated only under certain
circumstances, such as adrenergic stress, ischemia, or late-stage
heart failure (Collins-Nakai et al., 1994; Cross et al., 1996;
Stanley et al., 2005). As such, "C HP MRS measurement of
glucose contribution to the overall cardiomyocyte acetyl-CoA
pool may provide insights into these underlying pathologies.

Besides pyruvate, other metabolic probes have also
been developed to monitor the metabolic alterations in
cardiomyocytes. For instance, acetate, unlike pyruvate is an
acetyl-CoA source independent of PDH, and [1-"C] acetate can
be readily converted to acetyl-CoA in the cytosol via acetyl-CoA
synthetase (ACS), allowing the possibility to directly monitor
TCA flux without being influenced by PDH activity (Bastiaansen
et al., 2015; Flori et al., 2015; Koellisch et al., 2015) (Figure
1). Moreover, [1-°C] acetate and [1-"°C] acetylcarnitine
(the metabolite from cytosolic [1-"C] acetate) have been
identified as markers of fatty acid oxidation in the normoxic
state (Jensen et al., 2009). Instead of indirectly probing lipid
oxidation in cardiomyocytes, medium-chain fatty acids, like
[1-"C] octanoate, could also be directly labeled to monitor
myocardial fatty acid usage (Yoshihara et al., 2020). Finally,
administration of [3-""C] acetoacetate and [1-""C] butyrate
allows researchers to monitor the cardiomyocyte metabolic shift
to ketone oxidation as a result of changes in diet, diseases, or
medications, since both substrates convert to a type of ketone
body, [1-"°C] B-hydroxybutyrate (B-OHB) (Bastiaansen et al.,
2016; Abdurrachim et al., 2019a; Abdurrachim et al., 2019b).

Probes for pH and Redox Potential

C HP MRS also allows visualization of alterations in local
pH and redox state. By monitoring the relative concentration
of bicarbonate and CO,, the pH of the local environment
can be calculated using the Henderson-Hasselbalch equation
(pH=pKa+logHCO;—/CO,, where pKa is ~6.17 (Bogh et al.,
2020). Since [1-"°C] pyruvate can be converted to CO,, it
has been used to monitor changes in cardiac pH (Merritt et al.,
2008; Schroeder et al., 2010; Lau et al., 2017a; Bogh et al.,
2020; Bogh et al., 2020; Chen et al., 2020), and alternatively,
C-labeled bicarbonate has also been used as a probe to
measure local pH in hearts and tumors (Gallagher et al., 2008;
Gallagher et al., 2015; Scholz et al., 2015; Korenchan et al.,
2016; Korenchan et al., 2019a; Korenchan et al., 2019b).

The redox states of NADP/NADPH and NAD/NADH are
associated with the generation of reactive oxygen species (ROS),
the latter reported to play critical roles in aging, tumorigenesis,
AMI, and HF. NADPH is a reductant involving multiple
biosynthetic pathways (e.g., pentose phosphate pathway)
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Figure 1. ®C HP MRS probes and downstream metabolites used to track myocardial metabolic changes. Blue: probes administered to
subjects. Green: downstream metabolites that can be resolved with °C HP MRI. ALT: alanine aminotransferase, LDH: lactate dehydrogenase,
PDH: pyruvate dehydrogenase, BDH: 3-hydroxybutyrate dehydrogenase, SCOT: succinyl-CoA:3-ketoacid CoA transferase (Hasegawa et al.,
2012), BHBD: 3-hydroxybutyryl-CoA dehydrogenase (Madan et al., 1973), ACAT: acetyl-CoA acetyltransferase (Goudarzi, 2019), GDH: glutamate
dehydrogenase, ACS: acetyl-CoA synthetase, CRAT: carnitine O-acetyltransferase (Bonnefont et al., 2004). Figure was created with BioRender.

