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Previous studies have demonstrated that using hyperpolarized [2‐13C]pyruvate as a contrast

agent can reveal 13C signals from metabolites associated with the tricarboxylic acid (TCA) cycle.

However, the metabolites detectable from TCA cycle‐mediated oxidation of [2‐13C]pyruvate

are the result of several metabolic steps. In the instance of the [5‐13C]glutamate signal, the ampli-

tude can be modulated by changes to the rates of pyruvate dehydrogenase (PDH) flux, TCA cycle

flux and metabolite pool size. Also key is the malate–aspartate shuttle, which facilitates the

transport of cytosolic reducing equivalents into the mitochondria for oxidation via the

malate–α‐ketoglutarate transporter, a process coupled to the exchange of cytosolic malate for

mitochondrial α‐ketoglutarate. In this study, we investigated the mechanism driving the observed

changes to hyperpolarized [2‐13C]pyruvate metabolism. Using hyperpolarized [1,2‐13C]pyruvate

with magnetic resonance spectroscopy (MRS) in the porcine heart with different workloads, it

was possible to probe 13C–glutamate labeling relative to rates of cytosolic metabolism, PDH flux

and TCA cycle turnover in a single experiment non‐invasively. Via the [1‐13C]pyruvate label, we

observed more than a five‐fold increase in the cytosolic conversion of pyruvate to [1‐13C]lactate

and [1‐13C]alanine with higher workload. 13C–Bicarbonate production by PDH was increased by

a factor of 2.2. Cardiac cine imaging measured a two‐fold increase in cardiac output, which is

known to couple to TCA cycle turnover. Via the [2‐13C]pyruvate label, we observed that
13C–acetylcarnitine production increased 2.5‐fold in proportion to the 13C–bicarbonate signal,

whereas the 13C–glutamate metabolic flux remained constant on adrenergic activation. Thus,

the 13C–glutamate signal relative to the amount of 13C–labeled acetyl‐coenzyme A (acetyl‐

CoA) entering the TCA cycle was decreased by 40%. The data strongly suggest that NADH

(reduced form of nicotinamide adenine dinucleotide) shuttling from the cytosol to the mitochon-

dria via the malate–aspartate shuttle is limited on adrenergic activation. Changes in [5‐13C]gluta-

mate production from [2‐13C]pyruvate may play an important future role in non‐invasive

myocardial assessment in patients with cardiovascular diseases, but careful interpretation of

the results is required.
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1 | INTRODUCTION

An expanding body of research has implicated abnormal energy metabolism as a cause instead of a consequence of heart disease.1-7 Clinical work

has demonstrated that myocardial energetics are impaired in heart disease,8-11 and that glucose‐lowering drugs – in particular sodium‐glucose

co‐transporter 2 (SGLT2) inhibitors – have beneficial cardiac effects independent of their treatment of the metabolic syndrome.12 It has also been

theorized that, in patients with failing heart or diabetes, cardiac insulin resistance, which reduces the oxidation of glucose‐derived pyruvate, may

protect the heart from an excess amount of fuel.13 Moreover, an extensive body of experimental studies has revealed altered expression of met-

abolic genes, proteins and metabolites that contribute to cardiovascular disease (CVD), including ischemia–reperfusion injury, cardiac remodeling

and heart failure.8,14 The ability to probe alterations in cardiac energetics non‐invasively, and in real time, may improve our understanding of

the pathogenesis of CVD and improve patient care.

