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Abstract

Background—Myocardial infarction (MI) is one of the leading causes of heart failure. An 

increasing body of evidence links alterations in cardiac metabolism and mitochondrial function 

with the progression of heart disease. The aim of this work was to, therefore, follow the in vivo 

mitochondrial metabolic alterations caused by MI, thereby allowing a greater understanding of the 

interplay between metabolic and functional abnormalities.

Methods and Results—Using hyperpolarized carbon-13 (13C)-magnetic resonance 

spectroscopy, in vivo alterations in mitochondrial metabolism were assessed for 22 weeks after 

surgically induced MI with reperfusion in female Wister rats. One week after MI, there were no 

detectable alterations in in vivo cardiac mitochondrial metabolism over the range of ejection 

fractions observed (from 28% to 84%). At 6 weeks after MI, in vivo mitochondrial Krebs cycle 

activity was impaired, with decreased 13C-label flux into citrate, glutamate, and acetylcarnitine, 

which correlated with the degree of cardiac dysfunction. These changes were independent of 

alterations in pyruvate dehydrogenase flux. By 22 weeks, alterations were also seen in pyruvate 

dehydrogenase flux, which decreased at lower ejection fractions. These results were confirmed 

using in vitro analysis of enzyme activities and metabolomic profiles of key intermediates.
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Conclusions—The in vivo decrease in Krebs cycle activity in the 6-week post-MI heart may 

represent an early maladaptive phase in the metabolic alterations after MI in which reductions in 

Krebs cycle activity precede a reduction in pyruvate dehydrogenase flux. Changes in 

mitochondrial metabolism in heart disease are progressive and proportional to the degree of 

cardiac impairment.
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Myocardial infarction (MI) is the leading cause of heart failure in the developed world and 

results in high levels of mortality and morbidity in patients.1 MI is caused by a partial or 

complete obstruction of a coronary artery, resulting in significant reductions in coronary 

blood flow and in ischemia.2 MI injury results in loss of heart tissue, causing the heart to 

remodel structurally and metabolically. However, this remodeled state is unsustainable, and 

the heart eventually fails, where the myocardial wall thins, the left ventricular (LV) cavity 

dilates, and cardiac output decreases.2 After a MI, the progression into heart failure can be 

characterized by profound changes in myocardial energy metabolism.1,3

Fatty acid oxidation contributes 60% to 70% of the energy required for the resting heart, 

with glucose and lactate making up the majority of the remaining needs.1,2,4,5 The tightly 

regulated reciprocal relationship between glucose oxidation through pyruvate 

dehydrogenase (PDH) and fatty acid oxidation breaks down after an MI.5–7 This is 

accompanied by alterations in both Krebs cycle enzyme activities and electron chain 

complexes and contributes to a generalized reduction in the capacity for ATP 

production.8–12 In vitro experiments of MI have revealed that there are alterations in the 

electron transport chain as early as 2 weeks after MI,8 and that alterations in cardiac 

mitochondrial metabolism continue out to 6 months. However, the exact nature and timing 

of in vivo mitochondrial dysfunction after an MI are unclear, and information about this 

would provide a greater understanding of the development of metabolic abnormalities after 

an MI.

The use of hyperpolarized 13C-magnetic resonance spectroscopy (MRS)13 allows the study 

of in vivo mitochondrial metabolism by measuring the flux of 13C-labeled pyruvate through 

PDH and into the Krebs cycle.14–18 Unlike positron emission tomography, which uses 

substrates such as 18Fluorodeoxyglucose as a marker of glucose uptake, or in vitro enzyme 

assays, hyperpolarized 13C-MRS provides a noninvasive, in vivo real-time measurement of 

metabolic flux.13,15,19–21 The technique allows animals to be scanned serially, thereby 

offering the potential to track the temporal metabolic changes associated with MI and heart 

failure progression in vivo.

The aims of this study were to assess in vivo metabolic alterations in mitochondrial function 

that occur after an MI. Rats were scanned using both hyperpolarized [1-13C] and [2-13C] 

pyruvate at 1, 6, and 22 weeks after MI. Cardiac function was monitored at each time point 

using echocardiography. Ejection fraction (EF) was used to correlate in vivo metabolic data 

with the severity of cardiac functional impairment. Ex vivo metabolomics and biochemical 
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analysis of enzyme activities were used to support the in vivo data at the 22-week time 

point.

