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Abstract

Aim—Many diseases of the heart are characterised by changes in substrate utilisation, which is in 

part regulated by the activity of the enzyme pyruvate dehydrogenase (PDH). Consequently, there 

is much interest in the in vivo evaluation of PDH activity in a range of physiological and 

pathological states to obtain information regarding the metabolic mechanisms of cardiac diseases. 

Hyperpolarized [1-13C]pyruvate, detected using MRS, is a novel technique for evaluating PDH 

flux non-invasively. PDH flux has been assumed to directly reflect in vivo PDH activity, although 

to date this assumption remains unproven.

Methods—Control animals and animals undergoing interventions known to modulate PDH 

activity, namely high fat feeding and dichloroacetate infusion, were used to investigate the 

relationship between in vivo hyperpolarized MRS measurements of PDH flux and ex vivo 

measurements of PDH enzyme activity (PDHa). Further, the plasma concentrations of pyruvate 

and other important metabolites were evaluated following pyruvate infusion to assess the 

metabolic consequences of the pyruvate infusion during hyperpolarized MRS experiments.

Results—Hyperpolarized MRS measurements of PDH flux significantly correlated with ex vivo 

measurements of PDHa, confirming that PDH activity directly influences the in vivo flux of 

hyperpolarized pyruvate through cardiac PDH. The maximum plasma concentration of pyruvate 

reached during hyperpolarized MRS experiments was ~250 μM, equivalent to physiological 

pyruvate concentrations reached during exercise or with dietary interventions. Concentrations of 

other metabolites, including lactate, glucose and β-hydroxybutyrate (BHB), did not vary during the 
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60 s following pyruvate infusion. Hence, during the 60 s data acquisition period, metabolism was 

minimally affected by pyruvate infusion.
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Introduction

Myocardial metabolism is a highly regulated process that enables the heart to adapt to 

alterations in substrate supply, circulating hormone levels, coronary blood flow and 

myocardial oxygen supply. In order to maintain a constant high level of ATP synthesis 

regardless of the physiological environment, the heart can utilise many different substrates 

for energy generation, including fatty acids, glucose, lactate and ketone bodies. In the 

healthy adult myocardium, fatty acids are oxidized preferentially to other substrates, 

contributing 60-70% of total ATP production [1]. In contrast, many diseases of the heart can 

be characterised by alterations in substrate preference. For example the failing heart 

demonstrates an increased reliance upon glucose for energy generation, whilst fatty acid 

oxidation is decreased [2, 3]. Cardiac substrate utilisation is, in part, regulated by the activity 

of pyruvate dehydrogenase (PDH) [4-6]. PDH irreversibly converts the end product of 

glycolysis, pyruvate, to acetyl CoA, which can subsequently be used to generate ATP via the 

Krebs cycle. The PDH catalysed reaction is primarily regulated by a reversible 

phosphorylation cycle. PDH is covalently inactivated by phosphorylation via the enzyme 

PDH kinase (PDK). PDH is dephosphorylated and reactivated by PDH phosphatase (PDP). 

The relative activities of PDK and PDP determine the proportion of the PDH enzyme 

complex present in the active form, thus determining PDH activity. [4-6]. Therefore, by 

evaluating PDH activity in a range of physiological and pathological states, key information 

regarding the metabolic mechanisms of heart disease can be obtained.

Current methods of measuring PDH activity use ex vivo biochemical assays [7]. However, 

such invasive methods cannot account for the transient effects of hormones and substrate 

supply and are highly sensitive to tissue corruption from preparation and enzyme extraction 

processes. Further, biochemical assays cannot be used to monitor PDH activity repeatedly in 

the same organism. Therefore, the ability to assess PDH activity in vivo could provide a new 

understanding of the role of PDH in the development of cardiac diseases, such as heart 

failure, as well as providing a tool for the evaluation of metabolic interventions.