It is the advent of hyperpolarization, a technique which generates high magnetic resonance (MR) signal contrast agents from endogenous

metabolites, which is poised to advance metabolic MR techniques to bridge the gap between outcomes‐based clinical research and mechanistic

work conducted in animal models. Hyperpolarization using the dynamic nuclear polarization (DNP) technique can yield >10 000‐fold signal

increases in MR‐active nuclei.15 When energetic substrates are hyperpolarized, their breakdown can be monitored using MR to enable unprece-

dented visualization of metabolism in the normal and diseased heart. Many initial studies have focused on the measurement of metabolic products

from hyperpolarized [1‐13C]pyruvate to probe changes in pyruvate dehydrogenase (PDH), lactate dehydrogenase (LDH) and alanine transaminase

(ALT) fluxes.16-18 Studies in pre‐clinical models have shown that alterations in cardiac PDH flux as a result of ischemia, hypertension, diabetes and

development towards heart failure can be monitored.17,19-22 Furthermore, our group and others have recently demonstrated that MR measure-

ment of [1‐13C]pyruvate and its metabolic intermediates can be performed in humans.23,24

Translational work in pigs and rats has demonstrated that the use of hyperpolarized [2‐13C]pyruvate as a contrast agent can reveal 13C sig-

nals from metabolites associated with the tricarboxylic acid (TCA) cycle. [1‐13C]Citrate has been observed directly, as has [5‐13C]glutamate,

which is in exchange with the TCA cycle intermediate α‐ketoglutarate (α‐KG).21,25,26 In the hyperthyroid heart, [3‐13C]citrate was also detected,

indicating upregulated anaplerotic incorporation of pyruvate into the TCA cycle.27 However, the very strength of hyperpolarized 13C MR – its

ability to measure fluxes through these targeted enzymatic pathways non‐invasively – also necessitates careful interpretation of the data gen-

erated based on the physiological context in which they are acquired.28,29 For example, the metabolites detectable from TCA cycle‐mediated

oxidation of [2‐13C]pyruvate are the result of several metabolic steps. In the instance of the [5‐13C]glutamate signal, the amplitude could be

modulated by changes to the rates of PDH flux and TCA cycle flux. Also key is the malate–aspartate shuttle, which facilitates the transport

of cytosolic reducing equivalents (NADH, reduced form of nicotinamide adenine dinucleotide) into the mitochondria for oxidation via the

malate–α‐KG transporter, a process coupled to the exchange of cytosolic malate for mitochondrial α‐KG.30 On mitochondrial efflux, α‐KG is

rapidly transaminated by the glutamate‐oxaloacetate transaminase (GOT) to form the pool of glutamate that can be monitored using traditional

and hyperpolarized 13C magnetic resonance spectroscopy (MRS).2,3,5,25 It has been demonstrated that the hyperpolarized [5‐13C]glutamate sig-

nal is modulated at an early stage of cardiac remodeling into heart failure and thus has potential as an imaging‐based biomarker.22,31 However,

an understanding of the mechanism of the early change to [5‐13C]glutamate production will be essential for this parameter to have a role in the

management of CVD.

In this study, we investigated the mechanism driving the observed changes to hyperpolarized [2‐13C]pyruvate metabolism. To address this

aim, we focused on the porcine heart with elevated workload, a system that has been characterized extensively in vitro through metabolomic,

biochemical and perfused heart flux analyses.5,32,33 By using the contrast agent [1,2‐13C]pyruvate with MRS, it was possible to probe 13C glutamate

labeling relative to rates of cytosolic metabolism, PDH flux and TCA cycle turnover in a single experiment.34 A knowledge of the characteristic

metabolic changes in our experimental system is important for the interpretation of hyperpolarized 13C MR data acquired in future human studies

of CVD.
2 | METHODS

2.1 | MR hardware, polarizer and compounds

All studies were performed using a 3‐T GE MR750 scanner (GE Healthcare, Waukesha, WI, USA) equipped with the multinuclear spectroscopy

(MNS) hardware package. A 13C transmit volume coil and a dual‐tuned 1H/13C receive‐only surface coil were used for the animal experiments

(Rapid MR International, Columbus, OH, USA). A HyperSense DNP polarizer (Oxford Instruments, Abingdon, Oxfordshire, UK) was used to polarize

the substrates following previously described methods15 at 3.35 T and 1.4 K. Pure [1,2‐13C2]pyruvic acid (99%, Isotec, Miamisburg, OH, USA) was

doped with 15mM of OX063 trityl radical (Oxford Instruments) and 1mM gadolinium chelate (Prohance®, Bracco International Princeton, NJ).