Methods

Detailed Methods are presented in the Data Supplement. Fifteen female Wistar rats (200–

250 g; 8–9 weeks; Harlan, United Kingdom) were housed on a 12:12-hour light/dark cycle 

in animal facilities at the University of Oxford. All animal studies were performed between 

7 am and 1 pm with the animals in the fed state. All investigations conformed to Home 

Office Guidance on the Operations of the Animals (Scientific Procedures) Act 1986, to 

institutional guidelines and were approved by the University of Oxford Animal Ethics 

Review Committee.

MI Surgery

Surgical procedures were performed to ligate the left anterior descending coronary artery as 

previously described.22 Eleven anaesthetized female Wistar rats underwent 50 minutes of 

ischemia followed by reperfusion (2%–3% isoflurane in oxygen). Four sham-operated 

animals underwent the same procedure but without ligation of the left anterior descending.

Echocardiography

Animals were lightly anaesthetized with isoflurane (1.5% in 2 L/min oxygen) and 2-

dimensional-echocardiography was performed as described.22 Measurements of end-

diastolic and end-systolic areas and diameter were used to determine EFs (end-diastolic area 

– end-systolic area/end-diastolic area) at 1, 6, and 22 weeks after MI.22

MRI Measurements of Cardiac Function

At 22 weeks after MI, cardiac structure and function were also assessed using CINE MRI as 

previously described.20 Briefly, anaesthetized animals (1.5%–2% isoflurane in 2 L/min 

oxygen) were positioned in an 11.7 T vertical bore MR scanner (Magnex Scientific, Oxon, 

United Kingdom) interfaced to a Bruker Avance console (Bruker Medical, Ettlingen, 

Germany) and a shielded gradient system (Magnex Scientific). A 52-mm birdcage transmit/

receive radiofrequency coil was used to obtain MRI (Rapid Biomedical, Rimpar, Germany). 

Sequences were ECG-triggered, and 24 to 31 frames were collected per cardiac cycle. For 

each heart, the LV mass, EF, stroke volume, scar size, and cardiac output were derived using 

the free-hand drawing function in ImageJ (National Institutes of Health). The infarct size 

was determined by measuring the akinetic region in the image.22

Hyperpolarized 13C-MRS Protocol

At 1, 6, and 22 weeks after MI, animals were scanned with both [1-13C]pyruvate and 

[2-13C]pyruvate (Sigma-Aldrich, Gillingham, United Kingdom), as previously 

described.15,23 Briefly, anaesthetized animals (1.5%–2% isoflurane in 2 L/min oxygen) were 

positioned in a 7T horizontal bore MR scanner (Varian Inc, Yarnton, United Kingdom), and 

signal from the heart was localized using a custom-built 1H/13C butterfly coil. Correct 

positioning was confirmed with an axial proton fast low-angle shot image, and an ECG-

gated shim was used to reduce the proton line width to ≈120 Hz. One milliliter of either 
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hyperpolarized [1-13C]- or [2-13C]pyruvate was injected >10 s through a tail vein cannula 

(dose of 0.32 mmol/kg). Sixty individual, ECG-gated, 13C-MR pulse-acquire cardiac spectra 

were acquired after injection (TR, 1 s; excitation flip angle, 5°; sweep width, 13 593 Hz; 

acquired points, 2048; frequency centered on the C1 pyruvate resonance, total acquisition 

time, 60 s). The [1-13C]pyruvate and [2-13C]pyruvate infusions were conducted ≈1 hour 

apart in all animals, and the sequence of infusions was randomized.

MRS Data Analysis

Cardiac 13C-MRS spectra were analyzed as previously reported.20 Briefly, for 

[1-13C]pyruvate MRS data, the peak areas of metabolites at each time point were quantified 

using a kinetic model.16 The acquired [2-13C]pyruvate spectra were summed for the first 30 

s after the appearance of [2-13C]pyruvate, to increase the sensitivity of measurements 

because of a low signal:noise ratio. The peak areas of metabolites were quantified in the 

summed spectra.