The recent development of hyperpolarized magnetic resonance spectroscopy (MRS) has 

enabled the non-invasive assessment of cardiac PDH flux in vivo [8, 9]. Hyperpolarized 

MRS improves MR signal-to-noise ratio (SNR) more than 10,000-fold [8] making it 

possible to non-invasively visualise the uptake of 13C-labelled metabolites and their 

metabolic conversion through specific enzymes in real time [9-11]. Using hyperpolarized 

[1-13C]pyruvate, PDH flux can be assessed by monitoring the rate of production of 

[13C]bicarbonate, a by-product of the PDH mediated reaction which exists in pH dependent 

equilibrium with 13CO2 [11]. However, the relationship between the in vivo assessment of 
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PDH flux, obtained using hyperpolarized MRS, and ex vivo measurements of PDH activity 

remains to be established.

Previous studies designed to assess in vivo cardiac metabolism have primarily used positron 

emission tomography (PET) in conjunction with radiolabelled 2-fluoro-2-deoxy-D-glucose 

[12]. Although PET can be used to provide information about individual reactions, the 

detected signal represents the sum of both the tracer and the biochemical products produced 

by the heart and is therefore limited to the study of single specific reactions [10]. The other 

major disadvantage of this approach is that it exposes patients to radiation. In contrast to 

this, hyperpolarized MRS evaluates flux through multiple enzymes simultaneously as it can 

differentiate starting substrates from biochemical products. Furthermore, this approach only 

requires infusion of metabolites naturally occurring within the body, albeit at greater than 

physiological concentrations [11]. In this study, control animals and animals undergoing 

interventions known to modulate PDH activity, namely high fat feeding and dichloroacetate 

(DCA) infusion, were used to investigate the relationship between in vivo cardiac PDH flux, 

measured using hyperpolarized MRS, and the activity of the PDH enzyme measured using a 

conventional ex vivo assay. In a final experiment, the plasma concentrations of pyruvate and 

other important metabolites were evaluated following pyruvate infusion to assess the 

metabolic effects of infusing pyruvate during hyperpolarized MRS experiments.

Experimental

The [1-13C]pyruvic acid and OX063 trityl radical were obtained from GE Healthcare 

(Amersham, UK) and the gadolinium compound 1,3,5-tris-(N-(DO3A-acetamido)-N-

methyl-4-amino-2-methylphenyl)-(1,3,5)-triazinane-2,4,6-trione, referred to here as 3-Gd, 

was obtained from Imagnia AB (Malmo, Sweden). Rats were housed on a 12:12-h light/dark 

cycle in animal facilities at the University of Oxford (lights on 7AM and off at 7PM). All 

animal studies were performed between 7AM and 1PM with the animals in the fed state. All 

investigations conformed to Home Office Guidance on the Operations of the Animals 

(Scientific Procedures) Act 1986 and to institutional guidelines.

Control Studies

Eleven male Wistar rats (~ 300 g, to match the end weight of the high fat fed animals) were 

examined using the hyperpolarized MRS protocol described below to act as controls.

High Fat Feeding

Seven male Wistar rats (~ 200 g) were placed on a high fat diet, with 55% of calories 

derived from saturated fat, 29% from protein and 16% from carbohydrates. Rats were 

examined using the hyperpolarized MRS protocol 4 weeks after implementation of the high 

fat diet.

Dichloroacetic Acid Infusion

Six male Wistar rats (~ 300 g, to match the end weight of the high fat fed animals) received 

a 1 ml bolus of DCA (30 mg/ml), followed by a 0.5 ml infusion over 15 min immediately 
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prior to assessment of PDH flux using the hyperpolarized MRS protocol described below 

[13].

Hyperpolarized MRS Protocol

As previously described [14], animals were anaesthetised with isoflurane (2% in O2), and a 

catheter was inserted into the tail vein for intravenous administration of the hyperpolarized 

solution. ECG, respiration and body temperature were monitored throughout the experiment. 