com

during which NADP is reduced to NADPH. The oxidation
of NADPH back to NADP is coupled with the reduction of
oxidized glutathione (GSSG) to glutathione (GSH), while
oxidation of GSH to GSSG is coupled with the reduction of
dehydroascorbate (DHA) to vitamin C (Del Bello et al., 1994;
Maellaro et al., 1994; Whitbread et al., 2005; Linster and Van
Schaftingen, 2007). Consistently, [1-°C] DHA was rapidly
converted to [1-"°C] vitamin C in the liver, kidneys, brain,
and prostate cancer tumors in mice (Keshari et al., 2011).
NADH donates two of its electrons to complex I in the electron
transport chain and is oxidized to NAD. Since most of the
mitochondrial NADH is protein-bound, direct measurement of
free NAD/NADH ratio does not accurately reflect tissue redox
state. To overcome this limitation, metabolic flux through LDH
and B-hydroxybutyrate dehydrogenase (BDH), which converts
acetoacetate to B-hydroxybutyrate (3-OHB) are commonly used
as surrogate markers for NAD/NADH redox monitoring (Veech
et al., 1969; Veech et al., 1972; Sato et al., 1995; Blinova et al.,
2005; Veech, 2006). Finally, by using [1,3-"C] acetoacetate
and by monitoring its conversion to [1,3-°C] B-OHB to assess
mitochondrial NAD/NADH redox state, Chen et al. (2019)
observed an elevation in [1,3-"C] B-OHB in ischemic rat hearts
and in hearts inhibited for complex I. These findings supported
an accumulation of NADH, which was confirmed by additional
enzyme assays (Chen et al., 2019).

Probes for Myocardial Perfusion

Apart from assessing metabolism, “C HP MRS can also be used
to image myocardial perfusion with *C-urea, the latter being
ideal for quantitative perfusion mapping as its HP signals are
linearly correlated with its concentration (Wang et al., 2019). In
support, "C-urea HP signals were found to be increased by two-
fold during adenosine-induced hyperemia, which was consistent
with rodent myocardial perfusion reserve (Lau et al., 2016).
Moreover, by co-administering "C-urea and [1-"C] pyruvate,
researchers could simultaneously assess cardiac metabolism
and perfusion status, offering a more straightforward way
of studying the metabolism/perfusion mismatch (Lau et al.,
2017b).

Ischemic Heart Disease

[1-°C] Pyruvate HP MRS Images Metabolic Changes during
AMI

In the area of ischemic heart disease, PDH is a well-studied
metabolic probe as [1-"C] pyruvate flux through PDH is
expected to decrease in ischemic cardiomyocytes. Following
induction of ischemia in pig hearts with a balloon catheter,
Golman et al. (2008) found that administration of [1-
C] pyruvate resulted in reduced “C-bicarbonate levels in
the affected region after 15 minute occlusion and almost
completely diminished after 45-minutes occlusion, during
which the affected myocardium underwent infarction. Despite
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demonstrating the alteration of “C-bicarbonate during the
ischemia and infarction, the authors were unable to ascertain
the change in [1-"C] lactate levels due to presence of artifacts.
In the same year, Merritt et al. (2008) demonstrated that while
[1-"C] alanine and [1-"C] lactate signals were still detectable
after 10 minutes of global ischemia in isolated rat hearts, the
CO, signal was not detectable during the first 90 seconds of
reperfusion. Interestingly, the "CO, signal was detected at the
20-minute reperfusion time point, suggesting that PDH flux
was almost completely ablated during the first 90 seconds of
reperfusion and recovered within 20 minutes in non-infarcted
myocardium (Merritt et al., 2008).

With the development of imaging technology, PDH flux
tracing has acquired increased spatiotemporal resolution. In
2013, Aquaro et al. (2013) employed a fast three-dimensional
pulse sequence (3D-IDEAL spiral CSI pulse sequence) to
determine the distribution of transient metabolic changes in pig
hearts, where the authors successfully identified differential
distribution of lactate and bicarbonate signals among ischemic
and remote regions in the left ventricle. However, here the
authors did not provide actual MR images showing lactate/
bicarbonate signal distribution across the ischemic pig heart,
but merely summarized the lactate and bicarbonate signal levels
in various myocardium segments (Aquaro et al., 2013). When
imaging the alterations of metabolites in acute and chronic
infarct regions of isolated rat hearts, researchers observed
increased lactate signals, but decreased bicarbonate signals in
the acute infarct region. Interestingly, in the chronic infarct
region, both lactate and bicarbonate signals were found to be
diminished (Ball et al., 2013). In other studies, when using
3D-IDEAL spiral CSI pulse sequence in pig hearts, both [1-"C]
lactate and "“C-bicarbonate signals were found to be decreased
in the affected region during ischemia, and while [1-"C] lactate
signals increased during reperfusion, “C-bicarbonate signals
diminished further. Although tracing metabolism changes with
HP MRS is more challenging in small animals (e.g., rats), in
2015, Yoshihara et al. (2015) and Oh-Ichi et al. (2016) first
developed schemes to track PDH flux with [1-"°C] pyruvate
in intact rats, and in 2017, Lauritzen et al. (2017) was able to
image the in vivo metabolic changes during rat MI in an open-
chest model, where the authors found reduced [1-"C] alanine
and [1-"C] lactate signals in the infarct region during ischemia.
One of the main concerns that need to be addressed when
using "C HP MRS in the clinical setting is its reproducibility
and low variability of acquired measurements. In this regard,
by normalizing the "°C signal with left ventricular maximum
pyruvate signal, Lau et al. (2013) demonstrated the robustness
of the application in free-breathing pigs.