Tissue Collection

One day after the 22-week hyperpolarized scans, animals were anaesthetized using an 

overdose of isoflurane. The hearts were removed and placed in ice-cold PBS (Sigma-

Aldrich). The hearts were immediately blotted, the scar excised and viable tissue weighed 

before being freeze–clamped, and stored at −80°C for subsequent biochemical analysis.

Tissue Homogenization and Enzyme Activity Assays

Tissue was homogenized using the following method for all assays unless stated otherwise. 

Frozen powered cardiac tissue (15 mg) was homogenized in 1 mL of ice-cold 

homogenization buffer using a polytron homogenizer (Kinematic, Luzern, Switzerland) for 

30 s. To each sample, 10 μL of triton X-100 was added before being briefly vortexed and 

incubated on ice for 10 minutes. Samples were centrifuged (375g for 10 minutes at 4°C), 

and used for assays as described below.

The activity of citrate synthase (CS) was determined spectrophotometrically in a reaction 

that monitored the increase in absorbance at 412 nm because of the conversion of 5,5′-

dithiobis(2-nitrobenzoic acid) to 2-nitro-5-thiobenzoate.5 The activity of carnitine acetyl-

transferase was determined spectrophotometrically in a coupled reaction monitoring the 

production of nicotinamide adenine dinucleotide using previously developed methods.24 The 

activity of isocitrate dehydrogenase and aconitase was determined spectrophotometrically.25 

The activity of PDH was measured using a spectrophotometric assay, as previously 

described.20 The cardiac tissue used for the PDH activity assay was homogenized in 

different buffers depending on whether the active or total activity was analyzed. The 

reaction monitored the increase in absorbance at 340 nm because of the reduction of 

nicotinamide adenine dinucleotide to nicotinamide adenine dinucleotide, in the active and 

maximally active (total) PDH fractions. PDH activity was expressed as a percentage of the 

ratio of active to total.
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NMR Metabolomic Analysis

Metabolites were extracted using methanol–chloroform–water, and the aqueous extract was 

analyzed as previously described using both gas chromatography-mass spectrometry 

and 1H-NMR spectroscopy.26 The following metabolites were assessed: glutamate, citrate, 

malate, and creatine. Data were expressed as relative to the control peak of TSP.

Acylcarnitine-Free Carnitine Assay

Cardiac tissue (50 mg) was pulverized and extracted using methanol/chloroform/water. 

Butylated extracts were injected (10 μL) into a Quattro Premiere XE Triple Quadrupolar 

Mass Spectrometer (Waters Ltd, Elstree, United Kingdom) coupled with an electrospray 

ionization source in positive ion mode. The acylcarnitines were analyzed by multiple 

reaction monitoring in a positive ion mode. Samples were introduced by direct infusion. 

Data were processed using the Neolynx software package (Waters Ltd).

Statistics

All data underwent a Kolmogorov–Smirnov normality test with the Dallal–Wilkinson–Lillie 

for corrected P value. All results were expressed as correlations against the assessed EF, 

across the shams and infarcted animals. Data that were normally distributed underwent a 

Pearson linear regression test; all others underwent a Spearman Rank. Statistical 

significance was defined as P≤0.05. In addition, a group analysis (Data Supplement) was 

undertaken to compare the hearts with an EF>65% (normal function n=6) with those with an 

EF<50% (impaired function n=5). A 2-tailed Student t test was performed to assess 

statistical differences between the groups in the group analysis. All statistical analysis was 

undertaken using Prism 6 (GraphPad Software, San Diego, CA). All graphs show a trendline 

of linear regression with the 95% confidence levels indicated by the displayed bounds.