A 1H/13C butterfly coil was placed over the rat chest and rats were positioned in a 7T 

horizontal bore MR scanner interfaced to a Varian Inova console (Varian Medical Systems, 

Palo Alto, USA). Correct positioning was confirmed by the acquisition of an axial proton 

FLASH image (TE/TR = 1.17/2.33 ms, matrix size = 64 × 64, FOV = 60 × 60 mm, slice 

thickness = 2.5 mm, excitation flip angle = 15°). An ECG-gated shim was used to reduce the 

proton linewidth to approximately 120 Hz. Anaesthesia was maintained by means of 

isoflurane (~1.7%) delivered to, and scavenged from, a nose cone during the experiment.

Approximately 40 mg [1-13C]pyruvate doped with 15 mM trityl radical and a trace amount 

of 3-Gd, was hyperpolarized in a prototype polarizer system with 45 min of microwave 

irradiation (GE Healthcare, Amersham, UK). [8]. The sample was subsequently dissolved in 

a pressurized and heated alkaline solution, containing 40 mM NaOH, 40 mM TRIS base 

buffer, and 0.27 mM EDTA. The resultant liquid contained 80 mM hyperpolarized sodium 

[1-13C]pyruvate with a polarization of ~ 25%, at physiological temperature and pH. One 

milliliter of the hyperpolarized solution was infused into each rat over 10 s via the tail vein 

catheter. Immediately prior to infusion, an ECG-gated 13C-MR pulse-acquire sequence was 

initiated and 60 individual cardiac spectra were acquired over 1 minute following infusion. 

Animals infused with DCA, and relevant control animals (n=5) were sacrificed immediately 

post hyperpolarized MRS analysis to preserve the effect of the DCA infusion on cardiac 

metabolism. In contrast, high fat fed animals and relevant controls (n=6) were sacrificed ~1 

hour post MRS analysis. By varying the time the two control groups were sacrificed, it was 

possible to investigate the effect of pyruvate infusion on PDH activity. All animals were 

euthanized by exsanguination following anaesthesia overdose and loss of corneal reflexes. 

Hearts were removed, snap frozen in liquid N2 and stored at −80 °C for subsequent 

biochemical assessment.

MRS Data Analysis and Kinetic Modelling

Cardiac 13C MR spectra were analysed using the AMARES algorithm as implemented in the 

jMRUI software package [11, 15]. The resulting data were analysed using three different 

methods in order to determine the best approach for assessing in vivo PDH flux. Firstly, The 

peak areas of [1-13C]pyruvate and 13C-bicarbonate at each time point were quantified and 

used as input data for the kinetic model developed by Zierhut et al. specifically for the 

analysis of hyperpolarised MRS data [16]. Firstly the change in [1-13C]pyruvate signal over 

the 60 s acquisition time was fit to the integrated [1-13C]pyruvate peak area data using the 

equation:
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(1)

In this equation, Mpyr(t) represents the [1-13C]pyruvate peak area as a function of time. This 

equation fits the parameters kpyr, the rate constant for pyruvate signal decay (s−1), rateinj, the 

pyruvate arrival rate (a.u. s−1), and tarrival, the pyruvate arrival time (s). The parameter tend 

is the sum of tarrival and the known injection duration (in this case 10 s). These parameters 

were then used to fit the following equation which uses the dynamic 13C-bicarbonate data to 

calculate kpyr→bic, the rate constant for pyruvate to bicarbonate exchange (s−1), and kbic, the 

rate constant for bicarbonate signal decay (s−1) which was assumed to consist of metabolite 

T1 decay and signal loss from the 5° RF flip angle pulses.

(2)

Two alternative assessments of PDH flux were obtained by dividing the maximum 

[1-13C]bicarbonate peak area by both the maximum [1-13C]pyruvate peak area and the 

maximum [1-13C]alanine peak area.