For each experiment, 105 μL of [1,2‐13C2]pyruvic acid/trityl mixture was polarized for approximately 60 min and then dissolved with

approximately 6 mL of 100mM tris(hydroxy‐methyl) aminomethane (TRIS)/250mM NaOH solution, giving a nominal pyruvate concentration of

250mM and pH of 7.4. This pyruvate solution was diluted with normal saline to triple the total volume; 15 mL of diluted pyruvate solution was

infused into the animal in each experiment.34
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2.2 | In vivo 13C MRS and 1H magnetic resonance imaging (MRI) measurements in pigs

All animal experiments were carried out under a protocol approved by the institutional animal care committee. Animal preparation and handling pro-

cedures have been described previously.35 Five normal, specific pathogen‐free pigs (25–30 kg) were used. For each experiment, the animal was place

inside the 13C volume transmit coil in feet first and supine orientation and the 13C/1H surface coil was placed over the chest of the pig; the coil posi-

tioning over the heart was confirmed by three‐plane 1H scout images which provided visualization of the fiducial markers placed on the coil.

To assess cardiac workload at both experimental conditions, cardiac‐gated breath‐held steady‐state free precession (SSFP) cine images were

acquired in the short‐axis view (TR = 4.2 ms; TE = 1.8 ms; field of view, 24 cm; slice thickness, 5 mm; spacing, 5 mm; matrix size, 224 × 224). To

measure real‐time metabolism of the hyperpolarized substrate, cardiac gated, dynamic 13C MRS data were acquired using a slice‐selective pulse‐

acquire pulse sequence (10° nominal tip angle; one transient per 3–6 R–R intervals, depending on the heart rate, for a TR of approximately 1.5 s).

Data acquisition started at the same time as the start of the ~15‐s infusion of 15 mL of polarized [1,2‐13C2]pyruvate solution into the ear vein.

For each animal, after both 1H cine images and 13C hyperpolarized spectroscopy data had been acquired at the baseline condition, the animal

received 40 μg/kg/min of dobutamine for 30 min5 to increase cardiac workload. 1H cine images were acquired during the high cardiac workload

condition at 20–25 min after the start of dobutamine infusion. At the end of the 30‐min dobutamine infusion period, the infusion of polarized pyru-

vate substrate solution and the acquisition of dynamic 13C MRS data were repeated.
3 | RESULTS

Cine cardiac MRI measured 2.3 ± 0.4‐ and 2.2 ± 0.8‐fold increases in ejection fraction and cardiac output, respectively, on dobutamine stimulation

(average values presented in Table 1). Representative 13C spectra from a pig heart at rest and with dobutamine stress are shown in Figure 1. The

signal amplitudes of all metabolites, relative to pyruvate, appeared to increase at higher cardiac workload. The apparent changes in cardiac
TABLE 1 The effects of dobutamine on acute cardiac function, measured using cine‐magnetic resonance imaging (cine‐MRI) (mean ± standard
deviation)

Rest Dobutamine

Heart rate (beats/min) 105 ± 18 218 ± 40

Ejection fraction (%) 34.1 ± 4 79.5 ± 9

Cardiac output (L/min) 2.2 ± 0.9 4.9 ± 0.5

FIGURE 1 Representative spectra showing [1,2‐13C2]pyruvate metabolism in the pig heart, before and after dobutamine stimulation
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metabolism of 13C–pyruvate were quantified as metabolite to substrate ratios and summarized in Figure 2 (see also Supporting Information Figure

S1 with all the data points presented). Dobutamine stimulation increased the rate of cytosolic [1‐13C]lactate production by 5.4‐fold and

[1‐13C]alanine production by 5.8‐fold (with metabolite/[1‐13C]pyruvate ratios increasing from 0.029 ± 0.009 to 0.154 ± 0.25 and from

