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Abstract 

Under normal conditions, the heart mainly relies on fatty acid oxidation to meet its 

energy needs. Changes in myocardial fuel preference are noted in the diseased and 

failing heart. The magnetic resonance signal enhancement provided by spin 

hyperpolarization allows the metabolism of substrates labelled with carbon-13 to be 

followed in real-time in vivo. Although the low water solubility of long-chain fatty 

acids abrogates their hyperpolarization by dissolution dynamic nuclear polarization, 

medium-chain fatty acids have sufficient solubility to be efficiently polarized and 

dissolved.  In this study we investigated applicability of hyperpolarized [1-

13C]octanoate to measure myocardial medium-chain fatty acid metabolism in vivo. 

Scanning rats infused with a bolus of hyperpolarized [1-13C]octanoate, the primary 

metabolite observed in the heart was identified as [1-13C]acetylcarnitine. Additionally, 

[5-13C]glutamate and [5-13C]citrate could be respectively resolved in 7 and 5 of 31 

experiments, demonstrating the incorporation of oxidation products of octanoate into 

the tricarboxylic acid cycle. A variable drop in blood pressure was observed 

immediately following the bolus injection, and this drop correlated with a decrease in 

normalized acetylcarnitine signal (acetylcarnitine/octanoate). Increasing the delay 

before infusion moderated the decrease in blood pressure, which was attributed to the 

presence of residual gas bubbles in the octanoate solution. No significant difference in 

normalized acetylcarnitine signal was apparent between fed and 12-hour fasted rats. 

Compared to a solution in buffer, the longitudinal relaxation of [1-13C]octanoate was 

accelerated approximately 3-fold in blood and by the addition of serum albumin. These 

results demonstrate the potential of hyperpolarized [1-13C]octanoate to probe 

myocardial medium-chain fatty acid metabolism as well as some of the limitations that 

may accompany its use. 



	

	

Introduction 

Free fatty acids (FFAs) from stored or dietary triglycerides are the main energy 

source of the heart under normal conditions, with 60-90% of myocardial acetyl-CoA 

derived from fatty acid β-oxidation1 and the remainder mostly provided by the 

oxidation of glucose- and lactate-derived pyruvate. Changes in FFA and carbohydrate 

utilization are noted in conditions such as heart failure2 and ischemic heart disease, 

where the use of carbohydrate increases3 and diabetes,4 where higher levels of 

circulating FFAs and cardiomyocyte FFA metabolic intermediates are implicated in 

reduced efficiency, decreased carbohydrate utilization and insulin resistance. Changing 

the balance of fat vs. carbohydrate fuel utilization has been proposed as a mechanism 

of action of certain drugs, such as trimetazidine and ranolazine, used to treat heart 

failure.5 These characteristic metabolic features of heart disease provide a strong 

motivation to understand better relationships between metabolic changes and 

myocardial disease in order to develop both improved therapies and diagnostic 

methods.  

Although dietary fats consist mainly of long-chain triglycerides, medium-chain 

triglycerides are present in significant quantities in dairy products and tropical oils.6  

The catabolism of short-, medium- and long-chain fatty acids uses different ensembles 

of enzymes,7 and medium-chain fatty acids are sufficiently water soluble that they do 

not rely on the serum protein carriers and membrane transporters used by long-chain 

fatty acids.  Medium-chain fats are readily absorbed and preferentially catabolized 

rather than stored, which makes them of therapeutic interest in the treatment of obesity 

and metabolic syndrome.8 The myocardial metabolism of medium-chain fatty acids has 

been studied by NMR spectroscopy of tissue extracts after infusion of [2,4,6,8-

13C4]octanoate,9,10 and the myocardium accumulated a higher amount of labeled 



	

	

glutamate than the liver or a skeletal muscle, but myocardial oxidation of ketone bodies 

produced from octanoate in the liver11 could account for a portion of this.  