PDH Activity

The activity of the active and total fractions of PDH (PDHa and PDHt) were determined 

spectrophotometrically by the method of Seymour and Chatham [7]. Briefly, the assay 

required the preparation of cardiac tissue with one of two homogenisation buffers for either 

PDHa or PDHt measurement. PDHa was assessed when PDH was extracted under conditions 

where both PDP and PDK were inhibited (25 mM HEPES, 25 mM KH2PO4, 25 mM KF, 1 

mM DCA, 3 mM EDTA, 1 mM ADP, 1 mM dithiothreitol, 0.05 mM leupeptin, 1 % Triton 

X-100; pH = 7.2). PDHt was assessed under conditions were PDP was stimulated by Mg2+, 

and PDK inhibited by DCA and ADP (75 mM HEPES, 5 mM DCA, 5 mM MgCl2, 1 mM 

ADP, 1 mM dithiothreitol, 0.05 mM leupeptin, 1 % Triton X-100; pH = 7.2).

Frozen cardiac tissue was powdered and 0.2 g was homogenized in 1 ml of the appropriate 

homogenization buffer using a polytron (30 s). The sample was snap frozen in liquid N2, 

thawed and re-homogenized 3 times. The sample was centrifuged (3,400 rpm, 7 min) and 

the supernatant removed for analysis. Assay buffer (950 μl; 50 mM HEPES, 1 mM MgCl2, 

0.08 mM EGTA, 1 mM dithiothreitol, 4 μM rotenone, 1.7 mM NAD, 0.1 mM coenzymeA, 

0.2 mM thiamine pyrophosphate HCl, and 16.7 mM lactate; pH = 7.2) was incubated with 2 

μl LDH at 30 °C for 5 min. PDH activity was determined by adding and mixing a 25 μl 

aliquot of either PDHa or PDHt extract to the assay buffer and immediately following the 

reaction at 340 nm using the kinetic program on a spectrophotometer (2 min for both PDHa 

and PDHt samples). The rate of NADH production over the first 30 s was used to determine 

activity in units of μmol/min/g wet weight.
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Plasma metabolites

Male Wistar rats (~250 g, n=14) were anaesthetised (2% isoflurane in O2) and the left 

femoral artery cannulated for blood sampling. A 2 cm ventral skin incision was made along 

the crease formed by the abdomen and the left thigh and the adductor muscles were blunt 

dissected to visualise the left femoral artery. A small incision was made into the artery and a 

polyethylene cannula was inserted into the vessel and secured in place with a suture. A 

second cannula was inserted into the tail vein for pyruvate infusion. Approximately 0.4 ml 

blood was sampled from the femoral artery for baseline metabolite measurements. One 

millilitre of 80 mM sodium pyruvate was infused via the tail vein and further 0.4 ml blood 

samples were collected at 30 s, 1 min, 2 min, 5 min, 10 min and 30 min post infusion. A 50 

μl whole blood sample was separated from each larger sample and extracted using 7% ice 

cold perchloric acid. All samples were then immediately centrifuged (3,400 rpm for 10 min 

at 4 °C), and plasma was removed. A 50 μl aliquot of plasma (not treated with perchloric 

acid) was separated and 1 μl tetrahydrolipstatin (THL, 30 μg/ml) was added for non-

esterified fatty acid (NEFA) analysis. Pyruvate concentrations were determined 

spectrophotometrically from the perchloric acid treated plasma using a pyruvate assay kit 

(Biovision). An ABX Pentra 400 (Horiba ABX Diagnostics) was used to perform plasma 

assays for glucose, lactate, β-hydroxybutyrate, NEFA and triacylglyceride (TAG). Insulin 

levels were measured using a rat insulin ELISA (Mercodia).

Statistical Analysis

Values reported are mean ± SEM. For the comparison between control, DCA treated and 

high fat fed rats, statistical significance was assessed using a two sample t-test assuming 

unequal variance and considered at the P < 0.05 level. Differences in metabolite 

concentrations in serially collected plasma samples were assessed using repeated measures 

ANOVA with post-hoc multiple paired t-tests employing a Bonferroni correction.