Though “C HP MRS is yet to be adopted as a standard
clinical imaging modality, Apps et al. (2021) recently
published a case report with two AMI patients undergoing [1-
"C] pyruvate HP MRS imaging. In this study, both patients'
nonviable transmural infarction region showed an absence of
both [1-°C] lactate and "“C-bicarbonate signals, which was
otherwise present in the viable subendocardial infarct regions
(Apps et al., 2021). This study supports the feasibility of using
"C HP MRS in patients with recent AMI to gain insight into
in vivo metabolic flux, for elucidating myocardial response
to acute IRI and to help identify novel metabolic targets for
preventing post-infarct adverse LV remodeling and HF.

[1-°C] Pyruvate HP MRS as a Secondary Indication of Post-
MI Injury and Recovery

Besides monitoring transient PDH flux alteration during
ischemia and reperfusion, researchers have also found that
[1-"C] pyruvate can be used to monitor local inflammatory
responses and necrosis, and can help predict post-MI
left ventricular remodeling. In activated monocytes and

macrophages, metabolic reprogramming drives these cells to
adopt glycolysis as their primary energy-generating pathway
due to oxygen efficiency, resulting in an increase in lactate
production. In support, Lewis et al. (2018) demonstrated intense
[1-"C] lactate signals in the infarct region by day 7 post-
MI in rodents and pigs. The authors also found that in the in
vitro macrophage suspension, activation and polarization with
lipopolysaccharide could augment the [1-"C] lactate signal after
[1-"C] pyruvate administration. While blockade of glycolysis
with 2-deoxyglucose could normalize the [1-"C] lactate signal
in both macrophage suspension and in vivo infarction model, it
also resulted in increased expression of interleukin (IL)-1p and
improved systolic function in the latter. These findings suggest
that the elevation in [1-"°C] lactate signals during healing post-
MI could indicate monocyte/macrophage reprogramming,
which links to their inflammatory function (Lewis et al., 2018).
In other studies, researchers demonstrated that ratios among [1-
13C] lactate, C-bicarbonate, and total carbon correlated with
necrosis and local pH changes in early AMI and reperfusion,
as necrotic tissues were found to have significantly higher [1-
(] lactate/"’C-bicarbonate and [1-"C] lactate/total carbon
signal ratios, which negatively correlated with the local pH
(Moon et al., 2019). Besides these short-term effects, a low
BC-bicarbonate + CO,/[1-"C] pyruvate signal ratio has been
found to correlate with a reduced left ventricular ejection
fraction (LVEF) 3 days post-MI. Interestingly, at 30 days post-
MI, a higher “C-bicarbonate + “CO,/[1-"C] pyruvate signal
ratio correlated with poorer recovery of LVEF among rodents
that underwent active B-blocker and ACE-inhibitor treatment.
These findings suggest that responders to HF medication may
have reduced capacity for carbohydrate metabolism (Tougaard
etal., 2021).