Hyperpolarized 13C magnetic resonance spectroscopy (MRS) allows the 

metabolic fate of infused substrates labelled at privileged sites to be followed non-

invasively in vivo with high sensitivity.12 Of the available techniques, dissolution 

dynamic nuclear polarization (DNP) remains the most versatile and best performing 

method for preparing highly polarized 13C-labelled substrate solutions for metabolic 

studies.13 Using this technique, the myocardial metabolism of the short-chain fatty acids 

[1-13C]acetate14-18 and [1-13C]butyrate19-23 has been studied in rats. For acetate, the main 

hyperpolarized metabolites observed are acetylcarnitine and citrate, while with butyrate, 

metabolism to hyperpolarized glutamate, 3-hydroxybutyrate and acetoacetate is also 

seen. As the main physiological substrate, it would be preferable to use hyperpolarized 

long-chain fatty acids, but they are not amenable to the dissolution DNP process due to 

low water solubility. Medium-chain fatty acids are water soluble, however, but their 

interaction with serum albumin24 may hasten their relaxation.25 With this potential 

limitation in mind, we tested the metabolism of hyperpolarized [1-13C]octanoate and 

report here its use and applicability as a probe of myocardial medium-chain fatty acid 

metabolism. 

  
Materials and Methods 

Chemicals 

Deuterium oxide, [1-13C]octanoic acid, sodium [1-13C]acetate and [13C]urea 

were purchased from Sigma-Aldrich (Buchs, SG, Switzerland). Octanoylcarnitine was 

purchased from Toronto Research Chemicals (North York, ON, Canada). [1-

13C]octanoic acid formulation was performed by Albeda Research (Copenhagen, 

Denmark). 



	

	

 

Animals 

Experiments involving animals were performed in accordance with an 

authorization issued by the Service de la consommation et des affaires vétérinaires 

(SCAV) of the Canton of Vaud, Switzerland. Male Wistar rats (n=21, 259 ± 23 g) were 

supplied by Charles River (Châtillon-sur-Chalaronne, France). Rats were fed a diet of 

normal chow, and food was removed from the cages of the fasted group the evening 

before the experiment (12 hr fast).  

 

Experimental Protocol 

[1-13C]Octanoate polarization  

40 µl of [1-13C]octanoic acid (3.8 M in DMSO, 25 mM Finland trityl radical 

(acid form)) was added to a polytetrafluoroethylene sample cup and flash frozen with 

liquid nitrogen. A stoichiometric equivalent of 10 M NaOH for neutralization during 

dissolution was added separately to the cup. When used to reference chemical shift, 

[13C]urea (20 µl, 5 M solution in glycerol, 26 mM OX063) was added to the sample cup 

separately. Experiments with sodium [1-13C]acetate used a preparation (20 µl, 5 M in 

water, 25 mM OX063 trityl radical) that was mixed with the [13C]urea solution to aid 

glassing and efficient polarization. Compounds were polarized with 196.80 GHz 

microwave irradiation in a custom-built 7 T polarizer operating at 1.0 K.26 Upon 

dissolution with 6 ml of hot D2O buffer containing 47 mM sodium phosphate, 100 mM 

NaCl, 2.7 mM KCl, 0.3 mM EDTA, pH 7.4, the solution of hyperpolarized 

compound(s) was transferred pneumatically to a phase separator/infusion pump in the 

scanner magnet bore,27,28 with a delay of 5.1 s between the start of dissolution and the 

start of the infusion (3 s settling time). In six experiments, the delay was extended to 



	

	

22.1 s to allow further settling of the solution. The [1-13C]octanoate content of the 

infused solutions was measured by 1H NMR, with [1-13C]glycine (added to 33 mM) as 

an internal standard. 

 

[1-13C]Octanoate polarization measurement 

Octanoate polarization was measured after rapid transfer to a phase 

separator/infusion pump equipped with 1H and 13C-tuned RF coils positioned in the 

isocenter of the 9.4 T scanner used for the in vivo experiments following the same 

procedure used previously.29 Briefly, the polarized 13C signal and its decay was scanned 

at 3 s intervals with series of 60 scans using a ~5º excitation pulse. To measure the 

thermal signal, gadoteric acid was added to a concentration of ~1 mM, and 256 scans 

were averaged using the same excitation pulse and acquisition parameters, except for a 

2 s repetition time.  