Results

Alterations in Cardiac Structure and Function After Myocardial Function

Echocardiography showed that 1 week after surgery, animals that had undergone MI surgery 

displayed a range of EFs (from 28% to 81%) when compared with sham animals (72%–

84%). Cardiac function was also assessed by CINE MRI at 22 weeks after surgery to allow a 

more in-depth analysis of the structural and functional remodeling in these animals. EFs 

measured after MI using CINE MRI and echocardiography at 22 weeks were tightly 

correlated and validated the use of echo at each time point (Figure IA in the Data 

Supplement). The use of echo was necessary to reduce the length of time the animals were 

under anesthesia because echo provides a quick, but reliable measurement of cardiac 

function.22 EF at 1 and 22 weeks significantly correlated, indicating that cardiac function 

did not alter over the time of the experiment (Figure IB in the Data Supplement). Scar size, 

measured as the thinned and akinetic regions of the myocardium, negatively correlated with 

EF (determined using CINE MRI), ranging from 4% to 37% of the LV (Figure 1). End-

diastolic volume also negatively correlated with EF, whereas cardiac output and stroke 

volume correlated positively with EF. The dilation of the LV and decrease in cardiac output 

were consistent with functional abnormalities associated with the progression into heart 
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failure. Average viable mass was not significantly different over the range of EFs, consistent 

with compensated hypertrophy of the remote myocardium (Figure II in the Data 

Supplement).

Altered In Vivo Metabolism in the Infarcted Heart

Hyperpolarized 13C-MRS was used to measure the real-time conversion of [1-13C]pyruvate 

into both [13C]bicarbonate and 13CO2, which directly assesses flux through PDH. At 1 and 6 

weeks after induction of MI, there was no significant correlation between EF and PDH flux 

(Figure 2), despite several animals with severely reduced EFs. This result was supported by 

the group analysis, which revealed no significant difference between hearts with normal and 

impaired function (Figure III in the Data Supplement). This would imply that the 

contribution to energy generation from pyruvate was unaltered ≤6 weeks after infarction, 

despite observed functional deficits early after MI. However, by 22 weeks after surgery, a 

significant positive correlation between EF and PDH flux was observed (Figure 2; Figure III 

in the Data Supplement). Therefore by 22 weeks, the use of pyruvate for acetyl-CoA 

generation, and subsequent acetyl-CoA processing via the Krebs cycle, was reduced in 

infarcted hearts proportional to the degree of functional impairment. Incorporation of the 

hyperpolarized 13C label into [1-13C]lactate and [1-13C]alanine was also evaluated in these 

experiments. No correlation between EF and 13C-label incorporation from [1-13C]pyruvate 

into [1-13C]lactate was observed at any time point. At 1 and 22 weeks, 13C-label 

incorporation into [1-13C]alanine did not correlate with EF, interestingly although at 6 

weeks, there was a significant positive correlation with EF. It is possible that these data 

indicate limited nonoxidative fates of pyruvate after MI surgery (Figure IV in the Data 

Supplement).

Altered In Vivo Activity of the Krebs Cycle

To evaluate the effects of MI on Krebs cycle metabolism, the conversion of [2-13C]pyruvate 

into several downstream mitochondrial products, namely [5-13C]glutamate, [1-13C]citrate, 

and [1-13C]acetylcarnitine, was also evaluated. Figure 3 shows a representative 

[2-13C]pyruvate spectra from the 22-week time point of both a sham and an infarcted 

heart. 13C-label incorporation into glutamate, citrate, and acetylcarnitine showed no 

significant correlation with EF at 1 week after surgery (Figure 4). However, at 6 weeks after 

MI, incorporation of the 13C-label into the Krebs cycle (citrate) was reduced in proportion to 

contractile dysfunction, independent of any changes in PDH flux. This was also 

accompanied by a positive correlation between EF and 13C-label flux into acetylcarnitine 

and glutamate. These findings were supported by the group analysis, which showed 

significant reductions in the levels of 13C incorporation into citrate, glutamate, and 

acetylcarnitine in the hearts with impaired function (Figure V in the Data Supplement). Such 

results may reflect several different perturbations in these hearts, namely a reduction in the 

activity of the enzymes required to synthesize these products, or reductions in the pool sizes 

of these metabolites, or a combination of both. These changes in the Krebs cycle remained at 

22 weeks after MI but were also accompanied by alterations in PDH flux. Therefore, the 

observed differences at this later time point were accompanied by decreased amounts 

of 13C-label reaching the Krebs cycle because of decreased PDH flux.20
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Altered In Vivo Metabolite Signals Over the Duration of the Study

A 2-way repeated measures ANOVA of the data revealed a general trend (statistically 

significant for all metabolites except lactate, data not shown) for 13C-label incorporation to 

increase during the 22-week time frame of the study. This effect was caused by the 

ratiometric nature of the kinetic analysis that explored the relative proportion of metabolite 

generated from the injected 13C-labeled pyruvate. As the amount of pyruvate injected was 

held constant across the time course of the study and the amount of viable myocardium in 

the sensitive region of the radiofrequency coil increased as the animals grew, an increase in 

the relative metabolite levels was observed.