Application of Non-[1-"C] Pyruvate HP MRS in Ischemic
Heart Disease

Besides [1-"°C] pyruvate, other metabolic probes have also
been applied to study metabolic or pathological alterations
in ischemic heart disease. For instance, [2-"C] pyruvate has
allowed researchers to track metabolic flux through the TCA
cycle as evidenced by Schroeder et al. (2009) who demonstrated
that during ischemia, [1-"°C] citrate and [5-""C] glutamate
signals were reduced, implicating a decreased TCA cycle flux in
isolated rat hearts. Moreover, a reduction in PDH flux and TCA
cycle flux at 22 weeks post-MI was found to correlate with
decreased cardiac function in rats, suggesting an association
between alterations in myocardial energy demands and cardiac
function (Dodd et al., 2014). In other studies, by using [1-
P(C] acetate and [1,3-"C,] acetoacetate, researchers observed
a decreased reliance of fatty acid oxidation in ischemic heart
tissue and NADH accumulation in the mitochondria (Jensen et
al., 2009; Chen et al., 2019). Interestingly, in normal cells, [1,4-
C,] fumarate is unable to undergo direct conversion into [1,4-
"C,] malate, a reaction which only occurs in necrotic cells with
diminished membrane integrity (Gallagher et al., 2009). Taking
advantage of this property, Miller et al. (2018) observed an
increased [1,4-"°C,] malate signal in the necrotic region of rat
hearts 1- and 7-days post-MI, with no detection in control rats,
thereby supporting the use of specific probes for discriminating
between healthy and necrotic cardiac tissue.

Chronic Cardiac Diseases

Metabolic Profile Alteration in Cardiomyopathy Progression

In HF, glucose intake and glycolysis rates increase significantly
to compensate for fatty acid oxidation (Karwi et al., 2018).
However, these maladaptive metabolic alterations are
compounded in the setting of diabetes (Sowton et al., 2019).
Insulin resistance can lead to reduced glucose oxidation, but
paradoxically increases fatty acid dependency and activates
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&/ Cardiac Disease Progression

Figure 2. Schematic of the potential clinical application of °C hyperpolarized magnetic resonance spectroscopy.

B-oxidation (Chong et al., 2017; Cong et al., 2020), and hence,
the conversion of metabolic substrates from fatty acids to
glucose that occur during HF still remains controversial (He
et al., 2021). This, may in part, reflect the heterogeneity of
clinical HF syndromes (Lewis et al., 2020) and the demands
for techniques that are capable of assessing cardiac energy
metabolism during the longitudinal progression of HF (Peterson
and Gropler, 2020), and for monitoring the response to
metabolism-based therapies (Selvaraj et al., 2020).

""C HP MRS Application in Evaluating the Stage of
Cardiomyopathy

The sensitivity and specificity of "C HP MRS in evaluating
cardiomyopathy has long been proven in various animal
models. In 2013, Schroeder et al. (2013) reported the successful
application of HP °C MRS in a dilated cardiomyopathy pig
model, where administration of [2-"C] pyruvate and [1-"C]
pyruvate was able to implicate reduced pyruvate oxidation and
impaired Krebs cycle function. Researchers have also tested the
feasibility of using metabolic imaging provided by HP MRS
as an early indication of impending HF (Agger et al., 2020). In
a porcine model of right ventricular heart failure, a significant
decrease in the conversion ratio of pyruvate/bicarbonate along
with an increase in the lactate/bicarbonate ratio was observed,
which together represents a shift towards anaerobic metabolism.
Importantly, this phenomenon was observed during the early
stage of right ventricular dysfunction as no changes were seen
on echocardiography. Similar findings have also been observed
in a rodent model of diabetic cardiomyopathy, with a reduction
in PDH flux being associated with impaired diastolic function
(Le Page et al., 2015). Finally, HP MRS has also been used in
systemic metabolic disorders that predominantly manifest in
heart tissue as evidenced by a reduction in in vivo pyruvate
dehydrogenase flux that correlated with increased cardiac
hypertrophy in an animal model of hyperthyroidism (Atherton
etal., 2011a).

Although HP pyruvate probes can be used to track
carbohydrate metabolism in the heart, they are not suited for
directly assessing fatty acid pathways (the preferential substrate
of the adult heart) (Ramachandra et al., 2018), nor ketone
metabolism, the latter reported to have a critical role in heart
failure progression (Voros et al., 2018). Unlike ketone bodies
(acetoacetate), long-chain fatty acids require albumin for their
solubilization in water, as such, only water-soluble fatty acid

intermediates like butyrate and acetate have been employed
as probes for HP studies (Ball et al., 2014; Comment and
Merritt, 2014) (Figure 1). Recently, Abdurrachim et al. (2019a)
revealed increased ketone body utilization in the diabetic heart
as evidenced by elevated production of [5-"C] glutamate,
which correlated with cardiac hypertrophy and dysfunction.
In a follow-up study (Abdurrachim et al., 2019b), the authors
injected HP [3-"°C] acetoacetate, [1-"°C] butyrate, or [1-"C]
pyruvate to assess changes in ketone body, short-chain fatty
acid, or glucose utilization respectively, in the diabetic heart
following long-term low-carbohydrate low-protein ketogenic
diet.