Results

In Vivo PDH Flux Assessment using Hyperpolarized MRS

In this study, PDH activity and PDH flux were assessed in four groups of rats; one group fed 

a high fat diet for 4 weeks (known to result in end product inhibition of PDH through excess 

acetyl CoA from enhanced fatty acid oxidation), one group infused with DCA (known to 

activate PDH through PDK inhibition) and the two respective control groups. PDH activity 

was measured using a well characterised ex vivo biochemical approach and PDH flux was 

determined in vivo using hyperpolarized MRS (Figure 1 shows example annotated 13C-MRS 

spectra for the different groups). Three different methods of assessing in vivo PDH flux from 

the hyperpolarized MRS data were tested in this study. In the first method the dynamic in 

vivo data was fitted to the kinetic model developed by Zierhut and colleagues for the 

analysis of hyperpolarized MRS data [16]. In the second method, used in a number of 

previously published hyperpolarized MRS studies [11, 17], the maximum [13C]bicarbonate 

peak area was divided by the maximum [1-13C]pyruvate peak area to normalise out any 

differences in polarization levels between experiments. In the third method, the maximum 

[13C]bicarbonate peak area was normalised to the maximum [1-13C]alanine peak area. A 

number of studies utilising radiolabelled pyruvate have suggested that labelled alanine 
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represents a robust internal reference of intracellular pyruvate [18-20], therefore the 

maximum [1-13C]alanine peak area may be a good value to normalise against in 

hyperpolarized MRS studies. By using and comparing all three analyses, the best method of 

interpreting hyperpolarized MRS data could be found. Figure 1 summarises the results 

obtained using the various analysis techniques. Interestingly, the three approaches gave very 

similar results. The rate constants for the conversion of pyruvate to bicarbonate (kpyr→bic), 

obtained by modelling the in vivo data, correlated significantly with both the maximum 

[13C]bicarbonate/ maximum [1-13C]pyruvate values (P < 0.001; Figure 2A) and the 

maximum [13C]bicarbonate/ maximum [1-13C]alanine values (P < 0.001; Figure 2B). 

However, although this suggests that any of the three analysis techniques could be used to 

interpret the in vivo MRS data, when correlated against the ex vivo measurements of active 

PDH activity, the modelled data produced the most robust correlation (R2 = 0.86, P < 0.001; 

Figures 2D-F). This is likely due to the fact that the kinetic model, unlike other analysis 

approaches, considered the effect of variables including T1 relaxation, injection speed and 

rate of removal of metabolites, all of which can influence the hyperpolarized 13C-MRS 

signal. Therefore in all subsequent comparisons, only the modelled data is considered.

Comparing In Vivo PDH Flux and Ex Vivo PDH Activity Measurements

The ex vivo activity of the total PDH and active PDH fractions was not significantly 

different between the two control groups (total: 5.28 ± 0.7 and 4.91 ± 0.5 μmol.min.gww; 

active: 0.96 ± 0.3 and 1.23 ± 0.4 μmol.min.gww in the DCA controls and the HFF controls 

respectively). The DCA control hearts were harvested immediately post infusion of 

pyruvate, whereas the HFF control hearts were harvested ~1 hr post pyruvate infusion. This 

result confirms that the pyruvate infusion has no significant effect on PDH expression or 

phosphorylation in control animals up to 1 hr post infusion. Therefore, in subsequent 

analyses, all control animals are combined into a single control group. The activity of the 

total PDH in control animals and high fat fed animals was not significantly different (Table 

1; P = 0.06). In contrast, DCA treated animals had significantly higher levels of total PDH 

activity than control animals (Table 1; P < 0.001).

Infusion of DCA caused a significant 6.1-fold increase in PDHa relative to control values 

(Table 1; P = 0.02). Kinetic modelling of the in vivo hyperpolarized MRS data provided a 

quantitative rate constant for the conversion of pyruvate to bicarbonate in each animal 

(kpyr→bic). DCA infusion resulted in a 2.6-fold increase in kpyr→bic relative to control 

animals (Table 1; P < 0.001).