0.0061 ± 0.002 to 0.035 ± 0.004, respectively). The mitochondrial 13C–bicarbonate/[1‐13C]pyruvate ratio was 2.2‐fold higher, increasing from

0.043 ± 0.003 to 0.099 ± 0.013. The [1‐13C]acetylcarnitine/[2‐13C]pyruvate ratio was 2.5‐fold higher, increasing from 0.025 ± 0.01 to

0.064 ± 0.009. At baseline, the mitochondrial [5‐13C]glutamate/[2‐13C]pyruvate ratio was 0.039 ± 0.004; this value did not change significantly with

dobutamine stimulation (1.3‐fold increase, p = 0.16).

The changes in metabolite ratios as a consequence of increased workload can be attributed to individual pathways. The [1‐13C]lactate/[1‐13C]

alanine ratio was unchanged on dobutamine stimulation, and suggests that the relative cytosolic lactate and alanine concentrations, a marker of the

reduction–oxidation (redox) potential,5 also did not change significantly. The 13C–bicarbonate/[1‐13C]lactate ratios, an index of mitochondrial ver-

sus cytosolic redox‐dependent pyruvate utilization,19 was decreased by 60% (± 17%). The [5‐13C]glutamate/13C–bicarbonate ratio was decreased

by 36% (± 21%) with dobutamine stimulation, indicating that, of the [1,2‐13C2]pyruvate taken up into the mitochondria, a significantly lower portion

was exchanged into the [5‐13C]glutamate pool via the malate–aspartate shuttle at higher workload. The [1‐13C]acetylcarnitine signal increased by a

similar amount to 13C–bicarbonate at higher workload; this is consistent with the observation that PDH‐derived acetyl‐coenzyme A (acetyl‐CoA)

is rapidly cycled through the acetylcarnitine pool to buffer acetyl‐CoA levels during high energy demand.36,37 The metabolic fates of

[1,2‐13C2]pyruvate and its metabolic derivatives, as measured before and after dobutamine stimulation, are illustrated in Figure 3.
4 | DISCUSSION

4.1 | Changes in substrate utilization in response to adrenergic activation

In the work presented here, simultaneous monitoring of the first and second labeling positions of 13C–pyruvate, alongside measurements of cardiac

workload, enabled the visualization of reprogramed carbohydrate oxidation on adrenergic activation. The individual dobutamine‐induced changes
FIGURE 2 Quantification of the metabolic products observed following the myocardial utilization of hyperpolarized [1,2‐13C2]pyruvate at normal
workload and after cardiac workload had been increased with dobutamine stimulation. (A) Metabolite signals normalized to pyruvate signal. ala,
alanine; alcar, acetylcarnitine; bicarb, bicarbonate; C1 pyr, C1 pyruvate; C2 pyr, C2 pyruvate; glu, glutamate; lac, lactate. (B) Intracellular metabolite
ratios, calculated to analyze the relationships between cytosolic and mitochondrial carbohydrate metabolism and NADH (reduced form of
nicotinamide adenine dinucleotide) handling. *p < 0.05 (n = 5 for all metabolite ratios, with the exception that acetylcarnitine was not quantifiable in
one control experiment because of a larger linewidth)



FIGURE 3 The metabolic changes observed using non‐invasive cine‐magnetic resonance imaging (cine‐MRI) and 13C magnetic resonance
spectroscopy (MRS) on adrenergic activation. The green pathways represent enzymatic reactions whose activities were observed to increase
with higher workload, whereas the red pathway indicates reduced activity. The combined approach confirmed the mechanism for the reduced
[5‐13C]glutamate production on adrenergic activation that was ultimately observed: reduced malate–aspartate shuttle flux as a result of
α‐ketoglutarate (αKG) sequestration within the tricarboxylic acid (TCA) cycle
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to pyruvate metabolism are mapped onto Figure 3. Via the [1‐13C]pyruvate label, sharp increases in the cytosolic conversion of pyruvate to

[1‐13C]lactate and [1‐13C]alanine were observed. 13C–Bicarbonate production by PDH, and thus acetyl‐CoA derived from pyruvate, was increased

by a factor of 2.2. Cardiac cine imaging measured a two‐fold increase in cardiac output, which is known to couple toTCA cycle turnover.38 Via the

[2‐13C]pyruvate label, 13C–glutamate production remained constant on adrenergic activation, such that the 13C–glutamate produced relative to the

amount of 13C–labeled acetyl‐CoA entering the TCA cycle was decreased by 36%.