Despite the abundant research that has been conducted on
animals, the clinical application of *C HP MRS in HF is still
at its infancy. In 2016, following administration of HP [1-
C] pyruvate, Cunningham et al. (2016) introduced the first
"C images of healthy human hearts and successfully detected
C-bicarbonate signals, highlighting the feasibility of assessing
pyruvate metabolism in humans. More recently, the first human
case-control study to investigate cardiac metabolism changes in
type 2 diabetes and healthy hearts using HP [1-"C] pyruvate has
been conducted (Rider et al., 2020). In this study, by assessing
the downstream metabolism of [1-"°C] pyruvate (Figure 1) ([°C]
bicarbonate, [1-"°C] lactate, and [1-"C] alanine), metabolic
flux through cardiac pyruvate dehydrogenase was found to
be significantly reduced in type 2 diabetes mellitis patients,
demonstrating the feasibility of this non-invasive imaging
modality to detect metabolic disturbances in patients with
diabetic cardiomyopathy.

C HP MRS Application and therapeutic targeting of
metabolism
In addition to evaluating the metabolic changes that occur in
cardiac disease, "C HP MRS has also been used to assess the
effects of pharmacological intervention that target metabolic
pathways in the heart, allowing for validation of new treatment
targets and strategies for preventing cardiac disease (Hesketh
and Brindle, 2018; Wang et al., 2019).

In this regard, given that PDH appears to play a central role
in balancing substrate utilization, its modulation could be a
considered as a promising therapeutic strategy for HF (Mayers
et al., 2005; Timm et al., 2018). In support, treatment with
dichloroacetate (DCA), a classical pyruvate dehydrogenase
kinase (PDK) inhibitor, was found to restore PDH flux
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to normal levels in diabetic hearts, which in turn, led to
rebalancing of myocardial substrate selection with subsequent
improvements in diastolic function (Le Page et al., 2015).
These findings were validated in a porcine right ventricular HF
model (Bogh et al., 2020), where oral administration of DCA
augmented carbohydrate metabolism, which directly improved
the contractile reserve of the heart. In a mouse diabetic
cardiomyopathy model, imaging with HP [1-"°C] pyruvate
showed PS10 (a more selective PDK inhibitor) stimulated
PDC flux, without activating the anaerobic glycolysis pathway,
whereas DCA was shown to activate both pathways, positioning
PS10 treatment to be more suitable for diabetic cardiomyopathy
(Wu et al., 2018). Finally, HP MRS has shown L-carnitine to
alleviate myocardial dysfunction by augmenting PDH flux post-
ischemia in type 1 diabetic rats (Savic et al., 2021).

Apart from evaluating maladaptive metabolism and
functional effects of novel therapeutic compounds, “C HP MRS
has also been used to investigate the mechanisms underlying
the unexpected cardiovascular effects of metabolism-targeting
drugs. For instance, HP [1-"C] pyruvate MRS has been used to
demonstrate previously unrecognized effects of metformin on
cardiac redox state (Lewis et al., 2016). Similarly, researchers
have attempted to elucidate the mode of action of empaglifiozin,
a sodium-glucose co-transporter-2 inhibitor (SGLT2i) that has
been shown to reduce cardiac afterload in a hypertensive HF rat
model (Abdurrachim et al., 2019a). In this study, using a novel
ketone probe (HP [3-""C] acetoacetate), the authors found the
beneficial effects of SGLT2i treatment on heart function were
not associated with any changes in myocardial glucose and
ketone utilization (Abdurrachim et al., 2019a). These findings
are particularly interesting and topical given the recent report
that treatment with SGLT21i therapy improved clinical outcomes
in patients with heart failure with preserved ejection fraction
(HFpEF) (Anker et al., 2021), another condition characterized
by diastolic dysfunction — crucially, the mechanisms underlying
the beneficial cardiovascular effects of this class of drugs
remain unclear. Therefore, HP MRS may provide novel
metabolic insights into the pathophysiology of HFpEF and
help elucidate the mechanisms through which SGLT2i therapy
prevents heart failure hospitalization.