The provision of a high fat diet for 4 weeks significantly reduced the kpyr→bic rate constant 

to 69% of the control value (Table 1; P = 0.04). In contrast, the ex vivo biochemical 

approach failed to identify a significant difference in PDHa following 4 weeks of high fat 

feeding (Table 1; P = 0.3).

Using data from all animals it was observed that the kpyr→bic rate constant, determined in 

vivo using hyperpolarized MRS with subsequent kinetic modelling of the data, correlated 

significantly with the measurements of active PDH enzyme activity determined 

spectrophotometrically (P < 0.001; Figure 2F).
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Effect of Pyruvate Infusion on Systemic Metabolism

A second aim of this work was to investigate the metabolic effects of infusing pyruvate 

during hyperpolarized MRS experiments. The results are summarised in Figures 3 and 4. At 

baseline, the pyruvate concentration was found to be 60 ± 20 μM, which increased to 250 ± 

40 μM at 1 min post 1 ml infusion of 80 mM sodium pyruvate (Figure 3). Pyruvate 

concentrations remained high until 10 min post infusion, by which point plasma pyruvate 

levels were no longer significantly different from baseline values (Figure 3). The circulating 

concentrations of glucose, insulin, lactate, TAG and NEFA did not alter significantly within 

30 min of pyruvate infusion (Figure 4). The only significant metabolic change observed was 

a 3.5-fold increase in β-hydroxybutyrate at 30 min post pyruvate infusion (P < 0.01; Figure 

4).

Discussion

This study was designed to verify that non-invasive hyperpolarized MRS measurements of 

PDH flux accurately reflected the metabolic status of the heart. Using interventions known 

to modulate PDH activity we have for the first time shown that in vivo PDH flux, measured 

using hyperpolarized MRS, correlated significantly with ex vivo measurements of PDHa, 

thereby confirming that PDH activity directly influences in vivo flux of [1-13C]pyruvate 

through cardiac PDH. However, Table 1 and Figure 2F indicate that our measurement of 

PDH flux may be fundamentally different from PDH activity measurements determined ex 

vivo. Data in Table 1 shows that the increase in PDHa in response to DCA infusion, is much 

greater than the measured increase in in vivo PDH flux. Figure 2F demonstrates that, despite 

a strong correlation between the in vivo and ex vivo measurements, the correlation line 

between the two variables fails to intercept the origin. The finding that in vivo PDH flux and 

ex vivo PDH activity represent two distinct measurements is in many ways unsurprising. The 

ex vivo biochemical assay is designed to quantify the proportion of total PDH present in the 

active de-phosphorylated form as determined by PDK and PDP activity/expression. 

Consequently, the extraction protocol preserves the phosphorylation status of the enzyme 

complex, but disrupts any transient effects on enzyme regulation. Therefore, it cannot 

account for all mechanisms affecting PDH flux in vivo. For instance, in healthy control rats 

with relatively high levels of PDH activity, end product inhibition resulting from high 

concentrations of acetyl CoA or NADH may reduce PDH flux without affecting PDH 

phosphorylation or PDP/PDK expression [21, 22]. Furthermore, in rats fed a high fat diet, 

pyruvate can covalently inhibit PDK, thus transiently increasing both PDHa and PDH flux 

[23]. Other important physiological factors such as pyruvate delivery and uptake into cells 

are also ignored by ex vivo assays. In contrast, in vivo measurements of hyperpolarized 

[13C]bicarbonate production reveal the effects of short term constraints on PDH flux, and 

account for alterations in substrate delivery. Measuring PDH flux non-invasively also avoids 

potential effects from tissue disruption caused during tissue preparation and enzyme 

extraction processes.