To understand the mechanism unifying these individual metabolic findings, it was necessary to consider the fates of pyruvate in the context of

cardiac physiology. The increases to [1‐13C]lactate and [1‐13C]alanine production suggested that glycolysis was increased overall at higher work-

load, and their matched increase also suggested that the relative lactate and alanine pool sizes remained the same, which indicated that there

was probably little change to cytosolic redox potential.5 PDH flux measured by hyperpolarized [1‐13C]pyruvate to 13C bicarbonate conversion

can be modulated by substrate availability as a result of fasting or changing infusion mixtures,17,39-41 and these changes in the observed PDH flux

can be related to the relative contribution of acetyl‐CoA from carbohydrates or fatty acid + ketones. The increased PDH flux observed in this study

in the same animal at rest and with dobutamine stimulation suggested a greater contribution to cardiac energy production from carbohydrates at

higher workload.17,25

Theoretically, the relative reduction to the [5‐13C]glutamate signal could have resulted from one of three mechanisms: (1) reduced flux of the
13C label from [1,2‐13C2]pyruvate into theTCA cycle;25 (2) reduced 13C label flux through the first span of theTCA cycle;5 or (3) reduced efflux of

the 13C label from the TCA cycle into the glutamate pool, via the malate–aspartate shuttle.5 The increase in 13C–bicarbonate and

[1‐13C]acetylcarnitine production (Figure 2B) confirmed that the PDH flux and thus 13C–acetyl‐CoA production were both increased at higher

workload. Combined with the previous observation that, within the timescale of the hyperpolarized experiment, pyruvate‐derived acetyl‐CoA is

cycled through the acetylcarnitine pool to buffer substrate provision for the TCA cycle,36 it is reasonable to eliminate mechanism (1). Our direct

measurement of cardiac workload rendered mechanism (2) unlikely. As such, the data support the conclusion that NADH shuttling from the cytosol

to the mitochondria via the malate–aspartate shuttle was limited on adrenergic activation.

This conclusion is further supported by an elegant study conducted by O'Donnell et al.5 in the dobutamine‐stimulated canine heart. By the

application of thermal equilibrium high‐resolution nuclear magnetic resonance (NMR) methods and invasive biochemical techniques to tissue

biopsies, fractional 13C enrichment of both the glutamate and succinate pools was measured directly, alongside absolute pool sizes of glycolytic

and TCA cycle intermediates. As in this study, dobutamine increased cardiac workload by approximately two‐fold and increased cytosolic levels

of lactate and alanine in proportion to one another. High‐resolution NMR methods revealed a substantial reduction in 13C label incorporation into

the glutamate pool at high workload. However, the invasive techniques enabled the authors to confirm directly that 13C flux through theTCA cycle

was proportionally maintained, and that the reduction to 13C–glutamate signified impairment to the malate–aspartate shuttle only at high

workload.
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4.2 | Importance for the interpretation of past and future data

Importantly, impairment to cytosolic NADH transfer via the malate–aspartate shuttle appears secondary to increased levels of mitochondrial Ca2+.