 

Animal Preparation & Monitoring 

Rats were anesthetized with isoflurane (induction: 4%, surgery: 2%, scanning: 

1.5 – 2%, adjusted to maintain respiration rate of ~60/min). Polyethylene catheters were 

installed in the femoral arteries for blood sampling and invasive blood pressure (IBP) 

measurements, and an additional catheter was installed in a femoral vein for infusing 

hyperpolarized compounds. Rats were placed supine on a holder bed and a dual-tuned 

1H–13C surface coil (all loops with 16 mm diameter, 13C in quadrature) was fixed over 

the heart. In two experiments to test the sensitivity to metabolites in the liver and 

kidney, the coil was positioned over the respective organs. 

Physiology was monitored with an SA Instruments (Stony Brook, NY, USA) 

system using a pneumatic pillow for breathing, a rectal thermometer for body 



	

	

temperature, and IBP sensor for pulse rate and blood pressure. Body temperature was 

maintained between 37.5 and 38.5 ºC using warm water circulating through tubing 

placed on the rat. Blood glucose was measured with a Reflotron Plus (Roche, Basel, 

Switzerland) and plasma lactate with a GM7 Micro-Stat analyzer (Analox Instruments, 

London, UK).  At the end of seven experiments, the heart was collected and frozen for 

metabolite analysis by exteriorizing then excising and snap freezing it in liquid nitrogen 

at the moment of sacrifice.  

 

Magnetic Resonance Imaging and Spectroscopy 

MRI and MRS were performed in a 9.4 T, 31 cm horizontal bore magnet 

(Magnex Scientific, Oxford, UK) with a VNMRS console (Varian, Palo Alto, CA, 

USA). The placement of the coil was checked with gradient echo 1H imaging and 

adjusted as needed. Shimming was performed using FAST(EST)MAP30 with a voxel 

placed in the ventral side of the left ventricle and the chest above to a water line width 

of 35-50 Hz in 1H STEAM spectra using the same voxel. A series of 13C spectra was 

acquired, starting at the beginning of each hyperpolarized 13C infusion, using BIR-4 

excitation, 30º, transmitter at ~175 ppm, spectral width: 20161 Hz, acquisition time: 

205 ms, WALTZ-16 1H decoupling, repetition time ~3 s with IBP pulse and respiration 

gating. Spectra containing [1-13C]octanoate signal were summed using VnmrJ 3.2 

(Agilent, Santa Clara, CA, USA) and the [1-13C]octanoate and [1-13C]acetylcarnitine 

signals were quantified by FID fitting using Bayes31 (Washington University, St. Louis, 

MO, USA).  

 

[1-13C]Octanoate T1 measurement   



	

	

Sodium [1-13C]octanoate dissolved in D2O was added to phosphate buffered saline 

(PBS),  PBS with 4.6 or 46 mg/ml bovine serum albumin (BSA), and freshly-collected 

whole venous blood from rats (with 200 units/ml heparin) to a final concentration of 10 

mM for octanoate, 5% v/v for D2O, and 0.46% or 4.6% w/v for BSA. The [1-

13C]octanoate T1 in each of the four conditions was measured by saturation recovery to 

thermal polarization in three independent experiments at 310 K in a 400 MHz NMR 

spectrometer (AVANCE NEO, 5 mm BBFO probe, Bruker BioSpin AG Fällanden, 

Switzerland).  

 

Statistics 

Results are reported as mean ± standard deviation. Statistical and linear regression 

analyses were performed using GraphPad Prism (v. 5.04, GraphPad Software, La Jolla, 

CA, USA).  The influence of fasting on the acetylcarnitine signal was assessed using 

an unpaired two-tailed Student’s t-test. A p value of <0.05 was considered statistically 

significant. 

 

Results 

In vivo metabolism of hyperpolarized [1-13C]octanoate 

 The signal of the hyperpolarized [1-13C]octanoate bolus was detected in the 

heart seconds after the infusion began (Figure 1), with a chemical shift of 185.5 ppm, 

referenced to co-polarized [13C]urea (165.48 ppm32). The signal intensity decreased 

rapidly and was no longer observable 20 to 36 s from the start of infusion. The mean 

injected octanoate dose was 0.17 ± 0.05 mmol/kg, and the polarization level following 

dissolution and transfer to the scanner bore was ~11%. Small peaks with the 

characteristic time-dependent signal evolution of metabolites were detected, the most 



	

	

prominent of which was at 175.36 ppm, or ~10.1 ppm upfield of the octanoate peak 

(Figure 1a), near the reported chemical shift of [1-13C]acetylcarnitine.33 No metabolic 

conversion was apparent when the surface coil was placed over the liver or kidney. 