Altered Metabolite Pool Sizes in the Infarcted Heart

In vitro 1H-NMR spectroscopy was used to determine whether the decreased 13C-label 

incorporation into the Krebs cycle was linked with alterations in the metabolite pool sizes at 

22 weeks. The relative pool size of citrate did not significantly correlate with EF, thereby 

demonstrating that any reduction in the production of citrate must have also been coupled 

with a reduced use. In contrast to this, a positive correlation was observed between the pool 

sizes of both glutamate and malate, and EF, indicating depletion of Krebs cycle 

intermediates (Figure 5; Figure VI in the Data Supplement). Consistent with other studies of 

contractile dysfunction,27–29 a positive correlation was seen between creatine and EF. 

Decreased creatine highlights an alteration in energy handling within the infarcted heart.

Alterations in Carnitine Availability in the Infarcted Heart

Carnitine is the carrier for mitochondrial membrane transport of fatty acyl-CoA and acetyl-

CoA and exists as a finite pool within the heart. Direct infusion mass spectrometry was used 

to measure carnitine levels within the heart. Changes in carnitine availability could lead to 

alterations in acetylcarnitine production and, therefore, 13C-label incorporation into [1-13C] 

acetylcarnitine. There was a significant negative correlation between the ratio of 

acylcarnitine:free carnitine and cardiac function (Figure 5; Figure VII in the Data 

Supplement). Furthermore, the ratio of free carnitine:total carnitine positively correlated 

with cardiac function. Taken together, these findings suggest that there was a reduction in 

the relative availability of free carnitine in the infarcted hearts, which may make some 

contribution to the reduction in [1-13C]acetylcarnitine.

MI Affected the Activity of Krebs Cycle Enzymes

Finally, to understand the observed alterations in in vivo flux through PDH and in the Krebs 

cycle, changes in key mitochondrial enzyme activities were assessed. Consistent with 

decreased flux into bicarbonate and CO2, PDH activity positively correlated with EF at 22 

weeks (Figure 6; Figure VIII in the Data Supplement).

The positive correlation of 13C-label flux into acetylcarnitine and EF seems to have been 

driven by multiple factors. Along with altered carnitine availability, the activity of carnitine 

acetyl-transferase positively correlated with cardiac function, indicating that decreased 13C-

label incorporation might be a result of both decreased enzyme activity and decreased free 

carnitine. Decreased CS activity was also seen to correlate with cardiac function, 

demonstrating that altered 13C-label flux into citrate was because of changes in CS activity 
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and not increased usage of citrate. Interestingly, aconitase activity did not significantly 

correlate with EF, suggesting that this enzyme reaction was not a rate-determining step, 

whereas isocitrate dehydrogenase (ICDH) activity was found to correlate with EF positively. 

Changes to both CS and ICDH activity mean that flux into glutamate, whether derived from 

the [2-13C]pyruvate or endogenous substrates, will have been reduced. This would explain 

the observed reductions in both 13C-label incorporation and glutamate pool size, which were 

proportional to cardiac function.

Discussion

An increasing body of evidence links alterations in cardiac metabolism with the progression 

of heart disease.1 In this study, using hyperpolarized 13C-MRS, an in vivo assessment of 

mitochondrial metabolism after MI was performed. At 6 weeks after MI, activity in the 

Krebs cycle positively correlated with cardiac function, indicative of early in vivo 

mitochondrial defects. Early metabolic alterations in the heart after MI occurred 

independently of changes in PDH flux, which were not observed until 22 weeks after MI.