TheTCA cycle enzyme α‐KG dehydrogenase, and the α‐KG–malate transporter of the shuttle, each compete for the substrate α‐KG via their appar-

ent Km values.3,5,42 Metabolic effectors change the Km values: for example, Ca2+ is known to reduce the Km value for α‐KG dehydrogenase, thus

increasing the enzyme's affinity for α‐KG.43 Adrenergic activation with dobutamine is known to increase mitochondrial Ca2+,44 thereby increasing

the activity of α‐KG and flux through theTCA cycle as a whole, and reducing the mitochondrial levels of α‐KG available for transport into the cyto-

sol to facilitate NADH shuttling.3,5 In both studies using thermal equilibrium 13CMRS, and in the work presented here, the observed drop in relative
13C–glutamate production was consistent with increased sequestration of α‐KG within the mitochondria.5,33

O'Donnell et al.5 have speculated that flux through the malate–aspartate shuttle may be similarly limited in other conditions in which mito-

chondrial [Ca2+] may be physiologically or pathologically altered. Following from this logic, distinguishing between altered TCA cycle dynamics

and regulation of the malate–aspartate shuttle may also be important in the interpretation of previous in vivo work using hyperpolarized

[1‐13C]‐ and [2‐13C]pyruvate in the context of CVD. In a porcine model of tachycardia‐induced dilated cardiomyopathy (DCM) for example,
13C–glutamate production was significantly reduced at an early stage of the model, alongside adrenergic activation45 and maintenance of both

cardiac output and 13C–bicarbonate production via PDH.22 It seems likely that the reduced [5‐13C]glutamate observed in DCM was the result

of reduced malate–aspartate flux. This is in contrast with the findings of another group, who investigated [2‐13C]pyruvate metabolism during

remodeling following a myocardial infarction (MI).31 Post‐MI, the [5‐13C]glutamate signal correlated with cardiac function, and alterations to

[5‐13C]glutamate occurred independently of alterations to PDH flux. Here, it is likely that the reduced [5‐13C]glutamate was caused by impaired

TCA cycle flux blocking the incorporation of the 13C label into the α‐KG and glutamate pools. Therefore, although α‐KG–glutamate exchange

via the malate–aspartate shuttle may have been functioning, the reduction to cardiac workload may have prevented the shuttle dynamics from

being observed with 13C MRS.
4.3 | Translational significance

Our group has recently demonstrated that hyperpolarized 13C–pyruvate can monitor cardiac metabolism in humans.23 As such, the potential to use

metabolic alterations, observed non‐invasively using hyperpolarized 13C MR, with a view to diagnose disease is rapidly becoming a reality. In order

for 13C MR‐derived biomarkers to take on clinical significance, it will be vital to understand their mechanism and to decode the underlying

pathophysiology that they signify. Large‐animal work, as presented here, serves the dual roles of identifying potential biomarkers and providing

the basic science platform needed to explore the mechanism of a targeted metabolic change.

MRI is lauded by many as a ‘one‐stop shop’ for the assessment of cardiac disease, with clinical cardiac MRI assessments routinely relying on

results from multiple scanning protocols.46,47 The work presented here offers evidence that hyperpolarized MR may confer benefit to human

health when used as one tool in an imaging toolbox to examine the functional significance of altered cardiac metabolism. In practice, a

hyperpolarized [1‐13C]pyruvate MRI scan added approximately 10 min to a conventional cardiac assessment protocol.23 This timescale makes it

feasible to incorporate hyperpolarized metabolic scanning (with one or more 13C labels), with MR measures of cardiac perfusion and function,

alongside standard tests. In this context of comprehensive myocardial assessment, ‘decreased [5‐13C]glutamate production’ is a metric that could

carry weight in pointing to a clinical diagnosis.
5 | CONCLUSIONS

Hyperpolarized 13C MRS of the porcine heart at a high workload state and at baseline was compared. Injection of [1,2‐13C]pyruvate gave labeled

metabolite signals from lactate, alanine, bicarbonate and glutamate. The increased workload caused a large (five‐ to six‐fold) increase in the lactate

to pyruvate and alanine to pyruvate ratios, a moderate (two‐fold) increase in bicarbonate to pyruvate and acetylcarnitine to pyruvate ratios, but no

significant change in the glutamate to pyruvate ratio. Limited flux through the malate–aspartate shuttle was identified as the likely mechanism.
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