To test the assignment of the metabolite, co-polarized [1-13C]acetate and 

[13C]urea were infused together, with or without polarized [1-13C]octanoate. In both 

cases, the same metabolite peak appeared at 175.36 ppm (Figure 2), further supporting 

its assignment as [1-13C]acetylcarnitine.  An alternative assignment of [1-

13C]octanoylcarnitine is disfavored as in vitro 13C-NMR experiments with octanoate 

and octanoylcarnitine show a 8.79 ppm chemical shift difference in their C-1 

resonances. Other smaller metabolite peaks were observed in some experiments. [5-

13C]Glutamate (183.84 ppm, Figure 1) appeared on the shoulder of the [1-13C]octanoate 

peak, and a faint broad peak at 181.1 ppm was assigned to [5-13C]citrate. Compared to 

other hyperpolarized substrates, the [1-13C]octanoate peak was notably broad in vivo 

with a line width at half-maximum of 96 ± 25 Hz. Although the octanoate peak often 

obscured the glutamate signal, the latter was clearly apparent in seven experiments 

(Figure S1) and citrate in five. 

An immediate drop in blood pressure was noted in some hyperpolarized 

octanoate infusions, with a gradual recovery to pre-infusion levels. A greater drop in 

blood pressure upon infusion resulted in a lower relative acetylcarnitine signal (Figure 

3b). A similar relationship between octanoate metabolism and the rate-pressure product 

(RPP) was seen (Figure S2a), but it was less apparent using the heart rate or change in 

heart rate (Figure S2b & c). Increasing the settling delay before the start of infusion to 

20 s resulted in smaller decreases in blood pressure within the range observed using the 

3 s delay (Figure 3b). 



	

	

The effect of an overnight fast on the production of hyperpolarized [1-

13C]acetylcarnitine was also tested. Fasting significantly decreased blood glucose and 

lactate levels (Table 1).  The acetylcarnitine signal relative to octanoate signal 

(acetylcarnitine/octanoate ratio) averaged 0.015 ± 0.010 in the fed rats (17 infusions) 

and was 0.013 ± 0.011 in fasted (14 infusions) (Figure 3a). The 

acetylcarnitine/octanoate ratio varied over a greater than 10-fold range in both groups 

and no significant difference was found.  Acetylcarnitine levels measured by mass 

spectrometry in snap-frozen heart samples showed no significant effect of fasting 

(Table S1).   

 

Longitudinal relaxation of [1-13C]octanoate 

In vitro 13C-NMR measurements in PBS at 310 K and 9.4 T yielded a T1 value 

of 32.1 ± 1.8 s for the octanoate C-1.  In blood, its T 1 was shortened to 9.9 ± 1.4 s, but 

a value of 7.2 ± 0.8 s was measured in the presence of 4.6% BSA, indicating that 

interactions with serum albumin are likely responsible for the faster longitudinal 

relaxation in blood. The 13C spectral linewidths of the octanoate carboxylate were 

broadened to ~20 Hz with BSA and ~68 Hz in blood (Table 2), consistent with the 

broad hyperpolarized octanoate peaks observed in vivo. 

 

Discussion  

We report here for the first time the myocardial metabolism of hyperpolarized 

[1-13C]octanoate, with [1-13C]acetylcarnitine the most prominent metabolite. [1-

13C]acetylcarnitine is similarly prominent with other hyperpolarized precursors of [1-

13C]acetyl-CoA, including [2-13C]pyruvate,33,34 [1-13C]acetate,16,17 [1-13C]butyrate,19,20,22 

3-hydroxy[1-13C]butyrate, and [1-13C]- and [3-13C]acetoacetate.23,35-38  However, each 



	

	

follows a different route to acetyl-CoA. [2-13C]Pyruvate conversion reflects pyruvate 

dehydrogenase activity, while the conversion of the ketone bodies to acetyl-CoA uses 

3-oxoacid CoA-transferase and 3-ketoacyl-CoA thiolase. Conversely, acetate probes 

acetyl-CoA synthetase, and butyrate and octanoate respectively probe short- and 

medium-chain β-oxidation. Depending on the chain length, some of the steps of β-

oxidation are catalyzed by different enzymes,39 such as the acyl-CoA dehydrogenases, 

which are specific for short, medium, long, and very long acyl chains (SCAD, MCAD, 