Reduced Capacity to Oxidize Acetyl-CoA After MI

One week after MI, there were no detectable alterations in cardiac mitochondrial metabolism 

over the range of EFs observed. This was an early adaptive phase after infarction, where scar 

formation and remodeling of the heart were occurring.30–32

Six weeks after an MI, impairment in in vivo mitochondrial Krebs cycle activity was seen to 

correlate with the degree of cardiac dysfunction. Although the observation of mitochondrial 

Krebs cycle alteration after an MI is not novel, the fact that these were detected in vivo 

provides an interesting opportunity to monitor the effects of modified cardiac function on 

cardiac metabolism. Interestingly, these changes in Krebs cycle activity were independent of 

alterations in PDH. Thus, in vivo alterations in Krebs cycle activity may define an early 

maladaptive phase in metabolic derangement that is associated with the progression into 

heart failure. Reductions in 13C-label incorporation into citrate and acetylcarnitine, which 

correlated with cardiac function, have highlighted a reduced capacity of the infarcted heart 

to oxidize acetyl-CoA, despite a normal ability to decarboxylate pyruvate. Uncoupling 

means acetyl-CoA is produced at the same rate by PDH, but there is a reduction in its 

oxidation because of a slowdown in Krebs cycle activity. Without information of β-

oxidation, it is unclear whether changes in fatty acid usage lead to less acetyl-CoA from fat, 

thereby preventing the normal feedback inhibition of PDH.33 Although altered 13C-label 

incorporation into glutamate may have been a result of reduced label flux through CS, the 

reduced 13C-label incorporation into citrate shows that in vivo the initial reactions of the 

Krebs cycle were defective at this early time point.

The animals were subsequently studied at 22 weeks after MI. CINE MRI analysis showed 

that, consistent with a 22-week chronically infarcted heart, EF positively correlated with 

scar size, indicating that LV remodeling was related to the degree of myocardial damage.22 

Measurements of the viable myocardium (both in vitro and in vivo using MRI) indicated no 

relationship between viable myocardium and EF at 22 weeks (Figure II in the Data 

Supplement), meaning that any decreases in in vivo 13C-label incorporation were not 
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because of reductions in the mass of viable tissue in the infarcted hearts. At 22 weeks after 

MI, there was a general breakdown in in vivo mitochondrial function. Although EF 

remained relatively stable during the course of the study, the deterioration in in vivo 

mitochondrial function was progressive during the 22-week time frame. Along with the 

defects in Krebs cycle activity described at 6 weeks after MI, flux through PDH also 

correlated with cardiac function at the 22-week time point. These alterations highlight 

defects in pyruvate oxidation at 22 weeks after MI. Our in vivo data support and advance the 

link between cardiac and mitochondrial function, which has previously been reported in 

vitro.5,6,8,34,35

13C-label incorporation into citrate demonstrates the flux of pyruvate-derived acetyl-CoA 

into the Krebs cycle and provides a measure of Krebs cycle activity. Decreased 13C-label 

incorporation into citrate at 22 weeks was because of multiple factors, including decreased 

CS activity and reduced acetyl-CoA production (by PDH). In vitro analysis of CS activity 

suggests that with more severe impairment of cardiac function, the enzyme becomes less 

efficient at producing citrate. Decreases in CS activity are widely reported after MI,5,6,8,36,37 

but the use of hyperpolarized 13C-MRS has provided the first in vivo measurements of this 

occurring, which was recently highlighted as an important factor in understanding the 

development of heart failure.38 Interestingly, 13C-label incorporation into citrate did not 

relate to citrate pool size in this study because the pool size of citrate did not alter during the 

range of EFs observed. The maintenance of a normal citrate pool size was because of the 

decreased activity of ICDH, which along with CS, showed a positive correlation with EF.