Limitations and Challenges with HP MRS

Although HP MRS has shown initial promise in patients with
cardiac disease (see Figure 2), there are some challenges and
limitations to this approach. The potential of extending the
diagnostic value of HP MRS from ischemic heart disease
towards chronic heart failure (e.g., diabetic cardiomyopathy)
has raised some concerns about the applicability of the most
widely used first-order kinetics model in previous HP pyruvate
studies (Mariotti et al., 2016; Chen et al., 2018). Data have
shown that the measurement of metabolism of isolated hearts is
highly susceptible towards the effects of competing substrates
and pyruvate product inhibition (Moreno et al., 2010; Mariotti
et al., 2016). Thus, during the in vitro HP MRS procedure,
after the infusion of supra-physiological concentrations of
pyruvate (3.3 mM in heart), the PDH flux might not follow
first-order kinetics but undergo transient perturbation relating
to exhaustion of cofactors like NAD", which requires a non-
linear model to fit if comparison of quantification is needed
(Mariotti et al., 2016). Additionally, because of the evident
feedback inhibition of pyruvate over the glycolysis process, it
is advised HP pyruvate not be used to measure the glycolysis
variation, a typical change during the progression of heart
failure (Williamson and Jones, 1964; Neubauer, 2007).
However, compared to ex-vivo measurements, preclinical and
clinical studies have only adopted 0.1-140mol/kg dose of HP
pyruvate injection (Cunningham et al., 2016; Rider et al., 2020),
which results in maximum plasma concentrations of ~250 uM

of pyruvate, (equivalent to its physiological concentration),
and these studies have shown minimal variation of other
metabolites during the pyruvate infusion (Atherton et al.,
2011b). As such, further investigations are needed to justify the
use of HP MRS and optimize the dose of HP compounds before
clinical application, and the obtained metabolic data should be
interpreted with caution.

One major limitation of HP MRS relates to the molecules
used in imaging, in terms of their physicochemical properties
(e.g., short T1 relaxation time), and biological properties (e.g.,
fast cellular uptake and metabolism) (Sowton et al., 2019; Apps
et al., 2018). The effect of this is that only a few metabolites
can be used as hyperpolarized tracers (Miloushev et al., 2016),
thereby restricting metabolic assessment to glucose, lipid,
and amino acid metabolism (Apps et al., 2018). Moreover,
another drawback that impedes the bench-to-bedside translation
of HP MRS is the very rapid decay (~20-30s in vivo) of the
polarization of the C probes following dissolution (Brindle,
2015), which prohibits the HP MRS techniques from being used
to study gradual metabolic reactions. Moreover, due to this short
time window, the hyperpolarization facilities (only available
in very few centers worldwide) need to be kept within a very
short distance from MR scanners to minimize losses in °C
polarization, implying that this innovative technology could not
be widely accessible under the current situation (Comment and
Merritt, 2014; Lewis et al., 2020). Another technical concern
regarding HP MRS is its relatively poor spatial resolution,
which may be solved by optimizing the signal-to-noise ratio
or by combining PET/CT to provide more information on
substrate uptake (Ntziachristos et al., 2019). Regardless of these
challenges, HP MRS has tremendous potential for gaining novel
metabolic insights into a number of diverse cardiac diseases
characterized by metabolic perturbations.

Conclusion

Metabolic perturbations are known to contribute to the
pathophysiology of a variety of cardiac diseases including AMI,
HFpEF, hypertrophic cardiomyopathy, dilated cardiomyopathy,
post-partum cardiomyopathy, and diabetic cardiomyopathy. The
emergence of °C HP MRS has provided the unique opportunity
to assess metabolic flux in the healthy and diseased heart.
Although the majority of data have been confined to pre-clinical
animal studies, the feasibility of undertaking HP MRS in
patients with cardiac disease has recently been demonstrated in
the setting of AMI and diabetic cardiomyopathy. Therefore, HP
MS offers the potential to evaluate the metabolic disturbances
underlying a number of cardiac diseases and should result in the
identification of novel metabolic treatment targets and strategies
for improving outcomes in patients with HF.
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