LCAD, VLCAD, respectively). The conversion of hyperpolarized [1-13C]octanoate to 

[1-13C]acetylcarnitine indicates that the polarized state survives at least one round of β-

oxidation mediated by MCAD, enoyl-CoA hydratase, medium/short-chain L-3-

hydroxyacyl-CoA dehydrogenase (M/SCHAD),40 and medium-chain 3-ketoacyl-CoA 

thiolase (MKAT).41 The route of octanoate to acetylcarnitine, citrate and glutamate is 

summarized in Figure 4.   

The low intensity of the acetylcarnitine signal relative to noise for some 

experiments precluded reliable kinetic analysis of the time series of spectra; however, 

the sum of spectra containing the octanoate signal from each infusion provided 

sufficient signal for relative quantitation by peak fitting.  The myocardial conversion of 

octanoate to acetylcarnitine was not significantly different between fed and fasted rats, 

and while this can be at least partly attributed to the wide variability within each group, 

nutritional status did not significantly affect hyperpolarized butyrate to acetylcarnitine 

conversion.20 However, in that study the co-infusion of hyperpolarized [1-13C]butyrate 

and [1-13C]pyruvate did increase the acetylcarnitine signal in fed rats and decreased the 

glutamate signal. Those results can be explained by increased flux through pyruvate 

dehydrogenase resulting in a larger acetylcarnitine pool42 and more of the butyrate-

derived acetyl-CoA equivalents remaining in this pool rather than entering the 



	

	

tricarboxylic acid (TCA) cycle. While the bolus infusion of hyperpolarized [1-

13C]octanoate may also result in a transient increase in the acetylcarnitine pool, given 

its preferential oxidation over longer-chain fatty acids,43 the acetylcarnitine levels in 

heart samples taken at the end of the experiment were not affected by fasting. Similarly, 

36-48 hr fasting is reported to have negligible effects on carnitine and acetylcarnitine 

levels in the rat heart.44  

During the dissolution process, the hot buffer stream melts and mixes the frozen 

octanoic acid preparation and frozen neutralizing sodium hydroxide solution. Because 

the mixing and neutralization is not instantaneous, an “acid soap” mixture of water, 

sodium octanoate and octanoic acid is formed early in the process.  The octanoic acid 

molecules tend to be within mixed sodium octanoate micelles and to preferentially 

accumulate at air-water interfaces,45 or form vesicles46 which will hinder their diffusion, 

slowing their neutralization. The rapid dissolution and neutralization of the 

hyperpolarized octanoic acid results in a frothy white suspension	containing small gas 

bubbles (Figure S3) which, while dissipating in less than one minute, imposes a delay 

to its infusion with the attendant polarization loss.  An alternative formulation to 

minimize foaming during dissolution could use neutralized octanoate, such as the tris 

salt,48 with the penalty of lower polarization. 

The relationship between a greater drop in blood pressure upon infusion and 

decreased conversion to acetylcarnitine may illustrate the physiological effects of a 

venous air embolism. An immediate decrease in systemic blood pressure has been noted 

in dogs following venous injection of air,47 similar to the decrease seen here with the 

infusion of the freshly-dissolved hyperpolarized octanoate mixture. Several factors 

could account for the decreased octanoate metabolism with lower blood pressure. These 



	

	

include a reduction in myocardial perfusion as well as decreased uptake and metabolism 

due to the decreased cardiac workload resulting from the transient hypotension. 

The physical properties of shorter chain fatty acids make them more suitable for 

use in dissolution-DNP. The higher water solubility of short- and medium-chain fatty 

acids enables their ready dissolution in aqueous solvent and their free circulation, and 

the slower longitudinal relaxation of quaternary carbon-13 nuclei in smaller molecules 

also helps extend the lifetime of the hyperpolarized state. While serum albumin 

dramatically enhances the solubility of long-chain fatty acids, sodium octanoate, with 

a critical micellar concentration of 0.39 M,49 is readily soluble in water. It does however 

interact with albumin,24 and the difference between the hyperpolarized [1-13C]octanoate 

and [1-13C]acetate signal lifetimes in vivo was notably different, with octanoate 

relaxing approximately twice as fast. While the accelerated longitudinal relaxation of 