Label incorporation into glutamate provided information on the activity of the initial 

reactions of the Krebs cycle. At both 6 and 22 weeks, positive correlations between cardiac 

function and 13C-label incorporation into glutamate were observed, which were 

accompanied by a decreased glutamate pool size. The alteration in ICDH activity suggests a 

decrease in the production of α-ketoglutarate, which may explain both the decreased pool 

size and the reduced 13C-label incorporation into glutamate. However, it does not preclude a 

possible contribution from increased α-ketoglutarate efflux in the reduction of 13C 

incorporation into glutamate.39,40 The reduction in myocardial glutamate levels, in addition 

to reduced malate levels, may also indicate alterations in the malate–aspartate shuttle.41 In 

an environment where there is a reduced activity of both CS and ICDH, it is also possible 

that an increased mitochondrial uptake of glutamate may maintain α-ketoglutarate levels and 

keep the second span of the Krebs cycle flowing.42

At both 6 and 22 weeks, there was a reduced capacity for acetylcarnitine formation, which 

normally acts as a buffering system for excess acetyl-CoA production, similar to 

triacylglycerol in β-oxidation.14 Reductions in 13C-label flux into acetylcarnitine may be a 

indicative of a reduction in available free carnitine and reduced carnitine acetyl-transferase 

enzyme activity.43,44 Previous data suggest that carnitine becomes trapped in the 

acylcarnitine form because of reductions in β-oxidation, therefore, preventing free carnitine 

from being available to buffer excess acetyl-CoA.43,45–47 We have presented evidence here 

that this could be the case with a possible reduction in free carnitine in the viable 

myocardium of low EF animals at 22 weeks. Coupled with this, measurement of the activity 

of carnitine acetyl-transferase revealed that although reductions in free carnitine may play 
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some role in the reduced acetylcarnitine flux, the enzyme must also carry a defect, which 

reduces the activity. The breakdown of this auxiliary pathway could explain the reason for 

carnitine trapping, because of a reduction in free CoA, which is itself trapped in acetyl-CoA. 

This complicated cycle of trapping of CoA and carnitine eventually leads to reductions in 

PDH and Krebs cycle activity, and possibly β-oxidation, although this was not measured 

here.48

Limitations

As with any study, the limitations of the technique used need to be taken into consideration 

when interpreting the results. With the use of hyperpolarized pyruvate, there is a 

requirement for injection of supraphysiological concentrations of the tracer; however, the 

physiological effect of the pyruvate injection has previously been shown to be minimal.16 In 

this study, sequential injections of hyperpolarized pyruvate (labeled at either the C1 or C2 

positions) were given with an interval of 1 hour between injections. Although the order of 

the injections was randomized to ensure that there was no bias in the acquired data, there is 

the possibility that any long-term physiological effects of the multiple injections may have 

contributed to the level of variation observed in the acquired data.

Another limitation is that pyruvate only probes one side of the metabolic process, namely 

carbohydrate metabolism, and is unable to report directly on fatty acid oxidation. Recent 

advances in the field of hyperpolarized 13C-MRS have allowed the use of butyrate as a 

metabolic probe for short-chain fatty acid metabolism. The use of this compound may 

provide more information on fatty acid metabolism in the infarcted heart.49

Although in previous studies using hyperpolarized pyruvate it has been possible to observe 

increases in the level of anaplerosis through the production of [3-13C]citrate, it was not 

possible to quantify this peak in this study reliably.23 This does not, however, rule out an 

increased reliance on anaplerosis in the infarcted heart, which has been observed previously 

in the diseased rat heart.50

Finally, the use of imaging of the metabolism of the infarcted heart would significantly 

strengthen this study. Although technical developments have been made to enable the 

imaging of hyperpolarized [1-13C]pyruvate in the isolated rat heart, the ability to perform 

these studies has not yet been routinely translated into the in vivo rat heart.51

Conclusions

In this study, the ability of hyperpolarized 13C-MRS to measure in vivo alterations in 

cellular metabolism at multiple time points has offered new insights into the pathogenesis of 

heart failure after MI. The technique has shown that there were early maladaptive alterations 

to in vivo mitochondrial function at 6 weeks after MI, where Krebs cycle activity was 

reduced, whereas flux through PDH remained normal, possibly indicating an uncoupling of 

pyruvate oxidation and Krebs cycle activity. At 22 weeks, there were significant decreases 

in both PDH flux and label incorporation into the Krebs cycle, proportional to the decreased 

cardiac function. This may imply that alterations in the myocardial energy demand 

associated with diminished cardiac function lead to progressive alterations in Krebs cycle 

and PDH activity.
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With the completion of the first human trials of hyperpolarized 13C-MRS in cancer human 