In this study we evaluated PDH activity in control animals, as well as animals infused with 

DCA and animals fed a high fat diet for 4 weeks. DCA is a potent inhibitor of PDK, which 

increases PDH activity and promotes glucose oxidation [24, 25]. In contrast, provision of a 
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high fat diet for 4 weeks has been shown to reduce PDH activity, with increased activity and 

expression of the lipid-responsive PDK isoform, PDK4 [26-28]. Our results confirmed that 

DCA administration markedly increased PDH flux. Our in vivo hyperpolarized MRS 

experiments revealed a 2.6-fold increase in PDH flux. This finding is consistent in 

magnitude with literature values showing a 2-3-fold increase in PDH activity upon DCA 

treatment [29-31]. In contrast to this, our ex vivo assay revealed a 6.1-fold increase in PDH 

activity. This discrepancy may be due to the absence of additional regulatory mechanisms ex 

vivo, as well as differences in the PDHa assay protocol used in the various studies. Our in 

vivo experiments revealed a 31% reduction in PDH flux, relative to control levels, following 

4 weeks of high fat feeding. This was similar to literature values showing a reduction in 

PDH activity of ~40-65% in fat fed rats [26, 27]. However, the ex vivo biochemical assay 

did not detect a significant reduction in the activity of the active PDH fraction. These results 

imply that the noninvasive in vivo assessment of metabolic parameters made by 

hyperpolarized MRS may offer an improvement in sensitivity over invasive biochemical 

assays.

One disadvantage of the hyperpolarized MRS approach is that it requires infusion of 

pyruvate at levels which may alter the metabolic system being examined. Upon dilution in 

the blood, a 1 ml infusion of 80 mM pyruvate can potentially generate a maximum plasma 

pyruvate concentration of ~ 4 mM [32]. Based on previous biochemical studies of the PDH 

enzyme complex it is unlikely that changes to the enzyme’s phosphorylation state will have 

occurred within the 60 s experimental timeframe [27, 33-35]. However, if circulating 

concentrations of pyruvate and its associated metabolites alter dramatically during 

hyperpolarized MRS experiments, processes such as end product inhibition could have 

profound effects on enzymatic fluxes. For this reason, we infused a set of animals with 1 ml 

of 80 mM pyruvate and collected blood samples at various time points up to 30 minutes post 

infusion in order to define the effect on circulating metabolite levels. It was found that 

circulating pyruvate concentrations peaked at ~ 250 μM. This is in line with the findings of 

Otonkoshi and co-workers who infused humans with 13.9 mmol pyruvate into a total blood 

pool of ~ 5 L, which could have resulted in a maximum plasma concentration of ~ 2.3 mM. 

However, analysis revealed plasma pyruvate levels peaked at only ~ 150 μM [36]. In our 

study and in the study by Otonkoshi et al., the measured circulating concentration of 

pyruvate was considerably lower than the calculated potential maximum concentration, 

suggesting that the injected pyruvate was rapidly removed from the circulation, either 

through rapid uptake into various organs or through rapid metabolism into other substrates 

in the blood.

In our study, the baseline plasma concentration of pyruvate was ~ 60 μM, therefore a 

circulating concentration of 250 μM during hyperpolarized MRS was significantly higher 

than physiological levels. However, physiological plasma pyruvate concentrations of 250 

μM are possible and such levels have been measured during exercise [37, 38] and with 

certain dietary modifications, such as high fat feeding [39]. This therefore indicates that the 

pyruvate concentrations reached during hyperpolarized MRS experiments should not perturb 

systemic metabolism beyond the normal physiological. Consistent with this, no significant 

alterations in the concentration of glucose, insulin, lactate, β-hydroxybutyrate, TAG or 
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NEFA were detected up to 60 s post pyruvate infusion, which corresponds to the time during 

which the hyperpolarized MRS data would be collected. Furthermore, there were no 

alterations in circulating levels of glucose, insulin, lactate, TAG or NEFA up to 30 min post 

pyruvate infusion. The only significant difference in circulating metabolite levels was 

detected at 30 min post infusion, at which time the concentration of β-hydroxybutyrate was 

increased. This increase in β-hydroxybutyrate may indicate that the metabolism of pyruvate 

via PDH resulted in a high concentration of acetyl CoA as it is possible that any excess 

acetyl CoA which could not be immediately processed via the Krebs cycle could have been 

converted to this ketone body in the liver. There was also an increase in lactate at 30 min, 

consistent with LDH mediated processing of the excess pyruvate however this failed to 

reach significance.