[1-13C]octanoate in blood can be explained by its interactions with albumin (Table 2), 

the markedly broader C-1 linewidth in blood may be due to transverse relaxation by 

deoxyhemoglobin or interactions with other blood components. In any case, the 

relatively short T1 of [1-13C]octanoate in blood is its greatest limitation as a 

hyperpolarized metabolic probe. For octanoate, the 1-carbon is nonetheless the best site 

for a hyperpolarized label. Although they were not measured in this study, the other 

carbons in the octanoate alkyl chain can be reasonably anticipated to have T1 values in 

solution on the order of 1 – 5 s or shorter,50 and they would be additionally decreased 

in blood. 

Longer-chain fatty acids suffer from lower water solubility than octanoate and 

interact strongly with serum albumin, resulting in even faster relaxation. For example, 

the T1 of [1-13C]myristate, a 14-carbon fatty acid, is <1 s in a 6:1 mole ratio mix with 

BSA.51 Since the physical properties limiting the performance of hyperpolarized [1-



	

	

13C]octanoate as a metabolic probe are exacerbated with longer chain length, octanoate 

is therefore at or near the practical size limit for fatty acids using this technique.  

In summary, we have demonstrated that [1-13C]octanoate can be effectively 

hyperpolarized by dissolution DNP; however, its partly hydrophobic character greatly 

accelerates relaxation of the spin polarization in blood, limiting its sensitivity as a 

metabolic probe. Nonetheless, with its rapid metabolism in the rat heart, sufficient 

hyperpolarized signal survives for its uptake, b-oxidation to acetyl-CoA, and 

incorporation in the TCA cycle to be detected, demonstrating its potential to measure 

medium-chain fatty acid metabolism in vivo. 
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Figure legends 

 

Figure 1. A) Representative time course of hyperpolarized [1-13C]octanoate 

metabolism in the rat heart, showing the evolution of the [1-13C]acetylcarnitine and [5-

13C]glutamate signals and the rapid relaxation of the octanoate.  B) Sum of metabolite-

containing spectra from a single infusion showing conversion of octanoate to glutamate, 

citrate and acetylcarnitine. 

 

Figure 2. Identification of the main octanoate metabolite. Overlay of experiments 

infusing hyperpolarized [1-13C]octanoate (bottom trace, thick line), [1-13C]acetate 

(middle trace, medium line), and a mixture of both (top trace, thin line) all show [1-

13C]acetylcarnitine (175.36 ppm) as the primary metabolite. Spectra were referenced to 

co-polarized [13C]urea (165.48 ppm, not pictured). 

 

 

Figure 3. A) Myocardial [1-13C]acetylcarnitine / [1-13C]octanoate signal ratio in fed 

and fasted rats. B) Relationship between blood pressure (BP) drop upon infusion and 

decreased acetylcarnitine/octanoate ratio. Change in systolic (Sys) BP 15 s from start 

of infusion, plotted in the x-axis, corresponds approximately to the time of peak 

metabolite signal. Squares indicate experiments where infusion was delayed 20 s (as 

opposed to 3 s) to allow further liquid settling prior to infusion. 

 

Figure 4. Summary of metabolic pathways engaged by hyperpolarized [1-

13C]octanoate, highlighting the paths to the metabolites detected. 



	

	

Tables  

 

Table 1. Arterial blood glucose and lactate levels in fed and fasted rats 

 
 Fed Fasted 
   
# of measurements 13 17 

Blood glucose (mg/dl) 131 ± 29 91 ± 24 
 

Blood lactic acid (mg/dl) 17.3 ± 4.9 9.0 ± 4.8 

   

   

 

	
	
Table 2. In vitro longitudinal relaxation of [1-13C]octanoate at 9.4 T & 37ºC 
	
	
Solvent T1 (s) Linewidth (Hz) 
   
PBS 32.1 ± 1.8 0.9 ± 0.2  

PBS + 0.46% (w/v) BSA 23.0 ± 1.7  
 

5.7 ± 0.1  

PBS + 4.6% (w/v) BSA 7.2 ± 0.8 20 ± 1 

venous rat blood w/ heparin 9.9 ± 1.4 68 ± 13 
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