applications for the study of in vivo cardiovascular metabolism is on the horizon.52 The 

results from this study provide an interesting insight into the development of in vivo 

metabolic defects in the in vivo rat heart. With the continued development of this 

technology,53 it is hoped that hyperpolarized 13C-MRS will provide a useful diagnostic and 

prognostic tool in the study of the metabolic alterations in the ischemic and failing human 

heart.
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CLINICAL PERSPECTIVE

Hyperpolarized 13C magnetic resonance spectroscopy provides an unprecedented 

sensitivity with which to study cardiac metabolism in real-time and in vivo. This article 

uses a rodent model of myocardial infarction to explore the links between functional and 

structural alterations in the heart after myocardial infarction and the resulting changes in 

cardiac metabolism. Six weeks after the induction of myocardial infarction, significant 

decreases in in vivo Krebs cycle flux were observed, which preceded alterations to 

pyruvate dehydrogenase flux, which were not observed until 22 weeks. These alterations 

may serve as valuable diagnostic markers for the decrease of glucose oxidation 

associated with the development into heart failure.
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Figure 1. 
Cardiac function. A, Example CINE MR images of a sham and infarcted heart at diastole 

and systole (B) CINE MR analysis at the 22-week time point. Ejection fraction significantly 

correlates with scar size, cardiac output, and stroke volume, which decrease, whereas end-

diastolic volume increases. Gray dots highlight sham-operated animals.
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Figure 2. 
In vivo flux through pyruvate dehydrogenase (PDH) was measured at 1, 6, and 22 weeks 

after myocardial infarction (MI). A, No change was seen in PDH flux (bicarbonate+CO2) in 

the first 6 weeks after MI. By 22 weeks, PDH flux significantly correlated with ejection 

fraction (determined by echo). B, Representative 22-week spectra of [1-13C]pyruvate 

metabolism in a sham and infarcted animal. In vivo 13C label incorporation into bicarbonate 

was decreased in the infarcted heart when compared with sham heart. No change was seen 

for lactate or alanine. Pyruvate hydrate, the nonmetabolic product of pyruvate, is also 

shown. (week 6: bicarbonate+CO2 was analyzed using Spearman Rank Correlation).
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Figure 3. 
Representative 22-week spectra of [2-13C]pyruvate metabolism in a sham and infarcted 

animal: in vivo 13C label incorporation into citrate, glutamate, and acetylcarnitine is 

decreased in the infarcted heart when compared with sham heart. This image is enlarged 

from the complete spectrum to highlight the glutamate, citrate, and acetylcarnitine peaks. 

Pyruvate hydrate, the nonmetabolic product of pyruvate, is used to provide scale.
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Figure 4. 
In vivo 13C label incorporation into citrate, glutamate, and acetylcarnitine 1, 6, and 22 weeks 

after myocardial infarction: at 6 and 22 weeks, 13C label incorporation into the Krebs cycle 

and acetylcarnitine correlated with ejection fraction (week 1: acetylcarnitine was analyzed 

using Spearman Rank Correlation).
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Figure 5. 
In vitro metabolomic analysis of Krebs cycle intermediates and other relevant cellular 

metabolites showed alterations in the infarcted heart: at the 22-week time point, metabolic 

analysis showed that citrate levels were unaltered, whereas glutamate, malate, and creatine 

levels correlated positively with ejection fraction. The ratio of carnitine in the acylcarnitine 

to free carnitine negatively correlated with ejection fraction. This was driven by decreases in 

the free carnitine to total carnitine levels, which is indicative of carnitine deficiency.
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Figure 6. 
In vitro analysis of key metabolic enzymes reveals reduced activity in the failing heart: 

consistent with in vivo data, pyruvate dehydrogenase, citrate synthase, and carnitine acetyl-

transferase activity positively correlated with ejection fraction. Aconitase activity was 

unaltered with altered ejection fraction, possibly because this enzyme is not a rate-

determining step. However, isocitrate dehydrogenase did show reduced activity with 

reduced cardiac function. Highlighting abnormalities in key enzymes involved in pyruvate 

oxidation and Krebs cycle flux with reducing ejection fraction.
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