Limitations of the study

Although the study here has demonstrated the usefulness of hyperpolarized 13C-MRS for 

investigations of in vivo metabolism, there were some limitations associated with the 

methodology which should be addressed. Most importantly, is the evidence to suggest that 

the in vivo PDH flux measurements and the ex vivo PDHa measurements were 

fundamentally different. Although possible physiological reasons for this have been 

discussed, experimental factors may also contribute. Following DCA infusion, the delivered 

hyperpolarized [1-13C]pyruvate concentration may have been insufficient to maximise flux 

through PDH. This could account for the smaller increase in PDH flux detected by this 

technique relative to the ex vivo measurements. It is also possible that in control and HFF 

animals, the delivery of pyruvate resulted in stimulation of PDH flux which would no longer 

be detected at the point of tissue collection for ex vivo analysis. This could account for the 

failure of the correlation line to pass through the origin in Figure 2F. A further limitation of 

this study was that a limited sweep width was utilised in these experiments preventing the 

quantitation of 13CO2 and pH. As the quantified bicarbonate is a marker of intracellular pH 

and therefore sensitive to the pH of the cell, this information would have been useful to 

ascertain that the observed changes in PDH flux were not a consequence of altered pH. In 

future studies, a wider sweep width will be used to enable pH information to be collected.

In summary, this study has shown that hyperpolarized MRS represents a novel, sensitive 

method to accurately assess PDH activity, through the quantification of hyperpolarized 

[13C]bicarbonate formation, and that the infusion of pyruvate during such experiments has 

minimal effects on metabolism during the 60 s data acquisition period. Longer term 

alterations in circulating metabolite concentrations are evident post infusion of pyruvate, 

which should be a consideration when designing hyperpolarized MRS experiments, 

particularly studies using multiple injections of hyperpolarized tracers.
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Abbreviations

ATP Adenosine Triphosphate

DCA Dichloroacetic Acid

LDH Lactate Dehydrogenase

MRS Magnetic Resonance Spectroscopy

NEFA Non-Esterified Fatty Acid

PDH Pyruvate Dehydrogenase

PDK Pyruvate Dehydrogenase Kinase

PDP Pyruvate Dehydrogenase Phosphatase

SNR Signal-to-Noise Ratio

TAG Triacylglyceride
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Figure 1. 
Example annotated spectra from each of the 3 experimental groups used in this study (t=10 

s).
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Figure 2. 
Comparison of the different techniques used to analyse the in vivo hyperpolarized 13C-MRS 

data. A – C shows the similarity between the results of the three different analyses. D – F 
shows the correlation between the results of the three analysis techniques and the activity of 

the active PDH fraction, determined ex vivo.
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Figure 3. 
Plasma pyruvate concentration post infusion of 1 ml 80 mM sodium pyruvate (*P < 0.01 

versus baseline value)
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Figure 4. 
Plasma metabolic profiles post infusion of 1 ml 80 mM sodium pyruvate (*P < 0.01 versus 

baseline value)
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Table 1

Ex vivo measurements of PDHa and PDHt determined spectrophotometrically, and the in vivo rate constants 

for the conversion of pyruvate to bicarbonate (Kpyr→bic), determined using hyperpolarized MRS.

Group PDHa (μmol.min.gww) PDHt (μmol.min.gww) Kpyr→bic (s−1)

Control 1.11 ± 0.2 5.08 ± 0.4 0.0039 ± 0.0004

High Fat Fed 0.77 ± 0.2 6.53 ± 0.6 0.0027 ± 0.0004*

DCA Infused 6.75 ±0.7* 7.86 ± 0.3* 0.0103 ± 0.0008*

*
P < 0.05 vs. controls
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